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THz Spectroscopy by Frequency-Tuning
Monochromatic THz Source: From
Single Species to Gas Mixtures

Honggian Sun, Yujie J. Ding, Senior Member, IEEE, and loulia B. Zotova

Abstract—Different gases have been successfully fingerprinted
on the basis of the distinct transition frequencies measured by fre-
quency tuning a THz source developed by us. Our further anal-
ysis illustrates that one can reliably separate isotopologues by mea-
suring and comparing their rotational constants. Based on our in-
vestigation of the N> O isotopologues, 29 rotational transition peaks
were identified for the first time. For the gas mixtures, preliminary
results indicate that one can identify the components of chemical
species and the corresponding concentrations. Based on our spec-
troscopic results, the tunable THz source may offer a viable ap-
proach in the identifications and detections of chemical species.

Index Terms—Identifications and detections of chemical species,
rotational transitions, terahertz (THz), transmission and absorp-
tion spectroscopy.

I. INTRODUCTION

ECENTLY,there have been consistent efforts dedicated

R to the spectroscopy and sensing applications in the THz
spectral region (i.e., the frequency interval between 10'! Hz and
10'® Hz). Indeed, some researchers obtained the unique THz
spectra for sucrose crystals, biomolecules, flames, explosives,
water vapor, and various gases [1]-[10]. As reviewed in [11],
the time-resolved THz spectroscopy has widely been used to
investigate carrier dynamics. More importantly, since most of
the chemical species in the vapor phase possess rather sharp
and distinct absorption peaks, it is quite feasible to utilize THz
spectroscopy for the chemical identification and detection. Gen-
erally, the absorption peaks in the THz range originate from
the molecular rotational transitions. They are fundamentally dif-
ferent from those in the other spectral ranges, such as near IR.
Based on the rotational transitions, some characteristic param-
eters, such as rotational constants, can be deduced in order to
label and to identify the corresponding molecules. Therefore, in
principle THz spectroscopy can be an effective method for fin-
gerprinting and identifying chemical species in the vapor phase.
Currently, most of the applications of THz waves in spec-
troscopy are primarily hampered by the lack of suitable tunable
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THz sources and detectors. Although the THz time-domain
spectroscopy and the Fourier transform IR spectroscopy have
been utilized to reconstruct THz spectra for various mate-
rials, the spectral resolution is still limited [12]. To achieve
higher spectral resolutions, backward-wave oscillator (BWO)
tubes and photo mixing between two CO» lasers (TuFir) have
been utilized by some spectroscopists in the past few years
[12]-[14]. However, BWO tubes usually suffer from their short
lifetimes (1000 h). In addition, each tube can only cover a
relatively narrow frequency range (e.g., 200-300 GHz). On
the other hand, since a photo mixer is mechanically fragile, it
can be easily damaged by low electrical current or mechanical
disturbances. Recently, there have been considerable efforts
being devoted to the development of narrowband THz sources
based on parametric processes [15]-[18], which appear to be
quite promising for realizing one of the key applications in
identifications and detections of chemical species.

In this paper, we report our results following the investiga-
tion of the molecular spectroscopy of the polar molecules from
single species to mixtures of gases by frequency tuning a THz
source developed by us [15]. Our results illustrate that such a
source holds a promise for the applications of THz waves in
identifications and detections of chemical species. The primary
objective of this article is to report the spectroscopic results ob-
tained by using such a source. This paper is organized as fol-
lows. In Section II, we provide the details of our experiments on
the molecular spectroscopic study. All of the spectra measured
by us and discussions of our results are summarized and pre-
sented in Section III. We will draw conclusions in Section IV.

