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Formation of superpower volume discharges and their applications
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LOMAEV M I,RYBKA D V,SHULEPOV M A,SOROKIN D A,SHUTKO V
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Abstract: The experimental results on study of characteristics of the high-pressure volume (diffuse)
discharges in nitrogen at applying to the interelectrode gap voltage pulse with the amplitude of
hundreds kV, duration of several ns and the rise-time of fraction ns are presented. At the pressure
range of nitrogen in (0. 2—4) X 10° Pa, the discharge transformation from the diffuse form to the
spark is investigated. Dependencies of the current amplitude and FWHM of the runaway electron
beam current on nitrogen pressure are determined. It is shown that the generation of the Supershort
Avalanche Electron Beam (SAEB) leading to the formation of diffuse discharge in the gap has a signif-
icant influence on the development of the discharge. At the pressures indicated above, the dependence
of the time delay of SAEB’s moment generating relatively discharge current beginning on pressure are
obtained. According to this dependence, the time delay changes as pressure increases and it is minimal

at pressure of 2X10° Pa. Also, it is shown that the maximum peak value of diffuse discharge current

Y 5 B #3:2010-10-08; 4&1T H #4 : 2010-10-30.
EH LI H : Supported by Russian Foundation for Basic Research (Grant No. 10-08-00556)



274 P o

K% T

519 &

pulse decreases with increasing pressure. At a pressure of 0. 5X10° Pa with the use of blade electrodes

and the N, : SF;=10 : 1 active medium of length 6 cm, the output laser energy of 2 mJ is achieved for

the pulse power of 0. 55 MW, It is reported that during the treatment of the AlBe foil by the Runaway

Electron Preionized(REP) discharge in atmospheric pressure air, its surface layer is cleaned from car-

bon, and atoms of oxygen penetrate into the foil (by 450 nm per 300 pulses).

Key words: volume discharge;diffuse discharge; non-uniform electric field; runaway electrons; UV la-

ser; modification and cleaning

1 Introduction

In recent years, study of high-pressure ns vol-
ume discharges formed in a nonuniform electric
field at high voltages across the gap has received
much attention. When forming this type of dis-
charges, runaway electron beams and X-ray are
registered, and the discharge plasma can be used

(1]

to a create powerful source of spontaneous'"” and

a laser™™ radiation, as well as for the metal’s

surface modification™?.

Reduction of voltage
pulse duration and (or) decreasing in gas pres-
sure, as well as increasing in the interelectrode
gap lead to the process of formation of high-
pressure diffuse discharges in a nonuniform elec-
tric field in various gases markedly facilitated.
Diffuse form of discharge persists when voltage
pulses of positive polarity are applied to the elec-

[] when the

trode with small radius of curvature
cathode and anode spots appear on the elec-
In Ref. [6], this type of discharge
REP DD (Runaway Electron Preionized Diffuse

Discharge) was proposed. This mode of dis-

trodest™ .

charge consists of three main stages-!. Another
unique feature of the diffuse discharge is high
excitation power density ( ~ hundreds MW/
cm®).

For the first time, REP DD at atmospheric
pressure was carried out apparently in the late
60’s in helium™ and air®. However, the elec-
trical characteristics of ns volume discharges in a
nonuniform electric field and the impact of runa-
way electrons for their formation is not well un-

derstood. This is due to the difficulties in the

registration of the discharge current pulses with
subnanosecond resolution. Even greater difficul-
ties arise in the registration of the SAEBX .
The main objective of this paper is to study
the characteristics of a diffuse discharge in nitro-
gen, which is formed at high overvoltages in the
conditions of generation of the runaway elec-
trons, as well as to present some applications of

REP DD.

2 Experimental apparatus and meas-

urement technique

In this paper the diffuse discharge was formed in
a chamber with a diameter of 54 mm which was
filled with gases of high pressure. In the experi-
ments, the chamber filled with nitrogen at pres-
sures of 20 — 400 kPa and air at atmospheric
The generator RADAN-220""" was

used as a source of voltage pulses applied to the

pressure.

gap. Its impedance was 20 Q. The amplitude of
the voltage pulse formed by this source on high-
resistance load was 250 kV. The pulse duration
at the matched load and the rise time of voltage
in the transmission line were 2 ns and 0. 5 ns,
respectively. High-voltage forming line of gen-
erator RADAN-220 filled with transformer oil
was connected to the load through compact
spark-gap, the inductance of which increases the
rise time of the voltage pulse in the transmission
line. Insulator of the gas diode was made of
polycaprolactam,.

