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Abstract—In experiments on multipulse on-axis electron cyclotron resonance heating (ECRH) of plasma by
a series of microwave pulses at the L-2M stellarator, several phases of plasma energy loss were observed: the
short stage of low-energy loss, the stage of rapid increase in energy loss, the quasi-steady stage, and the relax-
ation stage between the heating pulses. In the stage of rapid increase in energy loss, the energy loss power is
two or more times higher than that in the relaxation stage at the same energy of the plasma column. Short-
wavelength plasma density fluctuations were measured using both the ordinary and extraordinary microwave
collective scattering technique. It is found that, in the quasi-steady stage, the amplitude of density fluctua-
tions is much lower than that in the preceding heating stages. The fluctuation amplitude lowers just after the
restructuring of the density profile and establishment of a steady-state hollow density profile due to the den-
sity pump-out effect. The amplitude of large-scale density fluctuations at the plasma periphery recorded by
a Doppler reflectometer remains unchanged during the ECRH pulses and in the time intervals between them.
However, when the stage of rapid increase in energy loss begins, the shape of the density fluctuation spectrum
changes significantly. The initially narrow spectrum with one peak near the zero frequency broadens, the
amplitude of the central peak decreases, and two additional peaks at frequencies of 0.7 and —0.7 MHz appear.

DOI: 10.1134/S1063780X19080014

1. INTRODUCTION

The multipulse mode of electron cyclotron reso-
nance heating (ECRH) of plasma by a train of micro-

tude and spectral composition of turbulent fluctua-
tions of the plasma density.

wave pulses is of interest because it allows one to study
various transport processes and their effect on the time
evolution of the plasma parameters, such as the tem-
perature and density profiles of charged particles and
the characteristics of microturbulences of different
scales and nature. In the experiments carried our at the
L-2M stellarator [1], it was shown that, after the
beginning of the ECRH pulse, there is a time interval
during which the energy loss power varies only slightly.
At the end of this time interval, the loss power begins
to rapidly increase up to the value at which the loss
power becomes equal to the ECRH power. If the
ECRH power Pgcry increases twice (from 0.2 to
0.4 MW), then the time interval in which the loss
power varies weakly nearly halves. The goal of this
work was to find out whether changes in the loss power
correlate with time variations in the density and tem-
perature profiles, as well as with changes in the ampli-

2. EXPERIMENTAL CONDITIONS
AND DIAGNOSTIC TECHNIQUES

The experiments on multipulse on-axis ECRH of
plasma by a train of microwave pulses were carried out
in the main magnetic configuration of the L-2M stel-
larator (Fig. 1). Multipulse ECRH was switched on at
48 ms, when the gyroresonance at a frequency of f =
75 GHz was located at a major radius of R, = 97 cm.
At 54 ms, the magnetic axis and gyroresonance are
located at the axis of the vacuum chamber (R, =
100 cm), while at 60 ms, the gyroresonance location
again shifts to R, = 98 cm. In these experiments, the
ECRH power Pgcry in each microwave pulse of the
train was 0.4 MW, while the pulse duration T, was
either 2.2 ms (Figs. 1a—1d) or 3.7 ms (Figs. le—1h).
There were different time intervals T, (pauses)
between the pulses: 2.3 ms, 4.3 ms (Figs. le—1h), and

732



ENERGY LOSS AND MICROTURBULENCE

600 (@)
) I
Z 400
z 11
3 200
A 0
O‘ 1
1600
200
IS 0
N ~73200
n—200
[} 1 Il Il 0
400 ;
© 180
—%” 200 140
o \v\\
0 _ | L L ! [“xdm I 0
%ﬁ 500
~
0 1 1 1 1 1 1 1 1
47 49 51 53 55 57 539 61 63

Time, ms

733
600 (e)
42 “
400 W"“ g
200 11 =
:N
o= | 1 I 1 L 0
1600
200 ® —
1400 -
0 =
' 1200
200+
1 1 1 1 1 1 0
400 @
g
180
Z
200 3
\\“V\A I -
0 ) | | r\l'\"/\’v'\\/“\ ]
500
O 1 1 1 1 1 1 1 1
47 49 51 53 55 57 59 61 63
Time, ms

