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ABSTRACT

One key quantity to be determined in the design of burning-
plasma devices (CIT, ITER, reactors, etc.) is the level of
plasma current (/) required to meet the desired plasma
performance goals (ignition, high Q, etc.) and device
objectives (fusion power, wall loading, current drive power,
etc.). It is shown that these goals and objectives can be
expressed in terms of the "figure-of-merit" parameter
IAaIR* [-/(Lfly)], where A is the aspect ratio, R is
the major radius, L (= R, a) is the characteristic length,
B is the toroidal magnetic field on axis, and the exponents
a ~ 1 + 0.5 and x - 0-0.5 (y ~ i-2) depend on the
confinement assumptions and operational limits. To reach
ignition or high Q, the main goal is to optimize IAa/Rx,
subject to other engineering design constraints. In a CIT-

like device (with R - 2 m, K - 2, <?y > 3), the ignition

requirement is /(A/3)a - 9-15 MA for "enhanced" L-mode
(H-mode) confinement scaling expressions; an ITER-like
device (with R ~ 5-6 m, K - 2, qv > 3) would require

I(A/3)a - 15-25 MA. These requirements are embodied
in the present CIT (with / - 11 MA, A - 3.25) and ITER
i with / - 18-22, A ~ 3.1-2.6) designs.

J N T R O D U C T I O N

Energy confinement is a major issue for the next-
generation, burning-plasma devices [Compact Ignition
Tokamak1 (CIT), International Thermonuclear Experimental
Reactor2 (ITER), etc.]. The physics of energy transport in
tokamaks is not yet fully understood. Therefore, the energy
confinement time in these buming-piasma devices has to be
estimated from extrapolations of the available experimental
data base by using empirically developed scaling
expressions3 as well as scalings derived from various
theoretical models4 for the dominant transport mechanisms.
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The selection of a particular scaling or transport model has a
large impact on the design and parameter choices. Thus, the
identification and formulation of "figure-of-merit" parameters
such as TnzE <* f(IAa/Rx) « f(LBt) are useful in
guidmg the design efforts to optimize energy confinement
and to establish trade-offs between plasma size (L = a,
R), current (/), field (B), aspect ratio (A), etc. In this
paper we formulate these figure-of-merit parameters and
assess the confinement capabilities of CIT and ITER.

Unless otherwise stated, all units are inks, with T in
keV, / in MA, and power in MW.

PERFORMANCE GOALS AND
FIGURES OF MERIT

There are several performance indicators for tokamaks;
the level of plasma current (/) ;s one of the most important
because of the favorable scalir-j of confinement time zE and
limits on plasma beta Pcrj t and density <«>m a x with
increasing I. One key quantity to be determined in the
design of CIT and ITER (or any buming-piasma devices) is
the rlevel of plasma current equircd to meet the desired
plasma performance goals (TnxE - ignition, highQ, etc.)
and machine objectives (fusion power ff^, wall loading
Fw, current drive power PQ^, etc.).

Here we define a fusion-related parameter

7~10rl20'cE = <T/10 keVxrto/1020 m-3>iE

where <ne> is the volume-averaged electron density ano
<T> is the density-weighted average temperature (7"j » Te

= T). The importance of this parameter derives from the
fact that, in the temperature range 7 < T < 20 keV, the D-T
fusion reaction rate coefficient <ov> °° T2, and a measure
of confinement capability M «= PaIP\os%

 x TIQIIJQZE,
where Pa is the total alpha power and ̂ loss = ''cond +

/'rad is the power lost by conduction and radiation. For
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relatively broad (square-root parabolic density and paraboiu
temperature) profiles with Ze{( - 1.5 (5% thermal alphas
plus carbon and oxygen impurities), the ignition requirement3

is 7"lOn2OtE - 3 + 0.3 for <T> ~ 7-20 keV. With a
Murakami-Hugill (nmu - l.5B/Rq») or Greenwald (ngr -
0.27//tf2) type limit for density, the Troyon limit for beta
lPcri t - CI/aB, C ~ (2.5-3)%], and qv > 3-3.5 for MHD
stability, the optimum temperature for ignition, is typically
-10 ± 2 keV for many of the confinement scaling
models.3-"

For a wide range of confinement scaling models of the
form TEoH(neo-Alcator) ~ rdJ and/or TEaux(L-/H-mode) =
Llf(P) with f(P) - P-y or - (C, + C2IP), TnxE ~
fUA.aIRx). An example of the power law form of TE is
the Goldston scaling6

5)0.5TE = TG = 0.037/F-0-5/? l-7

TlQn2QXE = 2.53 x l<M(M>-37//?0.12)2

where A, * 2.5 is the average atomic mass and P = W7TE

= P3MX + ^OH +Pa- >\ad " 9/i207'iO*a2|f/TE »* the
net heating power. An example of the offset linear form is
the Rebut-Lallia scaling10

T E = TRL =

TlQn2QXE

where / = (Ra2K)m, CR = (0.02'VZeff
0-5)G*i/2)0-5,

CL = 0.29Zeff°-25(V2)0-5> and 7VITE is evaluated at the

bcu limit («=IlaB).

