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Abstract
t

Centrally peaked profileswould be advantageousfor tokamak reactors since
the pressure and the bootstrapcurrent wouldbe peaked in the regionsof intense

reactivity.We use the TRANSP plasmaanalysiscode to investigatethe feasibilityof

fueling with neutral beam injection. We show that for certain conditions,neutral

beams with energiesless than 120 keV can penetrateintothe coresof plasmasthat
have a largethermonuclearyieldandQDT~10. Thisvalue of QDTis tOOsmallfor an
economical reactor if the neutralbeaminjectionis the onlyfuelingsource. We give

examples forseveralproposedcompactprototypereactordesigns.
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Introduction

In certain conditions,neutral beam injection(NBi)into plasmas with controlled

recycling results in supershots1.These are characterized by peaked density profiles "
and high central ion temperatures. We discuss the potential advantages of NBI

fueled supershot-like plasmas in tokamaks operating near ignition. The goal is to *

investigatethe feasibilityof these plasmasto aid in the design of future advanced
tokamaks.

NBI has been very successfulin advancingtokamak plasmas close to ignition

conditions. The primary benefits of NBI are heating and particle fueling, but the
plasma currentsgeneratedby the beam ions are also of considerableinterest.The
optimalNBI energyEB for the beamionsdependsonthe desired role of the NBI. For

central particlefueling, EB should be low to maximize the particle current at fixed

injected power PB, but high enough to penetrate to the core. For _ and current
¢[[J.Yg.,higher EB is preferable for deepest penetration. With the standard positive ion

beam technology, the neutralization efficiency becomes too low for useful power
densities if EB is significantly greater than about 120 keV. Negative ion beam

sources would be useful for heating and current drive at very high EB (500 keV or

more), but the fueling rate of NBI is too low be practical, lt seems generally accepted
that future tokamaks which operate closer to ignition will have to be fueled by means ,
other than NBI since it is argued that the beams with low EB can not penetrate

deeply into the dense plasmas of interest.

We show that contrary to this belief, for certain plasmas which are close to, or at
ignition conditions, D and T neutral beams with EB < 120 keV can penetrate into the

core. This offers potential solutions to some of the challenges for ignited plasmas.
For instance, the NBI sources of D and T in the plasma core might keep the Zeff low

by displacing impurities and the He ash. If the core fueling rate is 10 times the DT
fusion rate, and if the He concentration is 10% of the fuel concentration, then the He

might be displaced by the NBI ions along with thermal D and T, maintaining a steady
state. Also it may prove difficult to replenish the fusing D and T if the inward pinch

velocity is small. Pellet injection may be too disruptive for steady state ignition. Also ,

pellets will not penetrate deeply when the electron temperature becomes too high.

Unlike pellets, the NBI penetration does not decrease as the electron temperature
increases. Unlike gas fueling, the NBI fueling is deep, so edge recycling could be
kept low. Other potential uses of NBI are heating for reactor startup, or heating ions to



complementthe electron heating of the (z particles in tokamaks operatingclose to

ignition.

° Yet another possible advantage of NBI is that supershot-like profiles with

peaked density profilesmay be produced.These profilesappear advantageousfor
several reasons. The region of high density is concentrated in the region of highest

temperature, so the pressure and stored energy are used efficiently to maximize the

DT fusion rate. The fusion power depends roughly on <n2T2> whereas the stored

energy depends on <nT>. MHD stability calculations2 have shown that the TFTR

plasmas with more peaked pressure profiles have increased stability at high

13*-(21.dB2)'_/<p2>.Also long pulse tokamaks will need large non-inductive currents,

such as the bootstrap current. With centrally peaked pressure profiles the bootstrap

current profile is close to the desired total current. A study of the ignition probability in

