ISSN 1063-780X, Plasma Physics Reports, 2023, Vol. 49, No. 12, pp. 1459—1479. © Pleiades Publishing, Ltd., 2023.
Russian Text © The Author(s), 2023, published in Fizika Plazmy, 2023, Vol. 49, No. 12, pp. 1249—1270.

TOKAMAKS

Diagnostic Complex of the Globus-M2 Spherical Tokamak

Yu. V. Petrov©*, P. A. Bagryansky?, I. M. Balachenkov“, N. N. Bakharev*, P. N. Brunkov*,
V. 1. Varfolomeev?, A. V. Voronin?, V. K. Gusev?, V. A. Goryainov?, V. V. Dyachenko?,

N. V. Ermakov*, E. G. Zhilin4, N. S. Zhiltsov¢, S. V. Ivanenko?, M. V. II’yasova“, A. A. Kavin¢,
E. O. Kiselev?, A. N. Konovalov4, S. V. Krikunov*, G. S. Kurskiev?, A. D. Melnik*, V. B. Minaev*,
A. B. Mineev¢, 1. V. Miroshnikov*, E. E. Mukhin?, A. N. Novokhatsky“, A. V. Petrov*,

A. M. Ponomarenko¢, N. V. Sakharov*, O. M. Skrekel*, A. E. Solomakhin’, V. V. Solokha?,
A. Yu. Telnova?, E. E. Tkachenko“, V. A. Tokarev“, S. Yu. Tolstyakov“, E. A. Tukhmeneva“,
E. M. Khil’kevich?, N. A. Khromov“, F. V. Chernyshev®, A. E. Shevelev*,

P. B. Shchegolev’, K. D. Shulyat’ev’, and A. Yu. Yashin“¢
¢Joffe Institute, Russian Academy of Sciences, St. Petersburg, 194064 Russia
b Budker Institute of Nuclear Physics, Siberian Branch, Russian Academy of Sciences, Novosibirsk, 630090 Russia
¢Efremov Institute of Electrophysical Apparatus, St. Petersburg, 196641 Russia
d“Joffe Fusion Technology,” St. Petersburg, 194021 Russia
€ Peter the Great St. Petersburg Polytechnic University, St. Petersburg, 195251 Russia
*e-mail: yu.petrov@mail.ioffe.ru
Received June 29, 2023; revised September 10, 2023; accepted September 25, 2023

Abstract—The diagnostic complex of the Globus-M2 spherical tokamak (R = 36 cm, a = 24 cm), the only
operating tokamak in Russia with a divertor plasma configuration, which operates in the range of subthermo-
nuclear temperatures (7, to 1.6 keV, T; to 4.5 keV) and densities (7, to 2 X 102° m—3), is described. The Glo-
bus-M2 tokamak is the unique scientific facility, which is a part of the Federal Center for Collective Use of
the loffe Institute, Russian Academy of Sciences “Materials Science and Diagnostics in Advanced Technol-
ogies.” This allows third parties to perform their research using it. The work contains a list of all diagnostics
currently available on the tokamak. The description of the diagnostics is structured in such a way that the
reader gets an idea of their capabilities for measuring plasma parameters with an emphasis on the limits and
accuracy of the measured values, and also spatial and time resolution. At the same time, many technical
details are omitted in order to save space; references are given to papers with a more detailed description of

individual diagnostics.
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1. INTRODUCTION

The modernized Globus-M2 spherical tokamak
(major radius R = 36 cm, minor radius ¢ = 24 cm) [1]
was launched in 2018. As a result of the modernization
of the electromagnetic system, the design parameters
of the tokamak were significantly increased: the toroi-
dal magnetic field Brto 1 T and plasma current /, to
500 KA. Currently, the discharges have been obtained
at the tokamak at By = 0.9 T and 1, = 450 kA. As a
result of increasing the current and field, the plasma
parameters increased significantly. In experiments
with additional plasma heating by high-energy atomic
beams, the central ion temperature 7,0) reached
4.5 keV at the central electron temperature 7,(0) of
higher than 1.5 keV [2]. In addition to neutral atom
injectors, the tokamak is equipped with ion cyclotron

heating (ICH) [3] and lower hybrid current generation
complexes [4]. Globus-M2 is the only spherical toka-
mak in the world that uses these RF systems. It is also
the only operating tokamak in Russia with a divertor
plasma configuration, operating in modes with lower,
upper or two X-points. The tokamak has an extensive
set of diagnostics. The list of diagnostics is given in
Table 1, and their location in the tokamak is given in
Fig. 1. All of the above allows the performance of
research on a wide range of topics on the Globus-M2
tokamak. The Globus-M2 tokamak is the unique sci-
entific facility, which is a part of the Federal Center for
Collective Use of the loffe Institute, Russian Academy
of Sciences “Materials Science and Diagnostics in
Advanced Technologies.” This allows third-party
organizations to conduct their research on it.
Recently, this is implemented on an increasingly large
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Fig. 1. Location of diagnostics at the Globus-M?2 tokamak: (/) injector of atoms with the particle energy of 18—40 keV; (2) col-
lecting system for the Thomson scattering diagnostics; (3) diagnostics of radiation losses; (4) foil soft X-ray detector; (5)
AKORD-12 neutral particle analyzer; (6) Da sensor; (7) AKORD-24M neutral particle analyzer; (&) camera obscura of soft
X-ray radiation; (9) divertor Thomson scattering diagnostics; (10) laser interferometer; (/7) thermal imager; (/2) probing laser
for the Thomson scattering diagnostics; (/3) 3He neutron counters; (/4) 108 neutron counter (movable); (75) plasma gun;
(16) movable Langmuir probe; (/7) compact neutral particle analyzer (CNPA); (18) ICR antenna; (19) microwave interferome-
ter; (20) injector of atoms with the particle energy of 30—50 keV; (21) 108 neutron counter (in protection); (22) helium thermom-
eter; (23) video camera; (24) grill antenna for lower hybrid current generation; (25) soft X-ray radiation detector; (26) LaBr;(Ce)
hard X-ray spectrometer; (27) BC-501A neutron spectrometer; (28) diagnostics of effective plasma charge; (29) multichannel
Doppler reflectometer; (30) diagnostics of charge exchange spectroscopy.

scale. In this regard, there is a need to demonstrate the
experimental capabilities of the facility to the scientific
community. In agreement with the editors of the jour-
nal “Plasma Physics,” it was decided to devote its spe-
cial issue to research carried out on the Globus-M2
tokamak, which, in particular, includes works describ-
ing the tokamak itself and its heating complex. This
work is devoted to the description of the tokamak
diagnostic complex. The description of the diagnostics
is structured in such a way that the reader gets an idea
of their capabilities for measuring plasma parameters
with an emphasis on the limits and accuracy of the
measured values, and also spatial and time resolution.
At the same time, many technical details are omitted
in order to save space; references are given to papers
presenting a more detailed description of individual
diagnostics.

