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During current ramp-up discharges with early auxiliary RF heating, re-
versed magnetic shear profiles have been obtained on Alcator C-Mod. MHD
oscillations are often observed on ECE diagnostics, as well as magnetics.
Although no direct g-profile measurement was available, a hollow current
density profile with ¢n;,=2.5 was reconstructed by EFIT. The location of
the biggest electron temperature fluctuations was close to the outer ¢ = 3
rational surface. Based on a resistive linear stability code (MARS), the MHD
oscillations were identified as n=1 resistive “multiple” tearing modes. Since
the pressure profile was hollow and ¢ > 1 in the core, a resistive interchange
mode was also predicted to be unstable at the inner ¢ = 4 rational surface,

despite the low (.
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I. Introduction

Reversed magnetic shear profiles are predicted to give better perfor-
mance! in terms of confinement, stability and self-sustaining bootstrap cur-
rents. Many experiments have since verified such predictions in various toka-
maks.2? In particular, in the negative central magnetic shear (NCS) region,
the plasma shows excellent stability to n = oo ideal magnetohydrodynamic
(MHD) ballooning modes.> However, when reversed magnetic shear plasmas
are accompanied by MHD fluctuations, plasma performance is reduced. Un-
derstanding the characteristics of the MHD activity associated with reversed
magnetic shear plasmas is required prior to adopting reversed magnetic shear
operation as an advanced tokamak operation scenario.®”

A resistive MHD mode specific to reversed magnetic shear plasmas is a resis-
tive double tearing mode, which can be destabilized when a pair of rational
surfaces with the same ¢ are close to each other. Since it is a global mode, it

can be observed in experiments rather easily. For a single tearing mode,® in

a classical tearing theory, A" > 0, where A" = (¢ /)| T"/2

ro—wy2> 18 an unstable

condition with magnetic island width (w) centered at r=r,. In a neoclassical
theory, even negative A’ can be unstable in that transport and polarization
terms should be also considered . On the other hand, for a double tearing

101 we do not have a similarly simple analytic criterion.

mode,
In addition, a pressure gradient driven resistive interchange mode might be
observed near a rational surface in the NCS region. Since the resistive inter-
change mode is localized close to a resonant layer, it is not easy to observe in
experiments unless other MHD modes are suppressed. Although resistive in-
terchange modes in a tokamak were predicted in theory!® as early as resistive
tearing modes, the experimental observation was only recently reported.'6

A reversed magnetic shear configuration is generally created during current
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ramp discharges because the current diffusion time (7g = poa®/n where puq:
vacuum permeability [47 x 1077 H/m], a: scale length, n: resistivity) is much
longer than the plasma current rise time. If additional heating is launched
at the early current ramp stage, it retards the current penetration further as
Tr is proportional to Teg/ 2 which helps to keep the reversed magnetic shear
profiles. To achieve high performance reversed magnetic shear plasmas in
Alcator C-Mod,'” ICRF heating is added to early ohmic plasmas as its auxil-
iary power, unlike most other tokamaks whose main power source is neutral

beam injection (NBI).

II. Experiments

A. Diagnostics

The Alcator C-Mod is a high field (By = 5~8 T), compact (R ~ 0.67
m, a ~ 0.22 m), diverted tokamak. Poloidal magnetic field pickup loops in
Alcator C-Mod are used to measure MHD fluctuations, which are usually
digitized at a rate of 1 MHz. For these studies, we use four sets of toroidally
displaced coils located on outboard limiters. Two sets are composed of 7 coils
and the others of 4 coils. In addition, there are some inboard coils which
are located closer to the plasma, which are useful for determining poloidal
mode numbers. For electron temperature measurements, Thomson scattering
and ECE (electron cyclotron emission) diagnostics, including a Michelson
interferometer, radiometer and grating polychromator (GPC), are installed
on Alcator C-Mod. The Michelson interferometer is absolutely calibrated;
all the other ECE temperature measurement diagnostics are cross-calibrated
on the basis of the Michelson calibration. For the purpose of observing MHD
activity on electron temperature measurements, the GPC was chosen as a

main diagnostic because it provides good spatial resolution (~ 1 cm) and
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temporal response (up to 2 usec). The GPC is based on the extraordinary
mode (X-mode) of emission at the second harmonic of the electron cyclotron

frequency.

