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Systems Analysis of a Compact Next Step
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S. C. Jardin, C. E. Kessel, D. Meade, C. Neumeyer
Princeton Plasma Physics Laboratory
P.O. Box 450
Princeton, NJ 08543

Abstract

A new burning plasma systems code (BPSC) has been developed for analysis of a next
step compact burning plasma experiment with copper-alloy magnet technology. We
consider two classes of configurations: Type A, with the toroidal field (TF) coils and
ohmic heating (OH) coils unlinked, and Type B, with the TF and OH coils linked. We
obtain curves of the minimizing major radius as a function of aspect r{#®)for each
configuration type for typical parameters. These curves represent, to first order, cost
minimizing curves, assuming that device cost is a function of major radius. The Type B
curves always lie below the Type A curves for the same physics parameters, indicating
that they lead to a more compact design. This follows from that fact that a high fraction

of the inner region, r < R-a, contains electrical conductor material. However, the fact
that the Type A OH and TF magnets are not linked presents fewer engineering challenges
and should lead to a more reliable design. Both the Type A and Type B curves have a
minimum in major radiu®k at a minimizing aspect ratia typically above 2.8 and at high
values of magnetic fiel above 10 T. The minimizing occurs at larger values for

longer pulse and higher performance devices. The lakgerd higheB design points

also have the feature that the ratio of the discharge time to the current redistribution time
is largest so that steady-state operation can be more realistically prototyped. A sensitivity
study is presented for the baseline Type A configuration showing the dependence of the
results on the parameters held fixed for the minimization study.



[. Introduct ion:

There is a growing consensus in the fusion community that it is time to proceed with the
design, construction, and operation of a burning plasma experiment. This is reflected in
the recent report from the Fusion Energy Sciences AdvisomiGittee entitled “Review

of Burning Plasma Physics” [1]. The first of the recommendations from that report is that
“Now is the time for the U.S. Fusion Energy Sciences Program to take the steps leading
to the expeditious construction of a burning plasma experiment.”

There are three general classes of magnet technologies that have been put forward for a
next step burning plasma device. The most ambitious, and by all accounts the most
costly, is that based on superconducting magnets. This necessarily leads to a large
device, such as the ITER-FEAT design being developed by the European Union, Japan,
and Russia [2], but one that also has the capability of very long pulse operation. It can be
argued that a superconducting device will also serve to prototype many reactor-relevant
technologies.

A second option is a water-cooled copper device [3]. This also leads to large size, and
also could be operated for long pulses with the magnets in a thermal steady state.

The option we consider here is that of a compact high field tokamak utilizing copper-
alloy coils pre-cooled to liquid nitrogen temperatures. Several such burning plasma
experiments have been proposed. [4-6]. Such a device can be significantly smaller and
less expensive than a superconducting device or a water-cooled copper device, but has
inherent limitations in pulse-length due to the fact that the magnets are subject to
adiabatic heating during the pulse. Nevertheless, a design space exists for devices that
can operate for many plasma energy confinement times and for several plasma current
redistribution times, which should be adequate for studying the physics of a steady state
burning plasma.

We use the term “compact” to indicate that the radial build of the device is minimized,

and that the engineering parameters are up against their design limits for full field
operation. We describe in this paper a systems-level code to assist in the design and
optimization of such a device. We find that such a systems analysis provides insight as to
the tradeoffs involved in choosing the engineering configuration, aspect ratio, and current
and field strengths.

In the next section we describe the tokamak physics relations used in the systems
analysis. Specifying a minimum set of performance parameters and equality and
inequality constraints allows us to uniquely define the required plasma current and
toroidal magnetic field for each value of the plasma major radRyand aspect raticA.

Two qualitatively different engineering configurations are introduced in Section lll,
which we call “tokamak-like” and “ST-like”. Upon selection of one of these, and
evaluation of the inductive requirements for producing and sustaining the required
plasma current (in Section 1V), we can calculate cués)that separate the accessible



ard inaccesble regons d the (R,A)space.A madinedesgn, with mgor radius ar
aspect ratio lying on this critical curve satisfies our definition of compact. These solutions
are discussed in Section V, and we summarize in Section VI.

[l. Plasma optimization

We consider a high-temperature tokamak plasma consisting primarily of Deuterium and
Tritium but with some Helium ash and a small impurity content. For a fixed set of
dimensionless tokamak physics parameters and inequality constraints, specifying the
auxiliary input powey Paux[MW], and the toroidal magnetic field at the plasma cenier,
[T], allows us to solve for the required plasma curréfivA], and a minimum value of

the plasma major radius for which energy balance is obtaRe®yn. All of the other
plasma parameters follow from the relations given in this section.

The dimensionless tokamak physics parameters we hold fixed are the energy
multiplication ratio Q = P,/ Paux» the aspect ratié, some measure of the edge safety

factor (eithergcy. or gunp) the energy confinement time multipliet(y,2), the impurity
fraction and chargdve andZ, the temperature and density exponemtganday , the
plasma elongation and triangularitgyand 4, and the ratio of particle to energy
confinement timers/ 7=. The inequality constraints are that the plasma density and beta
be below a specified fraction of the Greenwald and Troyon limits as discussed below.

