HIGH-SPEED GAS INJECTOR FOR POWERFUL PLASMADYNAMIC
SYSTEMS
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The paper describes the design features of gas injectors for the axial (parallel to the axis of the accelerator) and
radial (perpendicular to the axis of the accelerator) working gas supply into the accelerator channel. The results of
gas-dynamic studies of the injectors are presented. The amount of the working gas inlet was investigated as a
function of gas pressure under the blocking valve element. A strong dependence of the amount of the injected
working gas on the current value in the control coil was found.

PACS: 47.80.-v, 51.35.+3a, 52.30.-q, 52.50.Dg

INTRODUCTION

The studies of high-power plasma streams have
shown a substantial effect of the parameters of the
neutral gas injected into the accelerator channel on the
finite energy parameters of the plasma. For realizing a
regular plasma flow in the accelerator channel, it is
necessary to provide the assigned working gas pressure
gradient in the radial direction and along the length of
the accelerator channel, and also, to ensure the required
mass flow rate of the working substance during the
whole period of plasma existence. This is necessary
primarily to eliminate the crisis phenomena of the
discharge current [1, 2]. To meet these requirements,
various modifications of high-speed gas injectors with a
wide range of functional properties have been
developed [3].

THE AXIAL GAS FEED INJECTOR (AGFI)

For feeding the working substance to the discharge
space of the plasmodynamic system parallel to its axis, a
gas injector with axial gas feed (AGFI) has been
developed. The injector supplies the working substance
directly to the anode region of the accelerator channel in
order to feed it with missing current carriers. Besides,
this scheme of working substance delivery allows one to
stabilize the back edge of the ionization region by gas-
dynamic pressure. All these factors together make it
possible to stabilize the plasma stream, to reduce
substantially the potential jump, and to improve the
energy characteristics of the plasma.

Fig. 1 depicts the integrated working gas inlet (gas
volume under atmospheric pressure injected per pulse)
as a function of voltage supplied to the control coil
winding at initial pressures of the gas (4 and 8 atm) in
the booster cavity. The analysis of the curves shows that
the gas inlet for the AGFI is essentially dependent on
the voltage supplied to the control coil winding (hence,
on the current value in the coil winding), and also, on
the initial gas pressure in the booster cavity of the
injector. Thus, with an increase of the coil voltage from
2.2 up to 3 kV, the operating gas inlet increased from
1.5 up to 8 cm®atm per pulse at an initial gas pressure
of 4 atm in the booster cavity. For an initial gas pressure
of 8 atm the gas inlet at the same voltage values has
increased from 2.5 up to 33 cm*-atm. Here, it should be
noted that a two-fold increase of the initial gas pressure
in the booster cavity leads to an increase in the gas inlet
by factors of 4 to 5.
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Fig. 1. Integrated working gas inlet versus winding lead
voltage of the AGFI control coil

Fig. 2 illustrates the maximum gas flow pressure
versus initial gas pressure in the booster cavity of the
AGFI. The gas flow pressure was measured at 1 and
5 cm from the nozzle exit section. It is shown that at
1 cm from the nozzle section the gas pressure increase
in the booster cavity from 2 atm up to 6 atm leads to the
increase in the maximum gas flow pressure from 9 up to
42 Torr. It should be noted that with a distance away
from the nozzle section a thermal expansion of the gas
flow takes place, and the flow pressure sharply
decreases. Thus, with the distance from the nozzle
section increasing from 1 cm up to 5 cm, the maximum
gas flow pressure decreases by factors of 4 to 5, all
other conditions being the same. This should be taken
into account when forming the required working gas
pressure gradient along the length of the accelerating
channel. It should be also noted that the variation in
both the control coil winding voltage (current intensity)
and the initial working gas pressure in the booster cavity
of the injector provides an efficient control of the gas
flow parameters.

THE RADIAL GAS FEED INJECTOR (RGFI)

For feeding the working substance to the discharge
space of the plasmodynamic system perpendicularly to
its axis, a gas injector with radial gas feed (RGFI) has
been developed. The injector supplies the working gas
directly to the ionization zone, enabling the formation of
the required gas pressure gradient along the radius of
the accelerating channel.
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Fig. 2. Maximum gas flow pressure versus initial gas
pressure in the booster cavity of the injector AGFI

The special design feature of the RGFI is that its
locking cup is fully discharged of the gas pressure. The
working gas supply by the injector RGFI directly to the
near-electrode zone of the accelerator in order to feed it
with missing current carriers, enables one to reduce
substantially the potential jump and to improve the
energy characteristics of the plasma.

