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We report a metrological-grade THz spectroscopy based on the combination of a THz frequency-comb
synthesizer (FCS) and a THz quantum cascade laser (QCL). The QCL, emitting at 2.5 THz, is phase locked
to the free-space THz FCS, and its frequency is swept across a methanol transition by tuning the comb-
repetition rate, which is ultimately disciplined by the Cs primary frequency standard. The absolute
frequency scale provides an uncertainty of a few parts in 10~!! on the laser frequency and 10~ on the line-
center determination, ranking this technique among the most precise ever developed in the THz range.

DOI: 10.1103/PhysRevX.4.021006

I. INTRODUCTION

Terahertz quantum cascade lasers (QCLs) [1] are proving
to be the key technology for countless applications [2—-6],
recently unveiling a quantum-limited spectral purity below
any other semiconductor source [7,8]. In parallel, the very
recent extension of frequency-comb synthesizers (FCSs) to
the far infrared enables direct and broadband phase or
frequency referencing for any source in this range [9-11],
providing a new tool for high-resolution measurements of
THz frequencies. The interest in metrological-grade THz
molecular spectroscopy has deep motivations. In this
spectral range, rotational transitions of simple molecules
have Doppler-limited and natural linewidths that can be as
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narrow as a few hundred kHz and a few Hz, respectively.
As a consequence, spectroscopy on low-pressure and/or
cold-gas samples can only be challenged by narrow-
emission sources that have a precisely controlled frequency.
For almost two decades, since their first demonstration
[12], tunable far-infrared (TuFIR) sources have been
employed for a variety of challenging high-precision
experiments [13-16]. Despite their inherent limitations,
such as the very low power (tens of nW) and the bulky and
complex instrumentation, TuFIR sources have been, for a
long time, the only tool for measuring the frequency of THz
transitions with a 1073 accuracy. As an alternative, fre-
quency-multiplied microwave sources have recently been
extended to the THz region [17], providing uW-power
radiation up to 2.8 THz, with a tuning range of about 10%
around the central emission frequency and an accuracy of
1078 on the center of the transition frequency. At the same
time, promising approaches to high-resolution THz spec-
troscopy inspired by the TuFIR systems have recently been
developed; they are based on difference-frequency gener-
ation of THz light by mixing visible or near-infrared lasers
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[18,19]. All these techniques, although inherently different,
have a common feature, i.e., the indirect generation of THz
radiation, produced via frequency mixing of sources emit-
ting in other spectral ranges. If, on one hand, frequency-
mixing processes allow, in principle, an easy referencing of
the THz radiation to primary or secondary frequency
standards, on the other hand they make use of low-
efficiency frequency-conversion mechanisms, resulting in
THz radiation powers typically below a few puW. Low
power can be the main limiting factor for a variety of high-
resolution spectroscopic techniques, such as sub-Doppler
spectroscopy, that are indeed crucial for a full exploitation
of metrological-grade THz sources. In this perspective, the
development of relatively high-power, continuous-wave
THz QCL sources offers the opportunity to extend across
the THz gap state-of-the-art spectroscopic techniques that
were developed in other spectral regions. QCLs are, indeed,
ideal candidates for THz metrology, since they have shown
an inherently high spectral purity, with intrinsic linewidths
as low as 100 Hz [7]. However, their typical free-running
linewidths are in the range of 1 MHz, due to the presence of
excess frequency noise that must be removed in order to
exploit their metrological-grade potential. A THz FCS,
disciplined by a primary standard, can be a suitable narrow
and stable frequency reference, providing not only a
reduction of QCLs frequency fluctuations down to the
quantum limit but also control on their absolute emission
frequency. Only a few techniques have been reported, so
far, for linking a THz QCL to mode-locked near-IR lasers
[9-11]. They all provide a comblike metrological reference
for phase locking any continuous-wave source over a wide
spectral window, ranging from the GHz range up to several
THz. The approach followed by our group, based on an air-
propagating THz radiation FCS, allows us to minimize the
power of the THz QCL needed for the phase lock, thus
leaving most of the power for further spectroscopic (or
other) applications [11].

