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ARSTRACT

Low beta veactor system studies have shown that
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necessitated by the physics lead to difficult engincering

problems. The low power density pioduced in thase systoms also

» v . . 1
results in large reactors and makes the question of econoniic = o
1
S
viability a serious one. 1t is clear ihat if higher pressure s
. 1 [od
el
plasmas can be confined wnd oparated, many of these problews TN

=1
I
couldsbe alleviated. The incentives for high plesma density E‘ B =
: S o=
as a means of achieving higher pressures are discussed. Tha > =
. C;-! g
possible methods of achieving high density are outlined witl Bl
. | o
Ui o
particuiar attention tu the high beta approaches. The requive~ F!S
. Zi g
&
ments which ‘are imposed on the reactor by using the flux-coasarving ég§
. e
tokamak concept are described. §f§
=
o @
mlg

The characterisiics of a pre-demonstration fusion device

cen

which can test the necessa

ry aspects of such a system are developed.

The plasma size required to attain dignition is found to he relatively

swall provided other criteria can be satisfied.

These ¢riteria are

described and the techrology developaents and operating procedures

required by them avé given. The dynawic behavior and paran

o7 the reference system during the operating cycle are also

outiined.
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-~ INTRODUCTION

) The power density produced in a reacler plasma depends on the
l 04
! density and temperature of the fuel ions burned. In the ¢ se of a

deuterium-tritium fueled system, this quantity §s given by ND HT<ov>QF._
Tokamak reactors will have tc.operate under ignition conditions to
attain economic viability. This requirement imposes parametric
constraints on the containment sysiom since ignition depends on
density, temperature, and energy confinement time. The energy con-
finement time in turn depends on cther variables, but at present

+ this dependence is A%t known. There are indications, howeVer, that
confinement time will scale favorably with an increase in density.
This result is sugyested both by experiments and by theoretical

analyses. Thus from several points of view there are incentives

.
.

to operate the reacter plasma at high density.

Several approaches for achieving high density are envisioned.

c+ e e e+ i e ome

A method which requires a moderate magnetic Tield (or high beta)} is

] desirable for economic reasons., This may be possible using the

; : concept of a flux-conserving tokamak.(l) Foncircular plasmas may
; ; offer a means to high density.(z) Finally, high wagnetic fields.
(3)

{or Tow beta) may be nccessary. In this paper a reference system
~ wirich includes a moderate magnetic field, a moderately elongated
plasma, and high beta will be developed. Since the operating temp-

erature of the plasma will be in the range of reactor interest, i.e.,

~ 10 — 15 keV, high beta implies high density and vice versa in this

discussion.




High beta (density} imposes constraints on the design and operaticn

ot
of the systam, For example, stable-high beta plasme equ1]|br1a must &£ oV

ond, nsoaliodes e N tovvaakable plo “\“L"ﬂﬂ«nfvw%\’utéknmw.
A be-establis shed. High power dcn51ty means that the first wall will be

subjected to high neutron fluxes (> 1 Mw/m ) as well as a high thermal
flux. The breakdown and current rise phases of start-up may requive
high voltages when increased filling pressures are used. Supplemental

heating using necutral beams may be difficuit due to the beam cncrgies

. . . s s . o
required to achieve adequatc beam particle penetration. Finally, impuriC .y
¢

¢y and burn product egfects in a dense plasma must be ezamined. In some
cases technological developments may be neceded to meet design criteria
while in other cases it may be possib]é to develop operating poocedures
which provide the desired sotutions. Specific features of this type

are discussed below.
II. SYSTEM MODELING

There are many ways to simulate the detailed energy balance processes
in a tokamak. In the present work the same model used previougly in
the ORNI. Experiment] Power Reactor Design Study(q) has been adopted,
and the impact of high dénsity has been assessed. The time-dcuendent
model includes dewtoriuge—trititmmalphir—elechronmabl frpmitys
parbiete—end-energy-batancecourt

Tseudoc]ass1ca], nCOL]dJS]CQ}, and d1551pat1wo trapp@d partzc1e mode

e vl @i neyo) h"’n ;::E; tode -t

scaling 1awshure~1nuluded. Conduction und (0“V00t10“t1mcs are functions

K r‘) Jl".

