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Introduction. It is important to decrease light and heavy impurities influxes towards the plasma volume during 
the high temperature plasma experiments in fusion devices. This is why the conditioning of the wall inner vacuum 
surfaces is a basic part of the fusion device operation.  

Problem Statement. The conventional inner vacuum chamber surface conditioning methods has a significant 
drawback: sputtering materials in a vacuum chamber. The inner vacuum surfaces can be also conditioned with 
radio-frequency (RF) discharge plasma, but the conditioning effectiveness is limited by low ion energy.

Purpose. The purpose of this research is to develop vacuum surface conditioning technology by the radio fre-
quency plasma combined with DC discharge.
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Materials and Methods. The noncontact passive method of optical plasma spectroscopy has been used to 
estimate ion plasma composition. The stainless steel outgassing has been determined in situ with the thermo-
desorption probe method. The sputtering of the samples has been measured with the weight loss method.

Results. The studies of combined discharge have shown that: the anode voltage of combined discharge is lower 
than in case of the glow discharge; the stainless steel 12Kh18N10T erosion coefficient is about 1.5 times less in the 
case of combined discharge than in the glow one; the thermal desorption diagnostic of wall conditions in the 
DSM-1 experimental device has shown better efficiency with the combined discharge as compared with the glow 
discharge. The proposed technology is an original one and has no analogs.

Conclusions. The reported research results have shown good prospects for the combined discharge usage for 
plasma walls conditioning and opportunities for using the combined discharge technology for big fusion 
machines.

K e y w o r d s : plasma, glow discharge, microwave discharge, stellarator, and vacuum.

Decreasing light and heavy impurities influx to 
plasma is one of the important problems of exper-
imental high-temperature plasma research for con-
trolled nuclear fusion. The contaminations of vac-
uum chamber inner walls facing to plasma dete-
riorate the plasma parameters, increase the energy 
losses and even lead to radiation collapses and 
disruptions. This is a reason why the condition-
ing of inner vacuum surfaces is a basic part of fu-
sion device operation, in particular in the case of 
international experimental fusion reactor ITER 
[1, 2] and future fusion reactors. So, developing 
the scenarios for effective inner vacuum surface 
conditioning is a relevant problem.

Different conditioning methods are used in high-
temperature plasma confinement devices [3—5]. 
There are different discharge types for plasma crea-
tion, depending on conditioning conditions, both 
impulse and continuous ones: the Taylor dischar-
ge [3—5]; the glow discharge [3—7] and different 
types of radio frequency (RF) discharges [6—16] 
within different frequency ranges (elect ron cyc-
lotron frequency [6—8], ion cyclotron frequency 
[8—10], and very high frequency (VHF) [14—16]).

The glow discharge is the most wide-used wall 
conditioning technology [3—7]. However, this 
tech nology has a considerable disadvantage that 
is sputtering of materials during discharge clea-
ning. In the glow discharge plasma, the energy of 
ions hitting the wall is higher than the material 
sputtering threshold. This leads to negative conse-
quences, such as damage of inner devices and de-
position of metal films on the inner walls of the 

va cuum chamber and on the equipment inside it. 
These negative effects weaken when the glow dis-
charge takes place in the atmosphere of gases 
with a low atomic mass, for example, helium and 
hydrogen. The sputtering rate decreases, but the 
phenomenon is not fully eliminated. 

The RF and VHF discharge plasma wall condi-
tioning is competitive to the glow discharge con-
ditioning technology [11—16]. The RF discharge 
plasma conditioning methods without magnetic 
field and in weak magnetic field have been de ve-
lo ped at IPP NSC KIPT and used for vacuum 
cham ber wall conditioning of stellarators (torsa-
trons) Uragan-2M and Uragan-3M. The complica-
ted physical processes of the wave propagation and 
the physical and chemical plasma-neutral  gas and 
plasma-wall interaction run in RF dischar ges. 
The ion collision with the wall is one of these pro-
cesses. They may be used for walls conditio ning, 
but their effectiveness is limited by low ion energy.

