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Study of the dependence of the specific output power
of a copper chloride laser on the radial temperature profile

of a gas plasma

R. Sadighi-Bonabi, F. Soltanmoradi, R. Mohammadpour, M. Tavakoli, M. Zand

Abstract. The design of a copper chloride laser is described,
and the laser is optimised by studying the dependence of its
output power on the buffer gas type. The voltage and current
of the laser discharge at the optimum buffer gas pressure are
measured. The influence of the diaphragm diameter on the
specific output power is studied after optimisation of switch
parameters. When an diaphragm producing the optimal
temperature gradient in the laser gas-discharge tube, the
record specific output power of 123 W L~! is obtained
without any admixtures.

Keywords: copper chloride laser, buffer gas, radial temperature
profile, specific output power.

1. Introduction

Since the first demonstration of a copper vapour laser
(CVL) in 1966 [1], its output power has been increased from
20 mW for a pulse repetition rate of 600 Hz and the
discharge tube of diameter 1 cm to more than several
hundreds of Watts in a broad range of repetition rates from
1 to 100 kHz and efficiencies of more than 1% [2]. Copper
vapour lasers have found a variety of applications in
medicine (dermatology and photodynamic therapy), science
and technology (pumping dye lasers for various applica-
tions, including isotope separation, etc.) [3, 4].

Various optimisation methods have been proposed to
increase the power and efficiency of CVLs [5—8]. However,
to obtain high output powers and efficiencies of CVLs, it is
necessary to produce the optimum operation temperatures
of about 1500 °C, which involves many technical problems.
In particular, when a master oscillator — power amplifier
(MOPA) system is used, for example, for atomic vapour
isotope separation (AVLIS), these discharge-pumped lasers
require a rather long time of about 45 minutes to heat the
gas-discharge tube and another 45 minutes to obtain the
maximum output power.
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To overcome this disadvantage, the copper halide
compounds were used, which could be vaporised at lower
temperatures from about 400 °C to 600 °C depending on the
copper halide type. As a result, it takes less than 10 minutes
to start lasing.

Despite this advantage, a disadvantage of copper halide
vapour lasers (CHVLs) is that the beam diameter of this
laser is smaller than the active-volume diameter, which was
pointed out by many authors [§—10]. This is related to the
low electron and gas temperature near the tube wall,
whereas to obtain a uniform discharge, it is necessary to
maintain high electron temperature over the entire tube
diameter. The inverse population in CVLs and CHVLs is
produced by pulsed electric current systems, which are
similar to those used in other metal vapour lasers (for
example, gold, lead and manganese vapour lasers). The self-
terminating transitions from the resonance (r) to metastable
(m) level play an important role in the formation of
transient inversion in metal vapour lasers. Figure 1 shows
the excitation rate constants of the r and m levels of copper
atoms, calculated from their cross sections by assuming that
the electron energy distribution function (EFDL) is Max-
wellian [11]. One can see from Fig.l that the threshold
electron temperature 7, for the excitation rate of the r level
is 1.54 eV. Therefore, to pump a CVL efficiently, the field in
the plasma (which determines the value of T,) should be
rather strong almost immediately after the onset of the
excitation pulse, i.e. the voltage pulses should have a steep
leading edge, which was experimentally confirmed in [9].
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Figure 1. Dependences of the excitation rate constants for the resonance
(r) and metastable (m) levels of the copper atom on the electron
temperature.
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1.1 Hydrogen addition

The improvement of the emission parameters of CVLs and
particularly CHVLs after the addition of small amounts of
hydrogen was reported in many papers [12—15]. The
performance of CuBr—H lasers was compared with that
of the HyBrID (Hydrogen Bromide in Discharge) lasers
[16]. The improvement in the efficiency and certain features
of the current and voltage pulses can be explained by the
dissociative attachment of cold electrons to HBr molecules.
This process can be schematically represented in the form:

HBr+e— H+ Br.

The cross section of this process for the electron energy
of 0.28 eV is 2.7 x 107" cm? and decreases rapidly with
increasing the electron energy [16]. This process reduces
prepulse concentration of electron and copper atoms in the
metastable state and weakly affects high-energy electrons.
This favours excitation of the resonance level rather than the
metastable level, resulting in the increase in the output
power and efficiency.

Note that the addition of hydrogen causes some adverse
effects such as greater consumption of energy supplied to
the plasma during the excitation pulse, dissociation and
vibrational excitation of molecular hydrogen. In addition,
due to the energy release during the thermalisation of
vibrationally excited hydrogen molecules, the plasma relax-
ation between two pulses slows down [15]. Other problems
appearing upon addition of hydrogen are related to a
particular CHVL type, for example, the influence of electron
attachment to the HCL molecule is considerably less than
for HBr and HI molecules [9].

