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Abstract: Frequency doubling of mode-locked frequency-
tunable CO laser emission in high quality 17-mm long ZnGeP2
nonlinear optical crystal was studied. The internal efficiency of
frequency doubling exceeded 25%, which was obtained by sta-
bilization of mode-locking regime and increasing peak power
of pump radiation in the scheme “master oscillator — power am-
plifier”. A feasibility of difference frequency conversion of both
fundamental and first overtone CO laser lines to cover ~4.0—
5.0 pm spectral range and a possibility of getting spectral range
of ~1.25-10 pum by mixing of all CO laser lines were esti-
mated.
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Internal efficiency of SHG in ZnGeP; crystal versus pump en-
ergy when the nonlinear crystal after focal plate. CO Laser tran-
sition 9—8 P(10) (A ~5.274 pm)
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1. Introduction

Extension of a gas laser emission range is attractive for ap-
plication in laser spectroscopy, atmosphere sensing, laser
media diagnostic, chemical reaction initiation, isotope sep-
aration, etc. Pulsed CO laser offers several advantages over
other sources of infrared (IR) radiation. It is a highly effi-
cient laser that provides an opportunity to control the out-
put energy and pulse duration within wide dynamic range,
and to ensure a high average power in a repetitively pulsed

regime. CO laser can operate on hundreds of ro-vibrational
transitions of both fundamental (wavelength range 4.6 —
8.2 pm) [1] and first-overtone (2.5—4.2 pm) vibrational
bands [2—4]. In its turn, parametric frequency conversion
of CO laser emission using a single nonlinear optical crys-
tal is able to cover both mid- and far-IR spectral ranges
[5.6].

Nonlinear crystal ZnGePs, or so-called mid-IR “stan-
dard” nonlinear crystal, is well known as a most efficient
crystal in frequency conversion within mid-IR. The sec-
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Figure 1 (online color at www.lphys.org) Optical schematic of the frequency converter of the pulsed EBSD CO laser MOPA system

ond harmonic generation (SHG) of CO- laser emission in
ZnGeP, crystal was studied for the first time at the be-
ginning of the 80-th [7]. It was third type of paramet-
ric frequency converter that had ever been realized with
ZnGeP, crystal after up-converter [8] and THz emission
generator [9]. Later ZnGeP5 was applied for efficient SHG
and fourth harmonic generation of different kinds of COq
lasers: from continuous wave (CW) to nanosecond pulsed
lasers [10,11]. It was also applied for SHG generation of
CW and Q-switched CO lasers [12-14], sum frequency
generation of CO and CO; laser emissions [15,16], and
far-IR or THz generation [17]. Application of ZnGeP; for
frequency conversion of IR radiation appears to be advan-
tageous over other nonlinear crystals such as AgGaSe, and
others [18,19], which stipulated our choice for our exper-
iments on frequency conversion of CO laser radiation. It
should be pointed out that CO laser supplied with efficient
ZnGeP, frequency converter can cover much wider spec-
tral range in comparison with any all-solid-state laser sys-
tem [20-24].

The results of our first experiments on SHG of repet-
itively pulsed Q-switched low-pressure CO laser radia-
tion are presented in [5,6,25]. Output power, temporal
and spectral parameters of frequency converted emission
was studied in detail. External SHG efficiency of Q-
switched multiline CO laser radiation exceeded 1% in 17-
mm ZnGePs. Taking into account Fresnel losses, the in-
ternal efficiency was about ~2%. The laser output con-
sisted of ~ 80 emission lines in wavelength range 4.96 —
6.30 um. Frequency converted spectrum contained more
than 110 emission lines in 2.53-2.85 pm spectral range.
The minimal wavelength 2.53 um of the frequency con-
verted lines was shorter than 2.65 pm reported in [14] and
the most powerful SHG emission line was at the wave-

length ~ 2.6 um. The excess number of the frequency con-
verted lines to those of the pump spectrum was due to the
fact that frequency conversion run simultaneously for both
SHG and sum frequency generation of different pairs of
the CO laser lines. The bandwidth of SHG non-critical
spectral phase matching was as wide as ~200 cm ™! [14],
which resulted in SHG phase matching for all pump lines
simultaneously.

