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4. PLASMA PHYSICS AND ENGINEERING

4.1. INTRODUCTION

The objectives of the fusion-core physics effort is to identify and study
fusion-core plasma physics parameters of the TITAN RFP reactor, to develop
operational scenarios (e.g., start-up, burn), to analyze the fusion-core plasma
behavior and performance (e.g., equilibrium and stability, transport), and to
study key plasma support subsystems (e.g., current drive, fueling, impurity
control and particle exhaust system). As a whole, the fusion-core physics
activity provides a detailed description of the fusion core for all engineering
activities and design efforts. Feedback is also provided to the system analysis
activity to improve parametric system models which are then used to generate
new, cost-optimized "strawman" designs for further conceptual engineering
design.

This activity starts with the TITAN ‘'"strawman" designs, given in
Table 4.1.-I, which are provided by the parametric system analysis (Sec. 5).
Then, magnetic calculations produce a realistic design for magnet coil sets
needed for confinement, equilibrium, and start-up of the fusion core. Also,
fusion-core plasma/circuit simulations result in detailed evaluation of key
plasma parameters. These data are used to study and design the plasma support
subsystems.

In this section, the work of the fusion-core physics activity during the
scoping phase of the TITAN study is presented. Because of its impact on the
design, the impurity-control and particle-exhaust subsystem is discussed in a
separate section (Sec. 6). The theoretical and experimental principles of the
RFP confinement scheme are presented in Sec. 4.2 and 4.3, respectively.

Section 4.4 contains the magnet configuration analysis. The design of the
Oscillating-Field Current Drive (OFCD) coil set and that of the divertor coil
set are not finalized and await engineering analysis of the design point as
suggested by the work performed to date. At this time, two options for the
toroidal-field (TF) coil set are pursued: (a) normal copper TF coils and (b) the
integrated blanket-coil (IBC) concept. The poloidal-field (PF) coil set
features normal copper ohmic-heating (OH) coils and superconducting equilibrium-
field (EF) coils.

The fusion core simulation effort is discussed in Sec. 4.5. Strong

emphasis is placed on the question of plasma start-up from gas breakdown and RFP
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TABLE 4.1.-I

SUMMARY OF 1000-MWe TITAN STRAWMAN DESIGN-POINT

Neutron Wall Loading, I (MW/m%) 18.1
First-wall minor radius, r, (m) 0.65
Plasma minor radius, rp(m) 0.60
Plasma major radius, RT(m) 3.90
Plasma volume, Vp(m3) 27.7
Plasma density, n(1020/m3) 4.35
Plasma temperature, T(keV) 20.0
Poloidal beta, 69 0.20
Plasma current, I¢(MA) 17.75
Toroidal current density, j¢(MA/m2) 15.7
Energy confinement time, TE(S) 0.25
Thermal diffusivity, Xg(m’/s) 0.27
Pinch Parameter, © 1.55
Reversal parameter, F -0.10
Poloidal field at plasma surface, Be(T) 5.2
Reversed-toroidal field during burn, —B¢R(T) 0.36
Fusion power density, PF/Vp(MW/m3) 81.6
Plasma ohmic dissipation, Po(MW) 8.0
Engineering Q-value, Qp = 1/¢ 7.84
Fusion power, PF(MW) 2,261.0
Total thermal power, Pqp(MW) 2,866.0
System power density, PTH/VFPC(MWt/m3) 12.8
Mass power density, 1000Pp/Mpps = MPD(kWe/tonne) 644.0
Cost of electricity, COE(mills/kWeh) 35.2

formation leading to the slow current ramp phase and eventually a steady state

burn. It is found that the TF and PF coil design limits are more affected by

the plasma breakdown, RFP formation, and subsequent current-ramp transients than

by the steady-state burn phase. Furthermore, the desire to eliminate on-site

powver supplies for start-up

impact the start-up sequence.

A current-drive system

options for this system are

and use the power grid for this purpose strongly
Section 4.5 discusses these tradeoffs in detail.
is required for steady-state operation. Various

discussed in Sec. 4.6. The primary current-drive
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option for the TITAN design is based on the OFCD scheme. The circuit modeling
and simulation effort used to guide the OFCD design is also presented.

One-dimensional fusion-core simulations are also performed to supplement
the zero-dimensional simulations in order to examine 1-D aspects of 1local
transport assumptions, impurity radiation with beta limits, pellet fueling, RFP
dynamo, and current drive. These 1-D simulations are also coupled to edge-
plasma models (described in Sec. 6) to provide a self-consistent picture of
edge-plasma/core-plasma interface. These 1-D simulations are included in
Sec. 4.7.

Conclusions of the fusion-core physics activities during the first phase of
the TITAN program, as well as the future directions, are discussed in Sec. 4.8.

4.2. RFP THEORY

The theoretical principles and understanding of RFP confinement scheme are
described in this section. Those features that are relevant to a fusion reactor
are emphasized. The experimental data base is summarized in Sec. 4.3. A more
detailed description of the RFP confinement concept is given in Ref. 1 and
references contained therein.

The RFP, 1like tokamak, belongs to a class of axisymmetric, toroidal
confinement systems that utilizes both toroidal (B¢) and poloidal (Bg) magnetic
fields to confine the plasma. In the tokamak, stability is provided by a strong
toroidal field (B¢ >> Be) such that the safety factor exceeds unity, that is,
q > 1. Here, q is defined as q(r) = rB¢/RTBe, and Rp and r, are respectively,
the major and minor radii of the plasma. In the RFP, on the other hand, strong
magnetic shear produced by the radially varying (and decreasing) toroidal field
stabilizes the plasma with q < 1 and relatively modest B¢. Theoretically, an
electrically conducting shell surrounding the plasma is required to stabilize
the long-wave-length MHD modes. In both the RFP and tokamak, equilibrium may be
provided by either an externally produced vertical field, a conducting toroidal
shell, or a combination of both. Figures 4.2.-1.a, b, and c respectively show,
the radial variation of the poloidal and toroidal field and also the safety
factor for tokamaks and RFPs.

The RFP relies strongly on the poloidal field generated by the current in
the plasma. This feature has several reactor-relevant advantages. The poloidal
field decreases inversely with the plasma radius outside the plasma. The

toroidal field is also rather weak outside the plasma. The magnetic field
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strength at the external conductors, therefore, is small, resulting in a high
engineering beta (defined as the ratio of the plasma pressure to the magnetic
field pressure at the magnets). Low-current-density, less-massive, and
resistive coils are possible. Also, the RFP can operate at high total beta.
The experimentally measured beta values are in the range 10% to 20%, which is
the range used in reactor studies. Further, the RFP relies on the magnetic
shear to stabilize the plasma. Thus, it can operate with a large ratio of
plasma current to toroidal field, and stability constraints on the aspect ratio,
RT/rp, are removed. The choice of the aspect ratio can be made solely on the
basis of engineering constraints. High-current-density operation and ohmic
heating to ignition are possible.

The fundamental property of the RFP is that the field configuration and
toroidal-field reversal is the result of the relaxation of the plasma to a
minimum-energy state. Taylor’s theory of relaxed states [2,3] postulates that
all pinch configurations will relax to a state determined by minimizing the
magnetic energy subject to some constraints on allowed motion or magnetic field
variation. Taylor then considers the relaxation of a plasma with small but
finite resistivity in a flux conserving cylinder, subject to the invariance of
the magnetic helicity, K = [ Z . E dV where g v x X . The relaxed state was
found to be force-free and described by V x E = ug, where p is uniform across

the plasma. The solution to this equation in cylindrical geometry gives the
"Bessel-Function Model" (BFM), with B¢ « Jo(ur) and Bg « Jl(ur) where Jo and J1
are the Bessel functions of the first kind. These relaxed states can be
described by the dimensionless quantities, the pinch parameter, ©, and the
reversal parameter, F:

Ba(r,.)
= 6P
0= _Zﬁgs— , (4.2.-1)
B,(r.)
- ¢'p -
= _zﬁgs_ , (4.2.-2)

where <B¢> is the average toroidal field,



2 p
By = 5 J By(r) r dr. (4.2.-3)
p- Jo

The locus of relaxed states then form a curve in F-® space as shown in
Fig. 4.2.-2 (labeled as BFM). In the same figure, the corresponding
experimental data are also shown. These data lie to the right of the curve
predicted by Taylor’s BFM model. These experimental equilibria differ £from
Taylor’s model, since plasma has finite pressure, p is not uniform across the
plasma, and a perfectly conducting wall is not used. Thus, they represent
"near-minimum-energy" states. However, Taylor’s concept of a preferred locus of
relaxed states in F-@© space remains valid.

The theory of relaxed states has several important consequences. First,
the theory predicts that the relaxed states depend only on the pinch parameter,
®, and these states are independent of initial conditions provided that time
scale is sufficiently large for the relaxation process to take place. Second,
if the current and toroidal flux are maintained constant in time (i.e., constant
®) then, the relaxed state equilibrium will be sustained. Experimentally, RFPs
are observed to exist for times much larger than the resistive decay time of the
field profile. This process involves continuous generation of toroidal field
within the plasma, often called the RFP "dynamo", to compensate for the
resistive decay of the toroidal field and maintains the field profile.

Finally, the F-0© relationship implies a strong coupling between the
toroidal and poloidal fields; the toroidal field can be generated by driving
toroidal current with external poloidal-field circuits. Indeed, such a
relaxation-assisted plasma current ramp is used in experiments and is envisioned
for RFP reactors. Furthermore, the strong coupling of the poloidal and toroidal
fields also offers the possibility of a steady-state current drive system
through the  "helicity injection" technique. Current drive  through
"electrostatic" helicity injection has been experimentally demonstrated in
spheromaks [4], which is also a relaxed-state system. Another helicity
injection technique is the Oscillating-Field Current Drive (OFCD). In this
scheme, oscillating voltages are applied to the toroidal and poloidal circuits
in the appropriate phase to drive a DC toroidal current in the plasma with the
plasma in effect behaving as a nonlinear rectifier. The experiments on OFCD are
yet not conclusive but are encouraging [5,6]. Helicity injection techniques are
discussed in more detail in Sec 4.6.
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4.2.1. Equilibrium
The analysis of equilibrium and stability in RFPs usually invoke the high-

aspect-ratio (straight cylinder) approximation. Such a model encompasses
z-pinches (q = 0), 6 pinches (q » «), large-aspect-ratio tokamaks (q > 1) and
RFPs (q < 1). The radial pressure balance in the screw pinch is described by

+ — =0, (4.2.-4)

where p is the plasma pressure and Ho is the permeability of free space. This
equilibrium pressure balance is then subjected to stability analysis via the
energy principle [7] or normal-mode technique.

In principle, some information on the current and pressure profiles is
required to find the equilibrium magnetic field profiles. Because of the strong
tendency for RFPs to relax, the field distributions obtained in modern
experiments are near-minimum-energy states. The theory of relaxed states
predicts the condition, V x g = ug with u = uoj"/B spatially uniform across the
plasma, leading to BFM field profiles. However, a constant p (or constant j;/B)
implies large parallel current density near the wall in a region of cold,
resistive plasma. A p profile that is nearly constant over the bulk of the
plasma, and decreases in the outer region to match the practical |1(rp) =0
condition eliminates the unphysical features of the BFM. Examples are
u/u() =1 - (r/rp)8 or a p profile which is constant for r < r_ (the radius of
reversal surface) and decreases uniformly to zero at Iy

For a toroidal system, equilibrium also requires the compensation of the
outward force from the plasma pressure and the plasma current (poloidal field
pressure). Either a perfectly conducting wall, or a vertical field produced by
the external circuits, or a combination of both, is necessary for equilibrium.

The required value of this vertical field is given by Shafranov [8]

B, = IR [ 1n [?a; + Be + -5 1.5 |, (4.2.-5)

vhere 1; is the plasma internal inductance per unit length.



4-9

It follows from the static ideal MHD equations,

=

Vp=J xB, (4.2.-6)
> -

VxB=uyl, (4.2.-7)
_>

vV-B=0, (4.2.-8)

that the current and the magnetic field lines lie on constant plasma pressure
surfaces. For axisymmetric, toroidal, current carrying plasma, the equilibrium
consists of toroidal flux surfaces, nested about a magnetic axis. Each surface
is generated by helical field lines. If the toroidal symmetry is violated, for
example because of errors in magnet coils, the ideal nested toroidal surfaces
break up and a more complicated structure emerges which includes helical
magnetic islands. The existence and interaction of these islands are believed
to have an important impact on plasma transport. Although both tokamaks and
RFPs are susceptible to magnetic island formation, the number and location of
the resonant flux surfaces is significantly different in the two concepts,
making field errors a greater concern in RFPs.

4,2.2. Stability

The Suydam criterion [9] gives a necessary condition for stability against
ideal MHD pressure-driven modes for a straight cylinder.

[=H

r

R-R N

]
—

2
_q] s -04dp sy (4.2.-9)

vhere q(r) is a relative measure of field line pitch at position r. This
criterion simply states that the negative pressure gradient associated with the
confinement of a hot plasma has a destabilizing effect and can be compensated
only by a sufficiently large radial variation in the field line pitch (i.e.,
large magnetic shear).

By including first-order toroidal effects, Eq. (4.2.-9) becomes the Mercier
criterion [10].
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(=¥

L i
—

=

2 2u
dq ] N __29 P 1-q¢50, (4.2.-10)
r B¢ dr

which shows that if q(r) > 1 everywhere, the system is stable even without the
magnetic shear. This is the primary approach to stability used in the tokamak.
Physically, the q > 1 condition forces the wave length of potentially unstable
m = 1 kink mode to exceed the major circumference of the torus (ZHRT). In RFPs,
q <1 and RFPs must operate with sufficient shear to satisfy the Mercier
criterion. Moreover, a pitch minimum, dq/dr = O, should be avoided within the
plasma.

Necessary conditions for stability against ideal MHD current-driven modes
have been derived by Robinson [11] on the basis of the energy principle [7].
The necessary condition is found to be |P(rw)| < 3P(0), where the pitch is
P(r) = rB¢(r)/Be(r) = Rq(r) and ry is the location of the conducting wall. This
can be written approximately as

[rw]z By(0)
i PN At (4.2.-11a)
a B¢(rw)
>0, (4.2.-11b)

where ¢ is the total toroidal flux inside the conducting wall. These conditions
require both the amplitude and the region of the field reversal not to be large:
the conducting wall should be close to the plasma to stabilize current driven
modes. Furthermore, stability against current-driven modes also requires that
no pitch minimum occurs in the plasma.

The above conditions are usually well satisfied for experimental profiles
and are also satisfied for the profiles calculated for TITAN design. The above
necessary conditions (4.2.-11) are in practice close to being sufficient. Based
on ideal MHD theory, therefore, RFP profiles are possible with plasma beta as
high as 0.3. Note that Taylor’s theory predicts that all states on the F-©
diagram including those with F > 0 and no field reversal are near-minimum-energy
states and, therefore, are stable. However, profiles with no reversal exhibit a
pitch minimum within the plasma and are wunstable to both ideal MHD

pressure-driven and current-driven modes. This conclusion is confirmed



4-11

N
o
B

® SELF REVERSED
@ AIDED REVERSAL

PLASMA RESISTANCE, R, (ohm/10%)
o

T;i>|=<(3

| I
oV 1.5 2.0 2.5

PINCH PARAMETER, ©=Bg (rp)/ <Bg¢>

oo

Fig. 4.2.-3. Plasma resistance as a function of the pinch parameter, © (HBTX1A).



4-12

experimentally and is shown in Fig. 4.2.-3, which shows the plasma resistance as
a measure of the confinement as a function of the pinch parameter, ©. It is
seen that as © increases, the resistance falls dramatically, particularly as ©
exceeds the value where the field reversal occurs [12].

In the ideal-MHD model, the plasma is assumed to have zero resistivity.
This assumption constrains magnetic field lines to be "frozen" in the plasma and
thus limits the class of potentially unstable modes. Resistive-MHD stability
analysis has to be performed to provide a more realistic picture of the plasma
behavior. 1In general, the criteria for resistive stability are more stringent,
and a closer fitting conducting wall and a lower B are required. Detailed
analysis of current-driven resistive tearing modes has been made [13] and stable
RFP configurations have been found with B = 0.2. These configurations have been
found, however, to be unstable to the so-called resistive g-modes. Moreover,
analyses show that resistive g-modes can become unstable for pressure gradients
substantially smaller than those that can drive ideal-MHD instabilities. These
resistive g-modes are localized and may ultimately affect the confinement. In
fact, some theoretical estimates of the energy confinement time have been
proposed that are based on transport along stochastic field lines created by
resistive g-mode turbulence [14] (see Sec. 4.2.4).

