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DEVELOPMENT OF TECHNOLOGY

FOR VACUUM SURFACE CONDITIONING
BY RF PLASMA DISCHARGE

COMBINED WITH DC DISCHARGE

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 ef ficiency 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.

Keywords: 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 (electron 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
technology 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
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vacuum 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 deve-
loped at IPP NSC KIPT and used for vacuum
chamber 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 discharges.
The ion collision with the wall is one of these pro-
cesses. They may be used for walls conditioning,
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

ISSN 2409-9066. Sci. innov. 2021. 17 (4)



Development of Technology for Vacuum Surface Conditioning by RF Plasma Discharge

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 diodes as microwave power pro-
bes [17—19]. That research 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 (volume ~ 10% cm?) 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-
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Fig. 1. Photo (a) and scheme (b) of DSM-1 device

ber has a volume of 0.35 m? and is made of stain-
less steel 12Kh18N10T. The area of the inner va-
cuum chamber wall surface is ~ 0.5 m?. The pum-
ping system includes one high vacuum turbo-mo-
lecular pump TMN-500 with a pumping rate of
500 1/s and one fore-vacuum pump NVR-5 with
a pumping rate of 51/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 water-
cooled feed-through for microwave antenna have
been installed on DSM-1. Magnetron with a po-
wer of 0.8 kW and a frequency of 2.45 GHz is used
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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 x 50 mm and thickness of 0.5 mm.
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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
spectrumisregistered in therangeof 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 ¢ and the number
of monolayers N are described in detail in [27, 28].
The sputtering of the samples SS1-SS3 is measu-
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~ Torr - 1 /s - cm?
The working gas is high-purity argon (99.998%)
at a pressure ranging within 10~'—10-2 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 measured for both discharges. The typical CVC
for the glow and combined discharges are shown
in Fig. 2. The discharge current increases, as the
voltage 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 AU = 70 — 100 V.
The measured electron density isn, ~ 5 10% cm
for the glow and the combined discharges. The
plasma electron temperature 7 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 IT).
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Fig. 3. Emission spectra of glow (solid) and combined (dashed) discharges (Ar pressure

p=~171.8-103Torr)

The neutral gas pressure chosen for the wall
conditioning and erosion study is 10-*—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.

ISSN 2409-9066. Sci. innov. 2021. 17 (4)

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 discharge
current is maintained at 100 mA for both dischar-
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Fig. 4. Specific rate of stainless steel 12Kh18N10T gas emis-
sion (300 °C) measured in situ in DSM-1 vacuum chamber
depending from vacuum chamber walls conditioning time

ges. This corresponds to the ion current density
at the chamber wall j ~ 12 pA/cm? 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° Torr - 1/s - cm?
to1-10~ Torr-1/s- cm? whereas, after the chamber
wall conditioning by the combined discharge, the
outgassing rate decreases to 3 - 106 Torr - /s - cm?
This means that the combined discharge has a hig-
her efficiency. It should be noted that the ultimate
vacuum after several conditioning cycles impro-
ves from ~ 5-10-¢ Torr to (1.5 — 2) - 10-° Torr, and
the outgassing rate decreases from 10~ Torr - 1/s - cm?
to 8- 101 Torr - 1/s - cm? 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

Table 1. Stainless Steel Erosion

(Sputtering) Coefficient in Ar Plasma under
Different Plasma Conditioning Conditions
(j~12 pA/cm?; 2.4 - 10" ion/cm?)