B. MHD observations

For Alcator C-Mod, a typical current ramp up rate is 5.0 MA /sec up to
0.1 sec. During the experiment discussed here, the current ramp up rate
was initially 5.1 MA/sec and then was reduced to 1.5 MA/sec until the
target current /,=0.8 MA was reached. As shown in Fig. 1, there were short
trips during the very early ICRF heating phase due to poor coupling to
the plasma. The power was up to 1.5 MW during the period of the MHD
activity, which was observed not only on magnetics, but also on GPC with
the same coherent frequencies. The toroidal mode numbers (n) of all the
MHD fluctuations on magnetics were identified as n = 1, while their poloidal
mode numbers (m) decreased from 7 to 5 until the big MHD fluctuations
were observed on Channel 6 of GPC (R ~ 0.8 m) around ¢ = 0.11 sec (See
Fig. 2). Using the EFIT'® program, the equilibrium associated with the
MHD activity was reconstructed. An internal pressure profile was used as a
constraint for EFIT, in addition to external magnetics data. Fig. 3 shows the
evolution of the temperature fluctuations (AT = (Thae — Tmin)/2) around
t=108 msec, while Fig. 4 shows the g-profile reconstructed by EFIT at t=108
msec.

For the pressure profile, Tj (), ni¢) (i(e): ion (electron)) are needed. The
electron temperatures (T,) were given by GPC, while the ion temperature
(T;) is inferred based on a simple equilibration model which assumes that the
electrons and ions are thermally equilibrated and that the ion confinement

time is constant over the profile. The ion density profile (n;(R)) was assumed
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to be the same as n.(R). The densities (n.) were inferred from Abel-inverted
visible Bremsstrahlung from a multichord diagnostic whose view is horizon-
tal and near the midplane.!®2° The brightness of the visible Bremsstrahlung
diagnostic is a function of Z.s¢, n., and T,.. When the electron temperatures
(T¢) are provided from GPC and Z s is assumed to be a constant, n. can be
inferred. As a note, the inverted density profile obtained from far-infrared
(FIR) interferometry is regarded as less reliable for this analysis. This is due
primarily to the vertical view of the diagnostic, which passes cold, relatively
dense plasma in the vacuum chamber above and below the main plasma.
Since the contributions of the edge plasmas to the FIR line integrated den-
sity measurements are not separated from those of the main plasma, the
inversion process is sensitive to rather arbitrarily assumed edge plasma den-
sities. For this reason, the horizontal visible Bremsstrahlung diagnostic was
preferred for density measurement. Therefore, the pressure profile is given
by P =nT.+> nT; ~ ne(T.+T;) < 2n.T,, where n, is inferred from visible
Bremsstrahlung brightness, while 7, is measured by GPC.

The dashed curve of Fig. 5 is the pressure profile calculated in the afore-
mentioned way. Based on this internal pressure profile, as well as magnetics,
a most likely reversed magnetic shear configuration has been reconstructed
during the current ramp stage. Based on the reconstructed equilibrium, the
MHD stability at t=108 msec will be discussed.

III. Interpretation

For stability analysis, the MARS code? has been used. This is a linear
resistive MHD stability code with a given toroidal mode number and we con-
sider n = 1, which has been ascertained in magnetics unambiguously. For

the input parameters, the Lundquist number (or magnetic Reynolds number



IIT INTERPRETATION 6

So) and the shape of the temperature profile are needed. Unless otherwise
specified, in the following case Sy = (7r/74)o = 1.67 x 107 is used, where 74
is the Alfvén time. The shape parameter (1; = d(InT')/d(Inn)) has been de-
termined from the relation between density (n(v)/ng = (P(1)/FPy)*~%) and
temperature (7'(¢)/To = (P(v)/Py)®), so n; = a/(1 — ). Since the density
profile was rather flat, a best fit for a was found to be g, giving 7;= 6.0.