of plasma collisionality,

e e+
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EES
dopuritic: alfeci-plasma-eneroetlics -throggh the creation of-a-fuel

; iou.defect and- by -increasing Zﬁ:i; and cnhancing radiation-lossess

e e ST e S e T

The -sources of high-Z-(rven) and low-7 {carbon) impurities arc»tuexlﬁﬁ.
to.sputtering of ‘the-wall by duulerons, tritons, alphas, -and iupuri-

ties as-well as by -chavge-exchange ncutrals and neutrons preduced-im

the plasma. -

Figure 1 shows the plaswa radius required for ignition as a
funclion of temperature. The densily is 2 X 1020 m"3, the plasme
e%:{iigntion (I'.eig?';'t‘ to width ratio) is 1.6, and the axis magnetic

Lone

! fieldﬂ%. three cases;.:;:: shown. The wminimum size for ignition occurs
al about T = 13 keV. Below ihis tempcrature, the Hv required for

ignition increases sharply and an increase in size is necessary to
2 -11/2)

attain it. Above 13 keV,. trepped fon nade transport (N « g
dominates the scaling and an increase in plasma size again is required.
The neutron‘ 1all loadings associated wiih various operating tempera-
tures are also given. HNote that at N = & x 1020 m“3. T =13 keV, and

BT = 4.5 7, the wall Toading exceeds 3 I-:’:l/m?'. and the plasaz radius }
necessary vor ignition is 1,25 m. Mith a field strength of 6.5 T, the

size requiced is reduced to ~ 1 mx m and the wall loading is ~ 2.5 l’a‘:-.'/md.
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function of dﬁ:?sity. o fhesee o T 2 13 LoV, ARl dewnities
the collisionality ol tiwe plass is cuch Thad tramdgserd b dominaded
by the tropped don sxede wlieh vogeires on fecresssd ploses size, As
density is increased the size reguived (or iynition decroases, since
the impact of Lhe Lrapped ion wode becrmas 1esn pronounced.
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There is no quantitative answer Lo the question of whht moximes

(s)

density is sccepteble.  Alse, thoorgtical work ™’ sugoeats thet

# & 20% dér higher may be Sttaineblc, For this analysis an opgratiog

0 3. . e .
10 & 7 s assunsd, This retulils in 2 o 1487

deasity of about 2 x
at 13 keV, a w21l loading less than & :-'.ﬁlznz. ad? an dgniticn size
of 1.25 m. Table 1 sugmrizes the reference systes pyrasaiors

computed fron a time-depondont, self-consfstent simulalion woded,
Jable 1, kefcoonte Porancivi s e e e
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L4 DYRAKICS:

shuwn in Teble 1 repeesent steady
Since the wadel used includes Lhe trapped ion

11/2, the tesperature increases to the point

the heating vate due to therwo-

Figure T

A shows Noovs T, for three different values of magnetic fields.

v\ (,/! LEAAANG .{

The sy:tem size is that given in the table and Z[r = 1A Ae the

temperaivre incrdases, Nigis dominated Tivst by pseudeclassiad],

then by trapped elecivon mode, end finnlly by trapped ion uode
A i

. (6)

diffusien losses,

lhElCﬂuliad

for iyuition is also shown.
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For expple,wiie vhen B. = 4,3 T ignition is atteined at 10 keV, a
therm21 excursion eccurs after ignition since P(alpha) coxceeds Pfloss)
and steady stat is are reached at ~ / .

steady state conditions ¢ i at ~ 15 Ie\u(l C., NTJ pclatlona
|l-{, N swe is a mindwea Tield for ov
1y fgnition . There is a minie w this size device which can
provide ignition. It is about 4.0 T and results in an Hr (operation)

ERRYR
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- e
BN ITES 4 e
curve which is tangedsw to the He (ignition) curve, lote thau fbiis

would cccur at about 13 keV and 2 x ]030 3 which in twrn implics a
. . L . . .
fusion power output of 1200 M. This is aqwmworLant point since it

e f)
means that (asswwing this sca].ng mudo) the m1n1mum pover output

vk

associated with an ignited device of Lh1s siéie is greater than 1000
M. A heat removal capability compatible with this power Tevel would
have to be installed in such a device.

