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ABSTRACT

Nzsutral beam power and 2=nergy csquiremants arz compared for " Ffull
density full bore and expanding radius stactup 3sc2narios in an
a2lonzated plasma, Tne dNext St2p {INS), a3 a fuaction of o=2am puLSe time
and plasma dansicy. Bacause of cthe similarity of paramaters, tas
results snhould also bz applicable to £aginzering [est Facility (EIF)
and International Tokamax Rsactor (INTOR) studiés. A transport modzl
conéistlng of n=oclassical 1ion conduztion 1iand anomalous =21lsctron
conduztion and 4diffusion bas=2d on "ALCATOR scaling” leads to averaze
densitias in the ranze <n> ~ 9.3-1.2 x 12 op-3 being sufficieat for
ignition. N2utrai deuzerium beam =2n2rgies in the rangs 120-13) eV ara2
adequate for p2netration, witn the regquirsd power injected into thne
plasma decresasing with incereasing beam 2nzrgy. The neuteal b2am powar
decreasss stronzly with 1pcreasing beam bulse lengthn L uatil ty
axoeeds a  fa2w total e2nerzy confinement timss, yizlding bb =.M-5 3 for
tn2 T3 plasma. [n addition to aVOLGing skin eurrodnt eoffacts and
possibly allowinz for a more impurity-free plasma initiation, tn=
sxpanding radius sc¢enario has slignoly raducad veam eacrgy zad/ar powar
requiremants. Wa2n tne expandiag radius sceniario i3 extead=d to z2ven
larger powz2r r2actors, a aeutcal deutaerium beam ensrgy of 133 =V

remains sufficisnt for p2nstration.



1. INTRODUCTION

The staftup of a toxamak reaztor plasma can be divided 1into two
genaral phases. Firsc is an initiation phase in which global analyses
have beea used to obtain 2stimates for the appli=2d toroidal voltazz as
a function of the nzutral gas filling pressus2 _1-4]. Thz associated
pow2r requirements for ionization of the plasma have alsu b22a made
with this cype of analysis. gstimates of 50-130 V naVE'baan obtained
for the rzquired toroidal voltagzs in tha Tokamak fusion [est Reactor
(TFFR) 3] with =ven higher estimates for reactors _4]. Microwave
breakdowa and prehesating the electrons n=2ar the alootren sycluilron and
upper hybrid frequancies have been proposed as 1 means of reduzing thne
peag voltage and power requirem=nts during thé inittiation pnase .3].
At the 2nd of the first phase, thera should be cnough Luroldal current
in cvhe plasma to produce clossd magneﬁic flux surfaces and to provide 3
r2asonable amount of onmic hneating to maintain th2 plésmd. Tae
analysis presented her= 2oagsatrates o Lhe s2e0nd  phasz of startup,
‘during waicn the plasma current, density, tempzrature, and size are
brouzhit to LZaition conditioné.

Tn2 onz-dimensional (1-D) tokamak transport nad= WHIST io used wu
follow‘tne avolution of desnsity and tempzrature profiles in response to
varying neutral beam energy and power levels. A brief summary of tas
pnyéics models is presented in 3ection 2. A more thorough discussion
of the esquations and algorithms is =ontained ian a companion r2port .5].

The mod=2ls in th2 WHIST code are also discussed in work on the analysis



of tharmal stability .7], the impact of poloidal divertors .3], and thsz
effects of fusling profiles  19] in tokamak reactor plasmas.

[n Section 3 a2 sa2ries of parameter surveys for startup of a TNé
plasma iLs presented. Tnaée results should also be relevant for
analyses of ths tokamak &TFf and studies of the IAZA-spoasored INFbR
pecause of thz similarity of mazhins parameters. S=ansitivity to
neutral besam energy, power, and injection tims is =xaminad. Ta2
affects of plasma density and limited variation in the transport model
are also diszussad for both full borz and =xpanding radius s22narios.
The applicability of an expanding radius scenario to starctup of a large

powz2c-producing tokamak is briefly pr2sented in S=ction 4.

