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Physical processes in an open discharge that are responsible for high efficiency of electron beam
generation are studied. It is shown that effective e-beam generation is due to electron emission under
conditions of UV irradiation and significant field distortion in an accelerating gap with simultaneous
suppression of electron multiplication processes. The 99.8% practical efficiency of e-beam generation is

achieved.
Introduction

Open discharge! (OD) arises in a narrow gap
between a cathode and a perforated anode with an
extended drift space behind it. Thanks to the capability
of generating electron beams of keV energy with high
efficiency, OD is a promising pump source for medium-
pressure gas lasers.2> However, OD itself is an object
of intense studies. Nevertheless, in spite of two decades
elapsed from the time of the first publications57 and
more than 100 papers devoted to this subject,® the main
OD features and even its place among other discharges
are, in essence, an open question. The main discussion
questions, whose answers just determine the promises of
OD usage, are the following:

1. Whether the photoemission from the drift space
(DS) is a prevailing or at least significant channel of
electron emission? In early papers, it was assumed that
the photoemission is the main supplier of electrons to
the beam current.!,9:10 However, then this opinion was
rejected in Refs. 11-14 for the mechanism of ion-
electron emission, as in the abnormal discharge (AD)
with e-beam. 15

2. Whether the open discharge is a sort of the
well-known abnormal discharge and, consequently,
obeys its main laws, in particular, the volt-ampere
characteristic (VAC) in He obeys the law!0:

j/pt=25-10"02 (1)

where j is the current density; p is the gas pressure; U,
is the cathode voltage drop.

For the first time, the unusual VAC of the open
discharge was noticed in Ref. 16. However, in Ref. 10
the conclusion was formulated that the open discharge
VAC in a wide range of conditions obeys the law (1)
and thus the open discharge is almost equivalent to the
abnormal discharge. This sharply restricts the OD
applicability because of intense cathode sputtering and
impossibility of high-efficiency e-beam generation in the
ordinary abnormal discharge at py. > 3 Torr (Refs. 15,
17, and 18).

3. Where do electrons accelerate: in a narrow
cathode region or in the entire accelerating gap (AG)?
The available experimental papers on measuring the
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field in the accelerating gap19=21 poorly agree with each
other and with theoretical calculations.® At the same
time, the character of the field distribution plays a very
important role in the OD glow mechanism and in
formation of its principal characteristics. With the
close-to-uniform field distribution,2! it is impossible to
obtain m ~ p (n is the efficiency, p is the geometric
transparency of a mesh anode), since it is known?2 that
the mesh in this case intercepts the far larger part of
the electron beam than it follows from the geometry.
On the other hand, from the measurements in Ref. 19 it
follows that in the dense OD ply <<0.37 pl,. This
contradicts the well-known relationship for the glow
discharge pl, = 0.37 pl, (I, I,, and [, are, respectively,
the length of the cathode voltage drop (CVD) region in
the open, abnormal, and normal discharges). The
inequality ply <<0.37 pl, allows, in principle, obtaining
N ~ W, but immediately brings the OD out of the class
of glow discharges.

Thus, the state of the art in the physics of the
open discharge is not satisfactory. Revision of the
already known results is needed, as well as new
investigations which could help to overcome the above
difficulties. Just this is the main subject of this paper.

1. Instrumentation and methods

Experimental studies were conducted in gas-
discharge cells with an extra mesh.23 This made it
possible to independently control the emission from the
drift space and to eliminate field sagging24.2> to it.

Sets of identical cells with different lengths of the
drift space and different areas of the cathode open part
were used. This allowed the OD properties to be
studied depending on the photoemission power, which
is connected with the cathode diameter, and the glow
area in the drift space by the equation:

T [
00 (2 +22)2

where I is the specific radiation intensity; R is the
radius of the cathode open part; % is the length of the
drift space.

jdr dz, )
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Two modes of the OD glow were mostly studied,
namely, (1) continuous mode with the current density
up to 5 mA/cm? and (2) quasi-continuous mode with
the current density up to 1 A/cm? and duration of a
rectangular pulse t=10 us and up to 10 A/cm? at
=1 us.

2. Electron photoemission in an open
discharge

2.1. Effect of discharge in the drift space on
open discharge properties

The available papers on the OD give no direct
proof for existence of photoemission from the cathode
under its exposure to VUV radiation from the drift
space. To find such proof in this work, a continuous
discharge, in which a collector served a cathode, was
initiated in the drift space. Continuous voltage was
applied to the accelerating gap, and the current in it
was measured under different conditions.

In Fig. 1, we can see a complex dependence of the
current in the gap on the voltage U, applied to it.
First, it should be noted that the current of the gas-
filled diode is far lower than the current of the vacuum
diode j, =2.34 - 1076 l;z US/Q (curve 7, Iy is the gap
length) even at the voltage from 1 to 10 V, at which
the photocurrent is still far from saturation and
independent of the intensity of UV irradiation. This
difference is especially large at a high He pressure. At
the voltage Uy = 50—100 V the photocurrent enters the
first stage of saturation, and its dependence on the
irradiance becomes evident. However, at Ug 2100 V
the probability of helium ionization by accelerated
primary photoelectrons, as they cross the gap, becomes
close to unity, what finally at Uy =400V leads to
almost threefold increase of the current as compared
with its value at the first plateau. At Uy > 400 V the
diode current begins to decrease, and then at
Ug > 560 V a sharp increase starts. The decrease can be
explained by the passage of the energy region with the
maximal electron multiplication value. According to the
theory of runaway electrons developed in Ref. 26,
running-away in He under these conditions begins with
the voltage Ug ~ 200 V. At Ug > 400 V the effect of
runaway electrons, including secondary electrons,
whose number decreases, becomes so significant that it
leads to decreasing VAC. However, at Ug > 560 V the
penetration of beam electrons into the drift space and
the excitation of the working gas by them become a
considerable factor in UV irradiation, what leads to the
increase of the current. This stage has a pronounced
breakdown character in the voltage region from 570 to
600 V. At Ug > 600 V the current in the accelerating
gap evolves already by the laws of the open discharge.

