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PULSED PLASMA FLOW DIAGNOSTICS

This paper presents the results of optical and probe diagnostics of hydrogen plasma flow in a coaxial
plasma accelerator. The triple probe and the Optosky ATP2000P linear spectrometer with a spectral range of
200-1100 nm were used for measuring the electron current and obtaining the hydrogen plasma emission
spectrum. The individual spectral lines were observed using an M833 monochromator spectrometer with a
spectral resolution of 0.024 nm. From the measured electron currents and emission spectrums, the electron
densities in the flux of a hydrogen pulsed plasma were calculated. We used the Stark method of Hg hydrogen
line broadening for calculations of electron densities. The obtained experimental results from the probe and
spectroscopic measurements of electron density correspond well. In this work, we also obtained the
dependence of the electron density on the voltages applied to the capacitor bank. The electron density
increases with increasing voltage, because of the increased energy applied to the discharge. The average
electron densities in the plasma flux showed n, = 1.13 - 10** m?3, n, = 4.14 - 10> m?3,andn, = 5.57 - 10 m
3 at three values of voltages of 3 kV, 4 kV, and 5 kV, respectively.

Key words: coaxial plasma accelerator, hydrogen plasma flow, probe diagnostics, optical diagnostics,
electron density, plasma emission spectrum
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MMI'IyﬂbCTiK naasmaliblK afblIHHbIH ANarHOCTUKAChI

Byn KymbiCTa KoaKCcWanabl MAa3masblk YAETKIWTEr CyTeri Maa3masnblK afblHbIHbIH, ONTUKAMbIK MKIHE
30HATBIK AMATHOCTUKACBIHbIH HOTUMXKENepPi YCbIHbIAFaH. DNEeKTPOHAbIK TOKTbI ©/1LLeY KaHe CyTeri N1a3mMacbIHbIH,
SMUCCUANDIK CEKTPAEPIH any YLWiH YIW3AEKTPOATbl 30HA, *KaHe 200-1100 HM cnekTpAik AManasoHaa 3epTreyre
MYMKiHAIK 6epeTiH Optosky ATP2000P CbI3bIKTbIK CNEKTPOMETPI KOAAaHbINAbl. HeKe CheKkTp/iK Cbi3biKTap
0,024 HM CNEeKTPAIK a)KblpaTKbIWTbIK KabineTi 6ap M833 MOHOXpPOMaTOp CHEKTPOMETPIHIH KemerimeH
aNblHAbl. ONLWEHTeH 31EKTPOHAbBIK TOKTAp MEeH ajlblHFaH SMUCCUABIK CNEKTPAEP HEri3iHAE MMMNYbCTIK CyTeri
MN1Ia3MacCblHbIH, afblHbIHAAFbl 3N1EKTPOHAAPAbIH, Tblfbl3Ablfbl ecenTendi. DNeKTPOHAAPAbIH,  Tblfbl34bIFbIH
ecenTtey yWwiH Hg cyTeri cnekTpiHiH, LLUTapKTbIK KeHel aaici KonaaHbIinabl. DNEeKTPOHAAPAbIH, Thblfbl34bIFbIH
30HATbIK 3HE CNEeKTPOCKONMUANbIK 61LleyAiH TaXKipnbenik HaTUKenepi XKakcbl cankec Kenai. CoHbIMeH KaTap
By KYMbICTA SNEKTPOHAAP TbIFbI3AbIFbIHbIH, KOHAEHCATOP HBaTapeAcbiHa TyCipiAreH KepHeyre Tayenainiri ge
anblHAbl. KepHeyaiH »KofapblnaybiMeH 31eKTPOHAAPAbIH, ThIFbI3AbIFbl Aa apTaabl, Oyn paspaaka depinreH
3HEPrUsAHbIH, apTybIMEH Tbifbl3 BalnaHbICTbl. 3 KB, 4 KB KoHe 5 KB KepHeyiHiH vyl MaHi YLWiH naa3manbik,
aFbIHA@Fbl 3NEKTPOHAAP ThIFbI3bIFbIHLIH OpTalla MaHAEpi calkeciHwe n, = 1,13 - 10?! m3, n, = 4,14 - 10%
M3, skaHe n, = 5,57 - 10%t M= Kypaap!.