PLASMA PHYSICS REPORTS

2. MAGNETIC DIAGNOSTICS
2.1. Magnetic Loops

To obtain information about the poloidal magnetic
flux and its distribution, 21 full-circuit toroidal loops
are used. The loops are made of kirscable, in which the
central nichrome wire is protected trough insulation
by a stainless steel tube with a diameter of 1.5 mm.
Seven loops are laid along the inner surface of the vac-
uum vessel, and fourteen are located outside (their
location, as well as the location of the poloidal coils, is
shown in Fig. 2). Signals from the loops, along with
signals from the Rogowski coils, which measure cur-
rents in the poloidal coils and current in the plasma,
are recorded during the discharge using an ADC. Sub-
sequently, these data are used to restore equilibrium
using three different codes: pyGSS [5], PET [6] and
the movable current ring method [7]. A mathematical
model of the tokamak was derived for the operation of
these three codes. The model includes all coils that
Vol. 49
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Table 1. List of diagnostics for the Globus-M?2 tokamak
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Purpose

Name

Characteristics

Magnetic measurements
Plasma current

Bypass voltage

Plasma energy content
Plasma position and shape

MHD plasma perturbations

Kinetic measurements

T, and n, profiles

Integral chord density n,L

T; profiles of the plasma toroidal
rotation velocity

Spectroscopy
Z. measurement

Control of input of impurities into
plasma

Working gas flow control

Radiation losses

Soft X-ray radiation (SXR)

Corpuscular measurements

Temperature and ion distribution
function

Hard X-ray radiation (HXR)

Neutron radiation

Rogowski coils
Loops
Diamagnetic loops
Loops

Magnetic probes

Thomson scattering, main array
Thomson scattering in the divertor
region

Movable Langmuir probe

Microwave interferometer
Laser interferometer

Active charge exchange spectroscopy
(CXRS) diagnostics

Filter monochromator

Overview Avantes AvaSpec-ULS2048
spectrometer filter spectrometer

Filter monochromators

SPD photodiodes

Camera obscura with a line of 16 pho-
todiodes four-foil SXR spectrometer

Neutral particle analyzers
(NPA and CNPA)

Gamma-spectrometers on LaBr;(Ce)
crystals HXR detector on the Nal(TI)
crystal

BC-501A liquid scintillator spectrome-
ters

SNM-11 corona counters He?
proportional counters

2 coils inside the vessel

2 toroidal loops

2 poloidal loops

2 saddle and 24 toroidal loops

2 poloidal arrays of 28 and 15 probes
each and 1 toroidal array of 8 probes
Three-coordinate probe

Profiles over 11 spatial points in the equa-
torial plane with an interval of 3 ms, the
entire discharge

Measurements in 9 spatial points, with an
interval of 10 ms 7, n, profiles behind
the separatrix

A =1 mm, 3 vertical chords
A =9.6 um, 1 horizontal chord

8 spatial points over the major radius
with an interval of 5 ms

Measurements of continuum in ran-
ges of A = 1019—1040 and A = 948—
952 nm

Emission of impurity lines in the
range A = 200—1100 nm CIII, OII,
Fel, NII, BII, Hel lines in the
monitor mode

Da radiation from the region of the
upper and lower X-point and along two
vertical chords

Measurements of radiation in a wide
spectral range A = 200—1100 nm along
central and peripheral chords

Measurement SXR through 50 um
beryllium filter in the poloidal section
monitor estimate 7,(0)

AKORD-12, transverse orientation,
horizontal and vertical scanning,
AKORD-24M and CNPA, longitudi-
nal orientation, horizontal scanning

Two spectrometers, measurement
range 0.2—20 MeV monitor measure-
ments of the HXR flux

Two spectrometers with a neutron
energy range of 0.1—5 MeV
monitor measurements of neutron
fluxes
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Purpose

Name

Characteristics

Heat fluxes to the wall

Wall temperature Thermal imager

tor probes

Video observations

Reflectometry

Two-color pyrometer Langmuir diver-

Video cameras Olympus i-SPEED 2
Optronis CamRecord CR3000x2

Doppler reflectometer

Temperature measurements of divertor
plates in the range of 5—1500°C, with
frequency up to 1.5 kHz
measurements of the wall temperature
in the range of 70—3500°C
measurement of heat fluxes to the
divertor plates

Video observation of plasma processes,
including fast ones, at speeds up to
100000 frames/s

Measurement of the radial profile of
the plasma rotation speed in the direc-
tion E X B

turbulence study

produce an external magnetic field, and also the vac-
uum vessel.

The current ring method is used to calculate the
plasma boundary between discharges owing to its sim-
plicity and high operation speed. Such results are

Poloidal magnetic field flux, Wb/rad

— pyGSS
cs IPFLU —— Current ring method
0.6 - e — PET
——— Limiter
= Vacuum vessel
0.4+
HFC2 U lPFLU
VEC U
U
0.2r
E ol
N
-0.2+
CC3 L
VEC L
HFCZ_L .PF}_L
~0.4F
L cClL
-0.6 - IPFZJ.
1 1 1 1 1 1

Fig. 2. Location of poloidal coils, measuring magnetic
loops and reconstruction results of the magnetic surface
shape using pyGSS, PET codes, and the current ring
method for the discharge no. 42368, r = 200 ms, Ip =

400 kA, By=0.8T.

PLASMA PHYSICS REPORTS

achieved by greatly simplifying the plasma model and
refusing to solve the Grad—Shafranov equation. In the
current ring method, the plasma current is simulated
by a set of movable current rings. Their position and
current are adjusted to the measured plasma current
and to the measurements of the poloidal magnetic flux
using magnetic loops. The disadvantages of the
method include the impossibility of determining the
distribution of equilibrium plasma pressure, toroidal
current density, etc. Therefore, a module was written
for it that makes it possible to determine the stored
energy of the plasma, poloidal and toroidal beta, and
also the internal inductance of the plasma using the
method of Shafranov integrals [8]. The other two
codes require more labor-intensive processing by solv-
ing the Grad—Shafranov equation, but as a result, they
calculate all the necessary geometric and integral
parameters, such as the minor and major radii of the
plasma and the position of the magnetic axis, the posi-
tion of the X-point, poloidal beta, internal induc-
tance, diamagnetic flux, and stored energy. The result
of all three codes in the form of the plasma boundary
and poloidal magnetic field flux from pyGSS for the
discharge no. 42368, r = 200 ms (/, = 400 kA, B, =
0.8 T), together with the magnetic system are shown in
Fig. 2. In the PET code, the diamagnetic flux is used
as an additional fitting parameter, which is measured
using a loop encircling the vacuum vessel along a
poloidal bypass. The flux of the vacuum toroidal mag-
netic field is compensated using a Rogowski coil,
which measures the current in the toroidal coil. At the
same time, the reliability of calculations of the mag-
netic configuration and calculated integral plasma
parameters increases.

