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We developed a high-repetition-rate optical delay line based on a micromirror array and
galvanometer mirror for terahertz time-domain spectroscopy. The micromirror array is fabricated by
using the x-ray lithographic technology. The measurement of terahertz time-domain waveforms with
the new optical delay line is demonstrated successfully up to 25 Hz. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3170578�

There is increasing demand for high speed terahertz
measurement systems suitable for use in industrial applica-
tions, such as the noninvasive inspection of products during
mass production. Asynchronous optical sampling �ASOPS�
is currently the fastest way to acquire the time waveform in
terahertz time-domain spectroscopic �THz-TDS� systems.1,2

THz-TDS systems using ASOPS can achieve a scan rate of
10 kHz. The frequency resolution of ASOPS is very high,
since a whole time period equal to the interval of the sam-
pling laser pulses �usually several tens of nanoseconds� is
scanned. However, the system requires a pair of femtosecond
lasers whose repetition rates are slightly different and accu-
rately controlled, resulting in high system cost and complex-
ity. In addition, the timing jitter is non-negligible and could
be a problem for sensitive measurements. On the other hand,
the mechanical optical-delay lines �MODLs� are relatively
simple and cost effective. They have good enough perfor-
mance for low-frequency resolution measurements, except
for the measurement of the scan rate, which is limited by the
inertia of movable components.

The scan rate of MODL has been improved in various
ways in the fields of optical coherence tomography �OCT�
and interferometry.3–5 In OCT or interferometry, continuous
waves and dispersive optical components are usually used.
On the other hand, in THz-TDS systems, femtosecond pulses
are used, and dispersive optical elements should be avoided.
The delay-time span required for THz-TDS is longer than
that for OCT, since the wavelength in the terahertz region is
longer than the near-infrared region used in OCT. Therefore,
high-repetition-rate MODLs optimized for THz-TDS are
required.

Recently, delay lines with rotational movement were de-
veloped. For example, MODLs with a circular involute
mirror,6 cylindrical helicoids mirror,7 and blade shaped con-
vex mirrors8 were reported.

In performing a high speed scan, the scanning mirror
should be as simple, small, and light as possible in order to
operate the system under a low vibration and noise condi-

tion. The galvanometer mirror scanner is a good choice for
these purposes. Actually, the MODL with circular involute
mirror6 uses a galvanometer mirror scanner. Some types of
galvanometer mirrors are compact in size and have small
torque, which makes them capable of responding up to sev-
eral hundred hertz. A repetition rate up to 10 kHz, which is
almost equal to the repetition rate of ASOPS, is achievable
by using a resonant galvanometer mirror.

In this paper, we report a high-repetition-rate MODL
using a galvanometer mirror and micromirror array for the
THz-TDS system. A mirror array consisting of 501 micro-
mirrors was fabricated using x-ray lithography to realize the
required accuracy. The MODL was installed into a standard
THz-TDS system for the high-repetition-rate measurements
of the THz time-domain waveforms.

Figure 1 shows a diagram of the proposed high-
repetition-rate ODL. After being reflected from the galva-
nometer mirror, the laser beam is incident on and reflected
back from the aligned micromirrors. If the micromirrors,
which reflect the optical beam to the scanning mirror, are
aligned on an arclike line and have different distances from
the scanning mirror, the delay time can be changed by chang-
ing the rotation angle of the scanning mirror. The micromir-
ror size was designed to match to the sizes of the beam
diameter on the micromirror. The femtosecond laser used in
the THz-TDS has a center wavelength ��� of around 800 nm.
A micromirror width 150 �m was chosen so that the micro-
mirror would accept a beam with a spot size of �100 �m.

We used an x-ray photolithography system of the New
SUBARU synchrotron radiation facility in SPring-8 �Super
Photon ring-8� for processing the acrylic resin plate to fabri-
cate the micromirror array.9,10 It is possible to achieve an
accuracy of 50 nm by x-ray lithography. The polymer micro-
structure of the lithographie, galvanoformung, and abfor-
mung process �LIGA process� was used as the substrate of
the micromirror array in this study. The LIGA process has
been described in detail previously.9,10 The structure of the
micromirror array is shown in Fig. 2. The micromirrors are
aligned on an arclike line with their distance between the
scan mirror and each respective micromirror being increased
by 20 �m in comparison with the adjacent micromirror. The
surface of each micromirror is perpendicular to the lines
passing through the center of the galvanometer mirror and
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each mirror. The center coordinates of the micromirrors are
provided by the following equations:

x = �dm −
ddelay�

2�max
�cos,

y = �dm −
ddelay�

2�max
�sin, �1�

where ddelay is the maximum delay distance, �max is the maxi-
mum scan angle of the beam, and dm is the distance of the
farthest micromirror from the origin. Here, the center of the
scanning mirror is chosen as the origin of the coordinate. In
our mirror design, ddelay, �max, and dm were 20 mm, 60°, and
75 mm, respectively. �max and dm were chosen so that the
width of the micromirror was 150 �m for the 501 micromir-
rors with a 20 �m distance increment. Since the acrylic
resin is transparent to light, the surface of the array was
finally coated with a gold thin film. All of the manufacturing
processes of the micromirror array were done by Nanocreate
Co., Ltd. The photograph of the fabricated mirror array is
shown in Fig. 3�a�. The roughness of the micromirror sur-
faces was confirmed to be less than 200 nm from the scan-
ning electron micrograph �SEM� image shown in Fig. 3�b�.