The plasma/vacuum boundary is taken to be a toroidal surface that is described by a
major radiusk [m], a minor radiusa [m], an elongatiork and a triangularityy. Thus, the
aspect ratio iA\=R/a, and the inverse aspect ratiogsl/A=a/R. The plasma volume [in

m’ is V, = 277°a’% R. The toroidal magnetic field at the plasma center (in the absence of

plasma currents) is given &[T], and the total plasma toroidal currentlifMA]. Two
common approximations to the plasma safety factor are [7]:

5a’B( 1+ k> (1)
TR 2 )
_5a?B[1+K7(1+ 20 - 1.2%))(1.17- 0.65
o =72 2 (1- &%)

We have the option of holding either of these fixed as we gcaRor the results

presented in this paper, we hajgy, fixed, as this is more representative of the

operational MHD stability limit at low values & than is holdinggvnp fixed. Similarly,

since the solutions normally optimize at the largest allowable values of plasma elongation
k, we have found it convenient to alloxv to vary as a function of aspect ratio to
approximate a constant margin to the axisymmetric stability limit for fixed wall

separation [8]. Thus, in the aspect ratio scans presented here we set:

K(A) =1.73 + 1.47 exp[-1.08(A-1)] )



[Note that this is a slightly stronger aspect ratio dependence than that found in [8] where
the wall separation is held at a fixed fraction of the minor radiu& garied rather than a
fixed absolute distance]

The central values of the electron temperature and densities are gilefed] andne
[m®]. We assume that the ion temperature is equal to the electron tempefiateE,,
and that the plasma is charge neutral. If the hydrogen species are an equal mix of
Deuterium and Tritium with central densitias = ny, and there is also Helium and an
impurity with chargeZ present with densitiegye andn=fyp X ne, then these are related
to the electron density by

N, +n + 2% = I’]s(l— ZfIMP) (3)
The quantityZerr that appears in the radiation calculation is given by
Zere =(Np + N 44N+ Z fon)/ 1) (4)

Note that the central value of the total density of the electrons and the ions is given in
terms of the other densities by:

:(nD+nr)[2-(Z-1) fup] ¥ Nie[3= (Z-2) e ] ®)
°r 1- ZfIMP

For the 0-D analysis used in the systems code, we assume that the temperatures and
densities have a spatial distribution given by a simple dependence on the minor radius (in

a toroidal coordinate system) @1— (r /a)z]a wherea = ay for the densities and = ar

for the temperatures. Thus, for example, the ratio of the peak to volume averaged
electron temperature is given bl / <Te> = ay +1.

With these conventions, we can define the thermal toroidal I#&tahe poloidal beta/,
and the Troyon normalized beté,, as follows:

- nTOTTe
/BT - Cl Bz(

1+a, +a;)’
L, 2R
B = ﬁTqCYLm’ (6)
By =5 al_B

HereC:= 2.01x 10%4ev’ m® T?. Note that these quantities would in general have an
additional non-thermal component due to the fast alpha particles. This is readily
calculated, but is not required for the systems analysis presented in this paper.



The inequality constraints are that the Troyon normalized thermal beta be below a preset
limit [9], Cr, and that the line-averaged electron density be below a specified fraction,
fews Of the Greenwald [10] density. Thus,

Pu=Cy,

— _ |
nELo*m?]< fewg-

(7)

The line average and volume average values are relatég byl+1a,)<n, >.

Let the total amount of externally supplied heating power to the plasrfadMW].
If the total fusion power produced by the plasm®&is< Paux, then the amount of alpha
particle power produced iB, =:Qx B, . The total power lost by Bremsstrahlung

radiation in these units is [11]

(L+ay P (1+a; )

@ram i) ®

I:)RAD = CZZEFF riTeé R

whereC,=4.8x 10*MW ev' m®] = If the fraction of alpha power lost by radiation is
frap = Prap/Pg, then the total plasma heating power can be written as

For = (1+% - fRAD) . (©)

It follows that the steady state volume averaged helium density can be written in terms of
these quantities and the ratio of the particle to the energy confinement time:

<n. >[10°m] = (0.0106)PuB___To. (10)
a(l"'%_ fRAD) Te

The total alpha power is given by [12]:

Vp
P.IMW] = QI[ RV A( Y BT T Tl 8 Tk Y 3T \y} dv (11)
0

Here, the assumed minor radius dependence of the density and temperature [in kev] are
included in the plasma volume integral, which is done numerically. The constants, in the
units of this paper areS; = 5.6x10%, ap= -23.836,a- = -22.712,a; = -0.09393 3, =
0.0007994, ands = -3.144<10°.

The plasma total stored energy and the ITER98|y,2] energy confinement time are given
by[7]:



W[ MJ] =(0.596)8, (IB/a)V (12)
e[ = H(y¥2) g I" Ree™ Bk *Ty® Ry M (13)

with ¢ = 0.028,¢; = 0.93,¢, = 1.97,¢3 = 0.58,¢4 = 0.15,65= 0.78,¢c6 = 0.41,c;, = 0.69,C5
= 0.19. M is the average ion mass, taken to be 2.5 for an equal mix of DTngyid the
line averaged electron density in units of ).

