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Modelling of three-ion ICRF heating scenario for tokamak Globus-M2
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The goal of this paper is to assess the possibility of using a new three-ion ICRF heating scheme on the spherical
tokamak Globus-M2. In the first place, the operating frequencies and positions of cyclotron harmonics were found.
Matching with frequency band of RF system of Globus-M2 was made. The absorption of electromagnetic waves
was modeled using a one-dimensional full-wave code. Since the appearance of high-energy particles is expected in
the three-ion ICRF scheme of heating special attention is paid to a comparing the estimates for generated particles

energies with their confinement in tokamak Globus-M2.
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Introduction

Ton cyclotron resonance (ICR) heating has been success-
fully used in traditional high aspect ratio tokamaks. The
main heating scenario in them is heating with a small
additive of hydrogen in deuterium plasma [1-9]. From the
point of view of the use of ion-cyclotron heating, tokamaks
with a small aspect ratio or spherical tokamaks are placed
into a separate group, the largest of which are such units
as NSTX-U [10,11], MAST-U [12,13], Globus-M(2) [4,14—
16], ST-40 [17,18], START [19]. The use of high-frequency
methods of heating and maintaining current in them has
a number of restrictions due to the properties of spherical
units.

A weak magnetic field compared to traditional tokamaks
(04T for Globus-M) leads to the fact that the ion-
cyclotron resonance frequency is in the low-frequency area
(5—-15MHz). A strong change in the toroidal magnetic
field during the transition from the inner to the outer wall
(by a factor of 4 for the Globus-M tokamak) leads to
a significant narrowing of the absorption area compared
to traditional tokamaks, in which the cyclotron resonance
conditions for ions are fulfilled. As a consequence, there is
a weak single-pass fading effect. On the other hand, several
cyclotron harmonics simultaneously fall into the tokamak
cross section, which can lead to ,smearing”“ of the energy
release over the tokamak cross section. Fig. 1 illustrates this
difference.

Pioneer experiments on high-frequency ICR heating at
the Globus-M tokamak (R=0.36m, a =0.24m) were
carried out in the 2000s in the heating mode with a small
additive of hydrogen in H—D -plasma. A doubling effect
of the ion temperature was obtained at the input radio-
frequency power level P = 200 kW [4,21-23].

In 2018, the improvement of the Globus-M tokamak
was completed. At the new unit, the toroidal component

2%

of the magnetic field can be increased from 04 to 1T
while maintaining the same geometry and dimensions of
the plasma column. Due to the increase in the toroidal
magnetic field and the plasma current, a significant increase
in the discharge parameters was achieved, in particular,
the confinement of highspeed ions was improved [14,24].
The latter circumstance allows to discuss the application
of the three-ion scenario of ion cyclotron heating of high-
temperature plasma at the Globus-M2 tokamak, which has
been widely discussed lately [25-27]. The fundamental
concept of this scenario is to combine the cutoff condition
for a fast magnetosonic (FMS) wave with the ion cyclotron
resonance area for a small additive of the third ion. The
blend composition of the plasma in this case should fulfil
the condition [26]:

. (L 2 Z3 Zy 2y

min (Kf Kz) < A < max <A_~1’ A_\z> , (1)
where Z;, Z,, Z3 — is the charge number of the constituent
plasma components, A;, Ay, As — their atomic mass,
index 3 refers to ions of a small additive. This essential
condition ensures that the cyclotron harmonic of the additive
agent is located between the harmonics of the first and
second components. In the simplest case of a hydrogen
and deuterium plasma, the condition (1) takes the form

Z3

0.5 < KS < 1.0,

which only 3He ions can fulfil as a small third additive.
Usually, in the implementation of the three-ion scenario,
plasma H—D—(*He) is used, where 3He is a small additive
with a concentration of approximately 1%. Examples of
another plasma composition can be found in [25,26)].

A characteristic feature of the H—D—(*He) scenario
is the high specific radio-frequency power per resonant
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Figure 1. Comparison of the arrangement of cyclotron harmonics in a spherical tokamak (@) (Globus-M2 for a frequency of 11 MHz and
a field of 0.7 T) and a conventional tokamak (b) with a large aspect ratio (standard parameters for JET [20] are used, figure for frequency
49 MHz) for hydrogen and deuterium plasma in the heating mode with a small additive of hydrogen. Solid lines (red — in the online
version) — cyclotron harmonics of deuterium are specified, dashed lines (blue lines in the online version) — cyclotron harmonics of

hydrogen.

particle *He. As a consequence — 3He ions obtain
high energies in this scenario, which allows to simulate
the retention of a-particles formed as a result of the
thermonuclear reaction of deuterium and trittum in the
reactor plasma [26,27).