II. EXPERIMENTAL DETAILS

In our spectroscopic studies of polar molecules, we used a
THz source implemented by frequency-mixing two near-IR
laser beams [i.e., difference-frequency generation (DFG)] in a
GaSe crystal [15]. According to the setup illustrated in Fig. 1,
the first mixing beam was an output of a Nd:YAG laser at the
wavelength of 1.064 um (pulse duration, 10 ns; repetition rate,
10 Hz; pulse-to-pulse stability, +2%), and the second beam
was the idler output from master oscillator/power oscillator
(MOPO) emitting a wavelength tunable within 0.735-1.8 um
(pulse duration, 5 ns; repetition rate, 10 Hz; pulse-to-pulse
stability, £8%). To prevent the GaSe crystal from optical
damage, pulse energies of the two beams were attenuated to
6 and 3-7 mlJ, respectively. After the GaSe crystal, the peak
power of the THz source can reach 389 W at 203 pm (pulse
duration, 5 ns; pulse energy, 2 uJ; pulse-to-pulse stability,
+10%), whereas the output wavelength can be continuously

1530-437X/$26.00 © 2010 IEEE



622

4 A
My Mstlv'
My MOPO | Nd:YAGlaser
‘ 355 nm
s 1.064 um M
Filter
0.73-1.8
M\ Mg ,r' I THzbeam NI[EPM
BS
Gase Y
il [P

Bolometer Boxcar o

Fig. 1. Setup for measuring transmission spectrum: M, mirror; BS, beam
splitter; PM, parabolic mirror. Although a bolometer was used, transmittances
can be measured by using a pyroelectric detector operating at room temperature.

tuned between 58.2um (172 cm™!) and 3540 um (2.82 cm™1),
with a typical linewidth of 0.36 cm~* (11 GHz) [19]. In order
to tune the output frequency of the THz source, one just needs
to slightly tune the frequency of the MOPO output beam.
Compared to the BWO tubes, this tunable THz source has
a much longer lifetime and relies on a much simpler setup.
Unlike the TuFir system, there are no fragile components, and
therefore, such a THz source is much more robust. Using our
THz source, the spectra can be conveniently measured based
on the frequency-tuning scheme.

During our measurements, all of the chemical species were
sealed in the single-pass gas cells. The side wall of each cell
and the windows are made of quartz and either UV fused silica
(*2CO and '3CO) or fused quartz (for the rest), respectively. For
the two CO isotopologues, the windows being wedged at 2° are
mounted with a tilt angle of 11° £ 1° to eliminate the interfer-
ence caused by the multiple reflections from the windows. For
the rest of the chemical species, a vacuum reference cell was
used to remove both the interference effect and the additional
absorption caused by the windows. As a result, flat windows
were used. The length of the gas cells was either 150 mm for CO
isotopologues, HBr, NO, NH3, and H>S, or 200 mm for NoO
isotopologues, 12C0/13CO mixture, and HBr/HCI mixture.

As illustrated in Fig. 1, the THz signal was measured by a
bolometer with its electrical output being measured by a boxcar
integrator. Although we chose the bolometer, the signal levels
for all of our measurements are much higher than the noise
equivalent energy for the deuterated L-alanine doped triglycene
sulphate pyroelectric energy meter operating at room tempera-
ture. All the measurements were made on the gas cells at room
temperature. The output wavelength of the THz source was cal-
ibrated by comparing the frequencies of the observed water-
vapor absorption peaks with those available from the high-res-
olution transmission molecular absorption (HITRAN) database
[20]. For some of the gases investigated by us, i.e., HBr, NoO
isotopologues, NH3, CO isotopologues mixture, and HBr/HCl
mixture, the boxcar integrator was set to record 300 pulses in
order to increase the SNR. Therefore, the THz signal measure-
ment at each wavelength took about 1 min and the duration of
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time required to record each spectrum is about 300—400 min
(i.e., those spectra in Figs. 8, 10, 12, 14, and 15). On the other
hand, for the rest of the gases, 90 pulses were recorded. As a re-
sult, the spectra can be measured with a duration time of being
more than three times shorter. These durations can be dramati-
cally reduced if GaP is used as a DFG crystal [21].