The threshold field strength, at which an OD arises,
is equal to E/N=167-103TD, and at E/N>
>1.77-103TD (Ug> 600 V) the discharge becomes a
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clearly pronounced OD (E is the field strength, N is
the concentration of particles; 1 TD = 10717 V - cm2).
In this case, it is not a self-sustaining OD, since
shutdown of artificial irradiation or decrease of its
power quenches the discharge in the accelerating gap.
The self-sustaining OD glows at E/N > 2.5 - 103 TD.
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Fig. 1. Voltage dependence of the current density in the gap:
pe =5 and 15.5 Torr (1 and 2) and py = 9.6 Torr (3-6);
Iq=2.5mA (1-3,5) and I4 = 7.5 mA (4, 6); I4 is the current
in the drift space.

The obtained data directly prove the existence of
considerable photoemission from the cathode of the
accelerating gap due to UV illumination from the drift
space. To study its effect on the OD characteristics in
the cathode—anode gap with the mesh diameter
dy = 12.5 mm, continuous self-sustaining discharge was
initiated in helium. For its stabilization, the ballast
resistor R}, was connected in series. The measured
parameters were the discharge current and the voltage
across the accelerating gap. Then the constant voltage
was applied to the second mesh — electron collector
(EC) gap and the characteristics of the discharge in the
accelerating gap were measured. The extensive studies
under various conditions have shown that voltage
application to the drift space always lead to the current
increase in the accelerating gap. The corresponding data
are partly presented in Ref. 23, and in more detail they
will be reported in our next paper.
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As an example, Fig. 2 shows the current in the
accelerating gap in relation to its initial value
[(Ig/1g0) - 100%] as a function of (Pg/Pg) - 100%,
where P is the power scattered by fast beam electrons
as they move in the drift space at I = Iy, and Pg is the
power of discharge in the drift space as calculated by
the equation Py = Uy Iq (U4 and I4 are, respectively,
the voltage applied to the drift space and the current of
the non-self-sustaining discharge through it). The
energy loss of keV-energy electrons was calculated
based on the data of Refs. 5 and 27-29. It can be seen
from Fig. 2 that the discharge in the drift space
strongly affects the current in the accelerating gap.
This effect can be caused only by photoemission, since
the drift speed of ions from the drift space under the
effect of the field is more than an order of magnitude
lower than the thermal speed.30
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Fig. 2. Increase of the current in the gap vs. the relative power
of discharge in the drift space: continuous mode (7, 2) and
quasi-continuous mode (3); Iy = 1.5 mA (7, 2) and 0.4 A (3).
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2.2. Mechanisms of VUV radiation generation in
open discharge

As it was shown above, the radiation generated in
the OD affects the current in the accelerating gap and,
consequently, electron emission from the cathode. It
proceeds under the exposure to VUV radiation (VUV
quanta) generated at transitions from the resonance and
other excited atomic states to the ground state. The
states are excited at collisions with beam electrons
accelerated in the accelerating gap and entering the
drift space, as well as due to the generation of electric
fields accompanying the e-beam generation and
propagation.243! In He the mean energy of VUV quanta
hvpge ~22eV and in Ne hvye ~17.5€eV. For this
radiation, according to Refs. 32—37, the photoemission
coefficient Yp = 0.15-0.2 when using massive Al, Fe,
Mo, Ta, or W cathodes in OD.

Finally, we are interested in the number of
electrons yy, emitted from the cathode under the effect
of VUV quanta generated at deceleration of one
electron. The condition for prevalence of photoemission
and obtaining m ~ p is fulfillment of the approximate
equality yz, ~ 1. The parameter ys, can be written as:
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Tsp =vpu(hv)‘1Z j(dEi /dn) I (om, (0dx, (3)

where dE;/dx are energy losses of all types arising at
beam propagation in the drift space; I; is the geometric
factor (2); m, is the energy fraction consumed for
excitation of the emitting atomic states in the working
gas. The increase of vy, at oblique incidence33:38:39 was
ignored. Let us consider the most important processes
of generation of VUV radiation and estimate their
contribution to yz:

The parameter y,4 is conditioned by direct energy
losses of beam electrons at their motion in the medium
as calculated based on the data of Refs. 5 and 28.
According to Ref. 29, n, = 0.3 at e-beam generation, and
the remaining ~ 70% come for ionization. About 2,3 of
excitation energy comes to the resonance state. More
recent calculations® give ~ 51% for ionization and the
rest for excitation. For Ne m, is somewhat higher.
Radiation trapping was also taken into account. In the
continuous mode, as well as for Zn and Hg (Ref. 40),
1, is much higher thanks to recombination flux and
equal to ~ 0.8;

The parameter v, is conditioned by generation of
induction and compensation currents24:3! significantly
decreasing the e-beam penetration depth. This effect
can be easily taken into account based on the
experimental data on the e-beam penetration depth.41,42
In the discharge arising in this case n, = 0.5 for He and
n, = 0.6 for Ne;

The parameter v,3 is caused by field sagging in the
drift space and excitation of the working gas in the
non-self-sustaining discharge in this field. It plays a
significant role only in continuous-wave beams and at
the initial stage of a pulsed beam, when the field in the
gap is not distorted by volume charges!9-21;

The parameter y,4 is conditioned by inelastic and
elastic scattering of fast electrons at the surface of the
anode mesh43747 and excitation of the working gas by
them;

The parameter vp5 is conditioned by the secondary
electron emission from the anode43-45;

The parameter v, is conditioned by excitation of
the gas in the gap by electrons starting from the
cathode and being at the acceleration stage, as well as
the accelerating secondary electrons.

