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EXPERIMENTAL TESTING BENCH FOR THE DIAGNOSTICS
OF PLASMA GENERATED BY PULSED GUNS WITH THE DIELECTRIC
SURFACE BREAKDOWN
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The experimental testing bench “ETB-PG” was designed to study the operation of plasma guns. The construc-
tional design of plasma guns with replaceable dielectric operating on the surface sparkover basis has been proposed.
Discharge currents and voltages under atmospheric and vacuum conditions have been determined. The two types of
discharges were detected in the pressure range varying from the atmospheric value to 10° Torr. An experimental
Paschen curve has been plotted. A statistical dependence of the types of discharges on the number of pulses, the
pressure in the chamber, and the breakdown voltage has been established. The results of optical studies of the
plasma flow generated by plasma guns in the vacuum of 2:10™ to 2:10™ Torr have been presented. The propagation
velocity of the plasma flow in axial and radial directions has been measured. The glow time of the injected plasma
was determined for different types of the discharges. The spectrograms of the composition and degree of the plasma

ionization have been obtained.
PACS: 52.50Dg, 52.80 Vp, 52.70Kz, 29.30Ep

INTRODUCTION

Plasma guns (PG) are the devices that provide the
formation of plasma flows and their injection into free
or closed spaces [1, 2]. Plasma flows have a wide range
of the parameters that are defined both by the PG struc-
ture and electric circuit parameters including the exter-
nal conditions of the operating medium [3]. The veloc-
ity of ions is in the range of 10° to10® cm/s; the densities
are in the range of 10" to 10" cm™ at the duration of
0.1 to 100 um [4]. In this research paper, the PGs with
the electric surface breakdown are used for the creation
of the plasma cutoff jumper. It provides the voltage
multiplication in the high-current electronic accelerators
(HEA) based on inductive energy storage (IES) units.
The voltage multiplication factor depends in many re-
spects on the stability of the parameters of plasma flows
generated by PGs. The parameters that have an overrid-
ing priority include the plasma flow propagation rate,
the ion lifetime, the density, the temperature and the
composition.

The purpose of this research was to define discharge
circuit parameters and also the velocity, composition
and the lifetime of generated plasma flows and the con-
ditions that provide a stable operation of PGs in a wide
pressure range.

1. EXPERIMENTAL PROCEDURE

The experimental testing bench “ETB PG” is shown
in Fig. 1. Fig. 2 gives the schematic electrical diagram
of the setup operation. We can see in Fig. 1 that PG are
soldered to the frame of the section (3) that is actually
the domain for the plasma confinement and diagnostics.
The section diameter is 220 mm and the length of it is
600 mm. The number of in-feeds for plasma guns is
equal to 12. Each in-feed can be used both for the ar-
rangement of the guns in it and/or for the placement of
diagnostic tools. This section can also function as the
waveguide and the plasma moves along it in the axial
direction to the end flanges (10) and (5). The end flange
(5) fulfills the same functions as the flange (10), in par-
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ticular it provides the visual control, the discharge video
and photographic evidence; the diagnostic window (6)
is intended for the insertion of the LEDs; (7) is the vac-
uum meter (VIT-2) and it is designed for the vacuum
control during the experiment; (8) is the electrostatic
kilovoltmeter C196 used for the diagnostics of the
charge voltage of the capacitors; (9) is the box of charg-
ing resistors.
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Fig. 1. General view of the experimental testing bench
(“ETB PG”)
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Fig. 2. Schematic electrical diagram of the experimental
testing bench (“ETB PG”)

The capacitor bank C is charged by the d.c. voltage
source formed by the following elements: the charging
device in the form of the step-up high-voltage trans-
former UPS-70 and the auto-transformer; half-wave
rectifier VD in the form of series diode assemblies of a
KC-201 E type; the charging resistance Rc consisting of
series resistors of a TVO-60 type with the equivalent
resistance of 864 kQ.
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In the case of the operation of the discharger F using
no third electrode the charging voltage of the capacitor
bank was controlled by the value of the interelectrode
gap of the discharger F. The capacitor C was discharged
onto the load in the form of the PG shunted by the in-
ductance L. The suggested circuit provides the synchro-
nous stable PG operation both in the mode of the dis-
charger self-breakdown and in the case of the small-size
ignition unit.