Fig. 1. Time evolution of the plasma macroparameters in the L-2M stellarator during multipulse ECRH in (a—d) shot no. 21354
(ECRH pulse duration T,= 2.2 ms, duration of pauses between pulses T, = 6.3 ms) and (e—h) shot no. 21375 (‘cp =3.7ms, T, =
4.3 ms): (a, ) ECRH power Pgcry (black curve) and the average electron density #, (grey curve), (b, f) diamagnetic response
dW/dt (black curve) and plasma energy content W (grey curve), (c, g) ECRH power unabsorbed in plasma P, (black curve) and
radiative loss power P, (grey curve), and (h) electron temperature at the plasma column axis. In all plots with two ordinates, the

left and right ordinates correspond to the black and grey curves, respectively.

6.3 ms (Figs. 1a—1d). The plasma density measured
with a 2-mm interferometer along the vertical chord of
the plasma column within one series of pulses was usu-
ally in the range of (1.9—2.1) X 10"* cm~3. The electron
temperature in the heating region obtained from mea-
surements of the electron cyclotron radiation at the
second harmonic of the electron gyrofrequency
(74 GHz) [2] and plasma soft X-ray spectra [3]
reached 0.7 keV. The time evolution of the plasma
density profile in one of the heating modes was mea-
sured with an HCN interferometer operating at the
wavelength A = 337 um [4].

Plasma density fluctuations were measured using
collective scattering of the heating gyrotron radiation.
The following methods were used: backscattering from
short-wavelength fluctuations (k = 30 cm™'), small-
angle scattering from long-wavelength fluctuations
(k=1 cm™), and Bragg side scattering from short-
wavelength fluctuations (k = 20 cm™") in the ECRH
region [5—7]. Long-wavelength fluctuations of the
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plasma density (k = 2 cm™!) at the plasma periphery
were measured using backscattering of the Doppler
reflectometer radiation (37.5 GHz) [8]. The incidence
angle of the ordinary (O) reflectometer wave relative
to the normal to the boundary magnetic surface was
16°. This made it possible to measure density fluctua-
tions at the edge of the plasma column (at r/a = 0.8—
0.9), where the density reached 1.7 x 103 cm~3

We also measured unabsorbed and reemitted
microwave radiation with wavelengths of A <4 mm by
means of a microwave detector with an absorbing col-
limator installed in the stellarator port located in the
poloidal cross section of the torus shifted by 90° with
respect to the cross section in which gyrotron radiation
was launched.

3. MEASUREMENT RESULTS
AND DISCUSSION

When determining the energy loss power from the
plasma column, we take into account that, in the time
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intervals between the ECRH pulses, the plasma dia-
magnetic response dW/dt (time derivative of the
plasma energy content) is related to the total loss
power P, (including the radiative loss power P,,4) as

B, =—dW /dt. (1)
The fact that, 5—6 ms after the end of the ECRH
pulse, P.,=—dW/dt, the average plasma density being
unchanged, can be used to absolutely calibrate the
radiative loss signal.

Since the plasma column forms in the first pulse of
the train and the average plasma density remains
unchanged for about 10 ms (during and even after the
train), the diamagnetic response dW/dt in the second
and subsequent pulses is equal to the power spent on
the increase in the charged particle energy, i.e., it is
equal to the gyrotron radiation power P, minus the
unabsorbed heating power P, (the microwave power
escaping through the ports of the vacuum chamber),
the radiative loss power, and the heat loss power P,
(the heat flux onto the vacuum chamber wall),

dW/dtzp()_Ps_Prad_Pﬂos’
PZIOS =P()_dI/V/dl(_Prad_P

5

(2)

