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A system for measuring terahertz spectrum is proposed based on optical interferometer theory, and is experimentally
demonstrated by using a backward-wave oscillator as the terahertz source. A high-resolution, high-precision interferometer
is constructed by using a pyroelectric detector and a chopper. The results show that the spectral resolution is better than
1 GHz and the relative error of frequency is less than 3%. The terahertz energy density distribution is calculated by an
inverse Fourier transform and tested to verify the feasibility of the interferometric approach. Two kinds of carbon-fiber
composites are imaged. The results confirm that the interferometer is useful for transmission imaging of materials with

different thickness values.
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1. Introduction

Terahertz waves are those waves whose frequencies are
in the frequency range of 0.1 THz-10 THz, the portion be-
tween the infrared band and the millimeter wave in the electro-
magnetic spectrum.“’zl Terahertz waves can penetrate paper,
leather, foamed plastic, and other materials. Furthermore, they
are safe for the human body and for other organisms.*! In ad-
dition, terahertz waves have special applications in transmit-
ting information for broadband wireless communications. !
With the advent of various terahertz sources, such as the
Gunn oscillator, terahertz quantum cascade lasers, and the
backward-wave oscillator (BWO), the need for precise fre-
quency spectrum measurements in various noisy environments
has increased. However, recent research suggests that there are
only a few precise, effective methods of detecting terahertz
waves over their full frequency range.

In order to quantify the physical properties of a tera-
hertz wave, two main methods for spectrum detection have
been proposed so far: heterodyne and interferometric tech-
niques. Of these, the heterodyne method is always used by

5-101 However, the elec-

electronic and electro-optic sampling.!
tronic heterodyne method can only characterize a narrow band
of frequencies within the terahertz spectrum in the course of
a single measurement, and precise measurements of high fre-
quencies are difficult to obtain; electro-optic sampling of the
heterodyne method is used to detect the spectra of pulse ter-
ahertz wave sources, but the signal-to-noise ratio is usually

poor. Furthermore, the existing heterodyne measure system
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often requires an extra mock-locked laser source on the gap
of the photoconductive antenna (PCA) in the detecting units,
which increases the cost and the complexity of the experiment.
The interferometric method, which has typically been used
for detecting laser beam spectra, has emerged as a modern
method for terahertz wave metrology.!!!='3! The interferomet-
ric method enables the real-time detection of single-frequency
continuous terahertz sources within 6 GHz,['#! while the opti-
cal interference systems can extend the measurable frequency
range of the terahertz source by using interference principles.
Optical interference systems are real-time, quantitative, and
cost-effective; and they have been used to measure broadband
pulsed terahertz waves.['>! In the present paper, we discuss an
optical interference measurement system that can detect the
full frequency range and energy density of continuous tera-
hertz waves. Previous research on pulsed terahertz waves,[10]
suggests that this method has the potential for covering the en-
tire terahertz band; however, the BWO source that we used
is limited to relatively low output frequencies ranging from
160 GHz to 260 GHz. The experimental results show that the
spectral resolution is better than 1 GHz and the relative er-
ror of frequency is less than 3%. In the recent research,!!7-2!]
the energy density of a terahertz wave can be tested with the
interferometric system, which can be measured in frequency-
multiplied broadband terahertz sources and the necessary in-
formation to create images of the measured object can be ob-

tained by two-dimensional (2D) scanning.
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2. Experimental setup

The terahertz interferometer system used in the study is
shown in Fig. 1. A BWO with an output frequency in the
160 GHz-260 GHz range is used as a terahertz source. It offers
an output that is extremely coherent, polarized, and monochro-
matic (v/v = 10~), with an output power of at least 0.4 mW.