As shown in Fig. 1, a nonpolarized beam splitter was
used to introduce the beam reflected from the micromirror
array to the detector �a photoconductive antenna�. A plano-
convex lens with a 200 mm focal length was used to focus
the beam onto the mirror array. The focal length was chosen
so that half of the delay length did not exceed the focal depth
of the lens �10.16 mm�. Even though a focusing lens with a
long focal length was used, the detection efficiency changed
with the rotation of the galvanometer mirror due to the
change in the beam divergence. This dependence was re-
moved by data processing based on the system calibration.
The micromirror array was mounted on a six-axis stage in
order to adjust the mirror surfaces precisely for the incident

beam. The galvanometer mirror �VM500plus; 5�5 mm2 in
area, silver coated; GSI Group Inc.� was driven by a trian-
gular waveform voltage supplied by a computer. Figure 4
shows a block diagram of the THz-TDS system used for
testing. The photoconductive antenna used as the emitter was
biased by the alternating voltage and the terahertz signal was
lock-in detected. In addition to the high-repetition-rate opti-
cal delay line, an optical delay line with a stepping motor is
used for coarse adjustment of the time delay and for the
reference measurement for the terahertz waveforms.

When the input laser power was 20 mW, the output laser
power after reflection by the beam splitter was 1 mW. The
micromirror surface itself had a 72% reflection coefficient.
However, the active efficiency of the micromirror array was
reduced to 24%. The low efficiency is attributed to the dif-
fraction at the edges of micromirror and the inaccuracy of the
mirror surface alignment near the edges. The transmission
loss of the planoconvex lens was 17% and the nonpolarized
beam splitter gave a transmission loss of 75% for the round
trip of the laser pulse. Therefore, the total transmission effi-
ciency was reduced to 5% for the present system. The scan
rate of the galvanometer mirror can be operated up to 25 Hz
and is limited by the numerical calculation speed of the com-
puter in the present system.

Figure 5 shows a magnification of the waveform at the
main peak, which consists of many smaller peaks. This
waveform was obtained by accumulating 128 scans at a scan
rate of 1 Hz. The small peaks are caused by the fluctuation of
the probe beam intensity: the intensity of the probe beam at
the detector decreases when the probe beam strikes the
boundary of two adjacent micromirrors because of the dif-
fraction. The fluctuation component is removed by smooth-
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FIG. 2. �Color online� Schematics of the mirror array. The equations provide
the center coordinates of the micromirrors. The width of each mirror is
approximately 150 �m. The delay distance ddelay is 20 mm, corresponding
to a delay time of 66.7 ps. The size of the mirror array is 50�64 mm2.
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FIG. 3. �Color online� �a� Photograph of the overall view of the fabricated
mirror array and �b� a SEM of the mirror array inside the circle.

Tsunami

Lock-in
Amplifier

Modulated
Bias
80Vpp
100kHz

Beam
Splitter

Femtosecond Laser
λ : 800nm ,Width : 100fs
Repetition Rate : 80MHz

Personal
Compu-

ter

THz Pulse

Femtosecond Laser Pulse

Emitter

Detector

LensLens

Motoriz-
ed Delay
Line

High
Repetition

Rate
Delay Line

Beam
Splitter

FIG. 4. �Color online� Diagram of the THz-TDS system for the high-
repetition-rate optical delay line.
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FIG. 1. �Color online� Diagram of the high-repetition rate optical delay line.
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ing at the cost of the time resolution. Figure 6�a� shows the
waveform obtained with a single scan at a scan rate of 25 Hz.
Since the waveform contains a large amount of noise and it
was difficult to find the main peak, it was smoothed in order

to eliminate the short-period fluctuation seen in Fig. 5. Fig-
ure 6�b� shows the integrated waveform obtained by the ac-
cumulation of 128 scans with smoothing. In the smoothed
waveform, the signal-to-noise ratio is improved and the main
peak is recognized clearly.

In conclusion, we demonstrated a high-repetition-rate
optical delay line consisting of a galvanometer mirror and
micromirror array. The mirror array was fabricated using
x-ray lithography. The waveform of the terahertz wave was
obtained successfully at a scan rate of 25 Hz. Compared to
the high-repetition-rate optical delay lines reported so far,6–8

the present system has the advantage that the delay time can
be changed quickly for any series desired by applying the
voltage waveform to the galvanometer mirror. For example,
a differential terahertz image between time delays t1 and t2

can be obtained without scanning the whole waveforms of
terahertz pulses in a short time. As for the scan rate, up to
300 Hz can be achieved using a high speed computer. We are
planning to improve the structure and fabrication process of
the micromirror array to increase the reflectance of the mir-
ror array and time resolution.
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FIG. 5. �Color online� Shape of the main peak with an accumulation of 128
scans at a scan rate of 1 Hz. The inset shows the whole waveform of the
terahertz pulse.
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FIG. 6. �Color online� Waveform of the terahertz pulse measured with the
high-repetition-rate optical delay line. The waveforms obtained by �a� a
single scan and �b� an average of 128 scans at a scan rate of 25 Hz are
shown.
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