“The system could be operated at a higher field., in the 6,0 T
case, ignition occurs at 7 keV, but the thermal excursion persists
to a temperature greater than 20 keV. This is the result of iinproved
confinement at the higher field. Under these conditions the system

could achieve ignition at a density less than 2 x 1020 m'3. The

. . o i . a4 st
power produced is proportional to Nz so that fgnition conditions «X i

would be compatible witﬁ'a pover'output less than 500 MW,  This, of

“"’) TRA

course, represents a Tow beta aystem; and is iess attractive cconométally.

“Alternatively, & smaller size system could be used to achieve ignition

under high ficld cond1t1cns Figure sk 1 showed that a 1 m plasma
. (RS ;"".r- LS .
radius may be suff1c1ent. In this case the power output would be

630 M when N = 2 x 10°0 w3 and T, = 12 kev,

The ignition calculations above assumed a pure (Z[rF 1) plasma.
When impurities are included, both the ignition requircment and the
system operating characteristics %hange. Figure 4 shows this for the
reference (Table 1) system. Irign {ron is assumed to be the impuuity.
Due to cnhanced raediation losses, ignition aannot be achieved above
ZEFFvﬂ'l.S. This establishes the impurily control criteria which

will have to be met during the burn cycle of the devii:. HNote also

~{sce-Fig.~-4)- that in the second trapped clectron mode Nt v 1/7.-. and

EFF

, . f
in the trapped don mode Nt « ZEF. so that thd confinement cnuructernstncs -

\..-.r. f'k'-dgy.:-. fe '*':
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E cross over after the transition dnto the trapped ion mode,
4 [T Sy e —
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h(.'.ld |4, Ntorequived Tor ionition and .
systew Hr eperating chevactevistics as @
f«mttmn of iL‘m““l afure and various ”"pm ](
(iron) levels .
The desired roactor plasma performance can be attained lut bw 4.3 7,
?0 3 Gt watly 0s
N=2x 10 ,RT1 = 13 keV prpvided that a p]asmanbeta of aJout 0.15
can be stably confined. The equilibria of such plesmas are discussed
in the next section.
IV. FMHD EQUILIBRIUM AND STABILITY
The value of beta in a stable toroidal plemma is i6fluenced by
h)(K . &7 ,8) : ' s
W the plasma cross sectional shape, safely factor profile and toroidal
: current profile. The ﬁonvcnt1ona1 approach to and results of FHD
: equilibria are discussed Tirst and compared to those of the high beta
foang . . s 5
L flux-conserving tokemak (FCT) equ111bvwa.(l’°) .
. fons .9—'-‘(; filvy
Under the assumptions of large aspect : ‘io and nearly/concentric
flux surfaces, it has been shown that © .. = Ais an upper limit-in.
JURERAY :
L 0 : g s . : e ar s
noat ~an-upper-19mits in an axisymmetric cqu111br1u.(9’10’11) If Bp exceeds




N

A}au
L ﬁ 'poleidal field separatirix would interscct the plasma boumdary.

{’L.‘J L’“ . R
Tor ncarly conceniric flux surfaces, the local values of poloidal field

it
s,

~i

strength can be used to relate q, A, BP and 8 as follows,

1 . B
@ = 7B . b= s
i n

i
“Vaawa,
Thésy then implies that beta is Timitcd to 1/q A, which using typical

"./LC/,.:.’.A,T LA"—(;,Q-‘.MM S

values for q and A,yie]ds B~ 11— 5%,

!
!

It has been shown numer1ca]1y that when these assumptions are not

Wbl l-(‘ il (12)
made, Qé &““ equilibria;can exist in an ideal, circular akiiid shell.

.

“Q‘”cﬁ .
Vg,

.

These cquilibria were compuited in the usual way, i.e., the prassure

=2
2
2

3 . -(" " A . -p, 2
fra function, p(}#, and the toroidal digmagneiisn function, F()'), were

e
. t\—

chosen arbitrarily so that reasonable, bell-shaped toroidal current S
o Pt T
aistributions resultcd Do tha Aell LY f'u ( &“‘rw voowh A aLthan
[ e\ . .
PIRS e - {o "‘n)
The high beta pror1los obtained in th.s vuy ‘typically include
Greidiefe