The combination of RF and glow discharge, so 
called RG-discharge (combined RF-glow dischar-
ge), has been also used (see [3—5]). This techno-
logy was developed and introduced at the TEX-
TOR tokamak. Those experiments used three 
RF systems with a power of 250 W at a frequency 
of 13.6 MHz, a DC source power of up to 10 kW, 
and a voltage of up to 1.1 kV. Because of high ano-
de voltage, this technology has the same disad-
vantage of sputtering as in the case of the glow 
discharge.

The sputtering rate may be reduced by lowe-
ring the ion energy. The appropriate ion energy 
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ranges within 10—50 eV, where it is less than the 
sputtering threshold, but is sufficient to destroy 
the contaminating films on the vacuum surfaces. 
This energy range may be realized neither in the 
RF, nor in the glow discharges. Electric biasing 
may be a possible way to control ion energy in RF 
discharge. The discharge voltage may be reduced 
in the glow discharge to get lower ion energy, 
which leads to decreasing ion flux to the catho-
de. However, voltage may be lowered to a certain 
threshold when the discharge cannot be sustai-
ned any longer. Additional microwave power may 
be fed into glow discharge plasma to decrease dis-
charge voltage and to create combined discharge 
in such a way. The wall conditioning effectiveness 
is expected not to worsen during a combined dis-
charge as compared with the conventional one, and 
wall material erosion rate should be lower than 
in the case of glow discharge. 

It should be noted, that the first interest to the 
combined discharge was associated with the use 
of gas-discharge dio des as microwave power pro-
bes [17—19]. That re search was carried out with 
rather small gas-discharge devices (the volume was 
up to several cubic centimeters). The external elect-
ric field influence upon electrode microwave dis-
charge (volu me ~ 103 cm3) has been studied in [20, 
21] where the possibility to control charge partic-
le fluxes to the discharge chamber surface has been 
shown. In general, there have been few studies of 
combined glow-microwave discharges, and data 
collected in them have been still fragmented.

The purpose of this research is to study com-
bined glow-RF discharge in terms of vacuum sur-
faces conditioning. The research results have been 
implemented in Uragan-2M stellarator.

rf and Dc combined Discharge research 

The experimental research on the RF and DC com-
bined discharge has been carried out at the DSM-1 
(the diagnostic stand for materials) device that 
has a cylindrical chamber [22—25]. It is used for 
material erosion studies in crossed electrical and 
magnetic fields [22—25]. The scheme and picture 
of the device is shown in Fig. 1. Its vacuum cham-

ber has a volume of 0.35 m3 and is made of stain-
less steel 12Kh18N10T. The area of the inner va-
cuum chamber wall surface is ≈ 0.5 m2. The pum-
ping system includes one high vacuum turbo-mo-
lecular pump ТМN-500 with a pumping rate of 
500 l/s and one fore-vacuum pump NVR-5 with 
a pumping rate of 5 l/s.

The device has been upgraded for experiments 
with glow and combined discharges. A Langmuir 
probe, two optical windows for spectroscopic mea-
surements, a thermal desorbtion probe, and a wa ter-
cooled feed-through for microwave antenna ha ve 
been installed on DSM-1. Magnetron with a po-
wer of 0.8 kW and a frequency of 2.45 GHz is used 

Fig. 1. Photo (a) and scheme (b) of DSM-1 device
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as a microwave source. It operates continuously. 
The two axial electrodes are used as anodes for 
DC discharge (Fig. 1, a), and the chamber wall 
serves as a cathode. The anodes are made of poli-
shed stainless steel 12Kh18N10T disks having 
25 mm in diameter and 1.5 mm in thickness. The 
three SS1-SS3 samples made of polished stainless 
steel 12Kh18N10T are used for studying the cham-
ber wall erosion and placed on the bottom of the 
chamber. The SS1 and SS2 samples are made of 
two disks having 25 mm in diameter and 1.5 mm 
in thickness. The SS3 sample is a strip having di-
mensions 300 × 50 mm and thickness of 0.5 mm.