BPX has shown that peaked profiles can significantly reduce the operating
parameters required to achieve a desired fusion performance level relative to those

needed with flat profiles.3 Lastly, supershots might be used for reactor startup, with

central ignition 4 in a supershot that later develops into an L-mode or H-mode

plasma.6

There are disadvantages which may preclude NBi from being of use in

•; commercial reactors. One is the problem of shielding the neutrons since the neutral

beams need straight lines of flight into the plasma. Also if an electrical power reactor

were fueled continuously and entirely by NBI, economics imposes a lower bound on
QDT and an upper bound on EB. The Carnot cycle would convert the fusion yield

Yfus to electricity with an efficiency q which is typically about 1/3. Some fraction of

this electricity, f, would be diverted to the NBI system, and converted to injected
power PB with an efficiency v which is typically also about 1/3 using positive ion
beams. Thus

Yfus 1
= -- (1)

QDT -- PB fvq

If v_ = 10% and f is less than say 20% to be attractive, then QDT must be greater

• than 50. Also, the rate of D and T deposition must be at least as large as the DT

fusion rate if NBI is the only fueling source. Each fusion reaction generates 17 MeV

., of fusion yield, so

Yfus PB PB

17 MeV = fvq 17 MeV < 2EB (2)

3
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requires EB < f MeV if VTIis about 0.1. With f = 0.1, EB = 100 keV could balance the

DT fusion rate. In order for the NBI fueling rate to be much larger than the burnup
rate, EB would have to be too small for penetration. Due to these bounds and *

potAntial disadvantages, NBI may be useful only for prototype reactors, or for partial

fueling of power reactors, complementing pellet fueling and gas puffing.

Simulations for prototype reactors

We give specific examples of supershot-likeprofilesin which the central NBI

fuelingrate is greaterthan the DT fusionrate.The NBI penetrationdepends on the
plasmaprofilesand NBI parameters. We studiedNBIfor the tokamaksinTable I.

Table I Generic tokamaks and supershot-Iike plasmas with the central
NBI fueling rate greater than the fusion rate

tokamak class R(m) a(m) B(T) I (MA) ne(0) Te(0) Zeff PB b(0)

Small R 1.3 0.47 13 12 8.5 16.5 1.2 8 1

Medium R 3.0 0.69 7 7 3.0 40 1.6 40 12
17

Large R 7.0 1.1 12 6.5 3.6 47 1.5 50 3.5

The units of ne, Te, PB, and Yfus are 1020/m3, keV, and MW. The central burnup

fraction b(0) is the ratio of the NBI fueling rate of D to the DT fusion rate.

The small R case is similar to the proposed IGNITOR tokamak.5 The medium R

case is similar to the proposed SSAT,6 although DT is not planned to play a

significant role in this tokamak. The large R case is similar to the ARIES-1 reactor.7

The plasmas for ali three were chosen to have an elongation and triangularity of
approximately 1.8 and 0.4 respectively, and a relatively small minor radius which

facilitates NBI penetration along the midplane. The plasma boundaries are
compared in Figure 1.

The plasma transport for these unexplored plasmas is unknown, so we
I1

assumed density and temperature profiles representative of supershots, scaled to
give the desired fusion yields. The ne profile is assumed to have a peaked central

region proportional to {1-(2x/3)2}O_nand a broad pedestal proportional to (1-x2),

where C_nis taken to be in the range 2-2.5 to give a peaked central profile, and x is
4
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the square-root of the normalized toroidal flux. Its value would be r/a if the flux
surfaces were circular. Examples the assumed ne profiles for the large R case are

shown in Figure 2. The electron and ion temperatures are assumed to be equal and

to be proportional to (1-x2).

The TRANSP plasma analysis code was used to calculate steady-state

conditions in these plasmas. The simulations calculate the heating profiles of the
neutral beams and of the fast o_particles8. They also predict the neutron emission

profiles and the current profiles from the bootstrap and beam driven currents. The
predicted 0¢parameters include profiles of the o¢density, average energy, slowing
down time, and _o_.We do not include effects of the He ash. The He concentration

must be kept low by some unspecified means to maintain the fusion rate at steady
state.

