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This paper is devoted to brief review of main experimental results of investigations of high-power quasi-
stationary plasma dynamic systems in the IPP NSC KIPT. In experiments were shown that to received accelerated
plasma streams with high value of energy in quasi-stationary modes all conditions on the accelerating channel
boundary should be controlled independently. As a results of optimizations of the modes of operation all QSPA
active elements quasi-stationary plasma flow in the channel during 480 us at discharge durations 550 ups was
obtained. The plasma streams velocity was close to theoretical limit for present experimental conditions. Plasma
streams with maximum velocity up to 4.2:10” cm/s and total value of energy containment in the stream 0.4...0.6 MJ
were received. The main properties of compression zone formation in the plasma streams generated by magneto-
plasma compressor in quasi-stationary modes were investigated. In experiments were shown that initial conditions,
namely residual pressure in the vacuum chamber made a big influence on the value of plasma density in
compression zone. Compressive plasma streams with density (2...4)-10"® cm™ during 20...25 us at discharge
duration 10 us were obtained. This value of plasma density is close to theoretical limit for present experimental
conditions.

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

INTRODUCTION

Interest for study the fundamental features of high-
power plasma dynamic quasi-stationary system and
plasma streams with unique complex parameters,
namely: time of generation, energy, density and ion
energy, is caused by their application in different fields
such as development of radiation sources, plasma
surface interactions, simulation of space events, plasma
technology, etc.

The principles of quasi-stationary plasma flow in
profile channel were formulated by prof. Morozov A.l.
[1]. It was proposed to made profiled channel (Fig. 1)
with discharge current flowing in radial direction and to
inject the working gas.

Fig. 1. Scheme of quasi-stationary plasma-dynamic
system
In this case plasma will be accelerated under Ampere

—

force F, ==[j. x Ha] The maximum plasma stream
velocity can be estimated from Bernoulli equation [2] as
Vimar = %204, Where Cpo — Alfven velocity in the
channel entrance. In first experiments [3] the plasma
stream parameters are found to be so far from expected.
Because of that further theoretical investigations, under
prof. A.l. Morozov management, and numerical
calculations, under prof. K.V.Brushlinskij, were
performed. The main results of theoretical and
numerical investigations can be summarized as follows:
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transition to ion current carry in the channel and two
stage acceleration to avoid the influence of ionization
zone instability on the plasma flow in the main
accelerating channel [4]. Theoretically it was shown
possibility to realize two modes of plasma dynamic
system operation: accelerating mode of operation when
input electrical energy transforms mainly to the plasma
stream kinetic energy and compression mode of
operation when energy transforms mainly to thermal
energy of compression zone.

REALIZATION OF THE MAIN PRINCIPLES
IN QUASI-STATIOARY PLASMA
ACCELERATORS AND RESULTS OF
PLASMA FLOW INVESTIGATIONS

The experimental investigations were started in the
Institute of Plasma Physics of NSC KIPT under
V.I. Tereshin’s  management. The main principles of
quasi-stationary plasma acceleration were realized in
two experimental installations with road electrodes [5]
and with active magneto-plasma transformers [6] as
well. Both these accelerators were manufactured in two
stage scheme. The main attention in experiments was
paid to investigation of electrical current spatial
distributions in accelerating channel. As it was
mentioned above, the current should flow in radial
direction for effective plasma acceleration. A number of
small in size (maximum diameter 5 mm) magnetic
probes were wused for electrical current spatial
distributions measurements.