Gas-dynamic studies of the RGFI injector were
made. Fig. 3 gives the integrated working gas inlet as a
function of voltage supplied to the control coil winding
at initial pressures of the gas (4 and 8 atm) in the
booster cavity. It is shown that the gas inlet for the
RGFI injector is essentially dependent on the voltage
supplied to the control coil winding (hence, on the
current value in the coil winding), and also, on the
initial gas pressure in the booster cavity of the injector.
Thus, at an initial gas pressure of 4 atm in the booster
cavity, with an increase of the coil voltage from 1.8 up
to 2.4 kV, the operating gas inlet increased from 2 up to
42 cm*atm per pulse. For an initial gas pressure of 8
atm the gas inlet at voltage values ranging from 1.8 to
2.4 kV has increased from 2.5 up to 116 cm*atm. Here,
it should be noted that a two-fold increase of the initial
gas pressure in the booster cavity leads to an increase in
the gas inlet by factors of 2 to 3, the winding currents of
the control coil being equal.

The maximum gas flow pressure versus initial gas
pressure in the booster cavity of the RGFI is given in
Fig. 4. The gas flow pressure was measured at 1 cm
from the inlet hole. It is shown that at a distance of 1 cm
from the hole the gas pressure increase in the booster
cavity from 2 up to 12 atm. leads to the increase in the
maximum gas flow pressure from 215 up to 1350 Torr.
From the analysis of the experimental data it follows
that the design features of the RGFI provide an efficient
wide-range control of the gas flow parameters. The
locking cup of the injector, freed from pressure, permits
operation at high initial gas pressures in the booster
cavity. This provides a means of forming the gas pulse
with a steep leading edge and a high gas flow pressure,
that being of importance for generation of plasma
streams with high energy parameters. It should be noted
that in powerful plasmodynamic systems it is most
reasonable to use the gas injectors IAF and IRF in
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combination. It is the combined action of the two
injectors that makes it possible to form the gas pulse
with specified parameters along both the radius and the
length of the acceleration channel. Moreover, in the
plasma acceleration process, the combined action of the
injectors permits an efficient current-carrier feeding to
the zones, which show the carrier deficiency.
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Fig. 3. Integrated working gas inlet by the RGFI
injector versus winding voltage of the control coil at
initial gas pressures of 4 and 8 atm in the booster cavity
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Fig. 4. Maximum gas flow pressure versus initial gas
pressure in the booster cavity of the injector RGFI

THE HIGH-PRESSURE GAS INJECTOR
HPGI

In order to ensure a high mass rate of working gas
flow in the accelerator channel in combination with a
high gas flow pressure, a high-pressure gas injector
(HPGI) has been developed. The control magnetic coil
in this injector is located in the booster gas cavity, and it
acts directly on the locking element not involving
intermediate pieces. This holds significance for
enhancing the operation speed of the injector. The
locking element of the injector is free of working gas
pressure, i.e., with variation of the gas pressure in the
booster gas cavity the clamping pressure of the locking
element on the seals remains unchanged.
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Fig. 5. Integrated working gas inlet by the HPGI versus
control-coil winding voltage at initial booster-cavity gas
pressures of 1, 2 and 3 atm

This enables one to change the inlet gas flow
parameters by varying the gas pressure in the gas cavity
without changing the parameters of the drive current of
the coil. The factor of relieving the moving elements
from gas-pressure-induced forces also has its positive
effect on the operation speed of the system and the
service life of the magnetic coil, considering that with
increasing gas pressure this factor permits opening of
inlet channels at the same high rate without increasing
the current intensity in the coil winding. The same
factor permits an essential range extension of initial
operating gas pressures in the booster cavity, at which
the injector shows a stable and reliable operation.

Gas-dynamic tests of the HPGI have been made.
Figure 5 shows the integrated working gas inlet versus
voltage applied to the control-coil winding at initial
booster-cavity gas pressures of 1, 2 and 3 atm. It is seen
that the gas inlet for the HPGI is essentially dependent
on both the voltage applied to the control-coil winding
(hence, on the current value in the coil winding) and the
initial gas pressure in the booster cavity of the injector.
Thus, at the initial booster-cavity gas pressure of 1 atm,
with the coil voltage increase from 1.0 up to 2.0 kV the
working gas inlet increased from 4 up to 53 cm*atm.
per pulse. At initial gas pressure of 3 atm., the gas inlet
at the same voltage values increased from 53 up to
330 cm*atm. Here it should be noted that a 3-fold
increase of the initial gas pressure in the booster cavity
leads to the increase in the gas inlet by factors of 5 to 6.

