DIAGNOSTICS OF PLASMA STREAMS AND PLASMA-SURFACE
INTERACTION OF ESSENTIALLY DIFFERENT DURATION
OF PLASMA PULSES

A.K. Marchenko', M.S. Ladygina®, Yu.V. Petrov', I.E. Garkusha®, D.G. Solyakov?,
0.V. Byrka', V.V. Chebotarev’, T.N. Cherednychenko®, N.N. Aksenov’, S.S. Herashchenko?,
S.I. Lebedev', P.B. Shevchuk!, V.M. Astashinski®, V.A. Makhlaj', N.V. Kulik?,

D.V. Yelisyeyev!, V.V. Staltsov'

YInstitute of Plasma Physics of the NSC KIPT, Kharkov, Ukraine;
A.V. Luikov Heat and Mass Transfer Institute of the NAS of Belarus, Minsk, Belarus
E-mail: marchenkoak@kipt.kharkov.ua

Studies of main characteristics of the plasma streams generated by magneto-plasma compressor (MPC) and
quasi-stationary plasma accelerator QSPA Kh-50 have been performed. Main features of Plasma Surface Interaction
(PSI) have been researched in dependence on plasma heat loads, plasma density and pulses duration. QSPA Kh-50
creates long pulse plasma streams (pulse length of 0.25ms) with heat load on exposed surfaces of
(0.45...0.75) MJ/m?®. The MPC generates short (duration of 10...20 us) compressed plasma streams with plasma
density up to 10'® cm?, and plasma energy density of (0.05...0.5) MJ/m% Performed studies of plasma-surface
interaction include measurements of plasma energy deposited to the material surface as a function of the impacting
energy and kind of targets. Temporal and spatial dependencies of electron density and temperature have been found.
Special attention was paid to the dynamics of the spectral lines near surfaces of exposed targets.
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INTRODUCTION

Analysis of features of processes accompanied of

The experiments were performed with repetitive
pulses of the duration of 0.25 ms and the heat loads on
exposed surfaces in the range of 0.45...0.75 MJ/m?,

plasma surface interaction (PSI) and material damages
under plasma impacts of different duration is extremely
important for plasma technologies, fusion science and
engineering [1-3]. The studies of parameters in different
plasma facilities (for instance, quasi-stationary plasma
accelerator (QSPA) and magneto plasma compressor
(MPC)) make it possible to optimize the modes of
operation for different application. The electron density
Ne and energy density Q together with pulses duration
are most important parameters characterized a PSI.
Using of facilities generate plasma streams of
essentially different pulses duration allows to identify
the main features of processes of plasma surface
interaction.

1. EXPERIMENTAL DEVICES

Spectroscopic  measurements  together  with
evaluation of the surface heat load during the plasma-
surface interaction were performed in quasi-stationary
plasma  accelerator QSPA Kh-50 and the
magnetoplasma compressor (MPC) (Fig. 1).

QSPA Kh-50 is the largest and most powerful
device of its kind. Plasma streams, generated by QSPA
Kh-50 were injected into magnetic system of 1.6 m in
length and 0.44 m in inner diameter to provide its
magnetization in longitudinal magnetic field up to
Bo=0.54 T [1, 4]. The plasma parameters were varied
both by changing the dynamics and the amount of gas
filling the accelerator channel and by adjusting of the
operating voltage of the capacitor bank powering the
discharge.
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which simulate the ELMs impact in ITER. The plasma
stream diameter is 18 cm, the ion energy is about
0.4 keV, and maximum plasma pressure achieves
0.32 MPa.
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Fig. 1. Experimental devices: Quasi-stationary plasma
accelerator QSPA Kh-50 (a); Magnetoplasma
compressor MPC (b)
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The MPC device consists of two copper coaxial
electrodes a pulsed gas supply system [5-7]. The MPC
facility is powered by condenser battery with the stored
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energy of 28 kJ (at 25 kV). The working regimes could
be varied by the selected value of the discharge voltage
and choosing the quantity of gas, supplying the MPC
compressor Variation of residual gas pressure (initial
concentration) and sort of working gas (He, Xe, N, Ar
and their mixtures) has been also applied. The amplitude
of a discharge current achieves 500 kA, and the
discharge half-period is ~ 10...20 us. The MPC
generates compression plasma streams with plasma
density up to 10 cm™, and plasma energy density
varied in the range of (0.05...0.6) MJ/m?.

