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This report compares results ion-cyclotron range of frequencies (ICRF) plasma production at hydrogen mi-
nority regime in Uragan-2M (U-2M) and Large Helical Device (LHD). The condition of the presence of the
fundamental harmonic ion cyclotron resonance zone for the hydrogen inside the plasma column should be ful-
filled for this method. The scenario is successful at both machines and weakly sensitive to the variation of the
hydrogen concentration in the Hy+He gas mixture. It should be noted that at LHD the start up is slower than at
U-2M. The comparison of plasma production in ICRF with hydrogen minority at U-2M and LHD indicate that
this scenario can be scaled to larger stellarator devices. The experiments made are the base for the proposal for
usage this scenario for plasma production in ICRF at Wendelstein 7-X at magnetic field reduced to 1.7 T.
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1. Introduction

The optimized superconducting stellarator device
Wendelstein 7-X (W7-X) in Greifswald, Germany, is the
first HELIAS machine that aims to demonstrate that power
plant requirements can be achieved in a stellarator [1]. The
W7-X has several heating systems: tthe electron-cyclotron
resonance heating (ECRH) [2], the neutral beam injec-
tion (NBI) [3] and the ion-cyclotron resonance heating
(ICRH) [4,5]. The regular magnetic field of W7-X that
fits to X2 ECRH is 2.5 T. The operation of W7-X at the
magnetic field of 1.7 T is possible with usage of 3rd har-
monic ECRH (X3-mode). The experiments at this mag-
netic field give an opportunity to investigate high 8 plasma
and more magnetic configurations. The experimental [6]
studies and the theory [7] show a need to create a target
plasma for X3-mode ECRH. The initial plasma can be cre-
ated by radio-frequency ICRF system in the ion-cyclotron
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resonance range on W7-X [4,5], possibly with an interme-
diate heating step by NBIL

The motivation of this study is to provide plasma cre-
ation in conditions at which ECRH startup is not possi-
ble, and in this way to widen the operational frame of he-
lical machines. The experiments on stellarator Uragan-2M
(U-2M) support the W7-X experimental program on ICRF.
Based on plasma production experiments in U-2M, a sce-
nario had been proposed for ICRF plasma production at
the hydrogen minority regime [8—11]. However, the U-2M
is notably smaller than Large Helical Device (LHD) and
W7-X. Moreover, the magnetic field in U-2M is an order
of magnitude lower. The initial experiments at LHD [12]
device confirmed that the minority scenario is possible in
large machines. This paper presents new studies on the
ICRF plasma production at hydrogen minority regime in
U-2M and LHD in comparison with previous ones.
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2. Experimental Devices

2.1 Uragan-2M

The U-2M device at Kharkiv, Ukraine, is a medium-
size stellarator of torsatron type [8, 13, 14]. The magnetic
system is water cooled and consists of 1 = 2 helical coils
with four periods (m = 4) in the toroidal direction. U-2M
is equipped with 16 coils producing a toroidal field. The
magnetic configuration parameters can be changed varying
the parameter Ky = By/(By + By) where By and By, are
the toroidal fields at the geometrical axis of the torus pro-
duced by the toroidal and helical coils, respectively. The
magnetic field power system makes it possible to operate
at By < 0.6 T where By = By + By,. The U-2M stel-
larator use only RF methods to produce and heat plasma
[8-11,15-17]. For this purpose, two identical pulsed RF
systems the ‘Kaskad-1’ (K-1) and ‘Kaskad-2’ (K-2) [8] are
used. The U-2M has several antennas: the frame antenna
(FA) [15], three-half-turn antenna (THTA) [16] and two-
strap antenna (TSA) [8, 17]. The TSA antenna is mim-
icking the W7-X ICRF antenna [4, 5] and the main differ-
ence is that it is smaller. The antenna consists of two par-
allel poloidal straps oriented perpendicular to the toroidal
axis [8,17]. The TSA antenna used for plasma production
at hydrogen minority regime [8—11]. The main character-
istics of the U-2M are shown in Table 1.