QUASI-STATIONARY PLASMA
ACCELERATOR WITH ROAD
ELECTRODES

The QSPA with road electrodes (Fig.2) has
cylindrical anode with diameter 50 cm and length
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80 cm. Profile cathode with maximum diameter 32 cm
and length 60 cm. The first stage consists of 4 small
plasma accelerators with solid electrodes and anode
diameter 8 cm. Working gas, hydrogen, flows from first
stage and feels up main accelerating channel and outer
anode volume. This gas is used for ion current carry. In
some experiments outer plastic glass screen was used to
keep gas close to anode surface and to support discharge
current by additional ions. Capacitor bank with capacity
3600 uF and maximum voltage 9 kV was used as a
power supply system. Maximum value of discharge
current in the main accelerating channel was 400 kA.
The accelerator was installed into vacuum chamber with
diameter 100 cm and length 400 cm.

Fig. 2. General view of the QSPA with road electrodes

Experimental investigations showed that electrical
current spatial distributions strongly depend on channel
boundary conditions, input part, anode and cathode
surfaces also. Spatial distributions of current and
electrical potential in accelerating channel of QSPA
with road electrodes in optimal mode of operation with
outer screen are shown in Fig. 3 [7].
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Fig. 3. Spatial distributions of current and potential in
accelerating channel of QSPA with road electrodes

As we can see from this figure discharge current
flows mainly in radial direction during 40...50 us. After
that current lines sliding along electrodes surfaces is
observed with formation of current vortex. Thus, the
duration of regular plasma flow, when current flows
mainly in radial direction, is about 20...30 us and it is
equal to 2...4flight-time of particles along the
acceleration channel. In non optimal mode of operation,
namely without outer screen, when decreased discharge
support by ions from anode surface the duration of
regular plasma flow decreased to 10 us or not set in at
all.
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Two different types of current vortex were
discovered: in input channel cross section and based on
cathode surface. The nature of these vortexes is
completely different. It was found experimentally that
plasma volume between first and second stage of
accelerator is equipotential. It means, that plasma
streams generated by input ionization chambers are
decelerated and do not reach the main accelerating
channel. In this case kinetic energy of plasma streams is
transformed to energy of magnetic field in current
vortex and partially to plasma thermal energy. Electron
temperature in the input part of accelerating channel
was estimated from volt-ampere characteristics of
double electric probe and it was about 10...30 eV. At
the same time in other parts of plasma stream electron
temperature was about 2...4 eV.

Experimentally it was discovered that during plasma
flow establishment (first 10...15us) there is non
equipotential thing plasma layer (0.5...1 cm) close to
the cathode surface. Tangential to cathode surface
component of electric field is generated. Thus, in
crossed tangential electric field and azimuthal magnetic
field plasma drifts to cathode volume. Plasma density in
cathode volume are reach value (2...3).10*" cm™ during
first 10...15 ps of discharge. At the same time, density
in accelerating channel is about 10" cm™[8]. After that
short period of time tangential to cathode surface
component of electric field disappears, drift into cathode
volume became stopped and plasma along with frozen
magnetic field moved back to accelerating channel
forming the current vortex.

Based on experimental results of investigations of
plasma flow in accelerating channel formed by road
electrodes one possible to made several important
conclusions: 1 — it is possible to receive regular plasma
flow in accelerating channel in quasi-stationary regimes;
2 — the duration of regular plasma flow strongly
depends on accelerating channel boundary conditions;
3— to receive regular plasma flow in accelerating
channel during several tens or several hundreds ps the
channel boundary conditions should be controlled
independently.

QUASI-STATIONARY PLASMA
ACCELERATOR WITH ACTIVE
MAGNETO-PLASMA ELECTRODES-
TRANSFORMERS

The QSPA Kh-50 with active magneto-plasma
electrodes-transformes was designed, manufactured and
built in IPP NSC KIPT [6]. The block diagram of full-
scale QSPA is shown in Fig. 4.

The accelerating channel of QSPA Kh-50 is formed
by active anode transformer with average diameter
50 cm and length 80 cm. Anode transformer contains
10 anode ionization chambers which support discharge
by ions to supply ion current carry in the channel and
independent magnetic system which forms magnetic
emitting surface. Profiled part of cathode transformer
has maximum diameter 32 cm and length 60 cm. The
first stage of accelerator consists of 5 input ionization
chambers. First and second stages are separated by drift
chamber with length 60 cm. All accelerator systems
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powered by capacitor banks with total energy up to
4 MJ. Maximum value of discharge current in the main
accelerating channel was about 1 MA. The accelerator
was installed into the vacuum chamber with diameter
1.5 mand length 10 m.

