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RPM Revolutions Per Minute

RR Repetition Rate

RT Rayleigh-Taylor {instability)

|T Room Temperature
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ABBREVIATIONS AND ACRONYMS (CONT.)

SB Single Beam

SBFEL Space-Based Free Electron Laser

SBL Single Beam Linac

SBS Stimulated Brillouin Scattering

SCR Silicon Controlled Rectifier

SDI Strategic Defense Intitative

8hio Strategic Defense Intitative Organization
SENRI A Japanese Fusion Reactor Design Study
SEP Socie'te’ Europeenne de Propulsion

SIRIUS A Symmetric Direct Drive Laser Fusion Reactor Study (Univ of Wisc)
SLAC Stanford Linear Accelerator

SNL Sandia National Laboratories

SOLASE Experimental Inertial Reactor Study (at Univ of Wisc)
SOwW Statement Of Work

SP Single Pulse

SPAR Spar Aerospace, Lid

SPTF Single Puise Test Facility

SRRS Stimulated Rotational Raman Scattering

SRS Stimulated Raman Scattering

SSC Superconducting Super-Collider

SSTI Single-Sided Target lrradiation

STEM Storage Tubular Extendible Member

STP Standard Temperature and Pressure

TARM Telescoping Articulating Remote Maniupulator
TBCCWS Turbine Building Closed Cooling Water System
TBR Tritium Breeding Ratio

TCPSA Thermally Coupled Pressure Swing Adsorption
TCPSA Thermally Coupled Pressure Swing Adsroption
TORF Threshold Dose Release Fractions

TEXTOR Tritium Experiment for Technology Criented Research
TFTR Tokamak Fusion Test Reactor

TPD Two Plasmon Decay

TPR Tritium Production Rate

TRIUMF Tri-University Meson Facility

TRM Total Remote Maintenance

TSA Thermal Swing Adsorption

TSDS Tritium Storage and Delivery System

TSTA Tritium System Test Assembly

TVD Total Variation Diminishing

TWA Time Weighted Averages

™ Target Debris-Wali Interaction

WG - . Target Working Group

UCLA University of Caiifornia at Los Angeles

UHS Ultimate Heat Sink

us United States

uv Ultraviclet

VLS Vapor-Liquid-Solid

VPCE Vapour Phase Catalytic Exchange

VS Ventilation System

WD Water Distiliation

WD Water Detritation System

WJISA W.J. Schafer Associates

XDL Times Diffraction Limit

AL Zoomed Spot
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CHAPTER 3
OBJECTIVES, REQUIREMENTS, AND ASSUMPTIONS

3.1 Introduction

The primary objective of the Prometheus study is to develop two conceptual designs of
a commercial fusion electrical power plant based on inertial confinement, one with KrF
Laser Driver (Prometheus-L) and the other with Heavy lon Beam Driver
{Prometheus-H). In addition, the study emphasized the following goals.

+ State-of-the-art advancement of Inertial Fusion Energy (IFE) power plant design

» Assessment of inertial power preduction including technical feasibility,
economics, safety, and environmental aspects

+ ldentification and characterization of key technical issues including R&D
requirements to resolve each issue

» Comparison of the two IFE reactor design concepts

+ Development of information necessary to compare the IFE designs to other
concepts based on Magnetic Fusion Energy (MFE).

tn order 10 meet the above objectives and goals, it was necessary to develop a set of
requirements and guidelines based on (1) recommendations by an Oversight
Committee! commissioned by DOE, and (2) study management effort. The Oversight
Committee, chaired by Ronald Davidson (PPPL), had two working groups, one chaired
by Robert Krakowski (LANL) responsible for guidelines as to the study approach and
content, and the other chaired by Roger Bangerter (LBL/LLNL) responsible for
developing unclassified guidelines? for the target information. These guidelines were
developed for the Prometheus team and a parallel study team led by W. J. Schafer
Associates. The study management refined and augmented the Oversight Committee
guidelines based on the project specific needs.

This chapter discusses the important requirements and guidelines adopted in the
course of the study. The current data base for IFE is not sufficient to fully develop a
complete conceptual reactor design and accurately predict its performance; therefore,
assumptions were made where knowledge gaps exist. These assumptions were
carefully made after consuitation with experts and are summarized in this chapter.

3.2 General Guidelines

+ The IFE reactor plant is to serve as a commercial central station electric power
plant. The only product is electricity.

+ The reacior is operated on the deuterium-tritium fuel cycle and must satisty
tritium self-sufficiency conditions assuming a mature fusion power economy.
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» The design is for tenth-of-a-kind commercial power plant. Thus, the machine
performance will be highly predictable and it will have resulted from an extensive
R&D program and utility operating experience from earlier plants. This also
implies that the development costs have been amortized over prior plants.

+ The net electric power output of the plant is 1000 MW. The power level of the
plant affects the economics and is important to the utility’s ability to finance. The
smalier size (e.g., 500 MWe and below) is easier to finance, construct, and
incorporate into existing grids but the cost of electricity will be higher. The
economy of scale is important for both magnetic and inertial fusion reactors,
albeit for different reasons. For example, tokamaks have a minimum size
dictated by plasma burn and ignition considerations. In IFE reactors, a larger
size is typically more economical because drivers represent a significant fraction
of the Cost of Electricity (COE) and the strong dependence of gain on driver
energy. The study adopted 1000 MW net electric power as a nominal size for
comparison purposes with previous and ongoing MFE and IFE reactor design
studies.3-9 Assessments of the advantages of the larger and smalier sizes will
be made.

» The design will have a single generating unit at the site. The target factory wili
be included in the power plant description.

» The data base used in the design will need to be extrapolated in many areas of
physics, technology, and economics. For the purpose of this extrapolation, the
plant is assumed to start operation in the year 2040-2050 time frame; thus, the
data base should be that available in the period 2030-2040. it is difficult to
extrapolate to such a distant future and such extrapolations will necessarily
involve judgment that varies among experts. The designers are asked to: (a)
strive for a balance between credibility and attractiveness; (b) be consistent with
assumptions made for MFE where similar conditions prevail (for example, the
development of a particular structural material such as SiC has to assume the
same probability of success in MFE and IFE subsystems experiencing the same
environment. In contrast, if different conditions can lead to different probabilities
of success for MFE and IFE, such conditions will have to be delineated); and (c)
assumptions on extrapolation and probable outcome of R&D should be clearly
documented. The study should identify the key feasibility issues and assess, for
each major reactor system, the development program that is needed to advance
the physics and technology from its present status to the status that is required
for the performance of that system as specified in the design. This assessment
should attempt to quantify the magnitude of the extrapolations involved relative
to prior advances. An evaluation of the role of the IFE Defense Program and the
ongoing MFE Program in resolving these issues is needed.
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» The plant lifetime is 40 years for engineering design and 30 years for economic
analysis.

+ The construction time is assumed 10 be six years.

» The power plant availability is very difficult to predict because of the lack of a
data base for both IFE and MFE designs. At present, the logical approach is to
define “goal” avaiiability consistent with current experience from other types of
existing power plants and to make an effort to quantify the requirements on
component lifetimes and maintenance as well as the R&D to achieve such a
goal. The following goals are suggested. Assume an overall plant availability
goal of 75% as a “base case.” This is consistent with availability factors attained
on the average in the nuclear industry. A commonly used goal for PWR designs
is 80%. Current practice in many power plants calls for an annual shutdown for
about 30 days to perform maintenance and inspection. This 30-day period can
be used for scheduled maintenance simultaneously on both the reactor and
balance of plant. Furthermore, present data indicate that 20 days downtime per
year is caused by failures in balance of plant. Given a 75% overall plant
availability implies a total downtime of 91 days per year. The 91 days can be
allocated as 30 days for annual scheduled maintenance on both the reactor and
balance of plant, 20 days for unscheduled maintenance on baiance of plant, and
41 days for unscheduled mainienance on the reactor.

The following is a summary of recommendations on “base case” availability.

Downtime Allocations for an Overall Plant Availability Goal of 75%
Reactor Balance of Plant
Scheduled Unscheduled Scheduled Unscheduled
30 41 30 20

- Differences in the achievable availability between Laser- and Heavy lon-Driven
reactors are expected. Also, one would anticipate differences between IFE and
MFE reactors. These differences will be identified and their impact on the
achievable availability and/or the required R&D program will be quantified. This
impact will be assessed at least comparatively relative to the “base case.”

» The study will perform and document tradeoff studies for key design choices, for
example, direct versus indirect drive targets. The study wili also analyze and
document the impact of key design assumptions and extrapolations in physics,
technology, and economics; for example, target gain and target cost.
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+ Studies to evaluate the sensitivity of power plant figures of merit (e.g. COE,
safety features, attractiveness, cost of R&D) to variations in key design
assumptions are encouraged.

» The limitations on the resources for the study dictate a focused approach that will
emphasize key IFE reactor components such as target, driver, cavity, and fuel
cycle. The effort on the balance-of-plant and other areas that are similar in many
respects to MFE should be limited. The study will also devote some special effort
to those technical areas that affect the comparative evaluations where previous
effort was limited; for example, fue! cycle modeling analysis, evacuation of the
reactor chamber, tritium and debris recovery, material recycling, and final optics
design.

+ Generating data sufficient to compare IFE designs with different drivers and to
compare IFE to MFE is an important part of the study. Designers of each
subsystem must provide the information specified in the Evaluation
Methodology.

3.3 Target and Driver Guidelines

The requirements and the design of all systems, except perhaps the BOP, are strongly
influenced by target physics and design. Most target designs and performance data
are classified. The charter to do classified target physics and design resides at

Los Alamos National Laboratory (LANL), Lawrence Livermore National Laboratory
(LLNL), Sandia National Laboratories (SNL), and KMS Fusion. This study is to
accomplish its objectives based on unclassified information. The Target Working
Group? (TWG) has provided the study team with unclassified information and
requirements on capsule designs, target gain, and driver performance and coupling to
the target. The target designs encompass both direct and indirect drive targets for a
range of physics assumptions from conservative to optimistic, consistent with
extrapolations to the 2030-2040 time frame.

3.3.1 Target Factory - Targets are currently hand-crafted for a few shots per day.
For economical power production, the cost of targets must drop many orders of
magnitude and the production rate must be increased to about 10%-108 targets per
day. Therefore, mass production techniques must be introduced. These
extrapolations in cost and production rates are sufficiently large that, despite some
excellent previous studies, farge uncertainties remain. lt is important to reduce the
uncertainties since target production costs appear to contribute significantly to total
COE. Therefore, the studies must continue to address this issue, with prototype
development of actual target fabrication facilities.
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The most recent and complete DOE-supported study of target costs was performed for
the Heavy-ton Fusion Systems Assessment.6.2 Since the completion of this study,
there has been some evolution in target design and substantial progress in hand-
crafted target fabrication techniques. Furthermore, some of the newer target
fabrication techniques appear suitable for mass production; therefore, continuing
studies are needed. The studies must include conceptual techniques for fabricating
the targets and must be performed by a group that includes individuals with industrial
axperience and demonstrated expertise in the mass production of small, high
precision components. These individuals must be familiar with advanced
manufacturing R&D. Also, target inventory and shelf life and tritium inventory,
handling, and control must be addressed. Target factory development needs must be
detailed.

The target factory must be on site and financially possible. The maximum allowable
cost per target for an IFE plant to be economically competitive can be derived from
simple arguments. The presently projected COE from an IFE plant may exceed that
from conventional and nuclear power plants because of the presence of large
expensive reactor components such as the driver. Therefore, the cost of the targets
should be no more than about 10% of the busbar COE for an IFE plant. At present, a
reasonable goal for the busbar COE is 5¢/kWh. For a power piant with a net electric
power output of 1000 MW, the cost of energy per day is $1.2 miilion. With the 10%
assumption, the maximum allowable cost for the targets is $0.12 million per day. Fora
pulse repetition rate of about 6 per second, the number of targets required is about
0.52 million targets per day; therefore, the total cost per target should not exceed about
23 cents per target. This is the suggested maximum cost per target including
materials, fabrication, and delivery.

3.3.2 Direct-Drive KrF Laser Target and Driver - Direct-drive KrF target
designs are relatively mature as they have undergone a number of iterations with
respect to issues associated with hydrodynamic stability, effect of long-wavelength
drive nonuniformities, and laser energy coupling. However, these direct-drive (DD)
targets have not been tested at anything resembling IFE reactor-level laser energies.
Current DD target experiments are being conducted at laser energies three orders of
magnitude below the ~4 MJ Prometheus-L design. The gain curves for directly driven
laser targets are given by the TWG in Figures 3.3-1 and 3.3-2. The direct-drive target
described in this report is similar to the target used in determining the gain curves.

The gain curves for the direct-drive target were based on an unclassified code
(University of Rochester). The curves in Figure 3.3-1 assume that the laser focal spot
radius is constant in time and equal to the target radius. Also assumed is a spatial
intensity profile described by sin2x/x2. Because detailed target designs are not
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Figure 3.3-1. Gain as a Function of Energy for Directly-Driven Laser Targets?
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Figure 3.3-2. Gain as a Function of Energy for Directly Driven Laser Targets.
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available to this study, we have assumed the well-known hydrodynamic scaling laws
to obtain the focal spot radius, (i.e., assume the radius scales as TR (where E; is
laser energy)). Using a radius of 2.8 mm at 4 MJ has allowed us to compute the
coefficient of the gain curves. Similarly, we assumed the peak power scales as Ei
We then used a peak power of 500 TW at 4 MJ to get the value for gain curve
coefficient. The curves in Figure 3.3-2 assume that the focal spot radius is "zoomed"
so that it remains equal to the critical surface throughout the implosion. Detailed
guidelines are provided below for the cases in Figure 3.3-1; i.e., for a laser focal spot
radius that is constant in time. In Figures 3.3-1 and 3.3-2 the gain curves are shown as
a band to represent the current "level of risk" understanding associated with
hydrodynamic stability issues. The upper curve represents the optimistic case while
the lower curve represents the conservative case. For the purpose of this study, the
base line gain should be taken to be the arithmetic mean of the optimistic and
conservative curves.

2/3

lllumination uniformity requirements were provided by the TWG for the designs
represented in Figure 3.3-1. The requirements are summarized as follows:

{a) A minimum of 60 beams is required and the initial focal spot radius should
equal the radius of the capsule.

(b) Power balance must be better than about 5% rms for 1% rms illumination
uniformity.

(c) Random beam mispointing must be less than 0.1 of the capsule radius to
obtain better than about 1.2% rms illumination uniformity.

(d) Capsule mispositioning with respect to the center of the chamber must be less
than 0.1 of the capsule radius in order to maintain the nonuniformity below
1% rms.

(e) The required level of individual beam uniformity is difficult to specify accurately
at present. Some form of beam smoothing technique is required (asymptotic
level of ilumination nonuniformity will have to be less than about 1% rms), and
smoothing (or averaging) times will have to be as short as possible {less than
about 10-20 picoseconds).

Details of the illumination uniformity requirements are provided below.

McDonneli Douglas Aerospace
Use or disclosure of data
subject to title page restriction 3'7



INERTIAL FUSION ENERGY MDC 92E0008, VoL. Il
REACTOR DESIGN STUDIES MARCH 1992

ion Uniformity Requir nis for Direct-Drive KrF - The near-field laser beam
irradiation pattern on the capsule can be represented as the product of two factors:
(1) a single-beam factor that depends on the focusing gecmetry, the f-number of the
lens, the capsule conditions, and the individual beam profiles; and (2) an interbeam
interaction factor that is determined by the number, orientation, synchronization,
polarization, and bandwidth of the individual beams about the capsule and the energy
or power imbalance between the beams. (The balance-of-time, integrated, individual
beam energies do not preclude the occurrences of instantaneous differences in
intensity between beams at different times in the pulse.)

Number of Beams and Focal Spot Radius - Figure 3.3-3 illustrates the predicted rms

irradiation nonuniformity on the capsule for 24-, 32-, 60-, and 96-beam irradiation
configurations. The individual beam radial-beam profiles in all cases are assumed to
be sin2x/x2 characteristic of the intensity envelope produced by distributed phase
plates. This intensity distribution function is, however, characteristic of far field
diffraction from a rectangular aperture and is inconsistent with the near-field laser
illumination scenario. Al of the beam configurations provide adequate uniformity at a
focal ratio (beam radius at the 5% intensity point divided by the capsule radius) of ~1
(tangential focus). However, as the capsule implodes, this ratio increases due to the
inward motion of the critical surface. By the time the laser pulse has finally turned off,

Start of pulse End of pulse .

2.0 'h — h
- Profile ~ sin?x/x?
-‘-"E-' 15— Energy imbalance = 0%
S } Mispointing = 0%
'E .
g Beams
z 10 -
: 24
2
L
b -]
5 05 2 4
T 60
E
=) ] —_— 96
0.0 ‘ '
0.5 1.0 15 2.0 25
TC2519 Beam Radius/Target Radius

Figure 3.3-3. lIrradiation Non uniformity {c rms) as a Function of Focus Ratio
for 24-, 32-, 60-, and 96-Beam Geometries, assuming a
Smooth sin2x/x2 Radial Beam Profiles.?
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the focal ratio typically doubles. From Figure 3.3-3, clearly a minimum of 32 beams is
required to obtain a high level of uniformity over the duration of the laser pulse.
However, when issues associated with other contributions to illumination
nonuniformity are included, it is found that a 32-beam system requires much more
control over power balance and beam mispointing than a system with more beams.
Therefore, in terms of stating a requirement on the number of beams and their focal
spot radii, a minimum of 60 beams is required and the initial focal spot radius should
equal the radius of the capsule. As to the beam placement, assuming that the

60 beams are symmetrically disposed about the capsule is a good first approximation.

Power Balance and Beam Alignment - The effects of beam (power) imbalance and
beam alignment on capsule performance result in temporally varying illumination
nonuniformities with spectral magnitudes that vary with time. Analysis has shown that
these illumination nonuniformities produce mainly low-order modes (I < 6). Two-
dimensional simulations of designs representing the upper gain curve have shown
that the | < 6 modes must have amplitudes less that 1-2% (rms). Using this
requirement, an estimate of the power imbalance and beam alignment (mispointing)
can be obiained. Figure 3.3-4 shows that a 60-beam system requires power balance

Start of puise End oi pulse
— 20 i ¢| l\—l
£ \
> ! \ 32 beams 5%
€ ! o
5 151 1 Power
= | imbalance
c i e
=3
= ]
= ' i
z 1-0 — l 50/0
S |
= N
- \ 60 beams
g 0.5 [ \
= \ \ __ 0%
€ \\ Pt -
© 0.0 | | |
05 1.0 1.5 20 2.5
TC2520 Beam Radius/Target Radius

Figure 3.3-4. Irradiation Non unifermity (¢ rms) as a Function of Focus Ratio for 32 and
60 Beams, assuming a 5% Power Imbalance and Smooth sin2x/x2 Radial
Beam Profiles. The dashed line is the reference o rms for 5% rms
power imbalance for the 60-beam system.?
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which must be better than ~5 rms for 1% rms illumination nonuniformity for 1 <1 < 6.
The amount of beam mispointing that can be tolerated is shown in Figure 3.3-56. The
rms nonuniformity is plotted as a function of the maximum beam mispointing,
measured in terms of the target radius. The mispointing is chosen to be random in
magnitude (up to the maximum indicated) and random in direction; the error bar
indicates the spread in values that is obtained for different sets of pointing errors at a
given maximum. For a 60-beam system, a random mispointing of 0.1 of the capsule
radius will result in ~1.2% rms illumination nonuniformity. The calculations in

Figure 3.3-5 assume perfect power balance. The combined results of power
imbalance and beam mispointing add in quadrature.

2.5 i : T 1 |

Profile ~ sin2x/x?
20| Energy imbalance = 0%
Tangential focus

60 beams
32 beams
0.5

oms Irradiation Nonuniformity (%)

0.0 | { -1 1
000 002 004 006 008 010 0.12

Random Beam Mispointing
(maximum fraction of target radius}

TC25

Figure 3.3-5. Effect of Beam Pointing Error on Irradiation Non uniformity for 32- and
60-Beam System. A smooth sin2x/x2 radial beam profile is assumed.?

Capsule Positioning - Uniformity calculations indicate that the capsule mispositioning
with respect to the center of the chamber must be less than 0.1 of the capsule radius in
order to maintain the nonuniformity beiow 1% rms. These calculations did not take
into account the time dependent effects on the capsule drive of the energy that misses
the capsule due to its miscentering. This would depend on the particular capsule
design and the pulse shape under consideration.
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Individual Beam Uniformity - The required level of individual beam uniformity is still an

area of active research. It is difficult to give a precise answer as to the uniformity
requirements because capsule performance is affected by both the magnitude of the
nonuniformity as well as the modal content of the resulting beam overlap pattern.
Some form of beam smoothing technique will be required, and smoothing (or
averaging) times will have to be as short as possible (tens of picoseconds). Therefore,
since this study is limited to a KrF iaser system, some form of induced spatial
incoherence (IS|) beam smoothing may have to be employed. As an estimate of the
level of illumination uniformity required, initial calculations indicate that the asymptotic
level of illumination nonuniformity will have to be <1% rms and that the averaging
times must be less than 10-20 ps.

3.3.3 Indirect-Drive KrF Laser Target and Driver - Target gain, using
indirectly driven capsules for inertial fusion energy production, will be a function of a
large number of variables, including laser geometry, focusability, pointing accuracy,
wavelength, and possibly beam smoothness and bandwidth, as well as target
performance determined by such effects as hydrodynamic instabilities and plasma
physics effects in hohlraums. Most of these effects are coupled and a system
optimization must be carried out to determine the best set of operating conditions.
Since most of the target physics is classified, many of the choices that go into any
particular set of gain curves must remain classified. Figure 3.3-6 shows two gain
curves that we believe span the range of target gains likely to be achievable using
standard capsule and hohlraum designs. The iower curve is based on detailed target
design studies carried out for the Department of Energy Defense Programs LMF
(Laboratory Microfusion Facility). This gain curve is consistent with an extrapolation to
the megajoule scale of all current data. This curve represents the present best
estimate of the gain that would be achieved in a first-of-a-kind experimental high gain
facility. The higher gain of the upper curve results from an increased coupling
efficiency that we believe can be achieved after optimization of both the laser-plasma
interaction effects and the target gecmetry. Advanced target designs could have gains
of about a factor of two higher than the upper curve. These designs have increased
physics uncertainties and have been less thoroughly analyzed than our baseline
designs; however, for these studies the enhanced performance curve should be used
as the base case. The LMF baseline curve is the conservative case. The enhanced
performance curve should be multiplied by 2 to give the more optimistic case called for
in the Guidelines; however, the optimistic case should not be used for laser energies
less than 2.5 MJ. Figure 3.3-7 shows the peak power requirements for the two gain
curves in Figure 3.3-6. The power curve for enhanced hohlraum performance may be
used for the optimistic case. About 70% of the total energy is delivered during the
peak power part of the pulse. The rest is delivered in a precursor pulse that is

4-5 times the duration of the peak power puise.
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Figure 3.3-6. Gain as a Function of Laser Energy for Indirectly-Driven Targets?
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Figure 3.3-7. Power as a Function of Laser Energy for indirectly-Driven Targets?
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In order for the laser energy to be efficiently utilized, it is necessary that the laser beam
be capable of achieving a spot size that is nearly diffraction limited. it is also important
that the pointing errors be limited to a few microradians. A convenient way of stating
these requirements is to specify a focal spot within which the laser energy can be
delivered. Both gain curves in Figure 3.3-6 assume that all of the useful energy of
each beam can be delivered into a 1.5-mm diameter spot. This spot size includes both
the size of the focal spot and any pointing errors. All energy outside this spot wili not
be useful in driving an impiosion. However, this divergent energy couid adversely
affect an implosion if it exceeds even 0.1% of the total energy. Plasma closure
phenomena can significantly affect the time-dependent delivery of laser energy to the
secondary targets within the hohlraum. In addition, both curves assume a laser
geometry similar to that being planned for the Nova Upgrade. The Nova Upgrade
laser plan calls for 288 independently pointed beams. The beams are distributed in
three or four rings of beams on each side of the target at angles between
approximately 30 and 60 degrees from the target axis. The large number of beams
allows great flexibility for achieving irradiation uniformity at the capsule while
complicating the beams' alignment problems. It also reiaxes the instantaneous power
and energy balance requirements and allows an rms variation of 10% or more. It may
ultimately be possible to reduce the number of beams to a total ranging between 20
and 50. With a smaller number of beams, the power balance must be better than
about 5% and the gain may be lower. For these studies we recommend a minimum of
50 beams.

3.3.4 Indirect-Drive Heavy lon Beam Target and Driver

Target Performance - Figure 3.3-8 gives target gain as a function of driver energy, ion
range, and focal spot size for targets driven by two diametrically opposed beams or
beam clusters. The peak power requirements for these targets are given in

Figure 3.3-9.

The curves in Figures 3.3-8 and 3.3-9 should be considered the "base case."
Concepts exist that should give gains about a factor of two higher. Thus the gain can
be multiplied by a factor of two {only for cases with driver energies above the ~200 MJ
"knee" in the base case curves) to give a more speculative case. The power curves
remain unchanged for this case. For a lower limit, the gain should be multiplied by 0.7;
the power curves again remain unchanged.

lon range as a function of ion mass and kinetic energy is given in Figure 3.3-10.

McDonnel! Douglas Aerospace
Use or disclosure of data
subject 1o fitle page restriction 3‘ 1 3



INERTIAL FusioN ENERGY MDC 92E0008, VoL. li

REACTOR DESIGN STUDIES MARCH 1992
200 ™ T
R = 0.025 glcm? R =005 giem?
100 -
rzQSecm
ra05em
£ 10 L !
G 200 T T
R=0. gicm? ¥ = 960N R =0.2 g/em?
100} ¥ = 2000 = -
v:im
02
0.2
=05em 0.3
| 0.4
% 5 0 0 5 10
Driver enatgy 0

Figure 3.3-8. Target Gain for Indirect-Drive Heavy ions as a Function of
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Figure 3.3-10. lon Range as a Function of lon Mass and Kinetic Energy?

Pulse-Shape Precision, Power Balance, and Beam Alignment - As noted in the

previous section, there is considerable flexibility in pulse shape; however, once a
pulse shape is chosen, the power at any time during the pulse must be within 3% of its
nominal value. This requirement must be met for both beam clusters.

The center of each beam or beam cluster must be aligned within 10% of the focal spot
radius. lf beam clusters are used and if the beam errors are statistically independent,
each beam can clearly have looser tolerances than the tolerance on the entire cluster.

Misalignment and imperfections in the beams and lenses may lead to some fuzziness
in the beam radius. If the conditions on power balance and centroid alignment are
satisfied, the effect of beam fuzziness can be estimated by using only that fraction of
the beam energy that falls in the focal spot radius when using Figures 3.3-8 and 3.3-9.
Thus, within limits, there is a trade-off between target gain and beam alignment and
radius.

3.4 Reactor Systems

The two drivers to be considered are the KrF excimer laser and the Heavy lon (Hl)
beam. A design will be developed for each driver. Most of the key requirements on
the driver were specified earlier in discussing the requirements on target design
information.

The study should evaluate the technical issues and perform trade-off studies to select
among the options and design variabies and to determine the performance for each
driver design. Key considerations include physics and engineering feasibility, cost,
efficiency, reliability, lifetime, safety, and environmental impact. Some of the selection
decisions that have to be made for the designs include: (1) direct versus indirect drive,
{2) pulse shape and number of beams for the KrF laser, (3) double- or single-sided Hi
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illumination, and (4) configuration and radiation protection schemes for the driver
systems (e.g., optics for laser).

In addition to the target and driver system discussed earlier, other reactor systems
included are the reactor chamber evacuation system, first wall and its protection
system, blanket, radiation shield, tritium system, and primary heat transport system.
The evacuation system provides for vacuum pumping of the reactor chamber between
pulses down to the pressure required for efficient transmittal of the driver beams to the
target. The function of the wall protection system is to absorb the x-rays, charged
particles, and target debris generated from the fusion reactions, target disintegration,
and interactions with the background gases in the reactor chamber. Depending on the
specific design, the amount of nuciear heating generated by neutrons and gamma
rays in the wall protection system can be a significant fraction of the energy of the
fusion neutrons. The function of the blanket is to breed tritium at the rate required by
tritium self-sufficiency condition and to convert the kinetic energy of neutrons and
associated gamma rays into sensible heat. The function of the tritium system is to
process tritium from the wall protection system, blanket, reactor chamber exhaust and
from other reactor components and to supply tritium to the target factory andto a
storage system. The function of the primary heat transport system is to transpor the
recoverable heat from the blanket, wall protection, driver system, and from other
reactor components to the secondary energy conversion system.

These reactor systems have important fechnical feasibility issues and they greatly
influence the potential attractiveness of fusion reactors. The study should develop
viable engineering solutions that enhance the potential attractiveness of IFE reactor
power plant designs with respect to cost of energy, safety, and environmental impact.
Selection of the design for various components and the overall reactor configuration
should emphasize simplicity, reliability, and maintainability. Tradeoff studies and the
rationale for selection of materials and engineering design features should be
documented. Key technical issues and the R&D programs required to resolve these
issues must be identified.

These reactor systems in the IFE reactors will have similarities to, as weil as
differences from, corresponding systems in MFE reactor designs. Applicable
experience and data base from MFE designs and R&D programs should be fully
utilized. Extrapolations required for materials and technology R&D to meet the
feasibility and attractiveness goals should be consistent with those assumed for MFE.

3.5 Economic Guidelines

Many of the previous requirements and criteria have profound effects on the
economics of the power plant. These would include such items as the net power
output, the tenth-of-a-kind assumption, and technology assumptions. The Oversight
Committee also recommended some specific economic groundrules in concert with
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the NECDB methodology10 and the latest ARIES costing methodology.11.12,13 The
economic requirements and guidelines shown in Table 3.5-1 have been worked out
with the Economics Working Group, headed by Robert Krakowski of LANL and Ron

Miller for ARIES.

Table 3.5-1

Plant Operating Lifetime, yrs

Plant Construction Lead Time, yrs
Contingency Factor, Project and Process
Spare Parts Multiplier

Prometheus Economic Guidelines

30

6

See below, may add risk factor
1.0 (no spares)

Constant Year Dollars 1881
Nominal Year Dollars 1987
Inflation Rate .05
Esgalation Rate .05

Average Tax-Adjusted
Effective Cost of Money, Nominal Dollars 1135 .0957
Eftective Cost of Money, Constant Dollars .0605 .0435
Fixed Charge Rate, Nominal Doliars .1638
Fixed Charge Rate, Constant Dollars .0968
Inglir F r LSA 1 2 3 4
91 Constr Serv & Equipment (x TDC) 113 120 128 151
92 Home Office Engr & Services (x TDC) .052 052 .052 052
93 Field Office Engr & Services  (x TDC) 052 060 .064 .087
94 Owners Cost {x TDC+91492+93) 150 150 150 150
95 Process Contingency {x TDC+91+92+93+94) .000 .000 .000 .000
96 Project Contingency {x TDC+91+92+93+94) 1465 173 184 185

Constant $ Nominai §

97 IDC Factor .1652 .3178
98 EDC Factor -0 2438

Operations and Maintenance Cost [$91]
L SA Factor, L*

Decommissioning Allowance, mill/kWeh
Deuterium Fuet Cost, millkWeh
Learning Curve

Quantity Assumption

her F rs Influencing the Economi

Plant Availability/Capacity

Cost Adjustment Factor up to 19913%

78.9x(L*) (Pg/1200)0-5

0.7f1]; 0.85[2]; 0.952[3]; 1.0[4]

0-1 (LSA-dependent)

-0.05

85-80% on fusion systems,
75-100% on non-fusion systems

10th of kind commercial plant +
Prototype and Demo if applicable

Value derived from design approach

Will use typical MCF vaiues (.75} as a starting value
Use Gross National Product

Implicit Price Level Deflators [1982 Basis]

References for 3

1. R. C. Davidson, et. al, "Inertial Confinement Fusion Reactor Studies
Recommended Guidelines," September 1990.
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2. R. Bangerter, "Revised Target Information for ICF Reactor Studies,” memo from
R. Bangerter, February 1991.

3. W.J. Hogan, G. L. Kulcinski, Fusion Technology 8, 17 (1985).

4. The HIBALL studies are good examples. "HIBALL: A Conceptual Heavy lon Beam
Driven Fusion Reactor Study,” UWFDM-450, University of Wisconsin Fusion
Technology Institute (1981); see also KiK-3202, Kernforschungszentrum Karisruhe
(1981) and "HIBALL li: An Improved Heavy lon Beam Driven Fusion Reactor
Study,” UWFDM-625, University of Wisconsin Fusion Technology Institute (1984);
see also KiK-3480, Kernforschungszentrum Karlsruhe (1984} and FPA-84-4,
Fusion Power Associates (1984).

5. The HYLIFE study is a good example. J. A. Blink, W. J. Hogan, J. Hovingh,
W. R. Meier, and J. H. Pitts, Lawrence Livermore National Laboratory Report
UCRL-53559, (1985).

6. The Heavy-lon Fusion Systems Assessment (HIFSA) is a good example. FEusion
Technology, 13, No. 2 (1988).

7. F. Najmabadi, "The ARIES-] Tokamak Reactor,” 9th Topical Meeting on
Technology of Fusion Energy, Oakbrook, lliinois, 7-11 October 1990}

8. R. O. Bangerter, J.W.-K. Mark, and G. Magelssen, "Simple Target Models for lon
Beam Fusion Systems Studies,” LLNL Report UCID-20578 (1985).

9. J. H. Pendergrass, D. B. Harris, and D. J. Dudziak, Fusion Technology 13, 375
(1988).

10. "Nuclear Energy Cost Data Base: A Reference Data Base for Nuclear and
Coal-Fired Powerplant Power Generation Cost Analysis,” US Department of
Energy Report DOE/NE-0095, September 1988.

11. J. P. Holdren et. al., "Report of the Senior Committee on Environmental, Safety
and Economic Aspects of Magnetic Fusion Energy," LLNL Report URL-53766,
25 September 1989.

12. J. G. Delene, "Updated Comparisons of Economics of Fusion Reactors with
Advanced Fission Reactors," 9th Topical Meeting on Technology of Fusion
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CHAPTER 4
RATIONALE FOR DESIGN OPTION SELECTION

This chapter will document the rationale for the selection of the main design options for
the two IFE reactor design studies. As stated in the study objectives, the study team
was empowered to seek innovative approaches that would offer increased safety,
performance, and economic attractiveness. Many of these factors were quantified and
trade studies were employed to make fact-based decisions. Other decisions were
predicated upon the more qualitative factors that were siressed as important to the
success of fusion as a future energy source.

Another factor that determined why certain key design options were selected depends
upon the technology basis assumed. Naturally, state-of-the-art hardware, software,
materials, and designs would be employed for systems to be built in the near time
frame, but these design studies assumed not today's technology, not tomorrow's
technology, but technology some 20 years or more in the future. The project was
trying to be visionary as to the future of the applicable technologies. To assure the
credibility of the technology extrapolation, results of promising, evolving technologies
were founded upon today's experimental evidence, computer modeling, and expen
opinion.

The results of the trade studies indicated a specific choice that was easy to select.
Other times, the results were not so clear. This is especially true given the clarity of the
looking giass into the future. When a choice was particularly difficuit, the team opted to
choose the more innovative option. Not only was this the charter to follow, but this
choice would afford the cpportunity for the technical community to examine this option
in more detail and consider the merits of future development and examination.

4.1 Selection of Reactor System Technotogy Options

An inertial fusion power plant involves several major systems including reactor plant,
driver, target plant, and baiance of plant. The rationale for choosing design options for
these major systems involved complicated trade-offs between many issues including
economics, safety, engineering feasibility, technical risk, etc. In many instances,
design choices were made without considering the impact on the overall system
performance. However it was useful (and sometimes essential) to consider an overall
figure of merit when selecting design options. The Inertial Confinement systems
performance and COst MOdel (ICCOMO) was updated to assist the design process in
such instances. This code has evolved over many years. The modeis were originally
developed as part of the STARFIRE reactor design study? and were adapted to IFE as
part of the HIFSA project.2 The code contains parametric scaling and cost models for
all major power plant subsystems and design options and, as such, it evolved along
with the design. It includes KrF laser and heavy ion LINAC drivers, reactor cavity
systems, main heat transport systems, target energetics, target manufacturing plant,
fuel stream and waste processing, and all balance-of-plant systems.
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A key aspect of the systems modeiing involves the assessment of projected
performance and cost of subsystems that, in many cases, employ technologies at
vastly different stages of development. In developing the code, the cost projections
were normalized to an equivalent state of engineering maturity across subsystems.
This was difficult where comparable hardware does not exist today. Costs were
normalized to assumptions made for recent MFE reactor and technology studies34 to
provide a common basis for comparison. Elsewhere, costs were based on the best
judgment of experts. All cost models were normalized to first production unit costs and
updated to conform with the economic guidelines discussed in Section 3. A detailed

description of the final cost models is presented in Appendix C.

The study guidelines recommended that costs be developed for a tenth-of-a-kind
power piant. However, technology deveiopment will not be dictated by projected
tenth-of-a-kind costs but rather by those for the first production unit. The trade studies
presented in this section thus include no learning curve adjustments. They consider
only first production unit costs. Most results are therefore presented in the form of
relative comparisons in order to avoid confusion in relating them to the tenth-of-a-kind
costs discussed elsewhere in this report.

4.1.1 Laser System Option Selection - The Prometheus-L design point is an
outgrowth of a number of different {rade studies. These studies are summarized in
Table 4.1.1-1. Many design options were evaluated within individual subsystems;

Table 4.1.1-1. Summary of Design Options Considered for KrF Laser System
Parameter Baseline Value Options/Range Considered
[ Target:
Type Direct Drive Indirect Drive
Gain Curves” Constant Spot Optimistic, Conservative
Gain Curves Constant Spot Zoomed Spot
Number Beams 60 30-90
llilumination Tangential Focus Nested Focus
Incident Energy (MJ)’ 4 2-8

Reactor Cavity:
Wall Protection

Wetted Wall (Lead)

Dry Wall with Fill Gas

Breeder LizO FLiBe; LiPb Eutectic
Thermal Cycle {He Coolant) Advanced Rankine Direct Brayton
Coolant Pressure (MPa) 1.5 1-5

Driver System:
Laser Amplifier
Pulse Compression
Amplifier Energy (kJ)"
Amplifier Run Time {ns)
Optical Fluence (chmz)'

Electric Discharge w/Raman Accumulator

Stimulated Brillouin Cell
5.6
250
10

Large Area E-Beam Pumped
Angular Multiplex, Hybrid
3-10
200-500
3-10

Final Mirror:

Type Grazing Incidence Metal on Ceramic Grazing Incidence Metal on Metallic
Structure Structure

Protection Distance; Residual Gas; Deflection Shutters; Cover Gas; Gas Prism
Magnets

" The results of this trade study are presented in Section 6.2
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however, some selections could not be quantified within a subsystem. The systems
code was used to resolve these choices. The discussion presented in this section
concerns itself only with the rationale for choosing between technology options, e.g.,
indirect versus direct drive targets, single versus multiple beam LINAC, etc. The trade
studies directed toward selection of an operating range in parameter space for the
baseline technology options are discussed in Section 6.2 as noted in the table.

Gain curves for the present study were provided by a DOE-appointed Target Working
Group {TWG). The TWG endeavored to levei the technical optimism between the
various laser illumination concepts (direct drive constant spot - CS, direct drive
zoomed spot - ZS, and indirect drive - ID) and the indirect drive heavy-ion targets. For
the laser driver, they provided their results in the form of upper and lower bounds on
the expected gain as a function of incident driver energy for each option. The TWG
recommended an arithmetic mean of the upper bound (optimistic) and lower bound
(conservative) as a baseline gain curve for system studies. Figure 4.1.1-1 compares
the reference gain curves for direct and indirect drive targets using a Krf- laser-driver.
These gain curves formed the basis for target design options. The position of the
ignition cliff ~2 MJ determines the minimum driver size, and the slope of the curves

determines the attractiveness of going to higher driver energy to improve nG.

Driver performance characteristics are also an important factor in the trade studies.
The Prometheus-L driver design is based on the use of non-linear optics (NLO) to
improve beam quality and system reliability. Detailed analyses and rationale
supporting the design are presented in Section 4.2. A brief overview of the design is
presented here to illustrate how it is represented in the systems code.
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Figure 4.1.1-1. Comparison of Baseline and Optimistic Gain Curves for Direct and
Indirect Drive Targets. Direct Drive Curves Assume Constant Focal Spot
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The general driver architecture for one of the 60 beamlines is illustrated schematically
in Figure 4.1.1-2. It consists of crossed Raman accumulators optically pumped by
sixteen 5.9 kJ discharge lasers arrayed four 1o a side. A Stokes seed is generated for
the Raman extraction by splitting ofi ~1% of the energy from each discharge laser and
passing it through a spatially filtered Raman oscillator. The beams are then combined
to form a spatially smooth seed that is spectrally and temporally matched to the pumps
for maximum extraction efficiency. In addition, the crossed beam geometry serves to
smooth out intensity fluctuations across the Raman output aperture. The low quality
beams from the discharge lasers are thereby combined to form 60 high brightness
beams with very uniform spatial intensity. This permits the downstream optics to
operate at higher optical fluence levels (~10 J/ecm2) because iocal intensity peaking
effects are minimal. Simulation studies of such cells by TRW indicate that more than
90% of the discharge laser energy can be Raman converted to the output Stokes
beam as discussed in Section 4.2.

Beamsplitier

Excimer Discharge

Laser Amplifier
Raman Pump
Beam
Raman
R Oscillator Stokes
A arna? " Beam
ccumulator
SBS Pulse Compressor /4 Plates S Chirper Ac':f,",; :?atm

Dielectric
Polarizers

Depleted Pulse Refiective

Raman Beam

Y Coupling
Mirror

;

Reflectivity
Mirrors Short Pulse
Delay Line

Long Pulse Shaper
and Delay Line

To Target
Figure 4.1.1-2. Laser System Architecture for Prometheus-L Driver Design

The output from each Raman accumulator then passes through a precisely timed,
electro-optical "chirper" which frequency shifts the first ~10 ns of the beam. The beam
continues on into a Stimulated Brillouin Scattering (SBS) cell of length c7/2. The
frequency shift of the "chirped" leading edge is designed to match the SBS shift in the
SFg gain medium that fills the SBS cell. This enables the leading edge to extract
energy from the remainder of the beam as it reflects off the end mirrors and travels
back through the optically-pumped medium producing a short duration, high intensity
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main pulse appropriate for target implosion. Although the quantum efficiency of this
SBS extraction is very high (>99%), the energy tends to be concentrated in a sub-
nanosecond pulse at the front of the chirped portion unless care is taken to ramp the
amount of power that is chirped. This reduces the efficiency of the SBS extraction to
~65%, as discussed in Section 4.2. However, the unconverted energy is not lost, it still
resides in the trailing portion of the pulse.

An optical delay line is provided to interchange the leading edge of the puise with a
portion of the trailing edge. This allows the undepleted SBS pump beam energy to be
used as the target prepulse. This is accomplished using a large-aperture Pockels cell
to vary the polarization of the leading and trailing portions of the pulse. A dielectric
polarizer thus reflects the high intensity leading edge into the delay line but passes the
undepleted pulse so that it now becomes a prepulse. The length of the delay iine,
c1/2, is chosen to match the prepuise duration requirements, T = 80 ns. The portion of
the undepleted pump extending beyond the 80 ns delay is lost, but this contains <
10% of the total energy. An efficiency of 90% is achieved for the combined SBS/delay
line system. It should be noted that the resulting prepulse may have the wrong shape
for prepating a proper target atmosphere for the main pulse. Additional pulse shaping
may be required. One possible approach utilizes three, large aperture fast Pockels
celis in an electro-optical switchyard as indicated in Figure 4.1.1-2. This possibility is
discussed further in Section 4.2. Such Pockels cells require significant engineering
advances over currently available technology due to the short (~10 ns) repetitive
switching times.

The systems code represents the Prometheus-L driver in terms of simple scaling
relations for component efficiencies and costs. These relationships are summarized in
Table 4.1.1-2, and they lead to a projected overall efficiency of ~6.5% for the laser
driver system. To help offset this low efficiency, the excimer discharge laser gas waste
heat is recovered and used for feedwater heating. This leads to an effective efficiency
of ~8.5% for the laser system.

A significant number of high-quality, large size optics are required for the
Prometheus-L system. These optics require good surface figure control, low
absorption, anti-reflective and high-reflectivity dielectric coatings at ~250 nm. The
optics are sized based on the relations indicated in Table 4.1.1-2. Costs for these
components are determined using the algorithms summarized in Table 4.1.1-3. These
costs are based on estimates which LLNL developed for the LMF facility.5

Table 4.1.1-4 summarizes the size and quantity of high power optical components for
the 4 MJ Prometheus-L design point to illustrate typical optics requirements for the
NLO laser architecture. Optics larger than 1 m linear dimension are segmented to
reduce their cost. This should have little effect on performance because a minimum
coherent aperture of ~0.5 m is maintained.
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Laser System Scaling Summary

Item

Effcy/Pwt Rgmt

Sizing Relationship

Cost Relationship (M$)

Front End Systems
MO and Encoders
Discharge Front End

Discharge Pre-Amps

Not specifically
accounted for

2.0
0.2 N, Epy /Gp
0.02Cp,

Discharge Lasers 959%" 1=2m
Cavities 15% w, hbased on 3 Jicm? 0.02 N, (Ep, / 4)075
E-Beams 0.02 N, (Ep / 4)0-75
Guide Magnets 3 per group, Ng_ groups 0.209 Npp
Raman Accumulator A I=5m
Cells 90% w, h Based on 5 GW/cm 0.01 Ng
Stokes Front End limit on (intensity x length) 0.1 N
Stimulated Brillouin 96%," |=ct/2
Cells 90% 10 Jicm? 0.03 N,
Chirper System 0.01 Ng,
Downstream Optics 95% 10 Jicm?
Pulsed Power System 64.3% 2 m Ceramic PF Lines

Pulsed Power
Discharge Pre-Amps

Scaled based on
atilization factor

0.005 NDL (EDL/T'DL)
0.02Cpy

Gas Flow System
Discharge Gas Flow

1.5 MW
Scaled based on

One loop with
intermediate heat

5.31 Ng_ (Pg/ 18 Ng )°-75

Discharge Pre-Amps rep rate, clearing exchanger for each 0.02 Cy_

Gas Purification stack of 4 cavities beamline 15.0
Alignmt/Control System 2.84 + 0.194 Ng|_
Diagnostic System 8.52 (Np_/ 960)0-7°
Pockels Cell Control 4 per beamline 0.02 Ng_ 4
Power Conditioning 0.084 Pp exp(-0.0005 Pp)
Driver Building Annuius around reactor $88 / m3

See Tables 4.1.1-3& 4

Optics Components

Discharge intrinsic efficiency of 15% and gas pumping effectiveness of 95% are assumed.
Input and output window transmission efficiency of 98% is assumed.
Product of: 94% high voltage, 92% energy storage, 80% pulse forming and T/ (T + 0.84 Tjge).

Table 4.1.1-3. Optics Cost Basis for Prometheus-L Trade Studies

Blank Cost | Finishing Cost Coating Cost Thickness
Component Type ($/cm®) {$/cm?) ($/cm?) (cm)

Flat Mirror 1 0.13 0.50 0.60 d/16
Spherical Mirror 2 0.13 0.50 0.60 dre
Window 3 0.60 1.00 0.04 d/16
Lens 4 0.60 1.00 0.04 d/8
Beam Spilitter 5 0.60 1.00 0.82 drs
Thick Window 6 0.60 1.00 0.04 d/1o
Thick Lens 7 0.60 1.00 0.04 d/1o
Grazing Incidence Mirror 8 540 0.25 0 10, 20% dense
Low Quality Mirror 9 0.13 0.25 0.30 d/16

Blank Size: w=w,+4 h=h,+4

Finishing/Coating Area: A=wxh d=(w2+h?)12

Mount/Stand Cost: 30% of Blank Cost

Use or disclosure of data
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Table 4.1.1-4. Prometheus-L Desigh Point Optical Component and Cost Summary

Component Quantity | Type | Size (w x h, cm) | Cost (M$)
Discharge Amplifier Windows g20x 2 3 44 x 44 16.07
Discharge Output Turning Mirrors 960 2 90 x 90 18.54
Raman Accumulator Stokes Mirrors 60 2 18x 18 0.04
Raman Accumulator Input Windows | 36x 60 3 45 x 45 18.92
Pump Beam Secondary Mirrors 40 x 60 9 90 x 49 14.06
Raman Qutput Windows 4x 60 6 90 x 80 19.18
Stimutated Brillouin Polarizer Plates 8x 60 3 41 x 45 3.79
Brillouin 1/4 Wave Plates 4 x 60 3 45 x 45 2.10
Briliouin Chirper Crystals 4x 80 3 45 x 45 3.00
Briliouin Celt Mirrors 4x 60 1 45 x 45 0.96
Delay Line Pockels Ceils 4x60 3 90x 90 12.82
Delay Line Polarizer Plates 2x8x60 3 41 x 45 7.57
Delay Line 1/4 Wave Plates 2x4x60 3 45 x 45 4.21
Delay Line Turning Mirrors 4 x 60 1 90 x 90 4.64
Relay Turning Mirrors 2x60 1 97 x 69 0.93
Vacuum Interface Windows 60 3 97 x 69 252
Turning/Pinhole Focusing Mirrors 60 1 97 x 69 0.93
Pinhole Collimating Mirrors 60 2 97 x 69 0.83
Target Focusing Mirrors 60 2 97 x 69 0.93
Grazing Incidence Mirrors 60 8 395 x 69 3.60

Baseline Direct Drive Versus Indirect Drive - The resulting comparison between direct

and indirect drive targets for the baseline gain curves is illustrated in Figure 4.1.1-3.
This figure highlights the strong preference for direct drive predicted by the baseline
gain curves supplied by the TWG. The minimum cost of electricity is ~10% higher for
indirect drive and the requisite driver energy increases from 4 to 6 MJ. The driver is
thus more complex (2160 discharge lasers as compared to 960 for the direct drive
case) and costly (~$250M). This is a direct result of the nG penalty for the baseline
indirect-drive gain curve. For the projected Prometheus-L driver efficiency of 6.5%, the
4 MJ direct drive system has an nG of 8.2 compared to only 7.0 for the 6 MJ indirect
drive case. lllumination symmetry requirements complicate the reactor cavity design
for direct drive; however, the analyses discussed in the remainder of this section led to
the conclusion that for 60 beams, the cost implications of direct drive illumination are
not significant. This was further reinforced by TWG guidance that indirect drive
itlumination, while not symmetric, would also require roughly 60 beams arrayed on two
60° half-angle cones. Direct drive targets were thus selected for the Prometheus-L
system design.

Direct Drive Versus Indir rive - Figure 4.1.1-4 shows how the direct to
indirect drive comparison changes for the optimistic gain curves indicated in
Figure 4.1.1-1. As expected, the direct drive advantage is significantly reduced for
this case, but it is still favored over indirect drive. The driver costs are virtually
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identical, but the higher direct-drive gain at low energies teads to a cost advantage for
this system. In fact, the minimum indirect drive system cost occurs at 4 MJ even though
gain increases significantly beyond that energy. This highlights an important point
reiative 1o target design, namely that higher gain is not always beneficial once
sufficient nG has been achieved. The benefit of increasing drive energy depends on
the tradeoff between gain curve slope and incremental driver cost. Figure 4.1.1-1
shows that the projected Prometheus-L incremental cost of ~$100/Joule does not favor
higher driver energies even if gain scaling is comparable to optimistic expectations.

Constant Spot Versus Zoomed Spot - The final laser design option trade study

involves incorporating the capability to zoom the beam focal spot io follow the
implosion of the critical energy absorption surface at the target. This leads to higher
gain, as indicated in Figure 4.1.1-1, because less energy is wasted in heating the
atmosphere around the target, however it complicates the driver design. [n order to
assess the attractiveness of this possibility, a trade study was conducted with the most
optimistic assumption being no added driver cost for zooming. The result of this study
is shown in Figure 4.1.1-5. It shows that a zoomed focal spot potentially leads to ~3%
lower COE. For the Prometheus NLO laser architecture, the only viable way to zoom
the focus involves modifying the rf-driven frequency chirpers for the SBS cells to
enable them to introduce a time-varying wavefront curvature. This requires an annular
rf field variation around the chirper that significantly complicates its design. The
benefit of focal spot zooming was not sufficient to warrant this added complexity. 1t
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Figure 4.1.1-5. System Performance Comparison for Constant (Solid) and
Zoomed (Dashed) Spot Gain Curves
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should be noted, however, that the NLO laser architecture provides sufficient beam
quality to allow nesting trapezoidally apodized beam focal spots on the target as
opposed to the baseline tangential focus option. This possibility, which is discussed in
more detail in Section 4.6, may provide the benefit of focal spot zooming without the
complications of adding time-varying wavefront curvature.

4.1.2 Heavy lon System Design Option Selection - The Prometheus-H
design point is also based on a number of different trade studies. These siudies are
summarized in Table 4.1.2-1.

Table 4.1.2-1. Summary of Design Options Considered for Heavy lon System
Parameter Baseline Value Options/Range Considered
Target:
Type Indirect Drive [No Direct Drive Datal

lon Range (g/cm?)

Spot Size, Radius (mm)’
lliumination

Incident Energy (MJ)"
Transport Efficiency (%)

0.045 (4 GeV Lead)
3

Two Sided
7

90

0.025-0.2
2-5
One Sided
4-9
70-100

Reactor Cavity:

Wetted Wall (| ead)

Same as l_aser System

Driver System:
LINAC Type
LINAC Scaling”
lon Type*
lon Energy (GeV)

Focusing Quads
Cavity Transport

Single Beam with Storage Rings
a=02; K=-015
+2 Lead
4

Superconducting
Self-formed Channel

Multiple Beam
a=(02-05); K=(-02-0.0)
+110 +3 Lead
4-8
Normal
Ballistic; Pre-formed Channel

" The results of this trade study are presented in Section 6.2

The heavy-ion driver has more scaling flexibility because it produces the requisite total
energy by combining several ion beamiets at a discrete kinetic energy. The choice of
ion charge state and kinetic energy lead to significant differences both in the
accelerator configuration and in the target performance that must both be considered
in determining the optimum design point. These issues are discussed in

Section 6.2.2 along with the resuits of sensitivity studies which were run to document
the leverage of key design parameters indicated in the table on the overall system
performance. The discussion presented here focuses on the rationale for choosing a
single beam LINAC with intermediate storage rings versus a muttiple beam LINAC.
The rationale for selecting a self-formed channel for cavity transport and the resulting
target focal spot size and channel energy transport efficiency is presented in

Section 4.3. Finally, the rationale leading to the choice of a wall protection scheme
identical to that for the laser system is presented in Section 4.4, and a discussion of
target issues for the heavy ion system is presented in Section 4.6.

Multiple Beam Versus Single Beam - One of the main induction LINAC design

challenges involves the space charge limit on transportable current in a periodic
focusing lattice. This limit requires multiple transport channeils {typically >10 beamlets)

McDonnell Douglas Aerospace
4-10

Use or disclosure of data
subject to title page restriction



INERTIAL FUSiON ENERGY MDC 92E0008, Vor. Il
ReacToR DESIGN STUDIES MARCH 1992

for heavy ion fusion drivers. Past studies? have envisioned a multiple beamlet
transport lattice consisting of a closely packed quadrupole bundle surrounded by
massive induction cores for inertial fusion drivers. The Prometheus-H design
considers an alternative approach consisting of a single beam transport lattice
coupled with intermediate storage rings to accumulate the required number of
beamlets. The approaches are illustrated schematically in Figure 4.1.2-1. This figure
highlights the key potential advantages of the single beam system, namely that the
accelerator hardware that surrounds the beam(s) (i.e., induction cores, insulator rings,
structure and the focusing magnets themselves) are smaller, less complex, and
consequently less costly for the single beam system. This simplification, however, is
accomplished at the expense of system efficiency which is lower for the single beam
approach. The induction cores must be cycled many times (once for each beamiet) to
produce each main puise as compared to one cycle for each main pulse in the
multiple beam case. The systems code was used to quantify this tradeoff.

MULTIPLE-BEAM LINAC SINGLE-BEAM LINAC WITH
STORAGE RING

{Repetitively Pulsed at 12x
Rep Rate)

ERNERERERERER

-------------------------------------------------

PLAN VIEW
Reactor
Buiiding
Multiple or Single-Beam Storage 80m
Linac Ring
2km 40m

Figure 4.1.2-1. Comparison of Muliiple and Single Beam LINAC Configuration
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The systems code modeling is based on the general relations summarized in

Table 4.1.2-2. The LINAC is sized assuming a maximum accelerating gradient of

1 MV/m. Focusing magnet quantities are determined using continuous limit focal
lattice scaling laws developed by Maschke®. These scaling relations are summarized
in Section 6.2. Injector costs (ion source pius acceleration up to 3 MV) are assumed to
be $10M per injector for a single beam system. Multiple beam systems are assumed
to require four such injectors. Insulator and accelerator structure costs are calculated
based on the final column voltage, Vg, and inner core radius, Rg;, from estimates LBL
developed for a 0.83 m radius multiple-beam LINAC.

Table 4.1,2-2. Heavy-lon System Scaling Summary
Item Effcy/Pwr Rgmt | Qty/Sizing Relationship | Cost Relationship (K$)
Injector 3 MeV 18B; 4MB 10,000 per injector

Linear Accelerator
Insulator
Structure
Induction Core

Focusing Magnets

VCore {J m3) NBmlet

Length based on 1 MV/m
Radius scaled with R

from 0.83 m reference
Scaled with G, T, AB, Ry
Based on lattice scaling

10 Vi (Rg; / 0.83)
8.76 Vg (Rg; / 0.83)
32 Ve $5/kg

Cryogenic System 1000 Wegi Wealg = Ny (3 Wimag) 4 Weog
Vacuum System Scaled with fength 5.08 L,
Storage Rings 1 per beamiet”
Magnets Based on lattice/bending (55 + 10 Ny +5 Ly Ny fi e
Cryogenic System 1000 Wegig Weoig = Ny (3 Wimag) 4 Weog
Vacuum System Scaled with length 5.08 Ly
Final Transport Main beamlets + prepulse“
Buncher 2 MB LINACs Based on bunching rgmts Same as rnain LINAC
Drift Section 2 sides, 180 m long
Magnets Based on iattice scaling (55 + 10 Ny +5 L) Ny fic
Cryogenic System 1000 Weoig Weag = Ny (3 Wimag) 4 Weo
Vacuum System Scaled with length 5.08 Ly
Pulsed Power 80% Core loss + Beam energy 10/kJ”
Instrument & Control 0.05 Cr
Auxiliary Systems 0.02 Cyy
Beamline Tunnel Wiy =5.0Rg, $120 / 12
PFN Building 0.5 Wy, $50 / ft2

* Each main pulse beamiet has its own storage ring, prepulse beamlets are grouped in two rings
** Main pulse beamlets are bundied into one buncher, two prepulse beams in the other

*** Product of 70.6% for high voltage and energy storage and 85% for pulse shaping

“*** Pulsed power costs are increased by a factor of 10 for the single beam system

Induction cores are sized based on Rg; and the product of acceleration gradient, G,
and pulse length, 7, at each point along the LINAC. The core radius is chosen so that it
clears the outer radius of the quadrupole bundle as depicted in Figure 4.1.2-1. Core
losses in J/m3 are determined using the loss curve shown in Figure 4.1.2-2. The figure
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Figure 4.1.2-2. Assumed Metglas Loss Scaling with Pulse Length for LINAC System
Studies
depicts the measured losses for a flux swing AB = 2.5 T and a winding thickness
t=1.2 mills. These are scaled to the lower curve using the relation

18 2

AB 1

CoreL =CorelL _— —_
elLosses = Core osseso[ABDJ [to]

for the flux swing of 1.5 T and winding thickness of 1 mill assumed here. For the single
beam system, core losses are multiplied by the number of beamlets, Ng)et. to account
for recycling. Core costs are estimated using $5 per kilogram of Metglas. An 80%
packing fraction is assumed in calculating the core volume. Pulsed power
requirements are determined based on the sum of the core losses and the energy
gained by the beam. Costs for pulsed power are estimated at $10 per joule for the
multiple beam system and $100 per joule for the single beam case. These costs are
based on information provided by LBL for the multiple beam system? and LLNL for the
rapidly cycled (10's of kHz) single beam system. The factor of 10 increase
recommended for the single beam case is based on recent LLNL work on recirculating
LINAC systems. 8

Magnet costs are based on data for similar quadrupoles for the Superconducting
Super-Collider. This indicates that each cryostat will cost $55,000 with an additional
$10,000 for each quadrupole winding plus $5000 per meter of length. These costs are
adjusted using an 85% learning curve factor, f ¢, to determine the magnet costs for the
"first production” driver considered here. Cryogenic system costs are based on the

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 4-13



INERTIAL FUSION ENERGY MDC 92E0008, Vou. !l
ReEACTOR DESIGN STUDIES MARCH 1992

total number of magnets per section, including quadrupoles and dipotes, Ny, with a
heat leak of 3 watts per magnet. A cost of $4000 per cold watt, Wge\q, is assumed with
a power consumption of 1 kW per cold watt. Vacuum system costs are estimated at
$5100 per meter of length for each section and tunnel costs at $120 per square foot.
The tunnel width is taken to be five times the maximum core outer radius Rg,. Finally,
I&C and auxiliary systems are assumed 10 be 5% and 2% respectively of the total cost.

The resulting comparison between projected system performance for the multiple and
single beam LINAC drivers is illustrated in Figure 4.1.2-3. This comparison uses
lattice scaling suggested by Ed Lee? since it was thought to be most favorable for
multiple beam systems. The final single beam design uses an alternative lattice
scaling discussed in Section 6.2 and therefore has lower capital cost than those
presented here. Nevertheless, this figure still highlights the significant advantage
projected for the single-beam approach in spite of its lower efficiency (15% as
compared to 37%). Driver capital costs for the single beam system are roughly half
those for the muitiple beam system and this leads to a 12% reduction in COE. The
single beam system was therefore selected for the baseline driver in the
Prometheus-H design study.

1.300 T T T - 1 1500
. L J
— ¢~— MB COE
\\ * /
\ [~ *— SBCOE /'
21.200 \ e— MB Capital Cost 1300
L = @. = SB Capital Cost o/ @
g 3 / ' =
£ -
- 1.100 . it - 100 S
s Iy e —— o 8
17 ~ s
S, 000 [l S 5
° <z 900 (&
> P —ee— e »
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é’ N - = -¢ E
0.900 T 700
— —— . - -
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i
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Figure 4.1.2-3. Comparison of Projected COE and Driver Capital Cost for Multiple and
Single Beam LINACs. Systems are all 4 GeV, +2 Lead with 3 mm Radius Focal Spot.
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It should be noted, however, that the multiple-beam system remains a viable driver
option. Its COE is comparable to that for the KrF laser system, and the alternative
transport lattice scaling discussed in Section 6.2 leads to significantly lower MB capital
costs than those presented here. In addition, it avoids technical issues associated with
beam stability and particle loss in the storage rings. These are critical R&D concerns
for the single beam approach and they are highlighted in Section 5.

In spite of these concerns the Prometheus-H design point represents a tantalizing
development goal. The single beam configuration dramatically lowers the driver cost
and technology development challenge while stilt providing sufficient nG for an
attractive overall system. Furthermore, the 4 GeV ion energy is more attractive to
target designers due to its reduced range. Significant issues need to be resolved
concerning the storage rings but the starting point is much more appealing than any
previously envisioned for induction LINAC drivers.
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4.2 KrF Laser Driver Options

As described in Section 2.4, the KrF laser was selected as one of the most promising
inertial fusion energy (IFE) laser drivers for three principal reasons:

(1) The KrF laser operates at a favorable ultraviolet (UV) wavelength (AkrF =
248 nm) for inverse Bremsstrahlung coupling to the DT target.

(2) The KrF laser is relatively efficient (§ = 0.12) for generating UV pulses.

(3) KrF laser amplifiers can be scaled to produce significant UV pulses.
(Experimental prototypes have produced as much as 20 kdJ.)

There are also some significant drawbacks to the KrF lasers that have been
constructed to date. These include:

(1) The KrF laser is a non-storage active medium which, when pumped
electrically, means that the duration of the laser pulse is approximately equal to
the length of the electrical excitation pulse.

(2) The presently developed type of electrical pulsed power for the KrF is electron-
beam excitation which has an optimum pumping pulse duration >600 ns.

(3) E-beam excited excimer lasers have not been demonstrated as being
sufficiently reliable to reach the ICF reactor goal of ~108 firings between
amplifier failures.

Similar comments may be made about the ArF excimer laser (A = 193 nm) with the
additional comments that ArF may be slightly more efficient than KrF owing to a lack of
dimer or KroF absorption losses in ArF lasers; but the shorter wavelength coupled with
less experimental data on ArF performance in large amplifiers would require
additional research to be performed on ArF excimer lasers before recommendations
could be made to replace KrF. These two excimer laser media are sufficiently similar
that systems originally optimized for KrF may be adapted to use ArF as an alternative
gain medium, assuming, of course, that the optical systems were modified to deal with
the shorter wavelength (as well as the concomitant hazards of mirror damage, linear
absorption, multi-photon absorption, color-center formation, etc.).

It is a given! for laser-driven implosion of IFE targets that the laser driver must have a
pulse duration, T, ~ 8 ns, an output energy, Ep, ;. 4 to 6 MJ, at a wavelength, Aaser
~ 250 nm, in order to achieve the target irradiation conditions appropriate for efficient
implosion of the DT fuel. As is evident from the preceding discussion, the present
largest KrF laser prototypes produce pulses of excessive? pulse length (~100x} and
inadequate3:4.5 energy (~10%) for a 25-beam (200 kJ/beam) ICF laser driver.6.7.8
Thus, a future KrF laser driver®.10 suitable for IFE reactor operation will need to
produce efficient shorter UV laser pulses at higher energies.
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Another problem common to ail large aperture, high energy lasers is the large
aperture optics problem. Optical elements (particularly UV optical elements) become
very expensive for elements larger than ~50 cm. On the basis of the volumetric cost of
the optics alone, scaled optics of aperture, d, have costs proportional to d3. Typically,
the manufacture of larger optics exhibit a lower yield than smaller optics so that, in fact,
the costs for large optics scale, with exponents ranging from 3.5 to 7 depending upon
yieid, grinding and polishing hazards, coating problems, etc. If a large optic of
aperture D is synthesized by n2 subapertures of diameter d (where n = D/d), then the
costs of the synthesized optic would be proportional to D2. Since UV optical damage
thresholds tend to limit the maximum laser fluence, ®igger, tolerable to values ~5 J/cm?2,
in order to generate laser pulses of 5 MJ, effective apertures having collective areas of
~10€ cm? for the laser will be required. The costs associated with procuring this large
optical surface area can be minimized if the required aperiures (and corresponding
optical component areas) are synthesized from smaller, cost and performance-
optimized optical elements.

After reviewing the KrF laser amplifier literature2-10 and performing our own
optimization analyses, we have found that potentially more reliable and efficient
excimer laser ampilifiers having apertures of ~30x30 cm may be feasible9,10.
Accordingly, the fundament of our IFE design for the KrF laser driver is that the most
efficient, reliable, cost-effective excimer laser amplifier produces a laser beam of
reduced energy (Eiaser ~ 4 kd) using an electric discharge excimer laser (EDEL)
excitation scheme9,10 which, even with an optimized electrical excitation puise shape,
has a duration too long (EDEL ~ 250 ns} to be useful as a laser driver in IFE target
implosions. As a consequence, in order to exploit the high efficiency and cost
effectiveness of optimized EDEL amplifiers,9,10 it was necessary to develop: (1) a
laser beam combination system to synthesize higher energy laser beams than can be
achieved efficiently in a single laser amplifier, and (2) a pulse compression system to
shorten the optimum EDEL pulse to the required duration.

There are two general types of optical beam combinations and pulse compressions
which have been studied10-13 during the past decade: linear (use of linear optics,
such as lenses and mirrors, to effect parallel beam combination; use of a mirror-based
geometry referred to as "angular multiplexing" for temporal puise compression) and
non-linear (Raman beam combination, non-linear optical pulse compression) laser
beam configurations.

Linear laser beam manipulation techniques”-8.9 utilize, by definition, linear optical
elements (such as lenses, mirrors, beam-splitters, etc.) to accomplish the objectives of
beam combination and pulse compression using long pulse excimer laser light as
input. Although typically large numbers of optics and generous amounts of real estate
are required, this approach may have advantages since it is fundamentaily simple and
the spectrai bandwidths of potentially wide-bandwidth excimer laser beams are
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generally unaffected by linear beam manipulation processes. A major disadvantage
of linear beam manipulation techniques is that their optical compiexities are
approximately proportional to the number of beams to be accumulated or the pulse
compression factor.

Non-linear laser beam manipulation19-18 employs advances in innovative non-linear
optical (NLO) processes to accomplish the objectives of beam combination and pulse
compression using stimulated quantum mechanics techniques. These NLO processes
promise to achieve not only the general objectives of laser beam combination and
pulse compression with much simpier optical configurations, but also to smooth
excimer laser spatial intensity distributions and improve the accumulated laser beam
quality. Given the significant advances demonstrated in the laboratory during the last
decade, all of these advantages may be achieved while reducing both cost and risk.
Lastly, NLO processes are able to accommodate significant changes in the number of
laser beams to be accumulated, or in the pulse compression factor, without substantial
changes in configuration or design. Both linear and NLO laser beam manipulation
techniques will be described in additional detail in the discussions below.

4.2.1 Linear Optical Manipulation Techniques - In order to allow the KrF laser
amplifiers to meet the fundamental fusion target irradiation requirements, two major
goals must be achieved: (1) beam combination, and (2) pulse compression. Beam
combination is necessary in order to permit the addition of a large number of optimized
laser beams to achieve the required laser energy per beam line. This permits the
optimization of the output energies of individual excimer laser modules (discussed
below in Section 4.2.2) while meeting the requirements for achieving a specific laser
energy delivered per individual laser beamline. Thus, for example, if the Prometheus
design would require a 6 MJ laser driver delivering the 6 MJ of energy in 60 beam
lines, each laser beam line requires laser pulses of approximately 81 kd each. If,
however, the optimization of the excimer laser ampiifiers produces a design which is
capable of producing only SkJ/amplifier, then it will be necessary to combine at least
20 such excimer laser beams in order to reach the required energy level of 81 kJ for
each beamiine.

In an analogous manner, pulse compression can be achieved using linear optics by
synthesizing a long pulse of duration, Nz, from a series of N shorter pulses, each of
duration 1, and propagating at unique angles, 8 to the system axis.2-8. In this
connection, linear pulse compression techniques (i. e., angular multiplexing) are
increasingly difficult to utilize as N increases. Thus, since the optimum pumping pulse
duration of the EDEL®.10 is approximately half that of the EBEL,2 the angular
multiplexing system for the EDEL would have less than half the number of beam lines
as the corresponding system for the EBEL. Each of these linear beam combination
techniques is briefly described below.

McDonnell Douglas Aerospace
Use or disclosure of data
subject to tile page restriction 4-18



INERTIAL FusioN ENERGY MDC 92E0008, VoL. I
REAcTOR DESIGN STUDIES MARCH 1992

Use of linear opfical elements, including lenses, mirrors, beamsplitters, optical delay
lines, and adaptive optics, permit the spatial and temporal manipulation of high power
laser beams. By linear optical elements, it is understood that these optical elements
function substantially in the same manner for laser beams of low intensity as well as
laser beams at high intensity.

4.2.1.1 Linear Beam Combination - Linear beam combination is a process
which involves directing the output beams of individual laser amplifiers using
appropriate mirrors and beamsplitters to accomplish the following objectives:

(1) Accumulate the requisite energy in a series of nxn parallel-propagating beams
which, when summed, form an array whose beam diameter is sufficiently large
to avoid optical damage to the mirrors and windows in the optical train.

(2) Be timed such that the net path delays among all of the beamlets are
significantly less than 1 ns. (This techique may involve phase-matching the
individua! beamlines using linear adaptive optics techniques.)

(3) Be directed within an alignment angle of the order of the diffraction-limited
divergence of the array elements themselves.

The advantage of this type of linear beam combination is that it does not adversely
affect the spectral bandwidth of the excimer laser light. The major disadvantage is that
the optical system suitable for combining the laser beams tends to be relatively large
and unwieldy; difficulties also arise with regard to beam fill factors and near field
(Fresnel) diffraction effects from the "egg-crate" multiple mirror mounts uniess image
relaying is employed.

4.2.1.2 Angular Multiplexing - Linear pulse compression has some of the same
characteristics as linear beam accumulation, except that each beamline is injected
through the laser amplifiers at a different angle of incidence. This leadsto a
significantly more complicated optical design, as discussed below.

Previous IFE KrF driver designsS-8 have featured an optical technique known as
angular multiplexing to accomplish the important task of reducing the optimum pulse
length for excimer laser amplifiers, Texcimer ~ 250 ns, by approximately a factor of 45 to
meet the target illumination requirement of tpyise ~ 6 ns. Although this technique is
attractive for relatively small compression ratios (<20), complexities arise when
compression ratios of >40 are needed. As discussed in Section 6.5.1.2, optimized
electric discharge excimer laser (EDEL) amplifiers®.10 produce pulse durations of
~250 ns, whereas optimized e-beam excited excimer laser {EBEL) ampiifiers?
generate pulses of ~600 ns. In the latter case, angular multiplexing would need to
generate a pulse compression ratio of ~100 in order to meet the requisite compressed
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pulse duration. A schematic of the angular multiiplexing puise compression concept is

shown in Figure 4.2.1-1.
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Figure 4.2.1-1 Angular MuRtiplexing is Accomplished by Synthesizing a Long Laser
Pulse from a Series of Suitably Delayed Shorter Laser Pulses Each Propagating
at a Specific Angle With Respect t0 the Optical Axis of the System

Figure 4.2.1-1 illustrates the angular multipiexing concept when a pulse compression
of three is desired. As previously discussed, the number of angular-encoded sub-
beams required in an angular multiplexer is equal to the pulse compression ratio.
Thus, when a pulse compression factor of 100 is required, 100 separate, angular-
encoded beam lines (each propagating at a unique angle relative to the system axis)
are needed for the angular multiplexing system. Even with careful design, angular
multiplexing for large compression factors may result in an unwieldy optical
configuration; for small interbeam angles, cross-talk probiems between adjacent
channels can occur; and unextracted excimer laser volumes can result since beam
vignetting occurs. This design does, however, permit broad-bandwidth excimer laser
pulses to be compressed while retaining the large bandwidths, a property usetul for
minimizing adjacent beam interference effects on the target and reducing stimulated
scattering processes in plasma atmospheres ablated from targets.

4.2.2 Non-Linear Optical Beam Manipulation Processes - Both of our
Prometheus studies and numerous publications10-17 have shown that two different
types of non-linear optical (NLO) systems can be used to accomplish the tasks of
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beam combination and pulse compression with both relatively high efficiency (>50%)
and flexiblity. Whereas for the linear beam manipulation techniques, there is a
propottional penalty for the degree to which (i. €., n beams) beam accumulation is
necessary or the fractional pulse compression ratio (i. e., 1/n), for the NLO approaches,
it is generally an easier task to accommodate increases (or decreases) in the number
of beams to be accumulated or pulse-compressed. Thus if n beams are to be
accumulated, the linear optical approach requires n paraliel optical systems; whereas
the NLLO accumulator simply combines n excimer pump beams into a single output
beam. Similarly, if the desired pulse compression ratio is n, then the angular
multiplexing pulse compressor requires n separate beam lines, each at a separate
angle, whereas the NLO compressor performs the pulse compression in a single
beam line folded back upon itself.

Each of these systems is briefly described below.

4.2.21 NLO Laser Beam Combination - This section will summarize the
Prometheus architecture of the non-linear optical beam combination system based on
forward rotational Raman scattering.10:1% As previously discussed, beam combination
gives the laser designer the important option to optimize the performance of the
excimer laser amplifiers independently of the overall IFE reactor system requirements
to deliver a specific amount of laser energy in each beamline to the target. Thus, were
it not for the concept of coherent beam combination, it would be necessary to deliver
some 81 kJ in each beamline to the target. For coherent beam combination, this might
mean, for example, that the 81 kJ of energy would have to be delivered from a single
excimer laser amplifier; a feat which has not yet been demonstrated.5-2 Moreover, the
single point failure of any one of these 60 large excimer laser amplifiers would cause
the misfiring of the fusion target on that (and presumably successive) shots, thereby
forcing the shutdown of the IFE reactor.

During the study, the design architecture for the Raman accumulator system has
evolved from earlier considerations of extremely large e-beam pumped excimer lasers
(producing 50 to 100 kJ each) to the present conservative (~4 kJ) pump excimer laser
amplifier—forward rotational Raman accumulator system. These Raman accumulators
work well with either the 600 ns pulse durations of the EBELSs or the ~ 250 ns pumping
pulse durations of the EDELs. The fundamental purpose of the forward rotational
Raman accumulator is coherent beam combination in which a number (e. g., 4x4 = 16)
of excimer laser beams of modest energy (~6 kJ) and aperture (~30 cm) are combined
into a high energy beam (~81 kdJ) and relatively large aperture {(~120 cm). In order to
achieve a high quantum efficiency, &, it is convenient to select specific rotational
Raman transitions in hydrogen (or deuterium). The Raman convertor quantum
efficiency, g, is defined by the expression:
nv —AE
& - laser rot

v
laser (4.2.2-1)
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where h is Planck's constant, v ja5¢r is the frequency of the excimer laser, and AE gt is
the energy of the rotational Raman phonon. In order to achieve the highest Raman
gain, the polarization state of both the excimer pump beam and the Stokes seed beam
must be circular and of opposite helicities. As an example, for two such rotational
transitions in room temperature hydrogen, vaiues of AE ~ 587 c¢cm™! (for S[1]-S[3]) and
354 cm™1 (for S[0]-S[2]) have been measured. The relationship of the Stokes seed
wavelength, Ag, to the laser wavelength, Ajaser, iS given by the simple expression:

A’laser
A =

> & (4.2.2-2)

where £ is defined in Eq. 4.2.2-1. Since for Ajaser ~ 248 nm there is only a very slight
wavelength difference between Ajzser and Ag, it is difficult to separate the pump and
Stokes seed beams spectrally. However, by injecting the Stokes seed beam at an
angle 6 to the excimer pump beam(s), it is possible to inject the Stokes seed beam
efficiently into the Raman accumulator cell. Moreover, intensity averaging occurs
under these circumstances, which can lead to an improvement?0,14,15 in Stokes beam
quality compared to that of the excimer laser pump. An example of how this beam
combination task might be accomplished is shown in Figure 4.2.2-1.

Pump Beam Coupling J Pump Beam Coupling
Mirror

Stokes Seed Coupling

Beamsplitter

Reflective Walls

Excimer Discharge

Excimer Discharge ‘
Laser Ampiifier

Laser Amplifier

Recoliimator

Excimer
1 yui Beam Amplifier

Recoliimator Raman Accumulator

Figure 4.2.2-1 The Forward Rotational Raman Accumulator Permits 16 Separate KrF
Laser Beamlets to be Combined in a Single Coherent Beam
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The crossed Raman (or CRAM) configuration illustrated schematically in Figure 4.2.2-1
provides an example of a Raman seed beam derived from the original excimer pump,
thereby guaranteeing that the highest Raman gain will be achieved. To achieve high
gain with the bandwidth of the excimer pump greater than the Raman linewidth, this
configuration requires that the optical path length of the seed generator be matched to
the main excimer pump path length.14 In this case, the optical gain, GR, of the Raman
amplifier is given by the expression:

GR = exp [gR(p,G) IlaserLinteraction] (4.2.2-3)

where gr(p,9) is the rotational Raman gain coefficient (dependent upon the gas
density, p, and the angle between the pump and Stokes beams, 8). An important
parameter in stimulated Raman scattering is the bandwidth, Avg, of the Raman
transition. An expression'S for the Raman bandwidth, Avg, is:
2
K, IKD B KS‘
R™ P (4.2.2-4)

where K, and K, are two constants which depend upon the Raman medium, p is the
medium density in amagat, K is the pump wave vector, and K is the Stokes wave
vector. In turn, the rotational Raman gain coefficient, gg, is dependent'%:*> upon
Raman bandwidth, Avg, the gas density, p, and the angle, 8, according to the
expression:

Av + K2p

2
g - 2 ;"s AN do
R h VT Av, (6,p) dQ

(4.2.2-5)

where A4 is the Stokes wavelength, AN is the density of scatterers, hvID is the quantum
pump energy, Av{6,p} is the Raman linewidth, and do/dQ is the differential cross-
section for rotational Raman scattering. A plot of the dependence of gz onp and 8 is
illustrated in Figure 4.2.2-2 for Ajaser ~ 248 nm, 6 = 0°, 5°, and 10°.

As indicated in Figure 4.2.2-2, for 8 ~10°, a significant reduction in gg(8) is observed
for densities of H, < 1.5 amagat. As a consequence, we have considered using
angles smaller than 8 = 10° (i. e., 8 = 5°) if gas pressures above 1 atm are to be
avoided. High H, pressures lead to the requirement for thick Raman cell windows and
produce higher relative opticai gains for competing vibrational Raman transitions (for
p > 2 amagat).

As an illustration of the effect the Raman gain coefficient has on the predicied
conversion efficiency of the accumulator, plots of the conversion efficiency vs. Raman
cell length for the S(1} rotational hydrogen Raman with Ajaser = 248 nm, Ej oo = 4 KJ,
Dpeam = 30 cm, tpuise = 600 ns, p ranging from 1.0 to 2.0 amagat, and 6 ranging from
510 10° are illustrated in Figure 4.2.2-3.
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Figure 4.2.2-2 5(1) Rotational Raman Gain Coefficient as a Function of p for
Different Values of CRAM Angle, ©

S(1) Rotational Raman Conversion Efficiency vs. CRAM Angle, H Density, and Cell Length

100 ——i—

WY

90

80

70

60

adlasagl e laasadayay

8— 1 amagat/10 deg.

- ---@---- 2 amagat/10 deg.

Conversion Efficiency, %

———— 1 amagat/5 dey.
memeneneireceeceen. 2 @Magat/s deg

LEMBL IS LI N LN L NLELEL N LI LIS I IR LA BLARE SR AL B

Raman Cell Length, cm

1000

Figure 4.2.2-3. Accumulator Conversion Efficiencies as a Function of Cell Length
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As indicated, for © = 10° and p = 1 amagat, 90% conversion is not achieved for

L < 1000 cm, whereas for 8 = 5° and p = 2 amagat, 90% is achieved at L = 530 cm.
The axial (8 = 0) small signal Raman gain given by Eq. 4.2.2-5 ranges from 10 nepers
for L = 500 cm (acceptable) to 20 nepers for L = 1000 cm (marginal). It would be
preferable if high conversion efficiencies (g > 90%) can be achieved for interaction
lengths, L < 6 m. In the present case, the fluence on the cell windows is only

4.4 J/cm2, Higher fluences (either smaller beam diameters or higher energies) would
permit efficient beam conversion in shorter distances. If higher energies can be
achieved in the electric discharge excimer lasers (i. e., AE = 4.8 kJ), then efficient
conversion in the Raman accumulator ceils can be achieved in a shorter distance.
These results are shown in Figure 4.2.2-4,

5(1) Rot. Raman Conversion Efficiency vs. CRAM Angle, H Density, and Cell Length
100}t

907

: — o 1amagat/10 deg.
H E —_——— 2 amagat/i0 deg.
; / [ ~tt— 1 amagat/S deg.
: . wemergzerereen 2 AMagat/s deg.

Conversion Efficiency, %
4]
=

T—r
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Raman Cell Length, cm

Figure 4.2.2-4 The Accumulator Conversion Efficiency Depend on the Raman Cell
Length with AE = 4.8 kJ, Damp = 30 cm, Tpuise = 600 ns, and Ajgqay = 248 NM

In this case, with a modest increase to a flux loading of 5.3 J/cm?2, a reduction in
Raman cell length could be achieved. This increase in fluence could be achieved
either by increasing the excimer output energy, AE, from 4 to 4.8 kJ, or by decreasing
the amplifier aperture slightly, from 30 cm to 27.5 cm. As indicated, for 6 = 10° and
p = 1 amagat, 90% conversion is attained only for L = 860 cm, whereas for 6 = 5° and
p = 2 amagat, 90% is achieved at |. = 440 cm. The axial Raman gain (8 = 0) in this
case for L = 500 would be approximately 12 nepers. These considerations apply
primarily to Raman conversion of a single e-beam excimer laser (EBEL) amplifier,
since EBEL laser amplifier pulse lengths are relatively long (~600ns). For electric-
discharge excimer laser (EDEL) amplifiers, a shorter (~250 ns) pulse duration appears
to be more optimum. These shorter duration, proportionally higher output power
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pulses produce higher Raman gains. Shown in Figure 4.2.2-5 are Raman
accumulator cell (RAC) conversion efficiency curves for 4x4x6 kJ EDEL pump
amplifiers (~81 kJ) delivered to the RAC in a pulse duration of 250 ns. This represents

the Prometheus-L laser driver design point.
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Figure 4.2.2-5. With an Input of 81 kJ In a 250 ns Pulse for A = 248 nm in Deuterium
at Sensitivities of 0.7, 1.1, and 1.4 amagat with the CRAM Angle = 10°, the
Conversion Efficiency Depends Upon the RAC Length.

It is important not to exceed Raman conversion efficiencies greater than ~90% since
the danger arises that some conversion to higher order Stokes lines could occur.
Under controlled conditions (i.e., deliberately injecting a second Stokes seed), this
could permit an increase in the effective bandwidth of the RAC laser beam since it
would contain two discrete wavelengths (corresponding to the first and second Stokes
order in D2). The separation of wavelengths would depend upon whether the Raman
lines selected were rotational or vibrational. i, for example, the S(2)-S(0) rotational
transition in hydrogen were optimized (AE ~ 354 cm-1), then the wavelengths of the
first and second Stokes would be 250.2 and 252.4 nm (separated by 2.2 nm),
assuming that the 248 nm KrF laser were used as a pump. if the S(3)-S(1) rotational
transition in hydrogen were optimized (AE ~ 587 cm-1), then the first and second
Stokes would lie at 251.6 and 255.2 nm (separated by 3.6 nm). These Raman lines
would represent 0.87 and 1.45% bandwidths, respectively.
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In addition to the simulations of RAC performance for KrF laser pumps, a number of
Raman conversion calculations were carried out assuming that ArF (A = 193 nm) were
the pump wavelength. It should be noted that, if further excimer laser research
revealed that ArF were a superior excimer gain medium to KrF but that problems
associated with two-photon absorption and/or color center formation in transmissive
optics made operation at A, = 193 nm unattractive, using the Q(1) vibrational
transition in H, (corresponding to a phonon energy of 4155.2 cm™1) or the Q(2)
vibrational transition in D, (for an energy shift of 2987.2 cm1) would permit the Stokes
output wavelength from the accumulators to be either Ag;,.0 = 210 nm (for H,) or
Astokes = 205 nm (for D,); these longer wavelengths may prove to be an acceptable
compromise between 248 and 193 nm.

4.2.2.2 Backward Raman Pulse Compression - As discussed above, as a

consequence of the complexity of angular multiplexing as applied to the present
problem, other pulse compression techniques were examined. Two different methods
which use non-linear optical techniques were considered:

(1) Backward stimulated Raman scattering (SRS) pulse compression.11.12
(2) Backward stimulated Brillouin scattering (SBS) pulse compression.10.15.17

These non-linear pulse compressors both utilize stimulated scattering processes
which are capable of using the long pulse excimer laser pump beams for efficient
conversion to higher radiance Stokes beams with differing wavelengths, directionality,
phase aberrations, and temporal durations. Because these non-linear optical
techniques are enormously flexible, such a dual-architecture system permits a wide
variety of pulse shapes, wavelengths, etc., to be achieved without requiring any
significant changes in the overall system configurations.

A schematic of a backward Raman pulse compressor!1.12 is illustrated in
Figure 4.2.2-6.

Upper Excimer Pump Beam Array
Raman Gas input Stokes
RAMAN ACCUMULATOR/COMPRESSOR
Z Pump Beamn Mirrors
pa|

koo,

Lower Excimer Pump Beam Array
Oulput Backward Stokes (Pulse Duration = 1)

L=ctR
Figure 4.2.2.6 The Backward Raman Pulse Compressor Overlaps the Long Excimer
Laser Pulse with a Shorter, Backward-Propagating Stokes Seed io
Achieve Pulse Comptression.
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As indicated in Figure 4.2.2-6, a Raman cell having a length, Lg = €7,¢,,/2, has a
Stokes seed of wavelength, Ag (defined in Eq. 4.2.2-2). Although such a device can
accomplish both the functions of beam accumulation and pulse compression,
experiments and analyses have shown that backward Raman pulse compression
typically can achieve efficient operation only for pulse compression factors of 5 or
less.11.12 Thus, in order to achieve an overall pulse compression of 100, it would be
necessary to have three successive backward Raman pulse compressors. Hitherto,
this has been an unattractive solution because of the reduced overall conversion
efficiency.

4.2.2.3 SBS Pulse Compression - A third pulse compression technique utilizing
stimulated Brillouin scattering (SBS) has been considered for performing the function
of laser pulse compression. The SBS process10.16,17 exhibits optical gain in a
functional form similar to that given for SRS Eq. 4.2.2-3 as shown in Eq. 4.2.2-6:

Gsps(P, Av, 1) = exp @spslP AV ] liaser (AV, 1) Leell) (4.2.2-6)

where the SBS gain coefficient, gSBs(p,Avpump), is primarily a function of the gas
density and the bandwidth of the pump laser, Avy, ;5. The physics of SBS differs from
that of SRS in that the scattering of incident excimer laser photons from sound waves
in the SBS medium occurs, as compared with the scattering of light from molecular
energy states, as the basis of the SRS process. The difference in frequency between
the excimer laser, vjyqq., @and the Stokes seed, vgpg, is simply the Doppler shift, Avp,
suffered by the pump photons when scattered from the moving density waves in the
Brillouin gain medium. Thus, Avp = 2v,,..v/c where v is the sound speed in the SBS
medium and ¢ is the speed of light. As a result, the quantum efficiency for the SBS
process defined in Eq. 4.2.2-6 can be very high, £ ~ 100%.