£ reverrcd currents ai small values of R, that is or the inside of the |

" ! PR ""‘ Sl Ca '~ “
plasma cross section. Also,,to prevent q < 1z at the p]smd ceriler {0 .7 u" el |

e ...:.u.'.-..t

satisfy local (Hercier ) stability crltcria as 3 '1creased it is

2

necessary to increase q at the plasmz boundary. This is a500n Tished 5
by increasing BT or decreasing the total plasma current. Because of this,

mte1y decreases. Figure 5

e

as Bp is increased, pf fi) st increases but ultir

I N
-'"s.

shows this behavior for opt1n17cd equilibria, \1Ln D-shaped cross section’,
t.

o e AR O

RN R
The maximun 8(2.5 -~ 5.6%) depends on the shapo of the rurrcnt prof1]c

assumed, but’ occurs at g~ 2.4, Lo, 0 N
wf . p A i I s N

(4) LR (: EAEAENS N

In the same beta optimization calculations it was found 1hatz

there is a limit to increasing beta by e]ongat1ng the plasma. As the

-~

)
elongation is increased, successively more peaked current ppofiles are
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'(,'&
required to satisfy ]ocal stdb111ty crlterna. The increase,an beta
"‘.\ﬁ e u‘-—'\

i obtained from the s]1fht noncircularity is ws uull1f1ed as the curccit

: profile becomes more peaked. The peaked profile enhances the importance
i // EE RN Al r/ 7d

} of the plasma center vhere the flux surfucesﬁrcma1n approximately

ﬁ),xt,_:/.:.' Mrag VAAC T A G
/~concenur1c.*,{wathe h1gh1” elongated cases the periphergl regions of
T AR LA
the plasma are found }o contr1bu-e Tittle to the avq}age beta. A moderate
. t ) '
b_ l thaa, !\ ‘0
elongaton of ~ 1.6 sprovidey the maximum benefit with respect to beta

: within the assumptions used here.

\f{

Next fhe concepir of Tlux~conservation and its impact on attaining

high beta equilibria will be outlined. As described above, high beda

equitibria XZZX calculations conventionally have used relatively arbitirary

profiles for,?(fﬁ and "(y). When heating leads to a pressure excursion

on a time scéje~which is shbrt compared to the magnetic diffusion time,

the toroidal and roloidal fluxes are frozen into the E]&mma. Tﬁefﬁ(%o

i and F({) functions which describe FCT equilibria aréiﬁﬁ?wérbitrary.
Rather ( ) is determined by the heating and transport processes and

(43 ' (/li’fr g“‘“’frrf\(s
'(l) by the requirement that flux be conserved. nlso since, CALde, Alell

" \_., Tn By et F e e
“ /u‘ .é"d“'/-:'d ) 2 ‘;’l // J,[,’ Lo i

the q profi]e eﬂtab]ishcd at low beta will persist during the préssure DACRLA AT

Lo . . . . .
eXxcuosion due to flux conservation. The beta limitations ohserved in

[ 5 Fig. 5 due to the neces$ity to increase q{Vigiter) to prevent q <1
at the plasma center should no longer occur. Numerical procedures have

L AL
been deve]oped(a) 1o preserve q’%ﬁ and-PCb) is increased,
A

A typical FCT equilibrie;sequence where q(0) = 1, q(a) =

. rl’\
. - and B < 018.8% is showi in Fig. 6. In these equ111br1 Anxgk 1t is not




necessory to decreasce the tolal plausa civent ob dnrvedo RT to

e e vy, (= . . .
maintain Tocal stabilily oo Bp is increased.  thus, & unlile the

conventional hggh beta equilibiia, the FCT opsroach permils & to
increase monotonieally with By
| C e b

The FCT equilibria configuraticss do not show “lV()»ﬂ] curientss
hewever, the total plaswma cureent deas increase. It has been estineted

(14) that +he total plasma curvent scales as p1/3. This hos

(5)

analytically
been observed numerically as well. The increased %urrunt in a hich
beta FCT cquilibrium is produced by diamagnetic effects and does not
have to be driven by the ohwic system primary. However, 1;g'po1nidal

f1e1d systen must be designed specifically to arcommodaio tn“vﬂfhl“' .

