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ABSTRACT

Frequency-domain terahertz (THz) spectroscopy using photomixing devices has unique advantages such as high dynamic range and high
spectral resolution. Thus, many applications for solid-state and gas-phase spectroscopy have been proposed. In this study, we developed a
feedback controlled technique to dynamically compensate for the optical phase accompanied by frequency sweep, enabling both fast and
high-resolution data acquisition across a wide frequency region. From gas-phase THz spectroscopy measurements of dilute acetonitrile gas in
a wide frequency range up to 1.1 THz, fine structures with linewidths less than 10MHz were clearly resolved, while the data acquisition rate
was improved by two orders compared to the previously reported value.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0215826

Terahertz (THz) spectroscopy has gained much attention in
recent years due to its wide range of applications, including nonde-
structive inspection,1 process control,2,3 and imaging.4,5 For decades,
various types of THz generation/detection techniques have been devel-
oped. Among them, the most widely prevailing technique is time-
domain THz spectroscopy,6 in which THz pulses are emitted from
either ultrafast photoconductive switches or nonlinear optical crys-
tals.7–10 This technique provides unique opportunities for THz spec-
troscopy featuring fast data acquisition rates across a wide frequency
range of up to 6.5THz,11–13 though its spectral resolution is limited to
at most 0.6GHz. On the other hand, frequency-domain THz spectros-
copy,14–19 in which photomixing devices are used for continuous-wave
and tunable THz generation/detection, has the advantages of a rela-
tively wide bandwidth of up to 4.5THz20 and a high spectral resolution
of the order of 1MHz.21,22 Indeed, our group has applied such a high-
resolution spectroscopy technique to terahertz electron paramagnetic
resonance (EPR) spectroscopy,23,24 where a sharp EPR signal with a
linewidth of 20MHz is clearly observed.21,25

In the previous frequency-domain THz spectrometers,21,25,26 a
pair of fiber stretchers was used to measure the amplitude of THz
waves at each frequency, and the frequency was swept step by step to
cover the desired frequency range. However, it inevitably takes a rather
long acquisition time (typically several seconds per data point) for the

fiber stretchers to execute phase sweeps. This drawback practically hin-
ders broadband measurements of high-resolution THz spectroscopy.
To solve this problem, we developed a feedback-controlled technique
to measure the THz wave amplitude instantaneously by utilizing
dynamic phase lock. This allowed us to achieve a faster data acquisi-
tion rate by about two orders, enabling broadband and high-resolution
THz spectroscopy. In this Letter, real-time gas-phase spectroscopy of
dilute acetonitrile was also demonstrated as a promising application of
the present work.

For the continuous generation of THz waves via photomixing,
two single-mode laser beams with slightly different frequencies are
coupled and irradiated onto a voltage-biased photoconductive antenna
(PCA) of an emitter. By adjusting the mutual frequency difference in
the THz range, coherent THz waves are emitted from the emitter
antenna through a hemispherical Si lens.27 The emitted THz waves are
detected by a receiver antenna using a homodyne technique.28,29

The THz wave amplitude and the measured photocurrent ðIphÞ
flowing in the receiver antenna are related by the following equation:

Iph / ETHz cos 2pDLfTHz=cð Þ ¼ ETHz cos Duð Þ; (1)

where ETHz is the electric field component of THz waves, c is the speed
of light, DL is the optical path difference between the emitter and
receiver branches, fTHz is the THz frequency, and Du is the optical
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phase difference. This equation indicates that the photocurrent oscil-
lates when fTHz is swept, and it is necessary to determine the envelope
ETHz as a function of fTHz. These oscillations stem from the optical
interference between the emitter and receiver branches. Typically, its
oscillation frequency c=DL ranges on the order of several GHz,
depending on the initial path difference DL. Therefore, the frequency
resolution for the case of envelope detection is inevitably limited by
this oscillatory behavior of Iph.

In our previous report,21,25 the optical phase was widely swept at
a fixed frequency using a fiber stretcher (DL ! DLþ dL) so that the
induced optical phase difference 2pdLfTHz=c exceeded 2p. Then, ETHz
was unambiguously obtained by the oscillation amplitude of Iph at
each frequency. However, the phase sweep/readout and subsequent
frequency-step processes took more time than simply sweeping the
THz frequency. We therefore developed a feedback-controlled tech-
nique to improve the data acquisition rate, in which Iph always stays at
its extremal values by instantaneously adjusting the optical phase dif-
ference to Du ¼ np (n : integer).