1.2 Other methods

In recent years some other methods for increasing the CVL
efficiency have been investigated. Chang studied the plasma
kinetics in CVLs by using a genetic algorithm and proposed
to remove cold electrons from the active volume upon the
laser pumping, i.e. to maintain a high wall temperature to
increase the inverse population [7]. Although in this case the
electron and gas temperature in the discharge remains high,
a sharp temperature drop still exists across the gas-
discharge tube. It is rather difficult to reduce the temper-
ature gradient in the entire working volume.

In this work, quartz diaphragms were used to isolate the
cold regions near the tube walls from the active discharge

volume. For this purpose, a copper chloride laser was
constructed and the effect of different buffer gases on
the output power was investigated. After determining the
optimal operating pressure for different buffer gases, the
voltage, current and laser pulses were measured. The
discharge region was confined to some extent by using
diaphragms with different diameters. The specific output
power was measured and the radial profile of the plasma
temperature was calculated. Finally, by optimising these
parameters, we determined the exact copper chloride vapour
pressure by adjusting the distance between the discharge axis
and radiation source, and selected the switch parameters.
This allowed us to obtain the maximum specific output
power of 123 W L™, This is the highest specific output
power achieved in CHVLs with the bore diameter exceeding
1 cm without using any admixtures such as hydrogen.

2. Experimental

Figure 2 shows the scheme of the CuCl laser constructed in
this work. The discharge tube was made of 80-cm long
fused silica tube with the internal diameter of 20 mm. The
distance between electrodes was 30 cm. Four quartz
diaphragms at the same distance from each other were
placed inside the tube. Three grams of copper chloride,
necessary for the 20-hour operation of the laser, were
placed in a special container located in a 10-cm arm at the
center of the tube between the electrodes. Because of the
long distance between the radiation source and the
discharge axis, it was necessary to control the CuCl vapour
pressure with the reservoir heater (independently of the
temperature produced by the discharge tube). Two cold
traps located between the electrode and a BK7 glass
window were used to prevent contamination of laser
windows by inhibiting diffusion of vapour onto the
windows. The laser tube was wrapped with the insulation
whose thickness depended on the electric discharge power.
The laser cavity consisted of two flat mirrors: a 99 % highly
reflecting mirror and an 8 % reflection output coupler. The
temperature of the outside wall of fused silica tube was
controlled continuously with an Hg thermometer which was
fixed to the outside wall. Because of electronic shock hazard
and very high RF noise generated by the experimental
equipment, we did not use an electronic thermometer. The
partial gas pressure under the optimum operating condition
was 0.3 Torr for CuCl and 30 Torr for Ne.
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Figure 2. Scheme of the cross section of sealed-off fused-silica tube of a CuCl laser.
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The selection of the pump parameters of lasers is I/A - T T V/kV
governed by the stable operation of thyratron, which is 240 i : 0

controlled with the reverse negative voltage on the thyratron
anode. Stable laser operation can be provided by selecting
properly circuit parameters, which include the low induc-
tance of the thyratron and the gas-discharge tube (GDT)
and the optimum capacity of the storage capacitor [17—19].
We used this approach many years ago to optimise the XeCl
laser. We found the main factors which limit the maximum
allowable values of the thyratron rise rate and the reverse
voltage across the thyratron [20, 21]. In this paper, the
optimum matching of the circuit parameters with the wave
impedance was achieved by dischrging a 1.1-nF storage
capacitor through an air-cooled low inductance TGII-
1000/25 thyratron; a 0.5-nF peaking capacitor and a 174-
pH by-pass inductor were connected parallel with the tube.
The current, voltage and laser pulses were measured with a
200-MHz Tektronix TDS2024 oscilloscope.

3. Experimental results

The rise time of the voltage pulse across the GDT in our
experiments decreased with increasing the natural oscil-
lation frequency. This was achieved by optimising the
circuit parameters as discussed above. The effects of
different buffer gases and vapour pressures were studied.
When the optimum conditions were achieved, the output
power was optimised by inserting suitable diaphragms.

3.1 Buffer gases

The effect of different types of buffer gases (Ne, He, Ar) on
the output power was examined by recording the voltage,
current and laser pulse oscillograms. Figure 3 shows the
dependence of the output power on the buffer gas pressure.
One can see that the choice of the buffer gas significantly
affects the output power. Thus, no lasing was observed
when Ar was used as a buffer gas.

Figures 4, 5 and 6 show the typical voltage, current and
laser pulses in the presence of different buffer gases at their
optimum pressure. It is found that when He is used instead
of Ne as a buffer gas, the peak current significantly
decreases from 150 A (Fig. 4) to 90 A (Fig. 5). Therefore,
the plasma tube resistance increases when He is used. This
happens for two reasons:

(1) The ionisation potential of He (24.59 eV) is much
higher than that of Ne (21.56 e¢V), which, in the case of He,
yields fewer electrons in an equal electric field.

