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A B S T R A C T

Gas sensing for four nitrogen-containing compounds (nitrous oxide, acetonitrile, nitric acid, and nitromethane) is
explored and demonstrated using rotational absorption spectroscopy carried out with a compact terahertz-wave
microelectronics-based spectrometer operating in the 220–330 GHz frequency range. The four gases investigated
are important in industrial processes, as well as in chemical, combustion, environmental, and agricultural
contexts. Absorption measurements were made at room temperature (297 K) and moderate pressures
(33.3–2133 Pa or 0.25–16 Torr) for the characterization of spectra that are comprised of distinct fingerprint
features that include isolated single transitions and bands of pressure-broadened transitions, emanating from
both ground vibrational states, as well as low-lying vibrationally-excited states. The measurements demonstrate
that terahertz-wave quantitative gas sensing using all-electronic miniaturized systems is possible for nitrogen-
containing compounds with detection limits of the order 1012-1013 molecules cm  3 per meter pathlength and
for dilute gases in air at 1 atm at concentrations of 5–1000 ppm per meter pathlength.

1. Introduction

Quantitative remote detection of gas-phase compounds in industrial
and chemical processes is important for process and emissions moni-
toring and control. Nitrogen-containing compounds, such as nitrous
oxide, acetonitrile, nitric acid, and nitromethane, are produced in large
quantities for use in medical, energy, manufacturing, chemical, agri-
cultural, and other applications. These nitrogen-containing compounds
can also have deleterious impacts on the environment and human
health; hence, remote gas sensing for these compounds during their
manufacture, use, and in other industrial settings is desired.

Polar molecules, such as the nitrogen-containing compounds inves-
tigated here, have unique fingerprint rotational absorption spectra, of-
fering the potential for the development of non-intrusive gas sensing
technologies based on rotational absorption spectroscopy in the ter-
ahertz (THz) wave frequency range (0.1–10 THz) [1–8]. Absorption
spectroscopy in THz-wave region can have advantages over the
often-used infrared region, owing to the strong and selective absorption

features polar molecules exhibit in this region and the absence of scat-
tering by micron-sized airborne particles or aerosols at these frequencies
[2]. Additionally, frequency ranges within the THz-wave can be selected
that avoid water vapor absorption, that often interferes in remote gas
sensing [9].

The advantages of THz-wave absorption spectroscopy, together with
recent and rapid progress in microelectronics-based THz-wave sources
and detectors [6,10–12], make possible the development of low-power
and miniaturized systems for industrial and environmental remote gas
sensing of polar molecules, including the four nitrogen-containing
compounds investigated here, nitrous oxide, acetonitrile, nitric acid,
and nitromethane.

In prior work, THz-wave gas sensing has been demonstrated for trace
gas detection in human breath health diagnostics [13,14], cigarette
smoke characterization [15], industrial and environmental volatile
organic compound (VOC) detection [7,16], halogenated hydrocarbon
detection [8], and other applications [17]. However, gas-phase
THz-wave sensing for the four nitrogen-containing compounds
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Fig. 1. Example experiment carried out for pure nitrous oxide at 133 Pa (1 Torr) and 297 K. Top and middle graphs: reference (I0, black) and transmitted (I, blue)
intensities as measured at the detector (top graph shows full frequency range and middle graph a subset); bottom graph: absorbance within a subset of the frequency

range at 275–278.5 GHz.

investigated here is limited.
Nitrous oxide (N O) is a trace greenhouse gas found in the atmo-

sphere that plays an important role in ozone depletion [18] and con-
tributes significantly to global warming, owing to its strong radiative
efficiency and relatively long atmospheric lifetime. It has a 100-year
global warming potential (GWP) of 298 [19], relative to the GWP of
carbon dioxide which is unity, and, hence, its production and emission
control is of great importance. The majority of nitrous oxide atmo-
spheric emissions come from agricultural soil management, which re-
sults in 75% of N O emission; while industrial, waste management, and
transportation result in the remaining 25% [19]. Nitrous oxide is widely
used as a medical anesthetic, a rocket propellant, in internal combustion
engines, as a means of boosting power density of engines, and as an
aerosol propellant. Due to its wide use and negative environmental
consequences, remote gas sensing for industrial control of nitrous oxide
emissions is desired.