The Brillouin gain coefficient, gg, is defined by the relation:16
k2
gp= ——°— yz
nevspla (4.2.2-7)

where kg is the wave vector of the Stokes beam, v, is the electrostrictive coefficient (of
the SFg SBS gain medium), n is the refractive index, ¢ is the speed of light, v, is the
speed of sound in the gas, p is the density, and I'y is the spontanecus Brillouin
linewidth.

Building upon the work of Mak, 17 et al. in the Soviet Union, we have analyzed the
case in which the leading edge of the long, 600 ns excimer laser pulse is electronically
chirped in frequency by an amount equal to the SBS seed frequency, Avggg, and then
ramped in modulation depth to encourage the generation of pulses >1 ns duration.

We then have a very flexible method of generating a variety of output compressed
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pulse shapes in a single non-linear, self-seeding, pulse compressor. A schematic of
the SBS pulse compression concept is shown in Figure 4.2.2-7.

It is assumed that the SBS puise compressor has, as an input beam, a long pulse
(Tpmse ~ 600 ns}) output beam from a Raman accumulator. This long pulse beam is
shown as the first waveform in Figure 4.2.2-7. The first step in the SBS pulse
compression process’7 is to "chirp” the first few nanoseconds of the leading edge of
the fong, 7,5, ~ 600 ns laser pulse originating in the Raman accumulators (described
above). iIn Step Il, this long laser pulse with the "chirped leading edge” is then directed
into a gas-filled SBS cell of approximate length L = ¢1y,../2 equipped with a 100%
reflecting mirror at the far end of the cell. The purpose of this mirror is to reflect the
short duration, "chirped" SBS "seed" beam back down the cell where the high,
stimulated Brillouin gain can effect an efficient conversion of long pulse energy into a
short pulse Stokes beam. Thus, upon reaching the 100% mirror and being
retroreflected, the chirped leading edge of the excimer pulse serves as the SBS
Stokes "seed" beam to extract the majority of the power in the original long pulse
excimer beam in a time, 7.0 << Tj5g¢ Since the characteristics of this "chirped” SBS
seed are electronically determined, this method permits a wide variety of pulses to be
generated. An operational diagram of how such pulse compressors couid be
configured is shown in Figure 4.2.2-8.

Puise Direction
STEP| [ > E/O Chirper

Long Excimer Laser Pulse at ¢, = 250 ns

SBS Pulse
STEP i I Comprassion Cell

Long Excimer Laser Pulse with Chirped Leading Edge
100% Reflecting Mirrer

STEPII Gutput Compressed Puise

< Reflected Pulse

Direction

Figure 4.2.2-7 The Three Steps Associated with Pulse
Compression in the SBS Pulse Compressor.
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STEP | Excimer Pulse Reaches

Stekes Mirror
142, Plate Stokes Mirror
P-Polarized Long Excimer Circularly-Polarized Long
Pump Pulse Excimer Pump Pulse

SBS Cell

"o.)
& STEP II Shert Stokes Puise Circuiarly-Polarized

Directed to Target Short Stokes Puise

Brewster-Angle SBS Cell
Polarizer
{transmits P, reflects S)

Figure 4.2.2-8 Use of SBS Pulse Compressor Cell Coupled With Polarized Input and
Output Laser Beams Facilitates Integration into Reactor

As indicated in Figure 4.2.2-8, the use of linearly-polarized light, together with a large
aperture, dielectric-polarizer, and a quarter-wave plate, permits the long pulse input
and short pulse output beams to be readily separated with high efficiency. It is not
convenient to separate the compressed pulse from the input long pulse spectrally
because the SBS frequency shift is nearly negligible in comparison with the laser
frequency. Similarly, it is generally not convenient to have a significant angle, 6,
between the temporally long incident pump puise and the short Stokes compressed
pulse because poor spatial overlap would then occur with a concomitant reduction in
conversion efficiency. A schematic of the placement of the SBS pulse compressor
relative to the Raman accumulators is illustrated in the diagram shown in

Figure 4.2.2-9.

One of the useful properties of these non-linear devices (i. e., the Raman accumulators
and the SBS pulse compressors) is that essentially none of the excimer laser light is
fost in the devices. Any laser light that is not converted can be collected and put to
additonal uses, recirculated, etc. In this case (shown in Figure 4.2.2-3), any long pulse
excimer laser power not converted in the Raman accumulator cells would be available
for generating complex pulse shapes for target illumination.
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Figure 4.2.2-9 The SBS Pulse Compressor is Readily integrated into the Reactor
Driver System Following the Raman Accumulators

In order to explore the capabilities of the SBS pulse compressor for delivering a
variety of output Stokes pulse shapes to meet target compression requirements, a
series of calculations were carried out using a series of different temporal "chirped”
SBS seed pulse shapes. Examples of the input Stokes pulse shapes used in these
simulations are shown in Figure 4.2.2-10.

In Figure 4.2.2-10, the ratios indicated are the final powers in the SBS Stokes Seeds
to the initial powers. Thus, a ratio of 104:1 indicates that the power of the Stokes seed
increases by a factor of 10,000 during the course of the nominal 10 ns Stokes seed
pulse duration. The variation of spontaneous SBS linewidth with SF; density is
important to calculate.

Using experimental data’8 substituted into Eq. 4.2.2-7, the spontaneous SBS
linewidth, I'g, is calculated as a function of the SF, density with the results plotted in
Figure 4.2.2-11.
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Figure 4.2.2-10 By Selecting Various Temporal Ramp Pulse Shapes for "Chirped”
SBS Stokes Seeds a Variety of Compressed Puise Shapes Can Be Generated

SF6 SBS Bandwidth as a Function of Gas Density
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Figure 4.2.2-11 The Dependence of Spontaneous SBS Linewidth with SF¢ Density
Defines Limitations on the Compressed Pulse Bandwidth

™

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 4‘32



INERTIAL FusioN ENERGY MDC 92E0008, VOL. Il
REACTOR DESIGN STUDIES MARCH 1992

Our design point is taken near p = 1 amagat for SFg in order to trade off sufficient
Brillouin gain together with adequate bandwidth (assuming an excimer/Raman pump
beam bandwidth of approximately 10 GHz). From Eq. 4.2.2-7, it is evident that higher
densities of SFg lead to increased SBS gain but over a narrower bandwidth.

Simulations of the SBS pulse compression process were carried out using the
assumptions summarized in Table 4.2.2-1:

Table 4.2.2-1

Parameters Appropriate for SBS Pulse Compressor Calculations
Parameter
Pulse Duration of Long Excimer Laser Pulse: Tjaser =250 ns
Energy in Long Raman Accumulator Pulse: E=120kJ
Type of SBS Gain Medium: SFg
Pressure of SBS Gain Medium: 2 amagat
Bandwidth of Excimer Laser Pulse: 5GHz
SBS Stokes Seed Frequency Shift: 98 GHz
Quantum Efficiency: 99.9%
Length of SBS Cell = ¢1j55¢,/2 38m
Pulse Length of Compressed Pulse: see below
Conversion Efficiency: see below

The effective pulse lengths and conversion efficiencies of the simulated output pulses
from the SBS celt depended upon the shape of the Stokes seed used. Results of
these calculations illustrating examples of the different output pulse shapes generated
by the example SBS pulse compressor cell are shown in Figure 4.2.2-12.

The efficiencies of the pulse compressors as functions of ramp ratios are illustrated in
Figure 4.2.2-13 for 1 amagat SFg and 1 meter aperiure SBS cells.

Additional increases in conversion efficiency can be achieved by optimization of gas
density, cell aperture, and SBS medium used. Since the calculated SBS puise
compression efficiencies depend upon the shape of the output Stokes pulse, it is
necessary to specify the temporal shape of the output Stokes pulse in order io define a
specific SBS conversion efficiency. Examples of ouptut Stokes pulse shapes are
triangular, rectangular, etc. Use of a "picket fence” series of short output pulses
synthesizing the main compression pulse can permit a significant increase in the SBS
conversion efficiency up to the limit of the quantum efficiency of >99%. Without a more
precise definition of the required pulse shape, the design point selection must remain
imprecisely defined.
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Figure 4.2.2-12 A Variety of Output SBS Pulse Shapes in SF; as Functions of SBS Stokes
Seed Ramp Ratios is Available for D/T Target Compression
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Figure 4.2.2-13 The SBS Conversion Efficiency Depends on SBS Seed Ramp Ratios
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4.2.24 Summary of Laser Beam Conditioning Strategies - The approach for

designing the KrF laser driver for a circa 2030 inertial fusion energy (IFE) power plant
was to optimize the performance, efficiency, reliability, safety, and cost effectiveness of
the excimer laser amplifiers independently of the DT target pellet irradiation
requirements. Since optimized excimer lasers (OELs) are likely to produce ultraviolet
laser pulses that are too low in energy (E ~ 3-5 kJ) to meet the IFE pellet requirement
of Epyise ~ 5 MJ, and with pulses that are much too long (Aj5gr ~ 250 ns) for estimated
ideal target compression scenarios using 6 ns pulses, a fundamental aspect of our
design strategy is to design coherent laser beam accumulators to collect a sufficient
number (~2000) of OEL beams in order to achieve the requisite 5 MJ energy level
while using integated pulse compressors to generate the needed 6 ns pulse durations.
Although there are conventional techniques for incoherent beam combination and
angular multiplexing for pulse compression, two non-linear optical techniques for
achieving coherent beam combination and pulse compression were selected because
of their inherent simplicity, flexibility, and outstanding performance capability.

The non-linear optical architectures selected for achieving coherent beam
combination and pulse compression are the forward rotational stimulated Raman
scattering in hydrogen (for beam combination)10.15 and the backward-seeded
stimulated Brillouin scattering” in SFg (for pulse compression). Computer
simulations were used to estimate the performance of each of these systems. The
forward Raman conversion should have an efficiency of 90% and the SBS pulse
compression from 70% to 95%, depending upon whether the main laser pulse format
is a single 6 ns puise or a 6 ns pulse synthesized from a series of "picket fence”
composed of shorter pulses. Longer, flat-topped monolithic SBS Stokes output pulses
are achieved in this design at the expense of conversion efficiency. Higher order
Stokes conversion in the Raman accumulators is controlied by limiting both the H,
path length in the cells and minimizing the angle, 9, between the pump and Stokes
beams to control ASE seeding higher order Stokes beams.

By selecting both H, and SFg pressures near 1 atmosphere, no dangers associated
with high pressure optical cells occur. The electric discharge excimer lasers are
operated at relatively low voltages producing minimal x-ray hazards. The Raman
accumulators are pumped with atmospheric pressure electric discharge excimer
lasers producing only a few kilojoules each and the failure modes of the electric
discharge excimer lasers are non-catastrophic. This architecture alsc permits further
development of potentially efficient ArF (&, = 193 nm) excimer laser amplifier
modules. Use of vibrational H, or D, transitions in the Raman accumulators couid be
used to shift the wavelength out to A = 210 nm. This laser driver architecture
emphasizes safety, reliabilty, and efficient operation in wavelengths that couple well
with the targets.
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4.3 Rationale for Heavy lon Driver Options

The configuration of the Prometheus-H Heavy lon Driver was significantly influenced
by the projected cost of electricity of the plant. Two key design choices for the
simplification of the driver were the substitution of a single beam LINAC plus storage
rings for the muitiple beam LINAC and the channel transport of the entire beam
through a single small aperture in the first wall/blanket rather than through many large
apertures.

4.3.1 Single Beam LINAC Pius Storage Rings Vs. Multiple Beam LINAC -
The total energy requirements for the target are such that many beamlets must be
accelerated and combined. The major cost drivers in the accelerator are the
quadrupole focusing magnets that contain the beamlets, the induction cores that
maintain the acceleration gradient for the duration of the pulse, and the pulsed power
systems that provide the total energy gain for all of the beamlets.

In the case of a multiple beam LINAC, there are N beamlets per reactor shot to be
accelerated in parailel. The cross-sectional area is proportional to N, as in
Figure 4.3.1-1.

Figure 4.3.1-1 Multiple Beam LINAC Cross-Section
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In the multiple beam LINAC, there are N magnets per unit length in order to confine
each beamlet. The induction core that surrounds the magnets has a thickness, t, to
provide the required voli-seconds (voltage/meter x pulse length = AB x area/meter = 1),
so the volume of the core is 2 = N1/2t. The total energy supplied by the pulsed power
is the beam energy plus the losses in the cores {which are proportional to the core
volume) times a factor to account for the efficiency of the pulsed power. Since beam
energy is fixed by the target requirement, the variables are the core losses and the
puised power efficiency.

In the case of a single beam LINAC, the same N beamlets per reactor shot can be
accelerated serially. The cross-section for this configuration appears in Figure 4.3.1-2.

Ratio of Magnets

21:1 TR
) v

Ratio of Core Volumes | N 0.48 m
48:1 R i
( E - 4- 6 ) G ! o5

Figure 4.3.1-2 Single Beam LINAC Cross-Section

There is only one magnet per unit length, a factor of N improvement. Although the
core has the same thickness, t, to provide the same number of volt-seconds, the inner
radius and the core volume are reduced a factor of N2, Although the core volume is
reduced, the core is fired N times rather than once, leading to a net increase in the
core losses per reactor shot. Total beam power is the same; therefore, there is no
intrinsic reason why the efficiency of the pulsed power should change. However, the
cost per joule of the pulsed power will go up due to the high repetition rate capability.

Based on the cost model, this single beam LINAC is the more cost-effective system.
The technolegy of the single beam LINAC is more developed. The complication is that
there is a time delay of the order of milliseconds between the first and last of the
serially-generated beamlets. A number, N, of separate storage rings must be used to
function as delay lines for the beamlets so they may arrive at the target simultaneously.
The technical feasibility of storing high current ion beams for millisecond time scales
must be demonstrated, since there is a possibility of instabilities. This is identified as a
Critical Issue for the Heavy lon Driver. Given that storage is feasibie, the cost impact of
the rings is relatively minor. Since there are no acceleration modules in the storage
rings, the only cost driver is the superconducting magnets, which now inciude dipole
bending magnets as well as quadrupole focusing magnets. Thus, the total number of
magnets in all of the storage rings is roughly equali to the number in the final 10% of

McDonnelli Douglas Aerospace
Use or disclesure of data
subject to title page restriction 4- 39



INERTIAL FUsioN ENERGY MDC 92E0008, VOL. Il
REAcTOR DESIGN STUDIES MARCH 1992

the multiple beam LINAC. Even with the storage rings added to the LINAC, the much
lower cost associated with the single beam system yields a more attractive driver for
the 1000-MWe power reactor.

4.3.2 Pinched Channel Transport Vs. Ballistic Focusing - The indirect drive
target is illuminated from two sides with proper access for the beams through the
shielding, blanket, and first wall elements. Following the target implosion, neutrons
and gas fiow out of the access ports, back toward the final focus magnetic optics and
the rest of the linear accelerator with concomitant damage and contamination of those
elements.

The superconducting final focus magnets are susceptible to damage from the neutrons
with little room for shielding. More robust, iron-dominated, room temperature
quadrupoles are available; however, they are large, inefficient, and expensive. At

2 MW electrical per normal conducting quadrupole lens (the value used for
HIBALL-1I1) the reactor power balance is skewed since this is roughly the time-
averaged kinetic power per beamlet in Prometheus-H.

The gas load is also a problem since, within the reactor chamber, the partial pressure
of the noncondensibles (primarily hydrogen) is about 100 mtorr just before a shot, and
it peaks at hundreds of torr soon after. This gas leaves the chamber primarily through
pumps but also through the target chamber apertures, where it heads back toward the
accelerator. The accelerator must be kept in the 10-7 to 10-10 torr regime for beam
propagation. There is strong motivation to keep the number and size of apertures
small. There are two scenarios possible in the relatively low energy (E < 10 GeV) and
high charge (Q > 1) regime.

The first case, ballistic focusing, is illustrated in Figure 4.3.2-1. Each of N beamlets
can come through a 20 to 40 cm diameter hole in the reactor wall, individually
focussed on the target by its final focus magnets. The beams propagate approximately
5 m through whatever gas is within the target chamber, which includes both burn
products and additives. The beamlet must be at least partially neutralized to overcome
space charge repulsion, and although there is presumably plenty of plasma within the
beam duct to provide electrons, this plasma wil! also collisionally strip the beam ions to
higher charge states. The beam is entirely within the target chamber before the first
ion strikes the target. The precursor beamlets (containing one-fourth to one-third of the
beam power) continue to strike the target for 30 to 40 ns before the rest of the beamlets
arrive, generating x-rays that photo-ionize the beam, further increasing the beam
charge state and interfering with the space-charge neutralization process that permits
focusing to smali spot sizes. After ignition, the neutrons and gas head back up the
ducts to the magnets and the rest of the accelerator.
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Figure 4.3.2-1 Ballistic Focusing of HI beams

The second case, pinched channel transpor, is illustrated in Figure 4.3.2-2. The
beamlets again focus down from 20 to 40-cm diameters, but are now directed to a
common spot outside the blanket rather than the target pellet. The region they
traverse has a controlled amount of gas or plasma, permitting fine tuning to control the
degree of neutralization and collisional stripping. The beam ions converge on a thin
layer of gas at the outside of the blanket, completely stripping (Q > 50+ within a few
millimeters) and increasing the beam electrical current by a very large factor. The
envelope begins to collapse under the influence of the pinch current, overcoming the
tendency of the outer beamiets to separate. The coalesced beam propagates to the
target through a 2-cm diameter hole in the blanket. Because the ions are already
completely stripped, the x-rays caused by the precurser have no effect. After ignition,
the small flow of backstreaming gas through the 2-cm aperture is blocked by the same
gas layer that stripped the beam ions. There is room to add additional shielding for the
magnets to protect them from neutrons that pass through the ducts in the main
shielding.
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Figure 4.3.2-2. Pinched Channel Transport in Target Chamber

Both methods rely on the detailed response of the plasma and are, therefore,
speculative. Neither has been demonstrated with anything approcaching a relevant
heavy ion beam. Some computer simulations have indicated the beam pinch will not
form, but contrary results are obtained when different input conditions are assumed.
Although the pinched channel transport is probably riskier, the engineering
advantages it affords make it worthwhile to carry along as a baseline until a relevant
experiment can be performed.
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4.4 Cavity Design Options

The cavity environment is very severe for an IFE reactor. Not only is the time-averaged
neutron fluence similar to that of an MFE reactor, the pulsed nature of IFE adds blast
effects, instantaneous high heat loads, and high levels of X ray and gamma radiation.
A large number of IFE cavity design studies have been performed during the past ten
years. The selection of a cavity concept for Prometheus was preceded by a thorough
review of existing designs. The trade studies for the wall protection and the blanket
are described in the following sections.

4.4.1 Wall Protection Concept - The protection of the wall is one the most critical
engineering challenges in the reactor plant. The adverse environment is very harsh
because of the pulsed nature of the inertial fusion reaction. A majority of the energy
release occurs aimost instantaneously in the form of prompt X rays, neutrons, and
photons. The debris ions provide the remainder of the energy deposition a short time
later. After the initial energy release, the cavity chamber is "relatively quiescent" which
allows the environment and chamber wall/structure to equilibrate, thermally and
mechanically. This process

is repeated many times a second and hundreds of millions of times per year which
imposes a daunting fatigue challenge to design and manufacture a reliable and long-
lived first wall system.

4.4.1.1 Wall Protection Design Options — The major cavity options and
variants considered in the study are noted in Table 4.4.1—1. The major classes of

protection include gas, thin liquid films, thick liquid jets, and solid granules. In
addition, a number of more “exotic” ideas have also been proposed, including a frost
first wall {for the LMF), a pool-type reactor (Pulse*Star!!), and magnetic protection.

Table 4.4.1-1. Main Wall Protection Design Options Considered

1. Granular Solid Protection
Centrifugally Rotated (CASCADE)?
Gravity-Driven

2. Thick Liquid Jet
Gravity-Driven (HYLIFE 1)2
Magnetically-Guided (SENRI)3
Advanced Fiow Types (HYLIFE-11}4.5

3. Liquid Film
HIBALL/ANPORT,® LIBRA7.8
Porous Composite Wall

4. Gas or Magnetic Protection
SOLASES
SIRIUS1O
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Granular Solid Protection — An example of a granular solid protection scheme is the

one proposed for the CASCADE? concept. it consists of a three-layered flowing
blanket of pyrolytic carbon, BeO, and solid breeder ceramic (such as LiAlIO2) granules.
Here, the flowing granules provide both protection and blanket functions. The reactor
rotates about its horizontal axis and the moving granule blanket is held against the
reactor wall by centrifugal force. The granules are fed by gravity and the rate of flow is
controlled by the rotation speed. This concept has attractive safety, efficiency, and
low-activation features. Issues are linked to the discontinuity of the heating rate at the
BeO/solid breeder interface and to possible aggregation of the granules.

Liquid Protection - Liquid protection schemes use liquid metals or Flibe in the form of
either a liquid metal spray, a thick liquid metal wall, or a hybrid concept using a porous
solid wall with liquid metal film. Advantages of a spray include the potential uniformity
of protection afforded by the mist and the shorter renewal time, while a key issue
relates to the stability of the spray formation.

A thick liquid wall was investigated in the HYLIFE-i 2 design study. The concept
consists of a liquid lithium waterfall surrounding the micro-explosion area. The lithium
fall protects the first wall from the photon and ion fluxes and attenuates the neutron flux
so that wall damage is considerably reduced. In this case, the flowing liquid metal
provides functions of protection but also of tritium breeding and energy removal. This
concept offers advantages in tritium breeding and energy multiplication. However,
because of the time necessary to replenish the waterfall, it is mostly suitable for low
repetition rate systems. Issues include the effect of the impact on the first wall of liquid
lithium slugs propelled by the pressure of lithium vapor created during the micro-
explosion. A possible way to alleviate this problem is to use an array of individual jets
which could reduce this lithium gas pressure driving force. HYLIFE-II 4.5 continued the
concept of a thick liquid jet, but replaced Li with Flibe as the protectant.

An interesting variation for this concept is the use of a magnetic field to guide and
stabilize the liquid lithium flow and control flow velocity, as in the SENRI design.8 The
benefit of flow control must be evaluated against the added design complexity
resulting from the introduction of magnetic fields.

Another variation of the liquid protection concept is the hybrid (solid/liquid) design,
where the falling liquid metal is enclosed in porous solids to prevent disassembly of
the liquid following each micro-explosion. For example, in the INPORT modules used
in the LIBRA7.8 and HIBALL® design studies, the LiPb columns are made to flow inside
porous SiC sleeves. A source of uncertainty is the design and lifetime of these
sleeves.

Gas Protection — Gas protection schemes, such as the one used for the SOLASE
design,® involve filling the reactor cavity with a buffer gas to attenuate the charged
particles and soft x-rays before they reach the first wall. Neon is an attractive buffer
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gas because of its relatively high stopping power for ions and x-rays and its inertness.
Issues include energy re-radiation from the gas to the first wall and its time scale and
the effect of impurities and gas breakdown on target performance. The blanket heat
removal and tritium breeding function are then carried out separately from the wall
protection function. For example, in SOLASE1, a flow of LizO solid breeder particles
behind the first wall is used for these functions.

4.4.1.2 Evaluation Criteria - The choice of a cavity wall protection design concept
reflects concern over a large number of competing factors. The protection scheme
chosen for Prometheus uses a thin liquid Pb film supplied through a porous structure
of SiC composite material. The more important concerns which were considered in
choosing a thin film protection scheme include:

(1) Configurational Compatibility (Beam Line Accommodation) — Granular and
thick film schemes appear nearly impossible to engineer when there are a
large number of beam lines. Thick falling films must be guided around all
penetrations, without sacrificing protection at any point. We assume that any
spot which is not fully covered is likely to be destroyed, such that the protection
scheme should be reliable and “passively stable”. The beam lines themselves
should be protecied beyond the first wall, as a significant amount of energy
may be deposited there as well. The porous structure could easily be
extended into the beam lines.

(2) Engineering Simplicity — One of the unattractive features of a thick falling film is
the coupling of functions, including wall protection, breeding, energy
conversion, and shielding. While removing components may appear {o
simplify the design, there are serious disadvantages. The design window is
reduced whenever multiple constraints are imposed on a single system. Much
of the existing blanket technology from MFE can be applied if a separate
blanket is used.

In addition, the technical feasibility of flowing large quantities of liquid at high
velocity over large path lengths (and in some cases complex flow schemes) is
questionable, especially considering the requirements for beam propagation.
There are geometric advantages of a thin film fed from behind the first wall.
The flow rate of the film can be very small in comparison.

(3) Safety and Environmental Attractiveness (Minimum Liquid Inventory) —
Contamination of the protective film will be very difficult if the inventory is large
and, consequently, the required purity level is low. In addition, the reduction in
inventory and thickness allows us to choose from a larger number of liquids for
the protective medium.
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(4) Cavity Clearing — Compared with thick liquid jets, thin films should have better
repetition rates. The amount of liquid which can be ejected is limited, and the
presence of the porous backing should help contain the film.

(5) Litetime — The choice of SiC for the structural material has good radiation
resistance and safety and environmental advantages. The protective film
material can be selected based in part on minimizing radioactivity. In addition,
the relatively thick independent first wall system coolant protects the blanket,
thus increasing the blanket lifetime.

{6) Versatility — This configuration should be applicable for both Hl and laser, for
both direct- and indirect-drive schemes.

Gas-protected “dry-wall” concepts, such as SOLASE and SIRIUS, have many
desirable features as well, offering good accommodation of beam penetrations,
flexibility, and probably the best cavity clearing capability. However, these designs
suffer from several problems of their own. Problems arise from the high required gas
pressure, including laser-induced gas breakdown and target penetration. Other
problems include long energy re-radiation time of the gas and damping of the
mechanical impulse from the blast. From past studies, the cavity diameter is likely to
be much larger than liquid-protected designs, implying several times as much material
and consequently higher cost.

4.4.1.3 Wall Protection Design_Choices — The protection scheme chosen for
Prometheus uses a thin liquid Pb film supplied through a porous structure of SiC
composite material. The SiC structure must be flexible enough to withstand cyclic
loading from the blast, but strong enough to support itseif and the internal pressure of
the film. A supply region behind the porous structure serves to slowly feed the liquid
and to remove the heat from the first wall (40% of the total fusion power). Blast energy
is removed from the cavity initially by evaporation. During the recondensation phase
of each pulse, heat is conducted through the relatively thin film and into the first wall
coolant.

The film material is Pb, which offers many advantages:

(1) Appropriate Temperature Ranges — Pb has excellent saturation temperatures
in the pressure range of interest {1 mtorr ~ 100 torr). It is high enough for good
conduction heat transfer from the film surface to the coolant, but nct too high for
limits on material properties and compatibility. It is alsc high enough to provide
a high coolant temperature, resuiting in good thermal conversion efficiency.

(2) High Thermal Conductivity

(3) Good Neutron Multiplier - Pb is an adequate neutron multiplier which allows
elimination of Be in blanket.
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(4) Safety Advantages - Since the film contains no Li, the chemical reaction
hazard and mobility of Li and LiPb is not a problem.

(5) Chemical Compatibility with SiC

(6) Good Fit with Pb in Hohlraum Targets - Since Pb has been selected as the
main high-Z component in the indirect-drive hohiraum targets, impurity control
in the liquid is easier.

The main disadvantages of Pb are its weight, low tritium solubility leading to higher
permeation, radioactivity (which can be reduced with impurity control), health hazard
of Pb vapor, and lower energy multiplication as compared with a Be multiplier.

Having rejected Li and LiPb protectants for safety reasons, Flibe (LioBeF4) was
considered as an alternative. Flibe has been extensively studied in the HYLIFE-II®
reactor studies. While it offers some potential advantages, several concerns led us to
select Pb. These areas of concern for Flibe include:

+ Poor thermal conductivity (0.8 vs. 34 W/m-K for Pb)

« Dissociation

+ Coolant chemistry

+ Short-term activation of fluocrine

+ Chemical reactivity of fluorine

+ Mobility of Be and F in vapor form (iransport into vacuum system)

The overall configuration of Prometheus is a low aspect ratio cylinder with
hemispherical end caps. This configuration was selected for several reasons:

(1) Maintenance of a cylinder is easier than a sphere. Maintenance paths are all
straight vertical. The configuration allows independent removal of first wall
panels and blanket modules.

(2) A cylinder provides better control of film flow. Problems protecting the upper
hemisphere can be reduced with higher aspect ratio, in which the distance
from the blast to the upper end cap can be maximized.

(3) A cyiindrical configuration is more consistent with conventional plant layouts.

The main disadvantage of this concept is nonuniform power distribution and higher
peak loads. The higher peak-to-average loading leads to larger size and higher cost
for a given total reactor power. To minimize these disadvantages, the aspect ratio is
kept relatively low—of the order of 1-2; however, this also limits the advantage of
upper end cap protection.

Another main feature of the Prometheus design is the separate blanket region. This
blanket is protected from the blast and is designed to optimize breeding, energy
conversion, reliability, and maintainability. A more detailed explanation of the blanket
is found in the following section.
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The concept described above can be applied to both laser and heavy ion reactor
designs. This feature is important in reducing the R&D required for cavity
development.

4.4.2 Blanket Concept — The design of the Prometheus blanket was strongly
influenced by the desire to maximize safety and reliability. Safety considerations led
to the choice of a helium coolant, low-activation solid breeder, and SiC for the
structure and neutron reflector. Higher reliability is sought by a combination of vertical
maintenance with easily-detachable blanket modules, low coolant pressure with
double containment, and relatively conventional configuration adapted from magnetic
fusion reactors.

The overall configuration consists of several rings, each containing a number of
modules. The modules are configured into the rings outside of the reactor. If any
module requires replacement, the entire ring can be removed easily, and then repairs
are made to individual modules externally. The module is composed of layers of
coolant and breeder. The pressurized He coolant is contained in U-bend woven SiC
tube shells. The Li2O breeder is placed in packed-bed form between the tube shells
and is purged by He flowing along the axis of the module.

The Li2O breeder has many attractive features, including low activation, good
temperature window, low tritium inventory, and good existing data base. Of the
candidate solid breeder materials, it has the best TBR and, in conjunction with the first
wall Pb coolant, provides the potential for adequate tritium breeding without the need
for Be as a multiplier.

He coolant also has many advantages. It is chemically inert and can operate at high
temperature. This aliows high thermal cycle efficiency, but also eliminates the need for
a thermal resistance region between the breeder and coolant (all solid breeder
materials must operate at high temperature to release their tritium).

In previous blanket design studies, the disadvantages of using He at high pressure
have been assessed. These inciude high pressure stresses, possibly leading to
failures, and the fear of leakage problems. In order to reduce these concerns, we took
advantage of the unique possibility for low-pressure operation in our design. Inertial
fusion inherently produces less neutron power than magnetic fusion. In the
Prometheus design, the thick first wall system substantially moderates the neutrons
and further reduces the neutron power to the blanket. Only 60% of the thermal power
is in the blanket system. Because of the low power density in the Prometheus blanket,
the coolant pressure was reduced from the more traditional 5 MPa to only 1.5 MPa.
The pressure is so low that the breeder module walls and purge system were
designed to withstand coolant tube rupture, resulting in a much higher reliability than
higher-pressure designs.
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The major penalty paid for this pressure reduction is higher pumping power, resulting
in lower thermal cycle efficiency. In this design, the tradeoff was judged favorably for
the low pressure design.

Finally, the Pb FW coolant is the sole multiplier. Eliminating Be from the blanket
makes the blanket design simpler and also avoids the well-known problems of
resource limitations and high cost. Overall, the Prometheus bianket is a very simple
and conventional blanket design, yet offers excellent safety, environmental, reliability,
and lifetime characteristics.
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4.5 Selection Criteria for SiC/SiC Composites

4.5.1 Introduction — An important feature of fusion reactions is that the resulting
radicactive products are short-lived. However, the interaction of neutrons with
structural materials in fusion power systems can lead to long-lived radicactive decay
chains. Proper selection of structural materials can lead to significant reductions in the
level and duration of environmentally hazardous radioactive products. Several
neutronic and conceptual fusion-reactor studies have concluded that the post-
shutdown radioactive inventories of FW/B structures made of pure SiC are
dramatically lower than any metallic alloy considered for fusion so far.1-4 The same
assessments have shown conclusively that decay heat generated in the reactor, in
case of a loss of coolant accident, can be safely and passively removed without the
danger of radioactivity release to the environment. It is alse realized that long-term
radioactive inventories will be mainly controlled by the level of impurities in the
structure. Therefore, processing technologies which offer the potential for significant
reductions in the level of impurities should be attractive for the development of SiC
structures.

Another important feature of SiC structural materials is their high temperature
capabilities. Operational temperatures approaching 1000°C are potentially attainable,
which can lead to improved thermal cycle efficiency. For these important reasons, the
development of SiC structural components is perceived to be of paramount
significance to the successful commercialization of fusion energy. This section
analyzes and reviews the body of knowledge which is relevant to the application of
SiC as a structural material in the inertial confinement reactor concept Prometheus.
The relevant features and data base of SiC/SiC composites are presented. On the
basis of the available data base and reasonable extrapolations, selection criteria are
developed.

4.5.2 Processing of SiC/SiC FRC's - Several methods have been developed for
production of SiC fibers for use as reinforcements in high-temperature composites.
Continuous yarns of 500 fibers are now in commercial production by Nippon Carbon
Company! under the trade name Nicalon. The process starts by dechlorinating
dichlorodimethylsilane with molten metallic sodium to produce the solid polymer.
Further processing steps are polymerization, and densification of amorphous Si and C
at high temperatures (1200°C-1500°C}. The final microstructure is crystalline B-SiC of
density in the range 3.16 g/cm3, and of crystallite size of 20-50 um. The final product is
continuous multifilament tows comprised of 500 filaments.

SiC monofilaments can also be prepared by the chemical vapor deposition (CVD)
process, as described in References 2 and 3. SiC is deposited from vapor mixtures of
alkyl silanes and H» onto a substrate formed by a resistance-heated W wire or C
filament. The substrate has a diameter of 10-25 um and forms the fiber core. The final
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filament is commonly 100-150 um in diameter. Although deposition at high
temperatures (above 1300°C) is fast, the resulting structure is coarse crystalline and is
weaker than the amorphous structure obtained at lower temperatures. [f any free
silicon appears in the microstructure, further weakening wili result.

Whiskers of SiC can be prepared either from rice hulls4 or by a vapor-liquid-solid
(VLS) process.® Rice hull whiskers contain around 10% SiO2 and between 0%-10%
SiaN4. Around 10% of SiC is in the B crystalline phase, and the remainder is
composed of o-SiC particulates. Whiskers produced from rice hulls are shont, with
lengths around 50 um. Longer and smoother whiskers are prepared at Los Alamos®
by the VLS process. Such whiskers possess superb mechanical properties, with an
average strength of 8.4 GPa and an average elastic modulus of 580 GPa.

Multifilament fibers can be assembled into two- and three-dimensional structures by
interlacing, intertwining, or interlooping. Combining the high strength of fibers with
proper matrix-fiber interface frictional properties, fiber architectures will expand the
design options for tough and reliable fusion structural materials. Fiber architectures
can be classified into four categories: discrete, continuous, two-dimensional, and fully
integrated (three-dimensional). Selection of one of these architectures for F/B or high
heat flux applications will depend on a number of factors. These are: (1) the capability
for in-plane multi-axial reinforcements, (2) through-thickness reinforcements, (3) the
capability for final shape manufacturing, and (4) leak-tightness of the final components
during high-temperature operation. Selection of a particular form of architecture for
fusion may be premature at present, because matrix processing techniques are still
eveolving. While 3-D architectures provide an orthotropically tougher composite, the
CVI technology employed at present is limited to low fiber volume fractions, and the
procedure is quite lengthy. On the other hand, 2-D laminates can be produced at
much greater speeds and can achieve higher fiber volume fractions. The final
component mechanical properties will be anisotropic. This feature will certainly lead
to reduced capabilities of components to carry shear loads. In summary, processing
technologies for the manufacture of SiC/SiC FRM's are available at present. However,
further development is needed for production of components on a commercial scale.

4.5.3 Data Base - SiC is known to have high intrinsic strength and stiffness

(E = 450 GPa at RT), high-temperature stabiiity (decomposition temperature

= 2830°C), and excellent oxidation resistance. Iis relatively high conductivity

(k =0.25 W cm-1 °C-1 at 200°C) and low coefficient of thermal expansion

(o = 3.8x10-6 °C-1 at 200°C) results in favorable thermal shock resistance when
compared to other ceramic materials. The thermal conductivity of CVD SiC,

k(W cm-1 °C-1), and the specific heat, Cp (J Kg-1 °C-1}, are given by empirical
equations of the form:
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where T is temperature in °C. Values of the polynomial fit coefficients are shown in
Table 4.5.3-1. Graphical representation of these properties as functions of
temperature is shown in Figure 4.5.3-1.

Table 4.5.3-1. Coefficients of Polynomial Fits to Selected Properties of SiC
4 .
Property = ; Mi'lJ
Thermal T Fracture Young's H| Swelling
Property | Conductivity | Specific Heat Stress, of Modulus SV/IV
Coefficient{ wm1 k-1 JKg 1K1 MPa GPa <1000°C >1000°C
Mg 62.84 435.53 -8983.9 605.632 1.43 -71.19
M1 -0.04 3.08 7.42 -1.407 0.0059 0.15
M2 6.25x10—6 -0.0047 -0.013 0.003 -1.56x10"9| 1.09x10°4
M3 0 3.31x10® | 9.54x10°6 | —2.087x10°6 | 8.58x10"® | 2.56x10"8
0 -8.41x10-10 | —2.42x10-9 0 0 0
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Assessment of the data base and development of a proper fusion-specific SiC
composite is an iterative process. For this reason, we discuss here the available
mechanical and radiation effects data base so that ways for further improvements can
be found.

4.5.3.1 Mechanical Properties — The tensile strength of Nicalon fibers is
statistical because of the existence of defects (e.g. voids and cracks) during the
manufacturing process. ltis also strongly influenced by heat treatment, test
atmosphere, and test temperature. Commaercial Nicalon fibers in various atmospheres
show degradation in strength at or above 1000°C.6 Strength deterioration is attributed
to: (1) chemical reaction between SiO2 and free C, leading to surface damage;

(2) crystallization of the amorphous structure; and (3) oxidation in gaseous
atmospheres. The tensile strength of CVD-prepared SiC fibers on C cores is retained
only up to 800°C. The 100 h rupture strength of CVD fibers was shown to degrade
greatly above 1100°C.7 While the average tensile strength of unirradiated
monofilaments is 2.8 GPa at temperatures below 900°C, preform wires have an
average flexural strength of only 1.3 GPa. The uniform elongation at fracture is
1.5-2.0%.

For CVD fibers, it was observed that fiber creep is anelastic (i.e. recoverable) and is a
result of grain boundary sliding,8 controlled mainly by a small amount of free silicon in
the grain boundary. Fiber creep activation energy of 480 kJ mole-! was concluded to
be similar to sintered SiC material, and the resulting creep rate is about an order of
magnitude greater than the Nicalon fibers.8 The lower creep resistance of the more
commercial Nicalon fibers was attributed to the lower grain boundary (GB) viscosity of
free Si, which results from the polymerization process. Diffusional creep by GB sliding
has an activation energy estimated at 611 kJ mole-! and a pre-exponentia! of
3.1x10-7 m2 s-1,[Retf.9]

These observations indicate that high-temperature creep properties of the compaosite
may be life-limiting in fusion. In particular, the crack bridging mechanism, which is the
main feature for enhancement of the composite's toughness, will have to be critically
examined since the bridging fibers may creep at a faster rate than the matrix itself.

The high-temperature deformation characteristics of hot-pressed SiC have been
experimentally investigated and may be taken as indicative of the matrix in a
composite.8:2 The activation energies for power law as well as lattice diffusion creep
were found to be about 912 kJ mole-1.[Ret8] Transition from power law creep at high
stresses to diffusional creep at low stresses was also observed.10 However, the
diffusional matrix creep rates were found to be very small. A power law index of 5 was
found to be similar to that of pure Si. The mechanical properties of unirradiated
reaction sintered SiC (i.e., Young's modulus, E (GPa), and bend strength, of (MPa}) as
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functions of temperature, T (°C), are also given by polynomial fits, with coefficients
detined in Table 4.5.3-1. Graphical representation is shown in Figure 4.5.3-2.
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Figure 4.5.3-2. Temperature Dependence of the Fracture
Stress and Young's Modulus of SiC

The critical stress intensity factor of the SiC matrix is expected to be low, as compared
to metallic alloys. However, the bridging of cracks with the strong fibers will possibly
allow for higher values of an apparent K|, especially when one is concerned about
catastrophic through cracks. Room temperature values of K¢ for an unbridged hot
pressed SiC range from 2.6 to 5.7 MN.M-3/2 and is independent of temperature up to
1000°C. Sintered SiC shows temperature-independent Kjc of about 3 MN.M-3/2 up to
1500°C.

An allowable design stress for SiC FRC's will depend on a wide range of
manufacturing and operational factors. For example, recent fracture test results at PNL
at 800°C on SiC FRM's from several vendors showed them to have strengths in the
range 300-600 MPa in the unirradiated condition. Neutron irradiation at the same
temperature, and up to approximately 10 dpa, showed that the fracture strength
declined by about a factor of 2-2.5.11 It is possible then, with modest technology
extrapolation, that low pressure FW/B components would be designed to operate
reliably in a fusion environment.
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4.5.3.2 Coolant Compatibility — SiC has excellent resistance to oxidation up to
1000°C, because of the formation of a protective stable SiOo layer. Rapid oxidation
may occur, however, depending on the physical state of the oxide layer between
100°C and 1300°C. The porous oxide layer offers no resistance to the diffusion of
oxygen to react with the SiC forming volatile Si and C oxides. The stability of the SiO2
layer is dependent on the Oy partial pressure, being unstable at pressures lower than
10-10 to 10-8 atmospheres.12 In a primary helium loop, the partial pressure of Oz is
expected to exceed these values. However, the reaction of the interfacial layer
between the fibers and the matrix with oxygen will ultimately determine the upper
usable temperature of the composite, as far as compatibility is concerned. At present,
this layer is either C, BC4, or BN. While carbon oxidation will severely limit the upper
temperature, the production of He and H from nuclear reactions in B compounds is
expected to degrade the strength of SiC FRC's. An important factor which needs yet to
be studied is the possible reduction of the passive SiO2 layer by tritium or hydrogen.

Compatibility studies of SiC in molten Li indicated that intergranular penetration
degrades its fracture strength.13 Reaction with the glassy phase at the GB is thought
to be the cause of this rapid penetration. In a molten iithium environment, the uniform
corrosion rate was reported to be extensive.13 However, the reported data was
obtained at O2 activities thought to be much higher than anticipated in a typical Li loop
of a fusion reactor.11

4.5.3.3 Radiation_Effects — The strong directional bonding and the mass
difference between Si and C atoms render the crystalline form of B-SiC exceptional
radiation resistance characteristics. Recent Molecular Dynamics (MD) studies!4 show
that Replacement Collision Sequences (RCS's) are improbabie, and that the
displacement of C atoms is much easier than Si. MD computer simulations14 show
that while the average threshold displacement energy (Eq) is 15 eV for C, it is about
90 eV for Si. This result would directly lead to the conclusion that the stoichiometry of
the displacement cascade will differ substantially from that of the matrix. It is also
observed that energetic Si PKA's displace multiple C atoms which end up on <111>
planes. Thus, C-rich interstitial dislocation loops will tend to form on <111> planes.
Experimental observations at temperatures below 1000°C tend to corroborate this
conclusion.> Vacancies and He atoms exhibit considerable mobility above 1000°C.
These fundamental considerations may explain some of the observed features of SiC
dimensional changes as a function of temperature and fluence.15-18

The ease by which C atoms can be displaced, as compared to Si, would indicate that
C-rich interstitial loops may tend to be prevalent as a result of irradiation. Energetic Si
atoms traveling the <111> gap induce simultaneous displacements of multiple C
atoms on {111} planes. Price'> observed Frank-type loops on {111} planes which
may be C-rich. Below 1000°C, point defects tend to form loops on {111} planes and
swelling is therefore expected to saturate. For example, Harrison and Correli1®
observed large loops (10-200 nm) in RB-SiC after neutron irradiation to a fluence of
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1.8x1023 cm—2, At temperatures above 1000°C, cavities form and swelling does not
saturate. The presence of helium results in further increases in the swelling rate by the
known gas-driven swelling mechanism, as observed in the swelling of nuclear fuels.
Swelling data with helium generation are scarce and need future considerations.
Swelling of 3-SiC in the temperature range 625-1500°C and at a neutron fluence

(E > 0.18 MeV) of 1.2x1022 [Ret.15] is represented by two separate polynomials, with
two different sets of coefficients below and above 1000°C, respectively. The
coefficients and the general swelling behavior as a function of temperature is shown in

Figure 4.5.3-3. Additional helium will drive swelling to higher values, particularly at
temperatures above 1200°C.20
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Figure 4.5.3-3. Volumetric Swelling of SiC as a Function of Temperature at a
Neutron Fluence of 1.2x1022 n ¢cm-2 (E>0.18 MeV)

A significant irradiation damage problem which resulits in the deterioration of the
mechanical properties of SiC is the crystalline-to-amorphous phase transition
phenomenon. For example, the strength of Nicalon fibers is degraded by irradiation-
induced re-crystallization. Crystallites growing out of the fibers into the matrix form
nucleation sites for cracks leading to delamination of the interface. The limited
accumulated evidence from radiation effects data indicate that the upper temperature
limit for use of SiC in structural design is in the range of 900-1000°C.

4.5.4 Design With SiC/SiC Composites — Design rules for SiC/SiC composites
in the high-temperature and radiation environment of fusion reactors are obviously not
established, mainly because the test data base is not complete. This data base for
mechanical properties must also be made on full-size components. 1t is interesting to
note that the fracture behavior of the composite is totally different from monolithic
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behavior, and exhibits considerable apparent ductility, as shown in Figure 4.5.4-1.
However, this increased toughness is caused by the dissipation of the elastic energy
in slow micro-cracking processes. Failure stresses will have to be determined for
particular applications (e.g. load bearing but not leak-tight components, leak-tight
components, components which resist thermal stresses, etc.). A promising failure
approach would be to use an interactive theory, such as the Tsa-Wu criterion. In such
an approach, the failure stress tensor is measured. This would give failure stress

Composite Failure

+— MONOLITHIC
1} sic

UNIDIRECTIONAL
COMPOSITE

STRESS (MPA)

T T L |

0.5 1.0 115 2I.0 2.5 3.0
' STRAIN (%)

Figure 4.5.4-1. Stress-Strain Behavior of Monolithic and Unidirectional
Composite SiC at Room Temperature

compoeonents in tension, compression, and shear, for both in-plane and out-of-plane
components. Structural analysis would be fairly complete and would result in the
definition of safety factors in each direction. This approach would take into account the
probabilistic variability of properties, as determined by experimental measurements.
There will be no need to use Weibuil statistical anaiysis because safety factors and the
experimental failure tensor would guarantee safe operation, as desired, from a
particular component.

4.5.5 Selection Rationale — SiC/SiC FRC's are excelient, low-activation, safe
structural materials for the high-temperature and radiation environment in commercial
fusion reactors. Their superior mechanical and physical properties would allow for
operational temperatures approaching 900—1000°C, thus achieving high thermal
cycle efficiencies. The strong covalent bond between Si and C results in promising
resistance to the damaging effects of neutron irradiation. Increased toughness
because of the reinforcement with strong fibers will make deterministic design

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 4-57



INERTIAL FUSION ENERGY MDC 92E0008, VOL. Il
ReEacTOrR DESIGN STUDIES MARCH 1992

approaches possible. However, considerable research and development will be
needed before the material will be able to meet its promise.
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4.6 Target Selection

Given that laser and heavy ions can be buiit tc deliver MJ of pulses onto small foci, a
key element in an inertial fusion energy (IFE) reactor is the design of the DT target.
The IFE driver designs are dictated, in large part, by the target configuration as well as
the requirements set forth by the target designers for achieving a uniform DT target
implosion. Depending upon the stringency of DT target irradiation requirements in
terms of uniformity of illumination (in the case of the laser driver) or in the beam
diameters on target (in the case of the heavy ion driver), the requirements placed on
the drivers may be sufficiently demanding that the resuiting driver costs would be
unaffordabie. Thus it is of vital importance that the target irradiation requirements for
both Prometheus-I. and Prometheus-H be well understood. The foliowing section
describes the types of DT targeis and target irradiation requirements currently being
considered for both laser-driven and heavy ion-driven IFE reactors.

4.6.1 Laser Driver Target - The Target Working Group {TWG) has provided the
study team with prescriptions for target illumination for both direct and indirect laser-
driven targets.! At the present time, owing to the higher target gain, we selected the
direct-drive |FE laser target was selected as the baseline. Therefore efforis were
concentrated on the direct-drive laser target illumination problem. A schematic of this
target is shown in Figure 4.6.1-1.

The direct-drive laser target consists of a polystyrene shell surrounding a layer of DT

ice and a central region of DT vapor. As an example, for a driver energy of 1.6 MJ, the
radius of such a target would be 0.2 cm.

CH sn\

DT Gas or Vacuum

Solid DT Layer

Figure 4.6.1-1 Schematic of Laser Direct-Drive IFE Target Structure.
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In addition to the direct drive targets, the team also examined the indirect-drive laser
IFE targets. It was assumed the fuel containing pellet or capsule of indirect-drive laser
targets would be similar to the DD design. No further information on the geometry of
laser indirect drive targets was supplied. As most of the information on these targets is
classified, it is difficult to fill in the details needed to arrive at developing credible
indirect-drive target illumination schemes. In considering the laser IFE indirect-drive
(ID) target further, it was necessary to make a number of assumptions regarding 1D
laser targets based on the scant details available in the open literature. Additional
details regarding these laser ID IFE target considerations can be found in Section 6.5.

A laser driver energy of 4 MJ was selected for reasons outlined in Sections 4.2

and 6.2. Mass scaling data was used to estimate that a target similar to that illustrated
in Figure 4.6.1-1 scaled to a driver energy of 4 MJ would contain ~6.5 mg of DT and
16.5 mg of CH. This was used as the base target for the Prometheus-L design study.
The possibility of adding thin layers of various materials to the basic DD target
structure to act as permeation barriers, shine shields, etc., was alsc considered.
However, with the possible exception of target alignment requirements, such additions
were found to be unnecessary for the point design chosen. Therefore, the basic
design shown in Figure 4.6.1-1 was used without modification.

Following the completion of the Prometheus-L laser driver design, a number of
questions have emerged regarding the direct-drive target illumination requirements
set forth by the TWG. Thus, when the requirements set forth by the TWG for direct-
drive target illumination are compared with some of the known considerations
applying to the laser beam illumination physics and the physics of light/plasma
interaction, some serious questions arise regarding some of the TWG direct-drive
target illumination requirements.? Facts and known requirements associated with the
TWG guidelines, the laser driver, and target coupling physics are briefly summarized
below.

4.6.1.1 Optimized Target Interactions - By considering the impacts of the TWG
direct-drive target illumination requirements with the newly defined capabilities of the
Prometheus-L laser driver and the known physics requirements of laser light/plasma
interactions, it should be possible to optimize the laser/target coupling interaction
significantly. This laser/target interaction optimization may result in a significant
reduction in the laser energy required to reach a given DT target gain. The TWG has
already specified that implementation of a "zoom" optical system which follows the
imploding surface of critical density could guarantee an increase in target coupling
efficiency of a factor of at least two.

Each of these three areas of discussion is briefly described below:
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4.6.1.2 TWG's Direct-Drive Target llilumination Requirements - The TWG
direct-drive target irradiation scenario includes the following elements:

(1) There will be at least 60 laser beams incident on the target.

(2) The target will be illuminated uniformly such that the intensity variation
anywhere on the spherical surface will not vary more than £1%.

(3) Ajager ~ 250 nm, increasing the importance of Bremsstrahlung absorption

over resonant absorption.

{(4) The pulse duration of the main pulse will be approximately 6 ns with an
approximately 60 ns lower intensity precursor "foot”; all beams must produce
similar pulse shapes such that the uniformity requirement (2) is met.

(5) The laser beam size on the target will be equal to the target diameter.

{6) The spherical direct drive DT target will be approximately 0.6 cm in diameter.

(7) During the course of the laser pulse, the critical surface of the target will shrink
to a diameter ~0.3 cm.

(8) The spatial intensity distribution of each laser beam incident on the target
shall approximate i (8) ~ (sin 6/8)2.

The penalty associated with failing to meet target illumination requirements is poor or
no target yield.

4.6.1.3 Laser Driver Requirements/Characteristics - In addition to the
preceding eight requirements set forth by the TWG, there are a number of

requirements and/or characteristics of the laser driver and its associated optics which
need to be taken into consideration.

(1) Excimer laser amplifiers produce optical beams having square cross-sections.

(2) Square laser beams map efficiently onto spherical surfaces only if the
dimensions of the squares are significantly smaller than the sphere radius.

(3) The degree of trapezoidal apodization and the requirements for an efficient
laser ampiifier fill factor can be traded off to yield an optimum value.

(4) Optical elements cost least when sized according to an optimum aperture;
optical vendors can be geared up to produce square (or rectangular) optics.

(6) Large aperture optics can be synthesized from an array of square (or
rectangular) subelements using optimized aperture sizes.

(6) Trapezoidal (or pyramidal) laser beam apodization can reduce angular

pointing requirements for the array mirrors.
(7) For afinal focusing mirror focal iength, f,, of 40 m and an effective aperiure,

D, of 1 m, the f/number of the focusing optics is relatively large (~40).
(8) Automatic "zooming" of the optical system on the collapsing surface of critical
density occurs when the foci of each of the 60 mirrors are located at the center
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of the target. (This arrangement is impractical in the present case? since it
would require a prohibitive number of beamlines.)

(9) For constant beam quality and laser wavelength, the far field focal spot size
depends only on the {/number of the final focusing mirror; in the present case,
the focal diameter for each laser beam is estimated to lie between 10 and
15 microns (assuming an /40 system and A = 248 nm).

(10) Research has been performed on high power optical techniques for
generating negative non-linear refractive indices, thereby making possible (in
principle) automatic "zooming" optical systems for high power lasers.

(11) The surface of the 0.6 cm diameter target sphere lies in the near field of each
of the 60 laser beams, thereby permitting beams of predetermined shape and
apodization to be placed on the target's critical surface (typically, laser beams
do not follow spatial intensity profiles ~ (sin 6/8)2 [this is a far-field diffraction
intensity profile]).

(12) Although a variety of laser beam cross-sectional shapes and apodizations are
possible, square beams with trapezoidal apodizations appear to be an
optimum choice for efficiently placing a homogeneous intensity distribution on
the spherical target surface.

(13) Even with careful computer control of the laser amplifier power conditioning, it
will take strenuous efforts to achieve the £1% target illumination homogeneity
requirements set forth by the TWG.

The penalties for not heeding the physics of laser drivers are low efficiency, high driver
cost, impaired performance, and difficult alignment problems.

4.6.1.4 Laser/Plasma Interaction Physics Requirements - The following
observations regarding laser/plasma interactions can be made:

(1) The primary mechanism for coupling UV laser light into an imploding plasma
having densities at or greater than the critical density is inverse
Bremsstrahlung.

(2) Resonance absorption can also play a role, especially for large angles of
incidence. In the case of linearly polarized laser light, resonance absorption
is concentrated in two lobes alighed along the polarization vector.3

(3) Laser light interacts weakly with plasma below the critical density with the
primarily effects being SBS, SRS, and refraction of the incident laser light.

(4) Laser light cannot propagate through plasmas having densities greater than
critical density.

(5) Planar target interaction experiments have shown that the inverse
Bremsstrahlung absorption depends upon the fifth power3 of the cosine of the
angle of incidence, g (where the angle of incidence is the angle between the

McDonnell Douglas Aerospace
Use cr disclosure of data
subject to title page restriction 4-62



INERTIAL FusION ENERGY MDC 92E0008, VOL. Ii
REACTOR DESIGN STUDIES MARCH 1992

Poynting vector and the normal to the critical surface) for linear plasma density
profiles and on the {cos 0)3 for exponential plasma density profiles.

{6) Rayleigh-Tayior (RT) instabilities are driven primarily by laser beam intensity
inhomogeneities occurring at the beginning of an implosion.

(7) Higher-order RT instabilities are more serious than low-order instabilities.

(8) Laser intensities above 10'% W/cm? tend to produce undesirable nonlinear
optical effects in the plasma atmosphere (including stimulated Raman
scattering, stimulated Brillouin scattering, harmonic generation at w32, etc.).

(9) Resonance absorption (RA) depends upon the polarization vectors of each of
the laser beams, which means that RA can spoil the homogeneity of target
illumination even if the intensity is homogeneous. The TWG did not address
the polarization issue.

The penalties associated with ignoring these plasma physics issues are inefficient
light/plasma coupling, low target yield, and impaired system performance.

46.1.5 I IFE Implications of nflicting R irements - The
implications of this brief review of characteristics and requirements for the TWG direct-
drive target prescription, the current laser driver design, and the physics of
taser/plasma interactions are that significant improvements in IFE performance may be
attained if careful tradeoffs are made to find optimum solutions which simultaneously
satisty all the requirements. This, then, is the purpose in examining these issues at
this time so that unnecessary or inappropriate requirements which may actually impair
IFE performance can be identified and, if possible, altered to permit a more optimum
design to be generated.

4.6.1.6 Possible Conflicts Among the TWG Requiremenis: IB vs. RA - The
two principal laser/plasma absorption mechanisms are inverse Bremsstrahlung (1B}
and resonant absorption (RA). The TWG requirements that the direct-drive target be
homogeneously (£1%) illuminated with ~60 randomiy polarized laser beams equal to
the diameter of the target may produce significant laser beam/plasma coupling
inefficiencies and absorption non-uniformity. The most efficient excimer laser beam
cross-section is rectangular, a shape which couples inefficiently ontc a sphere unless
the laser spot size is significantly smaller than the radius of the sphere. Furthermore,
for full sphere illumination, most of the laser beam power will be incident on the critical
surface of the target at incidence angles, 9, greater than 45° (when inverse
Bremsstrahlung absorption® is proportional to [cos 6015) and additional laser/plasma

coupling inhomogeneities due to resonant absorption may result. These problems are
explored in detail below.
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4.6.1.7 Calculation of Laser/Plasma Tangential Coupling Efficiencies for

IB and RA - In general, calculations of laser/plasma coupling efficiency are extremely
involved even when performed using magneto-hydrodynamics computer codes (i.e.,
LASNEX) on large machines. However, some simple considerations which can be
performed on microcomputers are in order here. The first case considered is that of
the specified target illumination scenario in which the incident laser beams are of
dimensions equal to the diameter of the DT target. This scenario corresponds to the
target illumination guideline fumished by the TWG. Both IB and RA calculations will be
made. Resonant absorption {(RA) depends approximately on (cos 90)2, whereas for
inverse Bremsstrahiung the absorption is proportional to (cos 6,)° for linear plasma
density gradients and proportional to (cos 6,)2 for exponential density gradients. The
RA absorption also depends upon the polarization state of the absorbed laser light,
and, in general, the RA absorption is a complex, two-lobed spatial function. Each of
these two major light/plasma absorption mechanisms will be discussed below.

First, a specification is required for the laser pulse tempora!l format delivered in

60 beams to the direct-drive target in order to generate the target implosion scenario.
An approximate sketch of each of the 60 laser beam pulses as specified by the TWG is
shown below in Figure 4.6.1-2.

As indicated in Figure 4.6.1-2, the prepulse "ramp" precedes the main laser pulse in
order to ablate a dilute plasma from the direct-drive DT target and form a critically-
dense surface in preparation for arrival of the main pulse(s). At the end of the prepulse
"ramp," the target is nominally still 0.6 cm in diameter, although the extent of the dilute
plasma atmosphere ablated from the target is contained within a sphere of radius, R,

given by the expression:
Ra = Ro+ Vpiasma tramp (4.6.1-1)

where Ry ~ 0.3 cm is the initial radius of the DT target, and where

Vplasma ~ 4x107 cm/sec according to measurements made by Auerbach4, et al. For
Tramp ~ 60 118, Ry ~ 2.7 cm. The primary linear effect of this spherical atmosphere of
dilute plasma would be to refract the incident laser light slightly in such a manner that
the converging beam would focus more quickly, but at a point well beyond the target.
The tangential target illumination geometry which occurs at the beginning of the main
laser pulse is shown in Figure 4.6.1-3.

it is presumed that the dilute plasma atmosphere surrounding the target only produces
a slight focusing of the incident rays. As discussed beiow, however, the nonlinear
effects (stimulated Brillouin scattering, stimulated Raman scattering) can produce a
significant number of hot electrons which can lead to target preheat.
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Inverse Bremsstrahlung Absorption - It is apparent from Figure 4.6.1-3 that most of the

incident laser power will be incident on the target critical surface at angles greater than
45°. Numerous well-characterized, laser-induced plasma experiments have been
conducted on planar targets for which the angle of incidence, 6, was well known. An
expression? for the fractional absorption, fy,, as a function of 8, due to inverse
Bremsstrahlung for a plasma is:
16v 5

f.b = (ﬁ) KAR cos™6, (4.6.1-2)
where the ratio v/w is evaluated at the critical density. Since the focal ratio of the laser
driver is ~/40 to first order, the incident laser beams can be regarded as plane waves. -
Simple laser/plasma absorption calculations have been carried out using Eq. 4.6.1-2
for A = 248 nm, assuming a "top-hat" beam intensity profile apodization and that the
fin{6, = 0) ~ 1 on the surface of critical density. The results are shown beiow in

Figure 4.6.1-4 for a time immediately prior to the target implosion.

Although these calculations were carried out using a larger laser amplifier fill factor
than the (sin 8)2/62 apodization assumed by the TWG, efficient extraction from excimer
laser amplifiers (and the Raman accumulators} would involve the use of high efficiency
apodizations and not be limited by far field diffraction profiles such as (sin x)2/x2.

Using the top-hat apodization and assuming that the laser beam spot sizes are equal
to 0.6 cm, then the laser energy is absorbed by the target as a function of the target
diameter and angle of incidence. This relationship is shown in Figure 4.6.1-5.

Angular Dependence of Inverse
Bremsstrahiung Target Absorption
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Figure 4.6.1-5. The Inverse Bremsstrahlung Energy Absorbed by Direct-Drive Targets
Depend on the Incident Angle and Target Diameter (6 mm diameter spot size, 100 kJ

beam, 6 ns pulse duration, top-hat apodization)

The initial amounts of absorbed laser energy are small in Figure 4.6.1-5 since the
areas of the annular apertures are reduced for small values of 6,. The geometry used

for conducting these calculations is shown below in Figure 4.6.1-6.

Varying Incident Angles

for Laser Beam Zones /\
oy o

Incident Laser Beam
Divided Into Zones

Direct Drive DT Target

Figure 4.6.1-6 The Incident Laser Beam Can Be Decomposed Into

Annular Zones to Calculate Absorption Efficiencies
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The variation of the absorbed laser energy/beam for inverse Bremsstrahiung as a
function of target diameter was caiculated assuming that the diameter of the critical
surface remains constant during the entire high power pulse duration (which was
assumed to be a temporal top hat distribution as well} and the results are shown below
in Figure 4.6.1-7.

Target Absorbed Energy by Inverse
Bremsstrahlung (6 mm beam, 100 kJ)

(1) PP RS B AP B — PP B

25.] p .

/
/S
4
i 7
- |

1 2 3 4 5 6
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Tyrry

Absorbed Laser Energy, kJ

Figure 4.6.1-7 The Absorbed Laser Energy/Beam Depends on the Direct Drive
Target Diameter for Inverse Bremsstrahlung (assuming 100 kJ/Beam
and 6 mm diameter laser spot sizes) for Static Target Diameters

As indicated, when the critical density target diameter decreases to a vaiue of

Ry ~ 3 mm, the laser power couples only approximately 7% into the target. Although
it was assumed that the radius of the target remained constant during the laser pulse
In calculating the results for Figure 4.6.1-7, it is straightforward to estimate the energy
absorbed by. the target as it implodes. Thus if the rate of target implosion, dRy/dt, is
constant (here dR/dt ~ 2.5x107 ecm/sec) during the main portion of the laser pulse,
then the total energy absorbed by the target is calculated from the expression:

N
1 E:
EtOl =N Eabs (Rk)
k=0 (4.6.1-3)

where N is the number of iterations taken between Ry = 3 mm and Ry = 1.5 mm.
Taking the further approximation that the laser power is constant during the implosion
of the target, then the energy absorbed by the target is calculated from Eq. 4.6.1-3 to
be 15.2 kd/beam line, or approximately 15% of the available laser energy. Much of the
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laser light simply misses the critical surface of the target under these circumstances.
This geometry is illustrated below in Figure 4.6.1-8.
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Figure 4.6.1-8. The Direct Drive Target Diameter Implodes to Half the Laser Beam
Diameter by the End of the Main Laser Pulse

Resonance Absorption Calculations - The energy absorbed by resonant-driven fields
in the plasma is described by the expression:3

EE
E ='[D—(<-'--flr2 dr sin6 do do
s ) Bz (4.6.1-4)

where E, is the radial electric field of the laser beam. Near the critical density, the
expression for E, is given by:

1
4 2(1
E, = @a ([ - &f) P’ (cos ) cos ¢ exp(ia)m
(. 2 rg] 1 { 2myor?
ik L (4.6.1-5)

where a; is given by the expression:

JL {d+1)

‘KR (4.6.1-6)
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(where R, is the radius of the plasma critical density) and where P2(7y) is the
absorption function for the ith mode. The fraction absorption of the Ith mode, fra, is
given by:
@’(x)

f,, = ‘ 1-¢

RA~ 2rm { (4.6.1-7)
so that the total power absorbed from the laser beam as a consequence of resonance
absorption is given by:

P
_ _t & -2
PRA_ZE 5 ¥ () [1- o 461

where P|is the laser power in the Ith mode.

The net result of performing the integral in Eq. 4.6.1-4 is to show that resonance
absorption generally depends upon (cos 60)2. Perhaps a more serious result of these
analyses3 is that the spatial absorption distribution function is not uniform over the
target sphere. The calculated RA distribution for a vertically polarized laser beam is
shown in Figure 4.6.1-9.

Incident Laser
Polarization Vector

Relative Resonant
Absorption Contours

Peak Resonant
Absormption Lobes

Direct-Drive
DT Target

Figure 4.6.1-9. The Calculated Spatial Dependence of the Laser
Power Absorbed by Resonance Absorption ls Not Homogeneous

As shown, resonance absorption is predicted to produce two symmetrical "hot spots” of
absorption at mid-latitudes on the sphere when illuminated with linearly polarized
light. This may constitute an absorption uniformity problem because this process
occurs even when the sphere is uniformly illuminated. However, by using A = 248 nm
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laser radiation, the effects of resonance absorption are not expected to be reduced
relative to inverse Bremsstrahlung.

Simple laser/plasma absorption calculations have been carried out using Eq. 4.6.1-7
and Eq. 4.6.1-8 for A = 248 nm, assuming a "top-hat" beam intensity profile apodization
and assuming that f,,(6, = 0) ~ 1 (and f, = & [cos 8]2) on the surface of critical density.
The results are shown below in Figure 4.6.1-10 for the case prior to the implosicn.

Laser/Plasma Absorption as a Function
of Incident Angle (Resonant Absorption)

LOT—K
08 \
N \ ;

0.4

" \\ :

o 10 20 30 40 50 60 70 80 90

Fraction Absorbed

Incident Angle, degrees

Figure 4.6.1-10. The Fraction of Laser Power Absorbed Via Laser/Plasma
Resonance Absorption Is a Function of the Incident Angle, 8g

As before, although these calculations were carried out using a "top-hat" intensity
profile (i.e., a larger laser amplifier fill factor than the (sin x)2/x% apodization assumed
by the TWG), efficient extraction from excimer laser amplifiers (and the Raman
accumulators) would involve the use of such high efficiency apodizations. Using the
top-hat apodization and assuming that the laser beam spot sizes are equai to 0.6 cm,
then the laser energy absorbed by the target as a function of target diameter and angle
of incidence is shown in Figure 4.6.1-11.

As calculated above for the inverse Bremsstrahlung case, the initial amounts of
absorbed laser energy are small in Figure 4.6.1-11 since the areas of the annular
apertures are reduced for small values of 6, in accordance with the calculation

procedure illustrated in Figure 4.6.1-6.
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Laser Energy Absorbed by Direct-Drive DT Target as Function
of Incident Angle Resonant Absorption Contribution
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Figure 4.6.1-11. The Resonance Absorbed Energy for Direct-Drive Targets is a
Function of Both Incident Angle and Target Diameter (6 mm diameter Spot Size,
100 kJ Beam, 6 ns Pulse Duration, Top-Hat Apodization)

Foliowing in a manner similar to that for the IB case above, the variation of the
absorbed laser energy/beam for inverse Bremsstrahlung as a function of target
diameter was calculated assuming that the critical surface remains constant at a
constant diameter during the delivery of the high power laser pulse (which was
assumed to be a temporal top hat distribution as well) and the results are shown in
Figure 4.6.1-12.

As indicated in Figure 4.6.1-12, when the critical density target diameter is reduced to
R ~ 3 mm (with the laser beam diameter equal o 6 mm), the laser power couples only
approximately 11% into the target. The target radius was held constant during the
arrival of the laser pulse in calculating the results for Figure 4.6.1-7. ltis
straightforward to estimate the energy absorbed by the target as it implodes using

Eq. 4.6.1-1 above; it is calculated that 27.7 kd/beam would be absorbed by the target
(assuming resonant absorption accounted for 100% of the laser/plasma target
interaction) or approximately 28%, based on the approximations that fgA(6, =0) =1,
and fra(6,) = &(cos 6,)2.

In actual fact, resonance absorption is not the primarily laser/plasma absorption
mechanism and, consequently, the fraction of laser light, £z 5, absorbed by the
resonance absorption mechanism must be added to the fraction of laser light
absorbed by inverse Bremsstrahlung, £z, to produce a total absorption, &, given by

S0t = S8 * SRa (4.6.1-9)
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Absorbed Energy/Beam vs. Target Diameter

Resonant Absorption Contribution
(6 mm Laser Beam Diameter)
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Figure 4.6.1-12. Estimated Absorbed Laser Energy/Beam vs. Direct Drive Target
Diameter for Resonance Absorption (100 kJ/Beam, 6 mm Diameter Laser Beam)
Assuming Constant Target Diameter

Comparison of the Target Absorption Results of IB and RA - As indicated above,
simple incident angle-dependent calculations regarding resonant absorption have
produced the results that only approximately 28% of incident laser light would be
absorbed by a 6-mm diameter sphere that uniformly impiodes to a diameter of 3 mm
during the laser pulse. The previous result calculated for inverse Bremsstrahlung
under the same circumstances produced a value of &g ~ 15%. If it is assumed that IB
accounts for approximately two-thirds of the target absorption and RA the remaining
one third, then the overall absorption efficiency of a tangentially-illuminated 6 mm DT
direct-drive target would be approximately 20%. Thus, for a laser energy of 5 MJ
delivered to the target, these rough estimates suggest that only 1 MJ would be coupled
into the target!

4.6.1.8 Calculation of Laser/Plasma Nested Trapezoidal Beam Couplin
Efficiency - In a similar manner, the coupling efficiency for a laser beam with a
trapezoidal apodization focused down to an intermediate spot size, §;,4,,. given

approximately by the expression:

4n
0=R —
TV N (4.6.1-10)
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where, as before, Ry is the radius of the direct-drive DT target and N is the number of
laser beams (N ~ 60). In the case in which Ry ~ 0.6 cm, then 8., = 0.137 cm and
Omax ~ 26.2°.

A schematic of meshing trapezoidal intensity distributions is illustrated in
Figure 4.6.1-13.

L—r

Figure 4.6.1-13. Meshing Trapezoidal Intensity Distributions Permits
Smooth Near-Field lllumination of Direct Drive Targets

By varying the fill factor of these trapezoidal beams, the relative interbeam aiignment
accuracy of the optical system can be traded off against laser amplifier efficiency (i.e.,
steep trapezoidal shoulders [large w/r ratios] mean high amplifier efficiency).

Figure 4.6.1-13 illustrates a case of a high w/r ratio. An example of nested trapezoidal
beams with a low w/r ratio is shown below in Figure 4.6.1-14. Since these beams are
in the near field (with a Fresne! number > 100), relatively detailed apodization profiles
are possible, although the impact of the apodization on the amplifier apodization must
be calculated.

Figure 4.6.1-14. Meshing Trapezoidal Intensity Distributions with Low wi/r
Ratios Relaxes Near-Field Laser Beam Alignment Tolerances

In practice, it may be important to include the capabilities of on-board computer controf
systems to permit interferometric alignment accuracy of the final focusing mirrors onto
a surrogate target to be attained. Precise erection of a surrogate target at the center of
the target chamber would be a key feature of permitting laser beams to be aligned to
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submicroradian accuracy. Such precise angular alignment must be carried out for
both g and f corresponding to the two beveled directions of the trapezoidal
apodization. An isometric view of the trapezoidal apodization is shown below in
Figure 4.6.1-15.

Trapezoidal Apodization

Figure 4.6.1-15. An Isometric View of Trapezoidal Beam lllustrates the Interiocking
of Multiple Near-Field Laser Beams Aligned on Direct Drive Fusion Targets

The use of nested trapezoidal beams can be applied to direct-drive targets illuminated
with a variety of beam architectures. Considered briefly here are beam configurations
starting with cubic symmetry (for which N = 6) and going out as far as N = 240. The
nested trapezoidal parameters for these cases are summarized in Table 4.6.1-1.

. Table 4.6.1-1
Parameters for Direci-Drive Nested Trapezoidal Beam Arrangements
No. No. of Beams Spot Size on Target {mm) Coupling Efficiency (%)
1 6 4.34 47 .4
2 12 3.07 69.2
3 20 2.38 80.4
4 28 2.01 85.6
5 32 1.88 87.3
6 60 1.37 83.1
7 80 1.19 94.8
8 120 0.97 96.5
9 240 0.69 98.2
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The laser/target coupling efficiencies tabulated in Table 4.6.1-1 were calculated using
Eqg. 4.6.1-2 above with the incident laser beam decomposed into annular zones as
shown in Figure 4.6.1-6 above, assuming that the diameter of the critical surface was
remaining constant.

The near field focusing geometry of the trapezoidal nesting of laser beams is
illustrated for a single incident laser beam in Figure 4.6.1-16.

DT Sphere of Radius R . Focusing Laser Beam
Laser Intensity = Kr)

Laser Spot Diameter on
Target = gt

Beam Focus o= DA Entrance Aperture

8 = diix 1o Target Chamber
of Diameter d

Figure 4.6.1-16. Near-Field Focusing Geometry for Trapezoidal Nesting

Since the DD target is located in the near field, the positional accuracy, d = Ax, of each
beam incident on the target sphere is related to the required DD target illumination
uniformity, ¥, and the trapezoidal spacing parameter, r, via the simple relation:

d=Ax= ¥r (4.6.1-11)

Thus, if the TWG requirement for the required DD illumination uniformity (¥) is equal to
0.01, then Ax = r/100. The angular pointing requirement, A6, of the GIMM would
therefore be given by the expression:

A8 =d/(R1) =¥ r/R1 (4.6.1-12)

where R1 is the distance from the GIMM to the target. The values for the summit width
of the trapezoid, w (see Figure 4.6.1-13 and 4.6.1-14 for a definition of w), are
calculated as a function of the number of laser beam lines, N, and the results
presented above in Table 4.6.1-1. For a fixed target diameter (d = 0.6 cm), there are
other limitations on r since, in addition to optical alignment accuracy, A8, r affects the
laser beam fill factor, £ff. An expression for &ff is given by:

& = w?
w2+ 2r(w + 1) {4.6.1-13)

where w and r are defined previously. In order for laser amplifier power extraction to
be efficient and to minimize optical damage, it is important that &ff ~ 1, which would
force r = 0. This would be undesirable for the requirement noted above for the
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alignment accuracy, A6. As shown below in Figure 4.6.1-17, a ray from an alignment
laser would be deflected in angle, Aa = 2d/R, assuming that a shine shield is available
on the DD target to assist in target alignment.

Alignment Laser Ray Normal to Correct Target Location
Displacment Error

Angular of pD Target = d

Deflection

Normal to Actual Target Location

. I.l:l' ]
: )
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e
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Direct-Drive (DD)
Target Sphere
of Radius R

maEan

Angular Deflection of
Alignment Ray =2d/R

Figure 4.6.1-17 DD Target Misalighment Geometry for Alignment Laser Reflecting Off
of Shine Shield: Angular Deflection = Aa.

The dependence of the laser beam fill factor, &ff, on r is illustrated in Figure 4.6.1-18 for
the cases of N = 60, 80, and 120 beams.

If values of the Prometheus-L laser beam fill factors, £ff > 0.8, are desired, then for
60 beams, w = 0.137 cm, r = 0.017 cm, and the alignment accuracy, A8, equals
¥r/R1 ~ 9x10°8 radians or ~0.1 pR. The corresponding sensing angle, Aa, from the
DD target shine shield is ~2r/R ~ 100 uR. Although these are challenging

requirements for the Prometheus-L laser/target beam alignment system, the resuiting
cost reductions possible may be worth the additional technical investment.

The laser/target coupling efficiency, &, is plotted as a function of the number of laser
beams in Figure 4.6.1-19. To be conservative, these calculations included only the
fig = &(cos 90)5 inverse Bremsstrahlung contributions and did not include any

resonant absorption components.
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Figure 4.6.1-18 Laser Beam Fill Factors as a Function of Trapezoidal Ramp Lengths, r.

Laser/Target Coupling Efficiency for DD
Targets with Nested Trapezoidal Beams
(6 mm Target, /40 Focusing Optics)
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Figure 4.6.1-19. The Laser/Target Coupling Efficiency, £T, Depends on the Number

of Laser Beams llluminating the Direct Drive Target (Constant 6 mm DD DT Target
biameter and IB Interaction)
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As shown for large numbers of laser beams, the laser/plasma coupling efficiency
exceeds 90% for a static target. When these calculations are repeated for N = 60 for
critical surfaces ranging from 6 mm to 3 mm diameters while keeping the beam
diameter at the target constant (~1.37 mm), the coupling efficiency, &+, drops from 93%
to 75%, as illustrated in Figure 4.6.1-20.

Absorbed Energy/Beam vs. Target Diameter
Nested Trapezoidal Beams/6 mm Target

1 00—ttt PR PR Lk 4 .3 L Zetoa

Absorbed Energy/Beam, kJ

/

2 3 4 S [ 7
Target Diameter, mm

Figure 4.6.1-20. The Laser/Target Coupling Efficiency, £1, Depends

on the Critical Surface Target Diameter (60 Beams, f/40 Optics,
1.37 mm Spot Size, Trapezoidal Beam Nesting)

When the variation of laser target coupling efficiency with imploding target diameter is
calculated, the integrated energy absorbed by the imploding target was calculated to
be 86.2% of the incident laser energy for the 60 beam case, 6 mm DT target, {/40
optics, and trapezoidal beam nesting. This is to be compared with the 20% integrated
coupling efficiency calculated for the tangential target illumination case above.

4.6.1.9 Summary of Laser/Target Interaction Physics - During the course of
designing the IFE KrF laser driver, some questions have arisen with regard to the final
focusing requirements in order to achieve efficient target coupling. The TWG guideline
has adopted a conservative approach by illuminating the target with at least 60 beams
having diameters at the target approximately equal to the diameter of the target.
Elementary calculations of the laser/plasma coupling assuming that the primary
coupling process is inverse Bremsstrahlung suggest that this conservative approach
may result in less than 15% of the [aser beam energy actually being coupled into the
target (with an estimated additional 5% absorption coming from resonant absorption
for a total of 20%). Similar I1B calculations carried out for trapezoidal beam nesting to
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minimize the angle of incidence with the critical surface while maintaining illumination
homogeneity suggest that approximately 85% of the laser beam energy can be
coupled into the target. These calculations also suggest that the importance of
"zooming" the laser beams to follow the imploding critical surface is not as important
for trapezoidal beam nesting as for tangential target illumination. Thus, there is
evidence that we should be able to take advantage of the "zoomed optics” benefit in
calculating the amount of laser energy necessary to drive a given target. A potential
key problem with the trapezoidal beam nesting is intensity inhomogeneities arising
from beam overlapping on the imploding target. This is illustrated in Figure 4.6.1-21.

Incident Laser Beams

Spot Size = & Critical Surface @ t=0 I?:ggums

Critical Surface @ t= 14

Critical Surface @ t = 15

ritical Surface @ t =13

Beam Foci

Adjacent Beam Overlap Direct Drive DT Target

Figure 4.6.1-21. The Imploding Direct Drive Target Critical Surfaces Requires
Zooming of the Near-Field Laser Beams to Maintain Homogeneous [Humination

Since this overlapping would occur late in the target implosion, it is thought likely that
no Rayleigh-Taylor instabilities would be driven by this overlap.

Lastly, these considerations raise a concern that even if we were to achieve the
remarkable level of illumination homogeneity (+1%) defined in the TWG Guidelines,
the two-lobe absorption distribution of resonant absorption (Figure 4.6.1-9) may make
this stringent illumination homogeneity specification meaningless.
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4.6.2 Heavy lon Driver Targets - In direct analogy with the two types of laser-
driven (LD) IFE targets, there are two general types of Heavy lon Driver (HID) targets:
(1) direct drive targets, and (2) indirect drive targets.

Although these HID targets bear some general similarities with their laser-driven target
counterparts, there are some significant structural differences in the Hl targets as well
as major differences in the energy coupling mechanisms to the targets. For example,
the HI driver delivers a 6 ns pulse containing approximately 6 MJ of energy in the form
of non-relativistic, high-Z ions having an energy per ion of approximately 4 GeV. This
6 MJ of energy is assumed to be stopped in a relatively thin layer of converter
material. The LD, on the other hand, delivers a 6 ns laser pulse containing
approximately 4 MJ of energy in the form of ultraviolet photons having wavelengths of
approximately 250 nm.

4.6.2.1 Heavy lon Direct Drive Target Description - At first glance, the design
of the Heavy lon Driver (HID) direct-drive target is similar to the LD direct-drive target
illustrated in Figure 4.6.1-1. A diagram of the HID direct-drive target is presented
below in Figure 4.6.2-1.

Plastic (CH}
Converter Material
for Rigidity

Cryogenic DT Fuel

Figure 4.6.2-1 The Direct Drive HID Target Has Spherical Symmetry and Requires
Uniform Power Loading of its Converter Shell

As indicated, the HID direct-drive target is a spherical, multi-shelled structure
containing successive layers of converter material, structural CH (as needed for robust
target construction), and cryogenic DT located at the center of the target. An
alternative design is shown in Figure 4.6.2-2.
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Lithium Lead Pusher: 370 microns Thick

'

Lead Tamper: 140 microns Thick

Figure 4.6.2-2. Alernative Direct Drive HID Target with Pb
Tamper and Li-Pb Pusher {HIBALL-I}

Heavy fon Driver (HID) direct-drive targets yield fusion energy based upon the
following scenario. At atime t = 0, the spherical HID direct-drive target is enveloped by
approximately 100 HID beams symmetrically focused on the converter shell of the HID
direct-drive target and synchronized to achieve the required degree of power loading
uniformity. These focused HID beams consist of non-relativistic ions having individual
energies of approximately 4 GeV. Implosion of the HID direct-drive target is
accomplished by the generation of a homogeneous, spherical implosion wave
capabie of isentropically and uniformly compressing the DT fuel to a level of
approximately 20 times liquid density. The direct-drive HID target uniformity of power
loading requirements are similar to those of the LD direct-drive target: Power loading
from the direct drive HID beams® must be +1% uniform in order to permit isentropic
compression without Rayleigh-Taylor instabilities. This high uniformity of power
loading requirement represents the single most serious HID direct-drive target
engineering problem since it involves the simuitaneous achievement of equal beam
currents together with synchronization of the beams arriving in 4rn sterradians.
Compared with the indirect drive HID targets described below, the 1% direct drive HID
target irradiation requirements are extremely difficuit to achieve, thereby making this
target design unattractive for HID. Furthermore, having ~100 beam penetrations of the
target chamber for the ~100 HID beamlines would cause serious radiation problems
for the focusing quadrupole magnets and the downstream components.
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4.6.2.2 Heavy lon Driver Indirect Drive Targets - Aithough the HID indirect-
drive targets are geometrically similar to their LD counterparts (i.e., energy deposition

is achieved with two-sided geometries with the HID energy being converted into x-rays
within a radiation hohlraum enclosure), there are, in fact, some substantial differences
between the L.D and HID indirect drive targets.

The design of the HID indirect-drive target is fundamentally different than the LD
indirect-drive target design described in Section 4.6.1. According to the HIDAarget
interaction data' supplied by the Target Working Group (TWG), the gain of the indirect
HID target is more well known and defined than the direct-drive HID target. As a
consequence of these data provided by the TWG, the indirect-drive HID target was
selected for the baseline. As a further specification of the HID indirect-drive target,
two-sided ililumination was selected for the Prometheus-H HID baseline design.

Compared with the corresponding LD indirect-drive target, there are substantial
differences between the LD and HID indirect-drive targets. Depending upon the
plasma atmosphere generated in the LD indirect-drive target, significant numbers of
hot electrons can be produced by the laser/plasma interaction; whereas in the case of
the HID indirect-drive targets, relatively few hot electrons are produced in the
interactions between the decelerating heavy ions and the converter plugs placed at
each end of the HID hohlraum. In addition, for the laser-driven hohlraum, the duration
of the high intensity portion of the laser pulse is limited by closure of the entrances to
the capsule, whereas no comparable effect occurs for the HID hohlraum. This may
permit HID indirect-drive targets to outperiorm LD indirect-drive targets at the same
driver energy leveis.6.7

Selection of parameters for the ID heavy ion target was complicated by the fact that
most of the details of such targets are classified. It was known that the targets consist
of a fuel capsule surrounded by a radiation case with a high-Z material. The TWG
directed the fuel capsule parameters. No details were supplied for the radiation case .

According to TWG guidelines, ". . .single-sided illumination is still sufficiently
speculative that the contractors should continue to carry a two-sided option, . . .".8
Based upon this TWG recommendation and information in the open literature®.10, it
was decided to assume two-sided illumination for the Prometheus-H baseline target
design.

No guidance was provided on how the DT capsule was {o be suspended in the
Hohlraum radiation case. A scheme was developed to support the DT fuel capsule
with sufficient structural rigidity to tolerate accelerations of 100 ¢g's. Dimensions of the
case were chosen for ease of fabrication and ability to withstand the necessary levels
of acceleration. The supplied heavy ion ID gain curves indicated energy converter
region diameters depending on the ion range and driver energy chosen. The
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converter region was determined for the driver design point chosen, allowing some
beam misalignment with the target.
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4.7 Design Rationale for the GIMM

The last and closest optical component in the laser system before the laser light enters
the reactor cavity will be subjected to intense transient thermal loading, as well as
charged particle and neutron irradiation. For these reasons, it is has been shown in
previous laser fusion studies that the engineering design of a long life and reliable last
mirror is & major challenge. In this section, the rationale behind the materials selection
and design philosophy will be outlined.

Materials Selection - The optical properties of the mirrors surface have been
decoupled from the mechanical properties of the supporting structure. In this regard,
a great degree of flexibility has been achieved in the design. The surface of the GIMM
was chosen 1o be metallic, because dielectric materials show great sensitivity to the
effects of ionizing radiation. The absorption coefficient of MgFz, and the optical
transmission of ZnS degrade by an order of magnitude, after a fluence limit of 1016
n/cm? accumulates. Even if most of the color centers are annealed out periodically,
remaining residual defects would lead to very short lifetime.

The leading high reflectivity candidate metals are aluminum, magnesium, silver, goid,
and copper. To select between these metals, the following criteria was considered:

(1) High reflectivity in the wavelength of interest (i.e. 250-500 nm).
(2) Etfects of radiation on absorptivity.

(3) Surface temperature rise during the laser pulse.

(4) Thermal fatigue resistance.

(5) Radiation effects on surface deformation.

Although silver has excellent reflectivity, neutron-induced micro-craters are expected
to distort the mirror's surface. Near-surface collision cascades in silver will be very
dense, because of the high electronic stopping power of silver. On the other hand,
copper was excluded on the basis of its high neutron-induced swelling, particularly
when it is pure. the higher fatigue strength of aluminum resulis in a smaller mirror size,
when it is compared to magnesium. In addition, the neutron-induced swelling rate of
commercial grade aluminum is lower than that of magnesium. For the above reasons,
aluminum has been chosen as the material for the surface of the mirror.

The structural support of the mirror is composed of two parts: a low swelling compaosite
SiC high-rigidity component, and a concrete shell for control of thermal deformations.
The SiC structure is designed to have small helium cooling channels, running along
the length of the mirror. Two other layers are attached immediately underneath. Each
one of these two layers is stiffened by I-beams. The SiC composite construction is
chosen for the following reasons:
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(1) Very iow neutron-induced deformations by thermal and irradiation creep
mechanisms in the temperature range of 500-700 K.

(2) For porosity of approximately 10-15%, no neutron swelling is to be expected,
thus mechanical deformations of the mirror's surface are minimized.

(3) SiC is a low activation material. The choice of SiC will allow passive safety,
and shallow land burial of the mirror at the end of life.

in addition to the SiC structure, a concrete shell is designed to provide complete
restraint to out-of-plane deformations. This is achieved by sliding bolting mechanisms
for the attachment of the bottom of the SiC structure to the concrete shell.

Since the coefficient of thermal expansion of aluminum is higher than that of SiC, a
shear graphitic layer is deposited first on the surface of the SiC composite, and the
aluminum is added on top of the graphitic shear layer. With this arrangement, in-plane
mismatch thermal expansions of the aluminum can be isolated from the SiC composite
structure.

More details and design specifics on the GIMM can be found in Section 6.5.1.8,
Summary of Laser Driver Subsystems, Grazing Incidence Metal Mirror.
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CHAPTER 5
KEY TECHNICAL ISSUES AND R&D REQUIREMENTS

This chapter presents the key technical issues and R&D requirements found during the
conduct of the two IFE reactor design studies. The presentation of these issues and
requirements will hopefully benefit the technical community and the decision makers
to help them better formulate the program and technical plans toward the goal of
commercial fusion energy.

5.1 Introduction

Purpose - Although significant progress has been made in inertial fusion energy
research during the past decades, the field is still in its early stage of research and
development and the present data base is severely limited. Therefore, many
uncertainties exist in the actual performance and operation of present fusion reactor
conceptual designs. The expected consequences of these uncertainties vary in
magnitude: on one extreme, the uncertainties are so large that the feasibility of the
reactor design is at stake, and, on the other extreme, the uncertainties may simply
require moderate redesign, reduced performance, or increased cost.