or

Figure 1 shows time dependences of the plasma
macroparameters in two experimental regimes. It can
be seen that the average plasma density varies only
slightly during the train of microwave pulses, remain-
ing at a level of about 2 X 108 cm—3. In the time inter-
vals between the heating pulses, both the plasma
energy W and the central temperature 7,(0) decrease.
The longer the time interval T, between the heating
pulses, the stronger the decrease. The signals from the
detector measuring the unabsorbed microwave power
P, (the power escaping through the ports of the vac-
uum chamber) are also shown in Fig. 1. This power
can be estimated from the spike at the leading edge of
the first pulse in the train, assuming that the ampli-
tude of this spike is proportional to the total power P,
introduced in the chamber. By the end of the first
pulse, the unabsorbed power P, comprises approxi-
mately 20% of the total input power, whereas by the
middle of the second ECRH pulse, it decreases to
10%. However, as the time interval 1., between the
pulses rises to 4.3 ms, the power P, at the leading edges
of the second and subsequent pulses increases to more
than 25%. Apparently, this is related to the drop in the
electron temperature and the corresponding drop in
the absorption coefficient during one pass of the
microwave beam through the gyroresonance region.

After these preliminary remarks, let us now con-
sider the time evolution of the heat loss power P,,,.. We
chronologically denominate the characteristic time
intervals in the order of their occurrence after the
beginning of the ECRH pulse (Fig. 2) as follows: (I)
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Fig. 2. Characteristic stages of the plasma energy loss in the
L-2M stellarator during multipulse ECRH, exemplified by
the second heating pulse in shot no. 21375: (a) diamag-
netic response dW/dt (black curve) and plasma energy
content W (grey curve) and (b) ECRH power unabsorbed
in plasma P; (black curve) and radiative loss power P4

(grey curve). In all plots with two ordinates, the left and
right ordinates correspond to the black and grey curves,
respectively, and the vertical thin dashed lines show the

boundaries of the characteristic stages.

the stage of low energy loss; (II) the stage of rapid
increase in energy loss; (III) the quasi-stationary
stage; and (IV) the relaxation stage, which lasts from
the end of one ECRH pulse up to the beginning of the
next one. These stages are repeated from pulse to pulse
during the entire multipulse discharge. They were
observed in all discharges with multipulse ECRH of
the L-2M plasma at the heating powers, heating pulse
durations, and interpulse pauses used in these experi-
ments.

Further, we will focus on the time evolution of the
plasma parameters during the second ECRH pulse,
because, during a train of pulses, the gyroresonance
region shifts in such a way that, in the second heating
pulse, it is located close to the axis of the vacuum
chamber (R, = 100 cm). Figure 2 shows time depen-
dences of the diamagnetic response dW/dt, radiative
loss power P.4, and unabsorbed ECRH power P,
during the second heating pulse. In stage I, after the
beginning of heating, the rise time of the dW/df signal
is determined by the response time of the stainless-
steel chamber walls, which is 170 us. During the next
0.3 ms, the dW/dt signal varies only slightly. This
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means that the energy loss power P, varies slightly,
because P4 and P, are small and vary weakly during
this time interval. According to formula (2), the energy
loss power in stage 1 is Py, = 60 kKW.

In stage 11, the diamagnetic response dW/dt drops
rapidly during 0.3—0.5 ms and then continues to drop
more slowly, so that, at a pulse duration of 3.7 ms, it
almost vanishes (dW/dt = 0) by the end of stage III,
which means that the heating power becomes equal to
the loss power. The fast increase in the energy loss is
due to an increase in the heat loss power, because, as
is seen in Fig. 2, the radiative loss and the unabsorbed
power loss through the ports of the vacuum chamber
comprise a small fraction of the ECRH power. The
transition to the “degraded” confinement mode simi-
lar to the transition from stage I to stage II was
observed in the early experiments of ECRH of toka-
mak plasmas, e.g. at the T-10 tokamak [9], as well as at
the ASDEX tokamak after the beginning of neutral
beam injection experiments [10]. In both cases, it was
shown that the duration of stage I with a low-energy
loss can be increased by enhancing gas puffing.