Acetonitrile (CH CN, also known as methyl cyanide), is a by-product
of several industrial and pharmaceutical processes, biomass burning,
and is toxic to humans. Approximately 90% of atmospheric acetonitrile

comes from biomass burning and high levels of acetonitrile in the at-
mosphere can be a good indicator of forest fires [20,21]. Moreover, due
to its toxicity and use in industry, gas sensing for acetonitrile would be
valuable in a number of environmental and human health applications.

Nitric acid (HNO ) is a widely used chemical that has application in
the manufacture of agricultural fertilizers, production of explosives,
nylon, and other materials, and as an oxidant in a variety of industrial
and chemical processes [22]. Nitric acid is also formed in the atmo-
sphere from anthropogenic combustion and agricultural emissions and
contributes to acid rain [23]. Owing to its wide use in industry and the
negative consequence of nitric acid in the atmosphere, sensitive sensors
for gas phase nitric acid are desired, such as explored here.

Nitromethane (CH NO ) is the simplest organic nitro compound and
is used as an industrial solvent and basic building block for organic
synthesis reactions and other chemical processes. It is also used in dry
cleaning, semiconductor manufacturing, and degreasing. Nitromethane
is highly energetic and has long been used in explosives or fuels [24].
Gas-phase detection of this volatile and flammable compound could find
several applications relating to chemical or industrial process control
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and emissions. Additionally, nitromethane has a strong dipole moment
(3.5 Debye) [24], making it an ideal candidate detection via rotational
absorption spectroscopy [24,25].

Here, we explore the potential for remote gas sensing using THz-
wave rotational absorption spectroscopy for several nitrogen-
containing compounds that are important in industrial or chemical
processes. We demonstrate quantitative gas detection for nitrous oxide,
acetonitrile, nitric acid, and nitromethane using a microelectronics-
based source that provides high frequency resolution (0.5 MHz) and
large bandwidth (220–330 GHz) suitable for miniaturized remote gas
sensors.

2. Experimental methods

Absorption spectra in the 220–330 GHz frequency range were ac-
quired using the hardware and methods developed in Rice et al. [7],
where the experiment is comprised of a microelectronic source that
applies 18 ´  frequency multiplication to a radio frequency input signal
(VDi SGX, model WR 3.4 220–330 GHz, output power 0.25–0.6 mW)
and that radiation is passed through a gas cell and its intensity moni-
tored using a Schottky diode detector (VDi, model QOD 3–15). In prior
work, we have carried out absorption measurements using amplitude
modulation with lock-in detection. However, in this study, amplitude
modulation was not used. Instead, direct absorption using unmodulated
scanned-frequency radiation was implemented, which resulted in better
frequency resolution (0.5 MHz) for rapid frequency sweep rates (160
GHz/s). To improve the signal-to-noise ratio, 40 successive frequency
scans were averaged resulting in a total acquisition time of 27.5 s for
each spectra.

The spectral absorption of gas samples was determined using the
Beer-Lambert law:

A = εcl =   l n
(

I  
)

,
0

where A is the absorbance, ε the absorption coefficient, c the concen-
tration of the absorbing gas, l the pathlength, I the transmitted intensity
of the radiation after absorption, and I the reference intensity (no ab-
sorption). The absorption coefficient varies with frequency, tempera-
ture, pressure, and gas mixture composition, through the contribution of
the line intensities and shapes for each transition. The gas cell path-
length, l, for the experiments conducted here was 21.6 cm.

