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The main objective of these studies is characterization of dense xenon plasma streams generated by magnetoplasma
compressor (MPC) in different operational regimes. Optimization of plasma compression in MPC allows increase of the
plasma stream pressure up to 22...25 bar, average temperature of electrons of 10...20 eV and plasma stream velocity
varied in the range of (2...9)x10° cm/s depending on operation regime. Spectroscopy measurements demonstrate that in
these conditions most of Xe spectral lines are reabsorbed. In the case of known optical thickness, the real value of
electron density can be calculated with accounting self-absorption. Estimations of optical thickness were performed and
resulting electron density in focus region was evaluated as 10" cm™.

PACS: 52.30.-q; 52.30.Cv
INTRODUCTION

Experimental investigations of high-energy plasma
streams present considerable interest for different
practical applications, such as surface modification by
pulsed plasma processing, deposition of different
coatings, development of powerful radiation sources in
various wavelength ranges. The plasma compression zone
that is formed in different pinching discharges is a source
of intensive electron and ion beams, neutrons, hard X-ray
and EUV radiation.

In this paper experimental studies of magnetoplasma
compressor (MPC) operating with Xe and He gases are
presented and characteristics of dense plasma are
discussed. Measurements of plasma parameters, e.g. spatial
and temporal distributions of plasma stream density,
plasma pressure distributions, temperature and velocity
provide detailed information about dynamics of plasma
streams and features of plasma compression. These
characteristics are important from the point of view
optimization of MPC operation regimes in lithography
oriented applications, i.e. for achievement of maximal
intensity of EUV radiation in the characteristic wavelength
of 13.5 nm, corresponding to tenfold ionized Xe.

EXPERIMENTAL SETUP

Magnetoplasma compressor MPC is described in
details in [1]. The outer electrode has solid cylindrical
part and also output rod structure including 12 copper
rods with diameter of 10 mm and length of 147 mm. The
central electrode consists of the cylindrical part 60 mm in
diameter and 208 mm in length. Pulsed injection of
working gas is realized with fast electro-dynamical valve
through number of holes in the inner electrode. The power
supply of MPC discharge and gas valve comes from
capacitor banks. The capacity of discharge power supply
system is 90 uF and the operation voltage is up to 30 kV.
The power supply battery of gas valve has capacity of
700 pF and the working voltage up to 5 kV.

Mainly, xenon was used as working gas.
Measurements were carried out at discharge voltage of
20kV for two different operation regimes with time
delays between the gas injection start and discharge
ignition =500 ps and =550 ps respectively.

ANALYSIS OF SPECTRAL LINES
SELF-ABSORPTION

One of the key effects, which may influence on the
accuracy of plasma density measurements by broadening
spectral lines, is effect of spectral lines self-absorption.
Calculations of electron density taking into account self-
absorption effect can be made if the plasma thickness is
known.

The consideration of optical spectra emitted from
MPC compression zone showed that the most of xenon
spectral lines are self-absorbed (except some lines with
low intensity). This phenomenon may introduce
significant errors at Ne determination, namely the density
value is usually increased. Therefore, in this case plasma
parameters measurements were carried out using contours
and intensities of spectral lines both with taking into
account self-absorption and without it applying following
comparison of obtained results. Electron density in
plasma can be estimated using self-absorbed line contour
for known value of optical thickness as self-absorption
parameter [2].

Two methods have been used for determination of
optical thickness. First method has been applied when
optical thickness value was not very large and it was
possible to use the spectral lines belonging to one
multiplet, i.e. when all characteristic values for the lines
(excitation energy, transition energy, terms and etc.) are
the same. With variation of the absorptive atoms
concentration or plasma column length the lines
intensities within one multiplet must be changed on the
same value. This value is product of gxf (g — statistical
weight, f — oscillator force) what is proportional to line
intensity [3]. So the ratio of gxf (theoretical) and the ratio
of observed lines intensities (experimental) are equal for
spectral lines  without self-absorption, otherwise
investigated lines are reabsorbed. Using the equation (1)
one possible to find dependencies of gxf product from
optical thickness ratio:
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where o=(gf),/(gf),. Obtained results for majority of
spectral lines are indicated in the Table below.

68 PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2011. Ne 1.

Series: Plasma Physics (17), p. 68-70.



