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Introduction 

 The evolution of plasma thermal energy was estimated using the free boundary 
equilibrium code PET. The code solves the Grad–Shafranov equation and also calculates 
the magnetic flux measured with the diamagnetic loop. 
 

 The last closed magnetic surface was reconstructed by the method of movable filaments. 
 

 Last closed magnetic surface and diamagnetic flux were used as fitting parameters for  
PET simulation. Such approach made it possible to determine the plasma thermal energy 
as well as the normalized internal inductance. 
 

 Total plasma thermal energy and internal inductance were compared with approximate 
equations. 
 
 
 

Globus-M2 spherical tokamak 

R, m 0,36 

a, m 0,24 

R/a 1,5 

Elongation 2 

Triangularity ≤0,4 

Btor, T 0.9 

Ip, MA 0,3-0,4 

POH, MWt 0,35 

ENBI
1 , keV 28 

ENBI
2 , keV 40-47 

PNBI, MWt 1,2-1,4 
Diagnostics 

Tomson scattering diagnostic provides accurate local electron temperature 𝑇𝑇𝑒𝑒 and density 𝑛𝑛𝑒𝑒 
measurements. Nd:YAG laser with a wavelength of 1064 nm and a pulse repetition rate of 330 
Hz is used in diagnostic [1]. Measurements are performed for ten spatial points from the 
magnetic axis to the last closed magnetic surface on the low magnetic field side and at one 
spatial point on the other side of the axis. 
 
Charge exchange recombination spectroscopy (CXRS) [2,3] provide measurement of ion 
temperature profile. The CXRS diagnostics system consists of a specially developed optics 
with eight observation «chords» to collect the light signal. The system time resolution is 5 ms. 

Equilibrium code PET  
 Free boundary FORTRAN code [4]. 
 
 PET solves the Grad–Shafranov equation by using 

approximations 
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 PET calculates the magnetic flux measured with the 

diamagnetic loop 
 
 In PET simulation the shapes of plasma pressure and 
current density profiles, as well as plasma beta (𝛽𝛽I)  were 
varied. The last closed magnetic surface reconstructed by 
the movable filaments method and the diamagnetic flux 
were used as fitting parameters  

 
 This approach made it possible to determine the 
plasma thermal energy 𝑊𝑊𝑝𝑝 as well as the normalized 
internal inductance 𝑙𝑙𝑖𝑖 and volume averaged parameters. 

 
 

𝑙𝑙𝑖𝑖 =
2𝑉𝑉 < 𝐵𝐵𝑝𝑝2 >
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    Instruments  

𝛽𝛽𝐼𝐼 =
8𝜋𝜋 ∫𝑝𝑝𝑝𝑝𝑝𝑝
𝜇𝜇0𝐼𝐼𝑝𝑝2

 

The method of movable filaments  

 The method provides reconstruction of last closed 
magnetic surface. 
 

 In this method [5] the plasma current is modeled 
by a set of 19 current-carrying rings. The input 
data are the magnetic fluxes measured by 21 
loops placed on the vacuum vessel wall near the 
plasma boundary, the plasma current and the 
currents in PF coils and central solenoid 
 

 The signals from the magnetic loops were also 
used to determine the distribution of the currents 
over the vessel wall 
 

         Results 

 The stored energy of plasma in discharges with two 
beams, 𝐵𝐵𝑇𝑇 = 0.9 T field and 𝐼𝐼𝑝𝑝 = 400 kA current as a 
function of electron density was analyzed (fig,5).  
 

 Hydrogen beams were injected into the deuterium 
plasma. The parameters of the beams are shown in the 
fig.5 for each group of discharges. 
 

 The stored energy in electrons was obtained by 
integration of pressure profiles over the entire plasma 
volume. The pressure profiles were obtained using 
Thomson scattering diagnostic.  
 

 

 Discharges with different plasma 
currents (300-400 kA) and 0.9T 
toroidal field were analyzed 
(fig.6).  
 

 In all discharges, 2 hydrogen 
beams were injected into the 
deuterium plasma. 
 