In this paper, the opportunity of using the three-ion
ICR scenario for additional plasma heating at the Globus-
M2 tokamak is studied. In Section 1, the choice of
operating frequencies is made and the results of modeling
the propagation and absorption of electromagnetic waves in
the tokamak plasma are shown. In Section 2, estimates of
the energy of generated highspeed ions and calculations of
their confinement are given.

1. Modeling the propagation
and absorption of fast magnetosonic
waves in the plasma of the Globus-M2
tokamak

In a two-component H—D plasma, there is a FMS wave
cutoff area (L-cutoff) adjacent to the ion-ion hybrid layer,
which arise at hydrogen concentrations above the critical
value and are located between the surfaces on which the ion
cyclotron resonance condition is fulfilled for hydrogen and
deuterium. They appear from the side of the high field from
the cyclotron harmonic of hydrogen and, as the hydrogen

concentration increases, they shift towards the fundamental
cyclotron harmonic of deuterium [1-3,26,28-30]. When ions
of the third kind are added to the component composition of
the plasma, the conditions corresponding to the harmonics
of the ion cyclotron resonance of the added additive agent
are fulfilled in the cross section of the plasma of a spherical
tokamak. In the three-component plasma H—D—(*He), the
fundamental cyclotron harmonic 3He is located between
the first harmonics of hydrogen and deuterium due to the
condition (1).

To implement the three-ion scenario, it is required to
choose the ratio of the concentrations of hydrogen and
deuterium in the H—D plasma in such a way as to match
the cutoff position of the FMS wave for the two-component
H—-D plasma with the position of the cyclotron resonance
SHe [26]. In the paper [26] this ratio was ~ 67% : 33%,
but the absorption efficiency, according to the modelling,
remains within the range of hydrogen concentration from 65
to 72%. The optimal partial hydrogen concentration X[H]
can be found as follows [26]:

_ Z3/As — 2o/ A
Zi/A -2/ A

(Zi/A — Z3/A3)(Z3/ As — 2o/ )
(Zi/A — Z2/A) ’

X[D]

X[H] = 1 — X[D],
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Figure 2. a — accessible area in the tokamak cross section, where the *He cyclotron layer can be placed; b — the appearance of the
second harmonic of *He ions at the frequency f = 10 MHz from the side of a weak magnetic field near the antenna, the toroidal magnetic
field on the axis of the tokamak by = 0.7 T. Red marks the cyclotron harmonics of deuterium, blue (dashed line) — hydrogen, green —

helium-3, orange (dash-dotted line) — cutoff area.
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the second term, which is proportional to the square of
the ratio of the longitudinal refraction index of the FMS
wave and the Alfvan refraction index under the conditions
of experiments on tokamaks, is, as a rule, small.

Up to this small correction, the optimal hydrogen con-
centration is determined by the parameters of hydrogen and
deuterium ions and does not depend on the parameters
specific to the unit. The small parameter a is 0.038
for Globus-M2 and contributes about 0.1% to the partial
concentration of hydrogen or deuterium.

The position of ion-cyclotron resonances is determined by
the magnetic field value. For Globus-M2, the main operat-
ing field is (0.7—0.8) T in the center of the chamber. On the
other hand, the position of the resonances (and the area of
energy release) should be optimal for heating and confining
the introduced energy: as a rule, these are the central areas
of the plasma column. To improve the experiment, it is
also important to be able to tune the high frequency (HF)
generator in frequency The operating frequency band of the
existing HF generator is (5 — 15) MHz.

The area in which the helium-3 cyclotron layer can be
located under the conditions of the Globus-M2 setup is
shown in Fig. 2 and is limited by the available frequency
band.

At a frequency of f = 10MHz, the second hydrogen
harmonic appears near the antenna from the side of a weak

. In this formula,
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magnetic field, which can shield the central areas of the
plasma, absorbing part of the high frequency power at the
periphery of the discharge.