2. THZ TRAN3PORT MODEL

Tne 1-D fluid equations and physical models used in WHIST for tnis
analysis are fully discussed in Ref. .53]. The 1-D fluid eduations are
tnoss zZiven by Hogan _10], but thney nave been génerallzed for multiple
ion species in the mannar pressented by dintoa and Moore _11]; i.2., th2
en2rgy balances for -all tharmal ion species are summed to obtain a
single =2enerzy bvalance for all thermal 1ions at the same fluid
temparature. [ne spatial differencing in tne WHIST codz conss=rvas
particles and =2nergy on a nonunifoem spatial wesh wﬁiLe the tim=
diff2rencing is treated implicitly to ensure thz numerical stapility of

tne stiff equations .12].



I'ne plasma is dividad into two radial zones: a plasma zone in
which the magnetic field lines form closed magnetic surfaces and a
scrape-off zone in wnich field lines connect to a material Llimiter or
maznatic divertor. I[n th2 plasma zone, ths multispecies particle and
energy fluxes of Hinton and Moore .11] are usad as the basis for
naoclassical transpoft in the banana/blateau regime. In addition to
the na2oclassical expressions, anomalous contributions are addad to the

parﬂicle and 2lectron nesat fluxes with a diagonal moﬁel, i.e.,

= o _pnhe
QJ‘ - VOQJ
nc an or,
W= W7 - X 5
ac an an
FJ = Fj D o™
x@“ = ———l—r— cmg/s
niem~ %)
DI = ¢, X, em®/s

wasre (y =1, Gy = 2.25 x 1017, and G, = J.2 are us2d in this analysis
unless otnerwise noted. Th2 subseripts j and =2 desighéte ion 2and
2lecteron species, respectively. gstimating Xe from global eLectronv
énergy confinzm2nt with the relation Tag (az/uxe) Zives valuss of Cy
in the range 3-7 x 10'9 for ALCATOR ©13], the Impurity Study Zxperiment

{I3X-A) 18], and the Princeton Larze Torus {PL[) .15] onmically neated

plasmas. [ne inversz density dspendence of Xe Zives improved electron



enargy confinzment with increasing density, as has been shown
2xperimentally. further improvement in electfon energy confinement
with increasing temperature has been suggested in neutral-beam-heatéd
PLT plasmas _15] but has not been incorporated into this analysis.

Tne model of Mz2nse and Emmert .3] is usad for branéport in the
scrape-off zon2. Radial diffusion and electron and ion conduction are

all assumed to be Bohm-like:

Particle and 2n2rgy losses due to flow along the magnetic field linss
are evaluated self-consistently in terms of parallel flow rates and the
buildﬁp of a1 sheath potential at the limiter/collector plate. Tne
characteristic distance along a field lins that a particle must travel
pefore being intercepted by the limiter/collector plate is evaluated
from the magnetic field topology. For a wiQe scrapé-off zone, the
» solution of the particle and =2nergy =equations in the plasma is
insensitive to ths boundary conditions applied at the champer wéll
becauszs radial flow of particles and enzargy from the plésma is balanced

mostly by parallel flow loss in the scrape-off zone.
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The ionization probability of wall-emitted impurities is typically
very nigh in thes scrape-off zone for th2 startup calculations presented
in Section 3. In a 15-cm scrape-off zone, the typical 1ionization
probabilities of 20-eV carbon, oxygen, and iron =2mitted isotropically
from the wall are 93.3%, 93.5%, and ~100§, respsctively. Thus, if the
plasma is kept free of impurities during'the oreakxdown phase and the
divertor officiently collects the impurities ionized in thz szrape-off
.zon2, the plasma should remain clean. Tne calculations presented in
Sszotion 3 drésume impurity-frez operation during thel entira startup
phase. Radiation loss=as are 2ssantially due tov hydrogenic
bremsstranlung and ionization of the n2utral hydrogen gas. A limited
amount of low-Z impurities should not affect the results significantly
pecause thay would bacome fully jonized during the bzam-heatinz phase.
dowaver, nign-Z impurities must be avoided.