2.2 Large Helical Device

The LHD is a large-scale heliotron-type supercon-
ducting device at Toki, Japan [18]. The poloidal and
toroidal period field period numbers are I/m = 2/10. The
LHD has several heating systems: the ECRH, the NBI and
the ICRH [19]. The ion cyclotron range of frequencies
(ICRF) heating system in the LHD is used with a fixed
frequency of 38.47MHz [20] and has maximum output
power 3MW [21]. The two types of antennas are used
on the LHD: a Hand-Shake form antennas (HAS) [22] and
a Field-Aligned-Impedance Transforming antennas (FAIT)
[23]. The antennas occupy the upper (U) and lower (L)
ports of the LHD vacuum chamber. The strap elements of
both antennas are oriented perpendicular to the magnetic
field and are shielded by the Faraday screens. The main
characteristics of the LHD are shown in Table 1.

3. Hydrogen Minority Scenario

The main requirement for this scenario is the pres-

Table 1 Devices characteristics.

U-2M LHD
Major radius, R (m) 1.7 3.9
Minor radius, r (m) 0.34 0.6
Plasma volume, V,, (m?) ~1.6 ~30
Magnetic field, B (T) <0.6 3
Total heating power, (MW) <04 36
Plasma heating tools ICRF ECRH, NBI,
ICRF

ence of minority hydrogen ions in the plasma. The ion cy-
clotron resonance zone for the hydrogen fundamental har-
monic should be present inside the plasma column [8, 9].
The main mechanism of plasma formation is the ionization
of neutral atoms (molecules) by electron impact. At low
plasma densities, the heating of electrons is due to slow
wave (SW) excitation by the antenna and its absorption
by plasma. At higher plasma densities, a fast wave (FW)
propagates. In the layer where the Alfvén resonance con-
dition is fulfilled, FW is converted to SW. SW propagates
toward the lower hybrid resonance (LHR) layer, where SW
is completely absorbed [8].

This scenario was developed at U-2M [8, 9] and was
qualified for ICRF plasma generation in the LHD [12].

4. Experimental Results
4.1 Experimental results at U-2M

The experimental results presented here were obtained
in the experimental campaigns of years 2019-2021 on U-
2M [8-11]. The TSA antenna was used to production the
plasma [8, 17]. The RF frequency was equal to the funda-
mental hydrogen ion cyclotron harmonic wgr = 0 (HF)
~ 20 (He**) ~ 4w, (He*) in these experiments. The cy-
clotron zone was located inside the plasma column. Gas
mixtures were prepared before the experiments in the gas
mixture system [24]. The percentage composition of the
mixture in the U-2M vacuum chamber was measured by a
mass spectrometer.

In the first experiments (experimental campaign
Spring-2019 on U-2M), the plasma was production in a
pure helium [8] at an initial pressure 0.14-4 x 1072 Pa. A
small concentration of hydrogen minority spontaneously
entered the plasma, presumably due to the dissociation of
water and hydrocarbons. Accordingly, the hydrogen con-
centration in the plasma was not controlled. At an injected
RF power of ~100 kW production of plasma with a density
(2-2.6)x 10'"® m™3 was observed near the first harmonic
of the hydrogen cyclotron frequency. Further experiments
in the helium pressure range of 0.145-1.6 X 1072 Pa have
shown that at p < 3 x 1072 Pa the plasma density decreases
significantly [9]. The shot by shot dependence of the av-
erage plasma density on the pressure of helium is shown
in Fig. 1. The maximum average plasma density obtained
in helium did not exceed a value of ~ 3 x 10'® m™3 in the
range of pressures below ~0.1 Pa[9,11]. A further increase
in high-frequency power did not lead to a significant in-
crease in the plasma density. As a result, the degree of
plasma ionization was not high. Analogous results on pro-
duction of plasma in helium ion cyclotron wall condition-
ing (ICWC) discharge were previously obtained on toka-
mak TEXTOR-94 [25] and stellarator W7-AS [26].