TyiiH ce3gep: Koakcuvanabl NAasmanblK YAETKilW, cyTeri nnasmanblk afblHbl, 30HATbIK, AMArHOCTUKA,
ONTWKaNbIK ANArHOCTMKA, SNEKTPOH TbIfbI3AbIFbl, M1a3MaHbIH, SMUCCUANBIK CIEKTPI
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[narHoctMka UMNyAbLCHOMO NAa3MeHHOro NOTOKA

B paboTe npeactaBnieHbl pe3yabTaTbl ONTUYECKON M 30HA0BOM ANATHOCTUKM BOAOPOAHOTO NAa3MEHHOIO
MOTOKa B KOAKCMa/ibHOM Maa3MeHHOM ycKkopuTene. [ns M3MepeHUs 3NeKTPOHHOro TOKa WM MOay4YeHus
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Pulsed plasma flow diagnostics

3MUCCMOHHbIX CMEKTPOB BOAOPOAHOM MAa3mbl OblIM MCNOMb30BAHbI TPOMHOM 30HA, U COOTBETCTBEHHO
NMHenHbIn cnekTpomeTp Optosky ATP2000P co cnektpaibHbiM ananasoHom 200-1100 Hm. OTaenbHble
CNeKTpasibHble NMHWUKM BbIAM CHATbI C MOMOLLBIO CNEKTPOMETPa-MoHoXxpomaTopa M833 co cnekTpasibHbiM
pa3speweHnem 0,024 HM. Ha ocHOBe M3MEPEHHbBIX 3/IEKTPOHHbIX TOKOB M OTOXAECTBAEHHbLIX SMUCCUOHHbIX
CNeKTPoB OblM paccynTaHbl MAOTHOCTM SNEKTPOHOB B MOTOKE MMMY/JAbCHOW BOAOPOAHOW naasmbl. s
pacyéTa NAOTHOCTM 3NEKTPOHOB Bbl MCNONb30BaH MeToZ LLITapKOBCKOro yWMpeHns BOAOPOAHbIX AUHMIA Hp.
[Mony4eHHble 3KCNEepPUMEHTa/IbHble pe3yabTaTbl 30HA0BOMO M CMEKTPOCKOMMUYECKOro U3MepeHUa MAOTHOCTH
3N1EKTPOHOB XOPOLLO CornacytoTcs. B aTol paboTe TakKe Oblna NoayYeHa 3aBUCUMOCTb NMJAOTHOCTU 3/1EKTPOHOB
OT MPUIOXKEHHOTO K KOHAEHCATOPHOM bGaTapee 3apAg0BOro HanpsxeHua. C yBeanyeHWem 3apsaLoBOro
HaNPAXeHWA YBENIMYMBAETCA NMIOTHOCTb 3/IEKTPOHOB, YTO CBA3AHO C YBE/WYEHWEM SHEPTUU BOKEHHON B
paspag. Mpun Tpex 3Ha4YeHMAX 3apAaaoBoro HanpaeHma 3 KB, 4 kKB n 5 KB, cpeaHve 3Ha4YeHMA NAOTHOCTMK
5/1eKTPOHOB B N/1a3MeHHOM NoToKe cocTasunn n, = 1,13 - 102 m3, n, = 4,14 - 102 m3, un, =5,57 - 102 m°

3, COOTBETCTBEHHO.