II. EXPERIMENT

The experiment aims to give a proof of principle of the
all-optical approach to THz metrology, and, for this reason,
the experimental scheme has been kept as simple as
possible (see Fig. 1). The QCL employed for the experi-
ment is based on a GaAs/Aly;5GajgsAs heterostructure
and on a standard surface-plasmon waveguide design, and
emits at 2.5 THz. It is housed on the cold finger of a liquid-
He cryostat driven in continuous-wave mode at a fixed-heat
sink temperature 7, ~47.5 K. Under these experimental
conditions, the QCL threshold current is I = 375 mA,
and the output power corresponding to the operating
current /, = 430 mA is Py, ~ 1 mW. A direct-absorption
spectroscopy setup has been implemented on a 10-cm-long
cell filled with methanol gas, using the available fraction of
the QCL beam (more than 99% of the total power) and a
room-temperature pyroelectric detector, together with an

optical chopper on the beam and a and lock-in acquisition.
The remaining small fraction of the QCL power is used for
the phase lock to the THz comb, following the same
scheme described in Ref. [11].

The mode-locked Ti:sapphire laser used for THz
comb generation is actively stabilized against a 10-MHz
quartz-oscillator disciplined by a Rb-GPS (Global
Positioning System) clock (stability of 6 x 10713 in 1 s
and absolute accuracy of 2x 107!'2). In this way,
we transfer the traceability of the Cs primary frequency
standard to the Ti:sapphire repetition rate (fyp =
71.5 MHz). The measured fy, Allan variance is about
4 mHz at 1 s and 1 mHz at 100 s, corresponding to a relative
stability always better than 5 x 107!, Given the generation
mechanism of the zero-offset THz FCS that can be
interpreted as a difference-frequency generation between
teeth pairs of the pump laser, the frequency of each comb
tooth is N times the f.,, N being the order of the tooth. As
a consequence, any common-mode (offset-type) instability
of the fs laser is not propagated to the teeth of the THz
comb. The stability of each tooth is therefore given by the
product of the measured stability of /., and the tooth order
N. At 2.5 THz, with an order N ~ 32950, we obtain a
stability of about 130 Hz. Regarding the linewidth of the
THz comb tooth, a direct measurement performed at
100 GHz on a similar THz comb by heterodyne beating
with a frequency-multiplied source [20] suggests, if the
proper scaling with frequency is taken into account, a value
of a few hundreds of Hz. Thanks to the phase lock with the
THz comb, about 75% of the optical power of our THz
QCL is narrowed down to the comb-tooth linewidth,
thus approaching its intrinsic linewidth and providing a
5 x 107! uncertainty in the determination of its absolute
frequency. The beat-note frequency f, is kept constant by
the phase-lock loop, as described in detail in Ref. [11].
As a consequence, the QCL absolute frequency can be
retrieved by

’/QCL:Nfrepifbf (1)

once the order N of the beating tooth is known (see below).
Moreover, the tuning of the QCL absolute frequency can be
achieved by controlling the Ti:sapphire f,, since the QCL
frequency rigidly follows the sweeping tooth of the THz
comb (Fig. 1). An example is given in Fig. 2, where the
spectroscopic signal acquired while tuning the QCL across
a pair of methanol lines is shown. The 170-MHz-wide
frequency scan is achieved by tuning f., of about 5 kHz,
with a 1-Hz-step linear ramp (about 33-kHz steps for the
QCL frequency). The identification of these lines, however,
depends on the knowledge of the QCL absolute frequency,
that, in turn, depends on the identification of the tooth N
involved in the beating process, as described by Eq. (1),
where the sign of f, depends on whether the QCL
frequency is higher or lower than the tooth one.
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The scheme of the experimental setup is shown, with the diagram describing how the traceability of the primary Cs frequency

standard is transferred to the THz QCL-based spectroscopy via the stabilization of the repetition rate () of the pump laser and the THz
FCS. The mechanism for tuning the QCL frequency (vo¢y ) is also sketched: The beat-note frequency (f’,) is kept constant by the phase-
lock loop, while the tuning of f,, produces a proportional shift of the THz comb tooth, and thus of the QCL absolute frequency. The
lock-in acquisition of the absorption signal requires the beam intensity to be mechanically modulated by a chopper. HEB-hot-electron

bolometer; PID—proportional-intergal-derivative controller.

