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This paper is devoted to the investigation of magnetohydrodynamic characteristics of plasma streams generated
by a magnetoplasma compressor (MPC) and control mechanisms of a compression zone position. Nitrogen, helium,
and argon were used as working gases. The measurement results of electric currents spatial distributions in the
plasma streams identified that for helium (P = 10 Torr) both toroidal vortices and magnetic field displacement from
the near-axis region are observed, then, the electric current direction reverses. Similar spatial structure of the electric
currents was observed for helium with the initial pressure of 2 Torr. However, in this case, the electric current
direction changes much earlier. The electric currents flow from 20 cm to 30 cm from the central electrode of MPC
accelerating channel in the modes with nitrogen (P = 0.6 and P = 0.3 Torr). There are current vortices and a sizable
magnetic field displacement at a distance of a 6 cm to 18 cm from the MPC output. The duration of a plasma stream

generation is about two times less for helium than for the modes of operation with other gases.

PACS: 52.40.Hf; 52.70
INTRODUCTION

Numerous studies of self-compressed high-density
plasma streams explore the fundamentals of plasma
physics. That is due to prospects for the development of
lithography oriented applications and investigations of
plasma-surface interaction [1-8]. To implement all of the
possible applications it is required to provide significant
mitigation of a electrodes surface erosion which is caused
by a high-temperature plasma in the compression zone
region [1-2]. MPC as a source of extreme ultraviolet
radiation is in urgent need of reducing these adverse
effects. Information on the process of the compression
zone formation is essential for finding the ways to control
the compression zone spatial position, which is the
crucial issue that remains unsolved [1-8].

A vast majority of the previous theoretical and
experimental investigations established that parameters of
the compressed plasma streams and the position of the
compression zone are values that strongly influenced by
the distribution of the electromagnetic forces [1-5]. Two
main mechanisms of the compression zone creation were
analyzed earlier in the plasma streams generated by the
MPC facility, namely, ballistic mechanism and
electromagnetic mechanism [5-8]. In studies on the
distributions of the plasma stream parameters along the
vacuum channel, the ruling mechanism of the
compression zone formation is discussed in detail [5-8].
The results obtained in [5] revealed that having been
decelerated in the compression zone the plasma streams
gain acceleration at the output from the compression
region. It has been suggested that, at first, the plasma
stream Kinetic energy converts into the thermal energy of
the compression region. Then it converts both into the
kinetic energy of the plasma streams and the energy of
the current vortices [5-7].

Therefore, the main aim of the current studies is to
analyze the mechanisms of the compression zone
formation and control of its spatial position. In that
connection, we explore the control mechanisms by means
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of changing the initial conditions of the MPC operation
that strongly affect the magnetohydrodynamic
characteristics of the plasma streams.

1. EXPERIMENTAL DEVICE AND
DIAGNOSTICS

All experiments were conducted with the MPC
compact geometry [1-2; 5-7]. The MPC accelerating
channel consists of two coaxial copper electrodes: a
cylindrical rod-type anode with an outer diameter of
8 cm and a conical solid cathode with an outer diameter
of 3 cm. The shape of the MPC channel (Fig. 1) was
constructed in accordance with the ideal single-fluid
magnetohydrodynamic model for profiled channels [5].
This model predicts the compression mode of operation
if the following criteria for a profiled accelerating
channel are met, namely, the average radius and width
of the MPC channel should decrease along the axis [4].
The MPC is installed into the vacuum chamber with a
diameter of 40 and a length of 200 cm [5].
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Fig. 1. Scheme of the MPC accelerating channel:

1 — cylindrical part of the cathode; 2 — cylindrical

part of the anode; 3 — conical part of the anode;

4 — conical part of the cathode; 5 — cylindrical part

of the channel; 6 — channel; 7 — end insulator;

8 — longitudinal insulator

The distributions of electric currents in plasma
streams were measured using a set of magnetic probes

in the different modes of MPC operation with residual
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gas. Each probe is a small shielded multi-layer
cylindrical coil, 5 mm in diameter with a length of
about5 mm encased in a ceramic [6]. Nitrogen, argon,
and helium were used as working gases. Spatial
distributions of plasma density with high resolution
were obtained in plasma stream and in compression
region using the Stark broadening of spectral lines [8].
The velocity of a front edge of a plasma stream was
measured by the time-of-flight method between two
electric probes. The average statistical error of the probe
measurements was up to 10...15%. Present
experiments were performed at a voltage up to 20 kV,
the maximum value of discharge current was 400 KA.