III. RESULTS AND DISCUSSIONS

A. Single Species

In this section, using the tunable THz source, we have mea-
sured the distinct rotational constants for CO isotopologues, the
splitting of the ground energy level due to spin-orbital coupling
for NO, 29 newly identified transitions for NoO isotopologues,
and inversion and inversion-rotational transitions for NHs.

1) Carbon Monoxide (*2CO and '*CO): Being the polar di-
atomic molecule exhibiting the simplest signature in the THz
spectrum, it is natural for us to evaluate the performance of our
THz spectrometer on CO. Generally, the rotational transition
frequencies for diatomic and linear molecules can be predicted
by

v=2B(J+1)—4D(J +1)* ~ 2B(J + 1) (1
where B = h/872cl is rotational constant with I being the rota-
tional moment of inertia and D is centrifugal distortion constant.
Since B is usually much larger than D, one can consider the
transition frequencies to be more or less linearly proportional to
the rotational quantum number (.J). Therefore, in the frequency
domain the rotational transitions for CO are evenly spaced and
exhibit a clear “comb” pattern.

There are several isotopologues of CO, among which 12CO
and '2CO are ranked as the top two based on their natural abun-
dances. Since different isotopologues have exactly the same
chemical composition, accurate differentiation among them has
been quite challenging to researchers. As demonstrated shortly,
THz spectroscopy can be used to clearly identify them based
on the different frequency spacings observed [i.e., Av = 2B,
see (1)]. This is due to the fact that different isotopologues
have slightly different rotational moments of inertia and corre-
sponding rotational constants.

During our experiment, we measured transmission spectra for
both 12CO (600 Torr) and 2CO (600 Torr) at two different step
sizes for the wavelength. First, we used a coarse one in order to
determine the rough locations for all the transition peaks within
arelatively broad range. As illustrated by Fig. 2, four pairs of ro-
tational transitions were observable. We then switched to a fine
one to just cover each transition peak. In Fig. 3, the same pairs of
transitions were clearly resolved and the measured frequencies
were tabulated in Table I. Although the lineshape of each tran-
sition peak should be fitted by using the van Vleck—Weisskopf
model [22], the Lorentzian lineshape is sufficient to determine
the peak frequency. Due to the relatively high pressure of CO,
the linewidth broadening of 0.8 cm™! is primarily caused by
collisions between molecules, which is clearly resolvable by our
tunable THz source.

As shown in Fig. 2, transmittance for both 12CO and *CO
decreases as frequency is increased. Such a monotonic decrease
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TABLE I
PURE ROTATIONAL TRANSITION FREQUENCIES OF *?CO AND **CO DEDUCED FROM FIGS. 3 AND 4
Transition "2CO Theory "2CO Measured Deviation 3CO Theory CO Measured Deviation
(cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
76 26.9 27.1 0.2 25.7 25.7 0
11«10 423 422 -0.1 40.4 40.4 0
1211 46.1 46.1 0 44.1 44.1 0
1312 49.9 50.0 0.1 47.7 47.8 0.1
1413 53.8 53.8 0 514 514 0
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Fig.2. Transmission spectra of *2CO and ** CO, measured by frequency tuning
a THz source with a coarse tuning step size.
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Fig.3. Transmission spectra of '?CO and ' CO, measured by frequency tuning
a THz source with a fine step size.

is caused by the absorption from the two windows made of UV
fused silica. Since our measurements were made in the air, some
strong absorption peaks of water vapor may overlap and mask
the absorption peaks of the CO molecules. Consequently, it is
not possible for us to resolve the transition peaks for the CO
molecules between 28 and 40 cm~!. As the frequency of the
THz source was tuned away from the H,O absorption peaks,
another pair of transitions (J = 7 < 6) were observed for the
two CO isotopologues, see Fig. 4.

