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The characteristics of the low pressure discharge in crossed electric and magnetic fields in the cases of magneti-
cally insulated diode and electron anode layer with free cathode boundary are described. The phenomenal theory of
the gas discharge switch-on was developed. The theory is based on Townsend ionization approach, adapted to the
gas discharge in magnetic field. Also the mechanism of discharge initiation based on combined ionization of gas by
electron avalanches and high energy y-electrons is considered. The theory was compared with experimental charac-

teristics breakdown and ignition curves of Hall-type ion source “Radical”.
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INTRODUCTION

The interest to the gas discharge in magnetic field is
grown last decades thanks to many practical applica-
tions. The pressure gauge, high vacuum pumps, ion
sources, plasma accelerators, sputtering systems for
plasma technology and space thrusters were investigated
and introduced into industry [1 - 3]. At the same time
the gas discharge and plasma physics fundamental ques-
tions, such as ignition and break-down of discharge in
magnetic field, current voltage characteristics and tran-
sition from accelerated to plasma regime are the actual
problems.

The present study continues the research of the gas
discharge in magnetically insulated diode (MID) which
are presented in our previous works [4, 5]. The aim of
the study is development of the analytic model of the
gas discharge switch-on in magnetic field. Two cases of
the discharge with different boundary conditions are
considerated (Fig. 1,a,b).
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Fig. 1. Schematic model of “Radical’’ion source dis-
charge cell: the electron anode layer with free cathode
boundary (non uniform vacuum electric field) (a); the
cathode boundary is fixed by the conductive grid with

transparency of 50% (the case of magnetically insulated
diode with homogeneous electric field) (b)

In these discharge types two groups of electrons are
responsible for working gas ionization: primary high
energy electrons, emitted from the cathode, and second-
ary electrons, born in anode layer. Therefore the varia-
tion of boundary condition is changed the balance of
electrons in anode layer and the mechanism of dis-
charge.
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1. IONIZATION PROCESS PARAMETERS
IN CROSSED EH FIELDS

The parameters introduced by Townsend for crea-
tion phenomenon theory of the gas discharge in uniform
electric field were used for characterization of the atom
ionization process in crossed electric (E) and magnetic
(H) fields .

lonization coefficient « is the number of the ion-
electron pairs, that creates a primary electron drifting
along E a=v/up~1/l;, where the w, |; are the ionization
frequency and length consequently, vy — drift velocity.
The empirical formula for o (the first Townsend coeffi-
cient) was introduced by Townsend [6]:

1 |

o =—-
i
where | is the ionization potential of atoms.
Total ion energy cost n (IEC) is related with o by

equation:
J =g- exp(lj , 2
&

n= eE _ eEl, ~exp(
(04
where ¢ :eEIi. n is the sum of elastic and inelastic

|
eEl,
losses of the energy & and kinetic energy ¢ for creation
ion-electron pair 17 = &+ & Formula (2) is valid at the
strong electric field strength, when the electron energy
distribution function (EEDF) is not equilibrium and
isotropic.

In the weak electric field strength the EEDF is equi-
librium and anisotropic. So & for creation ion-electron
pair accordingly to Lieberman [7] is

oy = Kil +Kaen + Kee T 3M/M | 3

Kj

where K;, Kq, Ke are the reaction rates of ionization,

excitation and elastic losses; | and &, — potentials of

atom ionization and excitation; m, M — the mass of elec-
trons and ions.

For y-electrons, injected into MID along the magnet-
ic field lines, the EEDF is monoenergetic and &, deter-
mined by [8]:

_ IO-i (5)"' 5eaaea(‘9ea)
For = Oj (ge) ’ @
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where o;, o, are cross-sections of ionization and excita-
tion processes.

The dependence of dimensionless 7' on dimension-
less energy =&/l for electrons in strong E (s-electrons)
can be presented from (2) by such empirical formula:

% e (5)

The value for 7,” for electrons in weak E (p-
electrons) and argon atoms (1=15.8 eV, &,=11.5 eV)
can be calculated from (3) and presented by such empir-
ical formula [9]:

, , 0.19
7, =%=g +1.7Sexp(?j. (6)

ns =

The value for " for high energy y-electrons
trapped due to collisions with atoms (os-electrons) and
argon atoms (1=15.8 eV, &,=11.5 eV) can be calculated
from (4) and presented by such empirical formula [9]:

7% =%=g’+1.73. ()

The graphs for different n’from (5), (6), (7) are pre-
sented on Fig. 2.
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Fig. 2. The dependences of total ion energy cost 7/l
(IEC) for p-, s-, 0s-electrons and the inelastic energy
losses for j-electrons (monoenergetic EEDF) on dimen-
sionless energy &/l

In crossed EH fields the relation between ¢ and E is
2

v E
go=€E-l, =eE- "2 =1| — |, (8)

