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Abstract 

The experimental results in Globus-M2 spherical tokamak hot ion mode discharges with power injected by the NBI 

system with hydrogen and deuterium beam show increased ion heat transport when heavier isotopes are considered, thus 

moving from H to D beam. In order to characterize the turbulence behavior, these discharges are studied in detail and 

interpreted with gyrokinetic linear simulations. For the plasma condition in hydrogen beam experiment, TEM mode is 

responsible for most of the ion heat transport. But in deuterium beam shot ion heat transport is near neoclassical level, 

unstable ITG mode is suppressed by ExB rotational shear. 

1. INTRODUCTION 

In experiments on plasma heating in H-mode at spherical tokamaks (ST) with a toroidal magnetic field BT<0.55 

T, it was found that ion heat transport is well described by neoclassical theory [1] [2]. Subsequent experiments 

on compact ST with higher magnetic field BT=0.9 T demonstrated the possibility of achieving sub-fusion 

temperatures near 4–8 keV [3][4][5] using neutral beam injection. A more detailed analysis showed that the 

maximum achievable ion temperature depends primarily on the mass of the injected beam atoms. In order to 

characterize the turbulence dependence on the isotope mass, these discharges are studied in detail and 

interpreted with gyrokinetic linear simulations. 

 

2. EXPERIMENTAL RESULTS 

Let’s compare 2 similar Globus-M2 shots in hot ion mode - #42777 and #42119 (Table 1) [6], with plasma 

current Ip=350 kA, toroidal magnetic field BT=0.9 T, electron plasma density <ne>=3.7 1019 m-3 and with neutral 

beam injection. One shot with hydrogen beam - #42119, injection power Pinj=1.35 MW and one with less power 

Pinj=1.15 MW and with deuterium beam - #42777. In both discharges the plasma is deuterium-based, but 

injection of different isotopes leads to a change in the average main ion mass: in the deuterium discharge, the 

hydrogen-to-deuterium density ratio is nH/nD=0.25, and the average mass number of the main ion is mi=1.8 

a.m.u. Meanwhile, in the hydrogen discharge the density ratio is 2.6 times higher— nH/nD=0.66, which results in 

a slight decrease of the average mass number of the main ion to mi = 1.6 a.m.u. Electron temperature is 

practically the same with central temperature near Te0=1.5 keV. But ion temperature has major differences: in 

shot #42777 with deuterium beam ion temperature is higher, near 4 keV, but in shot with hydrogen beam 

#42119 ion temperature is lower, near 2.5 keV. Energy confinement time in deuterium shot is 2 times higher 

(12-16.5 ms, and succeed IPB98(y,2) scaling in 2 times), in comparison with hydrogen beam discharge, mostly 

due to the increased ion energy content and slightly lower NBI power. Electron heat transport is dominated and 

mostly anomalous in both shots. In deuterium shot ion heat conductivity is very close to values, predicted by 

neoclassical theory, anomalous ion heat transport near zero. But in hydrogen beam discharge ion heat 

conductivity is 3 times higher, than neoclassical prediction, anomalous ion heat transport is significant. 
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TABLE 1. Power balance analysis of discharges with hydrogen and deuterium beam 

 

 #42119 (H->D) #42777 (D->D) 

We, kJ 4.4 4.6 

Wi, kJ 4.1 7.1 

Wth, kJ 8.5 11.7 

PNBI,abs, kW 850-1150 540-810 

PNBI,i, kW 435-640 390-590 

PNBI,e, kW 380-510 150-220 

tE, ms 8.4-6.3 16.5-12 

E,i, ms 15-8.5 80-24 

E,e, ms 6-5 7.6-6.8 

e, m2/s 1.2-1 1.3-1 

i, m2/s 2.7-3.7 0.3-0.95 

i,neo, m2/s ~1 ~1 

Pie, kW 160 300 

Zeff 3.5 3 

Poh, kW 200 170 

 

 

3. GYROKINETIC ANALYSIS 

 Micro-turbulence is considered to be a major candidate in driving anomalous transport in fusion plasmas [7]. 

