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ABSTRACT

Sawteeth have been suppressed by lower hybrid current drive in high density Alcator
C plasmas. At a density of 1.1 x 10cm™2 and g(a) = 4.7 the sawteeth were eliminated
by application of P.y = 600 kW at 4.6 GHz, which represents an estimated 30% of the
rf power required to fully sustain the discharge in the absence of ohmic power. Strong
electron heating is observed with both current drive and anti-current drive phasings of the
waveguide arrays but sawtooth stabilization occurs only in the former case. For the current
drive phasing, the sawtooth period increases with rf power until the sawteeth are stabilized,
while the period remains unchanged for rf injection with anti-current drive phasing. The
internal inductance of the plasma increases during current drive relative to the anti-current
drive case. The disappearance of sawteeth and the increase in internal inductance suggests
that the rf current is driven near the q = 1 surface. At high power (P.; > 850 kW), the
sawteeth return 40 — 60 ms into the rf pulse, indicating that an optimal power range, or

rf deposition profile, exists for successful sawtooth suppression.



I. Introduction

The possibility of suppressing the sawtooth instability, particularly in high density,
reactor-grade plasmas has recently attracted interest because of substantial electron en-
ergy losses associated with giant sawteeth in ICRF-heated plasmas [1]. It is expected
that by eliminating large sawteeth, the average critical electron temperature will increase
and concurrently the central electron energy confinement will be significantly improved.
Furthermore, the theoretical understanding of sawtooth behavior is presently being re-
evaluated [2,3] as a result of recent experimental studies of sawteeth on large tokamaks
[4]. The ability to modify and suppress sawteeth by lower hybrid current drive (LHCD)
may shed light on details of the sawtooth generation mechanism in conventional ohmic

or auxiliary-heated plasmas. In addition, our understanding of MHD stability in toroidal
geometry may be aided by these experiments.

Suppression of sawteeth by lower hybrid waves has been reported in current-driven
plasmas in which all or part of the current is driven by lower hybrid waves [5-9]. In all
cases, the sawteeth are suppressed when sufficient rf power is launched in the current
drive mode, namely with the waveguide grill phased to launch a traveling wave spectrum
predominantly in the direction of the electron drift. In low density Petula and Asdex
experiments [6,8], the internal inductance is observed to decrease during rf current drive
experiments. This suggests that the radial current profile has flattened and sawtooth
stabilization is achieved when the safety factor g(r) rises above unity everywhere in the
plasma. In the Asdex experiments, the current density profile was measured directly, and
the results corroborated the magnetic measurements. In these cases, sawtooth suppression
was explained by the elimination of the q = 1 surface everywhere in the plasma. However,
in the PLT low density experiments when sawteeth were suppressed, a residual m =1
oscillation was often observed, suggesting that the q = 1 surface may still have been
present at rf powers sufficient to stabilize the sawteeth. However, at higher rf powers the
m = 1 oscillation was also eliminated [7]. Sawteeth have also been suppressed by lower

hybrid current drive in considerably higher density plasmas [6,9]. The Petula experiments
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are noteworthy because of the wide density range (7, = 1 — 8 x 10'® cm™3) over which
stabilization could be achieved, and the Alcator C experiments are of interest because of
the reactor relevant conditions during stabilization (fi. ~ 1 x 10%em~3, B ~ 6 T). Of
particular interest are differences in the sawtooth behavior and the evolution of 8, + ¢;/2
between low and high density plasmas. In this paper, we report results of stabilization
experiments in the Alcator C tokamak by lower hybrid current drive at high densities.

