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As a contribution to a uniform assessment of the three burning plasma candidates,
Ignitor, FIRE, and ITER, this is a study of sample equilibrium files for each of them.
Table 1 gives a summary of the shape and profile properties of the equilibria, while table
2 gives results of ideal MHD stability analyses with the DCON code. In addition to the
tables, graphic results are given for sensitivity of some of the ITER equilibria to small
changes in the profiles.

Figure 1 shows flux surfaces for the three candidate, uniformly distributed in

p =Vy,with g the normalized poloidal flux. While all figures are the same size, the
scales, in meters, vary considerably. While the shapes are quite similar, Ignitor and FIRE
are up-down symmetric while ITER has asingle-null divertor.
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Figure 1. Flux surfaces for the three candidates.



The first column of Table 1 is a reference number. The next 3 columns contain
identification information for each equilibrium file: the device it describes, listed in order
of increasing size; the equilibrium filename; and the equilibrium code with which it was
generated. Of the 3 equilibrium codes used, JSOLVER is Steve Jardin's inverse solver;
CORSICA I refers to the inverse solver in that code, a modified version of Vladimir
Drozdov's POLARL; CORSICA _D refers to the direct solver (TEQ) in that code, a
substantial rewrite by LLNL of an original from Dennis Strickler; EFIT is Lang Lao’s
direct solver. For the inverse solvers, the last closed flux surface (LCFS) was taken to be

Y = 1, with  the normalized poloidal flux, while for the direct solver it was taken as .99.
The quantity p = Vis used as an effective radial coordinate.

The next 9 columns contain the following shape parameters:

a minor radius, m

R major radius, m

R/a aspect ratio

Vol volume, m®

Bo magnetic field at midpoint, T
Ip plasma current, MA

K vertical elongation

0 upper triangularity

) lower triangularity

The next 9 columns contain the following profile parameters:

<p> volume-averaged beta

Bp poloidal beta

Bn normalized beta

li internal inductance

Pfac ratio of central pressure to volume-average pressure
Jo safety factor, axis

Omin safety factor, minimum

Jos safety factor at ¢ = 0.95

Pa1 patgq=1



Identification

Shape Parameters

Profile Parameters

Device Filename

Code

a R RaVol K & &

Bo Ip <B> B PBv Pfac Ii 0o Omin Jos Pa

Ignitor i02008.00000 _inv_teq
Ignitor i02008.00001 _inv_teq
Ignitor i02008.00002_inv_teq

Ignitor i02008.00003_inv_teq
Ignitor i02008.00004 _inv_teq
Ignitor i02008.00005_inv_teq
Ignitor i02008.00006 _inv_teq

CORSICA _|
CORSICA _|
CORSICA _|

CORSICA _|
CORSICA _|
CORSICA _|
CORSICA |

0.471.322.80 10.0 1.830.3910.391
0.471.322.80 10.0 1.830.3910.391
0.471.322.80 10.0 1.830.3910.391

0.471.322.80 10.0 1.830.3910.391
0.471.322.80 10.0 1.830.3910.391
0.471.322.80 10.0 1.830.3910.391
0.471.322.80 10.0 1.830.3910.391

12.9811.01.170% 0.1900.6533.6990.766 0.9000.900 2.772 0.440
12.9811.01.170% 0.1900.652 3.6980.762 0.9500.950 2.772 0.366
12.9811.01.170% 0.1900.652 3.6970.7591.000 1.000 2.772 0.000

12.9811.01.170%0.1900.651 3.696 0.7551.050 1.050 2.772 Qmin > 1
12.9811.01.170%0.1900.6503.6950.7511.1011.101 2.772 Qmin > 1
12.9811.01.170%0.1900.6503.6930.7471.1511.151 2.772 Qmin > 1
12.9811.01.170%0.1900.6493.6920.7431.2011.201 2.772 Qmin > 1
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FIRE feq041101
FIRE feq041102
FIRE feq041103
FIRE feq041104