Discharge gap was a flat anode and cathode

with small radius of curvature which reinforce
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the electric field near it. The cathode had the ap-
pearance of tube made of steel foil with thickness
of 100 pm. Its diameter was 6 mm. In the ex-
periments, the distance d between the electrodes

was 6 and 12 mm.

Chip- I‘aclo
Jhiode

Insulator

2 pm thick polymer
film with a alumin-
um coating in thick

am

Fig.1 Scheme of simultaneously registration of the
discharge current and runaway electron beam

current

Fig. 1 shows the scheme of simultaneous
registration of the discharge current and runa-
way electron beam current. For simultaneous re-
cording of these signals a specials current shunt
was made. It consists of 88 thin-film chip-resis-
tors with a nominal value of 3.75 Q. The design
had the appearance of a parallel connection of re-
sistive elements which was achieved by placing
them around the current-collecting part in the
form of disc made of brass. On the opposite
side,the shunt had contact with an enclosure of
the discharge chamber. In the center of current-
collecting part there was a hole with a diameter
of 20 mm, which could be mounted foil or grid
of the same sizes and shape and which eventually
played role not just anode but the filter. This
design provides both the registration of the dis-
charge current and displacement current by
shunt and the registration of the SAEB current
and capacitive current by collector located behind
the anode. Collector was in the form of a cone
with a diameter of the receiving part of 20 mm
and located at a distance of 27 mm from the an-
ode. The time resolution of the detector was 0. 1
ns. To exclude the possible influence of electro-

magnetic pickup on the signal electron beam cur-

rent in front of collector with a transition flange
(Fig. 1) a set of two copper discs with a thick-
ness of 50 pm was installed. In the center of
each disc was to make a hole with a diameter of
20 mm and between them was placed the poly-
mer film thickness of 2 ym with a aluminum
coating in thickness 0. 2 pm, through which the
electron beam could pass. Since the experiments
were carried out at high pressure gases, then, to
avoid the damage to the film, it was fixed with
steel grids on both sides. Grids have transparen-
cy on the light of 64 %.

Synchronization of signals of the REP DD
current and SAEB current was performed rela-
tive to time moment corresponding to their ap-
pearance in the plane of the anode by virtue of
registration of displacement current with the col-
lector and the shunt.

Electrical signals recorded with a digital re-

DPO-70604 ,
bandwidth and sampling frequency is 6 GHz and

al-time oscilloscope Tektronix
25 GS » s ', respectively. Signals from the cur-
rent shunt and collector at the input of the oscil-
loscope were transferred to broadband coaxial

cables. To attenuate the signals, attenuators

Barth Electronics 142-NMFP were used. Shoot-
ing of an integrated picture of the glow discharge
was carried out using a digital camera SONY
A100 through the side windows of the discharge
chamber made of CaF,. Radiation pulses of the
discharge plasma were recorded using a photo-
multiplier (Photek PD025) with a temporal reso-

lution of 0.1 ns, which was located at a distance

of 20 ¢cm from the side window.

3 Experimental results

We have already noted that when voltage pulse
with duration of ns applying the gap, depending
on conditions, both diffuse and constricted dis-
charges are realized. Moreover, in the early
stage of the constricted discharge, initially dif-

fuse discharge is formed, and then spark channel
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bridges gap-~. Our investigations confirm earlier
results on the formation of diffuse discharge and
its contraction. At relatively large gaps (12—16
mm) at ns voltage pulse and atmospheric pres-
sure of nitrogen, the air discharge is usually dif-
fuse, as shown in Fig. 2(a). The bright plasma
formations which are evenly distributed on the
edge of the tubular electrode are visible only on
the electrode with a small radius of curvature. In
nitrogen at the electrode gap 12 mm and the
cathode with a small radius of curvature of the
diffuse discharge formed in the pressure range of
nitrogen from 20 to 400 kPa. In all range of
these pressures behind the anode foil SAEB was
recorded. At high pressures with a reduction in
the interelectrode gap up to 6 mm on the integral
photographs of radiation from the gap the radia-
tion of the spark channel was recorded, as pres-
ented in Fig. 2 (b). However, the generation
SAEB continued with a decrease in the electrode
gap, with the contraction of the discharge in the
entire range of pressures. Changing the gap
would only affect on the SAEB amplitude and
time delay of the SAEB relative to the front of
the voltage pulse. Fig. 3 shows the dependence
of time delay of the appearance of the intensive
light in the UV and visible spectrum on nitrogen
pressure. The radiation in the UV region be-
longs to the second positive system of nitrogen
and has the highest intensity in diffuse dis-

