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ABSTRACT

Tokamak plasmas fueled and heated by energetic neutral-atom
beams are characterized by total ion pressure greatly exceeding
the electron pressure. For smaller devices with relatively low
injection energy, the largest fusion reactivity of energetic-ion
plasmas is obtained when oppositely injected D° and T° beams sus-
tain large densities of counterstreaming deuterons and tritons
(CIT mode). In this study steady-state ion velocity distributions
for the CIT are calculated with a multi-species Fokker-Planck code,
and are found to have sufficient thermal spread so that all
infinite-medium velocity-space modes are stable. Quasi-stationary
operation seems physically realizable, because the injected beams
provide all fueling, and the counterstreaming ions can be made to
carry the bulk of the plasma current required for equilibrium; a
satisfactory magnetic flux-surface configuration is revealed by a
particle simulation code.

Steady-state radial profiles of plasma parameters are deter-
mined with a coupled Fokker-Planck/radial transport code that in-
cludes charge-exchange effects and particle and heat diffusion of
"warm" ions and electrons. With inclusion of realistic charge-

. exchange loss and a significant warm-ion population, the ideal CIT

Q-values are found to be reduced by 60 to 70% for a given NeTg,>-
For example, Q = 1.0 for W; . = 80 keV (D°) and 120 keV (T°), wﬁen
M TEo> = 8x1012 cp=3s and <nh0t/ne> = 0.7. Generally, the total

ion pressure is 3 to 5 times the electron pressure, and the warm-

ion temperature ~ 2T,.
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1. INTRODUCTION

With the application of intense neutral-beam injection to tokamak
plasmas, it becomes possible to sustain plasmas with I; >> 1, where I is
the ratio of total ion energy density to the electron energy den31ty. In
smaller devices that permit relatively small beam voltage for good penetra-
tion, plasmas with M; >> 1 are especially easy to establish because (1) a
substantlal fractlon — perhaps most — of the injected energy is given up
to "warm" (i.e., bulk) ions rather than to electrons; (2) decelerated in-
jected ions constitute a significant fraction of the warm-ion population;
(3) the energetic ions themselves hold a large fraction of the plasma ener-

gy. Considerations (1) and (2) imply that the warm-ion temperature T; can

exceed the electron temperature Te, even when the energy confinement times
Tgi and Tge are comparable. Indeed, in present high-powered injection ex-
periments with Wy = 15-35 keV, the trend toward Ty > Te, T3 >> 1 plasmaé
is already evident [1],

In tokamaks with only modest ngTp,~values, where beam-induced fusion
reactions are important, there are certain advantages in minimizing the
warm-ion population n;: (1) For a given n,Tg, and injection power densi-
ty Py, a larger T, — and therefore longer fast-ion lifetime — can be
maintained at smaller n,; /n . (2) The energetic-ion population generally
has a large fusion react1v1ty <gv>, so that significant fusion power multi-
plication Q is attainable in principle even at low n eTEe and low T,. In

small devices employing state-of-the-art low-energy beams (Wb = 40-100 keV), ,

<ov> is maximized when D° and T° beams are injected oppositely to create

and sustain counterstreaming-ion velocity distributions [2-4], as in Fig.

1. 1In this CIT (counterstreaming-ion torus) mode, the streaming ions can
be made to drive the bulk of the plasma current required for equilibrium

[4,5). 1Inasmuch as the injected beams provide all fueling, steady-state

operation is possible in principle.

ln this work the term CIT denotes that class of D-T plasmas with Iy
>> 1, p,; > p, , and where the D and T veclocity distributions are shiflted
oppositely in v, . Previous studies have been concerned with velocity dis-
tributions in ideal CIT operation [2,4]. Near-ideal CIT distributions can
be maintained only by minimizing the recycling of decelerated inns and warm
neutrals that leave the hot reacting region. In practice, inevitable in-
flux of cold plasma and neutrals will result in a certain warm-ion popula-
tion with T; in the range 1-3 Tg- The present paper reports investigations
of the energetics and reactor performance of CIT-type operation when non-
ideal effects such as charge exchange loss and large warm-ion populations
are included. The object is to determine realistic operating regimes that
would offer Q-values of 1 to 2, which are suitable for near-term tokamak
applications such as fissile breeding. Our principal computational tools
comprise a numerical multispecies Fokker—-Planck analysis coupled with a
one-dimensional plasma transport code.

