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Abstract.  A two-channel double-pass iodine explosively pumped 
photodissociation laser (EPPL) with an explosively pumped master 
oscillator (MO) and an SBS mirror is studied. The radiation 
source, determined by an aperture 6 mm in diameter, through which 
the radiation from MO enters the turbulent surface air path, is 
located at a distance of 2.5 km from the amplifier unit input. An 
SBS mirror with a kinoform raster of microlenses is used to com-
pensate for the amplifier and path optical inhomogeneities and to 
match the phases in the EPPL channels. The energy and spatial 
characteristics of the EPPL output radiation are studied experi-
mentally and numerically. Good agreement is obtained between the 
experimental and calculated distribution of the energy density of 
the output EPPL radiation in the plane of the MO aperture, which 
is a pattern of interference between the two channels. The maxi-
mum energy density in the aperture plane is by more than 4 times 
greater than in the case of a single-channel EPPL.

Keywords: explosively pumped photodissociation iodine laser, stim-
ulated Brillouin scattering, phase conjugation.

1. Introduction

The high-power iodine explosively pumped photodissociation 
laser (EPPL) (l = 1.315  mm) has a record-breaking pulse 
energy [1, 2]. The effect of phase conjugation in the process of 
stimulated Brillouin scattering (SBS) [3, 4] used in a EPPL in 
the ‘master oscillator (MO) + amplifier + SBS mirror’ con-
figuration to compensate for optical inhomogeneities of the 
amplifier and the optical path [5, 6] opens up the possibility of 
interesting applications in the physics of high energy densi-
ties. For example, one of them is the implemented focusing of 
radiation into a spot of size ~l [7] with the achievement of 
energy flux densities and electric field strengths, which other-
wise could be achieved only using femtosecond lasers. In this 
case, it becomes possible to study the interaction of a mono-
chromatic extremal field with matter under virtually quasi-
stationary conditions (compared to the characteristic atomic 
relaxation times).

The progress of EPPL studies is associated with solving 
two important problems that inevitably appear at a certain 
stage in the high-power laser development. The first problem 
is how to increase the radiation energy and radiant intensity. 

When the potential of the active medium is exhausted, the 
main hopes become associated with the realisation of a multi-
channel laser. When phasing radiation in N parallel channels, 
then, in addition to increasing the power by N times, it is 
possible to increase the radiant intensity by N2 times. The 
second problem relates to the delivery of radiation to the 
receiver under conditions of an optically inhomogeneous 
propagation path.

The authors of Refs [5, 6] considered a ‘converging’ ver-
sion of the EPPL at a working mixture pressure of 25 Torr 
C3F7J + 125 Torr Xe. To correct the beam quality, use was 
made of a SBS mirror proposed in [8] with a kinoform raster 
of diffractive lenses. As a result of optimising the configura-
tion of this SBS mirror by means of a three-dimensional non-
stationary SBS computational model [9, 10], the quality of 
phase conjugation is close to ideal at any laser pump power 
exceeding the threshold one [10 – 13]. In a single-channel 
EPPL, it was possible to achieve the following output radia-
tion parameters: the energy was about 400  J, the radiant 
intensity was 1012  J  sr–1, and the Strehl number was at the 
level of 0.7 (see Figs 1a – 1c). Due to the threshold nature of 
SBS, the EPPL implements a repetitively pulsed regime, in 
which the repetition period of the output radiation pulses is 
equal to twice the time it takes for the radiation to travel from 
the amplifier to the SBS cell. The experimental data are in 
good agreement with the results of three-dimensional nonsta-
tionary simulation of a double-pass EPPL [14], which takes 
into account diffraction, amplified spontaneous emission of 
amplifiers, radiation losses in the optical path, inhomoge-
neous amplification with saturation, and refraction of radia-
tion by optical inhomogeneities of the amplifier active 
medium caused by the shock wave.