4.2.3. Relaxation and Sustainment

The theory of relaxed states has been extremely successful in predicting
the behavior of RFPs and the characteristics of the F-© diagram. The details of
the relaxation process to the near-minimum-energy states are neither invoked nor
required in this theory. These details, however, are required to understand the
relaxation, sustainment, stability, transport, and their relationship in RFPs.

0f particular interest is to account for RFP sustainment. Consider a
cylindrically-symmetric, resistive plasma (even with anisotropic resistivity)
with field-reversed profiles. According to the Ohm’s law, there should be a
poloidal electric field corresponding to the poloidal current at the reversal
point. To sustain this resistive electric field, Faraday’s law requires a
resistive decay of the toroidal flux inside the reversal radius. Reversed-field
pinch discharges, however, are maintained for times far 1longer than the
resistive diffusion time. Some mechanism is necessary to drive the poloidal
current at the plasma surface, canceling the resistive electric field there.

This mechanism, the so-called "dynamo", generates the magnetic field that
opposes the resistive field diffusion.
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Several mechanisms for toroidal flux regeneration have been proposed, each
offering a different explanation for the origin of the poloidal current at the
reversal surface. For example, second-order effects of low-level MHD fluc-
tuations resulting from nonlinear evolution of resistive MHD modes can drive a
sufficient poloidal current at the reversal surface to sustain the field
reversal [15]. Alternatively, a plasma model with stochastic field lines is
proposed, wherein a global rather than a local Ohm’s law applies and the
poloidal current at the reversal surface can be driven by electromagnetic fields
originating elsewhere in the plasma [16-18].

In summary, quasi-stationary RFP equilibria are sustained through
continuous relaxation and field generation. These time-averaged equilibria are
stable to ideal and resistive-tearing modes, because the relaxation process acts
to maintain the stability. Relaxation and field-generation processes are driven
continuously by a complex spectrum of resistive modes and their nonlinear
interaction. These processes also involve field-line reconnection and profile
modification which can impact the cross-field transport. Therefore, the plasma
confinement and B are also affected by the relaxation process. The details of

the mechanisms that drive the relaxation and dynamo activities in RFPs, however,
remain unresolved.

4.2.4. Transport and Confinement

Some theoretical models for the transport in RFPs have been proposed.
However, a detailed transport model is not yet available for RFPs, and the
precise behavior of the energy confinement is unknown. One can use an empirical
approach to evaluate present experimental results and form a basis for the
extrapolation of these results to reactor regimes. Here, the details of the
transport physics is not considered but rather, experimental observations are
used to guide the theory. Starting with simple pressure balance, p « Bo I%/r2

p’
one has

S ] B 4.2.-12
" Tomg |W| Po e (4.2.-12)
where N = nurg is the plasma line-averaged density, T is the average ion

temperature, and kg is the Boltzmann constant. First, Eq. (4.2.-12) predicts

that T/I¢ « I¢/N, a behavior which is observed experimentally. Second, the
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plasma pressure in some devices is found to scale as I% over a wide range of
parameters, indicating a constant g operation. In fact, there is some
experimental evidence that RFPs operate near a beta limit; energy transport and
loss mechanisms in RFPs are self-adjusted to lose just enough plasma energy to
maintain Bg constant (Sec. 4.3.6). Equation (4.2.-12) then suggests that the
temperature varies linearly with the current for a fixed I¢/N, as reported for a
number of experiments. Note that the constant-beta assumption still remains an
open question, since a strict linear relation between T and I¢ is not observed
in all RFP experiments.

Next, using the definition of the energy confinement from the energy

balance for a steady-state ohmically-heated discharge, and substituting from
Eq. (4.2.-12) for T, one gets

3nkT 3
T = I = o Mg Bo rlz) v, (4.2.-13)
n J¢

where j¢ = I¢/nr§ and ¢ = 1/n is the plasma electrical conductivity. The plasma
resistance is observed to have classical temperature dependence, o « Tz/z, on a
number of RFP experiments over a wide range of parameters. Then, using the
constant-beta assumption and linear dependence of T and I¢, the energy
confinement time is found to scale with the plasma current, T < Ig/zrg.

It is important to point out that in calculating the plasma resistance,
geometrical effects (i.e., field-line pitch), impurities, and the anomalous
resistance associated with the RFP dynamo must be considered. The dynamo
represents an added dissipation of the currents driven by the dynamo electric
field and, therefore, appears as an actual resistivity anomaly. In fact, the
resistivity in RFP experiments in many conditions is observed to be close to the
classical value, taking into account the geometrical and impurity effects. The
dissipation associated with the dynamo effect is generally small and the ohmic
power delivered to the plasma is not expected to exceed the classical
predictions by a significant amount. However, at low densities (or high I¢/N)
the resistance anomaly factor is too high to be explained by geometrical or
impurity effects.

Some theories have been proposed which estimate the energy confinement time
associated with the electron parallel transport along stochastic magnetic field
lines caused by resistive-fluid turbulence. In one theory [14], resistive
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g-mode turbulence has been considered. The diffusion coefficient for this case
is found to scale as:

D «n (M/m)l/2 B% , (4.2.-14)

where M and m are the ion and electron masses, respectively. Using this
diffusion coefficient for ohmically heated discharges, the value of beta is
found to be Be = (m/M)l/6 and is independent of machine parameters (the factor
1/6 is a result of assuming a Jo radial temperature profile). This, together
with the pressure balance, results in a linear temperature-current scaling, as
reported in a number of experiments.

In another theory [19], resistive tearing mode turbulence has been

considered which results in another scaling, namely,

B = (T3 13l/3 (21/6 (4.2.-15a)

T « (I¢/N)2/3 1%/3 r51/6. (4.2.-15b)

In still another theory based on current-driven drift-wave turbulence [20],
the following scaling relationships are found:

« -1 4-1/7 =277
Bg = (I¢/N)™" Iy D , (4.2.-16a)

T « 12’7 r52/7 , (4.2.-16b)

-1 18/7 977
g = (M 1y (4.2.-16c)

This last theory predicts a weak dependence of plasma beta on machine parameters

and almost linear temperature-current dependence. A better resolution of these



4-16

various theoretical predictions must await experiments with a broader range of

plasma and machine parameters (e.g., plasma current, dimensions).

4.3. RFP EXPERIMENTS

The earliest milestone (1965) for the RFPs was the discovery of a period of
improved stability and reduced turbulence (called quiescence) on the ZETA device
[21]. This quiescent period observed in ZETA was preceded by a turbulent phase
with large energy losses and strong plasma-wall interaction. Furthermore, self-
reversal of the external toroidal field relative to the on-axis field was
observed, but the importance of these observations was not appreciated at the
time.

To reduce RFP formation losses, experimental RFPs during 1970s used fast
magnetic-field programing, with typical rise-times of a few microseconds, to
force the reversal externally. These experiments required electrically
insulating discharge tubes to accommodate the high voltages needed for fast
programming and operated on time scales of up to tens of microseconds. Many
important advances in RFP physics were made in these machines.

With experience from fast-programing machines and a general theory of
relaxed states in hand, modern RFP experiments in late 1970s and 1980s have
moved back toward a slow rising plasma current (0.1-1.0 ms) and the facility for
slow B¢ control to assist and optimize the self-reversal process and to minimize
RFP formation losses. These machines use a metallic liner, are equipped with
better vacuum systems, and have more accurate magnetic-field geometry. The
first of these modern machines to operate was ETA-BETA-II at Padova [22-24] at
1979. Today, high-temperature plasmas are routinely produced in many
intermediate-size machines such as TPE-1R(M) at ETL, Sakura-Mura [25,26], ZT-40M
at Los Alamos [27-29], HBTX1A at Culham [30,31], and OHTE/RFP at GA Technologies
[32,33]. General parameters of these experiments are listed in Table 4.3.-I.
The design parameters of the TITAN reactor are also listed in that table for
comparison.

The plasma parameters obtained in these experiments have been improving
steadily. Values of Bo in the range 0.1 to 0.2 are routinely achieved, which
are adequate for a reactor. Electron temperatures in the range 0.4-0.6 keV,
densities up to about 1020 m'3, and energy confinement times of a few tenths of
millisecond are typical of these intermediate-size experiments. Data from a

number of machines indicate a linear temperature-current scaling, which suggest
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Tg < Tz/z. Furthermore, both experimental and theoretical evidence suggests a

strong scaling of ntp with the plasma current (tp « 13/2)'

4,3.1. Start-up and RFP Formation

The time history of a typical RFP experimental discharge can be divided
into three phases: the formation phase; the sustainment phase; and the
termination phase. A representative time history of a RFP discharge is shown in
Fig. 4.3.-1 (upper trace). The formation phase denotes the time from the start
to the peak of the toroidal plasma current. The sequence of events during the
formation phase begins by establishing a toroidal magnetic field inside the
discharge chamber using the toroidal field coils in the absence of the plasma.
At the time of peak toroidal magnetic field, poloidal-field windings are
activated to produce a toroidal voltage around the discharge chamber. This
voltage typically ionizes the gas in a few microseconds, and the toroidal
current is initiated. As time proceeds the toroidal current increases, and
toroidal magnetic field on the axis increases, while the toroidal magnetic field
at the wall decreases, keeping the average toroidal field in the chamber almost
constant. Eventually the toroidal magnetic field at the wall passes through
zero, becomes reversed, and is crowbarred.

The discharge is then extended by using a passive crowbar on the poloidal
circuits, which gives a decaying waveform, or an active (power) crowbar, which
produces a flat-top current waveform as seen in Fig. 4.3.-1 (upper trace).
Reversed-field pinch discharges normally experience an abrupt end when the
plasma current decreases rapidly to zero. Accompanying this fast current
"termination" is a positive pulse in the toroidal voltage at the 1liner, in
contrast to the negative toroidal voltage spike that accompanies the disruption
of the current in a tokamak indicating a difference in the flow of magnetic
energy to or from the plasma.

Three modes of operation are generally used for the RFP formation phase:
"self reversal", where a conducting shell maintains and conserves the toroidal
flux inside the chamber and is used on OHTE/RFP and often on HBTX1A; "matched
mode", where external circuits are programmed to conserve the toroidal flux
inside the chamber by maintaining Eg = 0 at the liner, simulating the action of
a conducting shell, as usually used on ZT-40M; and "aided reversal", where the
external circuits supplement the plasma self-reversal effect, as typically used
on ETA-BETA-II. Field control during the formation phase provides flexibility

in varying the pinch parameter, ©, on which the configuration depends. The
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choice of the formation mode also affects the consumption of the poloidal flux.
The final plasma parameters, however, are not particularly sensitive to the mode
used for RFP formation.

Another mode of start-up of an RFP has been demonstrated on the ZT-40M
experiment. This mode is called "ramped start-up" because the plasma current is
slowly ramped to its final value after an initial low-current RFP is formed.
The lower trace in Fig. 4.3.-1 shows such a ramped start-up sequence. In a
conventional start-up sequence, the peak current is nearly reached at the time
the field at the wall reverses (Fig. 4.3.-1, upper trace). This start-up mode
is undesirable in a large experiment or a reactor because the RFP formation
phase is a very lossy process until reversal is reached. In a ramped start-up,
on the other hand, the RFP configuration is set up in a relatively short time at
a low current and then the current is slowly raised to the desired value while
maintaining the RFP profiles.

The ramped start-up scenario relies on the plasma relaxation process.
During the current ramp, the toroidal flux must be increased proportionally to
the current to maintain the RFP profiles (i.e., holding F and © constant). This
requires generation of toroidal flux via the dynamo action since the toroidal
field at the wall is negative while the average toroidal flux is positive. The
plasma must generate an equal and opposite amount of negative and positive flux
(to satisfy Faraday’s law) and then expel the negative flux from the plasma to
generate a net positive flux increase. Indeed, the ramped discharges show that
toroidal flux continues to be generated on a multi-millisecond time scale, and
negative flux is expelled from the plasma.

The TITAN design relies on ramped start-up scenario for RFP formation and
plasma current ramp to its final value. Special attention is given to the RFP
formation phase. Experimental data point to a RFP formation "window" in the
parameter space constrained by many factors such as the volt-second requirement
(i.e, poloidal-flux consumption), equilibrium and field error constraints,
plasma density, and current density constraints. These experimental data are

described in detail in Sec. 4.5.1 and then extrapolated to find a RFP formation
window for the TITAN design.

4.3.2. Plasma Parameters

The time variation of the temperature from several machines is shown in
Fig. 4.3.-2. For discharges with a flat-top current waveform (Fig. 4.3.-2.a and

b) the electron temperature rises rapidly, reaching approximately 100-200 eV
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near the time of peak current, and then more slowly as the density drops,
reaching ultimately 300-500 eV. At later times the temperature remains
approximately constant or decreases slightly. This later behavior is attributed
to wall effects, possibly caused by field errors or inadequate equilibrium.
Similar behavior of the electron temperature is seen on smaller devices, as is
illustrated in Fig. 4.3.-2.c for ETA-BETA-II, where the time scale is much
shorter and T, rises continuously during the pulse. It is shown in
Fig. 4.3.-2.b that the temperature increases with plasma current. Similar
behavior is generally observed in all RFP experiments.

The ion temperature is usually comparable to the electron temperature, with
some examples showing T; > T,. Figure 4.3.-2.d shows the time variation of the
ion temperature in TPE-1R(M). The electron-ion equilibration time, however, is
so long that the ions cannot be heated by collisions with electrons and some
anomalous ion heating mechanism is apparent.

Generally, RFP experiments operate without active refueling. The chamber
is filled with gas prior to the discharge and density is maintained by recycling
with the chamber wall. Modern RFP discharges are of sufficient duration where
active refueling by pellet injection is being implemented [29]. The temporal
variation of plasma density is shown in Fig. 4.3.-3. Typically, the electron
density rises initially to a value corresponding to the filling density and then
falls rapidly to 10-20% of the filling value during the formation phase (density
"pump-out"). Thereafter, the density decays more slowly. In machines with long
pulses, the density tends to reach a steady state value which shows 1little
dependence on the initial filling density but depends on the plasma current and
the wall conditioning.

The rate of intial pump-out depends strongly on the wall condition and is
attributed to particles which leave the discharge and are not replaced fast
enough by wall recycling. This process can be affected by pre-conditioning the
wall, as seen in Figs. 4.3.-3.a and b for HBTX1B and ZT-40M, respectively. In
these experiments, the walls were loaded with hydrogen or deuterium prior to the
discharge initiation. The results show that the density decay can be much
reduced and the density sustained approximately constant for up to 5 ms or
longer without active refueling.

Gas-puffing through external fast-acting valves has been performed on both
HBTX1A and ZT-40M. The valves inject a steady stream of gas for a
pre-programmed portion of discharge. In these experiments, gas-puffing has

increased the density by at least a factor of two while temperature measurements
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indicate that the electron temperature decreased when the density was increased.
Also, increasing the plasma density by gas-puffing has increased the duration of
the current pulse in both HBTX1A and ZT-40M. Additional gas-puffing experiments
avait better equilibrium control, since gas-puffing often changes the

equilibrium at such a rate that it cannot be controlled by the present feedback
systems on these experiments.

4.3.3. Fluctuations

Fluctuations of MHD origin are important for field generation and
sustainment. Fluctuations can also enhance cross-field transport because of the
break-up of the magnetic surfaces and resulting ergodic field-line behavior.
Fluctuations have been studied on various RFP experiments [17,34-37]. 1In

HBTX1A, for example, dominant global modes with m = 1 and a broad n spectrum

centered around n = -8 (corresponding to the aspect ratio of the device) were
found with the minus sign indicating that these modes are resonant inside the
reversal surface. Fine-scale activity with a short transverse correlation

length, containing comparable power to the global modes, was also found in the
core of the discharge. Modes with m = 0 and small toroidal mode numbers were
also observed. These dominant modes were observed at all times during the
discharge, including the formation phase where the amplitude was a factor 5 to
10 times higher. These oscillations, therefore, appear to a play a fundamental
role. In contrast to HBTX1A, coherent quasi-continuous m = 1 activity in the
center of the plasma was observed to dominate in low-© ZT-40M discharges [38].
The m =1 modes were consistent with the predictions of the resistive
instability theory.