2. ION VELOCITY DISTRIBUTIONS

2.1 Start-Up

At the beginning of a cycle the 1n3ected fast atoms are trapped by an
Ohmic—-heated low~density (n - 1013 cm , low temperature (Te ~ 1 keV) tok-
amak plasma. Durlng 1nJect10n for qeveral slowing-down times (a period

K



)

typically less than 1 s), ng is built up to the range 4 to 8><1013 cm 3, Te
reaches a steady-state value of at least several keV, and the ion population
becomes dominated by energetic ions. In the steady state, injected ener-
getic neutrals are trapped by charge-exchange with ions traveling in the
same direction, by impact ionization on oppositely traveling ions, and by
electron ionization. The electron temperature is maintained by Coulomb
power deposition from the energetic ions (and by charged fusion-reaction
products), Ohmic heating generally being negligible for <Tg> > 3 keV.

2.2 TIdeal CIT Performance

The hot-ion velocity distribution functions fh(v) are calculated with
a time-dependent, multispecies, two-velocity-dimensional Fokker-Planck (FP)
code [6]. The time derivative of the distribution function
for each ion species is written as the  sum of a Fokker-
Planck collision term, a sourceé term, a charge-exchange loss term, and a
term expressing finite particle and energy confinement times. Coulomb in-
teractions (drag, angular scattering, energy diffusion) among all plasma
species are included, but the electron distribution is kept Maxwellian.

Initial calculations [2] employed the following ideal conditions: (1)
The energetic ions arc assumed to be perfectly confined until they deceler-
ate to an energy 2T,. (2) Ions with energy W < 2T, are assumed to be lost
at a rate 2l = ZTEEl' (3) The injected beams provide the only source of
particles and heat, so that both T, and n, are determined by TEe and the
ion source strength S. Figure 1 shows the steady-state fj(v) when the in-
jection energies are Wy = 60 keV (D°), 40 keV (T°), and n,Tg, is of suffi-
cient magnitude to give T, = 6.0 keV [2]. The dominant Coulomb interaction
occurs among ions injected in the same direction, so that f} for each spe-
cies resembles a shifted Maxwellian. The hot-ion "temperature' is about 14
keV, with T, slightly greater than T, because of angular scattering by the
long-range Coulomb interaction between counterstreaming ions.

The fusion power gain Q is calculated by integrating reactivity over
the D and T velocity distributions, and dividing by the injection power.
Figure 2 shows T, and Q as a function of n,t for various Wb, when fusion
alpha particles are not confined. '"Break-even" (Q = 1) is attained at
NgTg, = 2x1012 cm‘és and T, = 3.5 keV. The required fast-ion confinement
time is T, /7 (W, =,3/2T,)/1.5 T, >> 1. It has been shown that, approx-
X E Ee b 9/5 e e "13/8
imately, T « (neTEe) = and Q = (ngTge) / [4].

2.3 Effect of Warm-Ion Population

Although the FP code itself has no explicit spatial treatment, both
the finite spatial diffusion time of warm ions and a possible cold-ion in-
flux can be modelled by varying T /TEQ, where the particle confinement time
T,(v) = [Tpip +.( Vz/3Te)b]. (In the following, T, denotes T . .) In
these calculations we use Wpo = 3/2 Wpe, Sp = 6.5X1813 cm‘3s‘1, gnd a speci-
fied Tg,. Generally, Sp/Sp is adjusted to give np = n,. Then both n, and
To are determined in part by Sp and Tg,, but also by Tp/‘rE , which deter-
mines the build-up of warm-ion population. €

