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ABSTRACT. The properties of deuterium plasmes ia experimentel tokamaks
heated and fueled by intense neutral-beam injection are evaluated with 2
Fokker-Planck/radial transport cooe coupled with a3 Monte Cario neutrels
treatment [ilustrative resulls ere presented for the Poleidal Divertier
Experwment at PPPL as & function of beem power ang piesms recycling ccef-
11c1er;, nc. when P;n,ﬁ, g [ at £y, = 60 keV, and 2. = 0.2, then

not/Me> 3.0.5, [273 3¢ “Eipns1 = 22 keV -~ 6<T¢>, end the 0-0 reutron inten-
s1ty is }015 nisec.

1. INTRODUCTION

In several large tokamak experimenis now in operztion or under con-
struction, the injecied nautral beam power wiil Ter esiceed ths ohmic
heating power. 8y con;roiltnc the werm-icn densitly by ge;ter-nc or by 3
magnetic divertor, it i35 posszhie 0 Operate in thres €ifferent reselor-
plasma regimes [1]: (!} The energetic-ion regime, where the sversge fon
energy greatly exceeds tn2 electron enmergy, the plesmd recyciing coefficient
Re << 1, fipge/ng » C.2, ant the dominent fusion production is bw reactions
between the energetic ions; {2) The TCT regime, where npg.fﬂ 20,1, anc zhe
dominant fusion produciion is By bepm-tzrcel rea:‘.ars. 13} The beemegriven
thermonucligar regtme, where nyae/ng <5 0. i, 2ng tne domingnt fusion produce
tion is by theroonuCicsr "ﬁafg!ons.

For smaller tokawmeks with injectisd Stwers §n the £ 0 Y M ronge &
60 to 67 ke¥, ihe energriiz-ion vegine proe vignd the surgefi nRLrEn :ﬁ:c
sity (1), & svecific easmpie of the “enorgeliz-ipn regive is tme L7
(coun;ers‘rnarSe” ion torutl, which i3 ostablismed oy bepn injeriips parsie
Tel aag eaniseraiiel iz tae regeelis ssis [23. The Yraasitiss recion
between the £I7 ang TL7 repises 1S porngps oory é”'f&%sat., Anz 2180 resull
in fitense fusipu-neuires peofutiion. (o either CB3S the inlscizd hogss
serve siovitaneously 1o Tuel taw plasme, 20 hest gsleciront and waes
fons, ang Lo produle matt of tnt Jurion power.

In arder ¢o predict 2o intorsrat aeourdtely the plisesr eharpcler.
istics and fusion outoul “of intensely pasedriven Lokamdk plaseds, the tise
evolution of the vologity-space distridetion Tynenions ¢f lhe ersrgetie
species must be calculoted using the consiste sonliacer Fokier-Pleach
opergtor. TYhis siper gpscriins {:f:%te"enﬁi zeudiae thel swke use of
the Fokher-PlanchsTransport code {FPTY Sevelosed a2 the Hetiond) Megapiic
Fusion Energy Cesaulier Center 2t Liverrore £11. This code hzs deen
integrated with & Yonis Zaric ndutrdly LPERSObry IreASoen? {'J. & sel’.
consistens dean deposizioe cade £3), 208 an lzpurity vadiatien soded [6).
INustrative raseizs ers aresented for the Peloids) Jiverlor Sxperizent
{PDX) now neariag completion gt FPPL,

i,
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2. CCOMPUTATIONAL MGDEL

The FPT Code utilizes an arbitrary nymber of Maxwellian plasma spe-
cies which ara described by their individual densities na(u.t) and by @
common temperature profile Ti(p,t). where p is the average radius of 2
flux surface. The electrons are described by a seperately computed tem-
perature profile Tolo,t). An ~rbitrary number of energetic fon species
are represented by distributiv functions of the form fy(v,6,5,t), where
v 1{s speed and 9 is pitch angle.

