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Abstract—The fine-structured spectrum of a terahertz (THz)
frequency comb has been observed using asynchronous-optical-sampling THz time-domain spectroscopy with an extended
time window covering multiple THz pulses. Fourier transformation of 10 consecutive THz pulses enables us to obtain the
spectrum of THz comb mode having a linewidth of 25 MHz at
intervals of 250 MHz. Further expansion of time window up to
100 consecutive THz pulses reduces the linewidth of THz comb
mode down to 2.5 MHz while conserving interval of 250 MHz. The
observed THz comb mode can be used as a precise and accurate
frequency marker for broadband THz spectroscopy because it is
phase-locked to a microwave frequency standard by laser control.
The spectroscopy of pharmaceutical tablets and low-pressure
molecular gas is used to demonstrate the utility of this approach,
indicating a spectral resolution of 250 MHz. The proposed method
enables frequency calibration of the THz spectrometer based on a
microwave frequency standard.
Index Terms—Asynchronous optical sampling, frequency comb,
gas spectroscopy, Terahertz (THz) wave, THz spectroscopy.

I. INTRODUCTION

T

ERAHERTZ (THz) spectroscopy is appreciated as a
powerful tool for sensing and material characterization
due to the unique characteristics inherent in THz radiation and
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the abundant THz spectral fingerprints unlike from the corresponding infrared signature. The most widely used techniques
in THz spectroscopy include THz time-domain spectroscopy
(THz-TDS) with coherent pulsed THz radiation [1], [2], Fourier
transform far-infrared spectroscopy (FT-FIR) with incoherent
THz radiation [3], and THz frequency-domain spectroscopy
with narrow tunable continuous-wave (CW) THz radiation
(CW-THz spectroscopy). The last method can be further
classified into photonic [4] and electronic [5] based systems
depending on the source and detector. Both THz-TDS and
FT-FIR have the merit of providing a broad spectral coverage
but suffer from poor spectral resolution owing to mechanical
time-delay scanning. Furthermore, since the frequency scale in
THz spectrum obtained by these methods is not assured by a
frequency standard, there is a possibility that the spectrum of a
sample is not necessarily the same among different apparatuses.
In the case of the photonic-based CW-THz spectroscopy, high
spectral resolution can be achieved but the accessible spectral
range is usually narrower than that of THz-TDS and FT-FIR.
Furthermore, the mode hopping of the CW-THz radiation often
limits the continuous tuning when a broad spectral range is required. On the other hand, the electronic-based system provides
fast sweeping of high spectral purity without mode hopping,
high brightness sources, and exact frequency determination
with electronic frequency reference to CW-THz spectroscopy.
However, the accessible spectral range is still limited to a few
hundreds GHz. In this way, each of these methods has its merits
and weaknesses. If one could combine the merits of them, it
would be possible to further expand the application field of
THz science and technology based on high performance and
reliable frequency metrology.
Recently, THz frequency combs have started to reveal their
potential for THz frequency metrology [6], such as spectroscopy [7], [8], frequency measurement [9]–[12], and signal
generation [13]–[15]. A THz comb, which is a description of
pulsed THz radiation in the frequency domain, is composed
of a series of CW-THz waves regularly separated by the
mode-locked frequency of the pulsed THz radiation. In the case
of frequency metrology a THz comb is attractive due to the
narrow-linewidth of the CW-THz waves that provide regular
frequency marks over a wide spectral band. Furthermore, the
absolute frequencies of all comb modes can be phase-locked
to a microwave frequency standard by laser control. These
characteristics enable us to use a THz comb as a precise ruler of
THz frequency. For example, THz-comb-referenced spectrum
analyzer has been successively applied to the measurement
of absolute frequency in CW-THz sources with an accuracy
to 10
[9]–[12]. Furthermore, the THz comb
of 10
should combine the merits of both THz-TDS and CW-THz
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Fig. 1. (a) Temporal waveform of single THz pulse and (b) corresponding THz
continuous spectrum. (c) Temporal waveform of THz pulse train and (d) corresponding THz comb spectrum.