Overall, we have clearly resolved five pairs of transitions
with their frequencies being tabulated in Table I, where the

Fig. 4. Transmission spectra for J = 7 « € transitions of '>CO and '3CO,
measured by frequency tuning a THz source.
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Fig. 5. J = 7 « 6 rotational transitions of 2CO (open squares) and 13CO
(open circles). Error bars designate the measurement errors.

theoretical values are taken from the HITRAN database
[20]. It is found that the largest deviation for the transition
frequency is 0.2 cm~!. The linewidth of our THz source
and the MOPO wavelength deviation (i.e., on the order of
0.1 cm™!) are the two major reasons for causing such mea-
surement deviations. According to our error analysis, the
measured transition frequencies have relatively good accu-
racies, see Fig. 5. As shown in Fig. 6, by linearly fitting
the data for rotational transition frequency versus rotational
quantum number, we have obtained the rotational constants to
be 1.91 £ 0.01 and 1.84 £ 0.00 cm™! for '2CO and **CO,
respectively. These values are in good agreements with the
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TABLE II
PURE ROTATIONAL TRANSITION FREQUENCIES OF HBR, DEDUCED FROM FIG. 7
Transition Theory (cm™) Measured (cm™) Deviation (cm™) K, (cm'Torr™")
10 16.7 16.7 0 1.04x10"* £0.07x10™
21 33.4 33.4 0 6.92x10™ +£0.21x10™
32 50.1 50.2 0.1 N.A.
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Fig. 6. Transition frequency was measured versus rotational quantum number
for 12CO (open squares) and 13CO (open circles). Solid curves correspond to
linear least-square fitting to data.

1.0 - -

0.8 |- .

0.6 |- -

0.4} -

Transmittance

0.0 - .

1 1 1 L 1 . 1 4 1 " 1 " 1 " 1

10 15 20 25 30 35 40 45 50 55
Wavenumbers(cm™)

Fig. 7. Transmission spectrum of HBr, measured by using our THz source.

reported values (i.e., 1.9211989340 + 0.0000000001 cm_l,
1.83670043 £ 0.00000001 cm~1) [13], [14]. Since the dif-
ference between the rotational constants, 0.07 cm™1, is large
enough, we have demonstrated that THz spectroscopy is a
reliable technique for identifying the two CO isotopic variants.

2) Hydrogen Bromide (HBr): As reported previously, this
chemical species being present in the stratosphere can be used
as an indicator for ozone depletion [23].

As shown in Fig. 7, within the range of 15-55 cm™!, we
identified three absorption peaks originating from rotational
transitions for HBr under 600 Torr. All of the three transition
frequencies measured by us, and the corresponding measure-
ment errors have been tabulated in Table II. Compared with
CO, the frequency spacing between the transition peaks for
HBr is much larger. This is due to the fact that HBr has a

Wavenumbers (cm™)

Fig. 8. Absorbance of HBr versus frequency at different pressures for two rota-
tional transitions (i.e., J =1 «— 0and J =2 «— 1). Tomakethe / =1 «— 0
transition more visible, the absorbance is multiplied by 4.

much smaller rotational moment of inertia. By linearly fitting
the data, the rotational constant for HBr is determined to be
8.38 + 0.01 cm~1!, which is about 4.5 times larger than those
for the CO isotopologues. In addition, the measured rotational
constant is also quite consistent with the previously reported
value (8.3428 cm™! in [24]). One can see from Fig. 7 that by
measuring the THz beam propagating through a vacuum cell
as background signal, we have removed the monotonically
decreased absorption slope caused by the two windows. As a
result, the vertical axis for Fig. 7 is the actual transmittance for
HBr.

