
Abstract. The operation eféciency of the scheme with
successive composition of two laser channels upon excitation
of the active medium by uranium-235 éssion fragments is
studied experimentally and numerically. For the
He:Ar :Xe � 380:380 :1 mixture (at a pressure of 1 atm
and the lasing wavelength k � 2:03 lm) the maximum lasing
power of a double channel (1 kW) is almost twice that of a
single channel (540 W). Calculations show that in the case of
ideal composition (without losses on mirrors) the lasing power
of the double channel can be increased to 1.2 kW. For the
Ar :Xe � 380:1 mixture (the pressure is 0.5 atm,
k � 1:73 lm) the maximum lasing power of the double
channel (620 W) is slightly above that of the single channel
(520 W), which is caused by the losses on aluminum mirrors
employed for channel doubling and by a negative effect of
optical inhomogeneities. In the case of ideal composition, the
lasing power can be increased to 830 W.

Keywords: distributed loss coefécient, active laser medium, nuclear-
pumped lasers, multichannel laser system, small-signal gain, satu-
ration intensity, composition of laser channels.

1. Introduction

The development of powerful laser facilities with an active
medium pumped by uranium éssion fragments {nuclear-
pumped lasers (NPLs) [1]} is connected with a problem of
reducing the number of simultaneously generated laser
beams to a reasonable limit. This problem arises from the
speciécity of NPLs: any suféciently powerful facility should
be multichannel.

One way to solve this problem is integration of several
laser cells with the active laser medium into a complex
cavity. During lasing, a common wave éeld is produced in
the complex cavity, which embraces all the cells and
radiation is coupled out in the form of a single laser
beam. In paper [2], two methods for combining laser
channels were suggested for a cw NPL, which were called

parallel and successive composition of laser channels by
analogy with parallel and series connection of elements in an
electrical circuit (see Fig. 1).

The scheme of parallel composition of laser channels
shown in Fig. 1a is a variant of the radiation phasing
scheme [3] for the case of strong coupling between the
channels with the transversal radiation coupling through a
single beam. This scheme was studied theoretically in [4] and
érst experimental results were presented in review [5].

In a successive composition scheme, the active medium
of generator is enlarged by virtue of corner-type reêectors
(see Fig. 1b). This scheme is widely used in industrial CO2

lasers [6]. The successive composition scheme for NPLs was
suféciently well studied analytically [4] and to some extent
experimentally [7, 8]. In experiments [7] with successive
composition of two laser channels the lasing threshold
was about twice lower and the output power was twice
greater than for a single channel. The result of the successive
composition of three laser channels was not so good: the
power of the combined generator proved lower than that of
a single laser channel [8]. There may be several reasons for
such a low composition eféciency. We will mention only the
accumulation of even-order optical inhomogeneities, which
occurs at an increased number of laser channels and
incomplete compensation for odd-order inhomogeneities
(in particular, from an optical wedge) upon composition
of an odd number of channels.

Thus, the scheme of successive composition for NPLs
has not been experimentally studied yet. The main draw-
backs in the experiments [7, 8] are nonoptimal laser cavities
of single and double channels, which hinder the determi-
nation of the composition scheme eféciency. On the other
hand, optimisation of a successive composition scheme
requires changing the cavity mirrors in each experiment,
which is difécult in the laser setups of the LM type [9]
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Figure 1. Schemes for parallel (a) and successive (b) composition of three
laser channels [2]: ( 1 ) highly reêecting mirror; ( 2 ) semitransparent
mirrors.



because of the radiation safety limitations and complicated
adjustment of laser cavities and the whole optical tract.
Thus, the two-channel LUNA-2M laser facility [10] residing
in the ground hall of the VIR-2M pulse reactor [11] was
used to perform a series of experiments on optimising the
successive composition scheme for two laser channels.

This paper is devoted to experimental and analytical
study of energy parameters of the successive composition
scheme for two laser channels. He ëAr ëXe and Ar ëXe
laser mixtures were used in the experiments. The parameters
of these active media (the small-signal gain, saturation
intensity, and distributed loss coefécient) were studied
versus the pump power. The eféciency of the two channel
composition scheme was calculated and optical inhomoge-
neities and lasing power for single and double laser channels
were simulated. The results obtained were compared with
the experimental data.