Table I lists [for a given plasma shape (K, S) and <?v]
the ignition/burn-related plasma performance goals in terms
of the figure-of-merit parameter IAa/Rx for a number of
confinement scaling expressions (see Appendix), evaluated
at the density (n <* UaX) and beta (p ~ IlaB) limits.
Also listed are the scalings of Q, P[us, Fw, and PQQ.
The lower bound on IAa/Rx, in terms of confinement, is
set by the containment of alpha particles (a = 0.5, x = 0) and

by the irreducible neoclassical transport (a = 3/8, x = 0).
All of the scalings show a weaker dependence on size (x ~
0.1-0.5). Power law scalings3'6-8 (Goldston, Kaye-
Goldston, Kaye, T-10, etc.) exhibit a stronger dependence
on aspect ratio (a - 0.8-1.5) than the offset linear forms9"11

(Odajima-Shimomura, Rebut-Lallia, etc.), where a £ 0.5.
A simple overall average scaling is <a> ~ 1.1, <x> - 0.4,
which can be used as a reasonable measure of confinement
capability for designs with A ~ 2.5-4. It should be noted
that the results presented here should not be extrapolated to
very high aspect ratios because the scaling of confinement
with A is one of the most uncertain elements of the present
ex per, -.'. cental data base.

TABLE I.
Current, Size, and Aspect Ratio Scaling of

Confinement Capability
[Evaluated at n or P limit; fixed <7> and (q, K, 8)]

TnxE~ f[(lAaIR*f\

Confinement scaling3"'' At n limit At p limit

NC Neoclassical

NA Neo-Alcator(OH)
G Goldston
KG Kaye-Goldston
KA Kaye (All)
KB Kaye (Big)
T10T-10
OS Odajima-Shimomura

RL Rebut-Lallia
AX ASDEX-H

"Simple Average"

(M3/8//f0)2

(M»-37//f0.12)2

(Ml -32/Zf 0.55)3

(M1.2//e0.68)2.5

(M0.8/«0.56)2.5

(M1.5/«0.5)2.53

(IA0/R0)

(//10.5/«0.25)2

(7/l'-37//jO.12)2

(741.3^0.5)3.2

{!A 1.2/^0.63)2.^

(7^0.82/^0.52)2

(7^0.67/^0.17)3

-0.4;<z>-2.:

Q Energy gain factor
Tw WaU loading
Pfus Fusion power
PCD Current drive power

(M/«0.5)2
(Ml-25/flO.75)4

{IA/R025)*

As an example, with n » nma and <T> » 10 keV,
Fig. 1 shows the normalized current [I(A/3)a] needed for
ignition as a function of plasma size (rt or a) for some of
the confinement scalings given in Table I for fixed plasma
shape (K = 2, S = 0.4) and safety factor (q^ - 3-3.5).
Because the neo-Alcator (NA) scaling represents an upper
limit to confinement, in Fig. 1 we have used a combined
form for xE, taken as TE = [ ( T N A ) 2 + (Taux)2]-l/2, where
aux = G, KG, etc. It is also possible to consider xE =
min(xNA; x ^ . Results from detailed analysis (and Fig. 1)
indicate that, for a CIT-size device (with R ~ 2 m) the
ignition requirement is /(/4/3)« ~ 9-15 MA for enhanced-L
or H-mode scalings, where TE(H-mode) = / x tE(L-mode)
with an enhancement factor / > 1.4-2. For an ITER-size
device (with R ~ 5-6 m), I(A/3)a ~ 15-25 MA is
required for ignition. A similar-size ITER with noninductive
current drive and a wall loading of r w - 1 MW/m2 would
require l(A/3) ~ 14-17 MA, in which Q ~ 5-10 operation
is possible for various current drive schemes'2 (with varying
bootstrap contribution, 0-30%) requiring />CD - 75-150
MW of absorbed power.
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IGNITION REQUIREMENTS
COMBINED SCALINGS:

— <n)Mnmu).<T)HOkeV

R(m) (.5
a C-nl 0.5

Table II.
. jjresentative CTT and ITER Parameters and Confinemein

Capabilities

Design Parameters)>2

CIT ITER-0 ITER-l ITER-2

fl(m)

A=Rla
K (at 95% flux)
5 (at 95% flux)
B(T>
/(MA)

2.1
0.65
3.25
2
0.4
10
11

5.8
2.0
2.9
2
0.4
5.1
20

5.5
1.8
3.1
1.9
0.4
5.3
18

5.8
2.2
2.6
1.9
0.4
5.0
22-25

Fig. 1. Plasma current [l(A/3)a] required for ignition vs
size (/?, a) for various confinement scalings
(combined with neo-Alcator) for fixed plasma shape

(K = 2, 5 = 0.4) and qv = 3-3.5, evaluated at
(~nma, -10 keV) (see Table I for notations).

