VOLUME 66, NUMBER 15

PHYSICAL REVIEW LETTERS

15 APRIL 1991

Sawtooth Stabilization by Localized Electron Cyclotron Heating in a Tokamak Plasma
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Sawtooth oscillations (STO) in the Ohmically heated WT-3 tokamak are strongly modified or
suppressed by localized electron-cyclotron-resonance heating (ECH) near the ¢ =1 surface, where g
refers to the safety factor. The effect of ECH is much stronger when it is applied on the high-field side
as compared to the low-field side. Complete suppression of STO is achieved for the duration of the
ECH, in most cases, when it is applied on the high-field side of a low-density plasma, provided the ECH
power exceeds a threshold value. STO stabilization is attributed to a modification of the current-density
profile by hot electrons generated by ECH, which reduces the shear in the g =1 region.

PACS numbers: 52.50.Gj, 52.35.Hr, 52.35.Py, 52.55.Fa

Sawtooth oscillations (STO) in tokamaks have long
been the subject of intense study. Recently it has been
recognized that they can be stabilized by a variety of
means, including lower-hybrid current drive,'™ jon-cy-
clotron-range-of-frequencies (ICRF) heating,’ and elec-
tron-cyclotron-resonance heating®® (ECH). Several
models'%"!? have been proposed as possible stabilization
mechanisms. However, a comparison of these models
with experiments has been inconclusive, partly due to the
difficulty of monitoring and or controlling the plasma pa-
rameters near the g =1 surface, where g refers to the
plasma safety factor. In the WT-3 tokamak, STO are
observed to be strongly modified and/or stabilized by
ECH. The sharply localized nature of the ECH provides
an effective tool for modifying plasma parameters locally
near the g=1 surface. These observations as well as
plausible theoretical explanations for the stabilization
are the subject of this Letter.

The experiments were carried out in the WT-3 toka-
mak,'? with major and minor radii of R=65 and a =20
cm, respectively. The toroidal field was By <1.75 T,
and the plasma current was I, <150 kA. Microwaves
from a gyrotron (w/2x =56 GHz, Ppcy < 200 kW) were
transferred through circular wave guides to a Vlasov an-
tenna with an elliptic reflector placed along the major ra-
dius and injected into the plasma from the low-field side.
This sharply focused wave, propagating as the X mode
with an angle of 6 =88° to the toroidal field, is absorbed
at the second-harmonic ECH resonance layer, rgcu. In
the present operational condition, the ECH is not con-
sidered to cause direct current drive at the resonance re-
gion.

Sawtooth oscillations were observed when the current
was such that the safety factor at the limiter was in the
range g; =2.2-6.0. The sawtooth period 7; as well as
the amplitude increase when the ECH power Pgcy is ap-
plied. These modifications of the STO are very sensitive

to the field Br which determines the location where the
ECH is localized. The ECH power is held constant and
Br is adjusted so that the resonance occurs at different
surfaces; the geometric configuration is shown in Fig.
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FIG. 1. (a) Schematic of the wave trajectory and ECH lay-
ers recu shown as vertical lines for the three cases (b), (c), and
(d) shown below. The g=1 surface is shown as a dashed cir-
cle. Evolution of the soft-x-ray signal /(0.7 keV)} for (b)
ECH at g=1 on the high-field side (Br =0.93 T), (¢) on-axis
heating (B7=1.02 T), and (d) on the low-field side of ¢ =1
(Br=1.08 T), for g =3.4, I, =83-100 kA, and Pgcy=213
kW.
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1(a), while the changes in the soft-x-ray (SXR) signal
I due to the ECH are shown in Figs. 1(b)-1(d). When
the ECH is at the g=1 surface on the high-field side
(HFS), Fig. 1(b), the sawtooth oscillations are complete-
ly stabilized. When the heating occurs on the low-field
side (LFS) of the same g=1 surface, 7; increases to
a value greater than the energy confinement time 7,
(t; =3 ms, 7. =1 ms), and the amplitude saturates, Fig.
1(d). In contrast, when the heating occurs away from
the g =1 surface, STO was little affected. When ECH is
applied at the magnetic axis, I ramps up sharply and
drops deeply during the crash phase, Fig. 1(c). These
observations clearly indicate the critical importance of
the location of the application of ECH. Other effects are
easily excluded, since the plasmas in the Ohmically heat-
ed (OH) phase are essentially similar. [With ECH at
rq=1 on the LFS, the electron density decreases slightly,
ne=(7—6)x10'2 cm 73, and the temperature as mea-
sured by Thomson scattering increases, T.,(0) =510
— 670 eV, resulting in a decrease of the loop voltage,
V;=15—0.8 V, while the plasma current was held
constant at I, =80 kA (g, =4.3). There was no change
in the OV impurity line emission.]