2. Experimental

Experiments were carried out on the LUNA-2M two-
channel nuclear-pumped laser facility [10]. Two plane
aluminum plates of size 6� 200 cm were placed inside
each cavity at a distance of 2 cm from each other. The
internal plate surfaces were deposited with the 235U oxide-
protoxide layers with the surface density of � 3 mg cmÿ2.
The VIR-2M water pulsed reactor [11] was used as a source
of neutrons. The half-height pulse duration was 3.2 ms at
the reactor energy release of 54� 2 MJ. The average
neutron êux density at the maximum of the reactor pulse
recalculated to thermal neutrons was 2� 1015 cmÿ2 sÿ1,
which for both mixtures employed in the experiments
corresponds to a mean speciéc pump power of � 40
W cmÿ3.

In each channel of the LUNA-2m facility [10], one
adjusting bellows coupling unit was replaced by a unit with
a Brewster window, which provided a linear polarisation of
laser radiation with the polarisation vector directed verti-
cally. The transmission of the Brewster windows was 93%
at normal beam incidence for the wavelengths 2.03 and
1.73 mm.

The highly reêecting dielectric mirrors had a radius of
10 m and reêection coefécients of above 99.7% at the
operation wavelength. The coupling mirrors of the optical
cavity were plane dielectric mirrors with various reêection
coefécients.

The scheme of experiments with two successively com-
bined laser channels is shown in Fig. 2. Two aluminum
mirrors with the reêection coefécients of 96%ë97% were
used for optical composition of the channels. Two laser
mixtures were used: the He:Ar:Xe � 380:380 :1 mixture at
the total pressure of 1 atm and the lasing wavelength l �
2.03 mm (the 5d�3=2�o1 ! 6p�3=2�1 transition in the xenon
atom) and the Ar:Xe � 380 :1 mixture at the pressure of
0.5 atm, l � 1:73 mm (the 5d�3=2�o1 ! 6p�5=2�2 transition).

Three series of experiments were carried out in which we
investigated the far- and near-éeld radiation distribution for
a single laser channel, studied the evolution of the laser
beam cross-section area during the reactor pulse action, and
optimised the lasing power for the single and double
channels by varying the reêection coefécient of the out-
coupling mirror.

The near- and far-éeld radiation distributions were
investigated by means of the Ragulsky wedge. In the

experiments, four autographs of the laser beam were
obtained on a carbon paper with the successive image
expositions 1 : 0.5 : 0.25 : 0.13 at l � 2:03 mm and
1 : 0.6 : 0.3 : 0.1 at l � 1:73 mm.

The experiments show that at l � 2:03 mm almost all the
far-éeld radiation energy (more that 90%) is concentrated
in the angle ranges jfxj < 6 mrad and jfyj < 5 mrad and at
l � 1:73 mm in the ranges jfxj < 5 mrad and jfyj < 4 mrad.

At l � 2:03 mm the near-éeld radiation élls the rectan-
gular region jxj < 20 mm and jyj < 8 mm almost uniformly;
the laser beam cross-section area is � 6:4 cm2. At l �
1.73 mm about 90% of the energy is concentrated in the
range jxj < 17 mm and jyj < 7 mm; the cross-section area is
� 4:8 cm2.

Evolution of the near-éeld laser beam cross section was
studied by the method of a moving target. Horizontal and
vertical scans of laser beam autographs were obtained in the
scale 1 : 4. Analysis of the autographs shows that the lasing
pulse can be divided into three phases: lasing onset,
evolution, and a developed lasing stage.

At the érst stage, lasing starts in the near-axis region of
the laser channel at low-order modes. In the evolution
phase, a suféciently fast expansion of the generation region
occurs, which occupies almost the entire laser channel at the
end of the phase. In the developed lasing phase, the
radiation occupies all the active volume and the increase
in the lasing power is related to a rising energy per
generating mode rather than with a greater number of
modes.

To optimise the lasing parameters at l � 2:03 mm in
studying a single channel we carried out ten experiments
with outcoupling mirrors having various reêection coefé-
cients. In studying the double channel scheme we performed
six such experiments. In studying the single and double laser
channel schemes at l � 1:73 mm, we carried out four
experiments in each case.