An independent measurement of the THz QCL fre-
quency with an accuracy better than f., is not, presently,
achievable by any commercial instrument (such as a FTIR
spectrometer). Moreover, the narrow tuning range of the
QCL prevents the acquisition of a larger number of
consecutive methanol lines, making difficult their direct
identification on a molecular database. For this reason, we
need a preliminary estimation of N in order to select a
narrower spectral window in which to interrogate the
molecular database. Among the few techniques demon-
strated in other spectral regions for determining N [21,22],
we adopt an approach that has also been used in the sub-
THz domain [23]. Basing it on Eq. (1), it consists in tuning
the THz comb-repetition rate by a certain amount
(Afrep ~ 50 kHz, in our case) and measuring the con-
sequent variation of the frequency of the beat note with a
specific tooth (Af, ~ 1.6 GHz). The tooth order N is then
retrieved by

AR
Af rep

During the measurements, the QCL frequency must be
kept constant. In our case, it has been stabilized against the
side of the methanol transition by implementing a software
proportional-integral loop on the QCL current and using
the absorption profile as a feedback signal. From the above
procedure, a value N = 32930 =+ 66 is retrieved. The error,
described by

N 2)

S(Afp)
Afy

5(Af rep)
Af rep

M:N‘ , 3)

—|—N’

is dominated by the large relative uncertainty on Af,
(about 0.2%) due to the performances of the QCL fre-
quency-stabilization loop, while the relative uncertainty on
Afrep is negligible. This result, alone, does not allow us to
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FIG. 2. Spectroscopic signal, recorded by tuning the repetition
rate of the Ti:sapphire pump laser. Experimental conditions (gas
pressure and temperature) are also reported.

univocally determine either N or the QCL absolute fre-
quency. Nevertheless, it allows us to narrow the search of
the detected molecular transition within a 10-GHz-wide
spectral window, where only a few tens of methanol lines
are present (Fig. 3). Among these lines (as listed by the
Molecular Spectroscopy Database of CalTech JPL [25]),
there is only one whose frequency is consistent with
Eq. (1), calculated with the experimental values of f .,
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FIG. 3. The procedure for the determination of N selects a
group of a few tens of lines (within a 10-GHz-wide window—
light yellow region) where one may look for the detected line.
This line is the only one (blue arrow) whose listed frequency can
be retrieved, at the sub-MHz level, by Eq. (1) with the
experimental f,, and f, values and an integer value of N
(see the Supplemental Material [24]). The presence of the pair
provides a further confirmation. It is worth noting that a
preliminary measurement of the QCL frequency, provided by
a FTIR spectrometer (dashed green curve), actually excludes the
right transitions.

and f), and an integer value of N (see the Supplemental
Material [24]). In this way, both the lines of Fig. 2 have
been univocally identified. The stronger one is a pure
rotational line (in fundamental torsional level v, = 0)
between (J, K), (19, 7), and (20, 8) rotational levels, while
the weaker one also involves a variation of the torsional
quantum number v,, between (J,K,v,), (12,-9,1), and
(12,-8,2) levels.

The described procedure gives the coarse calibration of
our spectrometer that can now be used for precise mea-
surements of the absolute frequency of the lines identified
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FIG. 4. (a) Experimental absorption profile (blue dots) and
Voigt function fit (red line) with residuals (red dots, bottom
panel), for the most intense of the two lines investigated. The flat
residuals confirm that the adopted fitting function [Voigt profile
with linear background; see Eq. (4)] well reproduces the
experimental line shape. Gas pressure and temperature during
the acquisition are also reported. (b) Dependence of the center-
line frequency on gas pressure (black dots), with the correspond-
ing linear fit (red line). The intercept and the slope values of the fit
give the absolute frequency (v.,) and the pressure shift of the
considered line.
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above. (In the following, the discussion will be focused on
the stronger line.) To this purpose, the line center, as well as
other characteristic parameters, are determined by fitting a
Voigt function to a set of experimental spectra taken at
different pressures [see Fig. 4(a)]. Since, in our case, the
line profile is also affected by the dependence of the laser
power on the driving current, which is responsible for the
linear background visible in the plots of Fig. 4(a), the
following fitting function has been used:

S<U’DC7A’WG’WL) = [q +m- (1/ - DC)]

. e[—a(u,v‘,A,wG,wL)-L]7 (4)
where L is the cell length, ¢ and m are parameters that
describe the linear background, and a(v,v,., A, wg, w;) is
the Voigt profile describing the absorption coefficient under
any condition of temperature and pressure:

2In2wy,

3/2 1.2
Tt wy

a(v,v.,A,wg,w) =A
I e
) /_w (In22)2 (/AT 2 — D
(%)

Here, v, is the line-center frequency, A is the integrated
area of the absorption curve, proportional to the transition
intensity, while w; and wg are, respectively, the widths
(FWHM) of the Lorentzian and Gaussian components of
the Voigt profile. The exponential Lambert-Beer law cannot
be approximated by the first linear term of its Taylor series,
since most of the acquisitions are not in a small absorption
regime (absorption larger than 10% of the total power).