It is natural to assume that the transport processes
are different in the presence and absence of ECRH. It
would be interesting to compare the power losses in
these two stages at equal plasma energies. Such a com-
parison can be made for shot no. 21375, in which the
plasma energy is W = 0.4 kJ in both stage Il (during
the ECRH pulse) and stage IV (relaxation stage)
(Fig. 2). For the times at which this plasma energy is
achieved, we have dW/dt(11) = 115 kW and dW/dt(1V) =
—155 kW. According to formulas (1) and (2), the cor-
responding heat loss powers are

Pyos(ID) = By —dW /dt — B,y — P,
=400 —115—55—15 =215 kW,
Py (IV) = |dW /di| — P,y =155—55 =100 kW.

We see that the heat loss power in heating stage 11
is least two times higher than in relaxation stage IV.
Now, before presenting results of measurement of tur-
bulent plasma density fluctuations, it is necessary to
make the following remark. Since the mean free path
of electrons in the hot stellarator plasma is much lon-
ger than the torus circumference, the results of mea-
surements of the electron temperature and diamag-
netic signal are averaged over the circumference of the
torus. At the same time, measurements of density
fluctuations are local and, as was noted in [11], they
are not synchronous in different poloidal cross sec-
tions. Therefore, the time evolution of turbulent den-
sity fluctuations can be compared with the time evolu-
tion of the electron temperature and heat loss power
only qualitatively.

Let us briefly dwell on the question concerning the
effect of the durations of the heating pulses T, and
pauses between them T,, on the plasma parameters
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under study. Changing the durations of the ECRH
pulses and time intervals between them, we change the
initial conditions for the microwave beam—plasma
interaction. In this case, the following factors change:
the initial electron temperature and the radial profiles
of the density and temperature. At the same time, it
follows from the 2-mm-interferometer signals (Fig. 1)
that the average plasma density is preserved. At the
doubled pulse duration 1, the radiative loss power at
the end of stage III increases only slightly (approxi-
mately by one-third). The threefold increase in the
pause T, between the heating pulses increases the
duration of stage I in the diamagnetic response dW/dt
by 100—150 ps.

Figure 3 shows the time dependence of the squared

amplitude of density fluctuations n’ obtained using
the radiation scattering technique described in [12].
The figure gives an idea of the time evolution of the
density fluctuation level. The results of backscattering
measurements characterize the fluctuation level aver-
aged over the microwave beam path from the bound-
ary magnetic surface to the gyroresonance region,
while the results of small-angle scattering measure-
ments are averaged over the entire chord of the plasma
column. The results of Bragg side scattering measure-
ments characterize the time evolution of density fluc-
tuations in the ECRH region.

All scattering diagnostics at the L-2M stellarator
can be adjusted to receive either the ordinary (O) or
extraordinary (X) microwave signal. This is very useful
under ECRH conditions at the L-2M stellarator, in
which the initially linearly polarized microwave radia-
tion splits into the X and O components [13] and both
these components are scattered from density fluctua-
tions. In these experiments, in order to reveal differ-
ences in the time evolution of the X- and O-polarized
microwaves, both X and O scattering signals were
recorded. These signals actually differs substantially.
The main difference is that, in ECRH stage 1I, the
drop in the scattered radiation intensity and the tran-
sition to a certain quasi-steady level of fluctuations for
the X-wave occur 1.5 ms earlier than those for the O-
wave. Presumably, this difference in the X and O scat-
tering signals is due to the electron cyclotron reso-
nance absorption of X-waves. In [14], it was shown
that, in the magnetic configuration of the L-2M stel-
larator, under the ECRH conditions at an average
plasma density of n, = 2 X 103 cm~3 and a hollow den-
sity profile, the X-polarized microwave beam can par-
tially deviate into the lower half-plane of the torus. On
the other hand, the refraction of the O-wave is weak:
the refractive index of the O-wave is 0.77, and it expe-
riences almost no electron cyclotron resonance
absorption. Therefore, to analyze the time evolution of
the density fluctuation level, it is reasonable to use the
O scattering signal.
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Fig. 3. Time evolution of the microturbulence intensity in
shot no. 21375: (a) intensity of short-wavelength density