No. 12
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Fig. 3. Location of magnetic probes at the Globus-M2 facility: toroidal array and three-coordinate probe (red) (a); low-frequency
poloidal array (b). Orange indicates the position of the toroidal arrays in the poloidal cross section in (a), and the position of the
poloidal arrays in the toroidal section in (b). Light blue indicates the position of high-frequency poloidal arrays.

2.2. Magnetic Probes

The magnetic probe diagnostics at the Globus-M2
tokamak is represented by a toroidal array of probes,
two poloidal arrays, and also a three-coordinate probe
for measuring the polarization of magnetic distur-
bances.

The toroidal array is mounted inside the lower
toroidal diaphragm of the tokamak (R = 57 cm, Z =
—23 cm) and consists of 8 probes evenly spaced along
the toroidal bypass oriented towards the vertical com-
ponent of the magnetic field (Fig. 3a). The probes are
coils of copper wire in polyimide insulation, wound on
a ceramic mandrel, located inside a vacuum vessel and
protected from heat and particle fluxes only by graph-
ite plates. High-frequency electromagnetic radiation
can penetrate into the region where probes are
mounted through the gaps between the plates. The
design of the probes in combination with a fast ADC
makes it possible to measure signals with frequencies
up to hundreds of MHz.

The poloidal array (Fig. 3b) is designed to record
slow MHD oscillations and consists of 28 cylindrical
coils mounted inside thin-walled stainless steel tubes
with a wall thickness of 0.5 mm, which prevents the
passage of electromagnetic waves with frequencies
above 150 kHz. Recently, another poloidal array of
16 probes with frequency characteristics similar to
those of the toroidal array was mounted in the toka-
mak, but the acquisition of a fast ADC for it is still only
in the plans. Also there is a three-coordinate probe at

PLASMA PHYSICS REPORTS Vol.49 No.12 2023

the tokamak, which consists of three separate mag-
netic coils, similar to the probes of a toroidal array
designed to determine the polarization of magnetic
disturbances.

The magnetic diagnostics of the Globus-M toka-
mak makes it possible to record electromagnetic radi-
ation in a wide frequency range and study the structure
of various MHD instabilities, such as tearing modes in
the range of 5—20 kHz [9], shear Alfvén modes [10] in
the range of 50—500 kHz, compression Alfvén modes
with frequencies on the order of 1 MHz [11], ion
cyclotron radiation (5—20 MHz), and also higher fre-
quency oscillations at helicon frequencies. As an
example, Fig. 4 shows a spectrogram of signals from a
toroidal array of probes for toroidal Alfvén modes in
the discharge no. 42655. The toroidal mode wave-
numbers (highlighted in color) are determined using
the spatial Fourier transform.

3. THOMSON SCATTERING DIAGNOSTICS

The Thomson scattering (TS) diagnostics at the
Globus-M2 tokamak consists of two complexes. The
first was significantly updated in 2020 and provides
the measurements of temperature and electron density
profiles in the equatorial plane [12]. Plasma probing is
carried out using a 1064.5-nm Nd:YAG laser with a
pulse duration of ~10 ns significantly shorter than the
characteristic times of the MHD plasma activity, i.e.,
the TS diagnostic measurements can be considered
instantaneous. Laser radiation from 11 spatial points
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Fig. 4. Determination of mode numbers from signals of the array of toroidal probes using spatial Fourier transform. Discharge

no. 43338.

of intersection of the probe laser beam and observa-
tion chords scattered on the plasma is collected by the
receiving lens (Fig. 5). In a laser pulse, spatial tem-
perature 7,(R) and electron density #n,(R) profiles are

Fig. 5. Diagram of the geometry of TS and CRXS diagnos-
tic measurements in the equatorial cross section of the
Globus-M2 tokamak. Black circles indicate the position of
the plasma-facing graphite surface. The dashed purple line
shows the magnetic axis of the plasma. Green crosses indi-
cate TS diagnostic measurement points on the probing
chord (yellow line). Red crosses indicate CXRS diagnostic
measurement points on the NBI1 heating beam (blue
line).

PLASMA PHYSICS REPORTS

measured. The probing laser operates with a pulse rep-
etition rate of 330 Hz, providing the measurement of
the dynamics T,(R, f) and n,(R, #) with a step of
3.03 ms during the total discharge of the tokamak. The
spatial resolution is in the range from 11 mm on the
high-field side (HFS) (R = 23 cm, r/a = —0.5) to
21 mm on the low-field side (LFS) (R= 57 cm, r/a =
0.9) and 10 mm for two extreme points on the low-
field side (R= 60 cm, r/a = 1). The observation region
includes the space from the LFS of the separatrix to
the magnetic axis of the plasma, plus one point on the
HFS. TS diagnostic data is available in real time with
a delay of <2.4 ms; data verified by the diagnostic
operator enters the database during the pause between
tokamak discharges.

The diagnostics provides the measurement of
T,(R, ?) in the range from 6 to 5 keV and #,(R, ) in the
range from 5 X 107 to 3 x 10?2 m—3. Information on the
temperature and electron density distribution makes it
possible to calculate the electron pressure profile
P,(R, 1). The position of the magnetic axis is estimated
from the position of the P,(R) maximum. The analysis
of the shape of the 7,(R, f) and n,(R, t) profiles makes
it possible to localize MHD instabilities such as mag-
netic islands. The inversion radius R;,, is determined
for sawtooth oscillations. Figure 6 shows a typical
example of measuring the electron temperature in the
sawtooth mode. It is possible to carry out measure-
ments beyond the last closed magnetic surface (LCFS)
because of the high diagnostic sensitivity, which makes
it possible to determine the LCFS position in the
equatorial plane R.,. Given data on the magnetic con-
figuration, the profiles measured by the TS diagnostic
can be projected onto the full poloidal cross section
[13], obtaining T,(R, Z, ) and n,(R, Z, f) under the
assumption of the conservation of the kinetic parame-
No. 12
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Fig. 6. Oscillogram of the soft X-ray radiation signal shows sawtooth oscillations in the Globus-M?2 discharge no. 41114 with addi-
tional heating by neutral injection; moments of disruption of sawtooth oscillations are highlighted by vertical dotted lines (a).
Dynamics of electron temperature during sawtooth oscillations (b). The solid red line shows the estimate of the central tempera-
ture according to the foil soft X-ray radiation spectrometer. The dots show temperature measurements using Thomson scattering
diagnostics in the following regions along the major radius: (red) 41 cm (central), (green) 52 cm, (blue) 54 cm, and (violet) 59 cm.
Electron temperature profiles from Thomson scattering diagnostics measured before sawtooth relaxation (red) and after
(blue) (c). The legend shows the times at which the measurement was carried out. The green dashed line shows the inversion

radius.

ters of electrons within a magnetic surface. Diagnostic
capabilities are described in [14] in more detail.