(ii) The atomic weight of He is less than that of Ne, so
the rate of the energy transfer in elastic electron collisions is
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Figure 4. Voltage (1), current (2) and laser (3) pulse oscillograms for a
13-mm bore, 30-cm long CuCl-laser tube at a Ne buffer gas pressure of
30 Torr.
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Figure 5. Voltage (), current (2) and laser (3) pulse oscillograms for a
13-mm bore, 30-cm long CuCl-laser tube at a He buffer gas pressure of

5 Torr.
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Figure 6. Voltage ( /), current (2) and laser (3) pulses for 13-mm bore,

30-cm long CuCl-laser tube at a Ar buffer gas pressure of 10 Torr.
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Figure 3. Dependences of the output power on the He and Ne buffer gas
pressures.

larger, which leads to high energy losses during each
collision.

Due to these reasons, the use of He as a buffer gas does
not produce suitable electron distribution because low-
energy electrons in plasma populate the lower energy levels
and deteriorate the laser operation.

If Ar is used as a buffer gas, the peak current sig-
nificantly increases to 240 A. This indicates the reduction in
the plasma tube resistance caused by the lower ionisation
potential of Ne (15.76 eV) and higher atomic weight com-
pared to He. The decrease in plasma tube resistance results
in a considerable impedance mismatch between the plasma
tube and the external circuit. The oscillation in voltage and
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current waveform in Fig. 6 confirms this statement. One can
see that the maximum current occurs at a very low voltage
level, so there are a lot of low-energy electrons in the tube
which can spoil laser operation.

3.2 Copper chloride vapour pressure

One of the most important parameters for laser optimisa-
tion is the CuCl vapour pressure. It was found in this
research that when the distance between the discharge axis
and CuCl source is 10 cm, it is possible to control the
vapour pressure through the external heater independently
of discharge temperature. Figure 7 shows the dependence of
the average output power on the CuCl vapour pressure.
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Figure 7. Dependence of the average output laser power on the CuCl
vapor pressure at a Ne buffer gas pressure of 30 Torr.

4. Optimisation of a laser to a specified output
power

The circuit and switch parameters being optimised, we
measured the specific output power by using two types of
diaphragms under the optimum operation condition (the
Ne pressure of 30 Torr and the CuCl pressure of 0.3 Torr).
At first, four diaphragms with internal diameter of 13 mm
were installed inside the discharge tube. In this case the
active volume decreased down to 40 cm®. In this confi-
guration, we measured the dependence of the average
output power on the tube wall temperature at different
pulse repetition rates. The results are presented in Fig. 8.
This diagram indicates that the optimal operation temper-
ature of the tube is about of 560 °C. One can also see that
the highest output power of 4 W was achieved for a pulse
repetition rate of 25 kHz and the average input power of
9 W em ™ (including electrodes and circuit losses), which
corresponds to the average specific output power of
100 W L™,

Under the same condition, we installed quartz dia-
phragms with the diameter of 10 mm and the active
volume decreased down to 23.5 cm®. The average output
power was measured as a function of the tube wall temper-
ature for different pulse repetition rates. The results of the
measurements are presented in Fig. 8b. One can see that
when these diaphragms were used, the optimum operation
temperature increased to 600 °C. Under these conditions,
the maximum output power of 2.9 W was achieved for a
pulse repetition rate of 25 kHz and the input power of
12 W em™ (including electrodes and circuit losses), which
corresponds to the specific output power of 123 W L.

40 s =
z L
=
8
% 301 ]
2
= L
& a
=
8 20} u f=25kHz
. af=227kHz
e /=208 kHz
1.0
1 1 1 1 1
380 430 480 530 580 630
Temperature /°C
3.0
z
5 2.5 F
g .
&)
&,
2 20
3 b
15+ /= 25kHz
A f=22.7kHz
1.0 F ® f=20.8kHz
0.5 1 1 1 1
430 480 530 580 630
Temperature /°C

Figure 8. Dependences of the average output power on the tube wall
temperature for different pulse repetition rates and diaphragm diameters
of 13 (a) and 10 mm (b).