According to Beer’s Law, an absorption coefficient for HBr
Ky, can be directly deduced from the minimum transmittance for
each transition peak by using the following expression:

@)

where T is the transmittance, P is the pressure of HBr, and [
is the length of the HBr gas cell. Based on our measurements
made on a set of four HBr cells under different pressures (i.e.,
P =~ 50,75, 100, and 125 Torr, and [ =~ 20 cm), see Fig. 8, we
have determined the absorption coefficients for / = 1 «— 0
and J = 2 « 1tobe 1.04 x 107* £ 0.07 x 10™* and
6.92 x 107% + 0.21 x 10~% cm™! Torr 1, respectively, see
Table II. Unfortunately, due to the saturation of the absorption
for J = 3 « 2, the corresponding absorption coefficient cannot
be obtained from our measurements. In Section I1I-B2, we illus-
trate how to determine the partial pressure for HBr in a mixture
using these absorption coefficients.
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Fig. 9. Transmission spectrum of NO, measured by using our frequency-tun-
able THz source. Red solid arrows and black dashed arrows mark rotational
transitions from two ground energy states, 2IT; /2 and 211, /2, respectively.

3) Nitric Oxide (NO): NO is known as an important signaling
molecule within the bodies of mammals. On the other hand, it
is also a toxic air pollutant produced by automobile engines and
power plants. Since it is a free radical, it can react with oxygen
to form NO,. More importantly, it was found this molecule is
responsible for initiating the catalytic ozone loss cycle in the
stratosphere [25].

Unlike other diatomic molecules, NO is the only stable rad-
ical with one unpaired electron. Due to the spin-orbital coupling
of this electron, the ground state of NO is split into two energy
levels labeled by 2II; /2 and 21, /2 [26]. Since the frequency
difference between these two states is 122 cm ™!, which is rela-
tively small, there are a large number of the NO molecules being
thermally excited to the higher lying state (*II35). Therefore,
the THz spectrum of NO consists of two sets of the rotational
transitions corresponding to the two split ground states. Since
the two sets of rotational transitions have slightly different fre-
quency spacings, different effective rotational constants should
be derived for each split state, i.e., B(*Il; /5) and B(*Il35).

To investigate rotational transitions, we filled a quartz gas
cell with NO at 200 Torr. As shown in Fig. 9, one can clearly
observe several paired transition peaks. Due to the Boltzmann
distribution, a higher fraction of the NO molecules stays at
211, /2- Therefore, the absorption for the rotational transitions
starting from *IT;, is always larger than that from *II;/,.
Within 28-55 cm ™!, one can also identify two unpaired transi-
tions. This is due to the fact that the other two transition peaks of
NO significantly overlap with the absorption peaks of the water
vapor. By linearly fitting the transition frequencies measured
by us, see Tables III and IV, the rotational constants for the two
split energy states are determined to be B(*II;/5) = 1.67+
0.017! cm and B(*II3/5) = 1.72+ 0.017! cm , which are
quite close to 1.671854 4+ 0.000081 and 1.720178 + 0.000062
cm~! [26]. Based on these rotational constants, the unperturbed
rotational constant can be calculated by taking an average over
the two as 1.70 & 0.01 cm~'. This value is rather consistent
with 1.696008 £ 0.000072 cm~* [26].

TABLE III
PURE ROTATIONAL TRANSITION FREQUENCIES OF NO FROM °II; /5

Transition Measured (cm™) Deviation (cm™)
8.5<7.5 28.4 0.0
9.5<8.5 31.7 -0.1
10.5<9.5 352 0.1
12.5<11.5 41.8 0.0
13.5<12.5 452 0.1
14.513.5 48.4 -0.1
15.5<14.5 51.7 -0.1
TABLE 1V

PURE ROTATIONAL TRANSITION FREQUENCIES OF NO FrROM 2113 /5

Transition Measured (cm’™) Deviation (cm™)
8.5<7.5 292 0.0
9.5<8.5 325 -0.1
10.5<9.5 36.0 -0.1
11.5<10.5 39.6 0.1
12.5<11.5 429 0.0
13.5<12.5 46.3 0.0
14.513.5 49.7 -0.1

Compared to the other diatomic molecules, such as CO and
HBr, the double sets of evenly spaced rotational transitions are
unique enough such that one can use them to identify NO.

