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TOKAMAKS
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Abstract—NBI-assisted plasma heating with one or two injectors of fast neutral atoms was studied at the Glo-
bus-M2 spherical tokamak at the toroidal magnetic fields of 0.8–0.9 T and plasma currents of 0.35–0.4 MA.
Measurements of the spatial temperature and electron density distributions, performed using the Thomson
scattering diagnostics, showed a twofold increase in heating of plasma electrons during the injection of neu-
tral particles with energies of up to 45 keV at the beam power of 0.75 MW, as compared to the ohmic heating
regime. Switching on the second additional beam with the particle energy of up to 30 keV and power of up to
0.5 MW resulted in obtaining the hot ion mode in the range of mean plasma densities of (1.6–10) × 1019 m−3.
According to the data of active spectroscopy and neutral particle analyzer diagnostics, in the hot zone, the
ion temperature reached 4 keV at the plasma density of 8 × 1019 m−3, which is more than 2.5 times higher than
the electron temperature.
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1. INTRODUCTION
The toroidal magnetic field (BT) highly affects the

thermal insulation of plasma in spherical tokamaks
(ST). Experiments performed at different facilities
with small aspect ratios have shown that an increase in
the ВТ field results in a considerable increase in the
energy confinement time [1–5]. This makes it possible
to obtain the regimes with high plasma temperatures
and, consequently, with lower collisionalities

 (here, Zeff is the effective charge of
plasma ions, T is the volume-averaged plasma tem-
perature, and ne is the mean plasma density). It has
been experimentally established that a decrease in col-
lisionality favorably affects the confinement of plasma
energy in STs [5–7]. The reduction of collisionality
favorably affects the thermal insulation of electrons in
STs since it stabilizes the small-scale instabilities

responsible for the electron-associated heat loss: elec-
tron temperature gradient instability (ETG) and
micro-tearing modes (MTM) [5–7]. At STs, in the
regimes with improved confinement (H-mode), the
ion temperature gradient instability (ITG), which is
the main driver of anomalous ion-associated heat
transport, is usually stable [8, 9]. The ion thermal dif-
fusivity determined experimentally is good described
by the neoclassical theory [2–5, 7, 10, 11], which also
predicts an improvement in the thermal insulation of
ions with decreasing collisionality [12].

In 2012, when designing the Globus-M2 spherical
tokamak, the predictive simulations were performed
of the spatial temperature distributions of electrons
and ions in plasma of the facility under design [13]. It
was predicted that for a small spherical tokamak with
the aspect ratio А = 1.6, the minor radius а = 0.22 m,
and the toroidal magnetic field ВТ = 1, the hot ion
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Fig. 1. Temperature profiles of electrons (dashed line) and
ions (solid line) in plasma of the Globus-M2 tokamak cal-
culated in 2012 when performing predictive simulations
with following parameters: toroidal magnetic field was
BT = 1 T; plasma current was Ip = 0.5 MA; and deuterium
beam with particle energies Eb = 30 keV and power PNBI =
1 MW was injected into deuterium plasma. 
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mode can be obtained, in which the ion temperature
(Ti) is 2.5 times higher than the electron temperature,
reaching the value of 5 keV (see Fig. 1). It was assumed
in the calculations that the plasma current Ip is equal to
0.5 MA, and the deuterium plasma is heated by the
injected deuterium beam with the particle energy Eb =
30 keV and power PNBI = 1 MW. In those calculations,
the ion thermal diffusivity was assumed to be neoclas-
sical, and the electron thermal diffusivity was set on
the assumption that an increase in the energy confine-
ment time, as compared to that obtained at the Glo-
bus-M tokamak at BT = 0.4 T, should correspond to
the scaling law proposed in [3]. Since the vacuum
chambers (and hence the plasma sizes) of the Globus-
M2 and Globus-M tokamaks are the same, it was not
necessary to take into account the dependence of the
characteristic energy confinement time τE in plasma
on the tokamak size.

In some studies, such successful predictions were
questioned. In a number of works, for plasma with
small aspect ratio, gyrokinetic modeling was per-
formed of the development of microinstabilities (tur-
bulence). It demonstrated a possible destabilization of
the ion temperature gradient instability (ITG) [7, 14,
15] at low collisionalities; this can result in a consider-
able increase in heat loss through the ion channel. The
latter questions the possibility of reaching such high
ion temperatures Ti in the compact STs. Additional
doubts were caused by the results of experiments at the
NSTX spherical tokamak, which revealed the pres-
ence of considerable anomalous ion heat transport in
low-collisionality regimes [6]. We note that the analy-
sis of first results of the experiments on plasma heating
at the Globus-M2 tokamak showed the three-fold
excess of the ion thermal diffusivity over the neoclas-
sical one [15]. In these experiments, the additional
heating was used by one neutral beam with particle
energy of 28 keV and beam power of 0.8 MW at the fol-
lowing facility parameters: the toroidal magnetic field
was 0.8 T, the plasma current was 0.4 MA, and the
mean plasma density was (6–7) × 1019 m–3. Since the
heating pulse duration was limited to 50 ms, the beam
was switched on in the phase of current plateau.