Optical thickness for Xell and Xelll spectral lines in
regimes with time delays of © =500 and 550 us

A, nm T (500 ps) | t(550 us)
Xe 11 529.2 10 18
533.9 3 4.5
460.3 3.2 5
433.0 <1 <1
Xelll 392.2 3.2 3.6
395.0 3.16 3.5

Second method consists in determination of optical
thickness using experimentally measured lines intensities.
Lorenz (Stark) half-width of the line was found from the
experimental shape of spectral lines, using the Foigt
functions.

Performed analysis has shown that we are dealing
with mixed line-contour with predominant Lorentz effect.
Corresponding dependencies for both Lorentz and
Doppler contours were obtained (Fig. 1) using following
equations for optical thickness:

where Aly and Ak,p — measured Lorentz and Doppler
widths correspondingly (A); Ak, — line width for optically
thin layer, i.e. calculated with theoretical data (A); © —
optical thickness. Using these equations value of optical
thickness was found for Stark contour. Electron density
was estimated using AX,. This method is suitable for large
values of optical thickness then distortion of spectral lines
shape is large.
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Fig.1. Optical thickness determination using Stark
or Doppler contours

PLASMA DENSITY MEASUREMENTS

Electron density was calculated wusing Stark
broadening of Xe II and Xe III spectral lines. Stark widths
for Xe II lines are available in [4] and for Xe III — in [5].
Electron density average value for both time delays are
practically the same and equal to 1x10'" cm™. The plasma
parameters in compression zone were calculated from
self-absorbed spectral lines and they are in a good
agreement with corresponding characteristics obtained for

line-contours without re-absorption. It is found that
maximal xenon plasma concentration in compression
zone can achieve 10'® cm™. It is estimated also that due to
the re-absorption phenomenon the real N, magnitude can
be increased on 20...30%.

PLASMA PRESSURE MEASUREMENTS

Several movable small-size piezoelectric detectors
were designed and manufactured for plasma pressure
measurements. All detectors were calibrated for absolute
measurements [6]. The radial distribution of plasma
stream pressure was measured at two different distances —
10 and 20 cm from the MPC output. The results of these
measurements are shown in Figs. 2, 3. Plasma stream has
good symmetry and the pressure at distance 10 cm from
MPC output is achieved 22 and 17 bars for operation
modes with time delays 500 and 550 ps correspondingly
(see Fig. 2). Average plasma stream diameter, calculated
as half width of plasma pressure radial distribution, is
equal to 20...25 mm. At the same time it is seen that in
near axis region with typical diameter of about 1 cm, the
plasma pressure is not changed and this region with
maximal pressure can be considered as effective plasma
stream diameter at the output of compression zone.
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Fig. 2. Radial distributions of plasma pressure at the
distance of 10 cm from MPC output
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Fig. 3. Radial distributions of plasma stream pressure at
the distance of 20 cm from MPC output

At the distance of 20 cm from the MPC output the
plasma stream pressure decreases to 8 bars for time delay
of 500 pus and to 11 bars for time delay of 550 ps
(see Fig. 3). It is interesting that pressure peak is observed
in near axis region for regime with time delay of 550 ps.
At the same time pressure plateau in near axis region is
observed for MPC mode of operation with time delay of
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500 ps. It can be indication of changing position of
compression zone in different operation regimes.

Average plasma stream diameter, estimated as half
width of plasma pressure radial distribution, is increased
to 3 cm for operation mode with time delay of 500 ps and
to 4...4.5 cm for time delay of 550 ps.

TEMPERATURE MEASUREMENTS

Calculations were performed for xenon ions (with
different ionization state) in the framework of Saha-
Boltzman combined equations at local thermodynamic
equilibrium (LTE) approximation. The analysis of its
applicability is carried out using well known Griem
criterion. Such analysis is especially desirable taking into
account important temperature measurements. Time and
chord averaged electron temperature determined using the
ratio of Xell/Xelll lines intensities is 4...4.3 eV. From
theoretical Saha-Boltzman calculations it was estimated
that XelV and XeV species, which observed in the
spectra, must be registered at electron temperature ~
10...20 eV (Ne~10'"® cm™). It was obtained that at At =
550 ps these spectral lines were more intensive than in
other working regime.

PLASMA STREAM VELOCITY

Plasma stream velocity was calculated using plasma
pressure and electron density. Minimum velocity was in
central area of plasma flow and it was equal to
(9x10°)...(1.5x10% cm/s in regime with 500 ps time
delay. The velocity of plasma bunch is spreading grew
with shift from the axis of plasma stream and it had value
about (2...3)x10°cm/s. For time delay of 550 us, the
distributions of plasma stream velocity showed opposite
tendency. Maximum value of velocity up to
(6...9)x10°cm/s was measured in near axis region of

plasma stream. This value is in 2-3 times higher than
velocity of peripheral parts of plasma stream
((2...4)x10° c/s).