4.1 Radial profile of the gas plasma temperature

It is known that diaphragms cause the change in the radial
profile of gas plasma temperature in active medium [9]. The
cross section of the discharge tube is shown in Fig. 9.
Diaphragms separate the tube interior in two regions. The
electric discharge is located in region I with radius R;. The
power input is considered to be uniform in this region. In
region II located between diaphragms and the tube wall
(R; < r < R,), the power deposition is zero.
The steady-state heat equation is

Diaphragm

Figure 9. Cross section of the discharge tube with diaphragms.
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V(SVT) + P, = 0, (1)

where S is the thermal conductivity; T is the gas temper-
ature; P, is the power deposited in region I per unit volume.
By assuming that the gas temperature varies only in the
radius direction, Eqn (1) transforms to

1d dr
—— | rS— P,=0. 2
rdr <r dr) t @

The temperature dependence of the thermal conductivity of
the Ne buffer gas has the form [24]

S=09.7x 10747085 (3)

By considering the boundary condition on the wall and in
the centre of the tube and assuming the continuity of the
temperature distribution, the solution of (2) has the form
for region II

1.685 R\
_ 1.685 2 o
o) = (TW T o7 x 10 a LeRiInT > - @
And for region |
1.685 0-593
Ty(r) = { b 0% +WPU(R12 - Vz)] )
where
1.685 Ry \
. 1.685 2, o .
Ty = (Tb %07 x 104 oRiln Rl) ’ ©)

and T, is the tube wall temperature.

The solution of these equations allows us to obtain the
radial profile of the gas plasma temperature under different
conditions. The results of these calculations are shown in
Fig. 10.

Curve (/) in Fig. 10 illustrates the temperature depend-
ence in the tube cross section of diameter 20 mm without
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Figure 10. Radial profile of the gas plasma temperature in the cross
section for the internal diameter of 20 mm (without diaphragms) and the
input power density of 9 W em™ (/), with the diaphragms of the
diameter 13 mm and the input power density of 9 W em™ (2) and
with the diaphragms of the diameter 10 mm and the input power density
of 10 W em ™ (3).

using any diaphragms. In this case, the temperature of
plasma gas varies from 2340 K on the central axis to 863 K
on the tube wall. The temperature of the reservoir was
693 K. Because of the low electron and gas temperature
near the tube wall, the dissociation of CuCl molecules,
excitation and population inversion of Cu atoms are
confined to central regions. Thus, it is impossible to use
all the volume of tube as an active medium, which leads to a
decrease in the specific output power. In addition, it is
impossible to increase the tube wall temperature, much
more, because of the heat tolerance of fused silica.

The temperature profile for the 13-mm diaphragms and
for the optimum operation temperature of tube walls
(560 °C) is shown by curve (2). One can see that the radial
temperature profile became more uniform. The gas plasma
temperature varies from 2085 K on the central axis of region
I to 1513 K on its border. Thus, under these conditions, the
high-energy electrons can be found at any distance from the
centre.

Curve (3) in Fig. 10 shows the temperature profile for
the 10-mm diaphragms and for optimum operation temper-
ature of tube walls (600 °C). The gas plasma temperature
varies from 1929 K on the central axis of region I to 1545 K
on its border. To achieve this profile, one needs to increase
the average specific input power up to 12 W cm ™. Under
these conditions, the specific output power is 123 W L™!. In
this case, the radial profile of gas plasma temperature was
much more uniform than that in the previous case. This
allows one to increase the number of high-energy electrons
in the entire volume and thus to raise the specific output
power.

5. Conclusions

We have optimised the specific output power of the CuCl
laser by adjusting the permissible current rise rate of the
thyratron and changing the crucial parameters of the buffer

Table 1.

Actiye L?;:Z::r of Tube Output iﬁf;ftc Refe-
medium the tube /mm length/cm power/W power/W L' rences
CuCl 1 40 3 79 23]
CuCl 18 90 6.3 27.5 [24]
CuCl 25 100 12.5 25.5 [25]
CuCl 18 55 13.2 94 [26]
CuBr 18 55 13.2 94 [26]
Cul 12 45 2.6 51 27]
CuCl 30 70 18.5 37 [28]
CuBr 22 75 3.6 12.6 [24]
CuBr 20 50 32 20 [29]
CuBr 12 45 2.1 41 [30]
CuBr 20 60 42 2 130]
CuBr 22 75 7.8 27 [30]
CuBr 20 65 17.5 85.7 [31]
CuBr 20 50 6 38 [13]
CuBr 20 50 5.3 33.8 [32]
CuCl 20 50 3.5 22.3 [32]
CuBr 25 80 11 28 [33]
CuBr 13 33 3.5 80 22]
cuCl 10 30 2.9 123 g;;zr
CuCl 13 30 4 100 This
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gas and copper chloride vapour pressure and also by
confining the active region with quartz diaphragms. The
dependence of the specific output power on the temperature
profile has been investigated. These results have obtained
by assuming that the wall temperature does not affect the
CuCl vapour pressure, because it is controlled by the
external heater. Thus, the dependence of the specific output
power on the wall temperature demonstrates its dependence
on the radial profile of the gas plasma temperature. In our
experiment, the maximum specific output powers of 100
and 123 W L™' have been achieved with diaphragms
having the internal diameter of 14 and 10 mm, respectively.
Table 1 shows the results of experiments performed by a
number of researchers. One can see that the specific output
power reported in this work is the highest one among all the
existing copper halide lasers without any admixtures like
hydrogen.
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