The penetration depends on ne, Te, and EB. We choose EB -- 100 - 120 keV,

with the full and half energy fractions of the TFTR beam lines, and we explored
bounds on ne and O_n.As ne increases, the beam penetration to the center

decreases. This is shown in Figure 3 for the large R tokamak with 25 MW of D and 25

MW of T NBI into the densities shown in Figure 2. The thermal D fueling rates from
NBI and wall recycling for the intermediate density case are compared with the DT

fusion rate in Figure 4. The thermal T fueling rates are comparable to the thermal D.j

fueling rates. As the density increases, the central fusion rate increases and the

central NBI penetration decreases. These cross over at the intermediate density case
in Fig. 2. The case with QDT -- 13 is summarized in Tables I and I1. Plasmas with
higher densities could be centrally fueled with greater PB. The other examples given

in the Tables also have predicted central NBI fueling rates equal to the DT fusion
rates.

The penetration of the NBI to the core also depends on the peak:ing of the

density profile. We studied variations of the deposition profile on o_n.Figure 5 shows
ne profiles for medium R simulations with QDT = 7.2. The corresponding NBI source

profiles of thermal D are shown in Fig. 6. The values of the central source rates
increase with increasing O_n.The central source rates are more than an order of

magnitude greater than the fusion sink rate.

,j TRANSP calculates the transport coefficients required by the assumed profiles.

These can be compared with those measured in presently operating tokamaks, or
with theoretical predictions. Whether of not the transport in the plasmas will be low

enough to support the plasmas in steady state remains to be seen. We compare the
5
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profiles of the ratiosof Xi / De to those measured in one of the best-performingTFTR

supershotsin Fig 7. The ratioswould have to be higherthan the measuredvalues
since De would have to be smaller to support the larger densities. Smaller values of

De might be expected since the aspect ratio is larger for the simulations. The

transport in these advanced tokamaks might be reduced from the rates measured in t
TFTR for several reasons. Large elongation is expected to increase the ballooning

limits, and large aspect ratio is expected to reduce the trapped fraction.

The calculated energy confinement times and bootstrap currents are shown in

Table I1. The bootstrap current can be a large fraction of the total current.

Table II Calculated energy confinement times and bootstrap currents
for the plasmas in Table I

tokamak class Yfus QDT qMHD(a) '_E(S) I]norm Iboot(MA)

Small R 100 12 3.5 0.83 0.5 0.8

Medium R 280 7 3.2 0.70 3.1 2.9

Large R 640 13 5.1 1.60 2.2 4.3 ,.

Conclusions

Supershot-like plasmas have given high neutron yields in present-day

tokamaks. NBI fuelingplaysa crucialrole in creatingthese plasmas.We argue that
NBI fueled supershot-likeplasmas have advantagesfor future advanced tokamaks

and prototype reactors. We used the TRANSP code to show exampleswhere the

NBI sourceratesof centralD andT are greaterthanthe DT fusionrates.

6



Figure Captions

Fig. 1 Plasma boundaries used for the TRANSP simulations and the boundary of a
typicalTFTR supershot. For divertedplasmasthe boundarieswouldspecifyan outer
flux surface such as the 95% surface.

t

Fig. 2 Examples of electron density profiles used for the TRANSP simulations of the

large R cases compared with a TFTR supershot (#55851).

Fig. 3 Profiles of the source rate of thermal deuterium from 25 MW of D NBI
corresponding to the three profiles for the large R cases in Figure 2.

Fig. 4 Profiles of source and sink rates of thermal deuterium for the QDT--29 case in

Figures 2 and 3. The source rate from NBI is compared with the sink rate due to
fusion and an assumed recycling source rate.

Fig. 5 Electron density profiles for the medium R case with (zn varying, keeping QDT
-- 7.2.