Estimates of the width and separation of magnetic islands resulting from
the m = 1 modes indicate that the field lines are stochastic inside the reversal
surface and probably throughout the plasma when the m = 0 modes are taken into
account. Qualitative estimates of the energy confinement time based on
stochastic field line diffusion from the m = 1 modes are similar in magnitude to
those observed on HBTXI1A.

The level of magnetic-field fluctuation is denoted by §/|B| where B is the
rms value of the random fluctuation amplitude on the poloidal and toroidal
fields and |B| is the average value of (B% + B%)l/z. The fluctuation levels in
RFPs are about 102 and are ten or more times greater than typically observed in
tokamaks. The magnetic-field fluctuation levels are observed to decrease with

increasing plasma current or magnetic Reynolds number, S = To/T, where Tg and T,
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are, respectively, the resistive and Alfven times. This behavior is shown in
Fig. 4.3.-4 for OHTE/RFP where fluctuation levels appear to decrease as s~1/2
Similar behavior is also reported for ETA-BETA-II [39]. The cross-field
transport caused by stochastic field-line diffusion, corresponding to such a
correlation of fluctuations with S, can give a favorable temperature-current

scaling which is consistent with the observed Te = I¢ dependence.

4.3.4. Current termination

Operating RFP experiments usually end with a "current termination" phase
wvhere the plasma current is rapidly reduced to approximately zero. This
termination occurs in a few tenths of microsecond in small devices and up to a
few hundred microseconds in larger machines. Current termination is accompanied
by a positive voltage spike and large density and magnetic-field fluctuations.
A number of variables such as plasma radius and density, field reversal,
magnetic field errors, and impurities are identified to affect the termination.
However, a complete and satisfactory explanation of RFP current termination is
not yet available.

Some evidence suggests that the onset of termination may be related to a
loss of density and confinement, possibly leading to a streaming parameter,
§ « (I¢/N)/Té/2, that exceeds a critical value for runaway electrons. A recent
study [40] indicates that termination occurs when I¢/N ~ 1—2x10'13 A m, which is
consistent with the occurrence of a critical drift threshold when £ approaches
unity.

Rapid current termination can have severe consequences in large, high-
current experiments or reactors because of the large voltage spikes and the
localized heating of the walls. A method of controlled "rundown" has been
tested experimentally on HBTX1B [41] in which the toroidal-field circuit is
controlled so that the pinch parameter is maintained at a given value as the
current is decreased. The field reversal in this case is maintained until the
current reaches a relatively low level. Maintaining reversal in this way is
found to delay termination and the current can be reduced to between 10% to 20%

of the maximum value before the termination occurs.

4.3.5. Scaling
Extensive measurements of the dependence of the temperature to the current
for a range of RFPs have been reported. These measurements indicate that the

] . . ’
on-axis electron temperature increase with plasma current as Te(O) « IV , where
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v/ is in the range of 0.5-1.0. For several experiments, v/ = 1 up to plasma
currents of 500 kA in agreement with the pressure balance Eq. (4.2.-12) for Bg
and I¢/N constant. Temperature increases on the order of 1 eV/kA have been
observed. Figure 4.3.-5 shows this behavior for OHTE/RFP. Data from ZT-40M for
a range of conditions and short-pulse operation are given in Fig. 4.3.-6 which
shows v/ = 1.2 while nT, « I% (constant Be). In other experiments on ZT-40M
with flat-top operation and longer pulses, it was found that Te(O) « Ig°7, but
in these conditions, n « I#'3, again resulting in nTe(O) o« I¢.

More recent results [42,43] suggest that the temperature-current scaling
might be better described by postulating a constant beta, nTe(O) o« 12, with a
slope determined by I¢/N. Evidence from a number of experiments indicates that
Bg varies relatively little over a range of conditions and from one machine to
another, the latter suggesting little dependence on the dimensions of the
apparatus. Some variation of Bo with I¢/N has been reported, with Bg increasing
somevhat as I¢/N is reduced and as I¢ is increased. It should also noted from
present experimental results that the range over which favorable scaling is
obtained appears to be extended by improved wall-conditioning methods and by
reduction in field errors.

Estimates have been made of the energy confinement time, Ty, on various
experiments, but only a limited amount of scaling information is available.
Specifically, quantitative data on the variation of Ty with machine radius is
not available. The experimental value of Tp is generally obtained from the
ratio of plasma energy to the heating power, which for all RFP experiments to
date is the ohmic dissipation of the plasma current.

Under the assumptions of Ty « Iv', o« Tg/z, and Tp r%, similar to Egs.
(4.2.-12) and (4.2.-13), the following "ohmic" scaling law can be deduced:

1 13/2‘\" r% £(BerTg/N) / Zogs (4.3.-1)

vhere the T dependence on Bg and I¢/N have been incorporated into the function
f(Be , I¢/N). In Fig. 4.3.-7, the inverse of plasma diffusivity, 1/Xg = TE/r%’
is plotted as a function of I¢ using the data from ZT-40M together with a few
data points from ETA-BETA-II and TPE-1R(M). Two analytical curves that fit the
data are also included. The design point for TITAN is also shown.

In the case where 69(I¢/N) is approximately constant, then Ty = I¢, and

classical ohmic scaling Eq. (4.3.-1) yields tp « 13/2 ro, with the constant of

2
p
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proportionality depending on Bg/z(l¢/N)3/2/Zeff. The ZT-40M data of Fig. 4.3.-7
is plotted in Fig. 4.3.-8 in the form of ntp as a function of plasma current,

which depends only on the parameter (I¢/N)1/2/Zeff, and is in agreement with the
classical scaling ntp « 12/2, provided that Zoff does not vary. A similar
conclusion was also reached in OHTE/RFP, where a value of ntg ~ 1017 s/m3 was

recorded.

4.3.6. Evidence of a Beta-Limited Confinement

The observed scaling of plasma pressure with the toroidal current,
nTe(O) « I%, is very suggestive that RFPs operate near a beta limit; the
transport would adjust by MHD activity, radiation, or other mechanism to lose
energy at a sufficient rate to maintain Be constant.

To test this hypothesis, a set of experiments was performed on ZT-40M by
adding trace quantities of krypton as an impurity [44,45] to enhance the
radiative losses of the plasma. The choice of krypton was made to maximize the
ratio of radiated power to the ohmic heating input. It was found that as the
impurity was injected, the radiation losses, P, 4, were increased, but at the
same time, the input power, P; , only slightly increased and most importantly
the poloidal beta remained constant. It follows that as radiation losses
increased, the non-radiative losses decreased to preserve the constant beta.

A simple zero-dimensional power balance equation for a plasma at steady
state gives , P;, = Pioss = Prad + Par’ where Por and Tyr are, respectively, the
non-radiative power loss and non-radiative energy confinement time. Using the

definition of the global energy confinement time, Tg, one can write

P
rad -1
Tor = TR (1 - ) .

(4.3.-2)
loss

For the assumed constant beta scaling and self-similar profiles of density and
electron temperature (i.e., before and after krypton injection), the values of
the total energy loss, Pyoss? and Tp remains unchanged. Equation (4.3.-2) then
indicates that as the radiative losses were increased, the non-radiative losses
were decreased (or T,r Vas increased) to maintain the energy content of the
plasma and keep Bg constant. The data from the krypton impurity experiments are
plotted in Fig. 4.3.-9 which agree closely with predictions of Eq. (4.3.-2).
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A second experimental check was made on the beta limit hypothesis. The
energy confinement scaling Eq. (4.3.-1) also predicts that the total energy
confinement of the plasma scales as Z;%f. By injecting krypton impurities, the
plasma resistance was varied and the total confinement time was measured. These
experimental data is shown in Fig. 4.3.-10, which indicate that g scales as
Zg%f, as predicted by Eq. (4.3.-1).

It is important to point out that while these results are very suggestive
of the beta limit hypothesis they are not conclusive. Furthermore, it appears
that far more power is being supplied to the discharge than is needed to
maintain the plasma at its beta limit [44,45] and, therefore, these experiments

are not expected to show an underlying transport which is not affected by the
beta limit hypothesis.

4.3.7. Summary

In this section, the principles of the RFP confinement concept were
discussed and the experimental data base was briefly reviewed. This data base
is less extensive than that of tokamaks and, therefore, requires a larger
extrapolation to reactor relevant regimes. However, modern RFP experiments such
as those of Table 4.3.-I have all demonstrated the robustness of the RFP dynamo
and an emerging commonality of the basic physical processes operative in RFPs.

The key physics requirements and uncertainties for a RFP reactor include
heating, transport, plasma-wall interaction, current-drive (now under
experimental investigation) and impurity control/particle exhaust with pumped
limiters or magnetic divertors. The largest uncertainties in the existing RFP
data base remain in the confinement physics and, in particular, in the mechanism
and magnitude of cross-field transport in the near-minimum-energy state RFP
configuration. Experiments with higher currents (and possibly higher current
densities) and variable plasma size are needed to distinguish between different
possible scaling laws. The modern RFP experiments are physically small, but
operate with reactor-like power density; therefore, they can be strongly
influenced by plasma-wall interaction. The increased particle and heat load on
the first wall and limiter systems, and the need to control plasma-wall
interactions also represent major challenges for the next-step multi-mega-ampere
experiments.

Data from large multi-mega-ampere experiments are expected in the early
1990s. These data are of the utmost importance in resolving some of the key

physics requirements and uncertainties for a RFP reactor. Furthermore, these
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next-step experiments can provide valuable technological insight for devising a
development path towards RFP fusion reactors.

4.4. MAGNET CONFIGURATION

The magnet configuration consists of a poloidal-field-coil (PFC) set, a
toroidal-field-coil (TFC) set, a divertor-coil set, and an Oscillating-Field
Current-Drive (OFCD) coil set. The divertor and the OFCD analyses have not
progressed sufficiently to yield specific coil designs. Similarly, a detailed
TFC design has not been performed, but two options are under consideration. One
option uses a discrete set of normal-conducting, copper coils positioned outside
the blanket/shield, similar to the CRFPR design [46], and is discussed in
Sec. 4.4.2. The second TFC option is to use the integrated blanket/coil (IBC)
concept [47], which is discussed in Sec. 8.2.5. An analysis of the PFC issues
leading to the reference FPC design is presented in Sec. 4.4.1.

4.4.1. Poloidal-Field Coil (PFC) System

The PFC set performs both an equilibrium and an ohmic-heating (start-up)
function. The equilibrium function requires that a vertical field of a certain
magnitude and index, n = a(lnBV)/a(lnR), corresponding to the plasma current and
beta [8,48,49], be imposed over the plasma cross section in order to maintain
the plasma against the outward expansive forces arising from plasma and
poloidal-field pressure. The ohmic-heating function provides the poloidal-flux
swing required to establish the steady-state plasma current, which is then
subsequently sustained by OFCD (Sec. 4.6). Since the ohmic-heating function is
required only during start-up and the equilibrium function is required
continuously, the PFC set is naturally, but not necessarily, split into two coil
sets: an equilibrium-field coil (EFC) set and an ohmic-heating coil (OHC) set;
both are discussed separately in the following subsections.

4.4.1.1. Equilibrium-Field Coils (EFCs)
Since the EFCs are continuously active, the recirculating power can be
minimized by using superconducting EFCs. Superconducting EFCs, however, require

2 1.5m of blanket and shielding between the coils and plasma compared to

€ 0.8 m for normal-conducting EFCs; hence, more current is needed to produce the
same field resulting in a more massive and expensive coil set. The trade-off

between normal-conducting and superconducting EFCs was examined and found to
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weigh somewhat in favor of superconducting EFCs (Sec. 5.3). Consequently, the
use of superconducting EFCs is adopted for the scoping phase study. A more
detailed analysis of the superconducting EFC performance during the plasma
transients is underway. An additional constraint is imposed to use only a
single pair of EFCs positioned not to interfere with vertical or horizontal
movement of the first wall, blanket, shield, and TFC assembly during maintenance
procedures.

The steady-state EFC currents are determined by equating on-axis EFC vacuum
field to the vertical field required for toroidal equilibrium. The required
vertical field, B, is given by [8,48]

nRT r

B, = 7 [ln [—]; + 5 + ﬂe -1.5] , (4.4.-1)

vhere Rq and r, are the plasma major and minor radii, respectively, I¢ is the
steady-state plasma current, Bg is the poloidal beta, and 1l; is the internal
inductance per unit length of plasma. Typically, 1; =1 for RFP field and

current profiles. The position of the EFCs is determined such that the value of
the decay-index,

9(1n Bv) B 52 BV(RT - rp) - BV(RT + rp)
3(In R) 1, B,(Ry - r)) + B,(Rp + r) ’

(4.4.-2)

remains in the range 0 < n < 1.5 [49]. Having a circular plasma cross section
further constrains the index [48] to 0 < n £ 0.65, which is the criterion used
herein. The resulting EFC design is shown in Fig. 4.4.-1 and the associated
parameters are given in Tables 4.4.-I to 4.4.-III.

4.4.1.2. Ohmic-Heating Coils (OHCs)

The most efficient coupling of OHCs to the plasma is obtained with the
"close-fitting" OHC configuration shown in Fig. 4.4.-1. Such a configuration
requires the removal of most of the OHCs in the upper-half plane to gain access
to the reactor torus for (single-piece) maintenance purposes. In order to

eliminate the need for coil movement for maintenance purposes, one can array the
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Cross—sectional View of TITAN RFP
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Fig. 4.4.-1. A cross-sectional view of the "close-fitting" poloidal-field coil
set for the 18-MW/m? Strawman design. The 1locations of the
toroidal-field (TF) coils (if IBC is not used), the first wall,
blanket, and shield assembly (FW/B/S), and the plasma are shown in
addition to the equilibrium-field (EF) coils and the ohmic-heating
(OH) coils.
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Ideal Vertical Stack PFCs
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Fig. 4.4.-2. A cross-sectional view of the "vertical-stack" OHC configuration
considered for the 18-MW/m? Strawman design. The locations of the
toroidal-field (TF) coils (if IBC is not used), the first wall,
blanket, and shield assembly (FW/B/S), and the plasma are shown in
addition to the equilibrium-field (EF) coils and the ohmic-heating
(OH) coils.
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TABLE 4.4.-I
PFC Locations and Parameters for the 18-MW/m? Strawman Design

Function R +2 AR Az A 1(a) (@) Mass(P)

(m) (m) (m) (m) (m?) (MA) (MA/m?) (tonne)
EF 6.4959  2.4873 0.6973 0.6973  0.4862 8.882 18.27 146.1
OH1 5.8699 1.9473 0.4000 0.4000 0.1600 -2.057 12.86 43.4
2 3.9472 2.2299 0.4100 0.4100 0.1681 -2.057 12.24 30.7
3 3.1958 1.8533 0.3000 0.5000 0.1500 -2.057 13.71 22.2
4 2.7905 1.4625 0.2000 0.5000 0.1000 -2.057 20.57 12.9
5 2.5503 1.1031 0.2500 0.3300 0.0825 -2.057 24.94 9.7
6 2.4028 0.7705 0.3300 0.3000 0.0990 -2.057 20.78 11.0
7 2.3163 0.4557 0.3200 0.3000 0.0960 -2.057 21.43 10.3
8 2.2759 0.1508 0.3300 0.3000 0.0990 -2.057 20.78 10.4

(a) Values are at steady state for the EFCs and at the back bias for the OHCs.
(b) A density of 7.36 tonne/m?® is assumed.

OHCs into two vertical stacks with one stack positioned inboard of the torus and
the other outboard (Fig. 4.4.-2). Both the "close-fitting" and the "vertical-
stacks" configurations were analyzed in the scoping phase study using the code
CCOIL [46,50].

The locations of the close-fitting OHCs are determined in CCOIL by first
specifying an arc, which is defined as a segment of an ellipse that is symmetric
about the equatorial plane, upon which the coils are to be arrayed. The Fourier
coefficients for a series representation of the current distribution on the arc
that excludes flux from the entire plasma cross section are then determined.
Assuming equal-current coils to facilitate series electrical connection of the
coils, the current distribution is integrated along the arc to yield the OHC
current-center locations.

