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ARIES-IFE work has clarified many driver-target-
chamber interface issues important to heavy-ion fusion

=ldentified viable operating windows for chamber pressure, beam
propagation and pulse rate for dry, wetted wall, and thick-liquid wall
chamber options for HIF.

Updated materials development needs for dry, wetted wall and thick liquid
chamber options for HIF.

Explored a variety of solutions to shielding of final focus —chamber
interfaces for long lifetime focusing magnets.

Explored issues and development requirements for low cost manufacturing
and injection of heavy-ion hohlraum targets

- All of these studies have contributed to the knowledge base upon which
improved heavy-ion fusion power plants can be designed in future work

Besides these technical contributions, the ARIES IFE effort has promoted
increased understanding and collaborations on common fusion issues
and opportunities between the MFE and IFE communities




New challenges and opportunities for HIF-IFE

=Challenge: How can HIF have a faster development path to meet the
2019 decision for ETF/DEMO (March 2003 FESAC report)?
- Opportunity: Explore modular development path for HIF

=Challenge: How can HIF contribute to the new field of High Energy
Density Physics (HEDP)? - Opportunity: Explore neutralized drift
compression / focusing-solenoid, cusp, plasma lens, pinch options.

=Challenge: How can advances in IFE targets improve HIF?
- Opportunity: Explore hybrid-DRT targets with 5 mm spot radii, and
fast ignition using larger, lower T, hohlraums.

These issues and opportunities will likely be examined
again in a new FESAC panel reviewing IFE for 2004.




The multi-beam quad-array linac concept was selected to meet expected
focusing needs for small-spot targets, and to minimize emittance & cost.

Robust-Point Design optimizes 120-beam quad-focused driver: 7.0 MJ, 4
GeV Bi*!, 35,600 tons of induction cores, 1834 HLPs, $2.8 B tot capital cost

1.6 MeV -
4 GeV Bi*1 : :
0.63 A/beam 94 Albeam Bending Final
30 ps 3 km 200 ns ocusing
120 beams < > 1 400 m /Chamber
v = transport
Multiple Target
lon Multiple-Beam Acceleration || Drift compression Input
Source/ 7 MJ
Injectors Yield
S 400 MJ
Relative beam bunch length at end of: injection ™~
acceleration 4 GeV
: : 1.9 kA/beam
drift compression_ 9.3 ns

Multi-beam induction linac driver (RPD) cost increased recently to obtain
consistency with detailed distributed-radiator target requirements for spot size,
chamber emittance growth, symmetry, pulse shape, and illumination angles.
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We need a faster, cheaper HIF development than the current pathway
based on single multi-beam induction linacs, to meet fusion competition.

Years - 2000
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HIF-relevant indirect-drive target physics
*ndirect-drive ignition

(Slide | presented 1/13 to
FESAC Devpath panel)

5 MeV Integrated compression and focusing [$70 1]
ASource-to-target beam physics
450 MeV Focusing + 1/4 scale target exps [ $300 M, including 30 M R&D + 30 M chamber target system]
HiF-apeciic 1/4 scale hydraulics/clearing rate tests [$10M]
Generic, /2 HIF Flowrthermistng A Accelerator validation [$6 0/ 2]
Generic, 1/2HIF Vaporpiasma condansation [$6M/ 2] ETF/DEMO cost based
Genetic, 174 HIF target sys R&D  [ndirect arive target fatvinjection tests [5400/4]

ALigquid chamber and HIF target validation on $2 - 8 B RP D d river

4 GeV Target gain (0 to 280 MJ) [$2.64 driver+.35 bldgs+.26 target = $3.25 B)
Mo-vield chamber exps [$0.53B]
| Lowe poweer testing @50 M) [$0.26 B
add BoP 450 WYf--=1.8 GWf power dermo [ $0.T1EB]
“HIF-high-gain ADEMO power =780 MWe
Target designifabfinjection, HIF target physics on Z&NIF, small beam experiments, theondsimulation, chamber dynamics, enahling lower costiinnovative technology

5.5 MJ induction linac driver and target testing

"izold" (no-yield) Flibe chamber and injection testing

Laowe fusion power (4500 accelerated chamber testing
Demanstrate economic and environmental potential

AETFDemo decision

Design and RE&ED Canstruction Operation FProgram “Hey decision points [ Facility costs-TPC, in 02§ ]
Total annual HIF pregram cost including facility constructions- based on RPD multi-beam MG linac, /A =1200
We shouldn’t discard this multi-
Integral costs: beam linac pathway Option, but we
== $1.5B up to 2022 ETF/Demo decision h Id b Ki bett
| ($0.8B projects should be seeking better ones.
+$0.7B operations)
+-> +§6.4 B 2022 decision through Demo 780 MWWe B ETF-Dema HIF construction
{($4.4 B (ETF/Demo project) . . BETF-Dsmo HIF opsrating
7 +$2.0 B for 2022 to 2037 ETF/Demo operations) B Pro-ETF HF construction
OPre-ETF HIF operating
_c,.—_.'—';
3 4 5 B 7 8 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 3 32 33 34 35 36 Years from 2000 =
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We are developing new targets, to be tested on Z at SNL in FY04 with
larger spot sizes that may allow drivers with as few as 16 to 32 beams

Fig. 2a: Distributed-Radiator Target (DRT) for 120
beams up to 24 degree incident angle. Allows 2 mm
focal spot radii for 6 m focal length requiring plasma
neutralization in the target chamber, with allowances
for £, < 0.9 T mm-mr normalized beam emittance and
0.9 x10” 8p/p momentum spread before final focus.

—->What lower-cost induction driver
concepts might be enabled with
improved focusing schemes and

with 5 x larger allowed transverse

and parallel beam emittances?

A

Pressure balance
holds pesltlon of

shine shield to "2E%OM®  _ iation shim

control Legendre to control eanly
mode P2 tima P4

Fig. 2b: Hybrid Target (HT) allows larger 5 mm focal
spot radii with fewer beam directions (16) at smaller
incident angles (<10 degrees). Allows &, > 5 m mm-mr
normalized accelerator beam emittance at > 5 x10~
Op/p momentum spread (@ 6 m focal length.

Besides the hybrid, Debbie Callahan is also
considering other options for larger spots,
simpler pulse-shaping, single ion energy
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We are considering plasma neutralization throughout drift
compression, cusp and/or assisted pinch focusing to accommodate
the higher peak currents (100 kA) needed for fewer beams

Crossing cylindrical jets
form beam ports

Oscillating jets
form main pocket

Fig.5b: Molten-salt vortex (blue) chamber concept integrated with a
magnetic cusp that focuses an annulus of heavy-ion beams from a
solenoid-linac driver (case in Fig.4b) to a HT hybrid target (Fig.2b)
at the central field null in the chamber. One set of beams shown in a
symmetric two-sided illumination. Dense target debris plasma
(n>10'5/em?3) leaks slowly from the central cusp filling the solenoid
drift lines between shots, providing full plasma neutralization of
beam space-charge throughout drift compression and the cusp-focus-
chamber to the target. Assisted pinch channels can also be used.

