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Abstract: We present an optically pumped terahertz gas laser, which is based on a mid-infrared
quantum-cascade laser as a pump source, a transversely pumped standing wave resonator, and
ISNHj3 as a gain medium. We observe several laser lines around 4.5 THz, corresponding to
rotational transitions in the v, band of ammonia. So far, these are the highest frequencies obtained
from a QCL-pumped THz gas laser. The involved molecular transitions are unambiguously
identified by high-resolution spectroscopy.
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1. Introduction

Being highly brilliant continuous wave emitters, optically pumped terahertz (THz) gas lasers
have been longstanding sources for a variety of applications from THz imaging, spectroscopy to
detector characterization and calibration [1-3]. THz gas lasers have been even used in space and
airborne applications such as the 2.5-THz local oscillator for the microwave limb sounder on
NASA'’s Aura satellite [4]. However, the usually employed CO, pump lasers are rather bulky,
and although there exist a large number of CO; laser lines in the mid-infrared between 9 and 11
um, the frequency of these lines can only be tuned by a few MHz. Pumping molecular transitions
requires therefore a close-by ro-vibrational resonance of the gain species. Since the number of
transitions increases for larger molecules — and therefore the probability to match a CO; laser line —
examples for prominent THz gas laser species are methanol (CH3OH), difluoromethane (CH,F>),
and formic acid (HCOOH) [5]. Although transition line strengths substantially increase for
lighter molecules such as ammonia, the lack of coinciding pump transitions does not allow for the
use of regular CO; lasers. Obtaining lasing from molecules such as ammonia requires therefore
special means, such as CO, lasers emitting in a sequence band, special isotope compositions, or
an additional electric field in the kV/cm range to shift resonances by the Stark effect [6-9]. In
contrast to pumping with a CO, laser, the frequency of mid-infrared QCLs can be continuously
tuned over a range of typically several hundred GHz. Thanks to the maturity of mid-infrared
QCL technology, continuous-wave devices with customer-specified emission range are nowadays
commercially available. Although their output power is at the best a few hundred mW and
therefore several orders of magnitude smaller than that of CO, lasers, this drawback is mitigated
by the possibility of resonant pumping and the strong dipole transitions of molecules such as
ammonia. With respect to the spectral brightness and output power of molecular lasers, the
only mature alternative are currently QCLs in the THz range [10,11]. However, THz QCLs
require cryogenic cooling, while molecular lasers have the advantage to operate under ambient
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conditions. In view of the power consumption and weight of cryocoolers, this is a substantial
benefit for instrument development in particular for space applications.

The development of QCL pumped molecular lasers started in 2016 with the work of Pagies
et al. [12]. However, all previous reports showed lasing only below 1 THz [12—15], a range
for which more convenient electronic multiplier sources are already available. Here, we report
QCL-pumped lasing for rotational transitions of '>’NHj3 at much higher frequencies around
4.5 THz, based on an alternative resonator approach and by exploiting the molecular symmetry
to avoid low-frequency laser transitions. A potentially important application of a QCL-pumped
molecular laser is heterodyne detection of atomic oxygen, which has its ground state transition at
4.7THz [16,17].

2. Experimental configuration

The transversely pumped standing-wave resonator is based on a 80-cm long circular copper
waveguide with a diameter of 20 mm, two spherical resonator mirrors with 1 m radius, and an
outcoupling mirror. Figure 1(a) depicts a photography of the setup and Fig. 1(b) a schematics
of the resonator. The pump radiation is coupled under oblique incidence via a ZnSe Brewster
window into the copper waveguide. The position of one of the resonator mirrors can be tuned by
a piezo-motorized actuator in order to match the Fabry-Pérot resonance condition. THz laser
emission is extracted via a movable outcoupling mirror and a high-density polyethylene (HDPE)
window. This configuration has the advantage of being robust against misalignment of the pump
source as well as being flexible with respect to the outcoupling which can be adjusted by the
moveable outcoupling mirror. By this means also weak laser lines can be operated. The price to
pay is a non-ideal overlap with the fundamental cavity mode. Due to the "off-axis" pumping
scheme no optical isolator is required to protect the pump source from optical feedback.
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Fig. 1. (a) Photography of the molecular gas laser setup. (b) Schematics of the transversely
pumped resonator.

We used a commercial distributed-feedback mid-infrared QCL as a pump source (Thorlabs).
The laser provides single-mode emission with up to 230 mW at 15°C heat sink temperature,
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decreasing to about 150 mW (max) at 30°C. The frequency of the source can be tuned by
varying the heat sink temperature and the driving current and covers a continuous frequency
range of 190 GHz between 9.23-9.29 um. For precise frequency calibration, we performed
absorption spectroscopy with CH3OH, which exhibits well known transitions in the whole range
accessible with the pump QCL. We obtained frequency tuning parameters of —0.38 GHz/mA
and —2.52 GHz/K. Since the power increases above threshold with about 0.6 W/A, pump-power
dependent measurements become possible by varying the driving current and the heatsink
temperature at the same time.

