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ABSTRACT

A simple global analysis is used to examine the relative merits of size (L = a
or R,), field (B,), and current (I} on ignition regimes of tokamaks under various
confinement scaling laws. Scalings of key parameters {n7g, 8, Paux, Prus, etc.) with
L, B,, 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 ~ Bo/ R,) and beta
(Berit ~ I/aB,). Expressions for the saddle point and the minimum conditions
needed for Ohmic ignition are derived analytically for any confinement model of
the form 75 ~ n*T'Y. For a wide range of confinement models, the “figure of merit”
parameters aB2/q. ~ IB,(R,/a) and I are found to give a good indication of the
relative performance of the devices, where ¢, is the cylindrical safety factor. As
an illustration, the results are applied to “CITs” (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].






1. INTRODUCTION

The prospect of achieving ignition in a compact, high-density, high-field toka-
mak has long been advocated by Coppi [1] and Cohn et al. [2,3]. The IGNITOR [4]
(one of the latest versions of the original IGNITOR discussed in Ref. [1]) 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 10?° m~3), magnetic fields (B, ~ 10-13 T), and plasma currents
(I ~ 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. [6]. 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 [ ~ 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. [8]) 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 (B, ~ 15-25 T) in compact devices has recently been considered in SHOT
{Super High-Field Ohmically Heated Tokamak) [9] and IGNITEX (IGNITion
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 = a or R,), field (B,), 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. and x; or 7g). 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 (i.e., 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] and
“Super-JETs” [8]. Their parameters are summarized 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, nz¢ = n/102° m~2 and
Tio = T/10 keV.



TABLE 1. MACHINE AND PLASMA PARAMETERS

CIT-2° IGNITOR  Super-JET JET®
Limiter Divertor (13.4T) (2.5 x JET) (7 MA)
Major radius, R, (m) 1.32 1.34 1.12 7.4 2.96
Minor radius, a (m) 0.43 0.41 0.42 3.0 1.2
Aspect ratio, A 3.1 3.25 2.65 2.46 2.46
Elongation/triangularity,

K6 2/04  2.1/04  1.7/0.22 1.7/7 (0)  1.7/7 (0)
Toroidal field, B, (T) 10.4 10.3 13.4 4.0 3.45
Plasma current, I (MA) 10 9 11.25 20 7
Safety factor, gy (a) 2.8 2.8¢ 2.6 3.2 3.2
Cylindrical g, g. 2.2 2.3 1.95 2.35 2.3
Average poloidal field,

Bs(a) (T) 2.7 2.45 3.72 0.96 0.84
Average current density,

(J) (MA/m?) 8.7 8.2 11.9 0.42 0.9
Density limit (10%° m~—3)

Murakami, (npmy) 5.4 5.0 9.2 0.35 0.75

Greenwald, (ngr) 10.5 10.1 12.2 0.42 0.93
Troyon beta limit,

Berit (%) 6.75 6.4 6.0 5.0 5.1
Figures of merit

aB?/q. = X 21.1 18.7 38.5 20.3 6.1

1By (IB,) 27 (104) 22 (93) 42 (150) 19 (80) 6 (24)

aB, (g.AI) 4.4 (68) 4.2 (68) 5.6 (58) 12 (116) 4.1 (40)

Bo/Ro 7.85 7.7 12 0.54 1.2
Plasma surface area, S (m?) 39 39 27 1225 196
Plasma volume, V (m?) 9.5 9.2 6.6 2235 143

@A version of the U.S. Compact Ignition Tokamak design |5]. At present, several variations (large a and R.,

smaller x, larger gy, etc.) are being considered

JET parameters are included here only to demonstrate its relation to Super-JET.

“Defined at 96% fAux surface.



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,

ow
F:—8—;':“PCOD—Prad+Pa+POH+Pa.ux (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.op == P, + P;), the bremsstrahlung
radiation (Pr,q4), the alpha power (P,), the Ohmic power (Poy), and the auxiliary
power (P,,x). 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 (R), it is typically smaller than the
bremsstrahlung radiation for ignition temperatures T ~ 5-10 keV, provided that
B, < 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 {11] or plasma operation contours, POPCONs [12]) in density-temperature
(n-T) space is shown in Fig. 1. In steady state, the ignition condition (curve 1)
is F' = Poux = 0; Peon + Praa = Po + Poy. 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 = 8F /3T = 8P,,x/dT = 0, which
is satisfied at T(n) = T.(n), where Paux = Phux(max) along a line of constant
density. The optimal path to ignition (saddle point—point A) is determined from
F = 0F/9T = 9F[0n = 0, which is satisfied at (n,, T.) where P,,x(max) is
minimum. At (n., T\), if Payx = 0, this gives the optimal (minimum) condition
for Ohmic ignition (F = P,yx = @F /0T = 3F /[0n = 0). Also shown in Fig. 1 are
the density limit (nmax ~ Bo/R,) [13] and the beta limit (fcris ~ I/aB,) [14], both
of which constrain the ignited operating window (dotted region). The size of this
operating window (An, AT).p is a measure of the ignition margin, which is defined
here as My = (Py + Pon)/(Peon + Prad)-

For any confinement model of the form 7z ~ n*TV f(others), the optimal path
(saddle point) is determined from [15]

