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ABSTRACT

We report experimental results of vacuum ultraviolet (VUV) emission from the plasma of an electron cyclotron resonance (ECR) discharge
in hydrogen, sustained by millimeter-wavelength radiation of a gyrotron. The considered discharge is characterized with the high plasma
density (10'* cm ™2 order of magnitude) and, at the same time, the high electron average energy (10-300 eV), which makes it possible to sig-
nificantly increase the efficiency of VUV re-emission of the energy deposited into the plasma by the microwave radiation. Experiments were
performed with the plasma confined in a simple mirror trap and heated by pulsed gyrotron radiation of 37.5 GHz/100 kW under the ECR
condition. The measured volumetric VUV emission power of Lyman-alpha line (122 10 nm) overlapping with the Werner band, Lyman
band (160 10 nm), and molecular continuum (180 20 nm) reached 45, 25, and 55 W/cm?, respectively. The total absolute radiation power in
these three ranges integrated over the plasma volume is estimated to be 22 kW, i.e., 22% of the incident microwave power, which matches
theoretical predictions. The development of effective technological VUV sources of a kilowatt power level is expected to be the next step fol-

lowing the optimization of the conditions of the ECR hydrogen discharge sustained by powerful gyrotron radiation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074388

I. INTRODUCTION

Ultraviolet radiation is used in numerous industrial applications.
Some of those require further development of existing UV sources.
One of the most trending technologies is solid-state electronics based
on synthetic diamonds. Diamond is a unique material with the
highest thermal conductivity among solids, high electrical strength,
and drift velocity (>3 x 10°> cm? V™! s7!)." Diamond-based elec-
tronic devices (e.g., the control of diamond switches”) are based on
producing a high density of free charge carriers in the conduction
band due to irradiation by photons with their energy exceeding the
55eV (12 225nm) diamond bandgap.’ Therefore, high-power
vacuum ultraviolet (A < 200 nm) sources are in high demand for
the operation of diamond-based electronic devices designed for
power electronics applications. Various UV and VUV sources are
used in this field, e.g., gas-discharge Hg (Ar) lamps® and titanium-
sapphire lasers,” providing emission power in the range from 107°
to 100 W. Yet, further improvement of pulsed and continuous VUV
sources up to the kilowatt power level would be welcomed by the
industry. Thus, the development of new effective sources of
UV-VUYV light is an important and challenging research task.

Hydrogen plasmas could be used as a source of the VUV
light. They emit VUV-light through electron impact excitation of
atoms and molecules and their de-excitation to lower states
accompanied by VUV photon emission.” Intense VUV-emission
can be produced by a range of discharges; inductively or capaci-
tively coupled plasmas, electron cyclotron resonance (ECR) or
helicon discharges, etc. According to theoretical estimations,” the
efficiency of the VUV source based on hydrogen discharge can
reach 70% if the ionization degree of the neutral gas is high. Even
at a 1% ionization degree, more than 10% of the incident power
can be expected to convert into VUV-radiation.” Batishchev and
Molvig” studied a helicon discharge by simulations and found
that approximately 25% of the discharge power dissipates via
photon emission. While theoretical studies and simulations cover
a wide range of plasma parameters and discharge types, experi-
mental investigations of VUV re-emission efficiency of the energy
accumulated by the plasma are rarely found in the literature.
Komppula et al.'” measured the volumetric VUV emission power
of a 2.45 GHz microwave discharge to be less than 107! W/cm?
with an energy input of several W/cm?. The difference to theoretical
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estimates in that particular case is attributed to poor microwave
plasma coupling, '’

A promising way toward meeting the above-mentioned esti-
mates is to use an electron cyclotron resonance (ECR) discharge with
powerful millimeter-wave heating enabling to increase the plasma
density and temperature as well as to miniaturize the plasma charac-
teristic dimension. Even in the case of ECR discharge, there is a wide
range of opportunities for VUV emission efficiency tuning. Plasma
parameters in such a discharge could vary significantly depending on
gas pressure, heating power, and system dimensions.