This chapter contains a comprehensive list of key physics and engineering issues for
the IFE conceptual reactor designs developed in this study. The chapter also includes
an attempt to determine the additional research and development (R&D) needed to
develop critical systems and reduce development risks for each of the two reactor
design concepts.

The list of key technical issues, shown in Section 5.2, explicitly defines the
uncertainties associated with the physics and engineering operation of IFE reactors
and addresses the potential consequences resulting from each issue. It is believed
that this list will be useful 1o engineering and physics researchers, reactor designers,
experimentalists, and program planners in identifying the areas of greatest concern
and their impact on the development and potential altractiveness of inertial fusion
reactors.

The key issues identified in this work are large in number and they cover specific
technical issues ranging in complexity and importance. Each of these issues impacts
aspects of feasibility, safety, and/or economic potential of fusion reaciors. Resoclving
these issues requires new knowledge through experiments, models, and theory. The
issues identified here represent great details that are necessary to accurately
prescribe the R&D necessary to resolve the issues. However, such details have made
the list relatively long with each issue having a focus on a narrow technical area.
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To provide a brief summary of the most important issues, a smailer number of issues,
called critical issues, were identified in Section 5.3. A critical issue is broader in scope
than a key issue; each critical issue may encompass several key issues.

In general, the issues identified here are for the two reactor design concepts
developed in the Prometheus? study. However, many of the issues tend to be generic
to IFE and are fairly independent of the specific selections made here. To maximize
the usefulness of the list of issues, the degree of dependence of the issue on design
specificity is explicitly identified. Many technical issues for IFE correspond to similar
technical issues in MFE. The degree of similarity is also indicated to facilitate
identifying areas of R&D that are of common interest to MFE and IFE.

There is an intentional bias towards testing issues—those likely 1o require testing
(experiments) before a commercial reactor could confidently be built. However, it is
not limited to testing alone, the entries in the list are described as “Issues/Technical
Areas” to allow broader categories. The issues serve to identify the R&D needs which
are listed later in the Section 5.5. Also, the quantification of the test requirements
depends heavily on the issues.

The precise definition of an issue is difficult. One reason for this is the interrelated
nature of the technical disciplines and the phenomena involved. For example, in the
solid breeder blanket, thermal stresses may be a primary cause of structural failures.
The thermal stresses are a function of temperature distributions, which depend on the
allowable operating temperature window, which in turn is highly dependent on tritium
transport and inventory, which in turn is a strong function of radiation effects on the
solid breeding material. Structural failures are also affected by material property
changes due 1o irradiation.

It is arbitrary to some extent how to break out pieces of the overall behavior of a reactor
component and call them separate issues. Consider, for example, the blanket as a
reactor component. The only real issue for the blanket is the demaonstration of
adequately meeting its functional requirements of tritium breeding and energy
conversion at economical and safe conditions. To help alleviate this problem and still
retain technical specificity in the issues, an attempt is made to illuminate the logical
pathway to the ultimate consequences or failure modes. For the blanket, these relate
to the basic functions of structural integrity, tritium breeding, heat transport, materials
compatibility, etc.
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Organization - The key issue list is arranged according to the major reactor
components shown in the Table 5.1-1. A concise table (several pages) of the key
issues appears in Section 5.2, together with table entries for potential impact, design
specificity, level of concern, relevant operating environment conditions, and degree of
relevance to MFE. Section 5.3 focuses on the critical issues. In Section 5.4, each
issue identified in Section 5.2 is explained in detail, giving the rationale behind the
table entries. For some of the issues, more detailed analysis of the issue is given. The
numbering of the issues write-ups in Section 5.4 exactly corresponds to the numbering
of the table in Section 5.2. The R&D requirements to resolve these issues are
addressed in Section 5.5.

Table 5.1-1 Organization of Components and Technical Areas for which
Technical Issues are identified

w >

Target
Driver

- Laser

- Heavy lon
Vacuum System and Evacuation
Tritium Processing System
Cavity Design

- Wall Protection

- Blanket

- Shield
Materials
Heat Transpori and Secondary Energy Conversion
Maintenance and Configuration
Balance of Plant
Safety and Environment
Subsystem [nteractions

mo o

AETIOM

Entries and Abbreviations - The entries for Table 5.2-1 and the rest of this chapter
are explained below. The “Reactor Concept” entry simply indicates whether the issue
is relevant to the Laser-Driven or the Heavy lon-Driven reactor design, or both. The
“Potential Impact” entry for each issue helps to determine the level of concern, or
importance, of the issue. Seven possible impact categories have been defined in the
FINESSE? study and are used here as defined in Table 5.1-2. The abbreviations
used in Table 5.2-1 for "Potential Impact” are also defined in this table. These are
divided into two classes of issues: feasibility issues and attractiveness issues. In
general, a feasibility issue is more serious because it could rule out a component
concept on scientific grounds without considering the cost, complexity, or safety
implications relative to alternate energy sources. The most serious issues are those
which can close the device operating window, or design window, thereby eliminating
the design. The attractiveness issues may still be very serious, rendering a reactor
design impractical on the basis of economics or safety.
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Feasibility Issues: DW May Close the Desigh Window
US May Result in Unacceptable Safety Risk

Attractiveness Issues: RP Reduced System Performance
RL Reduced Component Lifetime
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Table 5.1-2 Definition of Potential Impact Abbreviations

UL May Result in Unacceptable Reliability, Availability, or Lifetime

IC  Increased System Cost
RS Less Desirable Safety or Environmental Implications

The Design Specificity entry indicates if the issue is generic to all the plant systems,
components, or materials specific to an individual item. To reduce the table size,
abbreviations are used to denote the specificity of components, specific design
concepts, etc. These abbreviations are given in Table 5.1-3. Any feasibility issue that
is generic to a class of component designs is considered to possess a critical leve] of
concern. QOther issues are regarded as high, medium or low levels of concern

depending on a qualitative judgment on their overall severity.

Table 5.1-3 Definition of Desigh Specificity Abbreviations

Use or disdlosure of data

Conventional Balance of Plant

m_Abbreviation
B Blanket
CBOP
DHI Driver-Heavy lon
DL Driver-Laser
FwW First Wall
S Shield
T Tritium System
TF Target Factory
Vv Vacuum System
wp Walt Protection
Other Abbreviations
CS Ceramic Structure
DS Draw Salt
LB Liquid Breeder
M Liquid Metal
LS Laser System
SB Solid Breeder
SiC Silicon Carbide
TC Temary Ceramic
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The relevant environmental conditions in Table 5.2-1 indicate those paricular
parameters of the operating environment for the component that influence the issue
severity. Those environmental conditions are particularly usefu! in definingthe R& D
required 1o resolve the issues and in identifying major facilities needs. Operating
environment parameters such as temperature, stress, and surface heat flux are
abbreviated as noted in Table 5.1-4. The influence of neutrons in the operating
envirenment on a particular issue is important to clarify because of the large effect on
the type of facilities required for the R&D. The eftect of neutrons on the particular issue
is indicated by three categories: bulk heating, material damage, and specific
reactions. These are abbreviated in the Issue Tables as H, D, and R, respectively, with
the abbreviations also given in Table 5.1-4.

Table 5.1-4 Key to Operating Environments

Neutron Effects

H Buik Heating

D Materiats Damage (Displacements, helium production, etc.)

R Specific Reactions {Tritium breeding, helium production, hydrogen production,

activation, spuitering, radiolytic decomposition, etc.)

General

F Fluence TW Target debris-Wall interactions
) Flux G Geometry

S Spectrum Q Power Density

T Temperatiure | Time

c Stress State q Surface Heat Flux

c Chemical Environment P Pressure

I Impurities Py Tritium Pressure

H Tritium v Velocity

A Dimensions (Area) N Cyclic Operation

B Magnetic Field Strength S Surface Condition

b Transient Magnetic Field Y Gamma Radiation

L Laser HI Heavy lon

TG Tritium Generation B Beam Current

D Debris P Pulse Shape

OF Optical Energy Fluence E! lon Energy

Pg Background Gas Density E Beam Energy

n _ Neutron Environment v Vacuum Environment

References for 5.1
1. Prometheus Study, This Report.

2. M. A Abdou, et. al.,, FINESSE: A Study of the Issues, Experiments and Facilities
for Fusion Nuclear Technology Research and Development, Interim Repont,
Volume 11, UCLA-EGG-84-30, p. 821, October 1984,
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This section contains the IFE Key issues Summary, Table 5.2-1. For each issue, this
table indentifies the applicable reactor concept, potential impact as to feasibility or
attractiveness, specificity to the system design, level of concern, assessment of the
neutron and general environment, and relevance to MFE. Each issue is discussed in

detail in section 5.4.

Table 5.2-1

IFE Key Issues Summary

Issue/Technical
Area

Reactor
Concept

Potential
Impact

Design
Specificity

Level of
Concern

Operatin

Environment

Neutron

General

Relevance
to MFE

A}
Aa
A.aid

Target

Target physics
Direct Drive
Target Coupling
A.a.2 Indirect Drive
Target Coupling

A.a.3 Survivability of
Targets in
Chamber
Environment
A.b Beam/Target
interaction
Demonstration
of Injection and
Tracking of
Targets
Coupled with
Beam Steering

A.b.1

Ac

; Fabrication
A.c

Manufactur-
ability of High
Quality, Low
Cost DD and ID
Targets’

B. Driver
B.a Laser
B.a.1 D/T Target
llumination
B.2.2 Large Laser
Bandwidth
B.a.3 Final Optics
Pointing
System

L/HI

L/HI

L/HI

L/HI

DW,UL,
RP

DW, RP,
IC.RS

DW, RP

UL

UL, RP,
IC.RS

DW, UL,
RP, IC

RP,IC

DW, UL,
RP,IC

Generic

Generic

Generic

Generic

Generic

bL

DL

DL, S

Crtical

Critical

High

Critical

High

High

High

High

H DR

H, L, TWI,
G,N

LTWILG,Q,
NS F.T,
qg,st

S, T A G,
.t q,P.v

A TWIL P

H, TWI, N

None

None

Low

Low

Medium

Nonhe

None

None
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Table 5.2-1 |IFE Key Issues Summary (Continued)
Issue/Technical Reactor | Potential | Design | Level of | Operating Environment | Relevance
Areg Concept | Impact |Speciticity | Concern { Neutron General to MFE
B.a.4 Grazing L PDw, UL, | DL, 5,V |High H,D,R |L F, TWI, [None
Incidence Mirror RP,IC Mirror Qqv
Damage
B.a.5 SBS Pulse L iIC DL High L.t G Nonhe
Compressor
B.b Heavylon
B.b.1 Timing of Heavy | HI RPR,IC DHI High P,Q,1,.B,G, |Low
lon Beam N, T,E.ElLp,
HI
B.b.2 Channel Hi RP,IC DHI High P.Q.1.B.G, | Low
Formation N, T.E.ELp,
Hi
B.b.3 Channel Hi RP,IC, |DHI High P.G,1.B.G, |Low
Transport RS, RL N, T.E.ELp,
HI
B.b.4 StrippingofHl §HI RP,IC DHI High P.QIBG, |Low
Beam N.T,E.ELp
Hi
B.b.5 Alignment of RP, IC DHI H D,R |P.QILBG, |Low
Indirect HI High N,T,E.El.p
Target HI
C. Vacuum System
and Evacuation
C.1  Vacuum Seal L/HI Generic | Low High
Compound
Survival in
Nuclear
Environment
C.2 Cryogenic L/HI Generic | High High
Pump -
Hydrogen
Capacity
C.3 Chemical L/Hi Generic | Medium C None
Stability of the
Reactor
Exhaust

Use or disclosure of data
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Table 5.2-1

IFE Key Issues Summary {Continued)

IssuefTechnical
Area

Reactor
Concept

Potential
Impact

Design
Specificity

Level of
Concern

QOperating Environment

Neutron

General

Relevance
to MFE

D. Tritium
Processing
System

B.1 Trtium

Inventory Mean

Residence;

Time of Tritium

in the

Subsystems;

Tritium Losses

from the

Subsystems

D.2  Tritium Permea-

tion from the

First Wall

Coolant - Ligquid

Pb

E. Cavity

Wall Protection
Cavity Vapor
Hydrodynamics

Eaf

E.a.2 Cavity Structure
Mechanics
Response to
Blast

E.a.3 Vapor
Condensation
Rate

E.a.4 Radiation Heat
Transport in
Partially-ionized
Gas

Film Flow
Conirol:
Injection,
Uniform
Thickness and
Drainage

E.ab

E.a.6 Film Flow
Stability and
Response to
Impulsive

Loading

L/HI

L/Hi

LHI

LHI

HI

L/HI

L/HI

L/HI

RS

Dw, UL

UL, RP,

DW, RP,

RP, RL

DwW

bw

BT TF

Generic

All

WP

Generic

Generic
Thin Film

Thin Film

Medium

Critical

High

Crifical

High

Critical

High

S.A,GTWI,
Q,t.q,P

F)TJG!AJ
TWILG.Q,
q,P,N;s

T,A,TWIG,
t,q. P

TATWIG,
Qta

AGv

A G v

High

None

Low

None

Low

Low

Low
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Table 5.2-1 IFE Key Issues Summary (Continued)
Issue/Technical Reactor | Potential | Design | Leve! of | Operating Environment | Relevance
Area Concept | Impact |Specificity | Concern | Neutron General to MFE
E.a.7 Pb/Sic Wet- LHI RP, RL, [ Specific | Medium Cls Low
ability C
E.a.8 Pb Compatibility { L/HI RP, RL, | Specific | Medium T.C.v Medium
with Steel RS
E.b Blanket
E.b.1 Tritium Self- L/HI DW Generic | Critical H DR | F&S5T,C, | High
Sufficiency I.TGAG,
Q.t,Pt, Ny
E.b.2 Tritium L/HI DW, US, | SB Critical R,H F.¢8, T.C, | High
Inventory, iC LAG.Q
Recovery, and
Containment
E.b.3 Breeder/Struc- | LHI RL, RP | SiC, SB | High H,R F.T,C.1LAL, | High
ture Mechanical N,G,P
Interactions
E.b.4 Off-normaland | L/Hi IC, RS SiC High H T,5.G,Qt |High
Accident Pt,V,P.N,
Conditions TG
E.b.5 Structural E/HI RS, UL |SiC High H,D,R |F,Tg,Cl [|Medium
Response and AGQLN,
Failure Modes P
E.b.6 Corrosion and | L/HI DwW SB High H, R F,T,C, It {High
Mass Transfer Pi, N
E.b.7 Tritium L/HI US, Ut | Generic | High R,D F,N, T, P, { High
Permeation |
E.b.8 Fabrication L/HI IC, UL 5B, SiC | High AG Medium
E.b.9 Heat Genera- L/H! RP, RS | Generic | High R.H $.5,G,Q,t, | High
tion and Power Y
Production
E.c Shield
E.c.1 Effective of Bulk
Shield
E.c.1.1 Biological L/HI RS, UL | Generic | High R D o, F, S5, G |High
Dose during
Operation and
Maintenance
E.c.1.2 Radiation L/HI RS, US | Generic | High R,D ¢, F.S G High
Streaming
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(Continued)

Issue/Technical

Area

Reactor
Concept

Potential
impact

Design
Specificity

Level of
Concern

Operating Environment

Neutron

General

Relevance
to MFE

E.c.1.3 Analytical

E.c.2

£.c.3

E.c.4

E.c5

H.A

H.2

Techniques
and Data Base

Shield
Compatibility
with Cavity and
Vacuum
Boundary,
Inclucing
Assembly/
Disassembly

Activation of
Reactor
Building
Components
Qutside the
Cavity

Shielding of
Final Mirrors

Shielding of
Quadrupole
Magnets

Materials
Viability of SiC
Structure

Thermo-
Mechanical and
Materials

Heat Transport
and Secondary
Energy
Conversion

Mainienance
and
Configuration

Computer
Reliability

Total Remote
Maintenance

L/Hi

LHI

LHI

Hi

L/Hi

LHI

L/H!

RS, UL

RS, UL

RS, UL

UL, RP,
RL,IC

UL, RP,
RL, IC

RP.RL,U

DW, RP

Generic

Generic

(Generic

Mirror

Magnets

FW, B

DL

High

High

Low

High

High

High

High

No Key Issue Identified

UL

DW, UL

Generic

Generic

Low

Low

R,D

R, D

R, D

D,R,H

D,R.H

D, R

D.BH

o5 GF

¢, F.5G

¢l F1S’ G

o, F.S5 G

¢, F, S G

vwT,0

v T, ¢

F.S.T,CH,

High

High

High

None

Medium

High

Low

High

High
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Table 5.2-1 IFE Key Issues Summary (Continued)
Issue/Technical Reactor | Potential | Design | Level of | Operating Environment | Relevance
Area Concept | Impacit |Specificity | Concern | Neutron General to MFE
H.3 Material Joining | L/HI DW,IC Generic | High F,5,T,C H, | High
B
H.4 Lead Flushing [ L/HI IcC Generic | Medium F,T.H Low
H5 Seallife L/HI DW, IC Generic | High F.,S.T,.C,H, | High
B
H.6  Embrittlement L/HI oW, IC Generic | Medium T High
Temperature
l. Balance of Plant No Key Issue Identified
J. Safety and
Environment
J.1 Overall plant L/HI IC, RS T Medium H Medium
tritium inventory
J.2  Permeation of L/HI RP T Medium H Medium
Tritium
J.3  Normal /HI C T Medium H Medium
Operation
Tritium Release
J.4 Neutronic Cross | L/Hi us Generic { High R F.$,5,Q,y | High
Sections/Data
Library for
Activation
Analysis
J.5  Removing L/HI Us, IC, Fw Medium [ R F,0,5,Q,y | Medium
Decay Heat from RS
Lead Ceolant
Under Accident
Conditions
J.6  Hydrogen Burn | L/H! RP,IC TF Medium H, Py None
Due to Rupture
of Diffusion
Vessel
J.7  Detection of L/HI us, IC FwW High F.$,5,7,Q, | High
Local Dry Spots c
Prior to Failure
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Table 5.2-1 [FE Key Issues Summary (Continued)

Issue/Technical
Area

Reactor
Concept

Potential
Impact

Design
Specificity

Level of
Concern

Operatin

Environment

Neutron

General

Relevance
{o MFE

J.8  Detailed
Accident
Analysis
J.9 Removal of
Contaminants
from the Liquid
Lead

J. 10  Impact of Large
Quantities of
Lead on Waste
Disposal

K. Subsystem
Interactions
Laser System/
Cavity interface
and Final Mirror
Protection

K.2 SiC/Metal
Piping
Transition
Interface
K.3 Heavy-lon
SystenvCavity
Interface and
Beam Propaga-
tion, Focusing
and Optics

L/HI

L/HI

L/HE

LHi

H

IC, RS

RP, RS

IC, RS

UL

Dw

All

WP

wpP

DL

CS/
CBOP

DH, WP

High

Medium

Low

Critical

Critical

High

All

F,OF,S,C,
T’n:YsVaSa

C,T.H AP,
Qv

pg,Q,]B,G,
N, T.E.Elp

Medium

None

None

Low

High

Low
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5.3 Prometheus Reactor Design Study Critical Issues

This section presents the critical issues identified for the laser and heavy ion driver,
reactor cavity and balance-of-plant systems considered for the Prometheus IFE power
plant design study. Each critical issue is broad in scope and covers several of the
most important key issues for a number of components and technical disciplines. The
final list of critical issues is presented in Table 5.3-1. References are coliected at the
end of each issue discussion

Table 5.3-1. List of Critical Issues ldentified by the Prometheus Design Study

Demonstration of Moderate Gain at Low Driver Energy
Feasibility of Direct Drive Targefs

Feasibility of Indirect Drive Targets for Heavy lons
Feasibility of Indirect Drive Targets for Lasers

Cost Reduction Strategies for Heavy lon Drivers
Demonstration of Higher Overall Laser Driver Efficiency
Tritium Self Sufficiency in IFE Reactors

® N ;A e N

Cavity Clearing at IFE Pulse Repetition Rates

©

Performance, Reliability, and Lifetime of Final Laser Opfics
. Viability of Liquid Metal Film for First Wall Protection
. Fabricabhility, Reliabitity and Lifetime of SiC Composite Structures

Y
N = O

Validation of Radiation Shielding Requirements, Designh Tools, and Nuclear Data

—ly
w

Reliability and Lifetime of Laser and Heavy lon Drivers

=N
P

Demonstration of Large-Scale Non-Linear Optical Laser Driver Architecture

iy
(4]

Demonstration of Cost Effective KrF Amplifiers

-
o

Demonstration of Low Cost, High Volume Target Production Technigues

McDonnell Douglas Aerospace
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5.3.1 Critical Issue No. 1: Demonstration of Moderate Gain at Low
Driver Energy - The U.S. National Energy Strategy! envisions three major facilities
for IFE/ICF applications development: a Laberatory Microfusion Facility (LMF) for high
gain target performance characterization and advanced military applications
development; an Engineering Test Facility (ETF) to provide high pulse rate capability
supporting fusion energy technology development and testing; and a Demonstration
Power Plant (DPP) to validate long term economic, reliability, availability and
maintainability issues for IFE. The total development cost associated with this plan will
be formidable because each facility will likely cost more than $1B. It therefore is
worthwhile to consider development paths that might enable a single faciiity to
address both LMF and ETF research and development needs. Hogan discusses the
prospects for such a facility in a recent paper2. Target experiments could be carried
out in a separate, single-shot cavity. Engineering development would be conducted in
another cavity with the target design and driver puise rate selected to produce
relatively low yield and fusion power. This approach would dramaticaily lower the cost
of IFE development potentially feading to a more near-term DPP.

Reactor design studies have typically focused on high-gain, multi-megajoule incident
energy target concepts that are appropriate for economic power production. However,
engineering development, is usually cost limited. It therefore is worthwhile to consider
if target designs that provide moderate gain (20-50) at low drive energy (1-2 MJ) are
justified. Such targets would lower the facility cost associated with IFE engineering
testing and fusion power demonstration. Target design studies for the Nova Ungrade
have identified conditions under which the ignition "¢liff" is shifted to much lowe ive
energy with the penalty of lower gain. This is illustrated in Figure 5.3.1-1 which
compares the projected gain for two different sets of implosion velocities and
associated hohlraum temperatures to that projected for the LMF conditions. (The
shaded region at the low energy end of the curves represents the uncertainty in the
location of the ignition “cliff* due to uncertainty in the capsule surface finish.)

As indicated, the alternative target designs coupled with a driver comparable to the
Nova upgrade (1-2 MJ) would be above the ignition cliff and repeatably produce the
output distribution (neutron/debris/x-ray split) and energy spectra of higher gain
targets. Reactor compeonent development testing could thereby be conducted at low
drive energy with a cavity radius scaled appropriately to duplicate the relevant reactor
parameters. In principie, this should provide the capability to achieve most of the ETF
goals at relatively low power levels with full thermonuclear effects in a moderate cost
facility. '

McDonneli Douglas Aerospace
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1 IIIIllt/
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Nova Upgrade
Energy Range ~
emonstrated -~

on Nova) T S

' 1
Laser Energy (MJ) Driver Technologx :

Figure 5.3.1-1. Gain Curve Scaling With Hohiraum Temperature Relative to Gain for
the LMF Conditions. Nova Upgrade Will Characterize the 1-2 MJ Region of
Gain Space and Reveal How Well the Location and Height of the
Ignition Clitf Can Be Controlied. (Figure Courtesy LLNL).

n

—

10

Issue Resolution Strategy - To help identify the region of gain space that is attractive
for reducing IFE development costs, the Prometheus driver, reactor and balance-of-
plant design/cost scaling relations were used to project curves of target gain versus
driver energy for a fixed capital cost facility. A 100 MWe demonstration power plant
was chosen for illustration purposes. The costs are for a first-of-a-kind plant and
include only direct construction costs. A summary of the cost elements included in the
study and their scaling with yield (Y in MJ), pulse repetition rate (RR in pps), thermal
power (Py, in MW), recirculating and gross powers (P, and Pgq in MWe) and driver
energy (E4 in MJ) is presented in Table 5.3.1-1.

The resulting driver cost variation with output energy is shown in Figure 5.3.1-2 over
the energy range of interest. This figure shows that projected laser costs are typically
less than those for a multiple-beam LINAC but more than those for the 2 GeV single-
beam system. The multiple-beam LINAC efficiency, however, is much higher than that
for the other two driver options which offsets its higher cost.

McDonnell Douglas Aerospace
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Table 5.3.1-1. Summary of Demonstration Power Plant Direct Cost Scaling
Used in Required Gain Curve Study

Cost Element Cost Scaling Relationship (M$)
KrF Laser Driver (NLO) 113 + 163 E4
Single-Beam LINAC (4 GeV) 288 + 76 Eg
Multiple-Beam LINAC (4 292+ 117 E4
GeV)
Single-Beam LINAC (2 GeV) 218+ 35Eg
Multiple-Beam LINAC (2 244 + 116 Eg
GeV)
Land and Structures 60 + 150(Py500)0-3
Reactor Plant 50 + 480(P/3000)%-5 + 320(Y/500)05
Turbine Piant 13 + 176(P/1000)08 + 20(Py},/2860) + 59((Pyh-Pg)/1860)°F
Electric Plant 71.5 + 67{Pg/1000)
Miscellaneous Plant 57(P/1000)0-3
Target Factory 50 + 100(RR/5.6)°7

Driver Capital Cost (M$)

0 0.5 1 15 2 25 3 3.5 4
Energy to Target (MJ)

Figure 5.3.1-2. Projected Cost Scaling for Small-Size KrF Laser and
Heavy-ion LINAC Drivers

McDonnell Douglas Aerospace
Use or disdosure of data
subject to title page restriction 5.3-4



INERTIAL FuUsSIiON ENERGY MDC 92E0C08, Vou. Il
REACTOR DESIGN STUDIES MARCH 1992

Efficiency plays a key role in minimizing the reactor and balance of plant costs for
small plants where the net power is comparable to that required by the driver. This is
because the recirculating power is equal to Py, / (M n4G) where M is the blanket
energy multiplication (1.1-1.4). If the recirculating power exceeds the gross power
(MthPin), no net power is generated. Conversely, if MngG exceeds 1mih by more than
a factor of two, the reactor and blance-of-plant costs are determined primarily by the
net power requirement. As a result, in a cost-limited scenario, the gain (hence yield
and associated plant cost) required to produce net power scales directly with driver
efficiency. Figure 5.3.1-3 shows the projected efficiencies for the drivers considered in
this study. The 10% Prometheus-L system efficiency may ultimately be increased to
15%, but both vaiues are well below the 30% efficiency possible with a MB LINAC.
This makes the MB LINAC an attractive option in spite of its higher capital cost.

It also is worthwhile to note that as driver energy increases, eventually there is no gain
which will support both the recircuiating and net output power requirements in a fixed-
cost facility. The driver portion of the cost becomes too large. The required gain
curves thus asymptote to infinity at some driver energy which is a function of the
specified capital cost.

50_

Driver Efficiency (%)

o . v ] + . ] ]
sy 940900 .15 ,.J.,5 .., ] . 41 . 443

0 0.5 1 1.5 2 2.5 3 35 4.
Energy to Target (MJ)

0

Figure 5.3.1-3. Projected Efficiency Scaling For Small-Sized KrF Laser
And Heavy-lon LINAC Drivers
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These simple power balance and cost relations were used to define curves of required
gain versus driver output energy for different fixed direct capital costs. Figure 5.3.1-4
shows the result for a 100 MWe power plant based on the Prometheus-L driver design
at 10 and 15% efficiency. it should be noted that the target design windows for cost-
limited development are the important consideration here not the projected capital
costs. Absolute costs may change, but the parametric scaling should result in similar
design windows. To assess whether the design windows are feasible, Figure 5.3.1-4
compares the gain requirement curves to possible optimistic and pessimistic physics
limitations on target gain for indirect-drive targets suggested by Hogan3.

The figure shows that target gains of 30-50 at a drive energy of 1-2 MJ provide a
possible DPP design window for either 10 or 15% laser efficiency. Improved efficiency
enlarges the design window (or conversely reduces the cost). But the gain required
for a 10% efficient laser is less than conservative limits on possible target gain, with
only $300M in additional funding beyond that needed to provide any design window.
Therefore, there is significant motivation to develop target designs appropriate for this
region of gain space. This is reinforced by the fact that such designs could likely be
validated on Nova Upgrade.

120
- e Opfimistic
' Limnit
100
=
i 80
S 60f
.g L
g 40
[+ o
20
o L. .
0 35

Energy to Target (MJ)

Figure 5.3.1-4. Projected 100 MWe Demonstration Power Plant Gain Space Windows
for the Prometheus-L Driver Configuration. Values Indicated Only
Include Direct Costs.

The simple power balance and cost relations were also used to evaluate the gain
space appropriate for heavy-ion drivers. Figure 5.3.1-5 shows these results for a

McDonnell Douglas Aerospace
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comparable 100 MWe power plant with a single-beam (SB) LINAC driver based on the
Prometheus-H design configuration. To assess the feasibility of such designs,

Figure 5.3.1-5 again includes possible optimistic and conservative limits on gain
suggested by Hogan3. This figure shows that SB power plants only require gains of
20-30 at a drive energy of 1-2 MJ due to the higher driver efficiency. This is greater
than the conservative limit on gain scaling would suggest, but it is well below the
optimistic gain scaling limit. A driver with 2.5 MJ output is required to surpass possible
conservative limits on gain.

It is also worthwhile to note that the 2 GeV option may provide an extremely attractive
development path. As indicated in Figure 5.3.1-2, this driver costs ~60% of the 4 GeV
system because it is half as long. At driver energies above 3 MJ, the number of beams
becomes excessively large (greater than 40) for a 2 GeV system. However, if viable
target designs are possible in the 1-2 MJ energy range, this option provides a very
low-cost driver {(<$300M) with a number of beams comparable to that proposed for the
Prometheus-H plwer plant. Further characterization of heavy-ion target designs in this

region of gain space thus is clearly justified.
120

e Optimistic
i Limit

| $1.2B; 4 GeV

=

o3

0]

&

1 Y e

2 : ' -

5 ! P . §1.2B;2GeV 7

g 40 RN - N O — o G oG T e Conservative
g D . % Limit

$1.58; 2GeV |

20 ------------- o g o A—- T
] : : T T T $15B;4GeV

)| A A S . i RV UTIN R R
0 0.5 1 1.5 2 2.5 3 35.
Energy to Target (MJ)

Figure 5.3.1-5. Projected 100 MWe Demonstration Power Plant Gain Space Windows
for the Single Beam Prometheus-H Driver Configuration. Values Indicated
Only Include Direct Costs.

Figure 5.3.1-6 shows these same gaih space design windows for a 100 MWe power
plant with a multiple-beam (MB) LINAC driver. This option eliminates the core
recycling and storage rings required for the single beam design, which leads to

McDonnell DOUQI&S Aerospace
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efficiencies between 20 and 40% as indicated in Figure 5.3.1-3. This makes the MB
LINAC an attractive option for a DPP in spite of its higher capital cost, as indicated in
Figure 5.3.1-2, since recirculating power is significantly lower. This is highlighted in
Figure 5.3.1-6, which shows that the required gain curves for an MB LINAC are
actually lower than those for the SB LINAC once funding is large enough to get over
the hump of its higher capital cost. Gains of 10-20 at driver energies between 1 and 2
MJ are all that is required to build a small DPP using an MB LINAC driver.

The figure also shows that the 2 GeV design may once again offer an attractive
development pathway. The cost advantage of a 2 GeV system is reduced for the MBL
driver, as indicated in Figure 5.3.1-2, but its efficiency is comparable to that at 4 GeV.
Furthermore, target performance will likely be improved at this energy because of the
shorter ion range. A 2 GeV MB LINAC may therefore prove to be the best option for a
heavy ion DPP. The SBL capital cost is significantly lower, but this is offset by reduced
BOP costs for the higher MB efficiency for a small DPP where there is little excess nG.

120 1

e Optimistic
e Limit

100
* $1.28; 4 GeV

sof

60 |

Required Target Gain

a0 |

20 |

. 81.5B; 2 GeV

0 05 1 1.5 2 25 3 35

Energy to Target (MJ)

Figure 5.3.1-6. Projected 100 MWe Demonstration Power Plant Gain Space Windows
for a Muitiple Beam LINAC Driver. Values Indicated Only Include Direct Costs.

It, therefore, is critical that the Nova upgrade or a similar plant be implemented in a
timely manner. Target experiments could then be conducted to characterize the
location of the igniticn cliff and the height of the gain curves for advanced target
designs. This will establish a database for designing the ETF/L.LMF facility. An early
~2000 demonstration of low drive energy (1-2 MJ) target designs with repeatable

McDonnell Douglas Aerospace
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gains comparable to those projected by this study would also provide strong
justification for a fower-cost IFE development pathway utilizing such moderate-gain
targets. This could provide the impetus to accelerate the engineering development
and commercialization of IFE technology.

References for 5.3.1

1. National Energy Strategy, First Edition 1991/1992, U.S. Department of Energy,
Washington, DC, February 1991.

2. W. J. Hogan, "Small Inertial Fusion Energy (IFE) Demonstration Reactors,” to be
published, Proceedings 14th IEEE/NPSS Symposium on Fusion Engineering,
San Diego, CA, October 1991.

3. W. J. Hogan, private communication, 1992.
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5.3.2 Critical Issue No. 2: Feasibility of Direct Drive Targets

Description of Problem - There are strong incentives to consider direct-drive (DD) laser
targets because of higher gains. However, the feasibility and performance
characteristics of DD targets are presently uncertain. These discussions are likely also
applicable to heavy ion, direct drive targets, but the database is non-existent. The
fundamental laser driver architecture of the Prometheus IFE Reactor Design is strongly
influenced by the direct-drive (DD) target illumination requirements given by the Target
Working Group (TWG). Unfortunately, the specified TWG requirements may contain
some serious inconsistencies with published plasma physics requirements for efficient
laserftarget coupling. The laser driver spatial intensity profile in the target plane
provided by the TWG is not consistent with the Fresnel number of the beam at the
location of the target. In addition, there are concerns that the long, 80 ns precursor
pulse may produce significant deleterious effects, such as generation of non-linear
scattering processes which may lead to target preheat, thereby preventing an efficient
DT implosion from occurring. Designs for DD targets appear to have been anchored
on experiments conducted on miniature DD targets illuminated with only a few kJ of
laser energy. Large reactor sized, multi-MJ DD targets apparently require entirely
different illumination scenarios. For reactor operation, the DD targets must also be
accurately injected into the target chamber with a tracking/alignment system capable
of meeting the illumination uniformity requirements set forth below.

Review of Target lllumination Requirements Supplied by TWG - The TWG has

provided the project with laser direct drive target illumination requirements which
include the following elements:

(1) = 60 beam illumination with + 1% illumination homogeneity of a 6-mm diameter
target

(2) 80 ns precursor puise containing 30% of energy, followed by 6-ns main pulse
(long prepulse generates underdense plasma atmosphere 3.2-cm deep prior
to arrival of main pulse, thereby risking generations of SBS, SRS, hot
electrons, and resonant absorption mechanisms)

(3) UV wavelength (<300 nm) with approximately 5 MJ of energy

(4) Tangential illumination {beam diameter at target = target diameter); no
mention of focal zoom; beams are circular in cross-section, (very wasteful of
laser light, excimer laser beams are square, may encourage resonant
absorption in underdense plasmas)

(6) The spatial intensity distribution of the incident laser beams in the target plane
is described by karget(x) = (sin? x} /x? (inappropriate apodization for
homogeneous illumination and efficient excimer laser extraction)

McDonnell Douglas Aerospace
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There were no TWG specified requirements on beam polarization, bandwidth, or beam
quality, all of which are important parameters in laser/target interactions. During the 6-
ns main puise duration, the direct drive (DD) target implodes from an initial 6 mm
diameter down to 3 mm, which corresponds to an implosion speed of 2.5x107 cm/sec.
Approximately 30% of the DT fuel is fused during the resulting implosion.

Physics of Target Implosion - Using the TWG criteria, the DD target is assumed to be a
6-mm CH spherical shell containing a layer of frozen DT. The initial laser photons
incident on the CH shell blow off an underdense plasma from the CH shell to permit
the main pulse to interact primarily with the plasma atmosphere. The intention is to
drive a symmetrical implosion of the D/T fuel to at least 20 times liquid density. A
diagram of a single beam (one of many) tangentially illuminating a spherical direct-
drive target at the start of the laser pulse is shown below in Figure 5.3.2-1.

Cilute Piasma Ablated by
Precursor Ramp

Quter Annular
Target Areas
NearGrazing ..........
ncidenge T T T UL IS
Incident Converging / © " 0 [ 11 0N .. ... DirectDriveDT . | |
LaserBeam /. . .. .. ... N\N..... T arggtgf DiameterD- - - -
Ll 6, Andleotincdencs | L1l ol
: . ....................... Beam Focus

Figure 5.3.2-1. Diagram of Tangential Direct-Drive Target Illlumination
Geometry at Start of Main Puise

A precursor pulse this long produces an underdense atmosphere 3.2 ¢cm deep by the
arrival of the main puise, thereby providing a long gain length for non-linear processes
which can cause target pre-heat. During the resulting implosion occurring at a speed
of approximately 2.5x107 cm/sec., the target compresses to ~50% of its original
diameter. Unless the laser beam focal spot sizes are also reduced by 50%, a
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significant amount of laser light would consequently miss the target. A diagram
illustrating this problem is shown in Figure 5.3.2-2.

_______________ Expanding Plasma Generated
................... by Precursor Ramp

QuterAnnular, L L L L L L L LS
.. Tar.get AMCEE - « + ¢ 4 4 4 s e et e e e e e e e
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................................ itical + + « - Beam Focus

Figure 5.3.2-2. Diagram of Tangential Laser lllumination
Geometry at end of 6 ns Laser Puise

Recapitulation of Published Plasmg Physics Target Coupling Requirements -

Unitormity of target illumination for muitiple beam geometries is essential for
preventing the growth of Rayleigh-Taylor instabilities. However, it is also important
that the angle of incidence, 8, between the incoming laser beams and the target be
minimized in order to absorb the incident beam efficiently into the critically-dense
plasma atmosphere blown off from the target. According to Kruer,! the fractional
absorption, fa, for a linear plasma density profile is given by the expression:

32v L 5
—— 8L cos 0

f =1—-exp|-
A 15¢ (5.3.2-1)
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which, as indicated, depends upon cos® 8. Here, v is the plasma collision frequency
evaluated at the critical density, nght. In addition, since an obliquely incident optical
wave reflects from the plasma at a lower density than the critical density, less
collisional plasma is traversed by these waves, further decreasing the coupling
fraction. Calculations were carried out using this absorption function using the
geometry shown below in Figure 5.3.2-3.

Varying Incident Angles

for Laser Beam Zones
--.._.___‘* /\
M

Direct Drive DT Target

Incident Laser Beam
Divided Into Zones

Figure 5.3.2-3. Geometry for Computing Angular-Dependent
Light/Plasma Coupling Efficiencies

Using this geometry and Eq. 5.3.2-1, the target coupling efficiency was calculated
assuming that fao = 1 for 6 = 0 with a top hat apodization; the results are plotted below
in Figure 5.3.2-4.

For a linear density profile averaged over the implosion time, these simulations
estimate that only 15% of the laser light incident on the target will be absorbed. Since
the actual beam shapes from the excimer lasers are square, a further reduction in
target absorption efficiency of n/4 occurs. For an exponential electron density profile in
the plasma (nc = Ngrit €xp(-2z/L), the fractional absorption, {4, is given by the expression:

8v L
f,=1-exp —2_cos®p

3¢ (5.3.2-2)
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Figure 5.3.2-4. Fraction of Incident Laser Light Absorbed For
Linear Plasma Density Profile

which, as indicated, depends upon cos3 6. Calculations were also carried out using
this absorption function with a top hat apodization. In this case, 28% of the energy
incident on the target would be absorbed.

Resonance Absorption Calcylations - The energy absorbed by resonantly driven fields

in the plasma is described by the expression:2

[ VI<EER) ‘
E = J ) 2 dr sin 6 do do 6329

where Eris ;he radial electric field of the laser beam. Near the critical density, the
expression for Er is given by:

£ {t+1) T (1)
E, =———a(1 -af) P, (cos 6) cos ¢ exp(id) >
(iek %) anya (5.3.2-4)

where o is given by the expression:
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_ JL €+1)
(=

kR, (5.3.2-5)

(where R is the radius of the plasma critical density) and where ®2(1)) is the
absorption function for the ith mode. The fraction absorption of the ith mode, fra, is
given by:

RA on [ (5.3.2-6)

so that the total power absorbed from the laser beam as a consequence of resonance

absorption is given by:

PE 2 2
[

PRA= Lg‘b (T[) 1-¢

(5.3.2-7)

where P, is the laser power in the ith mede. The net result of performing the integral in
Eq. 5.3.2-3 is to show that resonance absorption generally depends upon (cos 6);2
the implication is that tangential target illumination proposed by the TWG would favor
resonant absorption over inverse Bremsstrahlung for large angles of incidence.
Perhaps a more serious result of these analyses? is that the spatial absorption
distribution function is not uniform over the target sphere. The calculated RA
distribution for a vertically polarized laser beam is shown in Figure 5.3.2-5.

As shown, resonance absorption is predicted to produce two symmetrical "hot spots” of
absorption at mid-latitudes on the sphere when illuminated with linearty polarized
light. This may constitute an absorption uniformity problem because this process
occurs even when the sphere is uniformly illuminated. However, by using A = 248 nm
laser radiation, the effects of resonance absorption are not expected to be reduced
relative to inverse Bremsstrahlung.

DD Target Injection. Tracking. and Alignment Problems - The 6-mm DD target is
assumed to be injected into the target chamber with speeds of the order of 200 m/sec.

Owing to the vagaries of mechanical and/or electromagnetic injection methods,
tracking of the target and alignment of the 60 beamlines to the anticipated location of
e target is mandatory. If tangential illumination is used, beams need to be aligned
*h an accuracy of +500 . (corresponding to an angle Aa = 25 prad as seen by the

M) relative to the target. If pyramidal apodization is used, much more accurate
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Figure 5§.3.2-5. Resonant Absorption Contours on Spherical DB Target

target alignment is required {estimated to be +5 u [corresponding to an angle

Aa = 0.25 urad as seen by the GIMM)]). In order to achieve the requisite alignment
accuracy in this case, a reflective "shine shield" on the direct drive target is strongly
recommended. Althocugh DD target injection, tracking, and alignment present
technological challenges, it is believed that these problems can be solved using
careful engineering, paralle!l dedicated computer processing, and advance metrology
techniques. '

Summary - Present specifications for the DD target illumination requirements such as
those provided by the TWG, are based upon work performed at only a few kJ of laser
energy. Elementary plasma physics and optics calculations suggest that the current
TWG DD target illumination specifications are seriously flawed. [t is essential that DD
target results obtained at hundreds of kilojoules to megajoules be carried out as soon
as possible to permit realistic DD target driver requirements to be generated. Such
experiments could be performed using the Nova Upgrade laser proposed to be built at
the Lawrence Livermore National Laboratory.3:4 Using advances in laser technology
together with SDIO tracking technology, we anticipate that high gain DD targets could
be developed which require only a few MJ of laser energy to achieve optimum
performance. These large reductions in the requirements for laser energy can lead to
significant reductions in COE as well as an increase in reliability. More importantly,
the development steps will have facilities of much smaller size and moderate costs.
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5.3.3 Critical Issue No. 3: Feasibility of Indirect Drive Targets for Heavy
lons

Description of Problem - The feasibility of the indirect drive (ID) targets for the heavy
(HI) ion driver is, in part, linked to: (1) the properties of the method used to transport
and focus the HI beam to the target, (2) the accuracy and reproducibility of the
repetitive HI target launch system which injects the |D targets to the center of the target
chamber, and (3) the ability of the high-Z hohlraum cavity to efficiently convert and
smooth the radiation incident on the DT capsule. This study is involved with finding
innovative solutions only to the first and second tasks.

There are several methods of transport of the heavy ion beams across the cavity and
focusing onto one or more locations on the target, either direct drive or indirect drive.
Sections 4.3.2 and 6.5.2.6 discuss these options in some detail. Two methods are
worthy of note, ballistic transport and channel transport. A concurrent IFE Reactor
Design Study! was accomplished by a team lead by W.J. Schafer Associates. This
team selected the ballistic approach while the MDA-led tema chose the channel
transport. In the interest of brevity, the discussion of this issue will be limited to the
channel transport option although may aspects of the issue are common and generic.

In the approach being investigated for the Prometheus-H IFE Reactor Design, a
number of HI beams is focused onto a stripping foil or cell placed in front of a pre-
ionized channel. The HI beam(s) are then completely stripped, yielding mega-ampere
currents which overcome space charge repulsion 1o self-focus the beam(s), thereby
trapping the ions in a small diameter {a few mm) channel whose direction is accurately
determined by the pre-ionizing beam. This self-focused, small diameter beam is
subsequently directed to the convertor regions of the moving hohlraum target capsule.
The target has been injected to arrive at the center of the reactor target chamber
synchronously with the arrival of the Hl beam(s).

Two types of indirect drive, heavy ion fusion targets were considered:

(1) Single energy convertor 1D hohiraum targets designed for single-sided target
irradiation (SSTI), and

(2) Dual energy convertor 1D hohlraum targets designed for dual-sided irradiation
(DSTI).
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The feasibility of efficiently imploding both of these ID targets depends upon the
solution of a series of technical problems, including:

{1) Providing return paths for the 13.3 x106 A current for the SST!I beam and for
6.7 x106 A for each beam for the DSTI case.

(2) Successful injection and self-pinching of the HI beams passing through the
stripping foil(s) into a self-focused, small diameter beam directed at the SSTI or
DSTI ID target.

(3) Accurate pointing of the pre-ionized channel(s) at the energy convertor(s) of
the 1D target.

(4) Precision launching of the HI ID targets to arrive repeatedly at the center of the
target chamber and synchronized with the arrival of heavy ion beams.

Review of Target Irradiation Requirements Supplied by TWG - The Target Working

Group (TWG) supplied the team with several unclassified documents2.3 which were
used to design a suitable HI driver design. The following general HI driver
requirements were determined from the TWG recommendations:

(1) Tightly focused HI beams containing approximately 5 MJ of energy are to be
delivered in a main beam pulse duraticn of 6 ns,

(2) The incident HI beam diameters need to be <6 mm at the 1/e2 points,

{3) The HI beams must intercept the convertor regions with an accuracy of

+0.5 mm.
Physics of Single-Sided HI ID Target Irradiation - Key to both the HI 1D target

irradiation of both single-sided and doubie-sided targets for the Prometheus IFE
reactor is the collapse of all the separate HI beams into a single, pre-ionized channel
of small dimensions. In the Prometheus IFE reactor design concept, this feat is
accomplished by focusing the separate, bunched beams with large quadrupole
magnets down to a common focus coinciding with a thin stripping foil. A schematic of
this configuration is shown below in Figure 5.3.3-1. Background gas is present to
permit autoneutralization of the focusing beams. Immediately prior to the arrival of the
bunched beams, a non-bunched, precursor HI beam is precisely directed through the
foil to the predicted location of the HI target. The target moves approximately 10 um
while the beams cross the cavity. Care must be taken to avoid damaging the HI ID
target with the non-bunched beam. A dilute gas (Pb vapor) at a pressure of ~100
millitorr is present in the target chamber. The non-bunched precursor Hl beam forms
an ionized channel in the dilute lead vapor from the foil to the HI target.
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Figure 5.3.3-1. Schematic of Prometheus Approach for Heavy lon
Single Sided 1D Target Irradiation

Following the arrival of the bunched H] beams, each +2 ion is stripped to an ~ +80
charge state, thereby increasing the current to a level of approximately 6 MA. This
beam current is more than an order of magnitude larger than is necessary to self-pinch
the combined beams, thereby leading to a trapped, self-focused Hi beam precisely
directed to the energy convertor of the single-sided Hl target. The diameter, 3, of the
self-pinched beam oscillates transverse to the beam direction with an amplitude
determined by the original beam emittance and a period of approximately 20 cm.

Physics of Double-Sided HI ID Target irradiation - The technical problems associated
with double-sided HI |D target irradiation are similar to those described above for the

single-sided HI ID target case. An additional constraint is that the two HI pulses must
not only arrive near simultaneously at each of the target energy convertors, but they
must also be accurately aligned spatially. A schematic of the double-sided HI ID target
irradiation geometry is shown below in Figure 5.3.3-2.

McDonnell Douglas Aerospace
Use or disciosure of data
subject to tifle page restriction 5 3'20



INERTIAL FusioN ENERGY MDC 92E0008, VolL. I
REACTOR DESIGN STUDIES MARCH 1992

N/2 Focusing
Heavy lon
Beams Self-Pinched Bundle Energy Converior )
of Hi Beams of Hohlraum N/2 Focusing

Heavy lon
Be

Stripping Reverse Reverse
Foil Current Current
el —— —

r LY

Self-Focused Channel
Self-Focused

Channel

Indirect Drive
HI Target Quadrupole

Focusing Magnets

Non-Bunched
lon Beam
{forms channel)

Target Chamber

Figure 5.3.3-2. Schematic of Double-Sided Heavy lon ID Target irradiation Geometry

As noted above, key to the Prometheus HI ID doubie-sided target irradiation concept is
the collapse of the two sets of separate HI beams into each of the two pre-ionized
channels of <6 mm diameter. In this case, the non-bunched precursor Hi beams
create the ionized channels in the low pressure (100 millitorr or less) lead vapor prior
to the arrival of the HI ID target.

In 2 manner similar to that described above for single-sided irradiation, following the
arrival of the N/2 bunched HI beams, each +2 ion is stripped to a ~ +80 charge state,
thereby increasing the current to a leve! of approximately 6 MA. This is sufficient to
self-pinch the combined beams, thereby leading to a pair of colliding, seli-focused HI
beams precisely directed to the energy convertor of the double-sided HI target.
Previous work performed with heavy-ion beams has shown that high degrees of
precision can be achieved with regard to both timing of pulse arrival as well as
intercepting a small aperture, providing the divergence associated with non-
compensated space charge have been cvercome.
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ID Hi Target Transport Problems - The problems asociated with transport of the indirect

drive heavy ion beam target relates to two general categories:

(1) Protection of the cryogenic target from thermal radiation, primarily emanating
from the cooling interior of the reactor chamber

(2) Accurate delivery of the indirect drive, heavy ion beam target 1o a location
where the beams can successfully illuminate the target.

Indirect drive targets by their very nature are relatively fragile and difficult to accelerate
rapidiy. In general, accelerations greater than 100 m/sec? are to be avoided. Target
velocities should be in the range of 200 m/s to minimize the transit time across to the
center of the chamber. Since the cryogenic DT capsule is relatively well protected
from the thermal radiation present in the target chamber, the Hi ID target is predicted to
be less prone to heating. Because of the 100 mtorr residual lead vapor pressure, the

- effect of viscous drag and turbulence on the motion of the target in the chamber must
be determined.

As mentioned earlier, the target injector and the beams must work in conjunction with
each other to provide the required illumination on every target. To date, the
experimental targets have been stationary and the beams and/or target adjusted to
achieve the desired illumination requirements. In demonstration power or commercial
reactors, this degree of accuracy must be achieved every time, several times a second.
This can be accomplished either with a highly precise target injector and the target can
be tracked and the beams adjusted to the known or predicted location of the target.

The factors which effect the final position of the target include the velocity vector at
release and the environment during the transit to the final position. The magnitude of
the vector, if measurable, is not a serious problem as the timing of the beams can be
adjusted to compensate. Alignment of the injector can easily be corrected. The
alignment of the single-sided injector would be easiest because it would enter from the
opposite side of the chamber and would be aligned coaxial with the beam. The
alignment of the injector with dual-sided illumination is more difficult because coaxial
injection is not permitted due to the on-axis precursor beams. The Prometheus
recommendation was to locate the injector off axis by 10° to clear the beamline cone.
This severely complicates the alignment because the lateral component of target
motion relative to the nominal beam axis. Timing of the beam becomes more ctitical
and/or beam adjustments are required.

One of the more serious difficulties is ensuring that during the release of the target
from the injector no lateral forces are induced which would influence the target velocity
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vector. The precision of the injector can be analytically modeled and then tested
experimentally to verify the required precision. The environmental influences within
the chamber are more difficult, especially predicting how the environment will behave
a few tenths of a second after the prior fusion reaction. Modeling and experimental
evidence will be required to develop the necessary database.

Upon leaving the injector, the velocity and position of targets must be determined. The
targets could be tracked (with difficulty) through the shield, blanket, and into the actual
cavity. Depending upon the known characteristics and behavior of the cavity
environment, the required degree of tracking is determined — the better the
environment is known, the less tracking is required and vice versa. Sensors can be
protected to some degree, but high levels of radiation hardening will be required
inside the shield area.

Summary - In the Prometheus IFE reactor concept, the feasibility of indirect drive
heavy ion targets is largely based upon the successful and efficient collapsing of a
large number of low ionization state particles into one or two single, highly ionized,
self-pinched ion beams that are accurately guided to the energy convertor(s) of a
heavy ion indirect drive hohlraum. Since the TWG specifications for HI ID targets were
vague, the Prometheus IFE reactor concept has necessarily incorporated a great deal
of flexibility in the final focus and transport portions of the heavy ion driver design.

It is important to demonstrate the validity of the Prometheus heavy ion final focus and
self-pinched propagation physics experimentally. Since these experiments must be
performed at full scale, it will be necessary to construct a substantial heavy ion driver
machine in order to demonstrate the concept. It is strongly recommend that this be
accomplished within the next decade.
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5.3.4 Critical Issue No. 4: Feasibility of Indirect Drive Targets for Lasers

Description of Problem - As in the case of the indirect drive heavy ion fusion target, the
indirect drive (ID) laser fusion target being considered by the Prometheus IFE Reactor
Design is a symmetric, two-sided hohlraum design. The feasibility of efficiently
imploding this 1D laser target has difficulties arising from three major sources:

(1) Plasma closure of the two entrance apertures to the hohlraum,

(2) Accurate target tracking and pointing of the multiple laser beams to coincide
with the two entrance apertures of the moving ID target, and

(3) Accurate and reproducible indirect drive target propagation from the pellet
injector to the center of the target chamber.

Significant misalignment of the laser beams could damage the radiation casing of the
target capsule and cause a target misfire.

Review of Target Irradiation Requirements Supplied by TWG - As in the case of the

heavy ion indirect drive targets, the Target Working Group (TWGQG) has supplied the
team with unclassified documents. In the original inertial confinement fusion driver
guideline document? supplied us, all references to indirect drive laser targets had
been removed. A second document,2 obtained much later, has some information
concerning indirect drive laser targets. After careful examining of the information in
these documents?.2 from the TWG, the following laser driver requirements were
surmised:

(1) Using the Nova Upgrade laser plan of 288 independently pointed beams
arranged in three or four rings of beams on each side of the target with the
beams distributed in angles ranging from 30° to 60° from the target axis, the
indirect laser target illumination requirement is achieved. It shouid be possible
to reduce the total number of beams to approximately 50. This would require
an energy balance between beams of 5%. (Achieving a 5% balance of power
among the laser beams is significantly easier than the 1% illumination
uniformity required for direct drive laser targets)

(2) Nearly ditfraction-limited laser beams are required with essentially all of the
~2.5 MJ in each of the two beams being contained inside a 1.5-mm diameter
spot. Pulse durations range from around 8 ns at a 5 MJ energy level to 10 ns at
10 MJ. of 6 ns. (This is readily achieved since the focal spot size froma 1-m
aperture mirror located 20 meters from the target chamber can achieve a

15-um spot size.)
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(3) A laser wavelength is needed for which efficient inverse Bremsstrahlung can
be achieved [UV Wavelength (<300 nmj)].

(4) A precursor laser pulse containing 30% of the energy and having a duration of
40 to 50 ns is required.

In general, these requirements are easier to meet than those specified for the laser
direct-drive target. There are, however, some additional problems associated with 1D
laser targets which may seriously affect performance.

ID Laser Target Transport Problems - As noted, indirect drive laser targets are

relatively fragile and difficult to accelerate rapidly. In general, accelerations greater
than 100 m/sec? are to be avoided. Since the cryogenic DT capsule is relatively well
protected from the thermal radiation present in the target chamber, the laser ID target
can survive for longer periods in the target chamber (i.e., the propagation speed of the
laser ID target need not be as great as that required for the laser direct drive target
owing to this protective feature). See Section 5.3.3 for a list discussion of similar
problems.

Summary - The feasibility of indirect drive iaser targets is largely based on overcoming
a number of potential technical problems: (1) directing 50 nearly diffraction limited
laser beams accurately to the entrance apertures of the target and (2) reliably
transporting the indirect drive target to the center of the target chamber with great
precision. A great deal of flexibility in the final laser beam focus and transport portions
of the laser architecture was incorporated to accommodate the range of specified
requirements. As in the case of the direct drive target, technical development of high
speed tracking and laser pointing systems are required in order to assure that all laser
beams would be properly positioned on the entrance apertures of the ID target.

References 5.3.4
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5.3.5 Critical Issue No. 5: Cost Reduction Strategies for the Heavy lon
Driver

Description of Problem - The attraction of the Heavy lon (HI) approach to IFE has
always been related to the fundamental technical feasibility of building a system with

the required properties to drive a pellet to ignition. The basic accelerator technology is
well developed, the beam physics is tractable, and existing accelerator systems have
exhibited 25-year lifetimes with 35% availabilities. A system to provide the required
average power could have been built ten years ago. The problem is cost. A 10-GeV
linear accelerator built with today's technology would cost billions of doliars.

There are two key issues associated with HI driver cost reduction:

(1) Space charge limited transport of a bunched beam, and
(2) High current storage rings for heavy ion beams.

Space Charge-Limited Transport of a Bunched Beam - Experiments and computer
simulations have shown that transporting beams for several kilometers at their space
charge limit should be possible, with little emittance growth. However, this Hl beam
transport has only been demonstrated with iow energy, low power, unbunched beams.

if the HI beams have to be transported at currents lower than the space charge limit,
then the accelerator will have to have a longer pulse (in the case of an induction
LINAC) or more quadrupole transport channels within the same accelerator, thereby
increasing the cost of the accelerator.

High Current Storage Rings for Heavy ion Beams - One of the characteristic properties

of linear accelerators is their ability to run at rather high average powers and relatively
high repetition rates. Since the clearing time in the IFE reactor chamber precludes
very high repetition rates for the DT pellet ignition, the LINAC is forced to operate at
uneconomically slow repetition rates. This problem can be eliminated if the beams for
the LINAC can be stored for a short period of time. By operating the induction LINAC
in the burst mode, the induction cores are used over and over, and of course, each
core is therefore smaller in diameter.

The issue here is one of demenstrating that a HI beam of the required intensity can
be stored in a storage ring for the requisite time, typically on the order of 1 to

2 milliseconds. The issues are similar to those associated with bunched beam
transport, but have the additional complications associated with closed orbit
synchrotrons, such as betatron and synchrotron resonances, etc., which can give rise
to emittance growth or beam loss. Furthermore, beam induced vacuum instability is
another problem which must be overcome. Ali of these issues can only be resolved
with an experimental storage ring with parameters reasonably close {0 what is
required.
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5.3.6 Critical Issue No. 6: Demonstration of High Overall Laser Driver
Efficiency

Description of Problem - The excimer laser driver system has a number of components
which can individually be optimized to yield high efficiencies. The achievement of
high efficiency is viewed as a crucial requirement for the laser driver. In addition to the
achievement of high efficiency is the corresponding goal of highly reliable
components. The laser driver consists of the following four major elements:

(1) Excimer laser ampilifiers

(2) Raman accumulators

(3) SBS pulse compressors

(4) Computer controlled and self-aligning optical train which directs the laser
beams through the various optical components and down into the target
chamber.

The latter three elements require some additional development and testing before they
can be judged adequate to be incorporated into a mature laser driver design. The
major problem to be addressed here is the first element, the excimer laser amplifiers.

The fundament of an efficient, reliable laser driver is the successful design,
construction, and testing of excimer laser amplifier modules.

During the past five years, relatively little work has been carried out in the USA with
regard to improving the efficiency and the reliability of moderate sized excimer laser
amplifiers. Some analytical studies! have been carried out on both electron-beam
excited excimer lasers (EBEELs) and electron-beam sustained electric discharge
lasers (EBSEDLs) which offered (on paper) gross wall plug efficiencies as high as
17%. These efficiencies, however, are more likely to be reduced significantly if
incorporated into a large laser system architecture. The main concern is that no
experimental work in excimer amplifier development is either currently in progress or
planned by the Department of Energy (DOE).

Work in the Soviet Union with sliding discharge cathodes in CO2 discharge lasers has
produced some promising results which may offer alternatives to the EBSEDLs. The
electric discharge lasers offer an inherently higher efficiency than the EBEELs since
excitation of the excimer species occurs along the neutral channel, thereby avoiding
the excitation of a large number of higher-lying states (which may contribute relatively
little to the overall amplifier extraction efficiency). Moreover, by avoiding transmitting
large beam currents through foils, hibachis, etc., the overall pumping efficiency may be
significantly higher.
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Required Future Work on Excimer Laser Amplifier Modules - There are several
problems with the electric discharge excimer lasers which require further experimental

work. These include:

(1) Characterization of the optimum pulse duration and gas mixture to achieve
efficient operation with a matched, efficient, pulsed power system.

(2) Sensing and prevention of the formation of arcs in the discharges.

(3) Extension of the operating lifetimes of the amplifiers to reach levels of 10° to
1010 amplifier firings between failures.

(4) Control of color center formation and chemical attack of amplifier windows
during the 109 to 1010 shot operational periods.

if these problems were analyzed theoretically and solutions found experimentally
during a series of technological development programs granted by DOE to industry,
the workhorse of the Prometheus excimer laser driver could be developed to the point
that it could be incorporated into a credible IFE reactor system by the year 2030.

Summary - The major obstacle to the development of a reliable, highly efficient
excimer laser driver for IFE reactors is the lack of work previously performed or
currently planned on moderate-sized (2-4 kJ output) excimer laser amplifier modules.
It is strongly recommended that DOE support an aggressive excimer laser amplifier
program with the goal of producing a 2 to 4 kJ ampiifier with a wall plug efficiency of
12% and a mean time between failures of between 10° and 1010 shots.

Amplifier modules this size can fail in operation without producing a deleterious effect
on the overall operation of the IFE reactor. Additional work would be needed on the
Raman accumulators, SBS pulse compressors, and beam conditioning systems as
well in order to achieve the objective of an efficient, reliable, operational IFE laser
driver by the year 2030.

Reference‘ for 5.3.6

1. “"New Technigues for KrF Laser Fusion Systems," Interim Report for Los Alamos
National Laboratory, pp. 2-70 through 2-72, Los Alamos, New Mexico, written by
Spectra Technology, Inc., Seattle, Washington.
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5.3.7 Critical Issue No. 7: Tritium Self-Sufficiency in IFE Reactors

Introduction - Fuel self-sufficiency is a critical requirement for a renewable energy
source. The first generation of fusion power reactors will operate on the DT cycle.
Since tritium is not available in nature, tritium must be bred internally in fusion reactors
using neutrons generated in the DT reactions. Therefore, careful analysis of the fuel
cycle is necessary to evaluate the conditions that must be met in a fusion reactor
design. These conditions must then be used as absolute criteria in selection among
design concepts and in defining the range of acceptable performance parameters.
Seif-sufficiency requirements must be included in a prudent plan for fusion research
and development.

Several characteristics of tritium and fusion reactors that make fuel cycie analysis
complex are (1) tritium is a gas in the natural state, (2) tritium undergoes radioactive
decay with a relatively short, 12-yr half life, (3) tritium must be fed nearly continuously
into the reaction chamber, (4) the fractional burnup, i.e. the fraction of the tritium atoms
fed into the reaction region that undergo fusion reaction before they are removed out
of the reaction region, is relatively low, (5) removal and processing of the fuel exhaust
from the reaction region involve many physical, chemical and thermal processes and,
generally, require a significant amount of time, (8) tritium bred in the blanket
surrounding the reaction region must be extracted and processed through several
processes that take time and, (7) the amount of tritium that can be produced in the
blanket per fusion reaction is sensitive to the choices of particular technologies of key
reactor components (e.g. neutral beams vs. rf in MFE or laser vs. heavy ion beams in
IFE) and to many of the specific design features and performance parameters for a
given technology (e.g. penetrations associated with direct or indirect KrF laser driver).

In previous work,? fuel cycle analysis was performed and fuel self-sufficiency
conditions were derived for magnetic fusion reactors. There are substantial
differences in the fuel cycle and in the reactor characteristics, and hence in fuel self-
sufficiency conditions and requirements between MFE and IFE reactors. The
purposes of this work are (1} to develop a mathematical model for the fuel cycle in IFE
reactors, and (2) to derive fuel self-sufficiency conditions and requirements. Future
work should compare the requirements and potential for attaining self-sufficiency in
future IFE and MFE reactors.

Self-sufficiency Condition - The tritium breeding ratio (TBR), A is defined! as:
N
N (5.3.7-1)

A=
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where N is the rate of tritium production in the system (primarily, the blanket) and N’
is the rate of burning tritium in the fusion reaction chamber {i.e., the fuel target in IFE or
the plasma in MFE). Defining two specific breeding ratios, the required TBR, A, and
the achievable TBR, A3; the condition to attain tritium self-sufficiency in fusion reactors
can then be written as:

Aaz A (5.3.7-2)

Since fusion is in a relatively early stage of R & D, accurate and clear definition of Ar
and Az must be general enough to account for uncertainties in reactor system
description and in predicting its performance.

The required TBR {A;) in a self-sustained fusion power economy must exceed unity by
a margin, G, necessary to (a) compensate for losses and radioactive decay of tritium
during the period between production and use, (b) supply a holdup inventory in
various reactor components, and (c) provide inventory for startup of other fusion
reactors.

The required A;, as shown later, is a function of many reactor parameters as well as
the doubling time, tg, and the radioactive decay constant for tritium. Examples of these
parameters are the fractional tritium burnup in the target, and the mean residence time
and tritium inventory in various reactor components such as the target factory, blanket,
and tritium processing systems. Many of these parameters vary from ¢ne design to
another; and, for a given design, the prediction of some of these parameters is subject
to uncertainties. We write:

Ar=1+Gp + Ag (5.3.7-3)

where Gq is the breeding margin for a reference conceptual design based on a given
estimate of its performance parameters, and where Ag is the uncertainty in estimating
the required breeding ratio (1 + Go).

The achievable TBR, A3, is alsc a function of the reactor design with particularly strong
dependence on the first wall/blanket design concept. At present, accurate prediction
of Ag suffers from two types of uncertainties:

(1) Uncertainties in system definition: Fusion reactor design concepts are
evolving. The choices for many of the design features, materials, and
technology options have not been made. The achievable TBR is strongly
dependent on many of these choices.
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{2) Inaccuracies in prediction: For a well-specified reactor system, the prediction
of the achievable breeding ratio is subject to uncertainties. These are due to
approximations or errors in the various elements of the calculations, e.g., in
basic nuclear data, data representation, calculational methods, and geometric
representation. We write the achievable TBR, A3, as:

Ag = Ac - Ag (5.3.7-4)

where Ac = TBR calculated for a specified blanket in a specified reactor system

Ag = uncertainty in calculating the achievable TBR
By=/be+ AFZJ (5.3.7-5)
where
Ag = uncertainty associated with system definition; i.e., the changes in A¢ due
to probable changes in the system definition
Ap = uncertainty in predicting the breeding ratio (Ac) for the specified system

due to nuclear data uncertainties, numerical approximations, geometrical
modeling, etc.

in comparing the potential to achieve tritium self-sufficiency among various reactor
concepts or among various blanket options for a given reactor design, it is useful to
define a "figure of merit." One such figure of merit is

£=Ag-Ac=(Ac-Ag) - (1 +Go + Ag) (5.3.7-6)

Required TBR - The analytic model developed in Reference 1 was modified to
describe the various elements of the tritium cycle in an IFE reactor. The model is
shown schematically in Figure 5.3.7-1. A set of differential equations was written down
to relate the tritium inventories in the various components of Figure 5.3.7-1 to their
operating parameters. The equations were solved analytically to derive explicit
expressions for the functional dependence of the tritium inventories. An exact
expression for the required TBR as a function of the doubling time and the tritium cycle
operating parameters was derived. A computer program was written, using these
eqguations, to calcuiate the dependence of the required TBR on the key physics and
technology parameters of an IFE reactor. Table 5.3.7-1 denotes the abbreviations
used in Figure 5.3.7-1.
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Figure 5.3.7-1. Schematic Mode! of the Fuel Cycle for IFE Reactor
Operated on the DT Cycle
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Table 5.3.7-1 Abbreviations Used in Figure 5.3.7-1

A = TBF
N" = tritium burn rate in the target
fj = tritium inventory in compartment i
T; = mean residence time of tritium in compartment i
£ = nonradioactive loss fraction of tiitium in compartment i
A = trittum decay constant
B = tritiumn fractional burnup in the target
fj = tritium fractional leakage to compartment i
Iy = constant flow rate of tritium recovered from waste, steam, and air processing units
I
1
A, = =(1-1)
1
4
8 =3k

A set of reference parameters was selected to represent the present best estimate.
This reference parameter set is shown in Table 5.3.7-2. The calculated value of the
required TBR with this reference parameter set is 1.05. A sensitivity study was then
performed to determine the sensitivity of A; to variations in various parameters. It was
found that the required TBR is most sensitive to:

+ B tritium fractional burnup in the target

* Typ the tritium mean residence time in the target factory
* tr the number of days of tritium reserve on site

* tg the doubling time

Figure 5.3.7-2 shows the variation of the required TBR with these most important
parameters. It can be seen from this figure that the required TBR can increase to
~1.25. Figure 5.3.7-3 shows the variation of A, with simultaneous change in the values
of B and T1p. The required TBR increases dramatically, e.g. to ~1.5 if B drops to 5%
and Tq9 becomes 20 days. Such high TBR can not be achieved in a fusion reactor.
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Table 5.3.7-2.

Reference Parameter Set for Tritium Self-Sufficiency Calculation

Tritium consumption (burn in plasma), N (kg/day)
Doubling time, t4{yr)

Tritium fractional burmup in ptasma, B(%)

Time reserved for independent tritium supptly, tr(day)

Non radioactive losses (chemical tie-up in radioactive waste, etc.) in

Breeder processing, e2(%)

Blanket coolant processing, e3(%)

Fuel clean up and isotope separation units, e4{%})
Reactor chamber and exhaust processing, £6(%)
Briver region processing, £7(%)

Wall protection processing, £8{%)

Target fabrication processing, £10(%)

Tritium mean residence time in

Blanket, Tq(day)

Breeder processing, T2(day)

Bianket coolant processing, Ta(day)

Fuel cleanup and isotope separation units, T4(day)
Reaction chamber and exhaust processing, Tg{day)
Driver region processing, Trz{day)

Wall protection coolant processing, Tg(day)

Target fabrication and target storage, T g(day)

Tritium fractional leakage from

Breeder to blanket coolant processing, fe(%)
Plasma to limiter processing, f {%)
Plasma to wall protection processing, fF(%)

Constant trtium flow returned from the waste, steam

and air processing, 19(g/day)

0.001
0.01
0.01

0.01

The achievable TBR is generally in the range of 1.1 to 1.3 with about 20% uncertainty
due to system definition and prediction capability. Two important conclusions arise
from this analysis:

(1} R&D effort for IFE must aim at achieving certain range of parameters that have
direct impact on tritium self-sufficiency. For example, the R & D goals should
be to achieve B > 20% and T1g < 10 days.

{2) Trtium self-sufficiency is a critical issue in IFE, as it is in MFE. Demonstration
of tritium self-sufficiency must be a goal for early integrated test facilities.
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Figure 5.3.7-3. Variation of Required TBR as a Function of Tyg (Residence Time in
Target Factory) for Various Values of the Tritium Fractional Burnup (B).

References for 5.3.7

1. M. A. Abdou, et al, "Deuterium-Tritium Fuel Self-Sufficiency in Fusion Reactors,”
Fusion Technology, vol. 9, pages 250-284 (March, 1986).
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5.3.8 Critical Issue No. 8: Cavity Clearing at IFE Puise Repetition Rates

Description of the Problem - Following each peilet explosion, the cavity filis with target
debris and material evaporated or otherwise ejected from the cavity surfaces. This

material must be removed from the cavity before the next target is injected. In the
Prometheus designs, the cavity is cleared by recondensing the condensable gases
onto the surface of the first wall, and by pumping non-condensable gases out through
large ducts.

Operation of a power reactor requires continuous operation at several (i.e., ~5-10)
pulses per second. For a fixed reactor thermal power, lower repetition rates require
higher yields, which in turn produce unacceptably high driver energy requirements
and excessive loads on the surrounding components. In order to ensure that a
feasible design window exists, the cavity pressure must be reduced to the level
required for target and driver energy propagation.

Evacuation requirements are based on propagation limits for both targets and driver
energy. Base pressure requirements are important for two reasons: (1) the time to
evacuate the chamber depends on the pressure, and {2) the level of protection to the
first wall (and final optics) afforded by the cavity background gas depends strongly on
the pressure. If a sufficiently high background pressure could be aliowed, the
survivability of the solid surfaces might be substantially enhanced.

Analysis - Driver propagation requirements depend on the type of driver. For the
Prometheus-L design, the Pb pressure limit for laser propagation was estimated as ~1
mtorr@0°C. Above this value, gas breakdown is expected to occur, in which case the
laser beams would be degraded. Target gain would start to decline.

Due to the innovative, heavy-ion channel transport mechanism used in Prometheus-H,
a much higher base pressure is considered acceptable. In this case, the 100 mtorr
limit is determined also by target transport. Target propagation limits depend on the
target design. Indirect drive targets are generally more robust than direct drive, and
can propagate at higher base pressure with less degradation. In order to resolve this
aspect of the issue, accurate estimates of maximum allowable base pressure need to
be determined for each target and driver design to be pursued.

Under idealized conditions, achievable cavity clearing times can be estimated by
analyzing mass and energy transport within the cavity. Figure 5.3.8-1 shows the
results of such a calculation. Cavity vapor temperature and pressure histories are
plotted for a Pb wetted-wali cavity design. In this case, approximately 3 kg of Pb are
evaporated by direct energy depasition from the x-rays which reach the first wall. The
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initial average cavity vapor pressure and temperature are estimated as 49 kPa and 3
eV, respectively. A much larger amount of Pb is subsequently evapeorated due to rapid
radiation cooling of the cavity vapor. Before the recondensation phase begins, about
80 kg of Pb (10 um) is evaporated.
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Figure 5.3.8-1. Cavity Vapor Pressure and Temperature Histories Following the Blast.

Based on this analysis, the cavity pressure drops below 1 mtorr before the next shot.
However, the actual physics of energy and mass transport and vapor recondensation
is very complex under the extreme conditions following a target explosion. The cavity
gas is partially ionized, and subject to highly time-dependent processes such as
hydrodynamic shock waves. Non-ideal effects such as liquid droplet formation and
effects of penetrations provide additional uncertainties.

While many-uncertainties exist, there are also various design solutions which can be
adopted to improve the cavity clearing rate. For example, condensing surfaces (or
cold jets) could be added. Some design proposals use large slugs of cold liquid to
evacuate the chamber. More research is needed to better understand clearing
requirements, the recondensation process, and to develop design solutions to this
critical issue.
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5.3.9 Critical Issue No. 9: Performance, Reliability, and Lifetime of Final
Laser Optics

Description - In this study, successful conceptual mirror designs were introduced.
These designs involved both the dielectric turning and focussing mirror and the final
optical component, the Grazing Incidence Metal Mirror (GIMM). Analysis of the
proposed design indicated that, with proper selection of materials and mechanical
configuration, the GIMM fifetime can be very long—on the order of the plant lifetime.
Clever shielding designs and materials selection for the dielectric elements can
likewise lead to great improvements in the overall laser reactor concept. In all
previous studies of laser fusion so far, it has always been concluded that the final
mirror will have to be at distances in excess of 30-40 m away from the cavity center
and that the lifetime and reliability will be small. Preliminary analyses of the
Prometheus design approach indicated the mirror could be a life-of-plant component
and yet be located 20 meters from the cavity center. An in-depth study of the
performance, reliability, and lifetime of the final optical components is necessary.
Advances in this area will, undoubtedly, iead to significant improvements of the entire
concept and will likely benefit other technological areas which rely on the reliable
performance of large laser mirror systems.

Analysis -

Turning Mirror - As far as the turning mirror is concerned, two categories of research
will be pursued:

(1) Shielding design of a neutron dump, and pinhole for minimization of the
damage caused by ionizing radiation (i.e. neutronic and photonic).

(2) Materials selection and data base analysis for the optimum choice of dielectrics
with the minimum amount of damage. in this area, rate theory would be used
to compute the accumulation rates of color centers and their impact on the
optical properties of the dielectric. To our knowledge, this approach has not
been attempted so far. A model with these capabilities can actually lead to the
development of annealing strategies for the elimination or reduction of the
effects of radiation on the optical properties of the dielectric materials.

Grazing Incidence Metal Mirror - The design of a reliable, long-life GIMM is critical to
the success of the laser fusion concept. A detailed thermo-mechanical design
involves the following features:

(1) De-coupling between the optical and structural functions of the mirror. A high
strength aluminum alloy is deposited on top of a composite SiC stiffened
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support structure. A very thin graphitic shear layer would be desirable, such
that the larger thermal expansion of the aluminum surface does not lead to
buckling patterns on the mirror's surface which would degrade the optical
quality of the laser beam.

(2) A low activation, zero swelling composite structural support of the aluminum
surface. Thermal deformations of the surface are corrected for by uniform end
moments . These correcting moments can be induced by clamping the
structural support to a rigid concrete shell, which would also give only one two
degrees of freedom for thermal expansion. Design of mechanical
sliding/bolting systems must be demonstrated in order that the deflections
caused by the small temperature gradient across the mirror's surface can be
completely eliminated.

(3) Detailed structural analysis of the aluminum optical layer, the supporting
composite structure, and the graphitic shear layer.

(4) Determination and analysis of the possible modes of damage to the mirror.
This would involve fatigue and creep damage assessments. It is to be borne in
mind that fatigue analysis of the composite structural substrate does not follow
the established rules for metal systems. On the other hand, fatigue of the
surface aluminum layer (a few mm thick) can also be minimized, or perhaps
eliminated, if more effort is directed toward stress redistribution in between the
optical aluminum layer and the structural substrate.

(5) Investigation of the possibility of piezoelectric, or other error detection and
correction mechanisms, for final mechanical control of the optical quality of the
mirror's surface.
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5.3.10 Critical Issue No. 10: Viability of Liquid Metal Film for First Wall
Protection

Description of the Problem - In the Prometheus designs, a thin liquid metal film wets
the first wall in order to prevent the solid structures from rapidly degrading due to the
extremely high instantaneous heat and particle loads. To prevent liquid from entering
the cavity, the thickness of the film is maintained as small as possible. For this scheme
to be successful, ali structures exposed to the blast must be covered. Analysis of dry
spots suggests that operation for periods of time greater than 10-15 minutes will cause
irreparable damage to the first wall.

While a great deal of research has been carried out on film flows, the materials,
configuration, and environmental conditions for inertial fusion are unique, and little
effort has been expended in the IFE community to determine how films will behave
under these conditions in a real engineering system. The major uncertainties include:

» Film feeding and thickness control

+ Blast effects

» Flow arcund geometric perturbations (such as beam penetrations)
» Protection of inverted surfaces

The film thickness must be relatively uniform in Prometheus because the surface
power conducts through the film. The local film thickness determines the local surface
temperature, which strongly influences the condensation rate. Even for very thin films,
the flow becomes turbuient and instabilities are likely to develop. Therefore, better
understanding of the nature of instabilities and possible remedies are critical. Good
wetting between the solid surface and liquid film is very important.

Explosive effects resulting from the blast may lead to further problems. Several effects
are present:

(1) A large impulse is imparted to the film following rapid evaporation at the
surface _

{2) Additional shock waves strike the wall as the cavity vapor responds to the blast.
These shocks cause motion of the solid structures which could eject liquid into
the chamber

(3) Rapid “isochoric” bulk heating of the liquid creates high pressures, which can
cause fragmentation of the liquid film.

The problem of wall protection with films is particularly difficuit near inverted surfaces
(such as the upper hemisphere or tops of beamlines) or at penetrations and
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nonuniformities in the cavity interior. Dripping is likely to occur from inverted surfaces,
so that the concept of slow porous flow may need to be supplemented with alternate
methods, such as inertial jets or magnetic guiding.

Figures 5.3.10-1 and 5.3.10-2 show the jet velocity required, and the film thickness
and minimum flow rate required for film attachment on the upper hemisphere. The
velocity and thickness can be high, leading to large flow rates. The option of using
MHD guiding has been shown to be capable of resolving this problem, but adds
design complexity to the device.
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Figure 5.3.10-1. Minimum Velocity Required for Fiim Attachment
on the Upper Hemisphere

0.8

Turbulent film thickness (cm)
Volumetric flow rate{m3/s)

Distance away from the top (m)

Figure 5.3.10-2. Turbulent Film Thickness and Minimum Flow Rate
Required for Fitm Attachment on the Upper Hemisphere
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5.3.11 Critical Issue No. 11: Fabricability, Reliability, and Lifetime of
SiC Composite Structures

Description of the Problem - The viability of using SiC structures in the first wall and
blanket is a key consideration of the laser and heavy ion designs. If these concepts
are to be believable, efforts should be made to assess the factors invoived in
determination of acceptable lifetimes, and to determine the appropriate manufacturing
methods and their economics. Anticipated lifetimes for FW/B components are not well
known. Limited resources allocated to this area precluded a realistic assessment of
the anticipated lifetimes. Without this knowledge, system reliability, maintenance and
economics would be seriously challenged. In order to perform this task, several
investigations need be considered. It is too simplistic, and perhaps misleading, to use
the accumulated fluence, or displacements per atom, to make projections of lifetimes.
The determination of such lifetimes would need knowledge of the various effects of
radiation. The most prominent of those are neutron induced swelling, embrittlement,
fiber shrinkage, and/or detachment from the matrix, creep crack propagation at high
temperatures, and crack bridging mechanisms during irradiation.

On the other hand, the technology to process and manufacture SiC composites is at its
infancy. An evaluation of manufacturing methods, potential, and costs is needed.
Manufacturing methods are classified into fiber production technigues and matrix
processing technologies. A variety of possibilities exist, with potential consequences
on both economics and design.

Analysis

(1) Radiation Effects on the properties of SiC Composites: The relevant effect of
irradiation to be investigated are: displacement damage production in various
neutron spectra; swelling rate dependence on temperature, fluence and
porosity; irradiation induced creep; irradiation embrittlement by
amorphization; high temperature crack nucleation and propagation under
static and dynamic conditions.

(2) Lifetime assessment of the FW: A realistic determination of FW lifetime would
require analysis of a number of material and structural properties of the first
wall. The data base accumulated under item (1) above would have to
phenomenalogically modeled in the form of appropriate design equations.
These equations will include crack growth under cyclic loading at high
temperature, radiation creep rate, thermal creep rate, and swelling rate. These
mechanical property equations wilf then be used in a structural analysis code
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for determination of stress and strain fields under time-dependent loading
conditions. The lifetime of the FW/B structure will be dictated by:

(a) fatigue crack growth.

(b) maximum allowable inelastic deformations.

(c) maximum stress/strain criteria under the complex multiaxial loading
situation in the structure.

(3) Manufacturing and refiability: Existing manufacturing techniques involve CVD,
CVl, and HIP technologies for the matrix. A wide range of fibers and
architecture are also possible. The structural performance, lifetime and
reliability are all dependent on the manufacturing method of the composite. In
addition, cost is an important factor, which will be also determined by the
manufacturing technique.
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5.3.12 Critical Issue No. 12: Validation of Radiation Shielding
Requirements, Design Tools, and Nuclear Data

Descriptign of the Problem - Radiation shielding must protect both personnel and
sensitive reactor components. Components with the most stringent protection
requirements include the final optics in a iaser-driven fusion reactor. Other
components with important radiation protection requirements include magnets in the
heavy ion driver, instrumentation and control. Two important requirements must be
imposed on the radiation shield in order to enhance attractive environmental and
safety features of IFE reactors. First, the bulk shield (immediately surrounding the
blanket) must be designed so that the long-term activation in reactor components
outside the cavity and inside the reactor building is minimum. Such components
include the heat transport system, heat exchanger and/or steam generators, and a
variety of auxiliary system and constitute a large material inventory that would
tremendously increase the waste disposal problem if allowed to be highly radioactive.
Second, the IFE shield should be designed to permit some personnel access to the
reactor building outside the bulk shield within days after shutdown. Although full
remote maintenance should be planned for, having personne! access capability after
shutdown is deemed necessary in a number of foreseen cases and unforeseen
events.

These critical requirements on the shield combined with the fact that the shield is one
of the largest (in volume and weight) and more expensive components in an IFE
reactor necessitate careful shield design. Sophisticated capabilities for predicting the
radiation field and associated radiation response in materials are required. Although
advanced capabilities exist, uncertainties in accuracy remain due to modeling
complexities, nuclear data uncertainties, limitations of calculational methods in void
regions and deep radiation penetration problems, and time dependent behavior of
materials and components. For example, it is likely that components will deform
during operation, which may head to unpredictable streaming paths. Improvements in
methods, data and experimental verification of prediction capabilities are needed.

Establishing accurate radiation protection requirements is necessary, particularly for
components whose shielding is either physically difficult (e.g. final optics in laser
driver) or results in substantial economic penalty. Thus, quantitative and reliable
knowledge of the effect of radiation on materials and components is required.
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5.3.13 Critical Issue No. 13: Reliability and Lifetime of Laser and Heavy
lon Drivers

Description of Problem - The reliabilities and lifetimes of excimer laser and heavy ion
beam driver systems profoundly affect the operating characteristics of an inertial fusion
energy (IFE) reactor. Although both the excimer laser and the heavy ion beam drivers
are powered with somewhat similar pulsed power systems, the critical issues
associated with these two drivers are sufficiently distinct that they should be
considered separately. There are presently no known technical problems which could
keep either of these driver types from performing reliably as IFE drivers.

Reliability and Lifetimes of Excimer Laser Drivers - Two general types of excimer laser
amplifiers have been considered for IFE:

(1) Direct electron-beam pumping through a foil, and
(2) Electric-discharge pumping.

The first category can be constructed in larger sizes (and hence output energies) than
the latter. Theoretical simulations suggest that the electric-discharge laser may be
more reliable than the e-beam pumped laser. There are, in addition, a number of
similarities which these two types of excimer [asers share. First of all, a key parameter
for each of the lasers is the small signal optical gain, Go given by the expression:

Go = exp(oNL) (5.3.13-1)

where ¢ is the stimulated emission cross-section for the excimer laser transition, N is
the inversion density of the excimer laser amplifier, and L is the length of the active
excimer gain medium. Typically, Go must be less than some fixed number (such as
20-30) in order to avoid unwanted parasitic oscillations in the amplifier volume. A
somewhat higher limit is set by the superfluorescent limit which defines a relationship
between the amplifier solid angle, Qg, and the small signal gain, Go. A simplified
expression? for the superfiuorescent limit on amplifier gain is given by the inequality:

InGZ
4 2 .0

3 =}
VG- (5.3.13-2)

where the amplifier solid angle is given approximately by da2/L.2 for a rectangular
amplifier (where dj is the amplifier aperture). Since ¢ is nominally a fixed parameter,
in order to keep G, below the parasitic limit, L and/or N must be adjusted. The
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difficulty here is that the excimer inversion density, N, is related to the inversion
energy, Eg, in the medium given by the expression:

Es = NhVLd32 (5313"3)

where, as before, dj is the amplifier aperture, h is Planck's constant, and v is the laser
frequency. An important parameter for laser amplifiers is the inversion energy per unit
volume, pg = E¢/V = Nhv. In optimizing amplifiers, frequently pg is maximized in order
to obtain the highest output energy/cm3 form the excimer amplifier gain volume. A
typical limit for pg is 20 J/iiter, or more typically 10 J/iiter.! Thus, in order to keep Go
below either the parasitic fimit or the superfluorescent limit, it is easiest to adjust L, the
gain length. In carrying out these optimizations at constant ¢ and N, the results tend to
reduce the size of the excimer laser amplifier to dimensions of the order of

50x50x200 cm with a volume of approximately 500 liters. Amplifiers this size tend to
produce less than 5 kJ of output energy, an amount of energy which is only 0.1% of the
total driver energy of 5 MJ; this is an important factor in performing the overall driver
failure mode analyses. Designers of e-beam pumped lasers, however, have produced
designs for much larger amplifiers, theoretically producing output energies of
hundreds of kilojoules.

Each of these two types of excimer lasers is briefly described below:

E-Beam Pumped Excimer Lasers - Direct electron-beam pumping permits large

voiumetric excitation of the excimer gain media (typically a mixture of noble gasses
plus a halogen). All of the pumping energy delivered to the gas is delivered by the e-
beam. This excitation scheme has been attractive for the construction of large excimer
lasers since it is readily scalable to large apertures (~100 cm), energies, and volumes
({thousands of liters).

The e-beam is generated under hard vacuum conditions (107 torr or better), whereas
the excimer gain medium is approximately 1 amagat (or 760 torr). A thin foil is used to
separate the high vacuum e-beam from the corrosive halogen atmosphere inside the
laser amplifier. Since the excitation area is given by the product daL, a relatively large
foil area in a typical e-beam pumped excimer laser amplifier (such as the LAM2 with a
~100x200 = 2x104 cm?2 area) is exposed to the vacuum interface. In order for the thin
(several micron) foil mechanically to support the force exerted by 760 torr, a
mechanical bridge-type structure (often referred to as a Hibachi) which may block a
portion of the incident e-beam is installed to stiffen the foil structure. In operation, the
high power e-beam is accelerated through potentials in excess of 108 V, and upon
traversing the foil, some fraction (30-50%) of the electron beam energy is lost. The
action of this large amount of energy is deposited into the small volumes of the foil and
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Hibachi, thereby greatly stressing these elements, particularly the foil in cases in which
the beam current density is not uniform. The problem increases significantly in
repetitive operation since it necessitates water-cooled Hibachis. The repetitive
operation of an e-beam pumped excimer laser has hitherto been unreliable because
of periodic foil ruptures. In order to overcome this problem, e-beam pumped excimer
laser have received a considerable amount of technological development.