To measure an absorption spectrum, we first record the reference
intensity by sweeping the radiation source in frequency space while the
gas cell is under vacuum. Next, the cell is filled with the gas of interest to
a desired pressure, the radiation source is swept again in frequency, the
transmitted intensity is recorded, and the Beer–Lambert law is applied to
convert the measured intensities to absorbance. Successive absorption
scans are averaged to improve the signal-to-noise ratio and the resulting
absorption spectrum has a noise floor of ±  0.001 to ±  0.003 in absor-
bance and a frequency resolution of 0.5 MHz. Between experiments, the
gas cell is purged of residual gases via several purge-vacuum cycles,
where the gas cell is purged with pure N gas and evacuated to 10
Torr.

An example experiment is shown in Fig. 1. Note, the strong low-
frequency variation in the radiation intensity is due to standing waves
that emanate from the parallel surfaces of the gas cell windows. These
standing waves are minimized by the gas cell Brewster angle windows
but not eliminated. For the most part, this low-frequency variation is
canceled from the absorbance using common-mode rejection (e.g., di-
vision of absorbed and reference signal in the Beer-Lambert law) and
any remaining low-frequency noise results from subtle fluctuation in
standing waves that occurs due to changes in the optical path that occurs
between measurement of reference and absorbed intensity.

Sensors and Actuators: B. Chemical 367 (2022) 132030

Fig. 2. Measured N O spectrum for 220–330 GHz (297 K and 133 Pa (1 Torr)).
The strong rotational features are for transitions from the ground vibra-
tional state.

3. Results and discussion

Measurements of spectral absorbance have been made in the
220–330 GHz frequency range for four nitrogen-containing gases of
importance in industrial processes. Measurements were carried out at
297 K and the pressures from 33.3 to 2133 Pa (0.25–16 Torr). Reagent
grade chemicals from Sigma-Aldrich with natural isotopic composition
were used at purity levels of >  99%, with the exception of nitric acid,
which was procured at 65% in water. Upon vaporization, the 65%
aqueous nitric acid solution produces a gas phase mixture that is 26%
nitric acid and 74% water vapor at 297 K [26]. In the present frequency
range water vapor has negligible absorption at the concentrations
encountered, with the exception of a weak feature at 325 GHz [7].
Example measurements of spectral absorbance are shown in the below
figures within this section for experiments carried out at pressures of
267 Pa (2 Torr) or lower. Additional experimental results can be found in
the appended supplementary materials.

Nitrous oxide (N O), a linear molecule, displays a simple absorption
spectrum in the 220–330 GHz region, with five strong rotational tran-
sitions that emanate from the ground vibrational state and two weaker
neighboring transitions for every strong transition that emanate from
vibrationally excited states. The strong transitions are spaced at twice
the ground state rotational constant, 2B, where B =  12.562 GHz [27]
and are located at frequencies of 2B(J’’ +  1) for J’’ =  8–12 and J’ =
J ’ ’+ 1, where J’’ is the quantum number for total rotational angular
momentum for the lower state and J’ for the upper state.

For every strong N O transition, we observe two neighboring weak
transitions for a vibrationally excited state where the lowest-energy
degenerate bending mode of the linear N O is excited. These transi-
tions also exist at frequencies of 2B(J’’ +  1) for J’’ =  8–12 and J’ =
J ’ ’+ 1 and correspond to the (0 1     0) bending-mode state with a
rotational constant of B =  12.567 GHz and the (0 1 0) bending-mode
state with a rotational constant of B =  12.590 GHz [27]. The measured N
O transition frequencies agree with those documented in JPL mo-
lecular spectroscopy database [28] as shown in Figs. 2 and 3. Addi-
tionally, the reported relative line intensities from the JPL database
agree well with the measurements as indicated by the line heights in
Fig. 3.

Measured absorption spectra for acetonitrile (CH CN) are shown in
Figs. 4 and 5. Acetonitrile is a symmetric top molecule with rotational
constants of A =  157.3 GHz and B =  C =  9.199 GHz [29]. The spectrum
for a total pressure of 133 Pa (1 Torr) (Fig. 4) illustrates broad
pressure-blended repeating absorption features that are spaced every 2B
and centered at frequencies of 2B(J’’ +  1). At a lower pressure of 33.3 Pa
(0.25 Torr) (Fig. 5), the features are less blended and some of the un-
derlying rotational structure reveals itself.

