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The very high frequency (VHF) discharge for wall conditioning in nitrogen atmosphere is studied.
The wall conditioning is applied together with baking. It is driven by the radio frequency (RF) power
at the frequency of 130 MHz, higher than that usually used in ion cyclotron resonance heating. The vol-
umetric VHF discharge is successfully ignited and stationary sustained, and plasma occupies most of
the vacuum chamber volume. The Langmuir probe measurements give the plasma density and electron
temperature. In the optical emission spectrum of the plasma, lines N2, N and the cyano (CN) radical
are observed. Possible mechanisms for the formation of the CN radical in the discharge are discussed.
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1. Introduction

Decreasing the inflow of light and heavy impuri-
ties into the plasma column is of importance in high-
temperature plasma experiments which are aimed
at investigating conditions for controlled fusion. Af-
ter toroidal current disruptions in tokamaks and
radiation collapses in stellarators, plasma param-
eters decrease and high energy losses are caused
by extraneous matter getting into plasma from
the inner walls of the vacuum chamber. This is
the reason why an inner vacuum surface condition-
ing is the integral part of the experiments in fu-
sion devices. The wall conditioning in magnetic fu-
sion devices is also used after deconditioning events,
such as leaks and opening the vacuum chamber
to air, and during the machine operational phase
to remove impurities that migrate to the vacuum
chamber from hidden places. A variety of inner
vacuum chamber surfaces conditioning methods
are used [1-3]: surface conditioning by pulsed and
continuous plasma discharges such as the Taylor
discharge cleaning [1-3], radio-frequency-assisted
glow discharge [2, 3], glow discharge condition-
ing [1-5], RF discharges [6-9] at different frequency
bands (electron cyclotron [4, 5, 10] and ion cy-
clotron [10, 11] wall conditioning) and conditioning
with noble (He [4, 5], Ne, Ar [12]), chemically active
gases (Hay, O3 [2, 3|, N3) and their mixtures [11].

The technology of plasma surface condition-
ing with continuous very high frequency (VHF)
discharge was proposed and tested in stellarator
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(torsatron) Uragan-2M [13]. The discharge was
previously sustained with the small antenna of
different modifications [13, 14] while this study
employs a newly developed T-shaped antenna [15]
(see Sect. 3). This technology features the pos-
sibility of its usage in the wide range of mag-
netic fields which is important for superconductive
devices since it is possible to do wall condition-
ing in the same magnetic field in which the de-
vice operates. The previous VHF discharge ex-
periments were carried out in pure hydrogen and
hydrogen—nitrogen mixture [13-15]. The results
published in [13-16] demonstrated that continu-
ous VHF discharge plasma conditioning allows for
decreasing residual gases pressure and improving
vacuum conditions, decreasing outgassing inside
a vacuum chamber. The estimation of the num-
ber of molecular layers method thermal desorption
probe demonstrated their decrease [16].

2. VHF discharge

The VHF discharge relies upon the slow wave
in magnetized plasma, the dispersion equation for

which is:
(kﬁ - kgﬂ) : (1)

where ¢, = (E x B)-é- (E x B)/|E x B|? and
gg=B-&- B/ B? are, respectively, the perpendicu-
lar and parallel dielectric tensor components, B is
the steady magnetic field and kg = w/c. If the wave
frequency is higher than the ion cyclotron frequency,
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the short slow waves propagate in a cold plasma
when €, > 0. The parallel dielectric tensor com-
ponent value g < 0 is negative and mainly deter-
mined by the plasma electrons. Then, the propaga-
tion condition is satisfied if the parallel wavelength
is short kﬁ > k2e,. Since the frequency is higher
than the ion cyclotron frequency w.;, the plasma
contribution to £, is negative and increases with
plasma density.

If w? > w?, £, turns zero at the layer, where
w = wy; (here wy; is the ion plasma frequency) and
this condition determines the highest plasma den-
sity achievable. For the frequency of 130 MHz,
the maximum density is quite high — it is
1 x 10 m~3 for nitrogen. This value could be
reached if the power launched is much higher than
the power available in the present experiment.
The perpendicular component of the dielectric ten-
sor ranges in 0 < €; < 1 and in the plasma with no-
ticeable density (w® < w?,) the parallel component
has a much bigger value [g)| > 1. In such condi-
tions, the perpendicular wavelength is much shorter
than the parallel k2 > kﬁ The slow wave can exist
with very high k| and k. In this case, it becomes
almost electrostatic and it is difficult to couple it
with antenna currents.

The wave dispersion (1) depends very weakly
on the steady magnetic field. The dependence is
through e variation but it is small if w? > w?
or €] 1. The influence of gas composition on
the dispersion is also through €. It is strong if €
differs from unity and weak if it is close to unity.

