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Abstract: We demonstrate room-temperature terahertz-frequency gas spectroscopy through
difference-frequency generation in an intersubband polaritonic metasurface. This device has a
strong χ(2) nonlinearity and, when driven using a pair of mid-infrared quantum-cascade lasers,
provides broad tunability (101.27 GHz) around a 4.7 THz center frequency. This enables the
detection of the rotational–vibrational transitions of multiple gas-phase species simultaneously,
including the overlapping spectral signatures of isotopologues of water and methanol vapors. We
show that seven isotopologues (H2O, HDO, D2O, HD18O, H2

18O, CH3OH and CH3OD) can be
distinguished within the spectral bandwidth. A calibration of the source tuning was achieved
against 71 cataloged spectral lines, with a deviation of <80 MHz between the experimental and
cataloged values. A minimum detectable absorption coefficient of 6×10−4 cm−1 was inferred,
corresponding to a partial pressure of 100 µTorr (6×1012 particles/cm3) of trace H2

18O in a
background measurement.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Terahertz-frequency (THz) gas spectroscopy is of interest across several disciplines, owing to its
ability to probe rotational–vibrational transitions in numerous molecules with low molecular mass,
or fine-structure transitions in atoms [1]. This presents important opportunities for atmospheric
and astronomical measurements. For example, remote THz radiometric observations of the
fine-structure transitions of atomic oxygen, OI, have been achieved, including from the OSAS-B
high-altitude balloon mission [2] and from the GREAT instrument on the SOFIA aircraft [3].
In parallel, THz absorption-spectroscopy enables the cataloging of astronomical lines [4,5], or
the potential for terrestrial applications including biomedical sensing [6,7], industrial process
monitoring [8], greenhouse-gas monitoring [9], toxic gas detection [10], and food-quality
inspection [11].

One key challenge in atmospheric chemistry is to determine the mechanisms and branching
ratios of the complex photochemical reactions of Volatile Organic Compounds (VOCs) in the
upper atmosphere. Isotopic labeling can be used as a strategy for this purpose in laboratory

#611112 https://doi.org/10.1364/OE.611112
Journal © 2026 Received 10 Jul 2026; revised 11 Aug 2026; accepted 28 Aug 2026; published 16 Sep 2026

https://orcid.org/0000-0002-5493-6352
https://orcid.org/0000-0003-3172-9462
https://orcid.org/0000-0001-5565-0463
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.611112&amp;domain=pdf&amp;date_stamp=2026-09-16


Research Article Vol. 34, No. 19 / 21 Sep 2026 / Optics Express 36465

experiments [12–15], in which a deuterium (D) atom at a known location on a molecule acts as a
marker to track hydrogen transfer and reaction rates. However, the THz rotational–vibrational
spectra of the species involved in H–D exchanges may be closely spaced or overlap in the
frequency domain. Thus, a THz spectroscopy technique with a frequency resolution on the order
of MHz and broad spectral coverage is required.

To date, photomixers and electronic multipliers are commonly used THz sources with
linewidths on the order of MHz and milliwatt output powers, but their output power rolls off
at frequencies above 2 THz, owing to the carrier dynamics within the device structures [16].
Quantum Cascade Lasers (QCLs) are a good alternative source for gas spectroscopy at higher
frequencies [1,17]. These solid-state devices emit either mid-infrared (MIR) or THz radiation
through electronic intersubband transitions within a multi-quantum-well structure. THz QCLs
can be tailored to provide milliwatt continuous-wave output powers around a chosen frequency
within the ∼1.9–5.7 THz band [18,19]. MHz-scale frequency stability can be achieved with
passive methods [2] and tuning ranges of ∼5 GHz are typically obtained [20]. Significantly wider
spectroscopic tuning bandwidths can be obtained using multimode QCLs (e.g., 72 GHz in [21]),
or potentially tens of GHz in single-mode from coupled-cavity schemes [22,23]. However,
high-powered THz QCLs require cryogenic cooling for continuous-wave applications, and their
maximum emission-frequency is limited by the Reststrahlen absorption band within the device
materials (8–9 THz for GaAs [19]).