The radiation intensity at the amplifier input, which is 
provided by a lamp MO, was about 0.2 W cm–2 in the experi-
ments. As shown by the calculations, in the presence of para-
sitic reflections of laser radiation from the optical scheme ele-
ments [15 – 17], if parasitic reflections with a coefficient higher 
than 10–7 are not suppressed, they can significantly reduce the 
EPPL radiant intensity, which was observed in some experi-
ments (see Figs 1d – 1f). According to calculations, to elimi-
nate the effect of parasitic reflections on the EPPL divergence 
reliably, the MO radiation intensity at the amplifier input 
should exceed 10 – 20 W cm–2.

The purpose of this work is to study the operation of the 
EPPL in a two-channel version with an explosively pumped 
MO to increase the intensity at the amplifier input. In the 
two-channel EPPL, the SBS mirror is also of interest because 
it provides the phase combining of the radiation in a natural 
way: phasing is a special case of phase conjugation of a frag-
mentary common beam. Note that phase conjugation at SBS 
is one of the well-known mechanisms of coherent phase com-
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bining of multichannel radiation [18 – 20]. In contrast to the 
studies, in which a phased wavefront is formed directly at the 
output of an amplifier unit (see, e.g., [21, 22]), in the present 
work, a long turbulent atmospheric path is included in the 
feedback loop. Using three-dimensional nonstationary mod-
els [10, 14], a computational study of the two-channel EPPL 
operation with phase combining of the radiation from two 
laser channels is carried out using the SBS technique; the cal-
culated results are compared with the experimental ones. The 
MO radiation source was located in a turbulent atmosphere 
at a distance of 2.5 km from the amplifier unit input, which is 
necessary for optical decoupling of the MO from the ampli-
fier unit. The main interest lies in studying the structure of the 
EPPL radiation beam in the MO region and evaluating the 
efficiency of phase conjugation under conditions of a turbu-
lent propagation path.

2. Schematic diagram of a two-channel EPPL 

The schematic of the EPPL in a two-channel version is shown 
in Fig. 2. The EPPL contains a master oscillator, two ampli-
fier units with a length La1 = La2 = 1 m, located at a distance 
L12 = 20 m from each other, and an SBS mirror with an angu-

lar selector. The distance L23 between the second amplifier 
and the SBS mirror is 68 m. 

In more detail, the optical scheme of the EPPL is shown in 
Fig. 3, where the MO aperture is number 5. The two-channel 
amplifier is implemented in a ‘converging’ version of the 
EPPL with a laser mixture 25 Torr C3F7I + 125 Torr Xe. To 
ensure the most compact arrangement of the apertures of the 
two channels, their amplifying stages [( 11 ) and ( 12 ) in Fig. 3] 
were shifted along the axes relative to each other by a distance 
of about 2 m (see Fig. 4). 

Two double-stage channels of amplification with 20  m 
separation between the amplifying stages are arranged paral-
lel to each other with a gap of 31 cm between the optical axes 
spaced apart in the horizontal plane. The maximally colli-
mated MO radiation is restricted by an aperture located at a 
distance L1 » 2.5 km from the input window of the first pair 
of amplifiers. As shown by experiments and calculations, in a 
single-channel ‘converging’ version of the EPPL with a mix-
ture of 25 Torr C3F7J + 125 Torr Xe, the output energy 
reaches ~400 J, and the radiant intensity is 1012 J sr–1. With 
the full use of the potential of the EPPL active medium, an 
increase in its energy and brightness is possible only by com-
bining radiation of several channels. 

  

1 2 3 4 5
t/ms

1 2 3 4 5
t/ms

0

0.2

0.4

0.6

0.8

1.0

 

t/ms

0

1

2

3

4

5

6
P

o
u

t 
 (a

rb
. u

n
it

s)

0

0.5

1.0

1.5

2.0

2.5

P
/G

W S
t

a b c

  

1 2 3 4 5
t/ms

1 2 3 4 5
t/ms

0

0.2

0.4

0.6

0.8

1.0
 

1 2 3 4 5
t/ms

0

1

2

3

4

5

6

P
o

u
t 

 (a
rb

. u
n

it
s)

