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The characteristics of the low pressure discharge in crossed electric and magnetic fields is described in this work
for the case of magnetically insulated diode and electron anode layer with free cathode boundary. The theory is
compared with experimental characteristics of Hall-type ion source “Radical” such as breakdown curves, current-
voltage characteristics, dependences of discharge current on magnetic field and pressure. As a result of the carried
out analysis, the mechanism of the discharge evolution dependence on boundary conditions is proposed. The
mechanism of discharge initiation based on combined ionization of gas by electron avalanches and high energy

y-electrons is considered as well.
PACS: 52.80.-s

INTRODUCTION

In last decades, the considerable interest to
experimental and theoretical research of accelerators
with the closed drift of electrons in crossed EH fields is
observed [1]. It is caused by the wide application of
such type ion sources in the role of charged particle
accelerators, space thrusters and in ion plasma
technologies [2]. At the same time, despite the extensive
researches, numerical and analytical models of such
systems which could allow carrying out engineering
calculations are not developed up to now.

The present study continues the investigation of this
discharge started in previous papers [3, 4]. The aim of
this paper consists in the comparative analysis of the
analytical model with experimental data for current-
voltage characteristics, discharge current dependences
on magnetic fields strength and pressure, as well as
identification of the discharge mechanism.

Two cases of the discharge with different boundary
condition are considered (Fig. 1a,b):

a) the electron anode layer with free cathode
boundary;

b) the cathode boundary is fixed by the conductive
grid with transparency of 50% (the case of magnetically
insulated diode).

In the both cases in this discharge, two groups of
electrons take part in working gas ionization: primary
high energy electrons emitted from the cathode and
secondary electrons, produced in anode layer. So the
variation of boundary condition changei the balance of
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Fig. 1. Schematic model of “Radical” ion source

discharge gap
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Fig. 2. Schematic layout of “Radical” ion source:
1 —solenoid; 2 — cathode; 3 —anode; 4 — gas inlet;
5 — cooling water inlet for anode ;
6 — anode layer of electrons
electrons in anode layer and the mechanism of

discharge.
1. EXPERIMENTAL SETUP

The research is carried out on experimental
installation with the ion source "Radical”. The source is
a kind of gas discharge in crossed E and H fields with
the cold cathode. In such sources the closed drift of
electrons in the space anode-cathode is realized. The
ionization of working gas is provided by high-energy
electrons which are kept in specially arranged
electromagnetic trap. The design of the ion source is
presented on Fig. 2.

The electron trapping in the space anode-cathode
(with the length of 4 mm) is provided by potential
"well" and lens-shaped configuration of magnetic field.
lons, unlike the electrons, are practically not influenced
by magnetic field and are accelerated in electric field.
Therefore, the tubular ion beam with an initial diameter
of about 100 mm is formed.

2. EXPERIMENTAL RESULTS

The ignition curves and  current-voltage
characteristics are measured under different discharge
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boundary conditions. On Fig. 3 the ignition curves with
free and fixed discharge boundary are presented. As it
follows from the figure, qualitative difference of
breakdown character is observed. One can see that the
discharge switch-off at high anode voltage appears in
magnetically insulated diode.

The current-voltage characteristics of the ion source
with different boundary conditions for various magnetic
fields strengths are presented on Figs.4,5. The
comparative analysis of the characteristics shows, that
up to anode voltage of 2 kV the discharge current has
linear character in the both cases. However, above the
2.5 kV the discharge switches off in the case of the grid
application in the ion source.

On Figs. 6, 7 the dependences of the anode current
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Fig. 3. The ignition curves of the discharge under
different boundary conditions
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Fig. 4. The current-voltage characteristics of the ion
source without the grid for different magnetic field
strength, P=2-10" Torr
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Fig. 5. The current-voltage characteristics of the ion
source with the grid for different magnetic field
strength, P=2-10"* Torr

260

100

—— U=1200V
=3*10 Torr
80 | —— y=2000 v P
—— U=2500 V
60 |
<
£
= 40

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
H, kOe

Fig. 6. The anode current versus the magnetic field
strength in the ion source without the grid,
P=310" Torr
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Fig. 7. The anode current versus the magnetic field
strength in the ion source with the grid. P=3-10" Torr

on the magnetic field strength in ion source with
different boundary conditions are presented.

One can see from the figures that qualitative
difference of dependences also takes place. The initial
part of characteristics at magnetic field strength
H = (0.5...1) kOe demonstrates continuous growth in
the ion source without the grid. On the contrary, the
abrupt switch-on of the discharge takes place in
magnetically insulated diode.

3. THEORETICAL MODEL

In the papers [3, 4], the 1D fluid model of anode
electron layer, based on electron current and power
balance in a discharge is presented. The theoretical
model considers ionization in the electromagnetic trap
by two groups of electrons: the primary high-energy y -
electrons emitted from the cathode as a result of ion
bombardment, and the secondary plasma electrons
which appear in the volume of the sheath. The solutions
of the balance equitation in the parametric form for
dimensionless current, coordinate and potential are:

j'=E'+(N-1),
E'+(N-1)
N

X =E'-1-(N-=1)-In

U'=Uo+ %[E’Z —1]—(N -1)-X,

where the dimensionless variables are as follows:
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The boundary conditions for the development of
electron avalanches are:

x=0, E=Eq, j=Jp, @=¢p, Ey= |20,
eb,

The parameter N=j,/j, corresponds to the
dimensionless current at the electron avalanches
boundary (jo=vEq/4 7e is normalized current).

The dimensionless current-voltage characteristics
and current-coordinate dependences for different values
of N are presented on the Figs. 8, 9.

