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ABSTRACT 

A simple global analysis is used to examine the relative merits of size ( L  = a 
or Ro), field (Bo) ,  and current ( I )  on ignition regimes of tokamaks under various 
confinement scaling laws. Scalings of key parameters (n~g, p,  Pa,,, Pfus, etc.) with 
I;, Bo, and I are presented at  several operating points, including (1) optimal path 
to ignition (saddle point), (2) ignition at minimum beta, (3) ignition at  10 keV, 
and (4) maximum performance at the limits of density (nmax N B,/R,) and beta 
(poi, - IlaB,). Expressions for the saddle point and the minimum conditions 
needed for Ohmic ignition are derived analytically for any Confinement model of 
the form TE - n X P .  For a wide range of confinement models, the “figure of merit” 
parameters aB?/q, - IB,(R,/a) and I are found to give a good indication of the 
relative performance of the devices, where q. is the cylindrical safety factor. As 
an illustration, the results are applied to ‘TITS” (a class of compact, high-field 
ignition tokamaks) and “Super-JETS” [a class of large-size (few x JET), low-field, 
high-current (20-MA) devices]. 
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1. INTRODUCTION 

The prospect of achieving ignition in a compact, high-density, high-field toka- 
mak has long been advocated by Coppi [I] and Cohn et al. [2,3]. The IGNITOR f4] 
(one of the latest versions of the original IGNITOR discussed in Ref. [I]) and the 
U.S. Compact Ignition Tokamak (CIT) (a version of which is discussed in Ref. [ 5 ] )  
are two examples of this class of small (R, - 1-2 m), high-power-density devices. In 
these devices sufficient confinement for ignition is attained through higher densities 
( (n )  - 4-10 x lo2@ m-’), magnetic fields (Bo - 10-13 T), and plasma currents 
( J  - 10 MA) rather than through size scaling. The successful results obtained from 
high-field tokamak experiments are discussed in a recent review article by De Marco 
et al. [SI. Alternatively, the ignition conditions could also be achieved in a class 
of large-size, low-field, high-current devices, such as those considered for INTOR- 
class engineering test reactors (ETRs) [7]. The “Super-JET” [8], with I - 20 MA 
and a size of about 2.5 times that of JET,  represents a unique, extreme example 
of this class of large, low-power-density devices. The Super-JET (considered as 
a possible reactor candidate in Ref. [SI) and IGNITOR (considered as a possible 
candidate for an ignition experiment by Coppi [1,4]) are both envisioned to reach 
ignition by Ohmic heating alone. To achieve Ohmic ignition, the use of super-high 
fields (Bo - 15-25 T)  in compact devices has recently been considered in SHOT 
(Super High-Field Ohmically Heated Tokamak) [9] and IGNITEX (XGNITion 
Experiment) [ 10) studies. 

In this paper, a simple power balance equation (given in Section 2) is used to 
examine the relative merits of size ( L  1= a or Ro),  field (Bo) ,  and current (I) on 
ignited tokamak performance. The minimum conditions needed for ignition and, 
once ignited, the plasma performance within an ignited regime depend in part on 
the diffusive energy losses ( x e  and xE or rB) .  Although there is no universal model 
for these losses, various confinement scalings (given in Section 3) are used (in Sec- 
tions 4 and 5) to illustrate the potential range of performance expected in devices 
with different parameters ( L ,  B ,  I ,  etc.). The confinement scalings considered 
range from optimistic models based on ohmically heated plasmas to pessimistic 
models (L-mode scalings) that include confinement degradation by both auxiliary 
and fusion alpha heating. Favorable H-mode confinement is also considered. Of 
course, performance projections also depend on other factors, such as the inventive- 
ness in plasma operation scenarios during startup, heating to ignition, etc., through 
tight control of profiles (e.g., n, J ) ,  sawtooth oscillations, etc. Here, in principle, 
such scenarios are assumed to apply across the board (Le., independent of a given 
class of device) and are not considered. 

As an illustration, the results of this study are applied to “CITs” (4,5] a,nd 
“Super-JETS” [8]. Their parameters are summaxized in Table I. 

In all expressions, unless otherwise stated, the volume-averaged values for den- 
sity ( (n ) ) ,  density-averaged temperature ( ( T )  = (nT) / (n ) ) ,  etc., are used (without 
the angle brackets), The units are MKS, with T in kilo electron volts, current I in 
megamperes, and power in megawatts. When designated, 3220 = n/102@ rn-3 and 
TIC, -- T/10 keV. 

1 
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TABLE I. MACHINE AND PLASMA PARAMETERS ._____ 

CIT-2a IGNITOR Super-JET JETb 

Limiter Divertor (13.4 T) (2.5 x JET) (7 MA) 
... .-- ___. . .... _ _ _ ~ . .  

Major radius, Ro (m) 

Minor radius, a (m) 

Aspect ratio, A 

Elongation 1 tr iangularity, 

616 
Toroidal field, Bo (T) 
Plasma current, I (MA) 

Safety factor, q+(a) 

Cylindrical q,  q* 

Average poloidal field, 

Be(4 (T) 

(4 (MA/m2) 

Average current density, 

Density limit (10'' mP3) 

Murakami, (nmU) 

Greenwald, ( ~ G R )  

Troyon beta limit, 

Pcrit  (%) 
Figures of merit 

aBz/q ,  z X, 

I &  (IBO) 

a& (4*AI) 

B o  1 R o  
Plasma surface area, S (m2) 

Plasma volume, V (m3) 

1.32 

0.43 

3.1 

210.4 

10.4 

10 

2.8 

2.2 

2.7 

8.7 

5.4 

10.5 

6.75 

21.1 

27 (104) 

4.4 (68) 

7.85 

39 

9.5 

1.34 

0.41 

3.25 

2.110.4 

10.3 

9 

2.ac 

2.3 

2.45 

8.2 

5.0 

10.1 

6.4 

18.7 

22 (93) 

4.2 (68) 

7.7 

39 

9.2 

1.12 

0.42 

2.65 

1.710.22 

13.4 

11.25 

2.6 

1.95 

3.72 

11.9 

9.2 

12.2 

6.0 

38.5 

42 (150) 

5.6 (58) 

12 

27 

6.6 

7.4 

3.0 

2.46 

1.7/? (0) 

4.0 

20 

3.2 

2.35 

0.96 

0.42 

0.35 

0.42 

5 .O 

20.3 

19 (80) 

12 (116) 

0.54 

1225 

2235 

2.96 

1.2 

2.46 

1.7/? (0) 

3.45 

7 

3.2 

2.3 

0.84 

0.9 

0.75 

0.93 

5.1 

6.1 

6 (24) 
4.1 (40) 

1.2 

196 

143 
.- 

a A  version of the U.S. Compact Ignition Tokamak design 151. At present, several variations (large a and R , ,  
smaller 6, larger q + ,  etc.) are being considered 
JET parameters are included here only to demonstrate its relation to Super- JET. 