0

0.5

1.0

1.5

2.0

2.5

P
/G

W S
t

d i f

51 2 3 4

Figure 1.  Dynamics of (a, d) experimental and (b, e) calculated power and (c, f) calculated Strehl number of EPPL radiation (a – c) in the absence 
and (d – f) in the presence of parasitic reflections with a coefficient of 10–6. The dashed line shows the dynamics of the average Strehl number.
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Figure 2.  (Colour online) Schematic of a double-pass dual-channel EPPL.
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Phase conjugation at SBS was implemented in a high-
pressure gas mixture (48.5 atm Xe + 1.5 atm SF6) [5, 6]. 
Figure  5 shows the scheme of injecting two parallel beams 
with an aperture of up to 12 cm, separated by a distance of 
31 cm, into the SBS cell. In the scheme, both beams of MO 
radiation amplified during the first pass (pump radiation) are 
focused by a lens 650 mm in diameter into a selector of Stokes 
waves with an angular transmission of 4 ́  10–4 rad, and then 
directed to two identical kinoform rasters of diffractive lenses 
and focused into an SBS cell.

Thus, the MO radiation passes through the aperture, prop-
agates along a horizontal path 2.5 km long, is amplified in the 
amplification stage, reaches the SBS mirror and is reflected 
from it, is amplified in the second pass, and again propagates 
along a 2.5 km long path. The main goal of this work is to 

record and analyse the spatial and energy characteristics of the 
EPPL radiation in the plane of the MO aperture.

3. Master oscillator based on an explosively 
pumped EPPL 

In calculations [15 – 17], it was found that parasitic reflec-
tions from optical scheme elements with a coefficient of 
10–7 – 10–6 at the MO signal intensity of 0.2 W cm–2 at the 
amplifier input, which is typical for lamp MO, can signifi-
cantly increase the divergence of the EPPL output radiation. 
It was shown that to ensure suppression of parasitic reflec-
tions, an input MO signal level of at least 10 – 20 W cm–2 is 
required; this level can be provided by an explosively 
pumped MO. 
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Figure 3.  (Colour online) Optical layout of the EPPL with explosively pumped MO: ( 1 ) explosively pumped MO; ( 2 ) matching telescope; ( 3, 
7 – 10 ) flat mirrors; ( 4, 6 ) measuring optical wedges; ( 5 ) reference (measuring) aperture; ( 11, 12 ) EPPL amplifier units; ( 13 ) SBS mirror with a 
selector.
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Figure 4.  (Colour online) Close packing of apertures of two amplifying channels: (a) view along the axis; (b) top view.
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To carry out experimental studies on the phase combining 
of radiation beams from parallel channels of the converging 
version of the phase-conjugated EPPL, an optical scheme for 
the formation of MO radiation of diffraction quality at the 
input of an amplifier unit with an aperture of D » 0.5 m was 
developed. The optical scheme (see Fig. 3) has no forming 
lenses; it is based on the principle of free beam expansion on 
the atmospheric path after the forming reference aperture. 
The scheme is equivalent to that of an objective lens with a 
focal length F = L1 » 2.5  km with a reference aperture of 
diameter d located in its focal plane. For the amplified Stokes 
radiation, the formation scheme plays the role of a measuring 
objective lens with a focal length of ~2.5 km. To correctly 
measure the distribution of the axial intensity of the amplified 
Stokes radiation in the far-field zone and, therefore, the axial 
radiant intensity, the diameter of the reference aperture is 
chosen based on the condition d = lL1/D; as a result, we have 
d » 0.6 cm for our scheme. 

In the quartz EPPL version, a cylindrical quartz cuvette 
1 m long with an inner diameter of 90 mm is filled with a laser 
mixture and placed in an aluminium cylindrical case 50 cm in 
diameter and 1 m long (Fig. 6). Ultraviolet pump radiation is 
emitted by a shock wave propagating in krypton placed in a 
metal case at a pressure of 1  atm. The source of the shock 
wave is a cylindrical explosive charge with a diameter of 
100 mm and a length of 900 mm. The inner diameter of the 
quartz tube is D = 90 mm. The distance lk from the explosive 
charge to the quartz tube was 250 mm. 