¢,

ey e
changes in the plasma current distribution and magnitude:” A !ew
4

impedence poloidal coil configuration which can provide the necded

current wave forms during the FCT pulse is required, .

b e, ‘
Oniyblocal stability criters e uL:sl1vd by q{0) » 1 have been

\
addressed. There is experimental cv1dencc;_ Sh high beta plaswas can
(16)

XX .,l,.‘

%y ‘| [ . .
operate stably f“om the belg- p?nﬁl( 5) and SP1CA, There is, nnirh
nongtheless, cons1derab]e effort requived to resolve the nonlocel and
more general stnb111y guestions associated with FCT equilibrie.  lhis

work is under way.




V. "01!]“n‘ FitLh &V51

. /

The high bote vquilibria cosputed in the previcus section were
H

obltaincd veing a Tined boundary M0 code.  In thas mod21 the eddy

currents induced in thc‘shcll which surrowmids the plisua responds te
rhnu3§4;:€%e plosua, wobion.  Tie Oduj cerrents provide the propor equilibrium
shaping ficid, cancel the pU}ciﬁal field which otherivise would exist
utside of the shell, and hav\ @ sum equal lo the plasma current bud”
flow in the oppoistc urrect»on.(% ). The shell can be replaced by a
\
set of disgrete coils in the vicinity of ihe plaswa which produce the

H
I

¢ ddeal equilibrima field patiera. /The~currents-in-the <oils will-be

induclively driven hy changes-in-the-plasma, will-produce -the proper

equilibriwa Tields, vill cancel the flux- (due (o -the plaswa current) <y
which-othairwise. 1n<0ﬁost»ol side-af-the coils,—and ijthavenau LT /i

amp-Lnn toient equal cnd)"uo=1tﬁ to-thal of the plesm-current. ¢ 1he
shape of the current induced in the shell on eitehr side of the "tip"
of ithe D-shaped plasma remaing uvnchanged for large changes in B_and

1 . Thus, the coils on either sic2 of the tip can be lncntcd(ll) to

M

carry equal currents which re dwce;_ the nuwhey of power supplies end
(1l 4, o Lo

the degree of control requirved. irnullvjuihe coils must be placed
; ) a finite distance from the plessa bounda ry and it is found that a
] divertor-like pair of coils must be Tocated near the tips of the D
to reproduce the proper field pattcrn.(ls) Such a poloidal field
system velains the features of the STATIC system(]7’19) but in addition
it is compatible with the equilibriuvi requirenents of ihe rapid changes
of the D-shaped piasma during heating.

The divertor-like coils describad above carry curfents which flow

in the same direction as the plasma cwrrent. The separatrix formed

as a resuft of this can be shifted to the edge of the plasma by making

PN U2 g RS £ e

et &

1
i
3
E
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modest changes in the polnfda] field system. | This divertor
configuration is "natural" Tor D-shaped plasmas. The coil locations

in this case ave dctermined as described above except that the shell
used is D-shaped and has a sharp tip similar to‘the‘geometry of

a separatrix.. The resulting coil system is shuwé'in Fig. 7. Using
these coil 1ocations, typical FCT equilibriium (§'= 0.15) which includes
the natural divertor hasbbeen computed using the free boundary MHD

code and also is shown in Fig. 7. The current required in a divertor
coil is,1.54,1

compared to 1.14 I_ for an equivalent equilibrium

P P
without the natural divertor feature. The current level is small
comﬁared to conventional diverter coil requirements. Since the coils
Al Roaneasualo,
in this systemgmaintain the equilibrium and the separatrix configuration,
the Tocation of the separatrix is fixed when the plasma is centered.
' : LT

The difficulty of controlling the separatrix location smhawid should
be minimized. " |

Finally, the current wave forms in the coils during the pulse
are of interest. The pulse is composed of start—up, ohmic heating,
FCT heating, ignition excursion, burn, and shutdown phases. Start-up
(0 <t <1s) is defined as the time required for breakdown and for
the plasma current to reach about 0.5 MA. During the ohmic heating
phase (1 s <t <2 s) the plasma current raises to its finé] véTue
and a low beta discharge is established. The FCT heatling phase
(2s <t 26 s) is when rapid beam heating occyrs and the equilibrium
evolves in a way dictated by flux conservation. Ignition occurs and
a theriial excursion follows uatil the burn phase is established (10 s =
t <30 s). Finally, the shutdown.phase (30 s <t < 40 s) is entered

and recults in termination of the discharge. Figure 8 shows ‘the
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current time his torlcs in Lhe plasma and the oqu1]1br1um Tield and

W lsat
ohmic coil systcms wh1ch are required to maintain the- FC$ equitibrimm.
during the cycle. The average beta which is also consistent with the
cycle for the pre-demonstration device (cf. Table 1) is also shown
as a function of time. This typical case does not include a natural

divertor. Table 2 summarizes the results.