Fig. 6 Profiles of the NBI source rates corresponding to the profiles in Fig. 5.
O

Fig. 7 Profiles of the ratios of the effective heat and particle conductivity of the thermal
, ions.
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Figure 1 Cross sections of plasma boundaries
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Figure 2 ne profiles for the large R simulations

5 55851 a40 / 20000P11 / 20000P12 / 20000P13

QDT = 54
4

_- Q DT= 29
m 3E

" 0

QDT = 1

1

0

0.0 0.2 0.4 0.6 0.8 1.0
x ~ r/a

i

l

• 41



Figure 3 Varation of NBI fueling rate with ne
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Figure 4 Fueling and burnup

Y = 1430 MW, Q DT= 29

020 2ooooP13

1 :=:' I _ i 'O I' I' I' i' I' I' ! ' 1- S NBI Dmm

-_- 10 !9 Swall
_ - \m

u

- S
' m - fusion

E -

1018-.J
m

m_

m

101

0.0 0.2 0.4 0.6 0.8 1.0

x ~ r/a



EXTERNAL DISTRIBUTION IN ADDITION TO UC-420

Dr. F. Pookmi,Univ.of W¢4_, AUSTRALIA I:_of.I. Kawak4m_i,Hiro_ Univ., JAPAN

Prof.MH. Bnmnan, Univ.of Sydney,AUSTRALIA Prof.K.Nkd_kaWLI._mad_imaUniv., JAPAN./

PlasmaReu_ch Lab.,Auslr_ian NaL Univ.,AUSTRALIA Director,Jat_n AtomicEnergyResearch Inst, JAPAN

Prof. I.R. Jones,Flin¢l_ Univ,AUSTRALIA Prof.S. Iloh, Kyuad_Univ.,JAPAN

e Prof. F.Cap, InsL fix Theorelicl Physics, AUSTRIA RemmrchInk).Cir., Nllionid InsliLfix FusionScience,JAPAN

Prof.M. _, Inslilul forTh_riQische Phyiik, AUSTRIA Pmr. S, Tanaka, KyotoUniv.,JAPAN

Prof.M. Gomlm_, Pumenemi_:hIndluut. BELGIUM I._, KyotoUniv., JAPAN

EooieRoyaleMilillm, Lab.de Phy.Pbmmu, BELGIUM Pm4.N. Inotm,Univ. of Tokyo,JAPAN

Commim_x_-Euro_ean,DO XIl-FusionI:_g., BELGIUM SecrUmy,PlasmaSe_km, EloclmmchnicatLab.,JAPAN

Prof. R.Boudqu4, I:_lmt Gent. BELGIUM S. Mud,Teehnk:olAdrift, JAERI, JAPAN

Dr. P.H. Sakanoko,Insruo _ BRAZIL Dr. O. Milaml,Kumwnoloinst.of Tochnoiogy,JAPAN

Inmlt(uloNadonal De Pe_luimm Eqmda_lNPE, BRAZIL J. _ KoreaAlomi¢ EnergyReumrd_ InsL,KOREA

Docun_nm _, AtomicEnoq_yof _ ltd., CANADA D.I.P.,hoi,The Kom_Adv. Inst of Sd. & Tech., KOREA

Dr. kiP. Bachyn_d,MPB Tedmoiogi_, Inc., CANADA Prof. B.S. Ub_, Univ. ofWaikalo, NEW ZEALAND

Dr. H.M _ Univ.of Suka_, CANADA In_ of _, ChineseAcad Sd PEOPLE'S REP. OF CHINA

Prof.J. Teichmann,Univ.of Monmml,CANADA I.lxwy, Inst. oiPlmml Phymk_,PEOPLE'S REP. OF CHINA

P_f. S.R. _, Univ. of C_, CANADA Tm Un_. I._, PEOPLE'S REPUBLICOF CHINA

Prof. T.W.Johnston,INRS-Enetgie,CANADA Z. Li,S.W. Inll Physics,PEOPLE'S REPUBUC OF CHINA