Even with the greater energy capabilities of EBELSs, a substantial number, n, of EBELs
is required to generate the ~5 MJ of energy required for the Prometheus laser driver.
(The required laser energy on target is 4 MJ but, owing to optical inefficiencies
associated with beam combination, propagation, and pulse compression, the output
energy from the EBELs needs to be at least 25% greater than the desired net energy.)
Assuming that each of the n optimized e-beam pumped excimer amplifiers produces
an output energy = 5 MJ/n (which is presumably more than 1% of the total driver output-
energy), the mean number of amplifier firings between failures must be at least n x 108
if the IFE reactor operation is not to be interrupted between maintenance periods.

Electric-Discharge Excimer Lasers - Much less experimental work has been carried
out on electric discharge excimer lasers. In this case, excitation of the excimer gain
medium occurs on the neutral channel with relatively low-lying species being
produced. This can enhance the efficiency of the amplifier. Uniike the e-beam
pumped excimer laser, the full pumping power does not flow through a foil/Hibachi
structure, and predictions are that this design would be more reliable following an
intensive development effort.

Owing to the nature of the electric discharge, the available pulse duration is shorter
than that for the e-beam (200 ns compared with ~ 500 ns). Electric discharge lasers
for which dg > 30 cm appear to have serious discharge stability and efficiency
problems. As a consequence, using the scaling relations outlines above, the electric
discharge lasers tend to optimize at energies of a few kilojoules. For energies this
small, the overall reliability of the IFE reactor would not be impaired if several electric
discharge amplifiers failed. Assuming such ampiifiers could readily be replaced by
robotics, the impact of discharge amplifier failure on reactor operation is regarded as
minimal. As a consequence, if failed electric discharge excimer lasers can be
replaced more rapidly than they fail, then the mean time between failure
characteristics the IFE reactor will be independent of the excimer amplifiers.

Reliability and Lifetimes of Heavy lon Drivers - The fundament of an efficient, reliable
Prometheus heavy ion driver is the successful design, construction, and testing of a full

scale accelerator suitabie for operation in a burst mode (~50 kHz) to fiil storage rings
with 18 beamlets at a rate of ~3.5 pulses/sec. Accelerators can be made to be very
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reliable if great care is taken with regard to the control of the magnets, particuiarly in
the (recommended) case of superconducting dipoles, quadrupoles, and triplets. A
large amount of data is available on the failure modes of linear accelerators (LINACs),
and there are no serious technical problems which would render this design
unreliable. The key element ior long, reliable operation of the LINAC is a very fast,
highly automated control system which can sense beam mispointing before
superconducting magnets are either heated sufficiently to make them go "normal” or
damaged by the beam. Under competent computer control, the heavy ion driver wouid
only require attention during regular IFE reactor maintenance intervals (possibly every
two years). A key element in this HI driver reliability assessment is the development of
an adequate computer control system employing the latest developments in artificial
intelligence, parallel processing, and expert systems {see Section 6.5.3.3).

Accurate simulations of the dynamics of the LINAC, the filling of the storage rings, the
bunching, the rapid expansion to the triplet focusing magnets, the focusing down into
the pre-formed channels, the complete stripping of the heavy ions, and the dynamics
of self-focused heavy ion beams propagating down the channels to the target are too
difficult 1o attempt presently, and the results, even if favorable, would require
experimental verification to be trusted. Thus, the major emphasis on demonstrating
the feasibility of heavy ion drivers should be experimental.

It is essential that a carefully planned heavy ion driver developmental program be
designed to test each of the key elements of the proposed Prometheus-H IFE heavy
ion driver in order to create a design data base sufficient to permit suitable
modifications allowing the driver to reach its full reliability potential. In particular,
experimental results on beamlet accumulation (without emittance growth) for ms time
scales in storage rings, self-focused beam stabilities, locking the focused beams into a
pre-formed channel, etc., are crucial for developing this promising driver concept.

References for 5.3.13

1. G. J. Linford, E. R. Peressin, W. R. Sooy, and M. L. Spaeth, "Very Long Lasers,"
Applied Optics 13, pp 379--390, (1974).

2. L. A. Rososha, et al., "Aurora Multi-kJ KrF Laser System Prototype for ICF," Fusion
Technology 11, pp. 497-531, (1987).
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5.3.14 Critical Issue No. 14: Demonstration of Large-Scale Non-Linear
Optical Laser Driver Architecture

Description ot Problem - The fundament of the Non-Linear Optical Subsystems
proposed for the Prometheus-L driver is based upon the very strong experimental and
theoretical bases of non-linear optics. Since both proposed subsystems are simply
large optical cells filled with Hz and SFg respectively, there are very few components
present which can fail. The primary question is how well the system will function
properly on the first pulse. If the electro-optical subsystems can be tailored to achieve
first time operation, the overall architecture should prove to be as reliable as other
state-of-the art, high speed, high voltage electronics. A balance must be struck
between the extremely high gains (and concomitant high conversion efficiencies) of
which these systems are capable. Thus, the reliabilities and lifetimes of the two types
of non-linear optical subsystems proposed for the Prometheus-L IFE reactor design
hinge primarily on the support optical equipment that is associated with the non-linear
optical (NLO) devices. The two NLO devices are:

(1) The Raman accumulators
(2) The SBS pulse compressors

Numerous key non-linear optical (NLO) subscale experiments and analyses have
been performed in the last twenty years which demonstrate the capabilities of these
two types of NLO devices. In order to properly implement them, however, each needs
to be supplied a Stokes seed beam, and therein lies most of the questions regarding
the success of the architecture reliabilities and lifetimes.

Generation of Stokes Seeds for Raman Accumulators - To achieve highest efficiency

while averaging excimer laser intensities across the accumulator aperture, the
proposed Prometheus Raman accumulator system uses crossed stimulated rotational
Raman scattering. This architecture sets limits on the bandwidth, Av|agers Of the
excimer pumps, on the crossed Raman angle, 6, and on the dimensions of the gain
length (to avoid generating higher order Stokes beams). The physics is relatively well
understood. A detailed design could be made now using present understanding.
Tests at full scale could be made if approximately 30 two-kilojoules KrF excimer laser
amplifiers were available as pump sources.

The required Stokes seeds can be derived from taking a small portion of the available
excimer pump fight, injecting the pump light into 2 Raman oscillator filled with the
same gas used in the Raman ampiifier. This process generates an automatic
frequency shift, Avg, equal to the required Raman shift. Injecting this Stokes seed

beam into the Raman amplifier at an angle 6 to the pump beams permits a high quality
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{in the case of the Prometheus-L design, 80 kJ) output beam to be generated following
path matching of the seeds to the original pump beams.

If stimulated rotational Raman scattering proved to be too difficult to control under the
required test conditions (higher order Stokes, etc.), stimulated vibrational Raman
scattering could suffice, at a slight reduction in overall operating efficiency. The
Raman accumulators should be able to achieve high degrees of reliability.

neration of Stok for SBS Pul mptr - The Stokes seeds for the
SBS pulse compressors are generated electronically by "chirping" (acoustical-
frequency shifting) the leading edges of the 80 kJ output beams from the Raman
accumulators. Some technological development needs to take place to permit full
aperture "chirpers” to be installed, but subscale tests with small crystals have
produced promising results. Work at the Lawrence Livermore Nationai Laboratory has
aiready produced Pockels celis having conducting electrodes with apertures of
approximately 30 cm. Experimental verifications need to be made of theoretical
predictions of compressed pulse shapes and conversion efficiencies given the specific
requirements on pulse shape established by the Target Working Group.

In the same vein, fast, large aperture (~100 cm) Pockels celis to be used for pulse-
shaping the depleted pump beams from the SBS pulse compressors for synthesizing
the required precursor pulses need to be demonstrated.

Although the development of large aperture Pockels cells may prove difficult, there do
not appear to be any serious technological problems associated with synthesizing
iarge aperture electro-optical (E/O) switches from smaller components. This synthesis
may have significant advantages, for example, in the suppression of transverse SBS
losses in the Pockels celis.

The SBS pulse compressors and attendant E/O switchyards currently represent the
highest risk elements in the Prometheus-L driver design. Failure of any of the Pockels
cells or "chirper" modulators would mean the loss of an entire 80 kJ beamline, with
consequent failure of direct drive targets. In some cases, continued operation with
indirect drive targets could be considered even if one of the 80 kJ beamlines went
down,
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5.3.15 Critical Issue No. 15: Demonstration of Cost Effective KrF
Amplifiers

Description of Problem - One of the key elements associated with developing a cost
effective KrF laser driver for the Prometheus reactor design study is the design of the
output KrF faser amplifier module. These KrF amplifier modules represent the
fundamental buiiding-blocks of the KrF driver, generate the output energy pulses for
the KrF laser driver, and the nature of their design represents a major fundament of the
laser driver reliability. These KrF amplifiers need not only meet requirements of output
energy, pulse duration, beam quality, beam diameter, wavelength, bandwidth, etc., but
also stringent requirements on reliability, consistency of operation, etc. In order to
prevent catastrophic failure of the IFE reactor, the Prometheus has designed a laser
driver which can permit the occasional failure of a KrF amplifier without requiring the
concomitant shutdown of the reactor. As this freedom from KrF amplifier failure is
predicated upon the choice of IFE reactor operation with direct drive targets, a limit is
placed upon the laser energy delivered by each KrF amplifier such that the 1% direct
drive target illumination uniformity requirement is met. Given 60 beams arranged
symmetrically around the spherical direct drive target, together with a nominal laser
driver energy of 5 MJ, the loss of 5 kJ (or approximately 6%) from each of the 60
beams from time to time should still permit target illumination uniformity to be
maintained, at least for tangential target illumination schemes. KrF amplifier output
energies of 5 kJ represent a significant derating of current designs and successful
development of reliable amplifier prototypes should be achievabte during the next
decade if sufficient funding is made available.

Previous Department of Energy (DOE) and Department of Defense (DoD) excimer
laser research and development programs have identified two general excimer laser
amplifier design configurations:

{1} Direct electron beam excitation of relatively large (V > 1000 liters) excimer
laser ampilifier volumes, and

(2) Electric discharge excimer laser amplifiers with the excitation of the KrF
excimer achieved along the neutral channel for geometries involving moderate
(V < 200 liters) volumes.

The first excimer laser amplifier design configuration, electron beam excited excimer
lasers (EBEL), has received extensive development from both the DOE and the DoD
with KrF amplifier modules as large as 2000 liters being constructed. The second
configuration, electric discharge excimer lasers (EDEL), has been much less
thoroughly investigated; some preliminary theoretical work was funded by DOET1
several years ago, but little experimental verification of the predicted high EDEL
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efficiency was made. Each of these two KrF amplifier design configurations has its
supporters and detractors. The EBEL has received priority development over the
EDEL because the EBEL scales to larger volumes (and hence larger output energies)
much more readily than does the EDEL. For single-shot DOE applications and for
some DoD applications, this scalability advantage of the EBEL has been important.
For an IFE reactor application in which reliability for c. 10° over long periods of time at
repetition rates of 3-10 Hz is crucial, the potentially higher reliability of the EDEL
makes this configuration of greater interest than formerly.

During the course of the reactor design study (including reviews with Government
scientists), the question has been raised whether or not KrFF amplifiers can be
designed to fulfill ail the technical requirements (summarized below), while stilt
achieving a cost effective level of performance 10 permit the overall cost of electricity
{COE) for the IFE reactor to be competitive. Our design should significantly reduce the
risk of developing a cost-effective KrF final amplifier design for three reasons:

(1) The amplifier output energy has been reduced from the 250 kJ level suggested
for EBELs down to levels of the order of 5 kd,

(2) Since the dimensions of the laser amplifier are of the order of 30x30x200 cm,
parasitic oscillations and superfluorescent losses are more easily controlled,

(3) Optics costs and risks are significantly reduces as the effective aperture of the
amplifier is reduced to 30 cm.

The new ncn-linear optical beam combination design approach which has made it
technically feasible to relax the energy, volume, and aperture requirements for the KrF
laser amplifiers is the implementation of forward stimulated rotational Raman
scattering amplifiers for beam combination, larger aperture synthesis, and improved
beam quality. Nonetheless, there remain a series of developmental problems
associated with both types of amplifiers.

In evaluating the relative risks associated with the two excimer laser designs, the
requirement performance parameters of each is summarized below in Table 5.3.15-1
and Table 5.3.15-2.

Note that the large volume EBEL amplifier module must have a saturating laser puise
passing through the active volume in order to prevent serious superfluorescence and
parasitic oscillation losses associated with the high (13.8 neper) small signal gain of

the amplifier.
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Table 5.3.15-1 Design Requirements for EBEL

| Requirement Description ____Qe_sigw_‘
Output Energy 240 kJ

Amplifier Aperture 3x3m

Pulse Duration 500 ns

Amplifier Volume 54 m3

Amplifier Gain Length 6m

Amplifier Gain Coefficient .023/cm

Energy Storage Density 7 Jiiter

Energy Extraction Efficiency 0.7

Final Anode Voltage 3.3 MV

Overall Efficiency 10%

Bandwidth 1% 0r 1013 Hz
Laser Wavelength 248 nm

Active Medium KrfF

Total Gas Pressure 760 torr

Pulse Compressor Angular Muttiplexing
Laser Beam Quality 1.4 XDL

Peak to Peak Laser Beam Homogeneity 20%

Number of Shots Between Failures 1010

Repetition Rate 5Hz

Table 5.3.15-2 Design Requirements for EDEL

Requirement Description Design Vaiue
Output Energy 4 kJ
Amplifier Aperiure 30x30 m
Pulse Duration 200 ns
Amplifier Volume 0.8 m3
Amplifier Gain Length 2m
Amplifier Gain Coefficient 0.05/cm
Energy Storage Density 22 Jfliter
Energy Extraction Efficiency 0.7
Final Anode Voltage 50 MV
Overall Efficiency 12%
Bandwidth 1010Hz
Laser Wavelength 248 nm
Active Medium KrF
Total Gas Pressure 760 torr
Pulse Compressor Chirped SBS
Laser Beam Quality 1.1 XDL
Peak 1o Peak Laser Beam Homogeneity 5%
Number of Shots Between Failures 109
Repetition Rate 5Hz

Comparison between Table 5.3.15-1 and Table 5.3.15-2 will indicate that the
requirements for the EBEL are generally much more difficult to attain than those listed
for the EDEL, with regard to the required optics, the pulsed power, and the
performance of the amplifiers themselves. The key developmental problems
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associated with each of these two types of excimer laser amplifiers are summarized
below in Tables 5.3.15-3 and 5.3.15-4.

Table 5.3.15-3 EBEL Developmental Problems

| #__ Description of ProblemArea __ Possible Solution |
1 Foil Rupture Homogenize E-Beam Current Density

2 Parasitic Oscillations Lower Amplifier Reflectivities

3 Amplified Superfluorescence Reduce Amplifier Solid Angle

4 High Cost of Large Windows Segmented Optics

5 Radiation Damage from E-Beams Lower Anode Voltage

6 Reduced Beam Quality Phase Conjugation

7 Optics Damage Reduce Radiation Fluence

8 Catastrophic Failure Mode Redesign Foil Support Structure

These EBEL developmental problems are relatively well understoed in view of the
extensive theoretical and experimental studies of these amplifiers carried out by both
the DOE and the DoD. For successful implementation into an IFE reactor, the most
important development for the EBEL is the need for a dramatic increase in the mean
number of amplifier firings between failures. As summarized below in Table 5.3.15-4,
there are also significant problems associated with the EDEL approach, but since the
amount of research and development for these amplifiers is relatively small, larger
uncertainties in this excimer laser design exist:

Table 5.3.15-4 EDEL Developmental Problems

# Description of Problem Area Possible Solution

1 Stabilization of Discharge Discharge Uniformity; Control F2 Burn
2 Uniformity of Discharge Excitation Elimination of Cathode Fall Region

3 Reduced Excimer Beam Quality Beam Combination in Raman Cell

4 Achieve 1029 Shot Lifetime Engineer Pulsed Power/Electrodes
5 Optics Damage Reduce Radiation Flugnce

8 Verify Excitation Efficiency Conduct Full Scale Experiments

Compared with the EBEL, the developmental problems for the EDEL appear to be
more tractable although relatively little work to date has been completed for these
devices.

Summary - Considerable developmental work has been carried out during the last
decade on EBEL amplifiers. Although much progress has been made in achieving the
ambitious design goals for EBEL amplifiers, these devices are currently not believed to
be capable of meeting a 109 shots-between-failure requirement. Moreover, the
primary advantage of the EBEL design over the EDEL is the ability of the e-beam
excitation to scale to larger amplifier volumes. This is not desirable for a reactor
design since it causes the excimer laser amplifier to become the cause of a single
point failure.
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it must be emphasized that significant KrF amplifier development work must be carried
out in the next decade if the demanding requirements for the KrF driver amplifiers are
to be met. Thus, the essence of this Critical Issue is that substantial development effort
will be required in order to provide the KrF amplifiers which will be the workhorses of
the future IFE reactor. Details will be defined in the associated Research and
Development section.

References for 5.3.15

1. Mark Kuschner, et al., "New Techniques for KrF Laser Fusion Systems,” Interim
Report for Los Alamos National Laboratory, Spectra Technologies, Inc., Seattle,
WA (19886).
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5.3.16 Critical Issue No. 16: Demonstration of Low Cost, High Volume
Target Production Techniques

Description - Target production for IFE reactors will require technologies which are
presently either nonexistent or insufficiently developed for such an application. It is,
therefore, very difficult to accurately estimate the production costs of such targets.
These difficulties are further aggravated by the potential need for sabots to deliver the
targets to the reaction chamber and, in the case of indirect drive, for an outer case
which must meet stringent engineering requirements. Target cost is clearly a critical
issue in light of the fact that IFE reactors will consume huge numbers of targets (on the
order of 108 per year), and will be uneconomical and, therefore, impractical if these
targets are t00 expensive.
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conditions. Failure to meet symmetry requirements would reduce system performance
by forcing the reactor to operate on a less favorable gain curve.

Design Specificity - (Generic)

Qverall Levet of Concern - (Critical) Unpredicted target coupling deficiencies are not
expected to lead to a gradual drop off in target gain. Instead, because of the physics of
implosion, hot spot generation and propagating burn presently envisioned for all
reactor types, failure would be sudden and catastrophic.

Qperating Environment - (H, L, TWI, G, N) Tritium inventory will be affected by the
efficiency of target burn. Laser type and wavelength will influence coupiing efficiency
more than choice of heavy ion driver design parameters. Poor target coupling can
lead to incomplete vaporization and the generation of solid target debris. Beam
geometry will affect coupling efficiency. The severity of the technical problem is
increased by the need for cyclic operation.

Degree of Relevance to MFE - None

Analysis - A code has been written to analyze the problem of target coupling efficiency.
Resuits obtained to date will be reported at an upcoming IEEE conference.

Issue A.a.2 Indirect Drive Laser Target Coupling

Description - The indirect-drive IFE laser target design consists of a cryogenic DT fuel
capsule located inside a radiation-enclosing cavity (or hohiraum) designed to
accomplish the following three goals:

(1) Convert the incident laser energy efficiently into soft X-rays,

(2) Using the particular shape of the hohlraum enclosure, these soft X-rays are
focused into a uniform irradiation of the cryogenic DT fuel capsule,

(3) Uniform irradiation {and consequent absorption) of the soft X-rays by the DT
fuel capsule leads to ablation and the resulting rocket reaction produces a
uniform DT target compression permitting the interior of the DT Target to reach
values of pr (product of density [p] and compressed target diameter [t]) with
3/2kT ~ 25 KeV adequate to achieve rapid fusion of the fuel via the reaction:

1D2 + {T3 = pHe# + gn'! (14 MeV)

A number of problems have been identified with achieving these three indirect-drive
laser driven (IDLD) IFE target goals.
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5.4 Key Issues Description

This section provides more detail on the key issues previously identified in Section
5.2, Table 5.2-1. The same designation noted in Table 5.2-1 will be used in this
section. Each issue will be described in depth, followed with more detail regarding
each of the table entries. The same abbreviations and notations explained in
Section 5.1 and used in Table 5.2-1 are used in this section. Some of the issues
have substantiating analyses.

Issue A. Target

A.a Target_ Physics
Issue A.a.1 Direct Drive Target Coupling

Description - Abscrption of driver radiation by direct drive laser targets is a complex
process involving inverse bremsstrahiung, resonance absorption and various light
scattering instabilities such as stimulated Brillouin scattering (SBS), stimulated Raman
scattering (SRS), laser light filamentation and two plasmon decay (TPD). These
processes occur both at the critical surface and in the volume space about the target.
All of these processes can play a potentially critical role in affecting the uniformity of
direct drive illumination and target coupling efficiency.

It is now believed that illumination nonuniformities in IFE reactors must be kept below
1% to avoid the excitation of hydrodynamic instabilities. This is a difficult technical
requirement in view of the fact that on the order of half a million targets per day must all
be accurately illuminated by approximately 60 laser beams. These targets will not be
mounted on stalks and accurately positioned before each shot as has been done in
previous laser fusion experiments. Rather, they will be injected into the reaction
chamber with the aid of pneumatic, electromagnetic, centrifugal, or other accelerating
devices. Inaccuracies will inevitably occur in this compiex process in the form of slight
variations irr injection velocity, beam pointing errors, etc. It is necessary to consider all
these factors in judging the technical feasibility of a reactor design.

Reactor Concept - Laser and Heavy ion

Potential Impact - (DW, UL, RP) The design window may be closed if a beam
arrangement cannot meet illumination symmetry requirements under realistic
conditions. Unavoidable beam pointing and target injection errcrs may resulf in
unacceptable reliability even if a beam arrangement would work under ideal
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Attainment of Goal #1 - Goal #1, the efficient conversion of incident laser energy into

soft X-rays is hampered by the physical structure of current ID LD targets. Access of
the incoming laser beams to the hohiraum wall is attained by transmitting the high
power laser beams through two small apertures (in the case of 2-sided laser
illumination scenarios) in the radiation-opaque iD LD target casing. Great care must
be taken to avoid allowing high intensity portions of the incident laser beams to
irradiate the opaque ID LD target casing.

Previous research has demonstrated that the interaction of the high power laser light
with the edges of the entrance apertures to the hohlraum produces sufficient densities
of plasma above the critical density to reduce the transmission of laser light
significantly into the ID LD target capsule. This plasma closure process is time
dependent.

Attainment of Goal #2 - Uniform irradiation of the DT target with the soft X-rays
generated by the target represents a difficult technical problem requiring the
simultaneous achievement of homogeneous X-ray conversion together with isotropic
illumination by the quasi-ellipsoidal optical figure of the radiation enclosure itsetf.
Physical optical analyses of such homogeneous irradiation have indicated that a high
degree of DT target irradiation uniformity is very difficult to achieve in certain design
configurations.

Attainment of Goal #3 - DT target implosion, avoiding any significant Rayleigh-Taylor
instabilities, is a complex magnetohydrodynamic process requiring stringent initial
conditions on the irradiation uniformity, spectral distribution of the incident X-rays,
avoidance of target preheating by hot electrons or hard X-rays, etc. The achievement
of this goal is crucial to the success of both indirect-drive and direct-drive laser IFE

fargets.

Reactor Concept - Laser

Potential Impact - (DW, RP, iC, RS) The design window may be closed if the majority
of the laser light cannot propagate into the hohiraum for efficient soft X-ray conversion.
This would necessitate increased laser irradiation energies, shortening of the iaser
pulse duration, etc. if the optical figure of the hohiraum radiation enclosure is unable
to provide uniform irradiation of the DT fuel capsule, high yield will not be obtained
from the target implosion. This would force the IFE reactor to operate at a lower
efticiency.

Design Specificity - (Generic)

Overall Level of Concern - (Critical) Low conversion efficiency of incident laser light by
the target may result in the laser light interacting strongly with the plasma cloud
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generated around the IFE target. These laser/plasma interactions may result in the
generation of hot electrons and hard X-rays which may cause catastrophic target
preheat, leading to enormous fluctuations in IFE reactor output power.

Qperating Environment - (L, TWI, G, Q, N, 1,8, F, T, q, s, 1) Operating power for the
laser driver will be strongly affected by the target coupling efficiency and target yields.
The tritium inventory will be affected by the target yields. Poor target coupling for
indirect drive targets can lead to additional debris problems. Enlargement of the
hohlraum may lead to increase in contaminants if materials other than Pb are used.

Degree of Relevance o MFE - None

Analysis - Several codes are available to analyze the problems of indirect-drive laser
IFE target physics. These analyses must be anchored to realistic laser IFE
experiments before the issues can be resoived.

Issue A.a.3 Survivability of Targets in_Chamber Environment

Description - The chamber environment is hostile to the cryogenic integrity of the target
and could even potentially cause significant ablation of the target surface. The precise
physical conditions which will exist in an IFE reactor chamber is still a very open
question. The evaporation/recondensation issue requires realistic experimental
investigation for its resolution, and the radiation background will likely be non-LTE for
much if not all of the cycle. However, parameter studies can be undertaken to find
when chamber conditions become a serious threat to target survival.

Reactor Concept - Laser and Heavy lon

Potential Impact - (DW, RP) If the present projections of chamber temperature,
pressure, and radiation background prove overly optimistic, the cryogenic survival of
the target in the chamber may be threatened.which would have a deleterious effect on

system performance.
Design Specificity - (Generic)

Overall Level of Congern - (High) Target designs should protect the cryogenic fuel. It
appears that significant departures from presently projected chamber conditions would

be necessary for significant deterioration of target performance to occur.
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Operating Environment - (S, T, A, G, Q, t, g, P, v} All factor which affect conditions in
the chamber have an impact on target integrity. Background radiation and pressure
are key factors.

Degree of Relevance 1o MFE - (Low) There is some similarity between this issue and
the issue ot ablation from the crycgenic pellets which may be used to refuel MFE

reactors.

Analysis - Analysis of the question is presently being conducted by the team with the

" aid of a 3D hydrodynamics computer code. A parameter search is planned which will
show at what levels various chamber conditions begin to pose a threat to the target. At
the same time, the study will determine the ability of background gases in the chamber
to affect the trajectory of the target. This work is not yet finished.

Issue A.b Beam/Target Interaction

Issue A.b.1 monstration of Injection and_ Trackin
with Beam Steering

Description - According to the Target Working Group, illumination nonuniformity must
be kept below 1% rms. This means that injection and tracking must be sufficiently
accurate to keep target mispositioning at less than 0.1 of the capsule radius during
illumination. Assuming the target is exactly where is should be, beam mispointing
errors must also be kept below about 0.075 of the target radius to assure adequate
illumination uniformity. To meet these stringent requirements, some sort of a real time
tracking system along with electronic beam steering is necessary.

Reactor Concept - Laser and Heavy lon

Potential Impact - (UL) Symmetric implosions are critical to the success of inertial
fusion. Excessive departures from adequate illumination symmetry will not lead to a
gradual fall-off in target gain. rather, gain will show a steep drop to near zero levels if
generation of hydrodynamic instabilities disrupts the implosion process.

Design ificity - (Generic)

Qverall Level of Concern - (Critical) Unless adequate illumination symmetry can be
guaranteed, IFE is technically out of the question.
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Qperating Environment - (A, TWI, P) Cavity dimensions will have an affect on the
impact of small deviations in injection velocity. Target failure due to beam mispointing
and injection velocity errors will lead to the generation of solid target debris.
Fluctuations in background pressure could potentially affect target velocity.

Degree of Relevance to MFE - (Low) Injection systems must aiso be used in MFE solid
cryogenic peliet refueling schemes. However, although accurate pellet trajectories are
important, they are not as critical as in IFE.

Analysis - A code has been written to study the effects of various combinations of
injection velocity errors and beam mispointing on IFE reactor performance. Results
obtained with the code will be provided as they become available.

A.c Fabri ion

Issue A.c.1 Manufacturability of High Quality, Low Cost DD and iD
Targets

Description - Previous target production for ICF has been in very small batches, often
with each target custom made. Inspection for flaws in surface finish, concentricity and
thickness could be made almost at leisure. Fusion energy generation will require the
production of hundreds of thousands of targets of uniformly high quality ever day.
These targets must be produced with a low turn around time to avoid high tritium
inventories. Efficient fill techniques must be demonstrated for reactor size targets. The
ability to create uniform fuel layers using the beta heating process or some other
procedure must be demonstrated. The feasibility of using artificial intelligence and
mechanization for accurate mass inspection must be proved. For an indirect drive
target, a case must be mated to the capsule, probably under cryogenic conditions,
which assures symmetric burn while at the same time providing a sufficiently robust
overall configuration to survive acceleration and transit through the target chamber.

Reactor Concept - Laser and Heavy lon

Potential Impact - (UL, RP, IC, RS) To avoid high tritium inventories it is advisable to
produce targets on a "just in time" basis. Therefore, if any of the major steps in the
production process proves unreliable, reactor shutdown would result. Failure of
inspection and quality assurance procedures to assure uniformly high quality targets
would result in iower gain and poor system performance. Targets must be
manufactured cheaply or the large consumption of targets will lead to excessive costs.
Target manufacture will require the presence of large tritium inventories in the

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 54-6



INERTIAL FusioN ENERGY MDC 92E0008, Voui. Il
REACTOR DESIGN STUDIES MARCH 1992

factories. Rapid fill rates and efficient beta heating must be demonstrated to assure
that these inventories do not become excessive.

Design Specificity - (Generic)

Overall Level of Concern - (High) Resolution of this issue will mainly affect the issue of
cost. Inability to produce targets efficiently will not preclude the generation of fusion
power. It will simply make it economically unattractive.

Operating Environment - (H, TWI, N) Reactor tritium inventories will be strongly
affected by the efficiency of the target fill and beta heating processes. Poor target
quality will lead to incomplete burn and the resultant generation of target debris. The
continuous operation of the reactor assumes no interruption of the target supply.

Degree of Relevange 1o MFE - Similar problems will be faced in MFE if solid fuel
pellets must be produced and injected into the reactor on a cyclic basis. This presently

seems a likely MFE refueling method.

Analysis - A technical note is available from KMS on required factory tritium
inventories. Theoretical and experimental work on the beta heating process presently
indicates that the process will generate uniform fuel layers efficiently and quickly under
ideal conditions. It remains to be shown that such conditions can be provided for
millions of targets at once in a factory environment. Diffusion filling of a reactor size
CH (plastic) target has not been demonstrated to date. However, diffusion rates for CH
are well known and this step in the production process is not expected to present any
technical problems. However, diffusion filling will require large tritium inventories.

Issue B. Driver

i
l

B.a. Laser Driver

Issue B.a.1. DT Target HMiumination issues

Description - Current Target Working Group (TWG) Guidelines? call for tangential
ilumination of the direct-drive spherical DT target with at least 60 beams producing an
overall ~1% intensity uniformity, no polarization specification, a pulse duration of 6 ns,
an incident laser energy (at A = 248 nm) of 5 MJ, together with a pre-pulse ramp of
60-80 ns with ~1% of the laser energy. The TWG stated the laser/target coupling
efficiencies are implicitly included in the provided target gain curves. Elementary
calculations for inverse Bremsstrahlung (IB) assuming an laser light/target coupling
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dependence of (cos 60)5 detived from planar target experiments? indicate that DD

coupling may be relatively inefficient. Furthermore, the prepulse is expected to
generate a 6-cm diameter underdense plasma atmosphere around the DT target
which in the presence of summed laser intensities as high as 10'5 W/em?2 could give
rise to significant stimulated Brillouin scattering (SBS) and stimulated Raman
scattering (SRS) together with attendant production of suprathermal electrons unless
very high laser bandwidths were available. Lastly, the influence of resonant
absorption (RA) has been assumed to be negligible assuming that the laser driver
operated in the 250 nm wavelength range. Since RA deposits energy in the plasma in
a two-lobed pattern?, the concern arose that if this mechanism were enhanced by the
tangential illumination criterion of the TWG, it would not be possible to meet the ~1%
target illumination uniformity requirement.

The worst case scenarios for the direct-drive illumination issues break down into two
possibilities: (1) the DD illumination can be accomplished with inefficient coupling of
laser fight into the target, and (2) it may be necessary to go to an indirect drive target
design.

There are additional key issues associated with indirect-drive laser-driven targets; i. e.,
plasma closure of the hohlraum entrance apertures preventing laser pulses from
efficiently coupling to the target.

References

1. Ronald C. Davidson (MIT), et al., "Inertial Confinement Fusion Reactor Design
Studies Recommended Guidelines,” prepared for DOE Office of Fusion Energy,
September 1990.

2. J.J. Thomson, C. E. Max, J. Erikkila, and J. E. Tull, "Absorption of Focused Light by
Spherical Plasmas," Physical Review Letters, 37, pp. 1052-1056, (1976).

Issue B.a.2 Large lLaser Bandwidth Issues

Description - By virtue of their quantum mechanical properties, excimer lasers are
theoretically capable of generating efficient, high power, partially-coherent laser
beams having relatively large bandwidths of up to 0.1%. Thus, for A = 250 nm, the
laser frequency would be v = ¢/A = 1.1x101% Hz, so that the maximum bandwidth
would be Av ~ 1072 Hz or 1000 GHz. Hitherto excimer lasers operated with very wide
bandwidths have exhibited temporally unstable oscillation characteristics in parn
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because of the complex mixture of laser modes which broad-band resonators would
permit to exist within the laser. A second problem arises if non-linear optical (NLO)
processes (such as stimulated Raman scattering [SRS] and stimulated Brillouin
scattering [SBS]) are required for beam combination and puise compression. Both
SRS and SBS become inefficient for laser bandwidths significantly greater than

10 GHz unless careful attention is paid to the NLO device design. Lastly, propagating
intense, broad-bandwidth taser pulses through a significant number of dioptric
elements can produce both temporal and angular dispersion, thereby endangering the
target illumination uniformity budgets:

From a target illumination standpoint, laser beams having broad-bandwidths may
solve some problems. Coherent beams incident at relatively small angles produce
interference fringes on the surface of the target which "wash out" in a period of time, 1.,
of the order of 1/Av, which for Av = 10 GHz, 1, ~ 100 ps. Secondly, intensity thresholds
for SBS and SRS in the underdense plasma atmosphere around the target increase
as the bandwidth of the illuminating laser is increased for Avy,q, > AVggg OF AVjseer >

Avsrs:

Thus broad bandwidth illumination could reduce DT target preheat from suprathermal
electrons.

Other key laser amplifier issues have to do with demonstrating a weli-engineered laser
amplifier design: This category of key issues includes:

{1) Developing a fail-safe design (i. e., if an excimer laser amplifier fails, no reactor
shutdown will be required)

(2) Meeting a wall-plug efficiency of c. 12%

(3) Achieving a mean number of firings between failures of 10°

(4) Producing a very high quality output beam quality. (This factor can be
mitigated if a Raman accumulator is used to improve beam quality.)

Issue B.a.3 Final Optics Pointing System

Description - The final optics pointing system must meet a precise requirement for
achieving target illumination uniformities using 60 laser beams defined in Section 3.1,
above. This pointing requirement will be made for fusion targets moving at a high
speed (possibly ~1 km/sec) through a residual atmosphere in a cylindrical target
chamber. It is assumed that the nominal focal length of the focusing mirrors will be
~40 m, so that if the focusing mirrors were used aiso for pointing the laser, interbeam
pointing accuracies of the order of A8 ~ 1x10® rad would be required, depending also
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upon the near-field apodizations of the 60 tangential illuminated laser beams. An
additional uncertainty would be the degree to which all 60 beams would have to be
deflected to compensate for a ballistic DT target that was off course by a distance, Ax.
Small spatial misalignments, Ax, are not as serious for meeting the target illumination
requirements (Issue B.a.1, above) since such a misplaced target would experience
only second-order illumination uniformities since the interbeam alignment stringencies
set the first order target illumination requirements.

Hitherto, IFE target alignment systems have had to deal with fixed targets so that the
final optics pointing system would be significantly more complicated than previous
systems. Methods and techniques exist to align the 60 beams relative to a precision
surrogate target. Where needed, this methodology needs to be incorporated into the
design of the mirror pointing and centering system.

Issue B.a.4 Grazing Incidence Mirror Bamage

Description - A key issue for the excimer laser driver is the control of optical damage
on mirrors and windows in the system. Excimer laser amplifiers put their amplifier
windows at particular risk since these windows are simultaneously exposed to ionizing
radiation, UV laser light, and the corrosive effects of F, gas. A key element in
controlling optical damage is to design the laser elements to produce spatially smooth
beams with little or no intensity ripples. Use of a Raman accumulator with excimer
laser pump beams has hitherto proven to be the most effective method for controlling
intensity spikes from excimer lasers.

The grazing incidence mirror for the Prometheus-L reactor is currently situated at
distances of the order of 20 m from a source of X-rays, neutrons, charged particles, etc.
having a total power of the order of 2.8 GW of which approximately 1/4% will be
incident on the grazing incidence mirrors, assuming a pulse repetition rate of 5 Hz, a
target gain of 124, and a laser energy of 4 MJ/pulse. In addition, assuming that the
each of the 60 beam lines will have an energy/pulse of approximately 70 kJ delivered
at an angle of incidence of 80°, these mirrors will be exposed to 6 ns pulses of
ultraviolet laser radiation at an average fluence of @, cos (80°) ~ 2 J/cm?. Atthe
present time, a composite mirror structure of aluminum and silicon-carbide is proposed
for the grazing incidence mirror, and with the leading edge of the mirror located at a
distance of 20 m from the center of the chamber, swellings on the optical surfaces of
the order of /4 are expected to occur during the first year of operation. Calculations
by UCLA indicate that swelling in the aluminum layer will be sufficiently minor that
piezoelectric-activated transducers for mirror figure control may not be necessary.
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One of the serious hazards faced by grazing incidence mirrors is potential damage
due to particles that may be deposited on the surface of the mirrors. These particles
are illuminated not with fluences of 2 J/em?, but with much more dangerous fluences of
10 J/cm? since the cos (80°) does not apply in this case. Although many particles are
expelled from mirrors under these circumstances, partictes that stick to the mirror
surface in the presence of laser fluences this high can produce catastrophic damage
to optical surfaces.!

Reference

1. G. J. Linford, "Simulations of Intracavity Laser Heating of Particles,” Proceedings of
SPIE, 1415, pp. 196-210, (1991).

Issue B.a.5 SBS Pulse Compre—s—sor

Description - Although many experiments and theoretical analyses concerning the
behavior of stimulated Brillouin scattering have been carried out, the use of large scale
(Elager > 1 kJ) SBS cells for performing 100:1 pulse compression with high efficiency
has not yet been carried out in the United States. Calculations?-2 have suggested that
~100:1 SBS pulse compression can be achieved, but it has been shown theoretically
that it may be difficult to achieve 6 ns pulse durations with high conversion efficiencies.
Mak,? et al., reported that in work performed in the Soviet Union, 100:1 compressions
of long pulse KrF lasers had been achieved with 99% efficiencies at energy levels of
the order of 1 kJ.

Additional experimental work needs to be performed to demonstrate that the Soviet
approach using a "chirped" input Stokes, possibly in a ramped format, can achieve the
requisite pulse shape with a high conversion efficiency. There does not seem to be a
serious concern that the SBS puise compressor can achieve the requisite puise
compression ratio and pulse shape—the primary problem appears to be that the
conversion efficiency may lie between 50 and 70%. Use of large aperture Pockels
cells and appropriate delay lines can permit the depieted SBS pump (representing the
remaining 30% of the energy in the SBS cell) to be used as the 80 ns precursor for the
main laser beam.

References

1. "New Technigues for KrF Laser Fusion Systems; Stimulated Brillouin
Architectures,” Spectra Technology interim report for Los Alamos National
Laboratory, pp. 1-3 through 1-6, (19897).
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2. "Ramp Stokes Seeds for SBS Pulse Compressors,” TRW IOC from Gary Linford to
ICFRDS Team, K323-L-91-142, 18 July 1991.

3. Arthur A. Mak and Leonid N. Soms, "Optical Methods for Laser Beam Control,”
Proceedings of SPIE, 1415, pp. 110-120, (1991).

B.b Heavy lon

Issue B.b.1 Timing_of Heavy lon Beams

Description - In order to meet the TWG's requirements for the heavy ion indirect drive
target, it will be necessary to achieve better than a ~0.5-ns time difference among all
16 HI beams through the LINACs, channel formation, channel transport, stripping, and
focusing into the hohlraum. This degree of precision is currently not within the state of
the art and will need development to attain.

Issue B.b.2 Channel Formation

Description - A complete description of the individual beam propetties including
current, charge state, density, energy charge density profile, rise time, degree of
symmetry, and beam radius will be required to characterize channel formation in the
background gas. In addition, the physics of interaction with the beam in terms of the
background gas properties must be made. These background gas properties are:
composition (Pb, D,, DT, He, plastics, etc.), density, ionization potentials, degree of
ionization, etc. It is presumed that the heavy ions will have Z ~ 82, initial charge state
+2, current tens of MA, and energies of approximately 5 GeV.

Issue B.b.3 Channel Transport

Description - There are key issues associated with the transport of space-charge
limited heavy ion beams through the reactor cavity to the target. The problems
associated with HI channel transport include collapse of channel due to pinching,
motion of plasma within the solenocidal magnetic field, recirculating neutralization
currents, attraction of elections, repulsion of ions, etc. In addition, it will be necessary
to know the betatron period vs. the ionic charge state. Development of instabilities
such as "kink" and "sausage" need to be understood, both experimentally and
theoretically.

There are several critical issues which will require validation through experimentation
and modeling before self-formed transport channels can be considered truly viable.
Foremost among these is a laboratory demonstration of a self-pinched heavy ion
beam transport channel. The transport characteristics of the channel must then be
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assessed including: (1) fraction of the beam ions initially captured in the channel,

(2) fraction of the beam energy lost due to background collisions and back EMF,

(3) fraction of the beam energy lost near the target where opposing side channel
currents begin to cancel the confining azimuthal field, (4) fraction of the prepulse
energy eroded during channel formation, (5) capability of the channel to re-image the
focal spot at the channel entrance onto the target, (6) limitations on beam focal spot
size at the channel entrance, (7) demonstration of sufficient conirol over the channel to
accurately position the focal spot on the target, and (8) characterization of background
gas conditions/limitations for stable channel formation.

Reactor Concept - Prometheus-H

Potential Impact - RP, IC, RS, RL

Desian Specificity - DHI (Driver, Heavy lon)
Overall L evel of Concern - High

The capability to form a stable, self-pinched transport channel to re-image a heavy ion
beam focal spot on a target would have significant positive economic and technical
impact on design of a heavy ion-driven inertial fusion power plant.

Operating Envirgnment

P - Background Gas Density T - Temperature
Q - Power Density E - Beam Energy
IB - Beam Current El - lon Energy
G - Geometry p - Pulse Shape
N - Cyclic Operation HI - Heavy lon

Relevance to MFE - Low
This development issue is not directly relevant to MFE.

Issue B.b.4 Stripping of HI Beam

Description - The stripping of the HI beam in a thin foil needs to be understood in terms
of the momentum vector of the completely stripped beam. In addition, if an ionizing
laser is used to generate a channel, the interaction of the stripped HI beam with the
weakly ionized channel through the gas needs to be thoroughly investigated. The
precision with which the Hi beam foliows the laser beam needs to be established
accurately since it strongly impacts the accuracy with which the HI beams can be
delivered to the indirect drive target. In addition, a reliable method is required for the
introduction of the laser beam through the foil area and into the impact region for the
injected indirect-drive target. In addition, the phenomenon of seli-focused beam
capture inside the pre-formed channel needs to be investigated experimentally.
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Issue B.b.5 Alignment of Indirect Hl Target

Description - Although the alignment stringencies of the HI beams to the indirect drive
target are less severe than those placed on the excimer laser driver irradiating a
direct-drive target, it is necessary to combine the 16 Hl beams into a bundle of
sufficiently small size (~1 mm) to permit the efficient irradiation of the target without
damaging the capsule. This problem is therefore intimately related to the channel
transport issues raised above in sections 3.3 and 3.4.

Issue C Vacuum System and Evacuation

—r ety e i

Issue C.1 Vacuum Seal Compound Survival in Nuclear_?-:nvironments

Description - Elastomers such as Viton, Buna and teflon are frequently used for seals
in vacuum designs. These as well as other candidate elastomeric compounds may be
quite susceptible to degradation and alteration of properties in a nuclear environment.

Reactor Concept - Laser and Heavy lon

Potential Impact - Alternative, more expensive and labor intensive designs utilizing
metal seals will be required if nuclear hardening of elastomeric seal materials is not
accomplished.

Design Specificity - This issue is generic to all reactor concepts.

Overall L evel of Concern - Low. This problem will have to be solved and may add to
remote maintenance costs. the problem has been encountered before and existing
seal designs are available.

Operating Environment -

Dearee of Relevance to MFE - High. Magnetically confined fusion devices have
encountered this problem and have sponsored studies to determine applicable
alternative seal designs.

Analysis - None.
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Issue C.2 Crvogenic Pump Hydrogen Capacity

Description - The largest design factor affecting the vacuum system is cryopump
hydrogen capacity. Current pumps have relatively limited capacity which drives
designers to choose between large numbers of pumps or frequent pump regeneration.
Increases in hydrogen capacity may be accomplished through pump design trade-offs,
sacrificing the abiiity to pump large amounts of heavier gas species.

Reactor Concept - Laser and Heavy lon

Potential Impact - Vacuum system design may be changed due to increases in
hydrogen capacity. Reductions in the number and/or size of cryogenic pumps has
impact on remote maintenance systems, shielding requirements, reactor exhaust
reprocessing system as well as the vacuum system.

Design Specificity - This issue is generic to all inertial confinement reactor concepts.

Overall Level of Concern - High. This issue could significantly reduce the size of the
reactor vacuum system. As shown in the potential impact statement, the issue has a
ripple effect through several reactor subsystems. Significant cost reductions are
possible.

Operating Environment

Degree of Relevance to MFE - High. MFE reactors have significant gas loads and the
vacuum system spatial restrictions are significant.

Analysis - See Section 6.6 of report.

Issue C.3 Chemical Stability of the Reactor Exhaust

Description - The carbon and hydrogen isotopes contained in the reactor exhaust
could combine to form various hydrocarbon molecules. This chemical recombination
could produce flammable and/or toxic compounds. Vacuum and reactor exhaust
systems operation and design could be affected.

Reactor Concept - Laser and Heavy lon
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Potential Impact - Vacuum system design may be changed due to reduced atomic

hydrogen gas loads as well as the potential health and safety hazards. The exhaust
system design may also need alteration to allow separation of the hydrocarbons for
potential cracking/reprocessing operations.

Design Specificity - This issue is generic to all inertial confinement reactor concepts
that introduce carbon into the reactor.

Qverall Leve! of Concern: - Medium. This issue could significantly reduce the size of
the reactor vacuum system. It also has the potential to increase safety problems and to

add to the fuel reprocessing complexity. This issue will have to be addressed prior to
design of the first reactor.

Operating Environment - High temperature carbon and hydrogen exhaust gases.

Degree of Relevance to MFE - None. Carbon and other chemically reactive
compounds are probably present in only insignificant amounts in an MFE reactor.

Analysis - None.

Issue D Tritium Processing System

Issue D.1 Tritium Inventory

Description - The Tritium Fuel Cycle System is required to manage and process all
tritium containing streams in the IFE plant. These include supply of tritium to target
fabrication, processing of reactor chamber exhaust to remove protium and impurities,
and treating tritiated impurities to recover tritium. In addition, tritium is to be recovered
from the breeder blanket to ensure self-sufficiency. Also, various systems such as
coolant, beam lines, reactor buiiding atmosphere and waste water need 1o be
decontaminated to remove tritium.

The key issue in the Tritium Fuel Cycle System is the tritium inventory and mean
residence time of tritium in the subsystems and tritium losses from the subsystems, due
to the radiological hazard posed by tritium. Tritium is a weak beta emitter with a half
life of 12.3 years. It is a particular biological hazard because hydrogen is an important
chemical component of the life cycle and the hydrogen isotopes are extremely mobile.

McDonnell Douglas Aerospace
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Reactor Congept - Laser and Heavy lon. The design of the Tritium Fuel Cycle System
is relatively independent of the driver design and is similar whether the Heavy lon or
Laser driver is selected.

Potential impagt - (RS) Containment and control of tritium present some special
problems because tritium can permeate through materials and form volatile species.
Tritium cleanup and safety systems are provided to protect the plant staff, the public
and the environment from exposure to too much tritium, by effectively limiting the
escape of tritium. They must also quickly recover all the tritium deposited in reactor
systems to limit inventories and prevent decay losses.

Design Specificity - (B, T, TF) There are three subsystems of the Tritium Fuel Cycle
System in an IFE plant with potentially large tritium inventories, i.e. the blanket, the
exhaust processing system and the target factory.

Level of Concern - (Medium) Several strategies are suggested for controliing tritium to
very low concentrations and for limiting the escape of tritium to the environment. By
proper selection of material combinations, highly reliable processing systems and their
operating conditions and multiple barriers, the tritium inventories and leakage can be
minimized. Tritium escaping to the plant containment can be removed by gas cleanup
systems.

Qperating Environment -

Relevance {0 MFE - The tritium issue is virtually identical for IFE as for MFE with the
exception of a large tritium inventory associated with the target fabrication for IFE.

Analysis - A critical issue is a serious problem which only R&D can resolve. A problem
which can be resolved through conservatism in design and where R&D has only
economic justification, could be termed a technical issue.

For DT fuel cycle self-sufficiency the blanket performance is a critical issue. The tritium
breeding required defines a number of concerns of which only a few guality as issues.
For example, the tritium inventory in the blanket is one of the parameters of the blanket
issue. Tritium recycling from the chamber is, for steady state conditions, not an issue.
The chamber tritium inventory (at steady state) may be an issue which couid be
packaged with another parameter; i.e., the tritium content of the first wall protection
material, into a broader issue. Tritium inventories in the fuel processing systems are
not an issue. for the given design the amount of tritium in the system is known and is
acceptable. If however, the reference design changes to some different concept, this

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 5.4-17



INERTIAL FusioN ENERGY MDC 92E0008, VoL. Il
ReacTOR DESIGN STUDIES MARCH 1992

may become an issue. The time required for target fabrication and target storage
could be packaged intc a broader target fabrication issue.

Based on the above comments and on the present design, there is no critical issue in
the Fuel Cycle Design.

Issue D.2 Tritium Permeation from the First Wall Coolant - Liquid Pb

Description - Approximately 40% of the heat produced in the reactor will be removed
by liquid lead and transferred into the ultimate heat transfer medium steam which will
convert this into energy in a steam turbine. The permeation rate from the Pb side of
the heat exchanger is of serious concern. Any permeation rate in excess of the
release limit is unacceptable for direct heat exchange in a steam generator for directly
driving the turbine. The following theoretical mitigating options exist:

(1) Double wall [1.1] or composite heat transfer tubes [1.2]. Option [1.1] could have
an interspace between tubes which would be purged and evacuated.
Alternatively, option [1.2], would feature a composite heat transfer tube wall
which would have tailored permeation barriers consisting of dissimilar metals
and/or oxide barriers.

(2) Use of an intermediate coolant loop. Such loop would transfer heat between
Pb and steam, and provide opportunity for recovering permeated tritium.

Option 1.1 is, from the fuel cycle design point of view, very simple. In this case a purge
gas would sweep the interspace under vacuum. The gas would be processed in one
of the main fuel processing loops such as PSA (if He is used) or fuel purification loop if
hydrogen is used. However, from the heat transfer point of view this option may be
very difficult to implement as the heat transfer from liquid lead to steam may be
severely restricted.

Option 1.2 would have no impact on the fuel cycle since the permeation would be
restricted to values below noticeable levels. There would be no additional processes

required.

Option 2 would, due to the high temperatures, involve a medium other than water.
Such medium would most likely have to be liquid metals (or steam) since even known
organic coolants could be used only to some 420°C.

In order to see if the concern is relevant the permeation rate was attempted to be
calcuiated:
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Solubility of T in Liquid Lead - Upper Permeation Limit - Ghoniem! suggests solubility
values of 0.11-0.25 [cc T/100 mg Pb] at 500 and 600°C respectively. Such high
figures appear to be in agreement with Opie and Grant2 which were never
experimentally duplicated;* and Hofman and Maatsch3 could not measure figures
above 0.01 which apparently was the detection limit of their instruments. Even this
lower figure, when extrapolated for the high Pb flow of 20,311 kg/s [1] (or 7.3 x 1011
[g/h]), will yield tritium transport figures in excess of the 29.29 mol/h fueled into the
chamber. However, a more useful source of solubility dependency on pressure is
shown in Reference 4 and Figure 5.4-1. From this the solubility is 1.2 x 10-2 [appm H
in Pb/torr1/2]. The simplifying news is that the solubility appears not to be temperature
dependent. Consequently cooling of Pb will not release any T in the heat exchanger.
This leads to an assumption that the partial pressure of T on the Pb side of the heat
exchanger is equal to the pressure at which the equilibrium solubility was established
in the chamber. The chamber pressure® appears to follow a decay exponential from
104 Pa to 0.2 Pa during each of the 0.25 sec interval between explosions. An
approximate integration of that pressure indicates that the average pressure is in the
130 Pa region. If the mole fraction of Tz, mt 7 is 0.208, the partial pressure of To is:

P T = mfT x 130 = 0.208 x 130 = 27 [Pa] or 0.205 [torr].

The amount of tritium dissolved in Pb transferred to the heat exchanger is:

DI2xK. A (g

T2= 6 X A x Q T
10 pb
where:

pT = partial pressure of Tritium in the chamber [torr];
K3 = Solubility = 1.2 x 10-2 [appm H in Pb/torr1/2];
AT = atom number for tritium = 3;
App = atom number for lead = 207.2;
Q .= Flow of lead to the heat exchanger 20311 kg/s or 7.3 x 1010 [g/h]
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The resulting tritium flow in solution is:

0.205)"% x 1.2 x 107 4

X 207.2

x 7.3 x 10'° = 5.7{%}

T =
3
10°
This represents the upper limit for the permeation, since no more tritium can be carried
out of the chamber.

Tritium Permeation - From Reference 5, the following correlation applies for a group of
steel based materials:

-15000 5 3 mm
perm:O.Sxexp[ RT J=1.41x10 ;em” (STP) x p _ 7
cm® x min x torr

if: perm = Permeability (see above);
and for Gas constant R = 1.98, wall temperature T = 723 K, and:

A = Heat transfer area 1.5 x 108 {cm2]

tp = Wall thickness of the heat transfer tubes = 2 [mm];

pPT = Partial pressure of Tritium = 0.205 [torr];

The T permeation rate is:

60 x perm x A x (pT)”2 X MT
Tperm = 2% 1000 x 22.4 =

60 x 1.2 x 1.41 x 10™ x (0.205) "% x 6
2 x 1000 x 22.4

12
)

oo

= XX (0.205 =16.8 x0.25=7.56 (

)

It is apparent that the permeation flux through clean tubes in the Pb heat exchanger is
exceeding the amount of tritium dissolved in Pb. From the mass balance, the amount
of tritium "dropped out” of the solution must be in balance with the amount permeated.
From the material balance, the permeation rate must be equal to the amount of tritium
left in the heat exchanger. This balance will be reached at a lower partial pressure
where the dissolved tritium is equal to the permeation flow. For such balance, the
following applies:

T permeated = T supplied with Pb - T returned in Pb

or:
7.56 x (p)vc)”2 57 57 x (px)”2

(0.205)"° (0.205)""
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Consequently:

(px )12 = 0.194; and px = 0.037 torr;
The new permeation rate is:

T =57 X : 245[%
3x"'x 1/2 ) 172~ h

(pchamber) (0.205)

And the tritium flow returning to the chamber wili be:

g
Ty = 3.7-245 = 325 [HJ

Permeation with Oxide Barriers - Belld offers permeation impedance factors ranging
from 100 to 1000 for stainless steel conditioned by water oxidation at 600°C. For
Incaloy 800 the corresponding figures are ranging from 167 to 319. This still leaves
permeation flux in the range of 7 to 70 [mg/h} or in terms of Ci/h 70 to 700 Ci/h. Even
the lower of the two figures could still cause a tritium extraction problem. With
composite walls and or space the permeation flux couid be reduced by 4 orders of
magnitude which could bring the permeation into the range of 7 Ci/h or 167 Ci/day
which is still hardly acceptable. It appears that the permeation control may have
resorted to much more drastic steps such as oxidizing the permeated tritium in the tube
interspace (or in the intermediate loop or on the Pb side of the heat exchanger) which
should lower the permeation rate.

Tritium_Inventory for the Fuel Cycle Components - As the design progresses, the

earlier preliminary estimate of tritium inventories for the fuel cycle has been updated
from the earlier figures extrapolated from ITER. These are shown in Table 5.4-1.

Table 5.4-1: Tritium Inventories for Fuel Cycle Systems

Service or System Process T Inventory [g]
Isotope Separation (1SS) Cryo-distillation 56
Impurities from Fuel Permeation 5
Tritium from Impurity reject HITEX 0.5
Tritium from Solid Breeder Pressure Swing Adsorption 2.8
Tritiurn from Water Distillation + VPCE 0.3
Tritium from Atmospheres Recombiner/Dryer 25
Solids removal from Pb TBD 0
Fuel Management and Storage Zr/Co or U beds 600-800
Breeding Blanket Solid, He purged, He cooled 50-500
Coolant Helium o
Solid Waste De-tritiation TBD TBD
Total 740-1400
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Issue E. Cavity

E.a Wall Protection

Issue E.a.1 Cavity Vapor Hydrodynamics

Description - Vapor hydrodynamics following the blast affects both the pressure loads
seen at the wall and also the condensation rate for cavity clearing, both of which are
serious issues. Hydrodynamic phenomena in the cavity are very complex, involving
temporally and spatially dependent energy deposition, shock propagation and vapor
mass transfer. The hydrodynamics is also intimately coupled to cavity heat transfer,
which is itself very complex.

Reactor Concept - Laser and Heavy lon

Potential Impact - (DW, UL.) Vapor hydrodynamics strongly affects recondensation and
cavity clearing; if the cavity clearing rate is too slow, the reactor concept is not
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feasible. Unacceptably high pressures at the first wall would cause early failures or
result in conservative designs that increase cost and lower performance.

Design Specificity - {Generic) Dry wall protection schemes use cover gases, whereas
liquid protection schemes fill the cavity with evaporated liquid. In either case, this is an

important issue.
Overall Level of Concern - (Critical)

Operating Environment - (S, A, G, TWI, Q, t, q, P) Many factors affect cavity
hydrodynamics. Initial conditions are set by the blast yields and spectra. Vapor and
surface conditions are important, inciuding temperature, pressure, power density and
heat flux. Dimensions, geometry, and wall interactions also affect the phenomena.

Degree of Relevance to MFE - (None) This work is only slightly related to plasma
disruptions.

Issue E.a.2 Cavity Structure Mechanical Response to Blast

Description - The main sources of loading on the first wall are due to: (1) impulse from
rapid evaporation, (2) shock waves in the cavity gas, and (3) weight of the Pb. If the
resulting stresses and strains are to0 large, then the fatigue life of the first wall may be
unacceptably short, or the cavity wilt have to be designed more conservatively. Many
failure modes will depend on the mechanical responses in the first wall structures.
Mechanical response is very design dependent, and is difficult to predict currently due
to the unigque material design, component configuration and attachment scheme, as
well as the complex loading conditions. Innovative design approaches can be
envisaged to reduce the peak stresses; these require analysis and testing 1o
determine the extent to which they are successful.

Reactor Concept - Laser and Heavy lon

Potential Impact - (UL, RP, IC) [f the resulting stresses and strains are too large, then
the fatigue iife of the first wall may be unacceptably short, or the cavity will have to be
designed more conservatively.

Design Specificity - (All IFE reactors must address this issue.)

Overal| Level of Concern - {High)
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Operating Environment - (F, T, ¢, A, TWI, G, Q, q, P, N, s} Mechanicai responses
depend very strongly on the local conditions in the first wall, inciuding temperature,
stress state, etc., and are strongly influenced by geometric factors. In addition,
simulation of proper loading conditions is important, such that the requirements on the
environmental conditions are very difficult.

Degree of Relevance to MFE - (Low) This problem resembles the response to
disruptions, and to some extent the mechanical response of large components (such
as the blanket) under cyclic operating conditions.

Issue E.a.3 Vapor Condensation Rate

Description - For liquid-protected first walls, evaporated material must be removed
from the cavity quickly to allow rapid firing of the targets and beams. In most designs,
this requires condensing the vapor on the wall or on separate condensing surfaces.
Noncondensables must be pumped separately. The condensation rate is limited by
processes in the cavity and by heat transfer to the cooling medium. The condensing
surface must be adequately cooled to a temperature lower than the saturation
temperature at the desired cavity base pressure. The basic heat and mass transfer
processes under ideal conditions are relatively well known, but insufficiently studied at
present. Lack of experimental data makes the modeling predictions very uncertain.
More seriously, non-ideal effects, such as nucleate recondensation, aerosol transport,
droplet generation and transport, 3D effects contribute very large uncertainties.

Reactor Concept - Laser and Heavy lon

Potential Impagct - (DW, RP, IC) Inadequate cavity clearing lowers the allowable
repetition rate, raising the yields and/or lowering the power produced. If the yields
become too high, the driver energy and wall loads may become prohibitively high.
Alternatively, one could reduce the net power produced, although this would almost
certainly destroy the economics.

Design Specificity - (Most wall protection schemes)

This issue is relevant, with the possible exception of a few schemes such as HYLIFE-I,
in which the cavity is cleared by liquid slugs.

Qverall Leve! of Concern - (Critical)
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Qperating Environment - (T, A, TWI, G, t, g, P) The main parameters which dominate
recondensation are the temperature and pressure in the cavity and at the first wall.

Degree of Relevance to MFE - (None) Some possible relationship to plasma
disruptions.

Issue E.a.4 Radiation Heat Transport in Partially-lonized Gas

Description - The x-ray and debris energy is absorbed in the cavity background gas or
in the vapor shield which arises from film evaporation. This leads to vapor
temperatures up to several eV. In this partially-ionized regime, emission and transport
of thermal radiation is very difficult to model. Thermai radiation is particularly important
for the analysis of dry spots {or dry walls), but also contributes to the determination of
the cavity clearing time.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RP, RL) Thermal radiation affects vapor recondensation and cavity

clearing time, although its importance in this regard is uncertain (the time constant may
be fast enough such that thermal conduction and mass transport dominate). It is more

important when dry spots occur; when no liquid is present, evaporation of the dry wall

due to thermal radiation is more important.

Design Specificity - (Generic)
Qverall L evel of Congern - (High)

Qperating Environment - (T, A, TWI, G, Q, 1, q) Target yields and spectra determine the
initial conditions. The background gas pressure and temperature and wall temperature

are the most important parameters.

Degree of Relevance to MFE - (Low) Thermal radiation in partially-ionized gases

shares some similarities with the plasma edge region of an MFE reactor, although the
materials are different.

Issue E.a.5 Film Flow Control: Injection, Uniform Thickness, and
Drainage

Description - Any solid surface exposed to the blast will rapidly deteriorate; complete
wall coverage is mandatory. Further, if the thickness of the film varies too much, then
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the wall temperature will vary, limiting recondensation. Excessive variation of film
thickness will lead to overly conservative design, driven by the hot spots. Many
problems have been identified with control of the film thickness. One of the most
difficult problems is protection of inverted (upper) surfaces. Any finite-thickness film is
subject to Rayleigh-Taylor instability and will drip down into the cavity. Proposals to
aid in upper end-cap protection include inertial jet injection and magnetic guiding.
Drainage is another serious concern, as large pools at the bottom of the cavity would
become hot and limit recondensation.

Reactor Concept - Laser and Heavy lon

Potential Impact - (DW) inability to adequately protect the solid surfaces makes this
design concept impractical.

Design ificity - (Generic to thin film wall protection.)
verall Level of Concern - (Critical)

Qperating Environment - (A, G, v) Most aspects of this issue are independent of the
radiation and blast environments.

Degree of Relevance to MFE - (Low) Some similarity to free-surface films as
innovative divertor protection.

Issue E.a.6 Film Flow Stability and Response to Impulsive Loading

Description - The ability to maintain a constant film supply through a porous wall under
impulsive loading is highly uncertain. Resolution of this issue requires a good
understanding of the time-dependent surface pressure and the interaction of the fluid
and structure. Rapid heating from the blast, sometimes called isochoric heating, can
cause liquid to eject into the cavity. In this event, beams and targets would not
propagate into the chamber.

Reactor Goncept - Laser and Heavy lon

Potential Impact - (DW) [f liquid is ejected into the cavity, then beams and targets
would not propagate and the film concept would be impractical.

Design Specificity - (Thin film protection schemes.)

Overall Level of Concern - (High)
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Operating Environment - (A, G, v) Requires simulating both the film conditions as well
as the blast conditions which establish the time-dependent loads.

Degree of Relevance to MFE - (Low) Some similarity o free-surface films as

innovative divertor protection.

Issue E.a.7 Pbh/SiC_Wettability

Description - Good wetting between Pb and SiC is necessary to provide reliable
supply and coverage of Pb to the first wall. Preliminary experiments indicate that the
two materials do not wet, even in a very pure atmosphere. Wetting is particularly
important at inverted surfaces, where capillary action is needed to heip support the
film. Chemical additives to the SiC matrix (e.g. metals) may be necessary to
encourage wetting.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RP, RL, IC) If good wetting can not be obtained, then the film supply
system would become very complex and more subject to failures.

Desian ificity - (Specific to this design, using Pb and SiC in a thin-film
configuration.)

Overall Level of Concern - (Medium) Wetting is important, but it is predicted that
solutions to this problem can be obtained without a huge R&D investment.

Operating Environment - (C, |, s} This is primarily a materials issue, with littie effect
from the operating environment.

Degree of Relevance to MFE - (Low) Possible relationship to LiPb breeders in SiC
blankets, although this combination is not one of the principal MFE design concepts.

e e

Issue E.a.8 Pb_Compatibility with Steel

Description - The maximum bulk outlet temperature of the Pb first wall coolant is
limited by compatibility with steel in the pipes and heat exchanger. Dissolution of steel
is controlled primarily by temperature. Previous studies have set limits of the order of
10 mm/yr erosion to prevent heat exchanger plugging. This translates to a coolant
bulk outiet temperature limit of approximately 500-550°C. These estimates are based
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on extrapolation from data obtained for sodium-steel interactions, and may not be valid
for Pb-steel. Since the bulk coolant temperature is important in determining the
thermal cycle efficiency, accurate measurements are important. Impurity control
methods, such as cold trapping may allow an increase in the allowable temperature,
and should be explored as well.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RP, RL, RS) - Lower temperatures result in lower thermal cycle
efficiencies. If the corrosion rate is too high, heat exchanger plugging may result.
Transport of steel constituents into the reactor cavity would result in additicnal
radioactivity.

Design_Specificity - (Specific to Pb-steel systems.)
Overall Level of Concern - (Medium)

Operating Environment - (T, C, v) The concem is outside the radiation environment.
The major parameters are temperature, impurity content (especially oxygen), and
coolant velocity.

Degree of Relevance to MFE - (Medium) Material compatibility is a generic issue. Pb
corrosion is related to LiPb corrosion, which is an important issue for MFE.

E.b Blanket Issues

Key technical issues for blankets can be listed in the following categories (major
sources of uncerainties for each issue category are aiso shown).

1. Tritium self-sufficiency
- Uncentainties in achievable breeding ratio (inventory)
. - Uncertainties in required breeding ratio (production rate, burn up)
2. Tritium inventory and recovery
- Tritium transport mechanisms
Solid breeder micro-structure
Chemical trapping
Surface processes
- Irradiation effects
- Temperature limits
3. Breeder/structure mechanical interactions
- Swelling

McDonnell Douglas Aerospace
Use or disclosure of data
subject io title page restriction 5.4-29



iINERTIAL FusioN ENERGY MDC 92E0008, VolL. Il
ReAacTOR DESIGN STUDIES MARCH 1992

- Interface heat transfer
4. Off-normai and accident conditions
- LOFA, LOCA
- Tritium behavior during transients
- Module pressurization
5. Structural response and failure modes
- Uncentainties
6. Corrosion and mass transfer
- LiOT formation and vaporization
- Breeder/clad corrosion under irradiation and temperature
- Coolant impurities
7. Tritium permeation
- Surface kinetics
8. Fabrication & Assembly
9. Heat generation and power production
- Nuclear heating rates and energy multiplication

Each issue is described in more detail below.

E.b.1 Tritium Self-Sufficiency

Description - Tritium self-sufficiency is a necessary goal for fusion, which is satisfied
when the achievable tritium breeding ratio equals or exceeds the required tritium
breeding ratio. Blanket-reiated uncertainties in the achievable tritium breeding ratio
include uncertainties in tritium production rates due to limitations in neutronics
predictive capability and data base and to material and configuration choices.
Uncertainties in the required tritium breeding ratio relate mostly to the blanket
inventory.

Reactor Concept - L/H

Potential Impact - (DW) Tritium self-sufficiency is a critical issue that may close the
design window since it is a required goal for a fusion reactor.

Design Specificity - Generic

Overall Level of Concern - Critical

Operating Envirgnment -

Neutron: H,D,R
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Parameters: F,¢,S, T,C, |, TG, A, G, Q,t, P, N, ¥

Degree of Relevance to MFE - High

E.b.2 Tritium Inventory and Recovery

Description - Tritium inventory and recovery in the solid breeder blanket is important
for two reasons. First, the feasibility of the blanket depends on whether or not it can
breed enough tritium to satisfy the tritium self-sufficiency requirement. The required
tritium breeding ratio increases with increasing breeder inventory. Secondly, this
tritium inventory may be a large safety risk, depending on its magnitude and mobility.
Uncertainties in the tritium transport mechanisms are large and are associated with
both lack of fundamental property data and with the effect of integrated operation in a
fusion environment. Achieving acceptable levels of tritium inventory and recovery
would also impose temperature limits on the breeder and blanket and affect design
configuration and operating flexibility.

Reactor Concept - L/H

Potential impact - (DW, US, IC) The impact of tritium recovery and inventory on tritium
self-sufficiency makes it a critical issue as it may be responsible for closing the design
window. In addition, a large tritium inventory is a major safety concern because of
hazard during accidents, as well as an economic penalty because of the larger initial
tritium supply required before the device becomes self-sufficient.

Design Specificity - Solid breeder blankets
Qverall Level of Concern - Critical
Qperating Envirgnment -

Neutron: H, R
Parameters: F,9,S,T,C, LA G,Q

Degree of Relevance to MFE - High

E.b.3 Breeder/Structure Mechanical Interactions
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Description - The mechanical interactions between the solid breeder matetial and the
structural material can lead to either degradation of the performance or seriously limit
the useful lifetime or safe operation of the blanket module. These interactions are
driven by differences in thermal expansion, creep and swelling behaviors.

Reactor Concept - L/H

Potential Impact - (RP, RL) Material property changes such as melting points, and
compatibility between structure and breeder under irradiation and temperature and in
the presence of impurities may limit the lifetime or performance of the blanket.

Design Specificity - Solid Breeders/SiC

Overali Level of Concern - High

Operating Environment -

Neutron: H,R
Parameters: F, T,C,ILA,t, N,o, P

Degree of Relevance 1o MEE - High

E.b.4 Off-Normal and Accident Conditions

Description - The reactor would have to be designed to withstand several types of
accident transients with no (or minimum) loss of investment. These transients include
loss of flow and los: of coolant accidents and tube sheet failure inside the blanket
module. Adequate ability to predict system response to such transients, including
tritium behavior and module pressurization effects, is needed.

Reactor Con.cegt -L/H

Potential Impact - (IC, RS) Inaccurate predictions could iead to either over-design with
associated costs, or under-design with potential for serious fault conditions.

Design_Specificity - generic, SiC
Qverall Level of Concern - High
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Operating Environment -

Neutron: H
Parameters: T,s, G, Q,t,Pi, v, P,N, TG

Degree of Relevance to MFE - High

E.b.5 Structural Response and Failure Modes

Description - Knowledge of failure modes and rates in blanket components is
necessary because of their critical impact on the economic potential and safety.
Virtually no data exist on failure modes and rates of components in a fusion
environment. Possible failure modes that need to be examined experimentally are
crack growth under cycling and irradiation, and cracking at welds and discontinuities.
However, the most important information from experiments is expected to be the
identification of unforeseen failure modes.

Reactor Concept - L/H
Potential Impact - (RS, UL) Understanding of structural response and identification of

failure modes are critical to the economic potential and safety of a fusion reactor.

Design_Specificity - Generic, SiC

Overall Level of Concern - High

Operating Environment -

Neutron: H DR
Parameters: F,T,0,C, L A, G, Q,t,N,P

Degree of Relevance to MFE - Medium

E.bh.6 Corrosion and Mass Transfer
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Description - With helium as coolant, the key concern are the impurities and their effect
on the structural material. Of concern also is the material interaction at the
breeder/clad interface including the effect of burnup, and the formation of LiOT
enhanced by moisture impurity and formation which could lead to LiOT vaporization
and Li mass transfer, as well as enhanced corrosion.

Reactor Concept - L/H

Potential Impact - DW (particularly for Li2Q) LiOT formation and vaporization is of
particular concern for LiOT. Mass transfer of LIOT to cooler regions could result in
plugging purge flow paths and loss of breeder material.

Design Specificity - Solid breeder (Li20Q), SiC

Qverall Level of Concern - High
Operating Environment -

Neutron: H, R
Parameters: F,T,C,I,1, Pt,N

Degree of Relevance to MFE - High

E.b.7 Tritium Permeation

Description - Trittum permeation from the breeding material into the coolant may be a
problem at interfaces where large areas of relatively thin walls separate breeder and
coolant. in the absence of cracks, tritium will diffuse through structural components at a
rate determined by surface kinetics, tritium vapor pressure and permeability.
Corrosion/chemistry at both interfaces of structural components may either inhibit or
enhance trittum permeation. Alternately, cracking of engineered or natural barriers will
strongly affect permeation.

Reactor Concept - L/H
Potential Impact - (US, UL) Tritium permeation into the coolant is a substantial safety

penalty since it may be difficult to prevent further tritium transfer outside of the primary
coolant. A major tritium permeation problem would require replacing the faulty blanket
module(s).

Design Specificity - Generic
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Overall Level of Concern - High
Operating Environment -

Neutron: D,R
Parameters: F, T,1, P, N

Degree of Relevance to MFE - High

E.b.8 Fabrication

Description - Manufacture and assembly of the SiC tube sheets and modules are
uncertain and need to be demonstrated. In addition, the fabrication of the solid breeder
is uncertain. The basic material must be produced and assembled into the desired
form with the desired microstructure and packing fraction. Precautions with Li2O are
necessary because it is hygroscopic and LiOH is corrosive.

Reactor Concept - L/H

Potential Impact - (IC, UL) Blanket cost and reliability are dependent on ease of
fabrication and assembly.

Design_Specificity - Solid Breeder, SiC
Qverall Level of Concern - High
QOperating Environment -

Neutron:
Parameters: A, G

Degree of Relevance to MFE - Medium, depending on MFE blanket design similarity

E.b.9 Heat Generatiorr;md Power Production
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Description - Uncertainties in the prediction of nuclear heating rates due to
inaccuracies in neutronics data and/or transport code affect temperature levels and
gradients, which govern most blanket phenomena. Uncertainties in predicting the
energy multiplication factor for the blanket affect the power production. In addition,
uncertainties associated with decay heat production would affect accommodation of
afterheat under normal and accident conditions.

Reactor Concept - L/H

Potential Impact - (RP, RS) Poor prediction of heat generation during operation has
implications on the design limit and the performance of the blanket.

Design Specificity - Generic, solid breeder
Qverall Level of Concern - High
Qperating Environment -

Neutron: R,H
Parameters: ¢,S,G,Q, t, v

Degree of Relevance to MFE - High

E.c Shielding

Issue E.c.1 Effective of Bulk Shield

Issue E.c.1.1 Biological Dose During Operation_and After Shutdown for

Maintenance

Description - During reactor operation, the occupational exposure limits outside the
reactor site (outside reactor building) must be maintained. The bulk shield
thickness/material outside the FW/Blanket system and the reactor building
thickness/material must be designed to ensure meeting these exposure limits during
reactor operation. After shutdown, the activation level attained in the bulk shield due
to prolonged irradiation during reactor operation determines the waiting period before
accessing reactor building. This also applies to the shielding materials of the laser
beam fines and the beamlets {including the prepulsed beams) in HI reactors. Extra
shield may be required at localized zones to ensure maintaining the exposure limits
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(e.g. around the laser windows at the inlet of laser beams to reactor building and at the
far ends of the HI beams). Primary uncentainties in actual dose levels arise from
tolerances in bulk shield assemblies, distortion resulting from thermal and radiation
effects, and neutron streaming through gaps and penetrations.

Reactor Concept - Laser and Heavy lon.

Potential Impact - (RS, UL) }f shielding is insufficient, this will require additional shield
and/or components rearrangement. This could lead to delayed plant operation and/or
reduced period of operation, imposing economical and availability penalties.

Design Specificity - (Generic)

Overall Level of Concern - (High)

Operating Environment - (R, D; ¢ ,F, S, G) Fusion neutrons are required to interact
with bulk shield/reactor building as the source of radiation. Dose levels are governed
by the material selection (for both during operation and after shutdown cases), neutron
and gamma fluxes and spectra, and the actual geometry and arrangement of the bulk
shield. Heat deposition and removal in bulk shield (due to neutrons/gammas
interactions during operation and due to decay heat after shutdown) is an important
design issue which has safety/reliability implications.

Relevance to MFE - (High)

Issue E.c.1.2 Radiation Streaming

Description - Neutrons stream through: (a) the relatively large opening of the laser and
HI beams, and (b) the gaps/slits between shield assemblies (of the bulk shieid,
shielding of the beamlines, shielding of vacuum ducts, etc.). Neutrons/gammas
reaching the ends of the beamlines will increase local exposure dose and radiation
damage to components in the vicinity. Neutrons/gammas streaming through gaps/slits
impeded in the bulk shield design also increase local flux levels which will require
safety factors to be impeded in the design of shielding segments.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RS, UL) Accurate estimates of neutrons streaming through the
relatively large openings of the iaser and HI beamlines penetrating the bulk shield is
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essential for protecting laser windows and sensitive components and for the
designing of the extra local shietd around these components.

Design Specificity - (Generic for both laser and HI)

Overall Level of Concern - (High)

Operating Environment - (R, D; 6, F, S, G) In general, level of neutrons/gammas at the
end of openings/gaps/slits depends on the energy, spectrum, and the fluence of the
primary neutrons streaming through these opening. The size and shape of the
openings/gaps/slits (e.g. Diameter/Length of large openings, straight vs. irregular or
stepped shape for gaps/slits) is a determining factor to the flux level at the ends of
these penetrations.

Relevance to MFE - (High) Large laser and Hi beamline openings are similar to the
openings of the neutral beam injectors/ vacuum ducts in MFE.

Issue E.c.1.3 Analytical Techniques and Data Base

Description - Neutron and gamma transport codes and nuclear data base are used to
predict the nuclear performance of the bulk shield and dose level behind it during
operation and after shutdown. The adequacy of these codes/data in predicting this
performance as well as neutrons/gammas streaming through penetrations impeded in
the bulk shield is an important design issue not only pertaining to bulk shield design
but to the design of all other nuclear components. Uncertainties in estimating the
operating environment of sensitive components are best relieved by additional
conservatism in bulk and penetrations shield thicknesses.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RS, UL} The additional conservatism in designing the bulk and
penetrations shield (or safety factors) to cover the current uncertainties in nuclear data
( transport and response data) and the approximations used in the transport
calculations has an adverse impact on the overall cost of the reactor. Integral
experiments are needed to test and validate the design safety margins and/or to
improve the data base used in design.

Design Specificity - (Generic)
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Qverall Level of Congern - (High)

Operating Environment - (R, D; ¢, F, S, G) Integral experiments dedicated to test and
validate the neutron/gamma transport codes/data used in shielding design will require
either a 14.1 MeV point source or a simulated line source. The latter is more suitable
for streaming experiments.

Relevance to MFE - (High)

Issue E.c.2 Shield Compatibility with Cavity and Vacuum Boundar

Including Assembly/Disassembly

Description - Shields are generally heavy, weighting more than a 50 tons apiece.
They must be fitted together with such accuracy that the slit width between them is
small enough to maintain the level of radiation streaming through these slits/gaps
below a certain specified level. The design of support mechanism for the blanket and
shield must consider various factors such as competition for space, differences in the
amount and direction of thermal expansions, clearance against earthquakes, etc. In
the process of assembling/disassembling the shield, activation fevel of shield
materials may require remote handiing.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RS, UL) Mechanical interactions between the various segments of
the shield and/or other components may lead to mechanical failures. Additionally, the
type of maintenance (vertical vs. horizontal) is a determining factor to reactor
reliability/availability. From a safety stand viewpoint, if the precision of the
assembly/disassembly is not enough, neutrons/gamma streaming could occur leading
to unacceptable radiation dose levels.

Design Specificity - (Generic)

Qverall Level of Concern - (High) Because of the complexity and serious
consequences of mechanical failures with regard to shield compatibility with cavity
and vacuum boundary, the level of concern is high in this case. Furthermore, although
radiation streaming through slits/gaps between the shield segments seems to be
inevitable, reduction in the streamed neutrons/gammas could be achieved by
considering stepped slits/gaps or by adding additional shielding when feasible.
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Operating Environment - (R, D, ¢, F, S, G)Although irradiation creep has some effect
on mechanical failures, neutrons and transported gammas have the dominant role in
generating bulk heating in the shield segments and thus causing thermal expansions.
Neutrons are also the source of concern with regard to streaming and activation
issues.

Relevance to MFE - (High)

Issue E.c.3 Activation of Reactor Building Components Outside the
Cavity

Description - The combined thickness of the blanket and bulk shield is an important
contributing factor in determining the fusion power and economics of a reactor. The
bulk shield thickness should be chosen such that activation of components located in
the reactor building and outside the cavity is kept minimal (e.g. activation of heat
exchangers, vacuum pumps, etc., if the design calls for installing them in the reactor
building). The situation in laser and Hl reactors are more relaxed compared to MFE
since no inboard shield is required to protect the superconducting magnets in these
reactors. However, the protection of the final mirrors and the quadrupole magnets
(see issues # D.3.4 and D.3.5) are key design issues for IFE.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RS, UL)

Design Specificity - (Generic)

Overall Level of Concern - (Low)

Operating Environment - (R, D ; ¢, F, S, G} Neutrons/gammas are required to interact

with components located outside the cavity. Level of activation of these components
depends on their location, size, and materials.

Relevance to MFE - (High)

Issue E.c.4 Shielding of Final Mirrors

Description - Neutrons and gammas stream through the laser beam ducts from the
center of the cavity all the way to the Grazing Incidence Metal Mirrors (GIMM), the
turning mirrors, and the laser windows. Streamed neutrons can also end up in the
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laser building and hence cause damage to the sensitive optical components.
Because the beam duct from the GIMM to the cavity is conical in shape, most of the
radiation damage to the GIMM (quantified in terms of dpa/FPY) is caused by the
uncollided neutrons streaming directly from the cavity center to the GIMM. In addition
to these neutrons and the collided ones in the shielding materials located in the
vicinity of the GIMM , neutron-induced gammas deposit substantial part of their
energies in the GIMM . This impact the life-time of the GIMM. To minimize neutrons'
damage effect in the GIMM, a neutron trap zone is normally located behind the GIMM
to absorb transmitted neutrons and iessen neutron reflection to the GIMM. Damage to
the turning mirrors are primarily caused by collided neutrons in the liner/shield
materials around the beam duct. Excessive dose absorbed in the laser windows leads
to their damage.

Reactor Concept - Laser

Potential Impact - (UL,RP,RL,IC) GIMM transmission characteristics adversely affected
by radiation damage caused by neutron streaming leading to short life-time. Thermal
stresses cause deformation and reduced performance. Frequent replacement of the
GIMM impacts system cost and the overall reactor availability. This applies as well to
the turning mirrors and the laser windows whose life-time are generally longer than
the GIMM's.

Design Specificity - (Mirrors)
verall Leve! of Concern - (High)

Operating Envirgnment - (R, D, H; ¢, F, S, G) High-energy neutrons (~12 MeV) for
GIMM, relatively moderated neutrons ( several MeV) for the turning mirrors and laser
windows are the main cause for reduced performance due to radiation damage.
Geometry of the mirrors impacts life-time (e.g. flat vs. paraboloid or ellipsoid mirrors,
grazing incident angle, mirror thickness, etc.)

Relevance 1o MFE - (None)

Issue E.c.5 Shielding of Quadrupole Magnets

Description - Focusing magnets in a Hl beam driven reactor are damaged by neutrons
streaming through the beam ducts unless adequate shielding is provided to protect

these superconducting magnets. The damage is quantified in terms of the dpa/FPY to
the Cu stabilizer, the peak radiation dose to the insulator, the fast neutron (> 0.1 MeV)
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fluence and peak power density in the magnet. Radiation damage is more serious in
the quadrupole magnets closer to the cavity where shielding is needed most.

Reactor Concept - Heavy lon

Potential Impact - (UL,HP,RL,IC) Radiation damage to the epoxy (or 10 the more
radiation-resistant polyimide) insulator is not reversible. Frequent repair has the most
impact on the driver cost. Shielding should protect excessive radiation dose to the
insulator such that the insulator could last the life-time of the reactor. Peak radiation
damage to the Cu stabilizer (reversible) should be kept below a specific design fimit to
allow for few (if not at ali) annealing processes during the plant life-time and, hence,
increasing the plant availability. Total heat deposited in the magnet should also be
kept below a specific integrated value t0 avoid magnet warm-up.

Design_Specificity - (Magnets)

Overall Level of Congern - (High)

Qperating Environmeni - (R,D,H 1 ¢, F, S, G) Neutrons streaming through the Hi beam
ports at the FW and colliding in the beamiine shielding materials are the main cause of
magnet damage. Neutrons and gamma heating in the insuiator, when excessive, is &
life-limiting factor.

Relevance to MFE - (Medium) Although there is a degree of relevance exists 10 MFE
but the geometrical arrangement of the magnet relative to the primary neutron source
in Hi IFE reactor is different from MFE. In the latter, neutrons streaming through the
beamlines are incident with a glancing angle 10 the magnet shield, relaxing the
shielding requirements in this case.

Issue F. Material

_____———,_=—'_—'._.———_-——
Issue F.a Viability of SiC_Structures

Description - The viability of using SiC structures in the first wall and blanket is key
consideration of the 1aser and heavy ion designs. If these concepts are to be
believable, efforts should be made to assess the factors involved in determination of
acceptable lifetimes, and to determine the appropriate manufacturing methods and
their economics. Anticipated lifetimes for FW/B components are not well known.
Limited resources allocated 10 this area precluded a realistic assessment of the
anticipated lifetimes. Without this knowledge, system reliability, maintenance and
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economics would be seriously challenged. In order to perform this task, several
investigations need be considered. It is too simplistic, and perhaps misieading, to use
the accumulated fluence, or displacements per atom, to make projections of lifetimes.
The determination of such lifetimes would need knowiedge of the various effects of
radiation. The most prominent of those are neutron induced swelling, embrittlement,
fiber shrinkage, and/or detachment from the matrix, creep and fatigue crack
propagation at high temperatures, and crack bridging mechanisms during irradiation.

On the other hand, the technology to process and manufacture SiC composites is at its
infancy. An evaluation of manufacturing methods, potential, and costs is needed.
Manufacturing methods are classified into fiber production techniques and matrix
processing technologies. A variety of possibilities exist, with potential consequences
on the economics and design.

Reactor Concept - Laser and Heavy lon. The work is applicable to both Laser and
Heavy lon designs.

Potential impact - (RP, RL, UL) Short lifetime of the SiC structure would result in an
unacceptable reliability and/or availability. Additionally, reduced performance and
reduced component lifetimes are expected.

Design Specificity - (FW, B) SiC structures are used in both the First Wall and Blanket
components.

verall Leve!l of Concern - (High) Without reasonable and reliable lifetime of structural
components, the entire design is compromised.

Operating Environment - (D, R; v, T, 6) Neutron and gamma radiation, high
temperatures, and moderate stress levels.

Degree of Relevance to MFE - (High) The development of low activation SiC

composites is one of the important technology goals of magnetic confinement fusion.

Analysis -

(1) Radiation Effects: Assessment of the effects of radiation on SiC has not been
thoroughly made. Experimental data and theoretical analyses will be available
in the near future through the MFE materials program. Assessment will include
mechanical properties, swelling, and high temperature creep.
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(2) Fatigue Life: Fatigue analysis of the FW/B structure can be very involved. It
requires accurate determination of the mechanical loading imposed by
ablasion and repetitive reflections of pressure shock waves. A study of fatigue
crack initiation and propagation in the structure is necessary. Reasonable
assessments on this basis will require, at least, 2-D finite eiement analysis of
the FW/B front and side walls. Considerations of the effects of radiation on
fatigue crack growth will have to be on the basis of theory/extrapolation.

(3) Manufacturing of the FW/B: Existing manufacturing techniques invoive CVD,
and CVI processing technologies for the production of the composite’s matrix.
The fibers can be produced by the Yajima method (Nicalon), the Rice hulls
method (US), the Los Alamos method (Whiskers). Combinations of fiber and
matrix processing produces the composite. Assessment of the cost, reliability,
and the capability for large component fabrication is desirable.

Issue F.b Thermomechanical and Materials Design of Laser Optics

Description - The mirror designs which we introduced in this study have been
successful, at least conceptually. Nevertheless, greater improvements can be
achieved, and more certainty and recognition may be realized, once we perform the
proper thermostructural analysis. This will include materials selection data base,
possible various configurations which would minimize surface deformations, laser
energy density limits, and thermal fatigue limits. More work is needed on the dielectric
tuning mirror, since it is quite sensitive to radiation effects.

Reactor Concept - Laser. The work is applicable only to the KrF Laser design.

Potential Impact - (DW, RP) The lifetime and design of the optics system in the neutron
environment systems has long been identified as key to the performance of the
system. The window may actually be closed if the lifetimes of the turning and grazing
incidental mirrors are too short for economic feasibility. Additionally, the reliability of
the entire system hinges on the reliability of the optics system.

Design Specificity - (DL) This issue is specific to the Driver Laser (DL).

verall Level of Congern - (High) Without reasonable and reliable performance of the
optics system, the laser concept is at risk.