The locations of the vertical-stack OHCs are taken to be uniformly spaced
within a stack and each stack is positioned adjacent to the TFCs in the
equatorial plane to maximize vertical access to the torus (Fig. 4.4.-2). The
coils within a stack are of equal current. The current distribution between
stacks is determined by requiring the coil set exhibit an on-axis field null in
order to facilitate RFP early breakdown/formation (Sec. 4.5.1).

The single-turn back-bias and forward-bias OHC currents, Iog and ISH, are
determined by imposing inductive flux conservation and ignoring the resistive
losses, as given below:
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TABLE 4.4.-II

PFC Parameters for the 18-MW/m? Strawman Design

Parameter Value
EFC current (MA)(a) 17.8
EFC volume (m) 39.7
EFC mass (tonne) 292.1
EFC joule losses (Mw)(2) (378.4 NC)(0.0 SC)
EFC peak field (T)(2) 5.9
EFC current density (MA/mz)(a) 18.3
Vertical field index 0.16
OHC current (MA)
¢+ back bias -32.9
¢+ forward bias 15.1
OHC volume 40.9
OHC mass (tonne) 301.2
OHC joule losses (MW) (68.1¢¢)y/321,6(b)
OHC von Mises stress (MPa)(b) 215.6
OHC peak field (T)(P) 8.3
OHC current density (MA/mz)(b) (12.2-24.9)
OHC stray vertical field (mT)(P) 1.25 (<2.45(d))
PFC transparency (%) 67.2

(a) Steady-state values.

(b) Back-bias values.

(c) Forward-bias values.

(d) Stray vertical field constraint (see Sec. 4.5.1).

+ -
LpI¢ = MEF,p IEF + MOH,p (IOH - IOH), (4.4.—3)

vhere I¢ and Igp are the steady-state plasma and EFC currents, respectively,
Mi,j is the mutual inductance between the ith and jth circuit elements, and Lp
is the plasma self-inductance. An additional constraint of a bipolar current
swing, based on the startup scenario described in Sec. 4.5, is imposed to

minimize the energy-storage and power-handling requirements:
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TABLE 4.3.-TIIT

PFC Circuit Parameters for the 18-MW/m? Strawman Design

Parameter Value
Self-Inductances (uH)
¢ Lp 13.26
¢ Lpp 14.80
¢ Log 3.39
Mutual Inductances (uH)
) MOH,p 3.47
) MOH,EF 3.08
¢ MEF,p : 3.87
Current Levels (MA)
¢ I¢ 17.75
¢ Ipp 17.76
¢ Aoy 48.07
Magnetic Fluxes (Wb)
¢ Plasma 235.
¢+ EFC 68.
¢+ OHC 167.
| Ton! = Ton + g - (b.b.-b)

The mutual inductances used in Eq. (4.4.-3) are estimated from the following
formula for two coaxial hoops [51]:

2uo(rirj)1/2
My s = [(1 - k2/2)K(k) - E(k)] , (4.4.-5)
1] k
where
4r.r.
k = tJ . (4.4.-6)

2
(ri + rj) + Azz

The radii of the ith and jth hoops are r; and r:;, A  is the distance between the
i j z
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two parallel coil planes, and K(k) and E(k) are the complete elliptic integrals
of the first and second kinds, respectively. Each coil in a coil set is
simulated by 100 hoops to ensure that a high degree of accuracy is obtained,
especially for coil self-inductances. The plasma, however, is simulated with a
single-hoop current, which is positioned in the equatorial plane at a major
radius, Ré, that includes a Shafranov shift [8]:

: & !
Rp = Ry + fﬁ; (Bg + 5 - f)(l - x%x2) - 1n x| , (4.4.-7)

where Rp is the torus major radius, r_ A is the first-wall minor radius, and

W
X = rp/rw is the ratio of plasma and first-wall minor radii. When the
calculation of the single-turn mutual inductance involves a coil set, a

summation is performed over each hoop in each coil in the set; for example,
"oH
Mom, j =§ Mi 5 (4.4.-8)
i=1

wvhere ngy = 100 Ngy is the number of hoops used to simulate the number of OHCs,
Nog- The single-turn self-inductances of the coil sets are determined by
application of the formula for mutual inductance with both summations over the
same coil set as follows:

np Dy
Ly =§ } My 5 - (4.4.-9)
i hj

where all of the filaments are equi-spaced and carry equal currents. The
singular element Mi,i is replaced with the self-inductance of a wire of finite

minor radius given by [51]

8R;
My j =ugRy | In || - 175 |, (4.4.-10)

where R; is the major radius of the hoop used to simulate a coil and 8 is the
separation between the filaments and assumed to be 0.01 m. The plasma self-
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inductance is expressed as a sum of an external inductance, L

P~ LP’in + LP’eX).
is taken to be that for a wire with the same dimensions as the plasma [51]:

p,ex’ and an
?

internal inductance, Lp in® (i.e., L The external inductance
,

8Ry
Ly,ex = Ho By | 1n ) - 2 | . (4.4.-11)

The internal inductance is derived from results of a one-dimensional equilibrium

calculation [46] and is given by

2
$ -2
Lp,in = [ anT(We + W¢) - EL_O :|(I¢) y (4.4.—12)
where
n rp 2
W, = — B;(r) rdr , (4.4.-13)
u
o0Jo
p
¢ =2n J B¢(r) rdr , (4.4.-14)
0
2
Uorp
Lo = Tﬁq; . (4.4.-15)

The above algorithms have been used to analyze the "close-fitting" and
"vertical-stack" configurations. An additional constraint on the OHC design is
the maximum level of the stray vertical field during breakdown, as described in
Sec. 4.5.1. This constraint is in the form of a maximum value for the ratio of
the stray vertical field to the initial toroidal field, B¢0, given by
Eq. (4.5.-1). For a given B¢o’ this constraint limits the stray vertical field
produced by the OH coil set.
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For the case of the vertical-stack configuration, the coil geometry is
fixed by maintenance considerations. For the close-fitting configurations,
however, the coil geometry is not placed under such a constraint and can be
manipulated through the arc parameters to reduce the stray vertical field. The
profiles of stray vertical field in the equatorial plane are shown in
Figs. 4.4.-3 and 4.4.-4 in the back-bias condition for the close-fitting and
vertical-stack configurations, respectively. Only the close-fitting
configuration complies with the stray-vertical-field constraint by virtue of the
freedom to move OHCs over the torus.

In principle, the initial toroidal field, B¢0, can be increased to ensure
that the "vertical-stack" configuration complies with the stray-vertical-field
constraint (4.5.-1). However, any increase in B¢o would result in increases in
the OHC volt-second consumption and in the formation energy and power. For
example, with the vertical-stack configuration of Fig. 4.4.-2, B¢0 must be
increased by one to two orders of magnitude. A single order of magnitude
increase in the value of B¢o would result in a volt-second consumption during
formation > 80 V-s, a formation energy > 200 MJ, and a formation power > 1 GW
(Sec. 4.5.1). Consequently, a maximum value of 2.45 mT for the stray vertical
field is adopted here.

A secondary constraint that the OHC set exhibit a field null within the
plasma chamber, which is demonstrated in Fig. 4.4.-3 and Fig. 4.4.-4 for both
configurations. Consequently, the close-fitting configuration of Fig. 4.4.-1
and Tables 4.4.-I to 4.4.-IIT has been adopted for the PFC design.

The circuit parameters of Table 4.4.-III, then, are used in the time-
dependent simulation, which includes plasma-resistance effects and is discussed
in Sec. 4.5.2, to yield more accurate determinations of the following back-bias
OHC parameters: current, current density, joule losses, von Mises stress, peak
field, and stray vertical field. Design iterations between the time-dependent
simulation and CCOIL have not been performed.

4.4.2. Toroidal-Field Coil (TFC) System

Two options are being considered for the generation of the toroidal field.
The first option is the use of normal-conducting, copper TFCs, positioned
outside of the blanket and shield as is shown in Fig. 4.4.-1. 1In order to

permit service access to the first wall, blanket, divertor, and plasma chamber,
the TFCs must be discretized rather than forming a continuous toroidal shell.
The discretization of the TFCs, however, introduces a toroidal-field ripple,
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VERTICAL FIELD PROFILE AT BACK BIAS
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the case for the close-fitting configuration.
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Ideal Vertical Stack PFCs
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which in turn causes magnetic islands within the edge-plasma region. Particles
and energy flow freely within this island structure, density or temperature
gradients cannot exist radially across the islands and, depending on island
size, plasma confinement is degraded. To ensure that confinement is not
adversely affected by the ripple, the radial extent of the islands is required
to be small compared to the radial distance between the reversal surface and the
plasma surface. This region is thought [1] to be the most responsible for
confinement in an RFP. Consequently, the management of the ripple is a major
factor in the design of the TFCs and is addressed in this section.

The design issues associated with the toroidal-field ripple has 1led, in
part, to the consideration of a second TFC option, the integrated blanket/coil
(IBC) concept [47] (Sec. 8.2.5). The IBC concept combines blanket and TFC
functions by using a liquid metal which breeds tritium to fulfill the blanket
function, flows so it can remove the energy deposited within it, and conducts
electricity to fulfill the TFC function. The combination of functions
eliminates the need for coolant penetrations through the conductor. With the
major penetrations eliminated, the TFC current channel approaches a continuous
toroidal shell which introduces no toroidal-field ripple. However, the IBC has
a number of non-magnetic issues, as discussed in Sec. 8.2.5.

An estimate of the magnetic-island size produced by a discretized copper

TFC set is given by the following formula for the radial thickness of an island
[52]:

r ABR 1/2
- bob.-1
br =4 5 Bg (dq/dr) ’ (4.4.-16)

vhere r is the minor radius of the resonant surface, 8Bp is the amplitude of the
radial magnetic-field perturbation, n is the toroidal mode number of the
resonant surface, Bg is the poloidal field at the resonance, and the derivative
of the safety factor, dq/dr, is evaluated at the resonant surface. The

g-profile in the edge-plasma region can be taken to be linear:

e (4.4.-17)
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vhere r,. and r, are the minor radii of the reversal and plasma surfaces.
Assuming that the toroidal mode number of the resonance is equal to the number

of TFCs, NTF’ the island-width criterion becomes

1/2
Ar BBp(1 - ry/r) 1Y
— = 4
rp NTFBe q

< (1 - rr/rp) . (4.4.-18)

An estimate of the radial magnetic field arising from the ripple, ABp, can
be obtained from two-dimensional field-line tracings at the plasma surface with
only the TFCs simulated. Such simulations [46] have yet to be performed for the
TITAN design and are also of limited application because Npp must exceed 100
before the primary resonance, Nf%, appears within the plasma for the 18 MW/m?
strawvman design (Sec. 5.3.2) and Eq. (4.4.-16) becomes applicable. If the
resonant surface is not in the plasma, there will be no islands in the plasma
with a toroidal mode number of Npg. However, islands resulting from higher
order resonances may be present and are best uncovered by three-dimensional
field-line tracings.

A more accurate assessment of island widths can be obtained from
three-dimensional field-line tracings which simulate the toroidal, radial, and
poloidal components of the magnetic field produced by the plasma, PFCs, and
TFCs. Although such simulations remain to be done for this study, previous
simulations [53] indicate that islands can be kept acceptably small if
0Bp/Bg < 0.003, which is the criterion used for the ZT-H design [54]. Scaling
the number of TFCs from that design with aspect ratio, A = RT/rp, indicates that
Npp 2 28 is required for the 18 MW/m?2 strawman design. Using the largest
rectangular cross-sectional coils that will fit into the space allocated for the
TFCs results in the preliminary TFC design shown in Fig. 4.4.-5 and described in
Table 4.4.-IV. This design with Npp = 28 will accommodate four or seven
divertors that are equally spaced toroidally. If five or six divertors are
needed to meet a divertor heat-load limit, then a minimum of Npp = 30 is
required to achieve equal spacing of the divertors. Note that the current
density in the TFCs for this preliminary design is higher than predicted by the
systems code in Sec. 5.3.2: 35.9 MA/m? compared to 17.4 MA/m%. This increase in
current density is the result of using coils with a rectangular cross section as
opposed to specifying a radial build and assuming toroidal symmetry, as was down

for the systems code (Sec. 5.2). The loss of conductor cross-sectional area
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TABLE 4.4.-IV
PRELIMINARY TFC DESIGN PARAMETERS

Parameter Value

Number of TFCs, Nep 28

Major radius, Rpp (m) 3.892 (3.892)
Minor radius, rqop (m) 1.431 (1.438)
Radial thickness (mm) 12.8 (26.0)
Toroidal thickness (mm) 548.0 (545.0)
Current per coil (kA) 251.6

Current density (MA/mz) 35.9 (17.8)
Total ohmic power (MW) 65.0 (32.3)

Values in the parentheses are the results of increasing the radial space
allocated for the TFCs from 0.028 m (Sec. 5.3) to 0.041 m.

results in a doubling of the ohmic power dissipated in the TFCs over that
predicted by the systems code. The current density value of 17.4 MA/mZ,
predicted by the systems code, can be recovered if the TFCs are made thicker in
the radial direction by 0.013 m as indicated in Table 4.4.-IV. The effect of
thicker the TFCs upon the PFC design should be negligible.

4.5. PLASMA/CIRCUIT SIMULATION

Early RFP reactor studies [46,53,55,56] have taken guidance from the
results of (steady-state) parametric system models (Sec. 5) to provide initial
conditions to a time-dependent, plasma/circuit simulation code that in turn
models the start-up, approach to, achievement of, and maintenance of DT
ignition. These early ignition/burn simulations generally assumed the existence
of a low-current RFP "target" plasma (I¢ = 0.1 MA, T = 0.1 keV, n < 1020 m_3,
F = -0.1, ® = 1.5) onto which a bipolar OHC swing was imposed to ramp the plasma
to an ohmic ignition.

Figure 4.5.-1 illustrates the general start-up scenario assumed [46], with
the bulk of the start-up energy being provided from the electrical grid; power
and voltage requirements were appropriately constrained, as were OHC back-bias
stresses needed to provide all poloidal flux (inductive and resistive)
requirements. Hence, the TF and OH coil and power supply designs are coupled
through the formation process by the breakdown constraint (BV/B¢0), reversal

time, Tp, poloidal-flux consumption during formation (T, B¢o’ geometry), and
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Equatorial—Plane View of TITAN RFP
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the degree of subsequent toroidal-flux generation possible by the RFP dynamo.
Existing experimental evidence has been summarized, primarily from ZT-40M [57],
and used to establish RFP breakdown/formation "windows" to estimate coil and
circuit parameters and to provide initial conditions for the current ramp to
ohmic ignition and burn. Fig. 4.5.-2 schematically depicts a more detailed view
of the RFP start-up, with Sec. 4.5.1 dealing primarily with this formation
phase.

It became evident towards the end of the early RFP reactor studies [46,53]
and during the earliest phase of the TITAN study that both the TFC and PFC
(OHC + EFC) design limits would be determined more by the plasma breakdown,
formation, and ramp-up transients than by the steady-state operational phase.
The desire to use the RFP dynamo to generate internal toroidal flux, rather than
injecting all the toroidal flux by the TFCs, and the bias stress and power
strongly influence the TFC and OHC designs. Furthermore, the PFC configuration
determines the coupling of OHC with the plasma, the magnitude of the stray
vertical field, and the degree of multipolarity of field nulls in the plasma
chamber. These in turn influence the breakdown and RFP formation conditions
through the amount of initial (vacuum) toroidal field, B¢o’ and ultimately
affect the TFC design.

Section 4.5.1 describes and applies the existing RFP experimental data base
for RFP breakdown and formation. Using the initial RFP conditions generated in
Sec. 4.5.1, the plasma start-up (ramp-up - ignition - burn) is simulated by
means of a zero-dimensional plasma/circuit model in Sec. 4.5.2. Recent

developments to model eddy-current effects in the engineering structure that
surrounds the RFP are given in Sec. 4.5.3.