II. Experimental Results on Sawtooth Stabilization

The stabilization studies on Alcator C (Ry = 64cm,a = 16.5 cm, molybdenum limiter)
were performed at By = 6 T, ¢g(a) = 4—86, fi, = 0.6 —1.2x 10*cm ™3 in both hydrogen and
deuterium discharges. Microwave power at 4.6 GHz was coupled to the plasma through
either two or three 16-waveguide arrays, with a total net power up to Py = 1.4 MW
at I, = 260 kA, g(a) = 4.7, i. = 1.1 x 10" cm™3 for current drive phasing (relative
phase between adjacent waveguides A¢ = +90°). Substantial electron and ion heating
is observed during rf injection in Alcator C for most waveguide phasings [9]. In order to
distinguish between the effects of bulk heating and current drive, we compare the sawtooth
behaviour during rf injection for both A¢ = +90° (current drive) and —90° (anti-current
drive phasing) with the same spectrum. The electron temperature was obtained with either
a 5-channel ruby Thomson scattering system or, in later experiments, with a single-channel
multi-shot Nd-Yag system. Ion temperatures were measured by analysis of charge-exchange

neutrals emitted by the plasma.

In Fig. 1 the increase in central electron and ion temperatures vs rf power are shown
for I, = 270 kA, fie = 0.7 — 0.8 x 10 cm™3, To}™ = 1.3 keV, Tt™ = 0.75 keV.
The solid symbols represent discharges in which the sawteeth are stabilized. While the
temperature increases are comparable in both cases, the electron temperature is somewhat

lower and the ion temperature higher for the current drive (A¢ = 90°) phasing.

The major diagnostic of sawtooth behavior is a 16-channel soft x-ray diode array

which is sensitive in the range 1.5 — 15 keV. The central chord soft x-ray emission is shown
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in Fig. 2 for two shots for nearly equal rf powers, one at A¢ = +90° and the other at
A¢ = —90°. While the sawteeth are still present in the anti-current drive case, they
are entirely suppressed for the LHCD phasing. The apparent residual oscillations at a
frequency of 360 Hz result from plasma horizontal motion due to equilibrium field power
supply ripple. The large increase in the soft x-ray signal during rf injection is caused largely
by an influx of molybdenum ions from the limiters and by formation of the high energy
electron tail. Based on spectroscopic measurements of the edge state molybdenum line
emission, the molybdenum impurity source rate doubles during rf injection with current
drive phasing (A¢ = 90°) at a power sufficient to stabilize the sawteeth, and increases by
a factor of 3 — 4 for anti-current drive phasing (A¢ = —90°) at the same rf power. While
the central molybdenum densities inferred from spectroscopy are less certain, the central
state emission is nonetheless higher in the anti-current drive case than for current drive

phasing. The increase in Z.ss, measured by visible Bremsstrahlung, is approximately 0.3

in both cases.

The period between sawteeth generally increases during rf injection. The sawtooth
period vs rf power is plotted in Fig. 3 for A¢ = +90°, ~90° and 180°. For these plasma
conditions, the sawteeth are usually stabilized for A¢ = +90° and P, £ < 550 kW; however,
some shots above this threshold power did not fully stabilize and their sawtooth periods
are also plotted. The sawtooth period increases to at most twice its initial value for
A¢ = +90° phasing, while for —90° phasing the sawtooth repetition time rises only by a
modest amount. In contrast to low density stabilization experiments on PLT and Asdex
(7,8], the sawtooth period increases monotonically with rf power, and does not decrease
for rf powers just below the stabilization threshold. The sawtooth inversion radius inferred
from the soft x-ray profile data does not differ substantially from the inversion radius in
ohmic plasma for any phasing or rf power level at which sawteeth are still observed. The
loop voltage is observed to drop during rf injection from its initial value of V; = 1.5 V
to values as low as V; ~ 0.5 V. As shown in Fig. 4, the loop voltage drop is larger for
the case of A¢ = +90° than for other phasings; moreover, the decrease in loop voltage
for sawtooth-stabilized shots is somewhat greater than for those at similar rf power which

did not stabilize. Again, while a fraction of the loop voltage drop can be explained by
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bulk plasma heating, the difference between A¢ = +90° and —90° cases indicates that a
significant fraction of the total plasma current for A¢ = 490° is carried by suprathermal
electrons. The correlation of the magnitude of the loop voltage drop with the suppression
of sawteeth also suggests that the operative condition for sawtooth stabilization is, for

given plasma conditions, the appropriate fraction of rf driven current.

