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Various points of view on the mechanism of evolution of an open discharge are analyzed. This
problem is important for understanding the physics of generation of an electron beam, whose efficiency n
achieves 90% and even higher. For this purpose, a technique is proposed for calculating the factors of
electron emission from a cathode whose surface is bombarded by fast gas particles and ions. The
calculation has shown that this process fails to provide for the efficiency n observed in experiments. The
calculated results gave an additional proof of the dominating effect of photoelectron emission from the
cathode on dynamics of the open discharge and e-beam generation in it.

The question on the mechanism of discharge
evolution in a medium-pressure gas in a narrow (01 mm)
gap between a massive metal cathode and a grid anode
(the discharge received the name an open discharge!) arose
already at the early stage of investigation of electron-beam
(e-beam) generation under these conditions.!™3 Very high
efficiency of the e-beam generation, which achieved
00.8-0.9—0.95 in experiments at the gas pressure of
02-7 kPa and the voltage 04—7 kV across the electrodes
needed clarification. If the mechanism of evolution of
the open discharge is analogous to the well-studied
volume discharge of nanosecond duration,4 then the
low efficiency of e-beam generation in the latter is
unclear. Besides, strong dependence of the generation
parameters on the length of the interelectrode gap calls
for explanation.23 The need to understand these
phenomena motivated a sophisticated treatment of the
open discharge and lively discussion of the mechanism
of its evolution. Now there are a variety of opinions on
both the main process determining the discharge
evolution and the discharge dynamics as a whole.

In Refs. 5-7, the authors assume that the high
efficiency of e-beam generation is due to the photoelectron
emission from the cathode caused by its lightning by UV
radiation from the zone behind the anode. Another point
of view is justified in Refs. 8 and 9: the open discharge is
an abnormal glow discharge (AGD), and the main
mechanism of the highly efficient e-beam generation is
caused by the high (010) values of the coefficient of
electron emission from the cathode wunder its
bombardment by fast atoms. At the same time, Refs. 5
and 6 present different opinions on the discharge phase,
in which the highly efficient (00.8—1) e-beam generation
occurs. In Ref. 5 it is believed that the e-beam
generation completes with localization of the field in a
narrow zone near the cathode. By contrast, in Ref. 6 it
is stated that at the time of generation the size of the
cathode fall (CF) zone 3 is extremely small: & O\, (A,
is the mean recharging length). The difference in
opinions on the open discharge is so large, that it seems
that the investigators deal with different objects.
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Therefore, the aim of this paper is to resolve the
existing contradictions.

In the first turn, we consider arguments8 in
support of the abnormal glow discharge and calculate
the electron emission coefficient of the cathode in the
AGD. Based on these calculations, we analyze the
measurements of the electric field profile in the open
discharge!® and then estimate the possibility of the
high-efficiency e-beam generation at 8 JA,. The obtained
results allow us to draw the conclusion on the mechanism
of evolution of the open discharge and e-beam
generation in it.

1. Analysis of the concept
of open discharge as AGD

In Refs. 8 and 9, the main arguments in support of
AGD are the following:

1. The effect of UV irradiation from the zone behind
the anode on the e-beam and discharge parameters was
not found.

2. The efficiency of e-beam generation is
independent of the length of the discharge gap d at
d = 20pgp (where dpgp is the length of the CF zone in
the AGD).

3. The coefficient of electron emission from the
cathode under bombardment by fast atoms vy, and ions vy;
in the AGD is high enough (yg=v, +y; = 6.7 at 5 kV) to
provide the experimentally observed efficiency of e-beam
generation N =0.85-1 (with allowance for intersecting
the part of an electron beam by the anode grid).

Let us discuss these arguments.

As to the first argument, it should be noted that
the working range of the helium pressure in the
experiments8 was 0.2-0.4 kPa and that of the voltage
was 8—10 kV. Under these conditions, the energy loss
of e-beam in the drift space does not exceed 15 eV /cm,
only about 030% of which goes into the excitation of
atoms. This means that every electron in the beam,
when crossing the drift space, excites less than one UV
quantum emitted in the total solid angle 41 (Ref. 11),
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which is a negligibly small value. The UV radiation from
the compensating current arising in the drift space at the
e-beam passage is also very weak, because the current
flows through the drift tube at the low volume
potential.!?2 The glow of the beam-plasma filament at
the low gas pressure is always very faint.!3 Thus, all
possible sources of UV irradiation in the open discharge
at the helium pressure exceeding 02 kPa (Ref. 14) are
absent in the experiments89 and the discharge is actually
a glow discharge. 315 Then the second argument is quite
logical and clear.