Fig.5a: The HY LIFE-II chamber concept
uses fixed and oscillating jets of molten salt
(inset) to protect the beam ports and
chamber walls. Shown with 120-beam (60
each end) final focus magnet array for the
DRT target (Fig.2a) consistent with the
quadrupole linac driver (case in Fig.4a).
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Along with enhanced forms of neutralized ballistic focusing,
assisted pinch transport has become a second realistic focusing
option for 100 kA-scale beams onto 5 mm radius-spot targets

PHYSICS OF PLASMAS VOLUME 10, NUMBER ¢ JUNE 2003
’ <June 2003

Assisted-pinched transport of heavy-ion beams in a fusion chamber

D. R. Welch,” T. C. Genoni, D. V. Rose, B. V. Qliver, and R. E. Clark
Mission Research Corporation, 5001 Indian School Road NE, Albuguergue, New Mexico 87110

C. L. Qlson
Sandia National Laboratories, P.O. Box 3800, Albuguergue, New Mexico 87185
S.8.Yu
Lawrence Berkeley National Laboratory, | Cyelotron Road, Mail Stop 47-112, Berkelev, California 94720 3 MJ/ -
- e o end @ < 5mm radius >

{Received 3 February 2003: accepted 5 March 2003) . .
6 MJ total into a hybrid target

[n heavy-ion inertial confinement fusion, ion beams are transported several meters through the
reactor chamber to the target. This standeff distance mitigates damage to the final focus magnets and
chamber walls from the target explosion. A promising transport scheme makes use of a preformed

discharge channel to confine and guide the beams. In this assisted-pinched transport scheme, many o .
individual beams are merged into two high-current beams for two-sided illumination of the fusion 3 vl AL LLL -
target. The beams are combined and focused outside the chamber before propagating at small radius ‘g / P
in the discharge channel to the target. A large beam divergence can be contained by the strong w25 ;‘I ,.-"
magnetic field resulting from the roughly 30-kA discharge current. Using a hybrid particle-in-cell E 2 . No Self Ficids
simulation code, we examine the dynamics of heavy-ion inertial confinement fusion driver-scale 2 /'
beams in this transport mode. Results from defailed two-dimensional simulations of % 15 / """" s,
assisted-pinched transport in roughly 1-Torr Xe suggest that the Xe plasma becomes sufficiently ® 1 i
conductive to limit self-field effects and achieve good transport efficiency. Coupling to a published -3 .,/
target design is calculated. In addition, results from a semianalytic theory for resistive hose growth *E 05 =
are presented that explain three-dimensional simulation results. © 2003 American Institute of - 0 = . ; ; .
Physics. [DOL: 10.1063/1.1570421]
’ 1] 02 0.4 0.6 0.8 1
Radius (cm)

Assisted pinch transport can help focus high current
. . . FIG. 4. The time-integrated beam energy deposiion at the target (=
beams n compaCt f’nal-focusl bUt mUSt be marr’ed to =450 cm) 1s plotted for the nominal beam/channel simulations. The energy
a Iower_cost Iinac to obtain any Significant reductions l:?\su:':c:]llﬁll:::iiﬂ”}‘r itegrated to yield the beam energy contained within a
in HIF driver cost and development. h
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Guiding logic for modular induction linac development (quad or solenoid)

(1) Desire modular development path > need to reduce huge core mass (cost) for N - driver linacs

.

(2) For given ion target range, need to reduce linac voltage by factor~1 /N (to reduce core mass)

.

(3) Go to higher q/ A ions to reduce linac voltage = N x higher current and line- charge beams

s

(4) Neutralize beam space -charge through drift compression and final focus (keep E, ., <E;caxdoun)

-

(5) Higher current beams - higher emittance growth—> larger focal spots—> larger-spot target
designs to accommodate higher current /emittance beams, for either ballistic or pinch focusing.

—>Quadrupoles versus solenoids for transport: LINAC DESIGN ISSUES

=|njector current, size and cost versus allowed initial bunch compression rates in the front end
=Average radial and longitudinal beam current density within cores (allowed average acceleration
gradients at high g/A, radial and axial gaps needed for induction gradient and core flux-shielding).
= Halo / beam loss, vacuum limits, and suppression of electron cloud effects

EEEEEEEEEEE



Modular-solenoid driver example with plasma-filled vortex-cusp chamber (12-9-02)

16 -module solenoid driver (eight per end), 32 pulses for total 6.4 MJ of 2.5 GeV Xe*8
ions, 7,000 tons of induction cores, 4000 solenoids, $750 M total capital cost
(Preliminary)

45—

Axisymmetric |
liquid vortex e
Merging beamlet Single beams 30 cm chamber with ~ 1km@1% tilt 200 m
sourcel/injector  constant diameter, cusp focusing Neutralized drift compression
3MV, 24MeV Xe*® 9T solenoid, double- (dense plasma with double pu'ses (foot and
83 Albeam @ 8ps pulse induction for filled for Xe*®*  majn pulses through each low
followed by 8x foot and main pulses, 100kA/beam field ~0.5 T solenoid drift line
beam bunch 6.7kApeak mp @ @ 9 ns). Other
compression 2.5 GeV, 100 ns possibilities
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Detailed work may or may not confirm feasibility or cost of this preliminary example




Development Path: large-focal spot HIF target designs might enable a single-beam IRE to validate
one full driver module that supports a variety of integrated focus/chamber/target experiments

. \ Hybrid heavy-ion TR

O targets allow 5 coils
k_-..____z‘- mm radius beam Single beam can be modulated

—_— focal spots (full with an aperture for single shot tests of ':q;,,
scale), 2.5 mm multiple-beam effects '

Pressure balance spots for half-
olds poaltlon of . -
ohine shiokd 1o MIMIOR N scale IR_E target B Target
control Legsndre tocontrolealy ~ experiments _ -
mode Pa time P4 2\ el ‘Z Liquid vortex
Plasma injected ;::sa;:ber
~290 m before each pulse confinement

streams into drift

compression solenoid of target

debris

Merging- plasma

beamlet
injector

Plasma-filled low field
solenoid section for
neutralized drift
compression

el * 400 kJ of 2.5 GeV Xe*8 ions (range 0.025 g/cm? in two pulses

radius
solenoid

s induction  Enough energy to study scaled chamber-target debris

bunching section

(with some accelerator interactions at 5 Hz pulse rates

acceleration).

Beam radius * Up to 90 TW of peak ion power with moderate pulse shape-
tapers down to capability for range-shortening/ symmetry experiments

constant radius
linac section

* Cost: 250 - 500 $/Joule — modular, scales ~ with energy




Modular linacs >faster, lower cost HIF development path?

Phase II: add 250 m, Target
250 MYV acceleration hambe
> Phase I1I: replicate Phase II linac
Phase I: IBX-> Phase II injector for 10-20 module-ETF driver
Phase I: Proof-of principle
6 years @ 30 MS$/yr Phase II: Integrated driver-
chamber-target performance Phase III: Fusion
Heavy-Ion Accelerator 7 years @$100 M/yr energy development
(Integrated Beam Experiment) 10 years@250-350M/yr
1
High-Average-Power Laser Integrated Engineering 1 DEMO
Research ——)+—) Test Facility !
Experiments Upgrade :9 @
Repetitive Z-Pinch '\ 1\
Today Candidate 2010 2013 2017 2027
Drivers IRE decisions NIF ignition ETF-DEMO Net
decision Power

Fast Ignition (supporting any driver)

Targets and Chambers (supporting any driver)
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* Needed for higher-
current modular linacs
using either quadrupole

- Design and validate fat- spot targets ( > 5 mm radius focal spots)* or solenoids transport

Modular HIF development — Issues/ RD needs

= Merging beamlet injectors (aberrations, and source life for higher injection currents)*

= Agile-waveform induction modules for longitudinal beam control, bunch compression, double pulsing*
=Tolerable stray flux (iron shield thickness) for > 95% effective core volt-seconds*

=Emittance growth and steering/matching corrections for alignment or magnet field errors*

=Vacuum instability control, ion stripping, halos and electron cloud effects in the linac*

=Optimization of plasma profiles for neutralized ballistic and /or assisted pinch focusing®

= Neutralized drift compression and final focus - long plasma pre-filled channels, long beam - plasma
interaction regions, fast time-dependent /cusp/plasma lens focusing for focusing larger 5p,/p,”

= Desirable, but not essential, for solenoids: high charge-state heavy-ion sources (laser or ECR)

—->The physics and technology needs for modular HIF either are being addressed

or can be addressed with current VNL experimental facilities and codes




Key questions: how much degradation in beam brightness will the
beam accumulate passing through accelerator, drift compression, and
final focus regions, and how is coupling/heating of targets affected?

brightness

. [T ] ] Final Focus
WE s ctor, Accelerator Drift compression S
Beam mismatches Random acceleration and L)
focusing field errors Chamber
Beam loss- halos, gas desorption, Ap, - momentum Z:lads::;get
neutralizing secondary electrons spread increase interactions
‘é"(‘;::r':‘:sion instabilities,
Issues that can affect beam df/ dx_- lon
focusability-emittance and stopping

Issues that can affect
beam-target coupling
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Our next HIF experiments should help us understand the limits of
beam compression, focusing and neutralization so that induction
linacs could become a leading driver for both heavy ion fusion and

high energy density physics.