fluctuations n°> measured using Bragg side scattering into
the upper half-plane of the torus from the local region cen-
tered on the axis of the vacuum chamber (black curve) and
from the region shifted by 2 cm outward from the chamber
axis (grey curve), (b) intensity of short-wavelength density

fluctuations n> averaged over half of the central chord
(black curve) and intensity of long-wavelength density
fluctuations averaged over the entire length of the central
chord (grey curve), and (c) intensity of short-wavelength

density fluctuations n” in the plasma core measured using
Bragg side scattering into the lower half-plane of the torus
(black curve, left ordinate) and plasma density 7, (right

ordinate) measured by the laser interferometer along the
central and peripheral chords (solid and dashed grey
curves, respectively).

Using the results of all collective scattering diag-
nostics, it can be stated that, for all recorded fluctua-
tion wavelengths and all observation regions, the time

BATANOV et al.

dependences of the density fluctuation level are simi-
lar. First, in almost all shots, a short spike (0.2—

0.3 ms) in the fluctuation intensity n’ is observed in
ECRH stage I. This spike occurs simultaneously with
the beginning of the growth of the electron tempera-
ture T, in the gyroresonance region. Presumably, it is
caused by a sharp perturbation of the plasma density in
the narrow resonance region or by the parametric
decay instability developing in this region [15]. Sec-
ond, in ECRH stage II, the intensity of density fluctu-
ations is a chain of high-amplitude flashes against a
certain nonzero background. Third, by the time of
completion of the density profile restructuring due to
the density pump-out effect [16—21], a quasi-steady
level of density fluctuations, lower than that in ECRH
stage I, is established. An increase in the density fluc-
tuation level during active restructuring of the density
profile in the T-10 tokamak was reported in [22]. In
that experiment, the fluctuation level also decreased
after the completion of the density profile restructur-
ing.

As can be seen from the above figures, the maxi-
mum level of short-wavelength density fluctuations
corresponds to the highest rate of the density drop in
the plasma core and the highest growth rate of the
density at the plasma periphery. Thus, the high level of
short-wavelength density fluctuations in the gyroreso-
nance region is maintained during the entire ECRH
pulse and is accompanied by the growth of the electron
temperature and heat loss power, regardless of the ini-
tial temperature and the radial density profile. It
should be noted, however, that there are some changes
in the spectra of the short-wavelength density fluctua-
tions (Fig. 4). During the transition from stage I to
stage 11, the fluctuation intensity increases in almost
the entire frequency domain. According to the results
from all diagnostics, the high frequency (HF) compo-
nent (>1 MHz) increases, but this spectral range con-
tribute insignificantly to the total intensity of fluctua-
tions. At the same time, the growth of low-frequency
(LF) fluctuations (<300 kHz) is not always clearly
observed (see Figs. 4b, 4d). In ECRH stage III, the
intensity of the LF component decreases substantially,
while the HF component changes only slightly. In the
framework of the model of self-organized criticality, a
similar result can be obtained when the shear of the
poloidal rotation velocity appears in the plasma (see,

e.g., [23]).

In ECRH stages I and 11, the intensity of fluctua-
tions in the frequency range of up to 200—400 kHz is
higher than in stage III. This was confirmed by all
diagnostics, except for Bragg side scattering into the
upper half-plane of the torus from a local region at the
axis of the vacuum chamber. However, in ECRH
stage III, the intensity of the HF component
(>800 kHz) is higher, which is most clearly pro-
nounced in the fluctuation signal from in the above-
mentioned local region (Fig. 4a). We note, however,
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black, dark grey, and light grey curves correspond to the spectra measured in ECRH stages I, 11, and 111, respectively.

that this spectral range makes almost no contribution = ECRH stage III in the second pulse (Fig. 5). In this
to the total intensity of fluctuations. time interval, a decrease in the fluctuation level is
observed, but it is not to strong as that recorded by the

at the periphery of the plasma column shows that the other scattering diagnostics measuring density fluctu-
fluctuation level remains almost unchanged both ations in the axial region of the plasma column and

during ECRH pulses and between them, except for integrally along the chords. However, the spectra