Bacause the scrape-off zone 1is very wide, the 1ionization
probability of neutral hydrogen is also very nigh in the sarape-off
zonz., For tne same case presented above, the ionization probability of
neutral hydrogen of 5 eV emitted isotropically from the wall is 384 in
the scrape-off zonz. Tnus, gas puffing from the wall would put a very
aigh particle load on thz divertor and would also b2 a very insfficient
fuzling m2thod. [n the =2zpanding radius scenarios (fixed major radius,
increasing minor radius in this analysis), thz scrape-aff layer is sven
Wider than that for the full bors scanarios cited abova. In some cases
2s8sentially no wall-emitted n=zutrals reacn the plasma Dbafore being
ionized. For this reason we specify a source of n=2utral gas at the

Limiter radius in our expanding radius scenario; i.e., w2 require a



material limiter. Oth=2r alternatives would be to us2 psllet injection
to penetrate thz cold scrape-éff layer or expand the plasma off ths
inside or outsidz wall of the chamber (vary the major radiu$
simultaneously with th2 ainor radius). SPUDNUL 17} is wused to
zalculate tne ansutral gas fusling profiles with ths source at thz wall
in full bors scenarios and at the limiter position in expanding radius
scanarios.

Bacause ncsutral Dbeam depositidn calculations are a gritizal part
of beam-negbing analys2s, the deposition profiles for the routin= BZAM
us2d ia WHIST ware banchmarked against FRIYA {Monts Carlo-?rinceton
Plasma Paysics Laboratory) 18] and HOFR (analytic-0RNL) -19] routines.
.rne penchmarx calculations showa2d excellent agreement for varying D=2am
injection anzle, =2nergy, plasma size, and finite beam size in plasmas
witn <2ircular c¢ross sactions .20]. BZAM aas approximate corractions
for noacircular geometry and flux surfaczs snifts at nign B, Dbut thes=
affects ware not includad in the benchmark calculations becausz of ths
lack of availanla codzes at the time. A varsion of FREYA has since ba2n
nodified to incorporate tha affacts of noncircular plasmas and flux
osurfaos shifts _21]). In 21l of the calculations presanted in -Sectioas
3 and U, w2 use nz2ar-parpendicular injection (12° from p2rpendizular)
in thé plasma midplane with a bzam radius of 12 cm. Only deposition of
the full en2ergy component is considsared, and all powzrs ref2r to tha

pow2r in the full en=2rgy component dsliverad to ths plasma.



Faraday's and Onm's laws are combined to obtain a czurreat
diffusion =quation. Neoclassical resistivity is used =2ven though this
cesults in the formation of skin currents if the current ramp is st.'ong
snough during startup and tne plasma radius is fixed. The =xpanding
radius scenario reduces or eliminates skin current formation, as
suzgested by Dﬁchs at al. [22). In our opinion the lack of a ékin
curcant in expariments is more likely due to radistribution of current
by magnetohydrodynanic [MHD) tearing mode acztivity :23-2415than to
anomalous parallel resistivity. Th2 elimination of skin currants
during startup with a moving limiter, then, does not n=cessarily redﬁce
resistive volt-second requiresments but does reduce contéct betwsen tha
plasma and limiter during disruptive redistribution of skin zurrents;
thzrafore, it should raduze the potential for coatamination of ths
plasma during startup.

In all of our calculations, the spatial grid is fixed in time.
Wazsn th2 calculations indicate that thez prescribed mavement. of the
limiter/separatrix has passed 3 spatial zone, tha parallel lasas terms
ar2 removed from that spatial zons, and a skin current element is added
in 1accordance with thz préscribed rate of currant rise. In this way
tnz plasma zone 1is inzreased in size stepwise, and there is a
cofresponding stepwisa increase in the total plasma currant.
Illustrations of the algorithm are containad in Ref. "3, Far  Lha
calculations of Sections 3 and 4, the curreant is rampad linz2arly in
tim2 and the radius 2xpanded in such a way that ths safety factor q at
tnz Limiter ramains constant. ats is similar to the

constant-of-expansion model of Duchs et al. .22] and Girard et al.



“25], although MHD analysis may dictate that gresater shzar is
desirable. Some current diffusion ozcurs during the expansion phase
such that shear is gradually introduce=d even thouzh q at the limiter is

2onstant in time.

3. NSUTRAL BEAM ENZRGY AND POWZIR RZQUIREMENTS FOR AN IGNITION DEVICE

[n2 physical dimensions and parameters of the ignition-sizad
plasma shown in Table [ are thoss of th=2 0akx Ridge TNS design. The
toroidal magnetic field for this study is 4.2 T, althouzh it is nigaer
in the bass IN3 design _25)]. The startup results presented hers .are
ins2nsitive to the toroidal maznetic Ffield but ars somewhat more
s2nsitive to the toroidal current becauss of thes na=2oclassical ion
2onduction model. A hnigher magnetic field does, howaver, providz a
greater marzin for MHD bata limits.