KnioyeBble CN0OBa: KOaKCHa bHbIN N1asMeHHbI YCKOPUTE b, BOAOPOAHbIN M1a3MeEHHbIN NOTOK, 30H408as
AMAarHOCTUKA, ONTUYECKas AMArHOCTUKA, MIOTHOCTb 3/IEKTPOHOB, SMUCCHMOHHbIN CMEKTP M1a3mbl

Introduction

Pulsed plasma flows in plasma accelerators are
widely used for solving some fundamental and
practical problems. Particular interest among various
applications of pulsed plasma flows represents
fusion, and astrophysical researches [1-4]. For
example, an experimental study of the interaction of
pulsed plasma flow with materials [5]. The use of
plasma flows for specific applications is determined
by the formation, acceleration, and structure of the
plasma plume. It depends on the geometry of the
electrodes system, the way of filling and the type of
used plasma-forming gas. A variety of plasma
diagnostic methods are available to investigate the
structure; processes caused by the formation and
acceleration of the plasma flux. They are divided into
contact and non-contact methods. The diagnostics of
pulsed plasma flows is a difficult problem in
comparison with stationary plasma. The complexity
is the character of plasma that we study: high plasma
velocity, short-lived plasma processes, high
temperature. Nevertheless, regardless of this, the
methods of diagnostics of no stationary flows of
pulsed plasma such as the probe and optical and
Interference methods exist. The electrical and
magnetic probes are widely used among probe
methods. The application of probe diagnostic
methods is limited by perturbations induced in
plasma. The optical methods have an advantage in
comparison to probe methods and are used
extensively in diagnostics. Its main advantage is the
nonperturbative character. The optical and probe
diagnostics of the pulse plasma flux was carried out
in this work for measuring the electron density. This
is important from a scientific and practical viewpoint
for two reasons:
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I In relation to the variety of applications of
plasma flow;

11 For understanding of plasma physics in plasma
accelerators.

This work is organized as follows: the second
and third chapters provide a brief overview of the
experimental setup and plasma diagnostic methods;
the fourth chapter contains an analysis and discussion
of the experimental results; the fifth chapter consists
of a conclusion.

Brief overview of the experimental setup

The optical and probe diagnostics of pulsed
plasma flow was carried out in a coaxial plasma
accelerator. This setup uses hydrogen as plasma-
forming gas. The duration of a single pulse is an
average of T~ 300 us. The main operating unit of the
setup is the coaxial electrode system. The electrode
system was placed in a vacuum chamber. A chamber
is pre-pumped to a pressure of ~10° Torr. The
vacuum station for evacuating the vacuum chamber
consists of a forevacuum and diffusion pump. Before
the shot, the chamber is filled with plasma-forming
gas. The experimental setup is powered by a capacitor
battery with a capacitance of 1.4 mF. The pulse
discharge in the interelectrode space is ignited when
the vacuum arrester is turned on. The plasma is
accelerated towards the output of the accelerator by
the J x B force acting on plasma current bridging the
electrodes. The schematic diagram and parameters of
the experimental setup are described in detail in [6-
8].

Brief overview of plasma diagnostic methods

The Optosky ATP2000P spectrometer with a
spectral range of 200-1100 nm, and the M833
monochromator spectrometer with a spectral
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resolution of 0.024 nm were used in this work for
conducting probe and optical diagnostics of hydrogen
plasma flow.

Hydrogen spectral line broadening is an
important tool for optical diagnostics of plasma.
Micro fields of electrons, ions, etc. in plasma cause
various types of Stark broadening. One of the well-
known Stark broadening of hydrogen lines by
electrons is theoretically well studied and
successfully used in practice. The relation between
the spectral line half-width and the electron density is
given by expression (1). This equation is used for
diagnostic purposes for measuring the electron
density.

2/, .
Adyjp = 2,50 10_9011713/ 3A,
2

where a; ,, — theoretical values of the half-width
A4, ,. The theoretical values of the half-width of the
hydrogen line Hg are determined. In [9, 10] this
method was applied to measure the electron density
in the plasma flux.

