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Magnetoplasma compressor (MPC) of compact geometry is developed for generation of dense plasma streams of
different working gases. Discharge characteristics and parameters of the plasma streams, generated by MPC in different
modes of operation are investigated. Dynamics of compression zone formation and energy efficiency of MPC are

analyzed.
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INTRODUCTION

Pinching plasmas are remained to be of great interest
for solving of many fundamental problems of high-energy
density physics and for different technologica
applications [1]. In particular, dense plasma generated
with powerful electrical discharges is considered as
candidate-source of extreme ultraviolet (EUV) radiation
for the optical lithography. Gas discharge plasma sources
may have the potential advantages as far as they can be
simpler in design, compact and cost-effective.

The paper presents the investigations of nitrogen and
xenon plasma streams generated by magnetoplasma
compressor (MPC) of compact geometry with conical-
shaped electrodes and pulse gas supply. This device
makes possible the investigations of plasma compression
dynamics in focus region, peculiarities of generations of
EUV and soft X-ray radiation from the focus and features
of plasma-surface interaction in high current pinching
discharges, operating with heavy noble gases [2, 3]. The
main attention in present experiments is paid to
investigations of xenon plasma streams parameters and
MPC operation regimes.

EXPERIMENTAL DEVICE

MPC consists of two copper coaxia electrodes with
disk current collector (separated by figured combined
insulator) and pulse gas supply system. The outer
electrode has solid cylindrica part of 110 mm in diameter
and 147 mm in length and also output rod structure
including 12 copper rods with diameter of 10mm and
length of 147mm. The rods form the frustum of cone
surface with apex angle of 30° as it is shown in Fig.1.
Design of MPC deviceis described in detail in [4].

MPC was ingtaled into vacuum chamber with
diameter 42 cm and length 130 cm. Working pressure in
vacuum chamber 10° Torr. Nitrogen and xenon were
used as working gases. Condenser bank with capacitance
of 90 nF and maximal voltage of 25 kV was used for
power supply of main dischargein MPC.

High-speed camera, spectrograph DFS-452 and
MDR-23 monochromator were applied for plasma density
and temperature estimations. AXUV photodiodes were
used for EUV radiation intensity measurements.

Rogowski coils, compensated high voltage divider,
electric and magnetic probes, movable caorimeter and
piezodetectors were used for plasma parameters
measurements.
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Fig. 1. Block scheme of MPC device

CHARACTERISTICS OF MPC DISCHARGE

Operational regimes of the plasma source have been
varied by changing the volume of gas, injected into
accelerating channel, and by change of the time dday
between start of gas injection and discharge ignition.
Integral mass flow rate was changed from 5 to 30 cm®,
Typicd wave forms of discharge current and voltage
presented in Fig.2.
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Fig. 2. Discharge current and voltage, Xe,
Uc = 20kV, Dt= 550 ns, DV=10 cm®
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Current-voltage characteristics (CVC) were measured
in different accelerator modes of operations. The
discharge voltage was measured at the time moment
corresponding the maximum of discharge current when

dl
L=

dt
discharge are shown in Fig. 3. Current-voltage
characteristics can be approximated by power function

U,uh xl% , where lg, Uy — discharge current and
]

=0. Typical current-voltage characteristics for xenon

voltage correspondently, |- effective mass flow rate, n-
accelerator efficiency. As it was found in present
experiments the power is about B » 3 for nitrogen and
about 2 for xenon. In spite of the same value of discharge
current the discharge voltage is decreased with increasing
mass of working gas.

Time dependencies of discharge current and voltage
were used for estimation of energy fraction passed from
capacitor bank into accelerator. This energy was

calculated as Q:Tdd(t)wd(t)dtv where T — time
0

moment when discharge voltage changes sign.
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Fig. 3. Current-voltage characteristics for xenon
dischargesin MPC

The energy delivered to the discharge channd is
increased with increasing capacitor voltage and this
dependence can be described by power function with
power ~ 2. This is consequence of increasing active part
of total impedance of the electrical circuit with increase of
capacitor voltage due to higher plasma stream density and
velocity. The total energy containment in plasma stream,
measured by local calorimeter, is about (5-7) % of the
energy stored in capacitor bank.