Let us consider the operation of the master oscillator in a 
full-scale experiment with amplification and phasing of radia-
tion in parallel EPPL channels with phase conjugation. 

A mixture of gases with partial pressures of 5.5 Torr C3F7I 
and 30 Torr SF6 was used as an active element. Cat’s eye 
reflectors were used for positive feedback in the resonator. 

The directivity pattern was formed by an aperture 4 mm in 
diameter placed in front of the rear feedback mirror in the 
focal plane of a lens with a focal length fl » 40 m. The laser 
aperture was limited by a diaphragm 40  mm in diameter. 
Polarised laser radiation with an electric vector oscillation in 
the vertical plane was ensured in the resonator by the pres-
ence of a reflective plate positioned at the Brewster angle to 
the radiation axis (rotation around the vertical axis). To 
reduce the optical load on the resonator mirrors, a mirror 
with a transmission of 50 % was placed as a filter (attenuator) 
in the output leg of the resonator. 

The main parameters of MO and its radiation in the 
experiment are presented below.

SBS cell

Rasters
f1 = 151 cm f1 = 8.11 m

f1 = 40 m

Selector aperture

40 cm90 cm 616.5 cm

Figure 5.  Schematic of the input system for the two-channel EPPL.
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Figure 6.  Master oscillator based on a quartz EPPL version (in mm).

EPPL variant  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                       quartz

Quartz tube length/m   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                     1
Inner diameter 

    of the quartz tube/mm   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                    90

Active length/m  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                        0.9
Aperture diaphragm diameter/mm   .  .  .  .  .  .  .  .  .  .  .  .  .              40
Laser mixture  .  .  .  .  .  .  .  .  .  .          5 Torr C3F7I and 30 Torr SF6
Angular selector transmission/rad   .  .  .  .  .  .  .  .  .  .            1 ́  10–4
Effective coefficients   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  Rrear » 0.63

of resonator mirror reflections   .  .  .  .  .  .  .  .  .  .          Rfr » 0.0035

Optical length of the resonator/m  .  .  .  .  .  .  .  .  .  .  .  .  .               160
Output radiation energy/J  .  .  .  .  .  .  .  .  .  .  .  .  .  .              12.2 ± 1.8
Average radiation power/W  .  .  .  .  .  .  .  .  .  .  .  .  .                2.6 ́  105
The radiation pulse duration at the 0.1 level 

    of the maximum power/ms   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                  47
Radiation intensity at the amplifier 

input/W cm–2

1st channel   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                           4 ± 1

2nd channel  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                           4 ± 1
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The radiation oscillogram at the MO output, obtained in 
the experiment using G8421-03 InGaAs photodiodes with a 
time resolution of about 2 ns, is shown in Fig. 7. The spec-
trum of MO emission exhibits a multimode generation struc-
ture in terms of the longitudinal index; 80 % of the radiation 
energy of the MO lies in the spectral range Df = 68 MHz, from 
where the radiation coherence length lcoh » c/Df = 4.4 m. To 
implement high-quality phase conjugation, it is necessary that 
the length of the nonlinear interaction region in the SBS cell 
be less than the coherence length. The quasi-stationary excita-
tion of SBS is also facilitated by the fact that the width of the 
spectral line of MO radiation is much smaller than the width 
of the scattering line.

The patterns of MO radiation in the near- and far-field 
zones are shown in Figs 8 and 9. It was found that, for a radi-
ating aperture diameter 40 mm, the radiation divergence is 
expected to be about 1 ́  10–4 rad.