The TS diagnostic data is consistent with a number
of independent tokamak diagnostics. Absolute mea-
surements of n, are verified by data from a dispersive
laser interferometer and microwave interferometer.
The position of the magnetic axis and R, is compared
with the magnetic equilibrium reconstruction. The
R, position and the T,(R, 7) value in the vicinity of the
separatrix can be compared with probe measurements.
The integral W,(r) value is compared with the estimate
from diamagnetic measurements and simulation by
equilibrium codes, pyGSS [5] and PET [6].

The second TS diagnostic complex is located in the
region where the separatrix exits the lower dome of the
vessel (Fig. 7). The purpose of this system is to carry
out local measurements of the electron temperature
T,(z,t) in the range of 1—100 €V and density #,(z,¢) in
the range of 107—10% m=3. The source of probing
radiation is a Nd:YAG laser generating pulses with a
duration of 3 ns, an energy of 2 J, and a frequency of
100 Hz at a wavelength of 1064 nm. The short duration
of the laser pulse (noticeably shorter than the charac-

PLASMA PHYSICS REPORTS  Vol. 49

No.12 2023

teristic MHD times) provides the high time resolution
and also minimizes the effect of background plasma
radiation on measurements. The diagnostic complex is
aimed at providing real-time data with a delay of no
more than 3 ms. Scattered radiation is collected from
9 spatial points along a vertical probing chord 110 mm
long, which passes at a radius R = 24 cm. Depending
on the magnetic configuration, it is possible to study
the region under the X-point bounded by the inner
and outer branches of the separatrix (private flux
region), the plasma in the vicinity of the X-point or the
edge plasma on the inner bypass. A more detailed
description of the diagnostics is given in [15].

Currently the diagnostics is in the debugging stage.
The first diagnostic results were obtained in the sum-
mer campaign of 2022. The measurements were car-
ried out at one spatial point. The magnetic configura-
tion shifted with respect to the measurement point in
the stationary phase of the discharge, which made it
possible to obtain a temperature profile in the region
of the inner leg of the separatrix. Figure 8 shows mag-
netic configurations at various times and the location
of the measurement point with respect to them.
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Scattering Scattering Solid
length, 1

mm angle angle

Channel 1 13 122 0.018

Channel 2 15 118 0.020

Channel 3 15 114 0.021

Channel 4] 11 111 0.023

Channel 5 12 107 0.024

Channel 6 10 104 0.025

Channel 7 11 101 0.025

Channel 8 13 97 0.025

Channel 9 11 93 0.026
Optical characteristics of the scattered
radiation collection system for 9 points

Fig. 7. Scheme of radiation collection by TS diagnostics in the divertor region of the Globus-M2 tokamak. Red color indicates
the probing chord, green color indicates the magnetic configuration of the plasma, and blue color indicates the path of rays in the

light collection system.

To measure ultra-low 7, values, two spectral chan-
nels closest to the laser wavelength were added. A
spectral channel less than 1 nm wide in the short-
wavelength part of the spectrum is formed by mount-
ing sequentially two filters from the same batch, but
with a scatter of spectral characteristics during manu-
facturing.

4. NEUTRAL PARTICLE ANALYZERS

The Globus-M2 tokamak uses three neutral parti-
cle analyzers: two AKORD-type analyzers [16]

0 —
—— 166 ms
—— 176 ms
—— 186 ms
196 ms
m  Observation point
_20 -
N
=40 |7, = 427 ev (196 ms)
T.=17.2%% eV (186 ms)
T.=9"eV (176 ms)
T.=21"55 eV (166 ms | |

0 20 x40 60

Fig. 8. Results of 7, measurements in the region of the
inner leg of the separatrix.
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(AKORD-24M and AKORD-12) and a compact
CNPA-09 analyzer [17]. Analyzers are used to deter-
mine the ion temperature, plasma isotopic composi-
tion, and also to record the spectrum of high-energy
ions that arise when using additional heating methods.
The location of the analyzers is shown in Fig. 1, and
their main characteristics are given in Table 2.

The physical basis of measurements using neutral
particle analyzers at the Globus-M2 tokamak, and
also the main results obtained using this diagnostic,
are described in [18]. The analyzers can operate in the
passive mode, when the signal is integrated along the
entire diagnostic observation line, and in the active
mode [19, 20], when the main signal source is formed
in the intersection region of the beam of injected high-
energy atoms and the analyzer observation line. The
use of the active diagnostic mode makes it possible to
localize the measurements, which greatly simplifies
the interpretation of experimental results. The
AKORD-24M and AKORD-12 analyzers use the
injector / for active measurements; in the near future,
a CNPA-09 analyzer will be mounted in a new posi-
tion, in which the injector 2 will be used for active
measurements. The AKORD-type analyzers are
equipped with a spatial scanning system that makes it
possible to change the observation line from discharge
to discharge. Scanning systems allow vertical scanning
at +10° with respect to the equatorial plane, and also
horizontal scanning for the AKORD-12 analyzer. A
similar system will be used for the CNPA-09 analyzer.

An example of the ion temperature profile recon-
struction using a scanning analyzer in discharges
nos. 38876, 78, 79, 86, 87 with the same parameters
are shown in Fig. 9. The profile restoration method is
No. 12
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Table 2. Main parameters of charge exchange atom analyzers
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Parameter value
Parameter
AKORD-12 AKORD-24M CNPA-09
Number of energy channels % 6 %2 12x2 44 x 1
number of isotopes
Energy range, keV
for hydrogen 0.2—18 0.2-32 0.8—120
for deuterium 0.2-25 0.2-32 0.8—60
Dynamic range hydrogen: 140
deuterium: 70
Energy channel width, % 9—40 9-25 4-90
Mass separation 0.01 0.01—-0.001
Time resolution, ms 0.1

described in [20]. For comparison, the figure shows
the ion temperature profile obtained using the CXRS
diagnostics. It can be seen that the agreement is good.