4.5.1. Breakdown and RFP Formation

A body of experimental data is beginning to accumulate, which better
defines the formation "window" and associated PFC/TFC circuit requirements for
the TITAN reactor, as well as for other RFP devices [58,59]. Although, much of
this information is not theoretically understood fully and extrapolation from
ZT-40M-class experiments to a reactor 1is uncertain, this information and
experience nevertheless is assimilated for the first time and used as part of
the TITAN study. The formation phase is shown schematically on Fig. 4.5.-3,
which gives more detail than shown in Fig. 4.5.-2 as well as introducing key
notation. Generally, matched-mode RFP formation is assumed, wherein the RFP is

externally driven to match exactly the reversed toroidal field generated by the
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plasma (no toroidal flux change across TFCs). The formation phase of the RFP is
characterized by the following experimentally observed behaviors:

¢ upper and lower density limits define a region outside of which poor or no
RFP formation occurs.

¢ minimum plasma current (or possibly current density, in that size

variations are limited in present-day experiments) below which robust RFPs
cannot be formed.

¢ minimum limit on the toroidal electric field, E;,, or ratio of E¢ to
initial filling pressure, E¢/P0, to ensure breakdown.

¢ upper limit on the formation time, Tg.
¢ limits imposed on initial (vacuum) toroidal bias magnetic field, B¢o'

In addition to setting windows for RFP formation, relationships between these
variables and the poloidal flux and energy consumption during formation have
been derived [57]. These constraints are briefly summarized in the following
subsections and formulated into a simplified breakdown and formation model
(Sec. 4.5.1.12) that in turn is evaluated to provide initial conditions for the
simulation of plasma start-up, ignition and burn (Sec. 4.5.2).

4.5.1.1. Plasma Breakdown

Plasma discharge and subsequent RFP formation generally occurs for values
of the ratio of toroidal electric field to initial filling pressure, E¢/P0, that
are similar to tokamak values and generally are close to electron runaway
condition. For example, JET reports [60] E¢/P0 2 0.66x104 V/m torr compared to
1-2x10* v/m torr, for ZT-40M [57], which is very close to electron runaway
condition. Fig. 4.5.-4 gives typical breakdown/formation characteristics for a
range of tokamaks [61] and for 2ZT-40M. Generally, breakdown and discharge
formation is not a problem for RFPs, but the degree of pre-ionization can
greatly influence the discharge quality and poloidal-flux consumption [62].
Since stable RFP formation to date appears to require a high initial filling
density for the levels of density pump-out experienced in present-day RFPs the
generally common E¢/P0 values for both RFPs and tokamaks give significantly
higher values of E¢ required to initiate a robust RFP.

4.5.1.2. Stray-Vertical-Field Constraint

As shown in Fig. 4.5.-5, a toroidal field line of strength B¢o in the
presence of a vertical field By will intersect the first wall and prevent the
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Fig. 4.5.-5. Schematic illustration of a field line in the presence of a
vertical field.

formation of a continuous discharge if the ratio BV/B¢0 is too large. The
condition for the confinement of a single toroidal trajectory with a field null

at a minor radial position r_  is given by

(o)

. 3172
— < (1 - (;3)2] , (4.5.-1)

wvhere € = rp/RT is the inverse aspect ratio. In addition, a drift constraint
has been suggested for JET [60]:

Ey/(By/Byo) 2 103 v/m . (4.5.-2)

The value of BV and the field-null(s) locations are determined from a vacuum-
field calculation using the CCOIL model described in Sec. 4.4.2.



4-58

4.5.1.3. Initial Toroidal Flux Constraint

Once the BV/B¢0 constraint is established, the relationships between B¢o
and the average toroidal flux within the initial RFP, <B¢>, and hence, F_, must
be determined (Fig. 4.5.-3). Generally, for matched-mode RFP formation
<B¢> = B¢0. Figure 4.5.-6 shows the relationship between B¢o and <B¢> for a
range of 2ZT-40 discharges [57,63] illustrating the experimental basis for this
assumption. Given that <B¢> can be determined and the initial pinch parameter,
0y is specified, the initial (minimum) RFP current or current density (given
rp) is determined from the following:

I¢o = Srp@o<B¢> . (4.5.-3)

4.5.1.4. 1Initial Current-Density Constraint

Although Eq. (4.5.-3) gives a means to determine a current density that is
consistent with the vertical-field constraint previously described, other, more
dominant constraints may exist. For example, the ZT-40M experiment exhibits a
minimum-current density limit, which translates to j¢0 2 0.4 MA/mz, below which
RFP formation is difficult. Although not well understood, the application of
such a constraint to the TITAN represents a conservative connection to
experiment. Secondly, a number of RFP experiments [1] have shown an impurity
burn-through constraint, typical of which is shown in Fig. 4.5.-7 for ZT-40M.

For these conditions, burn-through requires

j
_n‘f > 6x1019 MA-m . (4.5.-4)

4.5,1.5. Minimum-Density Constraints

Generally if for a given initial filling pressure the pump-out of density
is too great prior to toroidal field reversal, unreliable RFP formation occurs
[57], as is shown in Fig. 4.5.-8a. Similarly, for a given initial filling
pressure, Po’ a maximum initial bias field B¢o is found above which RFP
formation does not occur [57], as is shown in Fig. 4.5.-8b. Although RFPs form

at lower values of B¢o’ these RFPs require excessive poloidal-flux consumption,
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with Fig. 4.5.-8b showing a "horn of plenty" for the ZT-40M conditions examined.
It should be noted that a variable and poorly controlled wall condition creates
hystereses and related unknown effects in many of these data correlations.
Figures 4.5.-8a and 4.5.-8b have been combined in Fig. 4.5.-8c in an attempt to
eliminate the filling-pressure variable and perhaps to reduce the impact of
these unresolved wall effects on the data. The result is a relationship between
average plasma density and initial bias field that is forced to assure robust

RFP formation. The cross-correlation plot given in Fig. 4.5.-8c is fitted with

the following functions to give the «critical density, n, versus B¢0
relationship.
20 -3
n, (10°Y m ) = 0.10 for B¢o < 36 mT
(4.5.-5)

20 -3 -3
n, (107" m ) = 2.78x10 B¢o for B¢0 > 36 mT
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4.5.1.6. Reversal Parameter

Generally, 9, and the initial poloidal beta, Bgo» are specified as
independent goals or targets, and, along with the assumption of a u profile
(e.g., modified Bessel function model), the appropriate F-© or Taylor diagram is
determined. This derived F-©® diagram for the assumed initial 660 and u(r)

values, then determines Fo-

4.5.1.7. Density Pump-out

The degree of density reduction between the initial filling pressure and
the final RFP formation is poorly understood and strongly dependent on wall pre-
conditioning. Hence, the pump-out is treated parametrically in terms of the

ratio of initial filling density, n to the final RFP plasma density n > n..

0’
The assumption is made that pump-out and P, can be minimized, thereby minimizing

E¢ at start-up.

4.5.1.8. Toroidal Electric Field
The toroidal electric-field constraint, E¢/P

0! Vvas discussed earlier in

Sec. 4.5.1.1 in terms of breakdown and discharge formation. In characterizing

the TITAN initial conditions, the following four possible constraints were

considered:
B4/, (V/m torr) = 0.66x103 (JET breakdown)
Ey/ (By/Byo) (V/m) = 10° (JET drift)
E¢/Po (V/m torr) £ 104 (electron runaway)
E4/P, (V/m torr) = 2x10% (ZT-40M) (4.5.-6)

Hence, four sets of results are presented according to the above four
possibilities.

4.5.1.9. 1Initial Current Risetime

Neglecting compressional and resistive voltages during the initial phase
(I¢0 = 0) of the RFP formation, the current risetime is approximated by the

sinusoidal, inductive wave form to give the following expression for Tg:
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I \Y
“¢o g 1?3 , (4.5.-7)
TR n Ly
where V¢0 = E¢2nRT,
8Ry
Lp = "oRT In - - 2 + li , (4.5.-8)
p

and the plasma internal inductance per unit length, 1; =1 - (2F + 1)(1 - F)/2®2
for the Bessel-function model, or 1i = 1 for the modified Bessel-function model.
For the ZT-40M experiment, I¢0/TR = 30-40 MA/s. The risetime TR should then be
compared to an effective shell/liner time-constant, T, = ULy SL/ZnL, where r

W
is the first-wall radius of thickness 8;, and electrical resistivity n;.

4.5.1.10. Poloidal-Flux and Energy Consumption During RFP Formation
Figures 4.5.-9a and 4.5.-9b give the dependence of poloidal-flux and energy
consumption as a function of initial current risetime for ZT-40M [57].

Separating the resistive and inductive components of the flux consumption and

correcting for geometry while using the following expression for plasma
resistivity at formation [57]:

2

r
- p _
Nay (Qm) = 1.4 E—_EGTEZ , (4.5.-9)
T ~¢o

the flux consumption during formation becomes

T
R T
- 3 0.36 R
[ V¢dt = LpI¢o + 9.04x10 RT I¢o r0.72 , (4.5.-10)
0 p

vhere Lp is again given by Eq. (4.5.-8) using the modified Bessel function
model. The associated energy consumption is given by
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1 ks
WB¢ =3 I¢o [ V¢dt . (4.5.-11)
(o}

4.5.1.11. Toroidal-Field Coil During Formation

Given the current-radius of the TFC, Iops and the parameters self-
consistently determined from the previous subsections, the toroidal flux, %, and

associated single-turn TFC voltage, Vg = d®/dt, can be estimated from the
following expression

nr B r 2 B I
_ p $o _ TF _ o ¢$o _
Ve(V/m) = 5@; {25;3 1 +[[7?_] 1][25;; FO]} 1%; . (4.5.-12)

From this expression, the stored energy and required TFC circuit power can be
readily obtained.

4.5.1.12. Calculational Algorithm and Preliminary Result

The set of constraints and/or options suggested in the previous eleven
subsections has been combined into a calculation format and algorithm shown on
Fig. 4.5.-10. The overall procedure begins with cost-optimized estimates
provided by the parametric systems analysis (PSA) model (Sec. 5). This first
geometry estimate is fed to the CCOIL code (Sec. 4.4), which estimates all
aspects of the PFC configuration based on poloidal-flux balance and bipolar
start-up. In addition to back- and forward-biased currents, inductances, and
coil positions, CCOIL ©provides the multipolarity and vertical-field
characteristics of a given (optimized) OHC set that is then used in the
aforementioned formation model. The time-dependent plasma/circuit simulation
code, which uses CCOIL output, then is used to gain a more accurate estimate of
PFC flux consumption and associated back-biased stress and power consumption.
As shown at the top of Fig. 4.5.-10, a closely coupled interaction between the
PSA, CCOIL and BURN codes provides a well converged estimate of the TITAN design
prior to examination and optimization of the formation phase described in this

section. The sequence shown in Fig. 4.5.-10 is then followed, leading to a
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design for the TFC and OHC as dictated by RFP formation, that may or may not
require further optimization through the PSA -» CCOIL - BURN sequence.

Generally, the constraints imposed by the RFP formation physics, when
combined, give the following global constraints on Tp, n/no, and Ve/V¢:

20
L, (100 34/n),

708n 2
R 2 — ry ﬁ; E¢/P° , (4.5.-13a)
n _2.78 20 .
H; > 7?2; rp (10 J¢/no)c , (4.5.-13b)
\Y 2r B reop 2 B
VE - - é’ [<B¢°> -1 [(_E'E) _ 1] [Z_I;P; _ H ) (4.5.-13¢)
¢ “po ¢ “p ¢

For the four possible means to determine E¢/PO listed in Eq. 4.5.-6,
Table 4.5.-1 gives the physics and device parameters and the associated start-up
conditions. The (JET) "drift" or the "runaway" conditions 1listed in
Table 4.5.-1 are considered most typical of present-day experiments and are used
as initial conditions for the start-up, ignition, and burn simulation of the
TITAN design objective given in the following section.

A main objective of the foregoing analysis is to estimate the impact of
stray vertical field on the RFP formation requirements. Using the fourth column
in Table 4.5.-I as a baseline, the computational algorithm summarized in
Fig. 4.5.-10 was exercised while varying By. The impact of increasing By on the
flux, energy, and power consumption is shown in Fig. 4.5.-11, with the design
value being By = 2.5 mT. Since the resistive poloidal-flux consumption during
the full ramp-up to ignition and burn is ~ 25 Wb (~ 10% to total), an additional
flux consumption during formation much above this value becomes a concern from
the viewpoint of back-bias stress in the OHCs. Hence, By much above a few
milli-tesla should be avoided.

4.5.2. Plasma Start-up to Ignition and Burn

4.5.2.1. Model and Initial Conditions
The preliminary results given in Table 4.5.-I for the RFP formation phase
have been used to estimate initial conditions for the simulation of the current
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TABLE 4.5.-1
RFP FORMATION PARAMETERS FOR TITAN

Breakdown Drift
6.66 4.01
0.0388 0.0388
0.358 0.358
1.00 1.00
0.25 0.25
1.00 1.00
0.25 0.25
1.00 1.00
0.25 0.25
0.35 0.35
1.00 1.00
3.90 3.90
0.60 0.60
0.4892 0.4892

-0.10 -0.10
0.10 0.10
1.523 1.50
0.050 0.050
0.775 0.775
0.028 0.028
1.2484 1.2484

47.96 47.96
0.297 0.297

Jg(exp)
Runawvay (0.4 MA/mz)
1.00 1.00
0.0388 0.0388
0.358 0.358
1.00 1.00
0.25 0.28
1.00 1.00
0.25 0.28
1.00 1.00
0.25 0.28
0.35 0.39
1.00 1.43
3.90 3.90
0.60 0.60
0.4892 0.4892
-0.10 -0.10
0.10 0.10
1.50 1.50
0.050 0.050
0.775 0.775
0.028 0.028
1.2484 1.2484
47.96 47.96
0.297 0.297



START-UP CONDITIONS

Bv/B¢o constraint
BV/B¢0 (update)
Bcbo (mT)

B¢ (mT)

Beo (mT)

B¢R (mT)

I¢o (MA)

E¢ (V/m)

Ve (V)

Ly (uH)
dI¢/dt (MA/s)
Max. circuit dI/dt (MA/s)

R (ms)

RESULTS

Constant resistivity

¢
U
¢
U
¢+

flux consumption (Wb)
formation energy (MJ)
formation power (MW)
Jgo (MA/m?)
ige (Ma/m?)

Constant resistivity and j¢

U
¢+

'
Cu
8y,

flux consumption (Wb)
formation energy (MJ)

formation power (MW)

(mm)

SES (mm)

E¢B¢0/BV > 1000 (V/m)
3o’ (10720 Mam)
vp/Vey < 0.01

Ve (V/turn)

Wg (kJ)

PO (MW)
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TABLE 4.5.-I (Continued)

j g(exp)
Breakdown Drift Runawvay (0.4 MA/mZ)
0.014 0.014 0.014 0.013
0.014 0.014 0.014 0.013
88.1 88.1 88.1 100.0
88.1 88.1 88.1 100.0
132.1 132.1 132.1 150.0
8.8 8.8 8.8 -10.0
0.40 0.40 0.40 0.45
2.30 14.18 3.46 3.93
56.4 347.4 84.7 96.2
13.9 13.9 13.9 13.9
2.6 15.9 3.9 4.4
10.2 10.2 10.2 10.2
153.4 24.9 102.2 1,454.40
13.95 6.88 11.13 12.14
4.44 1.64 3.32 4.06
28.93 65.62 32.49 39.70
0.35 0.35 0.35 0.40
0.25 0.25 0.25 0.40
39.94 11.11 28.44 30.26
14.73 33.09 10.18 12.21
96.09 13.28 99.66 11.95
14.6 2.4 9.7 9.7
134.4 21.8 89.5 89.5
162.49 1000.00 243.95 314.527
1.43 1.43 1.43 1.43
0.0076 0.0076 0.0076 0.0071
3.44 20.89 5.10 5.79
85.5 85.5 85.5 110.3
0.56 3.43 0.83 1.1
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ramp-up to ohmic ignition and burn. Table 4.5.-ITI summarizes these initial
conditions. The time-dependent plasma/circuit simulation code models the post-
formation fast current ramp-up (few seconds to I¢ = 10 MA) followed by a slower
ramp, driven from the grid, to plasma ignition and burn at I¢ = 18-20 MA
(Fig. 4.5.-2). The BURN code has been described in detail elsewhere [46,53]; a
summary is given in Table 4.5.-III. The results of this zero-dimensional plasma

simulation are compared with the one-dimensional MHD simulation in Sec. 4.7.1.