[(1 + SU)/Z]Pcon = Paux + Por
[(1 - $)/2]Pcon = Py — Praq (2)
2(1 - y)Pcon = Z'SPOt - 3POH - Prad

where s = @ In{ov)pr/3 In T ~ 3 for T < 10 keV. As mentioned, if P,ux = 0, then
Eq. (2) gives the minimum condition for Ohmic ignition.
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Fig. 1. A typical plasma parameter operating space, showing ignition (curve
1), OH equilibrium (curve 2), and thermal runaway (curve 3) contours. Also shown
are the limits imposed on density (n < nmax ~ Bo/R,) and total plasma beta
(8 < Berit ~ I/aB,). Operating points:
(A) optimal path to ignition (n., T.);
(B) ignition at n ~ nmax, T = Tign (min);
(C) ignition at T = 10 keV;
(D) maximum performance at n = nyax, 8 = Berit (T = Terit)-
The heating window and the ignited operating window (dotted region) are indicated.

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 (n7g, Paux; B, Prusy Lw ~
Prys/area, etc.) with B, L, 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., T.); (B) ignition at n ~ nyax, T = Tign(min); (C) ignition at T' = 10 keV; and
(D) maximum parameters at n = nmax, 8 = Berit (T = Terit). Here the maximum
density is given by the Murakami limit [13], taken as

Nemax = (Pmu) = 1.5 X 102° B,/ R,q. (m™?) (3)

and the maximum volume-averaged beta is constrained by the Troyon-Gruber limit
[14], taken as

B < Berit =3 x 10721 /aB, (4)



where the current (/) is in megamperes (MA) and 8 = B+ 0i+ Bfa = Bin(l+Yfa)>
with B¢n = Be + B and Yfo = Bfa/Bin the ratio of the fast alpha pressure to the
plasma thermal pressure. The cylindrical equivalent safety factor ¢. is {15]

¢ = (54 Bo/IR,) (1 + £) /2] (5)

where k. is an effective plasma elongation, corrected for plasma triangularity 6§ with
(§ dlg/2ma)? =1+ &*(1 + 26?%)]/2 for small § (< 0.35).

For simplicity, taking T, ~ T; ~ T, assuming profiles of the form z = z,(1 —
r?/a®)*, z =n, T, J, with ay ~ 3ar/2, and averaging Eq. (1) over the plasma
cross section yields [15] (in MW /m?)

F = —0.24 n2,Tio(1 + ny/ne)/(na07p) — angoT}o/z
+ Co n2o(T10/Tr00)° + ConneTi (B2 /g2 R?) + Paux/V

where 4nc =~ 2.5 + 0.3 for A = R,/a ~ 3 F0.5 (the average neoclassical re-
sistivity enhancement factor), and ¢, = ¢(0) is the safety factor on axis. The
coefficients C = C(an, ar, Zeg, £ = bf/a) and (ov)pr ~ Ty, where s = 3
for Tyo < Tioc and s = 2 for Tioc < Tio < 2Tyoc, with Te (: 10TIOC’) ~
f(an, ar) ~ 7-10 keV. For a, ~ 0.5, ar = 1.0, and Zeg ~ 1.5 (n;/n. ~ 0.9),
these coefficients are Cg ~ 2.67 x 1072, Cy ~ 0.1, Tyoc =~ 0.75, and Cou =~
8 x 107*4[(1 + k%) /2k]%. Equation (5) is further simplified by introducing a normal-
ized density m = n/ny.x = n20/{1.5B,/Roq.), where m < 1 identifies a density
regime below the Murakami limit [Eq. (3)] and m > 1 a regime above the limit.
The resulting equation is [15]

F = ~feon(m, T, nrg) — a3m2T11(§2 + aamz(Tm/OJS)s + QOHT{OB/z + layx =0
(M)
where
feon(m, Tio, nrg) = 0.54m>*Tyo(1 + far)/(n2078)
= I.szTlo[(Xe/nzoaz) + fnT(Xi/ngoaz)”(l —+ Kf)/?lﬂz] (8&)

ap = (1.5)*Cp = 6 x 107%(Z5/1.5) (8b)
o = (1.5)2Cp =~ 0.225(f7/0.9)® (8¢)
aon = (42/42)AncCon
=8 x 107 4¢2/¢>)ANnc(Zea /1.5)[(1 + &%) /2«}? (8d)
taux = Paux/|(Bo/Rog<)*V]
= Paux/[(aB2/4:)(27°k/g. A)] (8e)

Here for = (ni/ne)(Ti/Te) = ni/ne =~ 0.9 for Zeg = 1.5 (with Z ~ 6) and s = 3 (2)
for T < 7.5 keV (T > 7.5 keV). In Eq. (82) the conduction losses are given in
terms of the global energy confinement time (7g) and the electron (x.) and ion (x,)
thermal diffusivities.
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For a given geometry (4 = R,/a, «) and plasma composition (Zeg), Eq. (7)
depends only on m, T, and nrg. For a wide range of confinement models of the
form rgoy(neo-Alcator) ~ nL® and/or rgaux(L-/H-modes) ~ LI f(P) with f(P) ~
P~ or ~ (Cy + C3/P); nrg ~ f(m)LB? ~ f(m)B,I with fou(m) ~ m? and
faux(m) ~ m?, z = (1 ~ 2a)/(1 — a). Thus, for these forms of scalings, the power
balance equation [Eq. (7)] is F(m = (r)/fmax, T, Xm) = 0, where the “figure of
merit” parameter X,, = f(nrg) ~ LB? ~ B,I. The plasma performance (ignition)
contours in m-T space (see Fig. 1) will be the same for devices with similar X,,.
That is, curves 1, 2, and 3; Ton, T+, and Tigy; and Py, at points A, B, and C will
be similar except for # and wall loading L,,.

