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Ion heating in the Globus-M2 tokamak using the hydrogen and deuterium

neutral beams injection
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The paper is devoted to plasma heating study at the spherical tokamak Globus-M2. Injection of a deuterium

beam into deuterium plasma allows obtaining significantly higher ion temperatures than in the case of hydrogen

injection into deuterium plasma. In both cases the ion temperature significantly exceeds the electron temperature,

and the plasma is in the so-called
”
hot ion mode“. The plasma energy confinement time in the case of deuterium

injection is significantly higher than in the case of hydrogen injection due to the higher thermal insulation of the

plasma ions.
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It was found in experiments on plasma heating at spher-

ical tokamaks (STs) in toroidal magnetic field BT < 0.55T

that the heat transfer by ions in the H-mode is characterized

well by neoclassical theory [1,2]. However, when low

collisionality is reached, the development of small-scale

instabilities, such as the ion temperature gradient (ITG)
mode [3] or a hybrid instability combining the properties

of the kinetic ballooning mode and the trapped electron

mode (KBM/TEM) [4], was expected to induce a significant

anomalous energy transfer by ions. The first experiments

at STs with BT = 0.8T revealed that the heat transfer by

ions becomes anomalous, interfering with the growth of ion

temperature to levels exceeding the electron temperature

values [5,6]. However, subsequent experiments at STs with

strong magnetic fields demonstrated the feasibility of heating

of plasma ions in a compact tokamak to sub-thermonuclear

temperatures of 4−8 keV [7–9] via neutral injection.

It has already been established that the use of two

injectors for deuterium plasma heating at the Globus-M2

tokamak allows one to obtain an ion temperature exceeding

the electron temperature by a factor of more than 1.5

within a wide range of average plasma electron density

values of (1.6−10) · 1019 m−3 [6] (with a characteristic

pronounced maximum near ne ≈ 5 · 1019m−3). A more

thorough analysis revealed that the maximum achievable

ion temperature depends primarily on the mass of injected

high-energy atoms (Fig. 1). Let us compare two Globus-

M2 discharges corresponding to different masses of injected

ions and the same values of BT = 0.9 T and plasma current

I p = 0.35MA. In both cases, the injection of the first

beam is initiated at the stage of plasma current growth

and continues almost until the end of a discharge. The

second beam remains active for 40ms and is switched on

when the plasma current reaches a plateau (Fig. 2). The

power of ohmic heating in the discharges with hydrogen

and deuterium injection is estimated at 0.2 and 0.17MW,

respectively. These values are significantly lower than the

introduced additional heating power, which is 1.35 and

1.15MW in the former and the latter cases, respectively.

Injected power losses are largely attributable to the loss

of fast ions from uncontrolled orbits and in the process

of their deceleration due to charge exchange with neutral

particles. The absorbed beam power calculated by the

NUBEAM code is 0.54−0.81MW for the deuterium beam

and 0.85−1.15MW for the hydrogen one (depending on

the density of neutral particles). The ion temperature

measured by the charge exchange recombination spec-

troscopy (CXRS) diagnostics with a time resolution of 5ms

increases from the moment of injection of the second beam,

exceeding significantly the electron temperature measured

by the Thomson scattering diagnostics. Both discharges

feature sawtooth oscillations. After each reconnection,
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Figure 1. Averaged values of temperature of electrons and ions

in the central region of plasma with heating of deuterium plasma

by hydrogen and deuterium beams. Each point corresponds to a

separate discharge; the presented values were also averaged over

several time points. Hydrogen injection: discharges Nos. 42122,

42119, 42089, 42121, 42341, 42325, and 42341. Deuterium

injection: discharges Nos. 42777, 42703, 42368, 42767, 41585,

and 42416.

rapidly damped oscillations are observed at the magnetic

probes within the ∼ 30 kHz frequency range, presumably

with mode numbers m = 2, n = 1 (2/1). The nature of

magnetohydrodynamic oscillations in the discharge with

deuterium injection differs slightly. At the end of the

discharge (after 0.22 s), the duration and amplitude of

oscillations increase, and instability is observed until the

onset of the next period of sawtooth oscillations; alongside

with that, the ion temperature decreases from 4 to 2.5 keV.

Let us choose a time point near the maximum ion

temperature (Fig. 3) in order to compare the spatial

temperature distributions and perform further analysis of the

plasma energy balance. It can be seen that the maximum

measured ion temperatures with deuterium beam injection

reach 4 keV, which is significantly higher than the values

corresponding to heating by the hydrogen beam. At the

same time, the electron temperature and density do not

differ in any significant way (Figs. 2 and 3). The values

of energy stored by plasma electrons and ions determined

from the kinetic diagnostics data are given in the table.