Table 1 presents the results of yz, calculation for
the typical examples of e-beam generation in OD in a
wide range of conditions. To assess the applicability of
the calculation technique, the last row presents the
results on yy, in the classical case of normal glow
discharge in He (Ref. 49), py. =2 Torr, d.=9.3 cm,
lg=1.6 cm. It can be seen from Table 1 that for the
normal discharge vy, = 0.066 <<1 and photoemission
contributes insignificantly to the electron emission. In
all considered cases, ysp > 1 in OD, what confirms the
conclusion on the considerable effect of photoemission
on the electron emission at all stages and in all modes
of the open discharge.
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Table 1

# lg;élldy j;l‘z Gas Tl()) ‘rr Mode g{{/’ ]gA /{;}/28’ Ypt | Yp2 | Yp3 | Ypa | VYps | Vp6 Yep | Ui/ Tedvsi Ref.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 1,22 1.2 Ne 3.2 C 0.9 0.0015 0.67 — 0.09 0.09 0.04 0.16 1.05 0.04 t.p.
2 10.7/50 33 He 2.0 C 5.0 0.0133 043 — >08 — — — > 1.2 0.04 48
3 1,22 1.2 He 10.6 C 1.12 0.001 0.63 — 0.09 0.08 0.04 0.28 1.12 0.07 t.p.
4 1,20 0.5 Ne 4.5 QC 2.46 0.41 0.42 — 0.25 0.15 0.10 0.25 1.17 0.03 19
5 10.5/50 0.8 He 30 P 5.8 30.6 0.17 061 — 021 — 0.13 1.12 0.03 24
5 10.5/50 0.8 He 30 P 7.8 <1072 015 — 096 0.27 0.19 0.13 1.7 0.02 24
6 1,50 1 Ne 7.5 P 3.8 30.0 036 208 — 017 — 0.42 3.03 - 42
7 1,/30 1 Ne 2.2 QC 8.5 0.2 009 — 068 0.32 0.20 0.1 1.11 — 14
7| 4/30 1 Ne 2.2 QC 7.3 2.7 0.10 — 0.05 0.28 0.02 0.72 1.17 — 14
8 14.5/99 103 Ne 2.3 P 8 3.0 082 — 0.10 0.28 0.03 0.20 1.43 — 4
9 — — He 2.0 C 0.165 1073 0.03 — — 001 — 0.026 0.066 — 49

Notes: C means continuous mode; QC means quasi-continuous mode; P means pulsed mode; t.p. is for this paper.

To determine whether photoemission is a decisive
factor that determines the OD properties, we have to
study the conditions of self-sustaining and their relation
with the emission mechanism and reliably established
main OD parameters, in particular, the efficiency of e-
beam generation.

3. Efficiency of e-beam generation

and its relation with the conditions

of discharge self-sustaining and the
mechanism of electron emission

The high efficiency of e-beam generation in OD,
roughly equal to the geometric transparency of the
anode mesh, imposes certain restrictions on fulfillment
of the self-sustaining conditions and the mechanism of
electron emission. For illustration, we analyze the
already mentioned experiment from Ref. 24, which was
considered in Refs. 12 and 14 as the typical for the
pulsed open discharge and unexplainable from the
viewpoint of the photoelectron mechanism. Figure 3
depicts the oscillograms of voltage Ug across the
accelerating gap (1), e-beam current I, (2), and anode
current I, (3) in He at the pressure of 4 kPa and the
geometric transparency of the anode mesh p = 0.75. It
can be seen from Fig. 3 that the efficiency of the e-
beam generation behind the anode at the maximum e-
beam current is

n=1./U,+1)=224/(22.4+8.2)=0.732. (4)

Since a part of the beam is intercepted by the
mesh, for physical investigations it is useful to apply
the concept of the internal efficiency of e-beam
generation in the gap n;, (Ref. 19), which is equal to n
at p - 1:

nin:Ie0/1e+Ia:Ie/(le+Ia)H:T]/Hv (5)

where I,y =1I./u is the e-beam current inside the gap.
For the cited case u = 0.75 and n;, = 0.976.

Consider the restrictions imposed by m;, = 0.976
on the mechanism of electron emission. At
photoemission, mj, ~1 is fulfilled automatically if

ysp > 1 and the ion current to the cathode is low. The
same is true for the self-sustaining condition. However,
fulfillment of Ysp > 1 still does not mean that, for
example, a pulsed open discharge is a photoelectron
one. It may turn out that every electron emitted from
the cathode generates so many ions with such energy
that the total emission under their effect is much higher
than the photoemission, as in ordinary glow discharges.
Therefore, it is necessary to estimate the contribution to
electron emission at cathode bombardment by heavy
particles.
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Fig. 3. Oscillograms of voltage across the cathode (1), e-beam
current at the collector (2), and the current in the anode
circuit (3) at Iy = 0.5 mm, pge = 4 kPa, and the cathode area
S. = 0.8 cm? (Ref. 24).