The discharge current was measured using the
Rogowski coil with the sensitivity of 10 kA/V. The dis-
charge gap voltage was measured using the compen-
sated capacitive-ohmic voltage divider “North Star High
Voltage of a PVM-12 type” with the dividing coeffi-
cient of 1:1000, the carrying capacity of 80 MHz and
the maximum pulse voltage of 32 kV.

For the experiments that were carried out the pres-
sure in the vacuum chamber was measured in the range
varying from the atmospheric value to 2-10° Torr. The
pulsed plasma flow generated by the PG had the general
energy input of 20 to 80 J and the operation frequency
of up to 0.5 Hz.

To reveal distinctive mechanisms of the discharge
evolution under different vacuum conditions the proc-
esses were recorded by high-speed shooting using the
digital photo-camera Casio Exilim EX-FH100 Black.
The shooting rate in the video mode was 420 shots/s and
1000 shots/s. The plasma flow glow time and intensity
and its longitudinal velocity were recorded by the sen-
sors designed on the basis of photodiodes of a BPW34
TO-18 type with the operating range of 300 to 1100 nm
and the current rise rate of 20 ns.

The plasma flow velocity in the radial direction was
judged by the difference of phases of the two sensors
whose signal was processes by FEU-70 with the opera-
tion time of 0.1 us. The spectral analysis was done us-
ing the two-channel spectrograph SL40-2-3648USB.

2. THE EXPERIMENT SCENARIO

Prior to the studies of the properties of the injected
plasma the experiments were carried out that allowed us
to define the parameters of the primary loop and the
initial operation conditions of the PG. Breakdown volt-
ages were defined for the insulating material in the ab-
sence of the initiating discharger in a wide range of vac-
uum values. Optimal vacuum conditions and the wanted
parameters of the discharge circuit have been deter-
mined. Fig. 3 gives typical current oscillograms.

Fig. 3. Discharge current oscillograms for the two types
of the discharges: a — the space discharge;
b — the surface discharge

For the surface breakdown voltage of 14 kV and the
pressure of 5-10° Torr the discharge current was equal
to ~ 7 kA. In this case, we observed a specific delay, i.e.
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the so-called bridge between the discharger operation
and the master pulse of the PG.

With an increase in voltage up to 18 or 20 kV, the
delay is disappeared and the current amplitude is in-
creased nonlinearly attaining the values of 22 to 25 kA,
as shown in Fig. 4. This effect can be explained by
switching processes in the discharger and by the change
in the discharge type that is related to a change in the
parameters of the entire discharge loop.
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Fig. 4. The Paschen curve “ETB PG” d = const (9 mm)

During the experiments carried out to define the
breakdown voltages of U,y depending on vacuum condi-
tions it was established that the minimum values of Upy
varying from 800 V to 1.5 kV are in the pressure range
of p=1...0.1 Torr. In the pressure range of
2:10™...3:10° Torr, Upg = 9.5...12.3 KV this increase is
related to the extension of the length of the free path of
the electrons that exceeds 50 cm and it is commeasur-
able with the longitudinal dimensions of the chamber.

During the experiments carried out to define the
Paschen curve using the “ETR PG” we also noticed the
instability of the breakdown voltage under fixed vac-
uum conditions. On average, the breakdown voltage
was increased from 3 to 4.5...5 kV after 20 practice
pulses and the decrease in the capacitor charging rate
from 3 to 10...15 s. It can be indicative of the need for
the conduction of the preliminary training of the cham-
ber and the observance of the specific frequency- peri-
odic mode.
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Fig. 5. Statistics of discharge types depending

on the amount of pulses, the chamber pressure

and the breakdown voltage
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Fig. 5 gives the statistical dependence of the two
types of the discharges, in particular the surface dis-
charge and the space discharge and also in the cases
when the glow of any type was not observed in the
chamber under the condition of the voltage drop on the
kilovoltmeter and as a matter of fact, the breakdown of
the initiating air discharger occurred. The first
40...50 pulses had a training character. The training of
the electrodes and the insulator was carried out under
the specific vacuum conditions and at the preset voltage.
The dependences were obtained for the two ranges of
the working pressure. The first range embraced the pres-
sures of 9:107...2:10™ Torr. These are lines 1 and 3 and
the second range embraced the pressures of
3...8:10” Torr.