4. Experimental and calculated results 

We performed a computational study of phase conjugation in 
an SBS mirror with a kinoform lens raster in three-dimen-
sional geometry. Calculations using the model [10] showed 
that, like in the single-channel version [8 – 12], in the case of a 
multichannel input of radiation, there is an optimal geometry 
of the SBS mirror (see Fig. 5), which provides the quality of 
wavefront conjugation of more than 90 % and a high, stable 
coefficient of Stokes radiation selection. It is shown that the 
dephasing (different phase shift) of radiation in the channels 
does not lead to a deterioration in the quality of phase conju-
gation. The conjugation quality factor is more sensitive to 
drops in the intensity of the input radiation in the channels; 
however, the reduction in the conjugation quality factor to 
~85 % occurs at drops of 50 % – 100 %. In the experimental lay-
out shown in Fig. 5, the conditions for a high quality phase 
conjugation were realised: both characteristic zones of 
increased pump radiation intensity (the focal plane of the lens 
and the image of the focal plane of the lens raster) were focused 
into the cell, and rasters with a cell size of 1 mm and a focal 
length of individual 8-level diffractive lenses 9.5 cm were used. 

The EPPL calculation model [14] includes the radiation 
propagation path, which is an optically inhomogeneous 
atmosphere. The model for calculating the propagation of 

radiation in a turbulent atmosphere is described in [23]. A sec-
tion of the calculated distribution of radiation energy density 
at the EPPL near-field output on a horizontal moderately tur-
bulent path with a structural constant Cn

2  = 10–15  cm–2/3 is 
shown in Fig. 10.

The calculations showed that with a phased input signal 
from the MO, replacing one EPPL channel with two channels 
increases the radiant intensity by a factor of 4.4 in the absence 
of parasitic reflections from optical elements. The output 
energy increases by a factor of 2.1 (from 430 to 890 J) regard-
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Figure 7.  (Colour online) Oscillogram of radiation at the output of the 
master oscillator.
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-1-2-3

0.2

0.4

0.6

0.8

1.0

0
0

I 
(a

rb
. u

n
it

s)

1 2 3
Radiation divergence/10-4 rad 

Figure 9.  (Colour online) Section of the density pattern of the MO ra-
diation energy in the focal plane of the lens with F = 60 m.



	 S.G. Garanin, Yu.V. Dolgopolov, G.N. Kachalin, et al.294

less of parasitic reflections. This is explained by the growing 
SBS mirror reflection coefficient upon a twofold increase in 
the power of the radiation incident on it. Calculations also 
showed that in the case of amplifying a dephased input signal 
(with a random phase shift of the input signal in each chan-
nel), this dephasing is also preserved in the output beam. 
Thus, it follows from the calculations that there are no funda-
mental obstacles to the efficient summation of radiation in a 
multichannel EPPL with an SBS mirror. 

Figure 11 shows the near-field pattern of MO radiation 
amplified after the first pass before arriving at the SBS mir-
ror, as well as the pattern of the Stokes radiation emerging 
from the SBS mirror before the second amplification pass. At 
the input of the amplifying channels, approximately the same 
intensity (~4 W cm–2) reference radiation was formed. From 
Fig. 11a it can be seen that the amplification channels opera-
tion is approximately the same. The amplified MO radiation, 
i.e., the pump radiation for SBS, after angular selection, is 
directed into the cell with a nonlinear medium for SBS and 
phase conjugation. According to Fig. 11b, the Stokes radia-
tion reflected from the SBS mirror in the near zone also con-

sists of two beams separated by the required spatial interval, 
which quite impressively reflects the meaning of phase conju-
gation. The quality of the phase conjugation is very high, in 
full agreement with the calculations, and Fig. 11b also clearly 
shows the weakly expressed annular structure of the beam in 
each channel, which was demonstrated in the calculations 
[14 – 16]. 

The EPPL output radiation pattern in the near-field zone 
is shown in Fig. 12. It is in good agreement with the results in 
Fig. 10. 

