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Abstract

The paper describes investizations on the optimization
of the parameters and operational conditions of a coaxial
plasma injector. & detaliled descripbtion of the experimental
system is given, and the results of measurements performed
bv neans of magnetic probes and a highe-speed camera are dis-
cussed, The velocities of plasmoids emitbted are determined
and tha regime of efiicient operation of the injector is
established.,
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W pracy opisano badania nad optymalizacjy parametrdow
i warunkdw eksploatacji koaksjalnego imiekitora plazmowego.
Podano szczegdiowy opis ukiadu eksperymenbtalnsgo i omdwiono
wyniki nomiardw wykoranych przy pomocy sond magnétycznych
oraz ultraszyblkie, kamexry fotograficzne;j. OkresSlono prediosci
emitowanych plazmoiddow i ustalone refim efektywnej pracy bada-
nezo iniektora. |

AlnpoTanun

B paCore omucaHH MCCACHOBAHNST HaZ HOZCOPOM ONTHMAIBHHX
MapaMeTpos ¥ YCAOBUM DKCHAYATALMY HOAKCHAABHOID WIA3MEHHOIO
IHXeKTOPa. UDNBCASHO HOAPCOROS ONHCANIe axenépnmeﬂraﬂsnoﬁ
YyCTAHOBKY ¥ OOCYRACHH DE3yNBTATH ¥aMepeHuil, BHROAHEHHHX nph
HOMOMY MOTHWTHMX SCHIOB ¥ CBEPXCKODOCTHOH Jororpaimu, Ompe-

JeneHuw CHROPGCTH TSHEePUPOBAHNHX ANASHOUZOR ¥ YCIOBHA BRDEeHTUE-

HOH pafoTH HCCISTOBaHHOr0 HHEGKTOPA. .
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I. INTRODUCTION

Coaxial plasma guns are common implements serving to ‘
produce fast and dense plasmoids. Owing to the considerable
number of research works [1 = 11] devoted to such injectors, b
theoretical foundations have besn laid for understanding the 3
mechanism of the processes taking place in them, and an appre-
ciable amount of experimental data concerning different solu~
tions of injector desigh hsve been coliected.

.Despite developing a number of theoretical nodels and
achieving notable consistency of experimental data, many
phencmena occurring in the operation of coaxisl injectors
remain to be explained. There is also nob yeb available a
theoretlcal descripbtion as to provide a basis 'on which o
design an injector of required operational parameters.

On the other hand, in designing #xperimental installatbions
which involve the necessity of employing plasma injectors, such |
installations are frequently gmbraced by certain dimensional '
and material limitations. In view of the fact that the charac-
teristics d:E a coaxial gun depend strongly on the design debtails,
esch perbticular injectoi' construction requires thorough opera-
tionsl btests [12] . | | .

The purpose of the present work has been experimental
investigation and selection of operational conditions of a
smell-sized coaxial injector, ‘as also ansliysls of the parameters

of plasma generabted.
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II. INJECTOR DESIGN AND THE EXPERIMENTAL SYSTEM e

A general view of the experimental system is shown in
Fig. 1. The external appearance of the investigated coaxial
injector is presented in Fig. 2. The electrodes of the injector
were made of copper. In investigating the effect of electrode
dimensions on the injector characterisitics, the diameter of
the internal electrode was varied within limits of 8~12 mm, and
its active length ~ within limits of ?75«115 mm. The diameter
of the external electrode orifice amounted in all cases to
24 mm,

Investigations were concerned with two injector versions
only: the type *A" injector with the internal electrode in the
shape of a rod; and the type ¥B" injector with the internzl
electrode in that of a tube. In the first case, working gas
was fed along the gun axis, tangentially to the surface of the
internal electrode, in the other = through radial orifices in
the internal electrode, situated at a disbance of 1/3 of its
active lengithe

The integral part of the plasma gun constitubted an electro-
magnetic fast valve enabling a rapid feeding of a definite
amount of gas. As working gas, hydrogen or alr was used,
Adjustment of the amount of gas fed was effected by varying
the pressure of the meubrane, or the charging volitage of the
condenser bsnk supplying the winding of the valve electromaegnet.

