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Transmission Spectra of Materials in the Terahertz Range
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This paper presents an optical system for transmission spectral measurements in the terahertz range. The
source of radiation is a tunable solid-state laser, which generates a narrow-band nanosecond pulses in the range 0.67�
2.68 THz and based on optical parametric oscillator phenomenon. The signal is detected with a fast and sensitive
hot electron bolometer. Principle of generation and detection of pulses as well as methodology of measuring spectral
characteristics are presented. We compared the results obtained with the free-space setup, which is based on the
optical parametric oscillator and hot electron bolometer, with a purged time domain spectroscopy system in the
range of 0.7�2.2 THz.
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1. Introduction

Explosive-related threats in public transport, espe-
cially in aerial transport, critical infrastructural facili-
ties, like railway stations, airports, undergrounded rail-
ways, and water supplies, as well as in military operations
result in development of new technologies for screening
people and baggage to �nd not only explosive materi-
als but also guns and other dangerous materials like bi-
ological weapon, radioactive materials and drugs. The
most popular sensors base on electromagnetic metal de-
tectors, X-rays, mass spectrometry, chemiluminescence,
laser techniques and others [1].
On the other hand, the THz technology is still one

of the promising candidate for detection and identi�ca-
tion of explosive materials. The development of terahertz
techniques is carried out simultaneously in many direc-
tions. Due to the non-ionizing properties of the THz
radiation, it can be used while dealing with living or-
ganisms or organic materials [2]. A growing number of
applications in security systems allows for the gradual
replacement of X-ray equipment. A feature making the
terahertz radiation so attractive are characteristic ab-
sorption bands of many substances lying in the range
of 0.3�10 THz. This group includes some drugs and ex-
plosives [3, 4], which makes use of the transmission and
re�ectance spectroscopy fastest growing within the tera-
hertz technology. This paper illustrates the operation of
the transmission spectroscopy in the 0.7�2.2 THz.

2. Experimental setup

We used the latest commercially available equipment
to build the experimental setup capable of making
progress in the �eld of THz transmission spectroscopy.
The source of radiation is the solid-state laser system
from MSquare [5], that bases on phenomenon of optical

parametric oscillator (OPO) (Fig. 1) to generate narrow-
-band, nanosecond pulses in the range 0.7�2.2 THz.
Pulsed operation is achieved by modulation of the cavity
Q factor. The laser repetition rate is 53 Hz.

Fig. 1. The OPO optical system used to generate the
terahertz pulses.

The nonlinear lithium niobate crystal doped with mag-
nesium oxide (MgO:LiNbO3) is placed in a tunable opti-
cal resonant cavity, which also have a purpose of active
region. A pumped signal, incident onto the crystal is con-
verted into two signals with lower frequencies according
to the relationship [6]:

ωp = ωi + ωTHz, (1)

where ωp is the pumping frequency, ωi is the idler signal,
and ωTHz is the terahertz frequency signal.
This is one case of a most general three-wave in-

teraction in which energy and momentum are con-
served. Graphical interpretation of the noncollinear
phase matching is shown in Fig. 2.
The nonlinear crystal is placed in such a way that the

idler and the terahertz signal can be ampli�ed during
the subsequent pass through the resonator. Partial spa-
tial collinearity of the pumping, idler and terahertz sig-
nals in a nonlinear crystal leads to an idler and tera-
hertz signal gain (parametric ampli�cation) and the cor-
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Fig. 2. Noncollinear phase matching.

responding weakening of the pump signal. Increasing the
pump power above the threshold power strengthens the
idler and terahertz signal with a value greater than losses
caused by pass through the resonator.
Tunability of the laser is obtained by changing the con-

ditions of the interaction pump signal with the crystal
(for example, by changing the angle of the crystal, the
temperature or changing the geometry of the input beam
to the crystal), wherein the di�erential and terahertz sig-
nal are tuned simultaneously at the same time. Tun-
ing range is limited only by absorption and re�ection of
the crystal inside resonator. For narrowing the spectral
width of the generated signal selective optical elements
are placed in the system.
The terahertz signal is detected by the hot electron

bolometer (HEB) [7]. The sensing component is a 4 nm
thick bridge made of niobium nitride (NbN) integrated
with a planar logarithmic spiral antenna on a substrate of
highly resistive silicon [8]. Aperture of the detector input
is limited to 1�2◦. The terahertz signal gets to bolometer
through a window made of the high density polyethylene
(HDPE), afterwards beam is passing by the infrared �lter
limiting the bandwidth up to 0.3�3.0 THz. The �ltered
signal is collected by a silicon lens and focused on the
bridge (Fig. 3). Due to the characteristics of electron
transitions and the sensitivity of the active material, the
detector operating temperature is set to 8.5 K.

Fig. 3. Schematic diagram of the bolometer.

Figure 4 shows a diagram of the measurement system.
The OPO is a source of two signals: the optical idler
signal with the wavelength of about 1067 nm and the
terahertz signal. The idler pulse is introduced into the
optical �ber and after splitting by the coupler is simul-

taneously measured by the spectrum analyzer (Fig. 5a)
and used as a trigger for an oscilloscope. Measurement
of the spectrum allows us to determine the frequency of
the terahertz signal by means of Eq. (1).

