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INTRODUCTION
Plasma electron sources are used as scientific and technological tools in various fields [1]. Sources with grid
stabilization of the cathode plasma boundary have their positive aspects, namely, the stability of parameters from
pulse to pulse, a wide range of currents, acceleration voltages, pulse durations, and the possibility of their
independent regulation [1–5]. These facts make such electron sources convenient for searching technical or
scientific-experimental work. In such sources the anode plasma is usually created by the beam itself, and it is
difficult to create pulses with a relatively fast in the beam current rising (> 100 A/us), especially when operating at
pressures < 10 mPa. The injection of an electron beam into a pre-created plasma can expand the ranges of the
operating parameters of electron source. Earlier in [6] it was shown that the electric strength of the accelerating
gap increases significantly by creating preliminary ionization of the working gas in the region of acceleration and
transport of the electron beam due to initiation of an auxiliary discharge. Stability and dielectric strength are critical
for real applications.
In this work, we investigated the effect of the discharge of the original anode plasma generator [7] on the
operation of the plasma electron source SOLO [8, 9].
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EXPERIMENTAL SETUP
1 – cathode of main arc discharge,
2 – anodes of main arc discharge,
3 – emission grid,
4 – collector,
5 – magnetic coils,
6 – magnetic conductors,
7 – magnets,
8 – annular anode,
9 – hollow cathode,
10 – reflective cathode,
11 – trigger discharge power supply,
12 – main discharge power supply,
13 – auxiliary discharge power supply.

Fig. 1. Diagram of the electron source with a discharge cell of auxiliary plasma anode.
The electron source based on the arc discharge cell, in which a power pulse is applied between cathode 1 and
anodes 2, 3 with a given current amplitude and pulse duration. Electrons are extracted from the cathode plasma
under the action of a constant accelerating voltage through the 40 mm emission hole in the anode, covered by a
grid 3. Anode plasma is created by the beam during its transportation to the collector 4 in the field of solenoid
coils 5, as well as by a plasma generator based on an ion-plasma system with a closed electron drift. This system
consists of magnetic conductor cathodes 6, which concentrate a field of permanent magnets 7; an annular
anode 8; additional cathodes 9 and 10. The inner diameter of the hollow cathode 9 is 64 mm, the distance from
the emission grid to the collector is 350 mm.
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Main settings:
Operation pressure: 4 – 75 mPa,
gas injects through the cathode;
Beam current: (20 – 400) A;
Pulse duration: (20 – 200) us;
Acceleration voltage: (5 – 25) kV;
Beam diameter up to 40 mm;
Anode discharge current:
In "standby" mode
up to 14 mA at 5 kV,
In main mode
up to 20 A at 300 V;
Anode operation:
- constant,
- pulse at 1,3 ms duration;
External field up to 80 mT.

(c)

Fig. 2. Photo of the electron sources (a) and elements of the anode plasma generator (b, c). 1 collector holder, 2 - flanges of the discharge cell of the anode, 3 - housing, 4 - flange of the emission
electrode, 5 - annular anode of the plasma generator, 6, 8 – magnetic conductor cathodes, 7 magnets, 9 - hollow cathode.
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OPERATION OF THE PLASMA ANODE DISCHARG
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The operation sequence is:
1) Firstly, we turn on high acceleration voltage. In
the same time t1 we turn on magnetic field coils.
2) At the time t2, the anode discharge power supply
generates a current pulse with an adjustable
amplitude of up to 20 A and a duration of 1.3 ms.
3) Where both of coils current became constant we
start trigger discharge. That is t4.
4) With delay of about 10 us the main plasma
cathode current began with pulse duration up to
200 us. And a beam extract from the cathode.
1 ms passes from the beginning of the anode
discharge to the beginning of the main cathode
discharge. The anode discharge exists during the
entire duration of the electron beam current pulse.

Fig.3. Time diagram of discharge initiation
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OPERATION OF THE PLASMA ANODE DISCHARGE
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Fig.4. Typical waveforms of main circuits of
the plasma anode formation system.
p = 2×10-2 Pa, Ug = 10 kV.
Time scale 10 ms/cell,
IB – current of magnetic coil, 0.5 A/cell,
Up – plasma anode discharge voltage, 500 V/cell,
Ip – plasma anode current, 0.5 A/cell,
Ia – annual anode current, 0.02 A/cell,
Ig – acceleration gap current, 0.2 A/cell.

The typical waveforms are given for the
case when the plasma anode worked in
the "standby" mode, and then
spontaneously switched to the main
mode due to the external magnetic
field. This mode, with a discharge
current duration in the main mode of
hundreds of milliseconds, is convenient
for cleaning the emission grid after deevacuating the installation. If the
electron beam is turned on at time t3, a
short circuit occurs in the plasma
anode cell. After the end of the beam
current, the work of the anode is
restored.
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Fig.5. The anode discharge I-V characteristic (a) and dependence of acceleration gap current to
discharge current (b).
Discharge plasma concentration

Beam plasma concentration

Ip, A

ne, cm-3

Ig, A

ne, cm-3

6
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As can be seen, the concentration of the anode plasma created by the electron beam itself is an order of
magnitude higher than the concentration of the plasma created by the anode discharge. Nevertheless, there is a
noticeable and reproducible effect of the discharge. More on this later.

