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Measurement of the electron temperature and density
distributions in the plasma in the TM-3 Tokamak
installation by the method of laser radiation scattering

V. V. Sannikov
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Electron temperatures of 0.15-1.2 keV have been measured at plasma densities 7, = 6X 10'-6x 10'?
cm~? under stable discharge conditions in the TM-3 Tokamak installation by the method of Thomson
scattering. The electron temperature and density distributions along the plasma column radius have been
obtained for different plasma parameters. The variation in time of the plasma-electron density and
temperature profiles has been measured in one of the standard regimes (H, =22kOe, J =150 kA,
i, = 6X 10" cm~%). The diamagnetic and laser measurements have been compared.

PACS numbers: 52.55.Gb, 52.70.Kz, 52.25.Lp

1. INTRODUCTION

The application of the technique of laser probing of a
plasma in installations of the Tokamak type has allowed
the accumulation of a large quantity of information about
the local density, n,, and temperature, T,, of the elec-
trons in the plasma column. %’ Of indubitable interest
is the problem of the measurement of the distributions
T.(r) and n,(r) on the TM-3 Tokamak installation, whose
operating conditions allow the variation of the plasma
parameters in a wide range of values. However, the
small transverse dimensions of the diagnostic port on
the installation limit considerably the transmission of
the collection optics, and make it impossible for a dia-
phragm and a trap to be mounted for the purpose of sup-
pressing the parasitic light scattered from the windows
and walls of the vacuum chamber. On account of this,
the fraction of the parasitic scattered light in the TM-3
facility attains an appreciable value. It becomes nec-
essary to prepare the apparatus for Thomson scattering
with appreciable suppression of the parasitic back-
ground.

In the experiment we used a polychromator assembled
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on the basis of the high-transmission MDR-2 diffrac-
tion monochromator™’ with a selective ruby filter. The
filter, which was 12 mm thick, was cut from a ruby
crystal (with a chromium concentration in parts by
weight in the blend of 0.5). Absorption in ruby depends
on the orientation of the electric vector of the incident
radiation relative to the optical axis of the crystal. tel
The filter was mounted in front of the entrance slit of
the polychromator in such a way that the optical axis

of the crystal was perpendicular to the polarization of
the scattered light. Maximum absorption in the ruby
line, R;, is realized in this case. It was possible to
reduce the intensity of the A;=6943 A parasitic line,
scattered from the windows and walls of the vacuum
chamber, by a factor of more than 10% with the aid of
the selective ruby filter. ’

The experiment was performed under stable discharge
conditions in the Tokamak in the case when the stability
safety factor had a value ¢ >3.

2. THE EXPERIMENTAL SETUP

A schematic diagram of the experiment is shown in
Fig. 1. Scattered light from a 0.2-cm® plasma volume
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was collected by an f/3 objective at the entrance slit of
the polychromator with a 1:1.3 reduction in intensity.
The dimensions of the entrance slit were 2xX10 mm.
Inside the polychromator was mounted a collector con-
sisting of glass light guides that divided the spectrum
into five spectral bands each of width 80 A. Inthe light-
guide unit a light trap was provided for the laser (6943
A) and the intense H, spectral (6563 A) lines. The col-
lector was mounted in such a way that the projection of
the entrance slit of the polychromator onto the light
guides was on a 1:1 scale. The first channel was cen-
tered at 100 A from the laser line. The polychromator
with the selective filter allowed the registration of the
scattered-light spectrum corresponding to the electron-
temperature range 0.1 to 1.5 keV. The short-wave
part of the scattered radiation spectrum was recorded
simultaneously on five channels. The signals from the
photomultipliers were amplified by preamplifiers (which
had a transmission band ~100 MHz and an amplification
factor ~15), and were fed to the input sections of S8-2
storage oscillographs. The oscillographs were trig-
gered by a pulse from an FEK-17 coaxial photocell,
which was actuated at the moment of generation by the
laser. The laser consisted of a generator with a photo-
tropic shutter and an amplifier. The energy of the
radiation was 5 J, the pulse duration at halfwidth was

~ 50 nsec, and the divergence was ~6 mrad.

