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We present the original approach to use plasma accelerators with closed electron drift and open walls for creat-
ing effective lens with positive space charge. In paper describes one-dimensional model and simplest analytical
solutions following from it. The results of the numerical calculation and some experimental investigations data are

presented also.
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INTRODUCTION

Plasma accelerators with anode layer are well known
and widely used devices. The theory of the physical
processes in such kind accelerators with metal walls is
well developed due to long time history of their investi-
gations. The same could be related to accelerators with
closed electron drift and dielectric walls. However ac-
celerators with closed electron drift and open (gas) walls
were not research till now. This type accelerator could
be interested for manipulating high-current flow of
charge particle. For example, it could be used for elabo-
ration of the low-cost, effective and low maintenance
plasma lens with positive space charge cloud. As was
shown in our preliminary works [2 - 5] the dynamical
positive space charge plasma lens with magnetic elec-
tron insulation and non-magnetized ions is effectively
focusing and manipulating by high-current beams of
negatively charged particles (electrons and negative
ions). Another attractive and perspective way using such
kind accelerators is the creation of cost-effective, small
rocket engines and enhancment ion-plasma technology
also that open up novel attractive possibility for effec-
tive high-tech practical applications.

In this paper we firstly present and describe model
of accelerator with closed electron drift and open (gas)
walls. Based on the idea of continuity of total current
transferring in the system obtained exact analytical
solutions describining potential distribution in accelera-
tion gap. The solution was got for the case of zero elec-
tron temperature, as well as in case finite electron tem-
perature, which magnetized electrons acquire in a cross-
heating electron field. It is shown that in case when all
electrons originated from the gap only by impact ioniza-
tion, and then go out at the anode due to classical trans-
verse mobility the condition complete potential drop in
the gap correspond to equality of the gap length to the
anode layer thickness in boundary mode.

1. THEORETICAL MODEL
AND SOME SOLUTIONS

For creation an effective lens of positive space
charge could be used plasma accelerators with closed
electron drift and open walls. The simplified scheme of
device is shown in Fig. 1. To analyze the properties of
such kind an accelerator we use a one-dimensional hy-
drodynamic model.
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Fig. 1. The simplified scheme of device:
1 - anode; 2 — cathode; 3 — magnetic system

The base equations describe kind system includes
Poisson equation:
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here for ion density we could write:
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Will assume that the current density in gap volume
is the sum of the ion and electron components:
je + ji = jd ’ (3)
where j;, je — are ion and electron current density conse-
quently:

i (%) :evijne (x)dx , (4)
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v,— is the ionization frequency; 4, __&ve _
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electron transverse mobility; E(X):_?T(p — electric
X

field; ¢ — potential; v, is the frequency of elastic colli-
sions with neutrals and ions and wey is the electron
cyclotron frequency; T, — electron temperature that
could write in form:

B . do
T.(X)=—"—|j.——0s. (6)
Je(X)! ds

Thus, taking into account the said above, from (3)
we obtain expression:
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For simplicity in first approximation neglect the dif-
fusion and could consider that n is constant along gap,

with given the fact that ion current is equals J, on the
cathode from (7) we get:

ev; j n, (X)dx — eyl(ne a—€0+§(neTe)j =j,- (M
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Substitute ne, using the Poisson equation (1) where

ne >> n;, we can obtain from (8) the differential

equation of second order and representing this equation
in dimensionless form we have:

o"(x-D-ap')=0, )

Here we have introduced the notation g :/uJ__¢)2a'

v,d
where ¢, — anode potential, d — gap length. Omitted
trivial solution ¢'’=0 and taking into account boundary

condition ¢| =1 we obtain potential distribution

env,(x—-1)— =0. (8)

within gap in form:
p=a((x-1)% -1)+1,
here a=1/2¢.