[ Broadband radiation in the visible

charge
spectrum belongs to the spark channel dense
plasma. It is seen, from the Fig. 3, that the e-
mission of the spark channel is delayed relative
to UV radiation of the diffuse discharge, which
confirms that the formation of the diffuse dis-
charge occurred before the spark formation.
Typical oscillograms of the discharge cur-
rent and electron beam current are presented in
Fig. 4. Pulse of the SAEB current is synchro-
nized with discharge current. This is done by the

displacement current, which was recorded by

means of the collector simultaneously with an e-

(b)
Fig. 2 Photographs of the diffuse discharge (a) and

constricted discharge (b) in nitrogen
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Fig. 3 Dependencies on nitrogen pressure of time de-
lay of the UV radiation’s appearance Az (1)
and time delay of the spark’s appearance Az,
(2) relatively discharge current beginning.

RADAN-220, d=6 mm

lectron beam current when the anode foil was re-
placed by the grid. At the gas pressure of tens
and hundreds Torr(1 Torr=133 Pa), the high-
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Fig. 4 Typical oscillograms of the discharge current

(1) and runaway electron beam current (2)

est values of the discharge current are reached at
the time corresponding to the time of SAEB gen-
eration. This value reduces as the pressure in-
creases. The maximum value of the discharge
current is reached after the runaway electron
beam generation, as depicted in Fig. 4. Depend-
encies of the maximal amplitude value of the dis-
charge current and its time delay relative to the
beginning of the discharge current on nitrogen
pressure obtained with the generator RADAN-
220 and with a gap of 12 mm are presented in
Fig. 5. Pressure enlargement leads to an increase
in the time delay between the start of the dis-
charge current and the time moment correspond-
ing to the maximum amplitude value of the dis-
charge current. The change in SAEB amplitude
as a function of nitrogen pressure is illustrated in
Fig. 6. It is evident that in these conditions (tu-
bular cathode and the electrode gap 12 mm) the
amplitude of the beam current decreases with in-
creasing pressure. Note that these amplitudes of
SAEB, presented on Fig. 6, were recorded
through the aperture diameter of 20 mm behind
the three grids with transparency on the light of
64 %. Amplitude of the runaway electron beam
current from the whole surface of the anode is

). When reducing the in-

several times greater
terelectrode gap up to 6 mm the SAEB amplitude
was decreased by two orders of magnitude. De-
pendence of the SAEB pulse duration at FWHM

on the pressure is illustrated in Fig. 7(a). With

elevating of nitrogen pressure up to 2 atm
FWHM of the electron beam current reduces and
then increases. Minimum of the SAEB duration
corresponds to the minimum time delay Ar until
the SAEB generation. As we noted above, at the
nitrogen pressure of 2 atm the closing time of
gap by the front of the plasma is minimum. The
increase in pulse duration with elevating pres-
sure over 2 atm may be associated with reduce in
movement velocity of front of the ionization
wave. Such an increase in the duration of the
SAEB pulse was previously observed by us in
SF6 when the pressure increased®. In a heavy
gas pulse beam current of fast electrons, when
applying voltage pulses from the generator RA-
DAN-220, began to increase significantly at the
pressure of 0.8 atm. We believe that due to slo-
wing of the front of the ionization wave increases
the time during which the conditions for SAEB
generation are saved.
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Fig. 5 Dependencies of discharge current amplitude
(1) and its time delay relative to beginning of
the discharge current (2) on nitrogen pres-

sure

The dependence of the time delay Az of
SAEB generation on nitrogen pressure is shown
in Fig. 7(b). As observed from this dependence,
with increasing nitrogen pressure, the moment
of generation of runaway electron beam occurs
all before, and at a pressure of 200 kPa At rea-
ches its minimal value. Re-increase in value At
observed at nitrogen pressure above 200 kPa.