It should be noted that the pulse train ranging from 1
to 100 and more was fed in series and vacuum condi-
tions were varied in specified ranges. It was established
that an increase in the operating voltage from 15 to
20 kV for the first pressure range considerably im-
proved the statistics of the discharge of a space type and
the failure rate was less than 4% and the misfires were
actually absent. At an increased vacuum and the capaci-
tor bank charge of 20 kV the number of surface break-
downs was increased with no visible glow flooding of
the entire chamber. The conditions with low breakdown
voltage and high vacuum with the failure count attaining
42% can be called conventionally unfavorable.

3. OPTICAL DIAGNOSTICS
OF THE PLASMA GLOW

For the interelectrode distances of up to 10 mm,
breakdown voltages occur due to the particles adsorbed
on the insulator material surface. It is shown in the sci-
entific paper (5) that in the case of the free path length
exceeding the radial size of the dielectric through which
the electric breakdown advances the composition of the
injected plasma is influenced by the availability of the
molecules of residual gas available on the dielectric
surface. It means that for the working pressures used for
our experiments (10...107 Torr) the plasma composi-
tion is defined by the material of the dielectric and that
of its surface layer. Hence, in the voltage range of 10 to
15 kV the surface breakdown occurs providing the for-
mation of the plasma flow consisting mainly of the par-
ticles of the dielectric material (polyethylene) and water
vapors and the content of H, amounts to about 50%.

Based on the obtained spectral analysis and high-
speed video shooting data we showed that the pulsed
PG designed for the HEAs operating on the IES princi-
ple form the plasma flows consisting mainly of H and C
atoms and ions.

The experimental testing bench “ETB-PG” enabled
the development and introduction of PG that use the
dielectric with the radius of 9 mm that can be easily
replaced by other materials (Fig. 6). During the experi-
ments carried out using the plasma guns of the testing
bench two specific types of the discharges were ob-
served in vacuum above 2:10™* Torr that differed by
their color spectrum and glow duration and the visual
domain of the glow flooding in the chamber (Fig. 7).
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Fig. 6. General view of the PG: a is the PG with the
polytetrafluoroethylene dielectric at the end-face,
b is the structure of PG arranged in the vacuum section

Conventionally, these discharges can be called the
space discharge and the surface discharge, because in
the first case the flash visually fills the entire chamber
volume and in the second case it is observed in the form
of the small torch near the dielectric surface. Seemingly,
the radiation color spectrum is defined by the tempera-
ture difference and the difference in the composition of
atomic and molecular components that were desorbed
from the insulator surface and chamber walls and
changed to the excited and ionized states during the
collisions with the electrons.
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Fig. 7. General view of the glow resulted from space
and surface discharges: a is the formation of the space
discharge; b is the formation of the surface discharge,

and c is the appropriate oscillograms of the glow inten-
sity and duration

The origination of surface and space discharges dur-
ing the operation of PG is conditioned by the pressure
value in the vaccum chamber and the applied voltage.
At a high vacuum and long free path lengths in the
chamber of a typical size a certain portion of the elec-
trons gets to the chamber walls including the opposite
wall and ionizes the dopped layers adsorbed on it and
the wall material. A certain portion of such excited par-
ticles is distributed in the chamber volume. The space
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type of the discharge is peculiar for the vacuum in the
range of 8:107 ...2:10™* Torr and U exceeding 15 kV. In
the case of the pumping out to get the vacuum of
(2...3)-10° Torr the space type of the discharge was
maintained due to an increase in the surface breakdown
voltage. The surface type of the discharge was typically
observed at the vacuum of (2...5)-10” Torr and the volt-
ages of up to 12 kV. At the pressures close to the at-
mospheric value the corona discharge of an increasing
intensity was observed between the electrodes whose
lifetime considerably exceeds that of the radiation emit-
ted by the above electrodes.

