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Study of broadband THz time-domain spectroscopy at
different relative humidity levels
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Two detection techniques of broadband terahertz (THz) time-domain spectroscopy-THz air-biased coherent
detection (THz-ABCD; from 0.3 to 14 THz) and electro-optical (EO) detection (from 0.3 to 7 THz) – are
both performed at several different relative humidity levels. The THz power exponentially decays with the
increase in relative humidity. The dynamic range of the main pulse in the time domain linearly decreases
as the relative humidity increases from 0% to 40%, and linear fittings show that the slopes are –0.017 and
–0.019 for THz-ABCD and EO detection, respectively. Because of the multiple reflections caused by the
crystal in the common EO detection, THz-ABCD has better spectral resolution (17 GHz) than that of EO
detection (170 GHz). The spectrum of water vapor absorption measured by THz-ABCD is also compared
with that measured by the Fourier transform infrared spectroscopy (FTIR).
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Terahertz (THz) waves have brought benefits to a
variety of applications, including biomedical inves-
tigation, non-destructive inspection, and material
characterization[1−3]. This is because most rotational
and vibrational resonances of molecules and chemical
compounds are located in such frequency range. How-
ever, water vapor attenuates THz waves when it prop-
agates in the atmosphere. Grischkowsky et al. have
reported a number of research about water vapor absorp-
tion in the THz range, especially from 0.2 to 2 THz[4,5].

On the other hand, the astronomical observations
at THz frequencies are significantly impacted by daily
weather, varying seasons, as well as different altitudes
and geographical locations. To reduce the attenuation by
water vapor over an absorbing propagation path, many
groups have driven submillimeter-wave telescopes to the
highest, driest, and coldest sites for ground-based as-
tronomical telescopes operating at THz frequencies[6,7].
THz time-domain spectroscopy (THz-TDS) using se-
lected gases as an emitter and sensor now provides an in-
tense THz field, a broadband spectrum, and sensitive de-
tection capabilities for studying material properties[8,9].
In terms of remote sensing, a promising technique is the
use of gases as the emitter and the sensor[10,11]. To inves-
tigate the performance of broadband THz-TDS in vari-
ous environments, this study uses nitrogen gas as THz
emitter along with two broadband detection techniques
– THz air-biased coherent detection (THz-ABCD) and
electro-optical (EO) sampling with a GaP crystal[12,13]

– to measure the absorption spectra of water vapor at
different relative humidity (RH) levels.

The broadband THz spectrometer with THz-ABCD
and EO sampling with a GaP crystal is schematically
shown in Fig. 1. A Ti-sapphire amplified laser (Coher-
ent Libra) with a central wavelength of 800 nm, 50-fs
pulse duration, 1.3-mJ pulse energy, and 3-kHz repeti-
tion rate is used as the optical source. The laser beam
is split into two by an optical beam splitter. One beam
has 85% of the energy passed through a 100-µm-thick
type I beta barium borate (BBO) crystal, by which the

400-nm second harmonic (SH) beam is generated. The
fundamental (ω) and SH (2ω) beams are focused with a
lens of 150-mm effective focal length. The dominantly p-
polarized THz emission from the laser-induced plasma is
collimated and refocused by a pair of parabolic mirrors
P1 (6” focal length) and P2 (4” focal length), respec-
tively. A high-resistivity silicon wafer is used to block
the residual fundamental and SH beams. The THz beam
is then collimated and refocused by parabolic mirrors P3
(4” focal length) and P4 (2” focal length), respectively,
at the detector. The propagation path length of the THz
beam is 70 cm. The residual 15% of the optical energy is
guided to a motorized delay stage and through the hole
of the parabolic mirror P4 as the probe beam.