Owing to an axial slit in the valve body aund f£filling i+
with epoxy resin, the detrimentsl effect of eddy currents in

the body of the injector developed has been eliminated, and
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the required amount of energy considerably reduced. The capa-—
citance of the auxiliary condenser bank amounted bto 8/uF,

and with a change of 0.5 - 41 cue.cm in the amount of gas fed
/at stmospheric pressure/, the charging voltage varied within
1limits of 25 = 3 kV,

the injecsor tested was placed at one end of a glass

St

expansion chamter /Fig. 1/ having an external diameter of 8 cm 1
and 60 cm length. 'he chamber was located inside a solenoid
creatipg a uniform magnetic field Bo = 100 gauss at a section
of 25 cn. t'he other end of the chamber was connected to a
vacuum stand equipped with a double-stage rotary pump, an oil
diffusion~pump, a nitrogen trap, and auxiliary equipment. The
final vacuum value amounted to p = 8 x 10™7 Tr, and the effec—
tive pumping rate reached 60 liters/sec /at p = 10-5Tr/.

The injector was supplied from a low=induction capacitor
Gn = 1.6/uF ’ Un = 70 kV, that was switched by an air gap and
8 RK~6 concentric cables. As triggered switch, a four-eleccrode
gap with the central electrode on floating potential was usedf15].
The high-voltage circull operated in a pattern of attenuated
oscillations with the pericd T = 6.5 usec /£ = 154 ke/. Fith
the initial voltage U, = =20 kV, the first discharge-current

maximum amounted to 25 kA.

IiI, METHODS OF MEASURBKENT

To debtermine characteristics of the injector investigated,
a number of measurements were made using magnetic probes, double

Langmuir probes and a high-speed photographic camera.
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In measurements, external magnetic probes and minigture
internal probes, whogse design is described in Paper [14] , were
employed. The external probes were located on the expansion
tube in the area of the uvniform magnetic field, at different
distances from the injector nozzle: the P, probe in a plane
2z = 12.5 cm, and the P2 probe - in a'plane z = 32.5 cm. In
the chamber space between the probes, deviations from the uni-
formity of the externai magnetic field were not in excess of
5 per cent, Diazmagnetic sighals accompanying the passage of
plasmoids, after being integrated and amplified, were recorded
on an OK-17M oscillograph. On the basis of the oscillograms
obtained, it was possible to determine the number of plasmnids'
and the rate of propagation, as also to assess conductivity
and electron temperature, The results of the assessment of
eleétron temperature on the baslis of analysis of diasmagnetic
Signals and measurements using the ILangmuir probe willl be
described iz the subéequent paper. The purpose of the first
investigation stage was only to determine the operational con-

ditions of the injectors described above.

IV, SHLECTION OF OFERATIONAL CONDITIONS

The operational efriciency of a plasma injector can be
estimated on the basis of the amplitude of the diamagnetic
signals obtained and the velocity of plasmoids gensrabed, which
in turn can be determined from the time-shift of these signals.
Since the operational corditions of the.injacter depend on,

among other factors, the SGQmetnj of the electrodes, the varié—




tions in the dlamagnetic signals recorded were investigated as
a function of geometric dimensions of the inbternal electrode.
Varying the length and diameter of this electrode, the most
advantageous design parameters wers chogen. It was established
that the diameter of the internal electrode should, in the case
of both injectors, amount to 8 mm and its length — 115 mm.
ijical oscillograms obtained in these investigations are
presented in Fig. 3.

it is commonly knowrn that plasmolds gen2rated in a coaxial
injettor contain a considerable amount of impurities from regsi-
dual-gaa and those dérived from materiale of insulators and
electrodes. In order to determine the character of such impuri-
ties in experimental conditions, separate investigations were
carried out [15] , and in order to reduce the amount of impu-
rities, the injector internsl electrode was so shaped and
arranéed 8s to engblie plasma to fall directly on the surface
of the insulator separating the elsctrodes.

Apart from the electrode geometry, an essential influence on
the operational conditions of a coaxizl injector is also exerted
by the working gas. Consequently, the dependence of diamagnetic
signals on the type and amount of working gas fed /hydrogen
or ailr/ was also lnvestigated. The amplitudes of signals as’
depending on gas amount are presented in Fig. 4. The most favour~
able to the injectors investigated proved to be an amount of
some 0,5 cu.cn of gas =t atmospheric pressure.