JSOLVER
JSOLVER
JSOLVER
JSOLVER

0.602.143.60 25.9 1.800.3890.389
0.602.143.60 25.9 1.800.3890.389
0.602.143.60 25.9 1.800.3890.389
0.602.143.60 25.9 1.800.3890.389

10.00 7.7 3.305% 1.0562.5531.8150.6361.116 1.044 2.947 Qmin > 1
10.00 7.7 3.029%0.9672.3401.8160.6371.1191.046 2.935Qmin > 1
10.00 7.7 2.753%0.8792.1271.8160.6381.122 1.049 2.923 qpmin > 1
10.00 7.7 2.477%0.7911.9141.8160.6401.1251.0522.911 Qmin > 1
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FIRE feq060802
FIRE feq060803
FIRE feq060804

JSOLVER
JSOLVER
JSOLVER

0.602.143.60 25.9 1.800.3430.343
0.602.143.60 25.9 1.800.3430.343
0.602.143.60 25.9 1.800.3430.343

10.00 7.7 2.371%0.7241.8281.8560.7130.8730.873 3.237 0.287
10.00 7.7 2.307%0.7051.7791.9070.7780.7500.750 3.328 0.462
10.00 7.7 2.244%0.6851.7301.9610.8450.6460.646 2.704 0.571

-
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FIRE geqdsk fireAT 042302

EFIT

0.592.143.62 26.8 1.930.5890.589

6.50 5.3 4.825% 1.4713.5312.2220.4372.9312.065 3.167 Qmin > 1

= = =
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ITER
ITER
ITER

102002.00150 _inv_teq
102002.00200 _inv_teq
102002.00600 inv_teq

CORSICA _|
CORSICA _|
CORSICA |

1.986.213.13810.91.790.3910.442
1.986.213.13812.31.790.4390.442
1.986.213.13809.01.780.4370.427

5.30 15.00.329% 0.0970.2742.1300.8540.9790.9792.788 0.305
5.30 15.02.546% 0.6331.7811.8510.8530.9790.9792.862 0.339
5.30 15.02.568% 0.6331.7981.846 0.8530.9790.9792.821 0.341

N N
P O ©

ITER
ITER
ITER

iter_base_129 dfile
iter_at 129 dfile
iter_ d3d_129.sgfile

CORSICA_D
CORSICA_D
CORSICA D

1.986.213.13829.61.780.4120.444
1.866.343.41783.31.870.4100.500
1.846.363.45773.31.900.3730.586

5.29 15.02.488% 0.6141.7392.2290.9921.1161.116 2.973 Qmin > 1
5.19 10.03.295% 1.6703.173 3.257 0.669 2.396 1.941 4.298 Qmin > 1
5.16 10.03.585% 1.8403.428 2.6790.566 2.192 1.604 4.652 Qmin > 1

N
N

N
W

ITER
ITER

iter_Ped ref 129.gfile
iter Ped AT 129.gfile

CORSICA_D
CORSICA D

1.986.213.13795.81.800.4390.470
1.846.353.45793.81.930.4420.574

5.29 14.82.610% 0.654 1.854 3.3490.764 0.934 0.934 3.124 0.537
5.18 9.0 2.401% 1.5662.5552.628 0.629 3.6112.380 5.228 min > 1

Table 1. Equilibrium Properties




Identification Mercier n=1 n=2 n=3

#Device Filename Code Pmer | plasma vacuum  total plasma vacuum total plasma vacuum total