Recent HIF-VNL simulations of neutralized drift compression of heavy-
ions in IBX are encouraging: a 200 ns initial ion pulse compresses to
~300 ps with little emittance growth and collective effects in plasma.

ibuSb: ibw.lsp — Tue Jul 1 Z20:18:51 2003

1000 L L e e T
(LSP simulations :

by Welch, Rose,

A Olson and Yu | .

£ ' :

Z 100k June 2003)
T . : : 3
o - : ]
= : z=500 c i
< . z=100 cm _
£ 5 5 5

D,1 I 1 ' 1 1 . 1 1 1 1 . 1 1 1 1 . 1 1 1 1
o a0 1000 1500 2000

Tirme [ns)

Areas we need to explore to
enable ion-driven HED physics:

Beam-plasma effects in
neutralized drift compression.

Limits and control of
incoherent momentum spread.

Alternative focusing methods
for high current beams, such as
plasma lens.

Foil heating (dE/dx
measurements for low range
ions < 10-3 g/cm?) and diagnostic
development.

EEEEEEE



Advances in HIF target design (Hybrids and fast-ignition) have
leverage to reduce or mitigate accelerator requirements

=Decrease ion range >reduce accelerator voltage and cost

=Increase spot size >allow higher beam emittance or smaller
number of beams

"Increase pulse width - reduce ion bunch compression needed

-> Fast ignition may reduce HIF indirect drive requirements
for fuel compression even more in these same ways

I The Heavy lon Fusion Virtual National Laboratory I %
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Why Heavy lons?

- High energy accelerators with MJ class beam energies exhibit
efficiency, pulse rate and durability needed for IFE

—>Clear bore magnets used to focus the beams can tolerate target
debris and radiation.

- Same motivations apply to using heavy-ions vs lasers for fast
igniters

Need for high power *+ s> High ion kinetic ener
need to minimize current (for 9 gy

focusability)

High Z ions for dE/dx
(or else range too long)

1i5cm—»

For fast igniter focusability we might use high Z, 50-200 GeV heavy ions
together with close-in micro plasma lens or local magnetic self pinching




Fast ignition would benefit heavy ion fusion in a variety of ways:
higher gain or lower drive energy, lower peak ion power (for fuel
compression), less required ion bunch longitudinal compression
and bigger spots (allow higher longitudinal and transverse
emittance), and more room for shielding final focus magnet arrays.

Target concept 1 -Single-ended,

Conventional ICF Fast Ignitor 8.8
s 7.0 2 mm radius
@) (b) ) 5.5  ion beams
@ Fast — \\‘xb
Fas
T Cin o "of heat Fast Hoivy
| | o (laser or eams,
fast ion /
= ~20 deg
Low-density central spot igr:ites . — T P / e half
a high-density cold shel oty T oo 2 70 — cone
T, . ~oT .. (ispbari d Ly = i - — 7.3 angle
fal e, nition"eaR-rd HTRE ST - :
“"“total drive energy for any driver used to
supply the dominate energy for fuel This talk summarizes recent work of
compression (as long as the igniter Debra Callahan (LLNL), who used
beam energy <1 MJ) analytic target models to estimate ion

beam requirements to drive three ion
hohlraum geometries at 150 and 120 eV




Fast ignition impact for heavy-ion fusion: preliminary
conclusions:

=Potential increase in overall target gain by a factor of two (2 x
lower accelerator beam energy).

Reduced peak ion beam power for fuel compression with fast
ignition may reduce switching costs and longitudinal beam
bunching in the accelerator by ~3 to 5 x.

=2-3 x larger ion focal spot sizes (relaxes driver brightness, and
allows more room for focus magnets)

=Potential for lower cost, more robust targets. However, much
more analysis is needed on target symmetry, stability, and
fabrication!

= A
I i i i [y U @ - PFP
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ARIES-IFE work has clarified many driver-target-
chamber interface issues important to heavy-ion fusion

=ldentified viable operating windows for chamber pressure, beam
propagation and pulse rate for dry, wetted wall, and thick-liquid wall
chamber options for HIF.

Updated materials development needs for dry, wetted wall and thick liquid
chamber options for HIF.

Explored a variety of solutions to shielding of final focus —chamber
interfaces for long lifetime focusing magnets.

Explored issues and development requirements for low cost manufacturing
and injection of heavy-ion hohlraum targets

- All of these studies have contributed to the knowledge base upon which
improved heavy-ion fusion power plants can be designed in future work

Besides these technical contributions, the ARIES IFE effort has promoted
increased understanding and collaborations on common fusion issues
and opportunities between the MFE and IFE communities




Backup Viewgraphs

~
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Two other heavy-ion driven hohlraum geometries were
studied to explore the possibility of larger beam spots

Target Concept # 2 Single ended
ion driven hohlraum with 4 mm
radius ion beams

13 mm

5.5

6.7/mm 9 mm
s ~ Heavy
\ > < ion
| beams,
Fast \ Heavy 2 _small
Ignition L half
on
(laser or = belams Fast Ignition (laser or : cone
fast ion ) ’ fast ion pulse) angles
pulse) =l ///~20 deg
If
i]/ = - /::“e Target Concept # 3 Double-ended

ion driven hohlraum with 5 mm
radius ion beams

9 mm




Summary of results of Debra Callahan’s analytic model

Target Hohiraum Target lon Incident lon lon Pulse Spot Drive1/2
Concept Trad YieldinMJ | energy | gniter E, | Power width radius |  Angle*
(eV) [Gain] (MJ) (MJ @30%) | (TW) (ns) (mm) (deg)
Conv.
close 240 430 [130] 3.3 NA 330 8 1.0 12
coupled
FI #1 150 460 [160] 2.7 0.15 160 17 2.0 20
FI #1 120 350 [140] 1.9 0.6 68 28 2.0 20
Fl #2 120 350 [76] 4.0 0.6 150 28 4.0 20
FI#3 150 460 [150] 29 0.15 170 17 5.0 <10
FI#3 120 350 [120] 2.3 0.6 82 28 5.0 <10




We are exploring ion-driven high energy density physics in
addition to inertial fusion energy because:

‘lon-driven high energy density physics would benefit from the
same physics base needed for inertial fusion.

-lon-driven high energy density physics has potential
advantages with respect to using lasers in the warm-dense-
matter regime.

‘New ion compression and focusing techniques for high energy
density physics may also help inertial fusion.
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The warm-dense-matter regime is the most interesting part of high
energy density physics to be potentially driven by ion beams

- WDM is that region in temperature (T) - density (p) space that is:

* " is the strong
coupling parameter,
the ratio of the
interaction energy
between the
particles, V,, to the
Kinetic energy, T

1)  Not described as normal condensed matter.
2) Not described by weak coupling theory.
aluminum
104 | | | | | | | -
classical plasma =1

i 103 |

2

=

" 102 |

E dense plasma :

— E

E
101 I~ H

= _'. high density
-_______,..--"' §= matter

WDM 100 I T - |

104

10-2 1

]
102

Density ( g/cm3)

104

™ 1_' — ITF — Z:{'J:
r rT
1
where 7, o< —
P

(material from Dick Lee, LLNL/UCB)

. . . ~ _
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Solid-density plasma layers heated isochorically with nanosecond ion
pulses could be ideal for accurate equation-of-state measurements

WDM regimes are presently accessed by heating a solid (most useful) or by compressing/
shock heating a gas. Volume and uniformity set limits to accuracy of EOS measurements.