For modeling of the absorption of electromagnetic waves
in a tokamak, the basic operating parameters of the
discharge were used. Toroidal magnetic field on the
tokamak axis Bg = 0.7T, electron density at the center
Neo = 0.5- 10 m~3, current plasma |ysm = 300kA, elec-
tron and ion temperatures at the center Tgo = 600eV,
Tio = 300eV. Relative fractions of ions that make up the
plasma, X[H] = 66%, X[D] = 32%, X[*He | =2%. Con-
centration and temperature profiles selected from exper-
imental data on the Globus-M [31] unit. The calcula-
tions were carried out using a one-dimensional full-wave
code that solves Maxwell’s equations in a magnetized
plasma, developed at the Ioffe Physicotechnical Institute.
AF. Toffe [22], by analogy with the works [30,32].

Modeling was carried out for two characteristic locations
of cyclotron harmonics (Fig. 3), designated as A and B.
In case A, the frequency 9 MHz is selected so that the
first cyclotron harmonic of hydrogen is also present in
the tokamak plasma, the region in which radio-frequency
energy is absorbed in the classical scheme of heating with
a small addition of hydrogen. In the poloidal cross section,
therefore, there are simultaneously two cyclotron harmonics,
at which effective absorption can be expected. In case B,
the choice of the oscillator frequency 7 MHz is determined
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Figure 3. Location of cyclotron harmonics for options A — 9MHz and B —7 MHz. Red marks the cyclotron harmonics of deuterium,
blue (dashed line) — hydrogen, green — helium-3, orange (dash-dotted line) — cutoff area.
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Figure 4. Distribution of absorbed power in the tokamak cross
section for variant A.

by the fact that only the cyclotron harmonic *He, which is
located as close as possible to the tokamak axis, remains in
the poloidal cross section.

The modeling results are shown in Fig. 4 and 5. The
distribution of the absorbed power along the long radius of
the tokamak is shown. The helium-3 cyclotron harmonic
is the most efficient channel for the absorption of high
frequency waves under these conditions.

As the table shows, the appearance of a cyclotron
resonance of hydrogen in the plasma cross section at a

T
vy

0.14 |
—— Full absorption

3He

--------- Electrons

0.12

@

—_

(=
T

0.08 |
0.06 |

Power density, a. u.

0.04 |
0.02 |

20 -10 0 10 20

Figure 5. Distribution of absorbed power in the tokamak cross
section for variant B

frequency of 9 MHz leads to a redistribution of part of the
input energy in favor of hydrogen ions.

2. Assessment of the energy of helium-3
ions

The ion energy was assessed using the theoretical model
developed by Stix [33], which is also well described in [1],
tested on a unit such as PLT [1,34] and gives good results
congruent with experimental data. It allows to obtain
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Figure 6. a — arrangement of cyclotron harmonics in the poloidal section of the Globus-M tokamak for the heating scenario with a
small additive of hydrogen, the shaded area — the area AS (see (6)); b — hydrogen ion distribution function calculated by the model (2)
for the given case: X[H] =20%, ne = 0.3 - 10° m ™, Pinpu = 0.12 MW. The horizontal lines mark the distribution function levels of 0.01
and 0.08, corresponding to 96% and 71% of the particle content up to the marked level.

Distribution of absorbed power by particle types

Version | f,MHz e Ions | >He H D
A 9 45% | 55% | 23% | 22% | 10%
B 7 35% | 65% | 48% | 6% 11%

the distribution function of particles of a small additive in
plasma (2)—(4):

E Rf(Te—Tf‘f'écTe) (E>:|
Inf(v)=— 1 H(—]||,
) (Te(1+£) { Tr (14+Rs+¢) =
(2)
fo Py 2T\ 2 5
~ 871/2ngnZ2e*In(A) \ me ’
_nZle T [3a (4R +2)]]
T e T T T me [ 4T 1+4¢ ’
L = 1 1 _ m?
" Vaur, Vavr, 2
1 [ d
u
Hx) = - [ ———. 4
() x/l+u3’/2 “)
0
The inferior index f denotes that the quantity

(T¢, ng, m¢) belongs to background plasma ions; quantities
without index (n, m) refer to test particles, i.e.e. to ions
with a small additive (*He). Parameter (P ) — power
deposited per unit volume of plasma on the magnetic
surface as a result of absorption in cyclotron resonance,
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A — Coulomb logarithm, e — - electron charge, Z — charge
number of test particles.