Because of the large change in the overall level of the soft x-ray emission during rf
injection, the amplitude of the sawteeth on the soft x-ray signal in itself is not an accurate
indicator of the intensity of the sawtooth activity in the plasma. Instead, we find the
width of the soft x-ray profile, particularly the change in profile width during a sawtooth,
to be a sensitive measure of the strength of the sawtooth behavior. Prior to rf injection,
the soft x-ray profile half-width (based on a nearly gaussian fit to the soft x-ray data)
typically increases from 3 cm to a value of 5 cm during the sawtooth crash. When the
sawteeth are entirely suppressed, the x-ray width remains constant at a value comparable
to or somewhat narrower than the width in the ohmic plasma just prior to the sawtooth
crash, as shown in Fig. 5. At power levels just below the stabilization threshold, the
sawtooth activity is still present, although the amplitude is reduced from the ohmic level.
For A¢ = —90°, the sawtooth intensity is unchanged during rf injection.

III. Magnetic Measurements

While the current density profile has not been measured directly in these experiments,
qualitative information can be obtained from measurements of the equilibrium quantity
Bp + £i/2, where B, is the poloidal beta and ¢; is the internal inductance parameter.
During rf injection, 8, + £;/2 increases for both A¢ = +90° and —90°. Typical traces for
both phasings at similar rf power levels are shown in Fig. 6. Due to offset errors in the
measurement, the absolute value in 8, + ¢;/2 is not reliable, but relative measurements
remain valid. In direct contrast to the low density Asdex results [8], the increase in the
quantity Bp + ¢:i/2 is approximately a factor of 3 higher for the LHCD case than that of
anti-current drive. The increase in 8, +£;/2 vs rf power is plotted in Fig. 7. While 8,+¢;/2

rises monotonically with rf power, it appears that there is a large change in 8, + ¢;/2 at
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relatively low rf power levels, at least for the case of A¢ = +90°. The increase in 3, +¢;/2
in the A¢ = 90° shots is not coincident with sawtooth stabilization but increases smoothly
with rf power for P,y > 175 kW. The increase in 3, +£;/2 is larger for A¢ = +90° than for
A¢ = —90° at all power levels. We have estimated the contribution of the observed bulk
heating to 8, and concluded that for P,y ~ 500 — 600 kW, ABE* ~ 0.04 — 0.05 above the
initial ohmic value of 0.18-0.20. The remainder of the increase must result from a change
in internal inductance and/or an additional increase in 3, resulting from the energy stored

in the suprathermal electron tail.

While the stored energy in the tail has not been measured directly in these experi-
ments, as was done in pure LHCD plasmas in Alcator {10], we have compared the hard
x-ray Bremmstrahlung emission profiles from the suprathermal tail for both phasings to
obtain a relative indication of the energy stored in the tail [11]. The x-ray emission in the
range E., = 30-500 keV is measured with an 8-channel array viewing the plasma perpendic-
ularly. For photons of energy E, = 40 — 160 keV, both the intensity and the radial profiles
of the emission are similar for A¢ = +90° and —90°. Similar to observations in pure LHCD
experiments [10], the emission profile is more peaked for low energy x-ray photons than for
high energy ones. Because of the reduced accessibility in the present experiments (lower
magnetic fields and higher densities than in Ref. [10]) the emission profiles are typically
broader than for pure LHCD plasmas, particularly for the high energy photons. The mean
energy of the x-ray distribution increases with radius, indicating that the fastest electrons
are located off-axis. Based on our measurements, we conclude that the energy stored in the
electron tail is comparable for both phasings. Thus, the difference in the measurements of
Bp + ¢;/2 may be explained by an increase in internal inductance for A¢ = + 90° relative

to the case of A¢ = - 90°.