CONCLUSIONS

Characterization of dense xenon plasma streams
generated by magnetoplasma compressor in different
operational regimes has been performed. Optimization of
plasma compression in MPC allows increase of the
plasma stream pressure up to 22...25 bar. Measured
plasma core diameter is about 1 cm. Depending on
operation regime the plasma stream velocity is varied in
the range of (2...9)x10° cm/s.

Maximal plasma stream density measured from
xenon spectral lines with taking into account self
absorption is about (1...2)x10'® cm™. Presence of Xe IV
and XeV spectral lines in spectra allows us to expect that
electron temperature in compression zone riches
10...20 eV.

Analysis of the obtained results has shown that at
time delay between gas puff and discharge ignition
T=1550 ps it is observed more pronounced accelerating
character of plasma flow, while at T=500 ps stronger
compression effects are observed.
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XAPAKTEPUCTHUKU IVIASMEHHBIX IIOTOKOB U OIITUMU3ALIUS PABOYUNX PEXKUMOB
MATHUTOIIVIASMEHHOI'O KOMITPECCOPA

A.H. banoypa, O.B. bvupka, H.E. I'apkywa, M.C. Jlaovicuna, A.K. Mapuenko, 1O.B. Ilempos,
J.I. Conakos, B.B.Hebomapes, A.A. Uysuno
[IpoBeneHsl AKCIEPUMEHTHI MO OoNTUMH3auuK pexumoB padotel MIIK, n3MmepeHsl mapaMeTpsl IIa3MEHHBIX

NOTOKOB ITpU pabore Ha KceHoHe. [IpoaHaM3upoBaHbl paclipeaeeH s JaBjIeHus B IUIa3MEHHOM IIOTOKE, CKOPOCTh U
TemriepaTypa miasMbl. CIIEKTPOCKOITMUYECKHE U3MEPEHHMS ITOKa3aIH, YTO OOJIBIIMHCTBO CIIEKTPAIBHBIX JMHUM KCEHOHA
CaMOIIOTJIONIEHBI. B cilyuae W3BECTHOM ONTHYECKOH TOJIIMHBI peajibHas 3JEKTPOHHAS IUIOTHOCTH MOXET OBITh
BbIUKCiIEeHa ¢ ydyeroM 3ddekra camororiomieHus. [IpoBeeHbl OLEHKM ONTHYECKOH TOJILIWHBI, B pe3yibTare 4ero
PACcCUMTAaHO 3HAYCHHE KOHLEHTPALMHU IEKTPOHOB B 061actu komnpeccun — 10" em™.

XAPAKTEPUCTHUKH IIJIASMOBUX IIOTOKIB TA OIITUMI3ALIIA POBOYUX PEXXUMIB
MATHITOII'TA3SMOBOI'O KOMITPECOPA

A.M. banoypa, O.B. bupka, 1.€. I'apkywa, M.C. J/laouzina, I.K. Mapueuxo, FO.B. Ilempos,
J.I'. Conakos, B.B.Heoomapuvos, 0.0. Uysino

[IpoBeneHo excriepuMeHTH 3 onTUMIi3alii pexumMiB podotu MIIK Ta BUMipsSHO mapaMeTpH MIa3MOBHX ITOTOKIB MPH
poboti Ha kceHoHi. [IpoaHanizoBaHO PO3MOAITK THUCKY B IUIA3MOBOMY IOTOII, IIBUAKICTH Ta TEMIIEpaTypa IUIa3MH.
CrieKTpOoCKOMIiYHI BUMIPIOBaHHS MOKA3ajH, 0 OLIBIIICTh CIIEKTPAIbHHUX JiHIH KCEHOHY CAMOMOTIHHEHI. Y BHUIAIKY
BiIOMOI ONTHYHO{ TOBIIMHH, peajbHa EJNeKTPOHHA TYyCTHMHA MOXe OyTH OO4YHCIeHa 3 ypaxyBaHHSAM eQeKTy
CaMONOINIMHAHHA. DBynn mpoBeleHi OWIHKM ONTHYHOI TOBIIMHM, B pE3YyJIbTaTi dYOr0 pO3paxoBaHa BeIMYHMHA
KOHI[GHTpaLlii eNeKTpoHiB B o0macti kommpecii — 10' em™.
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