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Abstract—A numerical simulation was performed for frequency conversion of multiline CO laser radiation to
the THz range by difference frequency generation in a ZnGeP?2 crystal. It was shown that the difference fre-
quencies spectrum can be tuned in the wavelength interval of 70—1300 wm by tuning the phase-matching
angle in the range of 11° to 55°. The maximal peak power of difference frequencies radiation (integral over the
spectrum) was ~0.23 W at 45° phase-matching angle, which corresponds to a peak power conversion effi-

ciency of 6 x 1072,

DOI: 10.3103/51062873819030043

INTRODUCTION

Research on developing systems for monitoring the
atmosphere in the terahertz (THz) band is now under
way around the world, for many reasons. The first of
these is the presence of a window of transparency in
the shortwave end of the atmosphere and the absence
of the absorption spectra of water vapor as the main
perturbing factor in its longwave end. The long wave-
length of THz radiation minimizes scattering by dust
particles and precipitation, while the high power of its
penetrating into nonpolar liquids and nonconducting
solids minimizes its attenuation in them. The safety for
living organisms resulting from the low energy of radia-
tion quanta allows the widespread use of systems based
on the sources of THz-radiation in actual practice.

The introduction of highly sensitive detectors with
subnano- and nanosecond resolution (cryogenic super-
conducting bolometers and room-temperature Schottky
diodes in particular) are advantageous technical factors.
These detectors have stronger (by 1—2 orders of magni-
tude) voltage responses when detecting nanosecond
probe pulses than the widely used cryogenic silicon
bolometers with response constants in the millisecond
range, and allow the development of lidar-type sys-
tems based on nanosecond sources of radiation and
having kilometer-long metering paths [1]. The optical
qualities of the atmosphere also allow the creation of
such measuring instruments [2]. Using highly efficient
generators of picosecond pulses of THz radiation with
pumping by a high-power Ti:sapphire laser system
[3, 4] did not allow us to go beyond kilometer-long

metering atmospheric paths of the atmosphere. Nei-
ther were we able to demonstrate the possibility of
measuring small components of the atmosphere, or to
create simple and easy to use sources of radiation for
systems to monitor them [3, 5]. It is therefore of great
interest to search for ways of creating powerful, reli-
able, and simple nanosecond sources of terahertz
(THz) radiation.

CHOOSING A NONLINEAR CRYSTAL
AND A PUMPING LASER

The use of nonlinear crystal optics with second-
order nonlinearity is a promising way of generating
THz radiation. However, the choice of the nonlinear
process (parametric frequency conversion (PFC)), the
nonlinear crystal and its parameters, and the type of
three-wave interaction between waves in the crystal
are key elements that determine the efficiency of PFC.
The limiting efficiency of PFC is determined by the
Manley—Rowe relation (i.e., the ratio of the energy of
light quanta, converted to the frequency of pumping
radiation) [6]. It follows that using high-energy
molecular gas lasers (CO, and CO lasers) and the most
efficient so-called standard of nonlinear mid-IR crys-
tals (ZnGeP, crystal, or ZGP) [7] would be the best
way of developing powerful sources of THz radiation.
This has not, however, proven to be true in practice, at
least with reference to CO, lasers [§—11]. Note that
ZGP crystals exhibit a high degree of optical loss at the
wavelengths of a CO, laser, and a low degree of optical
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Fig. 1. Dependence of (a) the wavelength of THz radiation
and (b) effective nonlinearity on phase-matching angle in
a ZGP crystal: (/) ooe; (2) eoe.

loss in the THz band [12]. However, the record-break-
ing efficiency of PFC in the middle infrared band
(more than 80% for SHG nanosecond CO, lasers
[13]), and the record-breaking efficiency of the SHG
nanosecond radiation of CO lasers [14], for which the
optical losses are minimal in the transmission window
of ZGP, were obtained in it. Another promising crystal
for the parametric conversion of the frequency of laser
radiation to the THz band is GaSe, which is also trans-
parent in the middle infrared and THz bands. How-
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ever, GaSe crystals have been found to be less effi-
cient than ZnGeP, by a factor of 7 for frequency con-
version of the CO laser radiation under the same
conditions [14].

The possibility of creating a difference frequency
generator (DFG) or a down converter of CO laser
radiation to the THz band, was noted in [15], but the
potential and possibilities of CO laser PFC for obtain-
ing THz radiation were not considered in detail.

