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High Performance Tokamaks
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Introduction

JET has succesdully reeched its dedggn performancelimit, transiently approaching Q~1 in DT
operation. For fuson to progress towards a power plarnt andin particular to assess the
effectiveness of alpha particle heating, it is necessa’y to produce plagnas where alpha particle
heating daminatesall other power souces. Thisrequres ogerationin the region Q~10, where
Pa~2(P,,+Pa). A number of designs have been propased to echieve this and related gaals (see

Talel). In this paper we predct plasma performance in many o these devices byapgying
the same enpirical 1.5-D transport model to all machines andwe thencompare the modkelled
plasma parameters with extrapdationsof the usual tokamak operational limits. We have also
employedthe FROCESS systems coce [1] (benchmarked for the ITER-EDA) to produce a

self-consistent physics and engineering model andto oltain apgroximate corstruction costs.

: Modelling

Machine EDA HAM I|AM LAM IGNI BPX  STIGN [Ep.
TOR i
I, MA) 210 127 133 17 120 106 170 empirical trarsport
B, (T) 568 658 551 423 135 81 40 model has keen
R, (M) 814 630 620 6.45 132 259 132 implemented in the
a (m) 28 180 1.90 2.33 047 079 094 ASTRA 1.5D
Ky 165 161 167 1.74 185 20 26 tokamak transpart
5 024 027 032 0.34 043 03 02 simulation code[2].
a, 31 30 30 3.0 36 33 140
0 316 303 303 297 312 304 108 ghegaIectrofr_ml .
Vol (m) 2035 636 720 1166 103 624 556 lersity profile is
n. (10°m? 085 125 117 10 1728 541  6.12 fixed,andis
P, (MW) 100 55 50(100) 50(100) 18 20 40 asumed to beflat
Impurity  2%Be 2%Be 2%Be 2%Be 3%Be 3%Be 3%Be with a specified
_Awau (mz) 1665 836 893 1162 50.3 175 126 fragion d a g'ng|e
Tablel: Parameters of some proposed high performance tokamaks. impurity species

(Be) and helium ash
isincludedwith the dersity fraction constrained by fixing 1, /1.=6. Currert diffusionis
simulated assumingneaclassical conductivity (with consistentZ ) and wsing Hirshman's
coefficients for thebodstrap aurrent. The nodelled hea sources and sinks include:ohmic and
auxliary power, dpha particle heating,electron-ion exchange,Bremsstrahlung, ynchrotron
radation and impurity radiation. Auxiliary poweis mocdelled as aGaussian degposition profile
centred onthe magnetic axis of width 0.5a, with equal depasition to eledrons and ions Our
empirical model for thethermal diffusivities takes x,=x J1/n, andin trarspat simulations we
vary the namalisation constart to assess the sengtivity of plagna performance to the
corfinemert erharcemert factor g, ., (ST/T." ") over the ITER98PBY(1) scaling law [3]:

T ||5PB 98y(1) = OOSOSI g.QlB 0.08n2.44 P —-0.65 R2.05K ;).728 0.57 M 0.13

Our empirical transport model is weakly sensitive to edge tenperature pedestal values which
wetakeasT (a) = T,(a) =1 keV in all smulations In addition weinclude theGimblett Hastie
sawtooth mockl to rearrange dasma heat and currert inside theg~1 core region when the
instahlity is riggeaed. For each proposdmachine we have performed approximately 20
transpat model runs and all reported results are close o being seady-state transport
sdutions Calculations with five values of H were performed at several values of n/n,.

Resultsfor the Devicesin Table 1
Amongd the more interesting results from such calculations arePr,s, Q~Prus/Paux, By ard

98PBy(1)
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Piosd PLH, Where we have extrapolated the anticipated power requirement for trangtion into H-
mode using the recent scaling [3]

Pngsgs(S) — 2_76ﬁ§677 BO92R135076
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Figure 1: Operating space diagrams for some of the devices of Tablel.
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Our reallts are summarised concisely in operating pace diagrams, and Figurel shows these
diagrams for each of the propasals in Tablel (excep for HAM whichis no longer seriousl
corsideredby the ITER JCT owing to margind PosdP_ ). Each olid curve showsPys versus
Hospy(1) fOr afixed ring. At calculation ponts where the LH trarsition threshdd pawer is
exceededP /P 1 isanndatedas a number: otherwise points where Posslies below the
threshdd power are instead marked by an asterisk. The dashed curves are interpolated3y
corntours, andthick sdid and dashed aurves denate n/ns=1 andthe naminal beta limit at By =3
respectively. Anally the auxiliary powerP,x isgivenas a haizorta line.