The condition for energy balance is simply:

WIMJ] _

719 RorlMW] (14)
In summary, if we prescribBaux, B and the plasmg (eitherguup or gev), Q, A, &, fivp,
Z, ar, an, 1ol 1, H(y,2) and the inequality upper boun@s andfcy, then the relations
given in this section are sufficient to determine the plasma curreand the values of
the plasma density and temperatuigandT , that satisfy energy balance at the
minimizing value ofR, i.e.R = Ruin (Paux, B, 0, Q, A.(A), fiwe, Z, ar, an, Tol T, H(Y,2),
Cr, fow).

Alternatively, for a given value of major radilsand aspect ratid, if we fix the
parameter®aux, devi, Q, A(A), five, Z, ar, an, Tl e, andH(y,2), and optimize the
plasma density and temperature subject to the inequality consti@inesdfcw, the
toroidal magnetic fieldB [T] and plasma currerit[MA] required for energy balance are
uniquely determined. These are illustrated in Figures 1 and 2 as contours in the
parameter spac®(A)for typical parameters as listed in columns 1 and 2 of Table 1.

The “Type A default” parameters listed in column 1 are typical of those proposed for a
compact high field burning plasma experiment such as FIRE[6]. The power
multiplication factor, Q=10, makes it appropriate for studying strong self-heating, and we
will see that the 20 s flattop time corresponds to many energy confinement times and a
few current redistribution times over most of the parameter space. The energy
confinement multiplier of H(y,2) = 1.1 is consistent with recent regression fits of
experiments with these plasma shapes and densities [20].

The “Type B default” parameters listed in column 2 are much more modest. They aim at
a power multiplication factor of only 2 assuming an agressive energy confinement
multiplier of 1.4, and with only a 5 s flattop time. These are more typical of what some
are proposing for a next—step DTST experiment. [13]

In the following sections, we address which regions in each of tiesa)spaces are
consistent with the engineering constrains and thus realizable.



description Type A default Type B defay
Auxiliary power [MW] 15 30
Cylindrical safety factor 2.2 2.75
Power multiplication 10 2.0
Triangularity of 95% surface 0.4 0.3
Species fraction of impurity 0.03 0.03
Atomic charge of impurity 4 4
Temperature exponent 1.0 1.0
Density exponent 0.2 0.2

Ratio of particle to energy tim¢ 5.0 5.0
Multiplier of ITER98(y,2) 1.1 1.4
Maximum Troyon coefficient .03 .035
Maximum Greenwald fraction| 0.75 0.75
Flux based internal inductance  0.70 0.55
Flux based Ejima coefficient 0.20 0.15
Flattop time in seconds 20 5.0

Gap associated with OH coil 0.062 m 0.062 m
Gap associated with TF coil 0.10m 0.017 m
Plasma Scrape-off layer 0.08 m 0.02m

Table 1. Default parameters held fixed for the Type A and Type B configuration scans.




Q=10,H=1.1,P,,, =15 MW, q.,, = 2.2, Solution Space
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Figure 1: Shown as contours are the values of plasma current (MA) and toroidal field
(T) required at each value of major radius R [m] and aspect ratio A in order that plasma
energy balance be satisfied. Fixed parameters, listed in Column 1 of TablePare

Jevi Q, 4(A), fime, Z, ar, an, 1ol Te, andH(y,2). The solid unnumbered curve is the
minimizing R(A) curve for Type A configurations, while the dotted unnumbered curve is
R(A)for Type B configurations with the same parameters.




Q=2,H=14, P, =30 MW, q.,,=2.75 Solution Space
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Figure 2: Shown as numbered contours are the values of plasma current (MA) and
toroidal field (T) required at each value of major radius R [m] and aspect ratio A in order
that plasma energy balance be satisfied. Fixed parameters, listed in Column 2 of Table 1,
arePaux, , Gy Q, 4(A), five, Z, ar, an ., 1ol e, andH(y,2). The solid unnumbered curve

is the minimizingR(A) curve for Type B configurations, while the dotted unnumbered

curve isR(A)for Type A configurations with the same parameters.




[ll. Rad ial Build and Engineering Constraints

As discussed in Section I, the design of a “compact” burning plasma experiment
necessarily concentrates on the radial build. We consider the two classes of
configurations shown in Figure. 3. Type A is “Tokamak-like” with the Toroidal Field
(TF) Coils and the Ohmic Heating (OH) coils unlinked, and Type B is “ST-like”
(Spherical Torus) with the TF and OH coils linked and the inner radius of the TF coil
extending the whole way to the symmetry axis, R=0. The Type A and B configurations
are governed by the following radial build relations:

TypeA R RI+AR'+ g'+A R+ G+ ¥+ a

(15)
TypeB REAR+ §F+A R+ @'+ ¥+ a

Here, as indicated in Figure B anda are the plasma major and minor radii,
AR = R — B is the radial thickness of the OH cohR™ = R — RF is the radial

thickness of the TF coil, and™ g are the engineering gaps associated with TF and

OH coils due to tolerances, electrical insulation, and thermal expansiog®8nd the
plasma scrape-off layer, vacuum vessel, and first wall thickness. Thus, for the Type A

configuration, g™ + g°*"= R- a- R*, ¢g°" = R™ = R, while for the Type B
configuration,g’™™ = R°" - R, ¢g°" + g°%"= R- a- B". We impose the additional
requirement that the inside of the OH coil for the Type A configuration be at least ¥z the