3.1. Mechanism of ion-electron emission

To determine the contribution of the ion
bombardment of the cathode to the electron emission,
let us express the anode current through the e-beam
current intercepted by the mesh and the current of
secondary electrons in the gap that compensate the ion
current to the cathode I;:

I, =1 (1_“')"'_]1' (6)
It can be shown that
Ieo/Ii = Min/ 1 = Nips 7
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and this leads to the value:
I/ I; = 40.7. ®

Equation (8) means that every ion reaching the
cathode should knock out ~ 41 electrons, i.e., the
coefficient of ion-electron emission should be v; ~ 41.
Actually, for the Al cathode used in Ref. 23, y; ~ 0.48
(Refs. 32 and 50), if E; =6 keV. This condition is
fulfilled, when ions are accelerated at the length /) of
the CVD region roughly equal to the ion mean free
path before collision in the recharging reaction Iy ~ A,
(Ref. 19) and the whole applied voltage Uy is
concentrated within [y. Thus, the actual coefficient of
the ion-electron emission is two orders of magnitude
lower than needed to explain the experimentally
measured efficiency of the e-beam generation.

3.2. Mechanism of atom-electron emission

Tons are accelerated up to the energy
E;~eUgy=6keV only if Ij~2i. At [p>2A. an ion
acquires lower energy because of the loss during the
reaction of resonance recharging. Consequently, v;
decreases. 32,50 However, fast atoms are generated in the
recharging reaction, and they also can cause the
electron emission with the coefficient y,. Let us
estimate this effect.

We still assume that the voltage drop is mostly
concentrated in the cathode region, but its length can
be arbitrary up to the CVD length of normal
discharge.>! As [; increases, the total electron emission
ys; per one ion reaching the cathode can be calculated
by standard methods.15:52 In calculations we took into
account the data on y; at E; > 2 keV from Refs. 32, 50,
53, and 54, at E; <2 keV from Refs. 55 and 56, and
for vy, from Refs. 38, 55, and 56. The recharging and
elastic scattering cross sections were borrowed from
Refs. 45 and 57-59 for helium and from Refs. 45, 59,
and 60 for Ne. The plot obtained for He is depicted in
Fig. 4. According to this plot, yg(max) =y; + 2y, =
= 0.72. This value is far (~ 57 times) smaller than y
needed for fulfillment of Eq. (8).

3.3. Effect of the surface state on vy;

Because of pollution of the working gas and
formation of surface layers on the cathode, ys; in actual
beam experiments may be much higher than that
depicted in Fig. 4 (Refs. 38, 52, and 61-63). Therefore,
in e-beam generators based on abnormal discharge
under the conditions of technological vacuum, the
efficient vys; is calculated from the ratio of the power
transferred by e-beams to the power scattered at the
cathode. !> The obtained empiric dependence has the form
Vsi ~0.2103 eUg.  For Al in  Ref. 15 yg5~1 at
Ug=6kV, what is 1.4 times higher than for the
ultrahigh vacuum (Fig. 4), but 40 times lower than
needed for interpretation of the experiment.24
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Fig. 4. Total electron yield as a function of the energy of ions
and fast atoms at the voltage of 6 kV across the gap.

To increase vy in e-beam generators based on
abnormal discharge, mixtures with O, additives are used
to form the Al,Og film of the optimal thickness and the
highest y; , on the cathode surface.!? Figure 5 shows the
potential distribution (curve 1) in the cathode region
for such discharges (in NI coordinates, [ is the distance
from the cathode),54 as well as the potential
distribution in OD (curve 2) used in Ref. 52 to
calculate yy;. It can be seen that for the conditions of
Ref. 64 E/N and, consequently, the effective vyy; are
higher than for the conditions of Ref. 52. However, in
both cases, m < 40% (Refs. 17 and 65) (the value
N ~ 40% in Refs. 17 and 65 corresponds to the higher
current, temperature, and E/N than those, at which
the potential distribution was measured in Ref. 64).
Consequently, under the conditions of Refs. 17 and 65
and especially Ref. 52, ys; < 0.7, what is 60 times lower
than needed for interpretation of the experiment.24 The
actual contribution of the emission under the effect of
heavy particles to the total OD current is shown in the
15th column of Table 1 as calculated based on the
current data on y; and y, and the measured n.

STE/N, 104 TD

0

0 0.5 1 1.5 NI, 1016 ¢m~2

Fig. 5. Field strength distribution in abnormal discharge with
e-beam®4 (1) and open discharge?!5%2 (2), pp. = 1.3 (x) and
2.3 Torr ().
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4. Volt-ampere characteristics and their
evolution

Studying volt-ampere characteristics, their
evolution, and dependence on the discharge geometry is
very important for investigation of the open discharge
mechanism. The pulsed and continuous modes of the
discharge glow are now studied most thoroughly. The
analysis of the literature data presented in Table 2
shows that in the both modes the VAC of the open
discharge differs widely from the VAC of the
abnormal discharge. The data on the experimental
current density for OD jg and calculated by Eq. (1) for
abnormal discharge j,q are given in Table 2 for different
stages of the OD evolution: at the voltage Ug(m) across
the gap — when the current is maximal and at Ug0.5) —
when the current is halved at the pulse trailing edge; for
the continuous mode Ug(m) is the constant voltage
across the gap. For comparison, we also present the data
on the current density in the classical abnormal discharge
with e-beam from Refs. 18 and 65.

Table 2
He ,
Uy(m),|Ux€0.5),| 7 Jad Jad

# | pressure, | 878 ’ & ad — | Ref.

Torr kV kV  |A/cm?|A/cm? Ja

Continuous mode
1 1 5 — 0.114 0.312 2.74 65
2 1 2.5 — 0.025 0.039 1.56 65
3| 2.0 5.45 — 0.021  1.62 77 48
4 7.3 1.72 — 0.0015 0.68 453 t.p.
5 |11 1.04 — 0.001  0.34 340 23
6* | 9.6 0.63 — 0.00137 0.058 42 t.p.
Pulsed mode

7 3 2.38 — 0.425 0.303 0.71 18
8 20 7.8 — 45 475 10.6 21
9 20 — 51 225 132 5.9 21
10 40 4 — 60 256 4.3 7
1| 40 4.8 - 37 442 119 21
12 40 — 39 19 237 12.5 21

* OD with artificial photoemission (see Fig. 1).