Here, we demonstrate an alternative THz gas spectrometry scheme, which overcomes the
above limitations by exploiting a recently developed difference-frequency generation (DFG)
technique [24]. The output of two room-temperature MIR QCLs is focused onto an intersubband
polaritonic metasurface, which exhibits strong χ(2) nonlinearity across a large bandwidth and
enables THz emission within the GaAs Reststrahlen band. This approach is distinct from THz
photomixer spectroscopy, as THz radiation is generated through the fast polarization response of
the metasurface elements, rather than the bulk carrier dynamics in a biased antenna structure. As
such, much higher THz frequencies (extending into the Reststrahlen band) can be generated, with
powers on the scale of 10 µW. Here, we demonstrate the first THz sensing application based on
these sources.

The experiments demonstrated in this work have a tuning bandwidth of ∼100 GHz spanning
4.65–4.75 THz. We have distinguished the reagents and products involved in a deuterium exchange
between H2O and D2O and between deuterated methanol (CH3OD) and H2O, in addition to
18O-containing isotopologues. We demonstrate a multi-species frequency calibration by fitting
the data of low-pressure absorption lines to those in molecular spectroscopy catalogs [4,5,25].

We describe the structure and operation of the spectroscopy system in Section 2, followed by
the spectroscopic analysis of the background atmospheric water spectrum and trace contaminants
in Section 3. We then analyze H–D exchange reactions in D2O and CH3OD in Sections 4 and 5,
respectively.

2. System configuration

2.1. Metasurface based down-conversion

The MQW heterostructure used in this work is fabricated from the In0.53Ga0.47As/GaAs0.51Sb0.49
materials system, chosen for its narrow intersubband transition linewidths, which maximizes the
achievable nonlinear response [24]. The metasurface used here shares the same growth run, layer
design, and Y-shaped single-resonance nanoresonator geometry as the device optimized for the
4–6 THz band reported in the Supplement 1 of Ref. [24], and is therefore effectively identical
to that device rather than a distinct redesign. The heterostructure comprises 23 repetitions of a
coupled double-quantum-well unit with layer thicknesses, in nm, of 8.0/4.9/3.0/5.6/5.0/8.0, where
the GaAs0.51Sb0.49 barrier layers are shown in bold and the underlined In0.53Ga0.47As quantum
well is n-doped to a nominal electron density of 3.3×1018 cm−3. The resulting intersubband
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structure is shown in Fig. 1(a). The intersubband transition energies were determined using angled
absorption measurements, yielding ℏω01 = 116 meV, ℏω02 = 128 meV and ℏω12 = 12 meV for
the 0 → 1, 0 → 2 and 1 → 2 transitions, respectively. The resulting nonlinear response is
described in the Supplement 1 of Ref. [24].

Fig. 1. DFG metasurface design. (a) Simulated conduction-band diagram of the employed
multi-quantum-well (MQW) heterostructure. The transition energies ℏω01 and ℏω02
are designed to maximize χ(2)zzz at the mid-infrared pump wavelengths used in this work.
(b) Scanning electron microscope image of the fabricated metasurface, showing the Y-shaped
nanoresonator array. (c) Schematic of a single Y-shaped nanoresonator unit cell, showing the
double-metal structure with the MQW layer sandwiched between the metal claddings. Pump
fields, polarized along x, couple into the resonator head, while the elongated tail is tailored
to radiate the generated THz field. (d) Simulated field distribution of the mid-infrared pump
modes and the THz mode within the unit cell.

The effective second-order nonlinear susceptibility of the metasurface, χ(2)eff , is enhanced
relative to the intrinsic intersubband nonlinearity χ(2)zzz by a spatial overlap integral over the
nanoresonator unit-cell volume V ,
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inc is the field enhancement at frequency νi [24]. As illustrated in Fig. 1(b),(c) and
(d), the Y-shaped nanoresonator geometry sets the mid-infrared and THz resonance positions
independently via its head and tail dimensions, respectively: pump radiation couples into the
resonator head, while the elongated tail is tailored to radiate the generated THz field. This device
was designed to place its combined resonance response over the 2–6 THz band, encompassing
the 4.7 THz operating point used in this work.

It is important to distinguish two different senses of “bandwidth” for this system. The
metasurface itself supports DFG across the full 2–6 THz design band, set by its resonance
structure; the >100 GHz tuning range demonstrated in this work (Section 2.2 onwards) is not a
limitation of the metasurface but reflects the temperature-tuning range achievable with the two
fixed-geometry QCL pumps used here. Access to a different sub-band within the metasurface’s
2–6 THz design range would require a different, discretely tunable or interchangeable pump-laser
pair rather than a new metasurface.