Operating Environment - (D, R, H; v, T, 6} Neutron and gamma radiation, high
temperatures, and moderate stress levels.
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Degree of Relevance to MFE - (Low) Optical components are used in MFE designs for
RF heating and for diagnostics. However, the environment is not as severe, and the
problem is not perceived to be a concern to the MFE community.

Analysis - Research is expected to be along two major fronts; Materials selection and
thermomechanical design. This research will be concerned with the detailed design of
the two final mirrors; the turning and the grazing incidence. The turning mirror will
likely be selected of a dielectric material, which will be very sensitive to the etfects of
both neutron and gamma radiation. The neutron fluence limit is generally on the order
of 1016 n/cm2. The effort will invoive shielding design to reduce neutron and gamma
fluence, material selection for better solutions to the problem and analysis for accurate
determination of the radiation limits. Further innovative thermomechanical designs of
the GIMM may reduce its size and bring it cioser to the cavity.

Issue H Maintenance and Configuration

Issue H.1 Computer Reliability

Description - Current guidelines on the relative safety of plant operation equate
manual operation, mechanical interlocks, double electrical interlocks and triple
computer interlocks. These guidelines date from the early days of the fission industry
and need to be updated to reflect technological advances since that time. [n other
industries single computer systems are proving more "safe" than both mechanical and
electrical interlocks when used in complex manufacturing plants. New guidelines are
needed to put requirements for different levels of safety criticality and task complexity
with approval procedures that equalize approval requirements for computers with
other technology. IAEA study on this issue started in mid-1991 with seminar in Vienna
in July.

Reactor concept - This issue applies equally to Laser and Heavy lon options.

Potential Impact - (UL) This issue will result in unacceptable reliability and availability
through the use of older less suitable technological solutions in areas where
regulation hinders the adoption of computer based solutions.

Design ificity - (Generic) This issue is generic and has impact to various degrees
in all current power production options with increasing impact with plant size.
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Qverall Level of Concern - (Low) The level of concern ascribed to this issue is low
based on the current level of action from the International Atomic Energy Authority

among others.

Qperating Environment - (t) Operating environment for this technology is assumed to
be STP with the only key parameter time although current work on radiation hardness
of electronics could bring in far more onerous conditions on a limited proportion of
computer equipment.

Degree of Relevance to MFE - Due to its generic nature this issue is equally applicable
to MFE.

Analysis - The current treatment of computer systems in the nuclear industty is thought
to be overly restrictive given the current proliferation in many industries of computers
with increasing power and reliability. While the need for verification of computers is
not questioned, the current procedures are restrictive. In software QA, the seven-level
process mode! for software development, starting with specification requirements and
ending with traceable software code, is thought by many to be unusable and costly
without guaranteeing software reliability. The International Atomic Energy Agency
recognizes computer systems can play a significant role in improving nuclear plant
safety and economics but this needs to be suppiemented with an update of the current
implementation standards.

Issue H.2 Total Remote Maintenance

Description - The design of plant to only have services for robotics and not humans is
not something done in 1992 unless radiation levels or regulation force the issue.
Given the overall trends in automation, it is probable that this tenth-of-a-kind plant
should be designed for exclusive use of automation in key areas.

Reactor Concept - (Laser and Heavy lon) This issue could bring in significant cost
savings and design advantages if total remote maintenance (TRM) is used.

Potential Impact - (DW, UL} This issue could bring in significant cost savings and
design advantages if TRM is used.

Design Specificity - (Generic) This issue is generic and applicable to all design
options with toxic and/or radioactive elements or compounds and high radiation
environments.
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Overall Level of Concern - (Low) The level of concern on this issue is low, based on

the assumption that TRM will be accepted in future decades.

Operating Environment - (F, S, T, C, H, B)

Degree of Relevance to MFE - (High) Due to its generic nature this issue is eqgually
applicable to MFE.

Analysis - Designing the reactor building to accommodate robots and not humans is a
contentious point though by 2030 the 'risk’ in planning to keep humans out of all
hazardous areas should be accepted. Even with no HVAC or human walkways,
human access for emergency purposes can be accomplished with suited workers on
mobile platforms.

Issue H.3 Material Joining

Description - The joining of and to silicon carbide is a largely untried process
particularly at elevated temperatures.

Reactor Concept - This issue applies equally to Laser and Heavy lon options.

Potential Impact - (DW, IC) This issue has the potential to close the design window
though with R&D it is probable it can be solved.

Design Specificity - (Generic) This issue is general to all design solutions using
ceramic composites which, by 2030 will probably mean a majority.

verall Level of Concern - {High) High due to the lack of knowledge in this area.

Qperating Environment - (F, S, T, C, H, B)

Degree of Relevance to MFE - (High) Due to its generic nature this issue is equally
applicable to MFE.

Analysis - Joining of silicon carbide structurai parts is not well understood. This will
also be affected by the presence of lead coolant. Composite joints are often handled
using metal implants though in this case further problems due to differential expansion
would occur. Jeining of composites to metals is an area needing research, especially
with differential expansion issues at flanges, etc., particularly the joint between the
silicon cooling pipes to stainless steel in the helium cooling lines.
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Issue H.4 Lead Flushing

Description - When the reactor vessel is allowed to cool the lead coolant will solidify in
the first wall requiring some sort of draining or flushing process to remove lead and
allow the first wall tiles to be taken out individually. Any lead that remains will cause
severe sealing problems on reassembly in the key primary cooling tubes.

Reactor concept - This issue applies equally to Laser and Heavy lon options.

Potential Impact - (IC) This problem could have a significant cost impact as well as
potentially decreasing the availability of the reactor.

Design ificity - (Generic) This issue is specific to designs using a liquid metal
coolant.

Overall Level of Concern - (Medium) Concern on this issue is high primarily due to the
lack of information on the use of lead coolants particularly in silicon carbide structures.

Qperating Environment - (F, T, H)
Degree of Relevance to MFE - (Low)
Analysis - Due to the high melting point (325°C) of lead, the presence of iead in pipes

etc., will be a problem during maintenance. Flushing the lead out also brings more
probiems from the flushing medium.

zlssue H.5 Seal Life

Description - The life of seals on the vacuum duct between the vacuum pumps and the
reactor vessel is anticipated to be a problem, particularly as each vacuum pump needs
an isolation valve at its junction with the duct. The issue is also applicable to a lesser
degree to helium cooling pipes.

Reactor Concept - This issue applies mainly to laser options though as the issue
applies 1o helium cooling pipes as well it does impact heavy ion.

Potential Impact - (DW, IC) This issue could severely close the design window as well
as reducing availability and increase costs.
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Design Specificity - (Generic) This issue is not specific to designs in general though
liquid first walls and use of cryopumps increase the problem.

Overall Level of Concern - {High) Level of concern is high as the temperature range
and types of materials which seals encounter are at the limit of current technology.

Qperating Environment - (F, S, T, C, H, B) Key environmental parameters in this issue
are temperature range and the materials (like helium) which come into contact with the
seals.

Degree of Relevance o MFE - (High) Due to its generic nature this issue is equally
applicable to MFE.

Analysis - Seals in vacuum pumps on the vessel only have a two-hour life in ITER MFE
conditions, this will also be a problem on IFE on all flanges and valves near the reactor
vessel. In the heavy ion option the problem is less severe as roots vacuum pumps are
far less rigorous in environment than cryo or turbomolecular vacuum pumps. The life
of seals in helium pipe is an accepted problem which none the less needs a solution if
problems with this reactor are to be minimized.

Issue H.6 Embrittiement Temperature

Description - Material embrittiement problems are decreased if the temperature of
much of the reactor pipework is kept above 150°C at all times, including during
maintenance. This will be a maintenance challenge to operate at this elevated
temperature.

Reactor Concept - This issue applies equally to laser and heavy ion options.

Potential Impact - (DW, IC) This issue will both close the design window for the reactor
maintenance equipment and cause an increase in cost.

Desian Specificity - (Generic) This issue is generic as it applies to a feature that will
be found in most designs.

verall Level of Concern - (Medium) This issue is of medium concern mainly due to
the potential cost impact.

Operating Environment - T (Tritium)
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Degree of Relevance to MFE - Due to its generic nature this issue is equally applicable
to MFE.

Issue J Safety and Environmental

Issue J.1 Overall Plant Tritium Inventory

Description - The overall plant tritium inventory will directly impact the potential for
large radioactivity releases, with their associated off-site exposures. Also, large
amounts of tritium within the plant will require more complex engineered barriers to
minimize occupational exposures. In addition to the amount, the form (i.e., whether HT
or HTO) and location within the plant of the tritium will directly impact the design.

Reactor Concept - Laser and Heavy lon

Potential Impact - (IC, RS)

This issue is an Attractiveness Issue, since there are engineered feature which can be
implemented to mitigate the impacts of tritium, once its amount form, and location has
been identified.

Design Specificity - T (Tritium)

Overall Level of Concern - Medium. Since there are engineered features to mitigate
the impacts associated with this issue, an overall level of concern of medium has been
specified.

Operating Environment - H (Tritium)

Degree of Relevance to MFE - Medium. The methods developed to mitigate the
impacts of tritium for this plant are directly applicable to MFE, however, the amount,
form and location will differ.

Issue J.2 Permeation of Tritium

Description - Tritium will be carried by the liquid lead first wall coolant and will readily
permeate through the walls of the heat exchanger. Unless engineered design
features are provided, the permeated tritium will be released to the environment,
resulting in unacceptable off-site exposures.
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Reactor Concept - Laser and Heavy lon
Potential Impact - (RP) This issue is an Attractiveness Issue, since there are

engineered feature which can be implemented to mitigate the permeation of tritium,
(e.g., secondary loop, permeation barrier, duplex heat exchanger, etc.).

Design Specificity - T (Tritium)

Qverall Level of Concern - (Medium) Since there are engineered features to mitigate
the impacts associated with this issue, an overall level of concern of medium has been

specified.

Qperating Envirgnment - H (Tritium)

Degree of Relevance to MFE - Medium. The methods developed to mitigate the
impacts of tritium for this plant are directly applicable to MFE, however, the amount

form and location will differ.

Issue J.3 Normal Operation Tritium Release

Description - This issue is closely linked to the previous issue, however, this issue
extends the scope to controlling tritium releases from all portions of the plant.

Reactor Congept - L/HI
Potential Impact - IC. This issue is an Attractiveness Issue, since there are engineered

feature which can be implemented to mitigate the release of tritium, (e.g., desiccant
systems).

Design Specificity - T (Tritium)

verall Level of Concern - (Medium) Since there are engineered features to mitigate
the impacts associated with this issue, an overall level of concern of medium has been
specified.

Operating Envirgnment - H (Tritium)

Degree of Relevance to MFE - Medium. The methods developed to mitigate the
release of tritium for this plant are directly applicable to MFE.
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Issue J.4 Neutronic Cross Sections/Data Library for Activation Analysis

. Description - As emphasis on safety and environmental impact of fusion reactor has
greatly increased, an accurate predictive capability of radioactivity and its related
parameters such as decay heat has become necessary. The basic elements of such
predictive capability are a computer code based on an accurate mathematical model
and a library of basic nuclear data including decay data and transmutation cross
sections. Recent studies? point out that inadequate reaction cross section and decay
data exist in the codes and data libraries widely used in fusion community. Example
calculations show that the inadequacy in the RACC libraries underestimates the
photon yield by a factor of as large as 1000 in the ITER first wall tungsten zone during
operation and at times after shutdown. The study concludes that the accuracies of
neutronic cross sections and data library are essential for activation analysis.

Reactor Concept - Laser and Heavy lon. The work is applicable to both Laser and
Heavy lon designs.

Potential Impact - (US) inadequate prediction of radioactivity and decay heat for a
fusion reactor design may result in unacceptable safety risk.

Design Specificity - (Generic) All components exposed to radiation environment are
affected.

QOverall Level of Concern - High

Operating Environment - (R; ¢, F, S, Q,7)
Degree of Relevance to MFE - High
Reference

1. I. Jun, “Comparison Study Between Computed and Measured Radioactivity Decay
Rates from Neutron Irradiation of Zirconium and Tungsten in a Simulated Fusion
Environment,” UCLA-FNT-55, November 1991
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Issue J.5 Removing Decay Heat From Lead Coolant Under Accident
conditions

Description - Following the accident conditions, such as a loss of coolant due to a lead
cooling tube rupture, the radioactive lead coolant spills and might pose a threat to the
safety and environment. One of the design criteria requires that under this condition,
the radioactive lead will be collected into a “containment” through gravity driven lead
drain paths. If such a collection is fully successful, the lead can be cooled either
actively or passively. However, some amount of lead might stay inside the reactor and
knowing the location of lead is needed to mitigate the safety concern. Analysis
indicates that if a failure of removing lead coolant decay heat occurs, the lead coolant
(for the case of after two full power year operation) can reach about 1000°C at 8 hours
following the accident. This temperature might damage the local structure and results
in the migration of lead radionuclide into other plant components. Design reactor
chamber with residual heat removal system (such as containment fan cooling) and/or
with the development of lead detecting devices increase the plant cost.

Reactor Concept - Laser and Heavy lon. The work is applicabie to both laser and
heavy ion designs.

Potential Impact - (US, IC, RS) Inadequate cooling in lead decay heat may result in
unacceptable safety risk. Design inclusion of residual heat removal system increases
the plant capital cost.

Design Specificity - FW

Qverall Level of Concern - Medium.

Operating Environment - (R; ¢, s, Q, 7)) The levels of decay heat following the reactor
shutdown due to short lived radionuclides depend on the amount of neutron flux prior
to the accident occurs, which is sensitive to the reactor power. The magnitude of long
term decay heat is determined by the total neutron fluence regardless of the temporal
variation of flux. '

Degree of relevance to MFE - Medium. This issue is only preferentially relevant to
MFE if lead is considered as the multiplier in the blanket design. Developing active
means for lead decay heat removal under a cooling tube rupture (LOCA) is important
for MFE blanket design.
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Issue J.6 Hydrogen Burn Due to Rupture of Diffusion Vessel

Description - The diffusion vessel in the Target Factory could rupture resulting in either
an explosion or burning of the tritium and deuterium contained within the vessel. Such
an explosion could result in the environmental release of, and associated off-site
exposures to, HTO uniess proper engineered barriers are provided.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RP, IC) This issue is an Aftractiveness Issue, since there are
engineered feature which can be implemented to mitigate the impacts of a hydrogen
burn, (e.g., dividing the inventory into smaller vessels, increasing the robustness of the
building walls, etc.).

Design Specificity - TF (Target Factory)

verall Level of Concern - (Medium) Since there are engineered features to mitigate
the impacts associated with this issue, an overall level of concern of medium has been
specified.

Qperating Environment - (H, Py)
Degree of Relevance to MFE - None

Issue J.7 Detection of Local Dry Spots Prior to Failure

Description - The dry spots on the first wall may be created due to the following
mechanisms: (1) poor wetting of lead on the SiC material; (2) hydrodynamic
instability of film subjected to pressure impulses; and (3) integrity of fibrous SiC
material which is immersed in lead metal and subjected to a severe radiation
environment. Once a dry spot is formed on the surface, the heat deposited on the SiC
may result in a wall sublimation if at which the heat can not be adequately conducted
away. Analysis shows that the sublimation rate of SiC is about 0.67 Kg/m2 per shot,
which corresponds to a layer of thickness of 1.1 mm per shot. If the film can not be
reestablished and the dry spot remains, the time to failure (or a hole formation on the
SiC wall) for a wall thickness of 0.5 cm is about 17 minutes. A failure of first wall
reduces the plant availability, in addition it raises a safety concern if a hole is created
and lead floods the chamber. This result indicates that the ability of local dry spot
detection and remedy of removing dry spot is needed to reduce this issue.
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Reactor Concept - Laser and Heavy lon. The issue is applicable to both laser and
heavy ion designs.

Potential Impact - US, IC
Design_Specificity - Cavity FW

Qverall Level of Concern - High. The abiiities to detect and remedy the first wall dry
spot are essential for the first wall structural integrity and reactor safety.

Qperating Environment - (F, ¢, S, T, Q, o)

Degree of relevance to MFE - (High) Analytical method (or numerical modeling) for
the SiC sublimation is relevant to the modeling used in the plasma disruption
phenomenology studies, when the FW or high heat flux components undergo melting
and subsequent vaporization. Technology for detection of dry spot is needed for the
liquid film divertor concepts.

Analysis - The rate of SiC sublimation due to radiation re-emitted to the surface by the
cavily gas depends on the gas conditions (pressure, temperature, charge state) as a
function of time. The vapor entering the cavity from the X-ray deposition following the
explosion is expected to be at a temperature of several eV. With gas at a temperature
of several eV, the gas becomes ionized and excited. The gas temperature is
estimated by knowing the equation of state properties, which are calculated by
assuming the interparticle potentials are small.7 The internal energy for an ion is
computed relative to the ground state energy of the neutral atom and is given as:

e(?) = %(1 +<Z5) KT + Q(2)

where Q is the energy required to remove the Z electrons from the neutral atom and is
written as:
QZ)=Sl: for i=1,-,Z

li= ionization potential for the ith charge state.
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The degree of gas ionization and excitation (ignored in the present analysis) depends
on the gas temperature and number of density and is obtained from LIBRA.Z The
cooling rate of the ionized gas is calculated based on the analytical method developed
by Zel'dovich et al.1 This is given as:

4
" 4
q =—fT—

1

where s is the Stefan-Boltzmann constant and 11 is the radiation mean free path and
is given as:

2 )
M x 1022 73°

n° <Z> (<Z> + 1)2 -KIT_

where n is the number of density and T is gas temperature.

The aforementioned modei is only valid for optically thin gas. If the photon mean free
path approaches the characteristic length of the cavity, the gas is assumed to act as a
black body. Under the circumstance that the radiative energy flux into the SIiC
exceeds the rate at which the conduction carry away, some amount of SiC is
sublimated. The heat of sublimation is estimated by averaging the potential energy of
both Si and C in the SiC lattice based on Pearson et al.3 This is found to be equal to
1.91x107 J/kg. The amount of SiC sublimated is about 0.67 Kg per shot per m2. This
corresponds to a layer thickness of 1.1 mm.

Present calculation assumes thermal-hydrodynamic equilibrium, further analysis shall
include the effect of nonthermal-hydrodynamic equilibrium, gas excitation, self-
shielding, etc. Better modeling of radiative heat flux shall be incorporated to the cases
where the optically thin gas theory breaks down.

References

1. Y. B. Zel'dovich et al., “Physics of Shock Waves and High Temperature
Hydrodynamic Phenomena”, Volume |, Academic Press, New York, 1966

2. "LIBRA, A Light lon Beam Fusion Conceptual Reactor Design," UWFDM-800, July,
1989

McDonnell Douglas Aerospace
Lise or disclosure of data
subject to titie page restriction 54'56



INERTIAL FUSION ENERGY MDC 92E0008, Voui. |l
Reactor DESIGN STUDIES MARCH 1992

3. E. Pearson et al., “Computer Modeling of Si And SiC Surfaces and Surface
Processes Relevant to Crystal Growth From the Vapor”, J. of Crystal Growth 70
(1984) 33-40.

%
Issue J.8 Detailed Accident Analysis

Description - A number of accident scenarios/initiating events have been identified for
Prometheus (see Table 5.4-2). However, due to limitations on the scope of this study it
is not feasible to perform a detailed analysis of each of these accidents to determine
what detailed design features are necessary to prevent/mitigate each of the identified
accidents. Nonetheless, the viability of design which has been proposed is not
expected to be negated by the detailed analysis of these, or other, accidents.

Reactor Concept - Laser and Heavy lon

Fotential Impact - (IC, RS)

Design Specificity - (All) Accident initiating events have been postuiated that involve
many (all) of the plant's systems.

Overall Level of Concern - (High) The potential exists for some of the yet unanalyzed
accidents to require extensive and complex engineered features to mitigate their
eftects, however, it is not believed that any of the identified accident scenarios will
negate the viability of the basic plant design.

Qperating Environment - (All) Accident initiating events have been postulated that
involve many (all) of the plant's parameters.

Degree of Relevance to MFE - (Medium) A number of the identified accident scenarios
have direct applicability to MFE, (e.q., accidents in the blanket or the tritium systems).
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Table 5.4-2 Potential IFE Reactor Accidents by Subsystem

Accident Concem
A. Laser System Beliabjlity

1. Partial input Beam Blockage

2. Single Raman Accumulater Failure

3.  Single SBS Puise Compressor Failure

4. Loss of inerting Gas

a. Inadvertent Personnel Entry Personnel Health
b. Loss of Containment
&5,  Laser Misalignment
a. Single Beam Misses Target
b. Multiple Beams Miss Target

&. Fluorine Release Toxic Chemical Release
B. Reactor System Reliabil

1. Loss of Vacuum
a. Vacuum Pump Failure
b. Laser Building "Window™ Failure
c. Breakin Instrument Line
2. First Wall Unlocking
3. Target Manufacturing Errors
a. Contains Excess Tritium
b. Contains Shortage of Triium
4. Lloss of Wet Wall
C. Blanket Coolant System Reliability
1. Heat Exchanger Tube Rupture
2. Pump Failure
3. Increase in Coolant Flow Rate
D. Driver Coolant System
1. Heat Exchanger Tube Rupture
2. Pump Failure
3. Increase in Coolant Flow Rate
E. First Wall Protection System Toxic Material (Pb) Release
1. Plugged SiC Tube
2. Pump Failure
3. Increase in Coolant Flow Rate
F. Secondary Coolant System Reliability
1. Steamn Line Break {Break Size Equal to Area of Safety Valve Throat)
2. Decrease in Heat Removal (e.g. Pump Failure)
3. Increase in Heat Removal (e.g. Decrease in Feedwater Temperature

G. Target Delivery System Religbili
1. Failure to Deliver Target
2, Target Misalignment Toxic Material (Pb) Release

a. Target Arrives Too Soor/Late
b.  Target Off-Center
H. Target Factory Tritium Releagse
1. Loss of Cryogenics
2. Storage Tank Failure
I.  Centainment Cooling {HVAC) System Tritium Retease
1. Loss of Cooling
2. Loss of Containment integrity

J. Radwaste System Tritium Belease
1. Gas Collection Tank Failure Methane Release
2. Liquid Waste Tank Failure

K. Turbine-Generator System Reliability

1. Loss of Load
2.  Loss of Condenser Vacuum

L. Maintenance Systems Personnel Exposures
1. Blanket Section Change-Out Accidents
a.  Stuck
b.  Dropped
c. Broken
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Issue J.9 Removal of ntaminants from the Li

Description - The Prometheus design includes the use of liquid lead for first wall
protection. This lead, and any impurities within it, will become activated and
contaminated with target debris, and will have to be processed to remove these
contaminants. Since this is a new and innovative use of lead, these cleanup
processes have not been developed.

Reactor Concept - Laser and Heavy lon
Potential Impact - (RP, RS)
Design Specificity - WP (Wall Protection)

verall Level of Concern - (Medium) The development of processes 1o remove
contamination from lead is expected to be evolutionary, rather than innovative.

Operating Environment - | (impurities)
Degree of Relevance to MFE - None

Issue J.10 Impact of Large Quantities of Lead on Waste Disposal

Description - The Prometheus design includes the use of liquid lead for first wall
protection. This lead will become activated, and will have to periodicaily replaced,
generating large quantities of radioactive lead for disposal. Because lead is a
hazardous material, this waste must be disposed of as mixed waste (i.e.; both
radioactive and hazardous) falling under NRC's 10CFR Part 61 and EPA's RCRA
regulations. Finally, since the amount of radicactive lead which is currently generated
is so small, it is not specifically identified in NRC regulations. However, if large
guantities are to be generated, the NRC may modify their regulation to specifically
address lead.

Reactor Concept - Laser and Heavy lon
Potential Impact - (IC, RS)
Design_Specificity - WP (Wall Protection)
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Overall Level of Goncern - Low. The NRC and EPA are currently developing

procedures for addressing the disposal of mixed waste. It can be assumed that by the
time Prometheus is operational (i.e., 2030), these procedures and regulations will be
in place. Regardless, there will be a high unit cost associated with the disposal of all
radioactive, hazardous and mixed wastes from Prometheus or any other source.

Qperating Environment - |
Degree of Relevance to MFE - None

Anglysis - An analysis of the disposal of fusion reactor materials, including radioactive
lead (Pb-205) was presented in "Recycling and Shallow Land Burial as Goals for
Fusion Materials Development,” Carlo Ponti, Fusion Technology, January 1988. This
analysis presents a proposed concentration limit of 1x108 (Bg/cm3) for Pb-205.

K. Subsystem Interactions

Issue K.1 Laser System/Cavity iInterface and Final Mirror Protection

Description - The Interface between the iaser system and the reactor cavity represents
a key development issue for the laser driver. The beam port walls and final optics
must be protected from heating, blast and radiation damage effects. Furthermore, the
protection mechanism(s) must not interfere with the laser beam propagation. The
problem is complicated by the fact that the optics require a clean-room environment
and special radiation-sensitive coatings to control their energy absorption while
maintaining a direct line-of-sight to the target.

We investigated a multi-layer defense for the laser system/cavity interface that is
illustrated schematically in Figure 5.4-2. The protection mechanisms include:

(1) The use of a flowing, liquid lead film to protect the port wall structure from
surface vaporization. The port wall design employs a porous SiC first wall
structure that slowly allows the liquid lead to seep through providing film
replenishment around ports between shots.

(2) The residual lead vapor from the cavity walls which helps attenuate debris and
x-rays before they even reach the wall boundary.

(3) A magnetic field in each beamline to deflect ions and electrostatically charged
particles.
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Figure 5.4-2. Protection Options for Final Optics Protection

(4) A flowing neon cover gas in each beamline, injected at one location and
vacuum pumped at another to stop the remaining x-rays and sweep out
vaporized gas. Alternatively, the beamline walls downstream of the GIMM can
be heated to vaporize a portion of the protective liquid lead film providing a
lead vapor protection gas. Any lead vapor recondensing on the GIMM surface
wili be vaporized by the laser prepulse beams.

(5) Cooling the beamline walls below the mirror surface temperature to assure that
condensable gases stick to the walls instead of the optics.

(6) A low speed shutter system to intercept lead droplets that are blown off the
walls and may make their way down the lower beamlines.

(7) Placement of the final optic element at a significant distance (25 m) form the
target blast center to minimize shock waves and allow for 1/r2 attenuation of the
heat flux and radiation.

(8) Use of a Grazing Incidence Metal Mirror (GIMM) as the final optic in each
beamline to remove the dielectric-coated focusing mirrors from line-of-sight
radiation. We feel that all of the above mechanisms are required to assure
viable system performance. Lifetime is still an issue for the GIMM but swelling
analysis indicates that it can be life-of-plant using the design approach we
have developed. This topic is discussed as part of the GIMM critical issues.
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Our baseline design employs all the protection methods above except the use of the
neon cover gas and cooled beamline walls. The neon cover gas resulted in extremely
difficult vacuum pumping requirements. Therefore, we chose to heat the beamiine
walls providing a Pb vapor cover gas and depending on the laser beams to remove
recondensed vapor on the GIMM surfaces.

Reactor Concept - Prometheus-L

Potential Impact - (UL) The final optics are large area, expensive items subjected to a
very harsh environment. If they are not properly protected, their lifetime will not be
sufficient for economic power production.

Design Specificity - (DL) This issue is specific to the laser driver, but generic to the
design of any laser-driven inertial fusion energy power plant.

Qverall Level of Concern - (Critical) The design of the laser system/cavity interface is
critical to the successful development of laser-driven inertial fusion energy power
plants. The final optics are expensive and must repeatedly and reliably deliver their
portion (~100 kJ) of the total energy to the target with microradian pointing accuracy for
successful operation. These optics must furthermore have a multi-year lifetime for the
plant to be economically competitive.

Operating Environment - (OF, F, S,C, T,n,v,V, S, q)

Relevance to MFE - Low. This development issue is not directly relevant to MFE but
there may be some aspects of the problem which have MFE relevance. For instance,
some MFE plasma diagnostics may needs to operate in environments comparable to
those expected for the final mirrors.

Analysis - Extensive literature reviews and analyses were conducted to substantiate
the proposed laser system/cavity interface design. This activity is summarized in
Table 5.4-3. This table indicates the sources of mirror degradation and the primary
and secondary protection mechanisms for each source of degradation.
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Table 5.4-3 Final Mirror Protection Summary

Source/Debris | Debris or Radiation Range of
or Radiation State Speed (m/s) Protection Method™
Target
X-rays Radiation 3x108 SD; PBv; CG
Gamma Rays | Radiation 3x108 SD; PBv: CG
Neutrons Particle 3x108 SD
Hydrogen lonized; Vaporized | (TBD) PBv; M; CG; CBW, VP; §?
Deuterium lonized; Vaporized | (TBD) PBv; M; CG; CBW; VP; 57
Tritium lonized; Vaporized | (TBD) PBv; M; CG; CBW; VP; 87
Helium lonized; Vaporized | (TBD) PBv; M; CG; CBW; VP; 57
Carbon lonized (TBD) PBv; M; CG; CBW
First Wall Fiim
l.ead lonized; Vaporized {(TBD) M; CG; CBW,; S?
Liquid Droplets 9.8+
* Protection Methods
SD  Mirror Surface Design CBW Cooled Beamline Walls
PBv Lead Vapor VP Vacuum Pumping
M Magnetic Field Lines s Shutter System
CG CoverGas

Issue K.2 SiC/Metal Piping Transition Interface

Description - The proposed Prometheus first wall and blanket are fabricated using low
activation SiC/SiC composite materials to minimize the generation of high-level
radioactive waste in these regions thus achieving an inherently safe design. However,
the main heat transfer piping and steam generators can employ conventional high-
temperature piping/structural materials since they are located outside the bulk shield
where neutron activation is minimal. Furthermore, there is significant cost incentive to
transition to conventional materials as soon as possible outside the bulk shield to
achieve an economically attractive design. The transition interface between low
activation SiC structure and conventional metal piping is therefore a key development
issue for our Prometheus cavity design.

The transition from SiC to conventional piping involves large diameter piping that must
be leak tight to 1.5 MPa (15 atm) helium and 23 MPa (20 atm) lead coolants and
resistant to corrosion by impurities in the coolant streams. These joints must
furthermore be capable of being broken and rejoined using remote handling
equipment. Pipe diameters ranging from 1.0 m for the lead lines to 2.8 m for the
helium lines are presently being considered. Therefore, both the material change and
the pipe sizes make this a key development issue.

Reactor Concept - Prometheus-L and -H
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Potential Impact - (IC) The primary heat transport/steam generator system(s) in a large
nuclear power plant is complex and expensive. The bulk of this system is located in a
low radiation environment and can therefore be fabricated from conventional materials
to keep the cost for these items under control while still maintaining a low radioactive
material inventory.

Design Specificity - (CS/CBOP) This issue is generic to any advanced nuclear reactor
design employing ceramic reactor structures to achieve high levels of inherent safety
but using conventional steam-cycle balance-of-plant systems to control costs. In the
Prometheus design the transition interface involves the use of helium and lead
coolants for primary heat transport.

Overall Level of Concern - Critical. The design of the piping transition interface is
critical to the successful development of advanced, low-activation, ceramic structure
nuclear power plants.

Operating Environment - (C, T, H, A, P, Q, I, v)

Relevance to MFE - High. This development issue is directly relevant to MFE designs
that employ advanced ceramic structures.

Issue K.3 Heavy-lon System/Cavity Interface and Beam Propagation,
F in n i Pr ion

Description - The interface between the heavy-ion system and the reactor cavity/target
represents a key research and development area for the heavy ion-driver, heavy ion
systems studies have typically proposed some form of ballistic focusing with varying
degrees of and mechanisms for space-charge neutralization. Ballistic focusing
requires large conical envelopes on two-sides of the target where multiple (typically

8 or more per side), large area (typically 1-m diameter) openings must be provided
through the shield, breeding blanket and first wall. Since the beams converge at the
target, this approach leads to significant line-of-sight radiation streaming down the
center of the final focusing magnets which typically precludes the use of
superconducting magnets for this purpose. This also complicates the wall protection
system design since the interior walls of these beamlines must be protected from
heating, blast and radiation damage effects. Furthermore the protection mechanism
must not interfere with the propagation and focusing of the beams which must form a
tightly-focused (<1-cm diameter) spot at the target. This typically requires background
gas pressures of order 1 mtorr with Li vapor.
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Our design instead proposes to use a self-formed transport channel to re-image the
beam focal spot from outside the bianket onto the target. This has significant
implications relative to the above issues for ballistic focusing. It moves the conical
arrays of focusing magnets out of line-of-sight into the cavity minimizing the opening
size in both the blanket and the first wall to something of order 10 cm diameter. This
minimizes shielding concerns for these magnets, permitting superconducting coils to
be employed. It also greatly simplifies the wall protection system design for the heavy
ion-driver since the transport channels can be formed in a significantly higher

(100 mtorr lead vapor) background gas environment than is possible using ballistic
focusing. This enables us to consider using the same lead wetted-wall design for the
laser and heavy-ion drivers.

Channel formation using light ion beams with pre-formed plasma channels is weil
documented and has even been considered for near-term applications such as the
flight-ion LMF, but self-formed channels are a different matter. Analyses indicate that
stable, self-formed channels cannot be generated using light ions. These analyses
are not valid for heavy-ions due to their higher energies (GeV as compared to MeV for
light ions) and significantly greater mass (200 amu versus 7 amu). We have evaluated
the first-order physics of heavy-ion channel formation and find no fundamental
limitations. However, the dynamics of the problem are extremely complex and beyond
the scope of our study. We have therefore targeted this as a key R&D area.

There are several critical issues which will require validation through experimentation
and modeling before self-formed transport channels can be considered truly viabie.
Foremost among these is a laboratory demonstration of a self-pinched heavy-ion
beam transport channel. The transport characteristics of the channel must then be
assessed including: (1) fraction of the beam ions initially captured in the channel,

(2) fraction of the beam energy lost due to background collisions and back EMF,

(3) fraction of the beam energy lost near the target where opposing side channel
currents begin to cancel the confining aximuthal field, (4) fraction of the prepulse
energy eroded during channel formation, (5) capability of the channel to re-image the
focal spot at the channel entrance onto the target, (6) limitations on beam focal spot
size at the channel entrance, (7) demonstration of sufficient control over the channei to
accurately position the focal spot on the target, and (8) characterization of background
gas conditions/limitations for stable channel formation.

Reactor Concept - Prometheus-H

Potential Impact - (DW) The use of liquid lead for wall protection is probably not
compatible with ballistic transport using our present design. An aiternative, lower-Z
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wall protection material would be needed, or a different cavity design using a
condensing vapor spray or a wall geometry with more exposed surface area.

Design_Specificity - (DH, WP) This issue is specific to the heavy-ion driver coupled
with a liquid lead wall protection scheme.

verall L evel of Concern - (High) The capability to form a stable, self-pinched
transport channel to re-image a heavy-ion beam focal spot on a target would have
significant positive economic and technical impact on design of a heavy ion-driven
inertial fusion power plant.

Qperating Environment - (pg, Q, 1B, G, N, T, E, El, p)

Relevance to MFE - Low. This development issue is not directly relevant to MFE.

Analysis - Our study budgets/priorities did not permit any detailed analysis of heavy
ion beam transport channel formation, stability and beam loss dynamics. We have
assessed these issues and determined that there is no fundamental reason why self-
formed transport channels will not work with heavy-ion beams. The potential
technological and economic benefits of this mode of propagating the beams to the
target warrants further investigation into their feasibility.

McDonnell Douglas Aerospace
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5.5 Research and Development Assessment

An important part of a conceptual reactor design study such as Prometheus is the
identification of important research and development needs to resolve the key issues.
An R&D assessment has been carried out for Prometheus to serve three purposes:

(1) provide programmatic-decision makers with a list of important R&D tasks that need
to be carried out, (2) provide part of the input for a comparison study between the
Heavy-lon and Laser-driven reactors, and (3) identify areas of R&D that are common to
inertial and magnetic fusion energy.

This assessment has not attempted to develop a comprehensive R&D plan for IFE.
Developing such a pian requires detailed analysis of experimental facilities and
careful consideration of the time sequence and cost of such facilities in order to
minimize the overall R&D cost and time and maximize benefits. Rather, this effort has
focused on identifying the R&D required to resolve the critical and key issues
described earlier in this chapter.

A specific development goal was selected as the ultimate objective of the R&D items
described here. This goal is to develop the physics and engineering data base
sufficient to construct an IFE Experimental Power Reactor (IEPR). It is difficult at this
stage of IFE research to specify the detailed characteristics of an IEPR. However, IEPR
is envisioned as a facility in which the basic physics and engineering performance as
well as system integration tests are carried out. {EPR scope and mission similar in
many respects to ITER in the magnetic fusion energy program as they both provide the
data base necessary to construct a Demonstration Power Plant (DEMO). 1EPR will
have prototypical components and will probably produce several hundred megawatis
of fusion power and operate with about one pulse per second and overall availability
of 20-30%.

The R&D assessment here focused primarily on critical components unique to IFE:
target, driver, and cavity. Some modest R&D has also been identified for the tritium
systems and safety. Because a number of key issues can be resoclved through
experiments on the same facilities, the R&D presented below has been organized so
that each R&D item relates to one Key issue or a group of issues. In this latter case, the
issues involved are clearly indicated using the numbering system used earlier in the
Key Issue Summary Table. A summary of R&D costs for the laser reactor option and
heavy ion option is included in Section 7.3.6 in the comparison chapter.
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5.5.1 Research and Development Requirements for Targets and Drivers

The majority of the most urgent Research and Development (R&D) requirements for
IFE Targets and the two types of drivers are inextricably linked together. Some of the
most difficult issues having exclusively to do with the drivers involve the demonstration
of the generation and delivery of high energy pulses; these same high energy pulses
from the driver are requirements for solving significant issues associated with target
design and development.

Target/Driver R&D - IFE target irradiation requirements basically define the driver
designs. If faulty target design gives rise to unnecessary or inappropriate driver
requirements, expensive and unnecessary driver development may occur without
advancing the state of the art. Furthermore, experimental evidence and theoretical
simulations have shown that the IFE target implosion physics is strongly dependent
upon the scale of the target, so that data derived from small (kJ scale) driver/target
interaction experiments cannot be easily extrapolated to aid in the design or predict
accurately the performance of reactor-sized targets (requiring irradiation energies of
the order of MJ).

Thus, in order to design an optimum reactor-sized DT target, a strong, long-term IFE
R&D program involving experiments and analyses associated both with drivers and
targets must be established. This would permit the development of a series of DT
target designs of increasing scale, beginning at our present stage of understanding,
and proceeding in an orderly manner to IFE target ignition and beyond, with the
desired optimum reactor targets having yields of the order of hundreds of MJ.

This orderly series of target/driver interaction experiments is crucial to the success of
an IFE reactor development program because there are a variety of competing
processes to efficient thermonuclear "burns” of the DT fuel which have unique scale
lengths. These competing processes can lead to anisotropies in target compression,
preheating of the cryogenic DT fuel, generation of plasma instabilities, etc. As target
dimensions increase, many of the strengths of these competing processes can grow
exponentially. Frequently, variations of one or more parameters in target or driver
design can check the growth or otherwise control an undesirabie competing process,
thereby permitting continued progress toward achieving ignition, thermonuciear break-
even, and eventual demonstration of optimized target/driver designs for cost-effective
IFE reactor operation.

in the case of the HI driver, a crucial series of driver/target experiments conducted with
indirect-drive HI DT targets would be to demonstrate that heavy ion beams converted
at each end of an Hi indirect-drive target efficiently produce soft X-rays in an energy
range suitable for achieving the Rayleigh-Taylor irradiation requirements for a uniform
implosion of the DT target within the hohlraum. This could prove to be one of the chief
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advantages for the Hi IFE driver over a comparable UV excimer laser driver.
Verification of the accuracy of this prediction is a crucial step in allowing future IFE
reactor designers to make appropriate choices as our database for both targets and
drivers is enlarged by implementation of a well thought out IFE R&D plan.

Although some laser/target irradiation experiments could be conducted using
subscale beams associated with parallel driver development efforts, a key
demonstration for the success of the Prometheus-L laser driver interacting with direct-
drive targets is the uniform ~1% target illumination with 60 beams, iotaling 4 MJ.
Another important series of key, full-scale R&D experiments involving both direct-drive
targets and laser drivers would be the demonstration that the long laser prepulse
doesn't significantly contribute to target preheat by generating hot electrons and hard
X-rays via stimulated Brillouin and Raman scattering in the plasma atmosphere blown
off from the target by the long duration prepuise.

Target R&D - Once the riddles of IFE target design are being solved by implementation
of an aggressive plan exploiting extensive driver/target R&D experiments and
analyses, there are a series of purely target-related requirements which need to be
explored in paraliel with the other programs. Development of cost-effective, target
fabrication methods leading to economical mass production for IFE reactors needs to
be carried out. R&D for innovative methods of accurately placing IFE targets at the
centers of target chambers at around a 5-Hz rate is of crucial importance. There may
be significant target/driver alignment advantages associated with having IFE DT
targets injected into reactor target chambers with zero net velocity following injection
and, hence, target injection R&D might deal with developing techniques which may
permit this goal to be achieved.

Some modifications to target designs may be required in order to enhance the
alignment of the DT targets relative to the driver beams. An example might be the
addition of a "shine shield" on a direct-drive laser DT target so that aligning laser
beams may be used to sense the position of a DT target with a high degree of
accuracy.

Driver R&D - Although a series of parallel subscale R&D experiments, analyses, and
technological innovations must be carried out for the IFE HI driver, the vast majority of
meaningful HI driver R&D developments must be conducted at or near full scale;i. e.,
at energy levels of the order of MJ with puise durations of the order of 10 ns. In
particular, our understanding of the physics of heavy ion (HI) drivers will not
significantly benefit from HI experiments conducted with pulsed energies of the order
of only a few tens of kilojoules because these sub-scale experiments do not overlap
the HI driver parameter space occupied by candidate HI IFE reactor drivers.
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The Prometheus-H heavy ion (HI) driver design calls for the delivery of 7.8 MJ in

18 beamlines, of which 12 are bunched into ~7 ns pulses and the remaining

6 beamlets are bunched into ~30 ns pulses. This corresponds to approximately

420 kJ/beamline. Transport experiments with a single, space-charge limited Hi beam
may be useful, but a key HI driver demonstration goal will be the successive
achievements at full scale energy (~4 MJ) of ballistic focusing, stripping, channel
formation, and stable, self-pinched transport to the farget. However, as noted above,
the same Hi facility that can demonstrate these fundamental capabilities for the driver
can also be used to test HI target design parameters.

In an analogous manner, off-line HI development programs can be established to
develop low emittance, doubly-ionized heavy ion (Pb+2) beam sources, cost-effective
superconducting dipoles, expert control systems, channel formation techniques, HI
beam alignment systems, etc. R&D programs associated with achieving significant
reductions in Metglas losses could be carried out in parallel with other R&D efforts
designed to optimize the single beam LINAC operated in a burst mode. Construction
of a series of full-scale HI storage rings suitable for demonstrating that a single beam
LINAC operated in the burst mode can deliver an adequate number of comparable low
emittance beamlets suitable for ballistic focusing into a pre-formed channel.

Although a series of paraliel subscale R&D experiments can be conducted for the
laser driver, again the vast majority of meaningful R&D developments must be
conducted at or near full scale; i. e., at energy levels of the order of MJ with pulse
durations of the order of 10 ns. Similarly, there are a number of IFE laser driver issues
which require operation of a least one beam line at full scale energy. In the case of the
Prometheus-L KrF laser design, this would be an ultraviolet (UV) laser beam of energy
~80 kJ generated from a combination of using a large number (16 to 25) moderate
energy (4 to 6 kJ) electric-discharge excimer lasers to pump a large aperiure (1.2 m)
Raman accumulator cell which, in turn, pumps a backward stimulated Brillouin
scattering (SBS) puise compression cell yielding a pulse duration of approximately

6 ns with a wavelength of ~250 nm.

As described below, the Prometheus-L KrF laser driver requires extensive
development of workhorse excimer laser amplifiers, reliably producing output energies
ranging from 4 to 6 kJ with moderately good beam quality. An ambitious goal for these
laser amplifiers is to have them reach a level of ~109 shots between failures.

Again, however, it should be emphasized that the natural consequences of solving
these driver component development problems in parallel following an orderly plan is
the step-by-step construction of a driver facility suitable for performing full scale target
irradiation experiments.
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5.5.2 Target R&D

Many of the issues and associated R&D for the target are closely related to those of the
driver. In this subsection, the R&D most closely related to the target is discussed. In
the next subsection, the required R&D for the driver is presented together with the cost
estimate for both the driver and target R&D.

5.5.2.1 Direct Drive Target Coupling (Key Issue A.a.1)
Description - Areas requiring R&D for this issue include:

« Proof of ability to model plasma physics correctly - Experiments with high gain
targets to establish agreement with computer models.

+ Studies of development of hydrodynamic instabilities and target break up/mixing
for reactor size targets - Experiments to show that growth of Rayleigh-Taylor and
other instabilities agrees with reactor-size targets and that symmetric implosions
can be achieved.

+ llumination symmetry and laser light absorption for reactor size targets -
Experiments to demonstrate sufficiently smooth beam profiles with correct
apodization and laser light absorption in a agreement with computer models.

» Accurate pulse shaping - Experiments to show that pulses can be shaped with
sufficient accuracy to implode targets on a low adiabat and, at the same time,
generate converging shocks sufficient to ignite a small, central hot spot (spark

plug).

Facility - Direct drive experimental facility: Such a facility would be especially useful
should the ignition and gain facility be capable of illuminating indirect drive targets
only, but should probably be buiit in any case. It should be capable of delivering 100
to 500 kJ on target from 60+ beams. It would be used to demonstrate ignition of direct
drive targets.

Cost and Time - These will depend on when and how the facility described above is
built. Most economical path will probably be a direct drive experimental facility
constructed as an upgrade of the OMEGA laser system at the University of Rochester.
Cost estimates are given in the next section on the Driver.

5.5.2.2 Survivability of Targets in Chamber Environment (Key Issue
A.a.3)

Description - Areas requiring R&D for this issue include:

* Hydrodynamics of target/cavity interaction. Once this environment is known,
theoretical studies using modern hydrodynamics and heat transfer algorithms
should be able to settle the question of target survivability. Experimental work
would be useful to check code results, but shouid be limited in scope and
capable of being carried out in existing facilities.
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Eacility - It will probably be unnecessary to build a separate facility to address this R&D
issue.

Cost and Time - Once the cavity environment has been specified, it will not be
expensive to address this issue in either cost or time. A theoretical study coupled with
limited experimental research could be conducted at a national laboratory or
university. It should be possible to complete the R&D within two or three years.

5.5.2.3 Demonstration of Injection and Tracking of Targets Coupled with
Beam Steering (Key Issue A.b.1)

Description - Areas requiring R&D for this issue include:

+ Target injection and tracking/beam steering - Experiments to show that targets
can be injected reliably and tracked with sufficient precision.

+ lllumination symmetry and laser light absorption for reactor size targets -
Experiments to demonstrate sufficiently smooth beam profiles with correct
apodization and iaser light absorption in agreement with computer models.

Facility - The technology required here has not been demonstrated in IFE or any other
field. A separate facility should probably be built.

+ Target injection/beam steering simulator. This facility will be used to prove that
accurate illumination can be achieved in a reactor scenario. Full size steering
components will be used, but actual beams need only be sufficiently intense to
provide accurate diagnostics. The facility will include a full scale injection
system capable of repetition rates of around 10 heriz.

Cost and Time - This facility might be built at Sandia or Los Alamos at a cost of
$100-300 million. Annual operating cost would be around $20 million. The facility
would take about three years to build. The R&D program would last about five years.

5.5.2.4 Manufacturability of High Quality, Low Cost DD and ID Targets
(Key Issue A.c.1)

Description - R&D in this area will establish the ability to mass produce targets at low
cost using aiready demonstrated technologies. Considerable advances have been
made in the fabrication of individual targets using microencapsulation,
microfabrication, droplet generators, etc. Research in this area will establish whether
any of these demonstrated techniques are viable for mass production, and identify
alternative methods. To date, no major research effort has been devoted to mass
production of IFE targets. The R&D effort in this area would include experimental and
theoretical work. Funding should be on a level sufficient to attract significant attention
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to the problem. It is likely that numerous existing chemical and industrial processes
could be profitably applied to mass produce targets. It is a question of making the best
talent aware that the problem exists.

Facility - it will probably be unnecessary to fund major new facilities for this R&D. Once
the best processes have been identified, existing facilities at major industrial
companies or universities will probably be capable of proving the potential for mass
production.

Cost and Time - Although new facilities are probably not needed in this area,
significant amounts of time and money will be required to attract the necessary
research in the area. Expenditures of $200 million over 10 years would not be
unreascnable.

5.5.2.5 Qverall R&D - Significant technical R&D will be required in areas of target
physics, production, and operation which is not necessarily covered in any of the key
issues. Therefore, the following is included as a catch-all for what the key issues for
the target area have missed.

Description - Overall R&D covers some of the areas already identified above as well
as areas not specifically identified among the target key issues, and the scope of the
required R&D is accordingly large. We have tried to cover below all areas which we
feel require a significant R&D effort within the target physics and engineering-related
areas.

+ Target implosion on a low adiabat - Experiments to demonstrate efficient
compression without excessive preheat before ignition.

* Test of target designs - Experiments to prove that high gain can be achieved with
proposed target designs.

* Proof of ability to modei plasma physics correctly - Experiments with high gain
targets to establish agreement with computer models.

+ Central spark ignition and propagating burn - Experiments to prove that
bootstrap heating by fast alpha particles can generate an outward-propagating
burn wave leading to efficient thermonuclear burn.

+ Studies of development of hydrodynamic instabilities and target break up/mixing
for reactor size targets - Experiments to show that growth of Rayleigh Taylor and
other instabilities agrees with predictions for reactor-size targets, and that
symmetric implosions can be achieved.

- Significant gain for low mass targets - Experiments to prove that economically
attractive gain can be achieved with 1-10 MJ drivers.

* Hohlraum physics - Experiments to show agreement with predictions of
computer models.
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+ Non-LTE radiative transfer. Demonstrate agreement of code-predicted radiative
transfer with experiments for reactor-size indirect drive targets.

» Target injection and tracking/beam steering - Experiments t0 show that targets
can be injected reliably and tracked with sufficient precision.

+ lllumination symmetry and laser light absorption for reactor size targets -
Experiments to demonstrate sufficiently smooth beam profiles with correct
apodization and laser light absorption in agreement with computer models.

+ Accurate pulse shaping - Experiments to show that pulses can be shaped with
sufficient accuracy to implode targets on a low adiabat and, at the same time,
generate shocks sufficient to ignite a small, central hop spot (spark plug).

Eacility - It will probably be necessary to build several facilities to conduct the
experimental programs outlined above. These might include:

+ Ignition and gain facility: This facility should be capable of delivering at least one
megajoule of beam energy. it should have at least 32 beams and an
independent backlighting system.

+ Target injection/beam steering simulator: This facility will be used to prove that
accurate illumination can be achieved in a reactor scenario. Fuil size optics will
be used, but beams need only be sufficiently intense to provide accurate
diagnostics. The facility will include a full scale injection system capable of
repetition rates of around 10 Henz.

+ Direct drive experimental facility: Such a facility would be especially useful
should the ignition and gain facility be capable of iluminating indirect drive
targets only, but should probably be built in any case. It should be capable of
delivering 100 to 500 kJ on target from 60+ beams. It would be used to
demonstrate ignition of direct drive targets.

+ Demonstration reactor: This facility will demonstrate IFE production at the 10 fo
100 MWe level.

5.5.3 Driver R&D

5.6.3.1 Summary of R&D Tasks for Target and Driver Key Issues - There

are a wide variety of research and development (R&D) efforts which need to be carried
out to assist with the development of viable target and driver designs.

R&D work relevant to specific key issues associated with the Prometheus laser driver
described here include:

A.a.1 Direct Drive Target Coupling,

A.a.2 Indirect Drive Target Coupling,

A.a.3 Survivability of Targets in Target Chamber Environment,

A.b.1 Demonstrating of Injection and Tracking of Targets Coupled with Beam
Steering,
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A.c.1  Manufacturability of High Quality, Low Cost Direct-Drive and Indirect-Drive
Targets,

B.a.1 DT Target lllumination Issues,

B.a.2 Large Laser Development and Bandwidth Issues,

B.a.3 Final Optics Pointing System,

B.a.4 Grazing Incidence Mirror Damage,

B.a.5 SBS Pulse Compressor,

Recommended R&D work associated with the Prometheus-H heavy ion driver include
the following relevant key issues:

B.b.1 Timing of Heavy lon Beams,

B.b.2 Heavy lon Channel Formation,

B.b.3 Heavy lon Channel Transport,

B.b.4 Stripping of Heavy lon Beam,

B.b.5 Alignment of Indirect Heavy lon Target

Summary of R&D Cost Estimates

Table 5.5-1. Summary of Laser Driver R&D Task and Duration Estimates

Estimated B&D
No. Task Description Cost Key Issue Duration
1 Demo DD Target Beam Nesting 10 M$ B.a.1 3 years
2 Satisfy Bandwidth Requirements 10 M$ B.a.2 3 years
3 Laser Beam/Target Alignment System 12 M$ Ab.1,B.a3 4years
4 Demo DD MJ DT Target Ignition* 400 M§ Aa1Bat 10years
5 Final optics pointing demo 5M$ Ab.1,Ba3 3years
6 Optics Damage Resistance Demo 5M$ B.a.4 3 years
7 Develop Robust GIMM 5 M$ B.a4 4 years
8 Develop excimer laser modules 20 M$% B.a.2 3 years
9  Test to demonstrate 109 lifetime 40 M3 B.a.2 5 years
10  Demonstrate single 6 kJ beam line 80 M3 B.a.2 4 years
11 Demonstrate 6x16=96 KJ beam line 120 M$ B.a.2 2 years
12  Develop/Demo Laser Control System 40 M3 B.a.2 5 years
13 Develop 50 J Raman seed generators 2M$ B.a.2 1 year
14 Demonstrate 6 kJ Raman converter 1 M$ B.a.2 1 year
15  Demo 100 kd Raman converer 20 M$ B.a.2 2 years
16  Develop programmable SBS chirper 2M§$ B.a.5 1 year
17  Subscale SBS PC demonstration 2 M§ B.a.5 1 year
18 Develop Large Aperture SBS chirper 10 M$ B.a.5 3 years
19 Demo 6 kd SBS Pulse Compressor 5M$ B.a.5 2 years
20  Demonstrate 100 kJ Pulse Compressor  20M$ Bas 5 years

Total Laser Driver R&D Costs 828M3
*Includes cost of Nova Upgrade.
DD = direct drive, GIMM = grazing incidence metal mirror, SBS = stimulated
Brillouin Scattering, PC = pulse compression, DT = deuteriumfritium
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Table 5.5-2 Summary of Heavy lon Driver R&D Task and Duration Estimates

Estimated R&D

No. Task Description Gost Key Issue Duration
1 Demo Single Accel. in Burst Mode 15 M$ B.b.1 3 years
2 Develop Brighter Pb*2 Source 10 M$ B.b.1 3 years
3 Develop high brightness Hl injector 20 M§ B.b.1 2 years
4 Demo low emittance through injector 10 M$ B.b.1 2 years
5 SP HI Pulse Synch. & Timing Demo 10 M$ B.b.1 3 years
6 SP Triplet Focusing Demo 10 M$ B.b.2 2 years
7 SP HI Channel Formation Demo 100 M% B.b.2 7 years
8 SP Injection of HI Beam in Channel 10 M$ B.b.3 3 years
9 SP Demo of Channel Transport @ MA 50 M$ B.b.3 5 years
10  SP Hi Beam Stripping 20 M$ Bb4 2 years
11 SP HI Neutralization 5 M§ B.b.4 1 year
12 Develop high PRF burst-mode pwr.sup. 30 M$ B.b.3 2 years
13 Demo superconduciing quadrupoles 20 M$ B.b.3 3 years
14  Demo storage ring performance 50 M$ B.b.3 3 years
15 Demo bunchers 25 M$ B.b.3 3 years
16 Develop HID Computer Control System 20 M$ B.b.5 5 years
17  Alignment of HI Beam to ID Target 400 M$ B.b.5 10 years

Total Heavy lon R&D Costs 805M$

SP = single puise, HI = heavy ion, MA = mega-ampere currents,
PRF = pulse repetition frequency, HID = heavy ion driver, ID = indirect drive

-h(.dl\)—l-|oz

Table 5.5-3 Summary of Target R&D Task and Duration Estimates

Task Description
Demo Target Survivability in TC
Demo Target Injection/Tracking
Target Manufacturability Demo
Direct Drive Target Experiments
(with >1 MJ Laser Driver)

Indirect Drive Target Experiments
{with >1 MJ Heavy lon Driver)
Pellet Injection Research Facility
Alternative DD Target

lrradiation Facility
{Upgrade Q-Laser at UofR to 100 kJ)

Total Target R&D Costs

DT = deuteriumvtritium fuel, TC = target chamber, DD = direct drive.

Estimated
Cost

5M$
10 M$
10 M$
200 M$

200 M3$

200 M$

100 M$

725M$%
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5.5.3.2 R&D for Feasibility of Laser Driven Direct Drive Target System
(Relevant Key Issues: A.a.1,A.a.3,Ab.1,Ac.1,B.a1,Baz2 Bas3 Bad, Babs)

Description_of Probiem - Designs for direct drive (DD) laser driven IFE DT targets have
been anchored on experiments conducted on miniature DD targets illuminated with
only a few kJ of laser energy. Large reactor sized, multi-MJ DD targets may require
different illumination conditions making use of recent technological innovations in
laser beam propagation and apodization. For reactor operation, the DD targets must
also be accurately injected into the target chamber in coordination with a
tracking/alignment system capable of meeting the illumination uniformity requirements.

Description of Required R&D Efforts - R&D work relevant to specific key issues
associated with the Prometheus laser driver described here include:

A.a.1 Direct Drive Target Coupling,

A.a.3 Survivability of Targets in Target Chamber Environment,

A.b.1 Demonstrating of Injection and Tracking of Targets Coupled with Beam
Steering,

A.c.1  Manufacturability of High Quality, Low Cost Direct-Drive and Indirect Drive
Targets,

B.a.1 DT Target lllumination Issues,

B.a.2 Large Laser Development and Bandwidth Issues,

B.a.3 Final Optics Pointing System,

B.a.4 Grazing Incidence Mirror Damage,

B.a.5 SBS Pulse Compressor,

Two general types of R&D experiments are required to solve the problems identified in
the corresponding Critical Issue #2:1

(1) Full-scale DD target irradiation experiments
(2) Realistic DD target injection, tracking, and alignment experiments

Each is briefly described below. (A combination of these two general types of R&D
experiments is not recommended at this time as the costs would be prohibitive.)

Direct-Drive’ Target Irradiation Experiments at > 1 MJ - IFE target irradiation
experiments on reactor-sized DD targets can be carried out using a single shot laser

irradiation facilities such as that proposed for the Nova Upgrade. Laser driver
energies of at least 1 MJ need to be delivered in approximately 60 beamlines with a
~1% illumination uniformity. Both tangential focusing and potentially more efficient,
nested and apodized square beamiet DD target illumination configurations need to be
investigated. Different laser driver prepulse shapes need to be investigated to ensure
that undesirable stimulated Raman and Brillouin scattering processes in the
underdense plasma atmosphere do not contribute to target preheating.

McDonnell Douglas Aerospace
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Direct-Drive Target injection Experiments - A separate series of experiments needs to

be conducted on DD target injection, tracking, and beam alignment to assure that the
static DD target irradiation specifications can be met. This may necessitate the use of
a "shine shield” on the DD IFE target.

Eacility Requirements - Single-shot DD target irradiation experiments ¢an yield useful
data on target design, laser/target coupling, and the relative successes of tangential
focusing vs. nested apodized beamlets on the DD targets. For full scale direct-drive
laser target irradiation experiments, a new laser facility at least as large as the
proposed Nova Upgrade laser irradiation facility will be required. A separate new
facility will also be required to perform the target tracking and alignment experiments.

Cost and Schedule - The Nova Upgrade facility has been estimated to cost between
$300 M and $400M.2 If funded promptly, this IFE facility should be on-line by 1998, at
which time DD experiments such as those described above could be carried out. The
DD target experiments themselves, were they to be conducted in the Nova Upgrade
facility, are could be completed in 18 months and are estimated to cost approximately
$25M (assuming two series of 100 DD targets shot @ $50k/shot plus $3M for
experimental staff, $10M for simulations/data reduction, and $2M for diagnostics).

A relatively simple laboratory facility could be used to test DD target tracking and
alignment techniques. With a $500k laboratory conversion {of an existing laboratory)
combined with $1.5M for staff salaries and alignment diagnostics, attractive DD target
alignment schemes could be tested. A separate source of DD targets (from a target
fabrication laboratory) could furnish targets at an estimated cost of $20K (for 2x104 DD
targets).

mm I R&RD Estim

Table 5.5-4 Feasibility of Laser-Driven Direct-Drive Target System
R&D Task and Duration Estimates

Estimated B&D
No. k ription Cost Key Issue Duration
1 Demo DD Target Survivability in TC $5M Aasl 2 years
2 Demo Target Injection/Tracking $10M Ab.1B.a3 3 years
3 Target Manufacturability $10M  Ac1 2 years
4 Demo DD Target Beam Nesting $10M B.a.d 3 years
5 Satisfy Bandwidth Requirements $10M B.az2 3 years
6 L.aser Beam/Target Alignment System 1$2M Ab.1,B.a3 4 years
7 Demo DD MJ DT Target Ignition* $400 M  Aa1Bat 10 years
8 Final optics pointing demo 5M$ Ab.1,Ba3 3 years

Total Laser Driver R&D Costs $459M
*Includes cost of Nova Upgrade.
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References for 5.5.3

1. Gary J. Linford, TRW S&TG/ATD, "ICFRDS Critical Issue #2: Feasibility of Laser
Driven Direct Drive Targets," December 1991.

2. "Nova Upgrade Facility for Ignition and Gain,” UCRL-LR-106874, Lawrence
Livermore National Laboratory, Livermore, CA 94551 (March 1991).

3. "Nova Upgrade: A Proposed ICF Facility to Demonstrate Ignition and Gain by the
Year 2000," UCRL-LR-106736, Lawrence Livermore National Laboratory,
Livermore, CA 94551 (March 1991).

5.5.3.3 R&D for Feasibility of Heavy fon Driven Indirect-Drive Target
System
(Relevant Key Issues: B.b.1, B.b.2, B.b.3, B.b.4, B.b.5)

Description of Problem - The primary problems associated with the feasibility of heavy
ion indirect-drive (HI ID} targets have to do with space-charge-limited heavy ion beam
transport and accurate focusing onto the moving H! ID target. There is currently
substantial disagreement among HI driver experts with regard to the conditions
required for reliable self-focused HI channel formation, even assuming an ionizing
precursor (either another charged particle beam or an ultraviolet {UV] laser beam).
Furthermore, although calculations show that for two HI beam bundles (each having
3 MJ of 4 GeV lead ions), following passage through the stripping celis, the resulting
MA beam current is above the threshold for self-pinching by about two orders of
magnitude, the HI ID target experiments would need to be conducted at or near full
scale to demonstrate the feasibility of the concept.

Another HI ID target problem is associated with fabricating the Hi ID target to be
economical, mechanically robust to withstand launch accelerations, and capable of
meeting the precise target design requirements for efficient implosion.

Recommended R&D work associated with the Prometheus-H heavy ion driver include
the following relevant key issues:

B.b.1 Timing of Heavy lon Beams,

B.b.2 Heavy lon Channel Formation,

B.b.3 Heavy lon Channel Transport,

B.b.4 Stripping of Heavy lon Beam,

B.0.5 Alignment of Indirect Heavy lon Target

Description of Required R&D Efforts - Seven types of H! ID R&D experiments are
required to solve the problems identified in the corresponding Critical Issue #3:1

(1) Demonstration that ~12 to 18 lead HI beams can be accelerated to an energy
ot 4 GeV, injected and ejected efficiently from the storage rings in timed,
synchronized, and bunched prior to injection into the triplet focusing magnets.

McDonnell Douglas Aerospace
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(2) Demonstration that the 4 GeV (in a +2 charge state) can be focused down to a
spot having a radius of 3 mm.

(3) Demonstration that the focused HI beam will enter a preformed channel
(formed by either a precursor ion beam or UV laser beam).

(4) Demonstration that the self-pinched beam will self-focus and follow the
preformed channel with an angular accuracy of ~10 microradians.

(5) Efficiently convert the ~6 MJ of HI beam energy to soft X-rays in the target.

(6) Demonstration that all return currents can be conducted without significant HI
beam deflection or misalignment.

(7) Demonstration that launched HI ID targets can (a) be directed accurately into
the HI ID target firing zone, and (b) meet target robustness requirements.

There is some indication that HI ID target irradiation performance may be improved by
single-sided HI ID target irradiation geometries but with the condition that the delivered
Hi beam energy {and hence the number of Hl beams) may need to be reduced.

Acceleration and Transport of HI Beams - It will be necessary to demonstrate the
efficacies of the entire single beam accelerator operated in a burst mode, together with

the synchronized injection and ejection of beams from the storage rings.
Demonstration of required HI beam bunching while minimizing beam losses prior to
injection into the triplet focusing magnets.

Focusing of Bundled Hi Beams to 3 mm Radius Spot - Injection of approximately a

dozen synchronized, bunched, 4 GeV, doubly charged HI beams into the triplet
focusing magnets, focusing the Hl beams down through a neutralizing cell to achieve
a 3 mm radius spot on an electron-stripping gas jet. The current in each of the two
beamlines (assuming two-sided HI ID target irradiation) should easily exceed 1 MA
after stripping. The focusing geometry must allow a precursor beam {(either an ion
beam or a UV laser beam) to pre-form the beam channel.

Injection of Focused HI Beams intc Pre-formed Channel - By placing the common

focus of the overlapping Hl beams at the head of a pre-formed ionized channel, it is
necessary to demonstrate the efficient capture (~90%) of the combined HI beams into
a self-pinched channel. Beam currents of the order of 10 MA are expected.

Propagation of Self-Pinched Hl Beams Paralle! to Precursor Beam - The dynamic
stability of the self-focused HI beams propagating over distances of the order of 5 m
must be demonstrated. Propagation of the HI beams within the channel and parallel to
the direction established by the precursor beams ~100 mrad must be demonstrated.
Limits on interbeam energy imbalances and the effects of there interbeam energy
imbaiances on the propagation characteristics of the seli-focused HI beam channel
need to be determined.

Demonstration of Efficient Conversion of 3 MJ 4 GeV HI Beams to Soft X-rays -
Full-scale HI ID target experiments must be conducted to demonstrate the required
X-ray conversion efficiencies.
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Demonstration of Self-Pinched Hi Beam Insensitivity to Deflection - With the Hi driver
running in the burst mode, measurements of Hl beam deflections as functions of return
current symmetries need to be conducted to assess the effects of external currents
reducing the effective pointing accuracies of the HI beams.

HLID Target Tracking and Performance Verification - A separate series of experiments

needs to be conducted on ID target injection, tracking, and beam alignment to assure
that the static ID target irradiation specifications can be met. This may necessitate the
use of "shine shields" on the two ends of the cylindrical ID IFE target in analogy with
measurements required for similar laser-driven targets.

Facility Requirements - A few subscale HI ID experiments can be conducted at existing
accelerator facilities. However, the majority of HI ID R&D experiments could only be
conducted at a new accelerator site designed to support these HI experiments. This
large accelerator facility can be used for conducting the extensive experimental
measurements outlined above. Considerable modifications may be required during
the course of the HI ID target experiments to modify the ramp gradient, fixed gradient,
storage rings, buncher accelerator, and final focusing triplet configurations in
accordance with varying HI ID target irradiation requirements. It is highly probable that
as HI ID target experiments are conducted, design details of the HI ID targets will
evolve, thereby necessitating continued modifications to the HI driver facility. The
required accelerator facility would be substantially smaller than that of the proposed
Superconducting Super Collider. A smaller facility could be used to perform the target
tracking, alignment, and evaluation experiments. Some reconfiguration of these
facilities would be required to generate the required target illumination symmetries.

Cost and Schedule - The estimated costs for supporting the ambitious plans defined
above are highly dependent upon the availability of existing accelerator facilities. If it
were necessary to construct such a facility from the ground up, enormous costs may be
involved, possibly as much at $700 M. Depending upon the evolution of optimum HI
ID target illumination requirements, some time and money would be needed to
reconfigure the accelerator and focusing magnets to meet specific configuration
requirements. The HI ID target experiments themselves, could be completed in

18 months and are estimated to cost approximately $20M (assuming two series of
100 1D targets shot @ $40k/shot plus $3M for experimental staff, $7M for
simulations/data reduction, and $2M for diagnostics). These HI |D experiments could
be performed in conjunction with the R&D experiments associated with cost reduction
of a suitable IFE HI driver(2). Additional experiments and costs are described below in
Summary of R&D Cost Estimate.

For HI ID target injection experiments, a laboratory could be equipped for $500k with a
budget of $1.5M to perform HI ID target injection experiments. Realistic ID targets
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would be supplied by another target fabrication laboratory (to be determined) at an
estimated cost of $200k. Additional experiments and costs are described below in
Summary of R&D Cost Estimates.

mm R&D Estim

Table 5.5-5 Feasibility of Heavy lon Driven Indirect Drive Target System
R&D Task and Duration Estimates

Estimated R&D

No. Task Description Cost Key lssue Duration
1 Demo DT Target Survivability in TC $5M Aa3 2 years
2 Demo Target Injection/Tracking $10M Ab1B.a3 3years
3 Target Manufacturability $10M  Ac1 2 years
4 Demo Single Accel. in Burst Mode $15M B.b.1 3 years
5 Develop Bright Pb*2 Source $10M  B.b.1 3 years
8 Develop high brightness HI injector $20M  B.b.d 2 years
7 Demo low emittance through injector $10M  B.b.1 2 years
8 SP Hi Pulse Synch. & Timing Demo $10M B.b.1 3 years
9 SP Triplet Focusing Demo $10M Bb.2 2 years
10 SP Hi Channel Formation Demo $100M  B.b.2 7 years
11 SP Injection of HI Beam in Channel $10M B.b.3 3 years
12  SP Demo of Channel Transport @ MA $50M B.b.3 5 years
13 8P HI Beam Stripping $20M Bb4 2 years
14  SP Hl Neutralization $5M B.b4 1 year
15 Develop high PRF burst-mode pwr.sup. $30M B.b.3 2 years
16 Demo superconducting quadrupoles $20M B.b.3 3 years
17  Demo storage ring performance $50M B.b.3 3 years
18 Demo bunchers $25M B.b3 3 years
18 Develop HID Computer Control System $OM B.bS5 5 years
20  Alignment of HI Beam to ID Target $400M  B.b5 10 years

Total Heavy lon R&D Costs $830 M

References for 5.5.3.3

1. Gary J. Linford, "tTCFRDS Ciritical Issue #3: Feasibility of Indirect Drive Targets for
Heavy lon,” TRW S&TG/ATD, December 1991.

2. Alfred Maschke, Gary Linford, and Steven Fornaca, "Research and Development
for Critical Issue #5: Cost Reduction for the Heavy lon Driver,” TRW S&TG/ATD,
January 1992.
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5.5.3.4 R&D for Feasjbility of Laser Driven Indirect Drive Target System

(Relevant Key Issues: A.a.2, A.a.3,Ab.1,Ac.1,Ba2 B.a3, B.ad)

Description of Problem - Although more IFE indirect-drive target experiments have
been conducted laser energies between 10 and 30 kJ than have been carried out for
direct-drive targets, there remains a gap in laser irradiation energies of more than two
orders of magnitude between the current experimental indirect-drive laser DT targets
and the proposed IFE reactor-scale targets. Thus the current designs for reactor-scale
indirect drive (ID) laser driven IFE DT targets have been anchored on experiments
conducted on miniature ID targets illuminated with only a less than 1% of the laser
energy required for the IFE reactor laser drivers. Furthermore, reduction or elimination
of the transparencies! of the hohlraum entrance apertures may be an issue. As was
the case also for direct-drive targets, for IFE reactor operation, it must be demonstrated
that the ID targets can also be accurately injected into the target chamber with a
tracking/alignment system capable of meeting the illumination requirements.

R&D work relevant to specific key issues associated with the Prometheus laser driver
described here include:

A.a.2 Indirect Drive Target Coupling

A.a.3 Survivability of Targets in Target Chamber Environment

Ab.1 Demonstrating of Injection and Tracking of Targets Coupled with Beam
Steering

A.c.1  Manufacturability of High Quality, Low Cost Indirect-Drive Targets

B.a.t DT Target illumination Issues

B.a.2 Large Laser Development and Bandwidth Issues

B.a.3 Finai Optics Pointing System

B.a.4 Grazing Incidence Mirror Damage

Description of Required R&D Efforts - Two types of R&D experiments are required to

solve the problems identified in the corresponding Critical Issue #4:2

(1) Gradual scale up to full-scale ID target irradiation experiments.
(2) Brasshoard laser driven ID target injection, tracking, and alignment
experiments.

Each is briefly described below:

Indirect-Drive Target Irradiation Experiments at >100 kJ to 1 MJ - Initial experiments
need to be carried out at lower laser irradiation energies (~100 kJ) and various
temporal formats to determine the ranges over which plasma closure of entrance
apertures occurs. Then [FE target irradiation experiments on reactor-sized D targets
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can be carried out using single shot laser irradiation facilities such as that proposed for
the Nova Upgrade. Laser driver energies ranging up to at least 1 MJ need to be
delivered in two symmetric beam bundles with a ~5% illumination uniformity. Different
prepuise shapes need to be investigated to ensure that plasma closure of the ID target
entrance apertures and undesirable stimulated Raman and Brillouin scattering
processes in the underdense plasma atmosphere generated inside the target do not
reduce the target coupling efficiency or contribute to DT target preheating.

Indirect-Drive Target Injection Experiments - A separate series of experiments needs

to be conducted on ID target injection, tracking, and beam alignment to assure that the
static ID target irradiation specifications can be met. This may necessitate the use of
"shine shields" on the two ends of the cylindrical ID [FE target. ID target robustness
must alse be demonstrated; i. e., following a ~200 g accelerated target launch, internal
mechanical oscillations must be damped out such that the internal hohlraum
components must be in proper position to meet ID implosion requirements.

Facility Requirements - A DT target laser irradiation facility at least as large as the
proposed Nova Upgrade laser irradiation facility will be required to permit the needed
single pulse laser driven ID target experiments to be performed.

A separate new facility will also be required to perform the target tracking and
alignment experiments. Some reconfiguration of the facility would be required to
generate the required target illumination symmetries. Since a similar target injection
facility would be required for direct-drive target injection experiments, a single
laboratory could be designed to serve both experiments if funding were available to
perform both experiments. As indicated below, common use of the target injection
facility is estimated to save approximately $500K.

Cost and_Scheduyle - The Nova Upgrade faciiity has been estimated to cost between
$300M and $400M.3 If funded promptly, this iFE facility should be on-iine by 1998,4 at
which time ID target experiments such as those described above could be carried out.
Depending upon the target illumination symmetries, some time and money would
need o be expended to reconfigure the laser to meet specific requirements. The ID
target experiments themselves, were they to be conducted in the Nova Upgrade
facility, could be completed in 18 months and are estimated to cost approximately
$25M (assuming two series of 100 ID targets shot @ $50K/shot plus $3M for
experimental staff, $10M for simulations/data reduction, and $2M for diagnostics).
Significant cost savings could be realized by combining a test program with that
described for direct-drive targets.® Additional experiments and costs are described
below in Summary of R&D Cost Estimate.

For target injection experiments, a laboratory could be equipped for $500K with a
budget of $1.5M to perform target injection experiments. Realistic 1D targets would be
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supplied by another target fabrication laboratory (to be determined) at an estimated
cost of $200K. Additional experiments and costs are described below in Summary of
R&D Cost Estimate.

mm f R&D Estim

Table 5.5-6 Feasibility of Laser-Driven Indirect-Drive Target System
R&D Task and Duration Estimates

Estimated B&D
No., Task ription Cost Key Issue Duration
1 Demo DT Target Survivability in TC $5M Aald 2 years
2 Demo Target Injection/Tracking $10M  Ab.1B.a3 3years
3 Targel Manufacturability $1I0M  AcH 2 years
4 Laser Beam/Target Alignment System $12M  Aa.2Bal3 4dyears
5 Demo DD MJ DT Target Ignition* $400M  Aa1Bail 10years
6 Final optics pointing demo $5M Ab.1,B.a3 3years
7 Optics Damage Resistance Demo $5M B.ad 3 years
8 Develop Robust GIMM $5M B.ad 4 years

Total Laser Driver R&D Costs $452M

*Includes cost of Nova Upgrade.
References for 5.5.3.4

1. J. M. Auerbach, et al., "Closure Phenomena in Pinholes Irradiated by Nd:Laser
Pulses,” Applied Optics, 18, 510 (1979).

2. Gary J. Linford, "ICFRDS Critical Issue #4: Feasibility of Laser Driven indirect
Drive Targets," TRW S&TG/ATD, December 1991.

3. "Nova Upgrade Facility for Ignition and Gain," UCRL-LR-106874, Lawrence
Livermore National Laboratory, Livermore, CA 94551 {March 1991).

4. "Nova Upgrade: A Proposed ICF Facility to Demonstrate Ignition and Gain by the
Year 2000," UCRL-LR-106738, Lawrence Livermore National Laboratory,
Livermore, CA 94551 (March 1991).

5. Gary J. Linford, Douglas Drake, and Dan Driemeyer, "R&D for Critical Issue #2
Feasibility of Laser Drive Direct Drive Target Systems,” IFERDS Program, MDA,
St. Louis, MO (1992).
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5.5.3.5 R&D for Cost Reduction for the Heavy lon Driver
(Relevant Key Issues: A.a.3,Ab.1,A.c.1,B.b.1,B.b.2, B.b.3, B.b.4, B.b.5)

Description of Problem - As described in the associated description provided as
Critical Issue #5,1 the major attraction of the Heavy lon (HI) approach to inertial fusion
energy (IFE) has always been related to the fundamental technical feasibility of
building a HI driver system with the required properties to drive a DT peliet to ignition.
The basic acceierator technology is well developed, the beam physics is tractable, and
existing accelerator systems have exhibited 25 year lifetimes with 95% availabilities.

A system to provide the required average power could have been built ten years ago.
The major problem is cost. A 10 GeV linear accelerator built with today's technology
would cost more than a billion doliars.

There are two key issues associated with HI driver cost reduction:

(1) Space charge-limited transport of a bunched beam to minimize total length of
the single beam LINAC (or multiple beam LINAC).

(2) High current storage rings for heavy ion beams (required for single beam
LINACs).

In addition, there is an important secondary issue having to do with the losses
associated with Metglas (important for high puise repetition rates in single beam
LINACs).

Recommended R&D work asscciated with the Prometheus-H heavy ion driver include
the following reievant key issues:

A.a.3 Survivability of Targets in Target Chamber Environment

A.b.1 Demonstrating of Injection and Tracking of Targets Coupied with Beam
Steering

A.c.1  Manufacturability of High Quality, Low Cost Indirect-Drive Targets

B.b.1  Timing of Heavy lon Beams

B.b.2 Heavy lon Channel Formation

B.b.3 Heavy lon Channel Transport

B.b.4 Stripping of Heavy lon Beam

B.b.5 Alignment of Indirect Heavy lon Target

Description of Required R&D Efforts - Three types of R&D experiments are required to
solve the problems identified in the corresponding Critical Issue #5:!

(1) Development of cost effective technigues and demonstrations of space charge-
limited transport of a bunched heavy ion beam through an accelerator,

(2) Development of cost effective techniques and design of high current storage
rings for heavy ion beams, and

(3) Minimization of Metglas losses to raise the accelerator efficiency.
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Each of these required R&D efforts is briefly described below:

R&D Demonstration of harge-Limited Tran f a Bunched Beam -
Experiments and computer simulations have shown that transporting beams for
several kilometers at their space charge limit should be possible, with little emittance
growth. However, this HI beam transport has only been demonstrated with low
energy, low power, unbunched beams. It is necessary to demonstrate transport at
high 6, (undepressed tune), low ¢ (depressed tune), continually bunching the HI

beam to increase current as voltage increases.

If the Ht beams have to be transported at currents lower than the space charge limit,
then the accelerator will have to have a longer pulse (in the case of a single beam
LINAC) or more quadrupcle transport channels within the same multiple beam
accelerator, thereby increasing the cost of the accelerator.

R&D Demonstrations of High Current Storage Rings for Heavy lon Beams - One of the
characteristic properties of linear accelerators is their ability to run at rather high
average powers and relatively high repetition rates. Since the clearing time in the ICF
reactor precludes very high repetition rates for the DT pellet ignition, the LINAC is
forced to operate at uneconomical repetition rates. This problem can be eliminated if
the beams for the LINAC can be stored for a short period of time. By operating the
induction LINAC in the burst mode, the induction cores are used over and over, and, of
course, each core is therefore smaller in diameter.

The issue here is one of demonstrating that a HI beam of the required intensity can be
stored in a storage ring for the requisite time, typically on the order of 1 to

2 milliseconds. The issues are similar to those associated with bunched beam
transport, but have the additional complications associated with closed orbit
synchrotrons, such as betatron and synchrotron resonances, etc., which can give rise
to emittance growth or beam ioss. Furthermore, beam induced vacuum instability is
another problem which must be overcome. All of these issues can only be resolved
with an experimental ring with parameters reasonably close to what is required.

R&D Experiments to Reduce Metglas Losses - The first type of loss in Metglas, that due

to BH hysteresis losses may be intrinsic and is probably unavoidable, although further
investigations into use of less hysteretic ceramic materials may be very useful. The
second type is eddy current loss in the magnet cores which can be minimized by
caretul core design and attention to detail in proper pulse shaping of the current
waveforms. The important physical parameter associated with the eddy current losses
is the thickness of the Metglas ribbon and the shape and amplitude of the waveform
used. Presently Metglas thicknesses of the order of 35 u are being employed,
although successful experiments have been carried out with Metglas thicknesses as
small as 20 u. By optimizing the voltage waveforms used to drive the beam and to
reset the cores, the pulsed power requirements can be minimized.
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Facility Requirements - In order to demonstrate the two key HI driver R&D issues,
transport of a bunched, space charge-limited HI beam and demonstration of high
current HI storage rings will require either the use of an existing suitable induction
LINAC or the construction of a new facility capable of meeting the HI driver
requirements of transporting megajoules of energy in doubly charged, non-relativistic
~5 GeV lead ions. Assuming typical accelerator gradients of the order of 1 MeV/m, an
accelerator having dimensions of several kilometers will be required. In addition,
approximately two dozen high current storage rings having diameters of the order of
50 m will be required to investigate technologies associated with achieving the
required performance levels while minimizing the cost of the storage rings.

A significant demonstration of the HI beam transpont and storage ring configuration
could be carried out using a single pulse, a single ring, reduced energy (to possibly
0.5 GeV), pulsed magnets, etc. Such a facility couid be installed in the Advanced Test
Accelerator Site 300 facility at the Lawrence Livermore National Laboratory (LLNL) at
a relatively small cost.

The requirements for the Metglas investigations are even more modest. The required
R&D investigations to reduce Metglas losses can be carried out at a variety of
accelerator facilities, such as those existing at the Lawrence Berkeley Laboratory
{LBL), LLNL, Fermilab, Brookhaven National Laboratory, Argonne National
Laboratory, etc.

Support of HI indirect-drive target experiments requires a fuli-scaie HI driver, but a HI
driver that runs at a relatively low repetition rate. Thus a major facility advantage
would be a significant reduction in installed power requirements since the single beam
LINAC would not need to operate at 5 Hz.

Cost and Schedule - The costs associated with carrying out the ambitious HI cost
reduction R&D experiments are a strong function of whether or not it wouid be
necessary to construct a new facility to meet the demanding HI driver requirements
with regard to beam current, beam energy, particle energy, atomic weight of ions, etc.
It is estimated that the total cost to build a conventional induction LINAC with two
dozen storage rings to accomplish the R&D experiments would be of the order of
$1000M. The experiments themselves would be relatively expensive if promising
techniques for reducing cost required frequent rebuilding of the accelerator and
storage rings. Such a facility could be constructed in five years once a suitable site
had been selected. It would also be a very attractive solution to have this large HI
driver facility support the related HI indirect drive target feasibility R&D experiments
proposed as R&D Program #3.2 It is estimated that significant Metglas development
could continue at one or more accelerator facilities with a funding level of $1-2M/year.
Additional experiments and costs are described below in Summary of R&D Cost
Estimate.
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mm f B&D Estim

Table 5.5-7 Cost Reduction in the Heavy lon Driver
R&D Task and Duration Estimates

Estimated R&D
No. Task Description Cost Keylssue  Duration
1 Demo DT Target Survivability in TC $5M Aa3 2 years
2 Demo Target Injection/Tracking $10M Abi1,Bas 3 years
3 Target Manufacturability $10M B.bA 3 years
5  Develop Bright Pb*2 Source $10M  B.b1 3 years
6 Develop high brightness HI injector $20M B.bA 2 years
7 Demo low emittance through injector $10M B.bA 2 years
8 SP HI Pulse Synch. and Timing Demo $10M B.b.1 3 years
9 SP Triplet Focusing Demo $10M  B.b.2 2 years
10  SP HI Channei Formation Demo $100M B.b.2 7 years
11 8P Injection of HI Beam in Channel $10M B.b.3 3 years
12  SP Demo of Channe! Transport @ MA $50M  B.b.3 5 years
13  SP HI Beam Stripping $20M B.b4 2 years
14 5P HI Neutralization $5M Bb4 1 year
15 Develop high PRF burst-mode pwr.sup. $30M B.b3 2 years
16 Demo superconducting quadrupoles $20M  B.b.3 3years
17  Demo storage ring performance $50M  B.b.3 3 years
18 Demo bunchers $25M B.b.3 3years
19  Develop HiD Computer Control System $20M  B.b5 5 years
20  Alignment of Hi Beamto ID Target $400 M B.b.5 10 years

Total Heavy lon R&D Costs $845M

References for 5.5.3.5

1. Alfred Maschke, "ICFRDS Critical Issue #5: Cost Reduction for the Heavy ion
Driver," TRW S&TG/ATD, December 1991.

2. Gary Linford, Douglas Drake, and Dan Driemeyer, "Research and Development
for Critical Issue #3: Feasibility of Indirect Drive for Heavy lon," IFERDS, MDA,
January 1992,

5.5.3.6 R&D for Demonstration of High Overall Laser System Efficiency

(Relevant Key Issues: B.a.1,B.a.2, B.a.3, B.a.5)

Description of Problem - As discussed in Critical Issue #6,1 the inertial fusion energy
(IFE) excimer laser driver system is composed of a number of components which can
individually be optimized to yield high efficiencies. The achievement of high operating
efficiency is a crucial requirement for the laser driver. Another crucial goal is the
development of highly reliable laser driver components. A laser driver that frequently
fails will not permit economical IFE reactor operation to be achieved.

The MDA Team Prometheus Reactor Design Study KrF laser driver consists of the
following four major elements:
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(1) The excimer laser amplifiers

{2) The Raman accumulators

(3) The SBS pulse compressors

(4) The computer controlled and self-aligning linear optical train which directs the
laser beams through the various optical components and down into the target
chamber. '

Significant research and developmental work needs to be performed on the excimer
laser amplifier modules. Although there are still R&D issues to be settled, the latter
three elements listed above require less additional technological development and
experimental verification before they can be judged adequate to be incorporated into a
mature laser driver design.

R&D work relevant to specific key issues associated with the Prometheus laser driver
described here include:

B.a.1 DT Target lllumination Issues,

B.a.2 Large Laser Development and Bandwidth Issues,
B.a.3 Final Optics Pointing System,

B.a.5 SBS Pulse Compressor,

The Excimer Laser Amplifier Problem - The fundament of an efficient, reliable
Prometheus laser driver is the successful design, construction, and testing of excimer
laser amplifier modules. The MDA team has found that large excimer laser amplifiers
producing >50 kJ of energy may prove to be undesirable for a reactor since the loss of
a single excimer laser amplifier would prevent the ~1% direct drive (DD) target
illumination uniformity requirement from being achieved. Furthermore, excimer laser
amplifiers generating large (>50 kJ) energies also require excitation geometries of
unwieldy (~2x2x4 m) dimensicns, amplified spontaneous emission (ASE), and
parasitic oscillations can reduce laser efficiencies, threaten the safety of the cryogenic
target, and complicate the overall optical design of the laser driver. As a
consequence, the MDA team has identified a moderate excimer laser amplifier output
energy range (from 4 to 6 kJ) as being optimum for constructing an efficient, reliable,
and safe IFE laser driver capable of tolerating an occasional amplifier failure without
forcing reactor shutdowns. Each of these reduced scale excimer laser amplifiers has
modest dimensions (0.3x0.3x2 m). This 4-6 kJ energy ievel, however, is much lower
than the ~100 kJ needed for each of the 60 laser driver beamlines. In order to achieve
the requisite beam energies (~100 kJ), the MDA team has selected to combine many
excimer beams coherently using Raman accumulators.

During the past five years, relatively little work has been carried out in the USA with
regard to improving the efficiency and the reliability of such moderate sized excimer
laser amplifiers. Some analytical studies® have been carried out on both electron-
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beam excited excimer lasers (EBEELs) and electron-beam sustained electric
discharge lasers (EBSEDLs) which offered (on paper) gross wallplug efficiencies as
high as 17%. These efficiencies, however, are more likely to be reduced significantly if
incorporated into a large laser system architecture. The main concern is that no
experimental work in excimer amplifier development is either currently in progress or
planned by the Department of Energy.

Work in the Soviet Union with sliding discharge cathodes, plasma electrodes, and UV
pre-ionization in both excimer and CO, discharge lasers has produced some
promising results®#-> which may offer altematives to the EBSEDLs. Although
significant experimental work needs to be carried out to demonstrate the potentially
higher efficiency of EBSEDLS, the electric discharge lasers may offer an inherently
higher efficiency than the EBEELSs since excitation of the excimer species occur along
the neutral channel, thereby avoiding the excitation of a large number of higher-lying
states (which may contribute relatively little to the overall amplifier extraction efficiency)
or which end up as excess heat which deleteriously affects excimer amplifier beam
quality. Moreover, by avoiding transmitting large electron beam currents through foils,
hibachis, etc., the overall excimer laser pumping efficiency may be significantly higher.