The long wavelength (ion-scale) ion temperature gradient (ITG) mode [8], trapped electron mode (TEM) [9], 

kinetic ballooning modes (KBMs) [9], 

micro-tearing (MT) [11][12][13] mode 

and the short-wavelength (electron-

scale) electron temperature gradient 

(ETG) mode [14][15] are well-known 

instabilities which could drive micro-

turbulence in fusion plasmas. And 

understanding of microinstabilities 

behavior is key factor for understanding 

experiments on Globus-M2. 

3.1. Input data 

Firstly, we discuss about input data for 

gyrokinetic simulation. These shots have 

intensive sawtooth oscillations in core 

region with normalized minor radius 

lower than r/a<0.6. Gyrokinetic 

simulation in core region is meaningless 

because of MHD instabilities and it was 

performed in gradient region with 

r/a=0.7. 

 

 Profiles of electron and ion temperature, 

electron density etc, were measured with 

the diagnostics described in [6]. Fits to 

the temperature and density profiles and 

the turbulence drive terms, the 

normalized temperature and density 

gradients, are shown in Fig. 1. Fits to the 

full set of measured profile data and other inputs were used by the ASTRA [16] code to solve the power balance 

equations. All inputs for gyrokinetic simulations that describe the plasma geometry and profile parameters are 

derived from the ASTRA output. 
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Fig. 1.  Fits to the measured temperature and density profiles and the 

normalized temperature and density gradients for electron and ions for 

discharges with hydrogen and deuterium beam. 

b) a) 

c) d) 

e) f) 
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One of the main sources of 

microinstabilities destabilization in tokamak 

plasmas is the normalized profile gradients 

𝑎 𝐿𝑋⁄ : 

𝑎
𝐿𝑋

⁄ = −
𝑎

𝑋

𝑑𝑋

𝑑𝑟
 

(1) 

with 𝑎 – minor radius of plasma, 𝑟 – minor 

radius of magnetic surface and profiles 𝑋 ∈

{𝑇𝑒 , 𝑇𝑖 , 𝑛𝑒 , 𝑛𝑖, 𝑛𝑖𝑚𝑝} for electron, ion, 

impurity temperature and density, 

consequently. The considered discharges 

with hydrogen and deuterium injection, the 

electron temperature and density profiles, as 

well as their gradients, are almost identical 

(Fig. 1a,b,c,d). However, the ion 

temperature in the center of the deuterium 

discharge is 1.6 times higher than in the 

hydrogen discharge, which leads to a 

significant change in the ion temperature 

gradient: in the deuterium discharge, 

𝑎 𝐿𝑇𝑖
⁄ =3.8, while in the hydrogen discharge it is 1.3 times lower — 𝑎 𝐿𝑇𝑖

⁄  = 2.9 (Fig. 1e,f). 

 

The differences in ion temperature lead to an increased plasma kinetic pressure in the center of the deuterium 

discharge, which is 1.6 times higher than in the hydrogen discharge. However, the change in pressure hardly 

affects the shape of the magnetic surfaces or the safety factor, which in both discharges is q = 1.67 (Fig. 2c), as 

well as the magnetic shear (Fig. 2c), 𝑠̂ =
𝑟

𝑞
 

𝑑𝑞

𝑑𝑟
= 2.2 (where r is the minor radius of the magnetic surface). At 

the same time, the parameter 𝛼𝑚ℎ𝑑 (Fig. 2d), which reflects the Shafranov shift effects on the shape of magnetic 

surfaces: 

𝛼𝑚ℎ𝑑 = −𝑞2𝑅
𝑑𝛽

𝑑𝑟
 

(2) 

where 𝛽 = 𝛽𝑒 + 𝛽𝑖, differs much more significantly. For the discharge with deuterium injection 𝛼𝑚ℎ𝑑 =1.5, 

while for the hydrogen discharge it is twice as small — 0.75. 

 

Additionally, electron beta can be responsible for turbulence destabilization (Fig. 2a): 

𝛽𝑒 =
8𝜋𝑛𝑒𝑇𝑒

𝐵𝑇
2  

(3) 

which is 0.9% for the hydrogen-injection discharge and slightly higher, 1.3%, for the deuterium discharge. 

