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Plasma electron temperature measurement by foil soft-X-Ray
spectrometer installed on TUMAN-3M and Globus-M2 tokamaks
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Technical solution were presented for a foil spectrometer installed on the Globus-M2 and TUMAN-3M tokamaks
for measuring the electron plasma temperature. Measurements have been carried out of the time dependence of
the plasma temperature in the central region of tokamaks. Using of integrated photodetectors and unique beryllium
foils with a thickness of 14—80um made it possible to increase the sensitivity of the spectrometer. An important
quality of the foils used were the increased values of strength, plasticity, homogeneity, and the absence of surface
and internal defects. The combined use of the spectrometer with Thomson scattering diagnostics made it possible to
carry out regular temperature measurements in the Globus-M2 tokamak with a high spatial and temporal resolution.
The influence of impurities is estimated on the measurement of the electron temperature of the plasma.
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Introduction

Diagnostic methods based on the measurement of spec-
trum and intensity of X-ray emission are successfully used
in the study of plasma. In combination with other methods
of studies, the X-ray diagnostics is quite useful for studying
various processes in the tokamak plasma. For example, it
allows to study internal MHD-oscillations of plasma and to
determine location of the surfaces with a rational value of
safety factor g [1,2], to evaluate electron losses by using the
electron-cyclotron emission ECE [3] and runaway electrons
RE [4], Edge Licalised Modes ELMs [5,6], to monitor
L—H transition [7] and many more [8-16]. Such devices
are widely used in the tokamaks JET [17], MAST [§],
DIII-D [18], Asdex-Upgrade [19], PDX [20], NSTX [21-
23], EAST [5], MST [24], TCV [25,26], COMPASS [27,28].
The measurement in X-ray devices is performed without
interaction into the process under study.

Equipment for temperature registration is one of the most
demanded for the study of the laboratory plasma behavior.
Today, the electron temperature is determined by the value
of plasma conductivity, own emission of intensity of the
linear and solid spectrum of plasma, as well as electron-
cyclotron frequency and its harmonics [29-31].

Herein, we presented an technical solution for a foil X-
ray multichannel spectrometer installed at the Globus-M2
and TUMAN-3M tokamaks for the determination of the
electron temperature of plasma on the plasma column axis
with a high time resolution.

In the spherical Globus-M2 tokamak (minor ra-
dius a =0.24m, major radius R=0.36m, magnetic
field on the torus axis Bt =0.5—0.9T, plasma current
Ip = 150—400kA) [32], two intercomplementary diagnos-
tics were used for the measurement of the electron com-
ponent of plasma temperature — Thomson scattering of
the laser beam during its interaction with plasma [33] and
foil spectrometry of soft X-ray emission. By means of a
laser with the pulses frequency of 300 Hz the temperature
was registered in 10 spatial regions of plasma column
during the tokamak discharge. High cost and limited
operation time of the laser did not allow to use that
diagnostics all the time. The developed foil spectrometer, in
addition to the measurement passivity, features a low cost,
small dimensions, and simple operation versus Thomson
scattering diagnostic.

The foil spectrometer provided continuous temperature
measurement with the discretization frequency of ~ 50 kHz
and applied during the whole experimental campaign. At
that, the real spectrometer frequency as a part of the Globus-
M tokamak was 30 kHz. It was limited by the transmission
band of the optic coupler built into the tokamak data
acquisition system. Main disadvantage of that diagnostics
is a high error of calculation of the electron temperature.
However, it was far more cheaper than the Thomson
scattering diagnostics. An assumption of the Maxwell
distribution of electrons by energies is required for the
performance of the measurements of electron temperature
of hydrogen/deuterium plasma. The plasma purity and the
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value of electron temperature of T > 100 eV are needed as
well.

In the TUMAN-3M tokamak (a =0.22m, R=0.53m,
Br =1.0T, Ip = 190kA) [34] the measurement of the
electron temperature was performed by means of two foil
spectrometers. They differed from each other by location
in the tokamak, sensitivity, action time, and design. Sensors
and foils of main spectrometer (total of 9 chords) installed
earlier onto the tokamak were in inert gas and connected to
the vacuum chamber via beryllium foil with the thickness of
50 um. Sensors with pre-amplifiers and thin foils of another
spectrometer developed today were located inside the vac-
uum chamber of the tokamak and had higher time resolution
than the sensors of the main spectrometer. The electron
temperature measured by the developed spectrometer was
compared with the measurements of the temperature by the
main spectrometer.

