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Abstract.  Laser radiation of semiconductor targets of CdSxSe1 – x 
solid solutions excited by an electron beam in a gas-filled diode was 
investigated at constant and varying gas pressures. In the first case, 
lasing was excited by an electron beam with an energy of 170 keV 
and a duration of 100 ps in semiconductor targets with different x. 
The highest powers 125 and 96 kW were achieved at x » 0.2 ( l »  
677 nm) and x » 1 ( l » 522 nm), respectively. The minimum power 
(26 kW) was observed in the yellow-green spectral region. The 
maximum slope efficiency in these experiments reached 9 %. In the 
second case, the radiation power of CdS targets (x = 1) was studied 
as a function of the air pressure in the gas diode varying from 0.1 to 
2.5 Torr. The experimental data well agree with the calculation 
results. The possibility of reducing the radiation divergence by 
using a conical optical fibre  is demonstrated. At the lasing thresh-
old of semiconductor targets exited by an electron beam or a 
streamer discharge, filamentary channels appear due to, probably, 
an anisotropy of the impact ionisation coefficient.

Keywords: semiconductor laser target, gas diode, electron beam.

1. Introduction

Excitation of semiconductor lasers by an electron beam or an 
electric field can form high-power (104 – 106 W) laser pulses in 
the visible and UV spectral regions. Of special interest is to 
study the possibility of forming picosecond pulses used in 
medicine, in investigations of fast processes in biological tis-
sues and in recording devices. The invention of methods for 
formation of ultrashort high-voltage pulses [1] created a 
background for further development of such lasers [2 – 6]. In 
contrast to earlier works [7, 8], a semiconductor target (ST) in 
our laser experiments is placed between electrodes in a gas-
filled metal chamber coupled with a nanosecond pulse gener-
ator. A coaxial design of the chamber ensures a high voltage 
rise rate (dU/dt > 1013 V s–1). Chambers of this type are called 
gas diodes (GDs) and are usually used to study high-voltage 
nanosecond gas discharges. We study the possibility of using 
GDs to form picoseconds laser pulses upon excitation of STs 
by an electric discharge and an electron beam (EB).

Among the recent results, we should mention lasing at 
several spectral lines obtained using semiconductor solid 
solutions CdxZn1 – хS and CdSхSe1 – х as active media [9, 10]. 
At the first stage of nanosecond discharge development in a 
GD, runaway electrons are observed even at the atmospheric 
gas pressure [11]. In [12], it was shown that, varying the gas 
(air) pressure from 0.1 to 2 Torr in a GD with a cadmium 
sulphide ST, one can vary the laser pulse duration from 125 
to 20 ps.

In contrast to work [6], in which the spectral and dynamic 
characteristics of STs were measured using a high-voltage 
delay line, in the present work we use a fibre optic synchroni-
sation and detection system. The main goal of our experi-
ments was to obtain high-power picosecond laser pulses in the 
red-green spectral region using CdSхSe1 – х solid solutions with 
different x as semiconductor targets. The investigations were 
performed at constant and variable (from 0.1 to 2.5 Torr) gas 
pressures.

2. Experimental

The scheme of our experimental setup with a fibre optic detec-
tion system is shown in Fig. 1. The system allows us to per-
form picosecond diagnostics of radiative processes in real 
time. The high-voltage picosecond pulse generator (VPG) 
operates based on sharpening the leading edge and shortening 
of the duration of pulses formed by a RADAN-303 generator 
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Figure 1.  Schematic of the experimental setup with a fibre optic syn-
chronisation and recording system: ( 1 ) RADAN-303 pulse generator; 
( 2 ) cutting discharger (slicer); ( 3 ) voltage divider; ( 4 ) additional dis-
charger; ( 5 ) focusing unit; ( 6 ) gas chamber; ( 7 ) semiconductor target; 
( 8 ) FEK; ( 9 ) five-channel fibre optic system; ( 10 ) coaxial cable for trig-
gering the streak camera; ( 11 ) streak camera; ( 12 ) personal computer.
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( 1 ) by successive switching of high-pressure (~10 atm) dis-
chargers and a cutting ring slicer ( 2 ). To measure the voltage 
pulse parameters, a capacitive voltage divider ( 3 ) is inserted 
into the VPG transmission line. An additional discharger ( 4 ) 
serves to synchronise the VPG with recording devices. The 
radiation spectra and dynamics were recorded using fibre 
optic cables connected to the GD via connectors ( 5 ) with 
microlenses focusing radiation on the input end of the cable. 
After breakdown of the discharge gap of ( 4 ), a negative high 
voltage pulse (up to 200 kV) reaches an explosive emission 
cathode ( 6 ). The EB diameter on a target ( 7 ) is limited by an 
aperture (Æ1 mm). The VPG is described in detail in work [5].