spectrometers, so that it can show the frequency scale of the
spectrum based on a frequency standard. There are some
studies that report the observation of detailed spectrum of
THz comb itself based on the multi-frequency-heterodyning
technique [7], [8]; however, poor signal-to-noise ratio (SNR)
in spectral amplitude, arising from frequency-domain measurement with a spectrum analyzer, hinders the application
of THz comb to practical spectroscopy. In this paper, an
SNR-enhanced THz comb spectrum is obtained by the use
of time-window-extended asynchronous-optical-sampling
THz-TDS (ASOPS-THz-TDS). Furthermore, the THz spectroscopy of several samples using a THz comb is demonstrated.
II. TIME-WINDOW-EXTENDED ASOPS-THZ-TDS
Here, let us consider how we can acquire the fine-structured
spectrum of a THz comb, which surpasses spectral resolution of
conventional THz spectroscopy. A traditional THz-TDS system
employing mechanical time-delay scanning usually measures
the temporal waveform of only a single THz pulse, as shown in
Fig. 1(a). Taking the Fourier transformation (FT) of the waveform gives the continuous spectrum of the broadband THz radiation without comb structure, as shown in Fig. 1(b). On the other
hand, if the time window is greatly expanded to cover more
than one pulse period, one can measure the temporal waveform
of consecutive THz pulses, that is to say, a THz pulse train, as
shown in Fig. 1(c). Taking the FT of this will give the fine-structured spectrum of the THz comb because FT of the periodic THz
pulses imprints a frequency modulation on THz spectrum, as
shown in Fig. 1(d).
However, in conventional THz-TDS system it is not practical to measure such a temporal waveform of THz pulse train
because it requires scanning over a long time delay. Instead, we
focus on ASOPS-THz-TDS using two mode-locked lasers with
slightly mismatched mode-locked frequencies [8], [16]–[19].
Since ASOPS-THz-TDS enables us to expand ps time scale of
THz pulse up to the s scale based on the principle of asynchronous optical sampling [20], the resulting slow temporal
waveform can be directly measured by a standard oscilloscope
without the need for the mechanical time-delay scanning. One
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Fig. 2. Experimental setup. Rb-FS: rubidium frequency standard; SFG-XC:
sum-frequency-generation cross-correlator; SHGs: second-harmonic-generation crystals; Ls:lenses; EDFA: erbium-doped fiber amplifier; OSC,
erbium-doped fiber oscillator; PCA1: dipole-shaped LT-GaAs photoconductive
antenna for THz generation; PCA2: dipole-shaped LT-GaAs photoconductive
antenna for THz detector; Si-Ls: silicon lenses; AMP: current preamplifier.