XFEL heating uniform but small

« Foils preheated by hard x-rays Ultra-hard X-rays volumes (10’s of millijoules)

g

« SU persmnigally heated foams or Yorave MJ of soft-x-rays available
low £ materials (thermal x-rays) y on Z but limited uniformity

‘

and limited number of shots

Lasers absorb at critical density
« Shock compressed and heated thin foils laser << solid density~> large density/

pressure gradients

\

Fast heating of a solid with
penetrating ions (dE/dx vs x fairly
flat below the Bragg peak) —=>lower
gradients-> more accurate EOS

* lon heated thin foils lon beam

* 100TW lasers create 10-50 mJ of ions for picoseconds - small volumes for diagnostics
* GSI-SIS-100 plans 10-40 kJ of ions @100GeV,100 ns-> large volumes but limited T < few eV




Vacuum instability depends on time-average beam current and vacuum

pumping speed inside pump volume (e.g., in-bore cryopumping)

—>Gas in the beam tubes can build-up in time at any initial vacuum pressure when the
average beam current | _ _ exceeds a threshold value that depends on the neutral
desorption coefficient I', (neutrals desorbed per ion lost to the walls) and on the
vacuum pumping speed per meter of beam tube. The threshold [W. Turner,
J.Vac.Sci.Tech. A14(4)1996] is determined when the number of wall neutrals desorbed
per meter per second from both cold ions expelled from beam-ionized gas and from
beam halo ions lost to the wall exceeds the neutrals pumped per meter per second.

One can derive the threshold time-average beam current |, for gas runaway from

n 1,2 dny/dt = nyn ov,nayl,, +nyn,c,vynay?ly, + npvyra 2, Uy - 2nr, f, n v /4 = 0
and using |,,,./q e = n v a,?, where r, is the "pumping" wall radius, n, the gas
density, n, the average beam density, ¢, the gas ionization-by-beam cross-section, o,
the beam charge exchange cross-section, v, the beam velocity, a, the beam radius,
I'og ~ 10 the gas desorption coefficient for lost cold ions, I',,, the gas desorption
coefficient for lost beam ions, f,, the fractional beam halo scrape-off loss per meter,
f.p the fraction of wall area open for vacuum pumping (through induction gaps and
holes in cold-bore liners for cryo-pumping), and v, the gas neutral thermal velocity.

The cross section for ionization of the gas by

.~ 410 20
the beam is highest in the front end, falling as 1/v ,: ®i =%

m?, and for beam o, = 21020 n

charge exchange
For canfigurations utilizing "cold-bore"

in-tube cryo pumping with a 20 K

m/sec thermal speed @
perforated liner, the neutral speed is

2-20-¢
Voo = =&y, - 406
2-M,11600 20 degree K for H,

fwpe= 0.5 at the pipe (pumping) radius r ,,~ 0.04 m

Voh = ﬂ Voh = 1574 m/sec thermal speed @
2‘M|1'11600 300 degree K for H,

fw ph-—= 0.05

and the wall pumping aperture fraction

For multi-beam arrays utilizing "warm
bores" (either normal quad magnets or
electric quads), the neutral speed is

and the wall pumping aperture fraction

at the pumping radius ~ 0.4 m outside the array.
For a cold-ion reflux coef. [ye =10

Threshold peak current (. roe . oG . foum fit. Top. 71) 0.5-q-e-mryfypng vy 210" (A),
thl\ 9 Fw, Mo, Yo, O xs Iwp Inls L oob.Th) = '
for gas runaway @5H2 . g6+ ngoxUopt ThTon Th E:?'

where the factor on the right with pulse width 1,1 is the inverse duty factor to get
peak threshold beam current from beam currents averaged over 5 Hz pulse rates.

Nominal neutral density (@102 torr): g :=101%  (m3), pulse width 1,:=20.10" % (s)

Alumninum Array
Tube Quadranl

MNonmagnatic :
Structural Filler
Containment Vessel = Current into Paper
= Curreal oul of Paper

Compare threshold
currents predicted by this
model for multi-beam quad
and single beam solenoids

Amorphous
magnetic
taras

15 cm beam
. ralius oy

~

A
I

|||‘




Threshold peak current (A) for gas runaway for quads@ 5 Hz vs. neutral
desorption coefficientI' ., for each beam w/in-bore cryo-pumping, and
for total beam current w pumping at the edge of warm-bore arrays.

110°

—4
Itlll'-‘ 1,0.04.ny. voe. Oy, fwvpe: 10 .Tp.t I};l 100

_ <-0.4 m warm bore array
|rh{'1 ,0.04 ng,. voe. 0y, By pc: 0.T b, Th__'

with zero halo loss/m

U 4 y 10 <--Single beam cold bore
Ign'| 1.0.4. 05, Vop. Oy, fwph.-10 T gp. Th,,-l with zero halo loss/m
|rll{l1 .0.4.ny. Voh . Ox. fyypp- 0.T ob-Th) 1 <-0.4 m warm bore array

e with 10 -4 halo loss/m

<- Single beam cold bore
0.1 =3 a 5 with 10 -4 halo loss/m
110 110 110

r . .
ob beam reflux coefficient-->

—>Beam currents < 2 A per beam peak @ 5Hz should be OK at I" < 10* and 10-* fractional beam loss per
meter with superconducting quadrupole linacs with cold-bore-cryo pumping in each beam-tube. Without cold-
bore pumping in each beam tube, however, the total beam current in a warm-bore multi-beam array pumped
from the outside, under the same assumptions, may be limited to < 8 A, or less than 80 mA per beam for a
100-beam array. Note in Eg 3 that threshold currents are insensitive to neutral density in the limit of either
large neutral density or small halo loss f, . Use of special halo scrapers (next slide) may then be needed.




Threshold peak current (A) for gas runaway @ 5 Hz vs. beam-neutral
reflux coefficient I' , for single solenoid beams with cold-bore
pumping, for g =1 and q = 8 Xenon beams, with 10-4/m halo loss.

110*
110° =
Itll(1 ,0.17 ,ng. Voe, Oy, fwpe: 10 «Fnh*Thl)
— 100 e
4 = <q=8 @ 10
|t.,(s* 0.17 19 Yoer 0. fype. 10 . T o, 'Ehg) A log P
b &an
<-q=1@ 10*
halo loss/m
1
1-10° 110* 110°

r . .
ob beam reflux coefficient-->

Assume ¢ =1 and g =8 single beams in solenoids with cold-bore cryo pumping. Since the solenoid field
prevents cold ions from reaching the wall to desorb gas, we turn off the neutral reflux term by setting the
ionization cross section o; to zero. For q=8, beam ions which charge exchange off gas can still be confined
by the solenoid, so we turn off the cx cross-section o, as well. Threshold peak currents for gas runaway are
evaluated for beam pulses of 4.3 and 1.5 usec for q = 1 and q = 8, respectively. = Solenoid linacs have 1-2
orders of magnitude higher beam current threshold for q =1 and q =8, respectively, than for single beam
quadrupole linacs, due to larger (17 cm) pipe radius, shorter pulses, and prevention of cold ion expulsion.

s The Heavy lon Fusion Virtual National Laboratory I % @ %FFFL
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Linac options: Solenoids, quads, or combination options
may support modular HIF pathways, assuming high g/A
ions can be injected and focused:

Lets take a closer look comparing solenoid and quadrupole transport
options for a modular linac driver system driving a 6.4 MJ, 5 mm-spot-
radius Hybrid target:

=Assume double pulsing is cost-effective when pulsed power modules
drive a set of 10 or more induction modules in parallel at each z.

=Consider Neon*' @ 200 MeV (Similar range as 4 GeV Bi)>20 x lower linac
voltage.