The terahertz wave produced by the BWO is modulated
by a chopper and collimated with lens L1 (a teflon lens with a
diameter of 100 mm and a focal length of 100 mm). The par-
allel light beam from L1 is divided into two parts by a high-
resistivity silicon wafer acting as a beam splitter (BS); this
wafer is 0.5-mm thick. One of the split beams, which is re-
flected by the fixed mirror, acts as a reference beam, while the
other beam, which is reflected by the movable mirror, serves
as a measurement beam. The reference beam and the measure-
ment beam are re-combined in the same direction after pass-
ing through the BS the second time. The combined beam is
focused onto the detector by lens L2 (the focus lens has a di-
ameter of 50 mm and a focal length of 50 mm).

lock-in

BWO
freq: 160 GHz—260 GHz
max power: 0.4 mW

Fig. 1. (color online) Schematic of the terahertz interferometer system.

Because of the pyroelectric effect, the pyroelectric de-
tector generates a voltage signal proportional to the intensity
of the incident interference beam. A lock-in amplifier ana-
lyzes the signals generated by the detector through using the
chopper frequency as a reference. With 10-Hz modulation of
the chopper and 10-ms lock-in time, the minimum detectable
power (Inin) from the BWO is 0.4 uW. According to the for-
mula: DR = 201g(Imax /Imin) along with the fact that the maxi-
mum output power (Iax ) of the BWO is 0.4 mW, the dynamic
range of the system is calculated to be 60 dB.

3. Mathematical model

Our terahertz spectrum analyzer is based on the Michel-
son interferometer optical system. According to interferome-
ter theory, the interference intensity (I) can be expressed as

I(x,y)=1+5L+2v1I-cos(A9), €}

where /| is the intensity of the measurement beam; I, is the in-
tensity of the reference beam (both /; and I, are derived from
the incident light); and A¢ is the phase difference between
the measurement and reference beams. When the optical path
difference between the measurement beam and the reference
beam is x, the corresponding phase difference is A¢p = 27x/c,
where f is the frequency of the terahertz wave and c is the ve-
locity of light. When x changes linearly, the alternating com-
ponent (AC) of the interference intensity (Iac), with respect to
the measurement and the reference beams, also changes lin-
early according to the cosine law. The spectrum distribution
F(Vv) of Inc can be obtained by a Fourier transform of the AC
component.!!7! The ideal formula for F (V) is as follows:

F(v)=2[8(v=)+3(v+1)]. @

Since F(Vv) in Eq. (2) is related to the frequency of the in-
cident light f, we can obtain the spectral distribution formula
from the interference intensity.

In addition to acquiring the terahertz spectrum, we can
also obtain the energy density of the incident beam by inverse
Fourier transformation of the interference intensity. The the-
ory can be expressed as follows.

If the spectral radiation energy density of the terahertz
source is & (x), and the intensities of the detection and refer-
ence beams are equal, then the interference intensity can be
expressed as

1(4) :K/:S’ (x) [1 +cos (Zn;Aﬂ dx, 3)

where K is a constant and x is a location coordinate. Consid-
ering the fact that the refractive index of air is 1, and ignoring
the additional phase difference introduced by the BS, the al-
ternating current (AC) component of the interference intensity
can be expressed as

Inc(A) = K/(:o S’ (x) cos (Zn;A) dx. 4)

Thus, the energy density of light source $’(x) can be ob-
tained by inverse Fourier transforming the AC component of
the interference intensity as

1 00
S (x) = ?/0 Inc (A)exp (2nj§A> dA. )

The chopper signal is a square wave signal, hence, the
modulated intensity of the terahertz wave can be expressed as
follows:

I(r) =rect(wt) ® %comb (az)t) . (6)

Using the voltage signal received by a pyroelectric de-
tector as the input for the lock-in amplifier, and the chopper
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output as reference, the output of the lock-in amplifier can be
expressed as

A
E [Il ()C7y) +5L ()C,y)

11 (x,y) I (x,y) - cos(A9)], (7)

I(x,y,t) =

where A is a modulus, which is related to the conversion effi-
ciency of the pyroelectric detector and the amplification factor
of the lock-in amplifier.

Equation (7) is proportional to Eq. (1), so with this
method we can acquire the same results. When the mirror M,
moves linearly, the interference intensity (I) is recorded, and
the spectral distribution and energy density distribution of the
terahertz source can then be acquired by a Fourier transform
and an inverse Fourier transform of the interference intensity

respectively.

