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Dynamics of electron extraction from a grid plasma cathode based on a

low-pressure arc discharge
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The paper proposes and experimentally demonstrates a method for estimating the coefficient of electron
extraction from a plasma emitter based on a low-pressure arc discharge with layered/grid stabilization of the
emission plasma boundary. The method is based on the exclusion of the emission current from the total current
in the accelerating gap by ,,sharply” switching off the arc discharge current. The condition for the applicability of
the method is an insignificant change in the concentration of the anode plasma during the cutoff of the discharge
current pulse. The preliminary obtained data testify in favor of a change in the electron extraction coefficient by up
to 20% during a discharge current pulse with duration of 150 us.

Keywords: clectron source, plasma cathode, arc discharge, layer stabilization of the plasma boundary, plasma
anode with an open boundary, electron extraction coeflicient.

DOI: 10.61011/TPL.2023.06.56376.19557

Electron sources with plasma cathodes are a promising
tool for exposing materials to concentrated energy fluxes.
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As a test facility, electron source ,,SOLO“ with a grid
plasma cathode based on a low-pressure arc discharge was
selected in this work [1,2]. In this source, the arc discharge
is created between the cathode / (Fig. 1) and anodes 2 3,
4, 6. The boundary of the emission/cathode plasma was
stabilized by a stainless-steel grid 4 40 mm in diameter with
the mesh of 0.1 x 0.1 to 0.3 x 0.3 mm. The anode plasma
7 is being created in the drift space by the beam itself,
has an open boundary, and is confined by collector /0 and
grid 4 separated from each other by the distance of 50 cm.
The gap between the cathode and anode plasma, where
the electron acceleration takes place, is being established
self-consistently according to the Child—Langmuir law for
a double layer [3]. The beam anode plasma is located
inside the drift tube 9 80 mm in diameter; its radial drift is
hindered by the longitudinal magnetic field of 30—100 mT.
Thus, during the beam generation, the emission grid and
peripheral metallic part of the emission electrode 6 are
exposed to a flux of accelerated ions emitted from the anode
beam plasma boundary [4]; the ions significantly affect the
plasma cathode operation [5] and give rise to secondary
electrons whose share in the beam current can even exceed
that of primary electrons extracted from the plasma cathode.

To describe the plasma cathode operation, the electron
extraction coefficient is typically used, which is defined
as a ratio between the emission and discharge currents:
a = lem/lg. Earlier, coefficient ¢ was determined in the
»SOLO“ source for the lower limit of its operating pressure
based on the reading of a calorimeter that averages the
electron beam spatial and temporal dynamics; in the case of
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the emission grid mesh of 0.3 x 0.3 mm and argon pressure
below 10 mPa, the coefficient was @ ~ 0.55. Assuming that
the extraction coefficient is constant, the effective coefficient
of secondary ion-electron emission from the surface of the
stainless-steel emission electrode was determined and ap-
peared to be pers &~ 1.6 for 25—keV argon ions; this agrees
well with the results published by other researchers [6]. The
beam energy values calculated based on the coefficients
obtained in a wide range of operating parameters at several
experimental facilities correlate well with the calorimetric
measurements.

Nevertheless, the secondary—emission coefficients deter-
mined either without preliminary thermal processing of the
target or at facilities whose original destination was not the
y measurement are considerably higher [7,8]. In addition,
measurements of the cathode plasma potential versus the
ion current to the plasma cathode [5] may evidence that
the electron extraction coefficient varies during the beam
generation pulse. The presence of transient processes at the
initial stage of the beam formation during the first 10—50 us
is also shown by the collector measurements of the dynam-
ics of the radial current distribution in the cathode and by
the analysis of oscillograms of the basic electrical circuits
of the electron source [3]. During the subsequent time
intervals, variations in the generation conditions are possible
because of inertness of the processes of gas desorption
from the electron source electrodes and target evaporation.
Thus, variations in the electron extraction coefficient are to
be expected during the entire submillisecond beam current
pulse.

The fundamental condition for performing the experi-
ments in question was using a plasma cathode power-supply
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Figure 1. Electron source schematic diagram. I — cathode,

2 — anode insert, 3 — redistributing electrode, 4 — grid, 5 —
cathode plasma boundary, 6 — emission electrode, 7 — anode
plasma boundary, 8§ — magnetic field coils, 9 — drift tube, 710 —
collector.

circuit with a low output inductance, which ensured
relatively sharp edges of the arc discharge current pulses
(At & 150 A/us) [9]. The condition for the method applica-
bility is slight variation in the anode plasma concentration
during the discharge current pulse cutoff.

The accelerating-gap current |y in the electron source
with a grid plasma cathode and plasma anode with an
open plasma boundary is determined by several compo-
nents [9,10):

lg=alg+1i(1+(1=T)p2+TIpy), (1)

where |; is the current of accelerated ions from the anode
plasma, y; is the coefficient of ion-electron emission from
metal caused by bombarding the emission electrode with
accelerated ions, y; is the coefficient of ion-electron emis-
sion from emission plasma due to ion-electron processes in
the plasma cathode (this coefficient was introduced in [10]),
I' is the effective geometric transparence of the emission
electrode, which allows accounting for the ion flux having
passed through the emission electrode grid to the plasma
cathode.