Vi Eo
where uvp=uneE — drift velocity; =evc/ma>f,e—
coefficient of classic mobility; @y, =eH/mc - electron
cyclotron frequency; v, — the frequency of electron-
atom elastic collision. E,” =v;l /eu,, is a normalizing

value of E=l/el;, corresponding the energy £=I that the
electrons accumulate on the length ;. The next equa-
tions a(E/Eq)=eE/n(E/E,) for s-, 0s- and p-electrons are
followed from (5)-(8):
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_ (eEo/I )'(E/Eo) . (1)
" 1.73-exp(0.19(E, [E)' )+ (E/E, )
The dependences (9)-(11) are presented on Fig. 3.
Also the Townsend coefficient

or=(eEy/1) exp(-E/Ey) is presented for comparison.
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Fig. 3. Dependence of the ionization coefficient Ki=«

for s-, 0s- and p-electrons
from the normalized electric field E/E,

As it follows from the picture, the E, is not only the
normalization parameter for electric field, but also is a
value criterion of the strong and weak E. In the weak
electric field (E/Eo)<1:05—0, a,—0, a,— (eEoll)-(E/E)
and so only ionization by primary electrons with large
energy &>21 is important. In the strong electric field
(EIEg)>1 as=a,~a,~eEi/l)(El/E) and so the ionization
coefficient « does not depend on the initial velocity
EEDF.

2. IGNITION AND BREAK-DOWN
OF THE GAS DISCHARGE IN MID

The equation of electron current density conserva-
tion for MID model on Fig. 1 is [1]:

ex.

dx

where  j,, =en,uy E, the electron current density

determined by classic mobility uye. In uniform electric

field eE=U/d (U, d — the voltage and distance between

anode and cathode) the relation E/E, in equation (9)-

(11) is:
E_eUn _(e)
Eo, | d (1)

where 1y :(vcl/vima)H 2)1/2 — space scale along E
(Eoro=I). The equation (12) has solution for two cases:
in strong electric field E/Eo>1, when the electron ava-
lanches take place, and in weak electric field E/Ey<1,
when only the primary os-electrons with high energy
can ionize. For the first case the solution of (12) is:
j = jO : eXp(OCSX),

and for second case

j(X)=(a03X+l)~ Jo (15)
where jo is the primary os-electrons current density. In

summary the Townsend break-down condition for elec-
tron avalanches in MID can be written:

=eviN, =a- jo, (12)

(13)

(14)
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U
as.dzln(ulJ, L (16)
v I T
and condition for ignition of discharge by os-electrons is:
an-d=t, Y. 9 (17)
R I )

where vy is the ion-electron secondary emission coeffi-
cient (the third Townsend coefficient). The break-down
curves ¢'=f(d"), (d'~H) for s-electrons in parametrical
form are followed from (9), (16):

¢s' =# = x%/** -In(1+1j,

Y
6, =9 _xe/% -In[l+1j , (18)
fo b4
and for os-electrons the ignition curves from (10), (17):
ph = (1'73”2)'1’
| Y
rod 173+x% 1
dos == "/ - (19)
o X 4

As it follows from (18), (19) the parameters
In(1+1/y) and 1/y have no effect to the shape of the
curve and only move curves along axes.
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Fig. 4. Break-down discharge curves for s-electrons

at different values of coefficient y
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Fig. 5. Break-down discharge curves for os-electrons
at different values of coefficient y

So, the values eU/l and d/ro~d-H are the parameters
of similarity for the gas discharge in magnetic field with

226

different gases, materials and configuration of elec-
trodes. Series of ignition and break-down curves for
different values of similarity parameters are presented
on the Figs. 4, 5.

In the inhomogeneous electric field the equation of
electron conservation is:

dj . - E(x)
—=j-alX)=j ——F=, (20)
o =1 )
and for os-electrons can be written in form:
i 1 % E()ux 1)

o 7 o173 +(E(x)E)

The equation (19) can be solved numerically or ap-
proximately analytically, if we introduce the average
electric field along layer thickness
ds: E(x)~ E =U/ed, . Then the equation (19) can be
integrated and final solution is:

s To 7-dg

The graphs of the function (22) and the break-down
curves for os-electrons calculated accordingly to (20)
for »=0.1 are presented on Fig. 6.
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Fig. 6. The ignition curves in the inhomogeneous elec-
tric field, calculated accordingly to (22) and the break-
down curves for os-electrons calculated accordingly

to (20) for coefficient y=0,1

3. COMPARISON OF THEORETIC
RESULTS AND EXPERIMENTAL DATA

The experiments were carried out at the ion source
“Radical” with electrons close drift in anode layer, de-
scribed in details in [4, 5]. Two series of discharge
switch-on measurements were performed: with the free
cathode boundary (the discharge cell without the grid,
Fig. 1,a) and with the fixed cathode boundary (the cause
of MID, Fig. 1,b). The results of experiments are pre-
sented on Fig. 7. As follows from the figure, qualitative
difference of breakdown character takes place. It can be
seen, that the discharge switch-off at high anode voltage
appears in magnetically insulated diode.