At the 4.7 THz operating frequency used in this work, with the two pump photon energies
chosen symmetrically about the intersubband transition manifold, the metasurface is expected to
provide a peak mid-infrared-to-terahertz conversion efficiency of η ∼ 1 mW/W2.
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2.2. Spectrometer integration

Having established the design and expected performance of the metasurface itself, we now
describe its integration into the complete source–detector spectroscopy system used in this work,
in which two mid-infrared QCL pump lasers, optical beam-combining and delivery optics, and a
THz detector are combined around the metasurface to form a tunable gas-phase spectrometer.

A system block diagram is shown in Fig. 2, including a simplified representation of the THz
optical path (red shaded line) and MIR path (green and blue thin lines). This allows for wide
tunability in a room-temperature system with a footprint of approximately (30×30) cm2 and a
minimal number of movable parts.

Fig. 2. A schematic illustration of the spectroscopy system (using simplified optical paths).
Thin green and blue lines represent the MIR optical paths and the thicker shaded red path
indicates the THz radiation. Inset: top-down photograph of the lasers and metasurface.

The QCLs are mounted in high-heat-load (HHL) packages controlled by thermoelectric coolers
(TECs), and the laser outputs are coupled out of the packages using collimating lenses. The two
QCLs are driven independently in continuous-wave mode using a pair of Thorlabs ITC4002QCL
laser drivers. The first QCL (‘Laser 1’, Adtech Photonics), operated at a fixed driving current of
I1 = 0.85 A and was temperature-tuned over a wavelength range of λ1 = 10.52 − 10.56 µm. The
output power of Laser 1 is not modulated and exceeds 100 mW over the full tuning range used
in this work. The second QCL (‘Laser 2’) was a distributed-feedback (DFB) QCL fabricated
at the Walter Schottky Institute and operates at a fixed wavelength of λ2 = 9.04 µm with an
output power of 176 mW. This operating point is obtained using a constant driving current of
I2 = 1.05 A and an operating temperature of T2 = 34◦C. The radiation from Laser 2 is modulated
using an optical chopper at 12 Hz, enabling signal recovery with a lock-in amplifier. To match
the beam diameter to that of Laser 1, a twofold Gaussian beam expander was installed in the
Laser 2 beam path.

The beams are combined using a dichroic beam combiner (Spectrogon LP 100000) and focused
onto the metasurface using an achromatic doublet lens. Based on the conversion efficiency and
pump powers described in Section 2.1, the metasurface is expected to generate approximately
1 µW of THz radiation at the 4.7 THz operating frequency. No independent, absolute-power
calibration of the THz beam was performed for this experiment; however, the effective THz power
delivered to the detector is estimated to be substantially lower, on the order of 400 nW. This
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reduction relative to the expected source output is attributed to a partial loss of optical alignment
sustained during transport of the system from Munich to Leeds, rather than to any change in
the intrinsic performance of the metasurface source itself. Re-establishing full alignment, or
engineering a more transport-robust optical mount, is expected to recover the full ∼1 µW source
output and correspondingly improve the system signal-to-noise ratio.

The collimated THz radiation emitted from the metasurface is collected using an off-axis
parabolic (OAP) mirror and directed through a gas cell. The outcoupled THz radiation is then
focused using a second OAP mirror with a 2 inch diameter and a 4 inch focal length onto a Golay
detector. The detector signal is demodulated using a Signal Recovery 7265 lock-in amplifier with
a 2 s integration time constant.

The gas cell is 35 cm long and 1.5 inch in diameter, with 3 mm thick Polymethylpentene
(TPX) windows. These allow THz radiation to pass through the cell but block MIR reflections
from the metasurface. The gas cell is connected via a manifold to an Agilent TPS-compact
turbomolecular pump. The spectroscopic target species is held in a liquid reservoir, and a vapor
sample of the required pressure can be extracted through the manifold into the gas cell using an
MKS Instruments pressure control system and a Mass Flow Controller (MFC). The manifold is
constructed from standard aluminum vacuum tubing, with KF 16 and Swagelok fittings. Owing
to the simple design of the cell, it is not possible to monitor the intra-cell pressure directly.
However, the pressure in the manifold can be monitored before closing the gas cell using an
Agilent a-Baratron capacitive pressure gauge, which has a minimum pressure reading of 3 mTorr.