Table 2
PARAMETERS FOR PDFD REFERENCE CYCLE
Ly

a7 Paxis(® fé;)(%)u Ip,lfg» X Igp p(MA)  Ipp 5(MA) I (MA)
0'8 2.7 0.5 A 4.1 2.43 1.94
1.8 6.4 11 4.2 2.68 © 1.85
5.7 17.3 2.6 4.8 3.60 1.54
11.7 33.6 4.0 . 57 - 5.02 1.06
14,7 4.2 4.4 6.1 5.75 0.82

The conclusion of these analyses is that the high dencity désired'
may well be accessible at moderate magnetic Tield strengths (high beta)
by operating in the flux-conserving mode. The poloidal field system
required to permit such operation is reasonable and, in fact, may

faciliate impurity control as a result of its natural divertor

- configuration.

VI. PLASWA START-UP

The gas breakdwon and current rise phase in a large tokamak will
establish certain design ¢riteria for theigystem. The paraﬁeters 6f
special intereﬁt are voltage and current wave forms, maximum filling
pressure and plasma density, vo]t—secqnd'consumptions, tolerable impurity

level and line radiation, wall interactions, and runaway electron flux.
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Innovative start-up schemes may be vequired for large lokamaks (R; 7
5 meters) because high density operation may need extremely large
voltages to ionize Llhe gas; high runaway electron fluxes may occur;
and large tokamaks arce very sensitive to impurities.

(15-21) has been concerned with

Previous researcii in this area
both gas discharge physicé, and atomic and moleculay physical procaesses.
The mode]lused in this analysis includes these processes as well as
wa]] interactions, runaway electrons, and time-dependent impurities.
These are fncorporated into a set of coupled rate eduations. The
equations are used to compute the time~dependent average values of
the density and temperature of electrons, Hl, 2, H0 g, the non-
equilibrium ionization states of oxygen, plasma current from a circuit
equation, and the runaway e]ectron f]ux.

The model has been upplied to the PDFD reference design (cf. Table
1). For an applied voltage of 50V/turn, which is typical of preseant

20 =3 Lnich is five

tokamaks, and an initial Hg density cf 0.2 x 10
times less than is desirable for high density operation, the density,
temperature, and plasma current stagnate at low levels. This indicates

that much higher voltages are reguired in Targer tokamaks to achievs

start-up, even at relatively low filling pressures. With N20'= i.O X
_ 1020 m’3 and 450 V/turn, the plasma is fully ionized after 14 msec.

However, even a small amount of impurities would cause line Fadiaticn

at these very high densities so the plasma mugt.be kept extremely

pure. | |

The jonization and plasma current 1n1t~=~~ s in ]arge tokamaks
requires very large applied vo]tagcs and Tow impurity levels. = Runaway
electron creation nay be an important effeci. Research is required on

small radius and low density stari-up methods,

e AT A T L e e £ o SR ..4--.-..-17,,E..g?-.-.v,,\.. o
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VII. PLASHA HEATING

The fundamental aspects of neutral beam heating during the plasma
start-up are discussed in this section. The suppicmental heating power
level necessary to achieve ignition in the refefence system in about

6 s is Tound to be 75 MW. This calculation is based on energy balance

20 m'3) and does not

considerations using the final density (~ 2 x 10
include the problems of beam penetration into a dense plasma. High
density and high impurity content make penetration into a large plasma
increasingly difficult. Beam focusing, perpendicular injection, and
high beam energies may be necessary to overcoms the penetration problem.
Small radius start-up and Tow density start-up may provide other means
to solve the problen. Here the concept of Tow density start-up, which
has previou$ly been suggested(zzfzs)'is outlined.