4) Isotopologues of Nitrous Oxide (**N'*NO, YN NO, and
BNNO): N0 is commonly known as “laughing gas.” It has
been used in surgery and dentistry for its anaesthetic and anal-
gesic effects. Although N>O is a minor constituent of the at-
mosphere, it is one of the major green house gases, which play
an important role in global warming [27]. N2O also reacts with
ozone in the stratosphere, causing the ozone depletion [28]. Due
to its linear molecular structure, the “comb” pattern in the THz
spectrum can be used as a frequency standard.

Similar to CO, N2O naturally consists of several isotopo-
logues. In the past, most of the previous rotational transition
measurements were performed on the dominant isotopologue,
i.e., 1YNI4NO [29]. For 1*N'>NO and 'N'4NO, however, very
few reports can be found [29], [30]. By frequency tuning our
THz source, we have identified 29 new transition peaks for these
two isotopic variants. The rotational constants for the three iso-
topologues, determined by us, are different from one another.

The gas cells were filled with the three isotopic variants at
either 200 (**N'4NO) or 400 Torr (**N'°NO, SN'4NO). As
illustrated by Fig. 10, within 15-37.4 cm~?!, we have identi-
fied 16, 26, and 26 transition peaks for HNI4NO, 14N15NO,
and 15N14NO, respectively. For HNI4NOQ, all of the 16 transi-
tion peaks were measured previously [29]. As one can see from
Table V, these 16 transitions are in good agreements with the
theoretical values [20]. On the other hand, for N™NO and
I5N'4NO, we have identified 14 and 15 new transition peaks.
By using (1) to fit the transition frequencies determined from
Fig. 10, see Table V, we have obtained B ~ 0.416 + 0.001,
B ~ 0.42040.001, and B ~ 0.4034+0.001 cm~" for *N'*NO,
4N15NO, and > N'#NO, respectively. Based on different ro-
tational constant values, one can reliably differentiate between
HNI4NO and 1°N“NO or 4N1°NO and 1N1*NO. However,
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TABLE V
PURE ROTATIONAL TRANSITION FREQUENCIES OF '*N!4NO, *N*'>NO, AND '*N'*NO, DEDUCED FroM FIGS. 10

Transition “NMNO (em™)  Deviation (cm™)  “N"NO (cm')  Deviation (cm”)  "N"NO (cm')  Deviation (cm™)
1918 159 0.0 154 0.0
2019 16.8 0.0 16.3 0.1
2120 17.6 0.0 17.1 0.1
2221 18.3 -0.1 17.8 0.0
23«22 19.3 0.0 18.6 0.0
2423 20.1 0.0 19.5 0.1
2524 20.9 0.0 20.2 0.0
2625 21.7 -0.1 21.1 0.1
2726 22.6 0.0 21.9 0.1
2827 234 0.0 234 0.0 22.7 0.0
2928 242 -0.1 243 0.0 23.5 0.0
3029 252 0.1 25.1 0.0 243 0.0
3130 25.9 -0.1 259 -0.1 25.1 0.0
3231 26.8 0.0 26.8 0.0 259 0.0
3332 27.7 0.1 27.6 0.0 26.7 0.0
3433 28.5 0.0 285 0.0 27.6 0.1
3534 293 0.0 293 0.0 283 0.0
3635 30.1 0.0 30.2 0.1 29.1 0.0
3736 309 -0.1 30.9 -0.1 299 0.0
3837 31.8 0.0 31.8 0.0 30.9 0.2
3938 32.6 0.0 327 0.1 31.7 0.2
4039 335 0.0 334 -0.1 324 0.1
4140 343 0.0 344 0.1 33.1 -0.1
4241 35.1 0.0 353 0.2 34.0 0.0
4342 359 -0.1 36.1 0.1 34.7 -0.1
4443 36.9 0.1 35.6 0.0

Transmittance
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Fig. 10. Transmission spectra of N> O, measured by using our frequency-tun-
able THz source: (a) '*N'*NO; (b) '*N'>NO; and (c) '>N'*NO. Red solid
arrows mark newly identified rotational transitions; black dashed arrows mark
previously identified rotational transitions.

in order to differentiate between N!*NO and 1*N1°NO, the
linewidth of our THz source must be further reduced.