From Egs (3)-(5), in m-T space the Biot = Perit contour is

mT1o(1 + Yfa) =~ 2.6 x 1072 ¢, TA ~ 0.13aB,[(1 + «2)/2] (9)

and
ﬁth = ﬁe + ,Bi = 1.15 mTlO/(q*RoBo) (10)

Typically, 7o ~ 5-25% for T ~ 6-16 keV. At n = nyax(m = 1), B = Beris (point D
in Fig. 1), and T = T3 o« JA. Within the ignited operating window, T' > 10 keV
requires ¢. 1A > 40 (i.e., [ > 7 MA for A ~ 3, ¢, ~ 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] (7g or 7g.):

One of several variations of this scaling is given by
Ton = TnA = 0.0Tng0aR?q, (seconds) (1)
NooTNA =~ 0.16 mz(aB(f/q*)
Auxiliary Heating — L-Mode (H-Mode) Scalings [18] (75 or 7g.):
The general form of these scalings is

Farsye ~ L(o.5—1.5)1(0.6-»1.5)A£0.5~1.O)n(o.zmo.s) [P—(o,s-o.ﬁ) or Cy + Cz/P] (12)

where A; is the ion atomic mass number and P is the total heating power (Poy +
Po+ Paux — Praq). Typically 7anx (H-mode) ~ (2-3)7,ux(L-mode). Specific examples
follow.



1. Kaye-Goldston (KG) Scaling [17]

TKG = 0.056fLHIL24P»-0.58R1.65 —0.49 O.28n0.26B~0.09( /1 5)0.5

= 5.3 X 10-— f IZ 95R2 55( 1/1 5)1 2/( 0. 76T1 .38 3 93B0'21N0'71)

m0-25 aB? 5 + K2 S| (a/R,)°-%5
NnN20TKG =~ SOTI 1 1.38 f e 2 K,O'7 aO.Z q}‘7 (13b)

O.ESIS(RO/a)2.3a——1.65

oxxm

where frg = 1 (L-mode) or > 2 (H-mode) and A; = 2.5.
2. Goldston (G) Scaling [18]

7G =~ 0.087 fLu P~ P R a 3705 (4;/1.5)°®

14a
= 1.52 x 107 fEu I*R3®°(Ai/1.5)/(n20Ti0a>"*) (i42)

NooTa = 2.53 x 10—4(m0/T10)fEHI2(Ro/a)2'5 —0.24

~ 6.34 x 1073(m°/Tyo) f2y (aB2/q.) [( + & )/2] [ 075(Ro/a)0‘5/q*]
(14b)
3. “Mirnov-Like” Scaling (rp ~ L1)
For L = @, the scaling from various devices is {16]
T™1la ~ (OOS*OIS)fLHaI
N20T™™MIe == (008*‘022)me{.{ B I/q*(Ro/a,) (15)
~ (0.4-1.1) mfru(aBs/q.)[(1 + «2)/2)/¢.(Ro/a)?

For L = R,,

Mg, ~ (0.02-0.05) fuuRol
n20TMIR, = (0.03-0.08)m fry Bol/q. (16)
=~ (0.15-0.4) mfru(aBZ/q.)[(1 + k?)/2]/¢.(Ro/0)
The isotope (A;) and plasma shape (k) effects are included in the coefficients. The
scalings of these forms represent the limit of the offset-linear forms of power degra-

dation 7 ~ (Cy + C2/P)LI — CyLI. In many H-mode discharges (fLu > 2), power
degradation appears to be absent and 75 ~ LI, provided 8 < fBcrit [16].

T-10/T-11 Scalings [19] (7r.):

This scaling (known as the Mukhovatov-Merezhkin scaling) is similar to the
Obmic {OH), neo-Alcator scaling {Eq. (11), 7 ~ nL?) with added f(T.) to account
for confinement degradation:



TEe = TMM =~ 3.5 X 10~_3 ﬁ20a0'25R§‘75q*Tﬂ)0’5A?'5 (17)
Taking 76 =~ fr7Ee , fr~1-2, and @ = 1.2{(n) (for an ~ 0.5),

nooTE = froooTmm = 1.5 X 10_7‘7fr(m2/T105,5)(aBg/q*)(Ro/a)O'75 (18)

Ion Neoclassical {Chang-Hinton) Scaling [20] (7g;):

The ion neoclassical thermal diffusivity is given by x; = fizxcu. In the low-
collisionality, banana regime,

xcu (m?/s) ~ 1.5 x 1072 K;

n2OZeﬁq»2<A?'5 ( 2 ) (19&)

/21?2 \1+K2

where K3 = (0.664 1.88¢!/2 —1.54¢)(1+ 1.5¢%), € = r/R,, and fi; is the neoclassical
multiplier (anomaly). Thus,

naotE: ~ 20T % (aB2/q.)[€¥/*k2a)q. Zeg AP K3)/ fi

19b
~ 08T} I*(Ro/a)® %26 /(1 + £2)]2) Zen AP K3 fis (190)
The OH scaling given by Eqg. (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 7gaux With total power and thus represent a pessimistic
model. In many recent experiments (16|, although 7 degrades with power, the
observed confinement times are higher than that predicted from rxq, Eq. (13), or
TG, Eq. (14). Because the OH scalings represent an upper limit to 7z, a combination
of OH and auxiliary scalings is taken {18],
)-1/2