The temperature of Laser 1 is adjustable incrementally over a T1 = 10 − 45◦C range as a
method of tuning its MIR emission frequency and hence the THz difference frequency. Frequency
tuning is limited by the QCL packaging, where temperatures above 45 °C will melt the adhesive
that bonds the lens to the HHL package and temperatures below 10 °C will cause condensation
on the lens and risk damaging the QCL. Condensation on the components could potentially
be avoided by enclosing the DFG breadboard in a dry purge, which would enable a reduced
minimum operating temperature and an increased THz bandwidth. The driving current for the
QCLs was selected so that single-mode emission was achieved across the full tuning range
of the experiments. It is important to emphasize that free-running QCLs were used in this
work, without stabilization against a primary frequency reference and the emission frequency
was tuned indirectly using laser temperature and current control. Slight variations in tuning
occur between experiments, for example, through variations in chiller performance or in optical
feedback through mechanical drifts. As such, there is an inherent reproducibility challenge, and
the QCL tuning must therefore be calibrated against cataloged spectral lines for each spectral
measurement. However, this could be overcome in future work through the use of an active
stabilization scheme for the pump lasers.

3. Background spectral analysis

Our first experiment examined transmission through a nominally empty gas cell that was connected
to the vacuum pump for 10 minutes and evacuated to a manifold pressure of <3 mTorr prior to
cell closure. A spectroscopic scan was taken using a full T1 = 10 − 45◦C temperature sweep of
Laser 1 in 1500 steps. A delay of 40 s was included in each increment to allow the temperature
to stabilize. The normalized detector signal is shown as a function of temperature in Fig. 3(a).
Here, a combination of background features is observable in the plotted data. Three broad dips in
transmission are observable at temperatures of approximately 16.5 °C, 23.5 °C and 34.0–40.0 °C.
These correspond to pressure-broadened absorption features of water in the unpurged atmosphere
outside the gas cell in the 4.7 THz region. In addition, residual low-pressure H2O and other
contaminants are present in the gas cell, resulting in individually resolvable narrow spectral
features superimposed on the broadened atmospheric absorption bands. The atmospheric water
absorption saturates the measurement in the range 34.0–40.0 °C. The baseline shows a gradual
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overall decrease as the temperature increases, as a result of the reduction in the output power
of the QCL. As such, an accurate determination of the intensities of the experimental lines is
challenging. This effect could be mitigated by using a vacuum or nitrogen-purged reference
measurement, and in Section 5 we show that a numerical baseline-correction can be used as a
post-process step. However, our focus at this stage is on analysis of the baseline and demonstration
of broad spectral coverage rather than determination of molecular concentrations. As such, the
uncorrected baseline is retained.

Fig. 3. (a) Normalized detector signal as a function of Laser 1 temperature, for THz radiation
transmitted through a nominally empty gas cell and external (unpurged) air. A 5-point moving
average filter has been applied to the detector signal. (b) Simulated transmission spectrum
for 40% humidity outside the gas cell, and 50 mTorr H2O within the cell. Additional
isotopologue contributions are shown for HDO (2%) and H2

18O (0.2%).

The distinctive shape of the background spectrum enables the calibration of the THz emission
frequency as a function of T1. Initially, the broadened atmospheric water lines were used for
coarse frequency calibration against H2O data in the JPL spectroscopy catalog [4] by manually
scaling the experimental temperature axis to the frequency range of the cataloged data. Figure 3(b)
shows a simulation of the transmission spectrum in this range, through the gas cell and the
external atmosphere. A Voigt lineshape was applied to the spectral lines, accounting for
thermal Doppler broadening at room temperature and collisional broadening depending upon
the environment (inside or outside the cell). The collisional broadening was modeled using a
Lorentzian contribution to the overall lineshape. Half-widths at half-maxima of 0.1 cm−1atm−1

and 0.4 cm−1atm−1 were used for air-broadening and self-broadening respectively, in-line with
typical values taken from the HITRAN catalog [26]. The atmospheric pressure outside the cell
was assumed to be 760 Torr and the saturation pressure of water was taken as 26.6 Torr.

Initially, the cell was assumed to contain pure low-pressure water vapor as a result of outgassing.
A cell pressure of 50 mTorr and the typical laboratory humidity of 40% were found to provide an
acceptable match to the respective spectral contributions for the interior and exterior of the gas
cell. Additional contributions were identified from the two most common naturally-occurring
isotopologues of water (H2

18O and HDO), whose rotational–vibrational spectra differ from those
of H2O owing to their different moments of inertia and molecular mass. Lines are shown in
the simulated spectrum for H2

18O, using its natural abundance of 0.2% and for HDO, using 2%
abundance. The latter is significantly higher than the natural abundance of HDO (0.03%) and is
the result of H–D exchange with trace D2O contamination of the cell from previous experiments
(D2O + H2O⇌2 HDO). No spectral contribution from D2O itself can be resolved from the
baseline at these concentrations.