Lowest modular system cost >smallest number of modules consistent
with symmetry requirements (8 for azimuthal symmetry each end for
hybrid targets). Assume double pulses meet pulse shape-> 16 modules,
minimum

=200 kJ per pulse per module for 16 modules=>1 mC charge/pulse

= A
I i i i [y U @ - PFF
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Comparison: constant-R, modular linac cross sections: left- 4-beam quad-array module;
right: single-beam solenoid module (both Ne*',16 linac modules, double-200kJ pulses)

479A x4 =3 kA/m? @ ~cost |(Both cases at mid-energy =100 MeV, |2.4 kA = 8.5 kA/m2 not cost

nx0.45% <J,...>... optimized | 1 millicoulomb of charge/linac/pulse [nx0.32 <J, . > optimized
13 cm forarray = = dR_ = 0.27 I, =810°Ba, (By)* n, I =410° (q/A) B2a2 By mq
edge termination, | "0\ N ' (0.13. 0_3& = 8105:2.3 .0367 104265 = 4105.05:82.15%.104-8
for cryosta;/ insul. =475 A x4 =1900A =2400A > 1,=418ns

T =715 ns

mcore

\ (B, =501.25.0367=2.3)

6T-dB Ty = 322 s, Constant 0.5V's/m | R,=0.3m
0.8PFr Tmcore = 894 ns - local 0.7 MV/m \
0.8PFz Unit Quadrupole Cell dR =
0.32 m

~local 17 cm on each side, 50
V-s/m Q O’ with 5T peak on ends solenoid
.SMV/m of windings, J,,,~ 1200 «h 79T
A/mm?. Mean beam

radius a, = 3.67 cm peak on 2 15 cm beam
b ’ cm-thick di
24 cm radius Ioipe= 6.4 cm, each winding@ 7 r2a4|:Z at},
to quad array beam 479 A Ne*' @M, 19-21cm 2x5cm-agnetic Ne*! ior?s

corners = 0.65, and 5,=68° radius, = anganese iron yokes @n,=0.8
A =15.5 uC /m Jyp~ 300 1=
\_/ wz @100MPa A =T77uC/m

/ For 16 linacs

428 tons NbTi conductor ($94 M @220$/kg) 608 tons NbTi conductor ($134 M @220%/kg)
42,000 tons of magnetic core ($210 M @5$/kg) 24,500 tons of magnetic cores ($123 M @5$/kg)
4-beam quadrupole linac module, 960 m long Solenoid linac module, 370 m long

(based on IBEAM system code)

EEEEEEEEEEE



Quadrupole linacs with high g/A ions like Ne*! require short quads
(reduced effective occupancy), and low acceleration gradients

T T
we|  (from IBEAM
(R-Z view at mid-energy 100 MeV) Radial vacuum pumping / diagnostic L ..| systems code) o
—~ HLP -
© Metglas (m) _—
ey w— p——— cores 0.4 P +1
1 — 80% axial ~ | Hantjons iike Ne
. 0.3 I 'S-over—|
x a::cﬁ:lgal o l/ most of/a 200 MV linac
fraCtions i 4] 0.05 .1 0.15 L Bed
P\
Array lon energy 1004 200mev?
terminations+ 2 T
iron shielding Effective
~3 cm for LQ:a:lh_ B
dewars eng -
S — on each (m o=
end
_________ N NUUUN SUSUS_————————— W, _— ot o oo 200
= 5 T
v | Center line Quad . \ -
\l/ Iength / 15 L/D=2.3 —]
P A ‘ ........................................ ’ ........... ‘ ........................................ } ..................... diameter
T ratio ! l
~_ > 2 °3 e So0
o N NR 5 cm induction gap l ' ' '
= 35/54=0.65 . axial s |-
Na 35 cm effective quad length occupancy o3 0.65
=15.5uC/m Is 0.75 really possible?
A H 49 cm actual quad dewar length Lk
0 1 1 1
54 cm HLP o sao’ 10 150t 2a0

messsssm—— The Heavy lon Fusion Virtual National Laboratory I— % E %FFFL




Solenoid R-Z cross section: judicious use of ferromagnetic steels
inside cores and at ends minimize stray flux into induction cores

(R-Z view at mid-energy 100 MeV) Radial vacuum pumping
1m and diagnostic access

Extend beam beyond

<g>‘/ last induction cell far
— | | p— cNOUgh to force >99.9
Metglas cores | [ | % of the flux return
80% axial and : through the iron
radial packing :
fractions

—
»

I T _ .
0§i°m 15 cm beam ~3 cm for dewars each end E, =77 kViem mFaer:r:::sglen:::acel
o ITP™ | A=T7pCim  343+5.2=11.2cm winding gaps Sn,;=08 oy structure
B,=5.8 T? 5.2 cm vacuum gap attenuates gap
< 700 kV@135 kV/cm for 380 ns fringe fields
| ]
|

v

Z£— Matthaeus finds < 0.1 T
solenoid fringe field (with iron Main-end
inserts) in the metglas of this solenoid
example 2>less than 5% flux
increase in radial build to return
preserve the 0.5 V's/m

Cheap scrap-iron plates in a trench < 700$/ton

NS



Effective solenoid axial occupancy n, based on average B,?

- L -
| | | 1
Thin uniform solenoid winding _.I & I‘_ Eg
rw winding gap )
0.7
ittty 0.6
ng(5.5¢) 0.5
B,? with gaps & spaced L apart, normalized — 0.4
to the infinite solenoid Bz? along the axis at gz
the same line current density (z, L, and 3 all 0.1
normalized to mean winding radius r,,) 0
0 02 04 06 08 1 1.2 14 16 1.8 2
se
1
0.9
0.8 < Plot of B, and
0.7 2 -
Bz(z,5,0.55) g B, fora9 !-ILP
...... o example with
2 .
Bz(z,5.0.55)" g4 L=5, 6=0.55; i.e,
0.3 forr, =0.2 m>
0.2 — —
(Normalized 0.1 L=1m, 6=11cm
to B with no- 0
gaps) =25 =20 =15 =10 =5 0 5 10 15 20 25
Z — n: . . g .
. 05L Distance normalized to mean winding radius
nelL.8) = | % :-J Bz(z,L.5)° dz ne(5.0.55) = 0.797 (e.g., 5=1 mifr,=0.2m)
L)),
B The Heavy lon Fusion Virtual National Laboratory I E %FFFI.




Solenoids transports current better than quads at lower ion energies
needed for modular high g/A linacs ->big differences in z-average
acceleration gradients, and linac lengths.

— Acceleration gradient (MV/m)

06 0.6

04 0.4

) f v
.
"0 005 o3 02 0

limited only by assumed constant
0.32-m-radial build of cores in
this solenoid example >
Vgradient ~ T1/2’ T~ 22
(radial build not yet optimized)

(in GeV)é

10’ |on

lon energy, GeV
— Jp Ln fraction
b \ I ation gradient, MV/m
Caore radial bu I 1, m

Acceleration gradient (MVIm) T
limited by Vs/m ~ ¢, ~ Tion
bllmlt T >T~ exp(z) (MeV)
for quadrupole transport

200

I~

015

n, = beam/electrical-in induction eff.

, M & & »

. Hinacis 80%

= 0.48 .-' 1370 - m linac
- length for
! solenmds

n, = 0.32

<«—— Mid-energy point
E Ne*! quad

. 952 m Ilnac:
length for

quads

~“front-end”

1
200 300 400 500 GO0 700 800 00 1000

V4 along linac (m)->
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Minimum cost (mass) follows <J, . E,> better than just <J, > -example:

370 m

AN

dR, = /

l 32 cm

..............................................................................................................................................................................

3

K3

...........................

E, =77

kV/icm

a, =15 cm (previous case)

double beam radius

.........

Both same 1 mC charge/pulse

E, =126

kV/icm

¥

a,=30cm

..................

..............