Heutral beam deposition is computed self-consistently using a Monte
Carlo Code [S] that follows fast neutrals frcm injectors of specified
dimensions and focal prouarties. The injectad energatic ions form a hot-
ion velecity distridbuticn determined separateiy for each radial position.
The evolution of fy{v) is described by

afh afh .

e Cr ) &  heam + 1

5t 3t je d66rce osses m
The collision operator {3F,/:t}. is that of Rosenbluta, e 31 [7), wnere
the “Rosendiuth Pozentials” Gy 20C fy t2ka inlc 2ccount Coulomb caliisions
armona all chaerged speciss. The luss termzs iaclude chirge exchange, fusicn

burn-up, 20 transfer 13 the warm-fon ooouldtign.  The not iens 2re 2s5-
§umed to 2e perfectiy confined until they deczlaraie 1o an energy E,i, °
12 Y.

e

The transoort of neutrdls in 2he plasma s determined by a Monza
Carlo cade {#]. The sgurces of agutrals inciude charge-2xchange traoping
of the injectad bmams, reguciing from the wall, and sas puffing., A Miz-
wellidn wara-ion popuistion is formed from: (i} gazaelsrition o7 hot ions,
{11) charzecexchangs of %0t tens, {1ii} fonization of warm neutral; formad
during nautrval-goas tragping, {iv} fonizgticn af acutrais -egycled from
the wail. The traaspor: squations for the wdrm icms and eiecirons ars

on
1.3

— o oas ¢ 0 Al » * ped

3t = a {”'el SE& Lié {2}

3 ' - 1.3 1.8y .

=5 {352 Merad ° - ¢ 'gg'i,Qe: * 5, L {3)

} v - ] .5:51

e {373 28 T Y 3 LB i e X 6L,

at (3 fiaryd ® & s Y4 3 ¢ =3 {4)
where the transaser Jluast srg wriston 23 liagar clzbinglions of the done
sity 2nd lampersiyre pradients amg the toroided 2lectric field. The .
saurce (5! 206 lois L} Terms include Jheonomens sugh 25 Hede heating, ione

electron znargy traasfer, Oisic keating, radistion Jots, fomizatics and
charge sachinga, The rediaticon loss ters, which f5 due to a fiaed density
of impurity ions, i3 determingd by numerical Fits o the curves of 2efs.
[63. Altncugh o sennistizazec neaclassicei iraaspors zofe! may 3¢ imple.
mented, the peesdnt $ludy uses 3 simpler model hused £~ ampirical trims-
port ¢oefficiznss:

Py 2 0,30 /% {3}
oe = §/2 Te § R Kene:-'s'___./%;: {6)



The magnitudes and dependences for D, Kj, and K, are taken to be

the same as those observed in present-day tokamék plasmas, such as_TF2 8]

and PLT [$], namely, D = 1 ~ 103[1 + 9(r/a)?} cme/s, Kg = (5 x 1017/n,) crZrs,

Ki = 1 x 105 em?/s. The parabolic D(r) turns out t0 be rouszhly equivalent to

Dir) = n =1, These transport coefficients are all independent of temperature.

At the limiter radius (r = a}, we fix n, = 0, ng = 3.5 x 10'= cm=9, and

Te = Tj = 0.3 keV. NKeutrals are reflecied from the wall with 20 eV energy.

For 211 ciaes reported herein, an iron impyrity with a uniform fixed density
cm”

ameters and the fusion-neuiron Dro- maueral.peam energy 40 to 60 keV
duction rate are presented in the  |lueutral-beam power 2 to 12 1% (D)

of 3 x 10 2 is specified.

Fusion reaction rates are ac- ; !
curately computed via a five-fold | Table 1. Reference PDX Parameters. i
velocity-space integral of the fusionipajor radius 1.40 m !
cross-section over the reacting dis'iPiasme radius 0.42 m l
tribution functions {10j. Steady- irjeis at plasme 2.5 7 '
state solutions for all plasm2 par- |plasma current 500 kA f

1

following sections. ‘ 855 at fullemrg:

4. EFFECT OF RECYCLING ! 155 at helf ererg,

CCZFFICIENT 1Beam pulse length 1.0s i

. . ‘Injection angles 50, ce-irjection .

_ The numerical nodel has been i {this study) 30, counter-ini, |

applied to circuiar piasmas in the 2

PDX device [11] whose principal par- PO

ameters are given in Tadle 1. In 05 Mot- lon €X Loxy 3
PLY the recycling coefficient R. of % <.,§i§§fff?3:2f

the plasma can in principal be Con-
trolled by the poloidei magnetic dgi-
vertor. {R. is defined 25 the ratio
of the rete of ccid neutrel inflow
to the rate of warm-ion outflow.)
Figure 1 shows how severzil impor-
tant paraceters very with B¢ when
the D* injection powar of & I at

60 keV is nelg cons:ant. Stesdy-
stete soiutieons are showr:, s R, in-
cresses from O ¢ 1.0, the relative
hot-ion density decreasss by & fector
of 3, and <f;o,7, the average energy
of 311 hot 2né warm ijons, decreases
by 8 factor of 2.4. The fusion power

PR

" . 2 a . 3.