RIOH RgH|R|TF R;|F |R—a
| |

T,)A/\p | N W Plasma

OH

g gTF+g

SOL

R‘;F R|OH R())H R-a
Type | | | |

B- /7777 N> Plasma

gTF gOH + gSOL

Figure 3: We consider two engineering configurations. Type A is the standard high-
field tokamak configuration with the TF and OH coils unlinked. Type B is the ST-like
configuration with the TF and OH linked, and the inner radius of the TF coil extending to
the symmetry axis R=0.




outside radiusR™ = R to keep the solution from becoming ill posed. (Note:

Recently it has been proposed to use this center void to add diargukF center post to
the Type A configuration to increase the flexibility and compactness of this configuration
[21]. This option will be explored in a future publication.)

IV. Inductive Requirements:

A critical component of the inductive operation is estimating the poloidal flux swing
required by the plasma current rampup, and flattop sustainment. We use the formulation
provided by Hirshman and Neilson[14]. It should be noted that we are only interested in
the flux-linkage that must be supplied by the OH coill, since it contributes to the radial
build of the machine where the other poloidal field coils do not. The flux requirement for
the OH coils is given by[in W, or V-sec]:

Aw = ,UoRlp(lext"‘ h + Ce+ CfIaAthal)
C,. = (.014)(T, /10.)* Zn

— M. 8 h_
loa=le = I + B+ 1] (16)
. a-9)
T o)
(1-e)

T ey +aqk

Here, Ip is the plasma current in [A]y is the flux-based internal inductance per unit
length (defined agl ¥int/toRIp) , Ce is the flux-based Ejima coefficient (defined

asA¥hxd LoRIp for the current rampupits.;: is the flattop time and the coefficiends, ay,

as, anda, can be found in [14]. The other symbols have their normal definitions as given
in Section II.

V. Results for Aspect Ratio Scans

Using the techniques discussed in Section Il, we are able to find the minimizing major
radius,Ruin, that gives energy balance for a given value of magnetic Belaspect ratio

A, and the other parameters being held fixed in the calculaBiau, g, Q, «(A),d, five, Z,

ar, an, Il e, H(y,2), G, andfew, When we further specify the internal inductargethe
Ejima coefficientCg, and the current flattop timétg a7, this implies an OH flux swing
requirementdy as described in Section IV. After specifying the configuration type (I or
I1) and the gap sizeg®", g, andg®°", we are able to evaluate whether the engineering
constraints on the OH and TF coils are satisfied using the algorithms specified in
Appendices A-D.



I the engneeing constrants are not sadfied, we do nothave a sk-congstent séution

and the aspect ratid must be increased and the solution procedure repeated. If the
engineering constraints are satisfied, we have found a solution but it is not necessarily the
minimizing solution for the given physics and engineering constraints. We can then
decrease the aspect rafipand look for another, more compact solution uAttkes on

its critical value for that value d8. This can in turn be done for each value of the toroidal
magnetic fieldB. In this way, we can define uniqgue compact burning plasma minimizing
curvesR(A)for both Type A and Type B configurations with the parame®xs«, Jcy.,

Q, K(A),d f|Mp, Z, aT, an, TP/TE, H(y,2), Cq, fGW,hi, Cg, AteLaT, QOH , gTF , anngOL held

fixed. The toroidal magnetic fiel@ and plasma currentwill vary along these curves.

We have carried out this minimization for both the Type A and Type B configurations
and present the results of typical parameter sets in Tables 2 and 3 and have superimposed
these on Figures 1 and 2.

B (T) 12 11 10 9 8 7 6 5 4

A 420 |382] 355 | 329/ 3.05 281 259 2338 217
R (m) 211 | 2.04| 2.06| 2.09 215 220 231 249 276
I(MA) 6.76 |7.42 | 805 | 8.77| 9.59] 10.57 11.71 13[12 14.96
K 177 | 180| 1.82 | 185 189 193 199 206 214
OMHD 297 | 3.00| 3.04 | 3.09] 3.1 323 333 348 3.70
Br % 1.80 | 2.02| 222 | 2.48] 277 3.1% 364 423 5.06
Bn % 160 | 160 | 1.61 | 162 163 164 1.67 169 1.72
Bp 0.74 | 067 063 | 059 055 051 047 0.44 0.40L
Prap (MW) 125 | 121 | 12.3 | 125| 124 122 125 12 123
Py (MW) 30.8 | 287 | 27.3 | 25.9] 245 23.0 21.6 202 188
PLoss(MW) 324 | 328 | 32.7 | 32.4] 326 327 326 328 327
<n> 10°°m° 5.15 | 478 | 439 | 4.000 351 3.04 260 2.08 160
<Te> (keV) 6.63 | 6.73| 6.68 | 6.63] 6.67 6.71 6.65 6.71 6.68
fow 0.65 | 0.637 0.637| 0.637 0.625 0.62 0.612 0.0 0.60
Zerr 141 | 141 ] 1.40 | 1.41] 141 141 141 141 141
frap 040 | 043] 041 | 042 041 041 041 041 041
Te (S) 0.87 | 0922 1.02 | 1.14| 128 146 174 214 281
75 (S) 6.73 | 7.23] 828 | 957 11.25 134 16.8 22[3 32.0
fas 022 | 022 021 | 020 020 0.19 0.18 0.18 0.1F
Nwa (MW/M?) [ 2.43 | 234 | 213 | 1.91] 167 1.4% 120 0.94 0.68
Paux (MW) 15.0 | 15.0 | 15.0 | 15.0] 15.| 15 15 15 15

Table 2: Optimization results for a Type A “Tokamak-like” configuration using default
parameters listed in columnl of Table 1.