Fig. 4. The block diagram of full-scale QSPA:
1 — anode collector; 2 — anode collectors;
— independent anode magnetic system; 4 — cathode
transformer; 5 — anode ionization chambers (AIC);

6 — drift channel; 7 — input ionization chambers (11C);
— independent cathode magnetic system;
9 — electron emitters

It was found that plasma flow parameters strongly
depend on modes of operation of each active element of
full-scale QSPA, namely:

- 1IC (five 1ICs) mass flow rate, discharge current,
time of discharge ignition;

- AIC (ten AICs) mass flow rate, discharge current,
time delay of discharge start);

- Start time of discharge in each element;

- Current value in the magnetic system of anode
transformer;

- Value and direction of current in the magnetic
system of cathode transformer.

The spatial distributions of electrical current in
accelerating channel of full-scale QSPA in optimal
mode of operation for all active elements of accelerator
are presented in Fig.5 [9]. As we can see from this
picture current flows mainly in radial direction during
200...250 ps. If even one active element of QSPA
operated in non-optimal mode, regular plasma flow in
accelerating channel was not observed. For example, if
magnetic system of cathode transformer is switched off
and plasma can drift into cathode volume, current
vortex close to cathode surface is generated and
discharge current is slighting along the cathode surface.
Current vortex in input part of the accelerating channel
is caused by deceleration of plasma streams, generated
by I1IC. Spatial distributions of plasma potential and
radial distributions of plasma density were measured in
drift chamber. It was shown that practically all volume
of drift chamber is equipotential and plasma passed
from 1IC to main accelerating channel in thin layer
close to the drift chamber wall. In this case radial
distribution of plasma density do not feet theoretical

dependence n~ Y,

In most experiments the time dependence of
discharge current was close to sinusoidal or to critical
apeoridical discharge wave form.
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Fig. 5. Spatial distributions of electrical current in
accelerating channel of QSPA with magneto-plasma
electrodes-transformers

The effective method for correction of plasma density
radial distribution was realized [10]. It was proposed to
generate Ampere force by applying additional
discharge between the drift chamber wall and cathodes
of each IIC. The principle scheme of Ampere force
generation is presented in Fig. 6.

LS

Fig. 6. The principle scheme of additional Ampere force
generation in drift chamber

The current of additional discharge and magnetic field
of the main discharge current produced Ampere force
that moved plasma both to the accelerating channel and
to the axis of system. As result of additional correction
discharge the regular plasma flow without any current
vortex was obtained in the main accelerating channel of
the QSPA with magneto-plasma electrodes-transformes
during 230...250 ps (Fig. 7). In this mode of operation
radial distribution of plasma density in the input part of
accelerating channel is close to theoretical dependence
_—
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Fig. 7. Spatial distributions of electrical current in
accelerating channel of QSPA with magneto-plasma
electrodes-transformers with additional correction
discharge

However in some cases, it is important to form const
discharge current profile during several hundreds ps.
The power supply system of the main discharge of
QSPA consists of 6 parts and each part can be switch on
in different time moments. Example of adjusted ignition
of each part of battery and time dependence of
discharge current are shown in Fig. 8. The discharge
current is changed very slowly during 250...300 ps.
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Fig. 8. Time dependences of discharge current I,
discharge voltage U, and radial component of electric
field E,

Several separate peaks corresponding to switching
on the different parts of capacitor banks are observed on
discharge voltage wave form. At the same time wave
form of the radial component of electric field, measured
in the central part of accelerating channel, is very close
to wave form of discharge current. It shows that electric
field in plasma stream has Lorentz nature.