Figure 1(a) illustrates the setup of our frequency-domain THz
spectrometer developed in this study. We used commercially available
InGaAs photomixers (TeraScan1550, TOPTICA) for broadband emis-
sion and detection of THz waves from 50 to 1100GHz. The emitted
THz waves were linearly polarized, since bow-tie antennas were incor-
porated in the photomixers. The nominal power was 100 and 10lW
at 100 and 500GHz, respectively, according to the manufacture’s spec-
ification. THz waves emitted from the PCA emitter pass through a gas
cell and are detected by the PCA receiver using a homodyne technique.
A pair of plastic lenses was used to collimate and refocus the THz
waves. Sinusoidal bias voltages ( f ¼ 40kHz) were applied to the PCA
emitter, and the resulting synchronous components of the receiver
photocurrent, followed by an I/V converter, were detected by an
FPGA-based lock-in amplifier (LIA1) installed in the hardware of
TeraScan1550 and an external lock-in amplifier (LIA2). The initial

optical path difference was not optimized to a specific value and was
typically DL¼ 0.1 m in this study.

Small sinusoidal voltages were applied to the fiber stretcher to
modulate the optical phase difference. Typically, the amplitude and
frequency were a few volts and fm ¼ 1 kHz, respectively. This phase
modulation induced the photocurrent modulation. We set the time
constants of LIA1 (s1) and LIA2 (s2) to satisfy the condition
1=f < s2 < 1=fm < s1. As a result, the fundamental component of
the output of LIA2 was modulated at fm, but that of LIA1 was averaged
out. The signal-to-noise (SNR) ratio of our spectrometer was typically
60dB at 500GHz with s1¼ 30ms.

When the optical phase difference is modulated as Du ¼ Du0
þ du sinðxmtÞ using the fiber stretchers, a series expansion of
Eq. (1) leads to Iph/ J0ðduÞcosðDu0Þþ2

P1
n¼2;even JnðduÞcosðDu0Þ

�cosðnxmtÞþ2
P1

n¼1;odd JnðduÞsinðDu0ÞsinðnxmtÞ, where Jn is the
nth order Bessel function, Du0 is the initial optical phase difference,
du is the modulation amplitude of the optical phase, and xm¼ 2pfm.
This equation indicates that Iph contains both the fundamental and
higher harmonic terms in general, but at the extrema of Iph where
Du0¼np holds, the odd terms become zero. Therefore, if Du0 is
adjusted such that the fundamental component (n¼1) of the output
of LIA2 becomes zero, Iph always remains at its extrema.

This is the basic principle to continuously obtain the photocur-
rent amplitude during a frequency sweep. For this purpose, a feedback
system was used to add proper dc bias voltages to the fiber stretchers.
This is done by a combination of another lock-in amplifier (LIA3) and
a home-built PI-control circuit. LIA3 demodulates the component at
fm, and its amplitude is fed into the control circuit to produce
negative-feedback signals. As a result, the optical phase difference was
locked to keep the Iph value at its extrema. It was confirmed that the
data measured by LIA1 entirely coincided with the envelope of Iph
measured without the feedback circuit (see the supplementary
material).

In our system, the reset circuit was incorporated to extend the fre-
quency range. Consider the case where frequency is swept in the range
of fTHz ¼ 0.1–1.1THz with an initial optical path difference of
DL¼ 0.1 m, the total optical phase difference exceeds 300p. Such a
large phase difference cannot be compensated by a single voltage
sweep of the fiber stretcher. Indeed, the voltage-induced phase shift
was at most 5 p at 500GHz, thus being impossible to add a proper
optical phase difference in a single operation. So, the reset section was
programmed to switch off the feedback circuit once to reset and to ini-
tialize the circuit when the output voltages reached its maximum volt-
age. During this operation, a short interruption time of about 100 ms
was needed, but it did not influence the total measurement time.

