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FOKKER-PLANCK STUDY OF STEADY-STATE CURRENT GENERATION BY A LI WAVE'
AK. Ram, V.B. Krapchey, MIT Plasma Fusion Center, Cambridge, MA 02139

The onc-dimensional adiabatic theory for current generation [1] is extended
to include clectron-ion collisions and to determine the corresponding change in
the distribution function. The T.H current gencration can be described by this
model when the auto-corrclation time is greater than the trapping time and wee >
wye. The FFokker-Planck equation is solved for the untrapped and the trapped
clectrons. Calculations for the ratio of the power dissipated in the plasma to the
current generated are presented for Versator 11 parameters.

For the steady-statc operation of a tokamak reactor and to provide particle confinement, a poloidal mag-
netic ficld gencerated by a toroidal current is necessary. It has been proposed that unidirectional Tower-hybrid
(L.} waves launched by a wave-guide array may generate such a steady-state current [2]. The high phase
velocity waves drive a current as the wave momentum is irreversibly transferred to the clectrons.

The single wave one-dimensional Vlasov equation for the clectrons in a strongly magnetized plasma:
of . of of
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(where ¢ is the clectric potential, ¢ is the slow time modulation and z — wt [k, is the fast modulation) has
been solved recently [1] for the distribution function. For the initial conditions: 8¢(0,z —wt/k,)/dz = 0
and f(t = 0) = f£,,,, the Maxwellian distribution function, the solution for the untrapped electrons is :
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and, for the trapped clectrons:
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H is the Hamiltonian corresponding to (1); I is the action, I = 7'7—, f dz v, where 2, ® are the coordinate and
velocity in the wave frame, n, is the density of the electrons and v, is their thermal velocity. These solutions are
valid everywhere in the phase space where 2 = JH /O, the nonlinear frequency, satisfies 2 > 1/T with T

being the modulational time scale over which the clectric ficld amplitude changes. For large amplitude waves
this theory is valid everywhere except for a narrow region near the scparatrix.

The dominant nonlincarity for the LH wave is along the toroidal direction as vz € ¥, and v,y /vo, &
Wpe/wee < 1.

eEw eE, wee ek,

nl ) T md = e

Voxr =

arc the oscillating velocities in the three directions. Thus, f is assumed to be Maxwellian along the z and y
directions and given by (2) and (3) in the z—direction. Further, for the above single wave theory to be valid for
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LLH current generation, we also require that the auto-corrclation time, 7, = k,/w Ak,, is greater than the
trapping time, 7., = y/m/ek. E.. This fequires that E, > cmw (An.)2/en3. For Versator Il parameters:
w = 5.027 X 10? secc™!, n. = 10, An, = 2, this implics that E, > 340 V/cm.

‘The above theory for 1LH current generation is valid for time scales shorter than the collisional time scale.
Since for large amplitude waves landau damping is not important, the collisional damping determines the
power dissipated in the plasma and the feasibility of the current drive scheme. We assume that the dominant
col]%mnal damping is duc to clectron-ion collisions. Then from thc Landau form of the collisional term C¢/% =

-85 /6’ with

(4)
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with Uyg = 8pp/8 — ugug/u’, @ = 5 — @, \ is the Coulomb logarithm, Z the ion charge number, f; the
ion distribution function and m (m;) the clectron (ion) mass. Assuming cold ions, f; = n,6(7), and that f is
Maxwellian in the z-y dircctions, the collisional term:
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is addcd to the right side of (1) to get the Fokker-Planck equation. Here:

n(w) = V7" {1 — &(jw|)} (L 4 2w?) — 2|u| (6)

is the e~ form factor (w = v/v;, ® is the error function). In Figure (A), n(w) is compared with its asymptotic
form 1/w3. Numecrical integration of the Fokker-Planck cquation indicates that for reasonable field amplitudes
the untrapped clectron distribution function is approximately the same as f°° of (2).

Assuming a sinusoidal ficld, then to order w? (w, = eE,/mw ;) :

w? o 1 Jg

where a = k, v;/w. This gives a non-resonant steady-state current of:

. 1
<j>=—jenuuia (8)
and the power dissipated in the plasma to be .
1 2 vefi 4 Ny 2 2 9
Po=—[dv omvC/'=——7 2 \e*w (9)
2 15/ U
We define “longitudinal RF resistivity” to be:
P, _1i5 N2 1
.= . =9.205 X 10 —— $€C 10
TIrr <j>? (a w,)? T§/2 (10)
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Compare this to the longitudinal Spitzer resistivity:
Nep = 3.378 X 103 -53—2— sec. (11)
T3/?

For aw, = 0.1 ,n ~¢ 102 n,,.. Defining @, = P,/ < 7 > we find for Versator 11, with n, = 2 X 10'3
em ™3, T, = 300 ¢V, major radius = 40 cm, minor radius = 13 cm, that a, = 28.8 for n, = 10.