(The injected beams have angular profiles of the form exp[-b(cosb
- cosB_)“], where 0, is the direction of injection with respect to the mag-
netic axis. 1In our calculations with 6, = [0° (D°), 180° (T°)], we use
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FIG. 1. Steady-state ion velocity
distribution in an ideal CIT plasma,
(a) parallel and (b) in a direction
i perpendicular to the magnetic
field. Beam injection at W_ = 60
keV (D°), 40 keV (T°), indicated by
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FIG. 2. Dependence of (a) T and
(b) ideal Q on electron energy con-
finement parameter for steady-state
CIT operation. D° and T° injected
at same energy. 17.6 MeV per reac-
tion. Neither charge-exchange loss

nor fusion-alpha heating is included.
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a width A8 = 20° (b = 275), but we find that Q is reduced by at most 5% for
46 up to 80° when Wy = 60 keV (D°). At larger values of Wy, where head-on
nuclear collisions are less favorable, oblique injection may be satisfactory.)

Figure 3 shows that both Tl and p,/p, decrease significantly with 7 /
TEe- The decrease in p"/pl is due to the nearly isotropic wgrm—ion popula-
tion, and to the increased angular scattering of the hot ions by the warm
ions. Calculations with D° beam injection alone give p"/pl = 3.1 at 1./
Tge = 1.0 [see Fig. 4(a)]; thus the value p,/p, = 1.9 obtained with D and T
counter-injection at Tp/TEe =0 reveals the long-range angular scattering
interaction between counterstreaming ions. In the low-ngtg case, Q is max-
imum for T /TEe 2 0.3. In the high-ngtg case with 100-keV beams, both beam-
target reactions and thermonuclear reactions among warm ions are important,
so that maximum Q is achieved at Tp/TEe T 1-2.5.

With increasing N, Tge» T, increases and electron drag decreases, so
that ions in the counterstreaming distributions are increasingly able to
thermalize with each other before slowing down. Then f} (v) becomes more
nearly isotropic, as shown in Fig. 4(b) for Wb = 60 keV, T, = 12 keV, T

= Tge- With sufficiently large n,tg, the CIT evolves into beam-driven ther-

monuclear operation [7].

2.4 Charge-Exchange Loss

Figure 5 shows the variation of ion parameters and Q with neutral den-
sity n,, for constant Sp and Tge. The present model assumes that all fast
neutrals formed by charge-exchange are immediately lost from the plasma.
For plasmas of practical size, however, the majority of the fast neutrals
are re-trapped and eventually ionized, so that n, would be a factor of 5 to
10 larger than the values listed in Fig. 5 to give the same plasma parame-
ters. The present calculation — unlike that of Sect. 5 — assumes also
that warm ions formed from charge exchange leave the plasma immediately.
Then charge-exchange loss causes depletion of the lower velocity part of
fh(v), so that Ep and II; increase significantly with n,.

2.5 Impurity Tons

The principal effects of an impurity-ion population are to enhance the
angular scattering rate of fast ions (proportional to Zogg = ZniZ%/ne), and
to deplete the reacting-ion population for a given total plasma pressure.
In small quantities the impurity ions have the beneficial effect of permit-
ting the streaming ‘ions to drive a large plasma current [8]. The net beam-
induced current density is [5,8] 4

_ 1
Jb = e[nD<V“>D + nT<V">T] (1 -_ 7 ff ) . (1)
. e

In the present calculations, ST/SD is adjusted to give np = N, rather than
to maximize Jyp- Even in this case the average triton momentum tends to ex-
ceed the average deuteron momentum, resulting in significant values of J,

as shown in Fig. 6(a). Evidently, maximum Jy, is reached at Zess ~ 1.5; at
larger Ze.f, enhanced isotropization of ion momentum outweighs the increase
in (1 - 1/Za¢g). Figure 6(b) shows that with iron impurity, the reduction
in Q is quite tolerable at Zogg = 1.5. By increasing the ratio ST/SD, it
seems feasible to raise Jj to fOO A/cm? while keeping np/np no larger than 2.
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FIG. 4. (a) Steady-state fp(v,) for
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FIG. 5. Effect of neutral density
on CIT performance with beam injec-
tion at 60 keV §D°), 90 keV (T®).
Ppo = 0.67 W/cm”, Tp = Tge. Fast
neutrals and warm ions resulting
from charge-exchange are immediately
lost from the plasma. py,/p, and My
refer to entire ion population.
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FIG. 6. Effect of impurity ions on
(a) beam-induced current and .(b) Q.
WD = 60 keV, WT = 90 keV.