 Fig 6 shows that total plasma 
stored energy increased with 
plasma current ascension. 
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Comparison with approximate equations  

Fig.9 Total stored plasma energy estimated 
by PET vs diamagnetic total plasma energy. 

Conclusion 

Fig.4. Waveforms of the main plasma parameters 
of theGlobus-M2 discharge in 𝐵𝐵𝑇𝑇 = 0.9 T. From 
top to bottom: plasma current; Dα emission 
intensity; 𝛽𝛽𝐼𝐼 (black) and 𝑙𝑙𝑖𝑖 (red); plasma energy: 
black—total plasma energy by PET, blue —
thermal energy of electrons from the TS, red - 
thermal energy of ions from the CXRS; effective 
charge from intensity of bremsstrahlung; intensity 
of soft-x-ray emission with 15 mkm foil; volume 
average density: black line—interferometer, red 
line—TS; temperature in the plasma center: black 
line - electron temperature measured by TS, red 
line — ion temperature by CXRS. 

Measuring the diamagnetic flux from the plasma allows us to calculate the 
diamagnetic beta 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑[8]: 

𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑 = 1 +
𝜅𝜅2 + 1
2𝜅𝜅
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 In previous work [6] (fig. 7) it 
has been shown that at a field up 
to 0.8 T and a single beam of 
neutral injection, the maximum 
value of 𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  was up to 10 
kJ. This means that in 
experiments with two NBI and 
𝐵𝐵𝑇𝑇 = 0,9𝑇𝑇 plasma stored energy 
is 1,5 times larger. 
 

 On Globus-M [7], the maximum 
𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 reached 3 kJ at the 
average electron density 
6 ⋅ 1019 𝑚𝑚−3  and 𝐵𝐵𝑇𝑇 = 0.4𝑇𝑇,
𝐼𝐼𝑝𝑝 = 200 𝑘𝑘𝑘𝑘.  

 The experiments on heating the plasma of the Globus-M2 tokamak by two beams of 
neutral injection were analyzed. The interpretation of the diamagnetic measurements by 
the equilibrium code PET was used for the analysis. 
 

 In this work, it has been shown that plasma storage energy increases with an increase in 
average electron concentration, plasma current, and heating beam power. 
 

 The total plasma energy in experiments with two heating beams and a 0.9T magnetic 
field is 1.5 times higher than the plasma storage energy obtained with one heating beam 
and a 0.8T magnetic field. 
 

 Compared to Globus-M ( 𝐵𝐵𝑇𝑇 = 0.4𝑇𝑇, 𝐼𝐼𝑝𝑝 = 200 𝑘𝑘𝑘𝑘 ) total plasma stored energy 
increased 5 times. 

 

Fig 1. Globus-M2 scheme. 1 – first neutral beam 
injector (𝑁𝑁𝑁𝑁𝐼𝐼1); 2 - second neutral beam injector 
(𝑁𝑁𝑁𝑁𝐼𝐼2); Tomson scattering diagnostic: 3 – laser 
injection line; 4 – sightlines; 5 – sightlines of 
CXRS. 

Fig. 2. Geometry of PET-code. Blue 
rectangular is a poloidal field coils, red 
line is the last closed magnetic surface.  

Fig. 3. Geometry of the method 
of movable filaments.  

Fig.5. Dependence plasma stored energy from volume average 
density. Black and green dot – total plasma energy by PET, blue 
dot - thermal energy of electrons from the TS and PET. 

Fig.6 Dependence total plasma energy from 
plasma current.   

Fig.7 Plasma stored energy vs density for 
different 𝐼𝐼𝑝𝑝 and 𝐵𝐵𝑇𝑇.   
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 Using the definition of beta, we can 
define the stored plasma energy through 
the following approximate formula: 
 

𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
3
2

 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑 𝜇𝜇0𝐼𝐼𝑝𝑝2𝑅𝑅 
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 The mathematical model of Globus-
M2 made it possible to determine the 
vertical magnetic field 𝐵𝐵𝑣𝑣. Then it is 
possible to determine  𝑙𝑙𝑖𝑖 using the 
 𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑  as the 𝛽𝛽𝑝𝑝. 

Fig.8 Internal inductance estimated by PET 
vs internal inductance obtained by the 
approximate equation. 
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