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PARAMETERS OF HYDROGEN PLASMA STREAMS IN QSPA-M
AND THEIR DEPENDENCE ON EXTERNAL MAGNETIC FIELD

M.S. Ladygina®, Yu.V. Petrov', D.V. Yeliseev!, V.A. Makhlai*?, N.V. Kulik®, V.V. Staltsov*?

!Institute of Plasma Physics,
National Science Center “Kharkov Institute of Physics and Technology”, Kharkiv, Ukraine;
2V.N. Karazin Kharkiv National University, Kharkiv, Ukraine

E-mail: ladyginams@kipt.kharkov.ua

Present experimental studies are aimed at analysis of hydrogen plasma stream parameters in various working
regimes of QSPA-M operation. Temporal distributions of plasma electron density are reconstructed with optical
emission spectroscopy. The magnetic field influence on plasma streams parameters is analyzed. It is shown that in
regimes with additional magnetic field the plasma electron density increases by an order of magnitude in
comparison with a density value without magnetic field. The plasma velocity and energy density parameters as well
as their temporal behaviors were estimatedin different operating regimes of QSPA-M facility. Features of plasma
visible radiation were analyzed. This information is important for QSPA-M applications in experiments on
interaction of powerful plasma streams with material surfaces.
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INTRODUCTION spectroscopy measurements were carried out at the
distance of 160 cm from the end of electrodes, where
Quasi-stationary plasma accelerators (QSPAs), as targets for plasma exposures are typically placed.
powerful sources of supersonic plasma flows, are found NP
their  application insimulation  experiments on '
reproduction of the ELMs and disruption impacts to the
divertor targets in fusion reactor, studies of plasma-
surface interaction (PSI) as well as material behavior
and vapor shield effects in extreme conditions [1-6].
The QSPA-M plasma accelerator, as compare with
other available QSPA devices, is equipped with
magnetic coils creating the external longitudinal B-field
up to 1T. Ability of QSPA-M to operate with additional
external strong external magnetic field allows
simulation of the divertor plasma flows along the B-

field linesduring the transient events in ITER and .- a
DEMO reactors and predictive testing of candidate Magnetic system
materials under powerful plasma exposures [7-9]. — N K K K
Present experiments were focused on the plasma 160m Target
parameters measurements in QSPA-M generated plasma éumg_—/' D@ T Target bl
streams in various operating regimes, which are [ <
important for simulation of plasma surface interaction in N M X XK KX
fusion relevant conditions. Spectral measurements b
Fig. 1. General view of QSPA-M facility (a) and
1. EXPERIMENTAL SET-UP AND experimental arrangement scheme of QSPA-M (b)

METHODS OF DIAGNOSTICS . . L
Optical emission spectroscopy in visible wavelength

The QSPA-M facility operated with follow working range was used for determlnat_lor_] of plasma electron

. _ _ density. Spectra of plasma emission were detected at

parameters:  laischarge = 400 KA, Udisarge = 2. 10KV, e o timepoints of the discharge were used for
Thaif perios= 100 s, B = 0.8 T, diameter of plasma stream fructi ot | distributi Broadeni

of 10cm, energy loads on the target surface r(:cc?_'ns ruc;‘c;n O'tf;e emp(])ra thls4ré6u] '(g's: {ﬁa Ie;nmg

Q =0.1...0.5 MJ/m’.The hydrogen (H) used as working 2! Hp proitie with waveleng via the Tinear

: Stark effect was used for plasma density evaluation.
g;% ;2}5 gﬁl g:ts S:tﬁfézp%fegsngiﬁéhargiewajeg?:é The intensity of plasma radiation in visible range of

description of facility and first experimental results are ~ SPECLUM was monitored during the discharge using
givenin [7, 8]. photodiodes.

Fig. 1 shows the QSPA-M plasma accelerator and
the spectroscopic experimental arrangement. All
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Plasma stream velocity was measured by time-of-
flightmethod between two photodiodes placed at
different distances from accelerator output.

A set of miniature calorimeters was used for energy
density measurements in the plasma stream [10-12].

2. EXPERIMENTAL RESULTS

2.1. ELECTRON DENSITY MEASUREMENTS
FOR VARIED DISCHARGE VOLTAGE

First series of experiments was carried out with
variation of the voltage at the condenser banks (that
affects the energy density in plasma streams) to evaluate
the range of plasma electron density values that could
be reached in the QSPA-M facility both with and
without additional B-field.

Fig. 2 illustrates the temporal behaviors of the
electron density in regimes with B=0 and B=0.8T
accordingly.
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Fig. 2. Temporal behavior of plasma electron density in
plasma streams for various working voltages,
top =10 usatB=0()andB=0.8T (b)

It should be mentioned that in regimes without
magnetic field the electron density reaches the
maximum n, = (1...3) - 10 cm™ at 30...40 ps from the
discharge ignition (working voltages
Ugischarge = 2...8 KV). The values of density slightly
increased with working voltage growth. After the
100-thus the density kept on the level
Ne = (1...1.5)-10" cm®,

Fig. 2,b shows that plasma in regimes with magnetic

field the electron density is on level of
Ne=(3..4)10°cm® at  Ugiscrarge = 2KV during
discharge time and it reaches the maximum
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ne = 3-10"° cm™at 30...40 ps for Ugischarge = 8 KV. In the
tail area the density still kept in the range of
Ne = (2...10) - 10 cm™ in dependence of applying
working voltage.