Raman Accumulator Problems - A key to achieving high efficiency with Raman

accumulators is to start with a design that exhibits a high quantum efficiency, &,
together with a large Raman gain coefficient, gr- Stimulated rotational Raman gain in
H, (or Dy,) has been previously investigated and promises to fulfill the requirements for
both £ and gg. Since the Raman accumulators are aiso expected to be operated in the
crossed Raman configuration (to improve the beam quality of the output Stokes beam),
some inefficiencies arise. The Raman accumulators need to be driven with a
synchronized Stokes seed having appropriate temporal and spectral components.
The primary R&D problem is to demonstrate efficient beam combination with high
beam quality while suppressing parasitic oscillations and higher order Stokes
components from being generated. Secondary Raman accumulator problems have to
do with details associated with efficient generation of synchronized Stokes seeds
which are correlated® with the excimer pump beams.

Problems Associated with the Stimulated Brillouin Pulse Compressor - The stimulated
Brillouin scattering (SBS) process when applied to the problem of temporally
compressing long (>250 ns) excimer/Raman accumulator laser pulses tends to
produce subnanosecond pulses? with high efficiencies (>95%). When a longer pulse
(such as the 6 ns main pulse specified by the TWG) is required, the needed
compressed pulse length can be generated by a ramped-Stokes seeded SBS cell, but
at considerable cost of overall efficiency. Since the sum of the energies of the
compressed 6 ns pulse and the long undepleted (>250 ns) pulse is approximately
100% of the original long excimer/Raman accumulator pulse, the overall efficiency of
the ramped-Stokes seeded SBS cell can be improved by utilizing the long,
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undepleted pump pulse as the long precursor pulse to the target (as specified by the
TWG).7 The following operationa!l details need to be demonstrated in an R&D

program:

{1) Demonstration of the performance (efficiency, pulse shape versatility, etc.) of a
ramped Stokes seeded SBS cell.
(2) Control over competing processes, parasitic oscillations, multi-order Stokes,

etc.
{3) Demonstration of the use of an electro-optical switchyard, pulse delay lines,

etfc., for utilizing depleted pump as the precursor pulse.
(4) Pertormance of electro-optical "chirper” SBS Stokes seed generators.

Computer-Control and Alignment Problems - The computer control system must

monitor an excimer master oscillator driving ~1000 excimer laser amplifier modules
feeding into 60 Raman accumutators, 60 SBS pulse compressors, and 60 beam
alignment systems attempting to strike a 6 mm diameter target moving at a speed of
200 m/sec., it is evident that a sophisticated parallel processing computer control
system is required.

Description of Required R&D Efforts

Excimer L aser Amplifier R&D - R&D investigations of promising (efficient and reliable)
designs of both electron beam excited excimer lasers (EBEELs) and electric-discharge
excimer lasers (EDELs) need to be carried out.

EBEEL R&D - In the case of the EBEELSs, the primary parameters to be demonstrated
are reliability (mean number of shots between failures >109) and efficiency. Many of
the color-center formation problems, chemical attack problems, etc., are similar to
those described below for the EBELSs.

EBSEDL R&D - Since the EBSEDL has received significantly less R&D in the past
than the EBEEL, there are several problems associated with the EBSEDLs which
require further experimental work. These include:

(1) Characterization of the optimum pulse duration and gas mixture to achieve
efficient neutral channel excimer excitation with a matched, efficient, puised
power system.

(2) Sensing and prevention of the formation of arcs in the discharges caused by
consumptton of fluorine, impedance changes, etc.

(3) Extension of the operating lifetimes of the amplifiers to reach levels of 10° to
1010 amplifier firings between failures.

(4) Control of color center formation and chemical attack of amplifier windows
during the 109 to 1010 shot operational periods.
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These problems need to be analyzed theoretically and solutions found experimentally
during a series of R&D related technological development programs granted by DOE
to industry and the national labs. The direct result of this R&D would permit the
excimer laser amplifiers to become the workhorse of the Prometheus excimer laser
driver by the year 2030. '

R&D for Alternative Laser Drivers - R&D efforts to evaluate other efficient and reliabie
laser drivers should also be planned. These alternative IFE laser drivers could
include:

(1) Semiconductor diode pumped solid-state lasers (. = 1064 nm).
(2) Chemical oxygen-iodine lasers (A = 1315 nm).
(3) HF overtone chemical lasers (A ~ 1350 nm).

These lasers require implementation of high average power harmonic conversion
technology to permit efficient operation in the UV portion of the spectrum, but the
uitimate reliabilities of these alternative fusion laser drivers may be higher than can be
achieved with either EBEELs or EBSEDLs.

Raman Accumulator R&D - The R&D program for the Raman accumulator is relatively
simple and straightforward. it builds upon the extensive work already completed. Two
types of Raman accumulator systems need to be addressed: single puise and high
repetition rate.

Single Pulse Raman Accumulator R&D - The following single pulse Raman

accumulator tasks need to be addressed:

(1) Demonstration of efficient rotational Raman conversion in H, (or D).

(2) Demonstration of an effective (correlated) rotational Raman Stokes seed
generator.

(3) Demonstration of intensity averaging and beam quality enhancement for
crossed Raman accumulator geometries.

(4) Coherent, large aperture beam synthesis.

{5) Control of diffraction and egg-crate damage by image relay optics.

Although some of these tasks can be demonstrated at sub-scale energies, the most
convincing single pulse Raman accumulator R&D plan would involve a full, 100 kJ
beamiine.
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Repetition Rate Raman Accumulator R&D - These R&D experiments need to deal

primarily with the gas circulation problems to remove the phonon heat from the H, (or
D,} gas without adversely affecting the accumulator beam quality.

BS Pul mpr r R&D - in a manner analogous tc the Raman accumulator
described above in Section 2.3, the SBS pulse compressor R&D needs to be divided
between single pulse proof-of-principle experiments and high average power
experiments dealing with control of thermal effects.

Single Shot SBS Pulse Compressor R&D - Both sub-scale and full scale single shot

R&D SBS pulse compressor experiments need to be performed. The fundamental
waorking principles of the SBS pulse compressor can be demonstrated in sub-scale
experiments. These sub-scale experiments involve full scale physical lengths of the
SBS cell (Lygy = Ctpymp/2) but, 1o reduce costs, subapertures of perhaps 1/20 full
aperture may be employed. These subscale SBS R&D experiments would include the
following tasks:

(1) Demonstration of high pulse compression conversion efficiency using a self-
seeded, "chirped" input Stokes SBS seed.8

(2) Demonstration of versatile SBS pulse compressor output pulse shapes by
using a ramped "chirped" Stokes SBS seed, and

{3} Demonstration of the operating principles of an electro-optical "switchyard"
involving fast Pockels cells to tailor the undepleted pump puise into an 80 ns
long precursor pulse.

These experiments could be carried out at convenient apertures (~5 cm) using pulse
energies of 250 J and 250 ns durations.

In order to conduct the full scale SBS Pulse Compressor R&D experiments, it would be
necessary to have large aperture pump beams containing ~100 kJ. The MDA IFERDS
SBS Pulse Compressor design features a relatively large aperture, ~1 m. Although
this large 1 m aperture can be synthesized from an array of smaller optics supported in
an "egg-crate” structure. These full scale experiments would be similar to the sub-
scale experiments with the additional feature that transverse SBS parasitics could be
investigated as a potential probiem.

High Average Power SBS Pulse Compressor R&D Experiments - As described above

for the single shot SBS pulse compressor R&D experiments, both subaperture and full
aperture high average power R&D experiments can be performed. Since the primary
purpose of the high average power experiments is to investigate the influence of
phonon-induced thermal effects in the SFg-filled SBS cell, it is very likely that only
subaperure high average power experiments would produce meaningful results for
the relative costs.
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Computer Control and Alignment R&D Experiments - The computer control and
alignment R&D experiments need to cover all aspects of computer control and optical
alignment of the MDA Prometheus laser driver system. A variety of techniques has
been suggested for performing the difficult moving DT target tracking and alignment
tasks using interferometric and holographic techniques. These proposed tracking and
alignment techniques require extensive real time, fast response, data processing,
possibly requiring a series of dedicated parallel processors, artificial intelligence,
expert systems, etc. The R&D program would have to demonstrate adequate
performance of these (and other) control designs.

Facility Requirements
Excimer Laser Amplifier R&D Facilities - The facilities required to evaluate the

performance of moderate energy (4-6 kJ) excimer laser modules are relatively modest.
Assuming these amplifiers were 10% efficient and operated at a puise repetition rate
of 5 Hz, power supplies of ~500 kW would suffice to power the test amplifier.

Since one of the key design issues to be demonstrated for these excimer laser
modules, it is essential that a large number of amplifiers be tested in parallei at as high
a repetition rate as reasonable. The facilities would have to be designed to
accommodate automatic, 24-hour per day operation in order to permit the evaluation
of mean number of amplifier firings between firings of 102 and 1010,

Raman Accumuiator R&D Faciiities - The single shot subscale Raman accumulator
R&D experiments can be performed with modest laboratory facilities.

The high average power Raman accumulator R&D experiments would require
significant input powers from excimer pump amplifiers. [f an entire single beam of the
laser driver were to be tested, an input energy/pulse of approximately 100 kJ would be
required, possibly in the form of either 25 (5x5) 4 kJ excimer laser modules or 16 (4x4)
2.5 kJ excimer laser modules. These experiments could be combined with tests of test
excimer laser amplifiers to realize significant cost savings. The full scale Raman
accumulators would have apertures of ~1 m and lengths of the order of 10 m.

SBS Pulse Compressor R&D Facilities - The single pulse, subaperture SBS pulse

compressor R&D facilities can be performed in a2 modest laser facility having a long
optical path (~50 m) available. For a square 5 cm aperture SBS cell pumped with a
Raman accumulator pulse of duration 250 ns and energy of 250 J, a cell length of
approximately 38 m would be required.

Full aperture, high average power SBS compressor R&D facilities are similar to those
described above for the high average power Raman accumulator experiments with the
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additional requirement that sufficient laboratory space be provided for the 38 m long
SBS pulse compressor cells.

Computer Control and Alignment R&D Facilities - Relatively modest facilities are

required to test the computer control and alignment facilities. Since the most stressing
R&D task is the tracking of the moving DT targets, the testing of this capability could be
combined with a facility used for testing the DT target launching system.

n h |

f Excimer | gser Amplifier R&D - It is estimated that a minimum of $20M and
three years would be required to develop candidate excimer laser modules.
Additional time and expense would be required to test the amplifiers to demonstrate
109 to 1070 firings between failures.

In order to demonstrate a single beam line, it would be necessary to construct between
20 and 40 of the excimer laser modules (depending upon their output energies),
together with their associated pulsed power. It is estimated that this task would cost
approximately $80M once an excimer laser amplifier design had been perfected.

Cost of Raman Accumulator R&D Experiments - Single pulse, subscale Raman

accumulator R&D experiments can be performed for $2M. High repetition rate
subscale Raman experiments would cost $7M. Combined with the construction of an
array of NxN excimer amplifiers described in Section 4.1, above, a full aperture 1x1 m
Raman accumulator could be tested for and additional $20M for a total of $100M (NxN
excimer amplifiers + Raman accumulator). This would take an estimated five years
from beginning to end.

Cost of SBS Pulse Compressor R&D Experiments - The subaperture single SBS pulse

compressor experiments could be carried out for $4M over a two-year period. Full
aperture, high average power tests of a full scale SBS pulse compressor could be
carried out in association with construction of a NxN excimer laser pump array in
(excimer laser modules) and a full aperture, high average power Raman accumulator
(Raman Accumulator R&D) for an additional $20M for a total cost of $120M ($80M for
the excimer lasers, $20M for the Raman experiments, and $20M for the SBS
experiments). This is estimated to take eight years from beginning to end.

Cost of Computer Controi and Alignment R&D Experiments - It is recommended that

these R&D experiments be conducted subscale with the predominant emphasis on
testing the target tracking and alignment system. This task is estimated to cost $20M in
conjunction with a full scale DT target launching system.
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mm { R&D Estim

Table 5.5-8 Demonstration of High Overall Laser System Efficiency
R&D Task and Duration Estimates

Estimated R&D
No. Task Description - Caost Key lssue Duratign
1 Demo DD Target Beam Nesting $10M B.a.i 3 years
2 Satisfy Bandwidth Requirements $10M B.az 3 years
3 Laser Beam/Target Alignment System $12M ADb.1,Ba3 4years
4 Final optics pointing demo $5M Ab1,Ba3 3Jyears
5 Develop excimer laser modules $20M B.a2 3 years
6 Testto demonstrate 10° lifetime $40M Ba2 5 years
7 Demonstrate single 6 kJ beam line $80M B.az2 4 years
8 Demonstrate 6x16=36 kJ beam line $120 M B.a.2 2 years
9 Develop/Demo Laser Control System $40M Bagz 5 years
10  Develop 50 J Raman seed generators $2M B.az2 1 year
11 Demonstrate 6 kJ Raman converter $1M B.az2 1 year
12  Demo 100 kJ Raman converter $20M Baz 2 years
13  Develop programmable SBS chirper $2M B.as 1 year
14  Subscale SBS PC demonstration $2M B.ab 1 year
15  Develop Large Aperture SBS chirper $10M B.as 3 years
16 Demo 6 kJ SBS Pulse Compressor $5M B.ab 2 years
17 Demonstrate 100 kJ PC $20M B.ab5 3 years
18 Dev.Large Aperture Fast Pockels Cells $20M  B.ab 5 years

Total Laser Driver R&D Costs $419M

References for 5.5.3.6

1. Gary J. Linford, "Prometheus Critical Issue #6: Demonstration of High Overall
Laser System Efficiency,” TRW S&TG/ATD, December 1991.

2. "New Techniques for KrF Laser Fusion Systems," Interim Report for Los Alamos
National Laboratory, pp. 2-70 through 2-72, Los Alamos, New Mexico, written by
Dr. Mark Kushner, then at Spectra Technology, inc., Seattle, Washington (1986).

3. V.Yu. Baranov, et al., "Use of a Discharge over a Dielectric Surface for Pre-
ionization in Excimer Lasers,” Sov. J. Quantum Electron., 11, pp. 42-45 (1981).

4. V.Yu. Baranov, et al., "UV-Pre-ionized Rare Gas Halide Lasers with Plasma
Electrodes,” Proceedings of the International Conference on Lasers 1981, pp.
968-974 (1981).

5. V. V. Apollonov, et al., "High Power Molecular Lasers Pumped by a Volume Self-
Sustained Discharge,” J. Opt. Soc. Am. B, 8, pp. 220-229, (1991).

6. Shirley J. Pfeifer, et al., "Final Report of the Raman Beam Combining Program,”
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7. Ronald C. Davidson (MIT) et al., "Inertial Confinement Fusion Reactor Design
Studies Recommended Guidelines," prepared for the Department of Energy Office
of Fusion Energy, Germantown, MD (September 1980).

8. Arur A. Mak and Leonid N. Soms, "Optical Methods for Laser Beam Control,”
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110-119 (1991).

5.5.3.7 R&D for Reliability and Lifetime of Laser and Heavy lon Drivers

(Relevant Key Issues: A.a.1,Ab.1,Ba.1,B.a2 Ba3,Ba4,Bab5BDb1,Bb2 Bb3,
B.b.4, B.b.5)

Description of Problem - Both the Laser Driver (LD) and Heavy lon Drivers (HID) for an
inertial fusion energy (IFE) reactor will be required to operate reliably at approximately
a 5 Hz rate over extended periods of time (of the order of years) in order not to impact
adversely the IFE reactor cost of electricity (COE). This reliability requirement
(corresponding to A 1.58 x 108 shots/year) calls for robust driver designs exhibiting
either remarkable durability or capable of being repaired and maintained on-line
without requiring IFE reactor shut-down. Each of these two driver designs exhibits
different reliability problems, and these reliability problems will be briefly described
below. R&D work relevant to specific key issues associated with the laser and target
described here include: A.a.1, Direct Drive Target Coupling, A.b.1, Demonstration of
Injection and Tracking of Targets Coupled with Beam Steering, B.a.1, DT Target
lllumination Issues, B.a.2, Large Laser Bandwidth Issues, B.a.3, Final Optics Pointing
System, B.a.4, Grazing Incidence Mirror Damage, and B.a.5, SBS Puise Compressor.
Recommended R&D work relevant to key issues associated with the heavy ion driver
include: B.a.i, Timing of Heavy lon Beams, B.a.2, Heavy lon Channel Formation,
B.a.3, Heavy lon Channel Transport, B.a.4. Stripping of HI Beam, and B.a.5, Alignment
of Indirect HI Target.

KIF Laser Driver Lifetime Issues - The primary lifetime problem to be solved for the KrF
excimer laser driver (LD) is associated with the pulsed excimer laser amplifiers.
Secondary reliability probiems associated with damage protection for optical
components, gas circulation systems for Raman accumulators, etc., which require
relatively little R&D to improve.

Two types of excimer laser amplifiers have been considered for the Prometheus
[FERDS KrF laser driver: e-beam excited excimer laser amplifiers (EBEELSs) and
e-beam sustained electric discharge excimer lasers (EBSELs). The former has been
subjected to substantial research and development but the latter (EBSELS) need
substantial further development before the technology could be described as mature.
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Our current data on the mean number of EBEEL firings between failures indicates that
this type of excimer laser amplifier is currently not capable of meeting a 2x108 firings
between failures. The second type of excimer laser, EBSEL, has no significant
experimental data regarding reliability, but the EBSEL theoretically appears to be
potentially more reliable since the e-beams are not required to operate at high current
through foils, hibachis, etc. The MDA Prometheus team selected a excimer
laser/Raman accumulator driver which could tolerate occasional (one per month)
failures of individual amplifier modules without compromising overall IFE reactor
operation.

As a key KrF laser driver reliability issue, the Prometheus team has found that large
excimer laser amplifiers producing >50 kJ of energy may prove to be undesirable for a
IFE reactor since the loss of a single excimer laser amplifier would prevent the ~1%
direct drive (DD) target illumination uniformity requirement from being achieved.
Furthermore, excimer laser amplifiers generating large (>50 kJ) energies also require
excitation geometries of unwieldy (~2x2x4 m) dimensions, amplified spontaneous
emission (ASE), and parasitic oscillations can reduce laser efficiencies, threaten the
safety of the cryogenic target, and complicate the overall optical design of the laser
driver. As a consequence, the MDA team has identified a moderate excimer laser
amplifier output energy range (from 4 to 6 kd} as being optimum for constructing an
efficient, reliable, and safe IFE laser driver capable of tolerating an occasional
amplifier failure without forcing reactor shutdowns. Each of these reduced scale
excimer laser amplifiers has modest dimensions (0.3x0.3x2 m). This 4-6 kJ energy
level, however, is much lower than the ~100 kJ needed for each of the 60 laser driver
beamlines. [n order to achieve the requisite beam energies (~100 kJ), the MDA team
has selected to combine many excimer beams coherently using Raman accumulators.
R&D experiments improving the performance of Raman accumulators have been
recommended,! but since the reliabilities of these devices are well established, no
additional R&D is required to increase the reliabilities of the Raman accumulators
further.

During the past five years, little or no research has been carried out in the USA with
regard to improving the efficiency and the reliability of 4-6 kJ excimer laser amplifiers.
Some analytical studies? have been carried out on both electron-beam excited
excimer lasers (EBEELs) and electron-beam sustained electric discharge lasers
(EBSEDLs) which offered (on paper) gross wallplug efficiencies as high as 17%.
These efficiencies, however, are more likely to be reduced significantly if incorporated
into a large laser system architecture.

Work in the Soviet Union with sliding discharge cathodes, plasma electrodes, and UV
pre-ionization in both excimer and CO, discharge lasers has produced some

promising results®4® which may offer alternatives to the EBSEDLs. Although
significant experimental work needs to be carried out to demonstrate the potentially
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higher efficiency of EBSEDLSs, the electric discharge lasers may offer an inherently
higher reliability and efficiency than the EBEELSs since excitation of the excimer
species occur via an electric discharge along the neutral channel, thereby avoiding
the excitation of a large number of higher-lying states (which may contribute relatively
littte to the overall ampilifier extraction efficiency) or which end up as excess heat which
deleteriously affects excimer amplifier beam quality. Moreover, by avoiding
transmitting large electron beam currents through foils, hibachis, etc., the overall
excitation efficiency of the excimer laser can be increased while, at the same time,
eliminating a potential failure mode (i.e., foil rupture). The fundament of an efficient,
reliable Prometheus laser driver is the successful design, construction, and testing of
excimer laser amplifier modules.

Heavy lon Driver Lifetime Problems - Although the HID basic accelerator technology is
well developed, the beam physics is tractable, and existing accelerator systems have
exhibited 25-year lifetimes with 95% availabilities, there are a number of unanswered
guestions associated with improving known weak links in the HID. Unlike the laser
system, failure of almost any single component of the HID is likely to provoke a
complete shutdown of the IFE reactor. A major lifetime problem {o be solved for the
HID has to do with analyzing to what extent redundant or backup systems could be
implemented to prevent HID failure and consequent reactor shutdown.

There are a number of HID problems which should be investigated:

(1) High reliability high brightness, doubly charged lead source

(2) Reliability of helium refrigerators, cryostats, and individual magnets for
superconducting magnets

) Reproducibility of space charge limited transport of a bunched beam

} Long term stabilities of high current storage rings for heavy ion beams

) Reliability of Metglas to breakdown and long term deterioration

Description of Required LD and HID R&D Efforts - The R&D requirements for each of
these HID problems is briefly discussed below.

Excimer Laser Amplifier R&D - R&D investigations of reliable and efficient designs of
both electron beam excited excimer lasers (EBEELs) and e-beam sustained electric-
discharge excimer iasers (EBSEDLs) need to be carried out. If funding is restricted,
emphasis should be given the development of EBSEDLs since they promise to be
more reliable and efficient.

EBEEL R&D - In the case of the EBEELSs, the primary parameters to be demonstrated
are reliability {mean number of shots between failures >109) and efficiency. Many of
the color-center formation problems, chemical attack problems, etc., are similar to

. those described below for the EBELs.
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EBSEDL R&D - Since the EBSEDL has received significantly less R&D in the past
than the EBEEL, there are severail problems associated with the EBSEDLSs which
require further experimental work. These include:

(1) Characterization of the optimum pulse duration and gas mixture to achieve
reliable, efficient neutral channel excimer excitation with a matched, efficient,
pulsed power system.

(2) Sensing and prevention of the formation of arcs in the discharges caused by
consumption of fluorine, impedance changes, etc.

(3) Extension of the operating lifetimes of the amplifiers to reach levels of 10° to
1010 ampilifier firings between failures.

(4) Control of color center formation and chemical attack of amplifier windows
during the 10° to 1070 shot operational periods.

These problems need to be analyzed theoretically and solutions found experimentally
during a series of R&D related technological development programs granted by DOE
to industry and the national labs. The direct result of this R&D wouid permit the
excimer laser amplifiers to become the workhorse of the Prometheus excimer laser
driver by the year 2030.

R&D for Alternative Laser Drivers - Extremely reliable pulsed excimer laser amplifiers

may prove difficult to construct. Thus R&D efforts to evaluate other efficient and
potentially more reliable laser drivers should aiso be planned. These alternative IFE
laser drivers could include:

(1) Semiconductor diode pumped solid-state lasers (A = 1064 nm).
(2) Chemical oxygen-iodine lasers (A = 1315 nm).
(3) HF overtone chemicai lasers (AL ~ 1350 nm).

None of these alternative laser sources requires the use of high voltage, pulsed
power. These near infrared lasers require implementation of high average power
harmonic conversion technology to permit efficient operation in the UV portion of the
spectrum, but the ultimate reliabilities of these aiternative fusion laser drivers may be
higher than can be achieved with either EBEELs or EBSEDLSs.

R&D Reliability Demonstration Experiments for Heavy lon Driver - Five types of R&D
experiments are required to solve the HID potential reliability problems identified
above:

(1) Development of a reliable, high brightness, doubly charged lead ion source.
(2) Demonstration of a highly reliable (possibly redundant) helium refrigeration
system, serviceable cryostats, dependable magnets.
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(3) Development of reliable, cost effective techniques and demonstrations of
space charge-limited transport of a bunched heavy iocn beam through an
accelerator.

(4) Development of reliable, cost effective technigues and design of high cutrent
storage rings for heavy ion beams.

(5) Minimization of Metglas deterioration while minimizing losses to raise the
accelerator efficiency.

Each of these required R&D efforts is briefly described below:

Beliable R&D High Brightness Pb**_ion Development - At the present time, no reiiable

high brightness doubly charged lead ion source is available for providing input to the
ramp gradient section of the HID. Redundant systems are recommended here in order
to eliminate single point ion-source failures.

R&D Effort for Cryogenic Superconducting Magnets - Although considerable

experience has been gained constructing superconducting magnets, it is crucial to
perform R&D development experiments on redundant systems wherever possible to
provide a fail-safe capability for the superconducting magnets.

These R&D experiments must provide a sufficient data base to permit the mean time
between failures to be calculated for the superconducting magnet system.

R&D Demonstration of Reliable Space Charge-Limited Transport of a Bunched Beam -

Past experiments and computer simulations have shown that transporting beams for
several kilometers at their space charge limit should be possible, with little emittance
growth. The key reliability issue has to do with the fluctuations that may occur in beam
current from pulse to pulse. In addition the relfative beam currents associated with
each of the separate beams circulating in the storage rings need to be measured and
equalized. In general it is necessary to demonstrate transport at high o, (undepressed

tune), low o (depressed tune), continually bunching the Hl beam to increase current as
voltage increases.

if the Hl beams have to be transported at currents lower than the space charge limit,
then the accelerator will have to have a longer pulse (in the case of a single beam
LINAC) or more quadrupole transport channeis within the same multiple beam
accelerator, thereby increasing the cost of the accelerator. The impact of this
operational mode on the pulse to pulse equality of beam currents needs to be
determined.

Operation of the LINAC at rather high average powers and relatively high repetition
rates may affect the pulse to pulse performance of the system. This variation from
pulse to pulse needs to be determined and compared with the tolerable limit on
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possible beam steering once half the beams are combined in the self-focused
channel. Since the clearing time in the ICF reactor precludes very high repetition
rates for the D/T pellet ignition, the LINAC is forced to perate at uneconomical
repetition rates. By operating the induction LINAC in the burst mode, the induction
cores are used over and over, and, of course, each core is therefore smaller in
diameter. The reiiability of operating the LINAC in the burst mode needs to be
demonstrated.

R&D Demonstrations of High Current Storage Rings for Heavy lon Beams - The key

reliability issues here have to do with demonstrating that Hi beams can be
reproducibly stored in rings for times typically on the order of 1 to 2 milliseconds. The
reliability issues are similar to those associated with bunched beam transpont, but
have the additional complications associated with closed orbit synchrotrons, such as
betatron and synchrotron resonances, etc., which can give rise to emittance growth,
varigtions in beam current or outright beam loss. Furthermore, beam induced vacuum
instability is another problem which must be overcome in order for long-term stability of
the HI driver to be achieved. Aill of these issues can only be resolved with extensive
experiments conducted an experimental ring with parameters reasonably close to
what is required.

R&D Experiments {9 Increase Metglas Reliability While Minimjzing Losses - Given the

fact that the Metglas is going to be located in an excoriating radiation environment, it is
possible that the Metglas will gradually deteriorate until its performance is marginal or
untit dielectric breakdown in the Metglas begins to occur. It needs to be determined if
radiation-resistant Metglas compositions are also efficient, particularly with regard to
the two possible types of losses. The first type of loss in Metglas, that due to BH
hysteresis losses may be intrinsic and is probably unavoidable, although further
investigations into use of less hysteretic ceramic materials may be very useful. The
second type is eddy current loss in the magnet cores which can be minimized by
careful core design and attention to detail in proper pulse shaping of the current
waveforms. The important physical parameter associated with the eddy current losses
is the thickness of the Metglas ribbon and the shape and amplitude of the waveform
used. Presently Metglas thicknesses of the order of 35 n are being employed,
although successful experiments have been carried out with Metglas thicknesses as
small as 20 p. By optimizing the voitage waveforms used to drive the beam and to
reset the cores, the pulsed power requirements can be minimized.

Experiments and computer simulations have shown that transponrting beams for
several kilometers at their space charge limit should be possibie, with little emittance
growth. However, this HI beam transport has only been demonstrated with low
energy, low power, unbunched beams. If the HI beams have to be transported at
currents lower than the space charge limit, then the accelerator will have to have a
longer pulse (in the case of an induction LINAC) or more quadrupole transport
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channels within the same accelerator, thereby increasing the cost of the accelerator.
The effect of beam current vs. HID reliability needs to be evaluated.

R&D Facility Requirements - Unique R&D facilities for both KrF laser and heavy ion
driver experiments need to be provided. Since the needs of these two drivers are very
different from one another, two separate facilities would be needed for reliability

evaluations. -

Excimer Laser Amplifier B&D Facilities - The facilities required to evaluate the

reliabilities of moderate energy (4-6 kJ) excimer laser modules are relatively modest.
Assuming these amplifiers were 10% efficient and operated at a pulse repetition rate
of 5 Hz, power supplies of ~500 kW would suffice to power the test amplifier.

Since the KrF laser amplifier reliability is one of the key design issues to be
demonstrated for these excimer laser modules, it is essential that a large number of
amplifiers be tested in parallel at as high a repetition rate as reascnable. The facilities
would have 1o be designed to accommodate automatic, 24-hour per day operation in
ord%r to permit the evaluation of mean number of amplifier firings between firings of
~107.

HID R&D Reliability Facility Requirements - In order to demonstrate the two key Hl
driver R&D issues, reliable transport of a bunched, space charge-limited HI beam and
demonstration of reliable high current HI storage rings will require either the extensive
modification of an existing induction LINAC or the construction of a new facility
capable of meeting the HI driver requirements of transporting megajoules of energy in
doubly charged, non-relativistic ~5 GeV lead ions. Assuming typical accelerator
gradients of the order of 1 MeV/m, an accelerator having dimensions of severat
Kilometers will be required. In addition, approximately two dozen high current storage
rings having diameters of the order of 50 m will be required to investigate technologies
associated with achieving the required performance levels while minimizing the cost of
the storage rings.

A significant demonstration of the HI beam transport and storage ring configuration
could be carried out using a single pulse, a single ring, reduced energy (to possibly
0.5 GeV), pulsed magnets, etc. Such a facility could be installed in the Advanced Test
Accelerator Site 300 facility at the Lawrence Livermore National Laboratory (LLNL} at
a small cost.
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The requirements for the Metglas investigations are even more modest. The required
R&D investigations to reduce Metglas losses can be carried out at a variety of
accelerator facilities, such as those existing at the Lawrence Berkeley Laboratory
(LBL), LLNL, Fermilab, Brookhaven National Laboratory, Argonne National
Laboratory, etc. Support of HI indirect-drive target experiments requires a full-scale Hl
driver, but a HI driver that runs at a relatively low repetition rate. Thus a major facility
advantage would be a significant reduction in installed power requirements since the
single beam LINAC would not need to operate at 5 Hz.

Costs and Schedules

Costs of Excimer Laser Amplifier R&D - it is estimated that a minimum of $20M and
three years would be required to develop candidate excimer laser modules.
Additional time and expense would be required to test the amplifiers to demonstrate
10% to 1070 firings between failures. In order to demonstrate a single beam line, it
would be necessary to construct between 20 and 40 of the excimer laser modules
{(depending upon their output energies), together with their associated pulsed power.
It is estimated that this task would cost approximately 80 M$ once an excimer laser
amplifier design had been perfected. Additional experiments and costs are described
in Chapter 6.

Hi R&D Reliability Experiments Cost and Schedule - The costs associated with

carrying out the ambitious HI cost reduction R&D experiments are a strong function of
whether or not it would be necessary to construct a new facility to meet the demanding
HI driver requirements with regard to beam current, beam energy, particle energy,
atomic weight of ions, etc. It is estimated that the total cost to build a conventional
induction LINAC with two dozen storage rings to accomplish the R&D experiments
would be of the order of $500M. The experiments themselves wouid be relatively
expensive if promising technigues for reducing cost required frequent rebuilding of the
accelerator and storage rings. Such a facility could be constructed in five years once a
suitable site had been sefected. It would also be a very attractive solution to have this
large Hi driver facility support the related HI indirect drive target feasibility R&D
experiments proposed as R&D Program #3.° Significant Metglas development could
continue at one or more accelerator facilities with a funding leve! of $1-2M/year.
Additional experiments and costs are described below in Summary of R&D Cost
Estimates. '
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mm i R&D Estim
Table 5.5-9 Reliability and Lifetime for Laser Driver
R&D Task and Duration Estimates

Estimated B&D
No. Task Desgription Cost Key Issue Duration
1 Demo DD Target Beam Nesting $10M B.at 3 years
2 Satisfy Bandwidth Requirements $10M B.a.2 3 years
3 Laser Beam/Target Alignment System $12M  Ab.1,B.a3 4years
4 Bemo DD MJ DT Target Ignition* $400M Aa.1,B.a1  10years
5 Final optics pointing demo $5M Ab1,Ba3 3years
(3] Optics Damage Resistance Demo $5M B.ad 3 years
7 Develop Robust GIMM $5M B.ad 4 years
8 Develop excimer laser modules $20M B.az2 3 years
8  Test to demonstrate 10° lifetime $40M Baz2 5 years
10 Demonstrate single 6 kJ beam line $80M B.a.2 4 years
11 Demonstrate 6x16=96 kJ beam line $120M B.a.2 2 years
12  Develop/Demo Laser Control System $40M B.az2 5 years
13 Develop 50 J Raman seed generators $2M B.a.z2 1 year
14 Demonstrate 6 kJ Raman converter $1M  B.az 1 year
15 Demo 100 kJ Raman converter $20M B.az 2 years
16  Develop programmmable SBS chirper $2M B.abs 1 year
17  Subscale SBS PC demonstration $2M B.as 1 year
18 Develop Large Aperture SBS chirper $10M B.ab 3 years
19 Demo 6 kJ SBS Pulse Compressor $5M B.a5 2 years
20 Demonstrate 100 kJ PC $20M B.a5 3 years
21 Dev.Large Aperture Fast Pockels Cells $20M B.ab 5 years

Total LLaser Driver R&D Cosis $829M

*Includes cost of Nova Upgrade.

Table 5.5-10 Reljability and Lifetime for Heavy lon Driver

R&D Task and Duration Estimates

Estimated R&D

No. Task Description Cost Key Issue Duration
1 Demo Single Accel. in Burst Mode $15M B.bA1 3 years
2 Develop Bright Pb*2 Source $10M  Bb.1 3 years
3 Develop high brightness Hi injector $20M  B.b.1 2 years
4 Demo low emittance through injector $10M B.bA 2 years
5 SP HI Pulse Synch. and Timing Demo $10M Bb.t 3 years
8 SP Triplet Focusing Demo $10M Bb.2 2 years
7 SP HI Channel Formation Demo $100M Bb.2 7 years
8 SP injection of Hi Beam in Channel $10M Bb.3 3 years
g SP Deme of Channel Transport @ MA $50M  B.b.3 5years
10  SP HI Bearn Stripping $20M B.b.4 2 years
11 SP HI Neutralization $5M B.b.4 1 year
12 Develop high PRF burst-mode pwr.sup. $30M Bb.3 2 years
13 Demo superconducting quadrupoles $20M Bb.3 3 years
14  Demo storage ring performance $50M B.b.3 3 years
15 Demo bunchers $25M B.b.3 3 years
16  Develop HID Computer Control System $20M  B.b.5 5 years
17 Alignment of Hl Beam to 1D Target $400 M B.b.5 10 years

Total Heavy lon R&D Costs $805M
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5.5.3.8 R&D _for Demonstration of Non-Linear Optical Laser Driver

Architecture
(Relevant Key Issues: B.a.1,B.a.2,B.a.3,B.a.4,B.a5)

Description of Problem - As discussed in both Critical Issue #6 and #14,12 the MDA
inertial fusion energy (IFE) reactor design study (IFERDS) excimer laser non-linear
optical (NLO} architecture is made up of NLO components which can be tailored to
permit safe, efficient, and versatile operation of the laser driver.

The MDA Team Inertial Fusion Energy Reactor Design Study NLO architecture
consists of two major devices:

(1) The Raman accumulators (used for beam combination in the crossed Raman
[or CRAM configuration})
{2) The SBS pulse compressors

Although there are still NLO R&D issues to be settled, the physics of both the Raman
accumulators and the SBS pulse compressors is well understood. R&D work relevant
to specific key issues associated with the Prometheus laser driver described here
include:
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B.a.1 DT Target lllumination Issues,

B.a.2 Large Laser Development and Bandwidth Issues,
B.a.3 Final Optics Pointing System,

B.a.4 Grazing Incidence Mirror Damage,

B.a.5 SBS Puise Compressor,

R&D CRAM Accumulator Problems - A key to achieving high efficiency with Raman
accumulators is to start with a design that exhibits a high quantum efficiency, &,
together with a large Raman gain coefficient, gg. Stimulated rotational Raman gain in
H, (or D,) has been previously investigated and promises to fulfill the requirements for
both £ and gg. Since the Raman accumulators are aiso expected to be operated in the
CRAM configuration (to improve the beam quality of the output Stokes beam), some
inefficiencies arise. The Raman accumulators need to be driven with a synchronized
Stokes seed having appropriate temporal and spectral components. The major R&D
problems are to demonstrate:

(a) Efficient beam combination

(b) Achievement of high beam quality

{c) Suppression of higher order Stokes orders from being generated
{d) Pump intensity averaging

(e) Suppression of parasitic oscillations

Secondary Raman accumulator problems have to do with details associated with
efficient generation of synchronized Stokes seeds which are correlated? with the
excimer pump beams.

R&D Problems Associated with the Stimulated Brilloyin Pulse Compressor - When the
stimulated Brillouin scattering (SBS) process is applied to the problem of temporally

compressing long (>250 ns) excimer/Raman accumulator laser pulses, the SBS
process tends to produce subnanosecond pulses? with high efficiencies (> 95%).
When a longer pulse (such as the 6 ns main pulse specified by the TWG)® is required,
the needed compressed pulse length can be generated by a ramped-Stokes seeded
SBS cell, but at considerable cost of overalil efficiency. Since the sum of the energies
of the compressed 6 ns pulse and the long undepleted (>250 ns) pulse is
approximately 100% of the original long excimer/Raman accumulator pulse, the
overall efficiency of the ramped-Stokes seeded SBS cell can be improved by utilizing
the long, undepleted pump pulse as the long precursor pulse to the target (as
specified by the TWG).> The following operational details need to be demonstrated in
an R&D program: :

(1) Demonstration of the performance (efficiency, pulse shape versatility, etc.) of a
ramped Stokes seeded SBS cell.

(2) Contro! over competing processes, parasitic oscillations, multi-order Stokes,
etc.
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(3) Demonstration of the use of an electro-optical switchyard, pulse delay lines,
etc., for utilizing depleted pump as the precursor pulse.
(4) Performance of electro-optical "chirper” SBS Stokes seed generators.

Description of Required R&D Efforts

RAM Accumulator R&D - The R&D program for the CRAM Raman accumuiator is
relatively simple and straightforward. It builds upon the extensive work already
completed. Two types of Raman accumulator systems need to be addressed: single
pulse and high repetition rate.

Single Pulse CRAM Accumulator R&D
The following single pulse CRAM R&D accumulator tasks need to be addressed:

(1) Demonstration of efficient (> 80%) rotational CRAM conversion in H, (or D)

(2) Demonstration of an effective (correlated) rotational CRAM Stokes seed
generator

(3) Demonstration of excimer pump beam intensity averaging and beam quality
enhancement for CRAM accumulator geometries

(4) Coherent, large aperture beam synthesis

(5) Control of diffraction and egg-crate damage by image relay optics.

Although some of these R&D tasks can be demonstrated at sub-scale energies, the
most convincing single pulse Raman accumulator R&D plan would involve a full,
100 kJ beamline.

High Repetition Rate CRAM Accumulator R&D - These CRAM R&D experiments need
to deal primarily with the gas circulation problems to remove the phonon heat from the
H, (or D,) gas without adversely affecting the accumulator beam quality.

SBS Pulse Compressor R&D - In a manner analogous to the Raman accumulator
described above in CRAM Accumulator R&D, the SBS pulse compressor R&D
experiments need to be divided between single pulse proof-of-principle experiments
and high average power experiments dealing with control of thermal effects.

Single Shot SBS Pulse Compressor R&D - Both sub-scale and full scale single shot

R&D SBS pulse compressor experiments need to be performed. The fundamental
working principles of the SBS pulse compressor can be demonstrated in sub-scale
experiments. These sub-scale experiments involve full scale physical lengths of the
SBS cell (Lggy = Crpymp/2) but, to reduce costs, subapertures of perhaps 1/20 full
aperture may be employed. These subscale SBS R&D experiments would include the
following tasks:
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(1) Demonstration of high pulse compression conversion efficiency using a self-
seeded, "chirped" input Stokes SBS seed.®

(2) Demonstration of versatile SBS pulse compressor output puise shapes by
using a ramped "chirped" Stokes SBS seed.

(3) Demonstration of the operating principles of an electro-optical "switchyard"”
involving fast Pockels cells to tailor the undepleted pump pulse into an 80 ns
long precursor pulse.

These experiments could be carried out at convenient apertures (~5 cm) using pulse
energies of 250 J and 250 ns durations

In order to conduct the full scale SBS Pulse Compressor R&D experiments, it would be
necessary to have large aperture pump beams containing ~100 kJ. The MDA SBS
Pulse Compressor design features a relatively large aperture, ~1 m. Although this
targe 1 m aperture can be synthesized from an array of smaller optics supported in an
"egg-crate" structure. These full scale experiments would be similar to the sub-scale
experiments with the additional feature that transverse SBS parasitics could be
investigated as a potential problem.

High Average Power SBS Pulse Compressor R&D Experiments - As described above

for the single shot SBS pulse compressor R&D experiments, both subaperture and fuil
aperture high average power R&D experiments can be performed. Since the primary
purpose of the high average power experiments is to investigate the influence of
phonon-induced thermal effects in the SFg-filled SBS cell, it is very likely that only
subapenrture high average power experiments would produce meaningful results for
the relative costs.

Facility Requirements

Raman Accumulator R&D Facilities - The single shot subscale Raman accumulator
R&D experiments can be performed with modest laboratory facilities.

The high average power Raman accumulator R&D experiments would require
significant input powers from excimer pump amplifiers. If an entire single beam of the
laser driver were to be tested, an input energy/pulse of approximately 100 kJ would be
required, possibly in the form of either 25 (5x5) 4 kJ excimer laser modules or 16 (4x4)
5.5 kJ excimer laser modules. These experiments could be combined with tests of test
excimer laser amplifiers to realize significant cost savings. The full scale Raman
accumulators would have aperiures of ~1 m and gain lengths of the order of 10 m.

SBS Pulse Compressor R&D Fagilities - The single pulse, subaperture SBS pulse

compressor R&D facilities can be performed in a modest laser facility having a long
optical path (~50 m) available. For a square 5 cm aperture SBS cell pumped with a
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Raman accumulator pulse of duration 250 ns and energy of 250 J, a cell length of
approximately 38 m would be required.

Full aperture, high average power SBS compressor R&D facilities are similar to those
described above for the high average power Raman accumulator experiments with the
additional requirement that sufficient laboratory space be provided for the 38-m long
SBS pulse compressor cells.

n h |

Cost of CRAM Accumulator R&D Experiments - Singie pulse, subscale Raman

accumulator R&D experiments can be performed for ~$2 M. High repetition rate
subscale Raman experiments would cost $7M. Combined with the construction of an
array of NxN excimer amplifiers described in Section 4.1, above, a full aperture 1x1 m
CRAM accumulator could be tested for and additional $20M for a total of $100M (NxN
excimer amplifiers + Raman accumulator). This would take an estimated five years
from beginning to end.

Additional experiments and costs are described below in Summary of R&D Cost
Estimates.

Cost of SBS Pulse Compressor R&D Experiments - The subaperture single SBS puise

compressor experiments could be carried out for $4M over a two-year period. Full
apenture, high average power tests of a full scale SBS pulse compressor could be
carried out in association with construction of a NxN excimer laser pump array in
(CRAM Accumulator R&D Experiments) and a full aperture, high average power
Raman accumulator (SBS Pulse Compressor R&D Experiments) for an additional
$20M for a total cost of $120M ($80M for the excimer lasers, $20M for the Raman
experiments, and $20M for the SBS experiments). This is estimated to take eight
years from beginning to end. Additicnal experiments and costs are described below in
Summary of R&D Cost Estimates.

f Com r. Control and Alignment R&D Experiments - It is recommended that
these R&D experiments be conducted subscale with the predominant emphasis on
testing the target tracking and alignment system. This task is estimated to cost $20M in
conjunction with a full scale DT target launching system. Additional experiments and
costs are described below in Summary of R&D Cost Estimates.
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mm f R&D Estim

Table 5.5-11 Demonstration of Non-Linear Optical Laser Driver
R&D Task and Duration Estimates

' Estimated B&D
No. Task Description Cost Key lssye  Duration
1 Satisfy Bandwidth Requirements $10M Baz2 3 years
2 Laser Beam/Target Alignment System $i2M  ADb.1,B.a3 4years
3 Final optics pointing demo $5M Ab.1,B.a3 3years
4 Optics Damage Resistance Demo M B.ad 3 years
5 Develop excimer laser modules $20M B.a.2 3 years
6 Test to demonstrate 10° lifetime $40M Ba2 5 years
7 Demonstrate single 6 kJ beam line $80M Ba.2 4 years
8 Demonstrate 6x16=96 kJ beam line $120M B8B.a.2 2 years
9 Develop/Demo Laser Control System $40M B.az2 5 years
10 Develop 50 J Raman seed generators $2M B.az?2 1 year
11 Demonstrate 6 kd Raman converter 1M Baz 1 year
12 Demo 100 kJ Raman converter $20M B.a.2 2 years
13  Develop programmable S8S chirper $2M B.as 1 year
14 Subscale SBS PC demonstration $2M B.ab 1 year
15  Develop Large Aperture SBS chirper $10M B.asb 3 years
16 Demo 6 kJ SBS Pulse Compressor $5M B.ab 2 years
17  Demonstrate 100 kd PC $20M B.ab 3 years
18 Dev.Large Aperture Fast Pockels Cells $20M  B.as 5 years

Total Laser Driver R&D Costs $414M

References for 5.5.3.8

1. Gary J. Linford, "ICFRDS Critical Issue #6: Demonstration of High Overall Laser
System Efficiency,” TRW S&TG/ATD, December 1991.

2. Gary J. Linford, "ICFRDS Critical Issue #14: Demonstration of Non-Linear Optical
Laser Driver Architecture,” TRW S&TG/ATD and Dan Driemeyer, MDA, December
1991.

3. "Final Report of the Raman Beam Combining Program,” Shirley J. Pfeifer, et al.,
TRW E&DS, Redondo Beach, CA, and Northrop Research & Technology Center,
Palos Verdes Peninsula, CA, Contract # F29601-85-¢c-0053 (September 1986)
submitted to the Air Force Weapons Laboratory, AFSC, Kirtland Air Force Base,
NM 87117,

4. "New Techniques for KrF Laser Fusion Systems," Interim Report for Los Alamos
National Laboratory, pp. 2-70 through 2-72, Los Alamos, New Mexico, written by
Dr. Mark Kushner then at Spectra Technology, Inc., Seattie, Washington (1986).
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9. "Inertial Confinement Fusion Reactor Design Studies Recommended Guidelines,"
Ronald C. Davidson (MIT) et al., prepared for the Depantment of Energy Office of
Fusion Energy, Germantown, MD (September 1990).

6. "Optical Methods for Laser Beam Control,” Artur A. Mak and Leonid N. Soms,
Proceedings of SPIE, 1415, Modeling and Simulation of Laser Systems I, pp.
110-119 (1991).

5.5.4 R&D for the Cavity - This section contains the R&D for the cavity. This
includes (1) first wall protection, (2) blanket, and (3) shield.

5.5.4.1 R&D Needs for First Wall Protection - A basic test plan for the first wall
protection system has been devised, in which a number of parailel near-term tests are
performed on separate or multiple issues, followed by a facility in which integrated
cavity responses are simulated. Figure 5.5-1 shows a possible scenario for this test
plan.

Near-term R&D tasks are best classified by the types of facilities required. The tasks
areas include:

A. Film flow

B. Vapor behavior

C. Component structural responses
D. Material interactions

E. Blast simulation

Facility requirements can be very different for the different tests. Blast simulation is a
treated as a separate R&D task even though it is not an issue itself. The ability to
perform useful engineering testing prior to construction of an IFE fusion reactor
depends greatly on the quality of the blast simulation available.

Following 10-15 years of separate and multiple effects testing, there is a strong need
to construct-a test facility which combines all of the interrelated factors which impact
the feasibility of the cavity concept. Uncertainties in cavity behavior can not be
resolved without combining film thermal hydraulics, vapor dynamics and structural res-
ponses.
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Figure 5.5-1. Testing Logic for the First Wall Protection System

A. Film Flow

Issue #E.a.5. Film flow control: injection, uniform thickness, and drainage
Issue #E.a.6. Film flow stability and response to impulsive loading

Description: Film flow is currently an active research area. Hydrodynamic behavior of
films on vertical and curved surfaces is not fully-understood, particularly under the
environmental conditions imposed on the Prometheus first wall. 1n addition, the
unique materials and flow paths add uncertainties. In order to resolve issues related
to film flow, both experiments and modeling are needed.

These experiments should demonstrate that adequate wall coverage can be attained
to prevent first wall structure damage. This includes studies of film stability,
development of effective injection and drainage systems, and film thickness controt
studies. Some specialized tests are needed. For exampie, the concept of MHD
guiding to protect inverted surfaces should be explored. Transient response in the
porous wall also requires study.

An active mbdeling effort will be very useful for this R&D task. There are many
possible geometric configurations and component designs. Experimental data alone
will validate a single design, but will be difficult to extrapolate to other designs.

Facility Requirements: These issues are grouped together because they can be
addressed under a similar set of environmental conditions. Except for the issue of
blast effects on film stability, blast simulation is not critical. Many tests can be
performed without heating as well. The most important condition to simulate is flow
geometry.

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 55'48



INERTIAL FusiON ENERGY MDC 92E0008, Vou. Il
REACTOR DESIGN STUDIES MARCH 1992

Several small-scale facilities can be envisioned. These would be devoted to separate
flow issues, such as flow control, injector development, etc. The facilities would con-
sist of a flow loop with process control and loop heaters. Test sections would be
installed into the loops and tested. Combining these tests into a single loop facility
may reduce costs, although the equipment costs in these tests are minimal. At least
one small facility should have the capability to simulate blast pressure effects.

Cost and Time: A possible test plan involves four subtasks, as listed below. Time to
perform the tests and cost estimates are aiso given. Sequential testing leads to a total
test time of ~10 years.

Table 5.5-12 First Wall Protection R&D Task and Duration Estimates

Yearl ratin
R&D Task Time Required Facility Cost Cost
Film thickness control 3 yrs. $200k $100k
Flow on inverted surfaces 3 yrs. $200k $100k
Flow around obstructions 3yrs. $200k $100k
Transient flow through porous structures 2 yrs. $200k $100k
Stability tests 5yrs. $500k $200k
Injector development 5 yrs. $2-5M $1M

B. Cavity Vapor Response to Blast and Clearing Demonstration

Issue #E.a.1.  Cavity vapor hydrodynamics
Issue #E.a.3.  Vapor condensation rate
Issue #E.a.4.  Radiation heat transport in partially-ionized gas

Description: Some models exist to predict the cavity vapor response to the blast
(sometimes referred to as the “fireball”). The response includes blast energy
deposition, vapor hydrodynamics and mass transport, thermal radiation, and
evaporation/recondensation processes. Almost no experimental verification is
available, such that confidence in the predictions is very low. Even if the models are
accurate for idealized conditions, there are many potential non-ideal effects which
could occur, and which are very difficult to accommodate in the models without
empirical data. As data becomes available, more effort can be placed on model
improvement.

A key to successful testing is to simulate the energy release characteristics from the
target explosion. Without this, the responses may bear little resemblance to a real
reactor. The experiments should measure the major responses, including time-
dependent temperature, pressure, and heat and mass fluxes to the surface. Ideally,
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one would measure spatial variations in these parameters. The tests should
demonstrate that the time to clear the cavity allows for high repetition rates in a reactor.

Facility Requirements: The major facility for this R&D task consists of a relatively large
cavity which represents the wall protection scheme to be tested and simulates the
blast energy sources. Surface heating and bulk heating of the cavity vapor are most
important, but bulk heating of the surface would be useful to simulate isochoric heating
effects.

Since heat transfer to the coolant is a small source of uncertainty, the most important
region to simulate is the surface facing the explosions. This surface should use
prototypic materials, configurations and environmental conditions. The size of the
cavity depends on the blast simulation. In principle, the most important conditions to
simulate involve local intensity, and not the total yields. Rapid pulsing may not be
required, but would help identify any cumulative effects due to multipie blasts.

Smailer experiments can be devised to address specific aspects of this issue;
however, it is unclear how the source term could be reproduced in a small experiment.
These might include small, focused tests of shock propagation, vapor condensation,
radiation cooling rates and transport in partially ionized Pb, and specialized tests to
explore non-ideal effects (multi-dimensional effects, droplet formation & behavior, etc.)

Cost and Time: - The larger integrated facility would be of the order of $10-20M to
construct and $1-2M per year to operate.

(1) Separate-effects tests (e.g., shock propagation, vapor condensation, radiation
transpont and cooling rates, multi-dimensional effects, droplet formation and
behavior) are expected to cost ~$100-200k each with annual operating
budgets of the order of $100k. Assuming ten such tests, the total is $1.5M+$1M
per year.

(2) A single multiple-effects cavity vapor test facility is estimated to cost $1-2M with
annual operating cost of $250k.

The total time to complete this task is 10-15 years.
C. Cavity Structure Mechanical Response to Blast
Issue #E.a.2. Cavity structure mechanical response to blast

Description: The response to highly-transient loading in complex, engineered
structures (i.e., SiC composites with Pb infiltration) is very uncertain. This issue is
important to establish the survivability and lifetime of the solid structures which absorb
the blast. Some useful information on failure modes will also be obtained. Assuming
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the material properties, such as fatigue lifetime, are well-characterized, the tests do not
necessarily have to be performed up to end-of-life. Tests must measure stress and
strain in the structures, and run to enough cycles to identify major problem areas.
Locations where stresses are highest should be more highly instrumented to ensure
the design limits are not exceeded anywhere in the structures.

The structure geometry should be as close to prototypic as possible, including the
mechanical support system. Scaling of the tests may be possible, but ultimately a full
scale experiment should be performed. First wall panels in Prometheus are modular,
such that even the full-scale tests would be only ~2 m x 2 m. The most important
environmental condition to simulate is the pressure loading at the front of the wall.
Methods to obtain prototypic impulsive loading without fusion explosions should be
explored.

Facility Requirements: A range of tests is suggested, from specimen to large-scale
tests. The pressure loading can be simulated with a combination of radiant heat
deposited in a very short pulse, together with a gas shock. For the more integrated
tests, a cavity is required to simulate the multipie shock waves that reflect off of the
structures. More sophisticated sources may be needed. Source development is simi-
lar to the R&D task described above, except that rapid, continuous pulsing is more
important in order to provide adequate cycles.

Cost and Time: A possible test plan involves 4 steps, as listed below. Time to perform
the tests and cost estimates are also given. Sequential testing leads to a total test time
of 10 years.

R&D Task Time Required  FEacility Cost  Yearly Qperating Cost
Sub-scale tests 5 yrs. $200k $100k
Scale-model prototypes 5 yrs. $1M $500K
Panel tests 5 yrs. $2M 1M
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D1. Pb/SiC Wettability
Issue #E.2.7. Ph/SiC Wettability

Description: Pb and SiC do not wet naturally. Poor wetting could render the wetted
wall concept impractical. Surface modifications to the SiC {such as CVD impregnation
with a metal) may provide a wettable surface. Tests should be conducted to determine
methods to provide wetting (including fabrication issues), measure the contact angle,
and study capillary behavior in porous materials.

Facility Requirements: Most of these tests can be performed without major new
facilities.

Cost and Time:
TestTime Qperating Cost

Fabrication 1-2 years $250k/yr
Property measurements 2 years $250k/yr
Capiltary flow tests 2 years $250k/yr

D2. Pb Compatibility with Steel
Issue #E.a.8. Pb Compatibility with Steel

Description: Corrosion of steel by Pb is not well-characterized. In Prometheus, the
maximum first wall coolant temperature is determined, in part, by compatibility of Pb
with the steel in the heat transport system. These tests should establish suppontable
temperature limits and explore methods to enhance the compatibiiity of Pb and steels.
This might involve impurity control systems or modifications to the bulk or surface of
the steel.

Facility Requirements: Two types of tests are considered: specimen and loop tests.
Loop tests can be forced or natural convection. Facility needs are modest in either
case. Flow ioops are needed with heating and cooling capabilities. Post-test
examination has the most demanding facility requirements, but several existing
facilities are available.

Cost and Time:
Equipment Operating Test Time
Specimen tests $100k $100k/yr 2 years
Loop tests $500k $250k/yr  3-5 years
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E. Blast Simulation Development

Description: Due to the difficulties of using real peliet explosions as the source term,
alternate methods of obtaining a good simuiation of fusion explosions must be
developed.

F. Partially Integrated Cavity Test Facility (Issues E.a.1-6)

Description: Film flow, cavity hydrodynamics, cavity clearing, and mechanical
responses can and should be studied in separate facilities; however, the phenomena
present in the cavity are highly interrelated. For example, proper loading conditions
on the film and wall structures requires the presence of prototypical hydrodynamics.
Cavity clearing depends to a large extent on the film thermal hydraulics. Many large
uncertainties will remain until a cavity mock-up test is performed with all of the
essential features present.

The ability to simulate the energy deposition from the blast is a critical issue for this
facility. If appropriate non-nuclear pulsed energy sources are not feasible, then it may
be necessary to perform these engineering tests in a nuclear facility with high-power
drivers, targets, etc. The cost of such a facility may be quite high. A separate R&D
program will be needed to develop alternative blast simulations. There is a need for
both single-shot and repetitively-pulsed tests.

Facility Requirements: There is not sufficient information available to know the degree
to which these tests can be scaled. As a minimum, cavities of 1-2 m in diameter will be
required. Using prototypical surface power densities, at least 20-40 MW of pulsed
power will be needed. A full coolant and film supply system is needed, as well as
complete vacuum and impurity control system.

Cost and Time: This facility is a major element in the cavity R&D program. It integrates
results from a large number of separate effects tests, and contains all of the necessary
subsystems to validate acceptable cavity responses and clearing time.

The cavity or at least parts of it should be replaceable. These test component replace-
ment costs are included in the operating budget. Cost estimates are as follows:

Equipment Operating Test Time
$50M $5Miyr 10 yrs

5.5.4.2 R&D Needs for the Blanket - The blanket R&D needs for IFE solid
breeder blankets are very similar to those for MFE solid breeder blankets since the
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issues are the same. Reference 1 covers in reasonable details such needs. Here, only
a brief description of the important uncertainties and R&D needs is given.

The most important uncertainties in the list of issues for solid breeder blankets relate
to tritium breeding, tritium recovery, and breeder thermomechanical behavior. These
are particularly large because: (1) there is limited understanding of gas transport in
irradiated solids, (2) designs must keep the low thermal conductivity solid breeders
within their respective temperature limits under substantial nuclear heating and
neutron damage rates, and (3) the resulting designs have a significant amount of
non-breeding structure and coolant. The primary safety uncertainties are associated
with the behavior of the blanket under off-normal or transient conditions and to the
control of trittum under normal conditions.

A coordinated program is needed to address the uncertainties associated with the
solid breeder blanket issues. First a material development and characterization
program is required. A series of single-effect or partially integrated types of
experiments are then required to test either individual or group of issues. Finally, more
integrated submodule-size experiments would address several issues. The write-up
below gives a brief description of the major tasks required for such a program,
following the above classification and listing in each case the solid breeder blanket
issues being addressed.

Reference for 5.5.4.2

1. M. A. Abdoy, et al., “Technical Issues and requirements of Experiments and
Facilities for Fusion Nuclear Technology — FINESSE Phase 1 Report,” PPG-909,
UCLA-ENG-85-39, University of California, Los Angeles, December 1985.

Material Development and Characterization
(All Issues)

Description: The development of an attractive blanket depends strongily on the devel-
opment of attractive solid breeder and structural materials. Material development
refers to the process of identifying possible classes of materials, understanding the
effects of material parameters, such as its microstructure and impurity content, and
characterizing the material through measurement of its properties. This task is most
effective when done early in the program, and has already been carried out for several
years.

The most important needs are:
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(1) Measurement of basic properties, such as thermal conductivity of different
material forms, swelling and thermal stability, and characterization of the
material microstructure. For the solid breeders, other measurements of
particular interest include tritium diffusion parameters and tritium surface
adsorption/desorption activation energies, while for the SiC composite of
interest, tritium permeation needs to be fully characterized.

(2) Fabrication of different material forms, in particular sintered peliet and sphere
pac forms for the solid breeders, and tube sheet form for the SiC composite.

(3) Understanding of the importance of the effect of various material parameters on
the material properties.

Eacility: No major new facility is required.
Cost and Time: The cost is about $12M/yr over about five years.

Neutronics and Tritium Breeding

Issue #E.b.1. Tritium self-sufficiency
Issue #E.b.9. Heat generation and power production

Description: Uncertainties here range from nuclear cross-section uncertainties to the
heating profiles in the blanket and achievabie tritium breeding ratio. The required
tasks include measurement of the neutron spectra and reaction rates (tritium, heating,
transmutations) under progressively more relevant blanket geometries te provide for
verification of basic nuclear data, data libraries and neutronics analysis techniques. A
well-calibrated 14-MeV neutron source is required. Point neutron source
measurements have been made, and recently line source experiments have been
initiated.

Facility: Existing 14-MeV neutron source facility, such as the one at JAERI, exist and
are being used to address these issues. Verification of tritium self-sufficiency would
require a fusion facility.

Cost and Time: The program consists of experiments on simple geometry for about
three years, followed by experiments on blanket mock-ups for about three years. The
capital cost for the test assembly is about $10M for the simple geometry and about
$15M for the blanket mock up. The operating cost in both case is about $3M/yr.

Issue #E.b.2. Tritium Inventory and Recovery

Description: Predicting tritium behavior in solid breeder blankets requires
understanding tritium transport, retention and chemical form in the breeder material
under the influence of the fusicn environment. Transport processes include
intragranular diffusion, grain boundary diffusion, surface processes, diffusion through
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interconnected porosity, and convection by the purge flow. Tritium retention processes
include solubility, surface adsorption, and chemical and radiation trapping. The tritium
behavior is influenced by many factors, such as temperature, purge gas composition
and burnup.

A program of experiments and modeling studies is underway to address this issue.
The experiments include:

{1) Laboratory experiments to characterize the microstructure and measure
transport and surface properties of lithium ceramics, such as temperature
controlled desorption experiments. These experiments are part of the material
development and characterization task described above. The effort should be
expanded in this area to provide better fundamental data for modeling
application, in particular for the surface mechanism activation energies.

(2) Closed capsule experiments in fission reactors followed by controiled anneals
in laboratories to address internal grain transport, surface desorption and
trapping; some experiments also focus on single crystal specimens in which
bulk diffusion tends to be particularly important and from which a better
estimate of the diffusive properties of the materials can be obtained.

(3) In-situ tritium recovery experiments which consist of open, actively purged test
capsule irradiated in a fission reactor. These tests explore the tritium behavior
over a range of parameters, including temperature, temperature gradient,
material characteristic, burnup, sweep gas composition and purge flow rate.
Advanced in-situ tests would also include the partially integrated effects, such
as breeder/clad interaction.

Over the last few years, a vigorous modeling effort has also been carried out in parallel
and complementary to the experimental program, resulting in much progress in the
understanding of tritium transport mechanisms and in the interpretation of
experimental data. The effort needs to be pursued and to concentrate on mechanisms
stilt poorly understood, such as dissolution and chemical and irradiation trapping.

Eacility: No-major new facility is required, since these experiments are carried out in
existing fission reactors.

Cost and Time: Most of the tests are ongoing, except for advanced in-situ tests (which
could be part of a more integrated nuclear submodule test). Efforts are still required to
better characterize fundamental tritium transport mechanisms, in particular surface
fluxes, and irradiation and chemical trapping. In paraliel, a vigorous modeling effort
shouid continue to help better understand, interpret and apply the results to blanket
situations.
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The cost estimates are about $15M for the capital cost of test assemblies, and about
$8M/yr as overall operating costs over eight years.

Blanket Thermomechanical Behavior

Issue #E.b.3. Breeder/structure mechanical interactions
lssue #E.b.6. Corrosion and mass transfer

Description: The R&D needs in this category include investigation of breeder-structure
thermomechanical behavior, heat transfer and corrosion/mass transfer, in particular
the determination of operating temperature limits. Earlier experiments are underway
and include laboratory corrosion test of unirradiated material in particular to
investigate LioO mass transfer at temperature. Small-scale experiments to observe the
thermal performance of a breeder/clad/coolant unit cell are also required in
conjunction with irradiated capsule test to observe the irradiation effect on the
breeder/clad thermomechanical interaction. These irradiated tests can be carried in
fission reactors, and the more integrated test could use the same test assembly as that
for the advanced in-situ test.

Facility: No major new facility is required, since these experiments are carried out in
existing fission reactors or in laboratory facilities.

Cost and Time: Some tests are ongoing. Future efforts should address the thermo-
mechanical interaction and corrosion characteristics of solid breeder and SiC.

The cost estimates are about $3M for the capital cost of test assemblies, and about
$3M/yr as overali operating costs over 5 years.

Non-Neutron Module Test

issue #E.b.3. Breeder/structure mechanical interactions
Issue #E.b.4. Off-normal and accident conditions

Issue #E.b.5. Structural response and failure modes
Issue #E.b.6 Corrosion and mass transfer

Issue #E.b.7. Trittum permeation

Issue #E.b.8. Fabrication & Assembly

Description: Nuclear testing is critical for exploring the effects of radiation on issues
such as tritium recovery and breeder/structure mechanical behavior over the lifetime of
the blanket. However, fission reactor test facilities provide limited test space, and also
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impose constraints on the type and severity of transient tests, which limits the test
information that can be obtained.

A complementary non-neutron experiment would provide valuable and needed
information on prototypical-size integrated modules under near-prototypical conditions
(except for irradiation effects) if suitable heat sources can be identified. Such a facility
could address all the issues listed above. For example, it could provide for:

(1) Fabrication of a prototypical-size module or even segment if required which
would help demonstrate fabrication and assembly techniques for a blanket
module.

(2) Thermomechanical test of the blanket module under normal operation, inclu-
ding demonstration of therma! behavior over different power levels and flow
conditions, which would help develop design margins.

(3) Thermalhydraulic test of purge flow, as well as test of permeation to the coolant
within the blanket by using deuterium or hydrogen added to the purge. Control
of the purge flow composition wouid also allow for observation of any corrosion
or material interaction for different gas chemistry (at least over a short time).

(4) Off-normal and severe transient tests (which could be done at the end of the
test program with the particular module) including LOCA and LOFA conditions.
Structural response and failure mode could also be addressed at the end
based on off-normal conditions and/or pressurization.

In addition, a modeling effort is required in order to develop design codes for the
thermomechanical behavior of solid breeder blankets. Such a facility would then
provide a discriminating test for these design codes.

Facility: A major new facility would be required. It would need to be able to house at
least a full-size blanket module (of the order of 1m x 1m x 1m) and to provide for over
power and severe transient testing, such as pressurization test. Heat sources to
simulate the nuclear heat generation and coolant and purge flow systems would be
required. Test module instrumentation would include strain gauges and
thermocouples.

Cost and Time: The capital cost is estimated at about $20M for the facility, and about
$15M for fabrication of a module, and the operating cost at $3M/yr. Testing in this
facility would follow the initial single and multiple-effect types of experiments and
would last about four years.
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Nuclear Submodule Test

Issue #E.b.2. Tritium inventory and recovery

Issue #E.b.3. Breeder/structure mechanical interactions
Issue #E.b.5. Structural response and failure modes
Issue #E.b.6. Corrosion and mass transfer

Issue #E.b.8. Fabrication & Assembly

Description: Such a submodule test would be carried out in a fission reactor. Size
constraint would mean that only part of a module assembly could be tested. However,
a test submodule wouid comprise solid breeder, clad, purge and coolant in a
prototypical arrangement under near-prototypical operating conditions, including the
key effect of irradiation. This would be the most integrated test under irradiation with
prototypical temperatures, flow rates and purge chemistry, and would provide key
information, particularly on tritium recovery and breeder/clad interaction including
corrosion. Parameters such as the submodule interface with the reactor and the solid
breeder enrichment would be chosen in function of the facility to try to reproduce
prototypical tritium generation and nuclear heating rate profiles.

The test would also provide for small-scale fabrication of part of a module assembly
and PIE tests would provide valuable information on tritium inventories as well as on
structural material conditions following operation at near-prototypical conditions,
including irradiation.

Results would also help to validate design models, in particular for tritium recovery and
inventory.,

Facility. No major new facility is required, since this experiment will be carried out in
existing fission reactors. The choice of fission reactor will depend on a number of
parameters, such as available test space and ability to reproduce nuclear heating and
tritium production rates over time.

Cost and Time: This test would start approximately at the same time as the non-
neutron module test and will last about seven years per submodule.

The capital cost for a test submodule fabrication is about $15M, and the operating cost
is about $3M/yr.
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5.5.4.3 R&D Needs_for Shielding

Etfectiveness of Bulk Shield

Issues: #E.c.1.1 Biological Dose During Operation and After Shutdown for
Maintenance.
#E.c.1.2 Radiation Streaming.
#E.c.1.3 Analytical Techniques and Data Base.

Description: Integral experiments should be planned to resolve the above technical
issues associated with the effectiveness of the bulk shield. The prediction accuracies
of calculated occupational dose, neutron and gamma flux leve! outside the biological
shield, and the safety factors impeded in the design to account for higher flux level
around gaps/slits due to neutron streaming through these paths or through larger
penetrations (e.g. vacuum ducts) are estimated based on comparing predicted values
to experimental measurements.

An intense 14-MeV neutron source with intensities >1013 n/s and continuous opera-
tion capability should be used. Experiments should be conducted first to characterize
the boundary conditions and background levels prior to the shielding performance
experiments. The size of the mock-ups should be 100-150 ¢cm wide and 80-150 ¢m
long. The material constituents of the mock-ups could be conventional (316SS, water
and concrete) or innovative materials that have superior attenuation capabilities
(SiC+Pb+B4C+water.) Arrangements can be in homogeneous or heterogeneous set-
ups. Figures 5.5-2 through 5.5-6 show examples of possible configurations that also
include discontinuities and penetrations. Measured parameters are: (a) Neutron
spectrum (En > 2 MeV, 1 keV< Ep< 1 MeV), (b) Gamma spectrum, {c) Dose equivalent
behind shieid, and (d) Gamma heating during and after irradiation.

20-30 cm

£

Q

o

D
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- 80-150 om >

Figure 5.5-2. Example Bulk Shield Test Assembly - Homogeneous Assembly
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Figure 5.5-3. Example Bulk Shield Test Assembly — Heterogeneous Assembly
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Figure 5.5-4. Example Bulk Shield Test Assembly With Discontinuities and
Penetrations — Straight Plane Gap Assembly

D-T Source

TOP VIEW FRONT VIEW

Figure 5.5-5. Example Bulk Shield Test Assembly With Discontinuities and
Penetrations — Stepped Plane Gap Assembly
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TOP VIEW FRONT VIEW

Figure 5.5-6. Example Bulk Shield Test Assembly With Discontinuities and
Penetrations - Assembly With Circular (or Rectangular) Duct

Facility: An intense 14-MeV neutron source is required to perform the above integral
experiments. One of the U.S. facilities should be upgraded or reactivated. ltis
estimated that $1.5M is required to bring the ORNL 14-MeV shield facility to full opera-
tion while meeting the most current operational safety standards. However, this faciiity
has 14-MeV neutron source intensity of only 109 n/s. For an intensity of 1073 n/s or
higher, it is estimated that an additional $2M is needed. A new facility similar to the
Japanese FNS facility with a similar intensity capability will cost ~$15-20M.

Cost and Time: It is estimated that ~$800k/year operating cost is required to perform a
series of experiments for the validation of the bulk shield effectiveness (including
penetrations experiments.) Operating cost include machine operation, test assembly
materials and construction, and manpower. |t is estimated that for each experiment,
the manpower is ~8 man-months including operators, maintenance personnel,
experimentalists and analysts. A 4-5 year period is required to accomplish this R&D
task.

Shielding of Sensitive Components

Issues: #E.c.4 Shielding of final and turning mirrors (L)
_#E.c.5 Shielding of guadrupole magnets (HI)

Description: Damage to the final mirrors in a laser reactors is mainly caused by
prolonged bombardment by high-energy neutrons causing displacements of the atoms
of materials constituting these mirrors in addition to excessive heating that leads to
thermal deformation and reduced performance. In a Hl reactor, the superconducting
quadrupole magnets are damaged by the radiation dose deposited in the insulator,
displacements to the Cu stabilizer atoms leading to increase resistivity, etc. The R&D
required to resolve these issues are two fold: (a) Experimental/theoretical validation of
the microstructural changes that materials undergo under irradiation which lead to
performance degradation, and (b) accuracies involved in guantifying (estimating) the
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irradiation source term responsible for these microstructural changes. The formeris a
material life-time issue and is covered under the R&D requirements for materials
(ISSUE E.) while the latter is related to the validation of the computational tools and
data base required to quantify the nuciear environment at these sensitive components
and behind the shield installed to protect these components.

An intense 14-MeV neutron source with intensities >1014 n/s and continuous
operation capability should be used in integral experiments devoted to resolve the
shielding issues of (b) above. Experiments should be conducted first to characterize
the boundary conditions and background levels prior to the shielding performance
experiments. The configurations of these experiments are characterized by the
implementation of a long penetration of a typical length of 10-20 m. The penetration
could have a bend to resemble the laser (or some of the beamiets) paths in IFE
reactors. A zone that has a highly neutren absorbing material could be located behind
the bending to simulate the neutron trap situated at the back of the final mirrors in laser
reactors. Due to the necessity of using long penetration in this class of integral
experiments, the neutron source strength should be higher than 1074 n/s in order to
achieve good statistics on the measurements performed at the far end of the
penetration,

The surrounding shield material around this penetration could be made of
conventional shielding materials (316SS+water; concrete) or innovative materials that
have superior attenuation capabilities (SiC+Pb+B4C+water). Measured parameters
are: (a) Neutron spectrum { Ep > 2 MeV, 1 keV < Ep < 1 MeV), (b) Integrated fast
neutron fluence (En> 0.1 MeV), (¢) Gamma spectrum, and (d) Gamma heating.
Figure 5.5-7 shows possible configurations relevant to these integral experiments.
The validation of the prediction accuracies for these parameters at locations near and
outside the outer surface of the test assembly is necessary in quantifying the level of
confidence in calculating the damage parameters to the quadrupcle magnets in Hi
reactors. Comparing calculated parameters to measurements near and behind the
bend will indicate the prediction accuracies in assessing the damage to the final
grazing incident mirrors in laser reactors. Performing measurements near the end of
penetration will also assess the prediction accuracies of the nuclear environment at
the turning mirrors in these reactors.

Eacility: A very high intensity 14-MeV neutron source is required to perform the above
integral experiments. For an intensity of 1074 n/s or higher, it is estimated that a new
facility similar to the Japanese FNS facility with the capability of 1012 n/s intensity will
cost ~$20-25 M.
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Figure 5.5-7. Proposed Configuration for Test Module for Verification of Mirror
Protection and Quadrupole Magnet Protection Scheme

Cost And Time: It is estimated that ~$1-1.5M/year operating cost is required to perform
a series of experiments that utilizes a relatively long test assembly composed of
different shielding materials surrounding the penetration. Operating cost include
machine operation, test assembly materials and construction, and manpower. It is
estimated that for each experiment, the manpower is ~10 man-months including
operators, maintenance personnel, experimentalists and analysts. two-three year
period is required to accomplish this R&D task.

5.5.5 R&D for Tritium System - There are six major topics which shouid be
included in the fuel cycle R&D program to achieve the objective of a practicable
operating fusion plant.

(1) Demonstrate an advance fuel impurity treatment process - high temperature
isotope exchange.

(2) Demonstrate a ceramic breeder tritium recovery process that aliows extraction
from a helium purge without oxidation - pressure swing adsorption.

(3) Demonstrate low inventory hydrogen isotope separation by cryogenic
distillation.

(4) Demonstrate extended operation of integrated test loops with tritium.

(5) Develop and demonstrate the purification of the first wall protectant liquid lead
with acceptable tritium inventories and losses.

(6) Demonstrate processing of solid, liquid and gaseous waste streams.

Facilities - The R&D plan assumes the use of current facilities (with modifications)
where possible. All development and testing R&D could be accomplished in existing
and under-construction tritium facilities in the U.S., Canada and Europe.
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Prototype processing loops are planned to be tested in separate facilities. An
integrated test stand of prototype processes would be assembled and demonstrated in
a single, large facility.

Schedule - To demonstrate removal of tritium from impurity waste streams by high
temperature isotope exchange (1935).

To demonstrate a process to remove tritium from helium purge gas from solid breeders
{1997).

Demonstration scale test of new CD column concept to reduce tritium inventory (1997).
Demonstration scale test of waste processing (1997).
Integrated test loop demonstration (2000).

R&D Costs - The estimated R&D costs for the tritium system are $15M capital
expenditure for facilities and $1.5M per year operating costs with a program duration
of about ten years. :

5.5.6 Safety and Environment - Many of the issues and R&D discussed for
various reactor components relate to safety and environmental considerations. Some
additional R&D specific to safety and environment is discussed in this subsection.

5.5.6.1 Qverall Plant Tritium Inventory (Ilssue J.1) - See description of R&D

requirements for Key Issue D.1.

5.5.6.2 Permeation of Tritium (issue J.2)

Description - In order to resolve this issue, both the transport of tritium into the liquified
lead and the retention of tritium by the lead must be understood. A program of
experiments and modeling that would allow for these processes to be understood
includes:

* Laboratory experiments to characterize the adsorption of tritium into liquid lead
as a function of pressure and temperature.

* Laboratory experiments to characterize the desorption of tritium from the lead
through the wall of the heat exchanger material as a function of pressure and
temperature.

* The adsorption of tritium by sodium must also be studied via laboratory
experiments, as a function of pressure and temperature.
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Eacility - A heat transfer laboratory which can handie tritium is needed to perform these
experiments. Existing tritium experimental facilities may be suitable for this purpose.

Cost & Time - With existing facility: $250,000
Without existing facility: TBD
Time period: Within five years

5.5.6.3 Normal Operation Tritium Release (Issue J.3) - See description of

R&D requirements for Key Issue 5.5.6.2.

5.5.6.4 Neutronic Cross Sections/Data Library for Activation Analysis
(lssue J.4)

Description - Computational tools and data libraries used for activation analysis in the
fusion community can be verified through decay rate measurements in a simulated
fusion neutron spectra. Such validation has been initiated at UCLA for W and Zr. For
example, the Prometheus study identified a large uncertainty in the O17 (n,a) cross
section which results in about two orders of magnitude difference in the C14

production and radioactivity. Such uncertainty is critical as it has large impact on
classification of waste disposal from the LioO breeder. However, extensive
experimental and theoretical investigations are still needed. The R&D requirements
with regards to the activation issue are commen to both MFE and IFE.

Decay rate measuremenis can be done by examination of specimens following
irradiation and removal from the irradiation facility. The tests would measure the
decay gamma spectrum and count rate. Verification procedures include:

(1) identification of decay photon spectra of the irradiated sample: (2) experimental
decay rate calculations; (3) computer code simulation; and (4) comparisons of
calculated and measured values and search for sources of discrepancies.

Facility Requirements - A facility with a fusion-like neutron spectrum is needed for the
experiments. Such an environment can be generated by using 14 MeV neutrons
(produced ffom a deuterium beam impinging on a tritiated target) surrounded by an
assembly of materials in a configuration that simulates the fusion environment. In
general, this type of facility is used for tritium generation and neutron cross section
measurement. Existing facilities includes FNS facility in JAERI and others.

Cost and Time - A new facility similar to the FNS with neutron source intensity of 1012
n/s will cost ~$15M. It is estimated that for each experiment, the average manpower is
about 3 man-months including irradiation, data analysis and validation of
computational tools. The total program would last 5 years with annual operating cost
of $600K.
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5.5.6.5 Removing Decay Heat from Lead Coolant Under Accident
Conditions (lssue J.5)

Description - Failure to cool the radioactive lead following a coolant spill might result in
a local structure damage and releases to the environment. These tests seek to
measure and locate the radioactive lead coolant under cooling break conditions.
Research for this area includes the development of remote lead activity monitoring and
remote lead cleanup system. In addition, verification tests of after-heat level would
help assuring that adequate cooling is available.

Test Facility - A fluid loop with pressurizer, piping, pump, valve, break joinis and any
other components is desirable to simulate the lead coolant spreading behavior under
a loss of coolant accident condition. The coolant and environmental pressures should
be preserved and the size of test space should be large. The simulations should cover
different break sizes and break locations. Decay heat measurement can be
addressed in the same facility for decay rate measurements.

Cost and Time - It is estimated that the cost of the fluid loop is of the order of $500K.
The task might take 1 year for planning, design and construction, with an additional
year for performing experiments and data acquisition. The annular operating cost
could be of the order of $300K.

5.5.6.6 Hydrogen Burn Due to Rupiure of Diffusion Vessel

Description - Rather than experimental research, an engineering analysis is required
to resolve this issue. This analysis would use existing methodology to calculate the
effects of a hydrogen burn, and develop a design which would be able to sustain such
an accident. Parameters which would be studies include: (a) the initial amount of
hydrogen/tritium present, (b) the initial pressure and temperature within the diffusion
vessel, (c) the rate of release of hydrogen/tritium from the diffusion vessel, (d) the
amount of oxygen available. Existing computer programs which could be utilized
include HECTOR and CONTAIN.

Facility - None

Cost & Time - Cost: $50,000
Time period: within six months

5.5.6.7 Detection of Local Dry Spots Prior to Failure (Issue J.7)

Description - These tests consist of the investigation of dry spot creation mechanism of
FW, development of in-situ detection and repair techniques and development of
radiation heat transport modeling capability in a partially-ionized gas environment.
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Tests which address the formation of local dry spots on the first wall include the
neutron irradiation effect on the porous SiC structure, structure degradation due to
interactions with unburned peliet and deposition of corrosion product.

Experimental and modeling efforts of radiation heat transport in partially-ionized gas
are covered under the R&D requirements for cavity vapor behavior. Estimation of time
to failure for a local dry spot is about 19 minutes for a wall thickness of 6.5 cm. The
above calculation assumed a local thermodynamic equilibrium condition for the cavity
gas. Further analysis should consider the effects of non-thermodynamic equilibrium,
gas excitation and self-shielding on the gas conditions.

Test Facility - Transport and deposition of corrosion product on SiC porous FW can be
studied using a fluid loop with or without neutron sources. (Neutron yields neutron
bulk heating which provides better simulation of coolant bulk temperature). The fluid -
loop consists of a vertical portion of SiC porous tube for creation of the film flow, with
the rest of the loop made from stainless steel to simulate the heat transport loop.
Measurements include coolant temperature, impurity content, and standard post-test
examination of surfaces for corrosion. Experiments of irradiation effects on SiC
structure require a fusion-like neutron spectra environment and are covered under the
R&D requirements for materials.

A full size module might be needed to simulate the accessibility for tests related to in-
situ repair technique development.

Cost and Time - It is estimated that the cost of the fluid loop facility without neutron
source is of the order of $500K. The amount of time required for this task includes one
year for design and construction, with an additional year for performing experiments,
data acquisition and post test examination. The operating cost is of the order of $300K
per year.

5.5.6.8 Detailed Accident Analysis (Issue J.8)

Description - In order to resolve this issue, detailed accident scenarios must be
developed for each of the identified initiating events for each system in the plant. A
more completely developed design is necessary for the development of the accident
scenarios. Once the scenarios have been developed, the detailed accident
engineering analysis would be initiated. During the accident analysis it is expected
that various data/information will be identified as being required to complete the
analysis, but is unavailable. Specific R&D needs to provide these data/information
would evolve as the engineering accident analysis evolves.

Eacility - None is required for the detailed accident engineering analysis to be
performed.
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The facilities required to resolve this issue depend on what data/information is
identified during the detailed accident engineering analysis.

Cost & Time - Detailed accident engineering analysis:
Cost: $1M (5 man-years)
Time period: 2 years

5.5.6.9 Removal of Contaminants from the Liquid Lead (Issue J.9)

Description - The tritium aspects of this issue are addressed in Key Issue 5.5.6.2. The
first step to resolve this issue is to identify which are the potential contaminants and
their expected amounts. Once this has been done, both the transport of contaminants
into the liquid lead and the retention of contaminants by the lead must be understood.
A program of experiments and modeling that would aliow for these processes to be
understood includes:

* Laboratory experiments to characterize the adsorption of contaminants into
liquid lead as a function of pressure and temperature.

* Laboratory experiments to characterize the desorption of contaminants from the
lead through the wall of the heat exchanger material as a function of pressure
and temperature.

+ The adsorption of contaminants by sodium must also be studied via laboratory
experiments, as a function of pressure and temperature.

Facility - A heat transfer laboratory is need to perform these experiments. Such a
laboratory may already exist (e.g., university, national laboratory).

Cost & Time - With existing facility: $1M
Without existing facility: TBD
Time period: Within five years

5.5.6.10 Impact of Large Quantities of Lead on Waste Disposal
(Issue J.10)

Description - This is a regulatory issue to be resolved by the NRC.
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CHAPTER 6
CONCEPTUAL DESIGN SELECTION AND DESCRIPTION

This chapter describes the selection of the specific design choices for the two IFE
reactor plant designs. The engineering details for the systems and subsystems are
presented to describe the expected performance and operation of the complete
reactor plants.

6.1 Introduction

Chapter 4 described the rationale for the major subsystems which influence the
overall plant design. Early identification of key plant design options was critical in the
design process. Subsequently, effort was directed toward the development of the
conceptual design of systems and subsystems to integrate plant requirements .

Even though many of the key system options has been chosen with the expert
judgement of the team and the aid of the systems code, each design team did not have
sufficient knowledge to independently begin to design the optimal system. Moreover,
a collection of individual optimal system designs may not prove to represent the
overall optimal plant design. As the system designs began to evolve, systems
performance and cost modeling was incorporated into the systems code to improve
the modeling fidelity. Then the systems mode! was exercised to examine the available
parameter space and determine micro or macro changes in the design configuration
and operating parameter space. This process was iterated many times throughout the
course of the study. However, not all the decisions could be quantified by the systems
model, rather some decisions were based on qualitative judgements regarding the
merits of safety, environmental attractiveness, reliability, and design conservatism.

One of the popular misconceptions held by the fusion community prior to this study
was that the physical separation of the IFE driver from the reactor cavity implied nearly
complete design independence for all the major systems. This study found that there
is & profound amount of interaction among all the systems. The type of target
influences dtiver illumination scheme, beam quality, fuel cycle, and cavity design. The
wall protection choice affects energy conversion efficiency, waste handling capability,
beam propagation across the cavity, and so on. Physical separation affords many
benefits and design freedoms, however there are still significant and strong
interactions among the systems which must be accommodated.
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The system designs documented in this chapter constitute a conceptual design for a
KrF laser reactor power plant and a heavy ion laser reactor power plant. Section 6.2,
Design Point Selection discusses the development and evolution of the two respective
design points. That section also contains high level parameter lists for the two
reactors. More detailed parameters lists are presented in Appendices A and B. The
overall reactor and plant configurations are presented in Section 6.3 along with a
discussion of the design integration of the major systems. The maintenance approach
and RAM analyses are also discussed . Following are the sections explaining the
designs and analyses for the individual plant systems. This chapter concludes with a
discussion of the rationale for the selection of the major materials used in the designs,
principally the reactor cavity with the high radiation environment. There is a significant
discussion of the safety and environmental analyses conducted during this study. The
final section is an assessment of the economic analyses conducted for the two
designs. A detailed cost basis is provided in Appendix C.
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6.2 Design Point Selection

The selection of an optimum operating point in parameter space for inertial fusion
power plants involves a trade-off between target gain G as a function of driver output
energy Ep, the driver efficiency n, and the change in driver cost with output energy.
The basis for this is illustrated by the simple power flow diagram shown in

Figure 6.2-1. In this figure the driver power is related to the output energy through the
pulse repetition rate RR, namely Pp = RR Ep /M. The thermal power depends on the
effective energy multiplication in the blanket M' = 1 + f3(M-1) where f, is the neutron
fraction of the fusion power. To simply power the driver, the product of the driver
efficiency and target gain NG must satisfy the following relation nG > 1 /&M'. Net
power generation requires nG in excess of 1/ eM', typically by a factor of two or more.
An advanced thermal conversion efficiency of 40% and effective blanket multiplication
of 1.1 thus imply a minimal nG of ~5 for economic power generation. If the driver
efficiency is 5%, a target gain greater than 100 is required. If the driver efficiency
improves to 20%, a gain greater than 25 will suffice.
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Figure 6.2-1. Simple Power Flow Diagram for an Inertiai Fusion Power Plant

Systems modeling provides a basis for deciding how large an nG is economically
warranted. Typical target gain curves increase with driver output energy. improved
nG is thus provided by increasing driver energy, but this implies a more costly driver.
For a fixed-size plant, however, there can be a net cost savings because the driver is
pulsed less frequently and therefore requires less input power. The size, hence cost,
of the supporting plant equipment (reactor, steam generators, turbines, etc.) is thus
reduced. The systems code quantifies this trade-off by parametrically modeling the
size and cost of all major power plant systems. Incremental driver cost can then be
weighed against the cost savings provided by higher target gain to determine the
optimum size driver for the anticipated target gain curves.
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This brings up an important point, namely that this process is intimately tied to the
scaling of target gain with driver output energy. Gain curves for the present study were
provided by a DOE-appointed Target Working Group (TWG). The TWG endeavored to
level the technical optimism between the various laser illumination concepts (direct
drive constant spot - CS, direct drive zoomed spot - ZS, and indirect drive - ID) and the
indirect drive heavy-ion targets. For the laser driver, they provided their
recommendations in the form of upper and lower bounds on the expected gain as a
function of incident driver energy for each option. The TWG recommended an
arithmetic mean of the upper and lower bound as a baseline gain curve for system
studies that is represented by the constant spot curves. Figure 6.2-2 shows the
resulting baseline gain curves for the KrF laser-driven target options.
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Figure 6.2-2. Baseline Gain Curves for KrF Laser Driver

The shape and magnitude of these curves directly influence the design point selection
as discussed in the next section. The position of the ignition cliff ~2 MJ determines the
minimum driver size whereas the slope of the curves determines the attractiveness of
going to higher driver energy to improve nG. Alternate target designs with different
gain characteristics could push the design point to a different driver energy. This
possibility is.discussed in more detail in Section 5, Critical Issue 1, where economic
considerations are used to determine the gain space region of interest for a smaller-
size (100 MWe) power demonstration unit. It should also be noted that the significant
disparity between the driver energy needed to achieve gain of ~100 for direct and
indirect drive was the key reason that a direct-drive approach was selected for the
present study. This is discussed in more detail in Section 4.6.