Figure 10 illustrates the use of neutral particle ana-
lyzers to study fast ion confinement. Figure 10a shows
the experimental spectra of charge exchange atoms
at 145 ms in the discharge no. 42630. The signal of
the CNPA-09 analyzer is predominantly passive
(integrated along the observation line), while the
AKORD-24M analyzer is inclined with respect to the
equatorial plane by approximately 6° downward and
records predominantly a local spectrum in the region
p = 0.46 (where p is the normalized magnetic coordi-
nate). Figure 10b shows the variation of the deuterium
flux of 22.4 keV obtained using the AKORD-24M
analyzer in the active measurement mode (p = 0.55)
and the deuterium atom flux of 28.6 keV obtained
using the CNPA-09 analyzer in the mode with a pre-

700
600
o
-
500
400 0.1 0.2 0.3 0.4 0.5
p

Fig. 9. Example of experimental ion temperature profiles
obtained using the neutral particle analyzer and CXRS in
discharges no. 38876, 78, 79, 86, 87 at time ¢ = 200 ms:
(1) data from neutral particle analyzers; (2) diagnostic data

of active charge exchange spectroscopy.
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dominantly passive signal during toroidal Alfvén
modes. It can be seen that the signal along the obser-
vation line decreases, which indirectly indicates the
loss of fast particles, while the peripheral active signal
increases, which is associated with the transport of fast
particles from the central region of the plasma closer to
the boundary.

5. DIAGNOSTICS OF ACTIVE CHARGE
EXCHANGE SPECTROSCOPY

Diagnostics of active charge exchange spectros-
copy (or charge exchange recombination spectros-
copy, CXRYS) is based on the measurement and analy-
sis of the spectral contour of the emission line (usually
in the visible range) of hydrogen-like ions formed as a
result of charge exchange of light impurity nuclei (He,
B, C, N, O) on high-energy deuterium (or hydrogen)
atoms injected into the plasma from a heating or diag-
nostic beam.

In the Globus-M2 tokamak, this diagnostic
includes a specially developed optical system for col-
lecting light along 7 “lines of sight” (LOS) in the equa-
torial plane of the facility (see Fig. 5) equipped with
output SMA fiber connectors; a set of 20-meter
SMA-SMA fiber-optic quartz cables with a diameter
of 400 um with a numerical aperture N4 = 0.22 for
transporting the light signal, a fiber-optic collector
with SMA inputs and a special output lens that builds
an image of the fibers at the input slit of a compact
high-aperture high-resolution “SpectralTech”
SPT-DDHR-04 spectrometer. This device is
equipped with a 154 X144 mm grating with a cutting
density of 1800 lines/mm and a glare angle of 21°, and
mirror optics F'= 280 mm F/5.4, which make it possi-
ble to obtain a large dispersion of ~0.15 nm/mm and
wide operating range of 430—800 nm in the autocolli-
mation scheme of double diffraction with grazing inci-
dence (78°) [21]. An innovative, backlash-free posi-
tioning mechanism with software control makes it
possible to perform the precise adjustment of the
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Fig. 10. Experimental spectra of deuterium atoms obtained using CNPA-09 (/) and AKORD-24M (2) analyzers in discharge
no. 42630 (a); variation of the signal of neutral particle analyzers during toroidal Alfvén modes (b). From top to bottom: MHD
probe signal, flux of 22.4-keV deuterium atoms obtained by the AKORD-24M analyzer in the active measurement mode, flux of
28.6-keV deuterium atoms obtained by the CNPA-09 analyzer in the mode with a predominantly passive signal.

wavelength, and also automatic scanning of any part of
the spectrum over the entire operating range with an
accuracy of ~0.0015 nm. The output of the spectral
device is equipped with a 16-bit recording system
based on a cooled matrix CCD detector of 512 X
512 pixels of 16 X 16 um with the “frame transfer”
architecture, which has the quantum efficiency
OF > 95% at 550 nm owing to the use of back-side
illuminated technology (BSI) with anti-reflective
coating. The resulting resolution of the spectrometer is
=~(.0024 nm/pixel, and the width of the hardware
function FWHM is =0.015 nm at the input slit width
of 100 pm.

In the CXRS measurements, the emission line of
the C>* ion (n = 8 — 7, 529.05 nm) was typically used
because the main impurity in the Globus-M2 plasma
is carbon owing to the graphite protection of the inner
wall. The time resolution of the diagnostic was 5 ms.
Table 3 shows the parameters for the location of the
“lines of sight”: the values of the major radius of the

Table 3. Parameters for the location of “lines of sight” LOS

tokamak (R) at the points of intersection of the LOS
axis with the axis of the neutral beam, taking into
account its finite width, and also the angle between the
LOS axis and the toroidal direction at these points.

Figure 11 shows an example of a CXRS spectrum
recorded in the discharge no. 41585 for LOS no. 2 at
210—215 ms (black line), and its approximation (pur-
ple curve) by the superposition of “active” charge
exchange (red curve) and “passive” (blue curve) sig-
nals. The “passive” glow signal of the C°* ion is con-
centrated in a narrow (~1—2 cm) peripheral region of
the plasma near the boundary approximately 1 cm
from the separatrix.

Figure 12 shows the profiles of the ion temperature
T(R) (a) and plasma toroidal rotation velocity V,,(R)
(b) measured on 210—215 ms of the discharge
no. 42777. The ion temperature measurements using
the CXRS diagnostics are consistent with the mea-
surements using charge exchange atom analyzers (see
Fig. 5) [2].

LOS number 1 2 3 4 5 76 7
R, s 362+14 | 393+08 | 424+04 | 453+04 | 482+0.3 | 50.8+0.3 | 53.2+0.4
Angle between LOS axis and 6.1 2.2 0.2 —0.5 —0.1 0.6 1.9
toroidal direction, degrees
PLASMA PHYSICS REPORTS  Vol. 49 No. 12 2023
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Fig. 11. Measured CXRS spectrum (black line) and its
approximation (purple line) with “active” (red) CX and
“passive” (blue) signals in discharge no. 41585 at By =

0.9 Tand /,=0.35 MA.

6. INTERFEROMETERS

The Globus-M?2 tokamak has two interferometers
for measuring the electron density. A microwave inter-
ferometer based on a backward wave lamp (BWL)
operates at a probing wavelength of 1 mm. The inter-
ferometer provides the monitor measurements. Ini-
tially, probing was carried out along three vertical
chords with a major radius R = 24, 42 and 50 cm.
Because of lamp aging and a drop in radiation power,
now the interferometer can provide measurements
only along one chord R =42 cm, which passes near the
magnetic axis. The problem of replacing the generator
with a solid-state one is under consideration owing to
the lack of spare lamps. The first trial tests were carried
out with a device provided to us by employees of the

Globus-M2 no. 42777 By=0.9 T, I, = 0.35 MA

t (@)
} by

2
& !

