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1. Introduction

Currently, terahertz (THz) radiation is already actively used in
industry'"), medicine!?, the study of cultural heritage sites'’),
and other fields. But, for solving some special problems (for
example, plasma diagnostics*!, remote detection of explosives
behind obstacles'™), it is of interest to develop high-power
sources of laser radiation with a special spectral composition
in the THz range. One of the most spectroscopically studied
gas lasers of this type is a NH; laser. THz emission on NHj tran-
sitions can be obtained by optical pumping by a CO, laser, which
is an efficient and technically well-developed method. The first
studies, to the best of our knowledge, with the THz NHj laser
were aimed at studying its spectral capabilities. Therefore, a
high-power pulsed transversely excited atmosphere (TEA)
CO, laser for optical pumping and an optical cell with THz
cavities of very low output ratio, with input and output radiation
through millimeter holes, were used (see, for example,
Refs. [6,7]). This made it possible to obtain lasing on dozens
of transitions in the wavelength range from ~20 to ~388 pm.
Later studies added new laser lines to the set, the total number
of which approaches 100'®!. In particular, it was found that for
the CO, laser pump line 9R(16), the NH; laser can produce
emission on up to 10 wavelengths of the THz range, for the
9R(30) pump line, more than 10 wavelengths, and using other
pump lines led to 2-4 NH; laser lines.

Several research groups studied in detail NHj; lasing with a
wavelength of ~152 pm for the CO, laser pump line 10P(32)
and ~90 um for the 9R(16) pump line’®'?. Such an interest
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Terahertz (THz) NH; lasing with optical pumping by electron-beam-sustained discharge “long" (~100 ps) CO, laser pulses
was obtained. The NH; laser emission pulses and the “long” pulses of the CO, pump laser were simultaneously measured
with nanosecond response time. The NH; lasing duration and its delay with respect to the pump pulse were measured
for various CO, laser pulse energies. For the CO, laser pump line 9R(30), three wavelengths of 67.2, 83.8, and 88.9 um were
recorded. For the CO, laser pump line 9R(16), only a single NH; laser line with a wavelength of 90.4 pm was detected.

Keywords: NHs laser; CO, laser; terahertz emission; nanosecond response time.

in these wavelengths of the THz NHj laser is apparently asso-
ciated, firstly, with the high efficiency of emission conversion
(1.6% for ~152 pm™” and 1.7% for ~90 pm™), and, secondly,
with the prospect of using such THz emission for plasma diag-
nostics in electrodynamic accelerators and tokamaks with a
strong magnetic field"">). Therefore, for these wavelengths, in
contrast to others, the shape of a THz laser pulse was studied
in comparison with a pump pulse. In Ref. [10], the shape of a
single-line pulse with a wavelength of ~152 pm was the same
as for a CO, laser pulse of ~300 ns duration. At the same time,
a lasing pulse with a wavelength of ~90 pm started only after the
first, most powerful peak of the pump pulse and replicated the
shape of a low-energy “tail” of a CO, laser pulse!’?,

In Ref. [11], laser cavity Q-switching was implemented for
THz radiation. Peak power at a wavelength of 152 pm
approached 10 kW at the pulse duration of ~5 ns. The authors
studied optimal Q-switching time relative to a CO, laser pulse
starting point, which, as the author noted, had an “amazing”
delay of 1.5-2.0 ps, i.e., an order of magnitude longer than
the pump pulse duration itself.

Two research groups were engaged in solving the problem of
obtaining high power in the atmospheric transparency window
near a wavelength of ~2 mm!"*"*! with optical pumping by the
10R(14) TEA CO, laser line. Along with the emission on the
~2mm line, there was more powerful emission at wavelengths
of 257 and 281 pm. It was shown'*! that CO, laser pulses with a
duration up to ~1 pus are necessary for optimal lasing on the
2143 pm line, which started approximately 400 ns after the
pump pulse beginning and continued until its end. In
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Ref. [15], output energy at the obtained wavelengths for a pump
pulse with energy of 4 ] was measured: 7 mJ at 257 pm, 2 mJ at
281 pum, and 0.4 mJ at 2143 pm. The energy efficiency for the
2143 pm line and for the 257 pm line was ~0.01% and 0.2%,
respectively. However, the authors did not study the temporal
shape of the laser pulse with a wavelength of 281 pm belonging
to the same laser cascade as a pulse with a 2143 pm wavelength.