'Defined at 96% flux surface. 
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2. POWER BALANCE EQUATION AND REGIMES 
OF PLASMA OPERATION 

To establish the conditions under which ignition can be achieved, either with 
the aid of auxiliary heating (a general case) or with Ohmic heating alone (a special 
case), we use a simple global power balance equation, 

aW F = -  
at = -peon - prad -k pa + POH + paux (1) 

where W is the total plasma energy and the terms on the right-hand side represent 
the power loss due to transport processes (P,,, = P, + Pt)? the bremsstrahlung 
radiation (Prad) ,  the alpha power (Pa) ,  the Ohmic power (PoH), and the auxiliary 
power (Pa,,). Here, synchrotron radiation and impurity line radiation are neglected. 
In a dense, relatively clean plasma, the line radiation plays a small role in the central 
(burn) region of the plasma. Although the synchrotron radiation could represent a 
large power loss (at high burn temperatures, T > 15 keV) in fusion plasmas with 
high magnetic fields and low wall reflectivity (a), it is typically smaller than the 
bremsstrahlung radiation for ignition temperatures I' - 5-10 keV, provided that 
Bo < 15 T and R > 0.9. At higher burn temperatures, this loss process could 
provide some passive thermal stabilization. 

A typical set of steady-state ( F  = 0) plasma parameter curves (known as Cordey 
plots [ 111 or plasma operation contours, POPCONs [ 121) in density-temperature 
(n -T )  space is shown in Fig. I. In steady state, the ignition condition (curve 1) 
is 8' = Pau, = 0; P,,, + Prad = Pa + POH. At low enough temperatures, this 
equation can also be satisfied, corresponding to Ohmic (OH) equilibrium (curve 2). 
The thermal runaway (curve 3) is defined as F == d F / B T  == aPaUx/dT = 0, which 
is satisfied at T(n)  = ?',(a), where Pa,, = P,,,(max) along a line of constant 
density. The optimal path to ignition (saddle point-point A) is determined from 
F = a F / d T  L= d F / &  = 0, which is satisfied at (n*, T,) where Paux(max) is 
minimum. At ( n x ,  T,), if Pa,, = 0, this gives the optimal (minimum) condition 
for Ohmic ignition ( F  = Pau, = d F / d T  = d F / d n  = 0). Also shown in Fig. 1 are 
the density limit (nmax - B,/Ro) [13] and%he beta limit (/?crit - I /aBo)  (141, both 
of which conBtrain the ignited operating window (dotted region). The size of this 
operating window (An, AT),, is a measure of the ignition margin, which is defined 

For any confinement model of the form r E  - n"TYf(others), the optimal path 
here MI (pa -k pOH)/(pcon + Prad). 
(saddle point) is determined from [15] 

where s = 8 In(crv)DT/d In T N 3 for I' < 10 keV. As mentioned, if Pal,, = 0, then 
Eq. (2) gives the minimum condition for Ohmic ignition. 
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ORNL-DWG 87- 2400 FED 

TOH Tip '0 Twit 

<T>, AVERAGE TEMPERATURE 

Fig. 1. A typical plasma parameter operating space, showing ignition (curve 
l), OH equilibrium (curve 2), and thermal runaway (curve 3) contours. Also shown 
are the limits imposed on density (n  < nmaX - B,/R,) and total plasma beta 
( P  < Pcrit - I/aB,).  Operating points: 
(A) optimal path to ignition (n*, T*);  
(B) ignition at n - nmax, T 
(C) ignition at T = 10 keV; 
(D) maximum performance at n = n m a x ,  p = Pcrit (T = Toit). 

The heating window and the ignited operating window (dotted region) are indicated. 

Tign (min); 

To compare the relative merits and potential of devices with different parameters 
and to identify classes of devices with similar (or different) characteristics, it is 
useful to consider the scaling of various key parameters ( n r E ,  Paux, p, Pfus, L ,  - 
Pfus/area, etc.) with B ,  I,, and/or I at various operating points. Several operating 
points are shown in Fig. 1: (A)  along the optimal path to ignition (saddle point - 
n* 7 T*); (B) ignition at  n - nmax, T = Tign(min); (C) ignition at T = 10 keV; and 
(D) maximum parameters at n = nmax, p = Pcrit (T = Toit). Here the maximum 
density is given by the Murakami limit (131, taken as 

ne,,, = (nm,> = 1.5 x 10'' B,/R,q, (m-3) (3) 

and the maximum volume-averaged beta is constrained by the Troyon-Gruber limit 
(141, taken as 

p < pcrit = 3 x I O - ~ I / U B ,  (4) 
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where the current ( I )  is in megamperes (MA) and p = p, +pi +@fa = &( 1 + yfa), 
with P t h  = Pe + Pi and y f a  = @fa/& the ratio of the fast alpha pressure to the 
plasma thermal pressure. The cylindrical equivalent safety factor q. is [15] 

Q* = (5aZBo/I&) [(I + nf)/2] (5) 

where IC* is an effective plasma elongation, corrected for plasma triangularity 6 with 
(I dl0/27ra)' N [l + n2(1 + 26')]/2 for small 6 (< 0.35). 