can, therefore, arbitrarily adjust the observed time window of
THz pulse temporal waveform by changing the time scale of
the oscilloscope. Conventionally, the ASOPS-THz-TDS has
been used to acquire the temporal waveform of the single THz
pulse within the range of the time window equal to one pulse
period; however, it is possible to extend the time window to
more than one pulse period due to its non-mechanical nature of
the time-delay scanning.
III. EXPERIMENTAL SETUP
Our ASOPS-THz-TDS system consists of dual mode-locked
Er-fiber lasers (ASOPS TWIN 250 with P250, Menlo Systems;
,
fs,
mW) and a delay-stage-free THz-TDS
setup including a pair of photoconductive antenna (PCA) as
shown in Fig. 2. The individual mode-locked frequencies of the
two lasers (
Hz and
Hz) and
the frequency offset between them
Hz
were stabilized by two independent laser control systems referenced to a rubidium frequency standard (Rb-FS,
and
at 1
s). After wavelength conversion of the two laser beams by
second-harmonic-generation crystals (SHGs), pulsed THz radiation was emitted by a dipole-shaped, low-temperature-grown,
GaAs PCA (LT-GaAs-PCA) triggered by pump light (PCA1;
mW,
), and was
then detected by another dipole-shaped LT-GaAs-PCA triggered by probe light (PCA2;
mW). The
optical path in which the THz beam propagated was purged
with dry nitrogen gas to avoid absorption by atmospheric
moisture. Portions of the output light from the two lasers
were fed into a sum-frequency-generation cross-correlator
(SFG-XC). The resulting SFG signal was used to generate a
time origin signal in the ASOPS-THz-TDS. After amplification
with a current preamplifier (AMP,
,
), the temporal waveform of the
output signal from PCA2 was acquired with a digitizer
(
MS/s,
bit) by using
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the SFG-XC signal as a trigger signal. Then, time scale of the
observed signal was calibrated by a temporal magnification
factor of
[17]. Finally,
the amplitude spectrum of THz comb was obtained by FT of
the temporal waveform of THz pulse train.
IV. RESULTS
A. Basic Performance
To acquire the temporal waveform of 10 consecutive
THz pulses, we set the time window of the digitizer to
s with a sampling rate of 2 MS/s
and 400 000 samples per acquisition. Once the SFG signal
triggered the measurement of the temporal waveform, the data
acquisition was continued until the completion of the 400 000
samples. During this data acquisition period, any SFG signal
was disregarded and was not treated as a trigger signal. As a
result, the temporal waveform with the time window size of 40
ns was measured. Since this temporal waveform was composed
of 400 000 samples, the real time sampling interval is 100 fs.
Fig. 3(a) shows the acquired temporal waveform of the THz
pulse train, obtained by repeating the measurement of the temporal waveform over 10 consecutive THz pulses (acquisition
time for
) 5000 times and integrating
the data (
,
s). Ten consecutive THz pulses are clearly observed at an
interval of 4 ns. Also, the peak-to-peak value in electric filed
has no deviation for these THz pulses, implying negligible influence of the timing jitter. Actually, 10 repetitive measurements
of the temporal waveform without signal integration indicated
that the accumulated timing jitter was 105 fs for the tenth THz
pulse in Fig. 3(a). Small modulation observed in the interval of
the THz pulses is mainly due to electromagnetic noise propagating in free space.
Fig. 3(b) shows a magnified temporal waveform of the first
THz pulse. The transient evolution of the pulsed THz radiation
in the picosecond region was also observed clearly. A dynamic
range of time scale
in this measurement is calculated
as follows:

dB

(1)

Such a wide
leads to wide dynamic range of frequency
scale that can resolve fine-structured spectrum of the broad THz
comb although the actual spectral range depends on the performance of THz emitter and detector and/or timing jitter between
the dual fiber lasers.
The red line in Fig. 3(c) shows the amplitude spectrum of
the THz comb obtained by taking the FT of the temporal waveform of the THz pulse train in Fig. 3(a). In contrast, the blue
line in Fig. 3(c) shows a continuous spectrum of the THz amplitude obtained by taking the FT of the temporal waveform of
the single THz pulse
ns measured with
one-pulse-period ASOPS-THz-TDS [19]. The spectral envelop
of the THz comb spectrum is in good agreement with the spectral shape of the THz continuous spectrum. This indicates that
our ASOPS-THz-TDS can capture the temporal waveform of

Fig. 3. Temporal waveform of electric field in: (a) 10 consecutive THz pulses
ns and (b) the first THz pulse
ps .
(c) Comparison of amplitude spectrum between THz comb spectrum and THz
continuous spectrum. (d) Amplitude spectrum of THz comb mode around 0.557
THz.

THz pulse train correctly without influence of timing jitter between dual fiber lasers and/or pulse-to-pulse timing jitter.
The spectrum of THz comb is composed of a series of
frequency spikes regularly separated by the mode-locked
frequency of the laser. To observe its detailed structure, we
expanded the spectral region around 0.5570 THz, as shown in

HSIEH et al.: THz COMB SPECTROSCOPY TRACEABLE TO MICROWAVE FREQUENCY STANDARD

Fig. 4. (a) Temporal waveform of electric field in 100 consecutive THz pulses
ns . (b) Amplitude spectrum of THz comb mode around
0.557 THz.