For the considered VHF discharge, the collision-
less mechanisms of wave dumping are negligibly
small and the wave is weakly damped owing to bi-
nary collisions of electrons mainly with the neutral
gas molecules. The major contribution to the colli-
sional damping of the wave is made by the imagi-
nary part of e|Im(e|) = —(ven/w)Re(g) — 1), where
Ven 1s the electron-neutral collision frequency.

In the plasma column, the slow wave forms eigen-
modes (cavity modes). There are many of them
since the length of the slow wave is much shorter
than the plasma column size. When the heating
frequency is close to the eigenmodes frequency,
the global resonance occurs which results in the in-
crease of the electromagnetic field amplitude. Be-
cause of small damping, each resonance broadening
is small but since there are many resonances, neigh-
bouring resonances can overlap. The overlapping of
the resonances provides good and stable antenna
coupling to plasma [13].

~
~

3. T-shaped antenna

The T-shaped antenna [15] is specially designed
for the VHF discharge. It comes to replace small-
frame antennas used before. The frame antennas
were grounded and for this reason received a lot
of heat. The T-shaped antenna is a monopole and
has a floating potential in plasma. The sketch of
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Fig. 1.
photo.

T-shaped antenna: (a) sketch and (b)

Fig. 2. Scheme of Uragan-2M. I — poloidal field
coils, IT — helical field coils, III — power frame, IV
— toroidal field coils numbered 1-16. N-N, P1-P1,
N1-N1 — diagnostic cross-sections.

this antenna is shown in Fig. 1. It is fed through
the coaxial feed-through to the central conductor of
length [;. Then the conductor splits in two straps
oriented along the magnetic field, each of length I5.
As it is assumed, these two straps excite the slow
waves with the characteristic longitudinal wave
number kj = 7/ly. The bent part is attached to
each strap end (lengths are I3 and ly). The sizes
of the T-shaped antenna are chosen in such a way
that l; +1lo+13+14 = 7/(2kp). In this case, a simple
antenna matching circuit can be used.

The T-shaped antenna is made of a stainless steel
strap 20 mm wide and 2 mm thick. Top of the an-
tenna is shaped according to plasma column surface
along the magnetic field lines. The distance be-
tween it and the last closed magnetic surface (LFS)
is 15 mm. The antenna is placed at LFS and occu-
pies the port at the N-N cross-section (see Fig. 2).
This location is quite a distance away from the lim-
iter which is located between coils No. 10 and 11.

4. Experiment and diagnostic methods

4.1. Experimental setup

The VHF discharge nitrogen plasma studies were
performed at Uragan-2M device (U-2M) [17-21].
The medium-sized torsatron type stellarator U-2M
was assembled in the early 1990s [17, 18]. U-2M
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was finally built and put
the end of 2006 [19, 20]. The U-2M stellara-
tor scheme is shown in Fig. 2. The major
radius of the device is R = 1.7 m, the average
plasma radius 7, < 24 cm and the toroidal mag-
netic field By < 0.6 T. The U-2M magnetic system
consists of [ 2 helical coils with four periods
(m = 4) in toroidal direction and the minor radius
of the helical coils is r;, = 0.44 m. The toroidal
magnetic field is provided by the set of 16 circu-
lar toroidal coils evenly distributed along the tore
axis; the set of poloidal coils is for compensation
of the vertical magnetic field induced by the heli-
cal coils and for the control of the plasma column
position. The toroidal vacuum chamber minor ra-
dius is r. = 0.34 m, the volume is V, = 3.88 m?®
(without vacuum ports) and the inner surface area
is S = 22.8 m2. There are 48 ports used for diag-
nostics, gas puffing and vacuum pumping. The vac-
uum chamber is pumped by three turbo-molecular
pumps TMP-500, each with the pumping rate of
0.5 m3/s and equipped with liquid Ny cryotraps.

into operation at

4.2. Diagnostic methods

The VHF discharge local plasma parameters
(the electron temperature and plasma density) were
measured with single cylindrical Langmuir probes
placed in different points inside the toroidal cham-
ber (see Fig. 3). Probe 1 was located near the an-
tenna in the cross-section N—N and probes 2—4 were
located in the cross-section N1-N1.