The SMs were made of CdSхSe1 – х single-crystal films 
20 – 30 mm thick attached to sapphire disks ( 7 ). The optical 
cavity was formed by reflective coatings (R1R2 » 0.88) depos-
ited on both surfaces of the films. The dynamics and shape of 
the light pulse were observed using a CORDIN-173 streak 
camera ( 11 ). The streak camera was synchronised with the 
VPG using a FEK-22M detector ( 8 ). The delay time was con-
trolled by the length of the optical cable of a five-channel sys-
tem ( 9 ). The pulse profile was also recorded by a broadband 
FP-70C detector with a fibre cable with a connector ( 5 ) (the 
FP-70C response time was ~100 ps). The electron beam cur-
rent was measured by a Faraday cylinder placed behind an 
aperture under a cathode ( 6 ). The laser pulse energy was 
measured using a J3S10 pyroelectric detector and NS attenu-
ating filters. The radiation peak power was estimated taking 
into account the pulse shape. The voltage, current and radia-
tion pulses were recorded on a Tektronix TDS-6154C oscil-
loscope with a band of 15 GHz. The EB duration and energy 
was predetermined by the slicer and then controlled by chang-
ing the air pressure in the GD chamber. The radiation spec-
trum was measured by a small-size FSD-8 spectrometer.

Most experiments were performed at an air pressure in the 
GD of 05 – 1 Torr. In this pressure range, the EB current 
amplitude was most stable. At the voltage pulse duration tp > 
500 ps, on the top of the current pulse we observed two spikes 
whose amplitudes А1 and А2 depended on the pressure in the 
GD (Fig. 2). The oscillograms of the EB voltage and current 
pulses at different durations tp and air pressures in the GD 
chamber are shown in Fig. 3.

The dependence of the laser wavelength on the parameter 
x for STs of CdSхSe1 – х single crystals grown by resublimation 
from the gas phase [13] is shown in Fig. 4. The straight line 
connects the points corresponding to the wavelengths of the 
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Figure 2.  Dependences of the amplitudes A1 and A2 of the current pulse 
spikes on the air pressure in the GD.

U

U

U

I

I

I

a

b

c

200 ps

500 ps

500 ps

Figure 3.  Oscillograms of EB voltage U and current I at U = –150 V 
and the following parameters: Imax = 4 A, р = 0.6 Torr (a); 3.5 A, 
0.76  Torr (b); and 4 A, 0.58 Torr (c).
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Figure 4.  Dependence of the wavelength on parameter x for CdSxSe1 – x 
single-crystal STs 30 mm thick.
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CdSe (x = 0) and CdS (x = 1) binary compounds. The 
obtained experimental results agree with the data from the 
handbook on semiconductor solid solutions [14]. Altogether, 
we studied 12 STs with different x and obtained lasing within 
the range 522 – 677 nm, which corresponds to x changing 
from 1 to 0.2. The wavelength dependence of the radiation 
power is shown in Fig. 5. The radiation power nonmonotoni-
cally changes with variations in the target composition and 
noticeably decreased at x = 0.7 – 0.8 in the yellow-green 
region. The highest powers (96 and 125 kW) at a laser effi-
ciency with respect to the absorbed pump power of 4.8 % 
and 6 % were achieved at x = 1 (x = 522 nm) and x » 0.2 ( l = 
677 nm), when the ST compositions were close to the CdS or 
CdSe compounds. In the yellow-green spectral region, the 
laser efficiency decreased to 1.3 %. This set of experiments 
was performed at a voltage of –170 kV and an EB current of 
12 A. The threshold EB current density pth at the pulse dura-
tion te = 135 ps was 8.5 ´ 107 W cm–2, which is approximately 
an order of magnitude higher than 107 W cm–2 obtained in 
[15] at the pulse duration te = 4 ns under the conditions close 
to the conditions of our experiments.