Another important parameter is the electron–ion collision frequency 𝜈𝑒𝑖  (in CGS units) on Fig 2a: 

𝜈𝑒𝑖

𝑎

𝑐𝑠

=
𝜋𝑍2𝑒4𝑛𝑖 ln Λ

2𝑚𝑒

1
2𝑇𝑒

3
2

𝑎

𝑐𝑠

 
(4) 

where ln Λ is the Coulomb logarithm, 𝑚𝑒 is the electron mass, 𝑒 is the electron charge, and 𝑍 is the charge of 

the main plasma ion. 𝜈𝑒𝑖 is normalized on minor radius 𝑎 and sound speed 𝑐𝑠 = √𝑇𝑒 𝑚𝑖⁄  relation. This quantity 

varies significantly with the normalized minor radius; therefore, differences of nearly 1.5 times after 

normalization are negligible. 

And also, there is differences in effective charge, that was measured by Bermshtrahlung radiation power 

diagnostic, in hydrogen shots Zeff=3.5, deuterium shot Zeff =3. In the discharge with hydrogen injection, a more 

powerful beam was used, which leads to wall sputtering. In addition, hydrogen has a higher velocity at the same 

beam energy and sputters the wall more effectively than deuterium. 

Finally, the quantities whose differences between discharges can significantly affect the results of gyrokinetic 

analysis include the ion temperature gradient 𝑎/𝐿𝑇𝑖, the effective charge 𝑍eff, and 𝛼MHD. A summary of the 

input data for the gyrokinetic analysis is presented in Table 2. 
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Fig. 2. Additional quantities, that can be responsible for turbulence 

destabilization: electron beta 𝛽𝑒 , 𝜈𝑒𝑖 electron ion collisional frequency,  

𝛼𝑚ℎ𝑑 which reflects the Shafranov shift effects on the shape of 

magnetic surfaces, safety factor q and magnetic shear 𝑠̂. 

a) b) 

c) d) 
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TABLE 2 Input parameters for gyrokinetic simulations 

 

r/a=0.7 #42119 H->D #42777 D->D 

a, m 0.235 0.224 

q 1.67 1.67 

s 2.26 2.18 

amhd 0.75 1.5 

a/LTe 4.5 4.08 

a/LTi 2.9 3.8 

a/Lne 2.65 2.59 

Zeff 3.5 3 

be, % 0.9 1.3 

nei(a/cs) 0.84 0.53 

 

3.2.  Settings for gyrokinetic simulations 

The turbulent transport inside the plasma when moving from H to D beam in the Globus-M2 device is 

investigated by means of gyrokinetic linear simulation, that was performed with the GENE code [17] in the 

flux-tube linear approximation mode. The unperturbed plasma distribution function was assumed to be 

Maxwellian. All electromagnetic effects were included in the model: the perpendicular and parallel magnetic 

fluctuations were considered. According to the f method, the distribution function was represented as a sum of 

the static Maxwellian background F0 function and the small fluctuating part f1. Three particle species were 

considered by default: electrons, thermal deuterium ions and carbon ions. Collisions are modeled using the 

linearized Landau-Boltzmann operator. The magnetic geometry fits the analytical Miller form [18]. 

 

3.3. Results of gyrokinetic simulations 

As a result of local linear simulations in the gradient region at r⁄a = 0.7, the dependence of the growth rate of 

microinstabilities on the wavenumber was obtained (Fig. 3). For better comparison of data from different 

experiments, the results are presented in absolute values. 

 

It was found that in the discharge 

with hydrogen injection 

(#42119), the TEM instability 

(ion scale trapped electron mode, 

characterized by negative 

frequency, according to electron 

diamagnetic drift direction) 

dominates at long wavelengths 

(ion scale). Maximum growth 

rate is 0.34 MHz near ky=1.8   

cm-1. In contrast, in the deuterium 

injection experiment (#42777) at 

the same normalized minor 

radius r⁄a = 0.7 at long-

wavelengths, the ITG instability 

(ion temperature gradient mode, 

with positive frequency, 

according to ion diamagnetic 

drift direction on ion scale) is 

unstable. Maximum growth rate 

is 0.28 MHz near ky=1.05 cm-1. 

The results are presented in Fig. 