_2 —_
8 = (Tgon + TEeux (20)

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 x. ~ x; ~ xXNna, namely,
TE ~ Teon ~ Tna (Eq. (11)]. Substituting Egs (8a) and (11) into Eq. (7) yields

F = wanaTio — apm?*TiL? + aam?(T10/0.75)° + aonT? + aux =0 (21)
where ap, as, aon, and aayx are given in Eq. (8) and

ana = ag/(aBl/q.) = 6.5/(aB}/q.) (22)



(s = 3 for Tyo < 0.75, s = 2 for Tyjo > 0.75.) Equation (21) can be solved
analytically, with m = f(T, aBZ%/q.), and the solution is nearly independent of
any other parameter for a given geometry (k, A = R,/a). The minimum value of
aB? [q. needed for ignition (F = P,,x = 0), subject to the density (m < 1) and beta
(8 < Berit; T < Teri) limits, is aB2/g. ~ 12 (16), requiring a plasma current {for
A~ 3) I ~ 10 (7) MA. For aB?/q, > (aB2/q.)min, there is an ignited operating
window, the size of which is determined by the plasma current [3.,i1, see Eq. (19)].

Figure 2 shows (in m-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 8 = B, contours. The CIT and Super-JET have comparable aB?/q, ~ 20
and thus have similar ignition contours, as predicted by Eq. (21). The IGNITOR,
with nearly twice the aB?/q. value (~39), ignites at a lower temperature and has
a larger density operating window. Although all three devices have comparable
Beris ~ 5-6%, the Super-JET with 20 MA (nearly twice the current in CIT and
IGNITOR) exhibits a larger temperature operating window (Tt ~ I). Also, the
minimum 3 at ignition is lower (far from G.;t) 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 II. The scalings of various key
parameters (listed in Table II} are as follows.
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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 ~ Xi ~ Xna; 78 = 7na). The reference Murakami density limit is used
(m = n/nmu) and B = Pt contours are shown for all three cases. [Zeg ~ 1.5 and
q(0) ~ 0.95.]
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TABLE II. STEADY STATE, VOLUME-AVERAGED PARAMETERS
AT VARIOUS OPERATING POINTS FOR NEO-ALCATOR-

LIKE GLOBAL CONFINEMENT

SCALING: x. ~ x5 ~ xna(7e = 7na)

CIT-2 IGNITOR Super-JET

Limiter ~ Divertor (13.4 T) (2.5 x JET)

OH equ"i—lgbriuim

Tou (keV) 3.5 3.5 3.7 3.2
Along optimal path (n., T\)
T, (keV) 4.2 4.2 4.2 4.2
n, (1029m~3) 8.7 8.6 11.3 0.54
My = ./ (Nmu) 1.6 1.7 1.2 1.56
Bin (%) 2.6 2.6 2.0 1.1
Prus« (MW) 60 60 65 55
Ly. (MW /m?) 1.55 1.55 2.45 0.045
Min Poyxs (MW) 6 5 5 8
At ignition (m = n/ny, = 1)
T (keV) 8.5 9.4 6.1 8.9
Bus (%) 335 3.4 2.4 1.45
Bpol 0.48 0.6 0.3 0.26
Prys. (MW) 180 180 150 180
Ly (MW /m?) 4.6 4.6 5.6 0.15
At ignition (7" = 10 keV)
n (102° m~3%) 495 ~ 4.85 6.2 0.32
Ben (%) 3.5 3.5 2.65 1.55
Bpol 0.52 0.62 0.34 0:27
Prys (MW) 210 195 225 210
L, (MW/m?) 5.4 5.0 8.3 0.17
At n = gy, Brot = Berit
Teris (keV) 14.5 14.5 12.8 21.9
Ben (%) 5.5 5.2 5.0 3.6
Bpol 0.81 0.92 0.65 0.82
Prys (MW) 480 400 800 770

Ly (MW /m?) 12.3 10.2 30 0.63
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The OH equilibrium temperature is

Tlo(OH) o~ (aOH/aNA)O‘4
=~ 2.3 x 107%(aB2/q.) % (IncZera? /45) (1 + 1) /26]%°
In Figs 2 and 3 (and Table II), Z.g ~ 1.5, ¢, =~ 0.95, and Anc ~ f(A) ~ 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 z = 1, y = 0,
s = 3, and G = aq/(0.75)3:

(23)

Tiow = (aB/da)"* = 0.42(Zeg /1.5)%* (24a)
m.Tiox = [O.G(aoﬂ/aB) + 0.4((LNA/&Q)]O'5 (24b)
Pauxs (min) = (Peon — Pon) at (n., T\)

~ (27r2n/q*A)(aB§/q*)aNATlo*[l — T]I)i/2aOH/aNA]
~ 54(x/q. A)[1 — (Tou/T.)¥?] (MW) (24c¢)
,Bth* = ( e+ ﬁi)* = 1-15(m*T10*)/Q*RoBo (24d)

