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Present work is devoted to experimental investigations of the plasma compression zone dynamics and its influence
on radiation characteristics. The construction of magneto-plasma compressor (MPC) of compact geometry with conical
copper electrodes is described. Comprehensive information about dynamics of compression zone formation, it position,
plasma parameters and geometric dimensions was obtained using spectral diagnostics. Plasma stream density ~ 10"%cm™
was measured by Stark broadening of Xe spectral lines. Electron temperature 5...7 eV was estimated using the ratio of
Xe lines intensities. EUV radiation intensity was detected by registration system consisting on absolutely calibrated
AXUYV diodes with integrated thin-films filter for different wavelength ranges and multi-layered MoSi mirrors. Spatial
distributions of electrical currents has been performed also.

PACS: 52.70.Kz; 52.59.Dk; 52.50.Dg; 52.30.-q; 52.25.Xz

1. INTRODUCTION

Investigations of dense magnetized plasmas of
different gases are of importance for various scientific and
technological applications such as generators of hot
plasma and efficient fuelling techniques (plasmoids),
testing of fusion reactor materials with high energy loads
etc. Dense plasma is especially attractive object of
investigations aimed at development of efficient source of
multicharged ions and intense radiation in a wide
wavelength range (from XR and EUV to infrared
radiation) [1, 2]. In particular, dense xenon plasma cloud
can provide effective shielding of divertor plates and
mitigation of disruptions due to high emissivity of xenon
and resulting re-radiation of impacting energy [3].

2. EXPERIMENTAL SETUP
AND DIAGNOSTICS

MPC electrode system consists of solid cylindrical
part and output rod structure including 12 copper rods
with diameter of 10mm and of 147 mm in length as
presented on Fig.1. Electro-technical characteristics of
MPC are as follows: discharge current — 500 kA, capacity
of condenser bank — 90 pF, charging voltage 15...25 kV,
pulse duration — (15...20 ps), working gases — N, Xe, He
and their mixtures. Current experiments were carried out
using He as a residual gas and Xe as a working gas.
Variation of operation regimes is varied by means of
electrodynamic valve which provides residual pressure in
a range of 2...10 Torr or pulsed gas filling into the inter-
electrodes area.

All the routine diagnostic techniques, i.e. voltage-
and current-probes, movable calorimeters, piezo-
detectors, photomultipliers, were applied simultaneously.
To perform spectroscopic measurements the use was
made of a visible spectrometer coupled with an electron-
optical converter. EUV radiation intensity was detected
by registration system consisting on absolutely calibrated
AXUV diodes with integrated thin-films filter for

different wavelength ranges (5...13, 12.2...15.8 and
17...80 nm) and multi-layered MoSi mirrors.

Fig. 1. MPC electrode system

3. TEMPORAL AND SPATIAL
DISTRIBUTIONS OF PLASMA
ELECTRON DENSITY

Xenon spectral lines of different species Xe (II-V)
are recorded with short enough exposition te,, =2 ps (in a
comparison with the discharge duration) and with
different delays ty in the relation to the discharge
beginning. Example of typical Xe spectrum is presented
in Fig. 2. It is important to note that radiation of high-
ionized Xe spectral lines is attributed to the plasma focus
formation and it corresponds to hot and high-energy part
of plasma stream with duration of generation ~ 1.5...2 ps.

Particular attention was paid to the temporal and
spatial behavior of Xe spectral lines. Basing on the known
theory of the Stark effect [4], one could estimate that the
maximal plasma electron concentration corresponding to
the compression stage was 10'* cm™.

As a result of MPC optimization [5] it has been
shown that only operation mode with 2 Torr of He
residual pressure and local Xe injection into compression
region 1is characterized by swift plasma stream
compression with significant increasing of main plasma
parameters.
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Fig.2. Xe optical spectrum recorded with
toxp = 2 us and t,= 6 us

Particularly Fig.3 clearly illustrates the plasma stream
dynamics. We observed the electron density rise in 5
times after 6 pus of the discharge beginning. Space-time
distribution of N, provides us information about plasma
compression zone dimensions. Experimental results
reveal that plasma compression zone of 1...1.5 cm in
diameter and 2...3 cm in length is formed at the distance
of 6 cm from MPC central electrode. Plasma electron
temperature T, averaged along the line of view was
estimated using intensity relations between different Xe
spectral lines. For example, using intensity relations
between Xe II/II lines it was obtained T, = 3.5...5 eV.
However, T. = 7 eV corresponding to the intensity
relation of Xe III/II lines seems to be more realistic due to
the rather high accuracy of used method [6].