The goal of this article is to analyze the results of
experiments on plasma heating at the Globus-M2
spherical tokamak using the method of neutral beam
injection at the toroidal magnetic fields of 0.8–0.9 T
and plasma currents of 0.35–0.4 MA. Putting into
operation the new injector of neutral particles with
energies up to 45 keV [16] made it possible to provide
for plasma heating during the entire facility shot, start-
ing from the phase of current rise. Using the injector
[17] previously available at the facility, it is possible to
additionally increase the plasma heating power during
up to 40 ms in the selected discharge phase. The toka-
mak is equipped with the new Thomson scattering
diagnostic complex, which makes it possible to mea-
sure the dynamics of temperature and electron density
profiles from the beginning of the shot till its end at
10 spatial points with the pulse repetition rate of
330 Hz (with no limitation on the number of time
points). This advances the capabilities of conducting
research at the Globus-M2 tokamak. The article is
structured as follows. The descriptions of the facility,
the neutral beam injection complex, and the main
diagnostic systems are given in Section 2. The experi-
ments are considered in Section 3 on plasma heating
using single beam with particle energies of up to 45 keV
at BT = 0.8 T and Ip = 0.4 MA. In Section 4, the hot
ion mode is analyzed, obtained in the course of simul-
taneous heating the plasma with two neutron beam
injectors at BT = 0.9 T and Ip = 0.35–0.4 MA.

2. THE GLOBUS-M2 TOKAMAK

The studies reported in this work were performed at
the Globus-M2 spherical tokamak [13, 18], the major
and minor radii of which are R = 0.36 m and a =
0.24 m, respectively. The small aspect ratio makes it
possible to obtain stable shots with the plasma current
of 0.4 MA at the toroidal magnetic fields of 0.8–0.9 T.
The planned increase in the toroidal magnetic field, as
compared to the design value of 1 T, will make possible
the operation at plasma currents of up to 0.5 MA. The
magnetic diagnostics makes it possible to determine
the location of the last closed magnetic surface of the
plasma column using the algorithm of movable cur-
rent rings [19, 20]. In the facility shots discussed in this
work, the magnetic configuration with the lower
X-point was created during the current plateau at
the plasma elongation of 1.8–2 and triangularity of
0.35–0.4.
PLASMA PHYSICS REPORTS  Vol. 49  No. 4  2023
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Fig. 2. Equatorial cross section of the Globus-M2 toka-
mak: (1) NI-1 injector of atoms; (2) NI-2 injector of
atoms; (3) laser of Thomson scattering system; (4) obser-
vation chords of Thomson scattering diagnostics;
(5) observation chords of CXRS diagnostics; and (6)
observation chords of longitudinal neutral particle ana-
lyzer of charge-exchange atoms. Dashed line shows plasma
boundary from low magnetic field side.
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The arrangement of the injectors, as well as the
main diagnostic systems, is shown in Fig. 2. The
impact parameters of both injectors are 30 cm. Both
beams are injected tangentially along the plasma cur-
rent. In the experiments under discussion, the NI-1
tokamak injector [17] was equipped with the IPM-2
ion source, which makes it possible to obtain the beam
of hydrogen (deuterium) atoms with energies of up to
30 keV, beam power of up to 0.5 MW and geometric
dimensions of approximately 6 × 15 cm [21]. The sec-
ond NI-2 injector produces the beam of high-energy
hydrogen (deuterium) atoms with energies of up to
50 keV, beam power of up to 1 MW, and the diameter
of approximately 11 cm.

A number of diagnostic systems was used to study
the plasma heating. The diamagnetic f lux measure-
ments make it possible to determine the energy stored
in the plasma using the PET equilibrium code [22, 23].
The Thomson scattering (TS) diagnostics, completely
updated in 2020 [24, 25], provides for measuring the
electron temperature and density profiles with the rep-
etition rate of 330 Hz during the entire facility shot
from the time of breakdown till the discharge end at
ten spatial points located from the plasma boundary to
the magnetic axis from the low magnetic field side.
PLASMA PHYSICS REPORTS  Vol. 49  No. 4  2023
The joint analysis of the TS diagnostics data and the
results of magnetic equilibrium reconstruction makes
it possible to determine the thermal energy of the
plasma electron component, as well as the mean elec-
tron density during the entire shot. The diagnostics of
charge exchange recombination spectroscopy (CXRS)
[26, 27] makes it possible to measure the ion tempera-
ture at eight spatial points. In the experiments under
discussion, time resolution of the CXRS diagnostics
was 5 ms. The ion temperature can also be determined
using the neutral particle analyzer (NPA) [28]. The
NPA observation geometry allows localizing the mea-
surements at the intersection of the analyzer observa-
tion line and the injection chord of the NI-1 beam.
Unfortunately, the measurements of plasma ion tem-
perature using the CXRS diagnostics and the “active
NPA” technique are possible only during the NI-1
injector operation. In addition, in a number of facility
shots, neutron fluxes were measured using the
SNM-11 corona counter, the principle of operation of
which is based on detecting the nuclear reaction of
neutrons with the 10B boron isotope placed into the
polyethylene moderator. The correlation between the
detector counts and the neutron yield from the plasma
was found with the help of the in situ calibration
performed using the IBN-241 reference neutron
source [29].