In Figs. 7-9 the anode current dependences of the
ion source with different boundary conditions on the
magnetic fields strength are presented. It can be see
from the figures, that qualitative differences of depend-
ences also take place. The initial part of characteristics
at magnetic fields strength H = 0.5...1 kOe demon-
strates continuous growth in the ion source without the
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grid. On the contrary, the abrupt switch-on of the dis-
charge take place in magnetically insulated diode.
without the grid with the grid
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Fig. 7. The ignition curves of the discharge
at different boundary conditions
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Fig. 8. The anode current dependences of the ion
source without the grid on the magnetic fields strength
at pressure p=3-10" Torr
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Fig. 9. The anode current dependences of the ion source
with the grid on the magnetic fields strength at pressure
p=2-10" Torr

From comparison of theoretical results (see Fig. 6)
with experimental data (see Fig. 7) we can determine
the parameters C, D:

Co=ihl1+ 1| py=rif1+- 1|, (29
7y Vo
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Parameters C, D are the analogies in magnetic field
of the constant A, B for ionization coefficiente, intro-
duced by Townsend «/p=A-exp(-B/(E/p)). The
values of C, D can be determined by the approximation
of switch-on experimental data for the specific experi-
mental device. In our case C;=300V, D;=3-102cm
(H=1000 Oe).

(24)

CONCLUSIONS

The main results of present work are:

e The phenomenal theory of the gas discharge switch-on
in MID was developed. The theory is based on Town-
send ionization approach, adapted to the gas discharge
in magnetic field.

e The theory demonstrated the ability of two mechanism
of discharge switch-on: the break-down by electron
avalanches in the strong electric field and the ignition
of discharge in weak electric field by high energy pri-
mary electrons, oscillating in electromagnetic trap.

e The analytic equations for ionization coefficient, ion
energy cost and switch-on curves for primary and sec-
ondary electrons were obtained.

e Two cases of uniform and non uniform electric field
were considered.

e The good agreement of theoretic results and experi-
mental data has been demonstrated.
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3AKUT'AHUE U ITIPOBOM T'A30BOT'O PA3PAJIA B MATHUTHOM I10OJIE
A.B. 3vikos, H.A. A3apenkos

[IpencraBneHbl XapaKTePUCTHKH Pa3psiAa HU3KOTO AABJICHHUS B CKPEIICHHBIX AIEKTPHYECKOM M MarHUTHOM IIO-
JX o cBOOOTHOW M (PUKCHPOBAHHOW KAaTOTHBIMH TpaHUIAMH. Pa3BuTa (heHOMEHOJIOTHYecKas: TEOpHUs 3aKUTaHUS
ra30BOTO pa3psia Ha OCHOBE Teopuu TayHCEeH[a, aflalTHPOBAaHHON K pa3psay B MarHUTHOM moie. Takxke paccMoT-
PEHBI MEXaHW3MbI TPo0O0sI pa3psaa JIICKTPOHHBIMH JIABUHAMH UM 32)KHTaHHWS BBICOKODHCPTCTUYHBIMU Y-
anekTpoHaMH. [IpoBeeHO cpaBHEHHE TEOPUH C KPUBBIMH MPO0OO0S W 3a)KUTaHUA pa3psAa B MCTOYHHKE HOHOB XOJI-
JIOBCKOTO THMA «Paaukam.

3AITAJIIOBAHHS TA IPOBIM I'A30BOTO PO3PSIJTY B MATHITHOMY IOJII

O.B. 3uxog, M.O. A3apenkos

[IpeacTaBneHo XapaKTEPUCTUKU PO3PSLy HU3BKOTO THUCKY B CXPELICHUX E€JEKTPHYHOMY 1 MarHiTHOMY MOJISX 3
BIJIBHOIO 1 (PJIKCOBAHOIO KaTOJHUMHU MexaMu. Po3BiHEHa (heHOMEHOJIOTIYHA TEOpisl 3aaIfoBaHHs ra30BOr0 PO3PSAY
Ha OCHOBI Teopii TayHceHa, sika ajanToBaHa O PO3psiy B MarHiTHOMY Houi. Tako po3risiHyTo MeXaHi3MHU Ipo-
0010 po3psi/y €IEKTPOHHUMH JTABUHAMHU 1 3alaII0OBaHHs BUCOKOCHEPTeTHYHUMHU Y-eJieKTpoHaMu. [IpoBeneHo nopis-
HSTHHS Teopil 3 KpUBUMH MPOOOIO i 3ammairoBaHHs PO3PsAY B [DKEPETI 10HIB XOJUTIBCHKOTO THITY «Pamukam.
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