Potential distribution (10) for different values of pa-
rameter a is shown in Fig. 2. One can see that under
a=1 the total applied potential falling down inside of the
accelerating gap. In this optimal case
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Fig. 2. Potential distribution for different parameters a

Suggested that all electrons originated from the gap
only by impact ionization, and then go out at the anode
due to classical transverse mobility this expression can
represent in form:
2v,

. (12)
Vi

This expression coincides with one for classical an-
ode layer (see [6]) accurate within 2.

Note, in case when parameter a < 1 (the gap length
less than o) potential drop is not completed. For case
a > 1, when the gap length d > & potential drop exceed
applied potential. This can be due to electron space
charge dominated at the accelerator exit.
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Extend our description and take into consideration
that ne changes along gap. As before will study case
T, =0, than for dlmensmnless equations (7) is true:

c j n,(9)ds-bn, (02 0 21w
where we introduce notices:
n .den
— /’ll.-@ae 0 ) C — Vl - 0 . (14)
Jqd Jg

Will consider quasi-neutral plasma n, = n; for sim-
plicity, so substitute dimensionless equality (2) in (13)
get:
n,(s)ds

X a(ﬂ
c|n,(s)ds—b-f- , (15)
l J o VP(X)— <D(S
here f =v.d M .
"\ 2e0,

After some transformations and subject to the fact
that ion current is (first term in left part (13)) equals |,
on the cathode, equality (15) could rewrite in form;

jdsn (be\/i) '[dsn

X

Equality mtegrand gives:

2 (et Yo - 0(9)) -

or for potential distribution taking into account bounda-
ry condition we have :

.c. (16)

a’

x—1 17)
4f2 4f2( )
where a=c/b, note it is corresponding to parameter
1/« introduced above. From (17) could note the behav-

a.2

4f?
Here parameter f describes impact of ion density. Poten-

tial distribution for this case is shown in Figs. 3 and 4.
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Fig. 3. Potential distribution for quasi-neutral plasma
for different parameter o

If we now derived (13) we could obtain equation for
electron density:

"

dlon _a-¢" (18)
n, ox o'
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Fig. 4. Potential distribution in gap for quasi-neutral
plasma for different values of parameter f
Solution (18) with given (17) has form:
2f2
Za
n()=C-(x-1) * | (19)

where C — some constant. Note that if a = 2f the elec-
tron density doesn’t change along the gap and solution
(17) is reduced to (10) and C=j4/ev;d. The condition
above could rewrites in form:

T
— =2v; or v, =205 =1, (20)
Tig
where d_ — electron lifetime, T;q =d/vig — ion
€
uE

living time. Indeed (20) is some generalization condi-
tion of self-sustained discharge in crossed EH fields
taking into consideration both electron and ion dynamic
peculiarity.

All these solutions were got under condition T,=0.
For clarification temperature effect on the acceleration
layer characteristics assume that electrons get energy
from electric field E, then (6) could be presented as:

T.=5-9, (21)
where 0 < £ <1. In this case from (7) instead of (8)
we have:

¢'(x-D)-a(l+p)¢')=0 (22)
and get solution in form:
a
Q= X(x—2)+1. (23)
1+5)
Similarly to the above for gap length receive:
\ Vi

Note, that it differs from the previous one (11) by

factor \/1+ £ only, that describes temperature effect.

Potential distribution for different value parameters a
and g is shown in Fig. 5. One can see that with increas-
ing temperature the gap length where potential drop is
completed is grows.

Now consider more general model description, as-
suming that heating losing occurs mostly by different
kind of collisions. Introducing characteristic time of
temperature loss by collision — o could write for tem-
perature definition:
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T, = JsE7o _
en,
Thus equation (7) rewritten in form:
d’p eu, " do . ev,d
dx* j, “dx jy
Dimensionless this equation and Poisson’s equation

and introducing dimensionless parameters, obtain sys-
tem:

(25)

HiT

jnedx ~1. (26)

ag" —bn(x)e’ + cjn(s)ds =1,
0

¢ n(s)ds
nX)-f|—=—=———===9¢", (@7
! Vo(X) - 9(s)
where introduced dimensionless parameters
H,T0Pa Pa
a= , 0= , 28
R 2en, @)

parameters b, c, f — are corresponds to entered above.