In this work, we performed a numerical simulation
for the frequency conversion of multiline carbon mon-
oxide laser radiation to the THz band via the collinear
DFG in a ZGP crystal to examine the potential oppor-
tunities in detail. Our choice of the object of investiga-
tion seemed promising because of the rich spectrum of
laser radiation in the wide range of possibilities of scal-
ing the power of output radiation and the minimal
optical loss in the crystal. Since it is a process with no
threshold, the collinear generation of difference fre-
quencies does not require the use of dielectric mirrors
or antireflection coatings on the working faces of the
crystal.

ANALYZING THE CONDITIONS
OF PHASE-MATCHING
AND EFFECTIVE NONLINEARITY

Obtaining the phase-matching of waves interacting
inside a nonlinear crystal is one of the key conditions
for achieving the maximum efficiency of frequency
conversion [16]. Analysis of all possible three-wave
interactions corresponding to DFG of CO laser radia-
tion to the THz band shows that two types of collinear
phase matching are possible in a ZGP crystal: Type I
(ooe) and Type 11 (eoe). The notations o and e corre-
spond to ordinary and extraordinary waves, and inter-
acting waves (or waves denoted by indices 1, 2, and 3)
are listed in descending order of their wavelength.

Our calculated dependences of phase-matching
(PM) angle 6 on difference frequency wavelength A
are presented in Fig. 1la. The methodology for PM
angles calculation was described in, e.g., [16]. Disper-
sion equations from [16] for the middle infrared band
and from [17] for the THz band were used in our cal-
culations.

We can see from Fig. 1a that the PM curves overlap
because of a minor difference between them. Calcula-
tions show the DFG in a ZGP crystal can be used to
overlap the spectral interval of wavelengths from
60 um (5 THz) to 3000 um (0.1 THz) corresponding
to the THz and shortwave edge of millimeter range.

To obtain a high PFC efficiency under PM, a high
nonlinear response of polarization (described numer-
ically by coefficient d. of second-order quadratic
nonlinear susceptibility) must be observed. Since a

ZGP crystal has point symmetry group 4m2, for PFC
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to the THz-band when the Kleiman conditions are not
fulfilled, d,q is calculated with the formulas [6]

Type 1: d . (00e) = dsq sin Bsin 2,
Type 11I: d.; (eoe) = (d,4 + dss)sin @ cos O cos 20,

where 0 is the angle of phase synchronism; @ is the azi-
muth angle of the direction of interaction (which is
optimized with the direction of the flat of the crystal
faces); and d; denotes components of the tensor of the
coefficient of second-order quadratic nonlinear sus-
ceptibility.

The effective coefficients of nonlinear susceptibil-
ity for Type I and Type 1l interactions were calculated
with coefficient d;, = d\, = 75 pm V! [16] and are
given in Fig. 1. We can see that for the PM angles in
the range of 0° to 55°, corresponding to that of differ-
ence frequency generation ~70 um (~4.3 THz) to
3000 um (0.1 THz), Type II PFC is more effective
than Type I . Note that in [17], the DFG of CO, laser
radiation to the THz band was done in accordance
with only Type I interaction.

MODELING

PFC to the THz band was simulated numerically
for the parameters of CO laser radiation of used in [18]
for wide-band two-stage PFC in a ZGP crystal. The
spectrum of each pulse of CO laser radiation con-
tained 150 rotational-vibrational components in the
wavelength interval of 5.0 to 7.5 um. The peak power
of radiation (integral along the spectrum) was 4 kW.
The simulation was conducted in a plane-wave
approximation and a predetermined amplitude of the
field of pumping radiation following the procedure in,
e.g., [16] and [18]. The ZGP crystal was 10 mm long
and was sheared at the angle ¢ = 0° optimized for Type
II PFC. The radius of the laser beam was 0.1 mm and
was kept constant over the length of the crystal. Losses
due to Fresnel reflection at the faces of crystal were
not considered in our calculations.

The calculated spectra of DFG radiation at differ-
ent PM angles 6 are shown in Fig. 2. It was found that
the spectrum of the CO laser (150 lines in the wave-
length interval from 5.0 to 7.5 um) allowed us to obtain
more than five thousand lines of DFG in the wave-
length interval of 50 to 5000 um. The possibility of
tuning the DFG spectrum in the THz area of the spec-
trum in the wavelength interval of 70 (~4.3 THz) to
1300 (~0.23 THz) um is demonstrated in Fig. 2 for
tuning the PM angle in the range from 11° to 55°.

