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Abstract.  An open hollow-cathode discharge, generating an elec-
tron beam, is implemented in a cell with an active volume of 6.2 L. 
An electron-beam current of 3.4 A at an average power of 2.5 kW is 
obtained in helium in the quasi-cw regime at an anode voltage of 1.5 
kV. Lasing in a He – Хе mixture on the 5d[3/2]1

0 – 6p[3/2]1 transition 
in xenon at the wavelength l = 2.026 mm under electron-beam exci-
tation is investigated. The optimal component ratio in the He : Xe 
mixture is 99.5 : 0.5 (pHe = 4 – 8 Torr). The lasing power linearly 
increases with increasing the electron-beam power. It is shown that 
the discharge of this type can be used as an electron-beam source 
for exciting gaseous active media.

Keywords: electron beam, He – Хе laser, open discharge.

1. Introduction 

Electron beams (EBs) formed in vacuum diodes and electric 
discharges are used to excite active media of gas lasers. In the 
former case electrons are injected through separators into 
the laser active volume to be stopped and produce low-energy 
electrons. The drawbacks of this method are the necessity of 
using high-energy EBs (several hundreds of keV), difficulties 
related to the EB introduction into the active volume, and the 
need for high working-gas pressures. All these factors compli-
cate laser design and limit the choice of the working medium 
because of an undesirable increase in the quenching rate of 
the upper active level under inelastic collisions.

Using the effect of electron runaway, one can form an EB 
directly in the laser active volume at working pressures of the 
active mixture. The runaway condition is implemented in dis-
charges of different types, where emission is caused both by 
ions and fast atoms (high-voltage glow discharge, ultrahigh-
density glow discharge, and Townsend discharge [1 – 3]) and 
by VUV radiation (open discharge [4, 5]). In [6] and some 
subsequent studies the possibility of pumping lasers by EBs 
formed in discharges of various designs and types was demon-
strated [1, 7 – 10] and different light sources were designed 
[11, 12], including VUV sources [13]. Record lasing parame-
ters per unit mass [14], as well as active region lengths [15, 16], 
were predicted and obtained for some active media.

The main progress in laser pumping was made using nano-
second and submicrosecond EBs. Long (up to the cw regime) 
pulses either cannot be formed at all (for example, in barrier 
discharge [9]) or are difficult to obtain as a result of strong 
cathode sputtering [1, 17] or EB discharge instability in large 
volumes with a large cathode surface [4].

In this paper, we report the results of studying the pos
sibility of generating high-power EBs in large-volume cells 
in long (up to the cw regime) pulses and demonstrate lasing in 
the test He – Xe medium on the xenon line at l = 2.026 mm.

2. Experimental setup

A kind of open discharge – open hollow-cathode discharge 
[18 – 20] – was used to form a high-power continuous electron 
beam. The discharge is formed between a solid flat cathode 
and an anode, which are separated by a dielectric structure 
(DS) with holes. In EB discharges the anode location is gener-
ally of little importance [1]. In most cases it is located in the 
DS shadow. The beam emitted from the cathode passes 
through the DS and is stopped behind it in the drift space as a 
result of collisions with working gas atoms. As a result of EB 
stopping and electron multiplication in the residual field, ions 
drifting to  the cathode are produced in DS channels. The 
space between the cathode and DS forms a cathode cavity, 
where the electric field is close to zero. The reason is that the 
DS inner surface is charged to a potential comparable with 
the cathode potential. As a result, the radial field distribution 
becomes significantly nonuniform both in the cavity and at 
the entrance of the DS holes [21]. Therefore, ions are concen-
trated at the hole’s periphery. Having reached the region with 
a high potential gradient, these ions deviate from straight-line 
trajectories, enter the region with a small potential gradient, 
are slowed down due to elastic and inelastic collisions, and 
finally reach the cathode via ambipolar diffusion (which does 
not transport current). Due to this mechanism the ion current 
to the cathode is blocked, and electrons freely pass through 
the holes [21]. This allows one to obtain practical efficiency of 
EB generation (this parameter is defined as the ratio of the EB 
current to the discharge current) that exceeds 95 % at energies 
of 1 – 5 keV. Such a high efficiency is provided by the photo-
emission caused by the resonant VUV irradiation of the work-
ing medium, excited upon slowing down of fast heavy parti-
cles in the cathode cavity [20, 21]. Specifically the mechanism 
of VUV generation radically differs the hollow-cathode dis-
charge from the conventional open discharge, where VUV 
radiation is the result of excitation of working atoms by sec-
ondary electrons, and from other types of discharges generat-
ing EBs.
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Previous studies of EB generation [18, 19] had a model 
character and were performed in a discharge chamber with a 
volume V = 5 cm3 (the cathode area S did not exceed 2.5 cm2).