3. PLASMA HEATING IN THE GLOBUS M2 
TOKAMAK USING NEUTRAL BEAM 

WITH PARTICLE ENERGIES OF 45 keV 
AT TOROIDAL MAGNETIC FIELD OF 0.8 T

3.1. Experimental Results

A series of experiments on plasma heating was per-
formed using the NI-2 neutral beam with the particle
energies of 45 keV and beam power of 0.75 MW. The
experiments were performed at the plasma current of
0.4 MA and the toroidal magnetic field of 0.8 T (at the
radius R = 0.36 m). Figure 3 shows the dynamics of
plasma parameters for several facility shots from this
series. The hydrogen beam was switched on in the
phase of plasma current rise, and the heating lasted
until the end of the current plateau. In the shots, the
mean plasma density was varied in the wide range
ne = 1 × 1019–7 × 1019 m–3 by means of changing the
deuterium injection scenario. The mean plasma den-
sity measured using microwave interferometer was in
good agreement with the data obtained using the TS
diagnostics before the beginning of the sawtooth oscil-
lations development, the presence of which often
makes it difficult to measure the density using the
interferometer. The dynamics of the electron tempera-
ture at the plasma axis (measured by the TS diagnos-
tics) is also shown in Fig. 3. It can be seen that the
electron temperature weakly depends on the mean
plasma density, reaching the value of 1.3 keV. For shots
with different densities, the spatial distributions of
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Fig. 3. Time evolution of plasma parameters in experiments on injection of neutral particles with energies of 45 keV and bean
power of 0.75 MW at toroidal magnetic field of 0.8 T. From top to bottom: Ip is plasma current (operating time of neutral beam
is shown in yellow); ne is chord-averaged plasma density (lines and dots correspond to data of microwave interferometer and
results of processing data of the Thomson scattering diagnostics and magnetic reconstruction, respectively); Te is electron tem-
perature at the plasma axis (data of the Thomson scattering diagnostics); and We is thermal energy of electrons calculated based
on data of the Thomson scattering diagnostics and magnetic reconstruction. 
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Fig. 5. Thermal energy of electrons We as a function of
mean plasma density ne for ohmic heating regime (OH)
and regime with injection of neutral particles (NBI) with
energies of 45 keV and beam power of 0.75 MW at the same
plasma current (0.4 MA) and toroidal magnetic field
(0.8 T). 
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electron temperature and density are compared in
Fig. 4. With an increase in the mean electron density
ne, a sharp density gradient is formed near the sepa-
ratrix that indicates that the plasma is in the improved
confinement mode (H-mode). The electron tempera-
ture gradient almost does not change outside the con-
vective zone of the sawtooth oscillations development
r/a ≈ 0.4, which corresponds to the region R > 0.49 m
in the figure.

In the shots with higher density, the electron ther-
mal energy (We) obtained by integrating the electron
pressure profile over the plasma volume is higher. For
PLASMA PHYSICS REPORTS  Vol. 49  No. 4  2023

Fig. 6. Comparison of spatial distributions of (a) Te temperature
angles) and regime with additional NBI heating (green squares)
0.8 T. 
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the shots under consideration, Fig. 5 shows the We
energies as functions of the mean plasma density in
comparison with those obtained in a series of shots
with ohmic heating (OH) at the same plasma current
and toroidal magnetic field: Ip = 0.4 MA and BT =
0.8 T. In this figure, it can be also seen that at the mean
electron densities higher than 3 × 1019 m–3, the neutral
beam injection results in considerable heating of
plasma electrons. According to the data of the Thom-
son scattering diagnostics, the electron temperature is
almost independent of the density. The thermal energy
of electrons increases linearly with increasing density,
while in the OH regime (at the same Ip and BT para-
meters), the electron temperature decreases with
increasing density, which results in saturation of the
We(ne) dependence. The spatial distributions of elec-
tron temperature and density in the OH and NBI
regimes are compared in Fig. 6 at the mean electron
density of 7 × 1019 m–3. It can be seen in the figure
that, in the NBI regime, in the paraxial plasma region,
the electron temperature is more than twice as high as
that in the OH regime, while the thermal energy of the
electron component increases by 1.8 times.

For the NBI regime, the stored plasma energy
WDIA determined from diamagnetic measurements is
also shown in Fig. 5. In the entire range of plasma den-
sity variation, the WDIA energy is 1.5–2 times higher
than the We energy stored in the plasma electron com-
ponent in the OH regime. The maximum WDIA energy
of 10 kJ is reached at the average density ne = 7 ×
1019 m−3. This is in good agreement with the results
previously obtained at the Globus-M2 tokamak in
experiments [15, 30], in which the NI-1 injector beam
was used to heat the plasma (the particle energy was
30 keV and the beam power was 0.85 MW). The energy
stored in the ion component will be discussed below in
Subsection 3.2.
 and (b) ne density of plasma electrons in OH regime (black tri-
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Fig. 7. Spectra of charge-exchange atoms: experimental
spectrum (black dots) and spectrum calculated with allow-
ance for anomalous diffusion (blue curve).
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Table 1. Integrated absorbed beam powers and pressures of
fast particles calculated using the NUBEAM code in shots
with different plasma densities. Energy of injected particles
is 45 keV, beam power is 0.75 MW, and plasma current and
magnetic field are 0.4 MA and 0.8 T, respectively

No. 41103 41112 41114 41105

ne, 1019 m–3 2.5 4.0 5.8 7.3

Pnbie, kW 174 230 262 282
Pnbii, kW 197 256 266 269
Pnbitot, kW 372 486 528 550
Wfast, J 1940 1414 1183 920
3.2. Calculations of Absorbed Heating Power