Spectroscopy, piezo-detectors, electric and magnetic
probes, and other diagnostics were applied for
measurements of plasma streams parameters. The
diagnostics are described in more details elsewhere [4-
13]. Observations of plasma interactions with exposed
surfaces and droplets monitoring were performed with
high-speed CMOS camera PCO AG [9-13].

2. EXPERIMENTAL RESULTS

2.1. ELECTRON DENSITY OF FREE PLASMA
STREAMS
2.1.1 Long plasma streams (QSPA Kh-50)

Spectroscopy studies of electron density (Ne) have
been realized by means of monochromator associated
with an electro-optical converter (EOC). Main attention
was paid to the spectral range of 478.6...493.6 nm. This
region contains hydrogen spectral line (Hg) and some
lines of impurity elements (Cul, II). It should be
mentioned, that lines of impurities appears only at a
large exposition (about 0.15 ms). That indicates on
appearing of impurities at the end of PSI. Experimental
spectrum obtained with exposition of 150 us is shown in
Fig. 2. In our previous experimental series [14] some
impurity copper spectral lines (491.0, 493.1, 495.3 nm)
were used for N, determination by quadratic Stark
broadening. However its intensities and half-widths
could not be applied due to very weak intensity as
compared with Hy intensity.
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Fig. 2. Typical waveform and fitting result (Lorentz
component) of Hg (4861 A) in a free plasma stream

Fitting procedure (circle line) and linear Stark
broadening with the prevailing Lorentzian contour of Hg
profile give us the possibility to estimate electron
density. Temporal dependence of N, has been obtained
in a free plasma stream with exposition time 10 ps
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(Fig. 3). Plasma comes after 70...80 us from the
discharge beginning. The maximal electron density was
found to be 0.5x10cm™ and corresponds to half
period of discharge current.
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Fig. 3. Temporal behavior of chord averaged N, in a
free plasma stream in regime with heat load to surface
of 0.45 MJ/m?
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2.1.2. MPC
Spatial distributions of electron density (N.) have
been obtained in a free plasma stream and in front of
stainless steel target in MPC (Fig. 4). In free plasma
stream the maximum value of the density
Ne ~7x10" cm® was measured at a distance of
8...10 cm from the electrode ends.
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Fig. 4. Spatial distributions of electron density (N¢) in
free plasma stream and in front of stainless steel target
in MPC

2.2. RESULTS ON PLASMA-TARGET
INTERACTION

2.2.1. Long pulse plasma streams (QSPA Kh-50)

Electron density measurements have been performed
near W-target located on the distance of 2.3 m from
QSPA accelerator and placed perpendicularly to the
plasma stream. Observation zone is determined by the
width of spectrometer enter slit. Size of such zone is
0.3cm in vicinity to the target surface. Two spatial
distributions of N, near target surface are presented in
Fig. 5 for magnetized plasma streams and without
magnetic field. The plasma density near target surface
in magnetic field is more than one order of magnitude
higher in comparison with that in the impacting plasma
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stream. The shielding layer thickness grows with the
increasing magnetic field value.
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Fig. 5. Spatial dependence of N, near W-target with and
without magnetic field in QSPA facility

Droplets splashing from melt layer of W target also
have been obtained using high-speed CMOS camera
PCO AG. The irradiation of tungsten surface with
QSPA Kh-50 plasma heat load below the cracking
threshold (0.3 MJ/m?) does not trigger the generation of
erosion products. At the heat load above the cracking
threshold but below melting threshold only several dust
particles traces have been registered. Increase of heat
load leads to the surface melting and results in splashing
of eroded material. Number of ejected particles rises
with increasing heat load due to growing thickness of
melted layer. Example of droplet erosion of W target is
presented in Fig. 6. Quantity of particles ejected from
irradiated surface increases more than twice as a
consequence of heat load elevation from 0.6 to
0.75 MJ/m? only [9-11].