In general case this system hasn’t analytical solu-
tions and requires numerical calculations. At firstly
consider solution under next boundary conditions:

4 x=0 =1 ¢|x:1 =0. (29)

The results computer simulations are shown in

Fig. 6. One can see that for 0<0.5 possible potential

drop below zero, that could correspond accumulating
electron density.
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Fig. 6. Potential distribution (numerical simulations)
under boundary condition (29)
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If we will suggest zero electric field on the cathode
layer and change boundary condition (29) on next:

¢|x:0 =1’ E|x:l =0 (30)
got solutions similar to those obtained above (Fig. 7).
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Fig. 7. Potential (up) and electron density (down)
distribution (numerical simulations) under boundary
condition (30)

As ones can see from Fig. 7 electron density is a lit-
tle change along the gap. Note, also if we assume that
Ty =Ty then (25) will be reduced to form:

jod
M, EN,
escapes. Therefore we come back to case (8) and poten-
tial distribution (10).
2. EXPERIMENTAL SETUP AND RESULTS

The experimental setup of plasma accelerator, form-
ing ion flow converging towards the axis system had
been made for theory testing purpose. It is shown in the
Fig. 8.

T:

e

, consequently in (5) the temperature term

Fig. 8. Experimental setup: 1 — cathode; 2 — anode;
3 — permanent magnets system
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Anode diameter is 6.7 cm, cathode is 3.2 cm, distance
between anode and cathode is 1.75 cm. Magnetic field
H=650...750 Oe, voltage less 2 kV. The working gas is
argon. The current-voltage characteristics were obtained
in a low-current and high-voltage discharge condition
(current about 100 mA, voltage discharge of a few kV).
Under such condition experimental current-voltage
characteristics must be linear that ones can see in Fig. 9.
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Fig. 9. The current-voltage characteristic
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From experimental data can be found electron densi-
ty, which in our case is equal to 5:10"° cm?, that is typi-
cal for related system. The current is a little depends on
gas pressure in the system since anode layer is inde-
pendent from neutrals concentration (Fig. 10).
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Fig. 10. Current dependence vs gas pressure

Fig. 11 is shown the photo of plasma jet that is ob-
served in high-current mode of accelerator operation.

Fig. 11. Plasma jet in high-current mode
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It was measured the floating potential and ion cur-
rent downstream 6 cm from plasma device.

In Fig. 12 is shown dependence floating potential on
the system axis vs pressure of working gas in chamber.
Anode potential is 1.5 kV.
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Fig. 12. Floating potential dependence vs working gas
pressure (up — at the system exit, down — at the axes)

Ones can (see Fig. 12) the formed potential drop that
could be used for ion beam accelerating. In the Fig. 13
is shown ion beam current density dependence on cur-
rent discharge on the jet axes. The power flow increase
with current grows. Note also, the ion current density at
torch axes can consist up to 2...3% total discharge cur-
rent. That opens up too novel attractive possibility for
using this kind devices as rocket engines.
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Fig. 13. Dependence current density vs discharge
current density

CONCLUSIONS

First, the original approach to use plasma accelera-
tors with closed electron drift and open walls for crea-
tion cost effective low maintenance plasma device for
production converging towards axis accelerating ion
beam was described. Based on the idea of continuity of
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current transferring in the system are found exact ana-
lytical solutions describing electric potential distribution
along acceleration gap. It was shown that potential dis-
tribution is parabolic for different operation modes as in
low-current mode well as in high current quasi neutral
plasma mode and can’t depend on electron temperature.
It is found under conditions that everything electrons
originated within the gap by impact ionization only, and
go out at the anode due to mobility in transverse mag-
netic field, the condition full potential drop in the accel-
erating gap corresponds to equality gap length to the
anode layer thickness. In case when the gap length less
than anode layer thickness potential drop is not com-
pleted. For case when the gap length more than anode
layer potential drop exceed applied potential.