The SHG of electron beam sustained discharge
(EBSD) frequency-tunable pulsed CO laser radiation in
ZnGeP, crystal for both mode-locked and free-running
operation modes was studied in [5,6,25]. Maximal exter-
nal efficiency of frequency conversion of 3.5 % which
corresponds to ~ 7% internal efficiency was obtained for
mode-locked CO laser. The external efficiency was lim-
ited by two factors. The first one was the fact that only the
high intensity leading peak rather than of the pump pulse
“tail” was efficiently frequency converted. The second rea-
son was a deterioration of temporal structure of mode-
locked CO laser emission which resulted in decrease of
pump radiation peak power [5]. It was connected with cav-
ity loss-level overshoot by gain coefficient of CO laser ac-
tive medium and therefore acousto-optical modulator did
not function effectively. Note that the ZnGeP5 crystal was
fabricated from the same boule as crystals applied in high
efficiency short-pulse optical parametric oscillator (OPO)
[26,27]. Thus, mode-locking is evidently a key point in the
improvement of CO laser for frequency conversion.

In this paper we report about improved CO laser
frequency conversion efficiency in high optical quality
ZnGeP; crystal, which was obtained by stabilization of
mode-locking regime and increasing peak power of pump
radiation in the scheme “master oscillator — power ampli-
fier” (MOPA).
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Figure 2 (online color at www.Iphys.org) Temporal shape-form
of pump and SHG pulses of frequency-selective mode-locked
CO laser (identified in the figure inset). CO laser transition
9—8P(11) (A~ 5.286 um)

2. Experimental techniques and results

The high optical quality 17-mm long not-antireflection
coated ZnGeP: crystal was grown by V.G. Voevodin
with co-workers from V.D. Kuznetsov Siberian Physical-
Technical Institute at the Tomsk State University, Tomsk,
Russia. Experiments were carried out at the Gas Lasers
Laboratory of the P.N. Lebedev Physical Institute of RAS.
In order to increase peak power of the spikes, and finally
the SHG efficiency, in this study CO laser pulses were am-
plified in CO laser amplifier. Thus, the MOPA CO laser
system was used. The optical schematic of our facility is
presented in Fig. 1.

A cryogenically cooled EBSD CO laser applied for
this study was described in detail in [28]. The length of the
active medium was 1.2 m. The optical length of the laser
cavity composed of diffraction grating (240 grooves/mm)
installed in Littrow configuration and plane output mir-
ror with reflectivity 30% in wavelength range 5.0-7.0 ym
was 15 m. Concave spherical mirror with curvature radius
of 1 m and convex spherical mirror with curvature radius
of 0.3 m were used as a telescope. Germanium acousto-
optical modulator (AOM) with aperture 8-mm and antire-
flection coating in spectral range of 4.5—-5.5 ym was lo-
cated close to the output mirror. To excite standing acous-
tic wave in the AOM, its piezoelectric transducer was fed
by RF driver with quartz-controlled frequency 5 MHz and
output power up to 7 W. Mode-locked line-selective CO
laser emitted a train of ~10 ns (full width at half maxi-
mum — FWHM) spikes with pulse repetition rate 10 MHz
[29].

The CO laser was tuned to the powerful single ro-
vibrational lines 9—8 P(11) (A =~ 5.286 um) or 9—8 P(10)
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Figure 3 (online color at www.lphys.org) Pump and SHG pulses
at the beginning of frequency-selective mode-locked CO lasing
(identified in the figure inset). CO Laser transition 9—8P(11)
(A~25.286 pm)

(A~ 5.275 pum). The energy of a laser pulse on the crystal
was varied in the range of 0.01 —0.10 J by changing of the
EBSD laser input energy.