For simplicity, taking T, N T, = T, assuming profiles of the form 5 = zo(l - 
x = n, T, J ,  with a~ - 3cu~/2,  and averaging Eq. (1) over the plasma 

cross section yields [15] (in MW/m3) 

where ~ N C  N 2.5 Ifr 0.3 for A = Ro/a N 3 'f 0.5 (the average neoclassical re- 
sistivity enhancement factor), and qo = q(0) is the safety factor on axis. The 
coefficients C = C((Y,, QT, .Teff, n = b / a )  and ( a w ) ~ ~  - T,9,, where s = 3 
for T10 < TIOC and s = 2 for T ~ O C  < T10 < ~ T ~ o c ,  with Tc (= 10T10~) N 

f (an,  CYT) - 7-10 keV. For an - 0.5, CUT = 1.0, and Zeff 1.5 (n; /n ,  - O.9), 
these coefficients are CB - 2.67 x C, 2 0.1, TlOc z 0.75, and C O H  N, 

8 x 10-4[(1 + K ~ ) / ~ I c ] ' .  Equation (5) is further simplified by introducing a normal- 
ized density m = n/n,aX = n20/(1.5Bo/R0q,), where m < 1 identifies a density 
regime below the Murakami limit [Eq. (3)] and rn > 1 a regime above the limit. 
The resulting equation is I151 

Here fnT = (ni/n,)(Tz/Te) 2 ni/ne N 0.9 for Zeff = 1.5 (with 2' - 6) and s = 3 (2) 
for T < 7.5 keV (T > 7.5 keV). In Eq. (8a) the conduction losses are given in 
terms of the global energy confinement time (?.E) and the. electron ( x e )  and ion (x,) 
thermal diffusivit ies. 
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For a given geometry ( A  = R,/a, K )  and plasnia composition (Z,w), Eq. (7) 
depends only on rn, T ,  and nrE. For a wide range of confinement models of the 
form TEOH(neo-Alcator) - nL3 and/or rEaux(L-/H-modes) - L l f ( P )  with f ( P )  - 
F a  or - (C1 $ - C z / P ) ;  nrE - f(rn)LL1’,2 - f (m)BoI  with fOH(m) - m2 and 
faux(m) - rnz, z = (1 --- 2 a ) / ( l  - a). Thus, for these forms of scalings, the power 
balance equation (Eq. (7)] is F ( m  = (n)/nmax, T ,  X,) = 0, where the “figure of 
merit” parameter X, = f(nr~) N AB: - B,I. The plasma performance (ignition) 
contours in rn-T space (see Fig. 1) will be the same for devices with similar X,. 
That is, curves 1, 2, and 3; T O H ,  T*, and Tign; and Pf,, at  points A, B, and C will 
be similar except for p arid wall loading C,. 

From Eqs (3)-(5), in m-T space the Ptot = ,Ocrit contour is 

mTlo(1 + rjn) 2.6 x q , l A  0 . 1 3 ~ H ~ [ ( l  + ~ : ) / 2 ]  (9) 

and 
p t h  = 8, -k pi = 2-15 mTIO/(q*RoBo) (10) 

Typically, 71.. - 5-25% for T - 6-16 keV. At n = nmax(m = I),  ,O = (point D 
in Fig. l ) ,  and T = Tc,it oc I A .  Within the ignited operating window, T 2 10 keV 
requires q , l A  > 40 (i.e., 1 > 7 MA for A - 3, Q* - 2). 

3. CONFINEMENT MODELS 

The following confinement models are used to illustrate the potential range of 
performance of ignited tokamaks. 

Ohmic Heating Neo-Alcator-Like Scaling [16] (73 or 7 ~ ~ ) :  

One of several variations of this scaling is given by 

701-1 = T N A  = 0.07n2oaR,2q, 

P L ~ O T N A  N 0.16 m2(aB,2/q,) 

(seconds) 
(11) 

Auxiliary Heating L-Mode (H-Mode) Scalings [16] ( r f ~  or 7 ~ ~ ) :  

The general form of these scalings is 

‘Taux - E or c1+ c~/E‘]  (12) [ ~(0.5-1.5) 1(0.6--1.5) A (0.5-1.0) K (  0.2-0.5) p - (0.3-0.6) 

where Ai is the ion atomic mass number and P is the total heating power (POH + 
Pa + Pa,, .-- Prad) Typically T~~~ (H-mode) - (2-3)raUx (L-mode) . Specific examples 
follow. 
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oc m0.2513  ( R0/a)2.3u-’.65 , 
where ~ L M  = 1 (L-mode) or 2 2 (H-mode) and Ai = 2.5. 

2. Goldston (G) Scaling 1181 

For L = R,, 

T M I R ,  E (0.02-0.05) ~ L H R ~ I  

P ~ Z O T M I R ~  (0.03-0.08)~bf~~ BoI/q, (16) 

(0.15-0-4) mfLH(aBi/!?*)[(l + 6 : ) / 2 ] / q * ( & / U )  

The isotope ( A ; )  and plasma shape (n) effects are included in the coefficients. The 
scalings of these forms represent the limit of the offset-linear forms of power degra- 
dation T - (Cl + C2/P)LI --+ C1LI. In many H-mode discharges ( ~ L H  2 Z), power 
degradation appears to be absent and r,q - L I ,  provided ,~3 < Pcrit [IS]. 

T-lO/T-11 Scalings [19] ( 7 ~ ~ ) :  

This scaling (known as the Mukhovatov-Merezhkin scaling) is similar to the 
Ohmic (OH), neo-Alcator scaling [Eq. (ll), 7 - 97L3] with added f (Te )  to ~ C C Q U ~ ~  

for confinement degradation: 
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Ion Neoclassical (Chang-Hinton) Scaling [ 201 ( r E ; ) :  

The ion neoclassical thermal diffusivity is given by xi = f i z x C ~ .  In the low- 
collisionality, banana regime, 

where K ;  = (0.66+ 1 . 8 8 ~ ' / ~ -  1 .54s)(1+1.5~~),  E = r / R o ,  and f i z  is the neoclassical 
multiplier (anomaly). Thus, 

The OH scaling given by Eq. (11) does not yield the observed saturation of 
confinement at high density or degradation of confinement with auxiliary heating 
and is therefore considered an optimistic model. The scalings given by Eqs (12)- 
(14) include degradation of rEsux with total power and thus represent a pessimistic 
model. In many recent experiments (161, although TE degrades with power, the 
observed confinement times are higher than that predicted from TKG,  Eq. (13), or 
TG, E¶. (14). Because the OH scalings represent an upper limit to T E ,  a combination 
of OH and auxiliary scalings is taken (181, 