The local plasma characteristics (density and 
electron temperature) are measured with a single 
Langmuir probe. The noncontact passive method 
of optical plasma spectroscopy is used to estima-
te ion plasma composition. The optical emission 
spect rum is registered in the range of 214 — 673 nm 
with a spectrometer of SL-40-2-3648 USB SO-
LAR TII type (the spectral resolution <0.6 nm). 
The spectral lines are identified according to [26]. 
The plasma radiation spectrum is recorded through 
optical fiber line placed at the upper optical win-
dow (Fig. 1, a). The stainless steel outgassing is det-
ermined in situ by the thermo-desorption probe 
method. The method and procedure to determine 
stainless steel outgassing rate q and the number 
of monolayers N are described in detail in [27, 28]. 
The sputtering of the samples SS1-SS3 is mea su-
red with the weight loss method, with the use of ba-
lance VLR-200, an analog to that described in [25].

Before the experiment, the DSM-1 device is 
pumped out to a pressure of ~ 5 · 1 0—6 Torr that cor-
respond to the outgassing rate ~ 10—9 Torr · l/s · cm2. 
The working gas is high-purity argon (99.998%) 
at a pressure ranging within 10—1—10—3 Torr. The 
GD or combined discharge starts inside the de-
vice with microwave power supplied from a mag-
netron generator.

The current-voltage (IV) characteristic (CVC) 
is mea sured for both discharges. The typical CVC 
for the glow and combined discharges are shown 
in Fig. 2. The discharge current increases, as the 
vol tage grows, in both cases. The discharge volta-
ge is lower in the case of the combined discharge 
than in the case of the glow one. The CVC analy-
sis has shown that the voltage difference for the 
whole pressure range of glow and combined dis-
charges (current 100 mA) is ΔU = 70 — 100 V. 
The measured electron density is n

e ~ 5 · 108 cm–3 
for the glow and the combined discharges. The 
plasma electron temperature Te is ≈ 10 eV in the 
case of the glow discharge and ≈ 50 eV in case of 
the combined discharge. The plasma optical emis-
sion spectrum of both discharges (Fig. 3) shows 
the presence of exited lines of atoms H*, Ar* (Ar I), 
and ions Ar+* (Ar II).

Fig. 2. Glow and combined discharges CVC at Ar pressure 
p = 1.7 · 10–2 Torr (a) and p = 6.7 · 10–3 Torr (b). The curves 
for glow discharge and for combined discharge are marked 
with 1 and 2, respectively
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The neutral gas pressure chosen for the wall 
con ditioning and erosion study is 10–3—10–2 Torr. 
Two separate experiments to determine the out-
gassing and stainless steel erosion rates have been 
carried out for the glow and combined discharges. 

The initial conditions are almost the same for both 
experiments. In both cases, the vacuum chamber 
is open to atmosphere before the experiments and 
then the chamber is pumped out. The dis charge 
current is maintained at 100 mA for both dischar-

Fig. 3. Emission spectra of glow (solid) and combined (dashed) discharges (Ar pressure 
p ≈ 7.8 · 10-3 Torr)
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ges. This corresponds to the ion current density 
at the chamber wall j ≈ 12 μA/cm2. The duration 
of plasma conditioning of the chamber walls is 
5 hours for each type of discharge. Fig. 4 shows 
that chamber wall conditioning by the glow dis-
charge decreases the outgassing rate of stainless 
steel at 300 °C 5 times, from 5.5 · 10–5 Torr · l/ s · cm2 
to 1 · 10–5 Torr · l/s · cm2, whe reas, after the chamber 
wall conditioning by the combined discharge, the 
outgassing rate decreases to 3 · 10–6 Torr · l/s · cm2. 
This means that the combined discharge has a hig-
her efficiency. It should be noted that the ultima te 
vacuum after several conditioning cycles impro-
ves from ~ 5 · 10–6 Torr to (1.5 — 2) · 10–6 Torr, and 
the outgassing rate decreases from 10–9 Torr · l/s · cm2 
to 8 · 10–10 Torr · l/s · cm2. The measured stainless 
steel erosion (sputtering) coefficient is given in Tab-
le 1. The table shows that in the case of glow dis-
charge, the stainless steel erosion coefficient is 