B (T) 12 |11 |10 ]9 [ 8 |7 |6 | 5| 4] 3] 2

A 3.09] 2.87| 2.73 257 24P 226 2.11 1.6 1|81 166 1.52
R (m) 0.77] 0.76 0.78 0.80 0.83 0.86 0.b1 0/99 1[12 1.35 1.89
I(MA) 4.02 | 4.34] 463 4.97 537 585 6.42 7.13 8/06 9|36 11.3
K 1.88] 1.93] 1.96 2.00 2.056 2.10 2.17 2Pp5 2|34 245 257
OMHD 3.67| 3.75 3.82 3.92 4.08 4.20 4.42 473 5[20 5.94 7.16
Br % 3.81| 4.29 467 5.1% 576 6.60 7.49 8[74 1p.3 12.4 15.0
Bn % 2.85) 2.88| 2.90 291 2.96 3.01 3.03 310 3|17 3.23 3.30
Bp 1.21] 1.13] 1.09 1.03 098 0.94 0.88 0/84 0|79 04.74 0.69
Prap (MW) 7.05| 7.09| 7.19 6.87 6.99 7.15 6.83 6.93 6/96 6.87 7.02
PLn (MW) 10.7| 10.0] 9.65 9.18 873 822 7.75 7.29 6|85 6.47 6.28
PLoss(MW) 35.0] 35.0] 34.d 35.1 350 34/8 351 35.1 350 35.1 34.9
<n> 10°°m° 13.2| 12.6| 11.3 9.94 885 7.83 6.41 5P22 3|97 2.66 1.44
<Te (keV) 5.42| 5.41 539 548 544 539 550 5/47 545 5.49 543
fow 0.71] 0.70] 0.70 0.67 0.67 0.67 0.65 0,5 0|65 0.65 0.68
Zerr 1.37| 1.37| 1.37 1.37Y 1.37 1.37 1.837 1B7 1|37 1.37 1.37
frAD 0.58| 0.59] 0.60 0.57 0.58 0.60 0.57 0.57 0|58 {.57 0.58
Te (S) 0.17] 0.18 0.20 0.22 0.25 0.29 0.34 042 0|56 (.82 1.54
15 (S) 1.30| 1.37| 1.60 1.80 2.18 2.84 3.14 4716 6/02 10.2 24.9
fas 0.43] 0.42] 0.41 0.40 0.39 0.39 0.38 0.37 0[37 0.36 0.35
Nwa (MW/m?) | 5.22| 5.00] 4.43 3.95 3.48 2.96 2.43 189 1|36 (.84 (.38
Paux (MW) 30.0| 30.0] 30.0 30.0 30.p 30/0 30,0 30.0 30.0 30.0 30.0

Table 3: Optimization results for a Type B “ST-like” configuration using default
parameters listed in column 2 of Table 1.

Note that in Tables 3 and 4 we have introduced several new parameters, the L-H
transition threshold powd?, .4 [15], the total power crossing the separafixss the
current redistribution time; [16], the bootstrap fractiofgs, and the neutron wall loading
NwaL. These are defined as:

PL_H - 1.1480.82r£-.§8 Rl.S% 0.81

Ross= R + Paux™ Prao

I, = Ho _q2 (17)

P

fusion

+
7ar S K
2

Herenncis the plasma neoclassical resistivity as calculated in [17]. The design
requirement thalP oss> P-4 is seen to be satisfied for all design points considered. We

NWALL =



also see from both Tables 2 and 3 that the current redistributionzgimereases rapidly

in these series a& decreases. Thus for example, in Table 2, the desired goal of having
the pulse length greater than two current redistribution times is only realized for the high-
aspect ratio, high field points with > 3.3andB > 9 T. In Table 3, we see that this is
satisfied for the points witlh > 2.26andB > 7 T.

We also note from the Tables 2 and 3 that none of the optimizing solutions are at the
inequality limits for the normalized density or the normalifdThus, even though the
inequality limits were imposed, they did not affect the optimized solution cuR¢asfor
either configuration for the choice of the other parameters used.

Equivalent Plasmas for Q=10, H=1.1, T=20 s, Type A default

3

Type A:
"Tokamak-like"

Type B:
"ST-like"

Figure 4. Plasma-vacuum boundaries corresponding to the two minimizing drif&¢s
on Figure 1. Other parameters used are those listed in columnl of Table 1. Each plasma,
with the toroidal magnetic shown, satisfies physics and engineering constraints.