At ignition (Paux = 0), m = m(T) and expressions for m = 1, T(m = 1), and
T = 10 keV, m(Typ = 1) are easily obtained from Eq. (21). In both cases, § at
ignition scales as

Bign  (¢.RBo(aB]/q.)*"] 7! (25)

Along the optimal path to ignition {(and at ignition), the total fusion power
produced is nearly the same in all devices (see Table II). 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 = gy, Gtot = Berit), 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 By 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.g ~ 1.5,
go ~ 0.95, xe ~ Xi, etc.), OH ignition is not possible in these devices. However,
change in profiles, lower ¢, and Z.g values, higher density limits, etc., could alter the
projections. In general, the optimal conditions needed for OH ignition are obtained
from Eq. (2); these are P, = Peon = Praq = Pog (for z =1,y =0, s = 3). This
corresponds to P,uy.(min) = 0, i.e., Tog = 7., requiring a minimum aB?/g.. For
aB2/q. > (aB2/q.)min, OH ignition is accessible within some density window.

The expression for the minimum value is

(aB?/g.)min-on = agas/daaon
~ 360(q2/q?)(2x/(1 + &2)]? (26)
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where Anc ~ 2.5 is assumed and ag ~ 6.5 [Eq. (22)]. In terms of current, Eq. {26)
can be rewritten as
(4. T A)min-ot = 95 £go(a/g.)° (27)

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

08 in CIT

{ 0.65 in Super-JET
Jo >
0.8 in IGNITOR

These low ¢, values might be attainable if sawtoothing is suppressed. Alternatively,
if the sawtooth activity limits ¢, (~ 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,>6T, I > 30 MA in Super-JET
> 125 T, > 11 MA in CIT, divertor
>12.5 T, > 12 MA in CIT, limiter
>16.5 T, > 13.8 MA in IGNITOR

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

4.2. Combined neoclassical ion and neo-Alcator electron scalings
For x¢ = feeXNa and Xi = fizxcu, Eq. (7) yields
F=-aTyy~ (ap+ ai)szllc{z + agm?(T10/0.75)°
+aouTiy”” + taux =0 (28)

where ap, a4, @on, and a,ux are given in Eq. (8), and feon(m,T10) = a.Tio +
aiszf({z with

ae ~ 3.43 for/(aB2/q.) = aeo/(aB2/4q.) (29a)
a; ~0.5/(ngo7g;) = aio/(aBZ/q*)
=~ 5.8 x 1072f;, K; A% *(q./a)/|k* (e B2 /q.)] (29b)

> 1.44 £ K3[(1 + k2)/2x])% /A2 I?

Here nao7g; is given by Eq. (19b), where A; = 2.5 and Z.g ~ 1.5 is assumed.
Equation (28) is similar to Eq. (21). For A ~ 3+ 0.5 and ¢q. ~ 2 (corresponding
to gy ~ 2.5-3.0), the ion neoclassical losses exceed the bremsstrahlung radiation if
aB%/q. < 20f;,/ax? [or I (MA) < 6f2:5].
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The expressions for the scaling of parameters at various operating points are
similar if aya is replaced with a. and ag is replaced with ag + a; in Egs (23) and
(24). For example,

Tio(OH) =~ (acu/ac)®* , Tior = ((ap + a;)/@a]**

The optimal condition for OH ignition is determined from P, = Pg+ FP; = £, =
Pou, which yields

(aBg/Q*)min-OH = 01[0.5 -+ 0,5(]_ + 4052/0¢1)0‘5] (30)

where 2, o -
Q1 = Qeo0B [Gaton == 190(q%/q))(26/(1 + £%)]* fez

ay = ao/ap =~ 0.97f¢zK;A3/2(q*/aK,2)

[Here a.o and a;, are defined in Eq. (29).]

Figure 4 shows, for f;, = 1 and 3, the ignition contours and the extent of the
ignition regimes in CIT, IGNITOR, and Super-JET. For fe = 1 and fi; = 1,
the IGNITOR ignites ohmically; however, OH ignition fails if f;; > 1.5. The
Super-JET comes very close to OH ignition with f;, ~ 1-2, because of the large
current (ion neoclassical losses are nearly nonexistent). Figure 5 shows the auxil-
iary power contours for f;, = 3. In CIT and IGNITOR the saddle point appears at
(ny) ~ (0.7-0.8)(nyy) (i-e., m, ~ 0.7-0.8), whereas in Super-JET m, > 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
(12,15]. The parameters corresponding to various operating points are summarized
in Table III.

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

9
fiz=1 fiz=3
IGNITOR <1.0 <0.8

Super-JET <0.9 <0.8
CIT <0.85 <0.65
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Alternatively, if ¢(0) ~ 0.95, the minimum OH ignition requirements are as follows:

f}z =1 f;: =3
B, (T) I (MA) B, (T) I (MA)
IGNITOR “Ignited” >15 >12.6
Super-JET >4.5 >22.5 >4.7 >23.5
CIT, limiter >10.8 >10.5 >12.5 >12
CIT, divertor >10.8 >9.5 >12.6 >11

Note: fiz is the ion neoclassical multiplier (anomaly).
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TABLE III. STEADY-STATE, VOLUME-AVERAGED PARAMETERS
AT VARIOUS OPERATING POINTS FOR COMBINED
NEOCLASSICAL ION AND NEO-ALCATOR ELECTRON