4.5.2.2. Results

The basic results from the zero-dimensional plasma/circuit simulation code
are given in Figs. 4.5.-12. The start-up trajectory is shown on the F-© diagram
in Fig. 4.5.-12a, which targets a design value of ©® and subsequent Bo variations
cause F to decrease. More recent simulations target on the F value and that
allows © to drift upward somewhat as beta increases in order to minimize and/or
control the impact of formation and start-up on the TFC requirements.

The time-dependent plasma simulation requires that both electron and ion

confinement times be specified. As discussed in Sec. 5.2.1, a scaling of the
form,

Tee = Cy Iy £(By/Bge) (4.5.-13a)

Tpi = 4Tee (4.5.-13b)

is used, wherein, f(Be/Bec) simulates the experimentally observed RFP beta
limited confinement. For the simulation, it is assumed that
f(Be/Bec) = (Be/ﬁec)m with Bec = 0.19 and m = 8. This assumption results in a
strong pinning of the plasma beta upon ohmic ignition, but the electrons and
ions decouple somewhat in temperature, as is shown in Fig. 4.5.-12b. The
various confinement times and powers, as well as nT;, are shown as a function of
time in Fig. 4.5.-12¢c. The fueling rate is controlled throughout the start-up
to assure that either a) the streaming parameter, § = vp/Vpye remains belov a
specific value safe from electron thermal runaway, or b) that the fueling rate
never exceeds three times the loss rate. The crucial fields and stress levels
in the OHC are also shown on Fig. 4.5.-12d. The results shown in Fig. 4.5.-12,
while indicating no serious problem with ohmic ignition and burn for the scaling

used (v = 1.0), are not unique and will be subject to modification and re-
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TABLE 4.5.-II
PLASMA STARTING CONDITIONS FOR BURN SIMULATIONS

Ion, electron temperature, Ti,e (keV) 0.05
Plasma/wall radius ratio, x = rp/rw 0.923
Plasma current, I¢0 (MA) 0.45
Plasma current density, j¢o (MA/mz) 0.40
Plasma density, n;, (1020 m‘3) 0.71
Filling pressure, P, (mtorr) 1.0

Plasma kinetic energy, Wpo (kJ) 43.1

TABLE 4.5.-II1I
SUMMARY OF RFP PLASMA/CIRCUIT SIMULATION AND DESIGN CODE

Profile-averaged, zero-dimensional, time-dependent.

Follows concentration and energies of species from consistent reactions (H,
3He, “He, T), wusing Fokker-Planck slowing-down model and including
Bremsstrahlung, cyclotron, and line radiation.

Magnetic-field and current-density profiles computed consistent with assumed
p(r) [i.e., n(r), T(r)] and u(r) profiles.

Pellet-refueling model (constant I¢/N = j¢/n).

Complete analysis of PFC circuit, including plasma as a non-linear circuit
element, with PFC circuit driving the simulation.

One-dimensional thermal and stress analysis performed as a function of time
for a composite first wall.

Outputs:

- Time-history of currents, voltages, powers, and energies in PFC and TFC
circuits.

Self-consistent, 1-D equilibrium for given p(r) [i.e., n(r), T(r)], and
u(r), and associated profile factors for given T(r).

Time-history of all plasma parameters, including energetic ion species.

Complete reactor energy balance.

I

Time-dependent first-wall response.

Reactor parameter file for use in standardized reactor costing.
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optimization as nev insight and understanding is developed in a range of crucial
areas such as listed below:

¢ RFP formation
¢ current drive
¢ density (pellet) control

¢ impurity control (transients)

4.5.3. Eddy-Current Circuit Modeling

Analysis of plasma circuit interactions determines the plasma response to
the externally applied fields. Such analyses are required so that appropriate
switching sequences and voltages can be applied to the external circuitry (e.g.,
PF and TF coils) for various transient plasma operations, such as start-up and
shut-down, fractional power operation, and OFCD.

The time-varying electromagnetic fields incurred during the plasma
transients induce eddy currents in all conducting material surrounding the FPC,
such as, the first wall, liner/conducting shell, vacuum vessel, blanket, shield,
and structures. These eddy currents retard and modify the plasma response to
externally applied magnetic fields. Furthermore, these eddy currents give rise
to magnetic fields affecting the plasma equilibrium, to electromagnetic forces
on all conducting materials which carry the eddy currents, and to an additional
energy drain from the external circuits to compensate for Joule losses by eddy
currents.

Eddy-current modeling is, therefore, a critical and wusually the most
difficult component of plasma-circuit interaction analyses. The approach to
this problem, adopted for the TITAN study, is to divide the conducting material
into small strips which simulate the actual eddy-current path and distribution.
Each strip is modeled as an element of a complex circuit which also includes the
external circuitry and the plasma as an equivalent circuit element. The
interaction of these elements with each other is taken into account through the
circuit-inductance matrix, L, containing self and mutual inductances for all
elements. The matrix circuit equation describing the evolution of currents in

circuit elements, including the plasma itself, can then be written as follows:

d [ 32 3+ o
LTI |+RT -V, (4.5.-14)
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where ? and 6 are the column vectors representing the currents and voltages,
respectively, and is the diagonal matrix of resistances. For a given time
history of voltages and switching sequences, the above matrix equation can be
solved to obtain the currents, and then, magnetic fields and power flow through
the circuits. In principle, the accuracy of such a procedure should be improved
by increasing the number of the equivalent eddy current circuit elements, which,
in turn, increases the complexity of the overall circuit analysis as well as the
computation time.

The starting point of this procedure is the division of the conducting
material into equivalent eddy-current circuit elements. Such a division,
however, requires a priori knowledge of eddy-current paths and distributions.
As an example, consider a conducting material that contains resistive breaks.
These resistive breaks are usually introduced to suppress the magnitude of the
eddy currents and associated effects. One can model these resistive breaks as
high resistance conductors, as insulators, or a combination thereof. In the
"conductor" model, the eddy currents flow through the breaks. The only effect
of the resistive break is to increase the resistance of the eddy-current circuit
element substantially. In the other extreme of the "insulator" model, the eddy
currents do not flow through the breaks but instead turn around and form a
"saddle" loop. The most reasonable model of course, is to combine both current
paths: a part of the eddy-current flow through and the rest turns around the
resistive break. These three models are schematically shown in Fig. 4.5.-13.

A comparison study of these models has been made by Brown, et al. [64], in
which the effects of the eddy currents induced in the vacuum vessel of TFTR on
the poloidal-field penetration were studied. Four different models for eddy-
current circuit elements were used. In each case, the external PF circuits were
oscillated in the absence of the plasma, and the resultant vertical field inside
the vacuum vessel was calculated and compared to experimental measurements. As
expected, the best simulation result was found for the most sophisticated model
that properly included both the inductive and resistive contributions of the
saddle current and break-paths. Also, satisfactory agreement was obtained with
the simplest model, namely, the "conductor" model for the resistive breaks,
without taking into account saddle currents. However, the other two simulations
with simplified saddle current models did not produce satisfactory results.
This work underscores the importance of the insight and a priori knowledge of
eddy-current paths and distribution for the analysis.
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To study the impact of eddy currents on the plasma response of the TITAN
reactor, a circuit-analysis code has been developed. Given a specified FPC
geometry and external coil sets, this code divides the FPC into small sectors
and models each as an eddy-current circuit element. The self and mutual
inductances of the various circuit elements are then calculated, and the overall
inductance matrix is constructed. For a given voltage time history or start-up
sequence (e.g., given in Fig. 4.5.-1), the circuit solver computes the time-
varying currents in each circuit element. Special attention is given to the
equilibrium-field-coil (EFC) circuits. At all times, the current in the EF
coils should provide the necessary vertical field to maintain the plasma
equilibrium. The required vertical field at the magnetic axis is given by the
Shafranov formula [8],

TP 8R 1.
BV=_9_1’[1n[_T]+se+_1_1.5]. (4.5.-15)
rp 2

It has been shown [65] that the Shafranov formula is an accurate measure of
the required vertical field for an RFP over a wide range of plasma conditions.
In the presence of conducting material, the vertical field produced by the EFC
set together with contributions from other external coils and eddy-currents
should be equal to the vertical field given by Shafranov formula (4.5.-15). The
code computes these contributions to find the current in the EF coil set
self-consistently, and then calculates the necessary voltage, power, and
switching sequence that has to be applied to the EFC set.

At present, the circuit analysis code uses the "conductor" model for
resistive breaks. An upgrade that takes the saddle currents into account is
under development. Furthermore, the plasma relaxation via the RFP dynamo
couples the poloidal and toroidal-field circuits. Inclusion of this coupling
and simulation of OFCD circuitry are also under study. Application of this code
to the TITAN reactor start-up and transients is guiding the coil design, FPC
engineering analyses, and FPC design integration effort.

4.6. CURRENT DRIVE

At full plasma current the nominal 18 MW/m2 baseline TITAN design supports
Wy = 2 GJ of stored magnetic energy and requires LpI¢ = 250 Wb. Given that
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these burn conditions can be achieved by the start-up procedures described in
Sec. 4.5, an inductively ©pulsed burn would be sustained for only
Lp/Rp = 200-400 s. Considerations of total power balance, thermal cyclic
fatigue in a high-power-density environment, as well as the costs of on-site
energy storage (frequent grid start-up seems unlikely) and thermal storage force
serious consideration of steady-state current drive. An inductively driven RFP
reactor, although a possibility [55], would be re-optimized to minimize the
plasma resistance, thereby resulting in larger plasmas, lower power density and
possibly the use of superconducting coils.

Section 4.6.1 reviews a number of current-drive options for the RFP. The
TITAN study has focused on the Oscillating-Field Current Drive (OFCD) system
which is described from an MHD viewpoint in Sec. 4.6.1.1. An analogue circuit
model for OFCD is wused in Sec. 4.6.2 to investigate parametrically the
characteristics of the OFCD system for the TITAN reactor, and a design point is

suggested for further engineering analyses.

4.6.1. Options

4.6.1.1. Oscillating-Field Current Drive (OFCD)

Unlike the tokamak, the toroidal and poloidal currents in the RFP are

closely coupled since the RFP plasma is in a minimum-energy state. This near-
minimum-energy state is defined [2,3,67] primarily by holding the toroidal flux,
$, and the magnetic helicity, K = [ X-g dV, invariant within a conducting wall
surrounding the plasma, where X is the magnetic vector potential (ﬁ = GXX) and
the integration is performed over the volume enclosed by the conducting wall.
The locus of these near-minimum-energy states form a curve in F-© space, shown
in Fig. 4.6.-1. If an external circuit parameter (e.g., voltage applied to TFC,
Ve) is varied to change the toroidal flux external to the plasma, intrinsic
plasma processes related to turbulence and/or resistive instabilities generate
voltages and currents within the plasma and increase or reduce poloidal flux in
order to maintain the helicity constant and the plasma in a near-minimum-energy
state. This nonlinear coupling between plasma and magnetic fields through the
F-©® diagram, like that shown on Fig. 4.6.-1, can be used to "rectify" current
oscillations created at external coils into a net steady-state current within
the plasma [5,46,66]. This "F-® pumping" is envisaged to transform toroidal
magnetic flux (poloidal currents) into toroidal currents (poloidal magnetic

flux) through the plasma relaxation which maintains the near-minimum-energy



1 7"’—\]\\1 . l T T T T l T T T T I BRE T T T

- Sse .

L \~$.._ B

: N i

| \ _‘

05 = N B

e i SN ]

£ i "\l MODIFIED BFM

57 N ez
= BESSEL-FUNCTION". ~. (

= 0 MODEL (BFM) . m

= I S N

é_ 8 . \& \\ -

~05 | AR

oL B-MODIFIED BFM . -

- ‘: .‘.\ .

I A

5 Bg=0.0 ]

___1 1 1 1 1 l 1 1 1 1 l 1 1 11 4 S S | 1
0 0.5 1 1.5 2

©-PARAMETER

Fig. 4.6.-1. Taylor diagram showing locus of near-minimum-energy RFP states for
a range of p profiles and poloidal beta values.

configuration. The result is an efficient inductive but oscillatory (i.e., with
no loss of electromagnetic flux) mean of steady-state current drive for RFPs
[5,53,66].

Most of the analysis and design for the OFCD system is based on circuit-
analogue models [5,46,66]. Such a model is described in Sec. 4.6.2 and is used
to analyze the TITAN reactor current-drive system. One can also explain OFCD in
RFPs on the basis of MHD theory. Consider the evolution of the q-profile for
one OFCD cycle, as is shown in Fig. 4.6.-2. 1Initially the near-minimum-energy
RFP state is characterized by a gq-value that is less than unity on axis, with ¢
falling to zero near the plasma edge and reversing sign at the plasma surface.
In order to implement OFCD in the RFP, the external toroidal and poloidal field
circuits are oscillated about steady-state values, with the most efficient
pumping (i.e., maximum current for minimum reactive power) occurring when the
toroidal and poloidal voltages are ninety degrees out of phase (Sec. 4.6.-2). A
decrease in the external poloidal flux, ¥, and an increase in the amplitude of
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the external toroidal flux, @, will result in more negative F values (i.e.,
deeper reversal); this deeper reversal appears as a compression phase in
Fig. 4.6.-2. The plasma under these conditions is unstable to a series of
resistive MHD modes with a poloidal mode number m = 1 and high toroidal mode
numbers, n. These instabilities drive a magnetic reconnection process,
sometimes referred to as Kadomtsev reconnection, in a flattening of the central
portion of the q profile and increasing the poloidal flux [69,70]. The magnetic
reconnection process may also occur during the compression phase, and need not
be a distinct phase, as is shown in Fig. 4.6.-2. The plasma is then
decompressed as the external circuits approach the end of a period; the external
poloidal flux is increasing, and the toroidal flux is decreasing at this point
in the OFCD cycle. With the value of q at the plasma edge reset to the initial
value, the plasma then relaxes by means of a double reconnection [70] (i.e.,
dynamo effect) into the initial near-minimum-energy state.

An analogous series of q profiles is shown for comparative purposes in
Fig. 4.6.-2 for a tokamak. The major difference between the RFP and the tokamak
is the process whereby poloidal flux is created on axis; Kadomtsev magnetic
reconnection creates poloidal flux in an RFP, whereas it destroys poloidal flux
in a tokamak. An as yet unspecified process, therefore, is required to create
poloidal flux on axis in a tokamak. The application of OFCD to tokamaks,
therefore, requires the identification of a flux-generating process. A scheme
for increasing poloidal flux on axis has been proposed [71]. This scheme
requires tailored ECRH heating to create an off-axis current channel; a non-

monotonic q profile results. The Kadomtsev reconnection process (m = 1, n = 1)
will return a monotonic q profile.

4.6.1.2. Bootstrap Current (BC)

Neoclassical theory predicts the existence of a "bootstrap current" caused

by radial diffusion. An expression for this bootstrap current density is given
by [72]

1/2
. € ap
JBC == —E'e— [—9_1.:] ’ (4.6.-1)

where € = rp/RT is the inverse aspect ratio. The high B that characterizes the
RFP suggests a large bootstrap current, but the high aspect ratio will tend to
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reduce the effect. As an example, the following approximation to the RFP
design-point equilibrium is assumed: p(r)/py, =1 - (r/rp)2 with Py = 6 MPa,
Bg = u01¢/2nr = uoj¢r/2 = 5,9 T, and 81/2 = 0.4 . For these conditions,
Eq. 4.6.-1 results in a bootstrap current density of jpc = 1.4 MA/m? or a total
of nrngC = 1.6 MA of toroidal current (nrg =1.13 mz) as compared to the
required I¢ = 18 MA for the design point. Significantly steeper pressure
gradients and lower aspect ratios would be required to make the bootstrap
current a significant contributor, if it exists at all. Bootstrap current is

not treated as a serious possibility for TITAN.