The most common application of high-frequency (18-45 GHz)
ECR discharge is ion sources of multiply charged ions.'"'* For that
purpose, a hot-electron rarefied plasma is produced under low-
pressures and high heating power in a minimum-B magnetic trap. In
this case, the electron temperature is too high (1-10keV) and
plasma and neutral gas densities (10''-10'2 cm~* and 10~ Torr,
respectively) are too low for the production of a high number of
excited hydrogen particles. The situation is dramatically improved in
the case of so-called quasi-gasdynamic ECR ion sources. These
devices utilize powerful (up to 100kW) millimeter wave (37-
75 GHz) gyrotron radiation for plasma production and reach elec-
tron densities up to 10" cm™> with 1073 Torr gas pressure. The
studies of the plasma properties of gasdynamic ECR sources have
been carried out at SMIS (Simple Mirror Ion Source) 37 facility
during the last two decades."”™"” The utilization of 37.5 GHz radia-
tion with pulsed power up to 100 kW for ECR heating of the plasma
with a volume of 100-200 cm™> makes SMIS 37 one of the most
powerful microwave discharge experiments in terms of volumetric
energy input. The unique combination of the system characteristics
makes it possible to provide significantly higher electron temperature
(10-300 eV) than in 2.45 GHz ECR devices or in inductively coupled
plasmas (5-10eV) even in the case of high electron collision rate,
leading to reduced plasma lifetime down to the level determined by
the gasdynamic plasma losses from the magnetic trap. The plasma
confinement with gasdynamic outflow accompanied by hot electrons
with mean free paths comparable or longer to system dimensions is
called the quasi-gasdynamic regime.

For a demonstration of the promising features of such plasma
for VUV-emission, we can make simple estimations: Let us assume
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electron temperature of 50 eV, electron density of 2 x 10> cm~3,

neutral gas pressure of 107> Torr, magnetic trap length, and its
mirror ratio of 25 cm and 5, respectively. These are typical values for
SMIS 37 experiments.' In this case, the plasma lifetime is deter-
mined by the particle flow from the trap with ion sound velocity and
could be estimated as 7, =LR/V;~1Xx 10~>s, which corre-
sponds to electron loss frequency of about vj,;s = 10° s7*. The exci-
tation frequency of neutral particles to VUV-emitting states
Vexe = kn, would be 5 x 10° s™! and 2.5 x 10° s~! for atoms and
molecules correspondingly (here k is the excitation rate calculated
from the cross sections in Ref. 17). Thus, the excitation frequency is
at least a few times higher than the electron loss rate, which implies
that in the discharge where the electron energy (50 eV) and the exci-
tation potential (for example, for atoms is 10.2 eV) are on the same
order, the VUV emission must be a significant energy loss channel.
The present paper describes experimental studies of VUV emis-
sion from the hydrogen plasma at the SMIS 37 experimental facility.

Il. DESCRIPTION OF THE EXPERIMENTAL FACILITY
AND DIAGNOSTIC METHODS

All experiments were performed at the SMIS 37 facility, which
is a pulsed ECR plasma and ion source with quasi-gasdynamic
plasma confinement, schematically depicted in Fig. 1. The plasma
was produced by gyrotron radiation with 37.5 GHz frequency, and
the power of up to 100 kW was launched into the plasma chamber
with the use of a quasi-optical matching system. The simple mirror
magnetic trap was formed by a pair of pulsed water-cooled sole-
noids. In the experiments described here, the magnetic field
strength at the trap mirror points was 1.7 T (resonance field for
37.5 GHz is 1.34 T), the distance between the magnetic mirrors was
25 cm and the trap mirror ratio (Byiror/Bmin) Was 5. The magnetic
field distribution is also shown in Fig. 1. The background pressure
was at the level of 1077 Torr between the microwave pulses, while
the pulsed gas injection was used to reach 107#-1072 Torr pressure
in the plasma chamber at the moment of the discharge ignition.
The pulse repetition rate for the whole experimental facility was
0.1 Hz, thus the gas conditions for consecutive pulses were inde-
pendent of each other due to efficient plasma chamber vacuum

2 —Field profile on the axis|
- ‘Resonance field
1.8 Viewport area

1.6

-100 -50 0o 50
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FIG. 1. The experimental scheme and magnetic trap axial field distribution together with ECR field mark and photodiode line-of-sight plasma cross section.
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gas pressure