Ona of the nost important'of the operational parameters

© of the injector is the delay time 1 between the moment of
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feeding working gas and that of applying high tension to elec-
trodes. As is commonly known, a coaxial injector can operate
in two regimes which are characterized by different values of
the delay time T . The first regime occurs with relatively
small delay: ; the injector then generates at ieast two plasua
blobst fast plasmoid and slow plasmoid. After increasing the
delay time over a certain critical value T, , there occurs
a traunsition to the second operating regime, when only the slow
piasmoid 1s generated. Since tha principal purpose of injector
investigations is generally cbtaining pure and fast plasmoids,
ol primary luportaace is mainly the first operating re~ime
of the injector. The critical value of the iime delay can easily
be determined by establishing a decay in the occurrence of the
faét plasmoid - for instance, on the basis of signals irom the
magnetic probes.

With a determined injector design and a defin.te amount
of working gas fed, an essential operationsal paramete> is also
the minimum value of delay time T,;, , at which there is yet
a rejsular development of discharge in the injector. Time T;,

must, of ccurse, be greater than the tims of operation of the

gaa valve, The value T, can approximately be assessed on the

basis of the relation

lc + U.He
m - 1
where T, is the time of operation of the fast gas valve,

. is the ength of the channel through which working gas is fed,

lg is the length of the internal electrode, and the expression

(8)}
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in the denominator corregponds to the most probable value of
the velocity of particles /having a mass m and at a tempera-
ture T / under the assumption of Maxwellian velocity distri-
bution.

Under experimencal conditibns, in the circuit of the
slectromagnetic gas valve, tﬁere occurred a strongly attenuated
oscillatory current wave having a period T = 18 Jusec J/E£=55.5 kc/.
This wave was in practice attenuated after two full periods.
Hence the spproximate time of valve operation amounted to
Ty = 35 fusece After substituting in thas é@re_ssion (1) the
othc;.r values charaéteristig of the experimental conditions
investigated, it was calculated that ,‘ with air fed /M = 29/,
the value of the mininmum delay time should, in the case of the
type “A" iajector, amount to Ty = 190 pisec , and ia that of
the type "B" injector - o Tmin = 239&3@@.

For comparn.son, the values Tmm were also determined empi-—
rically. Using a h:l.gh-nvoltage divider, variations in the poten-—
tial of the injéctor in’bernal. electrode in reiation to earth
potential werek recorded. Simulitaneously, by means of the _
Rogowski coil, the current wave in the main discharge circuit
was‘-r&cordcd. The two signals were applied to a. double~beam
OE=-17M oscillograph. In the event of delay time T being. ton
small, there was observed the occurrence of a characteristic
voltage signal in the fomﬁ of a rectangular pulse, and an
additional delay in the beginning of the current wave /Fig. 5a/.
This indicates that, after applying high tension, the system
walbed for some time until, &3 a result of the inflow of working
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gas, conditions enabling discharge iguition were created. After
an gppropriate increase in the time delay, a decay of the
raa*‘saﬁ_gula_r volbage signal and a regular discharge development -
that is, the occurrence of the beginniﬁs of the current wave
immediately after spplying high tension to the injector - were
observed /Fig. 5b/. It should be noted that the accompanying
ogelllations in the internal eleetro_dé irotential weres not recor-
ded ‘in view .of the tx._-an'amisaion band of the voltage divider
employed. The value T, thus determined amounted, in the case
of the type "A" injector, 1:9 200 /usec, and :_i.n{,tha‘b of +the
type “B" injector ~ to 240 /usec. From the comparison of the
_ caleulated and mea_sureﬂ. deley times, ‘it foliows thet the expres-
sion (1) gives the value T nﬁn with satisfactory approximation.
From the point of. view bi' injector utilizati.on, the nost
impdrtant is selection of the optimum delay time ‘i‘opa, at which
plaamm.ds produced have greatest velocities. The value T,y can
'be ﬁetermined., for example, ‘by compazison of d:.amagnetic signals
and the eata.blishmom‘: of conditione in which the time-ghift of
these sz.e;nal& ig least /and the angplltude reaches a maximum/
In order o determ:!.ne the appropriate operating regime for the
in;}ac*bo:cs inves‘aisaﬁeﬂ., 8 nmamber of such measurements weres per-
formed &b diffement time dslays :’m the intemral of values
Tmmﬂ <T ¢ On the ba&ia of the results obteined, the £ol-
'low.z.ng valu&a wea:-a determneds:for the ty;pe "A" injector,
‘E'gpt 500 /usbc ’ and :for the type “B" injector, Ty = 350 Jusec,




Vo INVESTIGATIONS OF THE PROFERTIES OF THE PLASMOIDS GENERATED
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Detgiled analysis of the oscillograms of diamagnetic signals
provided an appreciable amount of information on the number,
shape and velocity of the plasmoids produced ws depending on
the operatieonal conditions of the injectors investigated.