The discharge current switch-off results in an increase
in the cathode/emission plasma potential relative to the
emission electrode 6 (Fig. 1) by a value ensuring the current
continuity in the loop of its flowing from the collector to
discharge cell electrodes. The reason for such a variation in
the potential is, probably, an abrupt stepwise decrease in the
number of negative charges in plasma due to shutoff of their
main supply channel and fast exit of electrons through the
open boundary into the accelerating gap and onto positively
biased discharge-cell electrodes. The increased potential is
to provide the same or somewhat lower (by a value of
current of the possible secondary emission) total plasma-ion
current to the negative electrodes. Once the discharge
current is switched off, electrodes / and 3 which are still
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being irradiated with accelerated ions from the decaying
anode plasma [9] obtain a potential positive with respect to
the emission electrode. Therewith, cathode 1 gets isolated
from other cell electrodes, and the supplied ion current has
to be compensated by the plasma electron current of the
same magnitude. Electrode 2 is connected to emission
electrode 6 via resistor Rhg = 52 at which the auto-bias
potential increases during the discharge current cutoff from
negative 8 V—positive 9V to 5—15V; this hinders the
secondary electron emission from electrodes 2 and 3 into
the cathode plasma. Thus, there takes place termination
of electron emission from the plasma emitter, including
emission of electrons generated in the yp-processes, which
means that [lem+1i(1+Ty;)] =0. The last component
can hardly be separated from the share of current of the
primary electrons generated in the cathode spot; however,
this allows introducing the effective coefficient of electron
extraction from the plasma emitter in the following form:

deff = (lem+|iFV1)/|d- (2)

By ensuring a sharp edge of the discharge current pulse,
we succeded in fixing two sections on the current |g
pulse, which differed in the current variation rate and
pattern (Fig. 2,a). As per (1), the first section corre-
sponds to the current extracted from the plasma cathode
Al = [lem + 1i (1 4 Tyy)], the second one is associated with
the exponential reduction in the ion current extracted from
the decaying anode plasma in the absence of electron
emission from the plasma cathode and also with relevant
secondary electron current liee = [Ii (1 + (1 — I)p,)].

The region of the anode plasma relaxation is clearly
seen in the oscillogram of the accelerating-gap current
(Fig. 2,b). When the working gas (argon) pressure in
the vacuum chamber is 65mP, this region follows the
region of a stepwise variation with the characteristic time
of 0.25—0.4 us and reduction rate of 100—120 A/us. By
approximating the oscillogram section 10us long, the
plasma relaxation time was estimated and appeared to be
10—15 us at the specified pressure. Such a significant time
may be associated with the anode plasma production by
secondary electrons generated as a result of ion-electron
emission from the emission electrode surface and also with
hindering of electrons removal to the drift tube walls across
the guiding magnetic field lines.

Good reproducibility of the current pulse shape allows
interpreting the measurements obtained for a series of
different-duration pulses as a function of unit pulse duration.
As a result, in certain modes of the beam generation, os-
cillograms of the accelerating-gap current for pulses 10—30
and 100—150 us in duration could differ in amplitude by up
to 15%. To exclude this effect and keep identical the mean
impact power, the pulse repetition rate was varied from 0.3
to 1 Hz.

The analysis was carried out for characteristic oscillo-
grams of the accelerating-gap current. The approximation
was performed by the mean-square method with an expo-
nential function, each oscillogram identically, free of any
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Figure 2. Typical oscillograms of discharge current |4 and current lg in the accelerating gap of the electron source at the pressure
of 65mPa, accelerating voltage of 7kV, and near-emitter magnetic field of 50 mT for three pulse durations (@), and the region of the

accelerating-gap current cutoff for a pulse 70 us in duration (b).
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Figure 3. Dynamics of coefficient aefs of electron extraction
from the plasma emitter and of ion-electron emission current
lice = [Ii (1 + (11— F)yz)] under different experimental condi-
tions.

additional processing. The obtained data are presented in
Fig. 3 and evidence for a decrease in the effective extraction
coefficient aff by 35—50% with the operating pressure
decrease from 65 to 15 mPa. In addition, in the given modes
of electron beam generation at the working gas pressure of
65 mPa, coefficient aert decreases during the beam current
pulse 150 us long by 10—20%.

Variation in the ljee value shown in Fig. 3 may be
regarded as dynamics of ion current |;. The source of
varying during the first tens of microseconds may be an
increase in the emission current due to I', y;, y, or gas
pressure.

Correct measurement of the dynamics of the decaying
anode plasma concentration in the magnetic field under a
flux of accelerated electrons seems to be a rather sophisti-
cated problem. Nevertheless, the variation in concentration,
or, more exactly, in ion current to the emission electrode
during the discharge current cutoff, may be estimated by
using calorimetric measurements of the beam energy and
data on coefficients et and pets. However, it is necessary
to be sure that at least one of these coefficients is measured
reliably. The authors assume that, under the conditions used
to demonstrate the given approach (at p = 65mPa), the
ion current might decrease by up to 10 A. In this case, the
obtained coefficient aeft would be overestimated.

Experimental separation of the electron emission gov-
erned by the a and p; coefficients is rather difficult;
therefore, this paper proposes a method for estimating
the very effective coefficient of electron extraction from
the plasma cathode based on a low-pressure arc discharge
with a grid stabilization of the cathode/emission plasma
boundary and open boundary of the anode/beam plasma;
the method is applicable when there exists an ion flux
to the emission electrode and to the discharge cell of the
plasma cathode. The method is useful in studying the
electron beam generation and transport in the systems
where direct measurements of the extraction coefficiens
are either hindered or impossible because of the design
peculiarities of the system or impossibility of separating the
emission current components.
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