3a, 3b. While in the short-

wavelength microturbulence 

region (electron scale), the ETG 
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Fig. 3. Gyrokinetic calculation results and the dependence of the growth rate and 

frequency of microinstabilities on the wavenumber in absolute values for long-

wavelength (ion scale) – a,b and for short-wavelength (electron scale) – c,d. ExB 

rotational shear is indicated by dark (for D-beam shot 𝛾𝐸,𝑊𝑀=0.08-0.15 MHz) and 

red (for H-beam shot 𝛾𝐸,𝑊𝑀=0.2-0.4 MHz) bands in plot a. Maximum growth rate 

of ITG is near ExB rotational shear, but for TEM maximum growth rate is 

significantly higher, than ExB shear. 

a) b) 

c) d) 
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mode is unstable, identified by the negative frequencies associated with the electron diamagnetic drift direction 

(Fig. 3c and 3d). 

 

The above results were obtained using gyrokinetic linear modeling, which does not allow for determining the 

absolute values of turbulent heat fluxes. For this purpose, nonlinear simulation must be carried out. However, 

the obtained data will be used later to explain the experimental results. It is not clear how the heat fluxes found 

with nonlinear ion-scale and electron-scale simulations contribute to the collective heat flux. Generally, multi-

scale simulations that simultaneously resolve both scale ranges are necessary to answer this question. But these 

simulations are very expensive. A heuristic rule has emerged from pioneering work [21][22][23][24] using a 

reduced mass ratio (√𝑚𝑖 𝑚𝑒⁄ = 20) and 𝑠̂ − 𝛼 geometry, with 𝛼 = 0. Namely, if the ratio of maximum growth 

rates at the electron and ion scales is much larger than the square root of the mass ratio [25], 

𝛾ℎ𝑖𝑔ℎ 𝑘𝑦

𝑚𝑎𝑥 𝛾𝑙𝑜𝑤 𝑘𝑦

𝑚𝑎𝑥⁄ ≫ √𝑚𝑖 𝑚𝑒⁄  (5) 

then multi-scale effects could be present. This is because the contributions by the electron-scale turbulence to 

the overall heat transport could be important. Otherwise, turbulent structures at the ion scales disrupt the 

efficient heat transport at the electron scales. In our case the mass ratio is √𝑚𝑖 𝑚𝑒⁄ = 57 for D-beam shot, and 

√𝑚𝑖 𝑚𝑒⁄ = 54 for H-beam shot. The ratio between the maximum growth rates for deuterium beam discharge is 

𝛾𝐸𝑇𝐺
𝑚𝑎𝑥 𝛾𝐼𝑇𝐺

𝑚𝑎𝑥⁄ = 17.7 and for hydrogen beam shot is 𝛾𝐸𝑇𝐺
𝑚𝑎𝑥 𝛾𝑇𝐸𝑀

𝑚𝑎𝑥⁄ = 11.2. Therefore, our linear simulations with 

the nominal experimental parameters indicate that multiscale effects could not be present. 

 

More recently, a model for saturation of multi-scale turbulence by zonal flow mixing has been proposed [26]. In 

this model, an important parameter is the RMS velocity of zonal flows (𝑉𝑍𝐹), which saturates at 𝑉𝑍𝐹 =

𝑀𝑎𝑥(𝛾 𝑘𝑦⁄ ), where 𝛾 is the linear growth rate of a turbulent mode with wavenumber 𝑘𝑦. According to this 

model, multi-scale effects could be present when 

𝑀𝑎𝑥 (𝛾ℎ𝑖𝑔ℎ 𝑘𝑦
𝑘𝑦⁄ ) ≥ 𝑀𝑎𝑥 (𝛾𝑙𝑜𝑤 𝑘𝑦

𝑘𝑦⁄ ). (6) 

This criterion has been validated on recent multiscale simulations using realistic mass ratio and geometry 

[23,24]. For our linear simulations of deuterium beam discharge with unstable ITG mode 𝑀𝑎𝑥(𝛾 𝐸𝑇𝐺 𝑘𝑦⁄ ) =

5.3 104  𝑐𝑚 𝑠⁄ , 𝑀𝑎𝑥(𝛾 𝐼𝑇𝐺 𝑘𝑦⁄ ) = 8.5 105  𝑐𝑚 𝑠⁄  this criterion is not satisfied. The same for hydrogen beam 

discharge:  𝑀𝑎𝑥(𝛾 𝐸𝑇𝐺 𝑘𝑦⁄ ) = 3.6 104  𝑐𝑚 𝑠⁄ , 𝑀𝑎𝑥(𝛾 𝐼𝑇𝐺 𝑘𝑦⁄ ) = 1.9 105  𝑐𝑚 𝑠⁄ .  

