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. maximum ideal power gain is about 0.85 Qn

Maximum Power Gains of Radio-Frequency- Drlven
Two-Energy-Component Tokamak Reactors.*

: D. L. Jassby
Plasma Physics Laboratory, Princeton Unlver51ty
Princeton, New ‘Jersey 08540 .

ABSTRACT
Two-energy-component fusion reactors in which

the suprathermal component (D)‘is produced by har-

monic cyclotron "runaway" of resonant ions are consi-

dered. 1In one ideal case, the fast hydromagnetié

wave at w = 2ch produces an energy distribution

f(wWw) = constant (up to W___) that includes all

deuterons, which then thermalize and react with the

cold tritons. In another ideal case,v £f(W) = constant

is maintained by the fast wave at w = Wope If one'

neglects (1) direct rf input to the bulk-plasma

electrbns and tritons, and (2) the fact that many

déuterons are not reSonantly accelerated, then the

case and 1.05 Qm in the second case, where Qm is

~the maximum fusion gain in the beam-injection scheme

(e.qg.,

in the first

Qm = 1.9 at Te = 10 keV). Because of nonideal
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effects, the cyclotron ruﬁaway phenomenon may find its

most practical use.in the heating of 50:50 D-T plasmas

to ignition.
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I, INEBdDUCTION'

In the'two—energy—componentgreactor scheme,l fast deuterium
neutrals are injected into a relatively_cold tritium plasma.
~Tne resulting D ions slow down'by Coulomb collisions with
the bulk-plasma electrons and tritons, and'while'thermalizing
they.produce Q times their 1njected energy in fusion reactions.
For Te > 4.4 kev,Q > 1, ~and Q can‘be'as large as 3.l for a
’high—Te target. The 'nt' of theAplasma-need be only about

lOl3 sec cm73, the exact value depending on the ratio

‘T = (suprathermal—ion energy density)/(plasma energy density).

In this paper we con51der how a two—component torus (TCT)
may be operated Wlth the suprathermal ion- component produced
entlrely.ig situ by harmonic 1on—cyclotron-resonant heating that
-makes use of the fast hydromadnetic wave.(magnetosonic wave) .

In particular, we 1nvestigate two simple models that give limiting
fusion gains W1thout recourse to the detailed particle motion in
the presence of rf fields, _These ideal limiting gains are compa-
rable to the gains in the beam—injection scheme, but are bound

'to be seriously reduced after including rf inputs to the bulk
plasma. In any event, rf'supratnermal—ion production might find-
application in non-Maxwellian reactors where Qgté bulk-plasma

and beam-plasma fusion reactions contribute to the energy output.?

II . E}I(PERIMENTAL BACKGROUND
Harmonic ion-cyclotron heating experiments have generally
demonstrated the formation_of long "tails" on the transverse v

3,4

ion-energy distribution. In early ST experimen_ts,3 during heat-

-ing bylthe fast hydromagnetic wave at the second harmonic, the



tail formed in 1 or 2 msec¢ and was usually Maxwellian.

These observations have been explained5 as the result of single-
particle resonance heating of trapped ions; the calculations are
summarized in Appendix A. In recent ST experiments at higher
power levels (up to 600 kW);6 the observed tails make up a

larger fraction.of the total ion population, but they are still
essentially Maxwellian. These results suggest that if sufficient
rf power is applied, the two-temperature distribution will be
replaced with a one-temperature diétribution, although the
‘banana orbits of very highAenergy ions may not be confined.

The Coulomb drag 6n a fast ion of energy ‘W is

. n Wln A n. 1ln A,
aw _ . e € 4+ . % 1 (1)
dt 1 3/2 2 1/2
T W
e
where cl and c, are constants, 1ln Ae and 1ln Ai are the
Coulomb logarithms, and n,  ny are the bulk-plasma electron

and ion densities. Equation (l) is plotted in Fig. 1.
Consider the fast wave at w = 2wCD, where Wep is the
éyclotron frequency of the deuterons. The power input to a .
deuteron is dW/dt « W, so that there is a minimum energy
n 3 4 4 [1] .
wmin (W3 in Fig. l) at which deute;ons will "run away." For

lies on the ion-drag (low-W) side of

cases of interes W_.
n ‘t' min

Fig. 1, and one can easily show that for those ions that remain

resonant with the wave,
V2 'cz in A. n Bz 2/3 .
- 1l e
min ~ k_ E c
OXTXT

g
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where E, is the lef;—hand combonent oﬁ the transverse electric
field, and kx- is the transverse wave numbgr.. Wmin is generally
TinAthe,range’O.S—Z;O kev, so that for large hot tokamaksf'allarge
fraction of the deuteronzpopqlation in_the:resonant zone may

"run away."

