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Advantages of ZnGeP, crystals over AgGaSe; and GaSe have been demonstrated in the
comparative experiment on second harmonic generation in a mini-TEA CO, laser. The mean power of the
second harmonic achieved was 0.22 W at the conversion efficiency of 6%. It follows from the obtained
data that the fundamental physical properties of laminar GaSe crystals are masked by low cleavage.
Doping of GaSe crystals with indium significantly improves the cleavage and makes them potentially
most attractive crystals for doubling the frequency of CO, lasers.

Mini-TEA COy lasers are widely used in ecological
monitoring of the atmosphere because of their high
performance characteristics — capability of operating as
a part of mobile systems, commercial availability, and
low cost. Development of efficient crystal frequency
converters can not only significantly extend the
capabilities of existing systems, but also improve their
parameters. In particular, frequency doublers of the
9-um band extend the list of gases that can be
monitored with a CO, lidar.!'2 However, the choice of
the most attractive crystal even for second harmonic
generation of the CO, laser emission is obvious only
at the first sight. Actually, it is an illusive prospect
because of a number of factors. This follows from the
table that gives the main parameters determining the
efficiency of frequency doubling for the four most
promising, in the common opinion, nonlinear crystals.

Table. Parameters of nonlinear crystals — frequency doublers
of the CO, laser radiation

ZnGePy| Tl3AsSes | AgGaSe, | GaSe

Crystal

Second order non-linear
susceptibility coefficient,
pm/V 70-111 29-88  31-49 23-75

Figure of merit, (pm /V)2 |30-112 23-107 47—-117 27-287

Spectral range of phase 3.17- 2.28- 3.01— 1.07-
matching, pm 10.32 17 12.7 18

Optical damage threshold
for TEA CO, laser

radiation, MW /cm? 50 35 40 35
Thermal conductivity,

W/ (emK) 0.36  0.0035 0.011  0.162
Birefringence 0.04 -0.18 —0.033 -0.375

Some of these parameters are given with a scatter
in the available data. This scatter is one of the causes
for vagueness in selecting crystals. As an illustration,
Figure 1 shows the calculated spectral dependences of
the figure of merit for the crystals under study. The
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figure of merit M = deff/(n% ny) is proportional to the
conversion efficiency; here ny and ny are the refractive
indices at the pump frequency and the second harmonic
frequency, deff is the effective nonlinear susceptibility
(taking into account the phase-matching angles and
symmetries of the crystals).
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Fig. 1. Spectral dependence of the actual figure of merit for

second harmonic generation of the crystals under study:

ZnGeP; (1) and AgGaSe, (2); GaSe for different second-order

nonlinear susceptibility coefficients: 23 (3), 54.4 (4), and

70 pm/V (5).

It is seen from Fig. 1 that ZnGeP, must surpass
AgGaSe; in doubling the 9-um band of the CO, laser,
while being less efficient in the second harmonic
generation of the 10-um branch.

The situation with the GaSe crystal is most
interesting. The literature data on the coefficient of the
second-order nonlinear susceptibility range from 23
(Ref. 3) to 54.4 (Ref. 4) and even 75 pm/V (Ref. 5).
The place of GaSe among other nonlinear crystals, as is
seen from Fig. 1, changes from the last to the first as the
value of nonlinear optical susceptibility (NOS) varies
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within these limits. Other important parameters that
determine, for example, the degree of development of
distorting thermal processes (thermal conductivity) and
walkoff of interacting radiation (birefringence) are now
determined correctly. However, their values are
significantly different for different crystals. This fact is
often ignored in estimates, and just this is another one
cause of the considered vagueness.

Upon solution of the known set of equations for
amplitudes of interacting bound modes together with
the equation of thermal conductivity, we have found
the dependence of the second harmonic generation
(SHG) efficiency on the parameters of the considered
crystals.6 This dependence demonstrates the potential
advantages of GaSe crystals of rather high
(a0 <0.08cm™!) optical quality over, for example,
AgGaSe, crystals with even  higher  quality
(a0 =0.02cm™!) on the assumption of the minimum
value of the second-order NOS coefficient. Nevertheless,
the overwhelming majority of experiments indicated the
advantage of ZnGeP, crystals. However, Ref.7
demonstrated the advantage of GaSe crystal over
ZnGePy. In this situation, it is urgent to directly
compare the efficiencies of the considered crystals under
identical experimental conditions.

