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PRACTICAL BETA LIMIT IN ITER-SHAPED DISCHARGES
IN DHI-D AND ITS INCREASE BY HIGHER COLLISIONALITY

ABSTRACT

The maximum beta which can be sustained for a long pulse in ITER-shaped
plasmas in DIII-D with g5 = 3, ELMs, and sawteeth is found to be limited by
resistive tearing modes, particularly m/n=3/2 and 2/1. - At low collisionality
comparable to that which will occur in ITER, the beta limit is a factor of two below the
usually expected 1 = oo ballooning and n =1 kink ideal limits.

Successful steady-state tokamak operation requires operating at the highest
possible beta while avoiding both ideal and resistive MHD instabilities which reduce
confinement and induce disruption. Experimental results from a large number of
tokamaks indicate that the high beta operational envelope of the tokamak is well
defined by ideal magnetohydrodynamic (MHD) theory [1] and is given by
B(%) < 44,I/aB MA/nJT for a large range of conditions. The maximum beta
values experimentally obtained, consistent with the ideal limit, are more than sufficient
for the goals of long pulse burning experiments, such as ITER. The highest beta values
achieved have historically been obtained in fairly short pulse discharges, often <1-2
sawteeth periods and <1-2 energy replacement times. In these discharges, the current
profile is not fully relaxed. It is well recognized that the ideal limit depends on the
details of the current density profile and pressure profile and it is expected that the
bootstrap current from the pressure gradient at high beta can lead to lower MHD
stability limits. Furthermore, in some previous experiments, the instabilities limiting
the achievable beta are very clearly pressure driven resistive modes and significantly
below the threshold predicted for ideal instabilities [2]. It is of interest to determine
the maximum beta in discharges of sufficient length to have fully penetrated profiles
and for opportunities for resistive modes to play a role.

The maximum operational beta in single-null divertor (SND), long-pulse
discharges in DIII-D with a cross-sectional shape similar to the proposed ITER
tokamak (Fig. 1) is found to be limited significantly below the threshold for ideal
instabilities by the onset of resistive MHD instabilities. [A hard disruptive beta limit is
usually considered to be due to ideal MHD instabilities, either the n=1 kink or the n=co
ballooning mode where n is the toroidal mode number.] The temporal evolution of a
typical discharge is shown in Fig. 2; the beam power is increased gradually. There is a
“soft” beta limit due to the onset of an m/n = 3/2 rotating tearing mode which saturates
at an amplitude that decreases energy confinement by ATE/TE = —20% [Fig. 2(b,c)]
and a “hard” beta limit at slightly higher beta due to the onset of an m/n = 2/1 rotating
tearing mode which grows to an amplitude that destroys the confinement and induces a
disruption [Fig. 2(b,d)]. (Plasmas are neutral beam heated ELMing H-mode with
sawteeth; the safety factor qg5 is just above 3.)

Higher stable beta in these long-pulse discharges is successfully run by operating at
either higher density n and/or lower field and thus higher collisionality which
suppresses both the 3/2 and 2/1 mode onsets. By long pulse, we mean that beta is
evolving on a time scale long compared to the ELM and sawteeth periods and the
energy replacement time Tg. At fixed field, density n is the control parameter varied
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1ok Fig. 2. Discharge #86144. (a) Injected beam power, (b) B
o - MSE Sfrom MHD reconstruction code EFIT, (c) rms amplitude of
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Fig. 1. Equilibrium cross localized modes. Note onset of 3/2 mode at 2250 rms and
section in DIII-D similar to 2/1 mode at 3450 ms.

that proposed for ITER. The
16 radial positions of the MSE
diagnostic of poloidal field
profile are also shown.

by gas puffing with the normalized beta BN =B (%)/[Ip/aBT (MA/mT)] and the
normalized density G = 1 (1014 cm=3) ®a2/I,. The onset of the 2/1 mode approaches
the expected ideal limit of BN =4 1; = 3.8 at G = 1 at high field (Fig. 3) where l; is the
internal inductance. As shown in Fig. 3, there is a 2/1 tearing mode beta limit which
increases with density and thus collisionality below which the plasma is stable.
Successful quasi-steady-state operation without limiting modes at BN = 3 was achieved
with G = 0.65 as shown in Fig. 4 in comparison to a lower density discharge with
reduced confinement due to an n =2 tearing mode which further degrades at higher
power due to an n =1 tearing mode which leads to disruption. The ideal stability for
the stable By =3 discharge was analyzed by the code GATO. With 8y =3.2 and
4{; = 3.6, n = ballooning is stable on all surfaces, the n =1 external kink is stable
and the n =1 internal kink is stable only if g(0)>1.