Fig. 4. The experimental setup.

Fig. 5. The di�erential pulse measured by the spec-
trum analyzer (a) and the terahertz pulse measured at
1 THz (b).

The terahertz beam �rst passes through a polarizer,
which provides linear polarization of the beam relevant
in spectroscopy of some materials. Afterwards, due to
a low dynamic range of the detector, the THz beam is
attenuated by a set of attenuators. The optical path
between the source and the detector is about 2.3 m. The
optical path could be shorter, but it was extended to
reveal a potential of the setup. The distance allowed to
locate the bolometer and the OPO on separate optical
tables and makes it possible to easy change the setup for
a re�ective spectroscopy con�guration.
Spectral response measurement of material is carried

out by tuning the laser and collecting data point by point
in the frequency domain. Due to the di�erent durations
of the pulses at di�erent frequencies, information about
the spectral properties of the test material is determined
on the basis of the pulse energy. The average terahertz
pulse duration is about 20 ns (Fig. 5b), but is not con-
stant. Taking into account the �uctuations in the shape
of the pulse, changes of the optical path length that trans-
late into changes of the position of the pulses in time,
each received signal is processed based on parameters of
the correspondent pulse uses for triggering the oscillo-
scope. The pulse energy is calculated by integrating the
signal envelope in the pre-designated limit. Uncertainty
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of measurements of each point of measurement is reduced
by averaging at least 30 pulses. The �rst step in de-
termination of the spectral characteristic is a reference
measurement � transmission through the setup without
the sample. Afterwards, transmission through the sam-
ple is measured. Finally, the transmission of the sample
is obtained by comparing these two results.
Sample preparation is a very important factor to ob-

tain reliable spectra. Attenuation of most pure materi-
als is too high to obtain reliable measurements in THz
range, so in order to prepare samples 10% of material was
mixed with 90% of polyethylene to obtain a sample with
weight of 400 mg. Afterwards, the powder was loaded
to a form and pressed with 2 tons of pressure. As a re-
sult, a pellet with diameter of 13 mm and thickness of
about 3 mm was obtained. The samples of the following
materials were prepared: salicylic acid and two explosive
materials: tetranitrate (V), tetrahydroksymetylometan
(PETN), and hexogen (royal demolition explosive, RDX)
[9�11].

3. Results

Figures 6�8 present the transmission spectra of the sal-
icylic acid, PETN and RDX, respectively. The results are
presented as absorbance according to the relationship

A(f) = −10 log

(
I1(f)

I0(f)

)
, (2)

where I0(f) is the reference measurement and I1(f) is
the measurement of the sample.
These results were compared to spectra (Fig. 6�8)

measured with a time domain spectroscopy (TDS) sys-
tem with the following parameters: spectral range 0.06�
3.6 THz, signal-to-noise better than 4000:1, dynamic
range higher than 3 OD in the range 2 cm−1 to 100 cm−1,
spectral resolution 0.06 THz and rapid scan mode with
30 scans/s. The TDS results were obtained in dry atmo-
sphere with humidity less than 1%.

Fig. 6. THz spectra of the salicylic acid sample.

The OPO�HEB setup worked in open space at room
temperature with humidity of about 23%. Therefore,
Figs. 6�8 also show the absorbance spectra of air with
humidity of 25% measured by the TDS setup. This fact
implies presence of water vapor absorption peaks in the

Fig. 7. THz spectra of the PETN sample.

Fig. 8. THz spectra of the RDX sample.

measured characteristics. Since the material and refer-
ence transmission spectra were measured in the same
conditions, so water vapor in�uence on the absorption
spectra of materials should be eliminated. However, we
can notice minor absorption features typical for water
vapor in Figs. 6�8. Closer look into all three spectra
shows correlation between water vapor absorption peaks
and distortions in the measured material spectral char-
acteristics. We think that the source of this e�ect in our
experiment was associated with di�erent con�guration
of the attenuators used in the reference and the mate-
rial measurement. This corresponds with the di�erence
in the optical power used for both measurements, which
makes in�uence of water vapor noticeable.

4. Conclusions

In this paper we report on the terahertz absorption
spectra of three materials: salicylic acid, RDX, and
PETN, measured in the atmosphere with humidity of
about 23%. The details of the tunable OPO, the fast and
sensitive bolometer as well as the measurement setup and
methodology are presented.
The considered OPO�HEB setup shows good agree-

ment of the spectral characteristics in comparison to the
TDS method. The typical spectral features of the con-
sidered materials can be identi�ed using both methods in
the range 0.7�2.0 THz. However, the TDS setup seems to
have better performance in terms of signal-to-noise ratio
and sensitivity above 2 THz.
The TDS measurements were carried out in the dry

atmosphere (humidity < 1%) and the optical path of the
THz beam was about 30 cm. In case of the OPO�HEB
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system (humidity ≈ 23%), some minor in�uences of the
water vapor on the spectra can be observed due to the
3 m THz beam path.
However, these in�uences are not too strong and taking

into account the tunability and sensitivity of this system,
it reveals a potential for stand-o� identi�cation of dan-
gerous materials in the re�ection con�guration.
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