The first distinguishable mode has resistive double tearing-like behavior, as
shown in Fig. 6. When the magnetic Reynolds number is increased (in other
words, 7, which is inversely proportional to Sy, decreases), such an instability
disappears, which indicates that it is a non-ideal (resistive) mode. Around the
q = 3,4 rational surfaces, there were big pressure fluctuations, whose mode
components are represented by different symbols (e.g. o(m = 3),o(m = 4)).
Also, near each resonant surface, each mode component changes its phase.
When all of the components are summed up, the pressure fluctuation (dp)
theoretically predicted in the MARS code is peaked near the outer ¢ = 3
rational surface, whose radial location is 83.5 cm (p ~0.73) (See the red
dash-dot curve and solid thick black curve of Fig. 6). Since other resonant
layers are seen at various rational surfaces, the instability can be called a
resistive “multiple” tearing mode. In comparison with the experimental ob-
servations shown in Fig. 3, the location of the peaked fluctuations predicted
in the MARS code is less than 2-3 cm away from the Channel 6 (R = 80-81
cm (p ~0.62)), whose AT is the biggest. In addition, a range of possible
q profiles is shown by the solid thin black curves, while other thick short
and long dashed curves show other reconstructed g-profiles based on differ-
ent constraints. From these profiles, the outer q=3 surfaces (p ~ 0.7) are
much closer to the location of the peak AT, channel. Considering that the
potential errors in determining the g-profile via EFIT reconstruction are not

insignificant, the theoretical result based on the solid thick g-profile seems to
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match the experimental observation quite well. Since this “multiple” tearing
mode is a global mode, it is not surprising that most of the GPC channels
showed large or small electron temperature fluctuations in the experiment.
The perturbed magnetic flux (Ab)?! linear eigenfunction is shown in Figure 7.
According to the MARS code results, Y74 ~ 1.8 x10~%, where ~ is the growth
rate [sec™!] and 74 ~ 8 X 1078 sec. Thus, the growth time is approximately
0.44 msec, which is within a typical range of tearing mode evolution.
Interestingly, the MARS code also predicted a non-global mode, whose
fluctuation is highly localized near one of the g=4 rational surfaces in the
NCS region. It was predicted as a resistive interchange mode. This would
be difficult to observe without suppressing all the other global MHD insta-
bilities, apart from the capability of spatially well-resolved diagnostics. This
resistive interchange mode is contrasted with those found in DIII-D experi-
ments.'® According to the DIII-D results, the resistive interchange instability
can occur beyond a threshold By'. However, the By of the equilibrium dis-
cussed here was 0.27[%mT /M A], which is low. Basically, this instability
was predicted to occur due to a hollow pressure profile, not from high gy.
Since the elongation (k ~ 1.14) during the current ramp was close to one,
we could assume a circular plasma. The ideal (Mercier) stability criterion
(Dr < 0)* was satisfied. In this case, the H-factor® in the NCS region was
no more than -0.02. Since |H| = 0.02 << 1/2 and (¢*> — 1) was positive, the

18y = B/(1,/aBy) [% m T/MA]; B =2ug < p > /BZ, I,: plasma current [MA], a:
minor radius [m], By: magnetic field at magnetic axis [T], and < p >: volume averaged
pressure [Pa]

2According to Glasser, Greene and Johnson,'® D; = —1/4 + 2ap’/(B25?)(¢®> — 1)
3

/ A
H:MOpr[ 1S

_ _<B*/|Vy*> }
orq’ NE

<B2?>

, where p' = dp/dy, V' = dV/dy,q = dg/dy, < - >: flux surface average quantity and
B = fVé+ Ve x Vip.
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resistive interchange mode stability criterion (Dp < 0)* was violated by the
positive sign of p’. In more recent discharges, there were some indications of
highly localized T, fluctuations that we believe have occurred due to such a
resistive (or possibly ideal) interchange mode. The temperature fluctuations
appeared on only one of the GPC core channels in a discharge with a hollow

T, profile. Detailed analysis is under way and will be reported separately.