This result can be understood by considering the equilibrium constant for the reaction, which
has been evaluated as K = [HDO]2/([H2O][D2O]) = 3.85 at room temperature [27], where the
brackets denote the concentration (and hence partial pressure) of each species. Thus, the observed
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[HDO] : [H2O] ≈ 0.02 ratio in the background measurement implies a [D2O] : [H2O] ≈ 1 × 10−4

ratio at equilibrium. As such, trace D2O is effectively removed from the system by the H–D
exchange process, and this explains the absence of its spectral features in this experimental result.

A final calibration of the QCL frequency was achieved by applying a linear fitting of the
cataloged spectral line frequencies to the T1 value at which the matching features were observed
experimentally. Figure 4 shows that a linear relationship of the form f = f0 + kT1 provides a good
fit to the data, where f0 = 4618.79 GHz and k = 3.00720 GHz◦C−1. The confidence interval in
the fitting is 71–80 MHz across the range of fitted values (i.e., <0.002% uncertainty) and detailed
line assignments and associated quantum numbers can be found in Supplement 1. The frequency
calibration shows that a tuning range of 4649.79–4751.06 GHz was achieved in this measurement,
giving a total tuning bandwidth of 101.27 GHz and a step size of 67.5 MHz per sample.

Fig. 4. Linear calibration of THz frequency against Laser 1 temperature, using residual
water in an evacuated gas cell. Cataloged spectral line centre-frequencies are shown for
H2O, HDO and H2

18O.

4. Isotopologues of water

A more detailed study of H–D exchange in water was carried out by injecting a sample of D2O
into the gas cell. This provides a simpler spectral analysis than that of H–D exchange in methanol
(see Section 5) owing to the relatively sparse spectra of the water isotopologues and high line
strengths. When D2O is introduced into the gas cell in high concentration, the H–D exchange
reaction with residual H2O results in an equilibrium yield of HDO, in addition to the equivalent
reaction for H2

18O, producing HD18O.
For this measurement, D2O vapor (Sigma–Aldrich, 99.9%D) was introduced into the gas cell

at a manifold pressure of 5 Torr and the spectrometer was temperature tuned over the range
T1 = 10.3 − 23.8◦C in 1000 steps. The temperature range was truncated to avoid the saturated
atmospheric water band at higher frequencies. Figure 5 shows that a different set of spectral peaks
are observable from those in the background sweep. The calibration in Fig. 5(a) uses 13 cataloged
spectral lines to determine a linear tuning range of 4653.5–4693.6 GHz with a fitting uncertainty
of 90–100 MHz across the band. Here, slightly different tuning parameters f0 = 4622.63 GHz
and k = 2.98584 GHz◦C−1 were obtained and an increment of 40.3 GHz between experimental
samples was inferred.

Several key differences are apparent in comparison to the background scan. Two strong HDO
lines are seen at 4677 GHz and 4683 GHz and a very weak D2O line at 4689 GHz, which were
not resolved in the background scan. A weak additional spectral feature was observed at 13.3 °C,
which may correspond to the cataloged HDO line at 4661 GHz. However, there are no other

https://doi.org/10.6084/m9.figshare.33390775
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Fig. 5. (a) Spectral calibration using cataloged lines observed following injection of D2O
into a gas cell. (b) Comparison between frequency-calibrated experimental data (black line)
and simulated spectral contributions of cataloged species. Vertical dashed lines indicate
frequencies of cataloged lines used for fitting. For readability, the simulated spectra are
offset vertically by 0.1 transmission units from the experimental spectrum.

measurable lines in the lower-frequency part of the spectral band. In Section 5, we show that a
piecewise linear fit is needed for accurate calibration of data in the low-frequency region, owing
to a possible laser mode-hop. As such, the feature at 13.3 °C cannot be assigned reliably in this
dataset and was excluded from the analysis. An additional HD18O line is present at 4668 GHz,
as a product of the H–D exchange with H2

18O. The presence of these additional lines compared
with the background is a result of the much higher D2O concentration in this experiment and the
correspondingly higher HDO production. A simulated set of spectral lines for each identifiable
species is shown in Fig. 5(b) along with the experimental data. Partial pressures of ∼1 Torr and
∼200 mTorr were found to provide an acceptable match to the experimental transmission for D2O
and H2O respectively. An equilibrium with K = 3.85 produces a corresponding partial pressure
of 830 mTorr for HDO. Taking the 0.2% natural abundance of H2

18O and assuming identical
equilibration yields a concentration of 1.7 mTorr for HD18O. Under the assumption of negligible
initial HDO concentration, the equilibrium expression implies initial partial pressures of 1.4 Torr
and 600 mTorr for D2O and H2O respectively.