7

Under conditions when the anode plasma is generated only by an electron
beam, the following temporal inhomogeneities in the current of the generated
electron beam could be observed experimentally:
1) high-frequency current fluctuations,
2) delay in the ignition of the main discharge of the plasma cathode relative
to the supply of a voltage pulse to the discharge cell,
3) inhomogeneity of the current pulse in the form of an increased amplitude
in the first ≈ 50 μs of the pulse in relation to the current amplitude in
subsequent time intervals,
4) stepwise changes in the current in the accelerating interval during the pulse.
Let us dwell on these points.
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NOISE REJECTION
NOISE-FREE PRESSURE, MPA
Anode discharge currant Ip, A
Acceleration
voltage
Ug, kV
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Oscillations of the current in the accelerating
gap at first 10 μs arise, as a rule, when the
electron source operates with a current of
more than 200 A at a working gas pressure of
30 mPa and below. The presence of highfrequency
oscillations
worsens
the
electromagnetic compatibility of the electron
source and measuring equipment, especially
systems for contact measurement of plasma
parameters.

The use of the developed system for the formation of additional anode plasma made it possible to
reduce the pressure at which there are no current oscillations in the accelerating gap. In the table,
it is given depending on the accelerating voltage and the anode discharge current for a current in
the accelerating gap of 240 A and a magnetic field of 30 mT. The effect is associated with an
improvement in the conditions for compensating the space charge of the beam at the initial stage
of generation. Previously, with an increase in gas pressure, both due to a change of gas inflow rate
and due to its desorption from the electrodes of the system, an increase in the current in the
accelerating gap could be observed. In the experiments above this effect was not observed.
It should be noted that the use of an additional plasma anode reduces or eliminates of highfrequency oscillations not only at the beginning of the beam current pulse, but also in subsequent
time intervals.
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IMPROVING THE INITIATION OF THE MAIN ARC DISCHARGE

The ignition delay of the main plasma cathode discharge depends significantly on the open circuit
voltage of the power supply, the working gas pressure, and the pulse repetition rate. For the used
configuration of the discharge cell of the auxiliary and main discharges, the delay in the microsecond
time range is not observed at an open circuit voltage above 200 V at a pressure above 14 mPa. When
the current of the main discharge of the plasma cathode is set to 50 A and the working gas pressure
is 12 mPa, pulses with an ignition delay (7-20) μs are observed. At a pulse repetition rate of 0.3 Hz,
their number does not exceed 20% of all pulses. There are individual pulses with a delay of more
than 20 μs, their number is less than 3%. The presence of the anode discharge significantly improves
the situation.
The use of the developed discharge system to generate anode plasma makes it possible to facilitate
the initiation of the main discharge of the plasma cathode. Thus, at a pressure of 7.2 mPa, a plasma
cathode discharge current Id = 100 A and a magnetic field in the generation region of 40 mT,
discharge ignition misfires were no more than 5%. Whereas without the anode discharge the ignition
of the main plasma cathode discharge did not occur at these parameters.
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IMPROVING THE INITIATION OF THE MAIN ARC DISCHARGE
The presence of a plasma anode formed by the developed cell makes it possible to reduce main
discharge current stabilization time by 10 μs (at pressure of 20 mPa for main discharge current of 50 A)
at a plasma anode current Ip ≥ 2 A. In this case, the current Ig increases insignificantly, and the anodecathode voltage of the main discharge gap (Ud) does not change (Fig. 6).
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Fig. 6. Typical waveforms of the main circuits of the electron source, demonstrating the effect of the anode
discharge. Id = 50 А, p = 20 mPa (Ar), Ug = 10 kV.
Id - 10 А/cell, Ig - 10 А/cell, Ud - 20 V/cell, time scale 20 us/cell.