4. IGNITION CONDITIONS AND PLASMA PERFORMANCE 
WITH OHMIC SCALINGS 

4.1. Neo-Alcator-like global confinement scaling 

First, it is informative to look at a simple case where xe - xi - X N A ,  namely, 
T E  - rEoH - T N A  (Eq. (ll)]. Substituting Eqs (8a) and (11) into Eq. (7) yields 

where a ~ ,  a,, UOR,  and aaux are given in Eq. (8) and 



(s = 3 for 7'10 < 0.75, .5 = 2 for 2'10 > 0.75.) Equation (21) can be solved 
analytically, with ~ T L  = f(T, aBz/q,) ,  and the solution is nearly independent of 
any other parameter for a given geometry ( K ~  A =I Ro/u) .  The minimum value of 
aH:/q,  needed for ignition ( F  = Pa,, = 0), subject to the density (rn <( 1) and beta 
( p  < Pcrit; T < Tcrit) limits, is aB:/q,  - 12 ( 1 6 ) ~  requiring a plasma current (for 
A - 3) I - 10 (7) MA. For aB:/q, > ( a B : / q * ) n l i n ,  there is an ignited operating 
window, the size of which is determined by the plasma current [Pcrit, see Eq. (19)]. 

Figure 2 shows (in rn-T space) the steady-state ignition and OH equilibrium 
contours in the CIT, IGNITOR, and Super-JET machines (see Table I). Also shown 
are the ,Ll = Pcrit contours. The CIT and Super-JET have comparable uB:/q* - 20 
and thus have similar ignition contours, as predicted by Eq. (21). The IGNITOR, 
with nearly twice the uB2/qI value (-39), ignites at a lower temperature and has 
a larger density operating window. Although all three devices have comparable 
Pcrit - 5-6%, the Super-JET with 20 MA (nearly twice the current in CIT and 
IGNITOR) exhibits a larger temperature operating window (Tc-it - I ) ,  Also, the 
minimum p at  ignition is lower (far from Pcrit) in Super-JET. Figure 3 shows (in n- 
T space) the ignition and auxiliary power contours. The parameters corresponding 
to various operating points are summarized in Table 11. The scalings of various key 
parameters (listed in Table 11) are as follows. 

ORNL-DWG 87-  2101 FED 
1.4 

> r- m 1.2 

a 
13 1.0 

z 
W 

W 
N 
J 
- 
2 0.8 
LT 
0 
Z - 0.6 - 
H 
a 
Y 

2 nA 
CIT (Lirn) 
CIT (D iv )  
IGNITOR 
SUPER- JET 

- - ..-- 
--I 

E 
0 

0 5 IO 15 2 0  25 30 
<T>, AVERAGE TEMPERATURE 

Fig. 2. Steady-state ignition and Ohmic equilibrium contours (in m-T space) for 
CIT, IGNITOR, and Super-JET with neo-Alcator (NA) global confinement scaling 
(Xe  - X i  - XNA; r~ = T N A ) .  The reference Murakami density limit is used 
(rn = n/n,,) and ,f3 = pcrit contours are shown for all three cases. [Z,R N 1.5 and 
q(0) N 0.95.1 
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2 

102' 

5 

r - r - - 1 - - - 7  
ORNL-DWG 87- 2402 F E D  

~ - - - - l - - T - l - ~  

25 0 5 10 (5 20 

<T),  AVERAGE TEMPERATURE (keV) 

CONFINEMENT MODEL: 
xe" 'i"'Neo-Alcator 

Zef f - ! .5  
q ( 0 )  - 0.95 

2 0  25 40'9 0 5 (0  15 
(T),  AVERAGE TEMPERATURE (keV) 

Fig. 3. Steady-state auxiliary power contours for (a) CIT, (b) IGNITOR, and 
( c )  Super-JET with neo-Alcator (NA) global confinement scaling (xe = xi N X N A ;  

7 6  = ~ N A ) .  
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TABLE rr. STEADY STATE, VOLUME-AVERAGED PARAMETERS 

AT VARIOIJS OPERATING POINTS FOR NEO-ALCATOR- 

LIKE GLOBAL CONFINEMENT 

SCALING: x e  - xi - X N A ( T E  N T N A )  

IGNITOR Super-JET CIT-2 

Limiter Divertor (13.4 T) (2 .5 x JET) - ____.. 

OH equilibriuim 

Tos (keV) 3.5 

Along optimal path (n*, T*) 

T* ( k e y  4.2 

n, ( 1 o z o ~ r 3 )  8.7 

m* = n*/(n,,ll) 1.6 

P t h *  (%) 2.6 

Pf,lS* (MW) 60 

L,, (MW/m2) 1.55 

Min Paux* (MW) 6 

At ignition (rn = n/a,,,, = 1) 

T (keV) 8.5 

Ptll (%) 3.25 

Pp0l 0.48 

L ,  (MW/m2) 4.6 

Pfus- (MW) 180 

At ignition (7' = 10 keV) 

n (lo2' m-3) 4.95 

0 t h  (%) 3.5 

Pfus (MW) 2 10 

L W  (MW/m2) 5.4 

&"I 0.52 

At n = nmu,  Ptot Pcrit 

Tcrit (kev) 14.5 

Ptll (%) 5.5 

PpoI 0.81 

Vfus (MW) 4 80 

Lw (Mw/m2) 12.3 

3.5 

4.2 

8.6 

1.7 

2.6 

60 

1.55 

5 

9.4 

3.4 

0.6 

180 

4.6 

4.85 

3.5 

0.62 

195 

5 .0 

14.5 

5.2 

0.92 

400 

10.2 

3.7 

4.2 
11.3 

1.2 

2.0 

65 

2.45 

5 

6.1 

2.4 

0.3 
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5.0 
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The OH equilibrium temperature is 

(23) 
TlO(OH) (aOH/aNA)"* 

'11! 2.3 x 10-2((aa,2/q,)0'4(.y~~Z,ffq12/qo) 2 0.4 [(I + t ~ * 2 ) / 2 6 ] ~ * *  

In Figs 2 and 3 (and Table 11), Zeff  N 1.5, qo N 0.95, and ~ N C  - f ( A )  N 2.5 for 
CIT, 2.7 for IGNITOR, and 2.8 for Super-JET. 