2. RESULTS AND DISCUSSION

2.1. SPACE-TIME DISTRIBUTIONS OF THE
ELECTRIC CURRENTS IN PLASMA
STREAMS GENERATED BY MPC

The space-time distributions of the electric currents
were retrieved by measuring an intrinsic magnetic field of
plasma streams for different initial conditions of the MPC
operation [5-8]. The earlier studies showed that a
magnetic field displacement indicates the compression
zone formation in that region [5-7]. It is noticeable that
there are neither toroidal vortices of electric currents in
plasma streams nor displacement of a magnetic field from
the axial part of a plasma stream till 10 us of discharge
for helium (P = 10Torr). Starting from 13 us both
toroidal vortices and magnetic field displacement are
observed, then, the change of electric current direction
occurs at 20 us (Fig.2). There are similar spatial
configurations of electric currents for the regime of
operation with helium under initial of 2 Torr, but in this
case, current direction changes earlier. These results are
in a good agreement with the previous findings [1-2; 5-7].
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Fig. 2. Spatial distribution of the electric currents in the

plasma stream for helium with the initial pressure
P =10 Torr. Discharge time t = 20 us

There are several possible explanations for the
results with a change in current direction. For example,
current sheet formation [9] is considered to be the
possible explanation of the discharge stages when the
change in current direction occurs.

We obtained that for the mode of operation with
nitrogen (P = 0.3 Torr) electric currents expand from 25
to 30 cm from the central electrode. We can observe
various types of electric current spatial configurations in
the plasma streams generated by MPC. The current
vortices move further down the vacuum chamber
starting from 10 us, while the magnetic field
displacement from the near-axis region becomes
substantially increased. Figs. 3, 4 and 5 demonstrate the
behavior of the electric current spatial distribution for
three time moments. In the following figures, the
numbers near the current isolines indicate the value of a
current in kiloampere and arrows point its direction.
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Slightly higher values of the nitrogen pressure
(P = 0.6 Torr) lead to an enormous increase in magnetic
field displacement which locates at a distance of a 7 to
20cm from the MPC output (Figs.6 and Fig. 7).
Current vortices appear from 10 ps of the discharge and
grow to a length of a 32 cm from the MPC output.
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Fig. 3. Spatial distribution of the electric currents in
the plasma stream for nitrogen with the initial pressure
P = 0.3 Torr. Discharge time t = 10 us
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Fig. 4. Spatial distribution of the electric currents in the
plasma stream for nitrogen with the initial pressure
P = 0.3 Torr. Discharge time t = 12 us
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Fig. 5. Spatial distribution of the electric currents in the
plasma stream for nitrogen with the initial pressure
P = 0.3 Torr. Discharge time t = 14 us
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Fig. 6. Spatial distribution of the electric currents in
the plasma stream for nitrogen with the initial pressure

P = 0.6 Torr. Discharge time t = 13 us
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Fig. 7. Spatial distribution of the electric currents in
the plasma stream for nitrogen with the initial pressure

P = 0.6 Torr. Discharge time t = 15 us
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The vortices with the opposite current direction
appear from 17 ps as illustrated in Fig. 8. The total
value of current in plasma streams outside of the MPC
channel is up to 120 KA.
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Fig. 8. Spatial distribution of the electric currents in the

plasma stream for nitrogen with the initial pressure
P = 0.6 Torr. Discharge time t = 17 us

2.2. DENSITY MEASUREMENTS

For helium under initial pressure P = 10 Torr, the
maximum value of a plasma electron density is located
closer to the electrodes at a distance of 5...6 cm [8], as
seen in Fig. 9. The maximum value of plasma density
achieved n = (3...5) x 10 cm™ has been measured for
the initial pressure P = 1 Torr of argon at a distance of
7...8 cm from the electrode ends [8]. When the initial
concentration of working gas increases 10 times, the
plasma density in the compression zone decreases
3...5 times [8]. For modes with nitrogen and argon, the
maximum density is shifted forward from the electrode
surface.
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Fig. 9. Plasma density in the compression zone as a
function of a distance from the MPC cathode

2.3. VELOCITY MEASUREMENTS

We measured the velocity of a front edge of the plasma
stream for nitrogen (P = 3 Torr) and helium (P = 2 and
P=10Torr) by changing the distance between the two
electric probes. The first electric probe was at 7 cm from
the MPC output. In the beginning, the second one was at a
distance of 11 cm from the MPC output thus the length
between the probes was 4 cm. Further, we changed the
position of the second electrical probe to 21 cm from the
MPC output, so the distance between the probes was
14 cm.