For THz-ABCD, both the THz and the optical probe
beams are focused between two needle-shaped electrodes
that are 1-mm apart. SH generation is induced through

Fig. 1. Experimental setup. A Ti:sapphire amplified laser
with 800 nm, 1.3-mJ pulse energy, and 50-fs pulse duration is
used as the optical source, and the THz beam is generated by
mixing 800-nm and 400-nm waves in the air plasma. The THz
spectrum is detected with THz-ABCD and EO detection. BS:
beam splitter; PBS: polarizing beam splitter; QWP: quarter-
wave plate; PMT: photomultiplier tube.
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the nonlinear interaction of the probe field, THz field,
and local bias electric field, and its intensity is propor-
tional to the THz electrical field and the local bias field
strength. A laser-synchronized alternating bias of ±20
kV/cm at 500 Hz is applied by a high-voltage (HV) mod-
ulator. It introduces an AC external bias to the optical
focus point between the two needle-shaped electrodes,
where a bias-field-induced SH pulse is generated. The
local bias provides heterodyne detection to improve the
dynamic range (DR) and ensure coherent detection. The
coherent field-induced SH generation is selected by sev-
eral band pass filters and detected by a photomultiplier
tube (PMT) (H7732-10, Hamamatsu, Japan). The THz
electric field at the focus point is about 100 kV/cm.

The detector can be easily changed to EO sampling
with a GaP crystal. For EO sampling, the pump beam is
chopped by a mechanical chopper to modulate the THz
wave. Both the THz and the optical probe beams are
focused on a <110>-cut, 0.22-mm-thick GaP crystal. A
pair of identical photodiodes is used to effectively cancel
laser noise.

The setup is placed in a box, and the RH inside the en-
closure is controlled by purging dry nitrogen. A commer-
cial hygrometer (Sper Scientific 800014, Micro Precision
Calibration, USA) is used to monitor the RH value. The
accuracy of RH is controlled at ±1%. The water vapor
absorption spectra are measured at room temperature of
24 ± 0.2 ◦C during the experiment.

The time-domain waveforms at different RH are mea-
sured by THz-ABCD, as shown in Fig. 2. The main
pulse is set to 0 ps. When RH increases, the pulse peak
decreases, and the waveform starts to oscillate due to the
absorption of water vapor. The insets of Fig. 2 show the
magnified time-domain waveforms for RH = 50% and
70%. The single-cycle waveform becomes a multi-cycle
waveform in the main pulse when RH rises above 50%
and the DR[14] becomes difficult to determine.

The THz power is determined by integrating the sig-
nal power in the time domain. Figures 3(a) and (b)
show the THz power as functions of RH measured with
THz-ABCD and EO detection, respectively. The THz
power exponentially decreases as RH increases for THz-
ABCD and EO detection, which corresponds to the

 

Fig. 2. Time-domain waveforms at different RHs measured
by THz-ABCD. The insets are the magnified time-domain
waveforms for RH = 50% and 70%; the main pulse starts to
oscillate as RH is higher than 50%.

Fig. 3. Performances as functions of RH for THz-ABCD and
EO detection. (a) THz power for THz-ABCD; (b) THz power
for EO detection; (c) DR.

Fig. 4. Spectra under different RH conditions. (a) THz-
ABCD and (b) EO detection. The upper figures, RH =
0%, indicate the reliable bandwidth (10% or higher ampli-
tude with respect to the maximum), which is from 0.3 to 14
THz for THz-ABCD and from 0.3 to 7 THz for EO detection.
The middle and lower figures show the spectra of water vapor
absorption at RH = 5% and RH = 40%, respectively. In terms
of the multiple reflections from the GaP crystal, THz-ABCD
can provide a better spectral resolution than EO detection.

Beer-Lambert Law[15]. The Beer-Lambert Law indicates
that the transmission power will exponentially decay
with the increase in the density of absorbing particles.
The results fit well with exponential decays. To make
a clear comparison of the performances under different
humidity levels, we normalized the DR by the maxi-
mum value corresponding to RH = 0%. Figure 3(c)
shows the normalized DR of the time-domain waveforms
as a function of RH. The DR decreases linearly as RH
increases. The dots and circles are experimental data
for THz-ABCD and EO detection, respectively, and the
solid lines are the fitting results. The slopes are –0.017
and –0.019 for THz-ABCD and EO detection, respec-
tively. The correlation coefficients for the fitting lines
are about 0.99. The DR of EO detection decreases faster
than that of THz-ABCD because the sensing bandwidth
of the former mostly includes the frequencies of water
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vapor absorption lines.
With fast Fourier transform, the spectra corresponding

to THz-ABCD and EO detection at different RH condi-
tions are shown in Figs. 4(a) and (b), respectively. The
upper figures, RH = 0%, indicate the reliable bandwidth
(10% or higher amplitude with respect to the maximum),
which is from 0.3 to 14 THz for THz-ABCD and from
0.3 to 7 THz for EO detection. According to our exper-
imental result, even though RH is about 5%, the water
vapor absorption lines can be observed with both detec-
tion techniques. The spectra are shown in the middle of
Fig. 4. However, for THz-ABCD, the absorption spec-
trum is not very clear at the lower frequency range, such
as lower than 2 THz. For EO detection with the GaP
crystal, the water vapor spectrum can also be observed,
but not distinctly, due to the relative low RH = 5%. The
lower figures, RH = 40%, show a clearer water vapor
absorption spectra.