The simulated spectral lines using the calculated equilibrium partial pressures provide overall
agreement with the experimental data, albeit with two apparent anomalies. First, the sum of the
simulated partial pressures of the equilibrium lines is 2 Torr, whereas the experimental manifold
pressure and collision-broadened linewidth imply a total cell pressure of 5 Torr. The additional
pressure contribution in the experimental results may be the result of trapped air within the system
or additional volatile contaminants without spectral lines in the frequency range under study.
Second, the inferred initial partial pressure of D2O is only 70% of the isotopologue distribution,
although nominally pure D2O was used as the source. Although a cannula transfer process was
used to extract D2O from its storage vessel, its purity will have degraded over time through
gradual ingress of atmospheric water. Small amounts of H2O in the transfer line and manifold
will also have reduced the concentration of D2O prior to injection into the cell. However, the
simulation confirms that four isotopologues of water can be identified simultaneously within a
single THz frequency sweep and with relative concentrations that correspond reasonably well
with theoretical values.

5. Isotopologues of methanol

More complex H–D exchange processes occur between methanol and water isotopologues. To
demonstrate this more challenging spectroscopic scenario, we take CH3OD as our starting point,
in which a deuterium atom has replaced hydrogen in the OH group. This isotopologue has
low natural abundance and undergoes H–D exchange with residual water, yielding a series of
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reversible reactions:
CH3OD + H2O⇌CH3OH + HDO

CH3OD + HDO⇌CH3OH + D2O
2 HDO⇌H2O + D2O

(2)

An equilibrium therefore forms between CH3OD, CH3OH, D2O, HDO and H2O in addition
to equivalent H–D exchanges with H2

18O. The combined THz transmission spectrum contains
numerous lines with overlapping spectral signatures for each species.

A sample of CH3OD (Alfa Aesar, 99.5% D) was introduced at 2 Torr manifold pressure into
the gas cell and residual water resulted in H–D exchange. For consistency, and to avoid the
H2O saturation band at higher frequencies, the QCL bias and tuning parameters remained the
same as in our analysis of H–D exchange in water. Figure 6 shows that a much larger number
of spectral lines was observed, compared with water isotopologues alone. This is consistent
with the co-existence of the multiple species identified above. It is much more challenging
to assign cataloged spectral lines than in the investigations described in the previous sections
and a baseline-correction process was therefore used to simplify analysis. The uncalibrated
detector signal was initially normalized against the maximum value of a 10-point moving window
and then filtered using a 3-point moving average. The atmospheric-absorption baseline was
approximated by initially taking the 10-point moving maximum of the smoothed signal (such
that the sampling window is larger than the linewidth of any given line) and then smoothing this
using a 10-point moving average. The filtered signal was finally divided by the baseline to obtain
an approximation to the transmission spectrum of the gas mixture within the cell.

Fig. 6. (a) THz detector signal as a function of T1 for transmission through a cell containing
the equilibrium mixture resulting from H–D exchange between CH3OD and residual H2O.
A 3-point moving average filter has been applied. (b) Spectral calibration against cataloged
line frequencies.

A search was performed for all cataloged spectral lines of the relevant water and methanol
isotopologues in the 4650–4695 GHz range with an intensity greater than a cut-off value of
1×10−4 nm2MHz. Data for H2O, D2O, HDO, HD18O and CH3OH were taken from the JPL
spectroscopy catalog [4] and those for CH3OD were supplied as supplementary data by the
authors of Ref. [25]. The cataloged line frequencies were tabulated manually against the T1
value at which the matching experimental features were observed, starting with the highest
intensity and most spectrally isolated lines. Strongly overlapping or very weak lines were
omitted from the assignments. In the case of indistinguishable spectral doublets in the cataloged
data, a single calibration temperature was used. In total, 71 spectral lines were used from the
six different species in the final calibration (81 including doublets). The calibration fitting
is shown in Fig. 6(b) and a detailed spectral assignment is given in Supplement 1. Unlike
the investigations above, a significant number of lines were present at low QCL temperatures
(f < 4670 GHz). It was found that continuous linear or low-order polynomial calibrations