3. CONFINEMENT PROJECTIONS

A detailed assessment of confinement projections for
CIT and ITER has been carried out. The evaluation was
based mainly on consideration of various empirical scaling
expressions deduced from experiments, although theoretical
models were also considered. Table II lists the representative
device parameters for CIT and several ITER options and
compares the confinement capabilities in terms of the figure
of merit lAa/Rx. In Table II, the three ITER options
represent the range of machines studied by the ITER design
team at Garching.2 ITER-0 (5.8 m, 20 MA) is the machine
initially used to scope out physics and engineering issues.
Recently, the ITER design team picked a machine with two
operating phases: technology phase (ITER-1: 5.5 m, 18 MA)
and physics phase (ITER-2: 5.8 m, 22-25MA). Although
there are slight differences in physics design guidelines and
assumptions for CIT and ITER, for comparison purposes
and uniformity we use a common set of physics assumptions
(2eff = 1.5 with na/ne = 5%, pcr i t ~ WaB, etc.).

As seen from Table II, all ITER versions have
comparable performance, except for extended capability in
the physics phase (ITER-2 with 25 MA) in which the
performance is better. Here the performance is measured by
relative magnitudes of the figure-of-merit parameter

(IAaIRx). On the average, CIT and ITER confinement
capabilities are also comparable; however, there are marked
differences with respect to power law and offset linear forms
of scalings. For the offset linear form (Rebut-Lallia,
Odajima-Shimomura, etc.), performance is better in ITER
(by as much as 50%) than in CIT. With Kaye-type
scalings3-7 (M«/Rx with a - 0.8-1.3, x - 0.5), CIT
exhibits a slightly better performance; large current in ITER
is balanced with compact size and somewhat higher A in
CIT. With the Goldston scaling, ITER performs better due
to large current and weak size scaling.

Calculated Parameters and Confinement Capability

q, (at 95%)
<7¥ (at 95%)
Troyon beta limit (%)

Pcrit = 3//aB
= 2.5l/aB

Density limit (1020 m-3)
<«mu> » \.5BIRq*
</igr> - 0.27//a2

<n(atpcrit, 10keV)>

Figure of merit (at ($ limit)
<Average>: //U-W>-34

G: Mi.37/ff0.l2
KG://ll-3//eO.5
KA://U.2/fl0.63
KB:M0.82/fl0.52
RL: M0.67/K0.17
OS: IA0.5/R0

2.7
3.2

5.1
4.2

2.6
7.0

5.9

31
50.5
35
28
19.5
21
20

2.6
3.2

5.9

4.9

0.5
1.35

1.8

35.5
69.5
33
24
19
30
34

2.4
2.85

5.65

4.7

0.6
1.5

1.85

34.5
68
33
23.5
18.5
28.5
31

2.6-2.3
3.2-2.9

6-6.8

5-5.7

0.5-0.6
1.2-1.4

1.7-2.0

35-40
67-76
32-37
23-26
19-22
31-35
36-41

Table III summaiizes the CIT and ITER ignition
requirements for various scaling expressions. Given in the
table are the minimum L-inode enhancement factors needed
for ignition, evaluated at the beta limit (and T - 10 keV)
assuming broad profiles and Zeff = 1.5 with na/ne » 5%.
For CIT, the predictions with Goldston and Odajima-
Shimomura scalings are the most pessimistic (J - 2.1-2.3),
followed by the recent Kaye ("all" and "big") scalings3 (f ~
1.8-1.9). Ignition with L-mode is nearly accessible with the
optimistic Rebut-Lallia scaling (f ~ 1.1). For ITER, the
most pessimistic performance is with the recent Kaye (all
and big) scaling expressions (f - 1.9-2.3), whereas the best
performance is with the offset linear forms (Rebut-Lallia
ignites with L-mode and Odajima-Shimomura requires / -
1.2-1.5). Projections with the T-10 scaling are uniform
across the board, / - 1.6 for both CIT and the ITERs.