To determine the characteristic time of plasma
energy confinement and analyze the energy transport,
it is necessary to know the absorbed power of the
injected neutral beam. The NUBEAM code [31] was
used to calculate the spatial distributions of powers
spent on the heating of plasma electrons and ions, as
well as the Wfast energy corresponding to the transverse
pressure of fast particles. We note that in calculations,
the loss of fast particles from plasma of the Globus-
M2 tokamak due to the magnetic field rippling was not
taken into account, since it is negligibly small, as com-
pared to that due to other loss mechanisms. The first
studies of the effect of field rippling on the loss of fast
ions were performed at the Globus-M tokamak using
the ray-tracing code [32]; the rippling amplitude was
taken to be ~1.5% at the outer vacuum chamber wall.
Calculations have shown that this loss do not exceed
several fractions of a percent of the total injected neu-
tral beam power. At the Globus-M2 tokamak, the par-
ticle loss due to the field rippling is even less, since the
outer coils of the toroidal winding are moved outward
by 4 cm farther [18], as compared to the Globus-M
tokamak, and the field rippling is approximately
2 times lower. The sawtooth oscillations more strongly
affect the confinement of fast particles. In simula-
tions, to take into account the effect of the sawtooth
oscillations on the parameters calculated, the correc-
tion was introduced in the form of anomalous additive
to the diffusion coefficients of fast particles. Since
during the injection of hydrogen, neutron measure-
ments are impossible, the only way available at the
Globus-M2 tokamak to experimentally determine the
anomalous diffusion of high-energy ions is to compare
the calculated and experimental spectra of charge-
exchange atoms. The level of anomalous diffusion is
iteratively selected in such a way that the calculated
spectrum of charge exchange atoms coincides with the
spectrum measured using the AKORD-24M longitu-
dinal neutral particle analyzer. The spectra were cal-
culated using the FIDASIM code [33], which involves
the distribution of high-energy ions, obtained using
the NUBEAM code. The approach used is illustrated
in Fig. 7. Here, dots show the signal of neutral particle
analyzer recording charge-exchange atoms when the
deuterium beam with energy of 45 keV was injected
during the sawtooth oscillations (the energy limit of
NPA measurements is 35 keV), and the line shows the
result of calculations using the NUBEAM and
FIDASIM codes. As a result of iterative selection, it
was found that the correct description of experimental
data requires the introduction of anomalous diffusion.
In this case, the anomalous diffusion manifests itself
in an increase in the diffusion coefficient of fast ions
by 1 m2/s in the plasma region corresponding to the
mixing zone arising due to the reconnection of mag-
netic field lines during the development of the saw-
tooth oscillations. The resulting spectrum of charge-
exchange atoms (blue line) agrees well with the exper-
imental one. For the anomalous diffusion coefficient
of fast ions chosen in this way, the spatial distributions
were obtained of the power spent on heating plasma
electrons and ions during neutral beam injection;
these distributions were used afterwards in transport
simulations using the ASTRA code [34]. The inte-
grated absorbed powers of neutral beam, as well as the
corresponding Wfast energies of fast ions, are presented
in Table 1. Using the Wfast energies obtained, one can
determine the Wi thermal energy of plasma ions as fol-
lows: Wi = WDIA – We – Wfast (see Fig. 8a). The
obtained Wi energies are 2.5 times lower than the
thermal energies of electrons; apparently, this is a con-
sequence of the corresponding difference between the
electron and ion temperatures. As can be seen from
Table 1, with increasing plasma density, the power of
ions heating by neutral beam also increases, and the
power of ions heating in collisions with electrons
PLASMA PHYSICS REPORTS  Vol. 49  No. 4  2023
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Fig. 8. Thermal energy of ions and ion temperature as functions of electron density during injection of neutral particles with ener-
gies of 45 keV at beam power of 0.75 MW, plasma current of 0.4 MA, and toroidal magnetic field of 0.8 T. (a) Thermal energy
stored by plasma ions: blue open squares correspond to estimate based on experimental data, Wi = WDIA – We – Wfast; solid cir-

cles are results of simulations using ASTRA code under assumption χi = ; and (b) comparison of ion temperature measured

by neutral particle analyzer (red open circles) with results of simulations using ASTRA code for χi =  (solid circles), and with
allowance for anomalous additive for χi (blue open squares). 
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should increase as well. This means that the saturation
of the dependence of thermal ions energy on plasma
density observed with increasing density is an indica-
tor of deterioration in the thermal insulation of ions.

3.3. Simulations of Plasma Energy Balance

The following model was used when analyzing the
energy transport in the Globus-M2 tokamak plasma
with the help of the ASTRA code. In simulations, the
energy balance equation for ions (without the convec-
tion term) was solved along with the diffusion equa-
tion for the poloidal magnetic f lux and the Grad–
Shafranov equation. As a boundary condition for the
Grad–Shafranov equation, the boundary of the last
closed magnetic surface was set, which was obtained
using the method of movable current rings. To calcu-
late the density of deuterium ions, the electrical resis-
tance of the plasma, and, as a consequence, the
OH power, we used the effective charges of the plasma
obtained from measurements of the bremsstrahlung
intensity [35]. For the shots under consideration, the
effective charges measured are presented in Fig. 9.
Carbon was specified as the main impurity, since the
plasma-facing surface is covered with graphite plates.
Using the NCLASS code [36], the plasma conductiv-
ity and the fraction of bootstrap current were calcu-
lated, as well as the neoclassical coefficients of ion
thermal diffusivity ( ) (see the solid lines in
Fig. 10a); at the plasma densities higher than 5 ×
1019 m–3, the  coefficients turn out to be in the
range of 0.8–1.5 m2 s−1. The ion temperatures
(according to the ASTRA code), as well as the thermal
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energies of the ion component, obtained in simula-
tions under the assumption χi = , are shown in
Fig. 8. It can be seen in the figure that in the case of
neoclassical heat transport through the ion channel,
the thermal energies Wi stored by ions should be much
higher than the experimentally measured ones, and in
the paraxial plasma region, the ion temperature
should become close to (but not higher than) the elec-
tron temperature (~1.2–1.3 keV). In order to bring the
calculated Wi energies in line with the experimentally