The ions charge state and plasma elemental
composition were determined through the optical
emission spectroscopy. The plasma line spectrum
in 214-673 nm spectral range was detected with
SL-40-2-3648 USB spectrometer SOLAR, T1TI (spec-
tral resolution < 0.6 nm). The spectrometer was
located in the cross-section P1-P1. Spectral lines
were identified according to the data from [22, 23].
The volume averaged electron temperature was de-
termined by spectral line intensity ratio (line-ratio

method) [24]. It was assumed that the plasma is
I
; 3
1 : ;" |
R R. AN Xe
N-N N1-N1
E o
| m
P |
- P1-P1
Fig. 3. Diagnostic cross-sections N-N, NI1-N1,

P1-P1. 1-4 — single Langmuir probes (point—
probe position), I — T-shaped antenna, II — opti-
cal spectrometer.
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Fig. 4. Ratios excitation rate coef-
ficients (excitation cross-sections [25]) from
the ground state as functions of electron tempera-
ture N§ (B2X,f,v = 0) / No(C*I,,v = 0).

optically transparent and the electron energy distri-
bution function is Maxwellian; the main input into
excited level population is made by electron impact
from the Ny ground state. The nitrogen discharge
electron temperature was determined by 391.4 nm
NS (B2X},v = 0) and 337.03 nm Ny(C3IL,,v = 0)
spectral line intensity ratio. The calculated No
ground state excitation rate constant dependence
on electron temperature is shown in Fig. 4 and
N3 (B2XF, v =0) and No(C3I1,,, v = 0) levels of ex-
citation cross-sections were taken from paper [25].

The partial pressure of residual gases in the U-2M
vacuum chamber was measured with “IPDO-2”
(partial pressure meter omegatron OPPM-2)
omegatron type mass-spectrometer with omegatron
tube “RMO-4S” (resonant radio frequency mass
spectrometer) [26, 27]. Its characteristics allow for
measurements of partial pressures of residual gases
without calibration with an accuracy of about 25%.
If necessary, it is possible to achieve an accuracy of
10% using the calibration procedure for one pure
gas. For the quantitative analysis of gas mix-
tures taking into account the processes of forma-
tion of fragmentation and multiply charged ions,
the method described in [28] was used. In this case,
a system of linear equations is solved that relates
the values of the output signals of the mass spectro-
meter to the partial pressures of the individual com-
ponents of the analyzed gas mixtures.

4.3. Experimental arrangements

The helical and toroidal coils have created a mag-
netic field By =~ 0.01 T and a low power direct-
current source is used as a power supply. In this
case, the plasma will fill the chamber volume more
evenly and the particle flow to the chamber wall
should be more uniform. This is a favorable factor
for a vacuum chamber conditioning.
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The vacuum chamber was heated to degas sur-
faces and activate chemical processes on the sur-
face with chemically active gases. Nitrogen was
the working gas that was continuously puffed
into the vacuum volume, keeping the pressure
Pyp. =4 x 1072 Pa, then stationary discharge has
started after 25 h of baking, as the chamber wall
temperature reached 70-80°C.

The frame antenna RF pulse caused the break-
down of the gas [8] and created initial plasma with
the density of up to 1 x 10'® m™3 with impulse
RF-discharge (t = 20 ms, f = 5.4 MHz) [21].
The VHF generator has been turned on just before
the initial plasma creation and sustained a station-
ary discharge for a long time (120 min). The VHF
power up to Prr = 3 kW at the power of frequency
f = 130 MHz was transmitted from the genera-
tor to the T-shaped antenna over the feeder line.
The VHF discharge can be ignited independently
without pre-ionization by a temporal gas pressure
increase to P, ,. < 107! Pa.

5. Results and discussion

The composition and partial pressure of resid-
ual gases (Fig. 5) were determined with the mass-
spectroscopy method before a nitrogen puff into
the chamber. The estimate shows that the nitrogen
to residual gas pressure ratio is ~ 400 after nitrogen
puff to the pressure of 1072 Pa.

The characteristic plasma density, floating po-
tential and electron temperature measured with
the Langmuir probes are given in Table 1. The av-
eraged electron temperature determined through
spectral lines ratio as 11 eV matches probe mea-
surements. As it is reported by the diagnostics
and also visual investigations, the VHF discharge is
a volumetric discharge as plasma occupies most of
the vacuum chamber volume. The plasma has a low
temperature and degree of ionization ~ 5.2 x 1074.
It is possible to estimate Nj ions flow to
the chamber wall basing on the probe 2 data as
2.3 x 10Y¥ m=2 s (I} = N,vg, where v, is the ion
sound velocity and N; is the ion density N; ~ N.).

H0 N,+CO
10° 4 4
H, o,

@ 10°4 co, 3
S NH, Ar

-
o

10-7_ CH4 cl’le_

C3H8
10 4 E
Fig. 5. Partial pressures of residual gas compo-

nents (vacuum chamber temperature 80°C, pres-
sure in vacuum chamber P, = 9.1 X 10~° Pa).