The optimal path (m,, T,) is determined from Eq. (2), where x = 1, y = 0, 
s = 3, and acy = ~ , / ( 0 . 7 5 ) ~ :  

At ignition (Pa,,, = Q ) ,  rn = m(T)  and expressions for m = 1, T ( m  = l ) ,  and 
T - 10 keV, m(T10 = 1) are easily obtained from Eq. (21).  In both cases, p at 
ignition scales as 

(25 )  
0 5  - 1  

Pign a [ q * R B o ( a ~ ~ / q * )  * ] 
Along the optimal path to ignition [and at ignition), the total fusion power 

produced is nearly the same in all devices (see Table 11). However, the total (neutron 
plus alpha) wall loading varies widely, ranging from very low values in Super-JET 
to values approaching (or exceeding) reactor-like conditions in CITs. At maximum 
parameters (n  = nmu, Ptot = &it), the power levels (and wall loadings in CITs) 
are very high. It should be noted, however, that with this optimistic confinement 
scaling, there is a large operating window (Figs 2 and 3),  and ignition could have 
been achieved with lower Bo and I (or these quantities could have been lowered 
after ignition is achieved) with correspondingly lower power levels. 

Under the assumptions made here (i.e., nearly parabolic profiles, Z,ff - 1.5, 
qo - 0.95, xe - xz, etc.), OH ignition is not possible in these devices. However, 
change in profiles, lower qo and Zef f  values, higher density limits, etc., could alter the 
projections. In general, the optimal conditions needed for OH ignition are obtained 
from Eg. (2); these are Pa = P,,, = Prad POH (for z = 1 ,  y = 0,  s = 3). This 
corresponds to Paux*(min) = 0, i.e., TOH = T,, requiring a minimum aR:/q, .  For 
aB?/q, > ( n 8 ~ / q , ) m i n ,  OH ignition is accessible within some density window. 

The expression for the minimum value is 
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where TNC - 2.5 is assumed and U E  5 6.5 (Eq. (22)]. In terms of current, Eq. (26) 
can be rewritten as 

(QcIA)min-OH 95 “ Q ~ ( a / q * ) * . ~  (27) 

Thus to achieve OH ignition, for example, if everything except qo is kept constant, 
one needs 

0.65 in Super-JET 
0.8 in CET 
0.8 in IGNITOR 

These low qo values might be attainable if sawtoothing is suppressed. Alternatively, 
if the sawtooth activity limits qo (- 0.95), then OH ignition might be possible in 
these devices with further shaping of the plasma or with an increase in magnetic 
field. In the latter case, the magnetic fields and corresponding plasma currents 
needed for OH ignition are as follows: 

B o  2 6 T, 1 2 30 MA in Super-JET 
2 12.5 T, 2 11 MA in CIT, divertor 
2 12.5 T, 2 12 MA in CIT, limiter 
2 16.5 T, 2 13.8 MA in IGNITOR 

An increase in elongation [see Eq. (26)] reduces the minimum Bo required for OH 
ignition, a result consistent with those obtained by Chu et ai. [21]. 

4.2. Combined neoclassical ion and neo-Alcator electron scalings 

For Xe = f e z X N A  and xi f i s X C H ,  Eq. (7) yields 

where U B ,  a,, UOH, and aaux are given in Eq. (8), and fcon(m,T~o) = aeT1o t 
a; m2 Ti! with 

Here n207Ei  is given by Eq. (lSb), where Ai = 2.5 and Zeff 1~ 1.5 is assumed. 
Equation (28) is similar to Eq. (21). For A - 3 f 0.5 and q* - 2 (corresponding 
to gq, - 2.5-3.0), the ion neoclassical losses exceed the bremsstrahlung radiation if 
aRg/q, < 20fi,/atc2 [or J (MA) < 6f;i5]. 
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The expressions for the scaling of parameters at  various operating points are 
similar if U N A  is replaced with a, and U B  is replaced with U R  + ai in Eqs (23) and 
(24). For example, 

Tl(l(0I-I) N (uoW/ue)0.4 , 7-10, = ( ( U B  -t- ai)/iia10*4 

The optimal condition for OH ignition is determined from Pa = PB -t- Pi = Pe = 
Po14 which yields 

where 

[Here ueo and aio are defined in Eq. (XI) . ]  
Figure 4 shows, for f tz  = 1 and 3, the ignition contours and the extent of the 

ignition regimes in CIT, IGNITOR, and Super-JET. For fez = 1 and fiz = 1, 
the IGNITOR ignites ohmically; however, OW ignition fails if f iz 2 1.5. The 
Super-JET comes very close to OH ignition with fix - 1-2, because of the large 
current (ion neoclassical losses are nearly nonexistent). Figure 5 shows the auxil- 
iary power contours for fiz = 3. In CIT and IGNITOR the saddle point appears at  
(n,) - (0.7-0.8)(n1,,) (Le., m, - 0.7-0.8), whereas in Super-JET m, 2 1. This is 
where ion conduction plus bremsstrahlung radiation losses (increasing with density) 
are comparable to electron conduction losses (decreasing with density). The min- 
imum (steady-state) auxiliary power required to reach ignition is about 2--3 MW 
in IGNITOR and Super-JET and about 6 MW in CIT. In dynamic simulations, 
with finite startup time, the required power can be greater (or less) than these val- 
ues, depending on the evolution of profiles and dynamics of the sawtooth activity 
[ 12,151. The parameters corresponding to various operating points are summarized 
in Table 111. 

The qo values needed for OH ignition (assuming sawtooth suppression) are: 

IGNITOR - <l.O 50.8 
Super-JET 50.9 50.8 
CIT 50.85 10.65 
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Fig. 4. Steady-state ignition and Ohmic equilibrium contours for (a) CIT, 
(b) IGNITOR, and (c) Super-JET. [Zee N 1.5 and q(0) = 0.95.1 Confinement 
model: xe = 1 x X N A ,  x; = f i s x c ~ ,  with f;, = 1 and 3. 