χneo
i
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Fig. 10. Spatial distributions. (a) Thermal diffusivity of ions χi used in calculations of ion temperature profiles; solid and dashed
lines correspond to neoclassical calculations and thermal diffusivities fitted based on magnetic measurements, respectively.
(b) Thermal diffusivity of electrons χе obtained in simulations using ASTRA code based on electron temperature profiles mea-
sured experimentally. Simulations were performed for shots with different densities (corresponding mean densities are shown in
insert in units of 1019 m–3) during injection of hydrogen atoms with energies of 45 keV at beam power of 0.75 MW, plasma current
of 0.4 MA and toroidal magnetic field of 0.8 T.
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Fig. 11. Energy confinement time τЕ as a function of elec-
tron density for a series of shots with injection of neutral
particles with energies of 45 keV at beam power of
0.75 MW, plasma current of 0.4 MA and toroidal magnetic
field of 0.8 T. 
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measured ones, the additional calculations were per-
formed, in which the anomalous additive was added to
the neoclassical thermal diffusivity . The anoma-
lous additive was determined iteratively by comparing
the calculated energy of plasma ions with the experi-
mental estimate. The obtained anomalous ion thermal
diffusivities are 5–6 times higher than the neoclassical
ones (see dashed lines in Fig. 10a). The calculated ion
temperatures at the plasma axis also turned out to be
close to the ion temperatures measured by the neutral
particle analyzer (see Fig. 8b).

For the electron plasma component, the inverse
transport problem was solved: based on the measured
spatial electron temperature distributions, the χe coef-
ficients of electron thermal diffusivity were calculated
(see Fig. 10b). Unfortunately, in the shots under dis-
cussion, the energy loss due to plasma emission was
not measured. As shown by previous studies per-
formed at the Globus-M2 tokamak, in the regimes
with NBI, the radiation loss can reach 45% of the total
heating power absorbed in plasma [37]. Therefore, to
take into account the effect of radiation loss on the χe
coefficient, the calculations were performed with
allowance for the radiation loss, in which the corre-
sponding profile was used taken from [37]. For each of
the regimes, the profile was normalized to the inte-
grated radiation loss power obtained by multiplying
the power absorbed in the plasma by the empirical
coefficient of 0.45. In addition, the χe coefficient was
calculated without taking into account the radiation
loss. Thus, as a result of these calculations, we can
assume that the true values of the χe coefficient will be
in the range between these values (see Fig. 10b and the
regions filled with different colors for different plasma
densities).

χneo
i

For all the cases that have been under consideration
above, the estimates of the energy confinement times
are shown in Fig. 11. It can be seen in the figure that
the energy confinement time obtained under the
assumption of neoclassical nature of heat loss through
the ion channel should depend linearly on the plasma
density and reach a characteristic time of 15 ms at the
plasma density of 7 × 1019 m–3 (see green circles in
Fig. 11). We analyzed the data of diamagnetic mea-
surements and calculations of the stored plasma
energy, along with the results of measuring the elec-
tron temperature and density profiles using the Thom-
son scattering technique. This analysis indicates the
PLASMA PHYSICS REPORTS  Vol. 49  No. 4  2023
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Fig. 12. (a) Electron Te and ion Ti temperatures (green circles and red squares, respectively) at axis of plasma column as functions
of electron density in regimes with simultaneous injection of NI-1 and NI-2 beams at BT = 0.9 T and Ip = 0.35–0.4 MA; and
(b) corresponding thermal energies We stored by plasma electrons (green circles). They were calculated by means of integrating
electron pressure over plasma volume and using data of magnetic reconstruction. There are also estimates of thermal energies
stored by plasma ions Wi ≈ We × Ti(0)/Te(0) (red squares) and sum of energies stored by both plasma electrons and ions (blue
triangles). 
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presence of anomalous heat loss through the ion chan-
nel, which can be the reason for the saturation of the
dependence of the τE characteristic energy confine-
ment time on the ne density observed at plasma densi-
ties higher than 6 × 1019 m–3. The experiments per-
formed using the new NI-2 injector and the new
Thomson scattering diagnostics confirm the results
previously obtained at the Globus-M2 tokamak [15,
30]. First, after increasing the plasma current to
0.4 MA and the toroidal magnetic field to 0.8 T, we
obtained an increase in the energy confinement time
by a factor of 2.5–3, as compared to the experiments
performed at BT = 0.4 T. Second, in this case, the elec-
tron thermal diffusivity decreases to 1–2 m2 s–1, which
makes it possible to heat plasma electrons to the tem-
perature of 1.3 keV. Third, the estimates of ion tem-
perature based on the diamagnetic measurements and
measurements of the NPA diagnostics show that the
ion temperature is less than the electron one, Ti < Te,
which is due to the fact that the heat transport through
the ion channel is higher than that predicted by the
neoclassical theory.

4. FIRST EXPERIMENTS ON PLASMA 
HEATING BY TWO NEUTRAL BEAMS

IN THE GLOBUS-M2 SPHERICAL TOKAMAK 
AT MAGNETIC FIELD OF 0.9 T

4.1. Experimental Results
The experiments (presented in Section 3) per-

formed at the Globus-M2 tokamak using the new
injector that makes it possible to introduce the beam of
neutral particles with energies up to 45 keV into the
plasma demonstrated high efficiency of heating
plasma electrons. The analysis of diamagnetic mea-
PLASMA PHYSICS REPORTS  Vol. 49  No. 4  2023
surements, along with the data of the Thomson scat-
tering diagnostics, demonstrated the low efficiency of
ion heating. Apparently, this is associated with high
anomalous heat loss through the ion channel, which
results in the effect of “saturation” of the dependence
of the energy confinement time on the plasma density.