We investigated the radial EB generation in a cylindrical 
chamber with cathode having a diameter D = 8.4 cm and 
length L = 110 cm (V = 6200 cm3, S = 2500 cm2). The cham-
ber design is shown in Fig. 1. A voltage was applied between 
a stainless steel cathode ( 1 ) and coaxial electrodes, located at 
the cell end faces and playing the role of anode ( 2 ). Quartz 
rings ( 3 ) were fixed at a distance of 0.1 cm from the cathode 
using stainless steel bracings ( 4 ). The space between the cath-
ode and quartz rings is the cathode cavity ( 5 ). The quartz rings 
had a width of 0.5 cm, a thickness of 0.35 cm, and an inner 
diameter (limiting the active region) of 7.6 cm; the distance 
between neighboring rings was 0.3 cm. Thus, the total cathode 
area was S = 2500 cm2, and the area of its part unshielded by 
quartz rings was 1000 cm2.

All experiments were performed after careful cell degas-
sing by means of circulating helium, which was additionally 
purified using a liquid-nitrogen cooled activated carbon trap. 
Cell degassing and ageing were performed upon heating using 
both an external heater and a discharge in cw and quasi-cw 
regimes. All measurements were performed with circulation 
switched off, in the chamber filled with a gas under working 
pressure, at an average discharge power below the discharge 
power in the ageing regime.

The optical cavity was formed by two highly reflecting 
aluminium mirrors. Radiation was extracted from the cavity 
using a plane-parallel quartz plate. An InSb photodiode 
(PD24-03) with a maximum spectral sensitivity in the range of 
1.95 – 2.1 mm and response time of 4 ns was used as photode-
tector; these parameters made it possible to investigate lasing 
on the xenon line at l = 2.026 mm.

3. Study of EB generation 

EB generation in helium was investigated in the cw and qua-
si-cw regimes with a pump-pulse repetition rate f = 50 Hz and 
voltage pulse FWHM t = 10 ms (half-period of line voltage). 
In the cw regime EB was formed when a voltage U ³ 0.4 kV 
was applied to the anode (the cathode was grounded). The 
beam generation was investigated with parameters varied in 
the following ranges: helium pressure pHe = 2.6 – 10 Torr, 
anode voltage U = 0.4 – 1.7 kV, current I up to 3.4 A, and the 
obtained current density j = I/S = 1.36 mA cm–2. With an 
increase in the working voltage gas luminescence arises first in 

the ring near-wall region. The central part of the tube does 
not luminesce. The reason is that the EB formed is slowed 
down at a small distance from the wall because the working 
voltage is low and, correspondingly, the fast-electron path 
length is short. With an increase in voltage the luminescence 
gradually fills the entire cross section of the tube, and at U ³ 
1 kV the radiation is concentrated (as in the conventional 
open discharge) closer to the tube centre [10].

The characteristics of discharge in He at different pres-
sures are shown in Figs 2 and 3. Since the power introduced 
into the discharge volume is fairly high, the gas is heated, and 
its pressure grows with an increase in the power applied. 
Therefore, Figs 2 and 3 show the helium pressures assigned to 
room temperature; i.e., the pressures of the gas in a tube 
cooled to room temperature. Figure 2 shows the I – U charac-
teristics of the discharge. When He pressure exceeds 5 Torr, a 
rather high power is introduced into the discharge volume, as a 
result of which the tube is heated. At U < 1.3 kV and I < 1 A 
the I – U characteristics were recorded in the cw regime, while 
at U ³ 1.3 kV and I ³ 1 A the measurements were performed 
in the quasi-cw regime ( f = 50 Hz, voltage pulse FWHM 10 
ms, current pulse FWHM ~ 8 ms).

The dependence of current on He pressure at the same anode 
voltage amplitude U = 1.5 kV is shown in Fig. 3. An average 
EB power of 2.5 kW at a pulse power of 5 kW (pHe = 7.5 Torr, 
U = 1.5 kV, I = 3.4 A, f = 50 Hz) was reached in helium under 
quasi-cw excitation. At a dc voltage the dependence of the 
discharge current on helium pressure up to 5 Torr is described 
by the power law I = 1.6 ́  10–2pH

2.2
e or j = 6.4 ́  10–6pH

2.2
e, where 
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Figure 1.  Schematic diagram of laser chamber: ( 1 ) cathode, ( 2 ) anode, 
( 3 ) quartz ring, ( 4 ) metal ring, and ( 5 ) cathode cavity.
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Figure 2.  I – U characteristics of discharge at different helium pressures. 
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U = 1.5 kV in the quasi-cw regime ( f = 50 Hz, t = 8 ms): experimental 
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the dimensions of current, pressure, and current density are, 
respectively, A, Torr, and A cm–2. At pHe > 5 Torr the depen-
dence j ( pHe) changes as follows: j = 1.8 ́  10–7pH

4.4
e. Cw-regime 

discharges with photoemission [19, 21, 23] are characterised 
by a sharper dependence j ( pHe) than the anomalous discharge: 
j = 2.5 ́  10–12p2HeU3, where j is measured in A cm–2, helium 
pressure is in torrs, and the voltage U is in volts [22].