Two possible means have been evaluated as the cause of the onset of these
instabilities. Resistive tearing modes that occur at rational surfaces q = m/n cause
reconnection into islands of full width w. The island onset and growth can be due to
either free energy from an unstable current J¢ profile (A" > 0) or to a helical bootstrap
current which amplifies a seed island (A’ < 0). These mechanisms are tested using
accurate MHD equilibria reconstructions with the code EFIT {3] using the external
magnetics, local measurements of the internal poloidal field with the 16 channel
motional Stark effect diagnostic and the measured pressure profile.

Resistive MHD analysis of A’ and stability is linearly computed from EFIT by
analytical formulas [4,5] and by the PEST-III [6] and MARS [7] codes. Resistive non-
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linear MHD analysis is computed on these equilibria with the PIES code [8]. Any
changes to A’ with beta and/or density may be due to current density profile
modification by central beam-driven current and edge bootstrap and inductive currents.
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Fig. 3. By = BAVaBr) versus G = fira2[l . X are onset of 2/1 mode, + are onset of
a transient 2/1 mode from which the plasma recovers and O are discharges with no 2/1
mode. The curves are the 2/1 stability boundary determined by either a power law fit
or to an offset linear fit. (The range of SND discharges is narrowed to qp = 1, gg95 < 4
withlp= 1.3-1.6 MAand Br=-1.3t0~19T.)
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Fig. 4. Successful quasi-steady state operation without limiting modes at By = 3 is achieved
(#86166, solid lines) by raising density/collisionality (as compared to #86144, dashed lines).
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To explain the onset of both the 3/2 and 2/1 rotating resistive modes at higher beta
and/or lower density (collisionality) would require steepening of the local grad J¢ at
both q = 3/2 and 2/1 in a plasma where the current profile is tightly constrained;
sawteeth keep the axial q = 1 and the edge qgs is held fixed. Changes in grad J¢ are not
clearly supported by the data. As an example, the reconstructions of matched
discharges with similar beta (BN = 2.1) but with different density and thus collisionality
are shown in Fig. 5. The current density and q profiles are very similar. However,
while both have a small saturated 3/2 mode, the lower density/collisionality discharge
(#77968) is at the onset of the growth of a 2/1 mode which eventually collapses beta
and produces a disruption. Conventional analysis does not clearly explain the
difference in stability. The comparison of the m/n=2/1 unstable and stable discharge
parameters of Fig. 5 and the linear and non-linear codes is given in Table I: note that
8 ﬁf4R/,BZ(%)B4 is an effective collisionality parameter. The high m and cylindrical
linear approximations agree with each other as to the relative stability but neither
agrees with the experimental stability. The PEST-III and MARS linear codes which do
not use approximations also agree with each other but not with the experimental
stability and the non-linear PIES code disagrees with the linear codes. There is a
strong VP stabilization in the linear theory (sometimes called the “Glasser effect”) that
goes away when the pressure gradient is non-linearly flattened near the rational surface
by the formation of a small but finite island.

A variety of cases are under calculation by all of the codes which include BN =
1.7-3.2, G = 0.3-1.0 and with 3/2 onset, 3/2 saturated, 2/1 onset, 2/1 saturated
and no 3/2 or 2/1 modes. Of the six different cases analyzed so far, the non-lin-
ear PIES code gets 3/2 islands in the five experimental cases which are unstable
and no 3/2 islands in the stable case. PIES finds 2/1 islands in agreement with
three of six experimental cases, in disagreement with two stable experimental
cases, and no 2/1 island in agreement in one case which is experimentally sta-
ble. Sensitivity of both the linear and nonlinear code results to details of the
current and q profiles makes comparison with experiment problematic.

2500 8
{J) (kA/m2) 7797002650 = = = = q
2000 — 77968.02650 == 6
1500 —
4- Cryopump:
1000 4 cryopump: off (stable)
ofrfy (s‘t,ablg) on (unstable)
500 - °° {(unstable) 2 O S
0 T J T T 0 . m— , |
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
P p

Fig. 5. Kinetic EFIT MHD reconstructions with internal poloidal field profile from MSE of a
stable higher density discharge (77970.02650, dashed line) and an unstable cryopumped lower
density discharge (77968.02650, solid lines). Measured internal pressure and Bg profiles are
used in the fits. Att = 2650 ms in the lower density higher temperature discharge, a 2/1 tearing
mode begins to grow.
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Table I. Comparison of m/n=2/1 Stability, Experiment, and Codes