Separatrix
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Kurchatov Institute for temporary use. The issue of
purchasing similar units is currently being considered.

The second interferometer is a recently commis-
sioned dispersive interferometer (DI) based on a CO,
laser with an artificial phase modulation of probing
radiation produced by the Budker Institute of Nuclear
Physics, Siberian Branch, Russian Academy of Sci-
ences, Novosibirsk, Russia [22]. A special measuring
module was designed to record DI signals and calcu-
late the real-time plasma density [23]. The plasma
density calculation algorithms implemented in its dig-
ital unit are based on the harmonic analysis of interfer-
ometer signals, which makes them resistant to noise
and changes in the modulation depth. The range of the
noise component when measuring the linear density

does not exceed (nl) . =~ 6x10"” cm=2 with a time
resolution of 20 us. The relative error in calculating the
absolute value of the linear density does not exceed
2.5%. For both interferometers, the chord length for
calculating the mean chord electron density is deter-
mined by restoring the position of the last closed mag-
netic surface using the current ring method [7].

In experiments on the Globus-M2 tokamak, two
diagnostic systems were compared: the TS diagnostics
and dispersive interferometry. The measurement
chords of both diagnostics lie in the equatorial plane
and have the same impact parameter and length. To
compare the diagnostics, the mean chord electron
density in TS was calculated using integration on the
parameterized magnetic surfaces [24]. The comparison
of TS and dispersive interferometer measurements in

the discharge no. 42518 with 1, = (0.1-0.9) x10** m~3
(Fig. 13) show good agreement. Thus, dispersive inter-
ferometry diagnostics at the Globus-M?2 tokamak pro-
duces reliable measurements of the mean chord elec-
tron density and is characterized by the high measure-
ment accuracy in discharges with a high average
plasma density, at least up to 1.5 X 102 m~3.

Globus-M2 no. 42777 By=0.9 T, I, = 0.35 MA

(b)

200

Separatrix

Fig. 12. Profiles of ion temperature (a) and toroidal rotation velocities of carbon C>* ionsin the plasma (b) at 210—215 ms of the
discharge no. 42777 at By = 0.9 T and Ip = 0.35 MA. The blue square indicates the ion temperature measured using the

AKORD-12 neutral particle analyzer.
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Fig. 13. Example of electron density measurements in the discharge no. 42518 of the Globus-M2 tokamak carried out by

DI (black line) and Thomson scattering diagnostics (red dots).

7. DOPPLER REFLECTOMETER

Doppler backscattering (DBS) or Doppler reflec-
tometry is a method for recording microwave radiation
backscattered by plasma density fluctuations. This
diagnostic makes it possible to determine the poloidal
plasma rotation velocity from the measured frequency
shift of scattered radiation, as well as to study plasma
turbulence. The Globus-M?2 tokamak uses three DOR
microwave systems, the location of which and ray tra-
jectories are shown in Fig. 4. The first system makes it
possible to probe the plasma with one frequency,
which can be varied in the range from 18 to 26 GHz
between tokamak discharges. The second system
probes the plasma simultaneously at four frequencies:
20, 29, 39, and 48 GHz. The third system operates at
five frequencies: 50, 55, 60, 65, and 70 GHz. The fre-
quency range of the reflectometer corresponds to the
range of normalized minor radii p = 0.5—1.1 depend-
ing on the experimental conditions.

The first and second systems use the technique of
Doppler backscattering with dual homodyne detec-
tion. The operation of this scheme is described in
detail in [25].

For the third system, a radiation frequency multi-
plier of a master oscillator with a radiation frequency
of 5 GHz is used and heterodyne detection is applied.
The operation of this scheme is described in more
detail in [26].

Doppler backscattering diagnostic has several
advantages. It allows measurements to be carried out
locally, since backscattering occurs mainly at the cut-
off due to the amplification of the microwave electric

PLASMA PHYSICS REPORTS

field at the turning point of the ray path. In addition,
the DBS method allows simultaneous measurements
of the velocity and turbulence. This method implies
the selectivity of measurements based on the wave vec-
tors of scattering fluctuations. In addition, this
method is relatively easy to use and multifunctional.
Also, the DBS antenna system mounted at the Glo-
bus-M?2 tokamak makes it possible to change the incli-
nation angle, thereby allowing the use of standard
reflectometry.

The transition to the improved confinement mode
was studied at the Globus-M?2 tokamak in detail using
the DBS method [27]. In addition, the DBS method
has been widely used to study plasma processes listed
in Table 4 [28].

8. NEUTRON DIAGNOSTICS

To record neutron fluxes, the Globus-M?2 tokamak
is equipped with two compact neutron spectrometers
based on the BC-501A liquid organic scintillator, and
also two '°B corona neutron counters. The neutron
diagnostic is mainly applied to studying the confine-
ment of fast ions arising during heating the plasma by
high-energy atomic beams, and also to estimate the
integral neutron yield. The signal from neutron spec-
trometers is digitized at a frequency of 500 MHz, and
the maximum input load is ~1 x 10° s~'. The signal
from neutron counters is digitized with a frequency of
30 MHz, and the maximum input load is ~ 6 x 10*s~.
The signal level at the detectors can be adjusted using
lead and polyethylene collimators. The location of
neutron detectors in the experimental hall is shown in
Vol. 49
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Table 4. Plasma processes studied using DBS diagnostics

1471

Phenomenon

Certain characteristics

Turbulence
structures

Geodesic acoustic mode (GAM)

Limiting cycle oscillations (LCO)
Filaments

Alfvén modes
Tearing modes

Suppression of turbulence by the velocity shear, correlation lengths of turbulent

Amplitude of electric field oscillations, localization, degree of nonlinear interac-
tion with turbulence

Speed shear at LCO, turbulence modulation, localization

Radial and poloidal size, distance between filaments, propagation speed, develop-
ment area, mode structures

Frequency, amplitude of magnetic field oscillations, localization
Frequency, localization

Fig. 14. The neutron diagnostic complex of the Glo-
bus-M2 tokamak was discussed in detail in [29].

In the Globus-M2 plasma, neutrons are produced
during collisions of high-energy ions with thermal ions
of the main plasma, as well as with each other. Thus,
the development of processes leading to the loss of fast
particles or their redistribution in the phase space in
the plasma causes a change in the neutron flux. An
example of the response of the signal of neutron detec-
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Fig. 14. Results of ray path calculations for three DBS sys-
tems.
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tors to sawtooth oscillations and toroidal Alfvén eigen-
modes (TAE) is shown in Fig. 15.