Important characteristic of the plasma streams,
generated by QSPA, is stream velocity. As follows from
theoretical estimation the maximal velocity is
Vmar = ¥ 2045, Where Cpo — Alfven velocity in the
channel entrance. Fig. 9 presents dependences of plasma
stream velocity for two different QSPA modes of
operations [11]: short pulse with discharge duration 300
us (1) and long pulse with discharge duration 550 us
(2). Points indicate the results of measurements and
curves represent the value of calculated maximum
velocity, based on measured values of magnetic field
and plasma density in the input part of accelerating
channel. As we can see experimentally measured
velocity and
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calculated maximal velocity are in good agreement.
Thus, QSPA with magneto-plasma electrodes-
transformers generated the plasma streams during
20...30 us in short pulse mode of operation (that
corresponds to 10...15 times of particle flights along
accelerating channel) and during 300...350 us
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Fig. 9. Time dependencies of plasma stream velocity.
1 —short pulse mode of operation; 2 — long pulse mode
of operation

Based on obtained experimental data one possible to
conclude that accelerating asymptotic of Bernoulli
equation has been realized experimentally in quasi-
stationary mode.

PLASMA FLOW IN MAGNETO-PLASMA
COMPRESSOR

As follow from Bernoulli equation the maximum
value of plasma density in compression zone can be
estimated as:

P AD S
{3 13 |

1 . where ny — initial

Momn

density (concentration) of working gas; y — adiabatic
coefficient, C5o and Cyy Alfven and thermal velocity in
the input part of magnetoplasma compressor (MPC)
channel respectively. As follow from theoretical
investigations [2] the average width and radius of MPC
channel should decreased along axis. Such magneto-
plasma device was designed and investigated [12]. The
general view of MPC is presented in Fig. 10. The MPC
channel forms by solid conical cathode and roads
conical anode with diameter in output part 8 cm. The
total channel length is 12 cm. Capacitor bank with
maximum voltage 25 kV was applied as power supply
system. MPC was installed into vacuum chamber with
diameter 40 cm and length 200 cm. Maximum value of
discharge current ~ 600 kA and discharge duration
10...12 ps. The helium was used as working gas and all
experiments were carrying out with residual gas in
vacuum chamber under different pressures.
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Fig. 10. General view of MPC

The main attention in present experiments was paid
to investigation of spatial distributions of electrical
current that flows outside the channel, in plasma stream,
generated by MPC [13]. Based on experimentally
measured distributions of electrical current the spatial
distribution of electro-magnetic force was calculated.
The example of spatial distribution of current in plasma
stream for initial pressure of helium 2 Torr are
presented in Fig. 11.
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Fig. 11. Spatial distribution of electric current in
plasma stream, generated by MPC

Current displacement from the axis region is
observed close to the MPC output. The toroidal current
vortex is generated in plasma stream at the distance
10...20 cm from MPC output. At distance 4...7 cm
from MPC output the radial component of current
density has a positive sign. In this case the longitudinal
component of electromagnetic force decelerates plasma
stream in this region. At the same time radial
component of electromagnetic force moves the plasmas
stream to axis and forms compression zone.

Fig. 12 presents temporal dependencies of plasma
stream density at the distance of 5 cm from MPC output
for two different initial gas pressures. It was found that
compression zone with density (2...3)-10" cm?
developed at the MPC output and existed during
20...25 us (discharge duration is 10 us). It means that
compression realized during 20...30 times of particles
flight along the MPC channel. The maximum value of
plasma density in compression zone can be estimated
from Bernoulli equation and for present experimental
conditions is about 1.8:10'® cm™. The value of plasma
temperature in compression region, as estimated from
pressure balance equation, is about 60...120 eV. Thus,
compression asymptotic of Bernoulli equation has been
realized experimentally in quasi-stationary mode. With
increasing initial gas pressure in vacuum chamber up to
10 Torr compression zone formation was not observed.
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Fig. 12. Time dependencies of plasma stream density at
distance 5 cm from MPC output