Figure 1 illustratesour trangport modd prediction that the ITER-EDA canachieve
Q=10 operation with asignificantly larger confinement margin thanthe RC-ITER designs
IAM andLAM, andthat the LAM machine has a slightly better margin than I1AM.
Overcoming the extrapolated LH transition paver aso appearsto be dightly more difficult in
the IAM madine than in the LAM. The smaller high current and magnetic field machines
IGNITOR, BPX and STIGN are poposd ascheaper alternatives o study burning dasmas
but, urlike the RC-ITER devices they are notexplicitly intended for high performance steag
state operation. IGNITOR and BPX hawve high magnetic fields and current densities and thus
have low beta and high Greerwald dersity limit. The avail able auxiliary heaing, however,
serioudly limits the maximum density at which sgnificantPs,scan beobtained, and access to
H-mode particularly in IGNITOR and BPX requires low density operation gvinglessPs,sand
low Q. On thecontrary, the STIGN device would be expeded to access H-mode without
difficulty athigh densities and hence atain high Q. Whil e thelow aspect ratidokamak
corfinemert database is garse, the START experiment has measured values ofHg, ., Upto
~1.2.

Higher Elongation Devices

Most global corfinemert scaling laws (gl TER98PBy(1)) sugged improved confinement at

higher | andk. MHD kink modes limit | with the constraint q,*>2, where

5a’B (1+x2(1+25° -1.25°)) _(117-065)
andf(g)=~"—"——-—/

RI 2 (L-e2f

At fixed q,” plasmas with higher k (also tigher 3 andlower €) carry significantly higher! .

Thus hgher elongation may improve machine performarce both dredly from the increased

K, andindirectly throughincreased capecity for | . Taking the trarspatedlosspower

T o (nedecting Bremsstrahiung) from 1. scaling law

I, (MA) 130 130 88 3TV 3TV 0
B, (T) 6.2 6.2 6.2 A= T, - .0503'”g‘ngO'OSI’lg‘MR2'°5K2‘72$°'57M 013
Ro (M) >0 43 29 andfixing q,™ sothat I/aB=5¢(1+k%)/(2 q,”) f(€), and
a (m) 158 137 095 _ ) .

with P, =0.25n*(ov)E,V , we readly obtain:

q.° = q.f(6) where q,=

K, 197 20 20

5 032 032 032 (P, /P )03,

d. 42 37 43 Thus at fixed q,”, fusion performance is extremely
Oy~ 401 351 373 | oprgitive tok andk.

Vol (m) 480 310 101 We have gplied our transport model to designs
n, (10°m% 166 22 31 with higher k: various sizes of machineshave been
P (MW) ?go) ?600) 31 modelled (see Table2) to assess whether high

performancetokamaks with smaller R can indeed be
designedin thisway. Figure2 gves operating gace
diagrams for these devices, same significantly smaller
thanRC-ITER dedgns. Our empirical transpat model

Impurity 2%Be 3%Be 3%Be
A, (m) 675 501 235

Table2: Parameters for higher
elongation devices of various sizes.
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indeed suggests that promising performance (Q@=10) may ke ahieved.
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Figure 2: Operating space diagrams for the higher
DCR3 Operating Space elongation devices of Table 2.
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Thetrarspat model undempinning these reaults

:  extrapdates significantly in k from the

1 existing onfinement database Both the

1 vadidity of this extrapdation and the

engneering issues which are associated with

high kK needto be aldressedmore fully.

| Summary

2 The operating Yace has bean investigated for

:anumber of propcsed Next-Stepand buining

0.8 Lo 12 14 1e plasma ckvices and the same trangport model
Honeni has been gpliedto dl desgnsto facilitate

madhine comparisors. Anticipaed \alues of

Bn andPiesd Py have also been calculated, bdh to assess the proximity of the operating point

to the betalimit and the accessibility of H-mode We aso outined same passible bendfits of

higher k and lave investigated a range of such devices with various sizes The favourable

depencdence of plasma performance on elongation from our enpirical model shoud be

verified avaluable extension d this work is to repea these cdculations repladng our

empirical transport model by physics-based models which have been lenchmarked against

experimental data. It is also vitally impartant to assessin dedail the impact of engineering

issieson thedesign of the nore highly elongated devices.
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