1. Foil spectrometer

In hydrogen/deuterium plasma free from impurities at
the electron temperature above 100eV bremsstrahlung X-
ray radiation occurring due to the acceleration of electrons
in the Coulomb field of ions plays the main role versus
recombination, linear and cyclotron emissions [35]. Spectral
power density of bremsstrahlung per the plasma volume
unit dV subject to Maxwell distribution of electrons by
energies can be described by the formula [13,36]:

dPs¢

A7t 1028 . 22
dv - dVv 10 Ze
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e (Off) - Ni - Ne T, eXp( Te>’

where yn is the hydrogen ionization potential, Te is the
temperature of electrons, [eV], nj and ne are densities of
ions and electrons, accordingly, [cm~3], h is the Plank’s
constant, v is the frequency of photons, Z.¢ is the effective
charge of plasma, (g¢¢) is the Gaunt-factor averaged by
energies for the free-free transitions, which can be calculated
in accordance with [37]. If the photon energy ¢ = h- v, then
the intensity of bremsstrahlung can be represented as

Lt o (Te, Ney Zefr) - €Xp (—Ti) . 2)

Here, f is the function depending on the electron
temperature, density, effective charge and Gaunt-factor; the
photon energy ¢ is expressed in eV. If this radiation falls
onto a diode with foil of a determined thickness, then the
signal from the detector can be represented as

i(t) o< f(Te, Ne, Z /FFPU Ffo"( ) exp (_Ti) de,
e
0
(3)

where FFPY and Ff9' are spectral characteristics of the
diode and filter, accordingly.

Figure 1. a — eclements of four-channel spectrometer installed
on the vacuum flange, from the left to the right: detectors, foils
and collimators; b — diagram of foil spectrometer: / — plasma,
2 — photodiodes with integrated amplifiers, 3 — collimators, 4 —
beryllium foils, 5 — stabilized power source, 6 — analog-to-digital
converter, 7 — computer.

When using two detectors with foils of various thickness
that receive the X-ray radiation from the same region, the
electron temperature can be determined based on the ratio

! Jy FF™(e) - ' (e) exp (— £ ) de
R R =A-— foil ’

2 fo FFPU(e) - F, % (e) exp (—%) de

(4)
where A is the coefficient that considers the difference off
sensors registration channels, which was determined as a
result of the instrument calibration by the reference radiation
source. Indices 1 and 2 correspond to various-thick foils of
detectors. Integration by the photon energy was performed
by the region of detector sensitivity 10 eV—-50keV.

Based on the known function R(Te) and amplitudes of
signals from the detectors, we can obtain the value of
temperature for every moment of time. By changing the
foils thickness, we can vary the instrument sensitivity to
different ranges of temperatures. Use of several channels
(more than two) with different foil thicknesses allowed
to select the operational range of the spectrum without
presence of impurities radiation. For this purpose, herein
we presented four-channel and three-channel spectrometers
for the Globus-M2 and TUMAN-3M tokamaks, accord-
ingly, which allowed to perform the measurement of the
temperature of plasma in the central range of the plasma
column with the time resolution of ~ 20us. The results of
measurements of alternative diagnostics provided additional
calibration and verification of these measurements.

The developed spectrometer consisted of detectors, beryl-
lium foils, collimators, and a stabilized source of power.
Overview of the flange equipped with detectors, filters
and collimators, as well as the diagram of spectrometer
are given in Fig. 1. All elements of the instrument were
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Figure 2. The spectrum characteristic of the SPD photodiode and
transmission of beryllium foils of various thickness.

Main parameters of the detector

Amplification 107 V/A
Noise voltage < 10mV
Diameter of active area 3.2mm
Signal-to-noise ratio ~ 100
Rise time < 20us

mounted on the DN80 flange on the face oriented into
the vacuum chamber of the tokamak. Collimators with
the length of 60mm and the inlet hole diameter of 3 mm
collected radiation from plasma in the equatorial region of
the tokamak along the observation line with a low steradian.

Collimators alignment was performed within the visible
region of spectrum by means of LEDs installed instead
of the detectors and foils. Images of beams from LEDs
were formed on the screen in the region of their crossing
with it; the screen is located at a distance corresponding
to that from detectors to the center of plasma column
(970 mm for the Globus-M2 and 580 mm for the TUMAN-
3M). Superposition of images was performed by mechanical
bending of collimators. The spot image diameter was
~ 20mm.