In the case of a controlled concentration of hydrogen
minority in helium, a higher plasma density is achieved
and the degree of gas ionization is significantly increased
[9-11]. In the first experiments (experimental campaign
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Fig. 1 Maximum average plasma density as a function of the
pressure (U, = 7kV, f = 4.9 MHz) 14%H,+86%He, B, =
0.35 T, 100%H,, By = 0.324 T, 100%He, By = 0.326 T.
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Fig. 2 Time evolutions of average plasma density for He and
gas mixture 14%H,+86%He for initial pressure py =
3.4x107% Pa and U, = 7kV. (for He By = 0.325T, K,
=0.325, f = 4.96 MHz; for 14%H,+86%He, B, = 0.32T,
Ky = 0.34, f = 49 MHz).

Spring-2020 on U-2M) in the H,+He mixture, the average
plasma density was obtained ~2.6 times higher than in pure
helium at the initial pressure of the H,+He mixture ~20
times lower [9]. Consequent experiments (experimental
campaigns Fall-2020 and Fall-2021 on U-2M) has focused
on a more detailed investigation of plasma production in
H,+He mixture with controlled concentration of hydrogen
minority [10,11]. Figure 1 shows a comparison of the aver-
age plasma density formed in the H,+He gas mixture and
in helium. At the same initial pressure ~3.51072 Pa, the
plasma density is ~3.2 times higher for the H,+He mix-
ture. The dynamics of the plasma density increase is also
different for the Hy+He and He. Figure 2 shows the time
evolution of the average plasma density at the same initial
pressure for He and the H,+He mixture. For RF discharges
in helium, a smooth increase in the plasma density over
a time of more than 12 ms is characteristic. At the same
time, the achieved maximum density did not exceed the
value of ~ 2.6 x 10" m™3. In the H,+He mixture, the max-
imum density of ~ 7 x 10'® m™® was reached in 6 ms. The
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Fig. 3 Time evolutions of average plasma density for H, and
gas mixture 14%H,+86%He for initial pressure py =
5% 107 Pa and U, = 7kV. (for H, By = 0.327T, K, =
0.34, f = 496 MHz; for 14%H,+86%He, B, = 0.32T,
Ky = 0.34, f = 49 MHz).

fluctuations in the plasma density are observed. For pure
hydrogen, the dependence of plasma density on pressure is
similar to that obtained in helium (see Fig. 1). In hydro-
gen and in helium, the maximum plasma density weakly
varies less than ~2 times in the experimental neutral gas
pressure range. The maximum plasma density in hydrogen
was lower than ~ 3x 10" m™. At an initial pressure of
~1.5 x 1072 Pa, the plasma density is higher by a factor of
~6.3 for the H,+He mixture (see Fig. 1). At formation of
plasma (see Fig.3) in hydrogen, there is a rapid increase
in density to ~ 0.78 x 10'® m~3 in the initial period of 18 -
19.5 ms, followed by a smooth increase in plasma density
to a maximum value of ~ 2.1 x 10"® m™3. In a mixture of
H,+He increase of plasma density is observed to a maxi-
mum value of ~ 7 x 10'® m=3 for 6 ms and subsequent fluc-
tuations in plasma density.

Studies of plasma production in Hp+He mixture
showed [9—11] that the density of the produced plasma de-
pends on the injected RF power, the hydrogen concentra-
tion in the mixture, and the initial pressure of the mixture.
A simple estimate based on U-2M results indicates that to
create a plasma with high density, RF power density at or
above 60 kW/m? is required. The optimal concentration is
14% hydrogen that provides plasma production of highest
density. Increase or decrease of hydrogen concentration ~
2 times leads to decrease of plasma density in ~1.2 times.