Table III.
CIT and ITER Ignition Capability:

L-mode Enhancement Factor {/) Needed for Ignition
for Various Confinement Scalings^~''

(Evaluated at Beta Limit (3 - lllaB %, fixed Tp

Confinement scaling

NA
AX
G
KA
KB
T-10
OS
RL

Neo-Alcator
ASDEX-H
Goldston
Kaye ("aU")
Kaye ("big")

1 T-10
Odajima-Shimomura
Rebut-Lallia

err
11MA

Ignited
Ignited
>2.1
>1.8
>1.9
>1.6
>2.4
>1.1

ITER-0
20 MA

Ignited
Ignited
>1.6
>2.3
>2
>1.6
>1.3
Ignited

ITER-1
18 MA

Ignited
Ignited
>1.6
>2.3
>2
>1.6
>1.5
Ignited

ITER-2
22 MA

Ignited
Ignited
>1.6
>2.3
>1.9
>1.6
>1.2
Ignited

a xE = min(xNA; xaux), aux = G, KA, KB, T-10, OS, RL

For the most pan, attainment of ignition in both CIT
and ITER relies mostly on the attainment of an enhancement
(H-mode) over the L-mode confinement. With marginal or
poor confinement (i.e., saturated ohmic and most L-mode
scalings), ignition probability is very low and access to
high-Q operation depends sensitively on the available
auxiliary power (Piax), which may be too large to be
practical. The minimum auxiliary power requirement is
obtained from the saddle point (n*J*) equation. For a
confinement model of the form Tg - n*Tyf (others), where
/(others) contains the dependence of Xg on parameters other
than n and T, the saddle point equation is5

[(1

(1 " =2Pa-l.SPOn-0.5 />rad

where <ov> - "P- is assumed (valid for T - 7-20 keV).
Solutions to these equations give the density and temperature
at the saddle point (n.,7",) and the required minimum
/3

aux(max). The simplest, although one of the more

pessimistic, of the examples is one with xE = constant (i.e.,
x = y = 0). For reference density and temperature profiles
(an =0.5 a n d a T = 1.0),

-s2W(MW)
1.68ii/B2

where V is the plasma volume, s\
0.85*12.

5.6 x 10~2(//ica2),

The ignition capability can be significantly improvH
with centrally peaked density and heat deposition profiles. . \
centrally peaked density profile leads to an enhanced fusion
rate and therefore a greater margin against confinement
losses. Although it may be possible to maintain peak
profiles transiently in CIT (which operates for short pulses;,
attainment and sustainment of such peaked profiles over
longer periods in ITER-like (long-pulse, steady-state)
plasmas may not be compatible with the MHD stability and
H mode-like conditions needed for good confinement.

APPENDIX

Confinement Scaling Expressions

1. Neo-Alcator (NA) OH scaling:

xNA = 0.07n2Oa R2q.

q. - (5a2B/R/)[l + ic2(l + 2S2 - 1.283)]/2

2. Goldston (G) L-mode scaling:6

xG = QmilP-OWKa-QMyPHAJX.S)^

3. Kaye-Goldston (KG) L-mode scaling:7

TKG = CKG/> -24p-0.SSR 1.65a-O.49K0.28n2()0.26B-0.09

C K G = 0.055(ityl.5)°-5

4. Kaye "all" (KA) L-mode scaling:3

XRA = 0.067/°-85/^<)-5/t0-8V:}lC0-25n2001S0-3/li0.5

5. Kaye "big" (KB) L-mode scaling:3

x K B =

6. T-10 L-mode scaling:8

x T . , 0 -

7. Odajima-Shimomura or JAERI (OS) L-mode scaling:9

xo s =
Co = O.O85/4;0-5

G(q,,Ze{f)=g(q,)h(Ze{{)

g(q.) = [3q.(q. + 5)/(q. + 2)(q, + 7 ) ] 0 6

= Zefr°-4[(15 -Zcff)/20]0-6



Rebut-Lallia (RL) L-mode scaling:10

tR L =

/ = (/?a2ic)1/3

CR = (O.O24/Zcff°-5)(,4i/2)o-5
CL = 0.29Zeff

0-25(,4i/2)0-5

9. ASDEX (AX) H-mode scaling: 11

In all expressions, the units are mks with currents in
MA, powers in MW, temperatures in keV, with K and 5 at
95% flux and

"20 = <ne>/l0^> n r 3

= volume-averaged electron density,
T10 = <7>/10keV

= density-weighted average temperature,
<?v =<?./(£)=•?, [(1.77-0.65e)/(l -e2)2];e = a/R

= MHD safety factor,
A; = average atomic mass = 2.5 for a 50:50 D-T plasma,
Zeff = effective charge * 1.5 (assumed for this study),
p = W/xE = 0.24 n2Q Tl0 (1 + fl[/«

0 r a d
= net "heating" power.

Profiles: n,T ~ (1 - r^/a2)0^, «„ = 0.5 and otT = 1.0.
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