The analysis of the cathode surface after the long-term 
(more than 300 h) cell operation during the generation of 
high-power EBs did not reveal any visible traces of its sputter-
ing; this is an important practical feature of photoemission-
sustained discharges. In the working-voltage range of 1 – 1.7 kV 
the EB generation efficiency, according to [18, 19, 21], exceeds 
95 % and only slightly depends on the characteristic hole size in 
the DS (distances between quartz rings) at the hole inner 
diameter d ³ 3 mm.

The EB generation in a He – Хе mixture was investigated 
in the pulsed regime ( f = 500 Hz, voltage pulse width t = 1.5 s 
was limited by the characteristics of the power supply used) 
at helium and xenon pressures pHe = 2 – 10 Torr and pXe = 
3 – 110 mTorr and anode voltage up to 2 kV (the cathode was 
grounded). The dependences of the discharge current on the 
partial pressures of the He – Хе mixture components are shown 
in Figs 4 and 5. An introduction of xenon changes the dis-
charge parameters. At a constant voltage and helium pressure 
pHe = 5 Torr, an increase in the xenon pressure to pXe = 50 mTorr 
increases the current and, accordingly, the number of gener-
ated electrons in the He – Хе mixture by a factor of 2 (Fig. 4) 
in comparison with the current in helium under the same 

conditions but without xenon. In the range studied only at 
pXe > 50 mTorr the current ceases to depend on the xenon 
pressure. Introduction of xenon changes the amplitude of 
generated current, but the shape of the discharge I – U charac-
teristic remains the same as for pure helium. Thus, the dis-
charge current is determined by both the helium pressure 
(Fig. 3) and the xenon content in the mixture (Fig. 4). Figure 5 
shows the dependences of the discharge current on helium 
pressure in the He – Хе mixture; these curves have extrema, in 
contrast to similar dependences for helium (Fig. 3). The max-
imum current is determined by only the ratio of component 
pressures in the He – Хе mixture and is independent of the 
anode voltage. In the range of pHe = 2 – 6 Torr at pXe = 20 mTorr 
the xenon content in the mixture is rather high; therefore, 
according to Fig. 4, the addition of xenon manifests itself only 
in the increase in current by a value that in the same for the 
entire range, and the increase in the current is on the whole 
due to the increase in pHe. At pHe > 6 Torr the increase in pHe 
and the change in the xenon content in the mixture (the factors 
determining the discharge current) act oppositely; however, 
the latter factor dominates, which explains the current drop in 
this range.

4. Study of lasing in a He – Хе mixture 

The experiments on excitation of He – Хе mixture were aimed 
at studying the possibility of lasing under gas pumping by 
electron beams obtained in open hollow-cathode discharge. 
This mixture was chosen as a convenient test medium, as in 
[6 – 9], where lasing in EB-pumped xenon was investigated.

We obtained and investigated lasing on the 5d[3/2]01 –  
6p[3/2]1 transition in xenon at l = 2.026 mm. The lasing param-
eters were measured at pHe = 2 – 10 Torr, pXe = 3 – 110 mTorr, 
and anode voltage below 2 kV. The typical oscillograms of 
the anode voltage U, discharge current I, and lasing power 
Plas at l = 2.026 mm in pulse are shown in Fig. 6. In the voltage 
and current oscillograms the first peak (0.75 ms wide) is due to 
the charge of spurious capacitance (~ 1 nF) of the laser supply 
circuit. The discharge current and voltage in the oscillograms 
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Figure 4.  Dependences of the discharge current on xenon pressure in a 
He – Хе mixture at U = 1.55 and 1.75 kV and pHe = 5 Torr. 
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Figure 5.  Dependences of the discharge current on helium pressure in a 
He – Хе mixture at U = 1.4, 1.5, and 1.6 kV and pXe = 20 mTorr. 
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are characterised by portions at t > 0.75 ms (counting from 
the beginning of the voltage pulse).

The dependences of the lasing power Plas and efficiency 
h = Plas/P on the power P = UI introduced into the discharge 
volume are shown in Fig. 7. The linear dependence Plas (P) 
and the increase in h with P in the entire range under study 
indicate that the optimal EB current density, corresponding to 
the maximum radiation power, was not attained in the experi
ments. Correspondingly, at the pump powers under study, the 
electron mixing of xenon levels, which limits the growth of 
lasing power, does not occur. Therefore, one might expect the 
lasing efficiency to increase with a further increase in the dis-
charge power and current.