77968.02650 77970.02650

B =B(%)/ (1 /aB) 2.0 2.3

G =n"na’/l, 0.39 0.48

Vo =8 ﬁilR/ﬂz(%)B‘l 0.018 0.027

2/1? (in experiment) Onset, unstable Stable

High m Stable, A'rg/2m =- 0.5 Stable, A'rg/2m = 0.0
Cylindrical Unstable, Ar¢g2m = 1.1 Unstable, A'rg2m = 2.0
PEST-II Stable Stable
MARS Stable Stable
PIES Unstable Unstable

An explanation of the experimental results can be made using the neoclassical
bootstrap current destabilization of a seed island for A’ < 0, i.e. otherwise stable. This
effect is increasingly more destabilizing with beta as the modified Rutherford equation
for island growth is given by

L_ /L
Ho dw L w ( Q/ P)
0 ¥ _Arpel2g. | L — |52, AR VA A
(1.22%:} A L, || w2 +%2) PiBo (e vi) w3

where the second term on the RHS is usually (Lq/Lp > 0) destabilizing. Other MHD
events such as sawteeth or ELMs often trigger tge onset of the resistive modes,
supporting the idea that they are neoclassically destabilized by a seed perturbation.
The neoclassical destabilization of tearing modes requires the conditions to be right,
i.e., high beta and low collisionality, and a seed island. The collisionality can enter (for
A’ < 0) in either of two ways. In the “X /X" model [9], the pressure is not equilibrated
on the perturbed flux surface when perpendicular transport X across a seed island
dominates over that along the island X|)» so that the critical island width w¢ is an
increasing function of collisionality. In the “@*” model [10], the toroidally enhanced
ion polarization drift response of the plasma to the seed island due to inertial effects
adds a stabilizing term to the modified Rutherford equation (the third term on the RHS)
which dominates at small w. It has a collisional factor g(&, ;) = €3/2 for vi/ewwe « 1
and g(&,V;) =1 for vi/ewse » 1 that can increase the critical island size a factor of 2-3
since our density scan causes Vi/€W«e to range from 0.05 to 4. (vi/e is the effective ion
collision frequency and e is the electron drift frequency.)

The ITER-like discharges in DIII-D have both sawteeth and ELM perturbations
with the sawteeth period 10 to 20 times that of the ELMs. Examination of the
databases of the onset of m/n=3/2 and 2/1 modes shows: (1) in 14 of 17 cases of the
onset of the 3/2 mode, the mode clearly starts on a sawtooth crash with 1 case on what
may be an impurity burst, (2) in only 4 of 18 cases of the onset of the 2/1 mode does
the mode start on a sawtooth crash and this may be coincident with an ELM or an ELM
triggered by a sawtooth (as the ELMs are frequent, the causality with ELMs is not
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definitive). Further evidence of neoclassical destabilization as seen in Fig. 2, (b) and
(c), for the 3/2 mode is: (1) the initial growth is lB |~ At not A2 (dwldt ~w ! not
dw/dt ~ A"), and (2) the saturated mode amphtude lB9|~ ,3 (W~ not w~A").

If A’ < 0, the neoclassical stability depends on the size of the seed perturbatlon
w relative to critical islands w¢ = (Lg/kg)l2 (X1/X )1/4 and/or wg = = [g(&, V)
(L /Lp)/e1 21172 pg;. This is shown in Fig. 6 for the mocfe growth rate as a function of

(flor 1ncreas1ng Bg. As beta is increased there is a critical beta and w for dw/dt > 0. If
this beta is exceeded a small island can grow to a large size [1 1]. The critical point is
for w2 » W2, Bg = -2 A we /[el/2 (Lg/Lp)] and for w2 »w ,Bo=-34A"wg /2/[31/2
(Lq/Lp)] Fo% typical DIII-D parameters Wc =(0.5cm a%d wg=2cm compared toa =
62 cm. As both w¢ and wg depend on beta, a self-consistent scalmg is needed. For the
X _L/X| model takin 2CI§BHM (p*v*)—land X _|_ XBOHM * 3, one gets critical § ~
(-Aa 54/3 (Lp/Lq )43 1/ with v, = [(me/m;)12 v, ci/EV O, and = py/a dimen-
sionless parameters. For the W, model ch ~-Aa (Lp/L ) g?e p* yielding a
different dependence upon collisionality and gyroradius. Of course 1f A’ or profiles
vary with beta and/or collisionality, the scaling would be yet different.

