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Abstract

The paper analyzes energy confinement of Globus-M2 spherical tokamak’s plasma under a wide range of operating
parameters (toroidal magnetic field up to 0.95 T, plasma current up to 0.45 MA) with neutral beam injection (beam power up
to 1 MW, particle energy up to 50 keV). More than 300 deuterium plasma discharges with deuterium beam injection were
analyzed. Linear regression indicates strong dependence of electron thermal energy and electron temperature on the plasma
current and moderate dependence on the toroidal magnetic field. Thermal insulation of ions is much better than thermal
insulation of electrons, and energy confinement time is determined primarily by plasma’s electron component. Analysis of
plasma stability in the gradient region showed that the development of electromagnetic instabilities is unlikely, while
electrostatic electron temperature gradient mode is apparently unstable, and it determines electron heat transfer.

1. INTRODUCTION

Spherical tokamaks (STs), or tokamaks with a small aspect ratio A=R/a<2 (where R and a are major and minor
radii, respectively), ensure stable operation with high plasma current at a relatively low toroidal magnetic field
(Br), reaching large toroidal beta fr=>30% [1] and normalized beta Bn=>6 [2] values. While achieving high
confinement mode (H-mode) regime, where ion heat transport remained at the neoclassical level [3], the first
experiments on STs with B7<0.5 T showed rather poor thermal insulation of the plasma with H-factor (the ratio
of energy confinement time to predictions of widely used IPB98(y,2) scaling) of approximately 0.7 [4,5]. The
main channel of heat loss was anomalous electron heat transport caused by micro-tearing (MTM) and electron
temperature gradient (ETG) modes, and it rapidly decreased with decreasing collisionality [6-8], causing a strong
dependence of energy confinement time on toroidal magnetic field in STs for Br up to 0.8 T [9-11]. Independent
investigations carried out on different STs have shown that energy confinement time (zz) exhibits strong
dependence on Br and moderate dependence on I, [3].

However, there were reasonable doubts concerning the achievability of good confinement in STs at low
collisionality v*con/T? expected for operational regimes with high Br. For such conditions, M. Valovig, R. Akers,
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M. de Bock et al. suggested the development of ion temperature gradient mode (ITG) that drives high ion heat
fluxes [9]. Moreover, on NSTX for regimes with low electron collisionality v."<0.15, strong enhancement of ion
heat transport above the neoclassical level was observed [10] in discharges with Br=0.55 T. First experiments on
plasma heating that used neutral beam in Globus-M2 at B;=0.8 T and collisionality <0.015 also demonstrated
poor ion heating due to the development of the ITG mode. Nevertheless, later experiments on Globus-M2 (B87=0.9)
and ST40 (Br=1.9) tokamaks achieved hot ion mode with fusion-relevant ion temperatures of 4 and 9 keV,
respectively, using similar plasma heating scenarios with two neutral beams [12,13]. The obtained result shows
some promise regarding ambitious projects based on STs using D-T reaction (STEP project [14]), p-B!! fusion
(EHL-2 [15] project) and a prototype of a fusion neutron source for rector materials testing [16]. The design of
any of these devices requires reliable predictions of expected plasma parameters far beyond the explored area.
The only way to solve this problem is to consistently build experimental setups with parameters approaching
target values.

This paper reviews main energy confinement features of ST plasmas heated by neutral beams in a wide range of
Br=0.5-0.9 T discovered in the Globus-M2. Section 2 of the paper describes the experiment setup; Section 3
discusses the criteria for forming a representative sample of discharges for analysis; Section 4 is devoted to plasma
energy confinement; and Section 5 analyzes the stability of discharges to the development of turbulence modes.
The Discussion and Conclusions section sums up the main results.