The VAC of the open discharge differs from the
VAC of the abnormal discharge, as demonstrated in
Table 2, first, because of different mechanisms of electron
emission from the cathode. In view of the photoelectron
character of the emission in the open discharge, the
current in this discharge is always lower and depends on
the size of the drift space and geometric transparency of
the mesh. This was noted in all papers devoted to the
open discharge investigation. For the pulsed open
discharge, this effect was studied in detail in Ref. 25.
In this paper, we present the data for continuous OD.

Figure 6a shows the dependence of the current
density in the gap on the beam cross section area for
the case when a part of the cathode is covered by a
mica plate. The dashed curve here is for the dependence
of the relative cathode irradiation on the area of its
open part. It can be seen that as photoemission
increases due to the cell geometry (2), the current
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density increases too, as in the pulsed discharge at
variation of u (Ref. 25). An interesting feature of the
data shown in Fig. 6 is that not only the current
density, but also the efficiency of e-beam generation
significantly depend on the beam cross dimensions. This
fact explicitly points to the photoelectron character of
the emission under these conditions.

100 Jg, pA/mm?
e 14
/ b
///- / /4 "
—— 7’ £
] A LA
=
10 = 4
_ -~ - ]
L7 e | ——1500 V
—=—1890 V
A ——1740 V
- —— Theory
1 1 L1
a
go[ -7 — T
AT
/ﬁj/r’_—"‘//
50 f/
- 1890 V
40 1740V
1500 V
30 /
L
20 =]
=
10
1 10 100
Se, mm?

b

Fig. 6. Dependence of the current density (a) and e-beam
generation efficiency (b) on the area of the cathode open part
and voltage across the gap; pxe = 1.6 (@) and 2.6 Torr (a, #).

The VAC under the quasi-continuous conditions
was studied only in Ref. 10, where it was noted that as
the pulse duration increases, the quasi-stationary stage
of the open discharge is formed. The VAC in this open
discharge obeys the law (1). Because of the importance
of conclusions about the physical processes in OD
which follow from Ref. 10 (for example, in Ref. 14), it
is necessary to study the VAC of the quasi-stationary
discharge. The results of such studies are presented
below. In order to compare the results with the data of
other authors, the measurements were conducted mostly
with He as a working gas. The current ranged from
30 mA/cm?2 to 1 A/cm? at the rectangular pulse
duration T =10 ps and to 10 A/cm? at t =1 ps, and
the He pressure ranged from 16 to 30 Torr.

In Fig. 7 curves /-3 are for the VAC of quasi-
continuous discharge at different values of the He
pressure close to the value optimal for OD glow and e-
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beam  generation, ply = 1.6-3 Torrem  ((plg)opt =
= 2 Torr-cm (Ref. 7)), and curve 4 is for the VAC of the
abnormal discharge.!0 In the widest range of j variability
— from 30 mA/cm? to 10 A/cm?, the VAC was
measured at py = 16 Torr. At the higher He pressure,
the quasi-stationary phase of the discharge at high j
cannot be obtained because of the exponential increase
of the current even at Ry, = 0.5 kQ. It can be seen from
the figure that the VAC of the open discharge differs
sharply from the VAC of the abnormal discharge both
quantitatively and qualitatively. This difference
decreases, as the He pressure increases. To be noted in
the first turn is the absence of the law (1) for the
VAC, that is, the VAC at every p is individual.
Another interesting fact is the presence of bends on the
open discharge VAC, which are determined by the
complex dependence of the photoemission intensity on
the excitation conditions.
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Fig. 7. Volt-ampere characteristics of the open (7-3) and
abnormal (4) discharge; He pressure of 16, 24, 30 Torr (1-3);
from Ref. 10 (4).

An unexpected discharge feature at high
j=5A/cm? is that the current density decreases by
the end of the pulse, while the voltage either stabilizes
or even begins to increase. Two processes leading to the
decrease of UV emission and, consequently, the current
in the gap cause this decrease: (a) complete
neutralization of induction and compensation currents,
(b) electron quenching of He emitting states.

Since the electron emission is caused by
photoemission, the VAC for OD should depend on the
drift space geometry and the method of anode
grounding?3 in both the continuous and pulsed modes.
As an example, Fig. 8 shows how the relative current
j7/jo in the gap increases at the transition from
Se=05cem? to Sg=1cm? (curve 7, ©=10ps, Ug
varies from 0.875 to 3.16 kV, the first three points at
low current are obtained for the continuous mode), as
the length % of the drift space increases from 0.3 to
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2 cm (curve 2, T =2 ps, Ug = 1.87-3.46 kV) and at the
transition from the circuit with the grounded anode to
the anode with floating voltage (curve 3, Uy = 1.43—
2.52kV, 1 =4 ps).
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Fig. 8. Relative current increase j/jo: pne = 3.5 Torr,

1, =10 us (1); pne=5.1 Torr, 1, =2 ps (2); pue = 10 Torr,
T, =4 ps (3).

9. Discussion

The data presented in Sections 1-3 evidence that
the open discharge differs considerably from the well-
known abnormal discharge. In particular, direct
experiments confirmed the main feature — photoelectron
character of the open discharge that provides its
capability of high-efficient e-beam generation at
relatively low voltage (several kilowatts) and high He
pressure (tens of Torrs). Below we discuss other
features of the open discharge. The character of the
potential distribution in the gap plays a very important
role in the open discharge functioning. Since this issue
was not considered above, it is worth beginning our
discussion with it.