The Doppler reflectometry of density fluctuations

PLASMA PHYSICS REPORTS Vol.45 No.8 2019
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(b) stage 11, (c) stage I1I and the first 2—3 ms after the beginning of stage IV, and (d) the rest of stage I'V.

change substantially (Fig. 6). At the beginning of and such ashape survives during the entire stage 1. The
ECRH stage I, the spectrum has the shape of a Gauss-  spectrum begins to change considerably at the begin-
ian function centered at the zero frequency (Fig. 6a), ning of ECRH stage II: the spectrum broadens appre-
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ciably and acquires a double-humped shape with a
strongly suppressed central peak and two peaks near

0.7 and —0.7 MHZ,1 the intensities of which differ
twice (Fig. 6b). Such a shape is roughly preserved
during both the entire ECRH stage I1I (except for a
gradual increase in the amplitude of the central peak)
(Fig. 6¢) and 2—3 ms in the beginning of ECRH
stage I'V. After this, the spectrum again acquires the
shape with a peak near the zero frequency. Comparing
the time evolutions of the loss power and the fluctua-
tion spectra recorded by the reflectometer, we see that
the narrow-band spectra characterize fluctuations in
the plasma with a low energy content and low tem-
perature. Preservation of wide-band fluctuation spec-
tra after the end of the ECRH pulse (stage IV) corre-
sponds to the prolonged relaxation of the radial den-
sity profile after the heating is switched off. It is easy to
see that, at the beginning of ECRH stage IV, the loss
power decreases much faster than the fluctuation
spectrum changes (Fig. 2).

4. CONCLUSIONS

The time evolution of the loss power and turbulent
density fluctuations were studied in the L-2M experi-
ments on the ECRH of plasma with the mean density
of 2 x 10" cm~3 by a train of microwave pulses with a
power of 0.4 MW; ECRH pulse durations of 2.2 and
3.7 ms; and time intervals between the pulses of 2.3,
4.3, and 6.3 ms. In this way, the initial electron tem-
perature and the initial radial profiles of the electron
density and temperature in the subsequent ECRH
pulses were varied.

It is shown that, at the beginning of the ECRH
pulse, there is a short time interval of 0.5—0.7 ms
(stage I) with a low energy loss. It is followed by
stage 11, during which the energy loss grows rapidly. At
the end of this stage, the quasi-stationary mode of
plasma confinement is established (stage III), in
which the loss power is equal to the heating power. At
the durations of ECRH pulses and pauses between
them used in these experiments, the durations of
stages I and II vary only slightly. It is found that, after
ECRH is switched off (stage 1V), the loss power is
twice or more lower than that during the ECRH at
equal energies of the plasma column.

Measurements of turbulent density fluctuations
have shown that the maximum intensity of plasma
density fluctuations in the plasma core is observed at
the maximum rates of the density variation in the core
and at the edge of the plasma column, rather than at
the maximum energy loss from the plasma. Such
behavior is similar to the results of T-10 experiments

! At present, the authors cannot assert with absolute confidence
what causes these Doppler shifts: whether it is due to the poloi-
dal rotation of the plasma as a whole or the poloidal phase
velocities of the density fluctuations from which radiation is
scattered.
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[22], which demonstrated that the enhanced level of
density fluctuations during the active rearrangement
of the density profile corresponded to intense turbu-
lent transport of particles, rather than of heat. At the
edge of the plasma column, the level of long-wave
fluctuations is maintained both during the heating
pulses and in the time interval between them. After the
beginning of the rapid increase in the energy loss, the
spectrum of density fluctuations at the plasma periph-
ery broadens appreciably and its shape changes from
the distribution with a single peak near the zero fre-
quency to the double-humped distribution, the peaks
of which have different intensities and are shifted by
0.6—0.7 MHz relative to the zero frequency. During
pauses between the ECRH pulses, the spectrum again
becomes single-peaked with the maximum near the
zero frequency, but only 2—3 ms after the end of the
heating pulse.
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