The probe diagnostic methods have always been
widely used for studying the properties of plasma and
gaseous discharges. This method is a useful tool for
local determination of the density, temperature of
charged plasma particles and the space potential. Of
known probe methods, triple probe allows measuring
the local plasma parameters without external voltage
sweep. This is particularly important in our case,
because in pulsed plasma the discharges do not repeat
from shot to shot. Moreover, this method allows
measuring the temperature and electron density
simultaneously in one shot. Another advantage is that
using this method it is possible to obtain the temporal
distribution of plasma parameters. The operation of a
triple probe is as follows: three similar electrodes are
located in plasma being studied. In voltage mode of
operation, only V,, voltage is applied between two
probes, and the third probe will be at floating
potential V5. Temperature and electron density are
calculated according to equations (2) and (3):

(1)
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where S is surface area of probes, m; ision mass, e is
Vig .. .
elementar charge, I = —=— is ion saturation current.

shunt

A triple probe method for measuring electron density
in a plasma flux has been used in works [11, 12].

kT, 2)

Analysis and discussion of the experimental
results

The emission spectrum of the hydrogen plasma
flux was obtained and analyzed in the 350-900 nm
wavelength range by means of the Optosky
ATP2000P linear spectrometer, it is shown in Fig. 1.
As seen from this figure, the composition of the
hydrogen plasma flux contains such impurities as
iron, chromium, carbon, copper, hydrogen and
residual air elements. The copper and iron,
chromium, carbon are formed as a result of erosion of
the electrode surface and the vacuum chamber wall.
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Figure 1 — Emission spectrum of the hydrogen
plasma flux

A typical spectrum of the hydrogen line Hg was
obtained at a pressure of 70 mTorr and at different
values of voltages applied to the capacitor bank of 3-
5 kV by using the spectrometer monochromator
M833 with a spectral resolution of 0.024 nm (Fig. 2).
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Figure 2 — Plasma flux spectrum in the Hg region
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It can be seen that the half-width of the Hg line
increases with increasing voltage applied to the
capacitor bank. These indicate increasing electron
density in plasma. This is caused by increasing the
energy attached to the discharge. Averaged electron
density for applied voltage of 3kVisn, = 1.13 - 10%
m3, for applied voltage of 4 kV isn, = 4.14 - 102 m-
8, for applied voltage of 5 kV isn, = 5.57 - 10 m?,
The dependence of calculated electron density on
applied voltage at gas pressure of 70 mTorr is shown
in figure 3.
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Figure 3 — The dependence of the electron density
in the plasma flux on the voltage applied to the
capacitor bank

The investigation of plasma flow using the triple
probe method was performed at a capacitor bank
voltage of 3 kV and a gas pressure of 70 mTorr. The
probe was placed inside the vacuum chamber at a
distance of 10 cm from the electrode system, and
directed to plasma flow. The results of the
measurements are shown in Figures 4 and 5.
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Figure 4 — Temporal characteristic of the floating
potential and ion saturation current on the probe
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Figure 5 — Temporal characteristics of electron
density and temperature

The obtained results by the Stark broadening
method agree well with the results obtained by the
probe method. As can be seen from Figures 3 and 5
the experimental results of electron density agree
well.

Conclusion

Optical and probe diagnostics of the hydrogen
plasma flux in a coaxial plasma accelerator were
carried out. In particular, electron densities in the
plasma flux were calculated by the Stark method of
hydrogen line broadening and a triple electric probe.
The obtained experimental results are in good
agreement. The dependence of the electron density on
the voltage applied to the capacitor bank was also
obtained. It was found that with increasing voltage of
charge, the energy attached to the gaseous discharge
increases, and accordingly, the density of electrons
increases. The temperature of electrons in the plasma
flux was measured with a triple electric probe. The
maximum value of the electron temperature was 60
eV at voltage of 3 kV and gas pressure in the vacuum
chamber of 70 mTorr. Moreover, the time
dependence of the temperature and electron density
was obtained with the triple probe.
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