As the neoclassical destabilization with beta depends on collisionality in different
ways, empirical fits of critical beta for onset of 3/2 or 2/1 tearing were made to Vi, 0.,
etc. for as wide a range of variables as possible. The database of discharges at the
onset of 3/2 tearing or 2/1 tearing scans Bt = 0.9-2.1 T at Iy = 0.65-1.5 MA with
q95 <4, ny4 = 0.26-0.82, with critical B = 1.73-5.16%. The radial scale lengths at
g=m/n for q, Te and Tj at the 3/2 and 2/1 mode onsets, respectively, do not vary
significantly. [The H-mode core density profile is fairly flat in all cases.] For the 3/2
mode onset, the mean Lgsa =0.55 £0.05, Lte/a =-0.39 £ 0.06, and Lyj/a =-0.33
+0.03. The mean A’ using the high m approximation is 9.4 + 1.5 m~!. For the 2/1
mode onset, the mean Lgsa = 0.40 £ 0.03, Lte/a =-0.41 £ 0.08, and Lti/a = -0.38
+0.10. The mean A’ using the high m approximation is-8.0 £ 1.8 m~!. Thus the
principal experimental variables for the tearing mode destab111zat10n are beta,
collisionality, and to a much lesser extent gyroradius. A fit to Berit ~ vy p* was done

1
P
E.;:: Be=2.0
o~
- Critical 2wefel(Lg/llp)=1
0 ! « Beta, w . N=-1
1-4 N We= wg
wiwe
T U
2

Fig. 6. Neoclassical model for island growth rate versus island size w for A’ < 0
and increasing values of beta. The critical beta, w for w20 is indicated.
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in two ways. For global parameters, one expects for T =T; ~ BB2 /n
v, ~ A3R/B4B2, p, ~ B2/n12a and a ~ R at fixed qo5 so that

3x-y/2 Xy Ax
B~VEpY~l+2x—y/2 R1+2x—y/2 | B1+2x—Y/2

This global scaling allows a survey of the gross parameters-under direct control of the
physics operator. For the onset of the 3/2 mode, the best fit gives x = 0.42 with no sig-
nificance to y. The result (©) is shown in Fig. 7(a) with the expected ideal limit (X) of
4 1; (I/aB) for comparison and the expected ITER limit (7,4, =1.3, R=8.0m, a=
28m,B=57T,I=21 MA)if G= 1.5 can be achieved. The soft 3/2 tearing limit is
as much as a factor of 2 below the ideal limit. For the onset of the 2/1 mode, the best
fit gives x = 0.47 with again no significance to y. The results are shown in Fig 7(b).
At high density, low field, the 2/1 tearing occurs at a beta near the expected ideal limit.
The dependence on the local parameters of the soft 3/2 tearing mode beta limit was also
fitted and is shown in Fig. 8(a). For the 3/2 mode, the range in v, is only 3.1 and in
px only 1.4 as at low B, the 2/1 mode turns on first and the discharges disrupt. The
dependence on the local parameters of the hard 2/1 tearing mode beta limit was also
fitted and is shown in Fig. 8(b). v, varies a factor of 16 while p, varies a factor of 1.6.
The p, dependence may be anythmg from O ~ 1/3 within the uncertainty. A fit using
v;/e®,e (which is more relevant for the @" model) instead of v, was almost as good.

As the higher field, larger ITER device is expected to have both lower v* and p*,
extrapolation to ITER requires knowing what A’ really is or will be, understanding of
which of the neoclassical threshold mechanisms dominates, how B¢ri¢ scales with v*
(and p*), and how the necessary seed perturbation island (particularly from sawteeth
and ELMs) for the neoclassical destabilization scales. An interesting possibility is
whether a higher stable beta can be obtained by operating at q > 1 to eliminate sawteeth
perturbations or with negative magnetic shear which is neoclassically stabilizing for
modes inside the negative shear reversal region (Lg/Lp < 0).

X
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441/aB x X x X
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S8 atpu=18__ © gLy g3 N/
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Fig. 7. (a) Onset of 3/2 tearing (©) in DIII-D fitted to global parameter combinations.

(b) Onset of 2/1 tearing (©) in DIII-D fitted to global parameter combinations. Expected ITER

beta limit is also shown (+) as well as expected ideal limit. (x).
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Fig. 8. (a) Onset of 3/2 tearing (©) in DIII-D fitted to local parameters. (b) Onset of 2/1
tearing (©) in DII-D fitted to local parameters. Expected ITER beta limit is also shown (+) as
well as expected ideal limit ().
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