The third argument is also proved in Ref. 8 by the
experiments conducted in helium at the pressure of
about 0.3 kPa and voltage of 10 kV. Finally, Ref. 9
presents the equation for calculation of the coefficient yg
in the AGD. In the author’s opinion, it proves the high
efficiency of e-beam generation in this type of discharge.
The technique of calculation is not described in Ref. 9,
but the author’s reasoning and the derived equation are
indicative of the simplified scheme, in which all cross
sections are assumed constant, all initial ions start from
the plasma boundary of the CF zone, and all fast atoms,
produced due to recharging, reach the cathode without
losses of energy and momentum. Naturally, because of
these simplifications, the estimates of errors in
calculation of the coefficients y, and y; are absent. The
obtained values of yg seem to be incredibly large.

To summarize: First, the experiments in Refs. 8 and
9 were conducted under the conditions certainly excluding
the appearance of UV irradiation; consequently, the
observed discharge can be only a glow discharge. The
high efficiency of e-beam generation in it was achieved
due to rather high voltage at low gas pressure, i.e.,
beyond the usual working range of e-beam generation in
the open discharge. Therefore, the extension of the
obtained results to the open discharge is unjustified.
Second, the performed calculations of the emission
coefficients y, and y; are to be checked. Just this
problem is considered in the next section.

2. Calculation of the coefficient of
electron emission from cathode in AGD

Our task is to calculate y4 with allowance for
(a) the energy dependence of cross sections of resonant
recharging o, and elastic collisions 0, and (b) energy
loss of fast atoms in elastic collisions. In what follows,
for convenience, the linear dimensions and path lengths
are reduced to 0, and energies and the electric potential
are reduced to the ionization potential J.

An ion, produced at the distance xy from the
cathode, in its motion through strong field of the CF
zone, in the processes of resonance recharging generates
a chain of fast atoms with the initial energy €,(x)
depending on the place of birth. Its mean value is
determined by the equation

1=-(NJ) J'or(x)dx, (1)
x+Xy (%)
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where N is the gas density. The total coefficient from
the entire chain
A (0)

yd=Va+yi=£Va1(x) dr {m(x) dr _ ()

A (x) A (x)

where Y,1(x) and y;1(x) are the contributions to y of the
fast atom and ion, respectively, generated at the point
x in the process of recharging. The parameter 1,/ A.(x) is
the density of generation of fast atoms. Assume that the
field strength E(x) in the CF zone varies linearly, i.e.,

E(x)=2[V()/3][1—x]; V(x) =V [1-x]%2, (3)

where V(x) is the voltage. For the cross section of the
resonance recharging He™—He, we use the equation16.17;

o.(g) =A[1 - B In(g)]2. (4)

The factors A and B, constant for every gas, are fitted
to the experimental cross sections. As the latters, we
take such cross sections, whose values are close although
obtained by different authors. One of them was obtained
at low energy (g 01), and another — at high energy
(g, 0200) (Ref. 18). Finally, for helium we obtain
A =1.800"19 m2 and B = 6.50072. The cross section of
elastic scattering of a fast helium atom with the energy
€, 0100 eV and higher will be described through the
repulsive term of the Lennard —Jones potential6 with
reference to the Amdur et al. measurements 17:

0.(€,) = 0up(€,) ', 0,0 = 2.270020 m2.  (5)

It is generally agreed that the dependence o.(g,) is
weak, whereas 0.(g;) is strong. However, Eqgs. (4) and
(5) show that o.(g;) /0.(e,) =8.41 £0.08 at ¢ =¢, =
= 4—48 (100—1200 eV). Thus, the elastic scattering
cross section also changes rather markedly with the
speed of the flying particle, and there is a simple and
rather reliable relation between o, and o..