We found that for helium the duration of the plasma
stream generation (the width on a half-height of the
velocity curve) is 1.5...2.5times fewer compared to
other regimes. As Fig. 10 indicates, the value of the
maximum velocity for nitrogen stands out as the highest
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one. The plasma stream velocity for considered modes
of operation varies between 3x108 and 7.2x10° cm/s.
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Fig. 10. Velocity of plasma stream vs discharge time.
The curves correspond to the operation modes for
helium with P = 10 Torr, helium with P = 2 Torr, and
nitrogen with P = 3 Torr, respectively

CONCLUSIONS

These results are consistent with other investigations
on electric currents distribution in the plasma streams of
MPC [1-2; 5-8]: for helium, currents are closer to the
MPC output, in contrast with the argon modes. There
are current vortices and further magnetic field
displacement from the near-axis region at a distance of
6...18 cm from the central electrode output for modes
with nitrogen (P =0.6 Torr and P =0.3 Torr). Currents
expand from 10 to 35 cm from the MPC output that
depends on the MPC mode of operation. The modes
with nitrogen and argon turned out to have maximum
densities shifted forward from the electrode surface and
a considerable magnetic field displacement from the
near-axis region. The velocity measurements revealed
that for helium the duration of the plasma stream
generation decreases for 1.5...2.5 times in comparison
with other modes. Previously it was shown that
distributions of electric currents in plasma streams
possess a complex spatial structure (toroidal and fan-
shaped current configurations) [5-7].

In general, therefore, the results show the striking
differences in current spatial distributions between the
modes with nitrogen, argon, and helium. This research
confirms previous findings and contributes to our
understanding of how distributions of electric currents
can influence the control mechanism of the compression
zone spatial position.

Findings of the current study can be put into a
broader context by using the information on local MHD
characteristics to define unknown parameters of plasma
streams [10, p. 78-102]. Furthermore, future research
should concentrate on taking into account the processes
that lie behind the change in the current direction in the
plasma stream.
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YIHPABJIEHHUE ITOJIO)KEHUEM 30HbI KOMIIPECCHUMU B IIVTASMEHHBIX IIOTOKAX,
IT'EHEPUPYEMBIX MIIK

J.I. Conakos, IO.E. Bonkosa, T.H. Yepeonuuenxo, M.C. Jlaovicuna, A.K. Mapuenko, 10.B. Ilempos,
B.B. Yeoomapés, B.A. Maxnaii, B.B. Cmanwvyos, /I.B. Enucees