It follows from the table that a significant fraction of the

total thermal energy stored in plasma is attributable to

ions. It varies from 48% with hydrogen injection to 60%

in the case of deuterium injection. The plasma heating

power was calculated by the NUBEAM code [10] for

different values of the neutral particle density, which was

a free parameter in modeling and the main source of

uncertainty in the calculation results (see the table). With

deuterium beam injection, the energy confinement time is

approximately 2 times higher than the one obtained with

plasma heating by the hydrogen beam and falls within the

Parameters of plasma discharges with injection of hydrogen and

deuterium beams at an average density of 5 · 1019 m−3

Parameter Discharge No. 42119 Discharge No. 42777

(H→D) (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

τE , ms 8.4−6.3 16.5−12

τ i
E , ms 15−8.5 80−24

τ e
E , ms 6−5 7.6−6.8

χe , m
2/s 1.2−1 1.3−1

χi , m
2/s 2.7−3.7 0.3−0.95

χneo
i , m2/s ∼ 1 ∼ 1

P ie , kW 160 300

Ze f f 3.5 3

Poh, kW 200 170

No t e. We , Wi , and Wth — thermal energy of electrons, ions, and their sum,

respectively; PNBI
abs — power of plasma heating by an atomic beam; PNBI

e

and PNBI
i — power of heating of electrons and ions by an atomic beam,

respectively; τE , τ
e

E , and τ i
E — confinement times of the thermal energy

of plasma, the electron component, and the ion component, respectively;

χe , χi , and χneo
i — electron and ion thermal diffusivities and estimate

of the ion neoclassical thermal diffusivity for deuterium; P ie — power

of electron heating in interaction with thermal ions; Ze f f — effective

charge determined based on the measured bremsstrahlung intensity and

the electron temperature and density profiles; and Poh — ohmic heating

power.

range of 12−16.5ms, exceeding the IPB98(y ,2) scaling by

a factor of 2.

Let us consider the energy balance in the electron and

ion channels. The distribution of additional heating power

between electrons and ions depends on the critical energy,

Ecr it = 14.8 Ab

A2/3

pl

Te . Here, Ab is the injected atom mass and

Apl is the ion plasma mass. When the energy of fast particles

is Ecr it , plasma ions and electrons heat up at the same rate.

If the energy of fast particles is lower than Ecr it , ion heating

is dominant. Since Apl and Te are equal in the considered

cases, Ecr it depends on Ab only and, consequently, differs by

a factor of 2. Therefore, the distributions of absorbed beam

heating power between the electron and ion components

will also differ. The spatial distribution of Te and the six-

component energy composition of injected beams are taken

into account in calculations performed by the NUBEAM

code, which demonstrate that the power of ion heating by

the beam remains largely unchanged (435−640 kW in the

case of hydrogen injection and 390−590 kW for deuterium

injection). This is attributable to the fact that the injected

power of the hydrogen beam in the discharges chosen for

comparison is higher than that of the deuterium beam.

Despite this, the temperature (and, as a consequence, the

energy reserve) of ions achieved in the experiment differ by

a factor of almost 2. Since the ion temperature exceeds

the electron one, a significant fraction of ion energy is
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Figure 2. Dynamics of the main plasma parameters in discharges at the Globus-M2 tokamak with deuterium (a) and hydrogen (b)
injection. From top to bottom: plasma current, soft X-ray radiation intensity, average electron density, electron and ion temperature at the

center of plasma, and high-frequency and low-frequency magnetic probe signals.
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Figure 3. Spatial distributions of ion and electron temperatures for the Globus-M2 tokamak plasma in the deuterium (a) and hydrogen

(b) injection modes averaged over 10ms for discharge No. 42777 and over 25ms for discharge No. 42119.

transferred to electrons as a result of Coulomb collisions.

In the discharge with deuterium injection (42777), the

power of heat exchange between electrons and ions is as

high as 300 kW. The resulting ion heating power is just

90−290 kW and corresponds to ion energy confinement

times of 24−80ms, which are 3−5 times higher than those

corresponding to the discharge with hydrogen injection

(42119). The energy stored by the electron component is

the same in both cases, and the electron energy confinement

times differ only slightly (approximately by 30%). A rough

estimate of the electron thermal diffusivity may be obtained

in the following way: χe = a2κ(Pe−Prad)/(4We), where a
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and κ are the minor radius and elongation of the plasma

column, respectively, and Pe is the total power of electron

heating by the beam, thermal ions, and ohmic heating.

Assuming that radiation losses Prad may account for up

to a half of the plasma heating power at low and moderate

densities
(

(2−6) · 1019 m−3
)

[11], we obtain close values of

the electron thermal diffusivity. The values of ion thermal

diffusivity obtained in a similar manner and the estimates

derived with the use of neoclassical formulae [12] are listed

in the table.

At the Globus-M2 tokamak, the injection of a deuterium

beam into deuterium plasma allows one to reach signifi-

cantly higher ion temperature values than those obtained

when deuterium plasma is heated with a hydrogen beam.

An analysis of the plasma energy balance revealed that

the thermal energy confinement times differ by a factor of

2; with deuterium injection, this time is longer, reaching

12−16.5ms at the Globus-M2 tokamak. Hydrogen beam

injection is significantly less efficient due to high heat losses

via the ion channel. In this case, average ion thermal

diffusivity χi is more than 3 times higher than the one

obtained with deuterium injection, and it is also 3−4

times higher than the ion thermal diffusivity calculated in

accordance with neoclassical theory (see the table). The

underlying causes of the observed phenomenon are of

considerable interest and warrant a more comprehensive in-

depth analysis.
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