Figs 3 and 4 show the dependences of the laser energy
and maximum power on the reêection coefécient of the
outcoupling mirror. The maximum energy parameters of
lasing are given in Table 1. One can see from Figs 3 and 4
that in passing from the single to double laser channel the
optimal reêection coefécient of the outcoupling mirror falls
from � 70% to 40%ë 50%. At l � 2:03 mm, a noticeable
reduction in the laser energy and power is only observed if
the reêection coefécient is as low as 10%. At l � 1:73 mm,
the reduction in the energy parameters of the two-channel
scheme occurs at the reêection coefécient lower than 30%.
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Figure 2. Optical scheme for measuring radiation parameters of the
double laser channel: ( 1 ) slewing aluminum mirrors; ( 2 ) Brewster
windows; ( 3 ) érst channel; ( 4 ) second channel; ( 5 ) semitransparent
outcoupling mirror; ( 6 ) highly reêecting spherical mirror; ( 7 ) energy
meter; ( 8 ) focusing lens; ( 9 ) photodetector unit.
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3. Calculation

3.1 Basic relations

A thorough theoretical study of successive composition of
several laser channels is given in [4]. Thus, below we only
present the basic relations used in our calculations.

Lumped losses in the cavity comprising N successive
identical laser channels include active and adverse losses
determined by the coefécients

k0 �
1

2NL
ln

1

r1r2
, kN �

Nÿ 1

NL
ln

1

T
, (1)

where r1;2 are the reêection coefécients of cavity mirrors; L

is the length of a single laser cell; and T is the transmission
of the optical element used for composition of channels.

At T � 1 the lasing power of the complex generator can
be found from the approximate formula similar to the
Rigrod formula [12]:

P out
N � k0VNIs

�
a0

k0 � reff

�
, reff � r� kN, (2)

where VN is the active volume of the laser (the volume of
the laser channels involved in radiation); a0 is the small-
signal gain; Is is the saturation intensity; and r ( reff) is the
distributed loss coefécient (effective coefécient).

The optimal cavity parameters and the corresponding
optimal (maximum) lasing power N of the combined
channels can be found from the expressions [4]

�r1r2�opt � exp
h
ÿ 2NLr 1=2

eff

ÿ
a 1=2
0 ÿ r 1=2

eff

�i
,

(3)

P out
opt �N � � VNIs

ÿ
a 1=2
0 ÿ r 1=2

eff

�2
.

The eféciency of combinations of several laser channels was
characterised by the parameter introduced in [4]

ZN �
Pout
opt �N �

NP out
opt �1�

. (4)

By using Eqn (3), we reduce (4) to the form

ZN �
VN

NV1

�
a 1=2
0 ÿ r 1=2

eff

a 1=2
0 ÿ r 1=2

�2
, (5)

where V1 is the active volume of the optimised single laser
channel.

3.2 Parameters of laser active media

The parameters of laser active media were found exper-
imentally by the calibrated loss method [12]. In least
squares calculations, modiéed Rigrod formula (2) was used
from which the parameters a0, r, reff and saturation power
Ps � hSNiIs were determined, where hSNi � VN=(NL) is the
average cross-section area of the laser beam inside the
cavity.

Analysis of the experimental results for the He:Ar :Xe �
380 :380 :1 mixture (at the pressure of 1 atm and l �
2.03 mm) shows that a0 / q (where q is the speciéc pump
power) and at the maximum of pump pulse we have a0 �
1.1 mÿ1, which is close to the values obtained earlier [13].
For a single channel the average distributed loss coefécient
in the range of speciéc pump powers 0 ë 40 W cmÿ3 is
�0:01 mÿ1.

In the case of the double channel the average effective
distributed loss coefécient is 0.025 mÿ1. For r � 0:01 mÿ1

the lumped adverse loss coefécient is k2 � 0:015 mÿ1, which
corresponds to the reêection coefécient of � 97% for
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Figure 3. Generation energy E versus the reêection coefécient of
outcoupling mirror for a single channel ( 1, 3 ) and double channel
( 2, 4 ) at l � 2:03 mm ( 1, 2 ) and 1.73 mm ( 3, 4 ). Dots are the experi-
mental results and curves are approximations.
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Figure 4. Maximum lasing power Pmax versus the reêection coefécient of
outcoupling mirror for a single channel ( 1, 3 ) and double channel (2, 4)
at l � 2:03 mm ( 1, 2 ) and 1.73 mm (3, 4). Dots are the experimental
results and curves are approximations.

