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Recent improvements in the operation of the CTX spheromak device have produced discharges con-
taining evidence for a pressure-driven instability. The instability leads to a distinct event in the
discharge, which can be studied in detail. Data are presented which reasonably discount Taylor relaxa-
tion of the current profile as the cause of the event. The critical value of the normalized pressure gra-
dient has been measured and is compared with the Mercier limit.

PACS numbers: 52.55.Hc, 52.35.Py

A spheromak! is a toroidal magnetic configuration
with large toroidal and poloidal plasma currents which
generate most of the internal magnetic field. This
configuration is attractive for a fusion reactor because it
is compact, has a high level of Ohmic heating power, and
thus, may not require auxiliary heating (such as neutral
beam or rf injection), and has a high engineering S
(Beng < P/B2a1). However, the theoretically predicted
internal B (B,o1 & P/{B?),4) calculated with the Mercier
criterion is small, ranging from =0.2% for the “classi-
cal” spheromak! to (1-2)% for nonspherical cross sec-
tions,' to 2 7% for the spheromaks with current
holes.>™ In fact, many other toroidal magnetic
configurations have low predicted B limits. Tokamaks
are theoretically limited by the ballooning criterion’ to
S (5-10)%, and reversed field pinch equilibria stable to
current-driven resistive tearing modes have a predicted g
limit® of =~20%. The experimental significance of pre-
dicted B limits is often unclear, since other effects might
limit plasma performance. If the B limits could be
reached, the expected plasma behavior is often unknown.
Tokamaks historically have had difficulty reaching the
predicted S limit,*> but recently large tokamaks have
been used to explore plasma conditions at reactor
relevant B values. The highest values obtained are
empirically found to follow a scaling law of the form
Bmax==3I/aB (in %, MA, m, and T) "%, however, this can
be consistent with either ballooning mode or kink mode
limits.” In addition, operation at this 8 limit is found to
be disruptive’ in some cases and in other cases a degra-
dation of energy confinement without disruption is ob-
served.® Reversed field pinches normally operate® with
roughly constant 8 (= 10%), indicating an empirical
limit, but the value is less than the predicted value,
which does not include the localized resistive interchange
mode (sometimes called the “g mode”). In contrast,
sph;:{gmaks often have B values above those predict-
ed.”

In this Letter, strong evidence for a pressure-driven in-
stability in CTX!! spheromaks is presented. The insta-
bility leads to a distinct event in the discharge which can
be analyzed in detail. It is found that when a particular

threshold value in the pressure gradient is exceeded,
internal plasma is expelled toward the wall in 10-20 us.
The resulting temperature and density profiles are both
hollow (about the magnetic axis), strongly indicating a
magnetic flux interchange. These hollow profiles are
short lived, and evolve back to moderately peaked
profiles in 30-60 us. The magnetic field probe data indi-
cate that the instability is not Taylor relaxation'? of the
current profile.

Several recent changes in the operation of the CTX
spheromak device were necessary to obtain plasma con-
ditions that lead to clear evidence of the instability.
These changes include replacement of the mesh-wall flux
conserver'? (0.67-m radius) with a solid-wall flux con-
server (simple cylinder with 0.61-m radius and 0.62-m
long), resulting in greatly reduced magnetic field errors.
Titanium gettering is used to obtain clean discharges.'*
A small amount of bias field'® is applied (the bias flux
inside the 0.61-m radius of the flux conserver midplane is
< 5% of the spheromak poloidal flux), which was empiri-
cally found to increase the number of high-quality
discharges obtainable (>25) before regettering was
necessary. Under these conditions, the particle and ener-
gy confinement times are substantially higher (up to a
factor of = 4) than those achieved in the mesh flux con-
server. !’

The CTX diagnostics include an array of 32 wall po-
loidal magnetic field probes used to determine both the
magnetic equilibrium and any current-driven modal ac-
tivity,'® multipoint Thomson scattering absolutely cali-
brated for density with Raman scattering, and an eight
chord CO, interferometer with impact parameters (b)
measured from the geometric symmetry axis ranging
from 0 to 0.54 m.