5.1. Potential distribution in the discharge gap,
its evolution, and relationship with the e-beam
generation efficiency

In Ref. 1, based on indirect evidence, it was
assumed that the potential distribution in the
accelerating gap is sharply inhomogeneous. Direct
probing measurements!¥ show that the CVD length at
the current higher than 20 A/cm? is [y ~A. The
polarization measurements conducted at the initial stage
of a discharge at the maximal voltage amplitude20 (for
detail see Ref. 66) show that already in this case the
field near the cathode is more than ten times stronger
than that in the gap. Comparison of the data from
Ref. 19 for the initial phase of a discharge with the
data from Ref.20 at the close current density
demonstrates a rather close correlation. Klimenko and



A.P. Bokhan and P.A. Bokhan

Korolev!0 and Sorokin!4 hold the idea on the strong
field nearby the cathode.

Somewhat opposite opinion was expressed in
Ref. 21. It follows therefrom that even if the field is
distorted, then only in the final phase of the discharge.
The distortion at the maximal current and at the
leading edge is so weak that the concept of CVD does
not work. The differences are explained by the fact that
when meshes are used as probes,!9 a sparking arises
between them, therefore the measurements of Ref. 19
are incorrect. It should be noted that the assertion
about sparking under the conditions of Ref. 19 is
contrary to fact. On the contrary, systems with meshes
under floating potential are highly stable in operation
and used for obtaining e-beams with improved
characteristics.48

The idea on weak distortion of the field in the gap
conflicts with obtaining n ~ p at the initial stage of
discharge. 425 Actually, at weak distortion of the field
it penetrates behind the mesh, thus distorting
parallelism of force lines in the gap. This leads to
distortion of the electron trajectory and interception of
a significant part of e-beam by the mesh. The theory of
this process is well developed in Ref. 22 and confirmed
by experiments; this gives I, = 21, for the conditions of
Ref. 14. Correspondingly, the theoretical wvalue is
NMmax = 0.33, rather than n = p. Therefore, obtaining
n ~ p is impossible without revision of the results of
Ref. 21.

It can be shown that the method used in Ref. 21
strongly overestimates the potential because of high
capacity of probes and their weak electric coupling
with the volume of the accelerating gap. As a result, the
time constant of neutralization of the probe charge arising
at voltage application is 8t, > 160 ns, what is far longer
than the current pulse. Therefore, the probe potentials
in Ref. 21 reflect, to a great extent, only the weakly
perturbed evolution of the cathode voltage, rather than
the actual distribution of @(x) in the gap. The actual
field in the cathode region can be calculated from the
following prerequisites.

Electrons generated in the gap leave it ~ 150 times
faster than He' ions. Therefore, the increasing
concentration of He' distorts the field, thus preventing
the electron departure. Since d./ly >>1, the field of
ions can be calculated by the equation for charges
uniformly  distributed over a plane, namely,
E, =o,,/2¢), where o,, is the surface charge density
and g is the permittivity of vacuum.

On the other hand, o,, = E4/6 fj(t) d¢, what

leads to the following equation for the time constant of
shielding of the applied field, i.e., if AE(19) = Ug/lg:

T :280Ug56/1g<[g>Eg ’ (9)

where Eg is the energy loss of the electron beam in the
gap; 6 is the energy consumed for generation of one
He* ion, Ey/0 = 0.41 for E. = 6 keV (Ref. 5).
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Calculation by Eq. (9) gives 19 = 1.3 ns at the
maximal current, what is far smaller than the minimal
time needed for an ion to cross the accelerating gap
T4 = 16 ns in the absence of field distortion in the gap
under the conditions of Ref. 24. Consequently, the field
distortion is rather large and it follows ion generation
and accumulation in the gap. As a result, the spatial
charge of ions completely shields the external field in
the most part of the gap already at the discharge initial
stage and strongly decelerates the ion drift beyond the
CVD region, what leads to fast collapse of the applied
field in the narrow cathode region.

Neglecting the ion departure to the cathode, n; =
= 1.61-1012 jons with the total charge g,, = 2.58-1077 C
are generated in the gap at the leading edge as the
current peaks. The field strength of this charge is
E,=1.46108 V/m, what is 12.4 times stronger than
the initial one. As a result, [y = lg/12.4 =4.03-1073 cm,
or Iy = 3A. (E; ~ 2 keV). Processing of the oscillograms
shown in Fig. 3 gives the integral value q,,(i) of the
charge gone to the cathode in the form of the ion
current: ¢,,(i) = 0.54-1078 C or 2% of the total charge,
what confirms experimentally the conclusion about the
current magnitude in the gap. In Ref. 21, where the
gap length was 2.4 times longer and the current was
1.2 times higher at py, = 4 kPa, 1y = 0.45 ns and the
characteristic length Iy ~ 1.4-1073 cm ~ A, (Ej ~ 5 keV).

Since the ion current beyond the CVD region is
Jig ~ Ji» the speed of the electron drift in the gap is
Var ~ Jig/eny ~ 2 10% cm/s. This speed corresponds to
E/N =102 TD (Ref. 30) or Uy = U, =50 V if [y — [, =
= 0.5 mm. Thus, unlike the measurements of Ref. 21,
the field is almost completely concentrated in the CVD
region. However, the residual field beyond the CVD is
sufficient for the time of electron departure from the
gap to be ~ 1 ns, what maintains the volume charge of
ions.