T

Fig. 3. Space-time plasma electron density distribution at
distance of 6 cm from central electrode obtained
With t., = 0.9 us

4. DYNAMICS OF OUTLET PLASMA
CURRENTS

Spatial distributions measurements of magnetic field
in MPC plasma stream were carried out with local
movable magnetic probes. Reconstruction of electrical
current  distributions has been performed from
measurements of azimuthal magnetic field using Maxwell
equations. Current magnitude in plasma layer is

difference of corresponding values of current lines
(Fig. 4). Performed measurements show that total value of
electric current flowing outside accelerating channel is
about 25...30% of discharge current. Electrical current
propagated to the distance up to 30 cm from MPC output
during first half period of discharge current. In most cases
the current vortexes appearance is attributed to the
inclined shock wave formation in compression zone that
affects on plasma dynamics outside the source. In some
regimes the current displacement from the compression
region was observed.

Helium plasma with local xenon injection
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Fig. 4. Time evolution of outlet currents in He-Xe plasma
stream. Values of outlet currents are in kA, direction is
marked by arrow

5. EUV RADIATION ENERGY
MEASUREMENTS

Xenon plasma compression zone also can be an
intense source of radiation in a wide wavelength range,
particularly, in the range of 13.5 nm. In order to measure
EUYV radiation energy there were applied AXUV diodes
for 12.2...15.8 nm range. Experiments show that radiation
energy increases with increasing discharge current and it
strongly depends on MPC operation regime namely on the
residual He pressure and time delay (Fig. 5). Performed
measurements confirm that operation mode with 2 Torr of
He is the most optimal for achievement of maximal EUV
radiation energy and additional Xe injection applied
directly into the compression zone allowed essentially
increase EUV radiation energy from 33 up to 58 ml.
There are observed some oscillations of the energy
behavior depends on time delays .
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Such nonmonotonic dependence was confirmed by

numerous experiments, but the nature of these
fluctuations still not clear for us.
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Fig. 5. Dependencies of average radiation energy in EUV
wavelength range (12.2...15.8 nm) on time delays for
different MPC operation modes

6. CONCLUSIONS

Features of plasma compression zone formation
within MPC facility have been investigated by means of
spectral and probe diagnostics. As a result of
spectroscopic measurements different species (II-V) of
xenon lines were identified in a visible wavelength range.
Electron density measured with high temporal and spatial
resolution using Stark broadening is achieved 10" cm™.

Spatial distributions of electrical currents in plasma
stream have been studied. Output currents achieve 30% of
I4. In some cases current vortexes appearance is attributed
to the inclined shock wave formation in compression zone
which affects on plasma dynamics outside the source. In
some regimes the current displacement from the
compression region was observed.

Measurements of EUV radiation from MPC
compression zone revealed that maximum radiation
energy corresponds to 12.2...15.8 nm wavelength range.
It is shown that radiation energy strongly depends on
xenon mass flow rate and time delay between gas
injection and discharge ignition. Xe injection applied
directly into the compression zone and optimization of
operation regimes allowed to increase EUV radiation
energy in 12.2...15.8 nm wavelength range on 50%.

REFERENCES

1.H. Tanuma, et al. EUV emission spectra from exited
multiply charged xenon ions produced in charge-
transfer collisions / Nucl. Instr. And Meth. In Phys.
Res. 2005, B235, p. 331-336.

2.H. Merabet, et al. EUV emission from xenon in the
10-80 nm wavelength range using a compact ERC ion
source // Nucl Instr. and Meth. in Phys. Res. 2005,
B241, p. 23-29.

3.L.E. Garkusha, et al. // Ukr. Conference on Plasma
Physics and Controlled Fusion. Kyiv, October 2009,
p- 11 (in Ukrainian).

4.L.C. Popovich and M.S. Dimitrijevic. Stark broadening
of Xe II lines //Astron. Astrophys. Suppl. Ser. 1996,
v. 116, p. 359-365.

5.1.E. Garkusha, et al. Characterization of Dense Xe and
He-Xe Plasma Streams Generated by Magnetoplasma
Compressor // Proc. of 23" Symp. on Plas. Phys. and
Techn. Czech Republic, Prague, June 16-19, 2008,
p. 44.

6.G. Grim.  Spectroscopy  of plasma.
“Atomizdat”, 1969 (Russian translation).