The temperature of electrons and plasma ions mea-
sured by optical spectral methods was not more than a few
tens of eV. Accordingly, the created plasma had a notice-
able density and low temperature. Note that in the exper-
iments on producing plasma in Hy+He ICWC discharge
mixture conducted in tokamaks were obtained significantly
lower plasma densities up to ~ 5 x 10" m~3 [27-30].

4.2 Experimental results at LHD
Experimental results were obtained in the 22th [12]
and 23th experimental campaigns on LHD. The ICRF
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plasma production scenario with minority hydrogen ions
at LHD [12] was similar to that developed at U-2M [8, 9].
Accordingly, the ion cyclotron resonance zone for the hy-
drogen fundamental harmonic was inside the plasma col-
umn. The main differences between the experiments at
LHD and at U-2M were the significantly higher magnetic
field of 2.55 and 2.75 T in LHD, the larger plasma volume
~30m?, the RF power up to 2 MW, and usage of two types
of antennas, FAIT and HAS. An H,+He gas mixture with
controlled hydrogen concentration was created in the LHD
vacuum chamber by independently injecting H, and He.
The percentage composition of the mixture was measured
by a quadrupole mass spectrometer.

In the first experiments on the LHD (22th experimen-
tal campaign on LHD), the plasma was produced in the
H,+He mixture [12] at injected RF power up to 0.3 MW.
The main limitation of these experiments was the low RF
power to reduce the probability of arcing on the RF sys-
tem elements. No dangerous voltage rise on the RF system
elements and arcing was detected. Two regimes were re-
alized: ICRH with pre-ionization by the ECRH and ICRH
solely. In the first regime with pre-ionization the prelimi-
nary plasma was created by the ECRH discharge. Further
on plasma decay after ECRH pulse, the ICRF power was
injected. In the second regime, without pre-ionization, the
plasma was produced only by ICRF discharge. In both
regimes, the ICRF discharge maintained a plasma of low
density and the antenna-plasma coupling is far from opti-
mal. As aresult, the ICRF discharge at a specific RF power
density of ~7kWm™3 created a plasma with a density of ~
9.5x 10" m=3 [12].

In subsequent experiments (23th experimental cam-
paign on LHD), the injected RF power was significantly
increased. To prevent undesirable events arising on the
antenna (occurrence of arcs, RF breakdown on antenna
elements) in case of no-load (low plasma density) RF
power was introduced smoothly (see Figs.4 and 5). Two
regimes were also realized: ICRH with pre-ionization by
the ECRH and the ICRH alone. As an illustration of the
ICRH with pre-ionization by the ECRH of the regime with
Fig. 4 shows the plasma parameters evolutions for one of
the shots. In the first stage, a plasma of density ~ (8-
9.3)x 10" m~3 was produced and maintained only by an
ECRH discharge with a power of 1 MW. The ECRH dis-
charge produced a dense, highly ionized hot plasma. After
the ECRH pulse, the plasma density increases slightly and
after ~ 4.95 s the plasma density begins to decrease. The
intensity of the spectral lines H I, He I, and impurities C III,
CIV, and O V increases due to recombination (see Fig. 4).
In the second stage, RF power up to 1.75 MW was injected
into the plasma with a density below ~ 1 x 107 m=3 after
5.42s. The plasma density increased to ~ 10x 108 m=3.
The intensity of the spectral lines also increased. Further,
the RF power decreased to 1.25 MW. The plasma density
also decreased to~ 3 x 10"® m™. The temperature of the
electrons in the ICRF discharge was low, as in the first ex-
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(97.7nm), O V (63 nm) and CIV (154.9 nm). The work-
ing gas content is 33% H, +67% He. By =2.75T.
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Fig. 5 Time evolutions of injection power Picgrr (total), radiation
power P4, average electron density N, optical emission
intensities of H I (Ha 656.3 nm), He 1 (587.6 nm), C III
(97.7nm) and O V (63 nm). The working gas content is
~25% Hy + 75% He. By =2.75T.

periments [12]. This is also indicated by the high inten-
sity of spectral lines in the ICRF discharge as compared
to the ECRH discharge. The absence of an increase in the
spectral line intensity due to recombination after the ICRF
discharge should be noticed.