Beam deposition can.be characterized by the function H(#) whick
was first introduced by Rome et a]'(24? H{r) is a geometric measuri.
of the deposited fast ion number density profile which resuits from
injection. It is desirable to have the becam deposition peaked in ths.
central region of the plasma for maximum heating efficiency. In
these caiculations & deuteron beam, 30 cm in diameter, is assumed
to be injected into a ZEFF =1 p]asma._ _

Figure 9 shows the deposiiion profiles for several different beam
energies. In these cases injection is nearly perpendicular (160 from
perpendicular to prevent ripple trépping of the fast ions), and the
density profile is essumed to be I = 3 x 1020 (1 —-(r/a)z)m's. Adequate
penetration can be achieved in this way if a beam energy of ~ 250 keV
can be made available. Impurity effects dictate an every higher energy.

High density and temperature are required at the ignition point

. h .
where the heams are no longer needed to sustain the pgasma energetically.
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It may be possible to estublish the temperature conditiens at low

density, 1'ncrease.the 1’t»é]il1g rate to build up the necessary density
whiie continuing injection, and tolerate the less favorable injection
profiles which will occur near the end of the heating power. Figure
10 showé H(r) for 150 keV tangential injection into average densities

19 . s e s < X .
n 3. The injection deposition profile is

19 3

of 7.5, 10, and 20 x 10

favorably peaked when N = 7.5 x 10™7 cw °, is relatively flat for

3and becomes peaked at v/a = 0.75 when N = 2 x 1020 3,

20 w3

N=1x 10?0 m
Therefore, heating efficiency will decrease when N > 1 x 10
but if this part of the heating cycle occurs over a time on the order
of an energy confinement time, thé\fss efficient heating process may

well be tolerable.
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Figures 11 and 12 show the time-dependent density and power
histories during heating. Initially N = 7.5 x 1019 m”3, T =100 eV,

and P =75 M. Att=2s, Ti = 12 keV; and the fueling rate

becam
is increased to begin the density buildup phase. The plasma ignites
and beam injection is terminated afier t = 4.4 s. Density buildup
occurs over a period of 2.4 s, and the average encrgy confinement
time during this phase is Te % 1.5 s. Energetically this scenario

is feasible since 75 M is sufficient to heat the plasma to ignition

at full density.

. e .
P S0, FUU UV S PR

-—‘" .
AL
A
¢ -
- i
r PR S M S N SO SR SR - ”'
1 0.0 6.0 [N S X I S TN T W R
-t -y - NS 4 X
i TiE (5E0) -
e o
S FIGURE 1), . Plasma density builden during ..
- _lm-.' denvily start-up procedure, ot
N 1
¢ - I ) o
-1 POMER (H) i
-1 0z 10 v
|
H
-
0.3CT 10
0027 10 - v :
e ey
X M
Y A T3 B v
.[ T (B.C)
l.- : : H
L T ..._.._-w e - _.,’
,U!clfl'!.ihi?. Punfon poos entint @ eing leus ;
Fority el wup . -y .. N T

b

{

[RUEURIRSSERP RS

s e,

AT SRR A Ve 8t -



N

19

In fact, more detailed studies of the Tow-densitly appracch
using a coupled beam deposition-spatially dependent transport
calculation are nccessary to optimize the start-up procedure. Also,
as the flux surfaces shift when high beta is attained, beam penctration

should improve.

VIIT. CORCLUSIONS

There are incentives for high density operation in a tokamak
reactor. Several features of a PDFD which will demonstrate the
fgasibility of attaining sﬁch operation in a flux-conserving tokamal
were described. Other key aspects such as fueling, impurity control.
and the effects of magnetic field ripple were not included here.
Suitable high beta equilibria were found and a poloidal Tield system
design compatible with the equilibria was developed. The natural
divertor configuration inherent in the system led to including a
poloidal divertor in the PDFD. The start-up analyses showed that
further innovations are required unless very large voltages are applied
to achieve breakdown and to establish the plasma current. Neutral
beam energies of & 200 keV were found to be necessary when the
plasma is heated under full bore and fuil density conditions. - A low
density start-up procedure was outlined which, if feasible, suggests
that beams with ;nergies simifar to those being developed for TFTR
may be adequate to achicve ignition in the PDFD. Successful 6peration
of a PDFD of this type will lcad to high power density, high beta
fusion reactors of reduced physical size. These features, in turn,

enhance the poésibi]ity of attaining economic viability in the tokamak.
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