PLASMA STREAM PARAMETERS
Plasma stream velocity

The plasma stream velocity was estimated by time —
of-flight method between two photo diodes instaled
along the vacuum chamber. Average veocity of nitrogen
plasma stream is achieved 2.7x10" cm/s a discharge
current of 320 kA. Average xenon plasma stream vel ocity
is smaller and the measured vaue is (3-4)x10° crm/s a
discharge current 500 kA.

Time dependence of xenon plasma stream veocity
obtained from the shift of radiation peaks on photodiodes

signas is shown in Fig. 4. As follows from these
measurements the maximum value xenon plasma stream
velocity is (6-8)x10° cmy/s and it achieved after 10-12 ns
from the discharge start (t = 0). For later time moments
t=35-40 ns the velocity drops to (2-3)x10°%cm/s. The
duration of plasma stream generation estimated as period
of time when stream velocity decreased in two times is ~
5-10 ns.
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Fig. 4. Time dependence of xenon plasma stream
velocity; 14=400 kA; DV=10 cm®;, Dt=500 ns

Plasma stream density distribution

The electron density distributions were measured from
the broadening of Xell and Xelll spectra linesin visible
wavelength range Results of eectron density
measurements at the different distances from MPC output
are presented in Fig 5. Density value calculated from
single and double ionized xenon aoms differs not
significantly. Electron temperature estimated from the
ratio of Xelll/Xell intendties is about 2.5-3 eV in dll
operation regimes. This value corresponds to the
peripheral region of plasma stream. For temperature
measurements in the core of compression region, EUV
spectroscopy should be applied.
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Fig. 5. Spatial distributions of electron density in
Xe plasma; 1;=400 kA; DV=10 cm?®

High speed imaging
High-speed imaging of the plasma discharge, which
illugrates the compression dynamics, is carried out in
frame-by-frame regime. Time resolution is 1 pus
Evolution of MPC dischaage and formation of
compression region are presented in Fig.6. Asit is seen,
focus is formed at the distance of 8-10 cm from MPC
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output after 6-10 us from the discharge start. The average
focus diameter is ~ 1-2 cm and the length is 2-4 cm.
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Fig. 6. Xenon plasma stream. 1,=400 kA; 10 cm?;
Dt=500 ns

EUV radiation

AXUV 20Mo/S photodiodes (wave range of
12.2-15.8 nm) were used for analysis of plasma stream
radiation. AXUV were installed into the tube and adjusted
to vacuum chamber through special system, which gives
possibility for changing direction of measurements. The
radiation intensity is increased more than in three times
with increasing capacitor voltage by 30% from 15 to
20kV. At the same time the intensty of radiation in
visble wave range, measured by conventiond
photodiodes, increased less than in two times.

DISCUSSION AND CONCLUSIONS

MPC of compact geometry is developed for
generation of dense plasma streams of different working
gases. The man dectro-technical characteristics are
investigated. Volt-ampere characteristics can be described
by power function with power ~ 3 for nitrogen and ~ 2 for
xenon working gas. The average plasma stream velocity

can be described by function [5] Vi 13 /M, , where
v— plasma stream veocity, 14 — discharge current and

M;— mass of working gas. Discharge voltage can be
described by Ug 1 ¢V(r)>H; (r)dr where v(r)- radia

distribution of plasma velocity and H;(r) — azimuthal
component of magnetic field in discharge channel. Thus,
for the same value of discharge current the discharge
voltage is decreased with increasing mass of working gas.

Maximal energy in xenon plasma stream measured by
movable calorimeter is about (5-7) % of the energy in
capacitor banks. The energy containment in plasma
stream strongly depends on MPC operation mode. For
example, it drops from 1.8 kJ to 0.4-0.45 kJ with
increasing time delay of the discharge from 500 to 550 ps.