 

In summary, linear simulations for D-beam shot identify coexisting ITG and ETG modes and for H-beam – 

TEM and ETG. But this modes in both cases could not engage in multi-scale interactions. Further discussion 

will focus on long-wavelength modes. 

 

It should also be noted that all the gyrokinetic 

calculations presented here were performed in initial-

value mode; therefore, the microturbulence calculations 

show the fastest-growing mode. Additionally, GENE 

simulations were performed with eigenvalue solver 

using the SLEPC/PETSC libraries. As a result, no sub-

modes were identified. 

3.4. Rotational shear 

An important role in the behavior of microinstabilities is 

played by the E×B shear, which arises due to the torque 

generated by neutral beam injection. If the growth rate of 

the instability becomes smaller than the shear, the 

instability is suppressed or partially suppressed. The 

E×B shear is calculated using the Waltz-Miller formula 

𝛾𝐸,𝑊𝑀 [19] and by simple formulae, just as a gradient of 

rotational frequency 𝛾𝐸,𝑔𝑟𝑎𝑑: 
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Fig. 4. The dependence of rotational shear on normalized 

minor radius by simple formula as gradient and by 

Waltz-Miller formula. Hydrogen beam discharge - the 

rotational shear calculated using the Waltz-Miller 

formula and formula (1) are almost equal - γE,WM=0.08-

0.15 MHz. Deuterium beam discharge, the Waltz-Miller 

shear is significantly higher by 0.1-0.3 MHz compared to 

formula (1), γE,WM=0.2-0.4 MHz. 
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𝛾𝐸,𝑊𝑀 = −
𝑟

𝑞
∙

𝑑 (
𝐸𝑅

𝐵𝑝𝑅⁄ )

𝑑𝑟
 

(7) 

𝐸𝑅 =
1

𝑒𝑍𝑖𝑛𝑖

𝑑𝑝𝑖

𝑑𝑟
+ 𝐵𝑝𝑉𝑡𝑜𝑟 − 𝐵𝑇𝑉𝑝 

(8) 

𝛾𝐸,𝑔𝑟𝑎𝑑 =
𝑟

𝑞
∙

𝑑𝜔𝑡𝑜𝑟

𝑑𝑟
 

(9) 

where 𝐸𝑅 radial electric field by neoclassical formulae, r – local minor radius, 𝑞 – safety factor, 𝐵𝑝 – poloidal 

magnetic field, 𝐵𝑇  – toroidal magnetic field, 𝑅 – major radius, 𝑉𝑡𝑜𝑟 – toroidal velocity, 𝜔𝑡𝑜𝑟  – toroidal 

frequency, 𝑉𝑝 – poloidal velocity by neoclassical formulae by ASTRA+NCLASS [20], 𝑍𝑖 – main ion charge, 𝑒 – 

electron charge, ion pressure 𝑝𝑖 = 𝑛𝑖𝑇𝑖  by multiplying ion density 𝑛𝑖 and ion temperature 𝑇𝑖 . 

 

E×B shear for both shots is presented in Fig. 4. Since the calculation of shear using the Waltz-Miller formula 

involves the gradient of the radial electric field, i.e., the second derivative of ion temperature, the calculation 

error is high. For the hydrogen discharge, the rotational shear calculated using the Waltz-Miller formula and 

formula (9) are slightly different from each other within the gradient calculation error and reach values of 0.08-

0.15 MHz. However, for the deuterium discharge, the Waltz-Miller shear is significantly higher by 0.1-0.3 MHz 

compared to formula (1), reaching values of 0.2-0.4 MHz. 

 

Maximum growth rate of TEM mode for H-beam discharge is γ = 0.34 MHz (Fig. 3a), which is significantly 

higher than E×B shear γE = 0.08-0.15 MHz. For this reason, in this discharge enhanced electron and ion 

transport driven by the TEM mode is observed. But in shot with deuterium injection case performed under 

nearly identical conditions, the ion heat transport is close to the value predicted by neoclassical theory. In that 

case, the E×B shear is γE = 0.2-0.4 MHz, which is nearly equal to the maximum growth rate of the ITG mode, γ 

= 0.28 MHz (Fig. 3a). Consequently, short-wavelength microinstabilities in the deuterium injection discharge 

are almost completely suppressed. 