IV. Conclusions

During current ramp discharges of reversed magnetic shear experiments,
MHD oscillations have been observed on ECE, as well as on magnetics. The
toroidal mode number was identified as n = 1 unambiguously, while the
poloidal mode number decreased from 7 to 5 until the biggest T, fluctuation
was observed near the outer ¢ = 3 rational surface. The equilibrium of the
reversed magnetic shear configuration was reconstructed by EFIT. Using a
linear resistive MHD code (MARS), its stability has been analysed. The
MHD activity of the 7T, measurements was identified as an n = 1 resistive
“multiple” tearing mode. This code gave y74 ~ 1.8 x 10~* and the growth
time was predicted to be approximately 0.44 msec.

Another n=1 resistive mode has been predicted in NCS region of the re-
versed magnetic shear plasma. Its driving force comes from inverted pressure
gradient (p’ >0) in the core which violates the resistive interchange mode sta-
bility criterion (Dp < 0). Although the associated magnetic island size is
challenging to Alcator C-Mod diagnostic capabilities, there were some indi-
cations of highly localized fluctuations on GPC in other recent discharges

which seemed to have been caused by the resistive interchange mode.

‘Dr = Dy + (H — 1/2)2. In particular, if |[H| << 1/2, Dp ~ Dy + 1/4 ~
2ap'/(B25%)(q* — 1)
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In summary, the global MHD mode during reversed magnetic shear ex-
periments of Alcator C-Mod has been ascertained as n=1 resistive “multiple”
tearing mode. In addition, a resistive interchange mode in NCS region of low

O has been predicted due to a hollow pressure profile.
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MHD oscillations during current ramp discharge of Shot 970620032
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Figure 1: MHD activity during reversed magnetic shear plasma. Note that
the electron temperatures of the two innermost channels are lower than the

third channel (i.e. a hollow temperature profile).
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Figure 2: Enlarged view of the MHD activity observed on GPC and magnet-

ics of Fig. 1 near t=108 msec. In particular, observe that the T, fluctuations

on Channel 6 are the biggest and that the oscillation frequency (3 ~ 4 kHz)

is the same as that of the magnetics.



REFERENCES 14
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Figure 3: At t=0.108 sec considered here, Channel 6, which is located at
R=80 ~ 81 cm (p ~ 0.62), shows the biggest fluctuations. Also, note that
the fluctuations of Channel 6 evolve, peak near t=0.11 sec and then the
biggest fluctuations move outward into Channel 7 (R ~ 83 cm) at t=0.120

sec.
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Figure 4: g-profile at t=108 msec. Note that the ¢g=3 outer rational surface
is located at R~ 83.5 cm (p ~ 0.73), which is close to (AT)maq-
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Figure 5: Pressure profiles: Solid curve - from EFIT reconstruction;
Dashed curve - calculated from 7, of GPC and n, inferred from visible
Bremsstrahlung; Dash-dot curve - 2 x(n.T.), based on T, of GPC and n,

from TCl-inversion using routinely given EFIT reconstruction.
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Figure 6: Perturbed pressure eigenfunction for the n=1 resistive “multiple”
tearing mode. When all the components are summed up, the total predicted
pressure fluctuations (dp) are delineated with the red dash-dot curve. Note
that resonant layers are observed not only at the outer ¢ = 3 surface, but
also at the inner ¢ = 3 and at the ¢ = 4 rational surfaces, which characterizes
the “multiple” tearing mode. This can be compared with the temperature
fluctuations (AT,) of t=0.108 sec in Fig. 3. Theory and experiment results
match each other. The growth rate for this mode is y74 ~ 1.8 x 107 for
Sy = 1.67 x 107, where 74: Alfvén time ~ 8 x 1078 sec. The local Lundquist
number S at the outer ¢ = 3 surface is 6.15 x10°. The other two cases, whose
g-profiles are shown in thick short and long dashed black curves respectively,

also predicted almost the same fluctuations.
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Figure 7: Perturbed radial magnetic flux defined as Ab = % = [V¢- (VO x

ng)]*l]% - V1. The sum of the Fourier components giving the perturbed

magnetic flux at § =0 is delineated with the dash-dot curve.