In Fig. 5, the transitions documented in the JPL molecular spec-
troscopy database [28] are superimposed on the experimental spectra,
with each transition height representing a relative line intensity. It is
observed that each blended feature is comprised of a series of transitions
for different K values, the quantum number representing the projection
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Fig. 3. Measured N O absorption (297 K and 133 Pa (1 Torr)) around J’’ =  10 transitions, illustrating the strong ground state transition and two weaker
vibrationally-excited (bending mode) transitions with comparison to JPL [28] transition frequency locations and relative line strengths.

Fig. 4. Measured acetonitrile absorption spectrum for 220–330 GHz (297 K
and 133 Pa (1 Torr)).

of total angular momentum onto the axis of symmetry. In this case the
individual transitions follow selection rules of J’’ +  1 ← J’’, ΔK =  0, and K
=  0 to K =  J ’ ’+ 1, and there is a decay in intensity with increasing K. In
addition, to the ground vibrational state features (blue JPL lines),
features are experimentally observed for a low-lying vibrationally-ex-
cited state, where these vibrationally-excited features (red JPL lines)
exhibit the same shape as the ground-state features but are shifted to
higher frequencies. The vibrationally-excited acetonitrile transitions
occur for a lower state where the C-C-N bending mode is excited (v =  1,
energy of ~362 cm ) [30].

Absorption measurements for nitric acid (HNO ) are shown in
Figs. 6–8 with the frequencies and relative strengths of transitions from
the JPL database [28] shown in blue. Nitric acid was prepared in the gas
phase from an aqueous nitric acid solution, creating a gas phase mixture

that is 26% nitric acid and 74% water vapor [26]. However, water vapor
only has a weak absorption feature at 325 GHz in the current frequency
region at the partial pressures encountered in the present experiments
[7]. Hence, at frequencies aside from 325 GHz, the current measure-
ments illustrate most pure nitric acid absorption with water vapor
serving as a collisional broadening partner.

The measured nitric acid absorption data agrees with the JPL pre-
dictions [28] for the frequency locations of transitions and their relative
strengths. Nitric acid is a near-oblate asymmetric top molecule having
rotational constants of A =  13.011 GHz, B =  12.010 GHz, and C
=  6.261 GHz [31]. In the current frequency range, bands of rotational
absorption lines are observed at frequencies spaced by 2 C, in keeping
with R-branch c-type transitions with selection rules ΔJ =  +1, ΔK
=  +1, and ΔK =  0, which describes the strongest transitions in the
present frequency range. Ka and Kc are the quantum numbers for the

Fig. 6. Measured nitric acid absorption spectrum for 220–330 GHz (297 K and
69.3 Pa (0.52 Torr) nitric acid and 197 Pa (1.48 Torr) water vapor).

Fig. 5. Acetonitrile absorption (297 K and 33.3 Pa (0.25 Torr)) around J’’ =  14 features, illustrating a series of strong ground state transitions (blue) and weaker
vibrationally-excited transitions (red) with comparison to JPL [28] transition frequency locations and relative line strength.
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Fig. 7. Measured nitric acid absorption spectrum for 267–286 GHz (297 K and
34.7 Pa (0.26 Torr) nitric acid and 98.7 Pa (0.74 Torr) water vapor, 133 Pa (1
Torr total)). Two absorption bands of R-branch c-type transitions are
observed and compared to absorption lines and their relative strengths (blue)
listed in the Jet Propulsion Laboratory (JPL) spectroscopic catalog [28].

projections of the total angular momentum onto the a- and c-axes. As
shown in Fig. 8, each R-branch c-type absorption band is composed of a
sequence of transitions. The absorption band is comprised of transitions
described by: J¢     