Compared with CO, the rotational constants for NoO are
much lower. This is due to the fact that N»O has much larger
reduced masses. According to (1), this results in a much lower
rotational constants. Therefore, the frequency spacings for NoO
are much narrower than those for CO.

5) Ammonia (NHs3): NHj is perhaps one of the simplest
molecules undergoing inversions. However, most of the pre-
vious results on this molecule and its epoch-making applica-
tions, such as the first maser and the NH3; molecular clock,
were all related to the inversion transitions occurring within the

k<A 4

=1 ECE———-

Fig. 11. Inversion transition for an N atom within each NH; molecule.

ground vibrational state (v, = 0) in the microwave range. Since
the inversion and inversion-rotational transitions within the ex-
cited vibrational states (i.e., ¥ > 1) have higher frequencies,
the investigation of these transitions has been severely hampered
by the lack of a THz source emitting sufficiently high output
powers within a broadly tunable frequency range. So far, lim-
ited results have been reported by using BWO tubes [31] and
a photo mixer based on a low-temperature-grown GaAs crystal
[32].

In this section, we present our results of the transmission
spectrum on NHj3. We are focusing on the inversion and inver-
sion-rotational transitions within v, = 1 excited state. One can
see from Fig. 11 that a nitrogen atom can tunnel through the
plane formed by three hydrogen atoms within each NH3 mole-
cule. As a result, NH3 forms double-well vibrational potential
energy states. Consequently, each rotational energy state is split
into a doublet labeled by s and a, corresponding to the sym-
metric and antisymmetric states, respectively. According to the
selection rule for transitions, the inversion transitions and inver-
sion-rotational transitions take place as follows: .J, «— J,, (J +
1) « Js,and (J + 1)5 « J,.
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Fig. 12. Transmission spectrum measured on NH; by frequency tuning our
THz source. Blue solid arrows mark inversion transitions; black dashed arrows
mark inversion-rotational transitions, both within v5 = 1. Red dotted arrows
mark rotational transitions within vo = 0.

Since the absorption due to the transitions within v = 1 is
extremely weak, we set the pressure of the NHj3 cell to 600 Torr.
As one can see from Fig. 12, seven peaks have been clearly
identified. Among them, the four peaks at 32.7, 34.5, 36.0, and
372 cm 1L correspond to the inversion transitions, whereas the
rest at 25.6, 44.7, and 45.8 cm~! originate from the inversion-
rotational transitions, all within o = 1. Besides these seven
transition peaks, we also identified two dominant peaks at 19.2
and 40.0 cm™1, respectively, see Fig. 12. They originate from
the rotational transitions within v, = 0 (ground state). From
the energy splitting between the antisymmetric and symmetric
rotational states, periods required for the inversion to occur can
be determined by

h

7= 3Ae 3)

where £ is the Planck constant. Using (3), we have estimated
the periods for the inversions to be 510, 483, 463, and 448 fs
for 53a < 53s,43a < 43s,33a < 33s, and 66a < 66s,
respectively. Therefore, these periods can be confirmed by using
ultrafast THz pulses.

6) Hydrogen Sulfide (H2S): As discussed earlier, both di-
atomic and linear molecules exhibit evenly spaced transition
peaks in the THz frequency range. However, for asymmetric
top molecules, such as HsS, its rotational transitions typically
spread over the entire THz frequency range without an obvious
pattern [33], making it challenging to identify. HsS, being a
toxic and flammable gas, is usually produced by the bacterial
breakdown of sulfates in the absence of oxygen.