Tne full bore soa2narin ~alenlatinna sahart with a2 20ld plasma at
full density, toroidal current, and sizs. The =2xpanding radius
2alculations 'start with nalf the final plasma radius (i.e., on2 quarter
of the final plasma volume) and 1 MA of toroidal current. Th2 curreant
is incr2asad linearly in time to 4 MA over th2 sams time ‘interval
during waich the neutral beams are applied. Hzneez, tb is used to
denote both the expansion time and b=am-h2ating time. The radius 1is
also inecreas=d during tb, such that thes cross-sectiongl aresa incrsases
linearly in tim2. The current d2ansity is added uaniformly, and becauss2

of tne choice of initial and final siz=2s and curreats, the safety
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factor q rgmains constant at the Limiter; As the plasma is increasad
in size, tne average plasma density is maintained by the neutral beams
and the addition of cold fusl via zas puffing at the limiter. Only th=
full energy componeant of the bzam is used so the impact of varying beam
energy can be clarified. Tne beam powaer is the pow=r dzlivered to the
plasma and thus does not include neutralization =fficienecy. In fact,
the extracted iPEGHGUtPaliZibLQn) powar requiraments may increase with
increasing energy .271].

Figure 1 illustrates the impact of n=2utral beam energy on the peak
and average 1ion temperatures for full bore and =xpanding radius
scenarios after 1.5 s of n=2ating. In all casas th2 total amount of
energy injescted is 39D MJ. As th2 beam energy i3 increasad, the average
ion temperature increaszs slignatly. I'his indicates that the total
snergy content of the plasma at th2 and of the heating phass bacomes
aigher when highar beam energzies are us2d. The peak 1ion temperature
increases mors rapidly than th2 averagze, snowing that the beam
deposition becomes more centrally p=aked as the beam energy té raisad,
T'he - more pe2aked beam deposition and ion temperaturss lzad to loager
confinamant of the enargy. ﬁone of thes2 c¢asas are near enougn to
ignition for alpna heating to bes significant. Tne 2xpandinz radius
cas2s are only sligntly notter than the full bore cases, indicating a
modest  inorcass 11 the heating =fFflcvizucy for the 2xpanding radius
2as2s for a given beam energy. On the otaer .hand, a somewhat lowar
bzam energy could be usasd for the expanding radius scenario Lo azhieve

th2 same finial plasma zonditions as in th2 full bore sce2nario. Th=
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better peaetration in thz initially small plasma is offset somawiat by
3 decreass in the confinement time becausz of the smaller siza.
Bzcaus2 injection is nearly parpandicular te the magnetic axis (iﬁ
thz ‘co" direction), ths beam path inﬁersects the wall after one pass
througn the plasma. ~Figurs 2 shows the fraction of the beam taat
passes 2ntirely tnrouzh thes plasma wiﬁhout being ionized. Setting a
constraint on tne maximum allowable ansutral beam flux on the insid=s
wall ssts an upper 1limit on tane allowable nsutral beam enerzy for a
given plasma density. The small initial siz2 for tae expanding radius
scenario allows 10% of a 159-%x2V D° beam to pehetrate to the inside
will when th2 volume-averagsd plasma deasity is <n> = 3 X% 1313 cm's.
As th2 plasma radius ‘is doubled, this loss drops to 2.5%. If tne
initial plasma density is even low2ar bazauss2 of eitaer thz
attrastivaness of Llow density startup or physical limitations on tne
achievable dansity, ne2utral deuterium b2am energies greater than
150-kaV 0% become unacezptadble for near perpendicular injection in the
expanding radius scenario. Beam orientation tangential to - tae insids
wall of the Lorus is traditionally usad to help prevent overpenctration
of the bzams in low dehsity plasmas 1lu additioa %o redusing orhit
losssas. Fast ion orbit loss2s in this d=zvice should be small [27].
for tne r2maindzr of this study, w2 usz 120-keV D% beams for the
axpanding radius scenarios and 159-k=V D° beams for thz full bora