Fig. 6. Splashing droplet during plasma impact on
W target, te,,=2 ms

2.2.2. Short plasma streams

The main difference from the experiment described
above is a short duration of plasma-target interaction
(10...20 ps). Stainless steel sample (4.3x6.5x0.2 cm)
was placed in a vacuum chamber under residual
pressure of nitrogen 0.6 Torr at the distance of 14 cm
from electrodes.

Rotate mirror located before spectrometer enter slit
was used for registration of optical spectra of near-
surface plasma. Example of spectrum after 5 impulses is
presented on Fig. 7. A lot of NII, 111 spectral lines were
identified. Some of them, particularly NIl of 410.3 nm
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and 409.7 nm, have been used for N, estimations using
quadratic Stark broadening.

The maximal value of N, i.e. compression zone, is
moved on 3 m towards electrodes in comparison with
the case of a free plasma stream (see Fig. 4). The target
presence has influence on the electron density
dynamics. Nevertheless the values of N, are almost the
same for both cases and is equal to 7x10"" cm™ in a free
plasma stream, (8...8.5)x10"" cm™ near the target.
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Fig. 7. Example of integral spectrum within MPC
facility after 5 shots, P=0.6 Torr of N, U=20 kV

All spectral investigations were carried out
simultaneously with the measurements of energy
density in free plasma stream and heat load to exposed
surface (Fig. 8). Calorimeter 0.5 cm in diameter was
inserted into stainless steel target. Thus we were able to
measure the heat load on irradiated surface. It has been
found that MPC facility can generate powerful pulsed
plasma streams with energy density up to 0.5 MJ/m?.
Heat loads linearly rose with increasing energy density
of impact plasma. Maximal heat load to target surface
exposed to plasma achieved 0.45 MJ/m?.
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Fig. 8. Heat load to the target (stainless steel) surfaces
vs. the energy density of impacting nitrogen plasma
stream

CONCLUSIONS

1. Experimental studies of plasma streams impact on
tungsten and stainless steel samples have been fulfilled
with QSPA Kh-50 (long pulse) and MPC (short pulse)
facilities.

2. Temporal and spatial dependencies of plasma
electron density N, have been performed in a free
plasma stream and with a target using spectral
diagnostics methods.

3. Shielding layers of cold plasma created near
irradiated surfaces by long duration plasma streams
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(250 pus) protect target surface from the damaging
effects of plasma impact. Formation of such layer led to
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JIMATHOCTHUKA IIJTASMEHHBIX IOTOKOB U B3BAUMOJIEMCTBHUS IJIA3SMA-IIOBEPXHOCThH
CO 3HAYUTEJIBHO PA3ZHBIMHU JUVIMTEJBHOCTSAMMU IVIASMEHHBIX UMITYJIBCOB

A.K. Mapuenxo, M.C. Jlaovicuna, 1O.B. Ilempos, U.E. I'apxywa, /I.I. Conakos, O.B. Bupka, B.B. Ye6omapéa,
T.H. Yepeonuuenko, H.H. Axcénos, C.C. I'epawienxo, C.U. Jlebeoes, IL.b. Ille¢uyx, B.M. Acmawunckuii,
B.A. Maxnan, H.B Kyaux, /I.B. Enucees, B.B. Cmanvyos