https://doi.org/10.6084/m9.figshare.33390775
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were inadequate and a small, ∼56 MHz step in the DFG source frequency was identified at a
temperature of T1 ≈ 15.7◦C, which was at the lower limit of the previous calibration range.
A discontinuous two-part piecewise linear calibration was found to give a good match to
the data in Fig. 6(b), using f0 = 4618.66 GHz , k = 3.11809 GHz◦C−1 for T1<15.7◦C, and
f0 = 4620.30 GHz , k = 3.01721 GHz◦C−1 for T1 ≥ 15.7◦C (i.e., a 3% change in the tuning
coefficient). The origin of this discontinuity in the tuning characteristics is unclear; however,
the effect is very weak and may be attributed to small changes in optical feedback or chiller
performance over the ∼ 16 hour duration of the experiment. It is also well below the frequency
resolution of standard FTIR spectrometry and therefore would not be observable in standard
characterization of the QCLs. A fitting uncertainty of ∼40 MHz was found across the full range
of temperatures, and the calibration mapped all experimental lines to within 80 MHz of their
assigned cataloged values.

In principle, a least-squares fitting process could be used to determine the partial pressure
of each species. However, this is very challenging, owing to the crowded spectrum, relatively
low spectral resolution, and a lack of experimental data for pure isotopologue samples. As
such, a manual adjustment of the simulated partial pressure was made to each species to find
an approximate agreement with the experimentally observed spectrum. Figure 7 shows the
baseline-corrected transmission spectrum. For easy comparison, the normalized experimental
transmission measurement (P/P0) is shown on the same axes as an inverted simulation (2−P/P0).
Spectral contributions for individual species are shown as colored traces, with the total simulated
and experimental traces shown as black lines. Vertical colored lines are shown for each line
frequency used in the calibration, and symbolic markers indicate the corresponding experimental
peak for which the QCL temperature was tabulated. Colors and symbols take the same meaning
in this plot as the definitions in Fig. 6. Several notable features are apparent in the experimental
spectrum, including a strong D2O line at 4651.5 GHz and multiple moderate-intensity CH3OH
and CH3OD lines overlapping in the ∼4651–4680 GHz band. Near complete mapping of
experimental spectral peaks to cataloged lines was achieved.

Here, partial pressures of 100 mTorr (H2O), 30 mTorr (D2O) and 107 mTorr (HDO) were
found to provide good agreement with the experimental water lines, while constrained to the
expected K = 3.85 equilibrium. An HD18O partial pressure of 200 µTorr was also found to agree
with the observed line intensities, in line with the natural 0.2% abundance. Approximate partial
pressures of 300 mTorr for both CH3OH and CH3OD were found to give broad agreement with
the experimental observation. The CH3OD concentration was expected to be significantly larger
than that of CH3OH, owing to the trace H2O concentration within the gas cell. However, as before,
the purity of the injected sample is likely to have been reduced significantly by gradual H–D
exchange with atmospheric water during storage, and with residual water within the manifold.

In addition to the cataloged lines, we observed a strong anomalous line at 4676.71 GHz, which
corresponds to a doublet of torsion–rotational vt = 2 → 1 transitions, which are identified in Ref.
[28]. Three other anomalous absorption features at 4662.32 GHz, 4679.87 GHz and 4691.85 GHz
do not correspond to the cataloged lines of any relevant species but may be transitions between
higher-order states in CH3OH or CH3OD.

6. Conclusion

We have demonstrated a THz gas spectrometer with a single-mode tuning range of >100 GHz
around 4.7 THz. This tuning range is limited by the MIR QCL pump sources, whereas the
polaritonic metasurface device enables several THz tunability. It has previously been shown to
be capable of producing microwatt THz power in the Reststrahlen band when combined with
an appropriate difference frequency. This approach presents significant potential advantages
compared with alternative THz frequency-domain spectroscopy methods. The bandwidth and
upper tuning range exceed those of existing photomixer, electronic multiplier, and THz QCL
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Fig. 7. Calibrated CH3OD/H2O H–D exchange transmission spectrum with baseline
correction. Data are shown for the ranges (a) 4650–4664 GHz, (b) 4664–4678 GHz and
(c) 4678–4692 GHz. Simulated spectral lines are shown on an inverted 2 − P/P0 scale,
while vertical lines indicate the frequencies of the cataloged spectral lines used in calibration.
Symbols have the same meaning defined in Fig. 6 and indicate the center of the experimental
line corresponding to each calibration point.

sources, while also operating at room temperature. The (30×30) cm2 footprint of the THz source
is also potentially well-suited to portable field-deployable system integration.