The conclusion that the internal inductance increases for A¢ = +90° (current drive)
is further supported by a comparison of the time evolution of the 3, + ¢;/2 signals in Fig.
6. The trace for the LHCD phasing (A¢ = +90°) rises over a 20-30 msec period and
increases slowly over the remainder of the rf pulse. Following rf shut-off, it decays rapidly

at first, and then more slowly for the remaining 50 msec of the discharge. In contrast,
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the trace for A¢ = —90° rises to its peak value in approximately 10 msec, decreases very
slowly during the rf pulse, and drops rapidly at rf shut-off. The expected time interval
for the evolution of the tail due to rf-generated diffusion is on the order of 1 msec, while
that for the bulk thermal energy is about 8 msec. These characteristic times are similar
to the fast evolution of the g3, + ¢;/2 signal, while the slower evolution may represent the
resistive diffusion time, calculated to be typically 50 msec for the inner half of the plasma.
Based on these comparisons of the time evolution and on our estimates of thermal and
tail 3, for the two phasings, we conclude that the inductance is higher in the A¢ = +90°
case than for the opposite phasing by approximately 0.05. We also conclude that for the

LHCD phasings, the internal inductance increases above the value in the ohmic plasma.

IV. Suppression of Sawteeth at High Powers

Regarding the timing of the suppression of sawteeth in relation to the rf pulse, we often
observe an interesting evolution of the sawtooth behavior during the rf pulse. At rf power
levels below which stabilization is achieved, e.g. P,y < 400 kW, the sawtooth activity
is nearly suppressed early in the pulse, (judging from the reduction of the amplitude of
the x-ray profile width), but increases during the rf pulse to become comparable to the
amplitude of the ohmic sawteeth. Furthermore, we have found in earlier experiments [9)
that at rf power levels significantly higher than that required to stabilize the sawteeth
for the entire pulse, the sawteeth can recur during the rf pulse after a stable period of
40-70 msec into the pulse. For plasma parameters I, = 265 kA, Bt = 6.2 T, A, =
1.1 — 1.2 x 10! ecm™3, the sawteeth are stabilized at an input rf power of P,; & 600kW.
Based on an extrapolation from pure LHCD experiments on Alcator C [12], this power
threshold represents approximately 20 — 30% of the estimated rf power required to fully
drive these discharges with rf current alone. In this case, the loop voltage drops by 0.55 V,
or approximately 30% of the ohmic value. Above this lower rf power threshold value, the
sawteeth are stabilized for the entire 100 msec duration of the pulse at rf power levels P,.¢
f 850 kW. Above this second power level up to the maximum power of P,y = 1.3 MW,
the sawteeth are initially stabilized; however after a typical interval of 20-30 msec, a high
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frequency, odd harmonic (presumably m = 1) oscillation is observed on the central soft
x-ray channels. Simultaneously, the soft x-ray profile broadens as shown in Fig. 8. The

oscillations last for an additional 20-30 msec after which the sawtooth oscillations return.

The amplitude of the sawteeth oscillations, as measured by the average change in the
soft x-ray profile width during the sawtooth is plotted as a function of rf power in Fig. 9.
(Here, a different method was used to quantify the x-ray profile width resulting in somewhat
different numerical values). At rf power levels below P,y = 600 kW, the sawtooth intensity
is reduced by LHCD. For Py > 850 kW, the sawtooth intensity increases with rf power
and at Pry ~ 1.3 MW the sawtooth activity after the initial stabilization is comparable to

the pre-injection level.

The loop voltage drop for this rf power scan is plotted in Fig. 10. Although the value
of the loop voltage drop appears to saturate at high rf powers, the reduction of loop voltage
for the shots in which the sawteeth are initially stabilized but later recur is comparable
with, or even larger than that for lower power shots in which the sawteeth are stabilized
for the entire rf pulse. Thus the fraction of rf driven current is larger for the high power

shots than for the low power ones.