Thus, it was demonstrated that an optically pumped NH;
laser can operate on a large number of THz lines with relatively
high efficiency, including lines suitable for plasma diagnostics.
However, it should be noted that up to now the cascade mecha-
nism of THz NHj laser operation optically pumped by a CO,
laser has not been studied in detail. THz NHj laser pulse tem-
poral shapes were mainly detected under experimental condi-
tions, when lasing took place at a single wavelength!®~'?), or
the pulse shape was only studied for a single one out of a set
of wavelengths!'*'*,

For plasma diagnostics, it is of great interest to apply a NH;
laser operating at several wavelengths simultaneously, which
makes it possible to abandon the optical scheme for combining
laser beams of different lasers traditionally used in such experi-
ments (see, for example, Ref. [4]). To arrange multifrequency
THz lasing, it makes sense to study characteristics of the NH;
laser pumped by CO, laser pulses with a duration that is orders
of magnitude longer than the NH; molecule vibrational relaxa-
tion time (~0.1ps!"?), ie., an implementation of quasi-CW
optical pumping.

The objective of our research was just the implementation of
such an optical pumping of a NH; laser by a “long” pulse CO,
laser with pulse duration up to ~100 ps and studying their tem-
poral characteristics with a nanosecond resolution under con-
current operation of CO, and NHj lasers. As a pump CO,
laser, an electron-beam-sustained discharge (EBSD) CO, laser
was applied. Due to the use of such CO, laser pulses, the prob-
ability of obtaining multifrequency THz lasing quite increases.
First, due to intermode beats, they have a spiked structure with
ahigh (~100 kW) peak power an order of magnitude close to the
peak power of short pulses used in Refs. [6,7]. Second, in con-
trast to the above mentioned papers, they have a pump pulse
energy that is 2-3 orders of magnitude higher due to the pulse
duration.

2. Methods

We used an optical pumping scheme similar to that applied
in Ref. [7]. The optical scheme of our experiment is shown
in Fig. 1.

In our experiment, we applied an EBSD CO, laser with the gas
mixture CO,:N,:He =1:4:5 under gas pressure of 0.30 atm
(1 atm = 1.013 X 10° Pa). Plane reflective mirror 1 was installed
directly on the EBSD CO, laser chamber 2. Plane-parallel plate 3
made of BaF, was used as a Brewster window. The optical cavity
of the CO, laser consisted of rear reflective mirror 1, plane-par-
allel ZnSe plate 4, and diffraction grating 6 (100 grooves/mm).
Diffraction grating 6 provided CO, lasing at a specific vibra-
tional-rotational transition. To increase the output energy, an
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Fig. 1. Optical scheme of the experiment: 1, 5, CO, laser rear mirrors; 2, EBSD
CO, laser chamber; 3, 7, 9, plane-parallel BaF, plates; 4, plane-parallel ZnSe
plate; 6, diffraction grating; 8, 22, spherical mirrors; 10, photodetector; 11, power
and energy meter; 12, 21, flat mirrors; 13, lens; 14, gas cell input window; 15, gas
input channel; 16, output to pressure meter: 17, mirrors of THz cavity; 18, Mylar
film; 19, parabolic mirror; 20, quartz plate; 23, detector of THz radiation.

additional rear reflective mirror 5 was used. According to our
estimates, the radiation output ratio when using plane-parallel
plate 4 was ~50%. Plane-parallel BaF, plates 7 and 9 split the
CO, laser beam, directing part of it to power and energy meter
11 (OPHIR 3A-SH) and photodetector 10 (PEM-L-3, response
time 0.5 ns). Spherical mirror 8 (radius of curvature 100 cm) was
used for focusing the laser beam. The rest of the CO, laser beam
(~94%) was directed by plane mirror 12 and focusing lens 13
(focal length 9 cm) into a gas cell with ammonia.

A gas cell 20 cm long was bounded by NaCl optical window 14
and 18 of 0.1 mm thickness made of Mylar. Inside the gas cell,
two plane brass mirrors 17 located at a distance of 12 cm from
each other had a central hole of 2 mm in diameter, through
which the pump laser beam came into the cell, and THz emis-
sion was extracted. Gaseous ammonia came into the cell through
port 15. Gas pressure was controlled through port 16 with a
Busch capsule vacuum gauge (0-25 mbar).

The THz laser beam from the gas cell was directed into detec-
tor 23 (RS 0.4-4 T bolometer, manufactured by LLC SKONTEL,
response time 1 ns) by parabolic mirror 19 (focal length 15 cm),
flat mirror 21, and spherical mirror 22 (radius of curvature
50 cm). The CO, laser and NH; emissions in the mid-IR were
cut off by crystalline quartz plate 20.