The typical spectra of laser radiation from STs at x = 1 
and 0.2 are given in Fig. 6. Figure 7 shows the dependence of 
the ST radiation power ( х » 1,  l = 522 nm) on the air pres-
sure in the GD. It is seen that the radiation power almost does 
not change while the pressure increases from 0.1 to 1 Torr and 
then monotonically decreases to 0.6Рmax with increasing pres-
sure. This behaviour is explained by a nonlinear dependence 

of the current pulse amplitude and duration on the gas pres-
sure in the GD [16]. The allowance for these factors leads to 
good coincidence of the experimental and calculated data 
(Fig. 7). To excite lasing in these experiments, we used an ini-
tial voltage of –150 kW. The radiation power reached 30 and 
15 kW at an electron beam pulse duration at half maximum 
of 125 and 80 ps, while the efficiency was ~5 %. Figure 8 pres-
ents typical laser radiation pulses recorded in our experiments 
by the broadband FP-70C photodetector and the streak cam-
era at different gas pressures in the GD.

The ST radiation divergence did not exceed 15°. Usually, 
the divergence is decreased using an external cavity [17]. In 
this case, the laser efficiency decreases with increasing cavity 
length as 1/L2 [15]. To decrease the divergence in our experi-
ments, we used a conical-profile optical fibre (focon) 5 cm 
long with an input-to-output diameter ratio of 0.5. The input 
plane of the focon (with a smaller diameter) was positioned 
on the sapphire substrate of the SM. The near-field image on 
the output plane of the focon was increased in diameter by 
two times and the divergence angle decreased to 6 – 7°, while 
the laser efficiency remained almost unchanged.

Figure 9 shows the near-field images of radiation of a 
CdSхSe1 – х (х = 0.2, l = 677 nm) upon EB excitation (Figs 
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Figure 5.  Wavelength dependence of the laser power for CdSxSe1 – x STs.
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Figure 6.  Lasing spectra for CdSxSe1 – x STs with x = 1 (a) and 0.2 (b).
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Figure 7.  Dependence of the radiation power of a CdS ST on the gas 
pressure at U = –150 kV, te = 125 – 80 ps, and t0 = 1.5 ns.
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Figure 8.  Laser pulses recorded by a streak camera (a) and an FP-70C 
photodetector (b) at different gas pressures in the GD.
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9a – 9c) and of a CdSхSe1 – х target (x = 0.7, l = 572 nm) excited 
by a streamer discharge (Fig. 9d). The image in Fig. 9a was 
shot at the lasing threshold, the images in Figs 9b and 9c were 
obtained at an excess of the threshold, and the shot in Fig. 9d 
was done upon streamer-discharge excitation of a plane-par-
allel plate 1 mm thick with a voltage pulse amplitude of 100 
kW. It is interesting that lasing in all the cases develops in 
separate points, whose number and diameter increase with 
increasing power of excitation pulses.

3. Discussion of results

To explain the observed phenomena, let us consider the basic 
formulas for the dependences of the laser power Plas on the 
optical cavity and electron beam parameters [7, 18, 19]
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where k » 0.1 – 0.2 is the coefficient characterising energy 
losses for ionisation and backscattering in the case of electron 
beam excitation, bin is the internal quantum efficiency, f is the 
radiation yield function, Pp is the EB pulse power, Ip is the EB 
current, Ith is the threshold EB current, Ith0 is the threshold 
current at t0 >> te, t0 is the lifetime of nonequilibrium charge 
carriers, aex » 2  – 3 cm–1 is the absorption coefficient in the 
excited ST region, apas » 30 cm–1 is the absorption coefficient 
in the passive region, zex » m1Ee is the excited region length, h 
is the semiconductor plate thickness, R1 and R2 are the reflec-
tion coefficients of the mirrors, and Ee is the EB energy. In the 
case of CdS (x = 1), m1 = 0.16 mm keV–1. As was noted above, 
in our case, at the EB pulse duration at half maximum te = 
125 ps, the threshold EB power density is pth » 108 W cm–2. 
The lifetime t0 for CdS and CdSe at Т = 300 K is 1 – 3 ns [19]. 
Substituting te = 1.25 ´ 10–10 s and t0 = 1.5 ´ 10–9 s into (3), we 
obtain Ith/I0 » 12, i.e., at a pulse duration of hundreds of 
picoseconds, the lasing threshold may increase by more than 
an order of magnitude, which well agrees with the data of [15] 
( pth0 = 107 W cm–2 at te = 4 ns).