Plasma parameters. TABLE I
Single
Mi di .
Langmuir HTO.Y radius Vi [V] | Te [V] | Ne [m™3]
position [cm]
probe No.
1 26 -3.4 85 |4.3x 1015
2 33 —6.8 10 |3.9x10%
3 32 -3.2 8 4.2 x 1015
4 13 —5.4 10 1.7 x 10%®
2500
£ 2000 Ny, N . 4
=
Z 1500
£ 1000 -
2
2 500
=

0

250 300 350 400 450
Wavelength (nm)
2500 i : \
o N, (B’[1,-A’,") First positive system
‘S 2000 \ \
=. 4 ]
T 1500 - 4
) ‘
2 1000 g
g s00 .
2 N+
= 1 2+
= g bl ‘ ‘
450 500 550 600 650 700
Wavelength (nm)
Fig. 6. Optical emission spectra of Ny plasma.

N, and Nj lines (working gas) are observed in
the optical emission spectrum of the plasma as
well as the CN radical (see Fig. 6). The for-
mation of the CN radical is possible in various
plasma chemical reactions with carbon-containing
plasma contaminants. CN volatile species forma-
tion is also possible in the interactions of nitro-
gen with impurities (carbon-containing) accumu-
lated on the surface.

It was shown in [29] that CN, C3N3, HCN and
HOCN are formed during the chemical sputtering of
carbon films. CN, C3Ny and HCN and other chemi-
cal etching products were observed during the etch-
ing of a-C:H films in Ny plasma in [30]. Also, in [31],
when cleaning a-C:H films in glow discharge plasma
(H2/N3), C3Ny and HCN were observed. The mea-
sured a-C:H films N ions chemical etching coeffi-
cient in the 30 to 900 eV energy range is consider-
ably higher than the calculated physical sputtering
coefficient of carbon with NJ ions [32]. The chem-
ical sputtering coefficient is =~ 0.3 at the ion en-
ergy 30 eV, while the same physical sputtering co-
efficient is reached at the ion energy of 300 eV [32].

The residual gas pressure decreased from
P, =4x107° Pa to 1.7 x 1075 Pa and partial
pressure of residual gases changed (see Fig. 7) as
a result of VHF discharge nitrogen plasma chamber
conditioning (12 h total) and heating the chamber
(11 h of heating to T' = 70-80°C, +69 h of station-
ary temperature, +11 h of cooling down).

As can be seen from Fig. 7, as a result of clean-
ing, the partial pressures of water, Ny + CO, NHj
and heavy hydrocarbons decrease by 52.9%, 38.6%,
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10° -

Fig. 7. Partial pressures of residual gas compo-
nents. 1 — before baking and conditioning (P p. =
4 x107° Pa) 18.01.2019, 2 — after baking and con-
ditioning (P, = 1.7 x 107> Pa) 25.01.2019.

87% and 54.6%, respectively. As experiments show,
in the plasma of the Hy /Ny mixture, ammonia is
formed [33-35]. The maximum concentration of
NHj; is observed at fairly high percentages of hydro-
gen in nitrogen or nitrogen in hydrogen (tens of per-
cent). In these experimental conditions, hydrogen
is a very small addition to nitrogen (the concentra-
tion of hydrogen is of a smaller order of magnitude
than the concentration of nitrogen). The lines of Hy
(H) and NH are not observed in the optical emis-
sion spectrum. Accordingly, the production of NHg
in the discharge plasma is small and the concentra-
tion will depend on the balance of the processes of
generation and loss (including vacuum pumping) of
ammonia. The partial pressures of hydrogen, oxy-
gen, argon and COs increase by 13.8%, 15.3%, 2.9%
and 14.3%, respectively. These values are within
the measurement error.

6. Conclusion

The VHF discharge for wall conditioning in ni-
trogen atmosphere is studied. Nitrogen is chosen
for its chemical activity and lower ability to pene-
trate into the wall material as compared with hy-
drogen. The wall conditioning is applied together
with baking. This allows for combining a decrease
of the water amount in the vacuum chamber with
an increase, due to high temperature, of the prob-
ability of chemical reactions of nitrogen atoms and
ions with impurities accumulated at the plasma fac-
ing components (PFC). The volumetric VHF dis-
charge is successfully ignited and stationary sus-
tained, and plasma occupies most of the vacuum
chamber volume. The probe measurements give
the values of plasma density and electron tem-
perature. The characteristic plasma densities are
(1.7-4.2) x 10'® m™3 and the electron temperature
varies in the range of 8-10 eV. This temperature is
in consistency with the estimates made from op-
tical measurements. In the discharge in hydro-
gen [15], the value of the plasma density is three
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times higher and the electron temperature is also
higher. This fact could probably be explained with
the same argument as in [36]: higher radiation
cooling in case of nitrogen. The Ng, NQL lines as
well as the CN radical are observed in the opti-
cal emission spectrum of the plasma. The forma-
tion of the CN radical is possible in various plasma
chemical reactions with carbon-containing gas sub-
stances and also in the interactions of nitrogen with
the impurities (carbon-containing) on the vacuum
chamber surface.
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