4. DEFINING THE LONGITUDINAL
AND RADIAL RATE OF THE PLASMA
PROPAGATION

To attain an efficient current cutoff that is character-
ized by a rapid growth of its derivative it is necessary to
create first the conductive, long-lived (~10...100 um)
and sufficiently dense plasma. One of important pa-
rameters of the injection process is the plasma propaga-
tion velocity in the evacuated chamber volume.

The determination of the characteristic time of the
plasma propagation and its sufficient repeatability, in
particular, more than 80% of the total number of pulses
depends on the external conditions and discharge circuit
parameters. The experimental testing bench “ETR-PG”
is used for the refinement of the diagnostic methods and
tools that enable the determination of the longitudinal
and radial components of the plasma velocity after the
pulse discharge on plasma guns under different condi-
tions, see Fig. 8. In the future, these diagnostic tools are
planned to be embedded into already operating accelera-
tors.

H a

o
H

VZZZIIITA

(Z1-23)
o V="ws e

to vacuum pumps

Fig. 8. The sketch of the “ETB PG~ with FEMs
arranged inside the setup to measure longitudinal (a)
and radial (b) plasma velocities.

1 - 3 are light — emitting diodes; 6 is the evacuated
chamber of the experimental testing bench “ETR PG,
4 is plasma guns; 5 is the flange made of polymethyl
methacrylat
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To measure the longitudinal plasma velocity, the
vacuum chamber was equipped with the three light-
emitting diodes with the possibility to travel in Z and R
axes (see Fig. 8,a,b). The operating part of the LED was
locked with the electrocorundum tube to prevent the
action of the plasma flow and the restriction of the di-
rectional pattern and on the opposite side (outside the
vacuum chamber) the light signal was received by the
photodiode and further it was recorded by the oscil-
lograph.

Fig. 9. Glow intensity oscillograms obtained
for the longitudinal plasma propagation in the chamber
at the pressure of P = 4-107 Torr (a— 11 kV:
surface discharge; b — 15 kV: space discharge)

The distance between the sensors was equal to 3 cm
and the distance from the sensor to the chamber wall
was 5 cm. The oscillograms in Fig. 9 give the measure-
ment data of the light flow and light flow intensity sig-
nals received from the two sensors 1 and 2 (see Fig. 8,a)

The delay time between the two curves was ~3 and
6 us, accordingly. Taking into consideration the fact
that the distance between the sensors was equal to 3 cm
we obtain the longitudinal plasma propagation velocity
of Vz ~ (0.5...1)-10° cr/s. In addition to the velocity,
the attention should also be paid to the signal amplitude.
In the case of the space discharge the plasma glow is
brighter and it is propagated occupying a larger chamber
space. It can be estmated procceding from the difference
in the glow intensity on the sensors 1 and 2.

To measure the radial plasma velocity, we used the
system with external focusing lens. The two sensors
were arranged at a distance of 1 meter from the plasma
source near the end face of the vaccum chamber of the
setup and these were directed through the plexiglas
flange.

The measurements were taken for the two distances
between the LEDs, in particular 4.2 and 3 cm and in this
case the focal distance between the plasma measure-
ment points inside the chamber was 11 and 7.5 cm, ac-
cordingly. All the measurements were taken relatively
the axial line of the setup (the first sensor was placed at
a distance of 5.5 (7.25) cm from the plasma gun). The
measurement data are given on the oscillogram in
Fig. 10 and Table.