Table 1. Maximum lasing energy parameters.

l
�
mm Mixture Pressure

�
atm Channel ropt (%) Emax

�
J Pmax

�
kW

2.03 He :Ar :Xe� 380 : 380 : 1 1
single 71.4 1.46 0.54

double 45.5 1.81 1.0

1.73 Ar :Xe� 380 : 1 0.5
single 67.7 0.96 0.52

double 46.8 1.08 0.62
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aluminum mirrors. This value coincides with the tabulated
data in [14].

The time dependence of the saturation power for a single
channel well correlates with the area of a near-éeld laser
beam autograph. At the lasing pulse maximum the satu-
ration power is 310 W and the saturation intensity is
approximately 50 W cmÿ2.

For the double channel the behaviour of the saturation
power signiécantly differs from the single-channel case. At
the leading edge of a pump pulse after the lasing onset the
saturation power rapidly rises to � 50 W, then slowly
increases to � 100 W which is followed by a sharp jump
to 320 W. At the trailing edge of the pump pulse the
saturation power for the double channel is lower compared
to the single channel. This behaviour of power Ps is related,
érst of all, to variations in the average cross section of the
laser beam hSNi during the generation of the pulse, which is
determined by optical inhomogeneities in the laser channel.

For the Ar:Xe � 380 :1 mixture (at the pressure of
0.5 atm and l � 1:73 mm) we have a0 / q 1=2, and at the
maximum of the pump pulse a0 � 0:35 mÿ1, which agrees
with the results from [13]. The average distributed loss
coefécient for the single channel is � 0:01 mÿ1 similarly to
the case of l � 2:03 mm.

For the double channel the effective distributed loss
coefécient is 0.04 mÿ1, which is noticeably greater than in
the case of l � 2:03 mm. This fact can be explained by a
suféciently low reêectance of aluminum mirrors (� 94%) or
greater diffraction losses at higher generation modes in the
double channel.

The time dependence of the saturation power for both
single and double channels is of spiking character at the
leading edge of the pump pulse and the maximum saturation
power is shifted to the pulse onset. This may result from
optical inhomogeneities or active medium heating. The
maximal saturation power for the single channel is
� 1160 W and for the double channel it is 1180 W. The
saturation power at the maximum of the lasing pulse is
approximately 240 W cmÿ2.

3.3 Eféciency of the composition scheme with two
channels

Generation pulses with the maximum power are presented
in Fig. 5 (l � 2:03 mm) and Fig. 6 (l � 1:73 mm) for the
single and double channels. The calculated lasing power is
also shown for an optimised double channel in the case of
ideal composition (the reêection coefécient of the optical
elements is assumed 100%). In the calculations we used the
experimentally found parameters a0, r, reff, and Ps for the
active media.

One can see from Fig. 5 that at l � 2:03 mm the
maximal lasing power for the double channel (1 kW) is
approximately twice that for the single channel (540 W).
Calculations show that in the case of ideal composition the
lasing power of the double channel can be increased to
1170 W.

At l � 1:73 mm (see Fig. 6) the maxima of lasing pulses
in the single and double channels are observed at the leading
edge of the pump pulse. This can be explained by heating of
the Ar ëXe active medium and inêuence of the distributed
negative lens whose plane is parallel to the uranium layers.
One can see from Fig. 6 that at l � 1.73 mm at the instant
t � 5:5 ms an abrupt rise in the double-channel lasing power
occurs, whose maximum value (620 W) exceeds, though

moderately, the single-channel power (520 W). In the case of
ideal composition the maximum lasing power will be 830 W.

Figures 7 and 8 present the experimental and calculated
eféciencies of channel composition under experimental and
ideal (without losses on the optical elements of the
composition scheme) conditions. The composition eféciency
was determined by expression (4). One can see that the
calculation well agrees with the experimental results. It
follows from Fig. 7 (l � 2:03 mm) that the maximum
eféciency (92%) is obtained at the maximum of the
pump pulse. At the trailing edge of the pump pulse the
eféciency gradually falls which is related to developing
optical inhomogeneities. Estimates show that employment
of ideally reêecting mirrors may raise the eféciency to
� 110%.