These results are shown in greater detail in Figs. 2(a)
and 2(b). Figure 2(a) shows the dependence of 7, on
raq,, which is varied by changing By, without and with
ECH. In the former case we observe that there is no
significant variation at all. On the other hand, 7, has
two resonance values when B is such that the ECH
occurs at rg=), where 7, increases significantly. When
reci =rq=1 on the HFS, 7, is increased and complete
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FIG. 2. (a) The sawtooth period 7; and (b) relative ampli-
tude AA/A plotted vs recu (or Br) with Pecu (open circles)
and without Pgcu (solid circle); g, =3.4. Note that 7, reaches
30 ms, the duration of the ECH, when recu=rq=1 on the
high-field side.

stabilization is observed. On the other hand, when the
heating is on the LFS, 7, is increased substantially but
stabilization is not observed. These results are comple-
mented by the corresponding variation in the amplitude,
Fig. 2(b), which shows the peaking of the amplitude
when the ECH is on axis and at r,=;. The g=1 radius
can be estimated from computer tomographic recon-
structed images of SXR emissivity at the crash phase,
and also from the measured T, profiles; as often noted
before, r,= is a little larger than rj,, since the latter is
determined by the spatial variation of the SXR signal in-
tegrated along the line of sight.

We emphasize that there was very little effect of ECH
on the sawtooth when ryq, > ry;=). If the main reason
for STO stabilization is ga.xis > 1, one would expect the
same strong effect even when riq, > ry=1, and we could
not explain the sharp observed resonance at rg=;. Only
a slight incremental change of ri,, was detected with a
high-power ECH for 2.6 < g, <4.5 and the global mag-
netic parameter (i.e., the self-inductance /;) did not ex-
hibit an evidence for a major change of j(r) or g (r).

In addition to the influence of B7, which determines
the location of the ECH, other plasma parameters play
an important role as well. These include the power of
the ECH Pgcn and the electron density n,. The depen-
dence on Pgcy is shown in Fig. 3, where we have plotted
75 as a function of Pecu/Pon. We observe that there is
an initial linear phase where 7, increases linearly, and at
larger value of Pgcy/Pon there is a rapid nonlinear in-
crease resulting in complete stabilization. This occurs at
Pecu/Pon==3.5 for the particular set of plasma condi-
tions of Fig. 3, g, =3.4, n.=5%x10'2 cm ~3 when the
ECH is at ry=; on the HFS. In contrast, 7, just in-
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FIG. 3. 1, vs normalized ECH power, Pecu/Pon, for the
g=1 surface on the HFS (open circles), low-field side (cross-
es), and for on-axis heating (triangles). Insets: Temporal evo-
lution of the SXR signal above 0.75 keV for various ECH
power values: (a) Pecy=46, (b) 123, and (c) 213 kW; the
ECH was on the HFS, with I, =80 kA, Br=091 T, n.=5
x10'2cm 73, and g, =3.4.
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creases linearly with Pgcy when the ECH is on the LFS
or at the magnetic axis. The threshold value decreases
when g, increases. When g; ~4.7 the critical power for
stabilization is Pecu/Pon—~1. It is interesting to note
that at these high-g; values complete stabilization of the
STO is possible even when ECH is applied on the LFS.
In this case the threshold power on the LFS is 1.7 times
larger than the threshold on the HFS.

The electron density also plays a critical role. The
period 7, increases abruptly when n, decreases below
n.=6x10'2 cm 73, complete suppression is obtained
when n, ~5%10'2 cm 3, and the ECH is at ;=) on the
HFS. Concomitantly, the x-ray energy spectra show a
high-energy tail indicating the presence of a hot-electron
population with T,;, =60 keV extending up to 300 keV in
these low-density plasmas. In the absence of ECH
(T.~0.5 keV), hot-electron tails are not observed. The
SXR emission from the thermal electrons above 0.9 keV
increases with density regardless of the presence or ab-
sence of ECH.

These observations suggest that the high-energy tail
electrons generated by ECH in the low-density regime
may be responsible for the stabilization of the STO.
However, it must be noted that these hot electrons are
generated equally profusely when the ECH is applied ei-

0.6 AT TV T IA 1
Unstable/ for ldeaf7

7
;m=1dln=1 7
L mode nstable for
30'4 // m=1/n=
& resistive
0.2 Stable mode ~
. Regime 77
C
0 1 ! 1 1
0 0.1 0.2 0.3 0.4
S(Shear)

45 55 65 75 85
R(cm)

FIG. 4. (a) Stability diagram for the m/n=1/1 mode in
WT-3, with respect to the shear s and Bpi. The two curves
show the stability boundaries for the resistive and ideal insta-
bility. As the ECH power is increased the shear is reduced and
the plasma moves from an unstable point (4) without ECH, to
a marginal point (B) with ECH at threshold power, to a stable
point (C) with substantial ECH power. (b) The current densi-
ty j and g profiles across the plasma midplane without ECH
(dashed curves) and with ECH (solid curves). Inset: A
magnification of the g=1 region to show the reduction of the
shear when the ECH was in use.
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ther at the axis or at the LFS of the g=1 surface. As
such they cannot account entirely for the stabilization of
the sawtooth, but might contribute to the effect. Here,
we propose that the stabilization is due to a modification
of the current profile in such a manner as to lower the
shear at the g=1 surface, thus stabilizing the resistive
m/n=1/1 mode.'® Specifically, we suggest that when
ECH is applied T, increases (6T, ./T., =0.3), and the
electron collisionality and hence the plasma resistivity is
reduced, driving more current in this region, Figs. 4 and
5. This incremental change of the current density would
result in a local reduction of the shear,