Ppe = 0.67 W/cm3; Pre adjusted to
give np = np when T

= TEe. T =6
keV. No charge excgange.
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3. EQUILIBRIUM SIMULATION OF CIT PLASMAS

At the start of injection, the electric current of the energetic ions
parallel to the magnetic field is cancelled identically by induced electron
currents. These return currents relax with a very long time constant, equal
to the bulk-plasma skin time. A guiding-center code, GUIDON [9], has been
used to investigate the steady-state effects of unshielded injected-ion cur-
rents. In this spatially two-dimensional computer simulation, several
thousand superparticles represent the fast ions. The guiding-center motions
of the superparticles are followed in time and used to compute contributions
to the toroidal current and plasma pressure profiles. The effects of elec-
trons in the system are represented by an Ohmic current and by a drag force
on fast ions.

The present calculations use Wy = 80 keV and Wy = 120 keV. A fast'ion
is removed from the system when its energy reaches 30 keV, or if it strikes
a limiter at r = a; there are no warm ions. An ion that is removed is re-
placed immediately by a fast ion at full energy. The beam-induced current
is calculated from the steady-state net toroidal momentum, using Eq. (1)
with Zo¢¢ = 1.5. Tn order to produce large Jy, onec can set up by appro-
priate neutral-beam injection either (1) comparable but very large np<v,>p
and np<v,>p, OT (2) a large np<v, > in the direction of the Ohmic current,
and a relatively small nn<v,>p in the oppasite direction., We find that
method (2) is more suitagle for obtaining a satisfactory equilibrium, be-
cause a large current set up by counterinjected ions tends to repel the
other currents, resulting in excessive radial drift of the fast ions [9].
The flux-surface configuration is found to be well behaved if one produces
Jp 2 Jog - 75 A/cm? with T° injection current about 1.5 times the D° injec-—
tion current, giving np/np = 2.

4. VELOCITY-SPACE STABILITY OF CIT PLASMAS

The ideal CIT system appears to have considerable free energ?,

because the ion velocity distribution is highly anisotropic (py 2 25;);Maﬁdm"

afh/avﬁ > 0 for lv”| < uy, where up is the mean streaming velocity. Never-
theless, for all practical conditions the steady-state CIT velocity distri-

butions are found to be stable to electrostatic and electromagnetic infinite-

medium modes. This stability is due primarily to the large thermal spread
of the ion distributions.

The ideal ion velocity distributions f, (v) (see Fig. 1) can be approxi-

mated by shifted Maxwellians with mean streaming velocity u, "temperature"
Ty 2 1.5 Te and T N > Tpy . Other relations found from the FP resu1§72
(see Table 1) are Vti/“b'> 1/3 and AW/Wy > 4/3, where Vi = (ZThu/Mh)
and AW = 2 ubvtiMh' )

The stability of counterstreaming-ion distributions to electrostatic
and electromagnetic velocity-space modes has been investigated in conjunc-
tion with both magnetospheric phenomena and laboratory experiments [10,11].
The stability criteria are summarized in Table 1. Since the streaming ener-
gy density can be treated formally as if it were a thermal pressure [12],
the usual constraint on B. for steady-state tokamak equilibrium (i.e., B
s Ry/a) allows only a smaEl value of “b/VAlf' The ideal f, (v) are apparent-
ly stable against all velocity-space modes, and practical f;(v) will be even
more stable: That is, a substantial population of warm ions enhances the

8
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TABLE I

Stability Criteria for Counterstreaming-Ion

Velocity Distributions [10]