Generation of anode discharge with a current 12.5 A 1 ms before the plasma cathode current pulse
reduces the magnitude and probability of an ignition delay. Pulses with an ignition delay (5-10) μs and a
probability of about 20% are observed. Pulse delays of more than 15 μs were recorded with a
probability of less than 1%. The latter result is of practical importance under the conditions of operation
of the electron source in modes at reduced pressure of the working gas, characterized by a higher
electrical strength of the high-voltage accelerating gap.
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Fig. 7. Typical waveforms of main circuits of the electron source. p = 10 mPa, Ug = 10 kV, Bz = 50 mT.
CH1 (blue) - Id, 20 A/cell, CH2 (purple) - Ig, 20 A/cell, CH3 (brown) - Ud, 40 V/cell, time scale 20 us/cell.
The temporal inhomogeneity of the plasma cathode discharge current and the accelerating gap
current, which consists in an increase in the amplitude in the first ~ 50 μs and is accompanied by a
change in the discharge voltage, is most likely associated with changing the conditions of emission
plasma generation during the discharge current pulse (Fig. 7a). It should be noted that this
inhomogeneity does not change (repeats with the same amplitude-time character) from pulse to
pulse.
The source of additional anode plasma reduces the amplitude of high-frequency oscillations, but
does not significantly affect the dynamics of the discharge current in this time range (Fig. 7b). Surge
current can be avoided by using a discharge power supply with a high internal resistance (close to
an ideal current generator) or by increasing the operating pressure. In the second case, the current
rise is not followed by its further fall within 20 μs.
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SMOOTHING OF CURRENT STEPS
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Fig. 8. Typical waveforms of main circuits of the electron source. p = 20 mPa, Ug = 15 kV, Bz = 30 mT.
Id - 20 А/cell, Ig - 20 А/cell, Ud - 40 V/cell, time scale 10 us/cell.
Stepwise changes of accelerating gap current were rarely observed, but usually in two ranges of the
discharge current - (300-500) A and (20-60) A. Experimentally, it was possible to observe "steps" on
waveforms of the anode-cathode voltage of the plasma emitter Ud. Most likely, such instability is
associated with a change in the localization of a cathode spot along the inner surface of the tubular
cathode (see 1 in Fig.1). At a current of (300-500) A the cathode spot may go beyond the
contraction channel to the region closer to the emission grid. At a current of (20-50) A localization of
the cathode spot at the end of the cathode insert is possible, i.e. from the edge farthest from the
emission grid.
When using the system of forming an additional plasma anode, a stabilizing effect takes place,
however, the current “steps” do not disappear completely (Fig. 5).
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DECREASE IN THE PROBABILITY OF BREAKDOWN AT THE BEGINNING OF THE PULSE
The data are given for acceleration gap current of 400 A and acceleration voltage of 15 kV.
Breakdown probability in percents, 20mPa, without trening
Pulses with 50us duration
At first 15us of the pulse
Without Ip
34
20
Ip = 12.5А
40
13

Breakdown probability in percents, 65mPa, with trening by 5000 pulses
Pulses with 50us duration
At first 15us of the pulse
Without Ip
28
19
Ip = 12.5А
44
2
Ip = 1.25А
43
22

The mode of the electron source operation without using the additional anode
discharge was realized by connecting all electrodes of the anode plasma generator with
a grounded collector. The annular anode was connected through a 100 Ohm resistor. In
this case, the discharge cell was not dismantled.
The results are given for the frequency range (0.3-1) Hz, at 2 Hz the breakdown
probability increases by about 15%.
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Fig. 9. Radial distribution of the energy density of an electron beam with a duration of 70 μs in
the collector region for p = 20 mPa (Ar), Bz = 30 mT.
(a) Id = 60 А, Ug = 15 kV, (b) Id = 100 А, Ug = 12 кВ.
The effect of an additional plasma anode with a discharge current of up to 20 A on the spatial homogeneity of
the generated electron beam is reduced to the introduction of additional energy into the radial distribution of the
energy density and its increase due to the improvement of the generation conditions at the initial stage of beam
formation, as a result, its total energy can increase.
It should be noted that the energy from the auxiliary anode discharge is brought to the collector during the
entire time of its existence (1.3 ms), which for the figure is 18 times longer than the generation time of the electron
beam. The power density of the beam delivered to the collector from the auxiliary discharge mainly due to ionelectron emission from the surface of the emission grid is ~ 1 kW/cm2 and is insufficient for any processes of material
surface modification in the submillisecond time range, except, possibly, for its cleaning. The power density of the
beam generated by plasma cathode is ~ 100 kW/cm2. It can be assumed that the radial distribution of the electron
beam does not change significantly when using the auxiliary anode discharge.
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CONCLUSION
Studies was carried out to improve the operation of the plasma cathode electron source with grid
stabilization SOLO by creating an additional anode plasma using the generator of an original design.
Such plasma generator makes it possible to form an anode plasma in the space of the beam drift
hundreds of microseconds before the formation of an intense (with a current of up to 400 A), wide (up
to 40 mm in diameter), submillisecond electron beam.
Studies of anode plasma parameters have shown that the plasma concentration generated by
electron beam is more than an order higher than the discharge plasma concentration. Nevertheless, it
was found that the using of the described system together with the electron source allows to reduce
the minimum working pressure; to reduce the ignition delay of the arc discharge of the plasma
cathode; to reduce the time for reaching a stationary current value in the accelerating gap; to reduce
the working pressure, at which there is no high-frequency current instability in the accelerating gap;
and also to reduce the probability of accelerating gap breakdown at first 15 μs of pulse.
Created system for plasma anode formation does not impair the spatial uniformity of generated
electron beam. Plasma generation in the drift space prior to the passage of the electron beam can be
used to expand the range of operating parameters of the electron source for research on the
generation and transport of an electron beam in plasma, as well as on the interaction of such intense
energy fluxes with materials.
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