Lenpto 3TOH cTaThy SBISETCS HCCICJOBAaHWE MArHUTOTHIPOIMHAMHYECKHX XapaKTEPHUCTHK IUIA3MEHHBIX
MIOTOKOB, T€HEPUPYEMBIX MarHUTOILIa3MeHHBIM KoMmnpeccopoM (MIIK), n MexaHN3MOB yNpaBICHUs MOJOXEHUEM
30HBI KOMIIpeccn. B kauecTBe pabounx ra30oB MCIIOIb30BANCH a30T, aproH U re’uid. belio oOHapyXeHo, 4To At
renus (P = 10 Topp) HabmogaroTCsl KaK TOPOUIAIBHBIE TOKOBBIC BUXPH, TaK W BHITECHEHHE MarHUTHOTO IIOJIS M3
IpUOCEeBO 00MacTH, ¢ AanbHEHIIed CMEHOH HampaBiIeHHS NPOTeKaHWs Toka. [lomoOHas mHpocTpaHCTBEHHAS
CTPYKTYpa 3JEKTPUIECKUX TOKOB ObLiIa MOJydYeHA M JJIsl TeNHsl C HadalbHBIM AaBieHueM 2 Topp. OxgHako, B 3TOM
cilyyae, HampaBlIieHHE NPOTEKaHWs TOKa MEHSETCS 3HAuWTElIbHO paHblle. B pexumax paboThl ¢ a30TOM MNpU
ocrarounoM nasnenu (P = 0.6 u P = 0.3 Topp) Toku pacmnpoctpanstorcst Ha paccrostaust ot 20 cm o 30 cMm ot
HEHTPaJIBLHOTO IEKTpoJia yckoputeiabHoro kanana MIIK. TIporcxoauT pa3BuTHE TOKOBBIX BUXPEH, C JabHEHIINM
BBITECHEHHEM MarHUTHOTO MOJIs U3 MIPUOCEBON 00J1acTH Ha paccTostHUM OT 6 cM 1o 18 cM ot Beixoga MIIK. Taxke
OBLTO YCTAaHOBJIEHO, YTO JUIS PEXKUMOB PaOOTHI € TeIMEM BpeMs TeHepaluy MIa3MEeHHOTO IMTOTOKa MOYTH B JBa pasa
MEHbIIIE, B CPABHEHHUH C PeKUMaMU pabOThI Ha APYTUX rasax.

KEPYBAHHSI ITOJIOKEHHAM 30HU KOMIIPECI ¥V IIJTASMOBHX ITOTOKAX, IO
IT'EHEPYIOTbBCS MIIK

I Conaxkoes, I0.€. Bonkosa, T.H. Yepeonuuenxo, M.C. Jlaouzina, A.K. Mapuenko, 10.B. Ilempog,
B.B. Yeoomapywos, B.A. Maxnaii, B.B. Cmanwvuyos, /I.B. Enicees

Mertoro cTaTTi € JOCIi/KEHHSI MarHiTOT1IpOIMHAMIYHIX XapaKTEPUCTHK TUIA3MOBUX MOTOKIB, 110 T€HEPYIOTHCS
MarHiTorurasMoBuM kommpecopoM (MIIK), Ta MexaHi3MiB KepyBaHHS IOJIOKCHHSM 30HH Komripecii. Y SKOCTi
pobounx rasziB Oyio BHKOPHCTaHO a30T, aproH Ta reiiil. Pe3ynbTaTé BHMIpIOBaHHS NPOCTOPOBOTO PO3MOALTY
EJIEKTPUYHHX CTPYMIB Y TIa3MOBOMY IIOTOLII MPOJIeMOHCTpYBaiH, 1o juis redmito (P = 10 Topp) ciocrepiraroTbest sk
TOPOifaNbHI BUXOPH CTPYMY, Tak 1 BUTICHEHHS MarHITHOTO IOJISI i3 MPHOCKOBOI 00JIACTI, 3 MOJAIIBIIOI 3MIHOO
HaIpsMKy MpOTiKaHHs cTpyMY. [1oniOHY POCTOPOBY CTPYKTYPY €IEKTPUUHUX CTPYMIB OYJIO OTPHMAHO i JJISl IeJIito
3 mouaTkoBuUM TucKOM 2 Topp. IIpoTe, y 11bOMy BHUMaAKy, HAIpsSMOK MPOTIKAHHS CTPYMY 3MIHIOETHCSI 3HAYHO
panimie. Y pexumax po6oTH 3 a30ToM Ha 3amuiikoBoMy rasi (P = 0.6 ta P = 0.3 Topp) cTpymMu pO3MOBCIOKYETHCSI
Ha Bincrani Big 20 cMm 1o 30 cM Bij LIEHTPaJIbHOTO €JIEKTPOay NpucKoproBaibHoro kanany MIIK. Po3BuBarotscs
BUXOPH CTPYMY 13 MOJAIBIINM BUTICHEHHSIM MarHiTHOTO i3 MPHUOCHOBOT 001acTi Ha BiJCTaHi Bix 6 cM 10 18 cM Bif
Buxoy MIIK. Takox BHsBIIEHO, IO /I PEXKHUMIB poOOTH 3 rellieM Yac reHepariii mia3MoBoro NOTOKy Maike y JiBa
pas3u MeHIIIe, OPIBHSHO 3 pSKUMaMH poOOTH HA 1HIINX Tra3ax.
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