Now, let us consider the wavelength dependence of the 
radiation power (see Fig. 5). For l = 677 nm (CdSхSe1 – х, 

x » 0.2) and l = 522 nm (CdS, x » 1), we have the ratios 
Plas0.2/Plas1 » 1.3 and l0.2/l1 = 1.29; therefore, for the ST mate-
rials closer to the CdS and CdSe binary compounds, under 
identical laser parameters (h = 30 mm, R1R2 = 0.88) and exci-
tation by one and the same EB, the emitted power increases 
with increasing wavelength (with decreasing energy gap 
width). This dependence follows from Eqns (1) and (2).

Let us estimate the radiation power using formulas (1) – (3) 
with the following parameters: k » 0.12, bin = 1, h = 30 mm, 
R1R2 = 0.88, f = 0.8, aex » 2.5 cm–1, apas » 30 cm–1, zex = 
27 mm, U = –170 кВ, Pp =2 ´ 106 W, Ith0.2 = 4 А, and Ip = 
12 A. Substituting these data into (1), we obtain Plas » 129 kW, 
which well agrees with the experimental result 125 kW and 
points to a high quality of the close-to-binary compounds 
(the latter is also confirmed by the approximate equality 
Plas0.2/Plas1 » l0.2/l1). The slope efficiency for the considered 
case is ~9 %. An increase in the lasing threshold in the yellow-
green region was also observed in [20], in which the authors 
suggested that one of the reasons for this increase is that the 
solid solutions obtained at high temperatures can decompose 
in the process of cooling into phases whose compositions are 
close to the binary compounds. This suggestion is indirectly 
confirmed by our experiments with excitation of single crys-
tals of solid solutions by a streamer discharge, when we 
observed, apart from the main spectral line, the lines close to 
the wavelengths of binary compounds [9, 10]. In this case, one 
of the methods to increase the ST lasing efficiency is to 
decrease the film thickness to 10 – 15 mm. However, the fabri-
cation of these targets runs into some technological problems.

Let us now consider the dependences of ST laser radiation 
power and duration on the pressure in the GD chamber. As 
the air pressure in the GD increases from 0.1 to ~1 Torr, the 
amplitudes of the current and voltage pulses change insignifi-
cantly, although their duration decreases from the trailing 
edge; the laser power also changes only slightly (see Fig. 7). 
This process relates to an increase in the GD conductivity and 
a decrease in the cathode – target gap breakdown time. With 
increasing gas pressure, the gap breakdown occurs on the 
leading edge of the voltage pulse and, hence, the amplitudes 
and durations of the voltage and current pulses decrease (in 
our case, the current pulse duration at half maximum changed 
from 125 to 80 ps). The decrease in the exciting EB current 
and duration with changing the pressure from 1 to 2.5 Torr 
leads to a decrease in the radiation duration and power (from 
30 to 15 kW). The dependences of the radiation power on the 
air pressure in the GD calculated taking into account the 
change in the exciting EB power and the dependence of the 

1 mm 1 mm 1 mm 2 mm

a b c d

Figure 9.  Near-field images of laser radiation of a CdSxSe1 – x (x » 0.2, l = 677 nm) ST excited by an EP with successively increasing currents (a – c) 
and of a CdSxSe1 – x (x » 0.7, l = 572 nm) target excited by a streamer discharge (d). The emitting regions consist of separate points tens of microm-
eters in diameter, which are poorly resolved in the photographs.
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lasing threshold on the pulse duration (3) well coincide with 
experimental data (Fig. 7).

It is interesting to look at the near-filed images of CdSSe 
laser radiation in the case of excitation by an EB and a 
streamer discharge (Fig. 9). The appearance of lasing chan-
nels in the form of bright points with diameters from a few to 
hundreds of micrometers, in which the conditions are favour-
able for lasing onset, was observed long ago [21] but has not 
been clearly explained until now. The similarity of the images 
in the case of EB and discharge excitation allows one to sug-
gest that the reason for the appearance of points is an anisot-
ropy of impact ionisation coefficients, which leads to the for-
mation of channels and propagation of a streamer in a par-
ticular crystallographic direction [22, 23].

Thus, we have demonstrated the possibility of obtaining 
laser radiation from semiconductor targets of a gas diode 
with pressures from 0.1 to 2.5 Torr in the visible spectral 
region (500 – 700 nm) with a duration from 1 ns to 100 ps and 
a power of tens – hundreds of kilowatts. The decrease in the 
laser efficiency in the yellow-green region is obviously related 
to an inhomogeneity of solid solutions and can be compen-
sated by optimising the cavity parameters and improving the 
quality of the crystals.
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