sc2narios. Examination of #ig. 1 shows that th2s=2 two sz2narios hnave

aquivalent n=ating =2fficienzies.
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‘Low density startup scenarios have been proposed as a3 means of
reducing beam energy and power requirements, but thzse scenarios have
tneir greatest success if confinement losses decrease with decreasing

plasma deansity as with classical or ps=zudoclassical transport models

25, 23]. Figure 3 shows that thz p=2ak and avesrage ion temparatures

required for ignition increass sharply at low plasma density because of
thz anomalous increasz in 2lectron conduction and zonvection logss=2s at
Low density. Plasmas with volume-averaged density at the end of the
nzating phass of <n> 5_1 X 1013 cm"3 will not igaite no matter nhow hot
they are wnen the beam; ar; shut off. It must be =mpnasized that thnis
cutoff is sensitive to variations in the transport models. Ignition is
da2fined by turning off the b=2am heatinz and obsarving whether the
plasma quzach2s its2lf or manages to sustain itself on ensrgy iLaput
from ths fusion-produced alphas. Taz temperatures shown in fig. 3 are
gnarasteristic values of both full bore and expanding radius scanarios
~at thes time the beams are turned off. Tne density at the end of cthe
'heating phass may be reached by ramping from some lowsr valus (<n>_i 5
% 1013 cm_3) walle heating the plasma. This could possibly raduce beam
enargy and/or power réquireménts t21, 291, |

Perhaps th= strongast controllable influence on ths beam power
required to heat a plasma to ignition is the beam pulsz length 23],
Figure Y4 snows th2 pnwar in the full snsragy ocomponcnt nesded to reach
ignition in a given time for volume-avaraged densities in the range

1" a3

{a> = J.3-1.2 x for a full bors startup. For very short -
startup times, coanfinament losses become negligible, and the stored

snergy of thsz plasma aust be attained with higher power pulsss suzh
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that Pb « tg‘ (see Fig. 35). For very long startup times, confinzment
losses dictate a minimum pow2r that must be supplied in order to reacn
ignition. Ths total 2nergy supplied during tae pulse th2n increases

t,., as shown in Fig. 5. Th2 total energy confinement time for thase

" 2as2s is in thes vicinity of 1.5 s. Onece the beam pulszs length exczeds

b

o

a few Limes the total -en2rgy confinement time, the beam ow=ar
raquirements ars ess2ntially ceduced to an asymptotic level.

Note that the power ra2quired for ignition, as shown in Fig. 4, is
fairly insensitive to th2 plasma density. Tnis is further illustrated
in #ig. 5. At very low plasma density, the 1increase in anomalous
slectroa conduction and convection lossss and the decr2as2 in thsz
fusion rate lead to an increase in the powsr required o rs2ach ta2
ignition temperature. For <n> < [ X 1013 cm;3 Wwith the bass teansport
model, nz2ither full bore nor expanding radius cases would ignite. At
thz hnigher end of tnz2 densities examined, d2am penetration is reducad,
and tnere is simply more plasma to heat. Tness two effects ars not
offset by the raduction in the anomalous loss2s. Also shown in Fig. 5

are some individual cas2s where the coz2fficients of the transport model

]

wers variaed. With thé modest variation shown here, the deam powar can
vary from ?b = 35-30 MW. I[f tan= anomalous losses continuz to d=zcrsase
with increasing ele2ctron temp2rature as indicated by PLT b=am-heatinz
expariments _15], the power requirements are exp2cted to lie at th2

low2r end of this range.
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Tne expanding radius cases with &, = 120 keV and the full bore
cases with Eb = 159 eV have essentially identical power requirements,
ia fact which is further illustrated in Fig. [. If the beam energy is
reduced to 120 eV for the full bore cass, the power requirement is

increased in agreement with the scaling Eb * P, = constant shown

D
analytically by Scott and Snsffield _30] and also numerically by Holmes
et al. [271].