To estimate the integral neutron yield from the
tokamak plasma, the neutron detectors were abso-
lutely calibrated under the conditions of the experi-
mental hall of the facility [30]. An example of the evo-
lution of the integral neutron yield in one of the dis-
charges of the Globus-M2 tokamak is shown in
Fig. 16a. The response functions of BC-501A neutron
spectrometers were measured to calculate the energy
spectrum of neutrons emitted by the plasma at the
cyclotron of the loffe Institute [31]. Based on them, a
procedure for the deconvolution of experimentally
measured spectra was carried out [32]. An example of
the reconstructed energy spectrum of emitted neu-
trons is shown in Fig. 16b.

Currently, two more He® proportional neutron
counters are being put into operation in addition to the
neutron detectors described in this section.

9. HARD X-RAY DIAGNOSTICS

To study hard X-ray signals, the tokamak is
equipped with two absolutely calibrated scintillation
spectrometers based on the LaBr;(Ce) crystal [33].
The measurements are carried out in the range of
gamma quanta energies of 0.1—16 MeV with a digitiza-
tion frequency of the recorded signal of 250 MHz at a
maximum input statistical load of ~3 x 10° s~!. The
measured spectra can be used to study the behavior of
runaway electrons. An example of hard X-ray signal
evolution during the low-density ohmic discharge

((n,y = 1.7x10" m=3) is shown in Fig. 17a. Figure 17b
shows the energy spectrum of gamma quanta recorded
in the same discharge.

To control the level of hard X-ray radiation during
a discharge, the tokamak is also equipped with a scin-
tillation detector based on a Nal(Tl) crystal operating
in the current mode.
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10. SPECTROSCOPIC DIAGNOSTICS

A complex of spectroscopic diagnostics at the Glo-
bus-M?2 tokamak is used to obtain data on the behavior
of impurities in the plasma based on radiation inten-
sity measurements in the range from 0.02 to 1200 nm.
The complex includes diagnostics of mean chord

effective charge (Z.), diagnostics of individual lines
of impurity elements, a survey spectrometer, mono-

PLASMA PHYSICS REPORTS

chromators for multi-angle radiation intensity mea-
surements on the Do,/Hao line and silicon photodiodes
(SPD) for radiation power measurements in a wide
range of 0.02—1100 nm.

The mean chord value of the effective charge (Z.; )
is determined by the bremsstrahlung radiation inten-
sity simultaneously in two spectral intervals of 1019—
1040 and 630—640 nm, where there is no intense line
radiation (recombination radiation under measure-
2023
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Fig. 17. Discharge no. 42861: time dependence of the hard X-ray signal during the ohmic discharge of the Globus-M2 tokamak
(a), and experimentally measured energy of hard X-ray spectrum (b).

ment conditions is negligible). The bremsstrahlung
power P, is measured along one observation chord in
the equatorial section of the Globus-M2 tokamak
[34]. To calculate (Z.) according to P,,, T,(R) and
n,(R) profiles are used obtained by Thomson scatter-
ing (TS) diagnostics [ 12] and converted into flux coor-
dinates using a 0-dimensional model [13], as well as
magnetic reconstruction data using the current ring
method [7]. The bremsstrahlung power is measured in
the monitor mode (data in the public domain is
updated after each discharge), the (Z;) value can be
calculated within several minutes once the 7,(R) and
n,(R) profiles and magnetic reconstruction are
obtained. The time resolution is determined by the
laser pulse repetition rate of the TS diagnostics of
330 Hz and provides the measurements of (Z,;) with
a step of 3.03 ms.

Using six filter monochromators tuned to individ-
ual spectral lines, the input of each of the main impu-
rity C, O, Fe, N, B and He elements into the plasma is
monitored. The data acquisition system allows record-
ing monochromator signals over the entire discharge
with a digitization frequency of up to 1 MHz in the
monitor mode. Emission from impurity lines is
recorded in an observation volume with a diameter of
about 5 mm along the observation chord in the equa-
torial plane of the tokamak (Fig. 18). In special cases,
e.g., when an impurity is introduced into the divertor
region, the observation angle of the monochromators
can be changed.

PLASMA PHYSICS REPORTS  Vol. 49
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The survey emission spectra in the range of 200—
1100 nm can also be measured using a system based on
the Avantes AvaSpec-ULS2048 spectrometer (see
Fig. 1). Spectra can be recorded every 1.05 ms. The
integration time can be increased for a detailed con-
sideration of weaker lines. The survey spectra are also
recorded in the monitor mode and are available after
each discharge. Figure 19 shows a characteristic view
of the emission spectrum measured using a survey
spectrometer, with the indicated spectral intervals in
which impurity lines are recorded by filter monochro-
mators.

The radiation intensity of the Da/Ha line at a
wavelength of 656 nm is measured using five filter
monochromators in five different observation angles:
two chords oriented towards the upper and lower
dome of the camera, two vertical chords pass through
major radius R =42 and 50 cm, and one chord is ori-
ented in the direction of a major radius to thecentral
column. The measurements are also made in the mon-
itor mode.

To measure the plasma radiation power at the toka-
mak, SPD photodiodes are used [35], which allow
measurements in a wide spectral range of 1 eV—60 keV
with a time resolution of up to 1 us. These photodiodes
can be sensitive to radiation and particles [36]. Cur-
rently, the measurements from three angles are avail-
able: a survey device with an observation line directed
tangentially to the plasma cord, with a wide radiation
collection angle; two collimated sensors have observa-
tion lines directed along the major radius and tangen-
tially in the peripheral region.
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Fig. 18. Scheme for recording radiation intensity using filter monochromators and a survey spectrometer: (/) survey spectrome-
ter, (2) observation region, (3) optical fiber, (4) detector, (5) collimator, (6) interference filter, (7) collecting lenses.

11. SOL REGION DIAGNOSTICS

The Globus-M2 tokamak has a number of diag-
nostics designed to study plasma in the boundary layer
region between the separatrix and the wall (SOL).
Their location is shown in Fig. 20.