Alternatively, if q(0) - 0.95, the minimum OH ignition requirements are as follows: 

f l z  = 1 fix = 3 

Bo (T) I (MA) Bo (T) I (MA) 

IGNITOR “Ignited” 2 1 5  >12.6 
Super- JET 24.5 222.5 >4.7 - 223.5 
CIT, limiter 2 10.8 2 10.5 212.5 2 12 
CIT, divertor 210.8 2 9 . 5  212.6 2 1 1  

Note: fix is the ion neoclassical multiplier (anomaly). 
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TABLE 111. STEADY-STATE, VOLUME-AVERAGED PARAMETERS 

AT VARIOUS OPERATING POINTS FOR COMBINED 

NEOCLASSICAL ION AND NEO-ALCATOR ELECTRON 

SCALINGS: X e  N X N A  and x, f r z x l ~ ~  with f i5  - 1-3 

C IT- 2 IGNITOR Super-JET 

Limiter Divertor (13.4 T) (2.5 x JET) 

OH Equilibrium 

TOH (kev) 4.5 
Along optimal path (nx, T,) 

T, (keV) 4.8-5.9 

n, (1020m-3) 5.8-4.3 

n* = n*/(n,,> 1.1-0.8 

P t h r  (%) 2-1.8 

PfU,* (MW) 45-43 

L,, (MW/m2) 1.15-1 .l 

Min Pall,* (MW) 1.6-5.7 

At ignition (n = n/n,, = 1) 

T (keV) 6.1-7.2 

P t b  (%) 2.3-2.7 

@pol 0.34-0.4 

Pfu, (MW) 75-120 

L ,  (MW/m2) 1.9-3.2 

At ignition (T = 10 keV) 

n (lozo m-3) 3.6-4 .O 

P t h  (%) 2.5-2.8 

Pp0l 0.37-0.4 

PftlS (MW) 110-135 

L ,  (MW/m2) 2.8-3.5 

4.5 

5.0-6.2 

5.5-3.9 

1.1-0.8 

2-1.7 

42-40 

1.1-1 .0 

1.8-6.0 

6.4-7.9 

2.3-2.8 

0.4 -0.5 

75-125 

1.9-3.2 

3.5-4.0 

2.6-2.9 

0.46-0.5 

105-135 

2.7-3.5 

4.8 4.1 

(5.3)" 4.6 4.3-4.5 

(6.5)a 6.5 0.43-0.4 
(0.7)" 0.7 1.3-1.2 

(1.5)= 1.5 0.Y-0.085 

(50Ia 50 41-40 

(1.85)" 1.85 0.035 

Oa-2.8 1-2 

5.3n-5.8 5.9-6.:! 

1.5"-2.2 0.95-1 .O 

0.2a-0.3 0.2-0.23 

50n-125 65-75 

1 35"-4.7 0.05-0.06 

4.4-4.7 0.23 

1.9-2.0 1.1 

0.25 0.2s 

115-130 105--110 

4.3-4.8 0.09 

At = nmu, Pto t  = Pcrit 

(Same as Table 11) 
aNotc: IGNITOR (13.4 T) ignites ohmically for xe=xNA and x . ' = 1 x x t . ~ .  Values 

given are at OH ignition ( n . = G . 5 ~ 1 0 ~ ~  
f , ,>1 .5 ,  OH ignition fails. 

T, = 5.3 keV) for !,==I. For 
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5 .  PERFORMANCE WITH ATJXPEJARY SCALINGS 

5.1. Kaye-Gddston $I-mode (H-mode) scaling 

A generalized form of OH-auxiliary scaling is given by Eq. (20). Taking TEoIf = 
T N A  and T E , ~ ,  7 T K G  (Eq. (13)], Eq. (7) yields 

0.5 
F = Ti0 + ~ ~ ~ o m ~ . ~ T ~ 6 ~ ~ )  - U B ~ ’ T ; L ~  -1- U,m2(T10/0.75)’ 

(31) 
-- 3/ 2 + aorlqo + %ux = 0 

where U N A  is given in Eq. (22), u B ,  a,, uOH, and asux are given in Eq. (8),  and 
UKC; oc ( ~ ~ o T K c . ) - ~ ,  which is 

2.95 80 2 

3 1.65 13 R 2 3 2.4 0.71 0.24 = 9 - 4  x 10 a [ ( , /a) * f L H 1 - l  (6 Q, 1 
As evidenced from Eq. (13) or (32), KG scaling is favorable in small-size, high- 

current devices. Ignition becomes easier if a given current can be generated in a 
smaller minor radius or if the current can be increased at  a fixed size, both of 
which could be accomplished through shaping ( K )  and/or higher field. The scaling 
also favors large aspect ratios. While both the CIT and IGNITOR ignite with KG 
L-mode ( ~ L H  = 1) scaling, ignition in Super-JET would require either I - 29 MA 
or an L-mode enhancement factor fLH > 1.7. A simple estimate of the relationship 
between size, aspect ratio, and required current for L-mode ignition is 

(33) 
I > 33u0.5~---0.75 

For a “CIT-class” device with a - 0.4-0.5 m and A - 3 :I: 0.5, the required current 
is about 10 f 1 MA. (For Super-JET, a c-’ 3 rn and A - 2.5, requiring 1 - 29 MA.) 
In terms of uB; /q , ,  the ignition requirement is roughly given by 

a @ / q ,  N 43.5 q , ~ 0 . 5 ( 2 / ( 1  + ~ 3 1 ~  (34) 

Ignition contours (Pa,, = 0) for various values of aB?/q, are shown in Fig. 6 for 
L-mode operation of a “CIT-class” tokamak with A - 2.8 k 0.2, K - 1.8, 6 - 0.2, 
Q* ~2 2,  and n - 0.4-0.5 m. The beta limits (/3to, = Pcrit) corresponding to 8, 10, 
and 12 MA are also shown. For the assumptions of this geometry ( K ,  A ) ,  the devices 
with aR:/y ,  < 2 1  reach their beta and density limits before ignition is achieved. If 
the density limit is considerably higher than indicated by the Murakarni limil (if, for 
example, the Greenwald limit [22] applies, see Table I), then ignition may become 
possible for lower values of u B z / q t .  An increase in elongation [see Eqs (32) and 
(34)] further reduces this limit. Figure 7 shows the maximum attainable ignition 
margin versus aB: /qI for two plasma elongations. Considering Murakami density 
(m < 1) and Troyon-Gruber beta (a < &it = 31/uB, %) limits, the results of 
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Figs 6 and 7 show that “CIT-class” devices with uB:/q. - 25-30 (B,I - 100-120), 
IC - 1.8, and A N 2.8 $I 0.2 (corresponding to a set of device parameters a - 0.4- 
0.5 m, R, - 1.1-1.5 m, Bo - 10-12 T, I - 10-11 MA) should be ignitable with 
a small ignition window under the conservative KG L-mode scaling. €‘or H; CJ 2, 
uB:/q, - 20 is needed for ignition. 