Figure 1(a) shows the typical time evolution of the
toroidal plasma current, and both the central (b =0.32
m) and edge (b =0.54 m) line-averaged electron density
({nediine). Magnetic helicity '> and plasma were injected
from the gun'! until 0.7 ms. Since the gun is magneti-
cally connected to the edge of the spheromak, the inject-
ed plasma maintains the high-edge electron density dur-
ing sustainment. While the plasma density profile is
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FIG. 1. A typical CTX discharge with a pressure-driven in-
stability. (a) Toroidal plasma current as inferred from the
Bwan data, and the central-beam (b=0.32 m) and edge-beam
(b =0.54 m) interferometer data and (b) the current peaking
parameter (@), which is defined in the text. The slight varia-
tion in a just before the instability is insignificant because of
the following: (1) It is no larger than other random variations
in the trace and (2) the linear A(y), zero g model is not accu-
rate to that precision.

roughly flat during this time, structure in the profile is
indicated by the fluctuations in {n,)jze due to the rotating
n=1 kink mode'’ normally present during sustain-
ment.'® After helicity and plasma injection stop, the
plasma current resistively decays, and without the main
source of edge plasma density, the edge (n.)jqe drops.
The oscillations (with a period of == 0.12 ms) in the edge
{neine are due to the rotating n =2 kink mode normally
present during decay.!® The central {7, )jis remains high
until = 1.45 ms, at which time there is a sudden and
dramatic loss of central density. The eight-beam inter-
ferometer data can be unfolded to give the electron den-
sity profile as a function of major radius, as shown in
Fig. 2 for times near the loss of central density. Notice
that the electron density is strongly peaked about the
magnetic axis just prior to the instability, and becomes
hollow about the magnetic axis in less than 20 us. At
this time, the plasma current is still high and shows no
signature of the instability. The rapid decay of plasma
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FIG. 2. Electron density profile inferred from unfolding the
eight-beam interferometer data from the discharge shown in
Fig. 1 for times near the pressure-driven instability.

current starting = 0.1 ms after the instability is due to
the substantially reduced plasma density. Rapid current
decay associated with reduced density may be due to ei-
ther a streaming instability or electron-neutral collision
dominated resistance in the edge region.!> If the
pressure-driven instability reduces the central density
less severely, the discharge continues until a subsequent
instability occurs, which corresponds to a repeaking of
the pressure profile until the instability threshold is again
attained. In many discharges the instability occurs 2-3
times.

The sudden loss of central density does not appear to
be related to Taylor current-profile relaxation,'? unlike
the “stepwise instability”” reported by the CTCC-I
spheromak group.'4 The By probe data would indicate
any changes in the equilibrium!® associated with
current-profile relaxation [i.e., flattening of the
A(y)=J-B/|B|? profile, where v is the poloidal mag-
netic flux], and it is expected that the probes should also
indicate the fluctuation magnetic field associated with
the current-driven modes presumed to cause Taylor
current-profile relaxation.!” In CTCC-I, a definite sig-
nature in the By, signals is associated with the “step-
wise instability,” and a relaxation towards the Taylor
minimum-energy state is observed.'* In contrast, there
is no change in the global A (y) profile (i.e., the magnetic
configuration does not relax toward the Taylor
minimum-energy state during the instability), and there
is no obvious fluctuation magnetic signature associated
with the sudden loss of central density in CTX dis-
charges.

A way of describing the global A profile is through
the use of the parameter a defined as'® A(y) =M1
+a(y—1)], where yw=1 at the magnetic axis and zero
at the edge. The value of a is determined by a least-
squares fit of the By, probe data to calculated values
(zero B equilibria). The typical time evolution of a is
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FIG. 3. The fluctuating poloidal Bwa data [ie.,
8B(t) =B(t) —(B)o.1ms(t), the average is performed with a
square averaging window 0.1 ms wide]l from the discharge
shown in Fig. 1 for times near the pressure-driven instability
(the shaded region indicates the time of the instability). Indi-
cated are the data from four toroidal angles at Rmajor =0.4 m,
Z =0.31 m (measured from the midplane), and at two toroidal
angles for positions (0.1 m, 0.31 m) and (0.61 m, 0.1 m). The
data not shown from the other two angles are similar.
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shown in Fig. 1(b). The value of a is less than zero
when J/B is peaked toward the edge, and greater than
zero when J/B is peaked toward the magnetic axis. The
value of a is essentially unchanged by the instability.
Current-profile relaxation would make a dramatic
change in the value of a as the A(y) profile is flattened
(i.e., the minimum energy state corresponds to a =0).

Further evidence which indicates that the instability is
not current-profile relaxation but is the time behavior of
the fluctuations in Byay, as shown in Fig. 3. The oscilla-
tions are due to a rotating kink mode with toroidal mode
number n=2. At the time of the instability, there is no
obvious change in the n =2 oscillations, including ampli-
tude, phase, and rotation speed.