Fig. 3(d). The THz comb modes have a frequency spacing of
250 MHz and a linewidth of 25 MHz. The frequency spacing
was equal to the mode-locked frequency of the fiber laser,
whereas the linewidth was consistent with the reciprocal of the
temporal window in Fig. 3(a)
ns . Here the dynamic
range of frequency scale
is defined as follows:

(2)
In the case of Fig. 3(c) and (d), the
achieved is 98 dB
from the sampling step of 25 MHz and the spectral range of 2
THz.
The time window was extended further to decrease the
linewidth of the observed THz comb mode. Fig. 4(a) shows
the acquired temporal waveform of the THz pulse train
when the observed time window was extended to 400 ns
(
,
).
Since this time window was 100 times longer than one period of the
ns , it contains 100 consecutive
THz pulses. This time window corresponds to a mechanical time-delay scanning distance of 60 m if a conventional
THz-TDS scheme was used, a distance that cannot be realistically achieved with a scanning stage. Even in the case of this
incomparable time window, the accumulated timing jitter was
569 fs for the 100-th THz pulse in Fig. 4(a).
After taking the FT of the temporal waveform in Fig. 4(a),
we expanded the spectral region around 0.5570 THz again, as
shown in Fig. 4(b). Due to the increase of the
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Fig. 5. (a) Amplitude spectrum of THz comb generated by DAST crystal.
(b) Spectral comparison of THz comb mode around 0.4005 THz generated by
LT-GaAs-PCA with one generated by DAST crystal.

ns a decreased linewidth of 2.5 MHz is observed for the
THz comb modes, with an identical frequency spacing as in
Fig. 3(d). In this case,
achieved is 118 dB from the sampling step of 2.5 MHz and the spectral range of 2 THz, which is
incomparable performance in THz spectroscopy.
We also tried to extend the spectral bandwidth of THz comb
by using a 4-N, N-dimetylamino-4 -N -methyl stilbazolium tosylate (DAST) crystal
m as a THz emitter
instead of PCA1. In this experiment, we changed
to be 5
Hz. The green line of Fig. 5(a) shows the amplitude spectrum of
the THz comb obtained by taking the FT of the temporal waveform of 10 consecutive THz pulses (
,
s). For comparison, an amplitude spectrum measured in the absence of the THz beam
(noise spectrum) is shown as the black line in Fig. 5(a). The
observed spectral bandwidth was extended up to 4 THz, which
was twice as large as that in Fig. 3(c). This is because of the
phase matching condition between THz pulse and 1.5 m laser
light in DAST crystal enhancing the THz spectral bandwidth
[21]. Fig. 5(b) shows a spectral comparison of the THz comb
mode around 0.4005 THz between DAST-based system and
PCA1-based system. Absolute frequencies of THz comb modes
in DAST crystal are strictly consistent with those in PCA1.
This is because the absolute frequencies of all comb modes
are secured by the rubidium frequency standard within a certain level of uncertainty, which depends on the stability of the
. Such the traceability to the frequency standard enables us to give the universal
frequency scale on THz spectrum among different apparatuses.
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B. Spectroscopy of Pharmaceutical Tablets