Note that the projected favorable results for plasmas with strong shaping are 
subject to experimental verification [to investigate whether the plamia nhaping 
(large n) really helps to improve confinement through increased plasma current 
at fixed safety factor] and should be treated with caution. This is becaase the ex- 
perimental data [16] from which these scalings are deduced are typically limited to 
a range at which IC 5 1.8. Also important is the linear scaling of the beta limit 
with plasma current. Although for many tokamaks (s <_ 1.8, 6 5 0.5, A - 3), 
the Troyon-Gruber formula (&it - CpI/aB,  with Cp - 2.5-3.5) gives a good de- 
scription of the operating limits [le], the scaling of Cp with q* (q$) and geometry 
( K ,  6, A) has not yet been clearly established. 

Assuming 73 = rEaux or rE = (r j j iW + r ~ ~ u x ) - l / z  with TEOH = ~ N A  and 
rEaux = TKG, ignition requirements for CITs and Super-JET are as follows: 



21 

= mG TE = ( T i :  f 7<2)-'12 

IGNITOR Ignited Ignited 
CIT, limiter Ignited N Igni ted 
CIT, divertor Ignited fLH 2 1.1 
Super- JET f L H  2 1.7 f L H  2 1.9 

Note: fLH is the needed enhancement factor over L-mode. 

5.2. Goldston L-mode (H-mode) scaling 

except for the first term fcon(m, ?'IO), which is given by 
The power balance equation for the Goldston scaling is similar to Eq. (31), 

fcon(m, G ~ )  = T~~ (aiA + a ~ , m ~ ~ ; ~ ) ~ * ~  (35) 

where 
UG N 3.95 x lo3 ~ ~ * ~ ~ / ( 1 ~ A ~ ~ ~ f ~ ~ )  (36) 

Here Eq. (14b) is used. The current and A = & / a  are the only strong scaling 
parameters in this scaling. The minor radius dependence is weak. None of the 
examples given in Table I ignite with Goldaton L-mode. Enhancement over L-mode 
(i.e., H-mode) should provide ignition. The needed enhancement factors [assuming 
r E  = rEaU, = TG or 7~ = ( ~ i i ~  + T ~ ~ ~ ~ ) - ~ / ~  with TEOH == T N A  and T E ~ , ~ ~  = TG] 
are as follows: 

- 2  

f L H  

Super-JET 21.65 21.9 

CIT, limiter - >2.0 2 2 . 2  
IGNITOR - >2.1 >2.2 - 

CIT, divertor 22.0 22.4 

Note: ~ L H  is the needed enhancement factor over L-mode. 

In general, ignition with Goldston scaling requires (assuming TE 2 76) 

For compact CIT-like devices (a - 0.4-0.5 m), the required plasma current for 
ignition is 

L-mode: 1 'u 20 f 5.0 MA for A - 3 0.5 
H-mode: I cx 10 & 2.5 MA for A - 3 F 0.5 

For Super-JET-like devices (u - 2-3 m) the required plasma current for ignition is 

L-mode: I N 25 f 6 MA for A - 3 
H-mode: I N 13 k 3 MA for A - 3 

0.5 
0.5 
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5.3. Mirnov-like sealing 

where 

For L = a, KL = K,  II 4.5-12.5 [see Eq. (IS)],  and for L : Ro, K L  = KN,, i5r: 
12.5-33 [see Eq. (16)]. As a representative case, choosing 

TMI E 0 . 0 7 5 a I ~ ~ . ~ ( A i / Z . 5 ) ~ ~ ~  (39) 

yields (for Ai = 2.5) 

The power balance equation is similar to Eqs (31) and (35), except for the first 
term fcon(m, TIC,), which is given by Eq. (38). The current, field, and aspect ratio 
are equally strong scaling parameters. (For L = R,, TMI - R J ,  the aspect ratio 
dependence is not as strong as for L = a.)  The ignition contours for various values 
of uB:/q., are shown in Fig. 8 for L-mode operation (fLH = 1) of tokamaks having 
A - 3, K - 1.6-1.8, S - 03-0.1, q* - 2, Z,R - 1.5, and q(0) - 0.95. Critical beta 
contours for various plasma currents are shown in Fig. 6(b). For nominal density 
( -  m < 1) and beta ( p  5 ,Ocrit) limits, the results from Figs 8 and 6(b) indicate 
that devices with aB?/q ,  - 20-25, I - 10-12 MA, and A - 3 zt 0.5 are ignitable 
with the L-mode (Mirnov-like) scaling given by Eq. (39). Both of the CITs and the 
Super-JET ignite (or require only a small enhancement factor) with this 1,-mode 
scaling. Typically, ignition is easier to  attain for scalings in the form of Eq. (39) [or 
Eqs (15) and (le)] than for the power law scalings of Coldston or Kaye-Goldston. 

Assuming rE = rEaux or TE = ( T ; : ~ ~  -t ~ i : ~ ~ ) - ~ / ~  with T E O H  = T N A  and 
'rEaux 1 TMI, the ignition requirements are as follows: 

Super- JET - Ignited ~ L H  2 1-25 
CIT, limiter Ignited - Ignited 
CIT, divertor - Ignited ~ L H  2 1-35 
IGNITOR Ignited Ignited 

Note: fLw is the needed enhancement factor over L-mode. 
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5.4. T-lO/T-11 scaling 

The T-lO/T-11, or Mukhovatov-Merezhkin, scaling for rEe (= TMM) is given by 
Eq. (17), which contains a linear density and a cubic size dependence. The reduction 
in confinement is proportional to T-1/2. Given T E e ,  7E can be estimated in one of 
two ways: (1) 73 = f T r E e  = ~ ~ T M M  with f r  = 1-2 or (2) T E ~  = T M M ( X ~  = XMM) 

and T E ~  = T C H / ~ ~ ~ ( X ~  = f i r x c ~ ) .  
1. First consider rE = frrEe. With this assumption, Eq. (3) becomes 

where 

Equation (41) can be solved analytically with rn = f ( T ,  uB?/q*) for a given geom- 
etry (A, n). The minimum value of aBz/q,  needed for ignition [subject to density 
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(m < 1) and beta (p  < Pcrit) limits] depends on the aspect ratio and plasma current, 
which can be simplified as 

For example, for m 5 1 and A N 3, aB:/q, 2 30 (69) for f,- N 2 (l), requiring 
I - 10 MA. If the density limit is higher (i.e., m > 1) than indicated by the 
Murakami limit, ignition may become possible for lower values of (zR:/q,, scaling 
roughly as ~ / m ' . ~ .  