Plasma conditioning SSt, SS2, SS3,
conditions atom/ion atom/ion | atom/ion
Glow discharge 0.360 0.395 —
Combined discharge 0.203 0.305 0.190
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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 7 ;, <24 cm, the toroidal magnetic
field is B, < 2.4 T. The vacuum chamber is toroi-
dal with a minor radius of . = 0.34 m, its volume
is V= 3.879 m® (without vacuum ports), the to-
rus inner surface is § = 22.819 m? The chamber
has 48 ports that are used for diagnostic devices,
gas puffing and vacuum pumping. The vacuum
chamber is pumped with three turbo-molecular
pumps TMN-500 at a pumping rate of 500 1/s. The
fore-vacuum pumping is done by a fore-vacuum
pump at a pumping rate of 63 1/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 having
59 cm in length and 2 cm in diameter (Fig. 6, a).
They are made of stainless steel. The area of cur-

ISSN 2409-9066. Sci. innov. 2021. 17 (4)
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Fig. 5. U-2M photo (a) and scheme (b). I — poloidal coils;
IT — helical coils; ITT — toroidal field coils (1—16)

rent receiving surface of a single anode is 392 cm?,
and for the four anodes it totals 1560 cm? The
electrodes (anodes) are installed at U-2M I cross-
sections Z1, Z2, 73, and Z4 (Fig. 5, b). The dis-
tance from the electrode to the outer side of the
last closed surface is 3 cm at K = 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

ISSN 2409-9066. Sci. innov. 2021. 17 (4)

b

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

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, ¢). 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 magnetron is used as microwave
generator. It operates at a frequency of 2.45 GHz
(A =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 RFA7/8-50L (impedance
50 Ohm) is used as transmission 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.
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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
P,,= 1.5- 107 Torr. The vacuum volume is filled
with high purity Ar (99.998%) as working gas, at
a pressure of 7.5 - 10~ — 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

40

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 — 9.8 - 10~ Torr with a minimal
value of U~ 253 V (p = 6.8 - 10 Torr). The
CVC has a slight positive slope like in the case of
hollow cathode discharges [34]. For example, the
voltage is equal to 264 V at a pressure of 4.5 -
10~ 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 - 1072 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 7), 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 AU=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 AU 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 m? and a rather small input power.

Conclusion

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

ISSN 2409-9066. Sci. innov. 2021. 17 (4)
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the anode voltage of combined discharge is lo- | ¢ The combined discharge may be realized in both
wer than in the case of glow one; small and big vacuum chambers.

the stainless steel 12Kh18N10T erosion coef- Further improvements in the combined dischar-
ficient is about 1.5 times less in the case of com- | ge efficiency in wall conditioning are associated
bined discharge than in the case of glow one; with increasing microwave power that is quite small
the thermal desorption diagnostic of wall condi- | in our experiments, especially, in the case of U-2M.
tions in the DSM-1 has shown better efficien- As a result, the research has shown good pros-
cy with the combined discharge: the glow dis- | pects for using the combined discharge for plasma
charge conditioning during 5 hours causes 5 | devices walls conditioning. The research results
times decrease in stainless steel 12Kh18N10T | have been implemented at Uragan-2M and will
outgassing rate, while the combined discharge | be proposed for EUROfusion devices.
conditioning under the same initial conditions The research has been done within the Priority
causes 15 times decrease in the outgassing rate. | R&D Support program, project Ne 25/22-2019.
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PO3POBKA TEXHOJIOTII YMIITEHHI BAKYYMHUX
ITOBEPXOHD IIVTASMOIO BUCOKOYACTOTHOTI'O PO3PALLY
B KOMBIHAIIIT 3 PO3PA/IOM ITOCTIMTHOTO CTPYMY

Beryn. B excriepiMeHTaIbHUX JOCTIZKEHHSIX BICOKOTEMIIEPATYPHOI TLJIa3MU, CIIPSIMOBAHKX Ha BUPIIIEHHS TPOOJIEM Kepo-
BAHOTO TEPMOSIZIEPHOTO CUHTE3Y, BAXKJIMBUM [TUTAHHSIM € HEOOXiJIHICTh 3MEHIIEHHSI IOTOKIB JIETKUX Ta BAKKUX JOMIIIOK J[0
00’emy yrpuMaHHs MasMu. [TiAroroBka BHYTPIIIHIX BaKyyMHUX MOBEPXOHb € HEBiZ'€MHOIO YaCTHHOIO (DYHKIIIOHYBaHHS
TEPMOSIJIEPHUX YCTAHOBOK, & PO3POOKa e(heKTUBHUX CIIEHAPIiB 1I0/I0 IiJIFOTOBKU MOBEPXOHD € HATAJIBHOIO TIOTPEGOIO.