\ ...................................
Parameter| 15 cm beam | 30 cm beam \/ / 123 m

Inner core Rci 30 cm 45 cm - \

Occupancy 7 0.8 0.6
Core z-pack,V's/im| 0.8, 0.5, | 0.6, 0.38,,, Parameter| 15 cm beam | 30 cm-beam
Current @100MV 2400 A 7200 A Core mass| 24,500 tons | 7600 tons

Pulse 1, T ,core| 418, 715ns | 140, 240ns <J,.>| 8.5 kA/m? 11.3 kA/m?2
Gradient@100MV| 0.7 MV/m 2.1 MV/m <J,cE,>| 6 GW/m3 24 GW/m3
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Blea‘[hmor and Quadrupole Mode Growth Factms Y. and y_

1.0 1.0
In|v, \-0 5
0.8 0 75 . 0.8
Y- ()0
0.6 Lattice Res. D 0.6
\'? Band N
© 04 © 04
T+
p e 0.2
Res. Band
0.0 - 0.0 . -
100 120 140 160 180 100 120 140 160 180
o (deg./period) o (deg./Period)
7.4 A
Spin(g.A.V.B) = —. g=1 A:=20 B:=8
hip*9- B4 T ¢
2
-
I 1.5 e
. et
Solenoid e
spacing _‘___..-""""
HLP-(m) -~
(.5
0
0 1 2 3 4 5 6 7 8 9 110 12 13 14 15 16 17 18 19 20

Acceleration voltage Vv (MV)%

The envelope
instability bands
(upper plots from
Steve Lund) for
solenoid transport
can be avoided
with high n,
occupancy factors
and keeping phase
advances ¢, < 127
degrees (short
enough solenoid
gap HLP spacing
vs acceleration
voltage—see lower
plot from Ed Lee)
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Increasing ion charge-to-mass-ratio for the same range reduces
linac voltage, length and cost, provided injectors and final focus
are improved to handle the associated higher beam currents

(Wayne Meier’s 1997 systems analysis of multi-beam quad drivers using the IBEAM code.
The HIFSA study also found similar cost savings comparing Cs+3 with Cs+1 ions.)

1400

Linac cost reductions Increasing
—e—r1| With higher g/A may _ difficulties to
1200 1 _+_!|also apply to modular ':ﬁ;ﬁgz':‘f meet target spots
—&-xs| linac driver systems mass ratio | | With neutralized
. " ¥ - ot q/A ballistic focusing
discouraged
Sl 8 \ | going to high g/A
3 S '\§
E ol ~ Increasing
! injector and

“front-end” costs
limit the potential

RE (K1) |Eenehts. af advanced tergets | cost SaVingS at
»

Ton driven fast ignition Vel’y high CI/A for
—] - standard hot-
. . . , , , plate-type
y | - ; ) : 6 :  injectors
Drriver enargy, M.

400 T

Closs coupled design

200 +
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7 T .

The straightforward approach to modular HIF is too costly

11 cm for array 0.73 m
edge termination,
shield & cryostat

000000
00000000
/ér::f:}aor::lc:}o@\

“Modular” RPD: 10 linacs, each 0.63 V-s/m,

Ro0CQ00LQ00Q0 DLz 12 beams, 20,000 tons of core each.
/D oo o000 {j\ V-s/m - Total 200,000 tons of core, $9.8 B cost!
GOGQDQGQDDO/ cores

@DDGDGQGD@’

OQCO0QCDL 04
t.!»'

RPD: One linac
35,600 tons of core~>
$2.8 B total capital cost
\/

One module
->IRE ~$1B!

Modular system using same 3 km-long, 4 GeV
Bi*1, 85A beams—> can use same RPD injector,
final focus, chamber, and target designs.

I The Heavy lon Fusion Virtual National Laboratory I f\l " @ -\%FFFL
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ModSoLinac systems analysis finds 10 solenoid cases consistent with injection &focusing

Pulse @ No. of

Case lon lon Final Target Target
No. charge mass ionK.E. energy spotsize target
state MNo. (GeV) (MJ) (mm}) (ns)
1T, Id; rs; ;
i= ai= A= 10 1% 10 10°°
1] [ s 131 25 6.7 [ 5] [ 9]
2] |26 131 2.5 6.7 5 9]
EEE 40 0.5 4 [ 4] 28]
4]l | s 131 25 4 4] 28]
E R EEEE 2.5 4 4] 28]
6l | 1] 20 0.2 6 [ 8] 28]
7] [ 1] 40 0.5 6 [ 8] 28]
s| | s 40 0.5 6 8| 28]
EEE 131 25 6 8| 28]
10|  [28] 131 25 6 B 28]
Injection Linac Injector Injector Beamlet Source
energy bunch pulse current current array
Case (MeV) comp. (ps) (A) density radius
MNo. 4i-Vo ratio 10; (mAfcm2) (m)
1= 1[]5 bt; = 10_6 lo; = Jsp = asj =
1] [2a] [ 8] 8 83 157 0.34
2| 78| | 4 2.2 339 316 0.48
3] [ 3| |78 205 11 95 0.16
4| |24 | 8 8 80 157 0.34
s| 78] [ 8] 45 173 297 0.35
6| [ 3| [16] 13 31 138 0.22
7| 3| [18] [z05 11 95 0.16
8| [24] [ 8] 3.6 170 303 0.35
o] [22] [7e 16.1 44 150 0.24
0] [78] | 8] 45 173 297 0.35

MNote: Target symmetry forces more beams than E or B limits only in case 4 (10 vs 9)

I The Heavy lon Fusion Virtual National Laboratory I

linacs,
{=no. of
beams)

Nl =
16

4G

paf] =] =
|-“IIC|CC|

(m)

Loj =

48

24
78

48

48

69|
78
39

85

48

Injected Injector
bunch emittance
length (m= mm-mr}

No. of Bunch Linac Allowed Est. core
pulses charge MV & emittance mass
per (rC) approx. growth (193 tons)
linac Chy Ie{r;?}th gnet; MFm;
Npi= 108 Laoj= 1078 103
2] 670 313 116 6.9
2] 757 96 9.6 6.1
2| 222 500 7.4 125
2| 640 313 9.3 43
2| 770 96 78 36
[ 3] 400 200 18.8 6.0
[ 3] 222 500 28.7 125
B 615 63 208 45
B 711 313 34.4 3.9
B 770 96 32.6 36
Peak Velocity Final Focus
linac tilt for  tot longit. angle
beam kA drift (%) spread{®%) (mr)
S Appe;  Appy i
10 %  10° 0.01 001 10 °
6.8 67] B, [179 1.04 25
9.7 76| E, [179 0.98 25
5.7 22| B, [145 0.65 26|
6.8 64| B, [179 0.66 26
7.1 77| g, [179 0.78 24]
11.3 4| B, [217 1 31]
5.7 22| B, [242 0.92 [31]
12.7 62| E_ [242 1.02 32
4.9 71 B, [298 1.14 [31]
71 77| g, |29 1.1 32]
AE orB limited

Table 13, p.38, ModSoLinac7. Cases
meet all four of the following primary
criteria: (1) minimum number of
beams/linacs set by the greatest of target
symmetry requirements, peak wall E-
field limit in the transport channel, and
solenoid field limit of 9 T for a common
beam radius of 15 cm and pipe radius of
17 cm; (2) ballistic, plasma neutralized
focusing to the target spot size at
optimum focusing angles; (3) net allowed
normalized emittance growth budget in
the linac > 5 = mm-mr, after accounting
for beamlet source array size, injector
emittance and longitudinal momentum
spread multiplied by the subsequent
bunch compression ratios; and (4) a total
estimated induction core mass less than
half of the Snowmass baseline linac
system. Common assumptions for all
cases: ion range = 0.03 gm/cm2, 15%
beamlet source array fill factor,
extraction field = half of maximum
transport electric field, source effective
ion temperature = 2 eV, induction pulse
length at end of linac t, = 100 ns, macro-
pulse durations for drift compression =
T, X [2Np-1], and neutralized drift
compression lengths = 1000 m . Fast
time-dependent correction coils
assumed to compensate 2/3 of coherent
velocity tilt before final focus.
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In the ModSoLinac systems analysis, source and target constraints on
both transverse and longitudinal emittance were included systematically

" " : | 3 ( 1 where np,
Net perveance” in plasma-filled chambers  Qc(q.A.npyp) = 1110 “q-[A-(npyy + 1)] =plasma? -

"Typical" example parameters, (e.g., baseline Snowmass): the ion charge state q:=1 density ratio ave.
over chamber

3 (m) and angle

focal length 1;:= 6 (m), focus magnet length Liao := 0.6 (M) spotsize ry:= 210

Bf:= 15-10 3 (rad),normalized momentum spread :5|]p — 4-10 3 and npyp = 0 (no plasma between

plasma plug and target).