SCALINGS: x, =~ xna and y; ~

fizXicn with fiz ~ 1-3

CIT-2 IGNITOR Super-JET
Limiter Divertor  (13.4 T) (2.5 x JET)
OH Equilibrium
Tou (keV) 4.5 4.5 4.8 4.1
Along optimal path (n., T.)
T, (keV) 4.8-5.9 5.0-6.2 (5.3)* 4.6 4.3-4.5
n. (102°m—3) 5.8-4.3 5.5-3.9 (6.5)* 6.5 0.43-0.4
Mo = 1./ (M) 1.1-08  L1-08  (0.7)% 0.7 1.3-1.2
Brn« (%) 2-1.8 2-1.7 (1.5)% 1.5 0.9-0.085
Prysy (MW) 45-43 42-40 (50)° 50 41-40
Ly, (MW/m?) 1.15~1.1  1.1-1.0 (1.85)* 1.85  0.035
Min Payxs (MW) 1.6-5.7 1.8-6.0 0°-2.8 1-2
At ignition (m =n/ng, = 1)
T (keV) 6.1-7.2 6.4-7.9 5.3%-5.8 5.9-6.2
Ben (%) 2.3-2.7 2.3-2.8 1.5%-2.2 0.95-1.0
Bool 0.34-0.4 = 0.4-0.5 0.2°-0.3 0.2-0.23
Prus (MW) 75-120 75-125 50°-125 65-75
L, (MW/m?) 1.9-3.2 1.9-3.2 1.85%-4.7 0.05-0.06
At ignition (T = 10 keV) k
n (102° m~3) 3.6-4.0 3.5-4.0 4.4-4.7 0.23
Bin (%) 2.5-2.8 2.6-2.9 1.9-2.0 1.1
Bpol 0.37-04  0.46-0.5  0.25 0.25
Prus (MW) 110-135  105-135  115-130 105-110
Ly, (MW /m?) 2.8-3.5 2.7-3.5 4.3-4.8 0.09

At n = nmy, Prot = Berit
(Same as Table II)

®Note: IGNITOR (13.4 T) ignites ohmically for xoxxna and xi=1xxuu. Values

given are at OH ignition (n.=6.5x 102" m*si T, = 5.3 keV} for fi.=1. For

fiz>1.5, OH ignition fails.
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5. PERFORMANCE WITH AUXILIARY SCALINGS
5.1. Kaye-Goldston L-mode (H-mode) scaling

A generalized form of OH-auxiliary scaling is given by Eq. (20). Taking rgon =
A and Tgaux = 7ka [Eq. (13)], Eq. (7) yields

. , 0.5
F=-Ty (a;{m n ag(Gms,sjlzdm) _ aBm2T11({2 + aoqm?(T10/0.75)° 1)

+ aoHTf(')B/2 + Gaux = 0

where an, is given in Eq. (22), ap, @4, aou, and a,.x are given in Eq. (8}, and
aka « (n20Tkg) !, which is

30 a®2¢}7 1 k07 2 2.95
a ==
T @B2a.) L(afRo)o 0% JEE 14 w2 (32)

~ 9.4 x 10% aV%% [I3(R,/a)?? f3d] 1 (x071q224)

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 (fLy = 1) scaling, ignition in Super-JET would require either I ~ 29 MA
or an L-mode enhancement factor fi,y > 1.7. A simple estimate of the relationship
between size, aspect ratio, and required current for L-mode ignition is

I>33a°547°75 (33)

For a “CIT-class” device with a ~ 0.4-0.5 m and A ~ 3 0.5, the required current
is about 10 ¥ 1 MA. (For Super-JET, a ~ 3 m and A ~ 2.5, requiring I ~ 29 MA.)
In terms of aB2/q., the ignition requirement is roughly given by

aB%/q, ~43.5 ¢. A"®[2/(1 + %)} (34)

Ignition contours (Paux = 0) for various values of aB2/q, are shown in Fig. 6 for
L-mode operation of a “CIT-class” tokamak with A ~ 2.8 0.2, kK ~ 1.8, § ~ 0.2,
g. ~ 2, and a ~ 0.4-0.5 m. The beta limits (8ot = fcrit) corresponding to 8, 10,
and 12 MA are also shown. For the assumptions of this geometry (k, A), the devices
with aB?/q. < 27 reach their beta and density limits before ignition is achieved. If
the density limit is considerably higher than indicated by the Murakami limit (if, for
example, the Greenwald limit [22] applies, see Table I), then ignition may become
possible for lower values of aB2/q,. An increase in elongation [see Egs (32) and
(34)] further reduces this limit. Figure 7 shows the maximum attainable ignition
margin versus aB2/q. for two plasma clongations. Considering Murakami density
(m < 1) and Troyon-Gruber beta (8 < Berit = 3I/aB, %) limits, the results of
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Figs 6 and 7 show that “CIT-class” devices with aB2/g, ~ 25-30 (B,I ~ 100-120),
k ~ 1.8, and A ~ 2.8 + 0.2 (corresponding to a set of device parameters a ~ 0.4-
0.5 m, Ry ~ 1.1-1.5 m, B, ~ 10-12 T, I ~ 10-11 MA) should be ignitable with
a small ignition window under the conservative KG L-mode scaling. For x ~ 2,
aB?/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 plasma shaping
(large x) really helps to improve confinement through increased plasma current
at fixed safety factor] and should be treated with caution. This is because the ex-
perimental data [16] from which these scalings are deduced are typically limited to
a range at which k < 1.8. Also important is the linear scaling of the beta limit
with plasma current. Although for many tokamaks (v < 1.8, § < 0.5, A ~ 3),
the Troyon-Gruber formula (Beriy ~ Cpl/aB, with Cg ~ 2.5-3.5) gives a good de-
scription of the operating limits [16], the scaling of Cpg with ¢, (gy) and geometry
(%,8, A) has not yet been clearly established.