[ B

5t

_
mitiplication, Qy, 2rd neuiren in- 200" L A o
tensity decrease by & factor of 3.6, PR S Pint VS i o
[Here Q, = (fusion power/injected 206 3 IS
power), and does not inciude ohmic P { s
heating (-~ ©.5 11,7 Additional 'L {43
infiux of gas into the 7lasma from N T -
the beam lines would ceuse & further (3 02 o0& & 06 "=
decrease in Qp for & given R.. RECYLLING COEFFICIENT
Table 2 gives parameters for Fig. 1. Variation of spatially-

the case of s 0.2, where 54% of averaged plasma perameters and fusion

the fusion power produciion is due to  power gain Cp with plasma recyciing
reactions between the energetic ions, coefficient, for Ep = 60 keV and =~
and 407 is due to bean-torget reac- Ppeam * & M. (78-3357)

tions. Figure 2 shows the ion velo-
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city distribution. MNote that Cou- Table 2. Illustrative Energetic-lfon
lomb collisions between inns injec- Regime.
ted in the same beam cause disper-
sion to velocities well above the Beam energy 60 kev (D°)
injection velocity. Beam power 8 MW
The accessibility of this ﬁefg§]'n9 coef. g'gox 1013 3
CIT/TCT operation requires (1) Sy /05 0.51
that Rc << ]l (2) that the fast ions (Zh0t> e 1.7 (iron)
slow down classically, and {3) that T 5 5'] keV
the energetic ions remain close to Tg(O) 13.9 keV
their magnetic surfaces o’ birth P E. :
- : oD i 2/3  Ejon(0) 24.6 keV
while slowing down, a time that is na(0)% 3.9 x 1012 cm=3s
of the order of 1.5 times the par- [ y&: iof®iicetine 75 ms - 1.2 tg
ticle confinement time 7p. Charge-| g 0.041
exchange loss, however, reduces the i
average nhot-ion lifstime. Neutron Praduction (0-0}
Q 1.46 x 1073 !
3. RADIAL PROFILES Thermonuclear 6.1 = 1034 ass
Figure 3 shows the radial pro- | Seam-Target (7L7) a.g x 1013 n/s
files of various plasma parameters | cnergatic-len 5.4 x 103 /s o
for the cases R. = 0.01 and 0.3%. : 7otal intensity 1.0 2 1018 q/5

For R. = 0.01, the neutra} popula-
tion 3t r < 30 cm griginates mainily from charge-eschange trasoing ¢f the
neutral teams, while for R = §.99, the asuira! gopuiation is 2 %o 3 times
larger, and originates mainly by inward ¢i¥f ,ion frem the oilasma toundary.
Surprisingly, ng is nearly the same for the twe cases: for R s .01, the
hot-ian 1ifetime is much longer, and these ions are assumed rat & undgrgs
radiai diffusion; the =uch larger warm-ion population for R. = 0.99 under-
goes relatively rapid diffusion. Tihe avarage ion srergy for R, = 3.0) is
about twice that for 2, = 0.99, and results in sgveral times nigher Gy {is2
Fig. 1). The fairly steep density profile but relztively snallow T, pro.
fi;e are characteristic of plasmes with divertors operating in the “unjoag:
mode.