After two passes through the active medium the am-
plified laser beam was directed to the spherical mirror (a
curvature radius 0.6 m or 1.0 m). The crystal ZnGePs was
positioned at the distance L from focal plane of the spher-
ical mirror to exclude optical damage of crystal input sur-
face. One part of CO laser beam was reflected by first CaF,
plate, split by second CaF; plate and then directed, respec-
tively, onto sensitive areas of the reference energy meter
OPHIR 3A-H and photoelectromagnetic detector PEM-L-
3 (response time is below 0.5 ns) to control pulse shape-
forms. Frequency converted emission was measured with
the energy meter OPHIR 3A-SH. The residual pump ra-
diation was blocked before both energy meter and detec-
tor by two IR filters. First one was 2 mm thick IR-quartz
plate installed right after the crystal, and the second one
was installed in front of the energy meter and detector. In
such a way interference caused by the emission from the
first quartz plate heated by pump radiation was blocked by
the second quartz plate. Signals of the output of the detec-
tors were recorded by oscilloscope Tektronix TDS5052B.
Pump emission wavelengths were measured by IR spec-
trograph IKS-31 (LOMO PLC).

Due to the amplification the peak power of CO laser
emission increased as much as 3 —4 times up to ~ 60 kW.
Moreover, the temporal shape-form of the amplified spikes
was much regular as compared to that of not-amplified CO
laser spikes [30]. The time behaviors of pump and con-
verted pulses are presented in Fig. 2. At the beginning of
the train of pump and SHG spikes following with axial
period of 100 ns (Fig. 3) one can see much regular spike
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Figure 4 (online color at www.lphys.org) Internal efficiency of
SHG in ZnGeP> crystal versus pump energy when the nonlin-
ear crystal before focal plate. CO Laser transition 9—8 P(10)
(A~ 5.274 pm), curvature radius of focusing mirror 0.6 m
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Figure 5 (online color at www.lphys.org) Internal efficiency of
SHG in ZnGeP; crystal versus pump energy when the non-
linear crystal after focal plate. CO Laser transition 9—8P(10)
(A~ 5.274 pm), curvature radius of focusing mirror 1.0 m

structure as compared to that of not-amplified spikes. En-
ergy contrast between spikes of ~ 10 ns (FWHM) duration
and valleys was almost 100%. It should be noted that only
the first part of the pump pulse (from 40 to 120 us after the
beginning of EBSD pulse (£ =0) is efficiently frequency
converted (Fig. 2).

External SHG efficiency K., is the ratio of SHG en-

ergy to the pump energy ' measured with the energy me-
ters. Internal SHG efficiency K;,,; was calculated by the

formula: K;n; = Kept(1— Rpump) (1 - Rsuc) ™', where
Ry,ump 1s the Fresnel reflection coefficient of pump energy
by front surface of the crystal and Rsp¢ is the Fresnel
reflection coefficient of SHG energy by output surface of
crystal. Reflection loss was calculated using Sellmeier dis-
persion equations for ZnGePs taken from [31]. Optimal in-
cidence angle of the pump beam was estimated as 29° [5].
It turned out that internal SHG efficiency is related with
external SHG efficiency as K;,; =1.91K,.,;. Fig. 4 illus-
trates internal efficiency of SHG in ZnGePs versus pump
energy for the nonlinear crystal located before focal plane.
The internal efficiency K, increases with L decrease due
to pump intensity rising up. The maximal internal effi-
ciency of SHG in ZnGeP; exceeded 11.7% at L=0.8 cm
and pump energy of 37 mJ and 11.9% at L=0.5 cm and
pump energy of 5 mJ. Further increase of the pump energy
in every case was limited by optical damage of ZnGeP,
output surface. This fact was caused by formation of a ther-
mal lens in the crystal volume due to the positive sign of
dn/dT >0 (where n is index and T is the crystal tem-
perature) for ZnGeP5 crystal [32]. That is why the total
intensity of the pump and SHG emissions on the output
surface of ZnGeP5 many times increased and damaged it.
Simple solution of the problem is the nonlinear crystal in-
stallation after the focal plane of spherical mirror. In this
case divergence of pump laser beam after the focal plane
of spherical mirror compensates the effect of thermal lens.
The result of such experiment is shown in Fig. 5. The in-
ternal SHG efficiency increased up to 25% or by two times
as compared to previous experimental results. In the every
series of the experiment, the further increase of the pump
energy higher than energy corresponded to the right point
of every curve shown in Fig. 5 leaded to the optical dam-
age of ZnGeP> output surface. It is interesting to compare
Kt for mode-locked and free-running CO lasers under
the same other conditions (L =0.6 mm). At pump energy
of ~ 10 mJ, internal SHG efficiency for mode-locked CO
laser was 7.5 times higher as to that of free-running one.
At higher pump energy ~ 30 mJ this deference decreased
by 3 times.