With this scaling, under nominal assumptions (m 5 1, f,- - 1-2, p < Pcrit ,  etc.), 
neither CITs nor Super-JET ignites. When conditions are relaxed, the ignition 
requirements are as follows: 

m 

IGNITOR 21.6 Ignited 
CIT, limiter 22.0 21.25 
CIT, divertor 22.1  21.3 
Super-JET 23.1 22.0 

Note: m. is the needed increase over the Muraksmi 
density h i i t  [m=n/n,,, --nz,, /(  1.5B0/q. R,,)] .  

The optimal path to ignition (m,, T,) is determined from Eq. (2), where z = 1, 
y = ---1/2? and s = 3: 

pa,, , (min) - Pco, - POW at ( m  , , T,) 

The optimal OR ignition condition is P, = Prad = l.2Pcon = 1 . 2 P o ~ ,  which 
corresponds to Pauxt(min) = 0, i.e., T O H  = T,, requiring a minimum uB:/q. ,  
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In terms of current, Eq. (45) can be rewritten as 

(%~A' '38)m;n43~  (248 / f ,0 '5 ) lcq~(a /q , )o~5  

To achieve OH ignition in CITs and Super-JET, one needs 

Super-JET 40.5 L 239 27 .8  

IC NIT0 R 10.6 217.5 2 2 1  

CIT, limiter 50.7 2 14 214.5 
CIT, divertor 50.7 212.5 214.3 

2. Next consider = TMM and TE% II= T C N / ~ , ~ .  The power balance equation 
is similar to Eq. (41), except that the conduction term is replaced with 

where ai is given by Eq. (29b) and 

The expressions for the scaling of parameters a t  various operating points are 
similar if the following substitutions are made: U E M M  ( U E M )  is replaced with 
aemm (aem), and ag is replaced with ag + a; in Eqs (41) and (44). The optimal 
OH ignition condition is determined from Pa = Prad + Pi = 1.2pe = ~.~PoJ.J.  

6. DISCUSSION 

A simple analytic model, which incorporates profile effects, is presented, treat- 
ing the question of relative merits of size, field, and current on the ignition capa- 
bility of tokamaks. Despite the idealized and simple nature of the (0-D) model, 
the analytic results obtained and scaling relationships derived agree qualitatively 
and quantitatively with more sophisticated transport code (1 "2-D WHIST) cal- 
culations. (Direct comparisons between the global and l 1/2-D WHIST transport 
calculations are given in Ref. [15] for a small subset of the confinement models con- 
sidered here.) The global studies reported here have particular value because of the 
ease of calculating and presenting results and folding them into an evaluation of 
optimal sets of machine and physics performance parameters under various physics 
assumptions and constraints (xe and xI or 73, n,na,, Pcr i t ,  q * ,  etc.). 

The uncertainties in present-day understanding of confinement and the existence 
of a large number of empirical scaling laws make it difficult to determine a precise 
physical quantity that identifies ignition potential. For a wide range of confinement 
models considered in this paper, several "figure-of-merit" parameters are found to 
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give a good indication of the relative performance of devices its measured by the 
ease with which ignition can be achieved and the extent (in density and temperature 
space) of the ignition regime (see Fig. 1). With the plasma density regime identified 
in terms of rn - n/n,,, < 1 (nmax - B,/R, - J )  and the temperature regime 
in terms of /5’crit - I / a B ,  (T,,,, - Tcrit - I ) ,  for many of the scalings considered, 
the figure-of-merit parameters that identify the ignition capability of the devices 
are X ,  = aH:/q,  oc B,I and I .  The specific form of geometry (A, n) dependence 
varies among the scaling laws. The confinement scalings selected cover the range of 
possibilities ( “optimistic,” “middle-of- the-road,” and “pessimistic”), thus providing 
lower and upper bounds on the figure-of-merit parameters. 

For a given confinement scaling law, the minimum requirements for ignition 
are established, and generic ignition contours (in m-T space) for various values of 
aB:/q, are presented. Expressions for the optimal path to ignition (saddle point- 
r t* ,  T,) and the minimum conditions needed for ohmic ignition are derived ana- 
lytically. As an illustration, the results are applied to CIT [ 5 ] ,  IGNITOR [4], and 
Super-JET [ 81. The figure-of-merit parameters corresponding to these devices are 
summarized in Table I; all of them are variations of aR:/q, and I A  except B,/R,. 
The importance of R,/R, has long been stressed (e.g., in Refs [l] and (41). 

As pointed out earlier, determination of the precise physical quantity required 
for ignition depends in part on the selected confinement model. However, the results 
of calculations indicate common figures of merit for a wide range of confinement 
models. Specific findings are as follows: 
1. a typical L-mode ignition should be accessible in devices with uB;/q ,  - 25 k 5 

(or equivalently, B,I - 110 f 20), K - 1.8-2, and A - 2.8 f 0.2; 
2. the possibility of an H-mode (although precise scaling is less known) and/or 

increased plasma elongation n (although the existing data base is limited) im- 
proves the prospects for ignition and lowers the required values of aBz/q,  (or 
B J )  by as much as 50%; and 

3. prospects for ohmic ignition exist for devices with aB?/q, - (40-50)q:, n - 1.8- 
2.0 under favorable (nonsaturated) ohmic-like confinement scalings. Typically, 
aB:/qv - 80 10 would be required for L-mode scalings. Note that, in designs 
with very high fields (Bo > 15 T), synchrotron radiation (which is not covered 
in this study) could play an important role. 
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