It should be mentioned, that normalized current j
and coordinate X are proportional to magnetic field
strength H. Dotted lines on Figs. 8, 9 correspond to the
modes with fixed anode layer thickness for different
value of H.

The comparison of experimental and calculated
characteristics for ion source with the grid (mode of
magnetically insulated diode) is presented on the
Figs. 10, 11.
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Fig. 8. The dimensionless current-voltage
characteristics of the ion source for different values of
the parameter N
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Fig. 9. The dimensionless current-coordinate
dependences in the anode layer for different values of
the dimensionless potential U®
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Fig. 10. The experimental and calculated current-
voltage characteristics of the ion source with the grid
for various pressures of working gas
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Fig. 11. The experimental and calculated current-
magnetic field strength characteristics of the ion source
with the grid for various anode voltages

CONCLUSIONS

In the present paper, the basic characteristics of the
discharge in crossed EH fields with free and fixed
cathode boundary (ignition curves, current-voltage
characteristics,  current-magnetic ~ field  strength
dependences) are studied. The following results are
obtained.

e Breakdowns on the bottom branch of the ignition
curves for the discharge with free and fixed cathode
boundary are equivalent ones. So the initial stages of the
discharge current-voltage characteristics for both cases
are identical and correspond to the mode with
«oscillating» electrons [4].

e The presented theoretical model, based on the
current and energy balance of electrons, demonstrates a
good agreement with experimental results.

o Stationary states of the discharges at U <2.5 kV
correspond to the mode with constant anode layer
thickness and different value of initial electron current
0 < N <y at the cathode boundary.

o For the case of free cathode boundary case (part of
the current-voltage characteristics at U >2.5KkV,
H < 1 kOe) the anode layer thickness changes according
to the mode with constant N ~ y.

The obtained results are of interest for the further
development of the theory of discharge in crossed ExH
fields and for magnetron sputtering systems.
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MEXAHMU3M PA3PSAIA HU3KOI'O JABJEHUSI B MATHUTOU30OJIUPOBAHHOM JUO/IE
A. /Drecamupsoes, C. Axoeun, A. 3viko6

HccnenoBanpl XapakTepUCTHKH paspsiia HM3KOTO JaBlieHHWs] B CKpelleHHbIX ExH-momsix co cBoGomHol u
(UKCHPOBaHHOW  KaTOMHOM TpaHHWLEd (Ciydyail MarHMTOM30JMPOBAaHHOTO  auona). [lodydeHbl  HOBbIE
9KCIEPUMEHTANbHBIE TaHHbIC JUIS BOJIbT-aMIEPHBIX XapaKTEPHUCTUK M 3aBUCUMOCTH Pa3psSAHOTO TOKA OT JaBJICHUS
U HaIpsHKEHHOCTH MarHuTHoOro mois. IlokazaHo, YTO cTapTOBBIE YYacTKH BOJIBT-aMIEPHBIX XapaKTEPUCTHK IS
00ounx cirydaeB HACHTHIHBI H COOTBETCTBYIOT PEXXUMY C «OCHHIUTUPYIOIIMMID 3JIEKTpoHaMu. Takxe MmpeAcTaBiIeHa
TeOpeTHYecKass MOJEeNb, OCHOBaHHAas Ha YpPaBHEHHMAX OajlaHCAa TOKOB M JHEPIMH 3JIEKTPOHOB, M IIPOBEACHO
CpaBHEHHE C 3KcrepuMeHTOM. [loiydeHHbIe pe3ynbTaThl NPEICTABIAIOT MHTEpPEC VIS JAIBHEHIIEro pa3BUTHS
MarHeTPOHHBIX PACIBUINTENBHBIX CHCTEM U IUIA3MEHHBIX YCKOPHUTENEH ¢ 3aMKHYTBIM IpeiH(OM 3IEKTPOHOB.

MEXAHI3M PO3PSAAY HU3BKOI'O TUCKY B MATHITOI3OJIBOBAHOMY 101
A. /Dicamipsoes, C. Axkosin, O. 3uxos

JlocmipKeHO XapaKTePUCTHKH PO3psay B cxperieHux ExH-mossix 3 BilbHOIO Ta (hiKCOBAHOIO TPAHUIICIO (PEKUM
MarHiToi30/Ib0BaHOr0 Aioza). 3100yTO HOBI €KCHEPHUMEHTANbHI JaHi JUIs BOJIbT-aMIIEPHUX XapaKTEPUCTUK Ta
MPOaHaI30BaHO iXHI 3aJIEKHOCTI BiJl THCKY Ta Halpy»KEHOCTI MarHiTHOTo moJjs. Iloka3zaHo, 110 cTapTOBI AUIAHKA
BOJIbT-aMIIEPHUX XapaKTEPHCTHK B 000X BHIAJIKaX € 1JICHTUYHUMHU Ta BiJOBINAIOTH PEXUMY 3 «OCLMIIOIYAMI»
eNeKTpoHaMu. TakoX TNpeacTaBleHO TEOPETUUHY MOENb, sKa 0a3yeTbcs Ha CTPYMOBOMY Ta €HEPreTHYHOMY
0alaHCi eNEKTPOHIB, a TaKOX IPOBEICHO IIOPIBHAHHSA 3 EKCICPUMEHTOM. 3H00yTI [aHi € KOPUCHUMH IS
MOJAJBIIOT0 PO3BUTKY MAarHETPOHHHX PO3NWIIOBATFHHX CHCTEM Ta IUIA3MOBHX IPHCKOPIOBAYIB i3 3aMKHYTUM
IpetihoM eIeKTpOHiB.
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