1.5 times higher than the in case of combined dis-
charge. In [29], it has been stated that the avera-
ge glow discharge ion energy is E ≈ 0.3 eU. In our 
case, the average ion energy (discharge current 
100 mA) is ~ 110 eV, in the case of glow discharge, 
and ~ 80 eV, in the case of combined one. The ab-
solute values of the erosion coefficient (Table 1) 
for the glow discharge have a good match with the 
literature data for Fe sputtering caused by 100 eV 
argon ion Ar+ bombardment [30].

As a result, the research has shown good pros-
pects for using combined discharge for wall con-
ditioning in plasma devices. The combined dis-
charge has been realized at Uragan-2M stellarator. 
This has allowed us to apply the vacuum chamber 
conditioning technology at big toroidal device 
and to study the discharge features in the condi-
tions that are relevant for fusion devices.

combined Discharge  
in uragan-2m Stellarator.  
first experiments 

Uragan-2M (U-2M) device is a medium-sized stel-
larator of the torsatron type (Fig. 5) [31, 32]. The 
device major radius is R = 1.7 m, the average plas-
ma radius is rpl <24 cm, the toroidal magnetic 
field is B0 < 2.4 T. The vacuum chamber is toroi-
dal with a minor radius of rc = 0.34 m, its volume 
is Vс = 3.879 m3 (without vacuum ports), the to-
rus inner surface is S = 22.819 m2. The chamber 
has 48 ports that are used for diagnostic devices, 
gas puffing and vacuum pumping. The vacuum 
cham ber is pumped with three turbo-molecular 
pumps TMN-500 at a pumping rate of 500 l/s. The 
fore-vacuum pumping is done by a fore-va cuum 
pump at a pumping rate of 63 l/s.

The glow discharge and microwave systems 
have been developed, constructed, manufactured, 
and installed at U-2M to realize the combined dis-
charge. The glow discharge system consists of four 
identical water cooled electrodes (anodes) and a 
power source. The vacuum chamber wall serves 
as cathode. The anodes are cylindrical rods ha ving 
59 cm in length and 2 cm in diameter (Fig. 6, a). 
They are made of stainless steel. The area of cur-

Table 1. Stainless Steel Erosion  
(Sputtering) Coefficient in Ar Plasma under  
Different Plasma Conditioning Conditions  
(j ≈ 12 μA/cm2; 2.4 · 1019 ion/cm2)

Plasma conditioning 
conditions

SS1,
atom/ion

SS2,
atom/ion

SS3,
atom/ion

Glow discharge 0.360 0.395 —

Combined discharge 0.203 0.305 0.190

Fig. 4. Specific rate of stainless steel 12Kh18N10T gas emis-
sion (300 °С) measured in situ in DSM-1 vacuum chamber 
depending from vacuum chamber walls conditioning time
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rent receiving surface of a single anode is 392 cm2, 
and for the four anodes it totals 1560 cm2. The 
electrodes (anodes) are installed at U-2M I cross-
sections Z1, Z2, Z3, and Z4 (Fig. 5, b). The dis-
tance from the electrode to the outer side of the 
last closed surface is 3 cm at Kφ = 0.32. The uni-
versal power source UDZh-1 is used for the dis-
charge. Its output voltage may vary from 20 to 
610 V, with a maximum current of 600 mA. The 
power source with an output voltage of 1.9 kV and 
a maximum current of 5 A is used for higher dis-
charge voltages and currents. The anode voltage 

is measured with volt-meters and the total anode 
current is measured with a milliampere-meter.