(q.A. L. 8¢ 1 ) = p 8-2 2-q-mg I [ LyOr] Max emittance for given target spot radius
elq. A, Ly, Op.rg.npyp) = ry 05 + .\_up.{'np.,h—ﬂ o J ry including effect of magnetic pinching

rs

Emittance allowed for accelerator «,,, after subtracting off chromatic aberrations (3p,), geometric aberrations, and
emittance growth (allowing more complete plasma-filled chambers if np,, ==1 [Welch, et.al., Phys. of Plas. 9 (2344)]

. - V2
gala. A, Ly, Of.rg.8pp, npup) = [elq AL Lg,Br, 15, npyp)
r R 2 Eq.0

2 .2 | |
+—| \2-LyOy -6|1l,| +1.4

L¢ 4 . .2
/ l'{}l' * [_0'5'{){"[_[] A, Illjllll}' L)

3 L \ 1-|||:l;_-

With this assumed longitudinal beam energy spread out of the injector, we can estimate the resulting final
beam momentum spreads after pre-bunch compressicn, acceleration, and drift compression to the target. To
give some allowance for the growth of longitudinal momentum spread due to jitter in induction gaps and
longitudinal beam control during acceleration, we will double the final momentum spread calculated from the
iInjector with overall bunch compression.

(a-Vo ) [(1o(Tr.A.q.Vo.Ta. k) ) Eq.10: 5p/p thermal at the
‘ target. Note factor of 2 for
assumed growth in
5Vy, = 10 3 accelerator cancels the
v factor of 2 in sE/E=25viv

5|1|}|‘['['r~.\ 4. V.0V Ty, Ty, I"*.] = oVyy

f .-l \ Tr )

A, &
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Could “modular” linac systems reduce HIF development cost
and schedule, and still lead to a feasible, affordable driver?

= A “modular” driver system means separated, identical induction linacs
(modules), costing not more than the RPD for the same energy, and desirably
much less.

= An IRE which provides full validation of one driver module.
= An IBX which provides proof-of-principle for the IRE/driver module.

Possible modular driver transport options to consider:
1. Single-beam solenoid linac modules

2. Single-beam or few-multiple-beam quadrupole linac modules

3. Single-beam hybrid-solenoid-quad linac modules

Cost-competitive modular systems will likely require:
+ << 100 linac modules @ << 1 GV and q/A >>0.01

* Neutralized drift compression and final focus for higher currents/beam

« Larger target spot sizes > 2 mm radius (e.g. hybrid targets).




What HIF needs to have a faster cheaper development
path required to be competitive with other fusion
approaches identified in the 3-6-03 FESAC report:

1. A modular driver development path in which an affordable
single beam IBX validates a single beam IRE which can then be
replicated to create an ETF/DEMO driver on the same site.

2. Heavy-lon targets with a larger spot radius > 5 mm, to enable a
better, faster, cheaper development path for HIF based on
modular linacs. Low impedance pulsed power may also apply
to modular HIF driver systems

3. Thick-liquid-protected chambers, to have any realistic chance
of a DEMO that works (credible lifetime and low environmental
impact) in a realistic time frame (< 25 years as opposed to >35
years to infinity).

= A .
I i i i I i @ ==
The Heavy lon Fusion Virtual National Laboratory % & ;jéipppl-
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Neutralized drift line (pg. 62-63 in ModSoLinac7.pdf)

Linac Target
o+ Solenoid drift line ~ 1000m

A ——p—

Ne-cusps Solenovid/cusp :
B-lines " Vortex-cusp chamber
: final focus . , 3
of volume Vi ~ 10 m
magnets

Fig. 22: A neutralized drift compression line of overall length L, consisting of a series of long 0.5
T sclenoids with alternating field polarity, forming a series of N, cusps along the drift line. The
field line curvature is stable to magnetochydrodynamic (MHD) instabilities driven by the plasma
pressure-gradient. The periodic cusps may interrupt plasma return currents to stabilize ar
weaken two-steam modes. Plasma can be injected into the drift line either into each ring-cusp, or
filled by plasma cutflow to the left from the target chamber plasma.

15
Beam density ny,; displayed in
units of 107 ions/cm3

15 10
Plasma electron density n,, displayed
in units of 1012 electronsicm3 Much
higher densifies { = 1015 cm-3)are
required within the cusp focusing vortex
chamber, where the local beam density
increases due to focusing
convergence.

0 200 400 600 800 1000 Distance along drift compression-->
o (meters)

Fig. 23: Local ion beam and plasma electron densities along z for neutralized drift

compression physics example.

I The Heavy lon Fusion Virtual National Laboratory I ,\I
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Target examples assumed for 10 cases selected for study

Fig 2 : (b) Target example 2
Hybrid target, central ignition,
two-sided illumination

Ldz = E.T-106 (J) beam input
tfp = 910 ° (s)pulse

rsp = 410 3 {m)

Nmzg = 20

(Note Hybrid
targets have
beam angles
restricted to
<10 degrees
--> more
limited # of
heams)

Minimum beams for symmetry and

pulse shaping (5 azimuth x 2 for
pulse shaping x2 sides). Assumes
shim fixes range-shortening.

My

Prassure balance
holds position of

shine shisld 1o "2dIEtON

conirol Legendra
maode Pp

I The Heavy lon Fusion Virtual National Laboratory I f\l ﬂ
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radiztion shim
to control eary
time Pa

Fig 2 : (c) Target example 3
Distributed radiator, fast ignition,
one-sided illumination.

Edgy = 4.10%  (J) ion beam input
e _aa.4n- 2 (o) Requires 600 kJ

tfy = 2810 (s) pulse gniter beam
L -3 ey input for 120 eV
e et L (m) hohlraums.
Nmj = 20 Min # pulses= :."Ih'gmhtslf'zf P4

5 azimuth x 2 ! v:

energies x 2 i?:"?;e.orx'

pulse shape ingle I

x 1 side) energy?

13 mm

Fast
Ignitien |~ H?:'nw
(laseror Bl T
fastion ’

pulse)

Fig 2 : (e) Target example 5
"Tuna-can" target, fast ignition,
one-sided illumination

LEds = 6-‘Il2l6 (J) ion beam input

o5 = 28.10° Y (s) pulse

Requires 600 kJ

igniter beam input for
120 eV hohlraums. Might
use P4 shims to aid in

rsg = 810 3 (m)

Nmsg = 20 Min #ion

pulses symmetry: single ion
5 azimuth @ <12deg, energy? Poor coupling
x2energies low efficiency, but maximum
%2 for pulse  compression, beam spot at 6 MJ to
shaping and big case/ explore lower cost
x 1 side capsule ratic  solenoid driver options.
May use bigger capsule,
higher 1 GJ yield
13 mm
Au
16 mn
Fast 4
Ignition béams
¥ (laseror —p
fastion
pukej
.--"""F_-—-
"
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Modular Solenoid Linacs — Opportunities/ Motivation:

= Transport driver charge and energy in reasonable N =10 to 20 modular linacs
-> development path: single - beam IRE fully validates a driver

= Magnetic compression pulsers can drive N -linacs in parallel (cost efficient)

= Simpler single beam linac construction, vacuum /cryo access, and
maintenance

= Solenoid field geometry prevents wall secondary electron ingress

= Potential 3 x lower total driver system mass and cost




All IBX options must satisfy the same IBX science mission:
Provide integrated source-to-target physics experiments
with a single high-current heavy ion beam of IFE-relevant
brightness to optimize target focusing.