L2

L ¥ o ki v x [
{0} Lanegersc f ; 13} 20 Quvreress
Oexyrarans -

6. VARIATION ulTe BEAM POWER
2

Figure & shows the variation
of species tesperatures ané neu-
tron intensity. Fup. with beam
power, when 2. = 0.23. it is found
that Qp is nzarily proportional &
<Tp>, wnich increasas more raoidly
at Touer values 9F Puaam. Thus Fp
increases as FgLi. 3t igwer*;cxers.
but only linzariy with Pyaapm 31
higher powers. These iarge ngyu-
tron proguction ralas are dchigvad
with very seall <arie,, namely ¢
to 1.5 « 1012 eme3s, Tyt wizh very
large auwerags ion anergy Sy - 2%
to 35 kev. ({Here 1, 3 the ratid
of the fotal alactrdn anergy %o Fig. 2. Steady-siaze ion welecity
the sum of the rates of slactiron dicepribylion in PO for fge angd
energy log3 by diffusion and rad- counter-injession 3t &y = 60 Le¥,
tation; diffusion is domimant.) Az aith Ppaaw ® 5 ¥ ang 8, # 9.2, gn.
higher Pygam the predicted Bate- erzetic fons antor weres Mawwe!lian
values are near the largest that 3t £ 7 3/2 T, {75.3383)
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3:?------~___ = Fig. 4. urhtMnofsutnluu
T S~ 1 avergged plasma parametsrs ang
g & R | fusion neutron intensity with
e - beam powsr, far £, = 60 keY and
i - recycling coe?. = C.2. <Eypn
ok =] is averege energy of all nhel 2nc
N R T R U

BLISMA RITiCH iee: i .ot
; £p ¢ 40 keV. ({78-3358)

fig. 3. Radigl voristion of steady-
state plasme peremsters for regyc-
Ying coed. B, = 0.0% {solig line)

-

and B; = 0.9% {gasheg Yine), {75-3333)

warts fens, Dashed lines are for

can in thapry be systeinad in ¢ circuiar POY plas=z. Appyt &5, of +he
plesma pressure i due w0 the fons, and €0 18 due %z the smergeliz fon
glone. The reguted fusion production rats al & kev is gue L¢3 smaller

beam-isrges reaclion r2ie end increassd chary

If the bulk plasme tesperzture Could bé 3% :a:ncd by sorme rears other
than by recting beam injeclion, Fp would be & Tagtor of 10 ¢ 37 lower.
furthersore, (hg praper’y '7,. - 3<Tpr 5 dependent ¢ & great aa.an: on
beam fueling, (¥ 27 and <To> were com;era&?e. &5 cxpeflec 10 de the
case with other healing methods, then Fp {and Qy) wosld be of the orger of
17100 of the vaiues obtained in beaw-drrven energetic-ion operation. Fin-
ally, we nole that paraliel-entipsralic} injection :s not essential for
producing large neutron intonsities. For exampie, i7 approximately hald
the deoms are injected tangontially and half perpendicularle, iz is found
thet the fusicn-neutron production is recuzes by at =05t 2 fac:or of 1.3,
With no opposing counter-injeciion, it shouid be possihie for the co-
injected beass gy deive the plaste cur|en. {12), with relatively little
penalty in neutron praduction,
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7. SUMMARY

Plasmas with average ion energy exceeding 25 keV can be attained in
medium-sized tokamak devices {i.e., Bta ~ 1 T-m) with intense neutral-
beam injection, provided that plasma recycling is minimized by a magnetic
divertor or getter assembly, and that essentially all fueling is performed
by the beams. The energetic-ion density is then of the order 0.5 ng, and
the warm-ion temperature is 2 to 3 T,. In PDX-sized plasmas with 4 to
10 M4 of beam injection at Ep = 40 to 60 keV, D-D fusion-neutron intens-
ities in the range 1015 to 1016 n/s are attainable in this energetic-ion
mode of operation. The electron energy confinement time need satisfy only
<ng>Tge ~ 1 to 2 x 1012 cm=3s,

Initial beam-injection experiments in PLT at the 1-Md level [13] have
demonstrated several features of the hat-ion/warm-electron plasmas that
our analysis predicts for PDX. MWhen ng(0) < 5 x 1013 em=3 with 1 M4 of
38-keV D° injection, it is reported that npgt/ne > 0.2 at the center of the
plasma, T; > Te and £5(0) = 8 keV. With co-injection alone, or co-
and counter-injection together, the fast-ion slawing-down rate appears to
be classical (tg ~ 0.5 1p), with Tittle radial drift of the fast ions [13,
141, thus justifying critical basic assumptions of the present analysis.
The largest fusion-neutron intensity is obtained at lower densities, where
gas influx and recycting are minimized, and up to 30% of the neutron pro-
ductiun is due to reactions between energetic ions [14)., Howeyer, neutron
intensities of the order of those calculated in this paper will be attain-
able only by eliminating gas influx entirely, and by minimizing recyciing
with an effective magnetic divertor or large-area getter pumping system.

AcknOwledgment. This work was supported by the United States Department of
Energy, Office of Fusion Energy.
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