W3ydeHsl OCHOBHBIE XapAaKTEPUCTUKM  IUIA3MEHHBIX IOTOKOB, TEHEPHPYEMbIX MarHUTOILIa3MEHHBIM
kommpeccopom (MIIK) u kBasucrammoHapHsIM 11a3MeHHBIM yekoputeneM KCITY X-50. MccnenoBaHsl OCHOBHEIC
0COOCHHOCTH IIIa3MOIIOBEPXHOCTHOTO B3aMMOJICHCTBHS B 3aBHCHMOCTH OT TEIUIOBOH IUIa3MEHHOH Harpyskw,
IUIOTHOCTH M JumuTensHocTH uMiynsca. KCITY X-50 reHepupyeT JUIMHHOMMITYJIBCHBIE IITa3MEHHBIE IOTOKH
(mMTenbHOCTD uMIynbea 0,25 MC) ¢ TEIUIOBOH Harpy3koil Ha oGmydaemyto mumetb (0,45...0,75) MIix/m2. MIIK
reHepupyeT KopoTkue (JumrensHocTs 10...20 MKC) KOMIIPECCHOHHBIE TIa3MEHHbIE MTOTOKH IUNIOTHOCTBIO MJIa3MBl 10
10" cm® u moTHOCTBIO sHepruu B auamnasone (0,05...0,5) Ml[)K/MZ. IIpencraBneHHble MCCIETOBAHUS TIA3MO-
MOBEPXHOCTHOTO B3aMMOJICHCTBUS BKIIOYAJIN H3MEPEHMS SHEPIHH, AOCTHTAloOUIeH MOBEPXHOCTh MaTepuana, Kak
(hyHKIMIO 3HEPrUM IUIa3Mbl U copTa Marepuaia. [losydeHsl BpeMEHHBIE M HPOCTPAHCTBEHHBIE pacHpeneleHUs
9JIEKTPOHHON TIUIOTHOCTH Ia3Mbl. Ocoboe BHUMaHHE YJENsUIOCh AWHAMUKE CIEKTPAIBHBIX JIMHUHA OKOJIO
MOBEPXHOCTH OOTy4EHHBIX MUILICHEH.

JIIATHOCTHUKA TIIA3BMOBHX ITOTOKIB TA B3AEMO/III IIJTA3MA-ITIOBEPXHS 3 ICTOTHO
PI3BHUMMU TPUBAJOCTAMMH NIJIAZMOBHUX IMITYJIBCIB

A.K. Mapuenxo, M.C. Jlaouzina, 10.B. Ilempos, I.€. I'apkywa, /I.I'. Conakos, O.B. bupka, B.B. Yebomapuvos,
T.M. Yepeonuuenxo, M.M. Axcvonos, C.C. I'epawenxo, C.1. Jlebeoes, I1.b. Illesuyx, B.M. Acmawincoxuil,
B.O. Maxnau, H.B. Kynuk, /I.B. €nicces, B.B. Cmanvyos

BuBueHI OCHOBHI XapaKTEPHUCTHKH IUIA3MOBHUX IOTOKIB, IO T€HEPYIOTHCS MAarHiTOMIa3MOBHM KOMIIPECOPOM
(MIIK) Ta xBazicramioHapHuM ua3MoBuM mnpuckopioBadeM KCIIIT X-50. JlocmimkeHO OCHOBHI 0OCOONHMBOCTI
TUIa3MOBOIIOBEPXHEBOI B3a€MOJI{ B 3aJIe>KHOCTI Bifl TEIUIOBOTO HABAaHTa)KCHHS, TYCTHHU Ta TPUBAJIOCTI IMITYJBCY.
KCIIIT X-50 renepye A0BroiMITyJIbCHI IJIa3MOBI MOTOKH (OBXMHA iMITysbcy 0,25 MC) 3 TEINIOBUM HaBaHTa)KEHHSIM
Ha onpomineny mimens (0,45...0,75) Mx/m°. MIIK remepye xopotki (tpuBamicts 10..20 MKC) Kommpeciiiui
I1a3MOBI IIOTOKH 3 T'YCTHHOIO Mma3Mu, mo csrae 10™ em™, ta rycrunoro emeprii B mianasosi (0,05...0,5) MIx/M2.
[IpencraBneni JOCHIKEHHS IUIa3MOBOIIOBEPXHEBOI B3a€MOAIl BKIIIOYAINM BUMIPIOBAHHS €HEprii IUIa3sMu, II0
Jlocsirae TOBEPXHI Marepially, sSK (DyHKIIs eHepril miasmi Ta copTy Mmarepianry. OTpUMaHO 4acoBi Ta MPOCTOPOBI
PO3MOAINH €NeKTPOHHOI TycTWHH Iua3Mu. OcoOnmBa yBara NpHUAILUIACH AWHAMINI CHEKTPAaNbHUX JiHIA Oins
MOBEPXHI OMPOMIHEHUX MiIIEHEH.
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