Sufficient Condition

CIT Parameters
from FP Code

Mode for Stability
Electrostatic, T, > 1/2 T, : 2 T, > 1.5 Tel/Z
1
w not near w_, uy < lO(Te/Mh) u, < S(Te/Mh)
. z "
Electromagnetic, u < 1/2 V41fven u 1/5 Vilfven

w not near w
c1

Electrostatic ion
cyclotron waves

Aw/wb >0.8 T /T,

aW/w > 2 T /T,

Electromagnetic ion
cyclotron waves

u, < 1/3 v
or AW/wa%ern

Aw/wb > 4/3




slowing-down rate of energetic ions, resulting in a smaller u,y and also in-
creases MW and Ty, - In many practical cases, the total ion distribution —
the sum of fy(v) for pt and Tt — is single-humped, as in Fig. 4(b), and
therefore is absolutely stable against velocity-space modes. Concerning MHD
modes that could result from the anisotropic pressure, it is clear that the
"firehose" instability cannot arise in tokamak operation, where p,/B” << 1.

5. FOKKER-PLANCK/RADIAL TRANSPORT CALCULATIONS

5.1 FPT Code

The Fokker-Planck code used to obtain the results of Sect. 2 has been
combined with a one-dimensional transport code; the combined code is de-
noted FPT. The numerical techniques employed in FPT to solve the differen-
tial equations of plasma transport are described in detail elsewhere [13].
Here we summarize the plasma-physical treatment of the CIT problem as em-
bodied in the ¢ode. Lin all cases steady-state solutions have been obtained,
" with excellent particle and energy conservation.

In FPT the particle and energy fluxes are calculated at 61 radial
points, while FP calculations are performed at just 7 radial positions,
with interpolations used at intermediate positions. The time step At for
both the FP and transport calculations is 2 wms.

Transfer of Hot Ions to Warm Ions. Hot ions (injected by neutral
beams) do not diffuse, but decelerate in place. The fundamental decelera-
tion mechanism is Coulomb drag on electrons, so that upon reaching W
T 3/2 T, a hot ion becomes part of the "warm-ion" population. It is most
convenlent in the FPT code to regard the warm-ion population as Maxwellian
(and isotropic), and to transfer hot ions into this Maxwellian as follows.
At each time-step,all hot ions with veloc1ty 1n the range O<vgvgoy, where

v 1 2.~ 3 Viax P
max Sl ) ® _

J fh(V) 3-th dv = g Tijo fh(V)dv (2)
o

are transferred. We justify this procedure a posteriori, since we find,
generally, that T. /T = 2-3. All warm-ion species (D%, . TH, impurities)
have the same temperature T; — but usually have con51derably different

densities.

Transport Model. The dominant particle diffusion is that of warm ijons;
the electron density profile is determined by charge neutrality. Ions and
electrons lose energy by particle .convection and by thermal conduction. In
the investigation reported here, the same diffusion constant D is employed
for all particle and energy loss processes. Denoting a typical ion species
by the subscript "a'", a typical particle flux is

I' = Dd3n /3r . 3)
a a

The ion heat flux is

5 ) L
o = F P2 eI - “)

10
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The electron heat flux is

_ 5,8 B
Qe—4 a (nT) . (5)

The diffusion constant is taken to be independent of all plasma parameters,
and its magnitude is varied arbitraril over the range observed in present
tokamak experiments (D ~ 3x10° to 3x10% cm2/s) [1].

. The electrons also lose energy by a bulk loss 3/2 n T./t,, where
Tr(sec) = [0.1 + 0.3(1 - r/a)3/ This term simulates radiation loss,
which dominates at the edge. The warm ions also lose energy by charge-
exchange. The transport of neutral particles is not treated explicitly, but
a stationary profile of neutral density is specified: nj(r)= nn(O)exp(k r/a)
Hot ions that undergo charge exchange become warm ions at 3/2 Ty Warm ions
that undergo charge exchange lose all their energy. '

Miscellaneous. (a) Electric fields are absent. Ohmic power dissipation
is negligible for the conditions of interest. (b) Fusion alphas have been
treated as a separate species but are not included here, since we find that
their effect is only modest under conditions where Q ~ 1. (c) A source of
cold ions (at zero cnergy) can be introduced according to a specified pro-
file, S.(r).