3. Experiment

Our experiments were carried out with the CO, laser operating
on spectral lines, for which the largest number of NHj; laser lines
was obtained!”'®, namely, 9R(30) (4~ 9.22pm) and 9R(16)
(A~ 9.29 um) corresponding to [G — vy; sR(5, 0)] and [G —
v,; aR(6, 0)] absorbing transitions of ammonia molecules. The
duration of the pump pulses reached ~100 ps, and the energy
of the pump pulses was up to ~1]J. The optimal gas pressure
in the cell with ammonia for lines 9R(16) and 9R(30) was 8 mbar
and 2 mbar, respectively. An increase or decrease of the pressure
of NHj relative to the optimal value led to a decrease in the THz
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radiation energy. In optically pumped gas lasers, the lasing
directly depends on the absorbed pump radiation. The emission
on the 9R(16) CO, laser line is less absorbed by NH; molecules
as compared to the emission on the 9R(30) line for two reasons.
Firstly, due to different absorption lines of the G — v, transi-
tion, the 9R(30) line emission is absorbed by NH; molecules
from the sR(5, 0) level, while the 9R(16) line emission is
absorbed from a higher aR(6, 0) level. Secondly, the 9R(30) line
is 0.007 cm™! off the absorption line center, and the 9R(16) line
is 0.040 cm™! off!*®!. With an increase in pressure up to 2 mbar
NHj;, the absorption of radiation on both these lines and, as a
result, THz NH; lasing increases simply due to an increase in
the number of absorbing (emitting) particles. However, with a
subsequent increase in gas pressure, the broadening of the
NHj; absorption lines grows up. In the case of the 9R(30) line,
this broadening reduces the absorption, and, in the case of
the 9R(16) line, the broadening gives an additional factor to
the absorption enhancement. Therefore, the optimal ammonia
pressure for THz NH; lasing pumped by the 9R(16) line is
8 mbar. A subsequent increase in the NH; pressure reduces
the NH; lasing due to the third factor—the increase in the rota-
tional relaxation of the excited molecules.

There was a certain intermediate gas pressure (4.5 mbar), at
which THz radiation was observed when pumped by both lines
of the CO, laser.

Some examples of the NH; laser and CO, laser pulses are
shown in Figs. 2 and 3 (ammonia pressure 4.5 mbar). The insets
show initial sections of the pulses. The temporal shape of the
CO, laser pulses is calibrated to the measured values of the pulse
energy E, .. The time instant ¢ = 0 corresponds to the begin-
ning of the EBSD pump pulse, the duration of which is ~50 ps.
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Fig. 2. Pulses of CO, laser (bottom) and NHs laser (top) pumped by the line
OR(1B). Eouiee = 059 .

Vol. 21, No. 2 | February 2023

0.04 0.04 7Py, a.u.
— 0.03
0.03 0.02
B 0.01
0.02 - 0
t, us
1 10 11 12 13 14 15 16
0.01
) t, us
5 M
0 20 40 60 80 100 120
80 — Ppump, kW 80 Ppump, kW
B 60
60 — 40
40 —
20 -
0

0 20 40 60 80 100 120

Fig. 3. Pulses of CO, laser (bottom) and NH; laser (top) pumped by the line
9R(30). Fyuise = 0.91 ).

THz lasing was observed during the most powerful part of the
CO, laser pulse, when the peak power exceeded ~15kW for
the 9R(16) pump line and ~25kW for the 9R(30) pump line.
Low-frequency power fluctuations (~0.5 MHz) in the CO, laser
pulse were replicated in the temporal form of the NH; laser pulse
(see inset to Fig. 2). At the same time, high-frequency power
oscillations (~41 MHz) in a “long” CO, laser pulse associated
with intermode beating!'”! were not always replicated in the
temporal shape of the NH; laser pulse (they are absent in
Fig. 2, but they are in Fig. 3). Apparently, this is due to
differences in the capabilities of the measuring equipment: the
IR detector had two times better response time (0.5 ns) and
~10 times better signal-to-noise ratio than the THz one.

It can be seen from Fig. 2 that the shape of the NH; laser pulse
replicates the shape of the most powerful part of the pump pulse.
However, in Fig. 3, we observe two pronounced maxima in the
THz laser pulse at sufficiently stable CO, laser output power.

We assume that this is a manifestation of the cascade mecha-
nism of NHj lasing explaining multifrequency lasing when the
CO, laser operating on this particular line is used for pumping,
which was observed, in particular, in Refs. [6,16]. This was con-
firmed by subsequent measurements of the NHj laser spectrum.