4.6.1.3. Alfven-Wave (AW) Current Drive

0f all the proposed forms of RF current drive, the compressional Alfven

wvave is by far the most efficient, out-performing the LH wave by about a factor

14
of two on an ampere per watt basis. For Alfven-wave current drive, Ehst [73]
gives

I, R n
- T
PAY _ g.9x10720 _iﬁf___ : (4.6.-2)

whereas Fisch and Karney [74] give

I¢ RT n

AV _ -20 -
Ppp = 1.5x10 ]??;Sqf , (4.6.-3)

where B is the local beta value and T is in units of keV. Both Egs. (4.6.-2)
and (4.6.-3) are based on consideration of waves with k; > kl‘ For a special
Alfven wave in which ki >> k; (a condition which can easily be accomplished in
tokamaks) a detailed calculation by Li [75] gives

I, Ron
_ T
PAY _ 7.5x10720 _f_T___ : (4.6.-4)

For the I¢ = 18 MA TITAN reactor design, these three relations respectively
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result in 137, 73, and 115 MW of RF power required for the steady-state current
drive system.

The main problems with the Alfven-vave current drive revolve around
trapped-particle effects in toroidal geometry and possible resonance with and
damping of the wave by fast alpha particles. 1In principle, particles with
speeds comparable to the Alfven velocity, v,, resonate with the wave and drain
energy from it. The desirable condition is for the fast electrons to resonate
with the wave and absorb all of the wave momentum since these electrons are not
very collisional. However, in a typical RFP reactor Vp = 2va(300 keV) and
vy = v (1.2 MeV), where v“(Ea) is the velocity of an alpha-particle with energy
E,; a part of the alpha-particle distribution, therefore, will resonate with the
wave. Most of the wave energy and momentum absorbed by the alpha particles
will, in turn, be passed onto the bulk electron population which is highly
collisional and produces less current as compared to the case where all of the
wave momentum is absorbed by the fast electrons in the first place. The net
impact of the alpha particles is, therefore, to decrease the Alfven-Vave
current-drive efficiency.

Trapped-particle effects in toroidal geometry present a much more serious
problem for low-aspect-ratio systems. Generally, the Alfven waves have low
phase velocity and, therefore, interact most strongly with electrons precessing
slowly around the torus (these electrons have 1 >> vy). Such particles are
precisely those which are most susceptible to trapping in banana orbits. Fisch
and Karney advance [74] arguments that the trapped-particle effects would not
impair the Alfven wave drive. Ultimately, however, this question would have to
be resolved by experiment. The trapped-particle effects are expected to be
especially strong in systems like the ATR/ST [76], but are ignorable in high
aspect ratio stellarators (aspect ratio, A = 14) and should also be ignorable in
a typical RFP reactor (A = 6-8).

4.6.1.4. Lower-Hybrid (LH) Current Drive

The LH wave has been proven experimentally to be an effective means of
current drive in tokamaks, and, in fact, has been used in PLT [70] to start the
tokamak without the use of OHCs. Lower-hybrid drive experiences no problem with
resonating alpha particles or trapped-particle effects, but it does have a
density limit set by Wee ” Wpe This condition can be expressed as B < 0.008
T(keV), where B is the local value, and is marginally satisfied by the TITAN

baseline design. Lower-hybrid current drive, therefore, should be possible,
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provided care is taken in the detailed design of the system. Lower-hybrid waves
can be easily launched from waveguides and have been launched with intensities
up to 150 MW/mZ.

[78] gives the following expression for the drive powver:

The main problem with LH drive is that of efficiency. Peng

I, Rm n
} T
pLE _ 13.5x10720 _f_T__. : (4.6.-5)

wvhere T is again in units of keV, while Fisch and Karney give [74]

-20
RF = O 93)(10 I¢ RT . (4‘6‘—6)

The results of applying these relationships to the I¢ 18 MA baseline design
give P = 207 and 286 MW, respectively. It can be seen that the LH wave is
less eff1c1ent than the Alfven wave as applied to the RFP.

4.6.1.5. Relativistic Electron Beams (REB)

Reference 79 presents detailed analysis and design for a REB current-drive
system for the FED-A fusion device. Those calculations indicate that the

current-drive power for such a system can be taken approximately as

2
pREB _ 2T4R, (4.6.-7)

vhere Rp is the plasma resistance. Applying Eq. (4.6.-7) to the TITAN reactor
with I¢ 18 MA results in a current drive system with 16 MW of REB power,
consistent with a 1.6-MJ pulse energy and an interpulse period of 0.1 s. The
REB current drive has been demonstrated experimentally on several tokamaks and
has been used successfully for start-up without the use of OH coils [80].
Although the low-power requirement makes REBs attractive, a number of
obstacles to implementation can be identified. Firstly, the REB current-drive
system involves the repeated firing of megavolt capacitor banks, giving rise to
questions of reliability when applied to a commercial reactor. Secondly, theory
indicates that the REB current will only penetrate a few centimeters into the

plasma, leading to a hollow current profile. Deeper penetrations can be
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achieved if very high voltages (~ 50 MV) can be used. A combination of REB to
provide current in the outer plasma with Alfven-Wave drive to provide current at
the plasma core may offer some power savings, albeit at the cost of additional
complexity. One hope in dealing with the hollow current profile is that the
REB-created currents will diffuse rapidly into the plasma core through anomalous
processes or be transported into the central plasma through MHD activities.

4.6.2. OFCD Plasma/Circuit Modeling

0f the current drive options summarized in Sec. 4.6.1, the OFCD system was
chosen for further evaluation. This choice was based on the projected
efficiency of the drive, its relative simplicity, and the uniqueness of this
scheme to the RFP. A plasma/circuit model for OFCD was then used to identify
and assess the potential design, power engineering, and magnetics problems.
This section summarizes this effort.

4.6.2.1. Model

Little analysis and design beyond that described in Ref. 53 are available
to describe OFCD systems for either RFP experiments or reactors. This section
develops and applies a methodology by which future engineering evaluations of
OFCD can proceed. In developing and evaluating a global picture of OFCD, the
circuit parameters, definitions, and approach summarized in Table 4.6.-I are
used to arrive at an OFCD equation. Note that the brackets (<>) throughout this
section denote time-averaged quantities with the exception of the magnetic
fields, with <B¢> being a spatial average and E¢ being a time average.

In order to implement OFCD in the RFP, the external toroidal and
poloidal-field circuits are oscillated about steady state values . The plasma
is described in terms of K, &, and Wy and the relationship between these
parameters and the circuit variables (i.e., resistances, inductances, currents,
voltages) constitutes the overall current-drive model. The time dependence of
K, &, and Wy results directly from the Maxvell equations:

L) 2 3B d
X - 2evy - n3Bav , (4.6.-8)

i

-+ Ve (4.6.-9)
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TABLE 4.6.-I

SUMMARY OF DEFINITIONS AND NOTATION USED TO MODEL
OSCILLATING-FIELD CURRENT DRIVE (OFCD)

Definition Parameter

Toroidal voltage on plasma V¢

Toroidal current in plasma I¢

Poloidal voltage applied to toroidal-field coil Vg = 38/3t = &
Poloidal current flowing in external conductor Ig

Plasma resistance Rp

Magnetic helicity K = ﬁL 1) X.E dv
Toroidal flux $ = 2; jgw By(r) r dr

Total field energy within conducting shell Vy = J (B%/2u,) Qv
Vacuum toroidal inductance Ly = ”org/ZRT

Inverse aspect ratio € = ry /Ry

Average toroidal field within shell <B¢> = @/nrg

Reversal parameter F = §¢(rw)/<B¢> = LOIG/Q

Pinch parameter n
p 0 = Be(rw)/<B¢> = LOI¢/8¢

diy 2.2

—d_t_ = I¢V¢ - IeVe - nijj dv y (4-6-—10)
> > oo

E=nj - vxB (Ey = hjy - oBy) , (4.6.-11)

where a positive Faraday’s Law convention for the toroidal circuit is used in
Eq. (4.6.-9); this convention orients ¢ in the same direction as I¢. The last
expression (4.6.-11) gives an Ohm’s law corrected for the plasma dynamo effect.
Defining the plasma energy and "helicity" resistances, R
by

p and Ré, respectively,
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1 >
R. = J nj-j dav, (4.6.-12a)
P 12
$
R/ = £, R_= 1 3.8 av 4.6.-12b)
p = A p - m n J ’ ( e Ve™
the plasma helicity and energy equations become
dK
Tt = 28(V4 - T4E4R) (4.6.-13)
dWy 9
I - I¢V¢ - IgVg - I¢R . (4.6.-14)

The factor f, = Ri)/Rp = (2®/rpRp) I (/) ?-; dV is the ratio of -energy
resistivity to "helicity" resistivity and fp =1 f?f%fhé Bessel-function model
(i.e., for the special case of B =0 and u(r) = uoj.B/B equal to a constant).
It is readily seen from either Eq. (4.6.-8) or (4.6.-13) that if the
time-averaged <dK/dt> is to equal zero during an OFCD oscillation period, the
dissipation term (the power to be supplied to the plasma to maintain the plasma
current) must be equal to the timeiaveraged 2<¢V¢>. Thus, & ani V¢ should be
nominally in phase; or, V¢ and Vg = @ should be out of phase by 90 .

The plasma magnetic energy, Wy, can be written in terms of plasma and
circuit parameters as

[y

Wy = 5 Ly 12+ 2, (4.6.-15)

[\

The plasma inductance, Lp, is a function of the field profiles and, for example,
can be derived using the BFM (i.e., p(r) = constant). Combining Eqs. (4.6.-9),
(4.6.-14), and (4.6.-15) leads to the following expression for the toroidal
voltage around the plasma, V¢:
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dL 2 dL
B ® “"p| : 1 -F €0 p
Vo = ToBp + [Lp t3 ‘@'] T * { % 7L, d@] Ve . (4.6.-16)

Equation (4.6.-16) shows that if a) the coupling of fields is sufficiently
strong to make Lp a function of O, and b) if a mechanism exists to allow the
plasma near-minimum-energy state to relax to some point in F-® space
(Fig. 4.6.-1) on a time scale, Tp, then oscillations of V¢ and Vg in proper
phase at a frequency less than ~ 2n/tz can give a net time-averaged current,
<I¢>, with <V¢> =0 (i.e., no net flux change).

The OFCD equation (4.6.-16) can be used to determine the flux changes,
field oscillations, and power flows associated with OFCD as applied to the RFP.
In order to solve Eq. (4.6.-16), the plasma inductance, Lp, its derivative with
respect to the pinch parameter, de/dG, and the plasma resistance, Rp, must be
known. These quantities depend on the field profiles and the relationship
between F and ©. The plasma resistance, Rp, used in Eq. (4.6.-16) is a function
of the field profiles through the factor gogM as:

R, = 2 gopy , (4.6.-17)

2
€” Ry

where n is the classical resistivity evaluated at the average plasma
temperature. The profile factor, 8oHM? is often referred to as the resistance
"anomaly" factor, a name that can be misleading in that as given above ggyuy for
Zoff = 1 is a measure of the extended current path resulting from the
"screwing-up" of the high-pitch field lines.

The special case of the BFM is amenable to analytic solution and is
reproduced here. Using the BFM field profiles [i.e., Be(r) « Jq(ur) and
B¢(r) « Jo(ur)] and equating the total magnetic energy stored within the plasma

to LPI%/Z gives the following expression for Lp:

2L,
Lol L @R DE -

p &2 202

’ (4.6.-18)



4-93

where F = CUO(ZG)/Jl(ZG) for the BFM; included in Eq. (4.6.-15), and hence, in
Eq. (4.6.-18), is the energy needed to compress an initially uniform toroidal
flux into the B¢(r) « Jo(ur) distribution. The purely poloidal inductance for
the BFM is

2V L
B6 o F
L = ——=—[1+ - (F-1)] . (4.6.-19)
po I% 82 92

For the BFM and a flat temperature distribution, ggyyy is given by

gopy = 2(©% + F%) - F . (4.6.-20)

For the BFM model without deep reversal (6 < 1.6), ggyym typically is ~ 3.

For more realistic models of the u profile (e.g., modified-Bessel-function
model), the field profiles should generally be calculated numerically. An
example is a preliminary model described in Appendix A of Ref. 53. The MHD
pressure balance, ;xg = Up, can be used to specify the current density parallel
and perpendicular to the magnetic field:

> >

jy = uB (4.6.-21a)
5 UpxB
: p X
3 - (4.6.-21b)
1 B2 ’

> > > >
VxB=ugd=ug Gy +3p (4.6.-21c)

> >

where u(r) = uoj.B/B2 and the last equation is the Ampere’s Law. For given u
and pressure profiles, Eqs. (4.6.-21) can be solved to find the magnetic field
and current density profiles. For one-dimensional axisymmetric system, these

equations can be expressed in cylindrical co-ordinates as:

8B¢ .

_—a'f‘°uoje=uBe+u

ap B¢

°p ¢ .6.-22
o3 7 (4.6.-22a)
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_u P
O'Q_rB—z"

LR N

g% (rBg) = Mol = B, (4.6.-22b)

These equations are solved for field and current-density profiles by specifying
T(r), n(r), u(r) and the following constraints:

r
J P p 2nr dr

By = —2 : (4.6.-23a)

n rg B%(rp)/Zuo

rp.
jg 2nr dr . (4.6.-23b)

I
¢ 0

The resulting profiles then are used to determine goHM? F, L
use in the OFCD equation (4.6.-16).
The poloidal and toroidal circuit equations coupled through Eq. (4.6.-16)

p’ and de/dG for

can be solved numerically for I¢ once driver functions, such as those given

below, are selected for & and V¢.

[ Qo + 8® cos ot , (4.6.-24a)
Vg = & = 8 w sin wt , (4.6.-24D)
V¢ = 6V¢ cos Wt . (4-6-—24(:)

The constraint that the time-averaged helicity is constant (<dK/dt> = 0) can be
used to establish limits on the magnitude of the field oscillations required to
sustain a given toroidal plasma current. If the ohmic dissipations for both the
induced and driven cases are similar, and if the induced case is characterized
by @&

o

and V¢o’ then dK/dt for the driven case is given by Eq. (4.6.-13) with

I¢Rp.

V¢0 Hence,
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dK
Tr = 28(V4 - Vo) (4.6.-25)

Using the driver functions given by Eqs. (4.6.-24), the time average of dK/dt
for the driven case is

- <dK/dt> = 8@8V¢ + 2@0V¢0 . (4.6.-26)

For <dK/dt> = 0, the following condition on the amplitudes of the toroidal flux
and voltage oscillation results:

sV
[Eﬁ] [_"’] .2, (4.6.-27)
<I)o V¢o

Given that toroidal flux oscillations much above 8@/@0 = 0.02-0.03 are expected
to impact seriously the RFP configuration (i.e., loss of toroidal-field
reversal), the AC toroidal voltage needed to drive a DC toroidal current with
<dK/dt> = 0 can be 6-10 times greater than the voltage needed to sustain an
inductively driven RFP.

To assess the tradeoff between 8@/@0, 8V¢/<I¢fARp>, W, SI¢/<I¢>, and
reactive power, the plasma OFCD equations must be solved in conjunction with a
realistic circuit model. In a simplified form, Fig. 4.6.-3 illustrates two
independent circuits coupled through the RFP plasma. A circuit representation
of the poloidal-field (PF) and toroidal-field (TF) circuits coupled through the
OFCD equation (4.6.-16), and the F-© diagram is shown in Fig. 4.6.-4, where the
subscript "H" refers to "helicity"-drive, and current elements designated with
"L" refer to liner or blanket elements. Figure 4.6.-5 schematically illustrates
the oscillating or reactive power flows in terms of a simplified model, with the
pover P, being dissipated therein. Of the reactive power or "Poynting" vectors

flowing across the plasma surface, P;, the quantity P; is dissipated in the

liner surrounding the plasma and the reactive power PE <K P; actually must be
managed by the helicity drive circuits. The remaining reactive pover,

= P; - P; - Py, is stored in the external plasma inductance, and may be subject
to further dissipative loss, depending on a yet-to-be-resolved arrangement of
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MAGNETIZING FLUX ¥m

CIRCUIT —_ V¢

s ——

Vg Cos (wt) V¢ Cos (wr +8)

Fig. 4.6.-3. Schematic diagram of OFCD circuits coupled through the RFP plasma.
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OFCD CIRCUITS

2 2

MRy Mibw goge  Lee gpge  POLOIDAL

+ | +
o 00 L
v, () c 8 LR (> v,
) [ "My B
IDEAL TRANSFORMER
' 2
TOROIDAL N (Ly - Lo) NiRw 1,/Ny
QRO ~A p—
+ IL./N z| b
L/Ny 2 ~
v, <> \% NiRL >| NAL,
h 4

Fig. 4.6.-4. OFCD circuit diagram. The subscript "H" refers to "helicity"-
drive, and current elements designated with "L" refer to liner or
blanket elements.
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conducting paths in the immediate vicinity of the reactor torus. Of the PE
reactive power handled by the OFCD circuit, the amount Py is dissipated therein.
Thus, the total real power that must be supplied to sustain the RFP current, I¢,

is Py + P + Pg. Figure 4.6.-5 defines a number of plasma and circuit Q-values
and current-drive efficiencies.