The obtained plasma radiation recording data are in-
dicative of that the radial plasma velocities turn out to
be 40 to 60% higher in comparison to longitudinal ve-
locities and attain the values of several units per
10° cm/s. For the discharge energy range and the dis-
tances between the recording sensors in question an
increase in velocity is close to the linear.
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Fig. 10. Radial plasma velocity measurement data
depending on the discharge data at the pressure
of P=4-10° Torr
(a—16.5kV; b—185kV; c—23kV;,d—18kV).
The time scale gradation is a—4 us; b, ¢, d— 2 us

Comparative plasma propagation velocities
for different voltages and distances between the sensors

U,kV | V,m/c | At, us | Ar,cm
16.5 | 2.75-10°| 4 11
18.5 | 3.05-10° | 3.6 11

23 4.610° | 2.4 11
18 3-10° 2.5 7.5

For the purpose of verification, the distance between
the sensors was changed and the measurement data are
given in Fig. 10,d. The data obtained at the voltages of
18 to 18.5 kV show that the result is independent of the
distance between the sensors for the given limits of the
values.

5. SPECTRAL ANALYSIS
OF THE COMPOSITION
OF THE DISCHARGE PLASMA

Optical measurements were taken when operating
one plasma gun using the polytetrafluoroethylene di-
electric. Fig. 11 gives the decoding data for the plasma
spectrogram.

Since the system is pumped out using the steam-oil
pumps with the deposition of C, H, and H,O on the
chamber walls, the spectrum explicitly shows the lines
of excited hydrogen atoms and ions with the ionization
potential of 13.6 eV. An increase in the discharge volt-
age results in the appearance of the lines on the spec-
trum that correspond to carbon including C** (the ioni-
zation potential is 24.38 eV) and also carbon and nitro-
gen compounds.

However, the spectrum is lacking the lines that cor-
respond to fluoride ions with the first ionization poten-
tial of 17.41 eV. Such a result can be explained by the
limited characteristics of the device (the recording time
exceeds the lifetime of the excited state of the fluoride
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atom and ion) and by that the space discharge develops
with a minimum heating of the dielectric surface.
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Fig. 11. Optical plasma spectrogram formed during
the discharge of the plasma gun with the polytetra-
Sfluoroethylene dielectric at different discharge voltages
(B3—14kV, B4—16.5kV, and B8 — 19 kV)

CONCLUSIONS

The experimental testing bench “ETB-PG” was cre-
ated to study the designed PG, the parameters of the
plasma generated by them and for the refinement of
diagnostic tools.

The parameters of the discharge circuit of this setup
have been investigated; the values of discharge currents
equal to 7 through 25 kA were obtained for the voltage
range of 12 to 20 kV.

The experimental Paschen curve showed a change in
the value of the breakdown voltage from 800 V to
12.2 kV for the specified interelectrode gap in the work-
ing pressure range varying from the atmospheric value
to 2-10° Torr.

The investigation of the PG equipped with the di-
electric made of fluorine plastic showed an opportunity
for the formation of the discharges of two types. To
obtain the discharge of a space type with the visual oc-
cupation of the entire chamber volume by plasma the
discharge voltage should be increased to get the value
exceeding 15 kV or the vacuum should be maintained at
the level of 8:10 Torr and lower.

The optical data were obtained for the plasma flow
propagation velocity in the axial and radial sections us-
ing the photosensors for the plasma radiation recording.
On average, the longitudinal velocity component is
3.5 time lower than the radial velocity component.

The plasma glow time during the PG discharge was
varied in the range of 2 to 3 ms and the current oscil-
logram duration was of ~ 30 pus.

The optical spectrogram showed that hydrogen and
carbon are prevailing in the plasma composition and
double -charged carbon ions appeared with an increase
in the discharge voltage.
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CTEH/I JIJIS1 JUATHOCTHUKH IIJIABMBI, CO3JIABAEMOM UMITYJIbCHBIMH ITYIIKAMHU
C ITPOBOEM 110 ITIOBEPXHOCTHU IUJSJIEKTPUKA

/.B. Bunnuxos, B.B. Kampeuko, B.b. IO¢gepos, B.H. Tkauée, C.A. Ilempenko, B.T. ®omun