The main parameter describing the action of the electro-
magnetic field — £, characterizes the energy absorbed in
cyclotron resonance per particle. In this case, this value (5)
was assessed based on the power deposited in a volume
of thickness Ar near a magnetic surface of small radius r,
the toroidal section of which is shown in Fig. 6,7 ( 6).
The coefficient Ko,f was introduced in order to take into
account the distribution of the input power over the plasma
components, based on the modeling results (see the table).

(Pre) = Pinput - kot AV, (5)

AV =AS-27Ry,  AS=2xrAr. (6)

Figure 6 shows the calculation of the distribution function
for the case of heating with a small additive of hydrogen
at an input power of 0.12MW, corresponding to the
experiment published in [4,21-23], where the fraction of
hydrogen X[H] in the component composition of the plasma
varied in the band from 10 to 60%. The values of the
distribution function 0.01 and 0.08 and the corresponding
content of particles are marked by the red (horizontal)
lines. Accordingly, the part of the distribution function with
energy less than 10keV contains up to approximately 96%
of particles, and with energy less than 2keV — up to 71%.

An ACORD-12 [35] device was used in the paper [22]
to analyze the temperature and energies of the ions. The
flux of hydrogen and deuterium atoms from the tokamak
plasma was measured in the energy band from 0.5 to
5keV. The effective temperature ,,0f the tail“ piece of the
distribution function was estimated tailpiece to compare
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Figure 7. a — arrangement of cyclotron harmonics in the poloidal section of the Globus-M tokamak for the three-ion heating scenario,
the shaded area corresponds to the area AS (see (6)); b — *He ion distribution function calculated by the model (2) for the given
case: X[*He] = 10%, ne = 0.5 - 10° m~>, Pippw = 0.3 MW. The horizontal lines mark the distribution function levels of 0.01 and 0.08,
corresponding to 96% and 71% of the particle content up to the marked level.

experimental data and calculation. Assessment of the
temperature ,,0f the tail“ of hydrogen ions in the dis-
charge Ne11363 [22] with parameters Ne(0) = 3 - 10" m~3,
C[H] =20%, Pinp = 0.12MW, f = 7.5MHz was 1.13keV,
while according to the data analyzer for this discharge,
the temperature ,,of the tail“ piece of the distribution
function — 980 V.

A similar analysis was also performed for the three-ion
heating scenario (Fig. 7) in order to assess the order of
expected energies in case of being used in the Globus-M2
unit and compare with particle retention data (Fig. 9). *He
particles are heavier than hydrogen particles, as a result of
which the distribution function for the same input power
of 300kW is more strongly pressed to the horizontal axis
(Fig. 7).

Figure 8 shows diagrams that allow to assess the expected
energy level of highspeed particles generated as a result of
cyclotron heating. The value corresponding to the content,
according to the distribution function, of 71% of particles up
to the specified level is used as the expected energy level.
Thus, the energy level is plotted along the vertical axis, at
which, minimum 71% of the particles have energies less
than the dormant one, according to (2).

Figure 9 shows the results of modeling the retention
of helium-3 particles in the Globus-M2 tokamak. The
equation of motion of charged particles in a magnetic field
reconstructed using the EFIT code was solved numerically.
The coordinates (R, Z) in the figure denote the ion
,oirth“, which in this case coincides with the point of
reflection on the ion orbit, i.e., in the initial position at the
point (R, Z), the ion has zero longitudinal velocity, and all
the energy is considered to be contained in the cross stream

velocity component [24]. Then the motion of the particle is
modelled. The color map indicates the areas in which an
ion with an energy less than the specified one is retained,
and with a higher energy — it is lost. The typical energy
with which the ion can still be retained in the plasma is
80keV.
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Figure 8. Dependence of the ion energy *He on the input
power. The energy level is plotted along the vertical axis, at
which, according to the particle distribution function, minimum
71% of the particles have energies less than the dormant one.
The diagrams are given for electron densities ne = 0.3 - 10 and
0.5-10°m™>.