CONCLUSIONS

The main principles of quasi-stationary plasma flow
in profiled channels were realized experimentally.
Accelerated plasma streams with velocities close to the
theoretical limits were obtained during 100...150 times
of particle flow along the channel. So, the accelerating
asymptotic of Bernoulli equation has been realized
experimentally in quasi-stationary mode. Dynamics of
the plasma flow in profiled channel was investigated. It
was shown that boundary conditions in accelerating
channel should be controlled independently to achieve
regular plasma flow, with radial current and without
potential jumps near the electrodes. Current vortexes
near the cathode and in the entrance of accelerating
channel were discovered. The reasons of current
vortexes formation were investigated and methods for
it’s suppression were proposed. In optimal QSPA mode
of operation the plasma streams with velocity up to
(4...42)10" cm/s, energy density in axis region
25...30 MJ/m? and energy content in plasma stream of
0.4...0.6 MJ were obtained.

The dynamics of compression zone formation was
investigated. It was shown that electrical current and
electromagnetic force spatial distribution strongly
depend on initial experimental conditions, namely
working gas pressure in the vacuum chamber. As it was
demonstrated in experiments, plasma stream decelerated
in the compression zone and plasma Kinetic energy
transformed into the thermal energy. The plasma density
and temperature achieved (2...4)-10® cm® and
(60...120) eV in steady-state mode. It is close to the
theoretical predictions for chosen experimental
conditions. The compression zone with plasma density
close to theoretical limit for present experimental
condition existed during 20...25 us, that equal to
20...30 particle flight-times along the MPC channel.
Thus, the compressing asymptotic of Bernoulli equation
has been realized experimentally in quasi-stationary
mode.

Obtained results are in particular importance for
applications of QSPA in fusion relevant studies on
plasma-surface  interactions  [14-16] and for
technological applications of compressed plasma [17,

18].
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MOIIHBIE KBASUCTAIIMOHAPHBIE IIJIASMOJUHAMHNYECKHWE CUCTEMBI
B U®II HHII X®TU: PE3YJIbTATHI U IEPCIIEKTUBbI

JL.I. Conaxos

Pabota mocBsilieHa KpaTKoMy 0030pY OCHOBHBIX AIKCIIEPUMEHTAJIBbHBIX PE3YJIbTATOB HCCIICAOBAHUS MOIIHBIX
KBa3UCTAllMOHApHBIX Ma3MoauHamuueckux cucreM B WM®II HHI[ X®TU. IlokazaHo, yTo Jjs MOJTy4YEHHS
YCKOPEHHBIX TOTOKOB IIIa3Mbl C OOJIBIIUM 3SHEProCOJCpPIKaHHEM B KBa3HCTALIOHAPHOM DPEXHME HEOOXOIHMO
HE3aBHCUMBIM 00pa3oM yIpaBIIsTh YCIOBHSAMH Ha IpaHHIAX YCKOPUTEIBHOTO KaHala. B pe3ynpraTe onTuMu3anun
paboTsl Bcex BcromorarenbHbIX 31eMeHToB KCIIY Oblm momydeHbl KBa3HCTALMOHAPHBIE TEUCHUS IUIa3MbI C
BpeMeHeM TeHeparu 480 MKC TpH UIMTENFHOCTH paspsaa 550 MKC W CKOpPOCTH TeHepalud, OJM3KOW K
TEOPETHYECKOMY Tpelely M [NaHHBIX SKCIEPUMCHTAJIBHBIX yCloBHH. [lomydeHBl IUTa3MEHHBIE ITOTOKH C
MaKCHUMaJIbHOM CKOPOCTBIO 4.2:10" cm/c 1 TIONHBIM sHeprocogepxkanuem 0.4...0.6 M/Ix. MccnenoBansl OCHOBHbIE
3aKOHOMEPHOCTH ()OPMHPOBAHUS KOMIIPECCHOHHBIX ITOTOKOB IUIA3Mbl, TE€HEPUPYEMBIX B KBa3HCTAI[HOHAPHOM
pexXHUMe MarHWTO-TUIA3MEHHBIM KoMIpeccopoM. Ilokas3aHo, 4TO Ha4ajbHble ycioBus (B YAaCTHOCTH, JaBJICHHE
pabouero ra3a) OKa3bIBAIOT CYIIECTBEHHOE BIMSHHE HAa IUIOTHOCTh TIUTa3Mbl B 30HE CKaTust. [lomydeHsl
CAMOCIKMMAIONIMECS TIOTOKH ¢ MIOTHOCThIO (2...4)-10" v, Gmuskoii k TeopeTHueckoMy mpeneny s JaHHBIX
OKCIIEPUMEHTAIbHBIX YCIOBHA. Bpems cymiecTBoBaHHS 30HBI KoMmIpeccuu coctaBisiio 20...25 MKC Tipu
JmTensHocTH paspsiia B MIIK 10 Mxc.