5.2 Parameters for FPT Calculations.

The present study is concerned especially with finding plasma condi-
tions for-which Q 2 1. The plasma dimensions are R, = 3.75 m, = 0.75 m
(c1rcular) For a number of practical reasons d1scussed elsewhere [4,14],
the optimal Wb for CIT-type operation is 80 to 100 keV for D°. 1In this
section we use W, = 80 keV (D°) and 120 keV (T°).

Boundary Conditions. At the limiter radius (r = a), we fix n, = O,
n, = nj = 2.5x1012 em=3, T, = T; = 0.3 keV. - At t = 0, the density and tem-
perature profiles are parabol1c in radius, with nj(0) = 2x1013 cm‘3, nhot(O)
= 1x1013 cm“3, To(0) = T; (0) = 7.0 keV. The hot-ion source current is para-
bolic in radius and constant in time, with St = 0.75 Sj Injection angles
are 6 = Q° for D° and 180° for T¥, with beam width Aﬁ = 20°.

Charge—Exchange. The neutral density at r = 0 is expected to be in
the range 1-3x107 cm~3. This population arises from (1) neutrals produced
by charge-exchange trapping of injected neutrals [4]; (2) neutrals diffus-
ing from outside the discharge (attenuated by several orders of magnitude).
In a real plasma most of the neutrals from charge-exchanged fast ions would
be recaptured in the plasma. Because we assume here that all hot neutrals
are immediately lost from the plasma, we take n,(0) = 1-3x106 cm™3 as an
effective range of values for use in the FPT code. The rate coefficient for
charge exchange is taken to be 8x10-8 cm3/s, independent of ion energy.

The neutral density profile is n (r) = n,(0)exp(5.7 r/a), which gives
n,(a)/n,(0) = 300. '

5.3 Results of FPT Calculations

For a given set of parameters (Pnoyp, D, ., c) the evolution of the
plasma conditions is followed until a steady state is attained. The time

11



to reach steady-state conditions is 0.6 to 1.2 s, which corresponds to ap-

proximately one '"Spitzer slowing-down time." The profiles of ne, n;, Ny,

Te and T; differ somewhat from the parabolas chosen at t = 0, but ' are +-
smoothly varying; at all positions one has 9n,/3r, 3T; /ar aT /ar < 0.

However, the average hot-ion energy <W,> is sometimes peaked toward the out-

side, reflecting the strong charge-exchange loss rate in this region. -

Figures 7 to 9 show the effects of plasma diffusion, charge-exchange
loss, and cold-ion influx for conditions where Q > 0.8. 1In all cases shown,
Ppeam is 170 MW, or 4.1 W/cm (We find that Q increases with Pyeams Other
conditions belng equal; the increase is due primarily to an increase in T,.
The 170 MW injection used here sometimes results in plasma densities that
would be too high for acceptable beam penetration, and in plasma betas that
are too large according to the usual MHD constraints. In practice, however,
the plasma would be moderately elongated, thereby permitting a substantially
higher beta. Reference [l4] gives a practical example of a CIT-type fusinn
plaswa with Suitable MHD parameters and acceptable beam penetration.)

Effect of Warm-Plasma Diffusion Rate. Figure 7 shows the variation in
key plasma parameters with “Ng>Tge. In the steady slate, an effective tg, is
calculated as the ratio of the total electron encrgy in the plaswa to the
sum of the rates of electron energy loss by diffusion to the limiter and by
the bulk-loss_process. To increase Tg, (and also TEi), D is varied from
3x104 to 3X103 sz/s. At the smaller ngTge, the diffusion-loss rate for
electron energy is comparable with the bulk-loss rate, whereas the warm-ion
diffusion-loss rate greatly exceeds the charge-exchange loss rate (averaged
over the entire plasma).