Fig. 6 gives the maximum gas flow pressure as a
function of the control-coil winding current for initial
gas pressures of 1, 2 and 3 atm. in the HPGI booster
cavity. The gas flow pressure was measured at a
distance of 20 cm from the inlet channels. It is obvious
that in this section the current increase in the coil
winding from 2.9 to 5.9 kA leads to the increase in the
maximum gas flow pressure from 280 to 640 Torr for
initial gas pressures of 2 and 3 atm. It should be noted
that the increase in the initial gas pressure from 1 to
3 atm. at low currents in the control coil winding brings
no essential change in the maximum gas flow pressure.
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Fig. 6. Maximum gas flow pressure versus control-coil
winding current for initial pressures of 1, 2 and 3 atm.
in the HPGI booster cavity

However, with the increase in current up to 5.9 kA, the
maximum gas flow pressure increases from 640 to
790 Torr, i.e., by more than 20%.

It should be also noted that variously designed inlet
channels of the injector provide for varying (axial,
radial or combined) inlet of the working substance.

CONCLUSIONS

The developed gas injectors make it possible to form
the gas pulse with required gas-dynamic parameters at
the input of the accelerator channel and along its length
by varying the working gas inlet and the gas-flow
pressure gradient radially and along the length of the
accelerator channel.

The experiments have shown an essential
dependence of the integrated working gas inlet and the
gas flow pressure on the voltage (current) value of the
control electromagnet coil winding and on the initial gas
pressure value in the booster cavity of the injector. The
injectors provide a metered integrated inlet of the
working gas ranging from 1 to 158 cm®atm. per pulse.
The maximum gas flow pressure varies from 3 to
1350 Torr. A wide range of gas flow parameters permits
the efficient variation in the energy parameters of
plasma.

In high-power plasmodynamic systems, a combined
use of the IAF, IRF, HPGI gas injectors appears most
reasonable. It is just their combined action that makes it
possible to form the gas pulse with assigned parameters
both in the radial direction, and along the length of the
accelerator channel. And in the process of plasma
acceleration, the joint action of the injectors provides
the plasma stream stabilization and an efficient feed of
current carriers to the zone, which shows their
deficiency.

The obtained results are important for high energy
density plasmadynamics. Plasma streams  with
optimized parameters are going be used in technological
applications for surface modification [4-7] and in
further studies of plasma-surface interactions simulating
fusion reactor conditions [8-12].
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BbITPOJEACTBYIOIIME I'A30BBIE UHXKEKTOPBI JIJIS IVIASMOJUHAMUYECKUX CUCTEM
BOJIBIIOM MOIIIHOCTH

B.B. Cmanvuyos, B.B. Yebomapés, B.A. Maxnaii

OmmnchIBarOTCSt 0COOEHHOCTH KOHCTPYKIIMH Ta30BBIX HHXKEKTOPOB ISl OCEBOH (ITapaieIbHOM OCH YCKOPHTENS) U
panuanbHON (NMEPIEHAMKYISIPHOW OCH YCKOPHTENs) IOJadd Tra3a B YCKOPHUTENbHBINH KaHan. IlpencraBieHs
pe3ynbTaThl  ra30AMHAMUYECKHX  HCCIEIOBaHMH  HMHXEKTOpoB. lcciemoBaHa  3aBUCHMOCTh — KOJIMYECTBA
HaITyCKaeMoro pabodero rasa B 3aBUCHMOCTH OT IaBJICHUS Iasa 0] 3alHParoLINM JIEMEHTOM KiamaHa. [Toka3ana
CYyIIECTBEHHAsA 3aBUCHMOCTh KOJIMYECTBA WH)KEKTHPOBAHHOTO PadOYero raza OT BEJIMYUHBI TOKA B YIIPABIAIOLICH
KaTyIIKe.

MBUIKOIIOYI IMITYJIbCHI IHJKEKTOPH POBOYOI PEUOBUHU 15 TIJIA3SMOJIUHAMIYHUX
CHUCTEM BEJIMKOI MOTYXXHOCTI

B.B. Cmansuyos, B.B. Ye6omapwvos, B.O. Maxnai

OnucyroThess 0COOIMBOCTI KOHCTPYKIIT Ta30BUX 1HXKEKTOPIB I BiChOBOI (TTapalielbHOI OCi MPUCKOpIoBaya) i
panmianbHOl (MEPIEHIUKYISAPHOT OCI MPHCKOpIOBaYya) mojadi rasy B MPHUCKOpIOBalbHUN KaHan. [IpencraBieHi
pe3yIbTaTH Ta30JAMHAMIYHUX JOCITIHKEHb IH)KEKTOpiB. JlOCHipkeHa 3alleXKHICTh KITBKOCTI poOodoro rasy, IO
HAIYCKAEThCS, 3aJCKHO BiJ THCKY rasy IiJ 3aMHKAlOUUM €JIeMEHTOM KjamaHa. [loka3aHa iCTOTHA 3aJIeKHICTh
KUTBKOCTI pOOOYOTo rasy, 10 HAIYCKAEThCS, BiJl BEIMYHUHHI CTPYMY B KOTYIIIII, IO YIIPABIISE.
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