Assuming Tg = Tgaux OF Tp = (TE%H + T}Eazux)_l/z with 7gog = 7na and
TEaux = TKG, 1gnition requirements for CITs and Super-JET are as follows:
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E=1ke 7B = (55 +1ra) 3
IGNITOR Ignited Ignited
CIT, limiter Ignited ~lgnited
CIT, divertor Ignited fru>11
Super-JET foa > 1.7 fuu > 19

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

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

The power balance equation for the Goldston scaling is similar to Eq. (31),
except for the first term feon(m, T10), which is given by

)0.5

feon(m, Tio) = Tho (ak 4 + aZm?TE, (35)

where ‘
ag ~ 3.95 x 10° a0-24/([2A2'5fEH) (36)

Here Eq. (14b) is used. The current and A = R,/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 Goldston L-mode. Enhancement over L-mode
(i.e., H-mode) should provide ignition. The needed enhancement factors [assuming
TE = Tgaux = TG O 75 = (Tgon + r;,;:ux)’l/z with Tgon = ™na and Tgaux = 7G)
are as follows:

fun
TE =1G TEZ(T§K+TC‘;—2)~1/2
Super-JET >1.65 >1.9
CIT, divertor >2.0 >2.4
CIT, limiter >2.0 >2.2
IGNITOR >2.1 >2.2

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

In general, ignition with Goldston scaling requires (assuming rg =~ 73)
IA1.25 Z 90a0.12/fLH (37)
For compact CIT-like devices (¢ ~ 0.4-0.5 m), the required plasma current for
ignition is
L-mode: [ =~ 20+ 5.0 MA for A ~3%0.5
H-mode: 7 ~10+2.5 MA for A ~3F0.5
For Super-JET-like devices {a ~ 2-3 m) the required plasma current for ignition is

L-mode: I ~ 2546 MA for A ~ 3505
H-mode: I ~ 13+ 3 MA for A ~ 33 0.5
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5.3. Mirnov-like scaling
Taking 7gon = 7nA and Tgaux = TwMi,
fcon(ma TIO) = TlO(al%]A + aﬁ/ﬂmZ)O.S (383')

where
aMm1 = KL(RO/L)q*/BoIfLH

(38b)
= 0.2K(Ro/L)q. A[2/(1 + £2)])/(aB2/q.) fru

For L = a, Kj, = K, ~ 4.5-12.5 [see Eq. (15)], and for L = R,, K = Kp, =~
12.5-33 [see Eq. (16)]. As a representative case, choosing
™1 = 0.075al£%%(A4,/2.5)°° : (39)
yields (for A; = 2.5)
amr = 8.9¢.k°° A/ B, I fuu (40)

~ 1.78¢,A%[2°° /(1 4+ k?)]/(aB2/q.) fn

The power balance equation is similar to Eqgs (31) and (35), except for the first
term feon(m, Tio), which is given by Eq. (38). The current, field, and aspect ratio
are equally strong scaling parameters. (For L = R,, nv1 ~ EoI, the aspect ratio
dependence is not as strong as for L = a.) The ignition contours for various values
of aB?/q. are shown in Fig. 8 for L-mode operation (fLu = 1) of tokamaks having
A~3,k~16-18,6 ~0.30.1, q. ~ 2, Z.g ~ 1.5, and ¢(0) ~ 0.95. Critical beta
contours for various plasma currents are shown in Fig. 6(b). For nominal density
(m < 1) and beta (8 < Bcit) limits, the results from Figs 8 and 6(b) indicate
that devices with aB?/q, ~ 20-25, [ ~ 10-12 MA, and A ~ 3 + 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 L-mode
scaling. Typically, ignition is easier to attain for scalings in the form of Eq. (39) [or
Egs (15) and (16)] than for the power law scalings of Goldston or Kaye-Goldston.

Assuming Tg = Tgaux OT Ty = (ngﬂ + ’r}}'azux)’”l/2 with 7Tgou = 7na and
TEaux = TMI, the ignition requirements are as follows:

TE = TMI 8 = (tn5 + Tapp) "2
Super-JET ~ Ignited fua > 1.25
CIT, limiter Ignited ~ Ignited
CIT, divertor ~ Ignited fg > 1.35
IGNITOR Ignited Ignited

Note: f, g is the needed enhancement factor over L-mode.
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Fig. 8. Steady-state ignition contours for various values of a B2 /g, for combined
neo-Alcator (NA) and Mirnov-like (MI) L-mode scalings.

5.4. T-10/T-11 scaling

The T-10/T-11, or Mukhovatov-Merezhkin, scaling for 7z, (= T™mM) is given by
Eq. (17), which contains a linear density and a cubic size dependence. The reduction
in confinement is proportional to 7-Y2. Given TEe, TE €an be estimated in one of
two ways: (1) 7 = frrge = frrmm with fr =~ 1-2 or (2) 78 = mm(Xe = XMM)
and 7g; = Tcu/ fiz(xi = fizxcn).