The fact was confirmed that in a ceaxial injector at least two
plasmoids are produceds one, fasty having a velocity in the
interval 4 -~ 5 x 106 co/sec /depending on the design and opera-—
tional purameters -of the in;_iec‘bbr/ , and the other, slower, of a
velocity spproximabively two times smsller, In some cases, it
was also observed the occurrence of a third plasmoid, which

was recorded by the probe only in the vicinity of the injector
nozzle, and it was not, therefore, possible to determine ibs A;
velociby, This case will be discussed in gregber detail in

Part II of the work [16] . o

The exact results of measurements of the velocity of plasmo-
ids generated are presented in: Fi.g. 6. The diag;ram' shows the
dependence of thez velocity of plasmoids on the time delay
between the moment of Teeding working gas and of the beginning
of discharge. To the msximum of the veloclty of the two plasmoids,
in accordance with the values given above of the .optimal delay
time 'fopt s Ghere corresponds in the §ase of the btype ""A" :m.....
jector the value T = 3-901'113@0, and for the; type "BY injector -
- T = 350 usec. It is w@rﬁh noting that, in the case of i
gpplication”of the btype “B® injectcr, the velocities obtained
were cf the same ""tiarder' of magnitude as in that of %ﬁé 'uype g
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injector, but they were some 10 per cent greater than the
other in'all of the cases observed.

The shape and motions of the plasmoids produced were also
inveatligated by means of sh SFR-2M high-speed photographic
canera with rotary mirror. The maximum phoﬁographing speed
of this camera was 2.5 million frames per second., The consider-
able recording rate of the light beam and the limited active
length of the film-/Bbo5 cn/ necessibvabed an accurate synchro-
nization of the photographing with e discharge nrocess., During
the investigatbions, synchronizatior . She moment the rotating
mirror attained the appropriate angu.:.: position/ was éffected
by a trigger impulse transmitted from the control unit,.

In view of the cylirdrical symmetry of the system investi-
gated; the photogrsphs were made in two variants: perpendicular
to the axis of the injector and the expansion chamber /with
the situation of the camera at the side/ and along the syuametry
axis of the system /with the situation of the camera in front
of the injechor nozzle/. Under experimental congitions, the
intensity of plasma visible radiation ensbled photographs to
be made at a rate net exceeding 1 million frames/sec. The
photographs from the highwspeed cameré'enabled determination
of the variations in the shape of the plasmoids produced as a
function of time andthe path passed, as also estimate of the
veloclty of their propagation. Typical photographs obbained
for the type "B" injector, which show plasma mofion along the
expansion chamber, are presented in Fié- 7. From these phobo~

gsraphs, it Lfollows that at least one plasmoid is ejected from
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the injJector. Concerning the motion of vhls Qlaanoid, conclue~
~ions can be drawn on the basis of the iluorescence of the glass
walls of the expansiorn chamber. the motion of vhe plasumoid
itself is not clearly seen in the photographs cue to ingui-
ficlent density of plasma and the high photographing rate. On
the other hand, the luminescence of the chamber walls causcd

by bomvardment of strgéms of plasma particles is ecacily notice-
able, The rate of plasmolid propagation estimated ou the basis

of the luminescence observed amounts to about 5 % 10° cmfsec,
which 1is in good agreement with che results of measurenents

of diamagnetic signals given above., It should be exylained é
that the vhotographs do rot show the second plasmoid /which ‘
was recorded by magnetic probes/, since its rauiction was even
weaker,

Comparison of plasma visible radiation for the two injectors
investigated is enabled by resorting to the photographs made
inﬁfront of the injector nozzle, which are given in Fig. 8.
Despite the fact .that the discharge conditions were identical,

a more intensive radiation of the plasma generated by the
type "B injector is clearly seen. Also clearly visible is the
shape of the plasmoid ejected from the injeclior. Attention
should be drawn here to characteristic plasma "protuberances",
which ave evidence of the occcurrence of some instabilitvies of
the plasméid during its motion in the expansion chamber, In
the case of the type "B% injector, it may also be estimated

/on the basls of the phobographs presented/ the mean velociby

of plasmg radial motion - it amounts to aboub 3 x 105 cn/sec,
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which, as compared with the axial velocity, indicates a marked
prevalence of aligned motion.