To evaluate the spectroscopic potential of THz comb, we
recorded the absorption spectra of several pharmaceutical
tablets because they display sharp spectral fingerprints in THz
region resulting from their crystal structure. For the sake of this
demonstration, we prepared two different sugar tablets (lactose
and -maltose powders mixed with polyethylene powder)
and one reference tablet (polyethylene powder) with identical
shapes (
mm and
mm). Sugar
content by weight was 25% for -maltose tablet and 50% for
lactose tablet, respectively.
The red and blue lines in Fig. 6(a) and (b) shows amplitude
spectra of THz comb after passing through the lactose tablet
and the -maltose one, respectively. For comparison, the amplitude spectrum of THz comb after passing through the reference tablet was also indicated as the black line in both graphs.
Spectral dips clearly appeared in both spectra. Fig. 6(c) shows
the absorption spectra of the two sugar tablets. Each absorption
spectrum was calculated from envelop of power spectra of THz
comb for the sugar tablet and the reference tablet. The two sugar
tablets exhibited characteristic spectral fingerprints of THz absorption: 0.53 THz and 1.37 THz for the lactose and 1.10 THz
for the -maltose, in good agreement with the value reported in
the literature [22]. In this way, it is possible to classify pharmaceutical tablets based on their spectral fingerprints appearing in
THz comb even though they have a similar appearance.
C. Spectroscopy of Low-Pressure Molecular Gas
The demonstration in the previous section indicated a
potential of THz comb spectroscopy for pharmaceutical
applications. However, this demonstration does not necessarily make full use of advantages offered by THz comb
spectroscopy because the spectral features of the pharmaceutical tablets are broader than the frequency interval between
MHz . From the viewpoint of
high-precision THz spectroscopy, another interesting application is the analysis of atmospheric molecular gases, their
rotational transitions give them particularly rich spectral fingerprints with much narrower linewidths in the THz region. To
correctly measure these densely distributed absorption lines in
THz spectroscopy requires high resolution, high accuracy, and
broad spectral coverage.
To evaluate the potential of THz comb spectroscopy for gas
analysis, the absorption spectrum of the rotational transition
at 0.557 THz of water vapor was measured. To
avoid pressure broadening of the absorption lines, water vapor
was enclosed in a low-pressure gas cell (
mm,
mm). To decrease the strong absorption of water
vapor, the water vapor was diluted in nitrogen gases. The partial pressures of water vapor and nitrogen were set to 0.6 kPa
and 1.3 kPa respectively. We estimated the pressure broadening
linewidth of this absorption line to be 250 MHz by the pressure
broadening coefficient [23]. The red line in Fig. 7(a) shows amplitude spectrum of THz comb mode around 0.557 THz with
the sample gas. Also, we obtained a reference spectrum with
the vacuum cell as shown in the black line in Fig. 7(a). From
comparison between them, decrease of spectral amplitude due to
absorption of water vapor was confirmed across only two comb