The dependence of coefficients y;y and y,; on the
energy of helium atoms and ions bombarding the
cathode is taken, as in Ref. 9, from the measurements.!8
It should be taken into account that the values of v,
reported in that paper are overestimated by O20%,
what is equal to the measurement error. Considering
this, we can approximate ;1 and Y, as follows:

yi1(81) = bi1 E?‘G + bizv b“ = 012, biz = 01, (6)
ya1(£a) = Cat Ei T Ca2 €4 F Cy3; (7
Ca = =2.120074, c,p = 3.390072; ¢ 3 = —5.850102

at &, = 4-500.
Equations (1), (3), and (4) have a solution in the
form ( )
2V(x
€, = =
) A(N3)[t - Blneg, (x)?
- ] RV (x)  (sa)
1+(2B) T ln[sa (x)/ V(x)] -InV(x)
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where R = [AB (N®)]~!. Since In[g,(x)/V(x)] varies
only slightly with x, it can be assumed constant [/ V],
with a sufficient accuracy. Its particular value depends
on the value of R and the variability range of V(x).
Then Eq. (8a) can be reduced to the convenient form

g,(x) = RV(x) /In[G/V(x)],

=le/ V] exp [1 + 1,/2B)]. (8b)

In the strongly abnormal glow discharge, (N®)agp =
=1.50020 m~2 and the calculation gives [¢/V],, = 0.1.
Then Eq. (8b) takes the form

*) =0.57§ B‘&%—1. (8¢)

V(x) OVi(x)

The number of fast atoms k(xg) in the chain of length
x is equal to

_xo dv  _
AN Fwen

2 O % G 0 u
== ——#+2(1-xy)In(1-xy)
s "VoH ‘ ’F ®
Fast atoms come to the cathode with the energy
€.(x) < g,(x) due to scattering in elastic collisions:

de,(x) = — a (NJ) g.(x) dx, O

0 g.(x) = g,(x) [1- (a,/6) (N®) o.(x) x]6, (10)
where o is the energy transfer coefficient equal to 0.5.
The values of €,(x), €.(x), and A(x) =1/[(NJ) g .(x)]
calculated for the AGD at V(0) =400 (10 kV) are shown
in Fig. 1. The intersection of the curve A.(x) and the
straight line y = x gives the coordinate x,, = A.(x,,).
We can see that elastic collisions significantly decrease
the low energy of fast atoms coming from far away.
Taking into account the fact that the dependence y,(g,)
has a threshold character with gy =4 (100—120¢eV)
(Ref. 18), we come to the conclusion that fast atoms
generated at the distances farther than x, from the
cathode give no contribution to the cathode emission.
At the same time, energy loss by the fast atom at
€, = &, has practically no effect on A, and x,,. At the
point x,,, the equation

: i

DRV(O)(1 i) D

é‘ Eﬂm@ )" %

following from Egs. (3), (5), and (8b) is fulfilled. At
low voltages (V(x) < 100), the chain lengths for fast
atoms is restricted by the condition e(xy,) =g, =4, ie.,
X < 4, and xy, can be found from Eq. (8b).

(11)

(N6)060 Xm =

—

Vol. 14, No. 11 /November 2001 / Atmos. Oceanic Opt. 971

E, V, A\ 1 —E()/EW0) & &
1.0F 2- V() /v 130
32— A1) ]
08: 4 - EH(JC) :40
0.6f 130
0.4 120
0.2 110
: : ; :Eth
SR AN PP S SN BN B
i 0.1 0.2 0.3 0.4 05 2,80

Fig. 1. Distribution of main parameters in the CF zone in
strongly abnormal glow discharge. The vertical dashed straight
lines show the length A, measured from the cathode.

The obtained data allow us to estimate the
maximum value of y, ;(xp) from the chain of fast atoms
generated by one ion starting from the point xy < x,,:

Valrg) s — 2 R v2(0)+

5In|G/V(0)
+ 2¢,9 V(0) xg (1 — x0) + a3 k(xp), (12)
Ar(0) ‘
Vi =by ‘[[v<0)—v<x)1°~" %wiz <
< 0.95 by [V(0) A,€0)]%6 + by, (13)

Here A (0) =1-[1-¢€(0)/V(0)]'/2. The limiting
value for y, is obtained with neglecting the energy loss
by fast atoms generated in the interval [0, x,] because
of the complexity of calculations at substitution of
Eq. (9) into Eq. (12). The losses are taken into account
only in determination of the chain length and its
restriction by the length x,,.