A movable Langmuir probe [37] is located in the
equatorial plane on the low-magnetic-field side and is
equipped with a head with nine graphite electrodes in
a boron nitride insulator. The probe makes it possible
to measure the floating potential (¥)), ion saturation
current (/,), electron density (n,), and temperature
(T,), and also Mach number (M)). The probe head is
placed in a protective graphite screen. The probe is
driven by a linear magnetic manipulator, which makes
it possible to change the position of the probe along
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Fig. 19. Emission spectrum measured using a survey spec-
trometer with the indicated spectral intervals, in which
impurity lines are recorded by filter monochromators.
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a minor radius from discharge to discharge (which was
used to obtain profiles of the measured parameters),
and also provides 360° rotation of the head around the
longitudinal axis. Figure 21 shows an example of the
electron temperature and concentration profiles mea-
sured using a movable probe. The characteristic decay
lengths of temperature (Ar) and density (A,.) are
determined from the profiles for comparison with
scalings.

The IR camera (thermal imager) [10] is located on
the upper dome of the vacuum vessel at a distance of
1.3 m from the lower divertor plates, to which it is
directed. The Cd,Hg, _ ,Te IR detector provides
operation in the wavelength range of 3.5—4.7 um,
the frame size is 320 X 256 pixels in the full frame
mode, which corresponds to a spatial resolution of
~1.6 mm/pixel with a frequency of ~220 Hz. This
diagnostic makes it possible to measure the evolution
of the surface temperature of divertor plates and, based
on the data obtained, to restore the heat flux density.
In some experiments, the camera was mounted in the
equatorial plane to observe the heating of the vessel
wall on the outer bypass. Figure 22 shows an emer-
gency incident filmed by a camera, when during a dis-
charge a protective graphite plate came off from the
central column (on the left in the figure) and flew to
the outer wall. The three phases of its flight are visible
in the figure.

Along with the IR camera, an IR pyrometer is used
to measure the wall temperature. It makes it possible
to measure the thermal radiation intensity in the tem-
perature range of 100—3500°C with a time resolution
of 2 us. It differs from a thermal imager in its higher
time resolution. The combined use of a pyrometer and
a thermal imager makes it possible to record the spatial
distribution and the dynamics of the absolute surface
temperature value. More details about the design of
the IR pyrometer can be found in [38].
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Fig. 20. SOL diagnostics on the Globus-M2 tokamak.
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A set of ten Langmuir probes is mounted in the
lower divertor plates [39]. The probes are made of the
same grade of RGT-91 graphite as the plates, and have
a flat working surface, the distance between them is
2 cm on average. The diameter of the probes is 8§ mm,
the gap between the plate and the probe is 0.5 mm,
isolation from the divertor plates is carried out by using
ceramic rings. For this array of probes, a recording
system has been developed that can operate in three
modes: the measurement of ion saturation current,
measurement of the floating potential of the probes
and recording of the probe current-voltage charac-
teristic.

1475

12. FOIL SOFT X-RAY SPECTROMETER

The spectrometer is designed for the continuous
measurement of soft X-ray radiation (SXR) from the
center of the tokamak plasma. Four channels with
beryllium foils of various thicknesses (15, 50, 80, and
127 um) allow the data obtained to be used to deter-
mine the central electron temperature with a time res-
olution of 3 us. However, the electron temperature
determined by the classical “foil method” [40] from
the ratio of signals in different channels in many cases
differs greatly from that measured by the Thomson
scattering diagnostics. This is apparently due to the
significant contribution of line emission to the SXR
signals. To improve the situation, a machine learning
(ML) method was applied [41]. The training data
included the results of measurements of the flux inten-
sity of soft and hard X-rays, and also the emission of
carbon impurities on the CIII line. The central elec-
tron temperature data obtained by the Thomson scat-
tering diagnostics were used as responses for super-
vised learning. As a result, using ML from SXR signals
it is possible to determine the electron temperature
with an accuracy of 18%. In our case, the method is
applicable to determine 7, in the range from ~300 to
~1200 eV. To measure higher electron temperatures, it
is necessary to expand the spectral range of the SXR
diagnostics and conduct a training cycle using new
data.

13. HIGH SPEED VIDEO CAMERA

To visualize processes in the plasma of the Globus-
M2 tokamak, a high-speed Optronis camera is used,
which allows video recording at a speed of
540 frames/s with a resolution of 1696 X 1710 to
100000 frames/s with a resolution of 96 x 38 through-
out the entire discharge. The continuous recording
time with 8 GB of memory is 5.5 s. The camera is used
to observe the plasma boundary and compare video
data of the plasma with the reconstruction of the
extreme magnetic surface obtained from magnetic
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Fig. 21. Temperature and density profiles obtained using a movable probe.
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Fig. 22. Separation of the protective graphite plate, which is recorded using a thermal imager in discharge no. 42422.

Central
column
R =130 mm

Fig. 23. Post-processed high-speed camera frame from discharge no. 29874 demonstrating the filamentous structure that occurs
during the development of edge instability (edge-localized mode).

measurements using equilibrium codes. In addition,
the camera is used to observe external influences on
the plasma, such as gas injection, penetration of the
plasma gun jet and dust particles. The possibility of
using high-speed video recording in the visible radia-
tion range to analyze the structure of the peeling-bal-
looning mode during the development and breakdown
of edge MHD instabilities was also studied. Figure 23
shows a video camera frame obtained after special pro-
cessing. The shooting speed was 1000 frames/s, and
the exposure time was 300 ps. To increase the contrast
of the filaments, the background signal was subtracted
and the pixel intensity values were multiplied by a con-
stant value. The frame clearly demonstrates the devel-
opment of the edge instability synchronized with
reconnections [42]. The frequency of shooting frames

PLASMA PHYSICS REPORTS

was 2.5 times higher than the frequency of reconnec-
tions, so it was possible to subtract the background by
subtracting the previous frame.

14. CONCLUSIONS

Currently, the diagnostic complex of the Globus-
M2 tokamak represents an extensive set of diagnostics
of various types, mutually complementing each other.
Some of the diagnostics provide monitor measure-
ments of the main characteristics of the plasma dis-
charge, allowing the experimenter to monitor the
reproducibility of the discharge during the experiment
or controllably change the parameters of interest to
him/her. Advanced diagnostics provide measurements
of radial profiles of such quantities as electron and ion
Vol. 49

No. 12 2023
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temperature, plasma density, rotation speed, effective
charge, radiation in the visible and soft X-ray range.
Some diagnostic data require additional processing.
The measurement results are used to simulate trans-
port processes. A number of diagnostics provide data
on the confinement and loss of fast particles that occur
when using additional plasma heating methods.

The tokamak diagnostic complex is constantly
being improved. This happens via the development of
existing diagnostics and the creation of new ones.
Thus, in the Thomson scattering diagnostics, the
number of spatial points on the profile increases; in
the CXRS diagnostics, a second observation angle
appears, focused on working with the beam of the new
injector. It is planned to install an SXR pinhole cam-
era with the observation from two angles in a single
poloidal cross section, which will provide tomo-
graphic measurements.
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