2. EXPERIMENT SETUP

Experiments were carried out on Globus-M2 spherical tokamak [17] using a wide range of plasma current (/,)
from 0.15 to 0.45 MA, toroidal magnetic field (Br) from 0.5 to 0.95 T, and electron plasma density (#.) from 1 to
9 10"m3. Tokamak plasma had a divertor configuration with elongation up to 1.8 and triangularity up to 0.35.
Neutral beam injector NBI-2 [17] created a beam of high-energy deuterium atoms with power (Pp) from 0.25 to
1.00 MW and no more than 11 c¢cm in diameter (at 1/e power level). Neutral injection was performed in the
equatorial plane of the torus in tangential direction along the plasma current; the impact parameter was 30 cm.
The discharge scenario included: a stage of plasma current rise, whereat the atomic beam started to be injected,
transition to a quasi-stationary phase on the current plateau, whereat it was maintained at a constant level
according to a predetermined program; and the end of the discharge synchronized with the cessation of neutral
injection. Active charge exchange spectroscopy (CXRS) diagnostics allowed to measure the ion temperature (7).
Thomson scattering (TS) diagnostic was used to measure electron density (n.) and electron temperature (7) spatial
distributions at 11 spatial points located from the magnetic axis to the plasma boundary on the low-field side every
3.03 ms. The shape of the last closed magnetic surface of the plasma column was reconstructed using the algorithm
of moving current filaments [19] and the pyGSS code [20]. ASTRA transport code [21] was used for heat transport
analysis and calculation of the ohmic heating power. Calculations of the NBI heating power for electrons and ions
were performed using a modified orbital code developed specifically for the conditions of Globus-M2 tokamak
[22] and the NUBEAM code [23].

3. DATA SELECTION

A representative dataset was formed from an extensive tokamak database and used it to analyze heat transport of
Globus-M2 tokamak plasma’s electrons and ions in NBI discharges. In these discharges, only one deuterium beam
of the NBI-2 was used. The plasma was also deuterium. The authors relied on a quasi-stationary phase of the
discharges with no large-scale MHD disturbances, such as the Internal Reconnection Event (IRE). The time
interval was selected starting 10 ms after the plasma current reached a plateau until the end of the discharge, and
the duration of such an interval should be at least 20 ms. Discharges with locked MHD were also filtered, and the
presence of the locked mode was determined in accordance with the approach developed in [24]. As a result, the
representative dataset consisted of over 300 discharges, comprising more than four thousand profiles of electron
temperature and density. Measured central electron temperature (7.°) vs respective central electron density (7.”)
in discharges with different Br (highlighted in colour) are shown in FIG. /a. Measurements emphasize the effect
of the magnitude of plasma holding magnetic field on its electron temperature, which reaches 1.8 keV. At the
same time, central ion temperature (7;”) was as high as 2.9 keV (FIG. Ib), and plasma was in hot ion mode, which
was previously achieved only by using two neutral beams simultaneously [13].
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FIG. 1. (a) Dependence of core electron temperature on core density and toroidal magnetic field in Globus-M2 NBI heated
plasma. (b) Dependence of core ion temperature on NBI heating power and toroidal magnetic field for discharges with
average plasma density 5-10"° m™.

4. IMPACT OF PLASMA CURRENT AND TOROIDAL MAGNETIC FIELD ON ENERGY
CONFINEMENT

Analysis of TS diagnostic data along with magnetic equilibrium reconstruction results allowed for determining
electron stored thermal energy (W.). It should be noted that, for all the discharges in the dataset, total stored plasma
energy Wymp is more than double the value of W,, as shown in FIG. 2a. This indicates a noticeable excess of ion
temperature over plasma electron temperature, which is confirmed by the CXRS data. Plasma current (/,), toroidal
magnetic field (Br), average electron density (#.), and the power of the atomic beam (Pyz;) were chosen as the
main parameters influencing the efficiency of plasma heating. Linear regression of data indicates a strong
dependence of W. and 7. on plasma current and a moderate dependence on the toroidal magnetic field
W1, B r00n 0 0Pyp 008, <T>y~1," 2 Br%34n. 025Pyp*%. The results of regression analysis are presented in FIG.
2b,c. The effect of injected beam power on
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FIG. 2. Comparison of total stored plasma energy (Wnce) with electron thermal energy content (W.) (a); results of linear
regression of electron temperature (b); and electron thermal energy content (c) with the corresponding experimentally
measured values.

electron temperature and, consequently, on energy stored in the electron component of plasma is negligibly small.
To clarify the reasons behind such results, we analyzed two cases for fixed 7, = 5 107! m™ (that corresponds to
maximum ion temperatures): [, = 300 kA, Br= 0.7 T and I, = 400 kA, Br= 0.9 T for Pyp; values varying by a
factor of 3. For clarity, FIG. 3a shows electron plasma temperature profiles for discharges with fixed B=0.9 T,
1, =400 kA and variable atomic beam power of 425, 700 and 925 kW. They are identical, while 7. profiles for
discharges with different /, and Br (I, = 300 kA, Br=0.7 T vs [, =400 kA, Br= 0.9 T) with fixed moderate Pz,
(b) differ by a factor of two, see FIG. 3b. Estimated electron heating powers for these cases are shown in FIG. 4.
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FIG. 3. Electron temperature profiles for discharges with I, = 400 k4, Br = 0.9 T for variable atomic beam power of 425,