The flat residual plot shown in the bottom panel of
Fig. 4(a) confirms the good agreement between the fitting

curve and the recorded spectrum, and gives a signal-to-
noise ratio (SNR) higher than 200. From the SNR and the
linewidth of each Voigt profile (falling in the MHz range
and depending on pressure), the statistical error for the
fitted line-center frequency (v.) is retrieved. It ranges
from 30 to 40 kHz (depending on the data set), and it is
slightly larger than the error given by the fit routine on the
v, parameter, thus better taking into account other error
sources, such as the uncertainty on pressure. The linear
dependence on pressure of the line-center frequency
is shown in Fig. 4(b). A pressure shift of about
240 kHz/mbar is measured and, by extrapolating the v,
value at zero pressure, the line-center absolute frequency is
retrieved: v, = 2553830.766(10) MHz.

III. RESULTS AND DISCUSSION

The 10-kHz error, given by the linear fit, corresponds to a
4 x 107 relative uncertainty that is about 2 orders of
magnitude worse than the accuracy of the THz comb.
Indeed, we are presently limited by the signal-to-noise ratio
of the measurement and by the Doppler-limited spectro-
scopic resolution. Nevertheless, it is worth making a
comparison with the previous measurements on the same
line [26,27] and also with the prediction of the most recent
molecular models [28] (Fig. 5). In our case, the combina-
tion of the absolute referencing provided by the THz comb
with the frequency stability and mW-level power of the
QCL allows us to achieve an unprecedented precision. If
systematically performed over a large set of lines, mea-
surements at this uncertainty level could help, e.g., to
significantly improve theoretical models. Besides the colli-
sional shift that has been observed and studied, other effects
such as Zeeman shift, ac-Stark shift, or blackbody shift
have been roughly estimated. At the 10-kHz uncertainty
level of our measurement, their total contribution is

4 T
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50 208 £0 197 £ 0 (MHz) (kHz)
-] Moruzzi et al.,
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FIG.5. The absolute frequency of the same transition has been measured by two other techniques: FTIR spectroscopy and microwave

spectroscopy. These results (grey and blue, respectively) are compared with ours (red) and with the most recent prediction of a molecular
model (green). In particular, the table summarizes the three consistent results zoomed on the right, evidencing the tenfold improvement

of the measurement uncertainty provided by our system.
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expected to be below 1 kHz, and thus it can be considered
negligible. Anyway, in view of future measurements with a
much reduced statistical uncertainty, these effects should be
carefully taken into account.

The proposed laser-based system provides uncertainties
comparable with, or smaller than, microwave-based appa-
ratuses [26] by using, for the spectroscopy, a more compact
setup (a 10-cm-long cell instead of a 2.3-m-long one) and a
cheap and room-temperature detection (a pyroelectric
detector instead of a composite He-cooled Si bolometer).
This result is achieved thanks to the significant scaling of
about 3 orders of magnitude on the source power (from the
uw to the mW range), which allows us to obtain larger
SNRs with shorter optical paths. Moreover, the available
power should make it possible to get saturated-absorption
signals. The improvement in terms of resolution is expected
to be more than 1 order of magnitude, thus giving access to
an accuracy at the 10719-107!! level, only limited by the
present stability of the comb reference. It is also interesting
to note that an improvement of the generation efficiency of
the THz comb, as well as of its spectral coverage, will allow
us to use a room-temperature detector (Schottky diode,
nanowire, or graphene field-effect transistors [29-31])
instead of the hot-electron bolometer for the beat-note
detection, thus providing an all-optical, room-temperature
setup for referencing metrological-grade THz sources over
a huge spectral window, ranging from the GHz range up to
5 THz and more. This first demonstration paves the way to
new scenarios for a number of different fields, including
novel THz-based astronomy [32], high-precision trace-gas
sensing [33], and cold-molecule physics [34], and will
contribute to filling the still huge THz gap, in view of
upcoming technologies under development in this rapidly
evolving spectral window.
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