The calculational algorithm developed to solve simultaneously and para-
metrically the plasma and circuit OFCD equations is shown schematically in
Fig. 4.6.-6. Input parameters include all plasma profiles determined from the
solution of the MHD Eqs. (4.6.-21), geometry, F-© oscillation point, key plasma
parameters, and all helicity-circuit parameters. The highly non-linear set of

partial differential equations is solved for <dI¢/dt> = 0 under the following
constraints

‘. <dIH¢/dt> = 0 (no net flux in the circuit),
¢ <dK/dt> = O (constant average helicity),

¢+ Total energy balance,

¢ E¢ = Eg around the plasma.

These four conditions give a unique OFCD design point for a given set of input
variables about which sensitivity studies have been made, with the constraint

that E¢/Ee =~ 1 being relaxed somewhat to allow variations in 8@/@0.

4.6.2.2. Parametric Results

The model shown in Fig. 4.6.-6 has been evaluated through single-point
variations of poloidal beta, Bo» plasma temperature, T, OFCD frequency, w,
toroidal flux swing, 8@/@0 (i.e., Ee/E¢), and liner resistance,
R = nL(RT/STrw). Table 4.6.-II gives the basecase TITAN parameters about which
sensitivity studies were made.

A key parameter of interest is the reactive power required to sustain in
steady state the parameters listed on Table 4.6.-II. Figure 4.6.-7 shows the
dependence of reactive power in both poloidal and toroidal circuits, P§¢ and
P;e, respectively, as well as the associated Poynting-vector power flows past
the plasma surface, P;¢ and P;e, respectively. As Bg is increased, the required
plasma current is decreased for a given fusion power and plasma dimension.
Typically, 8%/¢, = 0.016, 8V¢/I¢Rp = 460, and 8I¢/I¢ = 0.006 for this case of a
highly resistive liner (nj = 100 p® m and § = 1 mm).
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Fig. 4.6.-5. OFCD circuit/plasma global power flowvs.
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Fig. 4.6.-6. The algorithm used to solve OFCD plasma/circuit equations.
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TABLE 4.6.-I1
BASECASE TITAN OFCD PARAMETERS

Minor radius, ry (m) 0.61
Major radius, Ry (m) 3.96
Current, I, (MA) 1§—22(a)
Poloidal beta, 69 0.1-0.2
Density, n (1020 m"3) 4.-8.
Temperature, T (keV) 10.-20.
Profile exponents, v, f =1 - (r/rp)v

¢ u(r)/u(0) 8.

¢ T(r)/T(0) .

¢ n(r)/n(0) 2.5
Shell/liner parameters

¢ Minor radius, r, (m) 0.66

¢ Thickness, SL (m) 0.001

+ Resistivity, ny (2 m) 1074
OFCD Parameters

¢ Frequency (Hz) 60

¢ Flux-swing, 8@/@0 0.016

¢ E¢/Ee o (V¢/2nRT)/(Ve/2nrp) 1.0

(a) Underline value gives basecase.

As the plasma resistance is decreased for higher operating temperature, the
required OFCD reactive power decreases, as is shown on Fig. 4.6.-8. The
toroidal-flux and plasma current swing are also shown. Figure 4.6.-9 gives the
dependence of reactive powver, 8@/@0, and SI¢/I¢0 on drive frequency, with the
plasma energy change per cycle decreasing with increased frequency (less
dissipation over a shorter period), giving the relative insensitivity of
reactive power to frequency change. The variation of reactive powers and
current swing on the toroidal flux swing is shown in Fig. 4.6.-10, where the
8@/@0 variation was caused by varying EG/E¢ away from the basecase value of
unity. It is seen from the viewpoint of minimizing plasma current variations,
plasma reactive power, and (most importantly) the helicity-circuit reactive
pover (P§¢+ Pho)s that an optimal value of 88/8, in the ramge 0.02 - 0.03 is

indicated. Also shown on Fig. 4.6.-10 is the region where toroidal-field
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reversal is lost (F > 0). Lastly, Fig. 4.6.-11 gives the dependence of key OFCD
parameters on the liner resistivity, with the point where the liner dissipation
equals the plasma dissipation (P} = Po =8 MW) being at n =0.2puem
(ncu = 0.018 u®-m). For the shell dimensions assumed (Table 4.6.-II), the time
constant amounts to T = 7 ms and the ohmic power density is ~ 100 MW/m3 or

~ 50% of the local nuclear-heating power density for the I = 18 MW/m? Strawman
design.

4.6.2.3. Interim Conclusions

Although the foregoing models and analysis represent the first attempt to
integrate circuit effects into the OFCD plasma modeling, the TITAN layout must
be evolved further in other respects before a clear-cut assessment of design,
power engineering, and magnetics problems can be made. This work remains for
the next phase of the TITAN study. Nevertheless, the following interim
observations and conclusions can be made.

¢ Inclusion of OFCD distorts wave forms and generates phase shifts, giving

rise to complications, in that three iterative steps are required.

- no net circuit volt-seconds, which requires an iteration on VH¢ (bias).

Y 8V¢
N

- if -
o AI¢RP

> 2 an iteration for helicity balance is required.

’
- circuit/plasma energy balance requires iteration on fA = Rp/Rp.

¢ Small plasma current swings (81¢/I¢ = 0.02) are sufficient to drive steady-

state currents in the 18-20 MA range with resistive powers in the plasma of
~ 8-10 MW.

¢ Large power flow past plasma surface (20-30 MJ at a frequency of 60 Hz), but
the real power consumption is 8-10 MV.

¢ Total/circuit reactive power ratio is ~ 25, with P;¢ =~ 4 GV and
PE¢ ~ 170 MV; shielding of OHC/EFC may be required.
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Liner resistance, Ry 2 2 mQ (TL < 1.3 ms) is required to hold P; £ Py ~ 8 MW
(~ 80 MW/m* of liner). A larger T;, leads to ohmic power density that
exceeds nuclear heating (> 200-300 MW/m3®). The design of an actual "shell"
(i.e., liquid-metal cooled blanket, first-wall, shields, supports, gaps,

penetrations) that gives required R; or n; may be a crucial issue.

Energy flow across plasma surface (20-30 MJ) is small, but not negligible,
compared with plasma kinetic energy (~ 10%). For example, the basecase
conditions (n = 4.35x1020 w3, T - 20 kev, r,=0.60m, Rp=3.9m,
p=4.2 MJ/m3, Vp = 27.7 m3), gives a total stored kinetic energy of
Vp = 230 MJ. However, the energy flow associated with OFCD is negligible
(1-2%) compared with plasma magnetic energy in that B = Bg/2 = 0.1 and
Wp = (2/3)Wp/6 = 1,530 MJ. Finally, transfer occurs on a time scale
(~ 60 Hz) that is 5-10% of g

ONE-DIMENSIONAL CORE PLASMA SIMULATIONS

4.7.1. Model

A one-dimensional RFP plasma burn code, RFPBURN [81], has been used for

TABLE 4.7.-I
SUMMARY OF KEY FEATURES OF RFPBURN

¢ The code follows the time-dependent, cylindrical plasma evolution of
ion and alpha-particle densities, ion and electron temperatures, and
poloidal and axial (toroidal) magnetic fields.

¢ Physics constraints include Ohm’s law, radial pressure balance and
local quasi-neutrality.

¢ Physical terms include conduction, diffusion, convection, resistive
dissipation, fusion reactions, impurity radiation based on a coronal
equilibrium model, a volumetric ion source and/or a pellet injection
model, and finally, a simple dynamo model which conserves helicity
and allows the RFP configuration to be maintained in steady state.

¢ Boundary conditions consist of six regularity conditions at the
origin (r = 0) and six wall conditions which include the toroidal
magnetic field, the toroidal voltage, and either extrapolation
endpoint or pedestal conditions on the densities and temperatures.

¢ Global plasma particle and energy balance is followed and used to
check particle and energy conservation.
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studying transport and other 1-D effects in the bulk plasma of the TITAN RFP
reactor. Table 4.7.-I summarizes the key features of the RFPBURN code.

While the =zero-dimensional plasma/circuits code BURN described in
Sec. 4.5, is the main tool used to examine RFP reactor transients, RFPBURN
supplements the O0-D model by examining 1-D aspects of local transport
assumptions, impurity radiation with beta limits, pellet refueling, dynamo, and
current drive. Additionally, RFPBURN can be coupled to the edge-plasma models
to provide self-consistent core/edge-plasma boundary conditions. The 1-D
results reported herein include: a) simulation of the parametric systems
analysis design points and b) examination of a means to enhance radiative over

transport losses in order to reduce erosion of the plasma-interactive
components.

4.7.2. Results

For TITAN applications, RFPBURN has been used to study steady state burn
conditions. The results are compared in Table 4.7.-II with the 0-D steady-state
code results given in Sec. 4.5., and good agreement is found when in the 0-D
model, flatter plasma density and temperature profiles are used relative to the
Bessel-function profiles (Figs. 4.7.-1 and 2). The assumed transport
coefficients are given by Eqs. (4.7.-1) to (4.7.-4) with g(r) =1 and
Bge = 0-19 .

Experimental evidence on ZT-40M suggests that RFPs can operate at a soft
beta limit [44,45], as discussed in Sec. 4.3. This characteristic of the RFP is
in marked contrast with other confinement schemes such as the tokamak, where
increasing the impurity content would increase the total energy loss rate and
degrade the plasma pressure. Enhanced radiation from a (high) beta-limited
plasma is important because it permits first-wall designs to receive a higher
average (but more uniform) heat flux and to minimize the divertor (or limiter)
power loads, thereby optimizing the overall design for the maximum power density
while maintaining realistic engineering constraints on all systems.

The RFPBURN [81] one-dimensional transport model has been used to examine
some of the properties of a beta-limited and radiation-dominated reactor-grade
plasma. The radiation model assumes coronal equilibrium with the impurity
density of the jth species, ny, being specified by means of an impurity

fraction, fj = nj/"i’ vhere n; is the DT ion density. In order to incorporate a
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TABLE 4.7.-II
COMPARISON OF O-D AND 1-D PLASMA SIMULATION DESIGN POINT

Parameter 0-D 1-D
Plasma minor radius, Iy (m) 0.6 0.6
Plasma major radius, R (m) 3.9 3.9
Plasma average ion density, ng (1020 m_3) 4.35 4.66
Density peaking, n;o/nyg 1.80 1.73
Alpha-particle fraction, n/ng 0.053 0.042
Ion temperature, T; (keV) 20.0 20.7
Ion-temperature peaking, T50/T; 1.22 1.37
Electron temperature, T (keV) 20.0 19.5
Electron-temperature peaking, Teo/Te 1.22 1.19
Global particle confinement time, Tp (s) 0.96(b) 0.88
Global energy confinement time, T (s) 0.24(b) 0.29
Lawson parameter, n; g (1020 s/m3) 1.04 1.35
Poloidal beta(®), gy 0.221 0.218
Plasma toroidal current, I¢ (MA) 17.8 17.9
Ohmic power in plasma, Po (MW) 8.0 8.1
Fusion powver, Pp (GW) 2.26 2.37
Profile factors:

¢ DT reactivity, gpp 1.43 1.28

¢ Ohmic dissipation, g9 3.45 2.99

¢ Bremsstrahlung, gpp 1.33 1.24

(a) Includes thermalized alpha particles.
(b) Based on the empirical scaling (Sec. 5.2.1.) Tge = Cvlz rp2
(v=1, C, =0.05) and T = 4T o

soft beta limit in a one-dimensional formulation, the transport coefficients
wvere assumed with the following form:

cl

Ke = Kle f(Be) (4.7.-1)
cl

Ki = KJ.i + Ke/4 (4-7-—2)
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Fig. 4.7.-1. Comparison of 0-D and 1-D radial density profiles.
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Fig. 4.7.-2. Comparison of 0-D and 1-D radial temperature profiles.
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D =D [1 4 0.1£(By)] (4.7.-3)

where Kfl and D!

are classical values of the cross-field thermal conductivity

and particle diffusivity, and the following function f(Be) is used to model the
observed soft beta limit:

Be < Bge
£(Bg) = (4.7.-4)
Be 15 1 N
exp 35; - x g(r) , Bo > Bgc
where,
1, r > 0.84rp or B(0) £ 0.11
g(r) = (4.7.-5)
AT R A b 0) > 0.11
* " o) | B(0Y > 0.

Here, the exponential factor represents the poloidal beta limit. The parabolic

factor represents an enhanced internal transport and excludes highly peaked
temperature profiles caused by highly-localized radiation losses. Such a factor
would have a physical basis either if rapid transport occurs in the plasma core,
possibly resulting from large scale m = 1 current-driven tearing modes,
the global beta limit results from local beta 1limits.

boundary conditions at r

or if
The model wutilizes
p which include the toroidal magnetic field and the

toroidal loop voltage as well as extrapolation endpoint conditions for the
density and temperatures.

The following computational results pertain to a typical RFP reactor plasma

(listed in Table 4.7.-III), but are not to be taken as the most recent TITAN

design parameters. The required impurity fraction for a given radiation
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TABLE 4.7.-IIT
REACTOR CONDITIONS OF THE BETA-LIMITED 1-D TRANSPORT STUDY

Plasma minor radius, 'y (m) 0.715
Plasma major radius, Ry (m) 3.93
Plasma toroidal current, I¢ (MA) 18.0
Plasma average ion density, ny (1020 m'3) 8.67
Critical poloidal beta, Bec 0.19

TABLE 4.7.-IV
STEADY-STATE PLASMA PARAMETERS COMPUTED FROM THE 1-D MODEL

Impurity - c Xe U

Zs . 12 54 92

) 2 4 5
£ 0.0 4x107% 1x107%  3x10”
Zog£(0) 1.04 2.0 1.3 1.15
TR(s) 0.64 7.9 1.2 1.8
T(s) 0.25 0.53 0.35 0.35

P (MW) 336 233 306 321
fRAD 0.12 0.76 0.71 0.81

fraction is illustrated in Fig. 4.7.-3. Table 4.7.-IV summarizes key results
for different plasma impurities.

For no impurities other than a ~4% alpha particle ash, a minimum
fRAD = 0.12 is obtained. While low-Z impurities such as carbon can radiate the
necessary power, a high impurity level (fj = 0.04) is required. For a given
plasma beta and plasma current, such a large impurity level changes the shape of
the plasma profiles and thus the fusion (alpha-particle) power, Pa, as shown in
Table 4.7.-IV. However, slight increases in I¢ result in large increases in P
and therefore, design powers can be easily recovered with moderate (5%)
increases in I¢. The fusion power can also be increased by trading off density
with temperature. Such optimizations can best be done at the 0-D level of
analysis. Also, the rather high value of Zogf = 2 for the carbon impurity would
double the current-drive power requirements.
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Fig. 4.7.-3. Impurity fraction versus radiation fraction for different

impurities.
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High-Z impurities such as =xenon require a much smaller impurity
concentration and produce lower values of Z ¢¢ (e.g., Zg¢g(0) = 1.3 for Xe and
the Zoff decreases with radius as Te decreases). Therefore, the high 2
impurities are favored for enhancing the plasma radiation fraction.

The profiles of plasma parameters found by these 1-D simulations are
uncertain since 1local transport is not known. But the highly localized
radiative losses in the outer regions of the plasma are not expected to
drastically change the plasma profiles if a local beta 1limit or some other
source of rapid transport in the plasma core exists. It is noted that if the
transport in the plasma core is too low, then high radiation losses at the
plasma edge could result in a temperature collapse of the entire plasma column
as the cold, radiating edge propagates inw<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>