Note that because the spectrum of the CO laser is
discrete and the wavelengths of its spectral compo-
nents are fixed, the spectrum of DFG radiation also
has the discrete structure of a fixed set of closely
spaced narrow spectral lines. The DFG spectrum is in
this case tuned by optimizing the PM conditions for
any specified spectral region.
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Fig. 2. Calculated spectra of a CO laser’s difference fre-
quency radiation in a ZnGeP, crystal at different phase-
matching angles: (a) 25°—55°; (b) 11°-21° (logarithmic
scale).

It is evident from Fig. 2 that the power of the DFG
radiation lines fell sharply upon tuning to the long-
wave region of the spectrum. This was due to two fac-
tors: a reduction of the ratio between the energy of a
quantum of frequency converted light and the pump-
ing radiation (a drop in the Manley—Rowe relation),
and a reduction of the effective nonlinearity factor
upon decreasing PM angle from 55° to 0° (see Fig. 1b).

The dependence of the power of DFG radiation
(integral along the spectrum) on the PM angle is pre-
sented in Fig. 3.

The maximum power of DFG radiation (integral
along the spectrum) in the THz band is observed at
PM angles in the range of 35°—60°, which agrees with
the calculation results presented in Fig. 2. The maxi-
mum of the dependence has a peaked structure because
of the discreteness of the pumping radiation spectrum.
The maximum DFG peak power of 0.23 W corresponds
to a peak power efficiency of 6 X 1077.
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Fig. 3. Dependence of the DFG radiation power (integral
along the spectrum) on the PM angle in a ZGP crystal.

Our calculations of power and efficiency were per-
formed using the experimental conditions of [18]. The
radiation intensity was in this case =13 MW cm ™2, which
was lower than the optical damage threshold of a ZGP
crystal by a factor of 6 (78 MW cm™2 [16]). The effi-
ciency of conversion and the power of the difference
frequency radiation will therefore be higher by factors
of 6 and 36, respectively, when using a more powerful
CO laser for pumping a ZGP crystal. Note that the
efficiency of conversion can be even higher when
using high-power nanosecond pulses of a CO laser
(see, e.g., [14]).

Negative factors affecting the efficiency of the con-
sidered laser system should also be noted. The investi-
gation performed in [19] showed that inside a pulse of
a Q-switched multiline CO laser, the dynamics of its
spectral components differ. However, the considerable
time shift at the beginning and end of generation is
characteristic only of faint spectral lines, which ulti-
mately results in a small (by ~15—20%) reduction in
the efficiency of conversion (integral along the spec-
trum). Note too that since crystal pumping is done
with multiwavelength radiation, only some of the fre-
quency components participate efficiently in the gen-
eration of difference frequencies at a fixed angle of the
crystal. The efficiency of conversion can in this case be
improved by concentrating the power of CO laser radi-
ation at predetermined wavelengths in the quasi-selec-
tive mode of CO laser operation [14].
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CONCLUSIONS

Frequency conversion of multiline CO laser radia-
tion to the THz-band by difference frequency genera-
tion in a ZnGeP, crystal was simulated numerically. It
was shown that collinear phase matching is possible
for two types of frequency conversion: I (ooe) and 11
(eoe). However, Type II frequency conversion is of
greater interest because of the higher coefficient of
effective second-order nonlinear susceptibility.
Numerical experiments on difference frequency gener-
ation of multiline CO laser radiation in a ZnGeP, crys-
tal were also performed for Type II conversion. The
possibility of tuning of the difference frequency spec-
trum to the THz area of the spectrum in the wavelength
interval of 70 um (~4.3 THz) to 1300 um (~0.23 THz)
was demonstrated by phase-matching angle tuning
from 11° to 55°. The maximum peak power of the dif-
ference frequencies (integral along the spectrum) was
0.23 W at a near 45° phase-matching angle, which cor-
responds to the efficiency of conversion at a peak
power of 6 X 107, The conversion efficiency and
power of difference frequency radiation can be
improved considerably by scaling the power of nano-
second pulses of a quasi-selective CO laser.
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