Gyrotron pulse

Magnetic field

FIG. 2. Schematic time structure of the SMIS 37 pulsed operation (not-to-scale;
black—magnetic field, blue—gyrotron microwave pulse; red—pressure). The
temporal delay between the leading edges of the gas and microwave pulses is
denoted by .

pumping. As far as all main systems of the SMIS 37 facility operate
in the pulsed mode, their time-resolved structure is shown in
Fig. 2. The microwave pulse with a duration of 1 ms was tuned to
start in the middle of the magnetic field pulse which had a duration
of about 7 ms, providing plasma ignition at the peak magnetic field
of the trap. A neutral hydrogen gas inlet was implemented at the
plasma chamber flange facing against the microwave beam inlet in
the right side of the experimental scheme (see Fig. 1) in a pulsed
mode by means of an electromagnetic valve. The gas feed line is
equipped with a hydrogen gas buffer volume to ensure repeatability
of the gas flow through the pulsed valve. The gas evacuation was
carried out using a turbo-molecular pump connected to the bottom
flange of the plasma chamber and allowing the vacuum to be
restored between gas pulses. When the gas valve is triggered, the
pressure rises rapidly from the base value of 1077 Torr up to
several mTorr, the plasma chamber pressure during gas injection
depending on the buffer volume pressure. It was experimentally
confirmed that the gas pressure decay time is much longer than the
discharge duration. Thus, the gas pressure may be regarded cons-
tant during the microwave pulse. The gas pressure depends on the
trigger timing (denoted as temporal delay 7) and the buffer volume
pressure P. In most experiments, the operating pressure in the
plasma volume was kept around 1 mTorr, at which the gas density
distribution may be assumed uniform with considerable margin
due to the mean free path of neutrals on the aforementioned pres-
sure level. In terms of plasma parameters, 7 and P together with
microwave power determine plasma density, neutral gas pressure,
ionization degree, and electron temperature.

The absolute power of plasma VUV emission was measured
with a calibrated photodiode IRD SXUV5 (Opto Diode Corp.)
coupled with a set of retractable optical bandpass filters. Three
optical filters were used, corresponding to the three investigated
wavelength VUV ranges: Lyman-alpha line of the atomic spectrum
(2P1S, bandwidth: 122 + 10 nm) overlapping with the Werner band
of molecular emission (singlet transition C'E} — X'E¥), and two
ranges of the molecular spectrum: Lyman band (singlet transition
B'Zf HXIZ;, bandwidth: 160 + 10 nm) and molecular contin-
uum (triplet transition a32; — bt bandwidth: 180 + 20 nm).

ARTICLE scitation.org/journalljap

TABLE 1. The efficiency of the IRD SXUV5 (Opto Diode Corp.) photodiode coupled
with corresponding bandpass filter for considered wavelength ranges.

Range Lyman-alpha Lyman band Mol. continuum

VUV diagnostic
system sensitivity,

A/W x cm? 25%x107° 425x107° 1x107*

The photodiode spectral sensitivity, which was calibrated by the
manufacturer, is almost constant in the considered range of 100-
200 nm. The precise sensitivity values taking into account the filters
transparencies for all studied wavelength ranges are presented in
Table 1. Such an optical diagnostics system was assembled in a sepa-
rate vacuum unit, presented in Fig. 3. A movable filter holder
allowed us to change the filter between the diode and the plasma
volume. The photodiode sensitive area was 2.5 mm?. The system was
equipped with an additional collimator with a 2 mm aperture to
avoid any influence of wall reflections and to provide measurements
from a known plasma volume. This diagnostic unit was mounted to
a radial port viewing the center of the plasma chamber marked in
Fig. 1. The photodiode line-of-sight is schematically shown together
with the magnetic field distribution in Fig. 1.

Figure 4 shows a typical photodiode signal. The gyrotron
power follows the same shape, being constant for the first ms and
then decaying slowly. The VUV emission power was calculated
from the photodiode current averaged over the first millisecond of
gyrotron radiation, where its output power is constant.