4 Dr. R. Bolton,Centreconaclendo fusionrnaon41ique,CANADA Prof.J.A.t'. Calxol, InsliMo Su_ Tecnico,PORTUGAL

Dr. C.R. Jamu,, Univ.oi AJbolm,CANADA Dr. O. I:_HI_I,AL I CUZA Univ., ROMANIA

Dr. P. Luk/r_ Komensk4hoUnh4fuill, CZECHOSLOVAKIA Dr. J. di Vllieni, FumonStudies,AEC,S. AFRICAd

The LJbrahin,Culhin Labomlor/, ENGLAND Pm(. bLA.Hldlbl_, Umr. of Nell, S. AFRICA

Library,R61, Ruthedord_ L_, ENGLAND Prof.D.E. Wae,P_ InlL of Sci. & Tech., SO. KOREA

Mrs. S.A. I-lul_hinson,JET L_, ENGLAND Prof.C.I.E.MA.T, FusionDivisionIJbraP/,SPAIN

' Dr.S.C. Shlma, Univ. of SouthPacific,FIJI ISLANDS Dr. L Stlnilo, Univ. of UMEA, SWEDEN

! P. _, Univ.of HetM_ki,RNLAND I._, Royal Inel of Ted--, SWEDEN

, Prof.M.N. BuMac, EcolePoiyllchrm,, FRANCE I_of. H._rllhlinllon, Ch_lllq_flUnN. of Tech.,SWEDEN

C. Mouml, I.ab. Oi Phyl¢lue d_ Mililluxlonkdm,FRANCE CentrePhys. DimPiling, EoolePo_ich, SWITZERLAND

J. I:ladet.CEN/CADARACHE - Bat506, FRANCE Bitdiotl_mk,Intor.Voor I=_um_r-yM:_ THE NETHERLANDS

Pmr. E. Eoo_ou, Univ. _ Cre_, GREECE AuL Prof.Dr. S. C/dr, MiddleEmt Tech. Univ., TURKEY

Ms. C. Rinni,Univ. of I(_nnin_ GREECE Dr.VJ_ Gkdtdkh,sd. Res. Irlt F._y_.l _ogenuus,USSR

Dr. T. Mual, _K_lmy Bi_1qlro#nk:S_r., HONG KONG Dr. D.D. I_v, Sibeh_ Bnmchof Ac_lemy oi Sd., USSR

L_ary, Hunoatisn.4¢_dimy of Sd., HUNGARY Dr. G_. Elimov, I.V. KurchalovInsL,USSR

Dr. B.DIGuplL Saha Inst. of Nut,lr Phy_cs, INDIA Llxwian, The Ukr.SSRAcademyo4Sconces, USSR

Dr. P. Kl_, Ind. forPlasma I:ls_mrch, INDIA Dr. LM. Kowizhnykh,Inst. of GeneralPhyr_cs,USSR

Dr. P. Ree4m_, lm InsLof T_nchne4o_,ISRAEL _n0aamtel_ Gn_H, Zen_, W. GERMANY

J l.ibrlian, InlwrmlionalCenter for Theo Physics,ITALY Bibliothek,IrlL FOrPlmmmk)ttchung,W. GERMANY

Miss C. De Pilo, Aisociazione EURATOM-ENEA, ITALY Prof.K.Schindler,Ruht-UnNets_lldBochum,W. GERMANY

Dr. G. C=ror,.so,Islltulodi Fi_a del Plasma, ITALY Dr. F. Wagner,(ASDEX), Max-Planck-tnstJluLW. GERMANY

Prof.G, Ro=tangni,Islltut0G4s Ionizza_De(Cnr, ITALY Librat_n, M_-Planc_-Inst_tut,W, GERMANY

........................ _,"2_f.R.K.J_-_ev,Ir,iL c_F'_/sK_, '_LIGC_LAVIA
_

I I ' rlr ' ' ' ' ' ' Irl '" .... _11_





L , I I IJ , IUl_ I I_ IB _lll