Experimental model of accelerator that formed ion
flow converging towards the axis system was created.
The current-voltage characteristic of the accelerator in
different operating mode was defined. In high-current
mode of accelerator operation is observed plasma jet. It
is shown at the jet axis forms potential drop that could
be used for ion beam accelerating. The experimental
results are in good accordance with theory data.

Note also that the presented plasma device is attrac-
tive for many different high-tech practical applications,
for example, like plasma lens with positive space cloud
for focusing negative intense charge particles beams
(electrons and negative ions) and for potential devises
small rocket engines.

The work is supported by the grant of 34-08-14
(Ukr) and 14-08-90400 (Rus).
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TIJIASMEHHBIN YCKOPHUTEJIb C 'A30BbIMHA CTEHKAMHA
U 3AMKHYTBIM JPEU®OM 3JIEKTPOHOB

A. I'onuapos, A. /looposonvckuii, JI. Haiixo, H. Haiiko, H. /lumosko

BHCpBBIe ornmrcaHa OAHOMEPHAsA MOJACIb OPUTMHAJIBHOTO IJIAa3MEHHOTO YCKOPHUTEIA C OTKPBITBIMU CTECHKaA-
MU, IIPCACTABIIAOIIAA TIJIIA3MOOIITHYICCKOEC yCTpOﬁCTBO HOBOT'O ITOKOJICHUA, KOTOPOC MOKET OBITH MCITOJIb30Ba-
HO AJid COBPEMCHHBIX TeXHOJ’IOFHﬁ, B YACTHOCTH, IS CO3aHUS MJIa3MEHHOMN JTUH3BI C MOJOKUTECIbHBIM 00BEM-
HBIM 3apsaJ0oM, a TaKiKe MaHOFa6apI/ITHOI‘O PAKETHOIr0 ABUKUTCIIA. HOHy‘IeHLI HpOCTeﬁmHe AHAJIUTUYCCKUC
peUICHUA U MPCACTABJICHBI PE3YJIbTAaThl YAUCJICHHOI'0O MOACIUPOBAHNA, MO3BOJIAOIINE C HOBBIX MO3UIUMN pac-
CMaTpUuBaTh (l)I/I3I/IKy MMPOUECCOB B YCKOPUTEJIAX XOJUIOBCKOT'O THIIA. HpI/IBeZ[eHI)I PE3yabTAaThl IKCIICPUMECHTAJIb-
HBIX MCCJICIOBaHUM.

IJIASMOBUI IPUCKOPIOBAY 3 'A30BUMM CTIHKAMHA
TA 3AMKHYTHM JIPEH®OM EJEKTPOHIB

O. I'onuapos, A. /looposonscokuii, JI. Haiiko, 1. Haiiko, 1. J/limoexo

Bnepme onmcana oqHOBUMipHA MOJIETs OPUTIHATHHOTO IIA3MOBOTO IPUCKOPIOBAaYa 3 BIIKPUTUMHU CTiHKA-
MH, K2 € TJIa3MOONTHYHHAM MPHCTPOEM HOBOTO HOKOJIIHHS, /Ui €(eKTHBHOTO 3aCTOCYBAHHS B CY4aCHHUX TEX-
HOJIOTi5IX, 30KpeMa, JJIsi CTBOPEHHS IUIa3MOBOI JIIH3H 3 MO3UTHBHHUM IPOCTOPOBHM 3apsilioM, a TaK0X MaJiora-
OapuTHOTO pakeTHOTO ABUTyHa. OTpUMaHi MPOCTi aHATITHYHI PO3B’A3KH 1 MPECTaBICHI pe3yIbTaTH YHUCIOBO-
ro MOJIEJIOBAHHS, SIKi JO3BOJISIOTH 3 HOBHX IO3HILIH po3risaatu (i3vKy MpOLECiB y MPUCKOpPIOBaYax XOJUIIiB-
cbkoro tuny. HaBeneHO pe3ysabTaTH eKCIepUMEHTAIbHUX JOCIiIKEHb.
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