The distance from the photodiode to the trap axis was
239 cm. The emission volume of the plasma, from which the
photons can reach the photodiode, was approximately 0.6 cm?.
The total plasma volume can be estimated as the volume limited by
the magnetic field lines touching the inner metallic limiters
(plasma chamber wall parts) and has a value of about 134 cm®. The
ratio between the total plasma volume and the one observed by the
diode was used as a factor to calculate the total power of VUV
emission produced by the plasma assuming isotropic emission.

Taking into account typical SMIS 37 plasma parameters, it can
be straightforwardly deduced that the mean free paths of all heavy
particles are much smaller than the plasma chamber dimensions,
while the electrons have the mean free path comparable to the mag-
netic trap length but at the same time experience many inelastic
and elastic collisions during their lifetime (collisional confinement).
The spontaneous lifetime of atomic and molecular excited states
emitting in the VUV-range is 1-10 ns (order of magnitude), which
means that the VUV photons are emitted right at the spatial loca-
tion of the electron impact. Because of the small mean free path of
the Lyman-alpha photon (can be estimated as a few hundredths of a
centimeter according to the authors of Ref. 18 assuming hydrogen
pressure and temperature as 1 mTorr and 300 K correspondingly),
the opacity of background gas cannot be totally neglected. However,
due to subsequent VUV re-emission and the lack of accurate data of
atomic density, hydrogen Lyman-alpha transparency is assumed
hereinafter. As such, the measured VUV-intensity is proportional to
the electron impact reaction rate within the line-of-sight volume,
and there are no metastable states that could transport the chemical
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FIG. 3. The diagnostic setup scheme for VUV power measurements.

potential (otherwise emitting in VUV) away from the discharge
volume. The uniform electron distribution along with the trap
together with the assumed uniform gas density implies that the
VUV-emission can be considered uniform and isotropic, which
enables us to calculate the total emission power from the measured
volumetric power.

I1l. VUV MEASUREMENT RESULTS

The dependence of the volumetric VUV emission power (in
the three above-mentioned wavelength ranges) on the temporal
delay between the gas valve opening and the microwave pulses was
measured for a set of gas feed line pressure values. The total abso-
lute VUV emission power (summed over all ranges) was also esti-
mated. The volumetric power of the Lyman-alpha line (affected by

Molecular continuum, P = 0.4 atm

600 - 1250
rotron tfansition process
500 - — Y P
-1200
400
1150
s
€ 300 ~
x 1100 3
200 - o
100 -50
1] o
-1 -0.5 o 0.5 1 1.5 2 2.5 3
t, ms

FIG. 4. Typical waveform for molecular continuum radiation (180 + 20 nm);
P = 0.4 atm. The signal is quasi-stationary during the microwave pulse (1ms;
gray lines).
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the Werner-band emission), the Lyman band, and the molecular
continuum are presented in Figs. 5(a)-5(c). The data of Figs. 5(b)
and 5(c) show the emission power in the whole Lyman band and
molecular continuum. The given values take into account the part
of the molecular spectrum outside the bandpass filter transmission
range. The estimate is based on synthetic spectra at 0-9000 K vibra-
tional temperature.'’

The maximum measured values of the volumetric VUV
power were estimated as 45, 25, and 55 W/cm? (with a total input
power of 100 kW) for the Lyman-alpha line, the Lyman band, and
the molecular continuum, respectively. In our estimations, we
have not taken into account the influence of the Werner band
emission on the Lyman-alpha line because the difference in the
corresponding cross sections is about 10 times for the assumed
electron temperature. It is worth noting that contrary to many
other low-temperature plasma devices'”'’ where Lyman-alpha
radiation was found to have the highest power, we measured the
molecular continuum emission to dominate. The molecular con-
tinuum emission corresponds to electronic transitions from the
a’L! triplet state to the repulsive b*Z! state resulting in auto-
dissociation of the molecule into ground-state hydrogen atoms. It
has been found previously that up to 94% of the positive ions
extracted from the SMIS 37 device are protons (as opposed to
molecular ions),z“ which is commensurate with the emission
power of the molecular continuum being very high. The
Lyman-alpha radiation reaching the diode detector could be
attenuated by absorption of the photons in the hydrogen gas con-
taining protons. Quantifying the effect of the plasma opacity”'
would require estimating the hydrogen atom density on the
line-of-sight between the discharge and the detector.