In the following, this technique was applied to gas-phase spec-
troscopy. It is well known that many molecules exhibit characteristic
absorption lines in the THz region.30 These spectra are generally very
sharp, typically on the order of MHz when the concentration is at
parts-per-million (ppm) levels, and also are distributed across a wide
frequency range.31,32 Thus, the ability of broadband and high-
resolution detection of various gases is of particular importance in
many applications such as quality assurance in industry, employee cri-
sis management,30 and breath analyses.33 So far, infrared spectroscopy
has been commonly used in gas spectroscopy,34 but its detection range
is in general very narrow and optimized for a specific gas. However,
the number of important gases is increasing these days, and

FIG. 1. (a) Experimental setup of our frequency-domain THz spectrometer using
continuously tunable PCA photomixers. The system consists of the THz optics part,
the feedback part, and the reset part. (b) Photograph of the THz optics part includ-
ing a PCA emitter, a gas cell, and a PCA receiver.
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simultaneous detection of multiple gases distributed across a wide fre-
quency region has been strongly desired.

In this study, gas-phase THz spectroscopy of acetonitrile
(CH3CN) was demonstrated. Acetonitrile is recognized as one of the
most important nitrile compounds in astronomy,35 atmospheric studies,
and breath analysis.36 Particularly, breath analysis of acetonitrile is con-
sidered for the diagnosis of lung cancer37 or for testing drug abusers.38

It has been well known that acetonitrile gas also exhibits rotational
absorption lines in the THz region. This behavior can be theoretically
explained by the Born–Oppenheimer approximation with a rigid rotor
model.39 According to this model, the rotational energy is given by EJ
¼ hBJðJ þ 1Þ þ ðA� BÞK2�h2, where J and K represent the quantum
numbers quantized along the inertial axis and A and B are parameters
related to the respective inertial moments. Accordingly, the absorption
lines are expressed as � ¼ ðEJþ1 � EJÞ=h ¼ 2BðJ þ 1Þ and are evenly
spaced with 2B, where the parameter B is 9.199GHz for acetonitrile.40

If the spectral resolution is sufficiently high, the fine structures
�2DJKK2ðJ þ 1Þ associated with the centrifugal distortion will be
resolved in each J manifold. For acetonitrile, DJK is known to be
177.4kHz.

Frequency-domain THz spectra of acetonitrile gas in the range of
400–1100GHz are depicted in Fig. 2(a). The vertical axis corresponds
to the absorbance a ¼ �ð1=LcellÞ logðI=I0Þ, where Lcell is the cell
length and I=I0 is the normalized transmission. A cylindrical gas cell
with a length of Lcell ¼ 100mm and a diameter of D ¼ 18mm was
used in this study. Both ends of the cell were sealed with Teflon plates,
which are highly transparent in the THz range. A membrane-type
pressure gauge was used to monitor the pressure inside the cell; the

lowest detectable pressure was �100Pa. The gas cell was first evacu-
ated down to �1Pa, and subsequently, acetonitrile gas was gradually
introduced into the gas cell from the gas reservoir. The data were
obtained every 10MHz, and the gas pressure was 27 hPa. A series of
absorption lines was clearly visible, and its averaged spacing was
18.3GHz, in good agreement with the theoretically predicted values.

Figure 2(b) shows the absorbance data in the narrower range of
670–750GHz. The frequency step was 10MHz, and the gas pressure
was 13hPa. The numbers in the figure indicate the corresponding tran-
sitions, which are referenced to the database.41 The data obtained by
the previous technique are also shown for comparison. Similar behavior
was confirmed in both measurements, but the data acquisition time dif-
fered significantly. Namely, the data acquisition rate of the previous
technique was 720 points/h, and approximately 1.5 h was needed to
cover the frequency span of 10GHz. In contrast, the present technique
was able to measure at a much higher rate, 66 000 points/h. Thus, it
took only about 8min to measure the data shown in the figure, corre-
sponding to the scan speed of 180MHz/s for every 10MHz sampling.

Figure 3(a) shows the absorbance of dilute acetonitrile gas in the
narrow range of 698.2–699.1GHz. In this run, a few hPa of acetonitrile

FIG. 2. Absorbance spectra of gas-phase acetonitrile (a) in the frequency range of
450–1100GHz and (b) in the narrower range of 670–750 GHz. For comparison, the
data taken by the previous technique (green line) are shown together, with a vertical
offset for clarity.