Article received 25.10.10

Moscow:

®OPMHUPOBAHMUE 30HbI KOMIIPECCUHN B MATHUTO-IIJIASBMEHHOM KOMITIPECCOPE,
PABOTAIOIIEM HA TSKEJIBIX T'A3AX
A.K. Mapuenko, B.B. Yebomapes, M.C. Jladvizuna, U.E. I'apkywa, I0.B. Ilempos,
JI.T. Conaxoe, B.B. Cmanvuos, |B.U. Tepewun), A. Xaccaneiin

B HCHTPC BHUMAHUA OKCIICPUMEHTAJIbHBIC UCCICAOBAHUA AJUHAMUKN (l)Ole/IpOBaHI/I}I IJIa3MCHHOTI'O ITMHYa U €TI0
BIMSHHUS Ha W3JIydaTelIbHbIE XapaKTEpUCTUKH Iula3Mbl. OOCykmaeTcsi KOHCTPYKIMS MarHUTO-IUIA3MEHHOTO
kommpeccopa (MIIK) KOMIIakTHOW TreoMeTpUM C KOHMYECKHMMH MEIHBIMH 3JeKTpojamu. VcyepnbiBatoras
nHpopManuss O JMHAMHKE (OPMHPOBAHUS 30HBI CXKATHs, €€ JIOKAJIM3alMM, IUIa3MEHHBIX [apamerpax u
TE€OMETPHUYECKUX pPa3Mepax IMOJydeHa C MOMOIIBIO CHEKTPAIbHOM IHUArHOCTUKH. DIIEKTPOHHAS IUIOTHOCThH IUIA3MBI
(~10"® cM™) u3MepeHa 10 WTaPKOBCKOMY YIIMPEHHIO CIIEKTPAIbHBIX JIMHMI Xe. DiiekTponHas Temnepatypa (5...7 5B)
OLICHWBAJIACh 110 OTHOLICHUIO MHTCHCHBHOCTEH CHEKTPAIbHBIX JHHUI Xe. Pernctpupyromas cucrema, cocrosmas 13
abcomoTHO KannOpoBaHHEIX AXUV IHOMOB ¢ MOKPBITHEM [UTS PA3TUYHBIX JHANIA30HOB UTMH BOJIH M MHOTOCIIOIHOTO
MoSi-3epkana, HCIONb30BaNach i peructparmu  BY®-m3mydeHms masMbel.  Takke — IPeICTaBIICHBI
MIPOCTPAaHCTBEHHBIE PACTIPECTICHUS NEKTPUUECKIX TOKOB BHIHOCA.

®OPMYBAHHSI KOMIIPECIMHOI 30HU B MATHITO-IIJIA3BMOBOMY KOMITPECOPI,
SIKUM MPALIOE HA TSIKKHUX TA3AX
I'.K. Mapuenxo, B.B. Yeoomapuvos, M.C. Jladuzina, 1.€. I'apxywa, FO.B. Ilempos,
JL.I. Conakoe, B.B. Cmanvyos, A. Xaccaneiin

B menTpi yBarm ekcriepuMEeHTaJ bHI JOCHIHKEHHS TUHAMIKH (POPMyBaHHS IUIa3MOBOTO IiHYA i HOTO BIUTUBY Ha
BHITPOMIHIOBAJIbHI XapaKTEPUCTUKU T1a3MH. OOTrOBOPIOETHCS KOHCTPYKIISI MarHiTo-mia3moBoro kommpecopa (MIIK)
KOMITaKTHOI I'eoMeTpii 3 KOHIYHMMH MIJIHUMHU eNleKTpoJaMHu. BuuepnHa iHpopmanis mpo nuHamiky (opmyBaHHS
KOMIIPECIHOT 30HHW, TI JIOKai3aIlilo, IUIa3MOBI MapaMeTpd Ta TECOMETPUYHI PO3MIPH OTPUMaHa 3a JOMOMOTOHO
crieKTpanbHOi giarsoctuky. Enexrponna rycruma mmasmu (~10' cM™) BumipsiHa i3 mITapKiBCHKOTO pO3IIHPEHHS
cnekrpanbHux JiHiH Xe. Enextponna temmeparypa (5..7 eB) BH3Hauamach MO BiJHOIICHHIO 1HTEHCHBHOCTEH
cnekrpanpHux JiHiH Xe. Peectpylodya cucrema, sika ckiamaerbesi i3 abcomoTHO KanmibpoBanux AXUV miomiB 3
MOKPUTTSAM [UISl PI3HUX Miala3oHIB JOBXHWH XBWIb Ta OararomapoBoro MoSi-a3epkaia, BUKOPHCTOBYBAIACH JUIS
peectpanii BY ®-sunpoMiHioBaHHS 11a3Mu. TakoXX MpeICTaBICHO IPOCTOPOBI PO3MOIUTIH IEKTPUIHIX CTPYMIB.
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