4. Results and discussion
4.1. Measurements of the frequency

The output frequency of the BWO is controlled by its in-
put voltage. In this study, selected frequencies in the range
from 160 GHz to 260 GHz (corresponding to input voltages
between 1.0 kV and 3.7 kV) are used as the test frequencies.
The range of travel of the stage is 152 mm and the correspond-
ing spectral resolution is 0.9872 GHz. Figure 2 shows the
measured interference intensity and the results of fitting the
measured data to a sine wave, corresponding to the 260-GHz

output frequency.
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Fig. 2. (color online) 260-GHz measurement result. The solid line de-
notes the measured interference intensity; the dotted line gives the result
of fitting to a sinusoidal waveform.

Figure 2 shows that the measured interference intensity
agrees well with the standard interference intensity of the mea-
sured frequency. The experimentally measured curve coin-
cides well with the sine function curve, indicating that the
chopper and lock-in amplifier used are very effective in re-
ducing the background noise of the system. This confirms that
the interference properties of the system are consistent with
the theoretically expected values.

The output frequency of the BWO is a function of the
input voltage; their relationship can be approximated by the
following formula:

FU) = fo+ LUV 4 pU + U2, (8)

where fop = 101.982658 GHz, fi = —0.418425 GHz, f, =
0.094269 GHz, and f3 = —0.000739 GHz according to the
manufacturer’s instruction manual for the BWO. In the exper-
imental work, we use the voltages in Table 1 as inputs to obtain
the respective output frequencies.

Table 1. Input voltages and output frequencies.

vikv 10 13 16 19 22 25 28 31 34 37
fIGHz 160 175 190 202 213 224 234 243 251 260

The frequency test results (Fig. 3) can be obtained by ap-
plying a Fourier transform to the respective interference inten-
sities obtained experimentally. The colored lines correspond
to the output frequencies in Table 1.
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Fig. 3. (color online) Frequency spectra of the experimental results.

Using the frequencies specified by the manufacturer’s in-
struction manual for the BWO, the standard frequency curve
can be obtained as shown by the black solid line in Fig. 4.
Transforming the center-frequency results from Fig. 3 into a
curve, we obtain the red dotted line in Fig. 4.

280
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Fig. 4. (color online) Curve of the calculated frequency (black line)
compared with the experimentally measured results (red dots).

Figure 4 shows that the frequency measured by this tera-

hertz interferometer is close to the calculated value within an
error of less than 3%.
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4.2. Energy density distribution measurement results

According to the communication principle, the resolution
o of the system is proportional to the maximum optical path
difference, or the scan range of the stage. When the scanning
range of the system is L, the maximum delay time is 2L/c.
The corresponding minimum frequency resolution is inversely
proportional to the maximum delay time; accordingly, the res-

olution of the system can be expressed as

c
=50
In this system, L = 152 mm. From Eq. (9), the resolution of
the system is calculated to be 0.9868 GHz.

Equation (9) indicates that a higher resolution will be ob-
tained by increasing the scan range. The energy density dis-
tribution of the terahertz source can be acquired by inverse
Fourier transformation of the measured interference intensity.
If the light source is an ideal point source, then the correspond-
ing one-dimensional energy density curve, according to Fraun-
hofer diffraction formula, is equal to sinc?>[Dx/(fA )] at the fo-
cal plane,lzz] for D is the diameter, f is the focal length of L,
x is the location coordinate and D/ f of the system is equal to
relative aperture of Ly, when A = 1.408 mm (the theoretical
BWO wavelength corresponds to an input of 2.2 kV). In this
case, the theoretical energy density for a monochromatic light
source with L = 152 mm can be extracted as indicated by the

®)

o

black solid line in Fig. 5.
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Fig. 5. (color online) Energy density distribution curves of the tera-
hertz source. The blue, red, and green dotted lines denote the measured
results when the frequency was 160 GHz, 200 GHz, and 233 GHz, re-
spectively.