ITI. FAST HEATING AND RELAXATION
We.first conéider a process whéreby deuterons'are-rapidly
écCeleréted tb_hi§h energies, and then allowed to thermalize
with the bulk plasﬁé. The resgnaht'ione7fbr the second harmonic
s :
“hasiwidth SR = 2k“vtiR/Q, where R 1is the'major radius of *
the torus. This width can be‘madeAa‘largé fraction of the plasma
}radius by increasing k“ . For very large rf ﬁower, deuterons
will be trapped as their tranSverse energy-becomes many times
.théir initial thermai energy, and a éuprathermal distributioﬁ
- formed before theré~is signifiéant:drag, or before. the: trapped .
‘idhézcén esqape~from fhe.resonant interaction by scattering from:-
trapped‘orgits. This limiting distribution will be MaxWelliaﬁ—
iike'in_two-diménsions (Appendix A), that is, f£(W)
U l/Tl exp (—W/Tl),and for véry iarge'rf power can beAapproximated
as f(W) = constant, up to a maximuh eﬁergy Wm which may be
that energy, for‘éxample, at which the ion banana width bécomes
“comparable to §8R..
| ané tﬁis réctangular'distfibution is formed, the rf is
terminated, and the.fast ions thermalize. The fusion enefgy gain

of this cycle (22.4 meV per reaction) is

'.JmF(W)Wd |
G, = — (3)
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where F(W,Te) is the'F—faétor of Ref. 1. Here we have neglected
direct rf input to the bulk plasma. The plasma temperature is
maintained provided that? T\)_<Ts>/TE, where <Ts> is the
average slowing-down time of the D ions. This relation deter-
mines the required deuteron density ny. As in the beam-injection
scheme, nD/ne is in the range 0.03 to 0.15. Cyclic opératiop
can be set up by applying rf pulses at intervals of <Ts>.

Figure 2 shows F(W) for T_ = 10 kev. If W = W_, then

e a

G, =(2/3)F , where F_ is the maximum value of F(W). This

‘gain can be improved by increasing W . Approximating F(W) by

the triangle shown in Fig. 2, one can easily show that Gl is

\ _ 2 1/3 _ -
maximum when Wm = (Wawb) = 360 keV.  Then Gl = (0.84 Fm'

This relation holds rather well throughout the range Te = 4-20 keV.

-]

CIV. EﬁERGY CLAMPING
4 Next we conéider a process whereby a rectangular energyA
distribution, £(W) = constant for 'Wl < W < W2 (Fig. 1), 1is
maintained by the fast wave at w = Wep-

First harmonic heating -applies the same power input to all

ions, regardless of their velocity, and thi§ power input can thus
be represented as the horizontal line in Fig. 1. If Wl is not
too small, the drag is nearly constant for Wl < WK W2, soAthat
f (W) will remain fairly constant in this range. This process

is a form of energy clampi-ng.z’7 Actually, the rf essentially
scatters the ion energies between W, and W,. Ions

tend to run to Wy but cannot do sq,'since‘they do not
experience a continuous poﬁer.input; Ions at w < Wl receive

the same power input Pr but for these ions Coulomb drag is

¥
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dominant. If T is the lifetime of the fast'ions; the maximum

energy gain is attained when Ty 2> <1 >, or alternatively, if

the fast-ion energy can be recovered by magnetic decompression.

Thus

Wy ’
[ P_(W) dw
F' -
W, : _

: (4)

2max 2
S “|aw/at|aw + WP o
B _

where P is the fusion power'output,,and 'Pff_ is the average

F
rf poWer input per4ion;’;Note7that¢once" Wi is chosen, the

. corresponding W, must,be'setibyrthe initial:second"harmonicA

. heating; see Sec. III. -

If Wl is too smail (Fig' l),fmost ions will'haVe a

"strong tendency to run toward W2, whlle for maximum gain

with f(W) = G(W - W ), Wé should be near the trough of the

aw/dt c'urve.2’7 Furthermore, the low-energy 1ons have small

fusion reactiﬁitles. On the other hand, 1f Wl 'is too large,'

only a small fractlon of the rf heated ions have.large fusion
react1v1t1es. Flgure 3 shows G2max as a functlon of -wl.

The optlmum Wl is 40 keV, w1th G, /F = 1.07.

V. REDUCTION OF THE iDEAL GAINS

In thlS sectlon we brlefly con51der unav01dable phenomena

that reduce the ideal galns. ,
1. 1In practlce the dlstrlbutlon f(W) = constant w1ll not
lnclude all deuterons in the wave 1nteract10n reglon. Thus,

the galn of the cycllc scheme becomes'.