1/Ignitor i02008.00000_inv_teq CORSICA 1| 0.332 internal instability 1.98E+00 6.72E-01 2.65E+00| 1.39E-01 1.20E-01 2.58E-01
2|Ignitor i02008.00001 _inv_teq CORSICA || 0.351 internal instability 2.00E+00 6.54E-01 2.66E+00| 1.43E-01 1.19E-01 2.62E-01
3|Ignitor i02008.00002_inv_teq CORSICA || 0.354 | 7.72E-011.67E+00 2.33E+00| 1.99E+006.62E+00 2.65E+00| 1.48E-01 1.20E-01 2.67E-01
4/Ignitor i02008.00003_inv_teq CORSICA || 0.335 | 7.96E-011.68E+00 2.38E+00 1.99E+00 6.54E-01 2.64E+00 1.53E-01 1.20E-01 2.73E-01
5/Ignitor i02008.00004_inv_teq CORSICA || stable | 8.17E-011.61E+00 2.43E+00| 1.99E+00 6.51E-01 2.64E+00| 1.58E-01 1.21E-01 2.78E-01
6|Ignitor i02008.00005_inv_teq CORSICA || stable | 8.15E-011.65E+00 2.47E+00| 1.98E+00 6.47E-01 2.63E+00| 1.62E-01 1.22E-01 2.84E-01
7|1gnitor i02008.00006 inv teq CORSICA || stable | 7.77E-011.71E+00 2.49E+00 1.98E+00 6.45E-01 2.62E+00| 1.66E-01 1.22E-01 2.88E-01
8 FIRE feq041101 JSOLVER | stable |-2.96E+002.90E+00 -5.87E-02 -2.58E-03 1.17E-04 -2.46E-03| -2.69E-01 7.61E-01 4.92E-01
9 FIRE feq041102 JSOLVER | stable |-2.61E+002.77E+00 1.57E-01] -4.33E-02 1.30E-02 -3.03E-02| -1.77E-01 8.50E-01 6.73E-01
10 FIRE feq041103 JSOLVER | stable |-2.30E+002.67E+00 3.75E-01] -7.73E-02 3.66E-02 -4.08E-02| -6.26E-02 9.16E-01 8.53E-01
11 FIRE feq041104 JSOLVER | stable |-2.01E+002.60E+00 5.93E-01 -9.98E-02 6.77E-02-3.22E-02] 9.96E-02 9.06E-01 1.01E+00
12| FIRE feq060802 JSOLVER | stable |-1.42E+003.42E+00 2.00E+00| 7.25E-02 9.87E-01 1.06E+00| 5.40E-02 2.02E-01 2.56E-01
13 FIRE feq060803 JSOLVER | stable |-4.16E+005.08E+00 9.20E-01] 1.61E-01 4.15E-01 5.76E-01| -2.41E-03 6.63E-04 -1.74E-03
14 FIRE feq060804 JSOLVER | stable |-1.17E+023.07E+01 -8.63E+01] 4.46E-02 8.37E-02 1.28E-01| 8.01E-01 4.66E-01 1.27E+00
15 FIRE geqdsk fireAT 042302 EFIT stable |-1.13E+011.02E+01 -1.12E+00/-5.56E+005.87E+00 3.02E-01|-3.05E+00 3.61E+00 5.61E-01
16/ ITER i02002.00150_inv_teq CORSICA_I| stable | 6.09E-02 5.06E-02 1.11E-01 1.48E-01 1.02E-01 2.49E-01] 1.89E-01 1.43E-01 3.32E-01
17| ITER i02002.00200_inv_teq CORSICA_I| stable | 3.55E-01 6.09E-02 4.16E-01 3.19E-01 8.68E-02 4.06E-01] 2.70E-01 1.13E-01 3.83E-01
18 ITER i02002.00600 inv_teg CORSICA 1| stable | 1.59E-02 8.68E-05 1.60E-02 1.59E-02 1.34E-04 1.60E-02| 1.58E-02 1.86E-04 1.60E-02
19 ITER iter_base_129 dfile CORSICA _D| stable | 4.13E-04 2.61E-04 6.73E-04| 1.89E-01 1.43E-01 3.32E-01] 5.34E-02 4.19E-02 9.53E-02
20| ITER iter_at_129 dfile CORSICA _D| stable |-7.74E+005.54E+00 -2.20E+00| 2.70E-01 1.13E-01 3.83E-01] 1.43E-03 7.45E-04 2.17E-03
21 ITER iter_d3d 129.sgfile CORSICA D| stable |-3.44E+002.71E+00 -7.38E-01] 1.58E-02 1.86E-04 1.60E-02 -3.09E-01 2.18E-01-9.10E-02
22| ITER iter_Ped _ref 129.gfile  CORSICA_D| 0.515 internal instability internal instability 3.07E-02 1.35E-01 1.66E-01
23 ITER iter Ped AT 129.gfile CORSICA D| stable |-1.53E+001.52E+00 -9.71E-03 8.37E-02 4.33E-02 1.27E-01] 1.95E-02 6.79E-02 8.75E-02