The average plasma stream vel ocity at the MPC output
achieves 2.7x10" cm/s and 3x10° cm/s for operation with
nitrogen and xenon accordingly. Maximum velocity
corresponds to the front of xenon plasma stream and
achieves (6-8)x10° cnvs. Then it drops in two times
during 5-10 ns.

Compression zone with diameter of 1-2 cm and the
length of 2-4 cm is formed at the distance of 8-10 cm
from the centra electrode. The maximum value of
electron density in focus zone is Ne» 2x10® cm? for
nitrogen and (4-5)x10" cm™ for xenon plasma Time
averaged electron temperature (during al discharge) at
the MPC output is 7-8 eV for nitrogen and 2-3 eV for
xenon plasma respectively. The measured values
correspond to the peripheral region of the plasma stream.

First results of plasma radiation measurements in EUV
wave range of 12.2-15.8 nm, obtained with AXUV
photodiodes are presented.

REFERENCES

1.AV. Dubrovsky et a. // Journal of Tekh. Phys.
Poland. 1998, v. 39, p.133-139.

2.Encyclopedia of Low-Temperature Plasma / Ed. by
V. Fortov, v. 3, 4, 2000 (in Russian).

3.V.Y. Banine, JP.H. Benschop et a. Comparison of
Extreme Ultraviolet Sources for  Lithography
Applications // Microdectronic Engineering. 2000,
v. 53, p. 681-684.

4.V.V. Chebotarev et. a Investigation of pinching
discharge in MPC device operating with nitrogen and
xenon gases // Chechoslovak Journal of physics. 2006,
v. 56, Suppl. B, p. 335-341.

5.A.l. Morozov. Printsipy koaksialnyh kvazistatsionarnyh
plasmennyah uskiriteley // Sov. J. Plasm. Phys. 1990,
v. 16(2), p. 131-145(in Russian).

JUHAMMUMKA A30THBIX 1 KCEHOHOBBIX IIVIASMEHHBIX IIOTOKOB, TEHEPUPYEMBIX MITIK

B.B. Yeoomapes, U.E. I'apkywma, M.C. Jlaovicuna, A.K. Mapuenxo FO.B. Ilempos, /I.T". Comncos,,
B.U. Tepewun, C.A. Tpyouanunos, /I.B. Enuceee, A. Xaccaneiin

Cozman MarauTo-1UIa3MeHHbI kommpeccop (MITK) KOMIAKTHOM reOMETpUH AJIsS TeHEPalMH IUIOTHBIX IUIA3MEHHBIX
IIOTOKOB Pa3JIMYHBIX TIa30B. llcciuenoBaHbl XapaKTEPHCTHKH pas3psiioB W MapaMeTpbl IIa3MEHHBIX ITOTOKOB,
reHepupyembix MIIK B pazmuunbix pexumax paboTsl. IlpoaHanm3upoBaHbl IUHAMHKA (OPMHUPOBAHHSA 30HBI
KOMITpeccud U dHepreTudeckas 3gpdexrusaocts MIIK.

JUHAMIKA A30THHUX I KCEHOHOBUX IIVIABMOBHUX ITOTOKIB, IO TEHEPYIOTbCS1 MIIK

B.B. Yebomapyog, 1.€. I'apkywa, M.C. Jlaouzina, I K. Mapuenko, FO.B. Ilempos, /I.T . Commos,,
B.I. Tepewun, C.A. Tpyouaninos, /1.B. €nicees, A. Xaccaneiin

CrBopeHo MmarsiTo-wiazmoBuii kommpecop (MIIK) koMmakTHOI reoMeTpil st reHepalii IyCTUX IUIa3MOBHX IIOTOKIB
pi3HEX Ta3iB. JlOCHiIKEHO XapaKTEPUCTUKH PO3PAMIB 1 MapaMeTpd IUIA3MOBHX IOTOKIB, IO reHepyrorhes MIIK y
pi3HEX pexunmax poboru. [IpoanamizoBaHo nuHaMiKy (OpMyBaHHA 30HH KOMIpeCii W eHepreTHYHy ePeKTHBHICTh
MIIK.
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