A final aspect of the systems modeling involves the fact that the code evaluated
projected performance and cost between subsystems that in many cases employ
technologies at vastly different stages of development. Efforts were made to normalize
the cost projections across subsystems, but this is difficult where comparable
hardware does not exist today. Costs were normalized to assumptions made for
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recent MFE reactor studies'-2 to provide a common basis for comparison. Eisewhere,
costs were based on the best judgment of system experts. The economic scaling in
the present systems model ICCOMO has evolved over many years. The models were
originally developed as part of the STARFIRE reactor design study3 and were adapted
to IFE as part of the HIFSA project.4 All cost models were updated to conform with the
economic guidelines discussed in Section 3. A detailed description of the final cost
models is presented in Appendix C.

The study guidelines indicated that costs are to be evaluated for a tenth-of-a-kind
power plant. The study has conformed to this guideline and the rationale for doing so
is presented in Appendix C. However, technology development will not be dictated by
projected tenth-of-a-kind costs but rather by those for the first-of-a-kind system. The
trade studies presented in this section include no learning curve adjustments—only
first-of-a-kind costs. The results are therefore presented in the form of relative
comparisons in order to avoid confusion in relating them to the tenth-of-a-kind costs
discussed elsewhere.

-6.2.1 Laser System Trade Studies - The Prometheus-L design point is the
result of a number of different trade studies. These studies are summarized in
Table 6.2.1-1. Many of these studies were evaluated within individual subsystems,

Table 6.2.1-1. Summary of Design Options Considered for KrF Laser System

Baseline Options/Range
Parameter Value Considered
Target:
Type Direct Drive Indirect Drive
Gain Curves Average of Optim & Conserv Optimistic, Conservative
Gain Curves Average of Optim & Conserv Zoomed Spot
Number Beams 60 30-90
lllumination Tangential Focus Nested Focus
Incident Energy (MJ) 4 2-8
Reactor Cavity:
Wall Protection Wetted Wall {Lead) Dry Wall with Fill Gas
Breeder Li,O FLiBe; LiPb Eutectic
Thermal Cycle (He Coolant) Advanced Rankine Direct Brayton
Coolant Pressure {MPa) 1.5 1-5
Driver System:
Laser Amplifier Electric Discharge with Raman Large Area E-Beam Pumped
Accumulator
Pulse Compression Stimulated Brillouin Celt Angular Multiplex, Hybrid
Amplifier Energy (kJ) 5.6 3-10
Amplifier Run Time (ns) 250 200-500
Optical Fluence {J/cm?) 10 3-10
Final Mirror:
Type Grazing Incidence Metal on Grazing Incidence Metal on
Ceramic Structure Metatlic Structure
Protection Distance; Residual Gas; Shutters; Cover Gas; Gas Prism
Defiection Magnets
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however, some trades could not be quantified within a subsystem. The systems code
was used to resolve these trade-offs. The trade studies directed at choosing between
technology options (e.g., indirect versus direct drive targets, single versus multiple
beam LINAC, etc.) are discussed in Section 4. The discussion presented in this
section concerns itself only with the rationale for selecting a certain operating range in
parameter space for the baseline technology options.

In addition to design point selection, studies were also performed to assess the
sensitivity of the overall performance to various subsystem technology assumptions,
e.g., discharge laser intrinsic efficiency and output energy, optical damage limit,
number of beamlines, etc. These studies indicate which research and development
areas have the most leverage and thus might be considered the most critical.

Laser Design Point Selection and Sensitivity Studies - A 4 MJ driver energy

was selected for the Prometheus-L design point based on the trade study summarized
in Figure 6.2.1-1. This figure shows the relative driver capital cost, COE, and pulse
repetition rate as a function of driver energy for the reference NLO driver architecture.
The projected COE reaches a minimum at 4 MJ and rises slowly thereafter. As

Figure 6.2-2 illustrates, the flatness of the direct-drive gain curves above the ignition
cliff makes it unattractive to pay for the extra driver needed to achieve higher gains. In
fact, a 3 MJ driver is projected to have performance nearly identical to the baseline
system. The 4 MJ system was selected because the higher 8.2 pps repetition rate at
3 MJ was thought to provide inadequate time for reducing the lead vapor pressure in
the cavity back to the 1-3 mtorr level required to prevent laser-induced gas breakdown.
Cavity clearing was a key concern in the design of the Prometheus-L system as
discussed in Section 6.8.

Figure 6.2.1-2 shows the sensitivity of the Prometheus-L design to key assumptions
about the driver performance. The data displayed in the figure is summarized in
Table 6.2.1-2 together with the parameters which were varied and their range of
variation. In determining the change in COE, only the indicated parameter was
allowed to vary, all other parameters were held constant. In many instances the
change in COE could be offset to some extent by reoptimizing the overall design for
the new conditions. For example, the lower gain predicted for the conservative curve
would likely lead to the selection of a higher driver energy but this was not factored
into the sensitivity study.
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Table 6.2.1-2. COE Sensitivity to Variations in Key Prometheus-L Design Parameters
" Baseline || Minimum | Change in || Maximum | Change in ]
Parameter Value Value COE (%6) Value COE (%)
Gain Curve (Consvrt, Optm) 86 +10.6 165 -4.8
Laser Intrinsic Efficiency (% 10 +10.3 20 -4.7
Optical Damage Limit (J/cme) 5 +3.2 15 -1.1
Num Dischg LLasers, Energy (ki) 240, 20 +0.6 2160, 2 +0.3
" Number Final Beamlines 30 1.7 30 +1.7
Cavity Radius (m) 4.5 -2.2 5.5 +2.3

Figure 6.2.1-2 also shows that COE depends most strongly on the gain curve
assumption and the discharge laser intrinsic efficiency. The projected COE is 10%
higher at the minimum value considered for these two parameters and drops 5%
below the baseline value at their upper limit. These are sensitive parameters because
there is very little nG margin for the KrF laser driver since the overall efficiency is only
6.5%. Lowering the optical damage limit to 5 J/cm? causes a 3% increase in COE,
while raising it to 15 J/cm?2 only decreases COE by 1%. There is thus little incentive to
improve optical coatings beyond the 10 J/cm? point. COE is virtually independent of
the discharge laser output energy even though the number of discharge lasers varies
from 2160 down to 240. This is because the lasers are producing the same amount of
total energy (4 MJ) in either case. Hence, the pulsed power energy requirement is the
same and it is the major cost driver. Finally, a decrease in the number of beamlines
from 60 to 30 or a reduction in cavity radius from 5 to 4.5 m would each lower COE by
2%. Conversely, COE would increase by 2% for 90 beamlines or if a 5.5 m cavity
radius was needed to lower cavity vapor pressure.

6.2.2 Heavy lon System Trade Studies - The Prometheus-H design point is
based on a number of trade studies. These studies are summarized in Table 6.2.2-1.
The heavy-ion driver has more scaling flexibility because it produces the requisite total
energy by combining several ion beamlets at a discrete kinetic energy. The choice of
ion charge state and kinetic energy lead to significant differences both in the
accelerator configuration and in the target performance which must both be
considered in determining the optimum design point. This section discusses these
issues along with the results of sensitivity studies which were run to document the
leverage of key design parameters on the overall system performance. Table 6.2.2-1
also highlights several trade studies which are discussed elsewhere in this report.
The rationale for choosing a single versus multiple beam LINAC is presented in
Section 4.1. The rationale for selecting a self-formed channel for cavity transport and
the resuiting target focal spot size and channel energy coupling is presented in
Section 4.3. Finally, the rationale leading to the choice of a wall protection scheme
identical to that for the laser system is presented in Section 4.4 and a discussion of
target issues for the heavy ion system is presented in Section 4.6.
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Table 6.2.2-1. Design Options Considered for Heavy lon System
Parameter Baseline Cptions/Range
Value Considered
Target:

Type indirect Drive
fon Range {g/cm?) 0.045 (4 GeV Lead) 0.025-0.2
Spot Size, Radius (mm) 3 2-5
{llumination Two Sided One Sided
Incident Energy {MJ) 7 4-9
Final Beam Trnsp Effncy (%) 90 70-100

Reactor Cavity:

Wetted Wall {Lead)

Same as Laser System

Driver System:
LINAC Type
LINAC Scaling
lon Type
ion Energy (GeV)
Focusing Quads
Cavity Transport

Single Beam with Storage Rings
a=0.2; x=-0.15
+2 Lead
4
Superconducting
Self-formed Channel

Multiple Beam
a=(0.2-05); «=(-02-0.0)
+110 +3 Lead
4-8
Normal
Ballistic: Pre-formed Channel

Figure 6.2.2-1 shows the gain curves provided by the TWG for the heavy ion system.
These gain curves iliustrate the strong influence which both beam spot size and ion
energy have on the overall system performance. For a 7 MJ system with a 3 mm
radius focal spot, the gain drops from ~100 at an ion kinetic energy of 2.4 GeV to 50 at
12.5 GeV. With a 4 mm radius spot, the change is even more dramatic going from a
gain of 90 at 2.4 GeV to no gain at all. These large changes in gain, hence NG, have a
significant impact on the overall system performance which is a key aspect of the

heavy ion trade studies.
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The systems code permits this gain variation to be traded off against the driver cost
which tends to increase with ion energy. Figure 6.2.2-2 shows how LINAC size, cost
and complexity scale with ion energy for a 7.8 MJ, single beam system operating at

5 pps. It shows that cost increases with ion energy because the LINAC length grows
from 2200 m (1210 quads) at 4 GeV to 4200 m (1682 quads) at 8 GeV. The number of
focusing quads is a significant cost factor. As a result, the lower energy system is
favored from a cost standpoint in spite of the fact that more pulses per beam hence
storage rings are required at 4 GeV (34 as compared to 18 at 8 GeV). This cost
advantage must be weighed against the added technical risk of storing the beams for
a longer time and the added complexity of the storage ring, final transport and final
focus systems. System efficiency is also lower at 4 GeV (14.7% as compared to 16.6%
at 8 GeV) because the induction cores are recycled more times per pulse. The
Prometheus-H design point was chosen based on all these considerations.
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Figure 6.2.2-2. SB LINAC Size and Cost Scaling Vs. lon Energy for a +2 Lead, 7.8 MJ
and 5 pps System With Lee Lattice Scaling.>

One of the main induction LINAC design challenges involves the space charge limit on
transportable current in a periodic focusing lattice. This limit necessitates multiple
transport channels (typically > 10 beamlets) for heavy ion fusion drivers. Past systems
studies? have envisioned a multiple beamlet lattice consisting of a closely packed
gquadrupole bundle surrounded by massive induction cores. The Prometheus-H
design considers an alternative approach consisting of a single beam transport lattice
coupled with intermediate storage rings to accumulate the required number of
beamlets. In either case there is significant motivation to reduce the number of
beamlets as much as possible in order to simplify the system design. Figure 6.2.2-2
shows that one way to reduce the number of beamlets is by increasing the ion energy.
Unfortunately, this has an adverse effect on gain. In fact, Figure 6.2.2-1 shows that the

Number Beamlets, Relatlve Capital Cost
and EHiciency
ki \ '
% /<
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gain curves motivate the LINAC designer to work towards an ion energy of 4 GeV or
less for lead ions. Design trade studies thus focused on alternative transport lattice
configurations that would minimize the number of beams for a 4 GeV system.

The transport lattice scaling used for these trade studies is based on the following
relations suggested by Maschke.® In these relationships, V is the local accelerator
column voltage and | is the local individual beamlet current. These relations are used
to define the number of beamlets Ng; the mean beam radius a; the space charge
depressed phase advance per lattice period (depressed tune) o; the beamlet bunch
length & = TBc; and the number, length, and location of the focusing quads which are
specified in terms of the lattice period 2L and the magnet occupancy (packing) fraction
per lattice period 1. In addition, several constraints based on physical limitations must
be satisfied along with the relationship between beam energy and total charge.

Maschke® characterized the transport lattice scaling with LINAC voltage in terms of two
parameters o and x as summarized in Table 6.2.2-2. Lattice scaling suggested by

Ed LeeS is a special case of this general parameterization as indicated where o = 0,
K =-1/4 in the ramped gradient and o = 1/2, « = 1/8 in the fixed gradient sections.

Table 6.2.2-2. Prometheus-H Transport Lattice Scaling Model

Maschke Ed Lee Scaling® Final Transport
Parameter Scaling Ramped Fixed Scaling
Lattice Half Period, L VoK v /4 v 3/8 { &1
Depressed Tune, < VK v-1/4 v 1/8 1€
Beam Radius, a v of2-x-1/4 Const v -1/8 [ ¢-1/2
Bunch Length, & v o-1/2 v-1/2 Const § &1
Packing Fraction, 1 v -30/2+x+1/4 Const v -3/8 | 3/2-4

The additional constraints involve the space charge limit on transportable current:

Q a YA 3
lpax = —— = 1.56x107 52(—-——) (-J , 6.2.2-1

max TNB [+] 2L Z (B'Y)
where Inay is in amps, Q = 108 Z Eg/Ejon is the required charge in coulombs {(Eg in MJ
and Ej5, in GeV), A and Z are the ion atomic mass and charge state, and z is the pulse

length. The relation between normalized emittance g, = Bye and phase advance:

a2
=g — . 6.2.2-2
€, 0[ ZLJ(BY)
The relation between undepressed phase advance 6, and the focal lattice properties:
na
o, =Bp| — |, 6.2.2-3
° ‘{[Bp]lfj

where Bp is the poletip field and [Bp]=3.13 BY(%) is the beam rigidity in T-m. (The

poletip field is actually the magnetic field at the edge of the beam, so the maximum
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field in the magnet is typically 1.5 to 2 times higher.) The relation governing the
maximum rate that the voltage gradient can be increased in the ramped gradient

section:
~1
dv Vi1 V/dd
— <025 = || =—=] —= ) 6.2.2-4
dx 0 S(SJL 5(dV)]

And finally the practical limits on quadrupole packing fraction in the lattice 1 < 0.80
and quadrupole aspect (bore to length) ratio amL < 0.25.

These scaling relations are implemented by choosing values for the lattice scaling
parameters with voltage along the LINAC o and x, and with beamiet current i in the
final transport (typically = -0.8). The undepressed phase advance O, = 80°
maximum poletip field Bpt = 3 T, desired final transport section length (typically

180 m), pulse length at the target (typically 7-8 ns), beam and ion energies are also
specified. The code then searches for a number of beamlets and bunch length at the
high energy end of the LINAC that do not violate the packing fraction and aspect ratio
limits at either the injector end or in the final transport section where beamlet current
increases rapidly due to bunching. If the constraints cannot be satisfied, the poletip
field is reduced. The poletip field is typically reduced to ~2T before a solution is found
for the combinations of o and x considered here.

An examination of Table 6.2.2-2 shows that some combinations of & and xk are more
attractive than others and the trade studies discussed here focus on them. Initial
studies considered the Lee® choice for lattice scaling and these results were used in
Figure 6.2.2-2. However, this scaling resuits in 34 beamlets at 4 GeV for a 7 MJ driver
which presents a significant technical and design challenge both in the storage rings
and the final focus. One logical alternative scaling involves setting o = 0.5 and « = 0.
This is attractive because it leads to a common quadrupole size (a and mL are both
constant) down the entire length of the LINAC. Another alternative involves simply
holding magnet bore size constant down the length of the LINAC, i.e., choosing

K =0/2 - 1/4. The quadrupole length will vary for this family of scaling possibilities, but
discrete steps can be provided by adjusting the magnet field strength slightly. It
furthermore is desirable to have « < 0.5 so that the magnet aspect ratio (a/mL)
decreases along the LINAC to avoid problems with aberrations. This leads to values
of x < 0 which corresponds to letting the phase advance float downward along the
LINAC length. This leads to a worst case final phase advance of 2.2° assuming o = 8°
at the injector end, which should not be a problem.

Table 6.2.2-3 summarizes the results of these trade studies. The number of magnets
is significantly reduced for o = 0.5, from ~1200 for the Lee cscaling® to 356.
Unfortunately, the number of beamiets nearly doubles, going from 34 to 66. This in
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Table 6.2.2-3. Summary of LINAC Lattice Scaling Trade Studies for a 4 GeV,
7.8 MJ, +2 Lead System

Lattice Scaling | Number | Number } Final Pulse | Final Phase Overall Driver System
Alpha Kappa | Beamiets | Quads | Length (ns) | Advance (deg) | Effcy (%) Cost (M$)
0.50 6.00 66 356 150.0 8.0 7.50 765.0
0.40 -0.05 36 484 150.0 5.8 11.55 619.9
0.30 -0.10 18 760 150.0 4.2 18.05 645.1
0.20 -0.15 16 956 89.8 3.0 21.54 585.0
0.10 -0.20 38 8982 18.3 2.2 17.05 447 .6

turn lowers the overall efficiency to 7.5% due to increased induction core losses. The
a=0.5 scaling was thus rejected for the final design point. However, the table shows
that more attractive results occur as o is reduced from 0.5 to 0.2. The number of
beamlets decreases from 66 to 16, the efficiency improves from 7.5 to 21.5% and the
cost drops from $765 to $595 M. The cost trend continues for oo = 0.1, but the other
trends reverse. The turnaround is a result of the rapid drop in final pulse length that is
required to prevent violating the quadrupole packing fraction constraint in the final
transport section for values of a < 0.2. Based on this result, transport lattice scaling
using a = 0.2 and x = -0.15 was selected for the baseline design point.

To this point, the discussion has focused on the selection of LINAC parameters that
minimize the number of beamlets for a given total output energy. An energy of 7.8 MJ
was used for illustration purposes because it was selected for the Prometheus-H
driver. This accounts for a 10% loss in the process of forming the cavity transport
channel and coupling the driver output energy through the channel into the target as
discussed in Section 6.5. Hence only 7 MJ of energy is actually assumed to be
available for producing target gain. Figure 6.2.2-3 depicts the basis for selecting this
driver energy. It shows that the projected COE has yet to reach a minimum at 9 MJ for
the selected LINAC design configuration. The projected incremental driver cost for the
single beam LINAC and the slope of the heavy-ion gain curves favor higher energies.
The number of beamlets was originally a concern at this energy, more than 50 were
anticipated for a 4 GeV system, however this concern is mitigated somewhat by the
alternative lattice transport scaling which is projected to need only 22 beamlets at

9 MJ. Nevertheless, higher energy drivers certainly represent a greater development
challenge both for the driver and the cavity with must withstand a higher yield. This
realization coupled with the marginal improvement in COE above 7 MJ still justify it as
a design point.

It is worthwhile here to note that the alternative lattice transport scaling really opens a
more attractive heavy ion LINAC design window that previously was not accessible

due to the large number of required beamlets. This can be understood by referring to
the gain curves as shown in Figure 6.2.2-1. The gain falls off rapidly for ion energies
above 5 GeV and is almost a factor of 2 lower for the 10 GeV ions typically proposed
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in the past. In addition, lower energy ions are much less sensitive to variations in focal
spot size. This is quantified in Table 6.2.2-4 which summarizes the sensitivity of COE
to variations in key driver performance parameters.
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Figure 6.2.2.3. Scaling of Prometheus-H Driver Cost, COE, Repetition Rate, and
Number of Beamlets with Qutput Energy

Table 6.2.2-4. COE Sensitivity to Variations in Key Prometheus-H Design Parameters

Baseline || Minimum Change in Maximum Change in
Parameter Value Vaiue COE, Effcy Value COE, Eficy’
Focal Spot Radius {mm) 3 2 -2.1 4 +3.6
Spot Radius Change at 7 GeV' 3 2 -4.3 4 +8.6
Final Beam Transport Effcny (%) 90 80 +0.8 100 -0.6
lon Kinetic Energy (GeV) 4 3 2.7, -13.0 7 +18.2, +21.4
Core Flux Swing (T) 1.5 1.0 +1.7, +8.4 2.0 +0.1, 9.3
lon Charge State +2 +1 +245, +2.8 +3 42 -44

* Change in driver efficiency is indicated only for parameters that influence it significantly
** Changes are normalized to 7 GeV system with 3 mm radius spot which is 18% higher than 4 GeV COE

These results highlight several key aspects of the Prometheus-H driver design. The
primary cne involves the improved cost and performance characteristics provided by
the reduced ion kinetic energy. As is indicated, COE is 18% higher for a 7 GeV design
due to the increased length of accelerator required at this energy. The number of
beamlets is reduced from 18 to 6 at 7 GeV , but the single beam approach, coupled
with the alternate transport scaling, eliminates most of the complication (hence cost) of
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added beamlets at 4 GeV. The results also indicate that there is little motivation to
further reduce beam energy. COE is 3% lower at 3 GeV but 32 beamilets are required
at this energy which complicates the final transport and lowers driver efficiency by
13%.

An added benefit of the lower ion energy is reduced sensitivity to target gain curve
characteristics. The results show that a 7 GeV system is twice as sensitive to spot size
variations as the 4 GeV design point. This is important because it minimizes the effect
which the poorly understood transport channel re-imaging properties may have on
system performance. Insensitivity to transport channel properties is reinforced by the
weak COE dependence on target coupling efficiency (beam energy loss in the
transport channel). A doubling of energy loss (from 10 to 20%) would only increase
COE by 1%. The results also indicate very weak COE dependence on Metglas flux
swing. A low flux swing of 1.5 T was selected for the baseline design to reduce
induction core energy losses since this was thought to be a key factor in the design of
a single beam LINAC where the cores are recycled several times per pulse. Indeed,
the driver efficiency changes by +9 % as flux swing is varied from 1 to 2 T, however
this causes only a 1 % change of COE. Finally, the results highlight that there is still a
significant advantage to higher charge states for the single beam system, but that the
payoff is limited beyond +2. The cost of electricity is 24 % higher for singly charged
ions while it drops by 4 % for charge state 3. Unfortunately, the number of beamlets
increases to 36 for +3 ions which may offset the indicated cost advantage once the
engineering details of final transport and focusing are evaluated.
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Figure 6.2.2-4. COE Sensitivity to Prometheus-H Design and Performance
Assumptions
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6.3 Configuration and Maintenance Approach

The configuration and maintenance approaches for both the Prometheus-L and
Prometheus-H reactor concepts are described in this section. Prometheus-L is a
1000 MWe IFE power plant using a KrF excimer laser driver to deliver 4 MJ of energy
through 60 beamlines 5.6 times per second to direct drive targets in the center of a
cylindrical reactor cavity. Prometheus-H is a similar sized plant utilizing a heavy ion
driver to deliver 7.8 MJ of energy through 14 beamilines 3.5 times a second to indirect
drive targets in a similar reactor cavity.

A top down approach describes these two IFE plant configurations. A general site
plan explains the overall arrangement of each power plant. Most of the plant buildings
(administration, auxiliary, turbine, steam generator, target factory, and tritium
processing) and sizes used in both concepts are similar; only the reactor and driver
buildings differ in size and design approach. Descriptions of the driver systems,
reactor systems, and heat transport system are provided Plan and elevation drawings
define interfaces between these major subsystems with drawings illustrating major
components arrangements.

The maintenance approach used to service reactor and driver systems vary
depending on the location within the plant. The maintenance of all reactor systems
within the bulk shieiding walls will be totally remote. [n both concepts, the reactor
cavity is essentially the same. Therefore, common maintenance methods are
employed. A vertical maintenance approach for all operations within the reactor
vacuum vessel is envisioned. All interfacing systems which penetrate the bulk
shielding walls are provided with enclosed, locai shielding. Therefore, reactor
systems and interfacing driver systems within the reactor building walls but outside the
bulk shielding walls are maintained with a combination of remote maintenance and
limited hands-on maintenance equipment. The maintenance method would depend
on the type of maintenance to be performed.

6.3.1 Reactor Design Integration - This section presents design integration of
the major subsystems in the two inertial fusion energy (IFE) reactor concepts. Detailed
descriptions of the subsystems are presented in Sections 6.4 through 6.11.

6.3.1.1 Prometheus-L - Site plans for the Prometheus-L reactor design power
piant are shown in Figures 6.3.1-1 through 6.3.1-3. These figures present a trimetric
view of the plant site, a plan view of the plant site, and a building definition plan view,
respectively. Prometheus-L site plans show the typical IFE power plant buildings
(administration, auxiliary, turbine, steam generator, target factory, and tritium
processing) arranged around the circular KrF [aser driver buiiding. This annular-
shaped building is 153 m in outer diameter and contains all the iaser driver
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Figure 6.3.1-3 Prometheus-L Building Plan View

components to generate 60 individual laser beams. These 60 beamlines are
arranged in an equally-spaced radial array and penetrate the inner wall of the driver
building which is also the outer wall of the reactor building. The Prometheus-L reactor
building is 86 m in diameter.

KrE Laser Driver-General Overview - The Prometheus-L reactor design concept
employs a KrF excimer laser driver and a nonlinear-optical (NLO) system. This NLO
system features an electric discharge laser subsystem, crossed forward Raman
accumulator cells, and stimulated Brillouin scattering (SBS) celis. Upstream are
typical front end elements which complete the 60-beam network including the master
oscillator for all the beams, the beam splitter system, and the preamplifier/amplifier
stages for each beamline. Theoretical and operational aspects of the overall system
are described in detail in Section 6.5.1.

The laser driver delivers 4 MJ of energy to a target through 60 optical laser beamlines
each with a gross energy of 67 kJ. Sixty (60) identical sets of driver output
components (laser module, Raman accumulator, and SBS cell) are arranged in an
equally-spaced radial array (6°) in the annular driver building and about the reactor
building vertical centerline. Inside the reactor building, the 60 beams converge 1o
enter the reactor cavity with two beams equally spaced every 12° as seen in the plan
view. A plan view of the Krf laser and reactor buildings is shown in Figure 6.3.1-4.

Inside the driver building, the electric discharge lasers output beams are routed to the
Raman accumulators and then to the SBS cells. Qutput beams from each of the
60 SBS cells are then directed to the cylindrical section of the reactor cavity. The
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Figure 6.3.1-4. KrF Laser and Reactor Buildings — Plan View

location and orientation of the 60 beamline penetrations in the reactor cavity (to be
discussed below in the Final Optics Subsystem Description) results in eight unique
beamline routes from the SBS cell to the center of the reactor cavity. The eight unique
beamline routes occur repetitively around the reactor cavity. These routes are shown
in Figure 6.3.1-5 (typical five places) and Figure 6.3.1-6 (typical ten places), which are
two cross-sectional elevation views. Some license has been taken with correct
technical drawing of the these two views since the four routes in each figure upstream
of the final focusing mirrors actually lie slightly out of the plane of the cross-sectional
cut (along different radial arrays). The 90° doglegs in the beamlines are rotated either
slightly into or out of the plane of the drawing. The route from final focus mirror to the
center of the cavity on both figures lies in plane and is shown correctly.

McDonnell Douglas Aerospace

Use or disclosure of data
subject to titie page restriction 6 3-4



INERTIAL FusioN ENERGY
Reactor DESIGN STUDIES

MDC 92E0008, Vou. Il
MARCH 1992

-

TARGET
INJECTION
SYSTEM /

|
|
= |

wm_—

1
S

Figure 6.3.1-5.

HOLOUP

{
CONTAMINATED LIQ Pb—/
TANK

LIQ Pb DRAIN TANK

LQ Pb PUMP

LL—-Na PUMP
Na TANK

1 ay
\\— L1a Pb STEAM GENERATOR

Elevation View - Typical Laser Beam Routing-5 Piaces

153 DIA 56
KrE DRIVER
B8 DiA REACTOR an.ns——-| STEAM GENERATOR BLDG
BLDG ANNLLUS ELEV 4442
[ s ] ELECTRIC DISCHARGE BLANKET HELIUM CODLANT LINES
N 3 LASER SUBSYSTEM 7
E=n———r—\
¥ = ™
ELEV +26.5 ] —p—f—= ]
= =]7 ‘s, “= I ] — !
T | TED |
+B.7 X ! I h
ELEV +5.4 )
] e —— 1 ] I [
[ Y H L
b . Sy ‘ i | ' —
1 1
| N " L 1] -
KiF DRIVER FRONT END COMPONENTS
N
ELEV -27.3 \— RAMAN ACCUMULATOR
7 :\ SBS CELL
FNAL DPTICS SUBSYSTEMS PATH-LENGTH-MATCHING
BEAMLINE ROUTES
111 DA
ELEV -45.3
I 129 DIA

Figure 6.3.1-6. Elevation View - Typical Laser Beam Routing—10 Places

Use or disclosure of data
subject to title page restriction

McDonnell Douglas Aerospace

6.3-5



INERTIAL FusiON ENERGY MDC 92E0008, VOL. il
REACTOR DESIGN STUDIES MARCH 1992

The output beam from each SBS cell is routed through four turning mirrors along a
path within the driver building that will match the path lengths for all eight beams from
the SBS cell to the center of the reactor cavity. From this path-matching route, the
beams enter the reactor building through penetrations running radially inward toward
the center of the reactor cavity. The wall penetration contains the vacuum window for
each beamline. The driver building is pressurized with argon at ambient pressure.
The operating pressure downstream of the vacuum window is 3x10-3 torr.

KrF Laser Driver-Electric Discharge Laser Subsystem - There are 60 electric
discharge laser subsystems in the KrF driver system—one for each beamline. This
subsystem consists of two electric discharge laser modules, three sets of stabilization
coils, and the KrF gas flow system and is shown in Figure 6.3.1-7. The KrF gas flow
system consists of inlet and outlet ducts, a helium-cooled heat exchanger, and a
circulating fan. It circulates a mixture of KrF gas through four parallei paths in the two
electric discharge laser modules. Each of the two discharge laser modules contains
eight electric discharge lasers for a total of 16 lasers for each beamline. Thus, there is
a total of 960 electric discharge lasers in the KrF driver. Each of the electric discharge
lasers has a gross energy output of 4.2 kJ.
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ACQUSTIC
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Figure 6.3.1-7. Electric Discharge Laser Subsystem
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The KrF gas flow paths are shown schematically in Figure 6.3.1-8. To assure proper
thermal control of the laser gas, a slug of KrF gas circulates through and clear each of
the four paralle! paths once for each of the 5.6 pulses per second. This yieids a gas
flow velocity of 15 m/s. The KrF gas is circulated by the fan through the lasers and
then through the heat exchangers. The laser inlet gas temperature is 400°C and the
outlet is 650°C. A cooler mixture of gas is assumed to be injected along the inner
surface of the inlet and outlet windows of each laser to protect the windows from the
higher temperature gases. Helium coolant is circulated through the heat exchanger to
recover the resulting waste heat from the lasers. The helium is routed to a feedwater
heat exchanger in the thermal transport system in the steam generator building where
a total of 193 MW is recovered as feedwater preheat.
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0000 DISCHARGE LASER
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Figure 6.3.1-8. KrF Gas Flow Schematic for Waste Heat Recovery

Each electric discharge laser module contains eight discharge lasers arranged in four
groups of two as shown in Figure 6.3.1-9. The discharge lasers are first clustered in
groups of two lasers around a central vacuum chamber containing a pair of cathodes,
one for each laser. Ceramic pulse forming lines and anodes (shown as the cylinders
in Figure 6.3.1-9) are located on the outside of each laser. Stabilization coils are
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Figure 6.3.1-9. Electric Discharge Laser Module

located on the outside of the ceramic pulse forming lines as shown in Figure 6.3.1-7
forming a stabilizing magnetic field perpendicular to both the KrF gas flow direction
and the laser beam direction {(shown in Figure 6.3.1-9). Acoustic flow suppressors are
located at the entrance and exit of the gas flow paths to maintain flow stability. A
similar arrangement for discharge lasers has been suggested in previous KrF laser
system studies.!

KrF _Driver—Raman Accumulator/SBS Cell/Delay Line- Downstream of the electric
discharge laser subsystem, the 16 discharge laser output beams are routed into the
Raman accumulator (four beams on each of four sides) at an angle of 10° off the axial
centerline. The Raman accumulator, SBS cell, and related components are shown in
Figure 6.3.1-10. A larger Stokes seed beam (derived from the excimer pump beams
upstream of the electric discharge laser subsystem) enters the Raman accumulator on
the centerline of the Raman accumulator. interaction of the 16 laser beams with the
Stokes seed beam in the hydrogen gas environment of the Raman accumulator resuits
in a highly amplified, long pulse Stokes beam exiting the downstream end of the
Raman accumulator.
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Figure 6.3.1-10. Raman Accumulator/SBS Cell/Delay Line

From the Raman accumulator, the long pulse Stokes beam passes through a chirper,
a polarizer, and a quarter wave plate and enters the SBS cell. This 37.5-m long cell is
filled with SFg gas and has a mirrored surface on the other end to reflect the entering
beam back out the entrance window. The combination of these components produces
a short pulse {6 ns) beam followed by a longer pulse length, depleted Stokes beam.
(See Section 6.5.1 for a more complete description of this process.) The short pulse
beam is the desired 6-ns pulse main beam with an energy of 70 kJ, while the longer
pulse beam will be utilized to form a prepuise beam. When these beams come back
out of the SBS cell and pass through the quarter wave plate, a frequency shift has
occurred and the polarizer plate then reflects the beams off-axis in the direction of the
short pulse delay line. (Since the 6-ns pulse main beam is in front of the longer,
prepuise beam, the short pulse delay line inverts the time order of these beams.)
Leaving the polarizer plate, the short pulse beam passes through a Pockels cell and
strikes and is reflected off the next polarizer plate, this time into the short puise delay
line. Before the long prepulse beam enters this Pockels cell, the cell voltage is
changed, which changes the polarity of the long prepulse beam such that it passes
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through the polarizer plate in the short puise delay line, proceeding on line toward the
long pulse shaper and delay line.

The long prepulse beam now preceeds the short pulse main beam. Downstream, a
combination of three Pockels cells are utilized to shape the prepulse beam to meet the
prepulse requirements by alternately switching portions of the prepulse beam into and
out of the long pulse shaper and delay line. The resulting prepulse beam (80 ns)
continues downstream toward the target followed by the main beam (6 ns).

Turning mirrors route the prepulse and main beams from each of the 60 SBS
cell/Raman accumulator arrangements in the KrF laser driver building into the reactor
building beamlines. Delay lines allow path-length matching of all 60 beam paths. The
80 beamlines enter the reactor building through penetrations containing vacuum
windows. The eight unique beam path routes discussed earlier are shown in

Figures 6.3.1-5 and 6.3.1-6.

KrF Laser Driver - Final Optics Subsystem- The 60 beamlines enter the reactor cavity

at angies defined by radial lines passing from the vertices to the center of a truncated
icosahedron platonic solid with a pentagon/hexagon edge iength ratio of 1.2. This
orientation provides nearly uniform target illumination (<1% nonuniformity). This
orientation of beamlines was envisioned for the Omega Upgrade facility at the
University of Rochester. The resulting angular interface locations of the 60 beamlines
with the reactor cavity are shown in the elevation view of the reactor cavity in

Figure 6.3.1-11. Typical beams at each angular location off the vertical axis are
rotated into view on both sides of the vertical axis to provide a visual indication of the
beam orientations around the reactor cavity. If viewed from the top (plan view), two
beams would be located on each radial plane approximately 12° apart as shown in
the 3-D cavity/beamline drawing in Figure 6.3.1-12. A similar trimetric view is shown in
Figure 6.3.1-13.

Typical final optics configuration contained within each beamline in the reactor
building is shown in Figure 6.3.1-14. The optical characteristics of the mirrors within
this region adre presented in Section 6.5.1.6. From the outer diameter reactor building
wall, each beamiine enters on a horizontal radial array from the reactor vertical
centerline. This penetration contains the vacuum window. Downstream of this
window, the beams pass through a collimating mirror which focuses the beam to a
point as it goes through a pinhole opening with an area of a few cm2. This smaii
opening aliows the beam to enter the shielded region of the beamiines without
releasing a significant amount of radiation. Each beamline contains an outer layer of
shielding which is 25-cm thick. The shielded region runs from the pinhole opening to
the beamline penetration in the bulk shielding wall. The shielding analyses for this
region is presented in Section 6.8.4.1.
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Figure 6.3.1-11. Angular Beamline/Reactor Cavity Interface Locations
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\\ Looking Down

Figure 6.3.1-12. 3-D Beamline/Reactor Cavity Interface—Plan View

TRIMETRIC VIEW

Figure 6.3.1-13. 3-D Beamline/Reactor Cavity Interface-Trimetric
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Figure 6.3.1-14. Final Optics Configuration-Reactor Building

After the pinhole, the beams tare directed downstream to the final focus mirror. This
aspherical-shaped mirror, located 30 m from the center of the reactor cavity, serves to
focus the beam to achieve a tangential illumination on the target at the cavity center.

The final mirror configuration is a grazing incidence metal mirror (GIMM) which is
located 20 m from the cavity center. The GIMM uses a high reflective aluminum
surface (1-2 mm thick) bonded to a silicone carbide ribbed structure with coolant
channels. The angle of incidence of the GIMM in the beam path is 80°. This mirror is
positioned in the direct line of sight with the first wall (FW) beamline openings
(0.18-0.26 m in diameter). It protects the upstream final focus mirror from the radiation
damaging environment. A neutron trap is located between the GIMM and the center of
the reactor cavity. Shielding at the end of the neutron trap is 2 m thick. Analyses of the
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GIMM and final focus mirrors suggest they are life-of-plant components; however
remote maintenance methods are provided for mirror replacement and maintenance.

Protection for the GIMM and the final focus mirrors (as well as beam port walls) have
been identified as a key development issue for the laser driver (see Section 5.4). The
mirrors and ports must be protected from heating, blast, and radiation damage effects
while not interfering with the laser beam propagation. Evaluation of this issue
explored a number of protection methods as shown schematically in Figure 6.3.1-15.
Protection methods include:

SHUTTER SYS

Pb VAPOR

OVER GAS

D

He OOLED BEAMLI NE WALLS

" .

c .

LL PULK SHIELD AGNETIC COi LS
ACUUM VESSEL
BLANKET/REFLECTOR
QUID LEAD FILM @ VACUUM
@ cover
GAS

Figure 6.3.1-15. Schematic of Final Mirror Protection Methods

(1) Silicon carbide beam ports in a configuration similar to the FW panels with
flowing liquid lead. The temperature of the lead would be maintained high
enough to produce a lead vapor that protects the wall and mirror surfaces. Any
condensed vapor on the GIMM surface would be vaporized by the prepuise
beams.

(2) Residual lead vapor from the cavity could help attenuate the debris and x-rays
before they reach the port area.

(3) A magnetic field could be provided by small magnet coils around the
beamlines to deflect ions and electrostatically-charged particles.
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(4) A cover gas, such as neon, injected in front of the GIMM could stop remaining
x-rays and then be removed with vacuum pumps.

(5) Cooling the beamline walls below the GIMM surface temperature would help
assure the condensable gases adhere to the walls instead of the optics.

(6) A shutter system could intercept lead droplets before they reach the optics,
especially in the lower beamiines.

The baseline design employs a multilayer defense using ali the above methods except
the cover gas and cooled walil approaches. A neon cover gas resulted in extremely
difficult vacuum pumping requirements. Instead, the baseline design provided a lead
vapor cover gas by flowing hot lead through porous beamport walls and depending on
the laser prepulse to remove any recondensing lead from the optic surfaces.

Prometheus-1. Reactor Subsystems Qverview - The subsystems that make up the

reactor subsystem include the reactor vacuum vessel, vacuum pumping system, target
injection, first wall, blanket, and the primary coolant systems. A wetted-wall reactor
cavity concept is common to both the Prometheus-L and Prometheus-H reactor
designs. The common cavity concept will be described in some detail for the
Prometheus-L concept, and only the differences will be noted in the Prometheus-H
description. All aspects of the cavity design are presented in detail in Section 6.8.

An elevation view of the central reactor cavity configuration is shown in

Figure 6.3.1-16. The radial and elevation builds of the cavity are defined in this figure
as is the dimensional configuration of the vacuum pumping system discussed below.
Dimensions of the bulk shielding walls (1.3 m thick) are alsc defined.

Prometheus-L FW/Blanket Subsystem - The cavity first wall (FW) system employs
liquid lead (Pb) which both cools and protects the silicon carbide (SiC) FW structure.
Liquid lead bleeds through the porous first wall reactor facesheet, forming a protective
liquid film on the surface. The microexplosion of the DT targets release three forms of
fusion energy: neutrons, x-rays, and target debris ions. The energies from x-rays and
target debris ions induce in surface heating of the Pb film, evaporating a portion of the
film. As the film surface cools, the evaporated Pb condenses on the surface where the
energy is conducted through the porous FW and is removed by convection into the
flowing liquid Pb coolfant. Also, a portion of the neutron energy is collected in the
flowing Pb coolant as volumetric heating.

The SiC composite FW is 6 cm thick, with 5 cm diameter coolant channels. The film
thickness of liquid Pb on the FW surface is 0.5 mm. Liquid Pb is pumped through the
steam generator located in the reactor building to the top of the reactor cavity where it
is distributed to the FW paneis and flows downward to the collection header at the
bottom of the reactor cavity. The general arrangement of the pumps, steam generator,
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Figure 6.3.1-16. Elevation of Central Reactor Cavity Region

and inlet and outlet manifolds is shown in Figures 6.3.1-5 and 6.3.1-6. The liquid lead
inlet/outlet temperatures are 375/525°C with pressures of 2.0/1.5 MPa, respectively.

The remaining useful neutron energy is captured in the blanket system. This helium
cooled, solid breeder blanket system features SiC composite structure for a Li2O
peeble bed breeder with helium purge. The blanket section of the cavity is composed
of stacked ring modules , each connected to helium manifolds in back of the blanket
modules. Vertical supply and return headers supply helium coolant to/from the top of
the reactor where inlet and outlet helium lines are located. (This configuration is
shown in detail in the maintenance section of the report in Figures 6.3.2-4 and
6.3.2-5). Helium outlet lines connect the vacuum vessel to the helium steam
generation components in the steam generator building. The general arrangement of
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these components is shown in Figures 6.3.1-4 and 6.3.1-6. The hot helium flows
through the steam generator releasing its energy to feedwater which is converted to
steam for the power conversion system. A helium circulator driven by a steam turbine
returns the helium back to the reactor blanket system via the helium inlet lines to the
top of the reactor cavity. Tritium is bred in the breeder zones of the blanket and is
collected by a separate helium purge system. The blanket tritium breeding ratio is
1.20.

The blanket inlet/outlet helium temperatures are 400/650°C with a inlet pressure

of 1.5 MPa. The total pressure drop within the helium coolant system is 85 kPa with
33 kPa in the blanket. The total blanket thickness is 104 cm which is made up of
60 cm breeder zone, 20 cm reflector zone, 6.5 cm for inner/outer SiC structure, and
17.5 cm for internal plenum manifolding.

Prometheus-L V m_Pumpin m_- The propagation of the laser light
beams within the reactor cavity required that the vacuum system pump the cavity to a
base pressure of 1-3 mtorr prior to each pulse. Noncondensible gases of hydrogen,
helium, deuterium, and tritium from each target implosion are pumped by a system of
30 vacuum cryopumps. These pumps are arranged in clusters of ten pumps, each at
three radial locations around the reactor cavity. The detail configuration is shown in
Figure 6.3.1-16. A reactor building cross-section in Figure 6.3.1-17 shows the vacuum

Figure 6.3.1-17. Vacuum Pumping/Reactor/Final Optics Systems Interface

McDonnell Douglas Aerospace

Use or disclosure of data
subject to title page restriction 6.3-17



INERTIAL FUSION ENERGY MDC $2E0008, VOL. H
REACTOR DESIGN STUDIES MARCH 1992

pumping system relative to the cavity and laser beam lines. Pumps are attached to a
3-m diameter plenum which is connected to the vacuum vessel by a 2-m diameter duct
attached to the vacuum vessel at each location. Radiation shielding 1-m thick
surrounds this enclosure. Vaporized lead and carbon are assumed to recondense
within the cavity or at the vacuum pump duct inlets. The design aspects of the vacuum
pumping system are discussed in detail in Section 6.6.

Prometheus-1. Target Injection System Reactor Interface - The Prometheus-L concept

uses the direct-drive targets. An electromagnetic injection system injects targets into
the reactor cavity at a rate of 5.65 per second (484 x 103 per day). The single shell
targets are 6 mm in diameter. The target injection interface with the reactor cavity is
shown in Figure 6.3.1-16. This injection system is discussed in detail in Section 6.4.4.

Prometheus-1. Reactor Vacuum Vessel - The reactor vacuum vessel shown in

Figure 6.3.1-16 provides the required pressure boundary for the reactor. A vessel
radial build of 0.5 m is allocated for the overall structural arrangement although the
overall actual vessel pressure boundary thickness will be only a few cm. The material
for the vessel is a low activation ferritic steel material. There is some power loss
through the FW/blanket system, thus the vessel will require heat removal capability.
This could be an active, liquid cocled system or perhaps a passive, convective system
over the outside of the vessel.

6.3.1.2 Prometheus-H - The Prometheus-H reactor power plant employs a single-
beam linear induction accelerator (LINAC) driver design to deliver the necessary
energy to the indirect drive targets. Site plans for the Prometheus-H reactor design
power plant are shown in Figures 6.3.1-18 through 6.3.1-20. Presented are a trimetric
view of the plant site, a plan view of the plant site, and a building definition plan view,
respectively. These figures show the configurational arrangement of the heavy ion
beam driver components and the interface with the 59-m diameter IFE reactor building.
The heavy ion beam driver components are located in a network of tunnel compiexes
with a total length of 2700 m. Two main beam bundies enter the reactor building from
two sides, 180° apart. Typical IFE power plant buildings (administration, auxiliary,
turbine, steam generator, target factory, and tritium processing) complete the site
complex. Notice that Figure 6.3.1-20 shows the routing of the LINAC with broken lines.
Figures 6.3.1-18 and 6.3.1-19 show the site plan with the full 2700-m length of the
heavy ion driver shown {0 scale.

Prometheus-H Driver - General Overview - This driver is a single-beam induction

linear accelerator (LINAC) design which generates and accelerates a sequential
series of 18 heavy ion beamlets with a total energy output of 7.8 MJ. The technical,
theoretical, and operational aspects of this driver system are discussed in

Section 6.5.2.
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Figure 6.3.1-19. Prometheus-H Plant Site Plan View
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Figure 6.3.1-20. Prometheus-H Building Plan View

The major subsystems are the heavy ion LINAC, storage rings, buncher accelerator,
final transpont, final focus, and channel formation sections. The major components
and general arrangement of these subsystems are shown in a sketch in

Figure 6.3.1-21 with the final focus and channel formation subsystems located inside
the reactor building not shown in detail. These subsystems will be discussed in the
sections below. A heavy ion source on the front end of the LINAC generates and
injects the 18 heavy ion (Pb) beamlets into the single-beamline LINAC section where
they are accelerated to the desired energy state. From the LINAC section, the

18 beamlets are stored in a set of 14 vertically-stacked storage rings which store the
beamlets (12 main and 6 prepulse beamlets) until the proper time for release. The six
prepulse beamilets are stored in two storage rings with three sequential beamlets in
each storage ring (one storage ring for each set of prepulse beamiets going to each
side of the reactor). At the proper time, the beamlets from first the prepulse and then
the main beamlet storage rings are simultaneously released into 14 paralle!
beamlines leading to the buncher accelerators. There are two separate buncher
accelerators—one for the prepulse beamiets (196-m long) and one for the main
beamlets (85-m long). The buncher accelerators compress the beamlet lengths to
achieve the required pulse lengths for both the prepulse (30 ns) and main (7.3 ns)
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Figure 6.3.1-21. Schematic of Heavy lon Driver Subsystems

beamiets. The buncher accelerator consists of 14 parallel beamlines~two for the
prepulse beamlets and 12 for the main beamlets.

From the buncher accelerators, the prepulse and main beam routes separate into two
identical 180 m long routes to the center of the reactor cavity. The typical routes enter
the reactor building 180° apart with each route containing a vertical stack of seven
paraliel beamlines—six for the main beamiets and one for the prepulse beam (made
up of three sequential beamlets). At the entrance to the reactor building system, the
six main beams on each side are routed from the vertical stack to a conical array with a
half angle of 8.54°, allowing all beams to be focused to a midplane point on the outer
diameter face of the blanket cylindrical section. The prepulse beam line on the top of
the vertical stack is routed to the horizontal, axial centerline of the conical array
focusing on the same point. At this point, a lead-vapor gas jet forms an aero window
over the 2-cm diameter cylindrical opening through the blanket module to the reactor
cavity. This aero window serves as an electron stripping cell, allowing the beams to
become one beam which is a highly charged, high current, self-pinched beam for
transport through the final 5.64 m of cavity environment to the target at the center of the
cavity. The prepulse beam arriving first forms a plasma channel for the following six
main beams. All seven beams from each side (prepulse beams first, then main
beams) strike the ends of an injected, indirect drive target in the center of the reactor
cavity. The target implodes, releasing 719 MJ of energy to the reactor cavity at the rate
of 3.5 pulses per second.
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LINAC Subsystem_ - The LINAC subsystem consists of the heavy ion source/injector,
ramped gradient sections, and fixed gradient sections. These components are located
in a tunnel system with a nominal width of 10 m. In order to minimize the length of the
tunnel network, a "hair-pin" arrangement of the tunnel system is used to house the
2200-m LINAC subsystem. The front end of this system is the heavy ion source and
injector which contains all the components necessary to deliver heavy ion beams with
the required properties to the ramped gradient portion of the LINAC. Representations
of the source/injector portions of the LINAC subsystem were not developed in this
study other than to represent the general location of the heavy ion source location on
the site plan in Figure 6.3.1-20. The source/injector operates in "burst” mode, injecting
a sequential set of 18 beamlets into the ramped gradient section at a repetition rate of
3.5 cycles per second. Specific parameters for the injector are discussed in

Section 6.5.2.

The ramped and fixed gradient sections of the LINAC both accelerate and compress
the injected beams traveling down the 2200-m iength of the LINAC. The main
components of the single beam LINAC are induction core modules and
superconducting quadrupole magnets. These components are arranged in alternating
fashion along the single beamline as shown in the schematic in Figure 6.3.1-21. The
LINAC baseline configuration of the induction cores and the quadrupole magnets is
shown in Figure 6.3.1-22. Note that the outer diameter and the length of the induction
cores and the effective width of the superconducting quadrupole magnets change
along the length of the LINAC system. Figure 6.3.1-22 shows those dimensions at
three points—at the injector, at the transition between the ramped and fixed gradient
sections, and at the end of the LINAC.

INGUCTION CORE
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Figure 6.3.1-22. Configuration of Induction Cores and Quadrupole Magnets
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The induction core modules function to accelerate the injected beamlets while the
quadrupole magnets form the transport channel in between the induction cores. The
ramped and fixed gradient sections function identically but differ in the allowed voltage
gradient as a function of position along the accelerator length. The end of the ramped
gradient section is defined as the point where the maximum gradient is reached.
Section 6.5.2 describes the technical characteristics of these sections in more depth.

A typical cross-section of the LINAC subsystem tunnel complex at one of the
maintenance buildings along the LINAC is shown in Figure 6.3.1-23. The
maintenance buildings are located 200 m apart as shown in the site plans in Figures
6.3.1-18 and 6.3.1-19. These figures shows the single beamline, folded LINAC going
in both directions—first down the tunnel system away from the heavy ion source and
then back toward the storage ring tunnel complex.

- 14.75 -
ELEV 7.10 i
o= [
I
1Y
() )
’I
| ‘\“"/
T I
ELEV 0
/ ":‘,!ﬁ T ﬁ ;:':‘})
I j b‘l: - P
LINAC MAINTENANCE BUILDING / ,l \\
1
A Q) }
LINAC TUNNEL COMPLEX \ ;
ey -5l e
FOLDED LINAC
b
e
< ELEV -10.00 fvam
-_'\ — gg_ _____ .‘6‘:}_ ;':}?:;‘
- | > 10.00 &=

DIMENSIONS IN METERS
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Storage Ring Subsystem - The single beam LINAC outputs the sequential array of

18 beamlets to a vertical stack of 14 storage rings as discussed above in the overview
description. The storage rings store the beamlets until the proper timing for release
toward the target in the reactor cavity. A network of beamlines with switching magnets
routes the single beam output of the LINAC to the proper storage fing. A plan view of
the storage ring is shown in Figure 6.3.1-24 which shows the arrangement of
quadrupole and dipole magnets in two semi-circular arrangements with a short

2

4.85 .25

DIPOLE

GUADRUPOLE

TYPICAL STORAGE RING

30 DIPOLES \\ 0.67
32 QUADS

RAD 22.00

Figure 6.3.1-24. Storage Ring Plan View
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straight section in between for switching the beamlines into and out of the storage
rings. The vertical stack of 14 parallel beamlines in the storage ring is shown in the
cross-sectional view of the storage ring tunnel complex in Figure 6.3.1-25. A detail in
this figure shows the general arrangement of beamline components around the
beamline.

Buncher Accelerator Subsystem - This subsystem functions to compress the overalil
length (head-to-tail iength) of beamlets released from the storage ring complex to
achieve the proper beam length at the time of impact with the target. Two sets of
buncher accelerators are included in this subsection—one for the 2 prepuise beams
(196 m long) and one for the 12 main beams (85-m long). The buncher accelerator
components are identical in functional arrangement as the components in the main
LINAC; i.e., the components again consists of a repeating arrangement of an induction
core in between quadrupole superconducting magnets. However in the buncher
accelerators, there are multiple, parallel beamlines. To reduce the number of
induction cores, the parallel beamlines are grouped together and are run through a
common induction core around all the parallel beams. Within the prepulse beam
buncher accelerator, there are two parallel beam running through a common induction
core. Similarly, within the main beam buncher accelerator, there are 12 parallel
beamlines running through a common induction core. This is shown in the cross-
section of the buncher accelerator tunnel complex in Figure 6.3.1-26.
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Figure 6.3.1-25. Storage Ring Tunnel Cross-Section and Typical Beam Detail
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Figure 6.3.1-26. Buncher Accelerator Cross-Section

The beamlines exit the buncher accelerators at a common point and then divide up
with one prepulse beam and six main beams routed to each side of the reactor
building. The configuration and routing from LINAC to reactor is shown schematically
in Figure 6.3.1-27 by the arrangement of the typical cross-sectional configurations of
the beamlines in each major area. The configuration of components along the routes
from each major area to the next consists of the parallel beamlines with alternating
arrangement of quadrupole and dipole magnets. The quadrupole magnets maintain
the channel transport and focus, and the dipole magnets are used to bend the
beamlines along the curved paths. In pure straight sections with no bends, only
quadrupole magnets are needed.

Final Focus Subsystem - The final focus subsystem consists of a triplet set of
superconducting, quadrupole magnets in each beamline, and a final focus vacuum
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Figure 6.3.1-27. Beamline Configuration — Routing from LINAC to Reactor

enclosure. Components within this subsection are shown in Figure 6.3.1-28. The
function of this subsystem is to accept the set of seven beams {six main and one
prepulse) arriving from the last quadrupoles in the final transport section and to focus
the beams on a common focal point which is on the outer diameter of the blanket
cylindrical section. After passing through the triplet final focusing magnet sets, the
beams proceed by ballistic transport to the focus point. To final focus the seven beams
to a common point, the prepulse beam is routed from the verticaily-stacked beamlines
to a horizontal, on-axis position and the six main beams are routed from the vertical
stack to an equally-spaced conical array around the center prepulse beamline. The
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Figure 6.3.1-28. Heavy lon Beam Final Focus Subsystem Configuration

conical array of six main beams has a half angle of 8.54°. The resulting interface with
the reactor cavity is also shown in an elevation view in Figure 6.3.1-29 and in a plan
view in Figure 6.3.1-30. The main beams in the conical array and the final focus
vacuum pumps in Figure 6.3.1-29 and the vacuum pumps in Figure 6.3.1-30 have
been rotated about the conical centerline into view for clarity.

The final focus vacuum enclosure provides an interface between the triplet magnet
sets in each beamline and the outboard face of the cylindrical blanket modules at the
midplane of the reactor cavity. This shielded, conical shaped enclosure forms an
intermediate pressure boundary where a base vacuum pressure of 10-5torr is
maintained by a set of two cryopumps. The pressure boundary of the enclosure
interfaces with the reactor vessel port extension at a flanged interface outside the buik
shielding wall as shown in Figure 6.3.1-31. The reactor vacuum vessel operates at a
base vacuum pressure of 10-1 torr provided by a vacuum pumping system to be
discussed below. The base vacuum pressure maintained within the beamlines
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passing through bore of all the magnets in the driver (from LINAC through finai focus)
is 10-9 torr. Thus, the final focus vacuum enclosure provides the intermediate vacuum
pressure boundary between reactor cavity pressure of 10-1 torr and the beamline
vacuum pressure of 10-2 torr.

As the seven beams enter the base of the final focus vacuum enclosure, they will pass
through a gas neutralization cell formed by a double-bottom in the vacuum enclosure.
Lead vapor gas will be puffed into this cell pricr to the arrival of each set of beams in
the 3.5 Hertz repetition rate. The gas neutralization cell functions o neutralize the
charged, heavy ion beams allowing the beams to be focused to a small diameter

(6 mm) focal spot just outside the blanket.

Channel Transport Subsystem - The final subsystem in the Prometheus-H driver

system is the channel transport subsystem which is shown in Figure 6.3.1-31. it
consists of a lead vapor gas jet system employed to form an aero window at the final
focus point of the seven beams on each side of the reactor cavity. The aero window
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Figure 6.3.1-30. Plan View — HI Beams/Reactor Systems Interface

provides two functions. First, it provides a stream of lead gas vapor which serves as
an electron stripping cell. This allows first the prepulse beam and then the six main
beams to become a highly charged, high current, self-pinched beam for transport
through the final 5.64 m of cavity environment to the target at the center of the cavity.
Secondly, it separates the pressure boundary inside the reactor cavity from the
pressure boundary inside the final focus vacuum enclosure.

The lead vapor gas jet line enters the final focus vacuum enclosure on the outside of
the bulk shielding wall and is routed paraliel to the main beam path. At the focus point,
the 4x10-cm rectangular line bends on a 25-cm bend radius and intercepts the beam
path at the focus point. The gas jet line is positioned to fit snugly against the outer face
of the blanket module. At the focus point, the gas jet line has a 2-cm diameter hole
through and at 90° to the gas jet flow path. The gas jet line contains a center 2x2-cm
line containing the lead vapor gas. The center line is surrounded by an outer cell
containing helium gas at 400°C to prevent the lead vapor from solidifying on the inner
walls of the center gas jet line.
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Prometheus-H Reactor Subsystems Overview - Since the type of cavity and heat

transport designs for Prometheus-H are identical to the designs for Prometheus-L
except for the overall, detail dimensions, the reactor subsystems for Prometheus-H will
not be discussed in the same detail as for Prometheus-L. The discussions here and
below will simply discuss the differences between the two designs. All aspects of the
cavity and heat transport designs are presented in detail in Section 6.8 and 6.9,
respectively.

An elevation view of the reactor systems is shown in Figure 6.3.1-32. This figure
shows all the interfaces between the reactor cavity, vacuum pumping, and heat
transport systems within the reactor and the steam generator buildings. The reactor
building for Prometheus-H is smaller (59-m diameter and 66-m height) than the
Prometheus-L buiiding due to differences in number of beams and final focus
subsystem differences between the two systems.

Prometheus-H FW/Blanket Subsystem - These systems are identical in design to the

systems for the Prometheus-L design except for the dimensional differences. (See the
subsystem description for Prometheus-L above for further definition.) The radial and
veritical builds for Prometheus-H are shown in the elevation view of the central reactor
cavity region in Figure 6.3.1-33. This figure is comparable to Figure 6.3.1-13 for
Prometheus-L.
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Figure 6.3.1-32. Elevation View — Reactor Systems/Heat Transport Interface
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Figure 6.3.1-33. Prometheus-H Elevation of Central Reactor Cavity Region

Prometheus-H Vacuum Pumping Subsystem - The configuration of the vacuum
pumping system for the reactor cavity is also defined by Figure 6.3.1-33. A system of
three vacuum pumps on each of four ports pump the reactor cavity down to a base
pressure of 10-1 torr, removing noncondensible gases of hydrogen, helium, deuterium,
and tritium. - The vacuum pumps are Roots blower pumping systems. The pumps are
attached to a 1.5-m diameter plenum which is reduced to a 1.0-m diameter duct
attached to the vacuum vessel at each port location. The inlet diameter for each pump
is 0.5-m diameter. Four 1.0-m diameter holes through the blanket/FW subsystem
complete the vacuum duct system to the inner cavity. For a technical description of the
vacuum system operation, refer to Section 6.6

Prometheus-H Target injection System Reactor Interface - The targets selected for the
Prometheus-H concept are indirect drive targets. A pneumatic target injection system
injects targets at the rate of 3.5 per second (302,400 per day). The injection system is
described in more detail in Section 6.4. The target injection system is depicted by
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Figure 6.3.1-34. The system feeds, loads, and pneumatically injects targets with an
acceleration of 100 g's through rifted barrels 20-m long. Muttiple barrels permit
complete evacuation of each barrel prior to the next shot. A fast-acting gate valve on
the muzzle end prevents the accelerating gas from entering the vacuum environment
of the reactor cavity. A diagnostic chamber permits determination of the target position
after launch down the ballistic guide tube. The guide tube provides a protected guide
path through the bulk shield, vacuum vessel, blanket, and FW systems to the open
cavity. This interface is shown in Figures 6.3.1-28 and 6.3.1-29.

Prometheus-H V mV |- The reactor vessel design is the same as the design
for Prometheus-L except for the dimensional differences due to the cavity radial and
ventical buiid differences.

BREECH LOADING, PNEUMATIC INJECTION
" AND BARREL ROTATING COMPONENTS

GATE VALVE

DIAGNOSTIC CHAMBER

/—BALUSTIC GUIDE TUBE

Figure 6.3.1-34. Prometheus-H Target Injection System
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6.3.2 Plant Maintenance Approach - The approach used to define plant
maintenance takes into account two key factors. These factors are {a) maintenance
prediction and planning systems which use artificial intelligence (Al) methods and
(b} the continuing improvement of automation technology. Both scheduled and
unscheduled maintenance were considered plant maintenance requirements.
Maintenance needs were analyzed and the hazards in the plant were considered.
The maintenance analyses were included in the reactor and plant design process.
This resulted in a number of operational and availability advantages for the plant
design considered in this study. Total remote maintenance was chosen for critical
areas which results in no human exposure to radionuclides.

6.3.2.1 Maintenance Requirements - The major reactor and plant systems and
components requiring maintenance were first determined during the study. These
were selected based upon previous maintenance experience and consultation with
the Prometheus team members regarding their respective system designs. The
maintenance analysis effort then concentrated on critical areas which would have the
most impact on the overall plant availability and maintenance costs. Table 6.3.2-1 lists
the major maintenance items for the Prometheus power plants. The remaining plant
items are addressed with a general allowance factor.

Maintenance Environment - There are many new and unique requirements which are
associated with the IFE reactor plant designs. The reactor vessel operates with an
internal pressure of a few mtorr for Prometheus-L and 100 mtorr for Prometheus-H.
The low pressure regions extend into the laser beamlines out to the vacuum window at
the Reactor Building wall for Prometheus-L. For Prometheus-H, the complete length of
the heavy ion beam lines is at an even lower pressure (105 to 109 torr). During
reactor operation, radiation levels of 1.8 x 107 rads per hour are expected inside the
reactor hall, principally from neutrons out the back of the shield. X-ray and gamma-ray
emissions will be present at a lower level. The shields are designed to limit the
neutron flux level at the back of the shield to 2 x 106 n/cm?2-sec during operation which
equates to a biological dose of 2.5 mrem/hr 24 hours after shutdown (2.5 mrads/hr for
equipment). The reactor hall (the region outside the bulk shielding walls and inside
the reactor building walls) environment will be inerted with CO, in order to minimize
activation of the hall atmosphere. Only remote maintenance would be performed
during reactor operation. After shutdown, hands-on maintenance could be
accomplished for specific needs with remote maintenance being the preferred option.

if the beamlines are removed for maintenance, there would be the potential hazard of
lead vapor from the first wall coolant. The potential for tritium leakage also exists but
specific detritiation systems are provided in the reactor building for this purpose.

The laser building will be inerted with CO, as a design requirement. The building will
have low level gamma radiation during operation. The operating KrF laser gas would
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also present a maintenance hazard. The LINAC tunnel complex by comparison will
have low level gamma radiation which will build up as a background dose during the
life of plant.

Various other hazard sources such as lasers, high voltage power lines, and alpha
emitters (e.g., uranium in the tritium storage getters) will exist. These are to be
expected not only in the reactor building, target factory, driver buildings, and hot cell
facility, but also associated with the transfer routes between these buildings. The hot
cells and lead cleanup facilities will have comparatively high levels of radioactive
contaminants.

Table 6.3.2-1 Major Maintenance Hems
Major ltern mmon To Both B rT

First Wall Panels

Blanket Modules

Reactor Vacuum Pumps

Blanket Tritium Extraction Pumps

Reactor Computer Control System

First Wall Lead Cooling Pump

First Wall Coolant Heat Exchanger (lead to steam)
Lead Drain Pump

Lead Decontamination System

Helium Extraction Pump

Helium Decontamination System

Tritium Extraction Loop

Blanket Helium Coglant Pumps

Blanket Coolant Heat Exchanger (helium to steam)
Heat Exchangers

Helium Low and High Pressure Reheaters
Steam Turbines

Alternators/Generators

Transformers

Target Factory

Laser ion ific item

Target Injector (electromagnetic injection)
Laser Amplifiers

Gas Circulation Blowers

Laser Gas Heat Exchanger

Laser Optics Vacuum Backing Pumps
Final QOptical Elements

Heavy lon ion ific llem

Target Injector (pneumatic injection)
Heavy lon Accelerator Modules

lon Beam Vacuum Backing Pumps
Magnets
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6.3.2.2 Fault Diagnosis and Maintenance Scheduling - Fault diagnosis and
maintenance scheduling technology are evolving quickly. These capabilities are
expected to be extensively used during the deployment of the fusion reactor power
plants. Artificial intelligence-based tools will continue to be improved for both fault
diagnosis and maintenance scheduling.

Built-in-test (BIT) systems for fault diagnosis are becoming more powerful with the
capability to minimize the repair site diagnostic skills. The repair time is minimized by
rapid selection of correct replacement parts and notification of the appropriate repair
specialis. Built-in-test systems use both top-down and bottoms-up system models with
a combination of driver software and firmware incorporated. Faults are analyzed by
the driver software traversing a system failure modes model and selecting test results
from the diagnostic firmware to define the failed part. Fault dependencies can be
determined to predict future malfunctions or failures. The U.S. Navy has positive
experience with BIT systems such as those used in the ANSARS surveillance system.

Scheduling systems have been used for many years in manufacturing. With the
advent of low overhead computerized systems, applications in maintenance
scheduling and coordination are being developed and used. Such systems allow
optimization of maintenance personnel and equipment, thus minimizing plant
downtime and the required spares inventory.

6.3.2.3 Maintenance Options - There are three general options for the
maintenance of the fusion reactor plants.

+ Hands-On Maintenance - This includes regular contact maintenance or contact
maintenance in a controlled area with a partial or full change of clothing which
may include a ventilated or "bubble suit".

+ Semi-Remote Maintenance - Maintenance is accomplished using long handled-
tocls or from behind temporary shielding.

« Fully-Remote Maintenance - Maintenance is carried out with totally remote
devices such as manipulators or robotic devices. The operator is removed from
the work place.

The type of maintenance procedure adopted is determined by the degree of protection
required, the hazards, and the type and intensity of radiation present. There is usually
a time penalty associated with the semi-remote or fully-remote options. However, if the
operation is highly repetitive, task automation may be employed to improve
maintenance times.

6.3.2.4 Maintenance Approach Choices - The maintenance approach for a
major power plant is optimized to maximize the plant availability. This is best achieved
by use of planned maintenance actions on key systems in order to prevent expensive,
unplanned plant outages.
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Scheduled Maintenance - Scheduled maintenance consists of preventative
maintenance actions both on a regular basis and during planned plant outages.
Maintenance prediction and planning systems using Al techniques are used to
schedule maintenance tasks for minimal downtime. These prediction and planning
systems are used in conjugation with sensor input to identify parts with early wearout
or potential failure tendencies. Identification of these parts allows replacement during
the planned maintenance periods. Due to the lack of statistical data on this approach,
the reliability, availability, and maintainability (RAM) analysis reported in Section 6.3.3
did not consider these potential benefits in availability.

Unscheduled Maintenance - Unscheduled maintenance consists of downtime due to
unforeseen failures or premature wearout. Unscheduled maintenance is very costly
and time consuming. Frequently only repair of one element is accomplished and no
other parallel maintenance activities can be accomplished. Failure of components can
happen at any time and under any load conditions, frequently at full load conditions.
Other systems can be damaged as a result of the initiating failure. Replacement parts
may not be available for immediate installation thus causing further delays.
Unscheduled maintenance should be minimized to the greatest extent possible with
scheduled maintenance.

6.3.2.5 Reactor Maintenance - The Reactor Equipment is the most important
system relative to the availability parameter. The Reactor Equipment was chosen for
the most extensive analysis in the study. Of the two Prometheus concepts, the laser-
option reactor vessel was examined in more detail due to the more difficult access.
Site layouts of the two reactor designs are shown in Figure 6.3.2-1. This figure
ilustrates the Reactor Building and the Hot Cells where maintenance will be
performed on the removed radicactive components such as the wall and blanket
modules. At the center of the laser Reactor Building, the 60 laser beamlines are
shown. These beamlines, which are equally spaced around the complete sphere,
proved to have the more difficult maintenance. Figure 6.3.2-2 is a cross-section
through the laser-option Reactor and Driver Building which iliustrates two of the laser
drivers and four of the beamlines which penetrate the reactor chamber. Also shown
are the plumbing and steam generators for the helium and lead primary coolant
systems. Figure 6.3.2-3 illustrates the comparable heavy ion-driven Reactor Building
with the diametrically opposed beam bundles.

The reactor designs for both reactor concepts are well suited for repair and
replacement with the adopted vertical maintenance scheme. The top of the reactor
vessel is removable with all internal parts lifted upwards. The only required bottom
access is to the lead coolant outlet pipe and contaminated lead outiet pipe.
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Figure 6.3.2-1 Plant Site Plans for Two Reactor Design Options
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Figure 6.3.2-4 is a cross-section of the reactor which illustrates the major equipment
components. The primary helium coolant intet and outlet ducts enter from the top of
the vessel. These ducts connect to coolant manifolds which in turn connect with the
blanket modules. Lead coolant has separate inlet and outiet plumbing. Large vacuum
ducting must alsc be disconnected to remove the blanket modules. To facilitate
maintenance, the reactor vessel is subdivided into five equally-spaced sectors as
shown in Figure 6.3.2-5. Each maintenance sector has independent supports and
plumbing systems. Moreover, the blanket modules are divided into six separate
vertical levels, each supplied by separate manifolds. More detail on the laser-driven
reactor vessel with the beamlines in place is shown in Figure 6.3.2-6. The vacuum
pumps are located outside the right-circular cylindrical bulk shield. Only the first wall,
blanket, vacuum vessel, coolant piping, beamlines, and target injector are inside the
shield boundary. The laser beams are projected to the center of the cavity for clarity.

A trimetric view of the heavy ion beam-driven reactor is shown in Figure 6.3.2-7. This
vessel is slightly smaller with the radius of the first wall being 4.5 meters. The most
discernible difference is the relative lack of penetrations in the heavy ion case. Only
one of the ion beamline sets is shown in this view. The ion beams converge at the
back face of the blanket. Only a two-centimeter diameter hole is required through the
blanket and wall. The only sizable openings in the first wall are the vacuum pump
ports. All other maintenance features of the two reactor chamber options are identical.

R r mbly and Di mbly - Because the laser and the heavy ion-driven

reactor have similar maintenance requirements and design concepts, the reactor
vessel assembly and disassembly procedures have many common features. The
procedures for the laser option will be discussed as the nominal case because it is the
more demanding.

Many of the assembly and disassembly operations are conducted from the interior of
the vessel with access from above. Typical of these activities is the removal of first wall
panels every 5-10 years. External access to the reactor vessel is also required.

Figure 6.3.2-2 illustrates the cylindrical bulk shield wall surrounding the reactor vessel.
A circular shield cover will be removed vertically to provide overhead access. This will
allow access to the coolant ducts and laser beamlines. The target injection system will
also be accessible. Maintenance will be accomplished with long-reach manipulators
from above and mobile devices from below or along the shield wall. Local contamina-
tion control boundaries will be erected to prevent the spread of contamination from
worksites.
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Figure 6.3.2-7 General Arrangement of the Major Heavy lon-Driven Reactor Equipment

The general procedure for disassembly will be as follows:

(@) The lead coolant system is drained and the first wall is flushed of the lead
coolant.

(b) The shield slabs in the floor of the upper access chamber, as shown in
Figure 6.3.2-2, are removed to gain access to the reactor vessel.
Figure 6.3.2-8 is a view looking downwards at the reactor vessel. The
building floors are not shown for clarity. The remote maintenance
equipment will then be installed and moved into position.

(c) Sections of the coolant plumbing (see Figures 6.3.2-9 and 6.3.2-10) will be
removed to provide clear access to the top of the vessel.

(d) Sections of the laser beamiine ducting are disconnected and removed.
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Figure 6.3.2-8 Access to Reactor Vessel with Upper Bulk Shielding and Helium
Coolant Ducting Removed

(e) The target injection system is removed from the top of the reactor vessel. This
procedure is further described in a following paragraph.

(f) The top of the reactor vessel is unbolted at the flange joint and any seal welds
cut. Figure 6.3.2-11 illustrates a remote manipulator working on the attachment
flange.

(g) Reactor vessel top is removed and placed in the upper access tunnel as shown
in Figure 6.3.2-3 (heavy ion option).

(h) Helium manifolds are disconnected from the large helium inlet and outlet
piping. Figure 6.3.2-12 shows the reactor vessel with the upper helium
manifold removed and the manifold-to-duct attachment joint visible.

Figure 6.3.2-13 shows the vessel with the helium manifold lifted clear.

(i} The first (top) blanket ring is removed after its support attach points are
released, revealing the first wall dome as shown in Figure 6.3.2-14.

(i) The second blanket ring is removed after its support attach points are released.
This enables removal of the first wall dome as shown in Figure 6.3.2-15.
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Figure 6.3.2-10 Segment of Reactor Vessel Showing Some Laser Ducts Removed
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Figure 6.3.2-14 Reactor Vessel with Upper Blanket Ring Removed
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(k) The remainder of the blanket rings and first wall panels can then be removed in
a similar sequence.

First Wall Attachment - The method of mounting and transferring loads from the first
wall panels to the underlying structure was investigated to determine concept
feasibility. A number of options were evaluated for the central cylindrical portion of the
wall. This section of the wall is comprised of vertical wall panels as seen in

Figure 6.3.2-16. These panels are assembled in a ring with the radial reaction taken
by the blanket module edges. Figure 6.3.2-17 shows two options, composite leaf
springs or adjustable wedges, for applying this preload. Detailed analyses of these
approaches will be required as the design evolves.

6.3.2.6 Reactor Building Maintenance - Due to the number and the variation of
components requiring maintenance in the Reactor Building along with the high level of
the conceptuai design study, only the maintenance of a few key systems were
investigated to demonstrate applicable principles. Figure 6.3.2-18 illustrates the
Reactor Building maintenance equipment and provisions. The bubbles indicate the
location of various overhead cranes, mobile devices, and remote manipulators which
are explained in the following figures and paragraphs.

Maintenance of the Target injector System - The target injection system for the laser

option is located at the top of the reactor and is mounted along the vertical axis of the
machine. [The target injection system for the heavy ion beam option is located near
the midline of the vessel in the vicinity of one of the beamline clusters.] The
electromagnetic target injection system for the laser option is approximately 2 meters
long. See Section 6.4.4 for additional information on this system.

This injection system is serviced from above as shown in Figure 6.3.2-19.
Transportable power manipulators will be used in these service operations. Other
maintenance equipment includes the overhead crane, target injector lifting rig,
adjustable balancing beam, and assorted special purpose tools.

The target injection systems is removed from the operating position and transferred
directly to the hot cell. This is achieved by attaching a lifting rig to the pellet feed line
and disconnecting the feed line from the injector using the transportabie power
manipulator with an appropriate tool. When the line is free, it is lifted from the injector
by the main crane. The main target injection system attachment locking device is
disconnected and the injection system is removed by the main overhead crane for
maintenance actions in the hot cell.

Final Mirror Maintenance - There are 60 laser beamlines symmetrically located around
the reactor cavity. This arrangement provides the necessary direct drive target
illumination uniformity. The beamlines are maintained with an interior pressure of a
few mtorr. Bulk shielding is provided individually around each beamline out to and
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Figure 6.3.2-16 Vertical First Wall Panels are Attached to Blanket Modules

beyond the grazing incidence mirrors, the final mirrors, the neutron trap, and the
neutron, which all lie inside the reactor building wall. Figure 6.3.2-20 illustrates a
typical beamline arrangement and its principal elements. Both the grazing incidence
metal mirror (GIMM) and the final focusing mirror must be replaced on a periodic basis,
perhaps every 5 to 15 years depending upon material and coating developments.
Beamline support structures allow attainment of the requisite beamline and mirror
alignment requirements. The mirrors will also be cooled to maintain stable
temperature and dimensional requirements. The mirrors will be removed and
replaced with prealigned slide mounts to affect near final alignment. Final alignment
will be accomplished with feedback from a surrogate target. Vernier adjustments will
be made with the mirror mounts. Remote manipulators will be used to gain access to
the mirror systems and remove/reattach the cooling fittings, if required.
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Figure 6.3.2-18 Reactor Building Maintenance Equipment and Provisions

Vacuum Pump Maintenance - The reactor chamber vacuum pumps are located on
three main vacuum pump modules. Each pump module has ten cryogenic vacuum
pumps on the upper surface of the module. The general arrangement is shown is
several views on Figure 6.3.2-21. The vacuum pump provides pumping of the reactor
chamber noncondensable gases to obtain a base pressure of a few mtorr. The lead
condensation removes most of the condensable gases and traps some of the
noncondensable gases. Figure 6.3.2-21 illustrates the relation of one of the vacuum
modules compared to the beamlines and the wall/blanket sector.

The cryogenic vacuum pumps are very reliable. The only moving parts are the slide
valves. During routine maintenance, these slide valves and pumps would be serviced
or replaced. An overhead gantry crane would be used with a telescopic manipulator
mast as shown in Figure 6.3.2-22. The mast has an interface with a dextrous and
power manipulator. Pumps are mounted on manifolds such that the removal of the
fixing clamp will allow vertical movement of the pump. Detailed maintenance wiil be
accomplished in the hot cell.
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Figure 6.3.2-19 Main Bridge Crane and Exo-Vessel Maintenance of Target
injection System
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Figure 6.3.2-20 Remote Handiing Equipment for Final Optical Elements

Liquid Lead Steam Generator Maintenance - Three liquid lead steam generators are

mounted in the area outside the bulk biological shield at the -19 meter level. The
liquid lead leaving the first wall cooling circuit, at the bottom of the reactor vessel, is
pumped into the top of the steam generator. The lead flows downward through the
generator, exiting to be returned to the top of the first wall system.

Liquid lead steam generators will require periodic maintenance and replacement.
Before performing maintenance, the liquid lead must be drained from the entire circuit.
A first wall liquid drain tank is located in the basement. Inspection and minor
maintenance of tube headers can be made by accessing an entrance port at the
bottom of the generator with a floor-mounted manipulator. Similarly, the bottom of the
water circuit can be desludged by gaining access via a port at the bottom of the
generator. For major repair, the steam generator would be replaced and repairs
accomplished in the hot cell.
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Figure 6.3.2-21 Sector of Bulk Shieid Wall Showing Positions of Vacuum
Pumps Relative to Laser Beamlines
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Figure 6.3.2-22 Schematic Arrangement of Remote Handling Equipment
for Vacuum Pump Room

To facilitate handling and removal, steam generators are mounted in racks similar to
those devised for chemical vesseis in reprocessing plants. This arrangement is shown
in Figure 6.3.2-23. Disconnection and lifting functions are carried out with a bridge
crane and manipulator system (both dexterous and power). The rack is both a lifting
rig and a strong back for the vessel. Vessels are normally connected to the feed lines
by jumper pipes. When jumper pipes are disconnected and fasteners for the support
rack are removed, an overhead crane can transfer the whole assembly from an
operating position to the hot cell or decontamination facility. When replacing the unit,
the rack has passive features which automatically locate the vessel and align the
jumper pipe for remote connection.

Helium Steam Generator Maintenance - The helium steam generators are more

remote from the reactor vessel. Levels of radiation are lower due to the environment
and limited tritium migration within the helium coolant. However, there will be tritium in
the coolant. Thus, the helium circuits must be detritiated to allow hands-on access
with bubble suits. Figure 6.3.2-24 illustrates the size of the generators and
maintenance with an overhead crane.
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Figure 6.3.2-24 Helium-Steam Generator Maintenhance

McDonnell Douglas Aerospace
Use or disclosure of data
subject o title page restriction 6 .3-64



INERTIAL FUsioN ENERGY MDC 92E0008, VOL. Il
REACTOR DESIGN STUDIES MARCH 1992

First Wall Liquid Lead Drain Tank Maintenance - The first wall coolant liquid lead drain

tanks are located below the reactor vessel in the basement. To aid in replacement, the
tanks are supported in equipment racks which are designed for remote replacement.
Figure 6.3.2-25 shows the general arrangement and extent of the maintenance
equipment. Minor maintenance actions on valves can be accomplished in place with
replacement of parts. Larger items will require removal and replacement of the entire
unit. The rack has location and alignment features which aliow remote operations.

Contaminated Liquid Lead Hold Up Tank Maintenance - The contaminated liquid lead

holdup tank is located in the basement alongside the drain tank. This tank collects the
liquid lead which has a high level of contamination and is awaiting processing. The
maintenance actions are identical to the liquid lead drain tanks.

6.3.2.7 Driver Building Maintenance - The two driver concepts chosen for
Prometheus require different maintenance approaches and equipment.

Figure 6.3.2-1 previously presented the site plan for the two reactors. The laser
option uses an annular driver building, as shown in Figure 6.3.2-2, surrounding the
reactor building. The laser driver is designed for an on-line maintenance of critical
components in order to maximize the system availability. Moreover, the system is
designed with enough redundancy in the main laser amplifier systems to
accommodate a number of failures without adversely degrading the system
performance in terms of target illumination uniformity. One of the critical driver system
maintenance tasks is the replacement of the discharge laser power amplifier modules.
Figure 6.3.2-26 illustrates the maintenance equipment used to replace the laser power
amplifier modules which are approximately 0.44 m x 0.44 m x 2.0 m.

The heavy ion driver option uses a long but small cross-section tunnel to house the ion
beam driver elements. A cross-section of the driver tunnel with overhead cranes was
shown previously in Figure 6.3.1-23. The heavy ion driver maintenance will principally
consist of change-out of the magnets and power supplies. The maintenance strategy
chosen is simply an updating of the procedures used on existing accelerators such as
CERN. A combination of heavy lift transporters and dexterous robots are deployed
down the accelerator tunnel to perform the change-out operation remotely with human
supervision. Figure 6.3.2-27 shows a typical existing setup for this type of operation.
Due to the serial nature of the linear accelerator system where any major system
failure causes the entire driver to be off line, the system will be optimized for high
reliability and minimum maintenance times.
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Figure 6.3.2-25 Lead Tank Maintenance
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Figure 6.3.2-26 Maintenance of the Electric Discharge Power Amplifier Module

Tritium Building and Target Factory Maintenance - The Tritium Building and Target
Factory both use a significant amount of process machinery. These types of
applications are very suitable for a high degree of dedicated module replacement
automation. In both of these applications, a failure of a critical element would cause
the entire plant to be off-line. Thus the design approach is to have highly reliable
components and systems, maximize the redundance of critical systems, and design
the maintenance systems to minimize the maintenance times. The maintenance
equipment associated with these functions were not considered in detail although
general information can be found in Sections 6.4 (Target Factory), 6.7 (Fuel
Processing), and 6.11 (Remote Maintenance Systems).
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Figure 6.3.2-27 Typical Maintenance System for a Linear Accelerator

Turbine Building Maintenance - Experience in power plant turbine maintenance has
been evolving over decades. The technology proposed in this design study is an
extrapolation of current technologies. This involves significant hands-on maintenance
using cranes and general purpose manipulators. However, we are forecasting for the
2030 timeframe, which would suggest increased automation would heip speed and
improve the maintenance of these systems. Autonomous cranes and smart tooling will
reduce the manual labor roie to that of supervision and technical expertise.

Section 6.11 provides additional information on this subject.

Maintenance and Hot Cell Facilities - The normal mode of operation for maintenance

in the majority of the plant is to remove and replace failed or worn equipment. This
approach will provide the highest level of plant availability. This approach aiso
reduces the sophistication of the local maintenance equipment to that required only for
replacement and not for repair. For plant equipment with a high level of activation, the
equipment will be transferred to a specialized hot cell for repair or disassembly and
waste disposal. Figure 6.3.2-28 portrays the hot c=il with a large number of reactor
elements assembled in their operational configuration, perhaps in preparation for
installation. Shown in the figure is a large overhead crane with a telescoping mast
and a dexterous robot. The hot cell would have a large number of both general
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Figure 6.3.2-28 A Complete Set of Blanket Modules in the Hot Cell

purpose and specialized robots and manipulators for a variety of operations. The
operations done in the hot cell include decontamination, failure analysis, disassembly,
repair, system testing, and dimensional mockup (inspection). Due to the nature of the
work accomplished in the hot cell, these are envisioned to be a complete range of
operations from hands-on maintenance, human-assisted maintenance, and
completely autonomous operations. Components which exhibit known and

predictable wearout behavior are candidates for the more automated repair
techniques.
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6.3.3 Reliability, Availability, and Maintainability (RAM) Analyses - This
section discusses the RAM analyses results along with the contributing factors.
Production of economically competitive electric power is the ultimate goal of power
plants. Several factors contribute to the production cost of electricity: net power,
capital cost, operating cost, and plant availability. The plant must meet certain
availability goals or attainment of all other performance and cost goals are
meaningless. To achieve the plant availability goals, both plant reliability and
maintainabiiity requirements must be met.

6.3.3.1 Availability Summary - For both of the Prometheus reactor plant designs,
analyses were conducted to determine the expected reliability and maintainability
values of the key plant systems. These data were combined into the inherent
availability for the respective subsystem or system. For this conceptual design, a
compiete analysis could not be accomplished because of the lack of complete
technical definition of all systems. Rather, the major plant elements were analyzed
which were estimated to account for 90% of the expected plant downtime. These data
were then extrapolated to arrive at an estimated plant inherent availability value.

Laser =~ Heavylon
Inherent Availability of Major Plant Elements 89.28% 90.68%
Projected Plant Inherent Availability 88.09% 89.64%

The conversion of the plant inherent availability into the average achieved availability
takes into account the planned or unscheduled maintenance and the service
shutdown for unplanned maintenance or repair. Typical of central station power
plants, a 30-day annual shutdown is assumed. The longest scheduled task would
take 15 days at three shifts per day. To account for a refit shutdown of 60 days every
5 years, an extra yearly shutdown allowance of 6 days is added.

Laser Heavy lon

Total time per year, days 365 365

- Less scheduled annual shutdown, days -30 -30

- Less refit allowance, days -6 -6
Attempted run time, days 329 329

- Less unscheduled maintenance time*, days -39.2 -34.1
Productive reactor time, days 289.8 2949
Average achieved availability , percent 79.4 80.8

Unscheduled maintenance is computed from the plant inherent availability and the

attempted run time.
The average achieved availability is the ratio of the productive reactor time to the

total time per year.

The estimated plant availability of 80% for the Prometheus reactors is well within the
availability demenstrated by current commercial nuclear power plants. Table 6.3.3-1

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 6. 3-70



INERTIAL FusioN ENERGY
ReacTtor DESIGN STuUDIES

Table 6.3.3-1

MDC 92E0008, Vou. Il
MARCH 1982

Reported Availability for Existing Power Plants

{Reprinted from Nuclear Engineering International, August 1991)
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is a summary of nuclear plant availabilities around the world which shows close to half
the plants exceed 80% inherent availability. Additionally, these fission plants require
periodic fuel replacement procedures which contribute to downtime. Fusion plants will
be fueled continuously which would offer an availability advantage.

The 80% availability estimate is higher than that usually quoted for the comparable
MFE conceptuai design. There are several reasons for this difference. The
Prometheus study devoted effort to analyze the reliability and maintainability of key
systems and then calculate the availability of the plant rather than assume a likely
range. The STARFIRE conceptual design adopted a value of 75% as an availability
goal and then developed planned and unplanned maintenance activities to achieve
the adopted goals. Most of the following MFE conceptual designs are built upon that
premise.

The Prometheus power plants can achieve higher availability due to the more simple
and reliable nature of the major plant elements. The reactor chamber is very simple
with little interaction with the other plant elements. The two drivers have high levels of
availability. The heavy ion driver has many magnet elements which must function in
series, but the components are not highly stressed and are expected to have high
reliability. The laser driver has a slightly lower reliability, but the ability to continue
plant operation with several power amplifiers or beam elements not functioning, or
tunctioning in diminished capacity, is highly beneficial. The laser driver has a higher
degree of redundancy. The continued operation of the target plant is essential, thus
the design is structured with a high degree of redundancy in all essential systems.
The thermal conversion systems, electrical plant equipment, and balance of plant are
improvements from the current proven systems. These systems will continue to make
availability enhancements for the plant.