HOTYKHI KBA3ICTALIIOHAPHI IVTASMOAUHAMIYHI CUCTEMHA
B I®II HHI X®TI: PE3YJbTATHU TA HEPCIIEKTUBU

.I. Conakoe

PoGora mpucBsdeHa KOPOTKOMY OIJISIAY OCHOBHHUX €KCHEPHMEHTAIBHHUX PE3YJIBTATIB JIOCITIHKEHHS MOTY>KHUX
KBazicTanioHapHuX r1azMoauHamiuHux cucrem B IDIT HHI[ XDTI. [TokazaHo, mo Ui OTPUMAaHHS NPUCKOPEHHX
MOTOKIB IIa3MHM 3 BEJIMKHM CHEProBMICTOM Y KBa3iCTAalliOHAPHOMY DEXHMI HEOOXIJIHO HE3aJIeKHUM YHHOM
KepyBaTH yMOBaMH Ha MeXaxX MPUCKOPIOBAILHOTO KaHATy. Y pe3yibTaTi onTUMi3allii poOOTH BCiX JTOMOMIKHUX
enementie KCIIII Gynmm oTpumani kBasicTamioHapHi Tewii miasmm 3 wacoMm reHepamii 480 MKC mpH TpHBAJOCTI
po3psay 550 MKC Ta MIBUAKICTIO TeHepailii, OJIM3bKO1 IO TEOPETHIHOT MEXi IS TaHUX E€KCIIEPUMEHTATbHUX YMOB.
ByIu OTpHMaHi MIa3MOBi TOTOKH 3 MAaKCHMAIbHOK MIBHAKICTIO 4.2:10" cM/C i TIOBHHM €HEProBMICTOM IOTOKY
0.4..0.6 MIx. /[locmimkeHO OCHOBHI 3aKOHOMIpHOCTI (OpMyBaHHS KOMIIPECIfHMX TIOTOKIB IUIa3MH, SIKi
TeHEepYIOThCS MarHiTO-IJIa3MOBHM KOMIIPECOPOM Y KBasicTanioHapHOMY pekuMi. [TokazaHo, 1110 moyaTkoBi yMOBH,
30KpeMa THCK po0odoro ra3y, ICTOTHO BIUIMBAIOTh Ha TYCTHHY IUIa3MH B 30HI CTHUCHEHHsA. OTpuMaHi
caMocTHCKaroui TOTOKH 3 rycTuHOo (2..4)-10" cM® sxa Gnmsska 10 TeopeTMuHOi Mexi IS AaHHX
eKCIIepUMEHTaIbHUX YMOB. Yac icHyBaHHs 30HH Komripecii craHoBUB 20...25 Mkc nipu TpuBaocti po3psay B MITK
10 mxc.
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