Table 2. Stability Results






Discussion of Ideal Stability Results

This study is necessarily limited to certain reference equilibria for each burning plasma
candidate. It does not, and cannot, cover the full range of profiles available to each
device. Nevertheless, the results are consistent with expectations about ideal stability.
All three devices are stable with respect to ideal MHD modes in their “base case”
operating mode, with the notable exception of the m=1, n=1 internal kink which is
sensitive to the central g value. Due to its unique character, an additional study of the
m=1 mode has been carried out which incorporates non-ideal MHD physics. The
findings of that study are presented in a separate section of the Snowmass MHD group’s
report.

Ignitor is expected to operate at lower normalized beta (Bn~ 0.65) than the other
candidates, because it is intended to reach, or nearly reach, ignition by Ohmic heating
alone, without auxiliary heating, and because the lower By allows more stable operation
with go < 1. Because of its low By, it is expected to be robustly stable to ideal MHD
modes, with the possible exception of the m = 1, n = 1 internal kink. The Ignitor cases
here are found to be unstable to n=1 internal modes when qo < 1, and stable when g > 1.
Other ideal MHD studies have found Ignitor equilibria to be stable with qo = 0.8. This
difference is likely to be a result of different treatments of the q and p profiles. In the
present set of equilibria, the central g profile was progressively flattened to raise qo while
keeping the outer portion of the profile nearly fixed; this led to a flat current density
profile and low magnetic shear near the axis. In contrast, in the m=1 stability study by J.
Manickam (also part of the Snowmass MHD group’s report) the shape of the central
current density profile was kept fixed, resulting in greater magnetic shear near the axis
and stability down to go ~ 0.8 for Ignitor’s low 3 value.

FIRE and ITER operate in similar parameter ranges with respect to ideal MHD stability.
Their base cases have moderate normalized beta (Bn ~ 1.8) and again are expected to be
stable to ideal MHD modes, with the possible exception of the m =1, n = 1 internal Kink.
With qp greater than 1, the FIRE cases analyzed here are found to be stable with respect
to n=1 kinks up to a no-wall stability limit of By~ 2.5, in reasonable agreement with the
empirical scaling By ~ 4 |; for the no-wall limit.

ITER base cases with qo greater than 1 and even slightly less than 1 were also found to be
stable, as expected. However, these cases did not have an H-mode edge pressure
pedestal, and thus are not completely realistic with respect to possible edge-driven
instabilities. Cases from a subsequent study using profiles provided by the ITER team,
based on transport simulations and including an H-mode pedestal, were calculated to be
unstable to internal n = 1 and Mercier modes even with qo as high as 1.05. However, it
should be noted that these cases represent work in progress by the ITER team. The
profiles had not been optimized with respect to stability, and it is likely that increasing
the central magnetic shear would greatly improve the internal stability, as suggested by
the m = 1 study described earlier and by the stability of the earlier ITER cases with go ~
1.



The FIRE and ITER “Advanced Tokamak™ cases have higher normalized beta (Bn~ 2.5 -
3.5) and lie at or beyond the no-wall stability limit. The no-wall limit is, if anything,
likely to be lower than for the base cases because of broader current density profiles. The
ITER cases analyzed here included a range of pressure profiles (L-mode edge, H-mode
profile based on DIII-D data, and H-mode profile based on the ITER team’s transport
calculations), and minimum g between 1.6 and 2.4; all were unstable to n = 1 without a
wall as expected. Other studies (also part of the Snowmass MHD group’s report) show
that they can be stabilized with an ideally conducting wall at about 1.4 times the minor
radius of the plasma, consistent with ITER’s first wall. Similarly, FIRE’s advanced
tokamak can be stabilized by an ideally conducting wall at 1.6 times the plasma minor
radius.