Time evolution of the composition eféciency at l �
1.73 mm (see Fig. 8) is of complicated character: curves ( 1 )
and ( 2 ) exhibit four steps (at t � 2:8ÿ 3:7 ms, 6 ë 6.5 ms,
8 ë 8.5 ms, and 9.2 ë 9.4 ms) and a suféciently deep gap
(� 5 ms). The eféciency at the maximum of lasing pulse is
� 60%. The calculation results show that under the ideal
conditions the eféciency may rise to 83%.
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Figure 5. Pulses with the maximum lasing energy for a single ( 1 ) and
double ( 2 ) channels (l � 2:03 mm) and calculated power of the optimi-
sed generator at the reêection coefécient of slewing mirrors 100% ( 3 ).
Solid curve is the shape of reactor pulse.
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Figure 6. Pulses with the maximum lasing energy for a single ( 1 ) and
double ( 2 ) channels (l � 1:73 mm) and calculated power of the optimi-
sed generator at the reêection coefécient of slewing mirrors 100% ( 3 ).
Solid curve is the shape of reactor pulse.
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3.4 Inêuence of optical inhomogeneities

To estimate the inêuence of optical inhomogeneities we
simulated the time evolution of lasing power for the double
channel. The calculations were speciéc in that we tried to
énd the active volume VN numerically rather than from
experimental results as was done above.

In this paper the value and distribution of the energy
deposition in laser cavities were determined by the method
described in [15]. The energy deposition was calculated for
the quadratic deceleration law for éssion fragments in the
approximation of average uranium éssion fragment. Under
these assumptions the error in determining the energy
deposition does not exceed 10% [16].

Optical inhomogeneities in the laser channels were
determined in the small-energy deposition approximation
[17] by neglecting the heat conduction. In the central part of
the laser channel the refractive index was approximated by a
second-order polynomial (for jxj4 15 mm, jyj4 5 mm the
error of this approximation does not exceed 3%) so that we
might use matrix optics for describing propagation of
radiation [18].

If an optical cavity was stable, i.e., jJ j < 1, where
J � AD� BC (ABCD is the matrix of cavity round trip

from left to right [18]) then the lasing power was determined
by expression (2) and the volume VN was assumed equal to
the volume of laser active medium occupied by the
maximum-order generation mode whose transverse dimen-
sion is limited only by the apertures of the laser channel and
optical elements.

For unstable cavities (jJ j > 1) the lasing power was
determined by expression (2), where VN is equal to the
maximum volume of laser active medium occupied by the
converging and diverging electromagnetic waves and the
factor kN makes allowance, in addition to the losses on
optical elements of the composition scheme, for the losses
connected with cavity instability:

kN �
1

NL
ln

�
mxmy

TNÿ1

�
, (6)

where mx and my are the optical cavity magniécation
factors along the x and y axes, respectively [18].

Some calculation results are presented in Figs 9 and 10.
Data for the He ëAr ëXe mixture (l � 2:03 mm) given in
Fig. 9 show that the single channel has one instability region
(6.1 ë 6.3 ms) whereas the double channel has three such
regions (4 ë 4.5 ms, 6 ë 6.4 ms, and 7.6 ë 7.7 ms). The second
and third dips in the time dependence of the lasing power for
the double channel are explained by an inêuence of optical
inhomogeneities. The lasing power for the double laser
channel was calculated for the outcoupling mirror with the
reêectivity 71.7%.

The calculations performed for the He:Ar:Xe �
380 :380 :1 mixture (at the pressure of 1 atm, l �
2.03 mm) show that the optical cavity used in the experi-
ments remains stable during the entire reactor pulse when a
negative lens arises (x axis). It also remains stable at the
maximum of the pump pulse when a positive lens (y axis)
arises. This allows us to obtain high energy parameters in
the experiment with the double channel at the reactor pulse
maximum.