For comparison of plasma radiation in other operational
conditions, given in Fig. 9 is a number of similar photographs
cbtained for the same injectors, but with an increased amount
of working gas /1 cu.cm of air/ and a reduced time delay
/T = BOU/usec/. The less intensity thus obtained of plasma
rasiztion indicates that; in this case, there occurs a devia-
tion from the optimal operational conditions - a fact confirming
the results of probe measurements.

It should also be noted that, from the photographs presented
in Figs., 8 and 9, it is also possible to determine the diameter
of the plasma stream /plasmoid/ in the expansion chember, where .
there occurred a uniform magnetic field B° = 100 gauss. It is
clear that, with such a magnetic fieid, the plasmoidndiameter

is only in some cases sliightly greater than the diameter of the

injector nozzle,

Vi. CONCLUSIONS

Consequent on the investigations performed of the effect
of the design parameters on the qperatioﬁal efficiency of the
ccaxial injector, it can be stated that the most advantageous
proved to'be the case in which the diameter of the internal
electrode was three times smaller, and its active length five
vimes greater, than the diameter of the external électrode.

Measurements of diamaznetic s;gnals for plasnma injécted

into a wniform magnetic field confirmed also the fact of the
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occurrence of gt least two plasmoids: a fast, havirg a velocity
4 = 5 x 10 crn/sec /depending on the discharge conditions/,

and a slow, of a velocity approximately twice smaller. The
velocity of the fast plasmoid estimated on the basis of analysis
of the photo; raphs obtained from the high-speed camera auounted
to about 5 x 106 cn/sec, which yields good agreczment of results.
It should be noted that, in most of the cases invesbtigated, the
velocities of type YB" vlasmoids were aboub 10 per cent greater
than those in the case of the type "A"™ injector.

Evidence of the more efficient operation of the type "B"
injector is also found in coméaring the plasimia pnotographs
made for the two injectors with She camera situated in the
symmetry axis of the gystem, Thic confirms the observation
thaty, in a coaxial injector, it is nore useful to feed working
gas throuhg the radial orifices in the internal electrode
than tangentially to the surface of such an electrode.

In order to obtain full informsiion on che operation of
the injector investigated unler experiuental ceonditions detarwined
on the basis of the measurewnents described, it seems advisable
o undertake further invesiiju.ions of the parametbers of plasma
Jgenerate'. The above will be ¥he subject oi Part IT of Ghe

work [16] .
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Fig.2. External appearance of the coaxial plasma injector

as seen
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Fig.3. Diamagnetic signals from the 1-st probe /lower traces/ and
from the 2-nd probe /upper traces/ as depending on the length and
diameter of the internmal electrode for the type "A" injector /A,B/
and for the type "B" injector /C,D/. Time-base - 58 msec.
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Fig.%. Oscillograms showing variations in the poten-
tial of the internal electrode in relation to earth
/upper lines/, and current waves in the main discharge
circuit /lower lines/ in the case of incorrect /A/

and correct /B/ operation of the system. Time-base
58 pmsec,
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Fig.7. Plasma photographs made by means of the high-speed
camera perpendicular to the symmetry axis of the expansion
tube. On the right-hand side - a diagram illustrating the
phases in plasmoid motion. Discharge conditions: an -20 kV,
working ges - air, 0.5 cu.cm, T = 350 pgoo;
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Fig.8. Plasma photograph: made by means of the
high-apred camera situated in front of the in-

ey

CIOY Nozzied. ilscharge parameters: U = =20
' : 0
<v, working gas -

o

ir, S.% cu.cm, T = 350 }mec.
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Pig.9. Plasma photographs made by meens of the
high-speed camera situated in front o® the in-
jector nozzles, Discharge parameters: U°= -20
kV, working gas - air, 1.0 cu.cm,T = 350 psec,
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