By frequency tuning our THz source within 21-51.4 cm™1,
we measured the transmission spectrum of HyS at 600 Torr,
see Fig. 13. According to Table VI, the transition frequencies
deduced from Fig. 13 are in good agreements with the the-
oretical values [20]. Indeed, the maximum deviation for the
transition frequencies measured by us is 0.1 cm~!. However,
within 32.5-34.7 and 42.3-44.1 cm~!, only two strong absorp-
tion peaks corresponding to 3g3 < 212 and 414 < 303 can

1'o'llll'llll'llll'llll
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Fig. 13. Transmission spectrum measured on H,S, using our frequency-tun-
able THz source.
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Fig. 14. Transmission spectrum measured on a mixture of '2CO and '3CO.
Blue dashed arrows mark transitions for 12CO; red solid arrows mark transitions
for 3CO.

be identified. Due to the pressure broadening, other weak ab-
sorption peaks within this range have been masked by these two
dominant transitions.

7) Mixture of *>CO and *>CO: Consider a mixture of 2CO
and 13CO. Both of them were filled into the cell at 300 Torr.
As one can see from Fig. 14, all the transition peaks within
17.5-54.5 cm~1! were clearly identified. Apparently, under such
a pressure there is no overlap among the transition peaks origi-
nating from *2CO and *>CO. One can also observe that the sep-
aration between the two paired transition peaks is increasing as
the frequency is increased. This is caused by the increasing ro-
tational quantum number J, see (1).

8) Mixture of HCI and HBr: Consider now the mixture of
HBr and HCIl. The transmission spectrum of the mixture was
measured at 250 Torr for each of the two constituents. As shown
in Fig. 15, one can clearly identify three and two transition peaks
originating from HBr and HCI, respectively. Using (2) whereby
kp is measured by us, see Table II, as shown earlier, we have
estimated the partial pressures for HBr to be 241 and 235 Torr
based on the transitions of J = 1 «— Oand J = 2 « 1,
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Fig. 15. Transmission spectrum measured for a mixture of HBr and HCI. Blue
dashed arrows—HBr; red solid arrows—HCI.

TABLE VI
PURE ROTATIONAL TRANSITION FREQUENCIES OF H> S, DEDUCED FROM FIG. 13

Transition Theory Measured Deviation
(cm™) (cm™) (cm™)

4y —ds5, 21.7 21.7 0.0
421<—413 222 223 0.1
20011 229 23.0 0.1
31303 23.6 23.7 0.1
2151 24.6 24.6 0.0
434y 25.5 25.5 0.0
542‘—53; 26.7 26.7 0.0
657643 28.5 28.6 0.1
743‘—734 29.4 29.3 -0.1
770761 30.4 30.4 0.0
6330604 31.6 31.7 0.1
211y 35.8 35.8 0.0
95495 38.5 38.6 0.1
312 39.9 40.0 0.1
844<—8:5 40.9 41.0 0.1
3021 453 453 0.0

11156 47.4 47.5 0.1

10551046 49.8 49.9 0.1

respectively. Therefore, the partial pressure for HBr is estimated
to be 238 Torr after taking an average.

IV. CONCLUSION

By frequency tuning our THz source, we have measured
transmission spectra for a class of chemical species and a
couple of the mixtures of isotopic variants and gases. For all
the diatomic molecules studied by us, transition peaks are
evenly spaced in terms of their frequencies. For the mixtures
of the diatomic molecules, we have identified all the transition
peaks originating from the two constituents. For the mixture
of HBr and HCI, we have determined the partial pressure for
HBr. For the triatomic molecules, such as MN'#NO, *N'°NO,
and >N'NO, we have measured the transition peaks that can
be used to fingerprint them. Furthermore, for '“N'>NO and
PN1NO, we identified 29 new transition peaks. For NHj,
we have observed the inversion transitions and inversion-rota-
tional transitions within the first excited vibrational state and
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calculated periods for the inversions. Finally, for asymmetric
top molecules, such as HyS, transition peaks do not form an
obvious pattern. Most of the transition frequencies measured by
us are quite consistent with the previous theoretical values. We
have indeed demonstrated that our widely tunable monochro-
matic THz source holds a promise for the identifications and
detections of chemical species.
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