The comparative experiment has been conducted by
the ordinary SHG scheme with ZnGeP,, AgGaSe;, and
GaSe crystals of different length. The available
Tl3AsSes crystals had low quality, and therefore they
were rejected. The best results were obtained with the
ZnGePy crystal of 10.4 mm length and orientation
8=72°and ¢ =0° a=0.3cm! at the wavelength of
pump at 9.3 um and about 0.01 cm~! at the second
harmonic wavelength. Similar results were also
obtained with AgGaSe) and GaSe crystals having close
lengths of 10 and 9 mm and the absorption coefficients
of 0.05 and 0.15 cm™!, respectively. The AgGaSe,
crystal had the orientation 6= 58°30", ¢ =0°. As
known, the GaSe crystal cannot be processed because of
its layer structure and very low hardness. To be used in
the experiment, it was detached along cleavage layers
normal to the optical axis.

Mini-TEA CO, laser (model 143) was fabricated
in the Special Design Bureau for Physical Instrument-
Making of the Russian Academy of Sciences. The laser
cavity is formed by a totally reflecting copper mirror
with 10-m radius of curvature and a diffraction grating
of 100 grooves /mm; the reflection coefficient in the
backward direction is 50%. The radiation in the
spectral region of 9.3-9.6 um exits through a NaCl
plate set at the Brewster angle. With the discharge
zone of 6.8 x 6.8 x 430 mm, the laser operated in the
repetitively pulsed mode at a pulse repetition rate up to
250-300 Hz, the pulse length was 50 ns, and the
output energy was up to 20 mJ. The fundamental mode
was selected, when needed, with an iris diaphragm. The
beam divergence in that case was 1 mrad. The pump
radiation was focused onto a crystal with a BaF, lens
with f =473 mm. The focal spot was 2 mm in size at
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multimode pumping and 1.2 mm at pumping by a single
mode beam.

The threshold energy density of incident radiation,
at which breakdown plasma arose, was determined for
each type of the crystals. The measured damage
threshold for the ZnGeP,, AgGaSe;, and GaSe crystals
at a single mode pumping was 2.5, 1.5, and 0.8 J /cm?2,
respectively. The ZnGeP; crystals had only surface
damage mostly on the rear surface. This is indicative of
the formation of a thermal lens inside the crystal. The
AgGaSe; crystals were characterized not only by
surface damage, but also by an intense bursting all over
the volume due to low mechanic properties, whereas the
GaSe crystals cracked mostly between the weakly
bound layers. The external efficiency of frequency
conversion was determined as the ratio Py,/ Py, where
Py, and Py, are the peak powers of the second harmonic
pulse and the pump pulse.

To obtain reliable results, the efficiency was
measured at the power density two times less than the
damage threshold. The efficiency of frequency doubling in
the ZnGeP crystals exceeded the level of 6%, and the
mean power of the second harmonic achieved 0.22 W at
the mean pump power of 5 W and the pulse repetition
frequency of 250 Hz (single mode pumping). Figure 2
shows the peak efficiency of doubling the frequency of
a mini-TEA COy laser radiation at multimode (curve 1)
and single mode (2) pumping, as well as the calculated
results for single mode pumping (3).

6Fm, %
3
5 -
2
4 -
1

3k
2 1 L 1 L 1 L 1 L 1 L 1

0.7 0.8 0.9 1 I, J/cem?

Fig. 2. Peak efficiency of doubling the frequency of a mini-
TEA CO, laser radiation in ZnGeP; at multimode (/) and
single mode (2) pumping; estimated efficiency for single mode
pumping (3).