For the strongly abnormal glow discharge, we
obtain from Egs. (8c) and (10)-(13) the following
results for the chain of the length x = x,,, xy,. At the
voltage V(0) =400 (10 kV): «,, = 0.55, k(x,) = 10.8,
A(0) =5.870072.  Consequently, vy, <4.3, V;<0.9,
Yd € 5.2. At the voltage V(0) =200 (5 kV): x,, = 0.4,
k,=8.65, A, =5.30072, y, < 2.4, y; < 0.57, and yq < 3.0.
At the voltage V(0) =80 (2 kV) xy, = 0.21, ky, = 5.1,
A =70072, y, =0.22, v, = 0.43, and yq = 0.65. At the
same voltages, the equation in Ref. 9 gives yq = 14.8,
6.7, and 2.0, respectively, i.e., 2.8, 2.3, and 3.1 times
larger. The difference of 2.3-3.1 times in the obtained
values of yq within the domain of applicability of the
equation in Ref. 9 points to somewhat incorrect
computational technique in Ref. 9.

Equations (8b) and (9)—(13) describe the general
case and are valid at any values of (Nd) and at linear
character of variation of the field (3). They suggest the
following conclusions.
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1. At V(0) = const with the increase of (N3), the
parameters R and G decrease in the inverse proportion.
The parameter (1 —x,)? increases with (N3), but
somewhat slower. Therefore, although x,, decreases,
k(x,,) increases. As a result, the second (positive) term
in Eq. (12) for vy, decreases very slightly, and the
negative first and last terms change significantly in the
opposite directions. In fact, the integrated effect is
determined by the relationship between the first and the
last terms. Thus, the value of y, in our case can both
increase and decrease at the increase of (N3) depending
on the particular conditions. However, taking into
account the character of variation of G and (1 — x,,)2
depending on (NJ), as well as the dependence of the
first and the third terms on R, we conclude that if the
first term is smaller than the third one in the absolute
value, then vy, decreases at increase of (N®). This is in
fact the condition imposed on the magnitude of V(0).
It can be expressed in the following form:

V(O)s1+ln[IGe/V(0)] /5013 [xm,th . (14)
Ci1

For orientation, we estimate the value in the right-
hand side of Eq. (14) under the AGD conditions.
Substituting the values of R and G (estimated above)
and (1 — x,,)? = 0.31-0.36 in AGD, we obtain

Vin(0) = 44 {1 + In [60004 / Vi, (0) ]}, O
O Vin(0) = 280 (6.9 kV). 15)

At V(0) < V;,(0), the coefficient y, decreases with
the increase of (Nd), and at V(0) = V;,(0) it increases.

2. It also follows from Eq. (14) that the larger is
(Nd) in discharge, the higher is Vi,(0).

3. Evolution of the emission coefficient
Y4 in the open discharge

The recent measurements of profiles of the field
E(x) in different moments of time !0 gave an interesting
material for analysis of the processes proceeding in the
open discharge. The measurements are depicted in
Fig. 2. They allow us to determine the coefficient y4 at
the time when: (a) the discharge current pulse achieves
its maximum (superscript (m)) and (b) at the mid-
point of the drop (superscript (=)):

o ]-C(lm) - j((jm)
Vet O =1, 16
¢ jm () ¢ 00

( m

where j4 ) is the density of the total discharge current
at the maximum; ;™ 7(0) is the density of the ion
current at the cathode at the corresponding time. The
latter can be calculated from the well-known equations
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7i(x) = ni(x) vi(x); n(x) = — gy dE(x) /dx;

0;(x)=TVE) /N, an

where g is the dielectric constant; n; and v; are the ion
density and the drift speed; T is the known constant
equal to 10013 for He" ion in helium. The values of
E(0) and dE(x)/dx|,—¢ can be determined from the
profiles of E(x) in Fig. 2. Likewise, we find
Us=E(0) d/2. Some examples of calculation of

ugn?, i7(0), and y{" ™ are tabulated below.

30 | E, MV/m

He: 2.7 kPa Us |]£lm) | U(m,*)
(7)7)

U 7.8

9.8 45 -
0 v sa
R NS— U(m) 71

20 % ~
. 8.5 34 “)

0
a
18 E, MV/m
6L He: 5.3kPa | U, |jf{") | v
‘ o P U(m) 48
14 ... 0.0« U(*) 3.9
12k - A o " U(m) 44
10 o o c s A -9 U(*) 3.5
- B ) U(nz) 39

0 0.2 0.4 0.6 08 «x/d

Fig. 2. Measured!? distributions of the electric field over the
length of the interelectrode gap (1.2 mm) at the time when
the discharge current pulse reaches its maximum (solid line)
and at the mid-point of its drop (dashed line); Uy are the
values of voltages in kV: initial voltage, voltage at the
maximum, and voltage at the mid-point of the drop; Jq is the
discharge current density, in A /cm?2, at the maximum.
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P, j, A/cm? Us, kV Yd Yo