Considering the multiple reflections in crystals, the
scan length is limited by the first reflection of wave-
form. For THz-ABCD, the first reflection of waveform
appears at 60 ps after the main pulse, and the reflection
is caused by a 3-mm-thick Si wafer used to block the
residual fundamental and SH beams in the system. For
EO detection, the first reflection due to the 0.22-mm-
thick GaP crystal appears at 6 ps after the main pulse.
Accordingly, the resolutions for THz-ABCD and EO de-
tection is 17 GHz and 170 GHz, respectively, without
using the zero-padding technique.

In the THz-ABCD measurement shown in Fig. 4(a),
the water vapor absorption is primarily from 0.3 to 12
THz. At high frequencies of above 12 THz, THz-ABCD
still has good performance even if the humidity is rel-
atively high, indicating that there is less water vapor
absorption at over 12 THz. On the other hand, the
sensing bandwidth of EO detection includes most of the
frequencies of water vapor absorption lines from 1 to 7
THz. This also explains why DR decreases faster in EO
detection compared with THz-ABCD in Fig. 3(c).

To further verify the accuracy of the THz-ABCD sys-
tem, we compare the result of water vapor measurement
with that of the FTIR (Bruker IFS 66v/S), as shown in
Fig. 5. The absorbance is defined as –log (Iref/Is), where
Iref is the intensity of the reference corresponding to RH
= 0% and Is is the intensity of the signal at different
humidity levels. The magnification shows the spectra
ranging from around 3 to 3.5 THz. The resolution of the
FTIR is 1 GHz. We indicate the positions of the absorp-
tion lines to make a clear comparison; the discrepancy
of the line positions is less than 0.005 THz. The re-
sults from the THz-ABCD and FTIR measurements are
in good agreement. The variances of the line strengths
measured with the two systems are mainly caused by the
different path lengths of the THz beams as well as the
different sensitivity levels of the two spectrometers. The
beam path of the FTIR is 25 cm, which is less than that
of THz-ABCD. Therefore, for many absorption lines,
the absorbance measured by THz-ABCD is larger than
that by FTIR, which can be observed at 3.048, 3.170,
3.215, 3.232, 3.335, 3.500, and 3.542 THz. For stronger
absorption lines, such as at 2.977, 3.020, and 3.138 THz,
the signals are relatively weak, and the different sen-
sitivity levels between the two systems also cause the

Fig. 5. Comparison of the water vapor absorption spectra
between the THz-ABCD and the FTIR spectroscopy. The
magnification shows the spectra ranging from around 3 to 3.5
THz, and the absorption lines are also shown. The numbers
indicated in brackets are the positions for the FTIR and THz-
ABCD, respectively. The results from THz-ABCD and FTIR
measurements are in good agreement.

discrepancy. The frequency of each absorption line can
be identified with high accuracy, and these absorptions
also correspond to previous reports[16,17].

In conclusion, we demonstrate the performance of two
detection methods of broadband THz-TDS – THz-ABCD
and EO detection – at different relative humidity levels.
The THz power exponentially decays as RH increases, as
measured with THz-ABCD and EO detection. This re-
sult corresponds to the Beer-Lambert Law. The DR lin-
early decreases as RH increases from 0% to 40%, and the
linear fittings show that the slopes are –0.017 and –0.019
for THz-ABCD and EO detection, respectively. The DR
decreases faster in EO detection because its sensing band-
width includes most of the frequencies of the water vapor
absorption lines. Moreover, without zero-padding tech-
nique, the THz-ABCD has better spectral resolution than
EO detection. Finally, a comparison of the water va-
por absorption spectra between the THz-ABCD and the
FTIR spectroscopy is performed, yielding results that are
in good agreement.
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