The availability of the Prometheus IFE power plants are expected to be approximately
80%. The difference between the two designs is not significant. Rather, the significant
finding is that there is an availability advantage for IFE power plants. Moreover, the
fusion power plants will be competitive with the availability demonstrated by current
nuclear fission power plants.

6.3.3.2 RAM Introduction - Reliability, Availability and Maintainability (RAM)
analysis was performed on a conceptual design for a tenth-of-a-kind commercial
electric power plant. The concept features an inertial confinement nuclear fusion
reactor representing the design maturity expected for a plant starting operation in
2045. Two design options were considered for the driver systems: the laser driver
and the heavy ion driver.

The methodology of the RAM anaiysis process is defined in Subsection 6.3.3.3. The
source data used in the analysis for the common and distinct elements of the two

McDonnell Douglas AEJ’OSPECE
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design options are described in Subsections 6.3.3.4 and 6.3.3.5. The analysis results
are presented and discussed in Subsection 6.3.3.6. The design impact of the RAM
study is discussed in Subsection 6.3.3.7.

6.3.3.3 Reliability, Availability and Maintainability Methodology - The RAM

analysis is a numerical process. Results are determined by source data which are
combined numerically in a manner representing the complexity and interdependence
of plant components.

The plant is divided into subsystems and major components, for each of which
reliability and maintainability data is determined. Subsystems that do not impact on
plant availability, such as personnel services, are not considered.

The mathematical treatment of the data assumes that all component failures result in a
plant outage of duration equal to the mean repair time. The exception to this is where
parallel redundancy exists, since this allows operation to continue during repairs
unless a second equipment fails while repairs are taking place. With redundancy, the
outage is reduced. It is also assumed that spare components and support equipment
are available on demand, repair procedures start immediately foliowing failure, and
restarting the plant requires negligible time.

Availability is calculated as follows:

Identify plant components that impact availability
Determine failure rates and repair times of components
Define maintenance strategy and redundancy

Calculate inherent availability of both drivers

Calculate inherent availability of other key {reactor) parts
Calculate overall inherent availability for key parts
Estimate effect of balance of plant parts on overall availability
Calculate overall inherent availability

Determine annual maintenance shutdown times
Determine refit shutdown time and interval

Calculate achieved plant availability

A — —
L2008

ST =0
p

[yl cmme g e
—

Inherent Availability - Inherent availability A is the probability that a system or

equipment used under stated conditions in a properly supported environment will
operate satisfactorily at any given time. It accounts for outage due to corrective
maintenance. Although A| excludes preventative maintenance, logistics, and
administration outages, the reliability data used assume that preventative
maintenance is performed as specified. Failures are assumed to occur randomly with
constant probability, ignoring infancy failures, design bugs, and wear out failures after
prolonged operation.

MecDonnell Douglas Aer ospace
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A} is computed from the Mean Time Between Failure (MTBF) and the Mean Time To
Repair (MTTR) as follows:

MTTR

Al
MTBF

where outage is represented by O =

- 1+O|

For a subsystem consisting of N identical equipment, the value of Q) is increased by

the factor N. However, when one equipment is on hot standby (redundant), outage
only occurs if a second equipment fails while the first is under repair:

_ 1+(2N-1)Oy
P A+ NO)(1+NO, -0y

For a system consisting of several subsystems and major components, the outage is
determined by:

MTTR _ MTTR1 . MTTR2 + MTTRS3
MTBF ~ MTBF1 MTBF2 MTBF3

MTTR and MTBF can be obtained by analyzing records of the use of field-deployed
equipment where these exist for identical or closely similar equipment. Alternatively,
they can be calculated as follows:

MTTR = Fault isolation time + item retrieval time
+ preparation time + disassembly time
+ interchange or repair time  + alignment time
+ re-assembly time + verification or inspection time

MTBF = %whcrc A is the statistical failure rate of an individual part.

All the above MTTR and MTBF values are in hours; A is millions of hours.

Achieved Availability - The computation of Ay factors the calculated value of Aj to
incorporate the impact of regular servicing, preventative maintenance, logistics and
administration, and periodic shutdowns for major refits including end of life equipment
replacement. For the IFE reactor generating station, these are factored using overall
values typical of fission plant practice and computed values for design specific data.
The factoring calculations are provided in Section 6.3.3.1.

McDonnel! Douglas Aerospace
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6.3.3.4. Failure Rates and Maintenance Source Data - Failure rates and

maintenance times for subsystems and major components are used as source data for
the RAM analysis process. The validity of this source data is determined by the
relevance of the available data sources.

For a mature technology, data is readily availabie based on field experience. This is
the case for the non-nuclear portions of the plant such as electrical generation.

For the new technology to be used in the reactor and related subsystems, field
experience is unavailable. Where applicable, field data on similar equipment is
adjusted using expert opinion to allow for changes of duty cycle, conditions of
operation, etc.

in a few cases no similarity with existing, field deployed equipment can be found. For
these cases the source data is entirely based on expert opinion, allowing for
technoiogical maturity to be expected in a tenth-of-a-kind plant.

Redundancy is specified in the given descriptions of several subsystems and major
equipment. Generally the need for redundancy is determined by the need to maintain
a safety-related system or to improve inherent availability. In addition, if a related
subsystem is already redundant, it may be feasible to integrate the component parts of
the two subsystems, making both redundant.

The estimated failure rate and repair time for each subsystem and major component is
listed in Table 6.3.3-2; MTBF values are for single equipment, not the quantity needed
for the subsystem. Table 6.3.3-2 also contains notes on such issues as redundancy
and on-line maintenance. The sources for the data listed in Table 6.3.3-2 are
discussed in the following paragraphs.

Sixty-six percent of the reliability and maintainability data is based on established data
or similarity to field deployed equipment, 12% is derived from detailed analyses, and
22% represents totally new technology for which opinions were obtained from experts
in these fields. This mix of data sources provides an acceptable leve! of confidence in
the validity of the data. Whenever possible, to further improve confidence, subsystems
with new technology are decomposed into components with available field data, as
shown in Table 6.3.3-3 for the Heavy lon Driver.

The established data which was derived from field service records and published data
is available from the foilowing sources:

Reliability Statistics Manual (Summarized in Table 6.3.3-4), Production and
Transmission Branch, Nuclear Generation Division, Ontario Hydro

Non-electrical Parts Reliability Data (NPRD), Reliability Analysis Center, Rome, NY.
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Table 6.3.3-2. IFE Failure Rates and Repair Times for Subsystems

Item Data Sources Description Notes MTBF MTIR
(HRS) (HRS)
Target Dr. Douglas Drake, Large facility for Cryogenics is a mature 2924 24
Factory KMS Fusion Inc.;  producing 300,000  field, but expect
Dr. Steven to 500,000 cryogenic problems with pressure
Wineberg, fuel pellets per day.  system. Subjective
NPRD Deuterium and tritium evaluation, no data from
are injected into field or similar equipment.

plastic capsule which  Deuterium and tritium

is then frozen and supply failure rate

sealed. High considered elsewhere.

pressure and Assumed that isolated

cryogenics are used. peliet non-conformance
is rejected by automatic
inspection system.
Special design features
required to achieve

MTTR.
Target Dr. Alice Ying, Systemn injects fuel Subjective evaluation, no 26280 24
Injector UCLA; targets into reactor data from field or similar
Dr. Douglas Drake, cavity. Precisely equipment. MTTR and
KMS Fusion, Inc.  aligned before MTBF (three years) are
assembly. Coolant estimated. Target gunto
flows round cavity be inspected at same

penetration which is  time as first wall.
screened from fusion
reaction.

Laser Power Dr. Gary Linford, 960 amplifiers used  Pulses peryear = 1.6 x 556000 8
Ampilifier TRW with a pulse rate of 108. Required ampfifier

> Hiz Mssociated . failure rateis 1in 1010,

powe : DOWETS,  \irrent rates are 108.

gas units. Each Cne hundred times

amplifier weighs ST -
reliabilty improvement is

approx. 100 Kg. A realistic in this recent

single failure will not .

shut reactor down field. Replacement

) requires disconnection

from gas flow circulation
systemn. Sixty sets of
16 units, assumed one
unit in a set can fail
without reactor outage.

Redundant.

Laser Gas NPRD Provides laser Loss of one blower 411000 194
Circulation Table 6.3.3-3 amplifier cooling; reduces laser power by
Blowers 10 sets of 7% which is assumed not

16 blowers. One encugh to shut down

blower supplies reactor. Field data on

6 amplifiers. Gasis  similar devices used.

circulated at Redundant system.

100 KPa.
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Table 6.3.3-2. IFE Failure Rates and Repair Times for Subsystems (Cont.)

tem Data Sources Description Notes MIBF MIIR
(HRS) (HRS)
Laser Heat NPRD One heat exchanger Redundant, as gas 367174 98
Exchanger Table 6.3.3-3 per six amplifiers, as  circulation blowers.
blowers.
Final Optics NPRD The final optics The optics themselves 450000 4
SPAR, Solar Array  consists of a pointing  are unlikely 1o fail unless
Program Records  and alignment the vacuum chambers

system using three  become contaminated
magnetic actuators {assumed once every ten
each (and associated years). Field data on
power uhits) for 60 similar devices used.
grazing incidence

mirrors.
Laser Optics NPRD Laser Optics Backing Field data on similar 114928 194
Backing Table 6.3.3-3 Pumps evacuate devices used.
Pumps laser optics. Pumps  Redundant. A hard

operate at 135 Pa. vacuum is not required

Pumps are so MTBF data for normal

duplicated for each of pumps used. MTBF for

60 beamiines. vacuum pump is normally

64,666.

Heavy lon Table 6.3.3-2 Two systemns, each  Assumed warm iron 2180 24
Driver comprising a source  magnets, which are not

and a linear particle cycled during normal
accelerator, storage  operation, and heavy

rings and a final duty cryogenic system to
transport section. reduce warm-up and
Superconducting cool-down times to
magnets used. achieve needed MTTR.
Reactor First  Dr. Nasr Ghoniem,  Thirty full length Totally new technology, 175200 120
Wall Panels UCLA porous silicon no material or application
Table 6.3.3-4 carbide panels line experience base.

the inside the reactor Lifetime estimated at
cavity, cooled with three years. MTBF =
liquid lead which alse 175,200 hours (6.7 x

coats and protects lifetime for passive unit )
the inner surface. with considerable surface
siress.
First Wall NPRD Two centrifugal Field data on similar 114929 84
Lead Table 6.3.3-4 pumps, one on devices used.
Cooling standby.

Pump
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Table 6.3.3-2.

lterm

First Wall
Heat
Exchanger
{lead o
steam)

Blanket
Assembly

Blanket
Heiium
Coolant
Pumps

Blanket Heat
Exchanger
(Helium to
steam)

Blanket
Tritium
Extraction
Pumps

Tritium
Extraction
Loop

Use or disclosure of data
subject 1o title page restriction

DataSources @~ Description

NPRD
Tabie 6.3.3-4

A heat exchanger
consist of a fan or
compressor, coofing
pipes and the
operating fluid. There
is one heat
exchanger in the
plant.

The blankets are
hollow silicon carbide
panels filled with Li>O
granules which are
cooled with helium.
Exposure to
neutrons breeds
tritium.

Table 6.3.3-4;
Dr. Nasr Ghoniem,
UCLA

NPRD
Table 6.3.3-3,
Table 6.3.3-4

Centrifugal blower
pumps operating at
1.5 MPa. Two pumps
for each of the five
helium/steam heat
exchangers, one of
each pair acting as
standby (redundant).

NPRD
Table 6.3.3-4

Five helium-to-steam
heat exchangers
used.

NPRD
Table 6.3.3-3

Blanket Tritium
Extraction Pumps
feed blanket tritium to
the tritium extraction
ioop. Two pumps for
redundancy.

NPRD

Ronald Matsugu
and Otto Kveton,
CFFTP; Paul
Gierszewski

The tritium extraction
loop consisis of a
circulating pump pair,
a molecular sieve bed
with heaters, liquid
nitrogen cooling,
valves and tanks.

McDonnell Douglas
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MTBE
(HRS)
367175

MTTR

(HRS)
g8

Notes

Field data on similar
devices used

Totally new technology, 876000 240
ho material or application
experience base.
Lifetime estimated at five
years.

MTBF = 876,000 hours
(20 x lifetime for passive
unit) with no moving
parts. 180 units per
reactor.

Field data on similar 114928 72
devices used.

Redundant.

Similar to lead-to-steam 367175 98
heat exchanger. Values
factored for increased
quantity.

Field data on similar 114929 194
devices used.

Redundant.

Cryogenic absorber use 43647 72
proven technology. The

system is mostly static

except for the pumps.

Field data on similar

devices used where

appropriate. 24 hour

warmup/cooldown time

assumed for cryogenic

system.

Aerospace
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Table 6.3.3-2.

Item Data Sources
Reactor NPRD
Vacuum Table 6.3.3-3
Pumps
Lead NPRD
Decontam-
ination
System
Lead Crain NPRD
Pump Table 6.3.3-3
Reactor J. Richardson, OH
Computer Table 6.3.3-3
Control
System
Helium NPRD
Extraction Table 6.3.3-3
Pump
Helium NPRD
Extraction
Loop
Heat NPRD
Exchangers, Table 6.3.3-3,
Helium Low Table 6.3.3-4
and High
Pressure
Reheaters

Use or disclosure of data
subject o title page restriction

Description

Ten reactor vacuum
pumps used at each
of three ports.

No description
provided.

Mo specification,
assumed similar fo
Tritium Extraction
Pump

The computer control
system is a safety
system; therefore, a
hot standby system is
atways availabie.

Assumed similar to
blanket tritium
extraction pumps.
Two pumps for
redundancy.

Similar to the tritium
extraction loop.

Similar to lead-to-
steam heat
exchanger. Two
reheaters in the
circuit.

MDC 92E0008, VoL. Il

Notes

Field data on similar
devices used.
Redundant.

Assume MTBF and
MTTR are similar to the
Tritium Extraction Loop,
but cooldown/warmup
times reduced.

Field data on similar
devices used.
Redundant.

Computer system has a
prescribed unavailability
of 1x10-3 MTBF
computed to achieve
this. Redundant.

Field data on similar
devices used.
Redundant.

No specific data available
s0 data assumed similar
o the tritium extraction
loop.

Field data on similar
devices used.

McDonnell Douglas Aerospace
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MIBE MTTR
(HRS) (HRS)
64666 194

43647 48

114929 194

223776 224

114928 184

43647 72

367175 98
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Table 6.3.3-3. Heavy lon Driver: Failure Rate and Repair Time Analysis

DATA SOURCES:
S§S8C Laboratory, TRIUMF and Fermilab, and NPRD Data

DESCRIPTION:
Comprises ion source, LINAC, storage rings, and final transport. Only components that are
significant contributors to failure rates and repair times shown.

DESIGN NOTES:
Data assumes welded warm iron magnets, infrequent thermal cycling, minimum Lorentz force
stresses. Heavy duty cryogenics reduce warm-up and cool-down time. Focusing and
steering magnets have similar characteristics. Neutron bombardment is insufficient to cause
brittle welds. Estimates final transport magnet count.

FAILURE RATE:
Where lifetime is quoted, MTBF values are 10 x Lifetime. Redundant function data shown in
the format (functions used} + (% redundancy).

Device Magnets Cells HV Supplies Injectors Pumps
Lifetime/Basis Fermilab Est. 2x1011 shots
Unit MTBF hours 4,000,000 556,000 | 800,000 114,929 114,929
Unit MTTR hours 24 2 2 194
Units per:
lon Source 0 0 1 1 1
| LINAC 878 439 439 0 12
Storage Rings 64 0 0 0 4
Final Transport 986 0 0 2 2
Unit Totals 1,038 438 440 3 19
NOTE:

Vacuum pumps fully redundant with hot standby.

Table 6.3.3-4. In-Service Reliability Records

Equipment Units MTTR
Pumps/Gas Blowers 16 194
{number of records) 10
{at hours} 1935
Heat Exchangers 16 404
(number of records) 5
{at hours} 2019
Active Computer Safety Systems 2 224
{number of records) 1
(at hours) 224

McDonnell Douglas Aerospace
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6.3.3.5 Maintainability Task Analyses - For complex, highly design-specific

subsystems, maintenance field data is not available. These tasks were identified, and
maintainability task analyses were performed. Table 6.3.3-5 summarizes the
maintainability task analyses.

Table 6.3.3-5. Maintainability Task Analysis Summary

ltem Activity Estimate
(Hours)

1 Remove Hemispherical Pressure Vessel Top 46

2 Remove (One) First Wall Panel 4

3 Replace First Wall Panel 4

4 Remove (One) Blanket Module 4

5 Repair Blanket Moduie 4

6 Replace Blanket Module 4

7 Remove and Replace First Wall Panel in Third Layer 120

8 Remove and Replace Blanket Module in Third Layer 240

9 Remove First Wall Lead Coolant Pump 18
10  Replace First Wall Lead Coolant Pump 23

11 Remove First Wall Lead Coolant Heat Exchanger 25
12  Replace First Wall Lead Cooclant Heat Exchanger 31

13  Remove Blanket Helium Coolant Pump 15
14  Replace Blanket Helium Coolant Pump 21

15 Remove Blanket Helium Coolant Heat Exchanger 21

16  Replace Blanket Helium Coolant Heat Exchanger 28
17  First Wall Panel Inspection 49.8
18 Bianket Inspection 41

6.3.3.6 Reliability, Availability and Maintainability Analysis Results - The

results of the A analysis of key reactor plant parts are shown in Table 6.3.3-6. The
impact on availability of large quantities of identical equipment and redundancy in
some subsystems has been accounted for in the calculations. The A, of key plant items
is then factored down by considering remaining equipment and the effect of human
mistakes. The A, values for key plant parts are defined as contributing to 90% of
unplanned maintenance down time. Human factors derating K are not included
(normally between 1.1 and 1.6) due to anticipated benefits of maintenance planning
(see Section 6.3.2).

The overall plant Ay accounts for all outages throughout the life of the plant. It is
computed from A, by factoring in allowances for random failures in the rest of the plant
(about 40% of total), 30-day shutdowns at yearly intervals, and major refits at longer
intervals. Yearly 30-day outages for scheduled inspection, and adjustment and
service are typical practice for existing commercial nuclear fission generating plants.
The outage times for major reactor refits and the interval between them take into
account the expected life of the Blanket and First Wall and the total replacement times
for them as calculated in Table 6.3.3-5 and summarized in Table 6.3.3-7. Note that
these times include a concurrent portion since the First Wall must be removed to
access the blanket.
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Table 6.3.3-6. [IFE Inherent Availability Computations
MTBF
Subsystem Factor Redundancy | Sets | MTTR Aj
Target Subsystem
Target Factory 2924 1 24 |99.18
Target Gun 26280 1 24 |99.90
r Driver Option Onl
Laser Amplifier 556000 16 60 8 |99.98
Laser Amplifier Blower 411000 16 10| 194 | 99.46
Laser HX 367174 16 10| 98 |99.82
Final Optics 450000 60 4 199.94
Optics Backing Pumps 114928 2 607 194 [97.98
Complete Laser Driver 87.24
H lon Driver ion Onl
Magnets 4000000 1038| 24 |99.38
tnduction Cells 558000 439 2 199.84
HV Supplies 800000 440 2 |99.89
Injectors 114929 3 2 199.99
Vacuum Pumps 114929 2 18] 194 |99.79
Complete Heavy lon Driver 98.91
First Wall
Reactor First Wall 175200 30] 120 (97.98
Coolant Pumps (Pb) 114829 2 1 84 |99.99
Coolant HX (Pb/Water) 367175 1 a8 |99.97
Blanket
Blanket Assembly 876000 180| 240 |985.30
Blanket Coolant Pumps (He) 114929 2 5 72 199.99
Blanket HX (He/Water) 267175 5 98 |99.81
Tritium Extraction Pump 114929 2 1] 184 |99.98
Tritium Extraction Loop 43647 1 72 199.83
Reactor Miscellaneous
Reactor Vacuum Pumps 64666 10 3! 184 }99.27
Lead Decontamination S/5 43647 1 48 199.89
Reactor Lead Drain Pump 114929 2 1 194 |99.9%
Reactor Control S/S 223776 2 11 224 199.9%
He Extraction Pump 114929 2 1{ 194 | 99.99
He Exiraction Loop 43647 1 24 ]98.84
Summary
Laser Option 89.28
Heavy lon Option 90.68

Note: HV = High Voltage

S8/8 = Subsystem

HX =

Heat Exchanger

Table 6.3.3-7. Summary of Blanket and First Wall Reliability and Maintainability Data

item Life Replacem im Equivalent Qutage
(hours) (hours) {hours/year)
Bilanket 43800 (5 yrs)* 260 52
First Wall 26280 (3 yrs)* 212 71

* The final design for the Blanket and First Wall predicted lifetimes of 10 and 5 years,

respectively.
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For comparison, the reactor outage for 16 Ontario Hydro CANDU (Nuclear Fission)
reactors for the period 1987 through 1991 was 184,196 hours, including

160,384 hours for refitting several oider reactors. The balance of 23,812 hours’
outage were for non-refit reasons and occurred during an estimated 540,416 hours
attempted reactor run time. These values are distorted by an unusually high number
of major refits during the period, equating to 73.7% achieved availability which is low
due to the refits and 95.6% for inherent availability which is high since many reactors
were recently commissioned or refitted. The two values bracket the value used for the
fusion reactor. Table 6.3.3-1 previously showed a recently reported selection of
nuciear plant availabilities from around the world. Nearly 50% of the reporting power
plants had availability exceeding 80%.

6.3.3.7 Design Notes - In order to achieve the availability computed for the fusion
reactor generating station, the assumptions embedded in the computations must be
realized in the final design. The most significant assumptions are outlined below.

Target Factory - Because of its complexity and high pressure technology, the target
factory has a relatively poor MTBF. Thus, it is important to implement a redundant
design. In order to reduce its impact on the reactor A| to a manageable level, the
design must achieve a MTTR of 24 hours. MTTR was originally calculated at

105 hours.

Laser Amplifiers - Large numbers of these are used. The value for MTBF is a
significant improvement over what is achieved currently, representing expected design
improvements in this immature field. In order to further reduce the impact of laser
amplifier failure rates on the reactor A, to a manageable level, each group of

16 amplifiers serving a beamline should continue to function with one unit under
repair. If the resuiting 6% power loss has an unacceptable effect on reactor
performance, then a 17th (redundant) unit is required. The design should facilitate
repair of the amplifiers while the reactor is on-line. (This is a general requirement for
all redundant units.)

Laser Heat Exchanger - The calculated figure for MTTR (98 hours), based on

Table 6.3.3-4 calculations applicable to the first wall heat exchanger, is significantly
less than field records (404 hours). It is believed to be a reasonable value but the
design should accommodate the requirement if it is a design challenge. It is assumed
that the heat exchangers are arranged in groups similar to the laser amplifier blowers
to provide a measure of redundancy. An integrated blower/heat exchanger design
would be advantageous if feasible.
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Optics Backing Pumps - The MTBF of 114,929 hours is taken from pump data and is
better than the typical vacuum pump MTTR which is 65,666 hours. This is justified on
the grounds that the vacuum required is not an especially good one. However, it may
represent a design challenge.

Heavy lon Driver - The MTTR of 24 hours is a target for the complete exchange of a
superconducting magnet including warm-up and cool-down. It may represent a
significant design challenge and probably involves the use of a warm iron design,
which cools down and warms up more rapidly than a cold iron design since the iron
core is outside the cryostat. The cryogenic equipment requires extra capacity. The
use of techniques to accelerate magnet removal, replacement and alignment,
including automated beam vacuum pipe cutting and rejoining, has been explored for
the proposed KAON Factory at TRIUMF, Vancouver, and the MTTR is believed to be
feasible.

6.3.4 Design for Decommissioning - Fusion reactors using a deuterium/tritium
cycle have the advantage over fission reactors in that there is no radioactive spent fuel
1o be disposed of; the reactor structure is the only radioactive waste at the end of plant
life. Use of low activation materials was chosen to keep activation to a minimum. The
choice of total remote maintenance for key parts is expected, by itself, to greatly
simplify and reduce the cost of final disassembly. The design process, therefore, took
into account not only maintenance but also final disassembly.
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6.4 Target and Target Fabrication

Target physics issues are not addressed in this section or in this report as all pertinent
data have been supplied by the DOE Target Working Group (TWG).1.2 Data on target
gain and physics used in this report is also found in the TWG's recommended
guidelines.2 and are summarized in Chapter 3. The question of illumination
symmetry for direct drive targets may be considered a target physics issue and is
discussed in Reference 1. However, the information supplied by the TWG pertains to
beams with a sin®x/x2 profile. It will be much easier to supply beams with a somewhat
different profile using the laser system proposed in this report (see Section 6.5). The
question of illumination symmetry is, therefore, discussed in Section 6.4.1 to show that
the proposed system will not lead to a deterioration in target performance over that
prescribed in the TWG guidelines. lllumination symmetry is also used to examine the
effect on target performance of various laser system malfunction scenarios.

The issue of target fabrication is addressed in Section 6.4.2. Aliernative target
fabrication techniques are reviewed and specific methods are chosen for this reactor
design. Additionally, the question of target survivability is addressed in view of the
vartous thermal, structural, and other stresses encountered by the target in the reactor
system.

Section 6.4.3 is devoted to the target factory. It includes a discussion of the overall
fayout of the facility including the fabrication and inspection techniques employed
therein. The section concludes with a discussion of target production costs and target
factory staffing requirements.

The target injection system is covered in Section 6.4.4. Acceleration systems are
proposed for both direct and indirect drive targets. Target tracking and beam steering
systems are defined for both target types.

6.4.1 Target Performance - Data on illumination symmetry for direct drive targets
was provided by the TWG for a 60-beam arrangement similar to the one described in
Sections 6.3 and 6.8. As mentioned above, this information was obtained assuming a
sin2x/x2 beam profile. However, it may be much easier and economical to generate
beams with a flat, "top hat" profile with the laser system described in Section 6.5. The
question of illumination symmetry for such beams has, therefore, been examined to
insure that there is no unacceptable decline in performance from the data provided by
the TWG.

6.4.1.1 lllumination Symmetry - lllumination symmetry and uniformity
requirements on a direct-drive spherical target irradiated with multiple laser or other
beams has been studied by a number of authors.3-5 A formalism that has often been
used to study uniformity of illumination is described in Reference 5. In this method, the
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irradiation pattern on the sphere is broken down into spherical harmonics. Additional
detail is added by using a single beam factor evaluated by tracing rays through the
target plasma. A geometrical factor is aiso used to account for the number and
orientation of the beams.

A view factor computer code was developed to study illumination symmetry for this
reactor design study. The code uses algorithms common to similar codes developed
to study radiation transport problems. However, the code has a number of unigue
capabilities not common to other view factor codes, such as the ability to modet highly
collimated beams arranged in arbitrary geometries and pointing in arbitrary directions.
Although quite different from the formalism described in Reference 5, the code gave
similar results on benchmark problems. The code breaks the target surface into some
large number of elements of approximately equal area. It then uses information on the
geometry and apodization of the illuminating beams to solve the geometric probiem of
where within the sheaf of each beam each of the target surface elements is
intersected. This makes it possible toc determine how much energy is received from
each beam by each surface element. These quantities are summed for all the beams
and the results are compared, allowing conclusions to be drawn regarding variations
in illumination over the target surface. It is possible to introduce beam mispointing
errors either manually or randomiy, and to introduce energy imbalances between the
beams. ltis also possible to keep track of illumination symmetry as the target travels
through space. At present, only surface illumination effects are modeled. The
algorithm is flexible enough to allow for simulation of volumetric absorption effects
should this become necessary. However, illumination symmetry results supplied by
the TWG were closely duplicated without resorting to volumetric modeling. Unless
otherwise noted, the results described in the following paragraphs apply to beams that
have a top hat profile. The results were obtained for target surfaces subdivided into
500 surface elements. Greater surface resolution than this did not significantly change
the results for the 60-beam system modeled. The beams were arranged as shown in
Sections 6.3 and 6.8.

Figure 6.4.1-1 shows the effect on illumination symmetry of variations in the ratio of
beam radius to target radius. This ratio is, of course, 1.0 for tangential focus. In an IFE
reactor, the target wouid implode during illumination by a beam of uniform radius,
causing the ratio to vary from 1.0 at the start to around 2.0 at the end of the laser puise.
For zoomed illumination systems, the ratic would stay at about 1.0 throughout the
pulse. The curves in Figure 6.4.1-1 were generated assuming perfect beam energy
balance with no mispointing. Under these ideal conditions, the top hat beam
apodization results in a deterioration of illumination symmetry compared to the
sin2x/x2 profile. The rapid drop off in performance seen for ratios less than 1.0 is
especially pronounced for the flat profile. Clearly, illumination must be at least
tangential for a flat apodization and, preferably, somewhat greater to allow for
mispointing and beam jitter. The symmetry above a ratio of 1.0 is very flat, as
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Figure 6.4.1-1. Beams with Top Hat Profiles Deliver Acceptable lllumination Symmetry

expected, since the intensity of the beam does not vary at any point in a cross section.
For very large ratios, the sin2x/x2 profile begins to look flat to the target and begins to
approach the top hat curve.

Evidently, under otherwise perfect conditions, some sacrifice in performance is made
by going to flat beams. However, above a ratio of 1.0, the irradiation nonuniformity is
still significantly below the target figure of 1.0 set by the TWG. It is, therefore, apparent
that top hat beams can potentially meet reactor illumination symmetry requirements.

It is unlikely that the perfect beam pointing and energy balance conditions assumed
above can actually be achieved in a working reactor. Figure 6.4.1-2 shows the effect
on irradiation uniformity of random beam pointing errors. Beams were configured so
that tangential illumination would have occurred in the absence of pointing errors. The
curves in the figure were generated by choosing a maximum pointing error, and then
mispointing each beam by a random fraction of this amount between 0.0 and 1.0. As
these errors increase, the superiority of beams with the sin2x/x2 apodization becomes
less marked and, eventually, disappears entirely. Interestingly, beam mispointing
causes 60-beam systems with both apodizations to exceed the critical 1% root mean
square irradiation nonuniformity level when the maximum mispointing exceeds about
0.07 of the target radius. This shows that beams with the top hat profile will not cause
reactor performance to deteriorate faster than the sin2x/x2 apodization in the presence
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Figure 6.4.1-2. Top Hat Beam Performance Is Not Significantly Worse than that of
Beams With sin2x/x2 Profiles in the Presence of Random Mispointing Errors

of small mispointing errors. In particular, the critical 1.0% illumination nonuniformity
level will not be exceeded faster with top hat beams. This is significant because some
mispointing error is probably unavoidable. It is noted that qualitatively similar curves
to those shown in Figure 6.4.1-2 were obtained using different sets of random
numbers. it was not, however, possibie to conduct sufficient runs to determine
statistically accurate error bars at all points.

The most likely laser system malfunction for the direct drive reactor proposed here
would entail.the loss of 1/16 of one beam, or 1/960 of overall laser energy. Results of
such a malfunction are shown in Figure 6.4.1-3. The resulting illumination
nonuniformity would not be significantly greater than that predicted under ideal
conditions. Target performance would not suffer any significant decline. Also shown
in Figure 6.4.1-3 is the result of the much more unlikely loss of one fourth of a single
beam. Even under these conditions, the irradiation nonuniformity under otherwise
ideal conditions does not exceed 1% for beam radius to target radius ratio greater than
1.0. Again, comparison with Figure 6.4.1-4 shows that performance of beams with the
top hat profile is not significantly poorer than those with the sin2x/x2 apodization for
loss of 1/4 beam. Calculations show that the loss of one entire beam out of the 60
would result in failure to properly implode the target for both apodizations.
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Figure 6.4.1-3. Reasonable Loss Scenarios Do Not Lead to
Target Failure with Top Hat Beams
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Figure 6.4.1-4. Beams With sin2x/x2 Profiles Do Not Show Significantly Better
Performance in Beam Power Imbalance Scenarios
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6.4.1.2 Target Heating in the Reactor Cavity - In the proposed direct drive

reactor design, sabots will be used to protect the targets during acceleration in the
injection system. However, the sabots will be separated from the targets before they
enter the reactor cavity. The unprotected targets must reach the firing point before the
cryogenic fuel layer is heated above the triple point by radiation and interaction with
the gases in the cavity. Excessive target heating could force a reduction in the pulse
repetition rate or redesign of targets with shine shieids, ablative layers, or other
protective schemes. Previous studies have raised serious concerns about the ability
of unprotected targets to survive their journey through the cavity.6 However, higher
ambient cavity temperatures and/or pressures were assumed in many of the studies.
For example, a cavity temperature of 2000°C was assumed in the Solase report.6 We
assume that cavity temperature will not exceed 600°C during target transit. Note that
the target will not enter the cavity region until the cavity temperature and pressure are
nearly at equilibrium conditions. Radiation tends to dominate the heat transfer o the
target. Since radiation is proportional to the fourth power of the absolute temperature,
serious problems at 2000°C do not imply that similar difficulties will exist at 600°C.

The target heating problem was examined with the aid of a 3D spectral method
computer code. It was used to solve the non-linear heat equation,

9T _ Giv (K(T)VT) + g

PCp 5t

where:
p = density in g/cm3
Cp = constant pressure heat capacity in joules/deg-g
K = conductivity in watts/deg-cm
q = volumetric heat source (non-zero only in DT ice)
T = temperature in °K

and the boundary conditions were,

.dT

o7 _ 2
shell op = @ watts/em® (heat flux on shell surface).

The code used Chebyshev polynomials and grid points in radius and spherical
harmonic functions and grid points in latitude and longitude (spherical coordinates).

A domain decomposition method was used making it possible for all parameters,
such as k, cp, g and r to vary discontinuously across material boundaries. Shell heat
capacity was assumed constant at 1.754 joules/deg-g. The code can allow for
temperature-dependent conductivities. However, since this dependence is not well
understood at very low temperatures, shell conductivity was also assumed constant for
each run. A range of plausible conductivities were then checked in separate runs.
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Target temperature distributions were checked after 0.1 seconds, a maximum
assumed transit time of targets through the cavity. (Note that the final design for the
direct drive injection scheme reduces the target transit time to 0.0375 seconds for a
velocity of 200 m/s over a distance of 7.5 m. This conservative estimate will
compensate for time to accelerate capsule and transit through the shielded blanket
region.) The target examined was that prescribed by the target working group scaled
to a driver energy of 4 MJ. An ambient pressure of 3 mtorr was assumed for the direct
drive (DD) targets. A sample of the results obtained with the code is shown in

Table 6.4.1-1.

Table 6.4.1-1 Effects of Cavity Environment on Direct Drive Targets
After 0.099 sec. (3.0 mtorr H)

Ambient Sheli Thermal lce/Vapor lce/Shell Outer Shell
Temp, K Conductivity, W/K/cm Temp, K Temp, K Temp, K
2000 1.0x10-3 11.17 11.87 776.30"
700 2.0x 103 10.23 10.30 18.20
800 2.0x103 10.39 10.50 24.00
1000 20x10-3 ' 10.91 11.21 4.18
2000 2.0x10-3 19.68 29.62" 556.90"
700 40x10-3 10.80 10.95 15.89
1000 4.0x 103 13.03 13.96 34.53
700 8.0x10-3 11.45 11.68 14.36
1000 8.0 x 10-3 15.40 16.99 28.17

* Shell outer surface temperature above CH damage threshold and/or DT ice temperature
exceeds the triple point.

Tabie 6.4.1-1 shows that, at 3.0 mtorr, much higher temperatures than those expected
in the reactor design presented here for DD targets would be necessary to cause
significant target damage or deterioration, even in the unlikely case that the target
absorbed all the radiative energy impinging on its outer surface. No shine shield or
other special precautions would be necessary to avoid target thermal damage in the
reactor cavity. Should the expected DD reactor cavity temperature and pressure
during target injection prove unrealistically low, it would still be possible to overcome
target heating problems by increasing injection velocity, thereby decreasing the
amount of time the target is exposed to the cavity environment. According to the data
presented in Reference 7, the DD targets should survive accelerations much higher
than those required by the design presented here.

Ambient pressures in the indirect drive reactor cavity during target injection are
expected to be similar tc those for direct drive. Since ID heavy ion targets are
completely enclosed in a radiation case, they are inherently more resistant to
problems with overheating than their direct drive counterparts. A simpie analysis of
heat conduction in such targets shows that, even at pressures of 100 mtorr, no DT ice
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melting will occur after 0.1 seconds. in other words, at design temperatures, indirect
drive targets should be able to survive ambient pressures more than an order of
magnitude higher than expected within the target cavity. Furthermore, at the 500 K to
600 K cavity ambient temperatures expected in the indirect drive reactor system
proposed here, no significant damage to the radiation case material should occur.

6.4.2 Target Fabrication - in this section fabrication methods for the major
components of direct and indirect drive targets are discussed. Many of the techniques
described have actually been used to produce targets for IFE experiments.
Unfortunately, none of them has succeeded in demonstrating a capability to mass
produce reactor size targets. In large par, this probably results from the lack of an
immediate need for a large quantity of reactor size targets and the consequent lack of
R&D funds devoted to their development. It should be straightforward, for example, io
fabricate radiation cases for indirect drive targets and sabots for direct drive using
existing technology. In spite of the many promising fabrication techniques described
below, however, the same cannot be said of target shells. Reactor size shelis can
certainly be made using very expensive microfabrication and micromachining
technigues. However, fabrication of such shells has not yet been demonstrated using
droplet generators, microencapsulation, and other promising techniques for
economical mass production. In the following section the case is made that this
should not necessarily disqualify these techniques from consideration as candidates
for reactor target mass production.

6.4.2.1 Target Shell Fabrication - Numerous techniques have been tried for
producing target shells for experimental IFE facilities. A number of these show
promise as methods for mass producing targets for IFE reactors. Some of the
techniques are reviewed below. The methods described do not represent an
exhaustive list. Forthat matter, it is quite possible that none of them wilt be chosen to
produce targets for future reactors. A glance at "The Journal of Vacuum Science and
Technology,” or a similar publication in the field of applied chemistry is enough to
impress one with the huge number of techniques that may someday have an impact in
controlled fusion. Significant research and development resources have not yet been
committed to developing ways of mass producing reactor size plastic target shells.
When they are, it is not unlikely that new techniques will be developed which will
supersede all the processes described here. The goal of this section is not to
prescribe what the eventual shell fabrication technology will be. Rather, it is to make
the case that, if necessary, reactor-size targets could be economically mass produced,
if not with off-the-shelf technologies, at least with modest extensions thereof.

Historically, the vast majority of experimental laser fusion target shells have been
composed of glasses of various types. Such shells can be produced by injecting
drops of aqueous solutions of the glasses into the top of a drop tower or vertical tube
furnace. Glass shells are formed as the drops fall through the furnace and are
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collected at the bottom. This technique offers excellent control over shell mass and
size. However, it is limited to a relatively narrow range of compositions and production
of relatively small shelis.8 In a somewhat similar but more versatile technique, the
components of the glass are placed in solution and converted into a gel. This material
is crushed into a fine powder. A sieving step separates the powder into particles of the
desired size. The material is then introduced at the top of the drop tower. lt is possible
to produce plastic shells using variations of the above techniques. However, it will
probably be impossible to produce simple blown shells at the size and thickness
levels necessary for IFE reactors.® Fortunately, promising alternatives to the
procedures outlined above have been demonstrated. Some of these are described
below.

Dropl nerators/Microen lation - In the various versions of
microencapsulation, polymer layers are formed around droplets of volatile liquid in a
suspending medium. The liquid is then removed by evaporation or some other
exchange procedure leaving behind a plastic shell. In one version of the process,10
an aqueous phase is emuisified in an organic solution of the desired polymer;
subsequently, the oil/water emulsion is poured into a second water phase yielding a
water/oil/water emulsion. The solvent is driven off thermally, leaving polymer shells
containing water. The water is removed by gently heating the shells in vacuum. This
procedure has been used to make CH shells. In an adaptation of the same process,
CH shells with PVA permeation barriers have been produced. In the method
described above, droplets are formed by rapid stirring of the mixture. This allows for
littie control over droplet size and thickness. To alleviate this problem, droplet
generators with double and even triple nozzles have been introduced. These make it
possible to exert much greater control over shell geometries. Shells can be produced
from the droplets by allowing them to fall through heating towers or introducing them
into a microencapsulation medium.

It presently appears unlikely that blown shells with diameters greater than about 1 mm
can be produced within the tolerances demanded for inertial fusion targets. Droplet
generators combined with microencapsulation are a promising alternative. Targets of
the size and thickness needed for future IFE reactors have not yet been created using
these techniques. However, there has, yet been no great demand for them. There is
much room for progress in this field if significant research and development funds are
made available. This seems justified considering the adaptability of these processes
to the demands of mass production and their ability to produce uniform, seamless
shells with excellent surface characteristics.

Micromachining - Several micromachining techniques have been used with good
success to produce targets larger than those generally available from such processes
as microencapsulation and drop tower blowing.11.12,13 The term micromachining will
be used to refer to a number of techniques that have been applied for fusion target
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fabrication, including, among others, single point diamond turning, diamond sawing,
laser drilling, and mechanical polishing. A significant application is in the creation of
hemispheres that can be mated to form target shells.

The application of single point diamond turning to production of IFE targets was
pioneered at L.os Alamos and Livermore National Laboratories.14,15 The technology
existed before the need for fusion targets arose. However, the delicate nature of the
work involved made it necessary to refine control of temperature, vibration, etc., on
existing devices. Reported applications have included machining of support stalks
from mandrels used to facilitate plastic coating of glass spheres. Extremely smooth
surface finishes can be achieved in this way. It may be possible to apply a similar
technique in future target factories as a final finishing technique for shell surfaces.
Single point diamond turning has also been used to create hemispherical shells. In
one technique, a convex mandrel was first machined. A layer of coating material was
then deposited over the mandrel, and excess material was machined away. The
mandrel was then dissolved to leave a hemispherical shell. Variations of this process
have been used to produce shells with a step across the edge to facilitate mating.
Stringent tolerances and surface finishes are necessary to successfully mate
hemispheres for fusion target applications. This is a serious objection to the use of
hemisphere mating for target mass production. Single point machining is one way of
meeting the required tolerances. However, control of large numbers of such lathes in
a future factory would be a daunting task.

Laser cutting has also been used to produce hemispherical sections by rotating the
surface of a hollow shell through the focal point of the laser beam. However, the finite
cut width of the laser beam makes it very difficult to produce hemispheres that can be
accurately remated in this way.

Laser drills have been used to create tiny holes in target shells, which can then be
used to introduce high-Z gases for use as diagnostics. A similar technique could be
used in a target factory as part of a drill and fill operation should the tritium inventories
and fill times required by the diffusion filling process prove excessive.

The so-called void formation method, which has been used to create large glass and
plastic shells,6 employs several micromachining techniques. The process consists of
forming a spherical bubble in molten material, then grinding away the excess material
to form a shell. The material can be rotated during the process to minimize the effect of
bubble movement. In an application of this technique reported in the literature, the
moiten material solidified into a cylindrical mass after void formation. A diamond
cutting wheel was used to cut a rough cube containing the bubble from this mass.
Diamond saws were then used to form a rough sphere. The capsule is then placed in
a lapping system consisting of three lapping mandrels, as shown in Figure 6.4.2-1,
which is capable of grinding and polishing the surface to any desired thickness.
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Large, seamless, uniform shells can be created in this way. Unfortunately, the process
is extremely fabor intensive, and is an unlikely candidate for mass production of
targets.

Figure 6.4.2-1. Shell Held in Place by Three Laps, Driven by
Independently Controlled Motors

Hemisphere Fabrication and Joining - Hemispheres can easily be filled with fuel and
then joined together to form target shells. Lengthy diffusion filling steps requiring large
tritium inventories can be avoided in this way. Unfortunately, it may be difficult to
produce the hemispheres with sufficient precision for fusion target applications and
keep their costs within reasonable bounds at the same time. Micromachining
techniques for producing hemispheres have already been described above. Other
methods which are more promising for eventual mass production include chemical
etching and solid-state processes.17,18

One such technique takes advantage of the reiatively advanced state of development
of glass shells for fusion applications. Such shells are sputter coated with a copper
release layer and then embedded in epoxy. The epoxy is then reactive ion etched in
oxygen down to the equator of the glass shell. When the shell is removed from the
epoxy, a negative hemispherical mold is left behind in the epoxy surface. This surface
is replicated using a silicone rubber compound. The positive rubber replica is used as
a master mold for making any number of final molds. This is done by curing a drop of
photoresist on the rubber master mold. Once a metal substrate is epoxied over the top
of the photoresist and allowed to cure, the silicone master can be peeled away for
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eventual reuse, leaving the photoresist final mold mounted on the metal substrate.
These molds can then be coated with any chosen shell material. Hemispherical shells
with excellent surface quality have been produced using this method. Unfortunately,
the size of the high quality blown glass shells used in the process is presently limited
to about 1 mm. Production of thick shells with fine edge tolerances is also difficult
using the method. '

A method that shows more promise for producing large, thick, hemispherical shells
borrows technigues developed in the semiconductor industry. The mass production of
silicon computer chips provides ample evidence of the utility of such techniques in
producing large numbers of identical objects.

- In the basic process, hemispherical cavities are first formed in silicon wafers using
batch photolithography and isotropic etching. Techniques exist for creating self-
aligned flanges on the edges of these cavities. Once a hemispherical cavity is formed,
its surface can be doped with a material that renders it insoluble to silicon etchant.
The remainder of the wafer can then be etched away leaving a hemispherical shell.
Alternatively, the hemispherical cavities can be used as molds for other material. To
create thick shells, the entire cavity can be back filled with a selected material, which is
then polished down to the level of the original masking layer on the surface of the
silicon wafer. A hemispherical cavity is then formed in this material using the same
photolithographic pattern definition and isotropic etching techniques used to create the
original hemispheres. The finished hemispherical sheli can then be freed from the
surrounding wafer. Large, thick shells with excellent surface finish can be made in this
way.

Target Shell Fabrication for the Prometheus Reactors - Droplet generators combined

with microencapsulation have been chosen as the target shell fabrication technique
for the Prometheus reactors. As already pointed out above, shells of the size and
thickness necessary for future reactors have not yet been demonstrated using these
processes. However, this reflects the lack of research and development devoted to
production of reactor-size targets more than the unsuitability of droplet generators and
microencapsulation for producing them. The very fact that there is so much potential
for progress in this area is a good reason for not overdesigning shell fabrication
facilities at this point. Even in the unlikely event that no further progress is made in
these technologies, ancillary technologies in combination with some of the other
techniques described above could be used, taking shells produced by droplet
generators/microencapsulation as a starting point, to produce shells suitable for fusion
reactors. Glow discharge polymerization (GDP), for example, has been used to
fabricate CH coatings on fuel shells. It could be used to increase the thickness of
polymer shells. It produces hard, strong, tough surfaces and good adhesion to
existing surfaces has been demonstrated.19 Significant technological progress has
been made recently in achieving smooth surface finishes using GDP. Other promising
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coating technologies exist which, alone or in combination with micromachining steps
for grinding away excess material, could be used to increase the thickness of shells as
necessary.

For purposes of designing the overall target fabrication facility a shell production
procedure similar to that shown in Figure 6.4.2-2 is assumed. Provision for extra
coating steps and generation of droplets with multiple layers is not shown in the figure.
This does not reflect the belief that no such procedures will be necessary, but that i is
impossible to predict their exact nature at this point.

6.4.2.2 Fuel Filling Procedure - Diffusion filling has been chosen as the fueling
method for this design. It relies on the exiremely high permeability of CH shells to
hydrogen to allow filling within reasonable times. The fueling process will begin with a
preheat step to drive residual gases out of the target shells. The preheat step will have
dual benefit of degassing shells and making them stronger at the same time. The goal
will be to constantly maintain optimum filling rates during the entire process while
avoiding damage to the shells due to excess pressure.

The diffusion filling process would take place in a pressure vessel such as that shown
in Figure 6.4.2-3. Empty shells received from the shell fabrication area would be
introduced into the low pressure end of such vessels through a pressure lock. A
number of the pressure vessels, perhaps as many as ten to fifteen, could be arranged
in parallel. This would allow for periodic maintenance or replacement of individual
vessels and an excess filling capacity should this be necessary, for example, to
provide targets to other facilities, or to store targets on site for immediate restart after

short reactor shutdowns. Once loaded into the diffusion filling vessels, targets would
be automatically conveyed through a number of zones of gradually increasing
pressure separated by pressure locks. Maximum fill pressures would be about 800 to
1200 atmospheres. A heating system would maintain temperatures in the vessels at
constant levels. A temperature of approximately 200°C would be optimum for rapid
target fill, but it may be necessary to limit actual temperatures in the vessels to around
100°C to avoid softening damage to the polystyrene shells as well as excess leakage
of tritium through the vessel walls and deterioration due to hydrogen corrosion and
embrittlement. A limited amount of breakage of faulty target shells could be expected
under the extreme conditions in the pressure vessels. However, experience with
diffusion filling of the much more fragile experimental targets now in use has shown
that neighboring shells seldom suffer significant surface or other damage when this
happens. Fill times will depend on the exact thickness and state of polymerization of
the plastic shells. However, assuming permeabilities near those of the experimental
CH shells produced to date, fill times will likely be about 24 to 36 hours. The larger of
these numbers is used in estimating required tritium inventories.
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Hydrogen attack and hydrogen embrittlement of the pressure vessels couid pose
severe problems if conventional steel vessels are used in the diffusion filling process.
In hydrogen attack, methane forms internally, causing the steel to swell and lose
strength, eventually resulting in material failure. This mode of failure is uncommon at
temperatures less than 200°C, but may become a problem at the extremely high
pressures necessary for diffusion filling.20 Hydrogen embrittiement refers to a
complex of physical processes that are still not thoroughly understood. However, its
effects can be devastating at much lower pressures and temperatures, leading to
reduced fatigue life, surface blistering, internal fissuring, and reduced stress rupture.21
Certain varieties of austenitic stainless steels have shown good resistance to
hydrogen damage. However, even they are not immune.22 The best solution to this
problem would seem {o be the use of aluminum pressure vessels. Aluminum and
related alloys seem to be practically unaffected by hydrogen damage, even at high
pressures. This characteristic is not dependent on the formation of an oxide layer, and
is true of weldments as well as the base metal.23 Some deterioration in the ability of
aluminum to resist hydrogen damage is seen when hydrogen at high temperatures
and pressures is combined with a high relative humidity. However, such problems
should not arise as long as care is taken to control humidity.

Tritium inventories required in a factory depending on the diffusion filling process may
be higher than those in facilities relying on some competing processes. However, they
need not be excessive. The density of solid DT is 0.213 g/cm3. The target would have
a layer of this material about 600 microns thick if scaled to a driver energy of 5 MJ.
The total DT mass would be about 7.5 mg. To provide such a mass, the entire interior
of the target must be filled with DT gas at a pressure of approximately 600
atmospheres. This means that, in the final stage of the filling process, it would be
necessary to surround the target with DT gas at a considerably greater pressure to
assure a rapid fill. In the early stages of filling, outside gas pressure would be
considerably less if the stepwise filling process outlined above is used. One can
assume an average fill pressure for the entire process of around 500 atm,
corresponding to a gas density of around 0.1 g/cm3 at a fill temperature of 100°C. The
CH shells must be surrounded by this pressurized DT during the entire diffusion filling
step, which will take approximately 36 hours. Close packed spheres have a packing
fraction of 0.74. The figure for randomly packed spheres is usually given as
somewhere at the high end of the 0.5 to 0.6 range. Allowing a reasonable amount of
space for automatic conveyor mechanisms, pressure locks, etc., one can
conservatively choose a packing fraction of 0.5.

For a repetition rate of 4 Hertz, around 350,000 targets will be consumed per day. This
implies that 525,000 targets will be in the diffusion filling stage if the fill time is

36 hours. Assuming the targets have a radius of 3 mm, each will occupy a volume of
around 0.11 ¢m3, and enclose a space of around 0.08 cm3. For the 0.5 packing
fraction cited above, 525,000 targets must then be surrounded by approximately
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60,000 cm3 of DT at 500 atmospheres. This gas will have a total mass about 6.5 kg,
corresponding to about 4.0 kg of tritium. The average fill pressure in the targets during
the process will be about 250 atmospheres. The 525,000 targets will, therefore,
contain about 0.003 grams of additional DT each on average during the fill, accounting
for another 0.95 kg of tritium.

If the beta heating process described below takes another four hours, another
87,500 targets will be in this stage of production at any time, corresponding to another
0.40 kg of tritium.

The total tritium required in the beta heating and diffusion filing stages alone, then, is
around 5.35 kg. Inventory in piping, stored targets, compressors, etc., will likely bring
the total inventory in the factory to around 7.0 kg. This corresponds to an activity of
6.8x107 curies. Thus, the diffusion filling process requires a rather high tritium
inventory. However, it will require none of the potentially expensive and technically
difficult mechanical processes described above, such as drilling, plugging, gluing,
molding, etc. It will not be necessary to provide for the individual fueling of each of
several hundred thousand targets per day. Human intervention in the filling process
could be kept to a minimum, making it possible to keep personnel requirements in the
tritium fill section of the factory low, thus enhancing the overall safety of the plant.
Furthermore, diffusion filling makes it possible to avoid surface seams, cracks, holes
and other imperfections occurring at mechanically joined or drilled surfaces that could
potentially cause degradation in target performance, perturbation of the beta heating
process and target disintegration under high acceleration.

A possible drawback to diffusion filling is potential tritium irradiation damage to the CH
shells during the relatively long fill times. Significant damage to inner layers could
occur in less than 100 hours.24, 25 This can be a problem in small, experimental
targets, where such damage can lead to shell failure. It is most unlikely that tritium
irradiation will lead to such problems in reactor-size targets with their much thicker
shells.

6.4.2.3 Creation of Uniform Fuel Layers - Excellent results have been
achieving with the fast-refreeze method in creating uniform fuel layers for targets with
diameters up to a millimeter and fuel layers of a few microns.26 However, for the
shells with radii of several millimeters and proportionally thick fue! layers, this method
is not successful.27 Use of low-Z foams as wicks for liquid DT has also been proposed
as a way of creating uniform layers. Unfortunately, foam targets wouid have
significantly lower gain than ones of similar size with free-standing ice layers. (TWG
communication)

The beta heating method is proposed for creating uniform DT ice layers. This method
relies on several simple physical phenomena to create uniform DT ice layers in
spherical targets.28 The relatively low energy beta released in the decay of the
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radioactive tritium component of the DT ice is absorbed close to its emission point
within the ice layer. This leads immediately to the generation of thermal gradients in
nonuniform layers. The DT layer within a plastic shell can be modeled as a closed,
solid-vapor system. In such a system, temperature gradients must be released by
sublimation. In thick regions of ice, relatively more energy will be released because of
the greater number of decaying tritium atoms. This will cause the thick regions to
become warmer and the ice in such regions to sublime faster. In the thin regions the
opposite is the case. Sublimation is slower and ice redeposition is faster. This
process will continue in a spherically symmetric system until the ice layer is uniform as
shown in Figure 6.4.2-4. The beta heating process could be used in conjunction with
other, simpler technigues to increase the speed of the overall redistribution process.
Air tumbling, for example, might be used during initial freezing of the ice to produce
approximately even layers. This would shorten the time necessary for the beta heating
process to create targets with ice layers sufficiently uniform to achieve high gain.
Feasibility of this preliminary tumbling step would depend on such factors as potential
damage to surface finish. Application of external thermal gradients could also be used
as a preliminary step to generate nearly uniform ice layers.2® Whether such
preliminary steps will be needed depends, of course, on the ice redistribution rates in
the beta heating process itself. Recent computer and experimental results seem to
indicate that they can be eliminated.30.31

Tunitorm (Shell)

e e

Tuniform (DT ice)

Figure 6.4.2-4, Energy From Beta Decay Can Form a Uniform Solid Layer of DT Fuel

The question remains of whether the process would be fast enough for mass
production in an IFE reactor target factory. Fast ice redistribution to form uniform layers
would be necessary to avoid deterioration of targets due to radiation damage and to
eliminate the need for excessive tritium inventories. Recent theoretical and
experimental work indicates that ice layers with sufficient uniformity for reactor targets
can be achieved in a matter of a few hours, depending on such factors as target size
and the thermal conductivity of the sheli material. Redistribution rates found using the
2D code mentioned above are shown as a function of shell wall conductance in

Figure 6.4.2-5. The relatively low thermal conductance of the CH shell means that
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Figure 6.4.2-5. The Thermal Conductivity of the Shell Material Is an Important Factor
in Determining the Rate of Heat Transfer. Ni is a Factor Used to Normalize the Thermal
Conductivity of the Shell Material to that of Glass.

predicted e-folding time constants will fall on the left side of the curve in the figure.
Experimental results obtained using a thick-walled copper cylindrical with sapphire
windows bear out these optimistic theoretical predictions.30 DT ice redistribution due
to beta heating within a 5.74 mm enclosure led to nearly uniform layers within three
hours. Faster rates can be expected with actual targets due to the low thermai
conductivity of CH compared to copper.

The target factory design proposed here in allows four hours for the beta layering step,
a time that seems reasonable in view of the available evidence and the possibility of
creating reasonably uniform layers by such preliminary steps as air tumbling.

6.4.2.4 Indirect Drive Target Case Fabrication and Mating - The capsule for

indirect drive targets will be similar to the direct drive targets, and will be fabricated
and filled in the same way. The radiation case must then be mated to the capsule
under cryogenic conditions. Incorporated in the case is a support structure to provide
target position and ability to survive acceleration while providing good illumination
symmetry. This configuration also happens to be the best for target performance and
would be easiest to manufacture. The exact configuration chosen will depend on
target performance requirements, which are beyond the scope of this report. However,
it should be possible to cheaply mass produce targets in either configuration.
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indirect Target Engineering Model - After the project decision to use the indirect drive

(ID) target as the baseline target for the heavy ion driver, a study was conducted to
determine the feasibility of mass producing the targets, techniques of handling and
injecting the target, and the survivability of the target. Indirect laser targets have been
successfully used in experiments, but only on a single shot basis, perhaps suspended
or positioned on a pedestal within the test chamber. Care was taken in the fabrication
of these limited-production targets to obtain the performance or experimental results
desired. Likewise, the thermal and handling environments were tailored to minimize
design and physics constraints.

To date, there has been no need to propose or design a mass-produced, commercial,
indirectly-driven fusion target as it is not needed for the present or planned
experiments. Therefore, to determine within this unclassified study the engineering
feasibility of an indirectly-driven target, not the physics feasibility, an engineering
model was proposed for evaluation and study.

General Target Modei Guideiines - The indirect target is designed for the heavy ion

driver system although the design could easily be adapted to the laser driver system.
The DT capsule contained within the outer case is similar to direct drive capsules. The
outer radiation case enclosing the DT capsule is assumed to be cylindrical with energy
converter regions located on the two ends of the heavy ion target case. A laser
indirect target would have apertures on the two ends instead of the energy converter
regions. The target would be injected into the reactor cavity along its longitudinal axis
with an induced spin to provide stabilization.

The Target Working Group (TWG) considered both single- and double-sided
illumination schemes for the heavy ion, indirectly-driven target.1.2 However, the TWG
felt the two-sided target should be employed as the baseline because of the
speculative nature of the single-sided illumination.2 Thus two energy converter
regions will be used, one in each end of the cylinder on the axis of symmetry. The
TWG-supplied heavy icn ID gain curves,! shown in Figures 3.3-8 and 3.3-9, indicate
focal spot sizes from 4 to 10 mm in diameter, depending on the ion range (R) and
driver energy chosen. For the driver design point chosen, the converter region
geometry was determined. This converter geometry allows for some beam
misalignment with respect to the target. An engineering model of the converter region
was defined. The converters will be affixed to the inner surface of the radiation case.
One of the engineering analyses addressed the question of the minimum thickness of
the radiation case to withstand the acceleration forces of the injection systems, which
was tentatively chosen to be 100 g's for the indirect target. The case geometry is
configured to ease fabrication and reduce stress concentrations. | target physics
constraints would require other configurations, these features could easily be
changed.
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The initial effort was to determine if the acceleration loads of 100 g's would cause
buckling or distortion of the case walls or ends. The dimensions of the case were held
to the minimum to reduce the hydrogen and carbon gas load teo be introduced into the
cavity. As the ion beams interact with the energy converter region, soft x-rays are
created and bathe the inside of the case and the DT sphere. To efficiently contain the
X-ray radiation, lead was chosen for use in the case to be compatibie with the wall
protectant.

The central capsule should be supported so as not to significantly disturb the
ilumination of the capsule. For the calculations as to the elastic strength of the case
walls, the weight of the central capsule was transferred to the walls, but the mass of the
support was neglected. The mass of the case walls, converter regions, and the
support mechanism was estimated.

For the target to have the proper thermal conditions when it reaches the center of the
cavity, the entire target must be at cryogenic temperatures up to and including the
injection operation. During a preliminary investigation, no CH compounds were found
to exhibit adequate structural properties at these cryogenic temperatures. Other
materials that can easily withstand the operating environment with adequate structural
properties may not be suitable from a physics standpoint and desirable additions
would not be attractive from a materials handling standpoint. However, specific
structural properties were used as representative of an improved CH plastic to be
engineered for this application.

Radiation Case Wall Stryctural Analysis - A Nastran finite element model was

constructed with 1155 nodes, 1155 QUAD elements, and 36 TRIA elements to model
the case. For the wall thickness trade study, the internal DT capsule was represented
as a point mass in the center of the case with a structure carrying the load to the case
walls. The analysis was conducted using a Nastran inertial relief analysis method. A
pressure of 3.3 kPa (0.47 psi) behind the target will impart approximately 100 g's
acceleration. The maximum case wall stress is 0.079 MPa that is well within the
allowable limits of the material. Thus the case can easily withstand the acceleration
load of 100 g's.

The internal support structure was more difficult to postulate and analyze. Room
temperature stress properties were used to estimate allowable designs based upon
capsule survivability during acceleration and resultant deflection and vibration modes.
An increase in the thicknesses assumed may be dependent upon the cryogenic
allowable stress levels in the to-be-determined material. In the search for suitable
materials for this engineering study, the choice was limited to available commercial
materials. It was found this material will easily withstand the imposed acceleration
stresses and the resultant vibrational displacements would probably be acceptable
even at cryogenic temperatures. The deflection was predicted under full acceleration
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loading. The calculated natural frequency of the capsule is approximately 1500 Hz.
Assuming a conservative damping coefficient of 0.1% (low damping), the capsule
would osciliate within the case approximately 75 times during the transit of 10 meters
from the end of the injection system to the center of the reactor chamber (50 ms). With
this damping coefficient, the amplitude at T = 0 would be negligible.

Summary of Indirect Target Structural Analyses - An engineering model of the indirect
drive (ID) target was defined using commercially available materials. Structural
analysis of this model indicated the outer radiation case wall would easily withstand
the desired acceleration loads of 100 g's. An acceptable structural support technique
is proposed provided adequate structurai properties can be obtained in suitable
materials. For the materials and properties assumed, the stresses and deflections
were within acceptable engineering limits.

Summary of Indirect Target Material Requirements - The above engineering target
model provides baseline data for the material's usage and waste product generation
within the reactor cavity.

Fabrication of the Indirect Target - The manufacturing process for the indirect target is

designed to support a pulse rate of the heavy ion driver reactor of 3.5 pulses per
second. The operations are divided into ambient and cryogenic processes as is
indicated in Figure 6.4.2-6. Duplicate facilities with excess capacity are planned to
reliably produce the required quantities. Buffer queues are also planned to assure
100% target availability for the reactor. The reactor will require 12,600 targets per
hour or 300,000 per day. The rates of production and cryogenic atmosphere
necessitate inclusion of the inspections into the automation scheme. In the interest of
minimizing the tritium inventory, a Just In Time (JIT) inventory philosophy is anticipated
using a partnership with the supplier to provide the safety stock required.

The design of the target lends itself to the fabrication techniques employed in the
pharmaceutical industry, aithough somewhat larger in diameter. The case will be
fabricated in two half cylinders to allow the tritium capsule to be attached with its
support structure centered in the cylinder. Several alternatives are available to close
the case. One alternative is to store the right half of the case at room ambient and
slide it over the section with the capsule that will be at cryogenic temperature. The
subsequent shrinking of the material as it approaches the cold temperature will create
a bond. Two other alternatives address bonding the two sections together. The
application of ultra sonic welding is a viable candidate. The energy is applied to the
point where bonding is required and a localized rise in temperature resuits that
creates a bonded butt joint. The other alternative is to rotate the mating bodies in
opposite directions and create an inertial weld of the butted surfaces. Both
alternatives would require the buffer stores in the cryogenic environment to have
temperature stability.
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Figure 6.4.2-6. Indirect Target Production Process

The fabrication of the case sections would be done in multi-cavity molds. The half
cylinders would be formed with an extrusion or blow molding process that would hold
the tolerances on the diameter to a few thousandths of an inch and wall thickness to a
fraction of a thousandth of an inch. The cylinder ends can be trimmed to the desired
length. The extrusion die would be designed to form the converter section and the
constant thickness walis. With molds of 100 cavities and the short cycle time, the
utilization would be less than 12 hours per day that would allow ample time for
machine and mold maintenance. Space cavity inserts and the possibility of operating
with missing cavities would assure adequate supply. A 24 to 36-hour buffer stock
would be adequate. The availability of two machines, one dedicated to each half,
would provide further insurance against a stoppage.

The vapor deposition facilities will require special fixturing for multi-unit processing.
The number of units has not been determined but, based on other applications, a
minimum of three work ceils would be required. These ambient temperature
operations need to be adjacent to the cryogenic operations since the lead will be
recovered from the reactor exhaust stream and reused in this process. The facility
design will be required to prevent lead escaping into the atmosphere inside the
ambient room as well as to the exterior.

The fuel capsule will be manufactured in a process similar to the laser direct drive
target, of similar materials. A diffusion process will be used to fill the capsule with DT.
The capsules will be fabricated and inspected in a JIT process for injection to minimize

McDonnell Douglas Aerospace
Use or disclosure of data
subject 0 title page restriction 6.4-22



INERTIAL FusioN ENERGY MDC 92E0008, VOL. Il
REACTOR DESIGN STUDIES MARCH 1992

the tritium inventory. Multiple paraliel production lines will be utilized to assure the
necessary reliability values.

The DT capsules wilt be mated initially with one half of the radiation case and the
capsule support structure in the cryogenic environment. The assembly of the
remainder of the case will occur in the next work cell using one of the proposed
methods of attachment. The next work cell will deflash (trim) the cases, if necessary,
and load them into a transportation fixture for the injection queue.

The equipment design specifications will provide for in-process inspection internal to
the equipment with attribute data acquired for process control purposes. Appropriate
“no touch” measurement techniques such as laser micrometers or air gaging will be
used for data acquisition. Built in processors would provide continuous statistical
analysis of the output. The initial designs will be built around a requirement that 35%
of the work stations in any piece of equipment be available for future growth to provide
flexibility for future changes to the process and unanticipated problems.

6.4.3 Target Factory Definition - Targets for inertial fusion experiments
conducted to date have been hand crafted at great expense in time and money.
Occasionally, single targets are made with precise individual features such as surface
bumps, thin coatings of exctic materials and doping with trace elements. Production
methods in target factories for future IFE reactors will be radically different. These
factories will need to economically mass produce hundreds of thousands of
standardized targets per day. Atthe moment there is not even general agreement on
what fabrication methods will be most appropriate or even, in the case of indirect drive,
what the targets will look like. Nevertheless, there is good reason to believe that this
technological challenge can be met. Reactor targets will be small and complex. it will
be necessary to built them to exact specifications. Experience in other industries
shows us that novel products with all of these characteristics can be produced
economically. Semiconductor chips, for example, have even smaller features that
must be cheaply fabricated to similarly demanding specifications in hundreds of
thousands of copies. Similar examples can be cited in industties producing
everything from electronic equipment, pharmaceuticails, and small mechanical
devices, to optical equipment and even toys. Obviously, in our present state of
technological uncertainty, the advances of tomorrow can quickly make the designs of
today obsolete. Nevertheless, it is still useful to consider the general layout, potential
fabrication and inspection steps, special safety and containment precautions and
approximate staffing requirements of future target factories, if only to make the case
that mass production of reactor targets is possible and can be done cheaply enough to
make fusion power economically attractive.

McDonnell Douglas Aerospace
Use or disclosure of data
subject to litle page restriction 6.4-23



INERTIAL FusioN ENERGY MDC  92E0008, VOL. Il
REACTOR DESIGN STUDIES MARCH 1992

6.4.3.1 General Factory Layout - The target factory concept for direct drive
targets will be discussed first. Many of the production steps for direct drive targets will

be found in the indirect drive target factory as well. Operations peculiar to the indirect
drive factory will be discussed in a separate subsection.

The proposed target factory will be separated into two distinct sections. Operations
requiring the handling of tritium will be carried out in one section, referred to hereafter
as Zone ll, and all other production steps in the other section, referred to as Zone |
Gross dimensions of both sections will be approximately 50 m x 50 m. Figure 6.4.3-1
shows the functional relationships between the major operations requiring space in
the factory. Itis, of course, premature to consider detailed architectural planning at this
point. However, the general layout of Zone | is expected to reflect the diagram in
Figure 86.4.3-1 to the extent that actual production steps, which are shown in the large

- rectangle, will be carried out in a large, central bay area. All other operations, such as
administration, maintenance, etc., will be carried out in peripheral areas. This
arrangement will allow the greatest flexibility in accommodating changes in production
steps due to technological improvements in materials, fabrication techniques, etc.

The majority of the resources in terms of space and manpower in Zone | will be
devoted to production and delivery of finished target shells to Zone Il. In addition,
significant resources will be devoted to inspection and recycling of used sabots and
fabrication of new ones to make up for normal attrition. Finally, Zone | will contain
tacilities for production of radiation case elements for indirect drive targets. All
production steps will be carried out in a number of parallel lines that will provide
redundant capacity to allow periodic maintenance ot individual line elements and, if
necessary, production of targets for other facilities.

The basic technologies chosen for target shell fabrication are dual-nozzle droplet
generators combined with microencapsulation. As already pointed out above,
production of significant numbers of reactor size targets has not yet been
demonstrated with this combination of technologies. In spite of this, their choice does
not necessarily entail any technological leap of faith. They are certainly capable of
producing the large numbers of target shells required for reactor operations. If
significant resources are devoted to research and development in this area, it is not
unlikely that variations will be found which are capable of turning out target shells with
the required thickness and size. Even in the event that no such process is found,
these methods can be used in combination with shell coating and micromachining
steps to produce reactor-size targets. The question is whether they can do it
economically. The evidence from many other industries where demand has led to the
inexpensive manufacturing of smail and complex items suggests that they can.
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Figure 6.4.3-1. Functional Relationships for Buildings in Target Factory

At the moment, no need is foreseen for coating steps other than those required for
fabrication of the main shell. The target prescribed by the TWG has no additional
elements required by any peculiarities of the reactor design proposed here. The open
bay design of Zone i could accommodate such steps if necessary; however, finished
target shells will be subjected to a final heating and outgassing step before delivery to
Zone II or vacuum storage.

In addition ta fabrication of the main target shell, provision is made in Zone | for
reception and inspection of used sabots from the target injection system and
production of new sabots to replace those damaged or worn. Sabots will be used only
for direct drive targets. Indirect drive targets are completely enclosed in a radiation
case that will provide sufficient protection to the target capsule during the acceleration
process. Sabots are considered precision parts in this design. An example is shown
in Figure 6.4.3-2. The target will be seated loosely in the nose of the sabot. The sabot
must be designed so as not to damage the capsule or impart a transverse velocity
component to the target on release of the capsule. Sabots will be injection moided of
thermeplastic and then finished by machining with high tolerance tools. The
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ferromagnetic material shown in Figure 6.4.3-2 will be mechanically attached to the
sabot. it is expected that sabots will be reused an average of 20 times.

Sabot

Ferromagnetic
Insert

Figure 6.4.3-2. Direct-Drive Sabots Must Be Precisely Machined to
Insure a Straight Trajectory for the Loosely Seated Capsule

Finally, indirect drive cases and auxiliary parts will be produced in Zone I. Indirect
drive cases are not considered precision parts. However, they must be made to
reasonable tolerances as they will be in direct contact with the injection system barrel
during target injection. The left and right radiation case components will be molded.
Finally, capsuile support structures will be attached to the open ends of both case
components to provide support for the target capsules. As shown in Figure 6.4.3-1, all
components produced in Zone | will then be transferred to Zone |l for DT fueling
operations.

Zone Il will be designed to provide for tritium containment and all systems therein will
be designed to operate with as little human intervention as possible. Application of
artificial intelligence and robotics will be used in all production and inspection steps.
The need for a human presence in Zone |l will be limited, as much as possible, to
provision for periodic maintenance. High pressure and cryogenic barriers in Zone i
are as shown in Figure 6.4.3-3.

Target capsules arriving in Zone |l will be introduced into diffusion filling vessels such
as the one shown in Figures 6.4.2-3 and 6.4.3-3. Four to six of these aluminum
vessels will operate in parallel to provide redundant capability to provide for standard
maintenance and continuous piant operation in case of failure of any of the vessels.
The target capsules will be mechanically conveyed through internal locks in the
vessels to allow for gradually increasing external DT pressure and maintaining
optimum filling rates. Optimum fill temperatures of around 100°C will be maintained in
the vessels with the aid of external heating and cooling elements. Depending on the
exact size and polymerization of the target capsules, diffusion filling will take from 24 to
36 hours. :
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Figure 6.4.3-3. Zone Il Layout for Direct and Indirect Drive Targets
Shows High Pressure and Cryogenic Barriers

After diffusion filling, capsules will be removed to separate containment vessels and
cooted to cryogenic temperatures. This could be done in a high pressure DT
environment if necessary to prevent excessive fuel loss due to outgassing during the
cooling process. The ambient gas would be cooled to near cryogenic temperatures
with the target capsules and pumped off at the appropriate time.

At this point, indirect drive target capsules would be mated to their radiation cases.
This process will take place at cryogenic temperatures using precooled parts. Ideally,
case components will be fabricated with sufficient accuracy to lock firmly together,
holding the capsule in place.

Direct drive targets will be suspended between layers of thin (<1.0 mm}) plastic film and
also be cooled with gaseous helium during the beta layering step. Next, they will be
mated to their sabots. At this point, both types of target will normaily be delivered to
the reactor for immediate injection. Some provision will be made for short term
storage, but the shelf life of the targets is expected to be quite short (<100 hours) due
to radiation damage to the inner surface of the CH shell and it will be necessary to
thermally isolate them during storage.

Inspection of Target Cemponents - Inspection of components will take place after all

major target fabrication steps. in principle, inspection of parts such as sabots and
indirect drive case elements could be done visually by a staff of inspection personnel.
However, this would be expensive and, in the case of opaque components such as
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target shells, impractical. Fully automated inspection with the aid of artificial
intelligence and pattern matching and recognition techniques is preferred. Limited
application ot such techniques has already been demonstrated in the field of optical
interferometry for glass shells, as shown in Figure 6.4.3-4. For opaque patts, x-ray
microscopy is proposed.32,33 This technique lends itself to batch target
characterization, and is capable of detecting target flaws at the submicron level.

S

Figure 6.4.3-4. Computer Generated Interferometric Reference Patiterns
. Suggest the Possibility of Mass Inspection with the Aid of
Pattern Matching and Artificial Intelligence

Target Costs - Target costs are estimated according to a model proposed by
Pendergrass, et. al.34 In this model, costs are divided into three components: target
factory capital charges, nontritium materials costs, and nonfuel, nonmaterials O&M
costs. Simple algorithms are supplied for computing these costs that depend on a
number of fixed parameters as well as variables intrinsic to individual reactor designs.
Default values supplied for the parameters have been used here uniess otherwise
noted. Appendix C, Section C.3.7, has more detail on the nominal capital costs,
repetition rates, and reject fractions used to arrive at the final cost values.
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The form of the capital cost model is

a

N 1
C = S C A
F FRi F’AH

=1 Eqg. 6.4.3-1

where Cr is the total target capital cost (M$), CrRj is the reference capital cost
increment for the target factory section to manufacture target substructure i {(M$), Ng is
the number of substructures, Pa; is the required annual production capacity for the
section of target factory that produces target substructure i (1/yr), PaR is the reference
annual production capacity of the target factory (108/yr), and a; is a production capacity
scaling exponent of the section of the target factory to manufacture target

substructure i. The Pendergrass model distinguishes between two inspection
models, depending on whether inspection takes place of each major target component
as it is completed or only of finished targets. For the designs proposed here, the first
model is appropriate. The target rejection model for this type of inspection is

P

NS
[ o=
k=i

where Py is the design target factory annual production capacity and Fy is the fraction
of targets rejected for failure to meet specifications for target substructure k. For the
direct drive reactor, there are two significant target substructures: the single-shell
target fuel capsule and the sabot. A reference capital cost of $122M (escalated to
19918) was given for the target shell manufacturing facilities. No value was given for
the sabot manufacturing. Capital costs for the sabot should be much lower in view of
the simplicity of the design and the potential for reuse of sabots. Cggj for sabots was
asssumed to be $5M for a total nominal capital cost of $127M. The default rejection
fraction for the fuel capsule of 0.02 was used, and a sabot rejection fraction of 0.01
was assumed. Substituting the Prometheus laser option values of repetition rate into
Eq. 6.4.3-1 yields:

Pai=

Eg. 6.4.3-2

Cr(direct drive) = $134.92M

Sabots are not required with the indirect drive targets. Instead, a radiation case with
energy convertor regions is used. The nominal capital cost for this element is
assumed to be $37M. A nominal captial cost of $145M is assumed for the fuel capsule
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that may be somewhat more complex. The nominal capital for the indirect drive target
totals $182M. The default rejection fraction of 0.02 is assumed for the radiation case.
The added energy convertors contributes an additional 0.01 rejection fraction. The
fuel capsule default rejection rate is retained at 0.02. Again, substituting these values
into Eq. 6.4.3-1 yields:

Ce(indirect drive) = $143.62 M

Materials costs for both designs are insignificant in view of the inexpensive choice of
target materials and the possibility of recycling the lead in indirect drive radiation
cases. Pendergrass et. al. give reference materials costs of 0.015 and 0.025 $/target
for direct and indirect drive laser targets expressed in 1986$. For the designs
proposed here, these numbers are much too high. it was assumed the laser direct
drive materials costs are $0.010 per target and the HI indirect drive materials costs are
$0.014 per target. Refer to Appendix C for the relevant cost estimating relationships.
Heavy ion target materials were higher due to the addition of the energy converter
structures.

Nonfuel, nonmaterials O&M cosis include personnel costs, the annual target factory
interim replacement cost, annual maintenance materials cost and O&M cost for other
supplies and materials. The algorithm used to determine personnel costs is

d
I

Nyc pA
Cp = (0.001 k$/M$) E NR].C‘.PRi PAR

1 Eq. 6.4.3-3
where Nyc is the total number of job categories, NRj is the reference number of
persons required for a job category, Cpg; is the reference annual cost per employee in
job category j, and dj is the exponent for scaling of number of staff required for job
category j (1.0 if category scales, 0.0 if not) with design target factory annual
production capacity. Some of the data used in the above equation are shown in
Table 6.4.3-1. The format and defaults in Reference 36 have been used in the table
where appropriate. However, some modifications are introduced which reflect the
idiosyncrasies of the design presented here.
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Table 6.4.3-1
Target Factory Staffing Requirements (108 Targets/Yr)
Salary | Plant Staff Capsuie | Rad Case | Indirect Drive O&M | Direct Drive Q&M
Position 91% Fixed Scalable | Scalabie Fixed Scalable Fixed Scalabie

Plant Manager 82.8 05 41.4 0.0 41.4 0.0
Secretary 29.8 1.0 29.8 0.0 29.8 0.0
Clerk Storekeeper 30.3 1.0 30.3 0.0 30.3 0.0
Auditor Bockkeeper 38.6 1.0 38.6 0.0 388 0.0
Janitor 22.4 1.0 22.4 0.0 22.4 0.0
Target Mfg Specialist 55.1 2.0 110.1 0.0 110.1 0.0
Quality Control Engineer 55.1 1.0 55.1 0.0 55.1 g.0
Electrical Engineer 55.1 0.5 275 0.0 27.5 0.0
Mechanical Engineer 551 0.5 27.5 0.0 275 0.0
Chemist 55.1 2.0 110.1 0.0 110.1 0.0
Health Physicist 55.1 1.0 55.1 0.0 55.1 0.0
Laboratory Technician 323 6.0 1.0 193.8 82.8 193.8 0.0
Shift Supervisor 60.1 2.5 150.3 0.0 150.3 0.0
Senior Operator 51.2 5.0 255.9 0.0 255.9 0.0
Operator 46.8 5.0 5.0 0.0 468.3 0.0 2341
Assistant Operator 41.4 5.0 0.0 206.9 C.0 206.9
Maintenance Supervisor | 46.8 25 117.1 0.0 1171 0.0
Mechanical Maint Tech 41.4 5.0 25 0.0 310.4 0.0 2086.9
Electrical Maint Tech 41.4 5.0 0.0 206.9 0.0 206.9
Inst. & control Maint Tech | 41.4 5.0 0.0 208.9 0.0 206.9
Quality Assurance Tech 41.4 5.0 25 0.0 3i0.4 0.0 206.9
Security Specialist 34.0 5.0 170.0 0.0 170.0 0.0
Peak Maint FT Equiv 48.0 5.0 2.5 0.0 360.3 0.0 240.2
TOTALS 1434.9 2102.3 1434.9 1508.9
3537.3 2043.8

Use of the above numbers for personnel cost estimation gives

Cp(direct drive) = $4.15M/yr
Ce(indirect drive} = $3.91M/yr

The algorithm for annual target factory interim replacement cost s,

Cr = FRCF ~ $1.35M (DD), Eg. 6.4.3-4
~ $1.44M (ID-HI)

where F|g = interim replacement annual cost factor, with a defauit of 0.01. In addition
to the above, the annual maintenance materials cost,

$6.22M (DD) Eq. 6.4.3-5
$5.85M (ID—HI)

where Fumwm is @ maintenance materials cost factor with a default of 1.5 and Cyp is total
annual maintenance personnel cost computed using a formula analogous to Eq. 6.4.4-3,
and the reference fixed annual cost for supplies and expenses O&M costs is

Cse ~ $0.6M/year Eq. 6.4.3-6

Cum = FumCump

it
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6.4.4 Target Injection and Tracking - Injection systems capable of firing multiple
targets at rates greater than those needed for IFE reactors have already been in
existence for several years. They were designed to refuel tokamaks in the magnetic
fusion program.35.36,37 Magnetic fusion injection systems have shown that cryogenic
pellets can be injected at the velocities and repetition rates required in IFE reactors.
Many target injection techniques developed for magnetic fusion may eventually find
application in inertial fusion. However, significant differences exist between the two
approaches to fusion in the reguirements they place on target injection systems. The
pellets used in magnetic confinement systems are merely chunks of solid Hz or Da.
The goal is 10 accelerate them to extremely high velocities, enabling them to penetrate
to the center of the tokamak plasma. They are significantly more tolerant of high
acceleration and surface abrasion than inertial fusion targets, and there is no need to
delicately synchronize their velocities with a system of laser or particle beams. Target
injection systems are presented here for the direct and indirect versions of Prometheus
which address the technological challenges unique to each system.

6.4.4.1 Direct Drive Target Injection System - Choice of a direct drive target
injection system is conditioned by the fact that it will probably be necessary to deliver
direct drive targets in a sabot. Unprotected targets would be subjected to
unacceptable levels of surface abrasion and thermal gradients during acceleration.
Assuming a sabot is necessary, such questions must be answered as how to separate
the target from the sabot prior to injection into the reactor cavity and how to recover the
sabot for reuse. In addition, the synchronization and tracking problem inherent in IFE
must be solved. An electromagnetic acceleration system is proposed as the best
option for meeting these technological challenges.38

An example of the proposed direct drive target and sabot and a schematic of the
injection system is shown in Figure 6.4.4-1. Targets will arrive from the target factory
already mounted in their sabots. The sabot end cap is designed only to protect and
hold the target in place during transit from the factory to the reactor, and will be
removed shortly before the target is fired. Targets in both the DD and ID designs will
be accelerated to 200 m/sec. The direct drive target will be injected through the first
wall at a point about 7.5 meters from the beam aiming point. The target will traverse
the cavity in approximately 37 msec. The target will enter the cavity about 140 msec
after the previous shot, a sufficient time for cavity temperature and pressure to fall to
levels which will not adversely affect the target (see Section 6.4.1.2). The injection
system will have a 2-meter long injection module as shown in Figure 6.4.4-1. The
module will be synchronized to provide the design repetition rate of 5.65 Hertz.
Accelerations of about 1000 g will be imparted to the direct drive targets. Solid D2
pellets have withstood accelerations of 5 x 106 g without breaking,39 suggesting that
thick DT shells such as those shown in Figure 4.6.1-1 will easily withstand
accelerations more than three orders of magnitude smatler.40 However, the situation is
complicated by the strong dependence of the yield stress of solid hydrogen on
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Figure 6.4.4-1. Schematic of One of the Eight Direct Drive Pellet Injection Modules

temperature. The solid targets mentioned above were at temperatures of about 12K.
Yield stresses for solid hydrogen near the triple point are much less.41 |t is assumed
here that fuel temperatures of less than 15K are acceptable.

Acceleration will take place on the principle of a linear synchronous motor, and a
number of ferromagnetic materials exist which are capable of accelerating the target
and sabot to 200 m/sec over a distance of two meters assuming achievable mean
effective gradients 84B of the magnetic induction B of the accelerator coils of around
100 T/m.38 The system has the advantage of requiring no medium in the barrel unlike
railguns and, of course, pneumatic systems.

The injection system for the direct drive target will be mounted at the top of the reactor
cavity, injecting downward into the cavity, as shown in Figure 6.4.4-2. After leaving the
injection system barrels, targets will pass through a sabot catcher into a diagnostic
chamber. There, a system of optical interrupters will be used to transmit position and
timing information to the driver beams. Such systems are aiready in use in magnetic
fusion pellet injection systems.42,43 Timing information will be provided by a pair of
light barriers or beams through which the target must pass on its way to the reactor
cavity. Directional information, i.e., data on how far the target will deviate from a

McDonnell Douglas Aetrospace
Use or disclosure of data
subject 1o title page restriction 6 .4*33



INERTIAL FUSION ENERGY MDC 92E0008, VOL. Il
REACTOR DESIGN STUDIES MARCH 1992

Bulk Shield —_ [
2] Vacuum Vessel

Blanket

7 Fist Wall
o - Surface

Figure 6.4.4-2. Electromagnetic Direct Target Injection System
Employed in the Laser-Driven Reactor

straight line path, will be provided by interrupters oriented orthogonal to each other
and to the target's direction of travel. In one such system devised for cylindrical targets
which might be adapted for spherical targets, white light is broken down into a
spectrum across the target path.44 The parts of the spectrum interrupted by the target
provide data on its exact location. It will be possible to steer the beams to hit targets
within a radius of a few millimeters from the nominal aiming point on a shot to shot
basis. Since targets must hit within this volume after leaving injector barrels located
over ten meters away, it will be necessary to keep the transverse and longitudinal
velocity scatter to a few millimeters per second. This requirement will be challenging
with targets which are accelerated while seated in a sabot. It will be necessary to
manufacture the sabots to precise specifications and inspect them after each shot.
They will be decelerated before reaching the sabot catcher to prevent excessive
impact damage.

The injector barrel will be enclosed in a thermal jacket and cooled by a continuous
fiow of helium. A number of similar systems for cooling barrels of magnetic fusion
peliet injectors are described in the literature.45

6.4.4.2 Indirect Drive Target Injection System - Injection of indirect drive
targets is complicated by their inherent fragility. Ideally, the target capsule would be

suspended within the radiation case without any support structures whatsoever.
Unfortunately, this is impractical in the real world. As disussed in Section 6.4.2.4,
these capsules must be supported with a light weight structures, compatible with the
required target physics and be capable of withstanding an acceleration of 100 g's. In
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order accelerate targets to the optimum velocity of 200 m/sec, injection system barrels
approximately 20 meters long will be necessary.

Indirect drive targets enjoy some inherent protection from friction and overheating
because they are completely enclosed in radiation cases. Sabots will, therefore, not
be used with the HI design. Pneumatic acceleration has been chosen in order to
eliminate the need for ferromagnetic or other special materials in the target's radiation
case. Numerous pneumatic pellet injection systems capable of repetitive injection
have been built for fueiing tokamaks, and their technology is, consequently,
significantly more mature than that of competing electromagnetic systems. Their major
drawback is the need for a propellant gas.

Ideally, the longitudinal axis of the heavy ion indirect drive target should be aligned
with the two diameter, two HI beam sets. Unfortunately, the final focus coils prevent
coaxial injection. Instead the injection system wil! be aligned 10° off the horizontal
beam axis. A diagram of the indirect drive injection system is shown in Figure 6.4.4-3.
An eight barrel system will be used. This will provide sufficient time for each barreito
be reloaded, fired and evacuated while maintaining a repetition rate of 3.54 Hertz.
The barrels will be fired by electronically opening a magnetic valve46.47 to the Dz
propellant gas reservoir, as shown in Figure 6.4.4-4. A piston in the reservoir will
maintain constant accelerating pressure behind the target during its approximately
0.2 second trip down the barrel. its movements will be controlled by automatic
interpretation of data from a quartz pressure transducer mounted in the propellant gas
cavity. An advantage of the requirement for low acceleration is that it allows the use of
cold propellant gas. Thus, a potential source of target overheating is avoided.

A problem inherent in pneumatic injection systems is how to avoid contaminating the
reactor cavity with propellant gas. Fortunately, the magnetic fusion community has
already provided many of the answers on how to deal with this problem. 48,49
Piezoelectric pressure transducers will be mounted along the length of the barrel to
sense the passage of the target. This information will be relayed to gate valves on the
muzzle of each barrel.50 The gate vaive will be closed immediately after passage of
the target, and the propellant gas in the sealed barrel will then be pumped out.

After leaving the injector barrel and passing through the diagnostic chamber, targets
will travel ballistically down guide tubes through the bulk shielding, blanket and first
wall. These will be slightly curved to account for the drop in the trajectory due to
gravitational forces on the way to the aiming point.

indirect drive targets must be properly oriented during beam illumination of the energy
convertor regions. It is therefore necessary to impart a spin to them o prevent them
from tumbling. This will be accomplished by rifling the injector barrels. Small tabs will
be molded on the radiation cases to accept the rifling.
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