Technical Physics, 2022, Vol. 67, No. 5



Modelling of three-ion ICRF heating scenario for tokamak Globus-M2 601

To compare the energy range of the retained ions with
the expected energies of the 3He particles, diagrams are
plotted in Fig. 10. On the vertical axis, the percentage of
particles with energies less than 80keV is plotted according
to the distribution function depending on the input power.
It can be seen from the above diagram that at partial
concentrations of 3He of approximately 1% and less, most
of the particles obtain an energy above 80keV and are

05
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L 1 L 1
0.2 0.4 0.6
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Figure 9. Modeling results of helium-3 ion confinement in
the Globus-M2 unit with magnetic field Bior = 0.7 T and plasma
current |psm = 300kA for discharge Ne37902. The maximum
energy of the retained particles is 80keV.
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Figure 10. Dependence of the fraction of retained particles (with
energy less than 80keV) *He on the input power for electron
densities is Ne = 0.3 - 10* and 0.5 - 10 m ™.
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Figure 11. The partial concentration *He required for the

fraction of accelerated particles with energies less than 80keV
to be 71% depending on the pumping power. Electron densities
Ne = (0.2 —0.5)- 10 m=3,

not retained in Globus-M2. With an electron density
Ne = 0.5-10%m~3 and a fraction of 3He of approximately
1%, with an input power corresponding to the previous
experiment [4], in 0.2—0.3MW only 35 to 50% of the
particles can be retained in the unit. And with an increase
in power to 0.5MW or more, this fraction decreases
below 20%.

Due to the small size of the unit and the high energy
density per particle at low partial concentrations of He,
the particles *He in their bulk obtain high energies of more
than 80keV and are not retained in the tokamak plasma.
Even the most optimistic variant with electron density
Ne =0.5-10m™3 at partial concentrations of 1% gives
only 35—50% of retained particles (Fig. 10). Therefore, for
such small X[*He] as 1%, which are required for a full-scale
three-ion scenario H—D—(*He), it is impossible to expect
with a guarantee the pronounced heating effect.

As the partial concentrations of *He increase, the situation
improves. Concentrations of 5% are sufficient (Fig. 10,
Ne=0.5-10"m=3, X[*He |=5%) in order for a large
fraction of particles to fall into the retained energy range up
to 80keV, although the proposed three-ion heating scenario
requires small partial concentrations of the third component
(less than 1%), since at increasing As X[*He], the resonant
polarization leading to effective wave absorption decreases.
When heating with a small additive of hydrogen, the
requirements for the partial concentration of hydrogen are
similar:  X[H] ~2 0.1%, however, in experiments on the
Globus-M [4] spherical tokamak, the heating effect was
preserved at partial concentrations of hydrogen from 10 to
60%. This circumstance allows to expect that the same
effect can take place in the case of H—D—(*He).

In order to demonstrate more clearly what partial con-
centrations of 3He are required for efficient retention of
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the generated highspeed ions, the diagrams in Fig. 11 are
shown. The fraction of *He is plotted along the vertical axis,
above which in the band of retained energies 0—80keV,
according to (2), it turned out to be minimum 71% of
particles. As can be seen, for this at an electron density
of Ne=0.5-10°m™3 for pumping powers available on
Globus-M2 not exceeding 1MW , X[*He] it should be
minimum 7%, and for a power of 0.3 MW — minimum 2%.

Conclusion

As a result of the study, it is shown that from the point
of view of ICR heating in modes with a small additive
(hydrogen or helium-3), the Globus-M2 spherical tokamak
is characterized by large values of the parameter ¢ (3),
which is equivalent to a high absorption density of high
frequency energy. This circumstance may limit the op-
portunity of increasing the input power, since it leads to
the appearance of poorly retained high-energy ions. For
example, for the three-ion scenario already at a low power of
200 kW and 3He concentrations of 1%, most particles obtain
energy outside the confined band of 80keV characteristic
of Globus-M2. The energy of particles accelerated in
ion cyclotron resonance decreases with increasing their
density, however, in this case, the specific power absorbed
per unit plasma volume may decrease due to a decrease
in the polarization amplitude of the FMS wave rotating
together with ions 3 He. However, it should be noted that
experiments on high frequency heating at Globus-M show
that with an increase in the concentration of a small additive
of hydrogen in a spherical tokamak, the heating efficiency
can be maintained and thus represent a way to solve the
specified problem. A similar effect can also be expected
for the three-ion scenario. At relative *He concentrations
of approximately 2 to 7% and high plasma concentrations,
most of the accelerated particles can be kept in a tokamak
at the pumping power available on Globus-M2.
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