. . = o) O = ) =
KPa | jo [0 | ;2 [ of” [ ol 1y [ [ w” | %
2.7 45 4.5 7.5 4.8 4.1 9 2 7 0
5.3 37 1.3 2.4 2.8 2.5 27.4 7.7 >25.4 >5.7

First of all, it should be noted that (Nd) = (N3) sgp

and yé_) = yagp at a pressure of 2.7 kPa at the mid-
point of the drop (see calculations in Section 2). On
the one hand, it is known that in the AGD the
contribution of photoelectronic emission from the cathode
to the discharge current is insignificant.!920 On the
other hand, taking into account the dependence of yagp
on Ug and (Nd) obtained in Section 2, we come to the
conclusion that vy, 02 at 2.7 kPa at the maximum

discharge current and Y2~ < 2 at 5.3 kPa both at the
maximum current and at the mid-drop. Consequently,

(m,—)

the rest of vy is the contribution of photoelectronic

emission from the cathode: y\(,m’_) = yﬁm’_) ~ Vita > VY4 — 2.
These values of y\(,m’_) are given in the last two columns
of the Table. It turned out that at the maximum
discharge current the photoeffect under external UV
irradiation is the dominant process of the electron
emission from the cathode, and its role increases as the
gas density increases. It follows herefrom that already
at rather low discharge voltages the efficiency of
e-beam generation achieves [00.9 and even 00.96. The
obtained data are in a close agreement with the
experimental results. 2!

4. Possibility of the efficient e-beam
generation at d <A,

Consider the statement formulated in Refs. 1 and 6
and somewhat corrected in Ref. 7: in the open
discharge with the grid cathode, the electron beam is
generated with n 0100% at the size of the CF zone
d< A, Let us estimate some results of experiments! 6
conducted in neon. In the approximation of the linear
field (3), from Eq. (1) we find A, = &:

Al =(AN) [1 = BInV(0)] [1 + 4B — BInV(0)]. (18)

In neon A = 2.3300719 m2 and B = 7.50072 (Ref. 16).
Herefrom, at V(0) =200 (i.e., 5kV) and the neon
pressure of 1 kPa (N =2340023 m3), we obtain
A = 3.401075 m. In this case, the strength of the field
at the cathode E, = 2.9 108 V/m, and this value 5 to
6 times exceeds the ultimate value for appearance of
explosive-emission processes. 1922 Consequently, the
case &=MA, at cathode sparking (i.e., under the
conditions observed in Refs. 1 and 6) is possible only at
the voltage in the CF zone no higher than 2 kV, which
was actually realized in these experiments (the value of
the voltage can be judged from the depth of e-beam
penetration in the gas).

Another important parameter is the value of the ion
current at the cathode, which is determined by the “3,/2”
law at d=A, (Ref. 20). In neon at a voltage of 2 kV
across the CF zone, we obtain 8=2.8 010 m and
7; = 1.38 0106 A /m2. This situation corresponds to the
conditions of the initial voltage of 5 kV and the neon
pressure of 1 kPa in Ref. 6, at which the inverse e-beam
with the current of 30 A was obtained at the discharge
cross section of 1 cm2. Then, with allowance for the
anode grid geometric transparency of 0.75, we obtain
the ion current of 034 A to the cathode. Consequently,
the efficiency of generation of the inverse e-beam (IEB)
in the discharge with the grid cathode is
N = Iigg/ g *+ I;] < 50%. We can hardly expect the
significant increase in n at &= A, without decreasing
the gas pressure.

Thus, we present the technique for calculation of
the coefficient of electron emission from the cathode
under bombardment of its surface by fast gas particles.
The estimates obtained for the abnormal glow discharge
Ya,i agree well with the literature data, which,
unfortunately, are very scant. It has been shown that
the values of yq in the AGD calculated in Ref. 9 are
strongly (2.3—3 times) overestimated. This means that
the e-beam generation with the efficiency of 0.9 and
higher in the open discharge at the voltage of 4-7 kV
and the helium pressure of 2 kPa cannot be explained
by the mechanisms of electron emission from the cathode
that are responsible for development of the glow
discharge. The behavior of the emission coefficient Y, ;
was studied as a function of parameters of the CF zone.
The obtained dependences were used to analyze the
experimental results. As a result, the dominant effect of
the photoelectron emission from the cathode was shown
for the phase of the open discharge evolution, in which
the high-efficiency e-beam generation occurs.
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