The microwave power is fed into the vacuum 
chamber with a whip antenna (Fig. 6, b) that is 
designed, made, and installed into 45 mm vacuum 
port (Fig. 6, c). The antenna whip length is quar-
ter of the wavelength. The antenna is water coo-
led. The microwave system scheme is shown in 
Fig. 7. M 105-1 magnet ron is used as microwave 
generator. It operates at a frequency of 2.45 GHz 
(λ = 12.2 cm). The magnetron nominal power is 
600 W. The magnetron operates in continuous 
regime with fan air cooling. The microwave po-
wer is transferred to antenna through the coaxial 
transmission line. The transmission line matching 
is varied by short-circuiting pistons; 10 m long 
coaxial cable DRAKA RFA7/850-״L (impedance 
50 Ohm) is used as trans mission line. The attenu-
ation coefficient for cable in 2.4—2.6 GHz range 
is 0.0648—0.0678 dB/m. The cable may transmit 
a continuous power of 1.4 kW at a frequency of 
2.4—2.6 GHz.

a

Fig. 6. Electrode (anode) photo in U-2M vacuum cham-
ber (a), whip antenna general view (b)

a

b

Fig. 5. U-2M photo (a) and scheme (b). I — poloidal coils; 
II — helical coils; III — toroidal field coils (1—16)
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The glow discharge research experiments ha-
ve been carried out at U-2M without a magnetic 
field. The vacuum chamber residual pressure is 
po.p.= 1.5 · 10−7 Torr. The vacuum volume is filled 
with high purity Ar (99.998%) as working gas, at 
a pressure of 7.5 · 10−4 — 0.1 Torr. Since the cat-
hode is shaped as hollow torus (U-2M vacuum 
chamber walls), the glow discharge may be treated 
as hollow cathode discharge. The hollow cathode 
discharge is generally a self-sustained gas dischar-
ge with cold cathodes [33, 34]. One of the hollow 

discharge features is electric field non-uniformity 
in the discharge gap. Firstly, the discharge ig-
nition voltage and the CVC have been deter-
mined. The charge ignition voltage is 564 V (the 
left Paschen curve branch) and 259 V (the right 
Paschen curve branch), at a pressure ranging 
within 4.5 · 10−3 — 9.8 · 10−2 Torr with a minimal 
value of Umin ≈ 253 V (p = 6.8 · 10−2 Torr). The 
CVC has a slight positive slope like in the case of 
hollow cathode discharges [34]. For examp le, the 
voltage is equal to 264 V at a pressure of 4.5 · 
10−3 Torr and a discharge current of 40 mA, and to 
350 V at 500 mA. The discharge voltage is 202 V 
at a current of 40 mA and 237 V at 440 mA and 
pressure p = 5 · 10−2 Torr. The visible plasma glow 
has no pressure dependence and is observed in 
the whole chamber.

A single electrode installed at Z1 cross-section 
is used as anode in the combined discharge expe-
riments (Fig. 5, b). The CVC is measured at a cons-
tant pressure, during the DC and combined dis-
charge. The self-sustained DC discharge is igni-
ted at the first stage and its CVC is measured. The 
voltage for single anode matches the earlier mea-
sured voltage for the four anodes. The CVC shape 
for the single anode (Fig. 8, curve 1), discharge vol-
tage, and current are close to already measured 
ones for the four anodes. The microwave power is 
fed into vacuum vessel during burning DC dischar-
ge at the second stage. The discharge voltage de-
creases at the moment of power input. Then, the 
combined discharge CVC is measured (Fig. 8, cur-
ve 2). The combined discharge voltage decreases 
by ΔU=32—57 V. The discharge voltage increases 
to the already measured value without microwa-
ve, when microwave power is off. The minimal ex-
perimentally measured ΔU value is 10—20 V and 
depends on argon pressure and input power. The 
research has shown the possibility of combined 
discharge implementation in a big chamber with 
a volume of ~ 4 m3 and a rather small input power.

conclusion 

From the research on the combined RF and DC 
discharge the following may be concluded:

Fig. 7. Microwave system scheme. 1 — Microwave magnet ron 
power source; 2 — Microwave magnetron; 3, 5, 6 — pistons; 
4 — coaxial-waveguide junction; 7 — feeder line (coa xial ca-
bel); 8 — whip antenna