700 and 925 kW (a); and comparison of T. profiles for discharges with fixed NBI power of 0.7 MW and different I, and Br:
I, =300kA, Br=0.7 Tand Ip = 400 kA, BT = 0.9 T (b)
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FIG. 4. Resulting electron heating power including beam, ohmic and electron-ion heat exchange vs NBI powerfoz’ cases
with I, = 300 kA, Br = 0.7 T (a) and I, = 400 kA, Br = 0.9 T (b)

FIG. 4 can see that the main source of plasma electron heating is the ohmic power. The increase in the total
heating power of plasma electron component with increasing Pyp; is less than 10% due to the simultaneous
decrease in Poy. The decrease in the ohmic power is associated with higher neutral beam current drive, which
partially replaces the plasma current. It should be noted that the ohmic heating power remains at the same level
for cases (a) and (b) in FIG. 4 in spite of higher plasma current due to higher electron temperature (see FIG. 3b).
Electron energy confinement time z°¢ is shown in FIG. 5a. With an increase in the plasma current from 300 to 400
kA and the magnetic field from 0.7 to 0.9 T, 7°¢ increases by a factor of 1.6 (from 4.3 to 7 ms).
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FIG. 5. Energy confinement time for electrons a); for ions b); and thermal energy confinement time vs NBI power for cases
with I, = 300 kA, Br= 0.7 Tand I, = 400 kA, Br= 0.9 T ¢)

FIG. 6 shows averaged measured 7; profiles for the aforementioned groups of discharges. A 1.3-fold increase in
Br and I, at a fixed Pypr leads to a twofold increase in ion temperature and a stable hot ion mode. However,
maximum 7; achieved when operating with a single NBI is significantly lower than when operating using two
heating beams [13].
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FIG. 6. Measured ion temperature profiles for cases with Ip = 300 kA, Br = 0.7 T for NBI power of 280, 430 and 700 kW
(a); and for discharges with I, = 400 kA, Br = 0.9 T at Pngr of 430, 700 and 930 kW (b)

Ion heating powers are shown in FIG. 7 for the respective discharges. The main source of ion heating in these
discharges is neutral beam injection. Due to an increase in the input beam power, the total power of ion heating
increases significantly. As a result, the ion temperature in these discharges exceeds the electron temperature. As
a result, ion cooling by electron-ion collisions is as high as 20-30% of the beam power absorbed by ions (P“*).
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FIG. 7. Resulting ion heating power including the power electron-ion heat exchange vs atomic beam power for discharges
with I = 300 kA, Br = 0.7 T (a) and I, = 400 kA, Br= 0.9 T (b)

Ton energy confinement time 7z, is shown in FIG. 5b. Thermal insulation of ions is significantly better than
thermal insulation of electrons (7' is 2.5-4 times higher than °£). For 1,400 kA and Br = 0.9 T, ©¢ decreases
monotonically with increasing ion heating power. For I, = 300 kA and Br= 0.7 T, the o'z trend is the opposite. At
Png=T700 kW, the values of ion energy confinement time are the same for 7, = 400 kA, Br=0.9 T and I, = 300
kA, Br=0.7 T, i.e., there is no dependence on the plasma current and magnetic field, even though, according to
the neoclassical theory, 7'z should increase with increasing I, and Br. The reasons behind this result are unclear
and warrant a separate study.

Analysis of plasma energy confinement was performed for fixed n. = 5 107" m™, whereat maximum ion
temperature values were achieved. Results are presented in FIG. Sc for I, =400 kA, Br=0.9 T and 7, = 300 kA,
Br=0.7 T vs the NBI power. An increase in By and , by a factor of 1.3 leads to a more than 1.4-fold increase in
75, which supports the predictions of scalings obtained earlier at the Globus-M2 tokamak [11]. According to ST-
like scalings Tg“’bus_21~ Ig'53 . B%‘OS and TgLB*2020~ Ig'43 . B%‘lg the enhancement in energy confinement time
should reach 1.5, while for the IBP98(y,2) scaling 7 > 0 "?) ~ 1993 - B95 it should be 1.3. The increase in zz is
mostly due to the decrease of electron heat transport, i.e., thermal insulation of electrons determines plasma’s
global thermal energy confinement.