In each of Figures 2 and 3 we have drawn two (unnumbered) minimizing curves. The
solid curve in Figure 1 corresponds to the Type A configuration with the parameters



listed in Column1 of Table 1. The dotted curvehas d those same parametergtsame
(including coil gaps) but is for the Type B configuration. Similarly, the solid curve in
Figure 2 corresponds to the Type B configuration with the parameters listed in Column 2
of Table 1. The dotted curve in that figure is for the Type A configuration with the same
parameters. We see that all four curves have a miniR@nhsomeA, but the minimum

is very shallow for the curves of Figure 2.

Equivalent Plasmas for Q=2, H=1.4, T=5 s, Type B default
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Figure5: Plasma-vacuurbourdares correspasting to the two mnimizing curvesR(A)
on Figure 2. Other parameters used are those listed in column 2 of Table 1. Each plasma,
with the toroidal magnetic shown, satisfies physics and engineering constraints.

In Figures 4 and 5 we have plotted the plasma-vacuum interfaces that correspond to the
minimizing curvesR(A)in Figures 1 and 3. The figures are split, with the Type A
“Tokamak-like” coil configurations being on the top, and the corresponding Type B “ST-
like” coil configurations on the bottom. The values of the toroidal magnetic field
corresponding to each solution (in T) are shown on the figure.

There are several interesting trends that one can observe from Figures 4 and 5. The inner
plasma boundary R-a for the Type A configuration always exceeds that for the equivalent
Type B configuration. This is a result of the current carrying coils more effectively

filling the interior volume. However, as previously discussed, this comes at the expense

of having the TF and OH coils linked.

For the Type A configuration, as we go from the high aspect ratio, high field solutions to
the lower aspect ratio lower field solutions, the R-a interface initially moves towards the
axis, but eventually reaches a low-field limit where it starts to increase. This transition
occurs near a toroidal field strength of 4-6 T for each of the configurations. It is due both
to the fact that the plasma center is moving further from the coils as the aspect ratio
increases, and the OH colils need to grow to provide more flux as the plasma current
increases at low aspect ratio. For the Type B configuration, the R-a interface is almost
independent of the aspect ratio for the intermediate field cases. As the aspect ratio and
the toroidal field are increased, the increase in the build of the TF coil is almost exactly
compensated by the decrease in the build of the OH caoill.

Similarly, for both the Type A and Type B configurations, as we go to the higher aspect
ratio, higher field solutions, the R+a interface location initially decreases rapidly, but at B

> 10 T, the rate of decrease slows, and the interface R+a actually starts to increase at the
highest fields for the Type B curves in Figure 4. Thus, it would appear that there is no
advantage to these highest fields where both the magnet volume inside R-a and the outer
plasma radius R+a increase with field strength.

VI.  Sensitivity to Parameters

We have systematically varied each of the nominal parameters around the Type A

baseline values listed in column 1 of Table 1. The results are listed in Table 4 for coll
configuration Type A, “Tokamak-like”. In generating this table, we have fixed all the
parameters at their baseline values. For this study, we have also kept the lpsgline

3.04, and the baseline elongatigmat 1.82, even as the aspect radichanges. The

magnetic field at the plasma center was held fixed at 10 T, and for each set of parameters,
the aspect ratio was varied to find the critical value of plasma major r&dioswhich a

solution exists. We see that modest changes in parameters can be accommodated by very
modest changes in major radius R.



parameter name| value baselipe % | A R %
change change
baseline 3.54 2.06
Multiplier of ITER98 1 H(y,2) | 1.2 1.1 +9.1% | 3.68 1.96 -4.8%
Multiplier of ITER98 1 H(y,2) | 1.0 1.1 -9.1% 3.40 2.19 +6.3%
Plasma elongation K 1.72 | 1.82 -5.5% 3.38 2.15 +4.4%
Plasma elongation K 1.92 | 1.82 +55% | 3.70 1.98 -3.9%
Pulse length (s) T 10 20 -50% 3.34 1.89 -8.3%
Pulse length (s) T 40 20 +100% | 3.87 2.3b +14%
Edge safety factor o | 3.25 | 3.04 +6.9% | 3.42 2.12 +2.9%
Edge safety factor o | 2.85 | 3.04 -6.2% 3.66 2.01 -2.4%
Energy multiplication Q 5 10 -50% 3.75 1.92 -6.8%
Energy multiplication Q 20 10 +100% 3.40 2.16 +4.8%
Ratio of particle to energy | to/tg | 2 5 -60% 3.58 2.04 -1.0%
confinement time
Ratio of particle to energy | to/tg | 10 5 +100% | 3.46 2.12 +2.9%
confinement time
Impurity fraction fwp .05 .03 +66% 3.42 2.18 +5.8%
Impurity fraction fmp .01 .03 -66% 3.64 198 -3.9%
Density exponent ON 0.1 0.2 -50% 3.51 2.10 +1.9%
Density exponent oN 03 | 0.2 +50% 3.57 2.08 -1.4%
Temperature exponent or 1.2 1.0 +20% 3.59 201 -2.4%
Temperature exponent oT 0.8 1.0 -20% 3.49 212 +2.9%

Table 4: Results of a sensitivity study around the baseline Type A configuration listed in
Column 1 of Table 1.