Thus, the ion lag and the absence of the need in ions
for OD appearance and evolution lead to strong
distortion of the well-known inequality for the abnormal
discharge: pl,>0.37pl,. In dense open discharge
plp <<0.37 pl,,. Similar distortions under the conditions
of overvoltage across the discharge gap were noticed
still in Refs. 46 and 67. In Ref. 46 at discharge in
deuterium, E/N = 3 - 10> TD, the current density was
only j =0.22 A/cm?, and I, = 1.1 cm as measured by the
probe method (pp, = 0.079 Torr), what made up

[, = 0.1 1,. This value is even smaller than in the open
discharge. The calculation by the method from Ref. 19
gives for this case: [y = 1.48 cm or [y = 0.135 [,,.

The existence of the strong CVD in combination
with photoemission from the cathode is the main
feature of the open discharge that provides m;, > 90%
in the continuous and quasi-stationary modes. In e-
beam generators based on abnormal discharge, close,
but still less than 90%, values of m;, are achieved only
at very low working pressure (usually less than
0.1 Torr) and high voltage (U > 50 kV) (Ref. 46) or
with the use of specialized cathodes with increased
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emission (Refs. 15 and 17). At py, = 1 Torr, n;, is less
than 80%, and with allowance for gas heating it is less
than 50% at already reduced to the room temperature
PHe ~ 0.3 Torr (Refs. 17 and 64).

Even higher values of n;, in OD (> 95%) can be
achieved in the pulsed mode at the stage of growth and
at the maximal current. The mechanism of obtaining so
high n;, is closely connected with the short length of
the CVD region and the ion lag restricting the ion drift
to the cathode from the region of reduced field. When
calculating n by the method from Ref. 19, due to small
thickness of the cathode layer, wherefrom ions come to
the cathode, the energy loss approximation® is
incorrect, because the probability of repeated ionization
in the CVD region by scattered and secondary electrons

Py ~ P% is far lower than that by primary electrons P;.
Therefore, it was calculated based on the known
dependence of the cross section of He ionization by
electrons®8.69 and the character of potential distribution
in the gap according to measurements of Ref. 19. The
length [y = 4.03 - 1073 ¢cm corresponds to U, = 0.9 Uy,
where U ~ Uy is the total CVD value. Under these
conditions, P; = 3.3 - 1072, at which the ion current at
the cathode j; =0.033 j. and the efficiency m;, = 0.967,
what well agrees with the experimental data
(Min = 0.976).

At the same time, the reports on obtaining n ~p
(Ref. 24) and even m~1, that is, higher than p
(Refs. 13 and 14) should be considered with all due care.
The mechanism of obtaining such phantom n is well-
known?2 and caused by parasitic currents due to inelastic
scattering and secondary electron emission from the
anode. These processes can be neutralized by strong CVD
and rather high pressure of the working gas.

5.2. Mechanism of electron emission and
discharge VAC

In the well known papers, for example, Refs. 10
and 14, where it is believed that the open discharge is a
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paper, in which an attempt was undertaken to calculate
vsi» is Ref. 52. It was shown above that ys; < 0.7 under
the conditions of Ref. 52. Direct measurements of the
ratio I,/1;=6.6 at U =80kV and pp, = 0.08 Torr in

Ref. 46 and at m;, < 87% in Ref. 15 in technological
vacuum at the working gas pressure of 0.035 Torr
indicate that the ratios I./I; =10 and, especially,
I./I; =41 are unachievable at the ion-electron
mechanism of emission. Therefore, in this paper, we
discuss only indirect evidence used in Refs. 10 and 12—14.

The statement on the identity of open and abnormal
discharges is based on the results of VAC measurements!0
under the conditions given in Table 3. Table 3 presents
also the optimal and boundary conditions for existence
of e-beam and open discharge from our pioneering
paper.” It can be seen that VAC in Ref. 10 was
measured in two limiting regions: either at very high
pressures, where the threshold conditions on E /N for
OD are not fulfilled, or at very low pressure, where
OD is impossible because of weak self-irradiation. The
actual VAC of the quasi-stationary OD under optimal
conditions is far more complex (see Fig. 7), and, in the
first turn, similarity laws like the law (1) do not exist
for it.1546,67 The VACs in open and abnormal
discharges differ dramatically for the continuous mode
(see Table 2). Consequently, the conclusion!0~14 on the
identity of abnormal and open discharges following
from the similarity of VAC is unjustified.

3.3. VAC evolution and dependence on
discharge geometry

Using the above results, we consider the OD
properties, which are treated in Refs. 12-14 as
unexplainable from the viewpoint of the photoelectron
mechanism of emission and therefore the latter should
be rejected.

1. Analyzing oscillograms of Ref. 24 (see Fig. 3 in
this paper), Sorokin in Ref. 12 noticed that as the
voltage decreases from 6 kV (maximum of the e-beam
current) to 3 kV, the e-beam current should increase

sort of well-known abnormal discharge and, due to the increase of dE/dx, rather than decrease
consequently, emission is induced by heavy particles, sharply as observed in the experiment. Therefore,
the presented evidence is indirect and based on the Sorokin concludes that OD cannot have the
study of VAC under various conditions. The only photoelectron origin.
Table 3
o

# SZ}I; bl())llo(tm Tofr)d»‘cm U, range, kV E/ fg;i}%e’ Reference

1 + 36.4 0.83...1.79 0.06...0.149

2 A 18.2 1.02...2.32 0.168...0.36

3 O 7.0 1.83...4.92 0.74...1.98

4 [ 0.49 1.91...4.01 11...23 10

5 4 2.0 1.83...2.62 2.6...3.7

6 5 1.0 — —

7 A 0.49 4.85...6.05 28...35

8 = 0.28 5.5...6.75 55...67.5

9 - 2.0 (opt.) 4.0 5.6 S

9 — 2.8 (beam disruption) 3.2 4.5
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At least three mechanisms favor the decrease of
the current: (a) disappearance of photoemission
connected with field sagging in the drift space;
(b) complete  neutralization  of  induction  and
compensation currents; (c¢) quenching of resonance and
other emitting He atomic states by secondary and
discharge electrons accumulated by that time in the
drift space (n, ~5 - 1014 cm™3). From Table 1 (rows 5
and 5’ corresponding to this example) it can be seen
that the total emission due to excitation in the sagged
field (pulse beginning) and the current generated in
the drift space (pulse front) is an order of magnitude
higher than that due to direct beam energy loss.
Consequently, Sorokin in Ref. 12 considered only one
of minor mechanisms of VUV radiation generation,
which only slightly affects the VAC evolution.