5. ANALYSIS OF MICROINSTABILITIES

To analyse the stability of plasma to the development turbulent modes affecting electron heat transfer, the local
dimensionless parameters were estimated for gradient region of the plasma r/a=0.7: S, = 8mn, T,/B%,

collisionality v* ~ 0.1 Reless, Ly = —[0(InT)/r]~! and the parameter @,y = —q*RdB/dr, see FIG. 9

Té
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FIG. 8 Dimensionless parameter space: fle vs v* (a); product of fe and R/Lte vs omna (b); comparison of R/Lt. with threshold
values for TEM and ETG (c) discharges with average electron density 5-10°"° m. Red dots stand for discharges with I,=0.4

MA, Br=0.9 T, green dots stand for discharges with I,= 0.3 MA, Br=0.7 T.

According to simulations carried out for the NSTX spherical tokamak [25], the following conditions should be
met for the development of micro-tearing instability: S. > 4% and S.R/Lr. > 10%. For the kinetic ballooning mode,
normalized plasma pressure should be even higher: . > 5-10% and ame ~ 1. FIG. 8a,b shows that for the
discharges under consideration maximum values of f. are below 3%; therefore, the development of
electromagnetic instabilities is highly unlikely. However, electrostatic trapped electron mode (TEM) or electron-
temperature-gradient mode (ETG) can lead to significant heat transfer in the electron channel. A prerequisite for
their development is that R/Lz. exceeds the threshold value.

The authors used the following thresholds for TEM [26]:

RTEM  0357Ve+0.271 . R R .
= 220 [4.90 131+ 2,688 + In(1 + 20v )]

RETG

LTe,crit

and ETG [27]

o (1+ 2o 7) (1334 1917) (o).

The comparison of estimated R/Lz. with threshold values is shown in FIG. 8c. Threshold values of ETG instability
development are significantly lower than the ones observed in the experiment. Earlier GENE [28] simulations for
the Globus-M2 tokamak plasma almost always demonstrated significant increments for the ETG. At the same
time, threshold values for the TEM instability development are higher than those observed experimentally.
Therefore, TEM instability seems to be stable. As a result, we can conclude that the electrostatic ETG instability
is probably unstable and determines electron transport in the considered regime. In the NSTX spherical tokamak
in discharges with a moderate value of the f. parameter (less than 5%), thermal insulation of electrons was
determined exactly by this instability [29-31], which resulted in improved thermal insulation of electrons while
reducing plasma collisionality.

Lt

6. DISCUSSION AND CONCLUSIONS

Linear regression of experimental data indicates a strong dependence of W, and T, on the plasma current and a
moderate dependence on the toroidal magnetic field, while the effect of injected beam power is negligible. With
an increase in the injected beam power, electron temperature does not increase because the resulting electron
heating power does not rise. An increase in /, and Br leads to an increase in the electron temperature due to
improved thermal insulation of electrons. Comparative analysis of the energy balance shows that, with a 1.3-fold
increase in Brand [, and Py, energy confinement time increases by 60%, which is consistent with the predictions
of previously obtained scalings for spherical tokamaks. Thermal insulation of ions is much better than that of
electrons, and 7z is determined primarily by plasma’s electron component. Analysis of plasma stability in the
gradient zone /a=0.7 shows that the development of electromagnetic instabilities, such as MTM and KBM, is
unlikely due to low values of $.<3%, while electrostatic ETG is apparently unstable, and it likely determines
electron heat transfer in the considered regimes.

On compact spherical tokamak Globus-M2 with By = 0.7 T and neutral beam heating, hot ion mode appears to
be a natural operating regime. On Globus-M2, hot ion mode was successfully achieved even with sawtooth
oscillations. Hot ion mode was also achieved on the ST40 tokamak at toroidal magnetic fields of B = 1.7-2 T
[32,33]. FIG. 9a presents a comparison of the H-factor versus Br and average heat diffusivity versus effective
collisionality, and combines data from Globus-M2 and ST40. On Globus-M2, thermal confinement improves
significantly with an increase in toroidal magnetic field. However, this trend saturates at an H-factor (the ratio of
energy confinement time to predictions of IPB98(y,2) scaling) of ~1.4, indicating a limit to confinement
enhancement in spherical tokamaks with further By increase. Despite a twofold difference in the toroidal magnetic
field between ST40 and Globus-M2, the values of ion and electron heat diffusivities are similar (see FIG. 9b).
This further supports the scaling saturation hypothesis and emphasizes that predictive modeling with scalings of
plasma parameters for future spherical tokamaks should be approached with caution. Such simulations should be
based on first-principles physics-based models.
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FIG. 93. (a) Dependence of H-factor on toroidal magnetic field for Globus-M2 and ST40 data [33]; (b) average heat
diffusivity vs collisionality for Globus-M2 and ST40 data [33].
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