We now look for steady-state solutions to the Fokker-Planck equation with a sinusoidal ficld. In the wave
frame, the steady-state equation is:

o=t EVF A+ (EvaT A2+ D) 1] )
where € = w—a, ¢ =n‘k2z——wt, a = wlkvy, ¢ = —¢,sinf = —w,asinf , p =

NZ e?w? /2 v} mk, with the - sign for velocities w > a and the — sign for w << a. For the untrapped

])8
clectrons, e > ¢,, we look for a solution of the form:

e =10+t (13)

Substituting this into (12) and solving for f3°(e), we get:

oee) = f. éxp [——2(5 —€)—2a /6 de ZEZ:;} (14)

where £, is a constant of integration and,

2%
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b(e)'=—2—1; /0 d€ (£ V2e+¢)) n(E£V2e+9)+a). (16)

In Figure (B), we compare <C f3%(e) > (averaged over £) with the Maxwellian for a = 4 and v,5/v; =

vaw, = 1. Itis clear that the untrapped Fokker-Planck distribution function is significantly modified

relative to the Maxwellian. This is in contradiction to the assumption usually made that the bulk remains
Maxwellian. This modification will clearly effect the trapped clectron distribution function when the conditions
of continuity at the scparatrix and the conscrvation of particles is enforced. For the trapped clectrons, e << ¢,
onc cannot, in general, require that ff == T _unless # is a constant, as this is inconsistent with the steady-
state Fokker-Planck cquation. Taking the asymptotic form of n{w) ~ 1/w® and expanding in powers of
1/a we get: .

fi‘:cl cxp(4e+§£5§). (17)




The constant ¢y is determined by requiring that ™7, f°° together conserve the number of particles. Further
analytical and numerical work is currently in progress to determine the power dissip:ted and the steady-state
current gencrated.
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Electron-ion form factor, n(w), Average Fokker-Planck distribution
compared with its asymptotic value, function compared with the
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Abstract

The use of high performance copper magnets makes possible the
design of a compact ignition test reactor (CITR) which would have a wide
range of operational capability in DT plasmas. Since it may be possible
to obtain high values of nTe(~ 105 cm 3 sec), operation in the tritium
assisted, semi-catalyzed deuterium (SCD-T) advanced fuel cycle might also
be investigated. Modes of DT and SCD-T operation for illustrative |

CITR parameters are described.
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I. Introduction

The use of high performance copper magnets makes possible the
design of a compact ignition test reactor (CITR) which would have a wide
range of operational capability. This tokamak device could be used to
study both ignited operation and long pulse, Q > 1 operation in DT
plasmas!. The CITR would have considerable physics margin for meeting
these goals. With this large margin it may be possible to obtain:very
large values of n're(~ 10!5 em”d sec); hence, operation in the tritium-
assisted, semi-catalyzed deuterium (SCD-T) advanced fuel cycle2 might also

be investigated. In this paper we discuss the possible modes of DT and

SCD-T operation that might be attainable in a CITR device.

II. Machine Design

The CITR would utilize a toroidal field (TF) magnet of Bitter con-
struction which is inertially cooled with liquid nitrogen. The use of
this type of magnet makes possible a compact, high performance reactor
design since it does not require neutron shielding and can be operated
at high fields, high stress and high current density. Tllustrative CITIR
design parameters have been developed by scaling ZEPHYR ignition test

32% to those of a somewhat larger, more versatile

reactor design parameters
device!. An engineering conceptual design has not yet been performed.

Table 1 lists major machine parameters for the illustrative CITR design.
The stored energy and the stress in the TF magnet are given at values of
the maximum magnet field at the plasma axis, Bt' These values will de-

crease with magnetic field as Bé. When the peak magnet temperature is

allowed to rise to 350°C during a pulse, about one hour will be required




to cool down to -190°C with liquid nitrogen. Shorter cool down times can

be obtained for smaller temperature changes.

ITI. DT Operation'

Table 2 shows possible DT modes of operation for the illustrative
CITR design. In order to make some projection about the energy confine-
ment time, Te’ it is assumed that Te ~ Cna? where n is the plasmalaensity,
a is the minor radius and the coefficient C is determined by results from
PLT!. It is also assumed that Te < Ty whire Ty is the ion energy confine-
ment time. A margin of ignitiom, MI = TE;;§;_; , is defined where (nTe)ign
is the value of nt, required for ignitiom. Pgrabolic temperature and
density profiles and Zeff = 1 are assumed. The density averaged ion temper-
ature <Ti>n is 10 keV. The CITR would operate with both circular and D
shaped plasmas. Average values of toroidal beta, <Bt>’ of 0.58 are based

upon the assumption of moderately elongated D shaped plasmas.