Fig. 6. Amplitude spectra of THz come after passing through (a) lactose tablet
and (b) -maltose one. (c) Comparison of absorbance spectra between lactose
and -maltose.

modes around 0.557 THz. The absorption spectrum was calculated by extracting peak of each comb mode of both spectra and
normalizing water vapor spectrum by the reference spectrum as
shown in Fig. 7(b). The spectral linewidth was determined to be
265 MHz when a Lorentzian function was fitted to the spectral
shape, indicated by the red solid line in Fig. 7(b), which is consistent with the expected pressure broadening linewidth of 250
MHz. We estimated from the accumulated timing jitter of 105 fs
and the time window of 40 ns that the contribution of the timing
jitters to the spectral resolution was 66 Hz. The center frequency
of this absorption spectrum determined by the curve fitting was
0.556858 THz, also in good agreement with the value reported
in the
THz [24]. The deviation of 78
MHz from the literature values corresponds to the spectral accuracy of 10 . Here, it should be emphasized that this deviation is due to discrete distribution of comb modes at 250-MHz
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Fig. 7. (a) Amplitude spectrum and (b) absorption spectrum for the water roat partial pressure of water vapor and nitrogen
tational transition of
to be 0.6 and 1.3 kPa.

intervals, rather than uncertainty of absolute frequency of comb
mode.
To demonstrate the capacity to simultaneously probe multiple
absorption lines of low-pressure molecular gas, we performed
gas-phase spectroscopy of acetonitrile CH CN . As symmetric
top molecule CH CN has a rotational constant of 9.2 GHz
[25], a manifold of rotational transitions regularly spaced by
appears in THz region [26]. Fig. 8(a) shows
the absorption spectrum of CH CN at 40 Pa. Many manifolds
of the regularly spaced rotational transitions (
to 51)
were clearly found within a frequency range from 0.3 to 1.0
THz. To observe the detailed structure of these absorption lines,
we expanded the spectral region around 0.58 THz, as shown
in Fig. 8(b). Two adjacent manifolds (
and 31) were
clearly observed. The frequency separation between them was
18.4 GHz, is consistent with the
value of CH CN [26]. A
small spike beside the manifold around 0.57 THz
is
caused by the electric noise in the current preamplifier. From
these results, we can conclude that THz comb spectroscopy has
a high potential for high-precision THz spectroscopy of lowpressure molecular gas.
V. DISCUSSION
One might feel that there is little difference between the THz
comb spectroscopy and one-pulse-period ASOPS-THz-TDS
[19]. Furthermore, another might think that repetitive THz
pulse waveforms are only replicas of a single THz pulse
waveform over one pulse period and thus cannot provide
any more information than a one-pulse-period THz pulse
waveform. Here we discuss the difference between the THz
comb spectroscopy and one-pulse-period ASOPS-THz-TDS
assuming that contribution of the timing jitter to the spectral
resolution is negligible. On one hand, the spectral resolution

327

Fig. 8. (a) Absorption spectrum of acetonitrile gas at 40 Pa and (b) its magnified
spectrum around 0.58 THz.

in one-pulse-period ASOPS-THz-TDS was equal to the laser
mode-locked frequency
[19]. In this case, each data plot
on the spectrum was given as a mean value of the spectral
amplitude over the
intervals. On the other hand, THz comb
spectroscopy provided the discrete spectra of THz comb mode
with a linewidth of 25 MHz [see Fig. 3(d)]. The spectrum was
obtained by sampling the spectral amplitude with the 10%
width of
at intervals of . Therefore, the main difference
between them is that the THz spectrum is composed of the
averaging data for one-pulse-period ASOPS-THz-TDS and
the sampling data for THz comb spectroscopy. Unfortunately,
discrete distribution of THz comb mode limits the practical
spectral resolution in THz spectroscopy to
even though
each data plot in the spectrum has the spectral resolution of
10% in . However, the fact that individual comb modes were
spectrally resolved will open the door for higher resolution THz
spectroscopy over the broad spectral range based on narrow
linewidth of the comb mode. Work is in progress to further
decrease the spectral resolution in THz spectroscopy down to
linewidth of comb mode.
VI. CONCLUSIONS
A THz comb has been employed as a precise frequency ruler
for THz spectroscopy. The fine-structured spectrum of THz
comb was obtained at good SNR by applying time-window-extended ASOPS-THz-TDS to temporal waveform measurement
of THz pulse train with incomparable dynamic range of the time
scale. To evaluate the spectroscopic potential of THz comb, we
demonstrated the spectroscopy of pharmaceutical tablets and
molecular gases. The individual spectral fingerprints of pharmaceutical tablets clearly appeared on the amplitude spectra
of THz comb, to the best of our knowledge, this is the first
experimental demonstration of THz comb spectroscopy. The
results of low-pressure gas-phase spectroscopy indicate that the
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established frequency scale is directly related to the THz comb
structure, having frequency interval of 250 MHz and linewidth
of 25 MHz in our case. The discrete distribution of THz comb
modes limits the practical spectral resolution and accuracy in
these demonstrations to be 250 MHz and 10 , respectively.
Although the achieved resolution and accuracy may not be always sufficient for specific applications of high-precision THz
spectroscopy, an assured traceability of the frequency scale
to a microwave frequency standard is a significant advantage
of this method over conventional THz spectroscopic methods
without any traceability. These spectroscopic demonstrations
make us conclude that the THz comb truly combines the
merits of both THz-TDS and CW-THz spectrometers and has
the strict traceability to a frequency standard. Furthermore,
25-MHz or 2.5-MHz linewidth of comb mode, which is much
narrower than frequency interval between comb modes, implies
the possibility to further enhance the spectral resolution and
accuracy in THz comb spectroscopy. Therefore, THz comb
opens the door for establishment of frequency metrology in
THz spectroscopy.
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