Figure 13 allows a comparison of the calculated and 
experimental distributions of the EPPL radiation energy den-
sity in the plane of the MO aperture plotted on the same scale. 
The amplified Stokes radiation of two EPPL channels in the 
aperture plane at a distance of 2.5 km from the amplifier unit 
is an interference pattern of the radiation of two channels, 
and has a characteristic size of 8 cm and interference fringes 
with a characteristic size of about 1 cm. The total distribution 
width, which is determined by the radiation pattern from one 
channel, and the period of the interference fringes in the 
experiment and calculation are in good agreement. The circle 
indicates the MO aperture. The distance between the fringes 
of the pattern Dx = lL1/d, determined by the angle of conver-
gence of the beams from the two channels, at L1 = 2.5 km and 
d = 31  cm amounts to 1.0  cm, which is close to the data 
obtained in experiment and calculation. The lower contrast of 
the fringes in the experiment compared to the calculation is 
explained by the fact that the average input intensity is 
4 W  cm–2, which is insufficient to suppress completely the 
effect of parasitic reflections of laser radiation from the ele-
ments of the optical scheme and self-excitation. 

The maximum brightness of the EPPL radiation is 
observed near the optical axis, in the centre of the aperture, 
i.e., the central fringe of the pattern passes through it. The 
general slope of the wave front of each of the beams is also 
preserved under turbulence conditions. Several calculations 
have been performed with various implementations of a tur-
bulent atmosphere in the case of a channelled phase conjuga-
tion combiner. The central fringe of the pattern passes 
through the centre of the aperture in all cases. 

It is interesting to consider the operation of a two-channel 
EPPL, when the SBS mirror is replaced with a conventional 
reflective (100 %) spherical mirror with a radius of curvature 
equal to the distance from the mirror to the MO aperture. 
Figure 14 shows the distribution pattern of the EPPL radia-
tion energy density in the aperture plane obtained under con-
ditions of a moderately turbulent atmosphere with Cn
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Figure 10.  Axial section of the calculated radiation energy density dis-
tribution at the EPPL output in the near field at Cn

2  = 10–15 cm–2/3 in the 
case of two separated channels with an aperture of 0.6 cm.
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Figure 11.  Experimental distribution of the energy density of (a) pump 
and (b) Stokes radiation in the near field.
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Figure 12.  Energy density distribution of EPPL output radiation in the 
near-field zone.
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10–15 cm–2/3 using a spherical mirror. In this case, the distribu-
tion of the energy density can be seen to be significantly 
broadened and shifted away from the aperture. As the calcu-
lation showed, the maximum value of the energy density 
decreases by more than 4 times. The results presented demon-
strate the clear advantage of using the phase conjugation 
effect in SBS for efficient phase combining of radiations from 
many EPPL channels. 

5. Conclusions

An experimental and computational and theoretical study of 
the operation of a two-channel EPPL in a ‘converging ver-

sion’ with an SBS-mirror under conditions of a turbulent 
atmospheric path was performed. The distance between the 
axes of the channels was 31 cm. The radiation source in the 
form of an aperture 0.6 cm in diameter, from which the radia-
tion of the explosively pumped MO emerges, is located at a 
distance of 2.5 km from the entrance to the amplifier unit. 

It is found that the experimental distribution of the energy 
density of the output radiation in the plane of the aperture is 
an interference pattern of the radiation of two channels. The 
fringe width in the pattern is determined by the distance 
between the channels. The calculated energy density distribu-
tion in the aperture plane, obtained under conditions of mod-
erate atmospheric turbulence (Cn

2  = 10–15 cm–2/3), agrees well 
with the experimental pattern in terms of the total distribu-
tion width and fringe width. According to the calculations, 
the maximum energy density in the aperture plane increases 
by more than 4 times compared to the case of a single-channel 
EPPL, both in a homogeneous and moderately turbulent 
atmosphere. The central fringe of the interference pattern 
passes through the centre of the aperture, i.e., the maximum 
energy density of the EPPL radiation is observed near the 
optical axis, in the centre of the aperture.
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Figure 13.  Distribution of the energy density of EPPL radiation in the 
plane of the MO aperture (a) in experiment and (b) calculation at Cn

2  = 
10–15 cm–2/3.
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Figure 14.  Section of the calculated radiation energy density distribu-
tion in the aperture plane in the case of a two-channel EPPL with ( 1 ) an 
SBS mirror and ( 2 ) a spherical mirror.