Detectors were made by Technoexan CJSC specially for
that spectrometer [38]. In the applicable SPD detectors
(silicon precision detector) [39,40] a thin enough ,dead
layer*“was formed that allowed to obtain a high output signal.
Transimpedance amplifier was connected to each detector.
The main peculiarity of the developed detectors referred
to their high sensitivity and time resolution, which allowed
to register fast processes occurring in the tokamak plasma.
Spectral characteristic FFPY(¢) of the detectors is given
in Fig. 2 [40]. Table below contains main electrical and
dynamical characteristics of the detector.

Power supply and signals from detectors are connected
through vacuum connectors located on the flange. The
power source provided the output voltage of +5V.

Beryllium foils were manufactured in Institute of Ma-
chinery, Materials, and Transport of the Peter the Great
Polytechnic University [41,42] by multipass hot cross rolling.
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An important feature of these foils (with the minimum
possible thickness of 5um) referred to high values of
strength, plasticity, homogeneity, absence of superficial and
internal defects. Foil thicknesses on the photodetectors of
the spectrometer in Globus-M2 tokamak, were 15, 27, 50
and 80um. On the TUMAN-3M tokamak— 27, 14 and
40 um. Spectral characteristics of foils F f%' were calculated
by using the database [43]. They are shown in Fig. 2 on the
right.

Calibration of the spectrometer channels was performed
by using the red LED radiation at the wavelength of
1050 nm. Beryllium foils were absent during calibration. A
collar with LED was installed on to each of four collimators
one by one. The measurement of voltage was performed
at the detector output of each channel. Subject to these
measurements the coefficient A was determined, which is
required for the calculation of dependence of the ratio
of sensor signals R(Te) on the temperature. Results
of calculations for the Globus-M2 tokamak are given in
Fig. 3. As we can see, the highest sensitivity R(Te) to the
temperature was manifested when we selected the pairs
of foils with the least and the highest thicknesses, in the
manner that the second signal differs from noise.

The process of determination of the dependence of tem-
perature on the time Te(t) referred to the comparison of the
calculation function of the ratio of signal to the temperature
R(Te) with experimental dependence of the signals ratio on
the time R(t). This process was performed by means of
an algorithm built-into the Combiscope software developed
for the collection and processing of data of the Globus-M2
tokamak. Similar software was used at the TUMAN-3M
tokamak.

Disposition of diagnostics and four-channel spectrometer
installed at the Globus-M2 tokamak is shown in Fig. 4, a.

Four-channel spectrometer was placed on duct above the
equatorial plane of the tokamak, this is why collimators
were inclined to the equator at the angle of 8°41’ for the

2.7

R80/27

241

21}

1.8 R50/27
SRR R80/50
= 12f R80/15

097 R50/15

0.6

03 R27/15

O 1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000

Temperature, eV

Figure 3. Dependences on R(Te) for various thicknesses (15, 27,
50, 80 um) of foils applicable at the Globus-M2 tokamak subject
to the calibration coefficient A.
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Figure 4. a — location of diagnostics and four-channel spectrometer installed at the Globus-M2 tokamak: / — cross-section of chamber
in the equatorial plane, 2 — external boundary of plasma, 3 — probing laser beam, 4 — regions of the temperature measurement by laser,
5 — objective, 6—8 — collimators, boundaries of the radiation collection and the region of the spectrometer temperature measurement,
9 — regions of measurement of the middle-chord density by microwave interferometer, /0 — photodetectors for the measurement of
radiation of CIII line, /1 — location and direction of neutral injection NBI, /2, /3 — flange and power source of the spectrometer; b —
diagram of equatorial cross-section of the TUMAN-3M tokamak: /4 — limiter, /5 — location and diagram of the main spectrometer.

collection of the plasma radiation from the central region
of the vacuum chamber. Collimators were also inclined
relative to each other for the collection of radiation from the
same region with the diameter of 20 mm at the distance of
970 mm from the detectors (position 8 in Fig. 4, a).

By means of the Thomson scattering diagnostics we
performed the measurement of temperature in 10 spatial
regions of the plasma column (position 4 in Fig. 4,a)
up to 35 times during the tokamak discharge. Duration
of the probing laser pulse was ~ 10—50ns, the interval
between pulses was ~ 2.5—3ms. Laser beam passed in
the equatorial plane near to tokamak central column; the
scattered radiation collection system was also located in the
equatorial plane.