L.
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I SO S R,
where nnp and nDp are the deuteron densities in the supra-

thermal dlstrlbutlon and bulk plasma, respectlvely When
nDb/ne = 0.05, Gl is not greatly reduced even if only 1/3 of
the deuﬁerons are accelerated. On the other hand, because of
the rf input to the cold ions when w = QCD’ the‘gain of the

clamped scheme becomes G2(nDb/aD)(nT/ne), which may be a small

_fraction of G,. Here we have ignored the contribution of bulk-

plasma D-T reactions, whic¢h are important only 'if the plasma

has a very lonq confinement tJ.me.2

2. RF energy is supplled dlrectlz to plasma electrons.
The gains of two-component reactors are derived assuming that

all energy to the bulk plasma is supplied by the suprathermal

ions.l’2 Thus, both Gl and G, are reduced by the factor

PD/(Pe +.PD)’ where' Pe and PD are the rf powers going to
electrons and deuterons, respectively. For a one-ion-specie

plasma, the magnetosonic wave tends to be damped equally by

ions and electrons, but'Adam8 has shown that in two-ion-species’

plasmas of the type relevant here, with ny/ng ~ 0.1, the D

will be preferentially heated if w = Wep? and Pe/PD should

be as small as 10_2. However, this ratio may be somewhat larger

for w = szD'

3. RF energy is supplied directly to tritons, since the
tail of the triton distribution tends to be heated resonantly

by the fast wave when w = 2w = 3w Thie effect reduces

CD CcT’

G, and G, by PD/(PT + P), but may be useful in a reactor

1 2
with composition 50% D, 50% T.
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hfhe~above effects méy'well reduce the gain of an rf-=TCT

’by'a factor of 2, thus making energy break-eVen_impractiqal.

VI. MISCELLANEOUS PROBLEMS -
There are othér’unfaVorabie featgrés-bf‘the rf-TCT that
‘are not found in the beam-injection scheme. Tﬁesé pfoblems will
be only briefly mentioned.. | | | |

1. The deuteron energy distributioh is described by

T, >>Tj, unless scattefing is_very~rapid. Scattefing«of high-w

,ions should be negliGibie,_howevér.A This distribuﬁion is
suécepfible-to a high—frequén¢Y{shear Alfvén~wave insfability.9
| 2. Sinée practiéaliyaéll the rf power gdes intb trahsverse
ibn motion, orbit confinement problemé.areﬁmorérse&ere £han in

the beam-injection case withftangéntial iﬁjeCtion. Furthermore,

the proportion of trapped ‘ions may iﬁcréaée~subs£antiélly,~thus..

aggravating. trapped-ion. instabilities.. .
3. The use-of.rf. coils.inside: the. vacuum: vessel -may-be: .

prohibitive in a neutron environmeht,’may‘be-damaging to

plasma purity, and pOSes'serious*cooling and insulation problemsf
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-APPENDIX A. SINGLE- PARTICLE HARMONIC RESONANT HEATING

The equatlon of motion of -an: ion in the: fleld of the fast

~ wave at w'=:2mc- is

2 2 ~l_g - . -
X waC* 2 2_m~k§ExaL expl[;(w “ “)t - i¢] (A1)

where E_ refers to the left -hand component, :aL is the ion

eroradius, and k aL'<< 1. Con51der1ng only ions trapped in

the wave field, the solution of Eq. (Al) is

gg'; awt (a2)
"where W is the,ion,energy_ana o ={(Ckng/8B)2°: EquationA(AZJ;

preserves the nature'qf enerqgy distributions-in the absence of
collisions or escape from the resonance zone. If the initial
f(W) is Maxwelllan.at temperature Tb, then\the solutlon of

" the equatlon of contlnulty in energy space is:

f(W,t) = [exp (-o;5at2)]/To{exp'I(—W/TO) exp‘(-O.Satz)]}‘.

~

(a3)

Details are givehn in Ref. 5.
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Fig. 1. Coulomb drag on fast deuterons vs deuteron energy,
at Te = 10 keV. The ordinate units are arbitrary.
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Fig. 2. Energy multiplication factor F from Ref. 1, for
D.on T. W is the deuteron’energy. ne =A10141cm‘3. ‘
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Fig. 3. Gain of the rf-TCT with a uniform fast :
deuteron population clamped in the energy range W; < W < Wo,
where W3 and W, have the same Coulomb drag (see Fig. 1).
Target plasma is 100% T. FpM is the maximum F-factor at
Te = 10 keV. C ' o :



R e Y

LEGAL NOTI C E———

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the Commission, nor any person
acting on behalf of the Commission:

A. Makes any warranty or representation, express or implied,
with respect to the accuracy, completeness, or usefulness of the
information contained in this report, or that the use of any infor-
mation, apparatus, method, or process disclosed in this report may
not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, apparatus, method,
or process disclosed in this yeport.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission to the extent
that such employee or contractor prepares, handles or distributes, or
provides access to, any information pursuant to his employment or
contract with the Commission.