T'h=2 bzam debosition profiles for all of thess scenarios are peaked
on the maznetic axis. The beam en2rgy deposition per unit. plasma
volume, denoted by H(r), is shown in Fig. 38 for a typical expanding
radius scznario with Eb = 120 eV and <n> = 1014 em™3. The beams are
turned on in the interval 0.5 f_t 5_4.5 s, and the plaswa minor radius
is doubled in size. Tne deposition profile goes from very strongly
peakad on axis to only moderately peakad as the plasma reaches full
slze. Figure 9 illustrates thz evolution of current profile for this
same case. During ﬁhe first 0.5 s, thne plasma currant is rampad %o
1 MA while the plasma radius is maintainad constant {a = 32,5 om). A
noticeable skin currant develops because of th2 neoclassical model for
rasistivity. As mentioned eﬁrlie;, resistive tearing mode activity
would effectively cedistribute this skin ocurrent .23, 24]. As the
plasma is expanded to full size, toroidal currsnt is added at the

surfacs and essentially frozan into the plasma by the beam heating.
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4. EXPANDING RADIUS STARTUP OF A LARGE TOXAMAK RZACTOR

G;rard st al. -25] appliad their expanding radius analysis tb
large systems witn a scenario ver} similar to the on2 presented in
Section 3 of this r=2port; i.e., the expansion and h2ating phases wersa
simu;taneous. For a macaine with only a relatively modest margin for
ignition, tans full size must be r2ached by the 2nd of th= heating
phasa. However, in an 2xpanding radius scenario for a much larger
devica, th2z b=am h23ating pnass may oe terminated befors tne full size
is reached, and 3 much mores dramatic reduztion in beam energy aand powar
requireménts 2an be realized.

A startup scenario basad on this principle is shown in Fig. 1.
In Phasz [ the plasma is initiated in some small ragion of the torus,
and thz currant is ramped to an appropriate level dstermined by the
desired safety fastor q. In Pnase II the size and z2urrant  acs
iazr2as2d simultanzously Lo avoid s¥in :urrents{ 1nd som2 h2atiag is
ippliad to reduze resistive volt-second 1lossss and fresz2 in  ths
sucrentb profile. At tns 2nd of this phasz, an igaition-siz=2d plasma is
attained, i.e., one that meets th2 criteria of naving enough currant to
confine fast alpna particles and is larze enough to ignite. During
?nase [II neutral bzams are turned on to h=2at the plasma to iznition.
Finally, after the beams are turned off, =xcess fusion pow2r from the
core i3 us=2d to neat cold plasma at the =2dge while the size and 2urcent

ar2 ramp2d to their final states.



16 -

Tnis s22nario was tested with th2 machine parameters shown in
Tables II and III. Tne dimensions are essentially doubled from those
for TNS given in Table I. The neutral beam energy was chosan to bs the

same 3as that foe the full bore startup scenarios in Ssction 3, i.e., EQ
= 150 kaV.

Ta= plasma ignited <easily with ?b = 130 4W applied for 4 s during
Pnase [II. Th2 higher power requirement is due to the wmuch larger
plasma volume 1in this device ¢ompared to the TN3 plasma and could
probably oz reduczd with a Longér beam pulse. Figure 11 shows that as
the limiter 18 withdeawn during Phase IV, ths conduction and convection
loss=2s from the plasma core heat the cold fusl added at the plasma
edze.

If control of an expandinz radius sc2nario is feasible, it can be
used to great advantage in a large power reactor: the n2utral bzan
ena2rgy caquired do2s not increase bayond that for an ignition davicze

such as INS/EL7/INTOR.

5.  SUMMARY

N2utral desuterium beam energies in the range Eb = 120-150 «keV
provide sufficient penstration for startup of an iznition-sizad plasmi
if beam orientation is nsarly perpendicular tb tha- magnetié axis and
average plasma densities ars limited to <n> = 3.8-1.2 X% 108 qm'3
‘during startup. In addition to reducinz tha potential for skin curcznt

formation durinz startup, an expanding radius scenario allows a modest
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reduction in beam energy withou:t sacrificing beam penetration. B=am
pulse time of ths order of saveral energy confinement timnes minimizes
beam power requirements for startup. An expanding radius szenario ma}
hold its greatest promise for startup of a very large powsr reactor:
beam eanerzy requirements may not need‘bo be incresased peyond thz snergy
r2quired for startup of an ignition-sizad device.