The following points are noteworthy: (1) With increasing <n >Tpe, the
plasma evolves from the CIT regime with nyg /ne ~ 1 toward a TCT/thermonu-
clear regime where nhot/n << 1 [7}. (2) While Q increases substantially at
larger <ng>Tges the accompanying large increase in n, may prevent beam
penetration. (3). Under most conditinns one has Tl/T > 2, which reflects
the strong Coulomb coupling of the hot ions to the warm inmme, as wall ac
the deceleration of hot ions into the warm-ion distribution. In all cases
Iy >> 1. (4) The average energy of the diffusing warm ions is substantial,
namely <3/2 T;> ~ 35 keV. (5) With increasing warm-ion population, -the hot
ions decelerate more quickly, so that their charge-exchange loss is reduced.
(6) Q is about 407% of the ideal CIT value [shown in Fig. 2(b)]. ..The reduc-
tion is due to the large charge-exchange loss of hot jons, and to, the en-

hanced drag on warm ioms.

<o

Effect .of Charge Exchange. Figure 8 shows the effect of increased
neutral-density population. As discussed in Sect. 5.2, the values shown for
n,<0v>cx correspond to values 5 to 10 times higher in a real plasma of com-
parable <n_>a, where hot neutrals can be retrapped. For all conditions of
Fig. 8, <Tg,> = 10-11 keV. With increasing n,, the hot-ion density suffers .
considerable depletion, and Q decreases markedly. T; /T decreases with nj,
because of increased charge-exchange loss of warm 1onq but I; >> 1 always.

Effect of Cold-Ion Influx. Ionization of neutrals entering the plasma
results in a source of cold ions. In addition cold plasma from the 'scrape-
off region' can enter the discharge. Figure 9 shows the effect of substan-
tial F, = cold-ion influx/hot-ion influx, using the cold-ion source profile

Sc.(r) =8 (O)[l -r/alexp(6.0 r/a).
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For F >> 1, “hot/“ becomes very small, indicating that the plasma has
entered thé TCT regime where the beams supply only a fraction of the plasma
fueling, and beam-target fusion reactions are dominant. Both T, and Tj i/Te
decrease markedly, but one still has T;/Tg > 3/2. In the transition to
this low-T, TCT regime, Q drops by 30% whlle NeTg, increases by 55%. Again,
the factor of 2 increase in ng would make beam penetration difficult. These
results illustrate that to obtain Q * 1 at smaller ngTge with acceptable
beam penetration, it is important to provide a means of rapid particle ex-
haust from the torus [7] — such as an "unload" magnetic divertor.

6. RELEVANCE OF PRESENT EXPERIMENTS

Start-up. Tn the 2XIIB mirror machine, build-up of high plasma density is
achieved by neutral-beam injection on a warm low-density target plasma [15]
in a manner analogous to that proposed for CIT start-up (see Sect. 2.1).

In the 2XIIB plasma, np,e/n, = 0.85. :

Plasma Recycling. Optimal CIT operation places severe limits on the allowed
influx of cold plasma and neutrals into the reacting region. By special
discharge-cleaning techniques, very low recycling has becn obtained in the
Alcator and Microtor devices [16], where the density drops continuously in
time unless puffs of gas are injected into the plasma. In the ATC device,
the same result has been achieved by titanium gettering of the vacuum’wall
[17]. Two new divertor experiments, DITE and PDX, can be operated with "un-
load" divertors that should rapidly exhaust ions that diffuse out of the

discharge.

I; >> 1. In TFR, ORMAK, and ATC [1], high-powered beam injection has pro-
duced <T4>!> <T.>, so that the large bulk-ion temperature is sustained
wholly by the 1nJected beams. . The total energy of the warm ions and ener-
getic ions exceeds the electron energy by as much as 507%: i.e., Iy ¥ 1.5.
In the new DITE, PLT, and PDX devices, Wp will be sufficiently low so that
at least half the beam energy will be transferred to bulk-plasma ions, and
the beams themselves will provide significant fueling. Therefore, one ex-
pects a continuation of the present experimental trend toward I; >> 1 and

T; > T, — the realm of energetic-ion plasmas.

*Work supported by U. S. Energy Research and Development Administration
Contracts E(11-1)-3073 and W-7405-ENG-48.
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