The instability of the THz pulse train is explained by the
unstable pump CO, laser pulse train. Therefore, it is possible
to analyze only both THz pulse time delays relative to the pump
pulse and the NH; laser pulse duration.

Figure 4 demonstrates dependences of NHj lasing time delay
relative to the pump pulse and the duration of NH; laser pulses
on the CO, laser pulse energy for the pump lines 9R(16) and
9R(30).

It can be seen from Fig. 4 that at the same pump energies, the
duration of NHj laser pulses is longer for the 9R(30) pump line
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Fig. 4. Dependence of the NH; laser pulse duration T, and the delay time
Tgelay ON the CO, laser pulse energy for the pump lines 9R(16) and 9R(30).

than for the 9R(16) one. In both cases, the delay of the NH; las-
ing onset goes down, and the laser pulse duration goes up with
the CO, laser pulse energy increase. The time delay of NHj las-
ing onset is ~0.3-2.5 ps for the 9R(16) line and ~0.2-0.6 ps for
the 9R(30) line. The duration of the NHj; laser pulse depending
on the CO, laser pulse energy ranged from 10 to 25 ps and from
25 t0 40 ps for the 9R(16) and the 9R(30) lines, respectively. The
smaller delay in the onset of NHj; lasing under pumping by the
9R(30) line as compared to the one by the 9R(16) line can be
explained by the difference in the CO, laser radiation absorp-
tion. At the NH; pressure of 4.5 mbar, apparently, the absorp-
tion of the 9R(30) line is still stronger than the absorption of the
9R(16) line. Therefore, the threshold value of the NH; laser gain
is reached faster when pumped by the 9R(30) line than when
pumped by the 9R(16) line.

To measure the wavelength of THz output, a diffraction gra-
ting of 6 grooves/mm with a blaze angle of 12° was used. It was
installed instead of flat mirror 21 (see Fig. 1). In this series of
experiments, THz detector 23 instead of LLC SKONTEL pyro-
electric detector of LLC INFRATEKH-P with a response time of
~1ms was used. Based on the THz beam diameter (12.6 mm
diameter on e~? level), the spectral resolution was +1 pm in
the region of 60 pm and +1.4pm in the region of 100 pm.
(The accuracy of the diffraction grating angle of rotation was
0.02°, which corresponded to an accuracy of 0.1 pm.) The spec-
trum of THz emission was measured, first of all, for the pump
9R(30) CO, laser line, because, in this case, we observed an
unusual form of THz lasing (see Fig. 3). The resulting spectrum
is shown in Fig. 5.

Three lines of THz emission from NH; were recorded with
wavelengths of 67.2+1.2, 83.8+1.3, and 88.9+ 1.4pm. The
strongest of them was the line with a wavelength of 83.8 mm.
Identification (ID) of the transitions was carried out according
to the results in Ref. [6], the transitions ID is shown in Fig. 5
above the corresponding columns of the diagram. Under these
experimental conditions, the main part of THz emission energy
was obtained on the so-called “refilling” transition, i.e., transition
between the levels of the NH; ground vibrational state. It arises
due to the equalization of the populations’ nonequilibrium
caused by the pumping of NH; molecules by the CO, laser onto
the first excited vibrational state v,. It should be noted that the
wavelengths fixed by us do not exclude lasing on other THz
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Fig. 5. Spectrum of THz emission obtained for the pump CO, laser line 9R(30);
ammonia pressure 2.5 mbar.

transitions. Firstly, the possibilities of detecting THz radiation
can be limited by the spectral sensitivity of the used pyroelectric
detector and the characteristics of the reflectivity of the used dif-
fraction grating. Secondly, the spectrum of THz lasing strongly
depends on NHj gas pressure in the gas cell. In particular, in our
case, all other conditions being equal, an increase in the NH;
pressure up to 5.0 mbar resulted in a twofold enhancement in
the THz signal at 67.2 and 88.9 pm, while the emission on
the 83.8 pm line disappeared. Therefore, in Fig. 3, we could
observe the generation of at least two cascade-coupled lines of
the first excited NH; vibrational state v, at wavelengths

1 —
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40 |
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Fig. 6. Dependence of the NH;z laser output with a wavelength of 90.4 um on
the CO, laser pulse energy for the 9R(16) pump line at ammonia pressure of
10.0, 5.5, 3.0, and 2.0 mbar.
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67.2 pm (the first half of the lasing pulse) and 88.9 pm (the sec- References

ond half of the lasing pulse).
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