As this report was 1in its final preparation, an additional and
possiboly pessimistic effect on beam pow2r requireménts came to our
attention from two separate sources i31. 32]. W2 have used 3 classical
model for deposition of thz fast alpha enerzy in the ion and =zlectron
fluids. At rouzhly the ignition temperature, the coupling betwesn ions
and 2lectrons becomes wsak, and the ions egsentially allow the plasma
to 1ignite by decoupling from tne lossy electron channel. If alpna
en2rgy deposition in the zlectron fluid is ahomalously nigh, it can be
much mora difficult to ignite the plasma _31] wails aﬁomalous transfar
of alpha energy to the ion fluid can greatly reduce power requirements
~321. Bvean if the thermalization 1is <classical, alphas may bDecome
trapped in ths toroidal fizld ripple and drift out of the plasma befors
becoming ‘completely Ehermalized. Bacause most of th2 2nergy Lransfar
to th=2 1ion fluid occurs at the =nd of the alpha particle
thermalization, th2 1ion fluid suffers a proportionally zZreater ensrgy

loss than the 2lectron fluid -33).

-
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Table I. Parameters for ignition plasma

Major radius 4 Ro ' 5.0 m
Minor radius a 1.25 m
Ilongation b/a 1.5
Toroidal field at Ry B, | R
Plasma curreat Ip 4.0 MA

Table II. Parameters for a largs power reactor

Major radius Ro 10.0 m
£longation . b/a 1.5
Toroidal field at R By 4.2 1
Baam energy (D°) 3y 150 eV

Fable [[[. TIime-varying paramzters for a largze power resactoc

Phass
Parametapr [ L ITL
a () 9.52 J.52-1.4 1.4 1.4-2.5
[,{MA) ~2.0-0.5 9.5-3.0 3.0 3.0-3.0
is) 2.0-0.1 3.1-2.0 2.0-5.0 5.0-12.0

PD(MW) 2.9 0.9 139.0 2,0
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FIGURZ CAPTIONS

fig. 1. Highar b=2am energy providss better panztration {near
perpandicular in th2s2 cases) and more 2fficient n=2ating for the same

net heating power.

Fig. 2. Tae fracstion of beam powsr that pass2s tnrougzh tha
plasma 1increasss with beam energy. This is a more severa problem with
th2 small initial plasma size in the 2xpanding radius sz2nario than

with tnz full borz scenario.

©ig. 3. Tnz ion temperature required to r2ach ignition increas=as
stronzly at low plasma density because of thz increas=2d anomalous
electron conduction 1lo3ses and the decrzasz in tnz fusion powsr

produztion.

fig. 4. Tne b=am power required to iznite the plasma de2reasas
stronzly with in2rsasing b2am puls2 lenzth until tae pulse leazth

axceads a f2w zglobal ensrgy confinemant times.
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fig. 5. &ven thougan the required bpeam power decreases with
incrsasing beam pulse length, the total amount of requiresd beam energy

during the heatingz phase increasas almost linearly with pulse lenzth.

fig. 3. The mianimum power raquired to h23at tne plasma to
ignition for a fixed beam pulss lenzth is relatively iansansitive to

plasma dsnsity in the range 3 x 1013,g <n> ¢

-

1.2 x 10 o3,

Fig. . An expanding radius scenario with 120-%eV neutral
deuterium  beams Zives heating efficiencies =2quivalent to a full bore
sz2enario with 153-k2V neutral deuterium beams. Taere is a net savings

of about 204 in bzam power or 2nargy for the expanding radius scenario.

Fig. 3. The b2am deposition profile is plottad 2s a function of
time for the expanding radius scenario with 120-keV n2utral deuterium
peams orientéd at  12° from perpendicular. Tne uaiform deposition at
th2 end of ths heating pnase'is indicative of H(r) for 120-keV bz2ams in

the full bore plasma.
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Fig. 9. ivolution of the currant density profile for th2
axpanding radius scenario. In the first stage th2 current is rcamped to
1 MA 1in 0.5 s and a skxin current foras. AS the plasma is expanded to
full size, the current is rampsd to 4 MA, and simultaneous beam n2ating

"freezes in" th=2 current profile.

Fig. 10. Schamatic 1illustration of a aultistaged startup of a
large power-producing bokamék reactor. Thz valu2s of the paramneters

for the example case during eazh phass ére shown in Tabla IIT.

Fig. 1. gvolution of the ion temperature profile during the
multistazed startup of a large tokamak reactor. In thz final stage th2
beams are turned off, and fusion alpna heating is us=sd to heat incoming

cold fuzl as the plasma is expanded to full size.
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