In general, the onset of the m = 1 oscillation is not always followed by the recurrence
of the sawteeth: at lower rf powers a saturated mode is often found to persist for the
entire duration of an rf pulse in which the sawteeth are suppressed. The radial location
of the oscillation extends across the inversion radius of the pre-injection plasma. Similar
oscillations are sometimes observed superimposed on sawteeth at power levels below the
stabilization threshold. In short, we have observed under certain conditions that there
is an optimal rf power level for the stabilization of sawteeth. Although the cause of this
phenomenon is not fully understood, it is plausible that the rf deposition profile, and
hence the fast electron current profile and rf heating profile may vary with rf power as
the plasma parameters evolve during the rf pulse. The frequent observations of m =1
oscillations in our experiments suggests that the LHCD current profile may be “barely”

stable, and that a slight change in the imposed rf current profile may be sufficient to cause
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instability. We remark that in cases in which the sawteeth return during the pulse, the
measured value of 8, + ¢;/2 is nearly the same in the stabilized and unstabilized portion
of the rf pulse; therefore we cannot invoke a significant change in the current profile to
explain the recurrence of the sawteeth. These results suggest that not only is the fraction
of the total current carried by the rf-driven suprathermal electrons important to achieve
sawtooth stabilization but the deposition profile also influences the ability to suppress the
sawteeth.

V. Discussion and Summary

~ According to conventional MHD theory, sawtooth stabilization can be achieved by a
careful tailoring of the toroidal current profile so that g(r) > 1 everywhere in the plasma.
This usually requires a decoupling of the electron temperature and the toroidal current
profiles in a initially unstable (¢(0) < 1) plasma. In the usual case such a situation
is achievable by driving additional currents by lower hybrid waves in the outer plasma
layers so that the central current density is reduced (since the total current is conserved)
[8]. By driving sufficiently large amounts of surface current, the total current profile
broadens by diffusion and stability is achieved when g(r) < g(0) > 1. The broadening of the
current profile usually manifests itself by a decreasing internal inductance [8]. In principle,
higher rf powers and larger edge currents result in higher values of ¢(0) and therefore
greater stability. One potential problem with driving edge currents indiscriminantly is the

excitation of m = 2 modes which may lead to disruptions [6].

The present experimental results differ from this conventional picture in at least two
regards: (a) As the power is raised the self inductance increases, yet the sawteeth are
stabilized; (b) sawteeth are stabilized only for a certain range of injected powers and rf
driven currents. In particular, at very high powers, the sawteeth recur after a few tens
of milliseconds. It is further noted from Fig. 2 that the time delay between the start
of the rf pulse and the suppression of the sawteeth is only a few milliseconds, as is the
time interval for the return of the sawteeth following the shut-off of the rf power. It is

apparent from these experimental results that stabilization is achieved by subtle changes
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in the radial current density profile which results from a balance between rf driven and
inductively driven currents, in which the diffusion of rf driven current or minor changes in
rf deposition profile may play a role. We find that it is possible to construct model current
profiles which are in agreement with the measured inductances and inversion radius, and
also exhibit a rise in the central value of ¢ above unity. In particular, the present results
can be modelled by assuming that the rf driven current is generated in the plasma interior,
specifically near the g(r) = 1 radial position, rather than in the plasma periphery. In such
a case, the current in the plasma periphery (r > a/2) is reduced, and a current pedestal
around the g(r) = 1 layer may be formed. It is easy to show that in such a case the internal
inductance is increased, in agreement with experimental observations. The behavior near
the plasma axis is difficult to predict. In particular, ¢(0) < 1 may be the appropriate
condition at low to intermediate rf powers. The competition between diffusion of the rf
currents and the slowing down of fast electrons, as well as plasma heating must be included

in a realistic modeling of these results.

A detailed study of these phenomena have been undertaken using the Bonoli lower
hybrid ray tracing code which includes a Fokker-Planck calculation for the fast electron
tail and plasma transport modelling {13-15]. The appropriate parallel wave number power
spectrum corresponding to our launcher geometry was used; current drive (A¢ = 90°),
anti-current drive (A¢ = —90°) and heating spectra (180°) were studied. In general,
reasonable agreement with the experiments was obtained for all phasings. In particular, it
was found that for the current drive phasing the rf current was generated near the ¢(r) = 1
surface, roughly in agreement with the model discussed above. Thus, the total current was
reduced at large radii (r > 0.6a) and the internal inductance increased. However, as the
rf power was raised above ~ 500 kW, a flat plateau developed in the total current, with
q(.r) ~ 1.0 for radii in the range 0.2a S r .S 0.3 a. The central ¢(0) values were close
to unity, but usually ¢(0) < 1.00 at low to intermediate powers (P < 1 MW). In this
case, the stability may have been achieved by mechanisms suggested by recent predictions
of fully toroidal MHD codes, such as that that by Hender et al [16]. The stability of
the generated current profiles are being studied presently with MHD codes. As the rf