 

3.5. Sources of ITG and TEM 

destabilization 

This chapter is devoted to find the 

source of ITG and TEM 

destabilization in these very 

similar shots. In further 

gyrokinetic calculations and 

scans, all the input data was 

fixed, and some parameters were 

changed to find the main factor of 

ITG and TEM mode 

destabilization. There are 3 

parameters with significant 

differences: amhd, Zeff, a/LTi. First 

factor is amhd and there is no 

evidence of turbulence type 

transition, this parameter is 

responsible only for level of 

growth rate – Fig. 5 a,b. Ion 

temperature gradient scan in 

hydrogen shot is shown that TEM 

mode is stabilized with 

a/LTi,crit=5, but a/LTi,exp=2.9 (Fig. 

5c). ITG mode in deuterium beam 

shot is unstabilized with a/LTi=2.3 

(a/LTi,exp=3.8) – Fig. 5d. We can 

conclude that ion temperature 

gradient one is of the main factor 

for ITG destabilization, but in 
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Fig. 5. Parameters scan for with wavevector with maximum growth rate of amhd – 
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case of hydrogen beam shot a/LTi is not. And second important factor is effective charge. In the simulation of 

hydrogen beam shot without impurities TEM mode is suppressed, and ITG mode in unstabilized – Fig. 5f. But 

with increased effective charge linear growth rate decrease, ITG mode is suppressed and TEM mode 

destabilized – Fig 5e. We can conclude, that main factors for TEM destabilization is decreased ion temperature 

gradient and increased Zeff. 

 

4. CONCLUSION 

In experiments on plasma heating with deuterium beam on Globus-M2 with plasma current Ip=350 kA, toroidal 

magnetic field BT=0.9 T, electron plasma density <ne>=3.7 1019 m-3 it was found that ion heat transport is well 

described by neoclassical theory. Meanwhile, in the hydrogen beam discharge with slightly more powerful NBI 

ion heat transport is anomalous. Energy confinement time in deuterium shot is 2 times higher (12-16.5 ms), in 

comparison with hydrogen beam discharge. In order to characterize the turbulence, these discharges are studied 

in detail and interpreted with gyrokinetic linear simulations. 

 

In experiment #42777 with deuterium injection, the ITG mode is unstable, but in discharge #42119 with 

hydrogen injection, the TEM mode is unstable. The primary factor unstabilizing ITG mode in the deuterium 

beam discharge is increased ion temperature gradient, with a/LTi = 3.8 compared to 2.9 in the hydrogen beam 

discharge, as well as a lower effective charge: Zeff = 3 versus 3.5 in H-beam. ETG mode is unstable in both 

discharges. 

 

Both types of instabilities (ITG and TEM) can generate anomalous heat flux in both electrons and ion channels.  

But nonlinear simulation must be carried out for calculations of turbulence contribution to overall heat flux. It is 

not clear how the heat fluxes found with nonlinear ion-scale and electron-scale simulations contribute to the 

collective heat flux. Generally, multi-scale simulations that simultaneously resolve both scale ranges are 

necessary to answer this question. But these simulations are very expensive. 

 

The simple criterion of multi-scale effects was used on the base of linear simulation results and on the base of 

the heuristic rule (5), and second criterion was based on the model for saturation of multi-scale turbulence by 

zonal flow mixing (6). Therefore, our linear simulations with the nominal experimental parameters indicate that 

multiscale effects could not be present and turbulent heat fluxes are associated with ion-scale instabilities only. 

 

And an important role in the behavior of micro-instabilities is played by the E×B rotational shear. If the growth 

rate of the instability becomes smaller than the rotational shear, this instability gets suppressed or partially 

suppressed. Such a situation occurs in the discharge with deuterium injection, where the rotational shear gE = 

0.2-0.4 MHz. This value at the same level as the maximum growth rate of the ITG mode, which is 0.28 MHz 

and ITG is almost stabilized, anomalous ion heat transport is decreased, and negligible in comparing with 

neoclassical losses. In the discharge with hydrogen injection, gE = 0.08-0.15 MHz, which is significantly lower 

than the maximum growth rate of the TEM mode, which is 0.34 MHz. In this case, anomalous ion transport is 

dominated. Thus, the power balance calculations are in consistent with the gyrokinetic simulation. 
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