In the regime without pre-ionization the breakdown
and production of ICRF plasma with a density is much be-
low 10'7 m~2 occurs in a short time of ~10 ms. This stage
is characterized by the beginning of the growth of the in-
tensity of the spectral lines of the H I and He I atoms (see
Fig.5). The plasma density of ~ 1x10'7 m™3 is reached
for a time of ~60 ms after the start of the RF pulse. The
intensities of the spectral lines of the O V and C III ions
begin to increase. The maximum density of ~ 6 x 10'® m~3
is reached at RF power of ~ 1 MW. Radiation losses are
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Fig. 6 Dependence of maximum plasma density on RF power
density in LHD and U-2M. The percentage values near
the dots correspond to the initial concentration of hydro-
gen in the gas mixture H,+He.

~ 0.75 MW. The subsequent decrease in the intensity of
the spectral lines of the O V and C III impurities and the
plasma density seems to be related to decrease of the elec-
tron temperature. The main features of the ICRF discharge
are: breakdown and the beginning of plasma creation oc-
curs in a short time, the formed plasma has a low tem-
perature and is partially ionized, in the plasma there are
impurities that leads to high radiation losses.

As the experiments on the LHD show, the plasma den-
sity increases as the injected RF power increases. The
same dependence was observed in the experiments on U-
2M [9, 11]. Figure 6 shows the dependence of maximum
plasma density on RF power density. As can be seen from
Fig. 6 the plasma density at the level of 10" m™ can be
achieved at RF power density at or above 60 kW/m?. And
weakly sensitive to change in the hydrogen concentration
in the H,+He mixture.

The start-up time covers both the RF breakdown stage
and the plasma production stage [9,31]. Start-up time is
different for U-2M and LHD. U-2M has a start-up time less
than 20 ms. For LHD this time is in hundreds of millisec-
onds. The breakdown time in the U-2M is up to a few mil-
liseconds and depends on initial pressure, antenna voltage,
magnetic field [9, 16], etc. In U-2M case the plasma den-
sity was then increased to a maximum value over during
6-10ms. In the LHD, the breakdown has less fast con-
suming 10-30ms of time. The density increased over a
period of hundreds of milliseconds to a maximum value.

5. Summary

The results of the ICRF study of plasma production
with hydrogen minority at U-2M and LHD indicate that
this scenario can be scaled to large stellarator devices, in-
cluding W7-X. The scenario can be implemented in rela-
tively weak magnetic fields ~0.3 T as well as in strong ones
~2.7T. The condition of the presence of the ion cyclotron

resonance zone for the fundamental harmonic of hydro-
gen inside the plasma column should be fulfilled for this
method. Accordingly, it seems possible to implement this
scenario in a magnetic field of ~1.7 T for W7-X. The sce-
nario is weakly sensitive to change in the hydrogen concen-
tration in the Hp+He mixture. And the optimal hydrogen
concentration needed to obtain the high density lies in the
range ~10-20% hydrogen in the Hy+He mixture. No crit-
ical differences were observed in plasma production by the
different antenna types. Likely, the ICRF system of W7-
X can be used to try this scenario. The achieved plasma
density of ~10'm™3 is quite suitable as a target plasma
for subsequent NBI. However, the achieved electron tem-
perature is low for a successful start of X3-mode ECRH at
W7-X. Calculations show that an electron temperature of
~0.7keV is required [7]. Therefore, the main goal of fu-
ture experiments will be to find conditions to realize ICRF
plasma heating to high temperatures wthin this scenario.
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