The dependences Plas( pHe) and I ( pHe) at pXe = 20 mTorr 
and different U are shown in Fig. 8. The lasing power depends 
on the EB current. Therefore, the pressure ratio in the mixture 
that is optimal for lasing on the xenon transition is determined 
by the pressure at which the discharge current is maximum 
(pXe = 20 mTorr and pHe = 6 Torr).

The dependences of the lasing power on both xenon and 
helium pressures have extrema: at pHe = 5 Torr the optimal 
xenon pressure is in the range of 20 – 60 mTorr (Fig. 9). Spe
cifically in this range the threshold discharge power Pth, at which 
lasing on the xenon line with l = 2.026 mm arises, reaches a 
minimum (in the experiments the threshold power was deter-

mined as the discharge power at which Plas = 0.2 rel. units). 
With a decrease or increase in pXe the threshold voltage and 
current increase, and the lasing power decreases (provided 
that the discharge power remains the same). The concentra-
tion ratio He : Xe = 99.5 : 0.5 in the gas mixture is optimal for 
lasing.

Figure 10 shows the dependences of the pulsed (Plas) and 
average (Pav

las = Plas  f ) lasing power on the pump-pulse repeti-
tion rate. With a change in the repetition rate f from 100 to 
1250 Hz the average lasing power increases by a factor of 14, 
reaching 95 mW. At the same time, the frequency dependence 
of the pulsed power Plas has an extremum: the sharp increase 
in the lasing power with an increase in frequency to f = 200 Hz 
changes with a gradual decrease at f ³ 300 Hz.

5. Results and discussion

The main results of this study are as follows. It was experi-
mentally shown that an open hollow-cathode discharge is 
stable in each cathode cavity, independently of their number 
and shape. Correspondingly, a significant increase in the cath-
ode area (from S = 2.5 cm2 in [18] to S = 2500 cm2 in this 
study) and the use of slit cylindrical holes in the DS instead of 
rectangular or round ones does not lead to loss of discharge 
stability. The current density obtained in the cylindrical cell 
under study (D = 8.4 cm, L = 110 cm) is similar to that 
reported for the cell with a planar cathode diameter of 1.8 cm 
[18]. This fact is indicative of scalability of open hollow-cath-
ode discharge.
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It was shown in [18 – 21] that the EB generation efficiency 
exceeds 95 % at U > 1 kV. These values should retain in our 
experiment, because the efficiency depends weakly on the area 
and geometry of the cathode open part and its characteristic 
size, exceeding 3 mm [21]. Based on the character of accelerat-
ing field in open discharges [21], one can suggest that the EB 
generated in discharge is monoenergetic, with the energy cor-
responding to the voltage applied. At a voltage U > 1.5 kV 
the EB energy is sufficient for crossing the cell aperture and 
exciting the entire cell volume; therefore, this beam can be 
used to pump laser media.

We obtained and investigated quasi-cw lasing on the tran-
sition in xenon at l = 2.026 mm under EB excitation. The pulsed 
lasing power (with the same pump power) reaches a maximum 
at the concentration ratio He : Xe = 99.5 : 0.5 in the gas mixture 
( pHe = 4 – 8 Torr) (Fig. 9), when the threshold power is mini-
mum. This ratio is also optimal for dense gases, at buffer gas 
pressures of 1 – 3 atm [24]. The dependence of the lasing power 
on the discharge power in the ranges of parameters under 
study is linear at a voltage U below 2 kV and discharge cur-
rent below 10 A. Under the optimal conditions the highest 
obtained pulsed lasing power exceeds 100 W, with a practical 
efficiency above 1 %. Apparently, application of a higher-Q 
cavity will make it possible to increase both pulsed and average 
lasing powers.

6. Conclusions

An open hollow-cathode discharge, stably generating an elec-
tron beam, was implemented in a large coaxial cell (V = 6.2 l, D 
= 8.5 cm, L = 110 cm). An average EB power of 2.5 kW at an 
anode voltage of 1.5 kV and helium pressure of 7.5 Torr was 
obtained in the quasi-cw regime in helium; this power is suf-
ficient for exciting the entire volume of laser cell. Lasing was 
realised on the 5d[3/2]01 – 6p[3/2]1 atomic transition in xenon at 
l = 2.026 mm under excitation of He – Хе mixture by an EB 
generated in open hollow-cathode discharge.

The results obtained indicate that open hollow-cathode 
discharge can be used as a source of electron beam for exciting 
gas lasers. In our opinion, this type of pumping is most prom-
ising for ion metal vapor lasers (He – Cd, He – Zn, etc.) [25].
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