power was increased to high powers (Pgrr > 1 MW), in our ray tracing and transport
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simulations, g(0) rose above unity initially, but off-axis, the value of ¢ was lowered below
unity because of strong localized current drive. Thus, the ¢g(r) = 1.0 Bounda.ry was crossed
at two locations r; and r;, and instability would be once again expected. Therefore it
appears that the key element in the present stabilization experiments is a flattening of
the current profiles near the ¢ = 1 surface at medium power levels, and initially at high
powers. Ultimate stability, and whether ¢(0) is greater or less then unity depends on the
exact balance between diffusion of rf currents and inductive fields, as well as the evolution
of other plasma parameters, including collisional slowing down of fast electrons. It is hoped
that by combining the rf current drive modelling with a fully toroidal MHD code some
of these issues can be resolved. Finally, it should be noted that similar current profiles
have been invoked in ohmic plasmas in the Textor tokamak [16,17] to explain the relatively

stable operating parameter space.

In summary, the present experiments demonstrate the possibility of decoupling tem-
perature and partially rf driven current profiles in subtle ways. Further studies along these
lines may help us to find new, and perhaps more efficient ways to stabilize MHD modes
in a toroidal plasma (it is estimated that in the present experiments Ipp/Irotar ~ 0.2
when stabilization is achieved). Furthermore, these studies should help to improve our
understanding of the MHD stability of toroidal plasma systems, as well as elucidate the
limitations of partially toroidal MHD models versus fully toroidal MHD codes that have

gained favor in recent studies.
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Figure Captions

. Increase in the central electron and ion temperatures for current drive (A¢ = +90°)
and anti-current drive (A¢ = —90°) plasmas vs. P.¢ for fi, = 0.7 — 0.9 x 10* cm™3
and g(a) = 4.7. The solid symbols represent shots in which stabilization of sawteeth

is observed.

. Central chord measurement of the soft x-ray emission for By = 6.0 T, I, = 270 kA,
fie = 0.8 x 10!* cm™3. (a) A¢ = +90°, P,; = 590 kW; (b) A¢p = —90°, P,y = 600
kW.

. Average sawtooth period vs. net rf power for the current drive and anti current drive

phasing, as well as for several shots at symmetric phasing (A¢ = 180°). The plasma

conditions are the same as in Fig. 1.

. The loop voltage drop during the rf pulse vs. P, for A¢ = +90°,—-90°, and 180°;
same conditions as in Fig. 1. The solid symbols indicate the sawtooth - stabilized
shots. The loop voltage prior to the rf is 1.5 V.

. The half-width of the soft x-ray radial profile vs. time for the current drive phasing,
fie = 0.7 x 10'* cm™3, ¢(a) = 4.7, P,y = 620 kW.

. The value of 8, + £;/2 deduced from magnetic equilibrium measurements for the
current drive phasing (solid line) and anti-current drive (dashed line) for the same

conditions as in Fig. 2.
. The increase in A (A = B, + £i/2 — 1) vs. Py for the same conditions as in Fig. 1.

. (a) Central chord measurement of the soft x-ray emission for current drive phasing at
P,; =1.05 MW, Br =6.3 T, I, = 265 kA, and i = 1.1 X 10'% cm™3. The thick line
following the peak emission represents m = 1 oscillations. (b) Soft x-ray profile half

width.
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9. Intensity of the sawtooth oscillation, as indicated by the variation in the soft X-ray
profile width during the sawtooth vs. rf power for the current drive phasing; By =
6.2 T, I, = 265 kA, and 7i, = 1.1—1.2x 10 cm™3. The arrow labelled Poy indicates

the ohmic power prior to injection.

10. The drop in loop voltage vs. P,s for the same conditions as in Fig. 10. The initial
loop voltage is 1.5 V.
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