The 2D distribution of the test result is shown in Fig. 6.
The inset in Fig. 6(a) and the upper inset in Fig. 6(b) display
the plane views of the results acquired using our system, while
the lower inset in Fig. 6(b) shows the measured result acquired
using a 2D terahertz camera (Ophir-Spiricon, America).

The main peaks of the measured curves in Fig. 5 coincide
well with each other, and with that of the theoretical curve as
well. The secondary peaks of the experimental results show

that the side lobes are not symmetrical, and that the energy
density distributions differ slightly with varying frequencies.
In addition, the central spot of the 2D result acquired by this
optical system [up inset in Fig. 6(b)] agrees well with the result
obtained by the terahertz image camera. However, in the case
of the third or fourth rings, the terahertz camera image could
not clearly distinguish between the rings and the background
as shown in the lower inset in Fig. 6(b), but with the method
proposed in this paper, the rings can be clearly reconstructed
as shown in the upper inset in Fig. 6(b). Both figures 5 and 6
indicate excellent consistency of the measured energy density
at different frequencies, and show that the measured results fit

well with the theoretical values.
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Fig. 6. (color online) 2D energy density distributions of (a) theoretical
and (b) measured terahertz waves.

4.3. Transmission imaging results

To demonstrate an important interference imaging appli-
cation, two different composite materials, composed of car-
bon fiber and reinforced plastic, are pasted on M and used for
transmission-type imaging at 206 GHz, which is the maximum
frequency at which the BWO can produce sufficient output
power. M; is mounted on a computer-controlled X-Y stage
in steps of 0.5 mm, and placed at the focal point of a new
focusing lens (not shown in Fig. 1) that is inserted in the mea-
surement beam in front of M;. The position of M; in the X-Y
plane (i.e., the plane that is perpendicular to the beam axis)
is adjusted so that the reference beam passes through differ-
ent parts of the material, and is then reflected back from M;
collinearly. The reference beam and the measurement beam
are both focused onto the detector by a focusing lens (L;) to
accomplish data acquisition. After data processing, 2D images
of the composite materials are obtained with an image resolu-
tion of approximately 1 mm, which can be explained as fol-
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lows. If the numerical aperture (NA) of L, is 1, the theoretical
focal spot diameter at 206 GHz is 6 =24 /(nTNA) = 0.93 mm,
and the Rayleigh criterion specifies a spatial resolution of
A8 = 0.611/NA = 0.89 mm. Figure 7(a) shows a photo-
graph of the sample, figure 7(b) shows the image results of the
conventional transmission imaging method at the same wave-
length. Figure 7(c) shows the images that are reconstructed
from the measurements of the THz waves. Compared with
the conventional transmission imaging results, the latter im-
age not only presents the profiles of the material surface but
also brings out the interior characteristics of the sample with-
out destroying the surface; hence, this technique can be used
as a non-destructive means for examining various carbon-fiber
composites.

(a)

Fig. 7. (color online) Measurement results of two carbon-fiber-reinforced
composite materials. Panel (a) shows an optical photograph of the sample,
panel (b) displays an image produced by the conventional transmission, and
panel (c) exhibits a reconstructed transmitted interference image of the sam-
ple.

5. Conclusions

In this work, a measurement system for terahertz spectra
and energy densities is proposed based on an optical interfer-
ometer. The spectra can be tested precisely by varying the
scanning length of the reflection mirror. Within the frequency
range from 160 GHz to 260 GHz of the BWO used as a ter-
ahertz wave source, the experimental results show a relative

error of frequency less than 3% and a spectral resolution bet-
ter than 1 GHz. Furthermore, the system also has imaging
ability. In this study, two kinds of carbon-fiber composites are
imaged. The imaging results show that the resolution of the
system is approximately 1 mm. Consequently, this type of op-
tical system can be used in transmission materials for terahertz
wave imaging. The method can be considered as a coherent
imaging tool that can reveal the interior characteristics of the
sample, and has widespread applications in terahertz imaging
and sensing.
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