It should be noted that durations of Hg spectral line
radiation can be also tracked using above-mentioned
graphs. More intense andlonger duration of hydrogen
spectral line that exceeds t =300 us is registered in
regime with B=0.8 T as compared with t =200 ps for
B=0.

Abovementioned operation regimes  with
Udischarge = 2...8 KV correspond to the energy loads range
in plasma streams E = 0.1...0.55 MJ/m?.

The magnetic pressure of longitudinal B-field
compresses plasma stream. As consequence, higher
plasma electron density is achieved in regimes with
magnetic field. The average diameter of plasma stream
under magnetic field influence decreased from 10...12 to
5..7cm.

2.2. MAGNETIC FIELD INFLUENCE ON THE
ELECTRON DENSITY IN PLASMA STREAM

The detailed measurements of plasma density were
carried out at Ugischarge = 10 kV. This working voltage
corresponds to maximal energy in the present
experimental series and it is typically applied for
exposures of tungsten targets in ELM simulation
experiments [8].
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Fig. 3. Temporal behavior of plasma electron density at
working voltage Ugischarge = 10 KV in free plasma stream
withB=0and B =0.8T, te = 10 us

Fig. 3 shows the difference between values of
densities and its temporal behavior when the magnetic
field was either switched on or off. The plasma electron
density in regimes with magnetic field increased by one
order of magnitude in comparison with its values
without magnetic field.

2.3. PLASMA DISCHARGE RADIATION

The obtained results of behaviour of plasma density
were supplemented with photodiode data of the plasma
radiation monitoring. Fig.4 shows the intensities of
radiation from plasma stream together with discharge
current curve. Both the amplitude of signal and its
duration became essentially higher when external
magnetic field is applied.
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Besides that, it is clearly seen the similarity between
temporal behaviour of plasma density and plasma
radiation (see Figs. 3, 4). In regime with magnetic field,
the distinct peak is observed at 60...80 ps in both figs.
Behaviours of density and plasma radiation without
magnetic field are rather similar also.
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Fig. 4. The radiation of plasma stream versus discharge
time, Ugischarge = 10kV,B=0and B=0.8T

2.4. MEASUREMENTS OF PLASMA STREAM
VELOCITY

The average plasma stream velocity was measured at
the distances between 90 and 160 cm from the end of
electrodes. Fig. 5 illustrates the growth of plasma
velocity with increasing discharge current and magnetic
field influence on the velocity values.
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Fig. 5. The behavior of plasma velocity at discharge
current increase withB=0andB=0.8T
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Fig. 6. Temporal behavior of plasma velocity in plasma
streamatB =0
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Plasma velocity reach v = 1.3-10" cm/s in external
magnetic field. Fig. 6 shows the behavior of plasma
velocity during discharge time. The plasma stream has a
fast head part with a high velocity up to 1.7-10" cm/s in
regime B = 0 T. The velocity of plasma stream dropped
after 100 psto v = 0.25-10" cm/s.

The duration of this decay correlates with the half-
period of the discharge current. Considering the
behavior of the density and velocity of plasma stream
with several coinciding peaks with a characteristic time
of about 100 ps, it can be assumed that the plasma
stream has several successive bunches.

2.5. ENERGY DENSITY MEASUREMENTS IN
PLASMA STREAM

The calorimetric measurements were performed on
the axis of plasma stream (Fig. 7).
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Fig. 7. Energy density in plasma stream at B=0 T and
B = 0.8 T versus discharge voltage

It has not been observed substantial difference
between the values of energy density as well as it
behavior in regimes with and without magnetic field.
The maximal energy density is over than
Q =0.75 MJ/m? and it reached at Ugischarge = 10 KV. The
interaction of plasma with the target surfaces and the
energy transfer from the plasma stream to the target
surface are discussed in [8].

CONCLUSIONS

Detailed measurements of plasma stream parameters
in QSPA-M facility have beenperformed.

The maximal values of plasma electron density and
its temporal behavior in dependence of discharge
voltage have been analyzed. It was found that plasma
electron density reach in maximum n, = 1...3-10* cm®
in regimes without magnetic field and up to
ne = 3-10* cm™ in regimes with magnetic field. Thus,
external magnetic field compresses the plasma stream
that leads to decreasing plasma stream diameter and
essential growth of plasma density. As consequence,
intensity of plasma radiation signal with magnetic field
exceeds the signal amplitude without magnetic field by
several times.

The results of plasma stream velocity measurements
show that head part of the plasma stream propagates
with v = 1.7-10" cm/s in regimes without magnetic field
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and a little bit less velocity v = 1.3-:10” cm/s is attributed
to the regimes with applied magnetic field.