The following scheme for plasma heating was used.
The NI-2 beam (with the particle energy of up to
45 keV and power of up to 0.75 MW) was switched on
in the stage of current rise, and the NI-1 beam (with
the particle energy of up to 28 keV and power of up to
0.45 MW) was switched on already in the stage of cur-
rent plateau. In experiments on plasma heating using
two beams simultaneously, it became possible to mea-
sure the ion temperature profile using the CXRS diag-
nostics. The experiments were performed in deute-
rium plasma at the toroidal magnetic field of 0.9 T and
the plasma current in the range of 0.35–0.4 MA. At
the axis of the plasma column, the electron and ion
temperatures measured by the TS and CXRS diagnos-
tics during operation of both injectors as functions of
the mean plasma density are shown in Fig. 12a. It can
be seen in the figure that, in a wide range of the mean
plasma densities, the ion temperature considerably
exceeds the electron temperature. In this case, with an
increase in the plasma density, the ion temperature
also increases and reaches its maximum Ti(0) ≈ 4 keV
at the axis of the plasma column at the mean electron
density of approximately 5 × 1019 m–3. With a further
increase in the plasma density, the ion temperature
decreases and becomes close to the electron tempera-
ture. It is rather easy to determine the energy stored by
thermal electrons by means of integrating over the
plasma volume the electron temperature and density
profiles measured using the Thomson scattering diag-
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Fig. 13. Time evolution of plasma parameters in shot #41585. From top to bottom: Ip is plasma current; I(SXR) is intensity of soft
X-ray radiation; I(Dα) is intensity of Dα line of deuterium atoms; ne is electron density averaged along observation chord; T is
temperature of electrons (green circles, Thomson scattering diagnostrics) or ions (open and red triangles correspond to NPA and
CXRS diagnostics, respectively); W is plasma energy (black dots, diamagnetic measurements) and energy stored in electron com-

ponent calculated based on data of Thomson scattering diagnostics (green circles); and  is neutron yield. 

0.12
0

0.4
0.8
1.2
1.6
2.0

3

6

9

12

2

4
0

1.3

2.6

3.9

0.05

0.10

0.15

0.15

0.30

0

0.1

0.2

0.3

0.4

0.14 0.16 0.18 0.20 0.22 0.24 0.26
t, s

Ip

SXR

D�

int

TS

Ti
CXRS

Ti
NPA

Te
TS

We
TS

WDIA

NBI, P = 0.25 MW, Eb = 30 keV

NBI

P = 0.45, MW
Eb = 30 keV

 Globus-M2 #41585, BT  = 0.9 Т

Y n
 , 

10
12

 s�1
W

,  
J

T
, k

eV
n e

, 1
019

 m
�3

I,
 a

rb
. u

ni
ts

I,
 a

rb
. u

ni
ts

I p
, M

A
0 

Yn
0

0
nY
nostics (see Fig. 12b). To determine the thermal
energy stored in the ion component, the more compli-
cated calculations are required, which take into
account that a certain fraction of the main ions is
replaced by impurity ions. The energy stored in the ion
component can be roughly estimated from above as
follows: Wi ≈ We × Ti(0)/Te(0). It can be seen in the
figure that the We energy monotonically increases with
increasing plasma density, and at densities higher than
5 × 1019 m–3, the dependence of the Wi energy on the
plasma density begins saturating, which is a conse-
quence of a decrease in the ion temperature with an
increase in plasma density.
PLASMA PHYSICS REPORTS  Vol. 49  No. 4  2023
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Fig. 14. Toroidal rotation velocity of carbon ions in plasma
column as a function of major radius R. Measurements
were performed using CXRS diagnostics in shot #41585 at
Ti(0) = 4 keV. 

50

100

150

200

0
0.35 0.40 0.45 0.50 0.55 0.60

Vtor, km/s

R, m
Let us consider the hot ion mode in more detail by
way of example of the shot with the plasma current of
0.35 MA and the mean plasma density of 5 × 1019 m–3

(see Fig. 13). The first neutral beam with the power of
0.25 MW was switched on in the stage of plasma cur-
rent rise. With increasing plasma current, the total
power f lux through the plasma boundary increased as
well. This results in the occurrence of L–H transition
at time t = 169 ms. The transition is clearly identified
by a sharp decrease in the Dα line intensity and the
development of the edge-localized instability of the
ELM type, which indicates an increase in the steep-
ness of the pressure gradient near the plasma bound-
ary. The second neutral beam with the power of
PLASMA PHYSICS REPORTS  Vol. 49  No. 4  2023

Fig. 15. (a) Spatial distributions of electron and ion temperatures
#41585 at BT = 0.9 T and Ip = 0.35 MA. Vertical lines mark locat
the low magnetic field side (right). 
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0.45 MW was injected in the stage of plasma current
plateau, which resulted in a strong increase in the ion
temperature and, consequently, in an increase in the
energy stored in the plasma. The neutron flux
recorded by the counter increases by a factor of seven
and begins to decrease immediately after the beam is
switched off. The neutron yield reaches 1.8 × 1012 neu-
trons/s. This is the lower estimate, since for calibrating
the diagnostics, the Am–Be source was used with the
average neutron energy of 4 MeV, which exceeds the
energy of neutrons produced in the course of the
D‒D reaction (2.45 MeV). The ion temperature mea-
sured by the CXRS diagnostics using the emission line
of fivefold-ionized impurity carbon ion C5+ (the emis-
sion wavelength is λ0 = 5290.525 Å) is in good agree-
ment with the data of active NPA diagnostics, the
measurements of which are localized in the region of
beam intersection with the NPA observation line.
Both diagnostics demonstrate an increase in the ion
temperature up to 4 keV during the injection of the
second beam. The CXRS diagnostics also shows that
due to the neutral beam injection, the plasma acquires
the considerable rotational moment: in the paraxial
region, the velocity of plasma toroidal rotation reaches
190 km/s (see Fig. 14). The electron temperature at
the plasma axis, measured by the Thomson scattering
diagnostics, almost does not change; it remains at a
level of 1.5 keV during the entire period of the second
beam injection, while the plasma density considerably
increases. The electron and ion temperature profiles
are shown in Fig. 15, as well as the electron density
profile measured in shot #41585 at ten spatial points in
the median plane of the tokamak.