3. !>NH; as a gain medium

Figure 2(a) depitcs several strong rovibrational transitions of '>’NH3 which are covered by the
QCL. For obtaining the spectrum, the QCL frequency was varied by slowly ramping up the
driving current at a heat sink temperature of 25°C. The transmission of a 118-cm-long gas cell
was recorded by integrating the image signal of a room temperature microbolometer camera
(FLIR, Tau2). These transitions are identified as the saR(5,1) to saR(3,5) transition of "’NH;
[18]. Figure 2(b) shows a simulated spectrum based on the ExoMol database [19], which
unambiguously confirms the identified transitions by the spectral fingerprint.

Figure 3 depicts an overview of the involved energy levels and transitions. For example,
saR(5,0) represents the transition between v = 0, Jx = 50(s) and v, = 1, Jg = 6p(a) with
quantum numbers J and K and symmetry s (symmetric) or a (antisymmetric). In principle,
several laser transitions are possible. Beside the direct rotational transitions in the v, band [e.g.
Jx = 6p(a)— 50(s)], lasing from the inversion transitions 6x(a)— 6x(s) should be possible as
well for K>0. [9,12] For K = 0, lasing of pure inversion transitions is prohibited by symmetry.
In addition to that, refilling transitions in the v = 0 band might contribute to lasing for large
pump powers.
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Fig. 2. (a) Measured absorption spectrum and (b) simulated unsaturated absorption of
15NH; for the saR(5,0)- - - saR(5,5) transitions for a 118 cm long gas cell at 1 Pa pressure.
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Fig. 3. Involved energy levels, pump transitions (black arrows) and observed lasing
transitions (red arrows) of 1YNHj for the covered pump range.

4. Laser characteristics

Figure 4(a) depicts the THz emission signal as a function of the resonator length for the different
pump transitions. The scans reveal a periodic pattern, which represents the Fabry-Pérot condition,
i.e. the peak-to-peak period corresponds to 1/2. Peaks of different height correspond to different
transversal modes, which will be discussed in more detail later. Laser emission with decreasing
intensity is observed for pump transitions up to K = 4, while no emission is observed for K = 5
[Fig. 4(b)]. The intensity decrease from K = 0 to K = 1 is explained by the reduced number of
states for K = 0 due to symmetry resulting in the absence of parasitic relaxation channels. The
intensity decrease toward higher K numbers and the absence of lasing for K = 5 is not explained
by the variation of pump line strength. An additional K-number related relaxation channel or
bottleneck might play a role here. Depending on the air humidity, the intensity measurements for
K>1 become also affected by the presence of water absorption lines between 149 and 154 cm™".
For our typical lab conditions we estimate a maximum of 25% attenuation for the K = 4 transition
at 151.18 cm™! and 75% for the unobserved K = 5 transitions at 153.51 cm™".

We found a dip in the line center for all the laser peaks, an effect known as transferred
Lamb dip [20], which occurs in the presence of counter propagating pump waves and becomes
especially pronounced for transverse pumping geometries. The depth of the dip depend on
several parameters, such as the pump saturation. The asymmetry of the dip as seen in Fig. 4(c) is
caused by a marginal detuning of the pump laser from the molecular resonance. In principle,
laser stabilization can be achieved by locking the emission frequency to the Lamb dip.

In contrast to Refs. [12,15], we did not observe lasing from pure inversion transitions
as well as from refilling transitions. This was confirmed by performing longer cavity scans
including the longest potential transition wavelength, which, in our case, would be 358 um for the
Jix = 61(a) — 64(s) inversion transition. In case of the saR(5,0) pump transition, pure inversion
transitions do not exist due to symmetry. For larger K-numbers the absence of such laser lines
might be a consequence of the resonator layout and the transverse pumping scheme favoring
lasing transitions which are higher in frequency. Refilling transitions might not be observed for
the same reason as well as due to a lack of pump power. A list of the identified laser transitions
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Fig. 4. (a) Output intensity vs. resonator length variation (Ax) for the saR(5,0)- - - saR(5,4)
pump transitions, measured unfocused with a Golay cell detector and a HDPE plate as
mid-infrared blocking filter, step size: 40 nm. The peaks represent THz laser emission. The
periodicity corresponds to the Fabry-Pérot laser condition, and allows for determining the
emission wavelength. (b) Comparison of the THz peak intensity for the different pump
transitions. (c) Magnified emission peak with distinct transferred Lamb dip (arrow).