In the case of the Ar ëXe mixture (l � 1:73 mm) the
single channel has one instability region (5.7 ë 5.9 ms) and
the double channel has two such regions (3.7 ë 4.2 ms and
5.5 ë 6 ms) (see Fig. 10). The lasing power was calculated for
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Figure 7. Experimental (dots), calculated ( 1 ), and limiting calculated
( 2 ) eféciencies for successive composition of two channels versus time
(l � 2:03 mm). Solid curve is the shape of reactor pulse.
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Figure 8. Experimental (dots), calculated ( 1 ), and limiting calculated
( 2 ) eféciencies for successive composition of two channels versus time
(l � 1:73 mm). Solid curve is the shape of reactor pulse.
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Figure 9. Time dependence of the volume V of the stable region of laser
active medium for double ( 1 ) and single ( 2 ) channels; calculated ( 3 )
and experimental ( 4 ) lasing power (l � 2:03 mm). Solid line is the shape
of reactor pulse.
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the outcoupling mirror with the reêectivity 46.8%. The
cavity of the single channel becomes unstable with respect to
a negative lens (x axis) at t > 8:5 ms, whereas the double-
channel cavity does so at t > 7:5 ms. There is a third region
of instability for the double channel along y axis (7.2 ë
7.4 ms). However, it is completely masked by the negative-
lens instability.

In the Ar:Xe � 380:1 mixture (at the pressure of 0.5
atm, l � 1:73 mm), unstable regions arise due to a dis-
tributed focusing lens along both the vertical y and
horizontal x axes. One can see from Fig. 10 that the optical
cavity in this case is not optimal at the instant of lasing pulse
maximum which results in a moderate eféciency of compo-
sition obtained in the experiments (� 60%). On the other
hand, the low lasing eféciency of the double channel is
caused by high losses on aluminum mirrors. Calculations
show that by replacing aluminum mirrors by ideally
reêecting mirrors the composition eféciency can be
increased to 83%.

One can see from Figs 9 and 10 that for both wave-
lengths at the leading edge of the reactor pulse the
experimental lasing power in the double channel is lower
than the calculated value. This may be explained by the fact
that the generation initially arises at lower modes in the
channel region near the axis. At t > 6 ms the experimental
and calculated lasing pulses coincide because the generation
occupies all the active volume of the laser.

4. Conclusions

The following results have been obtained from the
experimental and analytical study of energy parameters
of the successive composition scheme for two laser channels
on the LUNA-2M nuclear-pumped laser facility:

(i) For the He:Ar :Xe � 380 :380:1 active medium (at
the pressure of 1 atm), the small-signal gain at l � 2:03 mm
grows linearly with the speciéc pump power q and is equal
to 1.1 mÿ1 at q � 40 W cmÿ3. The saturation intensity is
50 W cmÿ2 and distributed loss coefécient is � 0:01 mÿ1;

(ii) For the Ar:Xe � 380 :1 active medium (at the
pressure of 0.5 atm), the small-signal gain at l � 1:73 mm
grows as a square root from the speciéc pump power and is
equal to 0.35 mÿ1 at q � 40 W cmÿ3. The saturation inten-

sity is 240 W cmÿ2 and distributed loss coefécient is
� 0:01 mÿ1 for the single and � 0:02 mÿ1 for the double
channels;

(iii) At l � 2:03 mm the maximum lasing power and
energy for the single channel are 540 W and 1.46 J,
respectively. For the double channel, they are 1 kW and
1.81 J, respectively. The composition eféciency obtained
with respect to power (at the maximum of lasing pulse) is
92%. Calculations show that with ideally reêecting mirrors
used as optical elements in the composition scheme the
power and eféciency of the double channel may increase to
1.2 kW and 110%, respectively;

(iv) At l � 1:73 mm the maximum lasing power and
energy for a single channel are 520 W and 0.96 J, respec-
tively. For the double channel, they are 620 W and 1.08 J,
respectively. The composition eféciency obtained with
respect to power (at the maximum of the lasing pulse) is
60%. In the case of ideal addition scheme the power and
eféciency of the double channel may increase to 830 W and
83%, respectively;

The calculations performed show that the lasing param-
eters for the double laser channel are substantially affected
not only by the losses on optical elements of the addition
scheme, but also by optical inhomogeneities arising in the
laser channels during the pump pulse. This effect is more
pronounced in the active medium of the Ar ëXe laser. In
particular, the conéguration of the optical cavity used in the
experiments was not optimal at the instant of lasing pulse
maximum, which resulted in low energy parameters at
l � 1:73 mm for the double laser channel.
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