The entire receiving channel was calibrated with an
S16-40 photometric lamp with a tungsten ribbon fila-
ment. The frequency characteristic of the photomulti-
plier + amplifier system was verified with an AL-102B
photodiode, which emitted light pulses of duration 100
nsec in the red region of the spectrum. A special dum-
my target that could be introduced into the chamber al-
lowed the adjustment of the collection optics along the
plasma-column radius in the course of the experiment
without destroying the vacuum of the TM-3 installation.

in the Thomson scattering experiment we recorded
the relative variation of the electron concentration along

From
photomultiplier

FIG. 1. Schematic diagram of the experimental setup: 1), 2)
laser generator and amplifier, 3) polychromator, 4) ruby fil-
ter,‘s) lenses, 6) photomultiplier unit, 7) oscillograph, -
8)FEK-17 monitor, 9) adjustment dummy target, 10) TM-3
chamber, 11) lead shield.
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FIG. 2. Oscillograms of the scattered light: 1a) parasitic
scattered light signal on the first channel; 1), 2) signals on the
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tively the third, fourth, and fifth channels.
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the plasma-column radius and during the duration of
the discharge. The obtained data were normalized to
the readings of a two-millimeter interferometer which
recorded the electron density along the diameter of the
plasma column. The electron-temperature and concen-
tration distributions were measured on the same side
from the plasma center at the points 0.2, 4, and 6 cm.

We used in the experiment RCA-7265 photomulti-
pliers with S-20 photocathodes. Because of the noise
fluctuations in the photomultipliers, at low useful-sig-
nal levels the experimental results were processed in
sets from 5-7 discharges. The amplitude of the para-
sitic scattered light signal in the first channel is equal
to 1-2 mV; the rest of the channels are free of the par-
asitic background. To protect the photomultipliers
from the x rays, we placed a lead shield in front of the
photomultiplier unit,

In Fig. 2 we show typical oscillograms of the scat-
tered light. The signal, (b), from the second spectral
channel was delayed by a cable for ~300 nsec and fed to
one of the entrance sections of the difference amplifier
of an oscillograph, to the other entrance section of
which was fed the signal, (a), from the first channel.
The small amplitude of the signal in the third channel is
connected with the lower sensitivity of the photomulti-
plier of the third channel in comparison with the detec-
tors of the other channels.

The experimental errors range from 10 to 15%, de-
pending on the plasma parameters, and are connected
with the fact that the signal amplitude in each of the
spectral channels, from which the spectrum of the scat-
tered light is re-established, depends on the quantity

“n,/TL'2, and therefore the accuracy of the measure-

ments depends on the electron density, as well as on
the reproducibility of the operating conditions of the in-
stallation and the laser.

The experiment was performed at mean—over the
diameter —electron concentrations 7, =6x10'% - 6x 103
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FIG. 3. The variation in time of the electron temperature
T,(0) at the center of the column, For T, and T, the following
regime was maintained: H,=22 kOe, J =49 kA, the electron
concentration in the 7th psec of the discharge 7, =6x10"® cm-3;
for T,,, the regime: H,= 22 kOe, J =40 kA, and n,=1.8x10"
cm™®., The symbols o, ®, a, a, and X, % on the T,y and T,y
curves are experimental points obtained for the corresponding
regimes on different days.

cm™, Electron temperatures T, in the range 0.15-1,2
keV have been measured.

3. THE EXPERIMENTAL RESULTS

The variation of the electron temperature, T,(0), at
the center of the plasma column during the discharge is
shown in Fig. 3. The nature of the heating of the elec-
tron component for the regime with a high plasma den-
sity and a strong current (the curve T,,) differs from
the time dependence with lower current and 7, values
(the curve T,,): at higher 7, values the electron tem-
perature at the center of the column increases toward
the end of the discharge to 1.2 keV (with allowance for
relativistic corrections), ‘*1°! whereas at smaller 7,
values the electron temperature attains its maximum
value T,(0) =700 eV at about 7 usec into the discharge
and has a tendency (within the experimental errors) to
decrease toward the end of the discharge. If we esti-
mate the energy lifetime, 7z, of the central part of the
plasma column for these two regimes, then 7z, (the re-
gime corresponding to the electron temperature T,) is
~10 usec, while Tz, (the regime with T,,) is ~3 usec.

It can be assumed that the difference in behavior of

(M keV 12 o
eV o

nt( ), rel.units

& nrycm

FIG. 4. The variation in time of the plasma-electron tempera-
ture and density profiles (H,=22 kOe, J =49 kA, 7, =6x101

-3
cm™°).
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FIG. 5. a) The distribution T,(); b) the distribution n,(r);

c) the plasma pressure distribution P(7); d) the current-density
and g(») distributions (H,=22 kOe, J=48 kA, 7,=1,4x10"
em-3, t=17 psec); e) distributions of the current density and
the stability safety factor q(») (H,=21 kOe, J=18.4 kA, 7,
=6x10'2 em™3, #=7 wusec); f) the variation in time of the “tem-
perature radius” lp, and the “density radius” I,.(H, =22 kOe,
J=49 kA, 7,=6%x10'% cm™3),

curves T, and T,; is connected with the fact that in the
regime with the lower density the discharge reaches the
stationary stage; in the discharge with T, the stationary
stage has not yet been reached.