On this basis, one could argue that the growing
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nitrogen pressure in the gap result in the time
during which the plasma front reaches the anode
is reduced. The pressure p~200 kPa is the point
at which this time has a minimum value. A fur-
ther increase in pressure leads to the fact that
the velocity of propagation of the ionization wave

front from the cathode to the anode decreases.
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Fig. 6 Dependence of the amplitude of runaway elec-

tron beam on nitrogen pressure
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Fig. 7 Dependencies of FWHM of runaway electron
beam current (a) and time delay At of SAEB
generation relative to beginning of discharge

current (b) on nitrogen pressure

4 UV lasing in nitrogen pumped
by a runaway-electron-preion-

ized diffuse discharge

Fig. 8 shows the design of a laser chamber. The
distance between the cathode and anode was 14
mm. The cathode of length 6 cm and anode of
length 8 cm were made of a 120-mm-thick stain-
less steel foil. The two electrodes were blades
with rounded edges, which provided a more
homogeneous pump energy input over the length
of the interelectrode gap. Laser radiation was
detected with a FEK-22 photocell and an IMO-
2N calorimeter. The output signals from the
FEK-22, the capacitive divider, and the current
shunt were recorded with a TDS-3054B oscillo-
scope (0.5 GHz, five samplings for 1 ns). Ex-
periments were performed with nitrogen and its
mixtures with argon, helium, and SF; as active
media.

High-voltage
RADAN-22
generator

Cathode

Quarts windows Quarts windows

Laser chamber Anode
High-voltage N

RADAN-220
generator

Quarts windows
T

Anode
Laser chamber

Fig. 8 Laser chamber design: cross sections of the
chamber along (top) and perpendicular (bot-

tom) to the optical axis of the cavity

During lasing experiments, a diffusive dis-

charge was realized without the preliminary
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Fig.9 Photographs of luminescence of white paper
excited by UV laser radiation. The N, : SF;
=10 ¢ 1 mixture, the mixture pressure is 50

kPa

preionization of the discharge gap both in nitro-
gen and its mixtures with argon, helium, and
SF, at pressures up to a few hundred kPa. Las-
ing was obtained both in nitrogen and its mix-
tures with SF,;. Fig. 9 presents the photograph
of luminescence of paper excited by UV laser ra-
diation obtained in the N, : SF, =10 : 1 mix-
ture. A similar picture was observed for lasing
in pure nitrogen. The use of two electrodes with
a small radius of curvature provided a more uni-
form radiation intensity distribution along the
discharge gap length compared to the knife-plane
electrode configuration.

As the nitrogen pressure decreases, the
leading edge of the laser pulse becomes less
steep, and the pulse duration increases. A simi-
lar result was obtained for lasing in the N, : SF;
=10 ¢ 1 mixture. The dependences of the laser
pulse peak power and FWHM on the nitrogen
pressure are presented in Fig. 10 (a). One can
see that the radiation power achieves the maxi-
mum value at a pressure of 50 kPa, while the
pulse duration decreases with increasing pres-
sure. The minimum duration of the laser pulse
equal to 1 ns was obtained in nitrogen at pres-
sures 120 —160 kPa. The average pulse energy
at a nitrogen pressure of 50 kPa was 0. 1 m].
The radiation energy in mixtures of nitrogen

with helium and argon was lower under the same
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Fig. 10 Dependences of the maximum laser radiation
power and the laser pulse FWHM on the ni-
trogen pressure [ (a) lasing in pure nitrogen

and (b) in N, : SF; =10 : 1 mixture |

conditions. The dependences of the laser pulse
parameters for the N, ¢ SF; =10 : 1 mixture on
the mixture pressure were similar to those in
pure nitrogen, Fig. 10(b). At the same time,
the maximum peak radiation power at a mixture
pressure of 50 kPa increased by 16 times com-
pared to that in nitrogen and was 0. 55 MW,
The laser pulse energy at a pressure of 50 kPa
was 2 m], corresponding to the specific energy
output 0. 1 mJ/cm®. The lasing efficiency with
respect to the energy stored in a forming high-
voltage line of the RADAN-220 generator was
0.1 %, which is a high value for a laser with a
comparatively small active length (~6 cm) and a
high mixture pressure. These lasing parameters
were obtained in a nitrogen laser of design con-
siderably different from conventional one. Thus,
for example, the addition of SF; to nitrogen in