_2dg vV _
q dy dV/dy’

where y refers to the poloidal flux, and V refers to the
plasma volume enclosed by the surface. We note that
this is the toroidal equivalent of s =(r/q)dq/dr. If this
reduction in s occurs at the g =1 surface, it will have a
stabilizing effect on the m/n=1/1 resistive mode which
plays an important role in STO.

We have modeled this using the PEST code. We start
with a current profile that smoothly vanishes at the plas-
ma edge with gais=0.83, and ¢, =3.37, and has the
g =1 surface at an average radius of 0.35 of the plasma
minor radius; a parabolic pressure profile is chosen. Al-
though gaxis could not be measured accurately, the ex-
perimental evidence on other devices*> suggests that
Gaxis 18 less than unity before and during the sawtooth
stabilization period. Furthermore, in the present experi-
ment, we expect g.xs <1 due to the absence of an ade-
quate mechanism for broadening the current profile.’
We determine the stability of this model equilibrium to
the ideal and resistive m/n=1/1 modes. The g profile is
modified locally near the g=1 surface in a manner
which reduces the shear at that surface, and a new equi-
librium is computed.

The stability limits of such a sequence of equilibria at
different values of By are shown in Fig. 4(a). In the ini-
tial OH phase the plasma is unstable to the resistive
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FIG. 5. Radial T, profile measured by Thomson scattering
with (open circles) and without (solid circles) ECH near the
g=1 region. Magnetic axis is at r =66 cm and ECH is at
r=60 cm.
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mode (A4), and as the ECH is applied the shear is re-
duced and the plasma is at marginal stability at (B); fur-
ther heating reduces the shear further and stabilizes the
mode completely (C). The current profile at this point
shows a local peak near the g =1 surface and is associat-
ed with a reduction of the local shear as indicated in Fig.
4(b). Thus we attribute the suppression of the sawteeth
to a stabilization of the m/n=1/1 mode by profile
modification. An evidence of enhanced electron temper-
ature at the cyclotron resonance flux surface is attained
using Thomson scattering diagnostics with ECH applied
on other than the magnetic axis. Figure 5 depicts the
T.(r) profile for a high-power ECH applied on ry=).
Based on these T, profiles, the current-density perturba-
tion of Aj/jo>0.2 is easily expected since Vioop(r)
=const in the steady-state discharges. On the other
hand, in our theoretical model, the required current
modification for stabilization is Aj/j > 0.05, consistent
with the observed result.

To explain the differences when heating on the HFS
and LFS, we note that when ECH is applied on the
HFS, the high-energy electrons can traverse most of the
surface enhancing a locally peaked current profile on the
entire surface. In contrast, when the ECH is applied on
the LFS, many of the high-energy electrons are easily
trapped in the “banana region” and do not contribute to
an enhancement of the current density. As a result there
is a smaller influence on the shear and hence the stability
when heating on the LFS.

As indicated earlier, in addition to the effects of the
high-energy electrons on the shear through the current
profile, we might expect an energetic particle stabiliza-
tion effect as discussed by White and co-workers.'!""'?
Although the stability window discussed in Ref. 12 does
not exist in the present experiment, since B, <1 and
w4 > oF, there is still a stabilizing effect from the high-
energy electrons which are precessing much faster than
the background diamagnetic velocity. Here wg, > 0}/2,
where wg. =W 1 /erRBr, and of =(ke¢/eBr)Vp/no. This
criterion can be written as W, > RVp/no~T.R/a~1.5
keV (T.=0.5 keV) and is well fulfilled, since the mea-
sured hard-x-ray temperature is T,, —~60 keV. However,
this stabilization mechanism cannot explain why the
effect is stronger for the HFS heating compared to the
LFS heating.

In conclusion, we have found a significant effect of sta-
bilization of STO due to ECH when it is applied near
the g =1 surface. This effect is much stronger when the
ECH is applied on the high-field side and it is consistent
with our theoretical model. There is a power threshold
above which complete stabilization is obtained; below

that the sawtooth period increases linearly. Similarly
stabilization occurs only below a density threshold. The
stabilization is attributable to a local reduction of the
shear near the ¢ =1 surface with some contribution due
to energetic particle effects. This latter effect may be
similar to that observed with ICRF heating in JET and
TFTR.'* These results also suggest that STO may be
controlled effectively with ECH at the g=1 surface,
especially by application on the high-field side.
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