=  J¢      
  i +  1, K¢         

=  K¢          
  2(i   1), Kc,i =  Kc,1 +  i   1,

where i indexes the transitions within a band.
Measured absorption spectra for nitromethane (CH NO ) are illus-

trated in Figs. 9 and 10. Nitromethane is an asymmetric rotor with
rotational constants of A =  13.341 GHz, B =  10.545 GHz, and C =
5.876 GHz [32]. Though nitromethane’s rotational spectrum is
slightly more complex than that of nitric acid, owing to its greater de-
gree of asymmetry, its exhibits similar characteristics. In the case of
nitromethane, strong absorption bands of R-branch b-type (ΔJ =  +1,
ΔKa =  ±  1, and ΔKc =  ±  1) and c-type (ΔJ =  +1, ΔKa =  +1, and ΔKc =

Sensors and Actuators: B. Chemical 367 (2022) 132030

0) transitions spaced by 2C are observed. There are also weaker
Q-branch transitions, described by ΔJ =  0, ΔK =  0 and ±  1, and ΔK
=  0 and ±  1.

For nitromethane, fundamental spectroscopic data, including tran-
sition frequencies, is not available from JPL [28] or other databases for
comparison, indicating the novelty and importance of the current
nitromethane measurements. For comparison to the current measure-
ments, we carried out spectral predictions for the ground state using the
PGOPHER simulation code [33] and they are shown in Figs. 9 and 10.
Note, that nitromethane has a low-lying vibrational mode at 470 cm
that at room temperature contains about 10% of the population and
should contribute to the spectral absorption in the present frequency
range, presumably at slightly higher shifted frequencies than the ground
vibrational state. However, this vibrationally-excited state is not
accounted for in the PGOPHER simulations, as the vibrationally-excited

Fig. 9. Measured nitromethane absorption spectrum for 220–330 GHz (297 K
and 133 Pa (1 Torr)).with comparison to PGOPHER [33] predicted transition
locations and relative strengths.

Fig. 8. Measured nitric acid absorption spectrum (conditions of Fig. 7) with comparison to JPL transition locations and relative strengths (blue) [28].
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Fig. 10. Measured nitromethane absorption spectrum for 260–295 GHz (297 K
and 133 Pa (1 Torr)) with comparison to PGOPHER [33] predicted transition
locations and relative strengths.

rotational constants are not known.
Combined absorption spectra measurements in the 220–330 GHz

range for the four compounds of interest, nitrous oxide, acetonitrile,
nitric acid, and nitromethane, are shown in Fig. 11 with recommended
frequencies for gas sensing at reduced pressures within the current
range. The recommended frequencies were selected based upon poten-
tial interference from the other nitrogen-containing compounds and the
strength of absorption at the selected frequencies. However, since the
potential interference is a function of pressure, through line broadening
effects, the optimal frequency for detection may vary depending on
pressure and the presence of interfering species. These experiments
illustrate the potential for THz gas sensing based on miniature silicon
microelectronics sources, such as used in the present study, and
demonstrate the sensitivity and selectivity of the sensing technique. As
illustrated above, the sensor and technique is able to resolve relatively
narrow spectral features (frequency resolution of 0.5 MHz), over a large
bandwidth (220–330 GHz), and for reasonable frequency scanning rates
(160 GHz/s). Such sensing capabilities allow for the analysis of gas
mixtures, where the resulting absorption spectrum can be very complex.

Within the current frequency range, acetonitrile exhibits the

Sensors and Actuators: B. Chemical 367 (2022) 132030

strongest absorption, at all pressures, and sharp absorption features,
making its selective and sensitive detection possible at many fre-
quencies. We suggest the acetonitrile features at 239.096 and
294.251 GHz as the preferred frequencies for its detection, owing to the
relative strength of acetonitrile absorption to the underlying nitro-
methane absorption at these frequencies. Nitromethane exhibits strong
absorption and a broad underlying continuum spectrum. It is completely
isolated from the absorption features of the other species at 287.942 and
323.196 GHz, at the pressures of the current study, making these fre-
quencies ideal for its isolated detection.