The transition to multimode pumping decreased the
efficiency of the frequency conversion in accordance with
Fig. 2 and led to its temporal instability. Therefore, this
pumping was not used in our comparative experiments.
The efficiency of frequency doubling in the AgGaSe,
crystals was 1.5 times lower, and in the GaSe crystals it
did not exceed 0.35%. In the latter case, the power of the
second harmonic had a pronounced (up to 20%)
“pedestal” at full detuning from the phase-matching
direction.
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The experimental results unambiguously point to
the advantages of the ZnGeP, crystals as applied to
doubling of the 9-um band of the mini-TEA CO, laser
radiation and the lowest capabilities of GaSe. According
to the above table, the advantages of the former are
largely determined by the high optical damage
threshold and thermal conductivity, whereas the low
capabilities of GaSe are caused by the low nonlinear
susceptibility, low optical damage threshold, and large
walkoff of the pump and second harmonic radiations. The
walkoff was easily observed by the tracks of hot spots.
The low damage threshold of the GaSe crystals can be
explained by low cleavage leading to the inner
breakdowns. It also causes the low nonlinear
susceptibility. In this case, it is more correct to call this
parameter the effective or actual susceptibility rather than
the fundamental one. Objects, when viewed through the
crystal, look blurred to a certain degree. This is
indicative of local bending of the layers and the
presence of microcavities. The presence of the pedestal
on the experimental curve of phase matching also can be
explained by low cleavage. We can assume that low
cleavage causes the relatively low quality (a= 0.05 cm™!)
of the produced GaSe crystals as well.

In this case, doping of GaSe crystals, as an easiest
method to increase the cleavage, or growing of mixed
crystals like GayIn(j—y)Se may be an efficient way to
realize their natural physical properties. Such crystals
may have higher hardness, optical damage threshold,
and thermal conductivity and be mechanically
processable. Besides, what is more important, they may
have higher nonlinear properties.

The results of foreign and our tentative studies of
GaSe crystals doped with In up to the level less than
1% confirm these assumptions.89 Doping allowed
mechanical processing, in particular, cutting of GaSe
crystals by a diamond saw in any direction. The
coefficient of thermal conductivity in the direction
normal to the cleavage layers increased by a factor of
four — from 0.02 to 0.08 W /(cmideg).

The dependence of the actual coefficient of
nonlinear susceptibility on the length of doped and
undoped crystals was found. This confirms the
dominating influence of the cleavage on the
experimentally observed physical properties. At short
(up to 1 cm) lengths of crystals, the coefficients of
nonlinear susceptibility differ by no more than several
percent, and their absolute value is (70 pm/V, i.e., it is
close to the value of the corresponding coefficient of
ZnGeP; crystals. For crystals of centimeter length, the
difference is within tens of percent, and the absolute
value of nonlinear susceptibility of undoped crystals
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drops down to the minimum level known from the
literature (a little larger than 20 pm/V).

The obtained results allow the conclusion that
ZnGePy doublers of the CO, laser frequency have an
advantage over AgGaSe, and, especially, over the
widely used GaSe crystals. This fact is caused not only
by physical properties of GaSe crystals, but also by the
imperfect technology of their production. The
advantage of the GaSe crystals that has been found by
some investigators can be explained by uncontrolled
growing of samples with high cleavage. Doping of GaSe
crystals with indium at the concentration of 0.3—1%
increased the coefficient of nonlinear susceptibility by
1.5 times and thus allowed partial realization of their
potential capabilities. This gives us a hope that this
coefficient can be increased up to the level typical of
ZnGeP, crystals by improving the doping technology.
According to estimates, the figure of merit of GaSe
crystals for COy laser second harmonic generation in
this case will increase by 5.4—8.9 times depending on
the wavelength, and the GaSe doubler will become
most efficient frequency doubler among other crystals
for the whole frequency range of the CO, laser
emission. The spectral properties, high thermal
conductivity, very high birefringence, and the possibility
of changing it at technological stages of growing of
mixed crystals like GayIngj—y)Se make these crystals
promising for use in the mid-infrared nonlinear optics.
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