Diagram of the TUMAN-3M tokamak’s equatorial cross-
section with diagnostics is shown in Fig. 4,b. The

developed three-channel spectrometer was located in the
equatorial plane. The diagram of the main X-ray diagnostics
(position 13) is shown close-up, whose temperature mea-
surements were performed together with the comparison
of the results to that obtained by using the three-channel
spectrometer.

2. Results

Fig. 5 shows the evolution of the discharge parameters
of the deuterium plasma at the TUMAN-3M tokamak with
neutral hydrogen injection of various duration and power of
the beam. Digit / refers to electron temperature measured
in radial direction of the torus by means of the developed
three-channel spectrometer with the foil thicknesses of 14

Technical Physics, 2022, Vol. 67, No. 15
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Figure 6. Evolution of parameters of plasma discharges in the Globus-M2 tokamak. @ — discharge with sawtooth oscillations, # 38835;
b — discharge with mod excitation of the ,snake“type, #38838. Electron temperature of plasma obtained by means of 7 — foil

spectrometer, 2 — the Thomson scattering diagnostics.

and 27um. Line 2 is the temperature obtained by the
main spectrometer with the foil thicknesses of 100 and
150um. It can be seen that during beam injection the
measured temperatures match, when the medium-chord
density of plasma exceeded 3-10¥cm™2. Temperature
decrease was observed after the end of injection on both
diagnostics. The values obtained by means of a pair of foils
with the thickness of 40, 27 and 40, 14 um, on the three-
channel spectrometer appeared to be underestimated, which
could be associated with the effect of impurities of stainless
steel [15], which the tokamak limiter is made of. It can be
seen that the three-channel foil spectrometer provided the
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temperature measurement at a higher time resolution versus
the resolution obtained by means of the main spectrometer.

Example of capabilities of the main foil spectrometer at
the Globus-M2 tokamak is demonstrated in Fig. 6, where
the processes are shown in various time scales.

Fig. 6,a shows discharge parameters with sawtooth
oscillations. ~Measurement of the electron temperature
in plasma was performed simultaneously by means of
foil spectrometer and the Thomson scattering diagnostics.
The maximum temperature of radial profile measured by
the Thomson scattering diagnostics was at the central
chord, which is the closest in the poloidal projection to
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Figure 7. Parameters of the discharge # 38837 of the Globus-M2 tokamak.

the spectrometer measurement region. In both cases,
the two diagnostics registered temperature oscillations on
the plasma column axis with the specific frequency of
~ 300Hz. However, the foil spectrometer provided the
temperature measurement at a higher time resolution versus
the resolution measured by the Thomson scattering diagnos-
tics. Fig. 6,b presents the parameters of Ohmic discharge
caused by the mod excitation of the ,snake“type. It can
be seen that the foil spectrometer registered oscillations
of the electron temperature at the specific frequency of
~ 30kHz.

Non-conformance of the results of measurements of the
electron temperature, obtained by the spectrometer with
different thicknesses of foils, to the Thomson scattering
diagnostics could be caused by the effect of radiation of
hydrogen impurities, since the primary wall of the Globus-
M2 tokamak was coated with graphite tiles. Fig. 7 shows
parameters of the ohmic discharge with a moderate number
of carbon in plasma. The lower graph shows values of
electron temperature measured by spectrometer with pairs
of beryllium foils of various thicknesses. The instrument
error in the measurement did not exceed 20%. It can be
seen that the measured temperature has considerably risen
with the increase of the foil thickness. It can be assumed
that the effect of carbon radiation has fallen as far as the
foil thickness was increased, and the measured temperature
tended to the true one.

Conclusion

The foil spectrometer for the measurement of the plasma
electron temperature in the Globus-M2 and TUMAN-3M
tokamaks was developed, manufactured and tested. Appli-
cation of photodetectors with the integrated amplifiers and
unique thin beryllium foils allowed to increase the sensitivity
and quick action of the spectrometer. The algorithm was
prepared for the calculation of the temperature dependence
on time by measured signals of soft X-ray radiation.
Measurements were performed of the dependence of the
plasma electron temperature on time in the central region
of the tokamaks. The measured temperatures mainly agree
with that obtained by means of alternative diagnostics. Joint
use of the foil spectrometer with the Thomson scattering
diagnostics allowed to perform regular measurements of the
temperature in the Globus-M2 tokamak with high spatial
and time resolutions. Comparison of the results at the
TUMAN-3M tokamak has shown the applicability of the
method for beryllium foils with the thickness below 100 ym.
Assessment was performed as to the effect of impurities
for the measurement of the plasma electron temperature by
using the foil spectrometer.
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