Fig. 8. Volt-ampere characteristics: 1 — d.c. discharge, 2 — 
combined microwave discharge (f = 2.45 GHz) and d.c. dis-
charge (Ar, p = 4,2·10-2 Torr)
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  the anode voltage of combined discharge is lo-
wer than in the case of glow one;

  the stainless steel 12Kh18N10T erosion coef-
ficient is about 1.5 times less in the case of com-
bined discharge than in the case of glow one;

  the thermal desorption diagnostic of wall condi-
tions in the DSM-1 has shown better efficien-
cy with the combined discharge: the glow dis-
charge conditioning during 5 hours causes 5 
ti mes decrease in stainless steel 12Kh18N10T 
outgassing rate, while the combined dischar ge 
conditioning under the same initial conditions 
causes 15 times decrease in the outgassing rate.

  The combined discharge may be realized in both 
small and big vacuum chambers.
Further improvements in the combined dischar-

ge efficiency in wall conditioning are associated 
with increasing microwave power that is quite small 
in our experiments, especially, in the case of U-2M.

As a result, the research has shown good pros-
pects for using the combined discharge for plasma 
devices walls conditioning. The research results 
have been implemented at Uragan-2M and will 
be proposed for EUROfusion devices.

The research has been done within the Priority 
R&D Support program, project № 25/22-2019.
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РОЗРОБКА ТЕХНОЛОГІЇ ЧИЩЕННЯ ВАКУУМНИХ  
ПОВЕРХОНЬ ПЛАЗМОЮ ВИСОКОЧАСТОТНОГО РОЗРЯДУ  
В КОМБІНАЦІЇ З РОЗРЯДОМ ПОСТІЙНОГО СТРУМУ

Вступ. В експериментальних дослідженнях високотемпературної плазми, спрямованих на вирішення проблем керо-
ваного термоядерного синтезу, важливим питанням є необхідність зменшення потоків легких та важких домішок до 
об’єму утримання плазми. Підготовка внутрішніх вакуумних поверхонь є невід’ємною частиною функціонування 
термоядерних установок, а розробка ефективних сценаріїв щодо підготовки поверхонь є нагальною потребою.

Проблематика. У застосовуваної сьогодні технології чищення внутрішніх поверхонь вакуумної камери за допо-
могою жевріючого розряду є досить суттєвий недолік – розпилення матеріалів у вакуумній камері. Для чищення 
внутрішніх вакуумних поверхонь також використовується плазма, створена високочастотним розрядом, але її ефек-
тивність обмежується низькою енергією іонів.

Мета. Розробка технології чищення вакуумних поверхонь плазмою високочастотного розряду в комбінації з роз-
рядом постійного струму.

Матеріали й методи. Для визначення зарядового стану іонів та елементного складу плазми використано безкон-
тактний пасивний метод оптичної плазмової спектроскопії. Швидкість газовиділення нержавіючої сталі in situ ви-
значали діагностичним методом на основі термодесорбційного зонда. Коефіцієнт розпилення зразків виміряно мето-
дом вагових втрат.

Результати. Дослідження показали, що анодна напруга комбінованого розряду є нижчою, ніж у жевріючому роз-
ряді; швидкість ерозії нержавіючої сталі 12X18H10T приблизно в 1,5 рази менший при комбінованому розряді, ніж у 
жевріючому розряді; термодесорбційна діагностика стану стінки в ДСM-1 показала, що чистка комбіновваним роз-
рядом продемонструвала кращу ефективність ніж жевріючим розрядом. Запропонована розробка є оригінальною та 
не має аналогів у світі.

Висновки. Наведені результати дослідження показали перспективу використання комбінованого розряду для чи-
щення стінок у плазмових пристроях, що відкриває широкі можливості застосування розробленої технології на осно-
ві комбінованого розряду для чищення великих тороїдальних вакуумних камер. 

Ключові  слова : плазма, жевріючий розряд, мікрохвильовий розряд, стеларатор, вакуум. 