The We and Wi thermal energies of electrons and
ions, respectively, were determined by means of inte-
grating the corresponding pressure profiles over the
plasma volume. Ions contain most of the plasma
 and (b) electron density profile measured at the 215th ms in shot
ions of magnetic axis (left) and last closed magnetic surface from
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Fig. 16. Power of plasma heating by neutral beams calcu-
lated using NUBEAM code in shot #41585 at different
coefficients of anomalous diffusion of fast ions: red circles
and black triangles correspond to power of ion heating and
total power of heating electrons and ions by neutral beam,
respectively. Horizontal line shows level of ion heat loss
due to interaction with cold electrons. 
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energy (6 kJ). The fraction of energy attributable to
electrons is approximately 4 kJ. The total energy deter-
mined from diamagnetic measurements based on cal-
culating the magnetic equilibrium reaches 11.5 kJ,
which is in good agreement with the data of kinetic
measurements, with allowance for the fact that the
contribution of the transverse energy of fast ions can
be 1.5 kJ.

It is noteworthy that the hot ion mode was pre-
dicted when performing simulations of the energy bal-
ance in the Globus-M2 plasma; this simulations were
performed in 2012 [13] in the stage of designing the
electromagnetic system of the future tokamak. The
calculated temperature profiles of electrons and ions
obtained in [13] are shown in Fig. 1. We note that the
predictive simulations were performed at slightly
higher toroidal magnetic fields and plasma currents
than those in the experiments described. Despite this,
the hot ion mode was observed at the Ti and Te tem-
peratures very close to those predicted. The main
assumptions used in predictive simulations were also
confirmed. As compared to the results of experiments
at the Globus-M tokamak, the ion thermal diffusivity
considerably decreased (by ~4 times) in accordance
with the neoclassical theory. When the toroidal mag-
netic field and current increase twice, the plasma
energy confinement time increased by a factor of four,
which is in good agreement with the scaling laws typi-
cal for the spherical tokamaks, which assume the
strong dependence of the plasma energy confinement
time τE on the toroidal magnetic field BT [2, 5].

4.2. Simulations of Plasma Energy Balance 
in Hot Ion Mode

To determine the power of plasma heating by neu-
tral beams, the simulations were performed using the
NUBEAM code [31]. The oscillogram of the soft
X-ray intensity (Fig. 13) indicates the presence of the
sawtooth oscillations in the plasma. Regular recon-
nections of the magnetic surfaces in the paraxial
plasma region, that cause of the development of the
sawtooth oscillations, result in the redistribution of
fast ions over the cross section of the plasma column.
In turn, this can result in the additional loss of fast par-
ticles and, consequently, in a decrease in the power of
plasma heating. In these experiments, the NPA was
adjusted to measure the ion temperature, which makes
impossible the detection of the suprathermal part of
the spectrum. Since that, the method for determining
the loss of fast particles during deceleration consisting
in comparing the calculated spectra with the experi-
mentally measured ones could not be used. Therefore,
a series of calculations was performed at different 
coefficients of the anomalous diffusion of fast ions.
The power of ion heating, as well as the total power of
heating electrons and ions by neutral beams, as func-
tions of the  coefficient are shown in Fig. 16. The

χan
fi

χan
fi
figure also shows the power of ion heat loss due to
interaction with electrons. It can be seen in Fig. 16 that
at high levels of fast particle loss, the total power of ion
heating turns out to be negative. Further analysis will
be performed for two cases. (1) We completely neglect
a decrease in the absorbed heating power occurring
due to the sawtooth oscillations, and (2) the coeffi-
cient of anomalous diffusion of fast particles is
assumed to be 1 m2 s–1. Then we will compare the
results for cases (1) and (2). Thus, limiting the power
of plasma heating due to the injected beams to the
range PNBI = 0.28–0.51 MW, we will obtain the fol-
lowing estimate for the energy confinement time: τE =
13–18 ms.

Electrons are heated due to both ohmic heating
(POH = 0.27 MW) and their interaction with thermal
plasma ions. The total power of electron heating is in
the range of Pe = 0.55–0.78 MW. Ions are heated only
by beams and, with allowance for the fact that
0.16 MW of the beam powers is spent on the electron
heating, the power of ion heating is in the range of Pi =
0.07–0.25 MW. To roughly estimate the effective
coefficient of heat conduction of ions, we can use the
following known correlation between the energy con-
finement time τE and thermal diffusivity: χ = ρ2/(4τE),
where ρ is the radius of the plasma column. Taking
ρ = aκ0.5 and τ = Wi/Pi (κ is the elongation of the

plasma column), we can obtain .
Using this formula, we can obtain the following esti-
mate for the average thermal diffusivity of ions: χi ≈
0.3–1 m2 s–1. Similarly, we can estimate the electron
thermal diffusivity. In this case, the main uncertainty