conventional nitrogen lasers leads, as a rule, to
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the two or three-fold increase in the output radi-
ation energy. Note also that the working mix-
ture has high optimal pressures. This fact can be
used for the development of lasers emitting short
pulses. The nitrogen laser emitted at 337. 1 nm
both in N, and the N, : SF;=10 ¢ 1 mixture. U-
sually, N,-SF; mixture lasers pumped by a
transverse discharge also emit at 358 nm. Our
study has shown that the REP DD pump power
and homogeneity are sufficient for obtaining las-
ing in nitrogen and the N, : SF; =10 * 1 mixture
at pressures up to 250 kPa. The specific output
energy emitted at 337. 1 nm in the second posi-
tive system of nitrogen was achieved at 0. 1 mJ/
cm’. These results suggest that high-power la-
ser radiation can be obtained upon REP DD pum-
ping of various gaseous media, in particular, di-
mers of heavy inert gases. For this purpose, we
plan to build discharge chambers with of large
volumes and large active lengths. Note in con-
clusion that the formation of the volume (diffu-
sive) discharge, as shown in [1, 2, 5], is
caused by pre-ionization of the runaway elec-
trons, which are generated due to application of
the electric field near electrodes and in the dis-
charge gap. The use of the REP DD allows one
to increase the working pressure of the mixture
and simplify the design of the discharge gap.
The REP DD pumping eliminates the need to use
an additional system for preionization of the dis-

charge gap.

5 Modification and cleaning of

metal surfaces

As discussed above, a REP DD is characterized
by high specific input powers. Furthermore,
plasma, being a source of high-power UV and
VUV radiation, generates a runaway electrons

beam and a shock wavel "™,

These properties of
the REP discharge were used for exposure to the

AlBe-foil surface. Excitation of air was realized

in the gap which design is presented in Fig. 2
(a). The distance between a plane foil anode and
a tube-shaped cathode was 12 mm. A RADAN-
220 pulser was used as a pulse voltage source.
The experiments were carried out at the dis-
charge current amplitude of 3 kA at both voltage
pulse polarities. The total duration of the dis-
charge current pulse was 30 ns and the duration
of the first half-period of the discharge current
was 8 ns. At a negative polarity at the electrode
with a small radius of curvature, a gas diode
generated a runaway electrons beam. When re-
cording the electrons with the energy exceeding
50 keV and the beam current FWHM of 0. 1 ns,
the beam current amplitude was equal to 10 A.
Radiation was carried out in a pulse-periodic
mode with the pulse repetition rate of 1 Hz. Af-
ter the irradiation the samples were studied by
means of Auger spectroscopy for the purpose of
any changes in the surface chemical composition,
Fig. 11 shows the results of investigation of a
discharge-induced modification of the near-sur-
face layers of an AlBe-foil. The exposure to the
SAEB-induced volume discharge in air at atmos-
pheric pressure leads to cleaning of the AlBe-foil
surface from carbon contaminations and to in-
crease in the oxygen concentration in the near-

surface layers.

60 1
Initial
50 . + L - C
™\ -0
S 40 B LN After exposure ——
E \ . C
£ 30 N | -0
£k |
g
]
0 100 200 300 400
Depth/nm
Fig. 11 Depth - concentration profiles of carbon and

oxygen in the near-surface layers of an AlBe-
foil before (initial sample) and after expo-

sure to a SAEB-induced volume discharge
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6 Conclusion

In a nonuniform electric field at the ns break-
down of high-pressure nitrogen and air charac-
teristics of the volume ns discharge and the
transformation of the diffuse discharge to the
constricted one were studied experimentally. It
is shown that the current flow through the dis-
charge gap is substantially influenced by the
generation of supershort avalanche electron
beam (SAEB), which determines the formation
of a diffuse discharge in interelectrode gap. At
nitrogen pressures of 20—400 kPa, SAEB gen-
eration time relative to the discharge current is
experimentally determined. It is also shown that
the dependence of the time delay runaway elec-
tron beam generation on pressure has a minimum
at nitrogen pressure of 200 kPa. The maximal
amplitude of the SAEB current at generator volt-
ages of hundreds kV is registered on the front of
the discharge current pulse.

A REP DD is easily realized in various gases
and at different pressures. At the REP DD, the
anode is influenced by the plasma of a dense ns

discharge with the specific input power up to
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