The observed dependencies demonstrate the existence of an
optimal range for the temporal delay between the gas valve
opening and the microwave pulse. The optimal delay is shorter for
higher gas feed line pressures. That obviously means that there is
an optimal gas pressure inside the plasma chamber at the moment
of gas breakdown which is realized earlier with more intense gas
injection. Such an optimum could be explained with a high sensi-
tivity of the electron heating efficiency to gas conditions in the
ECR discharge with plasma density around the cut-off value. Just a
slight overgrowth above the cut-off usually leads to a strong reflec-
tion of heating microwaves from the plasma and a dramatic drop
of the electron temperature down to regular 5-10 eV, typical for a
variety of usual laboratory discharges.

It should be noted that the gas feed line pressure was limited to
1 atm, so the highest volumetric VUV power for the Lyman-alpha
line was obtained at the maximum considered gas flow rate. That
means that probably even better optimization of the discharge
conditions and higher VUV emission power could be realized in
the future.

Figure 5(d) shows the estimated total VUV power. The
maximum absolute power of VUV plasma emission was approx-
imately 22 kW (i.e., 22J/1 ms). At higher gas feed line pressure,
the maximum plasma luminosity was reached at a shorter tem-
poral delay between gas valve and microwave pulses. That fact
correlates with the data of Figs. 5(a)-5(c), demonstrating the
importance of gas pressure optimum in the plasma chamber at
the moment of the discharge ignition.
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FIG. 5. The dependence of the volumetric VUV power of the (a) Lyman-alpha line emission, (b) Lyman band emission, (c) molecular continuum emission; (d) the total
absolute VUV emission power on the temporal delay between the gas pulse and microwave pulse.

IV. CONCLUSION

An experimental study of the ECR discharge plasma sustained
by the 37.5 GHz/100 kW radiation as a source of VUV radiation
was carried out. It was shown that the use of quasi-gasdynamic
hydrogen plasma is a very promising approach as a powerful VUV
source. The maximum VUV emission power of 22 kW (and corre-
sponding maximum VUV energy of 22 in 1 ms) was measured
under the conditions of high neutral hydrogen pressure (of the
order of several mTorr in the discharge chamber). Investigations
with higher gas injection intensity were not possible due to safety
regulation of the maximum pressure for the actual configuration of
the gas feed line. Further experiments covering even higher gas
pressure values are of great interest for better system optimization.
VUV plasma emission along the axial direction was not measured,
so the authors prefer not to make any speculative statements
regarding VUV radiation directionality.

The measured power accounts for 22% of the incident power,
which is in good agreement with theoretical estimations.” It is
worth noting that as long as measurements were performed with
the set bandpass filter, the total plasma emission power in the
whole VUV range must be somewhat higher. A notable example is
the Werner band overlapping with the Lyman-alpha radiation with
the electron impact excitation cross section (from the ground state)
to Werner-band emitting states being comparable to the cross
section of Lyman-band emitting states."” Moreover, the difference in

Lyman-alpha emission between present results and low-temperature
sources'’ probably correlates to the plasma opacity. It depends on
the hydrogen atom density, which is high according to molecular
continuum emission.

Microwave reflection was not considered here. The reflected
fraction of the incident microwave power can be considered cons-
tant after an initial discharge breakdown transient lasting typically
20-50 us, which is 2%-5% of the 1 ms pulse length. The reflected
power during the remaining part of the microwave pulse has not
been measured and is very difficult to estimate reliably. Thus, the
reported values of VUV power vs incident microwave power, i.e.,
the conversion efficiency of the microwave radiation into VUV
radiation, represents the lower limit.

The obtained results warrant considering the quasi-gasdynamic
ECR discharge VUV source as a unique facility combining advan-
tages of various experimental approaches. One can obtain much
higher volumetric VUV power than with the use of other experi-
mental RF discharges, or reach the same order in efficiency in com-
parison with conventional VUV sources (e.g., excimer lamps), but
with much higher total VUV power.’
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