Numerical 3D nonlinear magnetohydrodynamic simu-
lations of decaying spheromaks'’ show distinct relaxa-
tion events when the Lundquist number S (ratio of the
resistive decay time to the Alfvén transit time) is in the
range 400 5.5 <2000. The stepwise instability observed
in CTCC-I is consistent with this.'* However, for large
S (Z2000), the simulations indicate that only the 3D
quasiequilibria phase would likely to be observed and the
spheromak would resistively die out before the final re-
laxation could occur. This phase is characterized by the
presence of a saturated n =2 mode. For discharges like
that shown in Fig. 1, S is =10* (calculated with
S == 2(A)V alfvénTg2). The fact that the n =2 mode is still
present after the loss of central density strongly indicates
that current-profile relaxation has not occurred, con-
sistent with the simulation for large S. Thus, based on
this critical examination of the By, probe data, explana-
tion of the sudden loss of central density as Taylor
current-profile relaxation is reasonably discounted. The
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FIG. 4. The maximum electron pressure gradient, as deter-
mined from the multipoint Thomson scattering, normalized to
(B*)voi. For hollow profiles, the maximum negative gradient is
used. The laser firing time is indexed to the time of the insta-
bility (i.e., Af =flaser — tinstability). The dashed line indicates the
calculated Mercier limit for @ =0.25.

supporting evidence for a pressure-driven instability is
now presented.

The multipoint Thomson scattering is used to deter-
mine the electron pressure profile, and the laser firing
time is indexed to the time of the instability (which may
occur anywhere between 0.4 and 1.0 ms after the helicity
source is turned off). The magnetic axis temperature is
found to increase, from typically = 50 eV at 0.2 ms be-
fore the instability, to 100-150 eV at the onset of the in-
stability. During this time, the volume-averaged electron
B, (Behvor=2u0{neTe)vol/{B*yo1, is roughly constant at
(1-3)%, but the peak electron B, B.|o=2uo(n.T.)o/
(B%)y01 [where (1, T, ) is evaluated at the magnetic axisl,
increases from typically 5% at 0.2-0.3 ms before the in-
stability to = 20% at the onset of the instability. This is
consistent with a strong peaking of the pressure profile as
the instability time is approached. Immediately after the
instability, B,|0<S5%, but {(B.)o is essentially un-
changed, consistent with a flattening of the pressure
profile without significant loss of average pressure.

In magnetohydrodynamics, pressure-driven instabili-
ties are driven by normalized pressure gradients
(VP/B?), not B (be it peak or volume averaged). Only
under the assumption of a profile shape does a pressure
gradient limit correspond to a f limit. Since the pressure
profile shape is changing in time for these CTX
discharges, a more meaningful quantity to consider is the
maximum normalized pressure gradient. These data,
determined by the multipoint Thomson scattering, are
shown in Fig. 4. The electron pressure gradient in-
creases until a threshold value is attained, and then the
profile becomes hollow in <20 us. Figure 5 shows typi-
cal Thomson-scattering pressure profiles just before and
just after the instability. Comparison of the two profiles
strongly indicates magnetic flux interchange. The lack
of a signature on the By, data indicates that the insta-
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FIG. 5. Typical multipoint Thomson-scattering pressure
profiles showing data just before and just after a pressure-
driven instability. In the figure, At =fjaser — tinstability-

bility is purely internal, and the flux interchange does not
cause flux conversion (i.e., conversion of toroidal flux to
poloidal flux, or vice versa). This is consistent with 3D
numerical simulations.'® The good correlation between
the onset of the instability and a strongly peaked pres-
sure profile indicates the instability is pressure driven.
The Mercier pressure gradient limit has been calculat-
ed for the CTX geometry with a =0.25, which is the ap-
proximate average value at the time of the instability.
The calculation® gives a Byo of 0.4%, and the maximum
Mercier pressure gradient is indicated in Fig. 4. The ac-
tual electron pressure gradient exceeds this Mercier limit
by a factor of =20. Single-chord OV impurity-ion
Doppler-broadening measurements indicate the ion tem-
perature is comparable to 7T,. Therefore, the total elec-
tron plus ion pressure gradient may exceed the Mercier
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limit by a factor of =40. The comparison with theory
is still being evaluated. The assumption of linear A(y)
may not be adequate, and a search for different A(y)
profiles consistent with the By, data is ongoing. Calcu-
lated equilibria, including the measured P,(R) profiles,
with higher Mercier limits are sought.
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