The burn.pulse length, Ty given in Table 1 is determined by
requiring that tpe increase in temperature of the inertially cooled magnet
be less than 350°C. This temperature rise is mainly determined by resistive
heating at low values of MI and by neutron heating af high values of MI.

Table 2 shows that by reducing the magnetic field relatively long pulse

lengths can be obtained. At B = 3.5 T, corresponding to a MI = 0.2 and

(fusion power

heating power) of ~ 1, the burn pulse

a value of thermonuclear Q
length is 100 seconds
For MI = 1, the average fusion power demsity is 5 MW/m® and the

total fusion power produced is 120 MW.




The primary option for heating the CITR would be ICRH. Approxi~-
mately 15 MW of ICRH should be sufficient to heat to ignition in ~ 1 second

2 scaling law described earlier

if the energy loss is given by the T, ~ na
and the heating power is centrally deposited. The CITR could be designed
to accomodate up to 40 MW of ICRH heating power. Compression boosted start-

up with neutral beams could be used as a backup option in the CITR!’S.

IV, SCD-T Operation

In semi-catalyzed deuterium (SCD) operation the triton produced
by the D(D,p)T reactién is assumed to be completely burned up by a DT
reaction. The 3He produced in the equally probable D(D,n) SHe reaction
leaves the plasma before it is burned. 1In tritium-assisted, semi-catalyzed
deterium (SCD-T) operation the triton to deuteron ratio, nT/nD, is greater
than the equilibrium value in SCD but is considerably less than one.
Some amount of tritium must be provided by an external source, such as a
tritium breeding blanket. This amount of tritium is determined by the
parameters-YDT and YDD’ these parameters represent the ratios of tritons
from the external source to DT and DD fusion neutrons generated in the
plasma. For illustrative purposes it will be assumed that Ypr = Ypp = Y
Y ranges from 1 for DT operation to 0 for SCD operatioh.

SCD-T operation facilitates a continum‘of possibilities for
reduction in reactor blanket tritium breeding requirements by improvement

2. The reduction in'éreeding requirements

in plasma physics performance
can significantly increase the range of blanket design options relative
to DT operation. In addition the availability of fusion neutrons for

nonelectrical applications can be considerably increased. If the *He




produced in the D(D,n) *He reaction could be reinjected into the plasma
performance could be further improved. Another possible use of 3He might

be as fuel for reactor operation on the D(%He,p) *He cycle.

Table 3 shows an example of possible modes of SCD-T operation which
might be obtained for the illustrative CITR design. These modes of oper-

ation are based upon the assumptions that the To ~ na?

scaling holds, that
<Bt> ~ .06 can be obtained and that impurity radiation loss is négligible.
For fixed values of nre, <'1‘i>n and <Bt> there is a continum of tradeoffs
between nT/nD, Q and average fusion power denstiy, Pf. The auxiliary
heating power requirements, Paux’ represent the minimum start-up power

requirement for ignited (Q = ®) operation and the steady state heating

requirement for driven operation.

V. Conclusions

A cémpacf tokamak device using high field, high performance copper
magnets can be designed to provide considerable margin to achieve ignited
operation.and long pulse, Q > 1, pulse operation in DT plasmas. If con-
finement physics and MHD stability limits are favorable, this large margin

can be utilized to investigate various modes of SCD-T operation.
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Table 1

Illustrative CITR Parameters

Plasma Major Radius:
Plasma Minor Radius:

Possible Plasma elongation:
(D shape plasma)

Weight of Toroidal Field Magnet:

TF Magnet Plate Dimensions:

Maximum Magnetic Field at Plasma:

TF Magnet Stored Energy at Max, Magnetic Field:

Max TF Magnet Stress at Max. Magnetic Field:
(in copper plates)

2 m

0.85 m

1.4

800 tonnes

3.0m x 3.7 n

8.8 T
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Table 2
DT Operation

<Ti> = 10 keV, <T > = 8 keV
n en

<Bt> n ETe MI
(%) (101ucm-3) (10! *cm 3sec)
5.8 5.6 9 9
4.5 4.2 5 5
2.6 1.8 1 1
5.8 1.8 1 1
4.5 0.8 0.2 0.2
Q=1
5.8 0.8 6.2 0.2

Q=1

11(sec)

17
30

75

100




Bt = 8.8T

ﬁte = 9,5 x 10 *em 3

no/ny Y

.04 .88
.02 0.75
.01 0.65
.003 0.35

Table 3
SCD-T Operation
<Bt> = ,058

<T.> = 14 keV
in

‘P-aUX"'_‘(Mw)

13

25
30

40

©

(ignited)
5
3

T, 2 14 sec

P, OM/n’)

7.2

3.6
2.8

l‘3