Co3maH 3KCIIEpUMEHTAIBHBIN HaydHO-ucchenoBatenbckuii creHn «OHUC-IIID» mama uccimemoBaHus padbOTHI
IUTa3MEHHBIX TyIIeK. [IpenokeHa KOHCTPYKIMS IIa3MEHHBIX MYIIEK CO CMCHHBIM TUAJICKTPUKOM, PabOTAIOIIUX C
MEPEKPBITHEM 10 OBEPXHOCTH. OIpeae/ieHbl TOKM M HANPsDKEHHS pa3psia B aTMOC(HEPHBIX U BaKYYMHBIX YCIIOBH-
six. OGHAPY)KEHO JBa THITA Pa3psila B AMANA30HE AaBiIeHH oT atMocdepHoro 1o 10~ Topp. [locTpoeHa sKcIepH-
MEHTaJIbHasl KpuBas [lamieHa. Y CcTaHOBIICHA CTATUCTUYCCKAS 3aBUCHMOCTD THITOB Pa3psAI0B OT KOJHYECTBA UMITYIhb-
COB, JIaBJICHUS B KaMepe W HaIpspKeHUs mpo0ost. TIpeacTaBieHsl pe3yabTaThl ONTHUCCKUX MCCIICIOBAHU TIa3MEH-
HOT'O TOTOKA, CO3JABAEMOr0 MIa3MEHHBIMH MyIIKaMu B Bakyyme oT 2:10™ 1o 2:10” Topp. OmueHeHa ckopocTh pac-
MIPOCTPAHEHUS ITUIA3MEHHOT'O MOTOKA B aKCHAJIbHOM M paJMalbHOM HampaBicHUsAX. ONpenesacHo BpeMsi CBEUCHHUS
HHKEKTUPYEMOH TIa3MBbl IPH Pa3HBIX THIIAX pa3psaa. [1omydeHbl ClIieKTpOrpaMMBbl COCTaBa M CTCIICHH MOHH3AIHH
TUIa3MBI.

CTEHA AJIs1 JIATHOCTUKMU IIVIAZMMU, IO CTBOPIOETHCA IMITYJIbCHUMU I'APMATAMU
3 ITIPOBOEM IO MNOBEPXHI JIEJIEKTPUKA

/I.B. Binnikoe, B.B. Kampeuxo, B.b. IO¢gepos, B.1. Tkauos, C.O. Ilempenko, B.T. @omin

CTBOpEHO eKCIepUMEHTANbHUI HaykoBO-gocmiauuit crenn « EHAC-TI mis mociimkeHHs poOOTH TUIa3MOBHX
rapmar. 3alporoHOBaHa KOHCTPYKIS IIa3MOBUX T'apMaT 31 3MiHHHM J[1€JIEKTPUKOM, IIO MPALIOIOTH 33 MPUHIUIIOM
€JIEKTPUYHOTO MPOOOIO 10 MoBepXHi. BuzHaueHi cTpyM Ta Hanpyra po3psay B aTMOc()epHHX Ta BAKYYMHUX YMOBaX.
BHsIBIICHO [Ba THIIH O3PSIy B iara3oHi THCKY Bix atMocdeproro 1o 10° Topp. [To6ymoBanHa eKCIepUMEHTANbHA
kpuBa [lamena. BcraHoBIeHa cTaTUCTUYHA 3aJI€KHICTD THITIB PO3PSITY BiJl KUIBKOCTI IMITYIIBCIB, TUCKY B KaMepi Ta
Hanpyru mnpoboro. [IpencraBieHo pe3ynbTaTu ONTUYHUX JOCIHIPKEHb I1a3MOBOTI0 IOTOKY, 1[0 CTBOPIOETHCS TUIa3-
MOBHMH rapMaTaMu y Bakyymi iz 2:10™ 10 2:10 Topp. OuiHeHo MBHAKICTb PO3MOBCIOKEHHS IA3MOBOT0 TIOTO-
Ky B aKkciaJbHOMY Ta pajiajlbHOMy HampsiMKax. BH3Ha4eHO 4yac CBIYEHHs IUIa3MH, IO iHXKEKTYETHCS TPH Pi3HUX
TUNaX po3psay. OTpUMAHO CIIEKTPOTrPaMHU CKIIay Ta CTYIICHIO 10HI3aIlil TIa3MH.
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