2. In Refs. 13 and 14 it is stated that in the case
of the photoelectron mechanism of electron emission in
OD the discharge current in the quasi-stationary mode,
once appeared, should inevitably achieve the value of
the current in the vacuum diode. The actual current
density in OD is four orders of magnitude lower.
Therefore, Sorokin concludes!3:14 that the current in
OD cannot have the photoelectron origin.

Let us consider this statement in more detail. First,
the current in the gas-filled diode should not be the same
as in the vacuum diode. For example, it follows from
Fig.1 that at [g=1mm and Ug=6V at
pre = 15.5 Torr, the current is Jg =23 pA /cm2, what is
more than two orders of magnitude lower than in the
vacuum diode (3.44 mA/cm?). As expected, the
difference increases with the increasing He pressure.
Second, in the case of Ref. 14 there is an efficient
mechanism for OD self-stabilization. As follows from
row 7 of Table 1, the emission mostly originates from
the sagged field region. As a result, the increase of the
current, to the contrary, decreases the emission because
of the decrease of [; and field sagging behind the
anode, and therefore it can be achieved only at
increasing Uy.

Under the conditions, when the role of the sagged
field is small, without application of ballast resistance
at rectangular power supply pulses, the quasi-stationary
mode cannot be achieved as was mentioned above.
However, this OD instability is especially pronounced
in the continuous mode. It can be seen from Fig. 2
(curve 2) that the artificial increase of the energy
pumped into the drift space by 40% leads to the 200%
increase of the current. The extra contribution is due to
the region remote from the cathode, where its efficiency
is halved because of the geometric factor. Besides, the
drift space provides for ~60% of the total power of
emission (row 3 of Table 1). It follows herefrom that
~13% of change in the intensity of cathode
photoemission from the drift space initiates threefold
increase of the OD current. Even stronger effect takes
place at the low intensity of emission, when self-
stabilization caused by the gas heating is stronger. In
this case A(Ig/T4) ~ 60 A(Py/Pey). Consequently, OD
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is actually unstable, what agrees with its photoelectron
origin.

3. In Ref. 14, as the length of the discharge gap
increased from 1 to 4 mm, the current increased by an
order of magnitude, what, in Sorokin’s opinion, does
not fit in the photoelectron mechanism. The data of
Table 1 (rows 7, 7') indicate that the contributions of
the mechanisms yp3, vps5, and y,6 changed totally as a
result of this operation. This led to the change of ys,
and VAC. Redistribution of the main part of
photoemission in favor of the y,6 mechanism at
lg = 4 mm inevitably caused intensification of ionization
processes in the gap, increase of j; and total current,
and, as a consequence, to drastic decrease of 1. As a
result, Sorokin!4 realized the discharge transition from
open to abnormal (known from Ref. 19) through the
increase of the discharge gap length with all the
corresponding consequences.

4. In Ref. 14, as the length of the drift space
increased from 2 to 30 mm, no marked changes were
found in the total current, what, in Sorokin’s
opinion, is also unexplainable from the viewpoint of
the photoelectron mechanism. The results of analysis
of this example are given in rows 7 and 7’ of Table 1.
They demonstrate that these changes should not take
place, since the fraction of 7,1, a single one
depending on £, is actually small and makes up ~0.1
of yzp.

Thus, the main features of the VAC in OD can be
easily interpreted from the viewpoint of the
photoelectron mechanism.

Conclusions

1. The photoelectron origin of the open discharge
is confirmed by direct experiments and estimation of
the number of electrons emitted from the cathode under
the exposure to VUV radiation generated at
deceleration of one electron.

2. Electron emission under the effect of heavy
particles cannot provide both the self-sustaining
character of the open discharge and the high, about the
geometrical transparence of the anode mesh, efficiency
of e-beam generation. The difference between the
number of electrons emitted under the effect of heavy
particles and that actually realized in OD is so large
(up to two orders of magnitude) that it cannot be
explained by experimental errors.

3. The volt-ampere characteristics of OD in all
modes of its glow differ widely from the VAC of the
abnormal discharge. The difference in the current
density depends on the discharge geometry and can
exceed two orders of magnitude.

4. The field in the gap in the dense stage of OD
(G >1 A/cm?) is concentrated in an extremely narrow
cathode region, whose length can be much smaller than
the limit CVD length of abnormal discharge, up to the
ion mean free path. The comparable field distortion
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occurs also in discharges of other types with high-
efficiency e-beam generation.

5. The OD capability of e-beam generation with
Nin > 90% at the increased, as compared with abnormal
discharge, pressure of the working gas is intimately
linked with its photoelectron nature and strong
distortion of the field in the discharge gap.

6. A consistent explanation to all phenomena in
OD is given from the viewpoint of the photoelectron
mechanism, although earlier it was considered
impossible.

7. A set of OD characteristics established reliably
by now shows that the open discharge possesses some
features, which do not allow it to be assigned to some
known sort of gas discharge.

The consistent use of the obtained results allowed
us to realize the practical efficiency of e-beam
generation in the open discharge n = 99.8% (Ref. 70).
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