The maximal energy density of the plasma stream is
over E =0.75 MI/m’ at Ugischarge = 10 KV. There is no
substantial difference between values of energy
densities as well as its behavior in regimes with and
without magnetic field. Taking into account that the
energy  density  could be  estimated as
E~nvtmv?/2= mintv*/2, we can conclude that it might be
kept on the same level in both regimes with and without
an additional B-field due to self-consistent variation of
plasma stream density and its velocity.
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HAPAMETPBI IOTOKOB BOJIOPO/THOM IJIA3MBI B KCITY-M ¥ X 3ABUCUMOCTH
OT BHEIIHEI'O MATHUTHOTI'O IIOJIA

M.C. Jlaovizuna, 10.B. Ilempos, /I1.B. Enuceee, B.A. Maxnai, H.B. Kynuk, B.B. Cmanvyoe

IIpoBeneHHBIE SKCIIEPUMEHTAIBHBIEC HCCIIEIOBAHNS HANPABJICHBI HA aHAJHM3 MTapaMeTPOB BOJIOPOTHOM ILIa3MbI B
CcBOOOJTHOM IOTOKE JUTS pa3IMIHBIX padounx pexxuMoB padotel KCITY-M. C moMombo ONTHYECKOH YMUCCHOHHOM
CHEKTPOCKOIIMM  BOCCTAHOBJIEHBl ~ BPEMEHHBIC  pACNpeleleHUs]  IUIa3MEHHOW  JJIEKTPOHHOH  IIOTHOCTH.
[Mpoananu3npoBaHO BIMSHUE MArHUTHOTO TIOJISI HA TTApaMeTpPhl IIa3MEHHBIX ITOTOKOB, U ITOKA3aHO, YTO MJIOTHOCTh
1pu paboTe B IOMOTHUTEIHLHOM MarHUTHOM I10JI€ BO3PACTAET Ha MOPSI0K BEJIMIHHBI IO CPAaBHEHHIO C INIOTHOCTBIO,
n3MepeHHoN 0e3 MarHUTHOro mouisi. OLEHEeHBl MmapaMeTpbl CKOPOCTH M TYCTOTHI SHEPTHWH IUIa3Mbl, a TAKKe HX
BPEMEHHOE ITOBEJICHNE B Pa3JIMUHBIX pexkumax padboTsl ycraHoBku KCITY-M. IIpoanann3upoBaHbl 0COOEHHOCTH
nanyueHus: 1asmbl. Jlanuas wHbopmanus odyeHb BakHa s npumeneHus KCIIY-M B skcnepumenrax 1o
B3aMMO/ICHICTBHIO MOIITHBIX TIa3MEHHBIX TOTOKOB C IIOBEPXHOCTSIMH MaTepHAIOB.

HAPAMETPHU IIOTOKIB BOJHEBOI IIJIA3MH B KCIIII-M TA iX 3AJIEXKHICTh
BIJ1 30BHIINIHBOI'O MATHITHOTI'O ITOJIA

M.C. Jlaouzina, FO.B. Ilempos, /I.B. €nicees, B.0. Maxnaii, M. B. Kynuk, B.B. Cmanvyoe

IIpoBeneHi ekcrieprMEHTaIbHI JTOCIIKEHHS CIIPSIMOBAHI Ha aHaJi3 MapaMeTpiB BOAHEBOI IUIA3MHU Y BITBHOMY
moromi Juis pisHUX podoumx pekuMmiB podotu KCIIII-M. 3a nomoMoror ONTHYHOI eMICIHHOI CIEKTPOCKOITIi
PEKOHCTPYHOBAaHO YacoBi PO3IOJIIN €IEKTPOHHOI I'YCTHHH Iia3Mu. [IpoaHanizoBaHO BIIMB MarHiTHOTO IOJIS Ha
napaMeTpy IUIa3MOBHUX MOTOKIB Ta IOKa3aHO, IO TYCTHHA IUIA3MH TIPH pOOOTI 3 JOJATKOBMM MarHiTHUM HOJIEM
3pOCTa€ Ha MOPSJOK BEJIMYMHHU B MOPIBHSIHHI 3 T'YCTHHOIO, BUMIpSIHOIO Oe3 MarHiTHoOro nojst. OuiHeHo nmapaMmeTpu
LIBUAKOCTI Ta TYCTHHM €HEprii IUla3Mu, a TakoX iX MOBEAIHKY MiJ 4ac po3psAay B PI3HUX PEXHUMax poOOTH
ycranoBku KCIIIT-M. [IpoananizoBaHo 0ocoGIMBOCTI BUIPOMiHIOBaHHS Iu1a3Mu. s indopmais gysxe BaxnBa 11
3acrocyBanHsa KCIIII-M y ekcriepruMeHTax 1Mo B3a€MO/ii HOTYXHHX IJIA3MOBHX ITOTOKIB 3 TOBEPXHSIMH MaTepialiB.
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