FIG. 3. (a) Fine structures of dilute acetonitrile gas observed in a narrow frequency
range. The frequency step was 1MHz. The result of multi-Lorentzian fitting is shown
by the green curve. (b) Integrated intensity of each absorption line (upper frame)
and those taken from the database (lower frame). The observe frequency values
are uniformly offset by 666.9 MHz (see the text).
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gas was introduced to the cell and then evacuated with a rotary pump
(150L/min) for about 10 s. The pressure value was under the detection
sensitivity of the absolute pressure gauge but estimated to be less than
5Pa. A series of fine structures originating from the centrifugal distor-
tion was clearly observed. The green line represents the result of multi-
Lorentzian fitting. It should be noted that the observed full line widths
at half maximum were typically between 8.1 and 17.4MHz and that a
small splitting of approximately 12.9MHz near 699.0GHz was clearly
resolved.

As shown in Fig. 3(b), the integrated intensity of each spectrum
was compared with those given in the database. The relative integrated
intensity and the spacing showed good agreement with the database. It
was found, however, that the observed frequencies were uniformly off-
set by 666.96 0.6MHz to the absolute frequency listed in the database.
This result indicates that there are some errors in the frequency cali-
bration, though they were within the accuracy of 2GHz guaranteed by
the supplier. This finding suggests that the absolute frequency of pho-
tomixing devices can be easily calibrated with an accuracy better than
1MHz by this method across a wide frequency region.

Real-time gas spectroscopy of dilute acetonitrile gas is demon-
strated in Fig. 4. A series of measurements was carried out while evacu-
ating the gas cell. It took about 1min to scan the frequency range
between 698.2 and 699.1GHz with a frequency step of �1MHz. The
slight temporal shifts in frequency were corrected. As the gas cell was
being evacuated, the signal intensities gradually decreased, almost dis-
appearing after 20min, when the pressure was estimated to be around
1.5 Pa. The left inset shows the normalized absorbance spectra at 0, 2,
and 4min, together with the fitted Lorentzian curves. It is clearly seen
that the linewidth monotonously decreased with time. The variation of
the half width at the half maximum (HWHM) as a function of time is
shown in the right inset. The observed behavior is consistent with the
fact that collision-induced spectral broadening occurs as the pressure
increases. It is noted that our apparatus clearly resolved slight changes
in the spectral width on the order of 1MHz.

As mentioned above, high-resolution frequency-domain THz
spectrometers are important for detecting sharp resonances with line-
widths of the order of 1–10MHz. Characteristic specifications of these
spectrometers are scan range, frequency accuracy/precision, scan
speed, and sensitivity. For the case of photomixing devices, the scan
range, which is determined by the detuning range of the source lasers,
is typically beyond 1THz and can be extended to 2.75THz using an
additional laser.18 This seamless and wide scan range is one of most
striking benefits of photomixing devices, compared to other solid-
state-based42 and vacuum-tube-based43 oscillators. The frequency
accuracy/precision somewhat depends on the source lasers but is suffi-
ciently high in general: for instance, an accuracy of 1GHz and a preci-
sion of 5MHz are reported.16

Scan speed and sensitivity strongly depend on detection methods.
Schottky diode detectors can measure the amplitude of THz waves
directly, so the scan speed is only restricted either by the tuning speed
or the detector bandwidth. On the other hand, homodyne detection
takes more time to extract the frequency-dependent amplitude due to
time-consuming phase scans,21,25 though it is superior to Schottky
detection in terms of sensitivity. Indeed, the SNR of the state-of-the-art
preamplifier-integrated Schottky detector (bandwidth 1MHz) was at
best �50dB for the source THz power of 1lW.44 This SNR value is
less than that of homodyne detection, which can be better than 70 dB.

In this sense, homodyne-detection of frequency-domain THz
spectroscopy has unique abilities of more sensitive detection, broad-
band frequency scan, and sufficiently high spectral resolution, but its
bottle neck in applications has been the low data acquisition rate. The
technique developed in this study improved the scan speed by almost
two orders of our spectrometer, opening up promising opportunities
for high-resolution and broadband THz spectroscopy. The limiting
factor of the scan speed is currently a frequency bandwidth of the feed-
back circuit, which could be further increased by optimizing the circuit
parameters in the future.

See the supplementary material for the comparison between the
unlocked and locked photocurrents as a function of frequency.
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