is given in Table 1. The increase of frequency with increasing K-number is consistent with
theory. Absolute values deviate but are still within the 1% uncertainty of the resonator length
scan measurements.Fig. 5 depicts the THz laser intensity as a function of pressure for the most
intense line [6p(a) — 5¢(s)] and three different pump power values. The laser intensity maximum
is found for 1Pa and 210 mW pump power, corresponding to 30 uW incident power on the
Golay cell. Toward lower pressure the output power decreases due to the reducing number of
molecules contributing to gain. Toward higher pressure the power decrease is due to non-radiative
collisional relaxations of molecules. The maximum power conversion efficiency is 1.4 x 1074,
Although this is a fairly low number compared to the general Manley-Rowe (MR) limit given
by vrHz/Vpump = 0.13, the MR efficiency of 1 x 1073, i.e. power efficiency divided by the MR
limit, is consistent to what was obtained for the same cavity by pumping with a CO, laser.
Higher-efficiency molecular gas lasers reach typically 10% of the MR limit [4], with record
values of 15 — 29% [21-23] and a theoretical maximum of 50% for these lasers. Therefore,
output powers in the mW range for an efficiency-optimized resonator design appear realistic.

Table 1. List of observed THz laser transitions,? pump frequencies (vpump), and laser frequencies
(v1as) according to Ref. [19]. Experimental values (vexp) are determined from the cavity scan with an
uncertainty of ca. 1%.

K Laser transition Vpump Vias Vias Vexp
em™! THz em™! em™!
0 60(a) — 5o(s) 1079.26 4.417 147.34 148.6
1 61(a) = 51(s) 1079.25 4.424 147.57 149.1
2 62(a) — 52(s) 1079.22 4.445 148.26 149.6
3 63(a) — 53(s) 1079.18 4.480 149.45 152.1
4 64(a) — 54(s) 1079.13 4.532 151.18 152.8

@All are direct rotational transitions in the v, band.
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Fig. 5. THz laser intensity as a function of pressure for the saR(5,0) pump transition as
measured with a Golay cell (2.5 mm aperture). The peak signal corresponds to an incident
power of 30uW (8uW) on the Golay cell with (without) HDPE lens (f = 28 mm focal length).

Due to the pumping scheme, various transversal laser modes can be excited. These can be
observed as beam profile variations by replacing the single-pixel Golay cell with a microbolometer
camera (FLIR, tau2) equipped with an HDPE lens (f = 28 mm), which acts also as mid-infrared
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Fig. 6. (a) Integrated camera signal vs. resonator length variation. (b),(c) Intensity profiles
for positions I and II in (a), indicating the presence of different lateral modes. x, y refer to
the horizontal and vertical direction of the camera sensor, respectively. The baseline offset is
caused by the thermal background.
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blocking filter. The measurement is then similar to the resonator length scan as shown in Fig. 4,
although in case of the microbolometer camera no chopper and lock-in amplifier are required.
For the saR(5,0) pump transition, the integrated camera signal is shown in Fig. 6(a). Similar to
Fig. 4(a), various peaks with a periodicity of 32 um are observed. The larger number of peaks
in Fig. 6(a) is a consequence of the larger sensitive area of the microbolometer array. For that
reason, the camera is sensitive to a larger number of transversal (i.e. spatial) laser modes than
the configuration with Golay cell. As exemplary shown in the Figs. 6(a) and (b), each of the
peaks correspond to a different beam profile, reflecting the various transversal modes. For a
cylindrical hollow core cavity, as a reasonable approximation of our laser resonator, cavity modes
of different transversal order are separated in frequency by up to 20 MHz, while the longitudinal
mode spacing is 190 MHz. From an application point of view, spatial filters might have to be
applied in case a more Gaussian-like beam profile is required.

5. Conclusions

We presented a molecular gas laser based on '’NH3 and a mid-infrared quantum-cascade laser
as a pump source. We were able to obtain lasing from several rotational transitions around 4.5
THz, which this is so far the highest frequency obtained from a QCL-pumped THz gas laser. The
output power is up to 30 pW. Although this would be already sufficient for pumping a hot electron
bolometric mixer in a heterodyne receiver, we expect further substantial increase of output power
for efficiency-optimized resonator designs. The two main advantages of a QCL-pumped THz
gas laser as compared to a THz QCL are operation at ambient temperature and a well defined
emission frequency. Therefore cryogenic cooling and active frequency stabilization are not
necessary. This makes such a system very attractive as local oscillator in a THz heterodyne
spectrometer provided that continuous frequency tuning is not required.
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