The difference in behavior of the curves T, and T,,
can also be related with the fact that the temperature
profile T,,(r) is flatter than the profile T, (r), whose
variation in the course of the discharge is shown in Fig.
4. The distribution T,(r) in the regime with T,, was not
measured. It is well known that the electron-tempera-
ture distribution in a Tokamak installation becomes
sharper with increasing plasma density. 2,9 1t can be
seen from a comparison of Figs. 5d and 5e, which show
(T,(r)/T,(0))*'2 for two regimes differing in the magni-
tude of the current and the plasma density, that the elec-
tron-temperature profile in the TM-3 installation is
sharper at a higher 7,. To verify the reproducibility
of the results, we performed a series of check mea-
surements for one and the same. regime at different
times. In Fig. 3 we also show a typical—for the
TM-3—current curve and the time dependence of the
mean electron temperature T,, computed with the aid
of the formula

T, =j: T.(r)n.(r)rdr/j"-(’)’d’

trom the profiles measured by means of the laser (Fig.
4). The electron temperature and density distributions
along the plasma-column radius for the regime with
7,=1.4x10'® cm™ and J=48 kA are shown in Fig. 5, a)
and b). The measurements were carried out in the 7th
usec in the stationary part of the discharge. The plas-
ma-pressure distribution along the column radius
(Fig. 5c¢) was obtained as a product of the functions
T.(r) +¥T;(r) and n,(r), it being assumed that the dis-
tribution T';(r) coincided with the distribution T,(r) and
that the impurity concentration was small, i.e., ¥

-=ny/n,~1. The ion temperature T;(0) was computed

with the aid of Artsimovich’s formulaf!!?
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640~
T, (0)=—A“+(m,n,n=)"-,
i

where A; is the atomic weight of the substance and R is
the great radius of the installation. In the investigated
regimes the ion temperature was substantially lower
than the electron temperature; therefore, we assumed,
for simplicity, that Z,,,~1, since the existence of Z,,,
>1 (which reduces the number of protons in the dis-
charge) only decreases {1; T,), leaving virtually un-
changed the magnitude of the computed plasma pressure
and, consequently, the magnitude of B;.

The distribution T,(r) is sharper than n,(r) in all the
investigated regimes. The distribution n,(r) is close to
a parabolic distribution; thus, for example, the density
profile in Fig. 5b is close to a parabola of the form

n.(r)=n.(0) [1—(r/a)*]*.

The obtained distributions T,(r) and n,(r) in the TM-3
installation are sharper than those measured earlier on
the T-3A installation“"’; the sharp electron tempera-
ture and density profiles are also typical of other Toka-
mak installations, 4-¢?

Assuming that the current density in the plasma j(r)
~T3%'%(), we computed with the aid of the formula

q(r)=2.5H.r*/aR j' j(ryrdr,
[

the distribution, g(r), along the column radius, of the
safety factor for the plasma stability. The current-den-
sity distribution j(r)~[T,(r)/T,(0)]*/? and the distribu-
tion g(r) along the column radius for two different re-
gimes are shown in Fig. 5e. If we introduce the “tem-
perature radius” I, and the “density radius” 1, defined
by

lre= [ T.(r)dr/T(0), L= [ no(r)dr/n.(0),

then we can estimate from the T,(r) and n,(r) profiles
shown in Fig. 4 the variation of the hot zone of the plas-
ma during the discharge pulse. The values of I,, and
1. as functions of the time are given in Fig. 5f, from
which it can be seen that, toward the end of the dis-
charge, there occurs, along with the growth of the elec-
tron temperature at the center of the column, expan-
sion of the hot zone toward the periphery; the density
profile #,(r) does not change significantly during the
discharge.

In Fig. 6 we show the dependence of the electron tem-
perature, T,(0), at the center of the column on the mean
electron concentration for a fixed value of the current.
As the electron concentration increases, T,(0), mea-
sured by means of the laser, increases, This depen-
dence is at variance with the measurements made on the
T-3A, '2? where the electron temperature, measured at
the maximum current value of 130 kA, is proportional
to 1/n,(0). % It should be noted that in all the investi-
gated regimes the distributions T,(r) and n,(r) in the
T-3A installation are very flat, and virtually do not vary
with #,. The T,(r) and n,(r) profiles in the TM-3 in-
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FIG. 6. Dependence on the plasma density of T,(0) for J
=const. Dependence of the laser 8;,; (continuous curve) and the
diamagnetic ;4 (dashed curve) on the plasma density (H,

=22 kOe, J=50 kA, t=7 usec).

stallation are substantially sharper than in the T-3A,
and become still sharper with increasing electron con-
centration. As is well known, ™37 the energy lifetime of
the plasma increases with increasing plasma density.