The broad continuum exhibited by nitromethane, even at the modest
pressures of the present study, makes the detection of the weaker
absorbing nitrous oxide and nitric acid difficult in the presence of
nitromethane. However, in the absence of nitromethane, isolated fea-
tures for these two species at higher frequencies make their sensitive
detection possible at pressures encountered in the current study. Within
the current frequency range, nitrous oxide is best detected at 226.094
and 301.442 GHz, where it is isolated from acetonitrile and nitric acid.
Nitric acid is best detected at 244.143 and 281.539 GHz, where it is
isolated from acetonitrile and nitrous oxide, and can be detected in the

Table 1
Estimated detection limits at 297 K and 1 m pathlength.

Compound Detection Detection limit for Detection limit for
Frequencies pure gas [molecules dilute gases in air at
[GHz] cm  3] 1 atm [ppm]

Nitrous Oxide 226.094, 5.0 ´  1013 1000
301.442

Acetonitrile 239.096, 3.5 ´  1012 5
294.251

Nitric Acid 244.143, 3.7 ´  1013 20
281.539

Nitromethane 287.942, 1.4 ´  1013 20
323.196

Fig. 11. Comparison of absorbance measurements for the four compounds of interest with recommended detection frequencies.
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Fig. 12. Modeled absorbance for nitrous oxide (top), acetonitrile (middle), and
nitric acid (bottom) in air at 1 atm. The concentrations given provide a signal-
to-noise ratio of ten, assuming a noise floor of ±  0.001.

presence of small concentrations of nitromethane.
Detection limits for the four compounds of interest at the selected

frequencies are estimated and provided in Table 1, based on an assumed
absorbance noise floor of ±  0.001 and the measured spectral absor-
bance. The minimum detectible absorbance for the present experiments
is in the range A =        ln I0       

=  0.001–0.003, and averaging or filtering

of the signals can be used to reduce this minimum detectible absorbance
below this level. Detection limits for pure gases result from the measured
absorbance levels in comparison to a noise floor of ±  0.001. The esti-
mated detection limits for pure gases are in the range of 10     to 10
molecules/cm per meter pathlength.

For estimation of detection limits for gases dilute in air at 1 atm,
pressure-broadened spectra were modeled using extrapolated line
broadening parameters [34–36]. Pressure-broadened spectra at 1 atm
contain blending of features which makes species identification difficult
but not impossible. For example, see the modeled spectra for three of the
species of interest dilute in air at 1 atm in Fig. 12 which illustrates broad
repeating features with line half widths of order of a GHz. For the target
gases dilute in air, the detection limits are in the range of 5–1000 ppm
per meter pathlength, which may allow application of absorption sen-
sors in this frequency region for remote industrial gas monitoring. Note,
that the larger species, acetonitrile, nitric acid, and nitromethane, pro-
vide significantly lower detection limits when dilute in air than the
smaller nitrous oxide, due to the strength of the resulting
pressure-broadened/blended features that contain many lines.

4. Conclusions

Gas sensing in the 220–330 GHz range based on rotational

Sensors and Actuators: B. Chemical 367 (2022) 132030

absorption spectroscopy has been demonstrated for four nitrogen-
containing compounds of industrial relevance (nitrous oxide, acetoni-
trile, nitric acid, and nitromethane) using a microelectronics-based THz
spectrometer. Spectral absorption at 297 K and pressures from 33.3 to
2133 Pa (0.25–16 Torr), where collisional line broadening plays a role,
has been characterized. The spectra illustrate strong absorption features
typically containing contributions from multiple rotational transitions in
either vibrational ground states or low-lying bending states that allow
for the selective measurement of these compounds with detection limits
of 10 -10     molecules cm per meter pathlength under pure condi-
tions and 5–1000 ppm per meter pathlength for dilute gases in air at 1
atm. The demonstrated sensing method has sensitivity and potential for
application to remote gas sensing in industrial applications where
process and emission control over nitrogen-containing compounds is
required.
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