It is instructive to compare the present work with the performance of THz-QCL-based
spectrometers, which are the only other compact frequency-domain spectroscopy systems to
have been demonstrated around 4.7 THz. Our DFG approach provides much greater continuous
single-mode tunability, compared with ∼5–12 GHz in THz QCLs [29,30]. FTIR analysis of
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a rapidly-chirped multimode 4.7 THz QCL can extend the spectral coverage to 72 GHz, but
this is at the expense of much lower (transform-limited) 1.5 GHz resolution [21]. Conversely,
the output power of the present system (400 nW) is much lower than the 8 mW achievable
with a 4.7 THz QCL [30], and therefore a commensurate difference in signal-to-noise ratio and
molecular detection limit is expected. It is important to note, though, that THz QCLs only operate
at cryogenic temperatures, whereas our system is entirely at room temperature. The speed of
measurement achieved in the present system is also significantly lower than that of THz QCL
spectroscopy, owing to the thermal tuning method used in this work. A single-frequency-point
sampling rate of 25 mHz was used here to allow for temperature stabilization, although rates
of 150 kHz have been demonstrated for electrically-tuned THz-QCL gas spectroscopy using a
FET-based detector [31]. This is not a fundamental limitation of the DFG approach, and fast
electrical modulation of the mid-IR pump laser will be applied in future work.

We have shown that it is possible to sample H2O, D2O, HDO, HD18O, CH3OD, and CH3OH
within a single hydrogen–deuterium exchange experiment. Although these measurements used a
reduced tuning bandwidth, to avoid saturation by atmospheric water, we have shown that H2

18O
is also measurable at higher THz frequencies. This demonstrates the ability to distinguish a
range of isotoplogues with overlapping spectral features, underpinning future THz analysis of
VOCs through isotopic labeling. The emission frequency of the temperature-tuned system has
been calibrated against 71 cataloged spectral lines, resulting in a fitting uncertainty of ∼40 MHz
across the full spectral range. The calibration has been shown to drift between experiments as
a result of using free-running QCL pump lasers. For example, at an operating point of 20 °C,
the calibrated emission frequencies are 4678.93 GHz, 4682.35 GHz and 4680.64 GHz for the
experiments in Sections 3, 4 and 5 respectively. This is likely to be caused by a combination of
effects including adjustments to system alignment and drifts in chiller performance, and provides
a motivation for either direct frequency monitoring (e.g., by heterodyne mixing with a stable
reference oscillator [20]) or active control of the frequency (e.g., by locking to a microwave
reference [32]).

The partial pressures of each species were fitted manually to experimental data using cataloged
line intensities and the relative concentrations of water isotoplogues were shown to fit the expected
K = 3.85 equilibrium constant. The 18O-containing isotopologues of water were also shown
to have the expected natural abundance relative to 16O. In practice, this manual approach to
spectral decomposition is impractical and laborious. A nonlinear least-squares fitting of the
partial pressures, linewidth and baseline is a more desirable option, although a higher frequency
resolution and improved system noise performance would be required for reliable implementation.

The smallest partial pressure inferred for a species observed in this work was 100 µTorr partial
pressure for H2

18O in the background spectral scan, which corresponds to 3.2×1012 particles/cm3.
In more general terms, the system noise level limits the minimal resolvable transmission drop
to ∆P/P0 ≈ 0.02 and hence a minimum absorption coefficient of 6×10−4 cm−1. Although this
is much higher than the typical values for millimetre-wave spectrometers, it is important to
note that this first demonstration employs free-running QCL sources and a broadband Golay
detector with no filtering. Background thermal inputs to the THz detection could be mitigated,
and detection speed could be increased through the use of a narrowband Schottky-diode or
FET-based detector [33]. This, in turn, would enable frequency-modulation spectroscopy (and
hence avoidance of 1/f noise contributions) through rapid electrical modulation of one of the
QCL pumps. An enhancement of the source power (and hence decrease in detection limit) could
also be achieved through the use of a CO2 pump laser. The detection limit could potentially be
reduced further using a long-path or multi-pass sensing configuration, and by active stabilization
of the pump lasers. In summary, the DFG approach demonstrated in this work enables a compact,
room-temperature and widely tunable THz spectrometer, underpinning multi-gas detection and
potential future applications in isotope-labeled VOC spectroscopy.
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