If, as n, increases, the thermal insulation of the plasma
improves, while the distributions T,(r) and #,(r) become
sharper, then we can attempt to attribute the dependence
of T,(0) on 7z, in Fig. 6 to the “swooping” of the column
as the plasma concentration increases. However, the
distributions T,(r) and n,(r) were not measured in this
case, and therefore the above-indicated proposition re-
quires further careful study.

In Fig. 6 we also present the plots of B;, =87nT/H%,
obtained from the diamagnetic measurements, and 8;,,
computed from the laser scattering data for a 7-pusec
discharge. In computing B;,, we took the %, dependence
of T,(0) shown in Fig. 6 and the T,(r) and »,(r) profiles
for the 7-pusec discharge (Fig. 4); it was assumed here
that in the measured range of variation of 7, the T,(r, t)
and n,(r, t) profiles do not change. The assumption
(made above) that Z,,,~1 and the assumption that the
T,(r, t) and n,(r, t) profiles remain the same lead to
some overestimation of the quantity 8;,, but do not af-
fect the qualitative dependence of 8;, on 7,. The large
discrepancy between B;; and B;, at low plasma-concen-
tration values is connected, apparently, with the pres-
ence in the plasma of fast electrons whose longitudinal
energy is converted into transverse energy on account
of Coulomb scattering, or because of the instability of
the beam of runaway electrons. The role of the run-
away electrons in the determination of T, and B, is
estimated in''2), As the electron concentration in-
creases, the discrepancybetween B;, and 8;, decreases,
and there exists a region of operating conditions of the
TM-3 where the transverse electron energy measured
by Thomson scattering coincides within the experimen-
tal errors with the value obtained in the diamagnetic
measurements,

It is interesting to compare the dependence of T,(0)
on the magnitude of the current and the longitudinal mag-
netic field of the TM-3 installation with the experimen-
tal dependences obtained on other Tokamak installa-
tions, 2-3) Because of the strong interdependence of the
density, current, and temperature of the plasma in the
TM-3 installation, it is not possible to investigate a
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FIG. 7. Dependence of T,(0) on the magnitude of the discharge
current (continuous curve) and on the longitudinal magnetic field
(the dashed curve) for fixed 7, ~1.4x10" cm™3,

large number of regimes with a fixed value of one of the
parameters. Therefore, the graphs shown in Fig. 7
were constructed for a fixed value of %, (=1.4x10!8
cm®) in some close regimes. The electron tempera-
ture at the center of the column does not depend on the
longitudinal magnetic field, which is characteristic of
the majority of the Tokamak installations, and increases
linearly with increasing current in the plasma. The de-
pendence on current is not so strong as in the T-3A in-
stallation'®’; by its nature it is close to the data obtained
on the ORMAK installation, '’
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Spatially non-uniform singular weak turbulence spectra

V. S. L’'vov and A. M. Rubenchik

Institute of Automation and Electrometry, Siberian Division USSR Academy of Sciences

(Submitted February 27, 1976; resubmitted July 23, 1976)
Zh. Eksp. Teor. Fiz 72, 127-140 (January 1977)

We consider spatially non-uniform collective oscillations of singular weak turbulence spectra. We study the
modulational instability of Langmuir turbulence spectra leading to collapse. We find its maximum growth
rate and study the non-linear stage. We formulate equations describing the non-linear stage of the
parametric instability in a non-uniform medium. We study the collective oscillations of a system of
parametrically excited waves. We consider also the analogous problem of the effect of sample boundaries
on the distribution of the oscillations. We estimate the dimensions for which a transition to the spatially

non-uniform solution occurs.

PACS numbers: 47.25.—c

§1. INTRODUCTION

The traditional way to describe weak wave turbulence
in a spatially non-uniform situation is to use the kinetic
equation

on, Ow, On,

9t | 9k or or ok (1.1)

It describes waves as weakly interacting quasi-parti-
cles; its right-hand side is caused by the “collisions of
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quasi-particles” with a large change in their momentum,
while the left-hand side is the total derivative dn,/dt.
The spatial dependence can be caused by the inhomoge-
neity of the medium and may occur spontaneously due to
the non-linear interaction of the oscillations.

For applications of Eq. (1.1) it is necessary to satis-
fy the adiabaticity condition 2L > 1, which presupposes
that the inhomogeneity dimension L is large compared
with the wavelength 2", Moreover, in order that the
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