( )χ = κ2 / 4i i ia P W
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Fig. 17. Radial distributions of electron (green) and ion
(red) effective thermal conductivity in comparison with
neoclassical ion thermal conductivity calculated using
NCLASS code (dashed line) for plasma of Globus-M2
with BT = 0.9 T, Ip = 0.35 MA, and PNBI = 0.7 MW. 
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occurs due to the radiation loss, which can reach half
the plasma heating power [37]. Under these assump-
tions, we obtain χe = 1.5–3 m2 s–1. The plasma energy
balance was also analyzed with higher accuracy per-
forming simulations using the ASTRA code [34]. The
resulting radial distributions of the effective electron
and ion thermal diffusivities are shown in Fig. 17. It
can be seen in the figure that the thermal diffusivities
of electrons and ions, obtained in simulations and
using the approximate formula, agree satisfactorily.
The thermal diffusivity of ions calculated using the
NCLASS code is approximately 0.5 m2 s–1, which falls
in the range of the χi coefficients obtained when sim-
ulating the experimental data. We note that, in con-
trast to the experiments on plasma heating with the
help of one beam, described in Section 3, the ion ther-
mal insulation observed in the two-beam experiment
is much better, and the heat transport is close to the
neoclassical one. This makes it possible to reach tem-
peratures close to those required for fusion reaction
even at the compact facility such as the Globus-M2
tokamak.

5. CONCLUSIONS

The plasma heating using NBI was studied at the
Globus M2 tokamak. In experiments using the beam
with the particle energies of 45 keV and beam power of
0.75 MW, at the plasma current Ip = 0.4 MA and toroi-
dal magnetic field BT = 0.8 T at the axis of the vacuum
chamber, the following results were obtained. At the
mean electron density exceeding 3 × 1019 m–3, the
neutral beam injection results in considerable heating
PLASMA PHYSICS REPORTS  Vol. 49  No. 4  2023
of plasma electrons. According to the Thomson scat-
tering diagnostics, the electron temperature is almost
independent of the electron density. Thermal energy
of electrons linearly increases with increasing density,
while in the OH regime (at the same current Ip and
field BT), the electron temperature decreases with
increasing density. This results in saturation of the
dependence of the We plasma energy stored in the
electron component on the plasma density ne. At high
plasma density (ne > 7 × 1019 m–3), the electron tem-
perature increases by 1.8 times, as compared to the
OH regime. As the ne plasma density increases, the
power of ion heating increases too and ion heat trans-
port becomes important for the energy balance. It was
expected that in the case of the neoclassical nature of
heat loss through the ion channel, the energy confine-
ment time would reach 15 ms at the density ne = 7 ×
1019 m–3. However, the joint analysis of the results of
diamagnetic measurements and the Thomson scatter-
ing measurements of the electron temperature and
density profiles indicates the presence of anomalous
heat loss through the ion channel at high plasma den-
sities. This results in saturation of the τE(ne) depen-
dence at plasma densities higher than 6 × 1019 m–3; the
level of saturation is τE ≈ 10–11 ms.

In the studies, the two-beam-injection scenario
was used too: at the toroidal magnetic field increased
to 0.9 T, the first and second beams were injected in
the stages of current rise and current plateau, respec-
tively. The use of this scenario radically changes the
efficiency of plasma heating. The experiments have
shown the possibility of obtaining the stable hot ion
mode in a wide range of mean plasma densities: (1.6–
16) × 1019 m–3. The ion temperatures measured using
the diagnostics of charge exchange recombination
spectroscopy and neutral particle analyzer reached
4 keV, which is 2.5 times higher than the electron tem-
perature. It became possible to obtain such parameters
due to good thermal insulation of electrons and ions,
but it was possible in a limited range of plasma densi-
ties. At the same time, the transport analysis showed
that the ion thermal diffusivity is less than 1 m2 s–1, and
this is in satisfactory agreement with the neoclassical
theory.

We note that in the hot ion mode, the collisionality
( ) was approximately 0.005. To date,
this is the lowest ν* collisionality observed at the Glo-
bus-M2 tokamak. The ratio of the gas-kinetic pressure
of plasma to the toroidal magnetic field pressure (βT)
reached 0.04–0.05. Gyrokinetic simulations per-
formed for the Globus-M2 tokamak using the GENE
code predicted the development of the ITG instability
even under conditions of 2–4 times higher collisional-
ities [15]. Despite the conditions favorable for destabi-
lization of the ITG instability, no considerable anom-
alous ion heat transport was observed. The reason for
this may be the inhomogeneity of plasma rotation,

ν 2
eff* ~ /eZ n T



416 KURSKIEV et al.
which results in the disturbance of turbulent structure
and a decrease in heat transport across the magnetic
field. In the hot ion mode, using the CXRS diagnos-
tics, the strong toroidal rotation of plasma was mea-
sured with the velocity reaching 190 km/s in the parax-
ial region of the plasma column. Apparently, this
makes possible the transition to the hot ion mode.

The results presented in this work show the possi-
bility of reaching high ion temperatures in the com-
pact facility with relatively weak toroidal magnetic
field. In the experiments, due to the good thermal
insulation of the ions, the ion temperatures were
reached close to thermonuclear ones. In this case, for
the plasma of the Globus-M2 tokamak, the product of
characteristic parameters (nеτE) is as yet two orders of
magnitude lower than that required for the ignition of
the self-sustained fusion reaction. However, bearing in
mind that in spherical tokamaks, the dependence of
the confinement time on the magnetic field and major
plasma radius R is favorable [5, 15], we can assume
that in a compact facility (R = 0.8 m) with the strong
magnetic field (of approximately 5 T), it can be possi-
ble to reach the ignition conditions. On the way to
achieving this goal, the technical difficulties associ-
ated with creating and operating a compact fusion
device will be the main obstacles.
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