1. First consider 7z = f,7g.. With this assumption, Eq. (7) becomes

F = —apmmTl? - apm® T + aam?(T10/0.75)° )
+ aoHTfOB/Z + Gaux = 0

where 5 0.75
apmm = 68/[(aB2/q.)A°7® f,]

= apm/(aB]/g:)

Equation (41) can be solved analytically with m = f(T, aB2/q.) for a given geom-
etry (A, «). The minimum value of aB?/q. needed for ignition [subject to density

(42)
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(m < 1) and beta (8 < fcrit) limits] depends on the aspect ratio and plasma current,
which can be simplified as

aB;/q. 2 (60/f:)(3/4)"**(10/1)**(1/m)"* (43)

For example, for m < 1 and A ~ 3, aB?/q, 2 30 (60) for f; ~ 2 (1), 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 aBZ/q., scaling
roughly as 1/m!-3.

With this scaling, under nominal assumptions (m < 1, f; ~ 1-2, 8 < Bcrit, etc.),
neither CITs nor Super-JET ignites. When conditions are relaxed, the ignition
requirements are as follows:

m

frel  frm2

IGNITOR >1.6 Ignited
CIT, limiter >2.0 >1.25
CIT, divertor >2.1 >1.3
Super-JET >3.1 >2.0

Note: m is the needed increase over the Murakami
density limit {m=n/nmax =n20/(1.5B,/9.Ro)].

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

T10(OH) = (aon/apmm) '/ (44a)
Tyos = (ap/8a)* ~ 0.42 (44Db)
m.Tio. = [0.6(acn/ap) +0.6(ap/da)"?(axmm/@a)]’® (44c)

Poux«(min) = P,y — Poy at (m., T.)
= (360/ fr)(k/q. A¥°)1 — (Tou/T.)*| (MW) (44d)

Bune = (Be + Bi)+ = 1.15(m. Tr0.) /9. Ro Bo (44¢)

The optimal OH ignition condition is P, = Praq = 1.2P.on = 1.2Poy, which
corresponds to Poyy.(min) = 0, i.e., Toy = T, requiring a minimum aB2/q.,

(aBg/q’*)mianH =~ (aEM/aOH)(GB/da)1'2

(45)
= (2450/ £, A%"%) (43 /a?) 26/ (1 + kD))
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In terms of current, Eq. (45) can be rewritten as

(Q*’ IALSS)min-OH = (248/fr0'5)n40(a/q*)0n5 (46)

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

Fixed I, B g(0) = 0.95 (fixed)

% I(MA) B, (T)
Super-JET <0.5 =39 >7.8
CIT, limiter <0.7 >14 >14.5
CIT, divertor <0.7 >12.5 >14.3
IGNITOR <0.6 >17.5 >21

2. Next consider rg. = vy and 75; = 7cu/ fiz- The power balance equation
is similar to Eq. (41}, except that the conduction term is replaced with

feon(m, T) = aemmTls({z + aimZTllo/z (47a)
where @, is given by Eq. (29b) and

Qemm = aem/(aBg/q*)

(47b)
= 36/4°7(aB? /q.)

The expressions for the scaling of parameters at various operating points are
similar if the following substitutions are made: agmy (egm) is replaced with
Gemm (@em), and ap is replaced with ap + a; in Eqs (41) and (44). The optimal
OH ignition condition is determined from P, = Pr,q + P; = 1.2P, = 1.2Poy.

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 (11/;-D WHIST) cal-
culations. (Direct comparisons between the global and 11/2-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 (x. and x; or 7g, Nmax, Berits x, €tc.).

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 as 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 m ~ n/nmax < 1 (Pmax ~ Bo/Ro ~ J) and the temperature regime
in terms of Beyit ~ I/aBo (Tmax ~ Terit ~ I), for many of the scalings considered,
the figure-of-merit parameters that identify the ignition capability of the devices
are X,, = aB2/q. o« B,I and I. The specific form of geometry (A, ) 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
aB2 /g, are presented. Expressions for the optimal path to ignition (saddle point—
n., T.) and the minimum conditions needed for ohmic ignition are derived ana-
Iytically. As an illustration, the results are applied to CIT [5], IGNITOR [4], and
Super-JET [8]. The figure-of-merit parameters corresponding to these devices are
summarized in Table I; all of them are variations of aB2/q. and I A except B,/R,.
The importance of B,/R, has long been stressed (e.g., in Refs [1] and [4]).

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 aB?/q, ~ 25+ 5
(or equivalently, B,I ~ 110 + 20), x ~ 1.8-2, and A ~ 2.8 : 0.2;

2. the possibility of an H-mode (although precise scaling is less known) and/or
increased plasma elongation k (although the existing data base is limited) im-
proves the prospects for ignition and lowers the required values of aB2/q. (or
BoI) by as much as 50%; and

3. prospects for ohmic ignition exist for devices with aB2?/q. ~ (40-50)¢2, k ~ 1.8~
2.0 under favorable {nonsaturated) ohmic-like confinement scalings. Typically,
aB2/q. ~ 80 + 10 would be required for L-mode scalings. Note that, in designs
with very high fields (B, > 15 T), synchrotron radiation (which is not covered
in this study) could play an important role.
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