3. A feasibility of frequency tunable emission
within the spectral range from 1.25 to 25 ym

Taking into account the high efficiency of CO laser gener-
ation both in fundamental and the first overtone bands, and
high efficiency of frequency conversion of its radiation in
nonlinear crystals ZnGePs into mid-IR it can be proposed
that frequency converted emission of CO laser can cover
the wide spectral range from 1.25 to 25 pm. In particular, a
coherent emission in 1.25—2.10 pm range can be obtained
by SHG of overtone CO laser lines.

In Fig. 6 oe-e type phase matching diagram for dif-
ference frequency generation (DFG) of overtone and fun-
damental CO laser lines in ZnGeP5 is presented. Solid
lines are related to CO laser fundamental lines (Ag) with
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Figure 6 (online color at www.Iphys.org) - type phase matching
diagram for DFG of overtone and fundamental band CO laser
lines in ZnGeP> crystal
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Figure 7 (online color at www.Iphys.org) - type phase matching
diagram for SFG of overtone and fundamental band CO laser
lines in ZnGeP> crystal

wavelengths in microns shown in the figure. Markers on
the solid lines following every 0.1 pum are related to over-
tone lines (A1) from 2.5 pum to the higher wavelength.
These markers show converted wavelength (\3) and in-
ternal DFG phase matching angle 6. By this type of con-
version of fundamental and overtone bands it is possible
to cover interband range of 4.0—5.0 pum, which covers
the atmospheric transparency bands. There are no power-
ful laser sources operating within this wavelength range.
However, a frequency converter of CO laser to this wave-
length range could be realized rather simply because CO

laser can operate in both fundamental and first overtone
bands simultaneously [2—4]. It must be noted that the max-
imal wavelength obtained with this type of conversion is
up to 10 pum. This limitation of theoretical maximal wave-
length (25 pm) is connected with high absorption of non-
linear crystal ZnGeP5 at 10 yum and higher [17].

The model calculation of phase matching for collinear
ee-o type sum frequency generation (SFG) of overtone and
fundamental CO emission lines in ZnGeP, was also car-
ried out. The results are presented in Fig. 7 in the same way
as in Fig. 6. In this calculation three fundamental (A1) and
eight overtone CO laser lines (A2) from 2.5-3.9 yum range
were considered. Frequency converted emission covered
1.6-2.4 pum range that is rather well in coincidence with
transparency window of the atmosphere. Sellmeier equa-
tions from [31] were applied in these calculations to esti-
mate reflection losses.

4. Conclusion

In conclusion, in this paper we showed SHG of EBSD
frequency-tunable mode-locked CO laser emission in
ZnGeP, crystal with internal efficiency 25%. This result
was obtained by stabilization of mode-locking regime and
increasing peak power of pump radiation in the MOPA
scheme. A feasibility of difference frequency conversion
of both fundamental and first overtone CO laser lines to
cover ~4.0-5.0 um spectral range and a possibility of
getting spectral range of ~ 1.25— 100 pum by mixing of all
CO laser lines were demonstrated.
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