VII.  Discussion and Summary

We have described a new systems code that is useful for the preliminary design and
optimization next step compact burning plasma fusion experiments. We demonstrated
how the physics rules will define a unique plasma current and toroidal magnetic field
strength for each point in@,A)design space, and how the engineering constraints will
then define a critical curve in that same space separating the points that are realizable
from those that are not.

We considered two classes of magnet design: Type A, which were “Tokamak-like” and
had the feature that the OH and TF coils were not linked, and Type B, which were “ST-
like” and do have linked OH and TF magnets. In all cases examined, the Type B curves
lay below the Type A curves for the same physics parameters, indicating that they led to



a more compaatesgn. However, e fact tat the TypeA OH ard TF magnets are not
linked should lead to simplified engineering and a more reliable design.

We also found that both the Type A and Type B curves have a minimum in major radius
R at an aspect ratid above 2.8 and at a high magnetic fi@dbove 10 T. The

minimizing A occurs at larger values for longer pulse and higher performance devices.
The largerA, higherB, design points also have the feature that the ratio of the discharge
time to the current redistribution time is larger, so they can more realistically prototype
steady state operation.

The analysis presented here should provide some insight regarding the choice of
parameters for the next step burning plasma experiments. This analysis could readily be
extended to provide information regarding power supply requirements and device costs,
and well as capability for long pulse operation at reduced parameters. The actual
decisions regarding which design point to choose will take all these considerations into
account, as well as how this next machine will complement the world’s fusion
development program.



Appendix A: Type A “Tokamak-like” O H calculation

If the OH coil stack has heiglit = a x «, inner and outer radikR and R,, and is
required to produce a flux swindy [W] , then the required current swing [A] is

("+R)"3(R-R)
Ush 7T(R§— F{”)

This is evaluated as a conventional double-swing OH coil. The time dependence of the
current in the ohmic heating (OH) coil is such that the plasma current has a ramp-up time
of 1 MA/s, and the pre-charge is the same rate in MA/s as the current ramp-up phase.
The coil is initially at a temperature @ = 80°K and the fraction of the coil not occupied

by conductor i§ = 0.17. The conductor has a mass density8.89x 10°. We model

the temperature dependence of the coil resistivity and thermal capacity as:

Algy =Dy (A1)

n(T) =n,[1+ a(T-80)

(A2)
log,, Cp (T) = G, + G log,, T+ G log, T+ Glog’, T Clod'y, T

wherery= 0.25x10%, @,=0.0295,Co= 1.131,C1= -9.454 ,C,= 12.99,C3= -5.501 ,C4=
0.7637 . The temperature is then integrated in time as:

T) JOH (t)Z dt

=%+ ”(pc (T #)

and the requirement is that the temperature not rise aboVek3at3the end of the current
rampdownt = t;.

The requirement on the OH stress is calculated as

Oy =1.850, -0y +0,) < 350 Ad)
05y =1.40( f, [0, -0z ]+ 0,) < 350~ 0.4Tc0s— 8D
whereadon [Mpa] are average stress values for the plate collsg, ¢ are averaged

values of the hoop stress, radial stress, and vertical stress as defined in Appendix B of
[18] with a filling factor of 1/(1-0.15), and is a reduction factor defined in that same
reference to take into account the field introduced by the plasma current at End of Burn.



Appendix B: Type A “Tokamak-like” TF Calculation

The current in the toroidal field (TF) coil is assumed to have a 20 sec rise time and a 10
sec rampdown time. The coil is initially at a temperatur@of 80°K. If R™" and

RIF are the inner and outer radii of the TF coil, then the coil current density is:

2RB(1)

O f)(RF-R™)

(B1)

wheref = 0.175 is the fraction of the coil not occupied by conductor. The conductor has
a mass densitp = 8.89x 10°. We model the temperature dependence of the coil
resistivity and thermal capacity as:

n(T) =n,[1+ a(T-80)

(B2)
C(M=G+GT+GT

wherer,=1.0x10® [Ohm-m], a;=0.0091,Cy= 104.5,C;= 1.883 ,C,= -0.002987. The
temperature is then integrated in time as:

T =T+ | %dt (B3)

and the requirement is that the temperature not rise aboVek3at3the end of the current
rampdownt = t;.

The requirement on the TF stress is calculated as

Oy =145 0+ 20 g,) < 800- T~ 80 ) (B4)

where the Tresca stressr (in Mpa) is defined as the maximum of
o, —0y|,|o, —0g|.|or* 0|, and the shear stresgis taken to be 30 MPa for these
calculations. The calculation of the average radial sttgdtie average hoop stresg

and the average vertical stragsare taken from the wedged coil equations in Appendix
B of [18], with a filling factor of 1/(1-0.15).