In addition to the science mission, we would
like any IBX option to provide sufficient proof-
of-principle tests to validate corresponding IRE
and driver concept (s); at minimum to include:

-> Sufficient beam line-charge in accelerator
(~current HCX-\) for gas/electron physics.

-> Sufficient acceleration to achieve >10 x
longitudinal bunch compression in < 40 m.

- Focusing into a well-diagnosed plasma-
neutralizing chamber (ballistic neutralized and
assisted pinch focusing experiments).

v'To avoid lethal DOE “sticker-shock reactions”, | ask the IBX TPC (MDF or MIE
cost) of any option not to exceed the 4-18-03 cost maximum of $80M including
R&D) to achieve any minimum proof-of-principle experiment.

v'Lower cost IBX options could expedite possible IBX schedules in OFES.

v'Can allow ~$30 M max additional upgrades over a 6-year operating program.




First comparison: constant radius induction linac cross sections: left- RPD 120-beam
quad-array linac; right: single-beam solenoid linac (one of 16 modules, double-pulsed)

[from G. Logan-

85A x120 = 10.2 kA = 6.1 kA/m? @ ~ cost HIF-IFE 3.2.
\ n x0.732 1.58 m? <“lbeam core minimum 2B.doc, 4-26-03]
11 cm for array Ry = ~
edge termination, 0.73m AR, = 6.7 kA =29 kKA/m2 not cost
shield & cryostat nx0.272 <J._ >. _ optimized
060000 Ry 5027 m
15 cm beam
PO 000000 0% s a,
! 6.7 kA peak
o beam
/ g current of
o Unit Quadrupole Cell X.e+8 lons
\G 8 cm on each side, NbTi
112 T/m NbTi SC N i
& . solenoid
\ quads with 5T peak on .
winding ends. Ave. with f? T
beam radius a, = 1.39 peal;nleld
cm, rp,pe-2.74 cm, windinas
each beam 85 A Bi*' 9

35,600 tons of magnetic
cores AB=2.6T, 0.63 V-s/m

1400 J/m® loss/pulse One of 16 modules of 290-m-long
_ solenoid linacs, each delivering two

A 120 beam quadrupole array linac, 2.9 km pulses, 200 kJ/pulse average, of 2.1-
long, delivers 120 beam pulses, 60 kJ/pulse 2.5 GeV Xe*8 jons, for a total of 6.4 MJ
average, of 3.3- 4 GeV Bi*! ions for a total of 7 to a Hybrid target. (Estimate)
MJ to a large-angle DRT target (IBEAM code)
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The Optimal type Of NbTi Conductor for 8 T is University of Wisconsin-Madison

Applied Superconductivity Center

DIFFERENT that the optimal type for 5T/
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8 1,000 . ITER ——
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. / \
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gq : Nb-Ti / \ \ e
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PIT 1.8K
10 Y
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Legend

———+——— Nb-Ti: Nb-Ti/Nb (21/6) 390 nm multilayer '95 (5°), 50 pV/icm, McCambridge et al.

(Yale)

———m— Nb-Ti: Nb-TilTi (19/5) 370 nm multilayer '95 (0°), 50 puV/em, N. Rizzo et al.
LTSC'96 (Yale)

———@——— Nb-Ti: APC strand Nb-47wt.%Ti with 24vol.%Nb pins (24nm nominal diam.) -
Heussner et al. (UW-ASC)

———X ——— Nb-Ti: Aligned ribbons, B|| ribbons, Cooley et al. (UW-ASC)

= = O = = Nb-Ti: Best Heat Treated UW Mono-Filament. (Li and Larbalestier, '87)

- @ = == Nb-Ti: Example of Best Industrial Scale Heat Treated Composites ~1990
(compilation)

——O——— Nb-Ti(Fe): 1.9 K, Full-scale multifilamentary billet for FNAL/LHC (OS-STG)
ASC'98

———— Nb-Ti: Nb-47wt%Ti, 1.8 K, Lee, Naus and Larbalestier UN-ASC'96

———A—— Nb-44wt.%Ti-15wt.%Ta: at 1.8 K, monofil. high field optimized, unpubl. Lee,
Naus and Larbalestier (UW-ASC) '96

————— Nb;Sn: Bronze route int. stab. -VAC-HP, non-(Cu+Ta) J,, Thoener et al., Erice
'96.

———&——— Nb;Sn: SMI-PIT, non-Cu J,, 10 pV/m, 36 filament 0.8 mm dia. (42.6% Cu), U-
Twente & NHFML data provided April 29th 1999

———%—— Nb,Sn: Tape (Nb,Ta)sSn;+Nb-4at.%Ta core, [J.c.r, core ~25 % of non-Cu]
Tachikawa et al. '99

———o——— Nb;Sn: Bronze route VAC 62000 filament, non-Cu 0.1pQm 1.8 K J,
VAC/NHMFL data courtesy M. Thoener.

———— Nb;Al: RQHT+2 At.% Cu, 0.4m/s (lijima et al 2002)

———k——— Nb,;Al: Nb stabilized 2-stage JR process (Hitachi, TML-NRIM,IMR-TU), Fukuda et
al. ICMC/ICEC '96

————— Nb;Al: DRHQ with Intermediate cold-work, core Jc, Kikuchi et al. (NRIM)
ASC2000

———1—— Nb,Al: 84 Fil. RHQT Nb/Al-Ge(1.5 pm), lijima et al. NRIM ASC'98 Paper MVC-04

—————— Nb;Al: JAERI strand for ITER TF coil

YBCO: /Ni/YSZ ~1 um thick microbridge, H||c 4 K, Foltyn et al. (LANL) '96

me= e we= YBCO: INi/YSZ ~1 pm thick microbridge, Hj|ab 75 K, Foltyn et al. (LANL) '96

= = = = = YBCO:/Ni/YSZ ~1 pm thick microbridge, H||c 75 K, Foltyn et al. (LANL) '96

———{+——— Bi-2212: non-Ag J,, 427 fil. round wire, Ag/SC=3 (Hasegawa ASC2000+MT17-2001)

— - Bi2223: Rolled 85 Fil. Tape (AmSC) B||, UW'6/96

—A— Bi 2223: Rolled 85 Fil. Tape (AmSC) B|_, UN'6/96

———— PbSnMogS; (Chevrel Phase): Wire in 14 turn coil, 4.2 K, 1 pVolt/cm, Cheggour

etal., JAP 1997
— g3 MgB,: "low oxygen" film 3, Eom et al. (UW) Nature 31 May
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GianLuca recommended two NbTi conductors for 8T

Table 5 Comparison of critical current densities for SSC

Sumitomo strand and IGC-AS strands 2 ?\ = _ [] 7% ssceak
Field |Sumitomo SSC 4.2K |IGC 7363 1-1-7 at4.2K | . "1 RS _ a 17 |
5  |2767 3062 E or b s il Bl : e
7 17883 i 1765 oL d = Al T T Sstieer
7.5 ity Mo o 1463 ‘E R L //( . R . vo 1 :lj:[i;

8 956 AL 1154 T 9 2 / et B
5T/7T|[1.58 1.735107731 1o | e ~
5T/8T [2.89 2.653100775 sou ] S ]

7.2 7.4 7.6 7.8 8

Table 5 Comparison of critical current densities for SS™ aERIAeEIR Sad

1800

Sumitomo strand and OI-ST strands '*'5\\ 1 | [T Ssc ez
Field |Sumitomo SSC 4.2K[OI-ST 4123 1A6at4.2K . 1 |~ | as e
5  |2767 3071 | PRI PR SRR DL A e R S
7 [1748 1770 : S I - __\;. B N B
7.5 g5 + 1466 (E 12001 e / ' N A - - - u;sc: {Fca}
B~ 18986 nigoh, 1988 cuipe gl £ / e e
5T/7T11.58 . 1.74 e P 1000 4 £ oe: ;
5T/8T[2.89 T 53 112,80 - SOV 5 0 PO 2 B

7.2 7.4 7.6 7.8 8
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