IIpo6GaemaTuka. Y 3aCTOCOBYBAHOI CHOIO/IHI TEXHOJIONT YMIIEHHs BHYTPIIIHIX IOBEPXOHD BAKYYMHOI KaMepHu 3a J0I0-
MOTOIO KEBPII0OYOT0 PO3PSILY € JOCUTHh CYTTEBUI HENOJIIK — PO3MUJIEHHS MaTepiaiB y BakyyMHill kamepi. /[y quienns
BHYTPIIIHIX BAKYYMHHX [OBEPXOHDb TAKOK BUKOPUCTOBYETBCSI M71a3Ma, CTBOPEHA BUCOKOYACTOTHUM PO3PSI/IOM, ajie ii edek-
TUBHICTH 0OMEKYETHCS HU3BKOIO EHEPIi€io 10HiB.

Mera. Po3pobka TeXHOJIOTI] YnIeHHs BAKYyyMHUX TOBEPXOHD TJIA3MOI0 BUCOKOYACTOTHOTO PO3PsIAY B KOMOiHAIIT 3 PO3-
PSIIOM TIOCTIHHOTO CTPYMY.

Marepiamm it Metoau. [liist BU3HAUEHHS 3apsIZIOBOTO CTaHY iOHIB Ta €JIEMEHTHOTO CKJIA/Y [JIa3M1 BUKOPUCTAHO GE3KOH-
TAKTHWI MACUBHUI MeTOJ[ ONTHUYHOI 1171a3MOBOI criekTpockorrii. [IIBuakicts razoButiients nepskasitouoi crasi in situ Bu-
3HaYaJIM iarHOCTMYHUM METOIOM Ha OCHOBI TepMojiecopOitiiHoro 3on1a. KoedimieHT po3nuieHHs 3pa3kiB BUMIPSHO METO-
JIOM BaroBUX BTPAT.

Pesyabratu. [loc/ipKeHHs MOKa3au, 110 aHOJHA HAIIPYTa KOMOIHOBAHOTO PO3PSIALY € HIKUOIO, HiXK Y JKEBPIIOYOMY PO3-
psi; mBUAKICTD epo3ii Hepskasitouoi crani 12X18H10T npubimsno B 1,5 pasu MeHIIMN TP KOMOITHOBAHOMY PO3PSJI, HIXK Y
JKEBPIIOYOMY po3psijii; Tepmoaecopbitiitna aiarnoctuka crany crinku B JJCM-1 nokasasa, mo ynctka KoMGiHOBBAHUM PO3-
PSIIOM TIPOJIEMOHCTPYBaIa Kpalily eeKTUBHICTD HixK KEBPIIOYNM PO3PSIIOM. 3alIPOIIOHOBAHA PO3POOKA € OPUTIHAIBHOIO Ta
He Ma€ aHaJIoTiB y CBITi.

BucnoBku. Hagejieni pesyJisraTu I0CTiIZKEHHsI TIOKA3aJI1 EPCIIEKTUBY BUKOPUCTAHHST KOMOIHOBAHOTO PO3PSILY JLJISl Y-
IIEHHST CTIHOK Y IJIA3MOBUX [IPUCTPOSIX, 110 BIIKPUBAE IITMPOKI MOKJIMBOCTI 32aCTOCYBAHHST PO3POOJIEHOT TEXHOJIOTIT Ha OCHO-
Bi KOMGIHOBAHOTO PO3PSILY JIJISl YUIIEHHS BEJIMKUX TOPOIJAIBHUX BAKYYMHUX KaMep.

Knwouosi croea: mnasma, ;keBpilounii po3psji, MiKDOXBUIBOBUM PO3PSIJL, CTEIAPaTOP, BAKYYM.
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