Appendix C: Type B “ST-like” OH Calculation

The OH conductor materials will be cooled to liquid nitrogen gl Memperature (80K)

prior to the pulse and allowed to heat to 373K (100C) at the end of the pulse. Optimum
performance is realized when materials are operated at their low temperature stress limit
at SOP and their high temperature stress limit at EOFT, and at their thermal limit at EOP.
Toward this end an asymmetry in the OH current waveform can be chosen to optimized
performance. Assuming that the EM stress is due to Ioh only, then

-1 — Jcold EK (Cl)

To maximize the flux swing available from the OH we use a two part OH coil. Studies
have shown that such a coil can increase the flux by 50% compared to a constant current
density all-copper coil. The outer coil is wound with copper (Cu) conductor and is
operated at a current density such that the material is at both thermal and mechanical
limits. The minimum inner radius of the outer coil is determined by the allowable hoop
stress. Then the inner coil is wound with a beryllium copper (BeCu) alloy material
(C17510) and is operated at a current density such that the material is at either its thermal
or mechanical allowable, which ever is limiting.

The total FT of the OH pulse is

e gy e

2
fs sy
3 3/ K 3 3

asym

With equivalent square wave (ESW) curreggy = 11....

L, +5]

t [ b
= [ Bek)n3 8

3 3 K2

asym

(C3)

Curve fits are used to develop G &Fds,) functions for Cu and BeCu over the temperature
range of interest.

Go,(T)=-6.4516+1.02E15T — 2.6 E12T > + 2.74E9T° (C4)
GeeoT) = —1.54E16+1.9314T — 3.02610T > +1.41E8T (C5)

The current density J which is allowable given a temperature liga,Tan be

determined as
J= IG(Tallo_\Il_v)_ G(TO) (CG)



Given a packing fraction K, then, the allowable current density has an average value of
‘Javg: ‘JKpf (C7)

The following formulae are used to estimate the conductor stress in the OH solenoid.
Axial stress (relatively small) is ignored, and only the hoop stress is considered. For a
two part OH solenoid, on the outer colil, the maximum hoop stress occurs at the inner
bore of the coil [19] and can be estimated as follows.

[(7 +59)R.*-8(2 +V)RR° +33+V)R/‘]
24(R,-R)(R,*-R?)
_(1+2)RR;  (1+I)R’
S(Ro 'Ri) S(Ro'Ri)
R (7+51)R,*-8(2 +1)R R, + 3(3 +V)R?)
24| (R,-R)(R, -R?)

(C8)

o=J*B

Here R is the outer radius of the conductor packjsRhe inner radius of the conductor
pack,v is Poisson’s Ratio, and B is the field within the bore of the outer coil due to its
own current

B= /uo‘]avg(Ro - R )* ff (Cg)

Where ff is the form factor which accounts for the finite length of the coil
AZ (C10)

JAZZ{(MR)T
2

andAZ is the height of the coil. The height of the OH colil needs to exceed that of the
plasma to reduce leakage flux and minimize stray vertical field. Based on NSTX, a ratio
between OH coil height and plasma height in the range 1.2 to 1.4 is assumed.

ff =

On the inner coil, the maximum hoop stress occurs at the inner bore of the coil, due to its
own current plus the J x B force with the background field of the outer coil

2 2 (Rg+R)EA+2V)R,
(2 +|/{2R0 +RR; +R, ——2+ y J (Cll)

o=J*B

3(R, +Ry)

Here R and R are the outer and inner radii of the inner coil, J is the current density of
the inner coll, and B is field due to the outer coil. Finally, the double swing flux produced
by each part of the OH coil is equal to



P, = ff D%(F@— R3)(I_+1/Kasym) (C12)

Appendix D: Type B “ST-like” TF Algorithm

Thermal performance of the coil is assessed by performing a simple simulation of the TF
current waveform. The required current from N turns is

NI = 2708 (D1)
o

The inductance is obtained by integrating the flux enclosed as follows...

®= f erg—;er(r)dr (D2)

0

where | is the current enclosed, which linearly increases from zero at r=0 to the full
current | at the outer radius of the inner legs, and H(r) is the height of the bore of the
coil, assumed equal to “height” out through the horizontal limbs, and then linearly
decreasing to zero thereafter over the distareg,ier. Then the inductance is...

L, = q’:\' (D3)

The total resistance of N series inner legs of the coil is...

LN
Rnner = p (D4)
Aconductor

where L is assumed equal to “height” apdk the resistivity which varies with
temperature. Curve fits were used to develop a function for the specific heat of copper as
follows.

Q.,(T) =—-82.35+ 4.95T —0.19T >+ 2.5E- 5T° (D5)
For small increments, temperature rise is approximated as...
2
IR
Q(T)

Outer leg resistance is assumed constant and equal to a particular of the inner leg
resistance at maximum temperature.

(D6)

A dump resistor, normally shorted out, can be introduced into the TF circuit in case the
power supply trips at full load current, thereby reducing the L/R decay time constant and
the additional dissipation which must be anticipated in the design of the coil. Circuit
behavior is simulated using simple Euler integration



- [VF’SOC_ | (Rps+ Riner Router).lﬂt

- (D7)

Flat top must end when the prospective temperature rise due to an L/R decay of the
current, including the dump resistor, would bring the final temperature to the limit. This

is estimated by taking the total stored magnetic energy, apportioning it between the inner
and outer legs and dump resistor in proportion to their resistances, and dividing by the
heat capacity

2 F%nner
[1/2L| ](Rnner + R)uter + Fiiump) (D8)

Q
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