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Abstract:  We present THz imaging with 1D electro-optic sampling of
ultrashort THz pulses by multichannel balanced detection. Using a lock-in
technique, it combines the advantage of a high signal to noise ratio along
with the fast acquisition time of multichannel detection. The object is
probed by a line focus and the resolution can be adjusted. The performance
of the system is demonstrated exemplarily by imaging two objects.
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1. Introduction

Terahertz (THz) radiation (0.1-10 TH2) has unique features making it interesting for both fun-
damental research [1-3] and applications e.g. in quality management, medicine, and security.
While water is strongly absorptive for THz radiation, plastics, paper and foam are transparent
and show distinctive contrast. From the microwave regime it is inherent that metal is nearly
a perfect reflector. Also many organic substances, explosives, and drugs have characteristic
absorption spectra in this frequency range [4].

On the basis of fs-lasers it is possible to generate and detect not only continuous wave (cw),
but also single cycle ultrashort THz pulses covering more than one order of magnitude in the
frequency range [5]. Due to the possibility of coherent detection the electric field instead of the
intensity can be recorded time resolved, which makes it possible to determine the amplitude and
time delay (phase) of measured pulses directly. Typically Ti:Sapphire fs-lasers at a wavelength
of 800 nm have been used. But the size, reliability and output power restricts their field of
application to laboratories. The development of modern fs-lasers like high power fiber laser
amplifiers [6, 7] at a wavelength of 1060 nm makes it possible to build small, compact, and
industrial ready THz table-top devices. Time resolved measurements at this wavelength and its
frequency doubled on the basis of photoconductive switches and electro-optic sampling have
already been reported [8-10].

Imaging with THz radiation has been demonstrated several times before. The easiest way is
to focus the THz beam and to move the sample through the focus [11]. This method provides an
excellent signal to noise ratio (SNR) by the use of phase sensitive amplification with a lock-in
amplifier (L1A) [12]. However, due to the required scanning in three dimensions (two spatial
and the time dimension) the scan time of this method is too long for real world applications.

In order to overcome this limitation several methods have been presented to speed up the
time delay scan: The use of a fast delay stage makes it possible to acquire pixel rates up to sev-
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Fig. 1. Schematic setup of the THz multichannel imaging system.

eral hundred pixel per second [13]. In case of asynchronous optical sampling the mechanical
delay line is replaced by two fs-lasers synchronized to two frequencies with a small difference
frequency Av [14]. Data acquisition rates up to 0.25 s per pulse have been reported [15]. Also
single shot detection [16] has been presented, but because of the lack of balanced detection the
THz signal has to be extracted from a signal with high background. In addition such systems
usually require expensive low repetition laser amplifier systems with high fs-pulse energies to
generate sufficient THz output power. Also the time delay range is limited to several picosec-
onds. The use of special scanning techniques can decrease the scan time up to two orders of
magnitudes, but it is limited to special materials and applications [17].

Other methods try to accelerate the spatial acquisition: 2D electro-optic sampling and 1D
single shot electro-optic sampling with a CCD camera [18-20] have been demonstrated. But
again the lack of balanced detection and lock-in amplifiers give need for expensive low rep-
etition laser amplifier systems with high fs-pulse energies. Although a modulation algorithm
using difference images was introduced [21-23], real lock-in techniques are not available for
CCD cameras. An excellent review of different THz imaging methods can be found in [24].

In this paper we present for the first time to the best of our knowledge multichannel THz
imaging with balanced electro-optic detection. Because of the balanced detection concept the
THz signal can be measured without background signal and a multichannel LIA provides an
additional common mode noise reduction (CMNR). This method combines all the advantages
of the previously mentioned methods. It provides an excellent SNR while keeping the scan time
short. This makes THz ultrashort pulse imaging applicable to real world applications.

2. Experimental setup

The ultrashort pulse THz imaging system is schematically shown in Fig. 1. It is based on a fiber
amplifier laser system as described in [8], delivering up to 10 W at 1060 nm. The pulse length
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Fig. 2. 8 pixel balanced detector with InGaAs photodiodes (500 um diameter) and 750 um
pixel pitch

is about 100 fsat a repetition rate of 75 MHz Electro-optic sampling of ultrashort THz pulses
with such a fiber amplifer system at 1060 nm has already been shown before [9,10]. A detailed
description of THz ultrashort pulse electro-optic sampling can be found in [25].

The electro-optic detection scheme used here has the ability to measure simultaneously 8
pixels in a line. It works with a multichannel balanced detector in combination with a multi-
channel LIA to increase the SNR. In order to measure a THz line, not only the detector, but also
the whole THz system has to be adjusted for line scanning.

For the generation and detection of the THz pulses the fs laser pulses are split into a pump
(about 96 % intensity) and probe beam (about 4 % intensity). The pump beam polarization is
turned by a half wave plate to get maximum absorption (and maximum THz emission) at the
emitter. The beam is expanded by a telescope and focused by a cylindrical lens to a line focus
on a THz surface emitter (p-InAs). Even if the efficiency of such an emitter is smaller than
the one of a photoconductive switch, it offers the advantage to form the emitted THz beam
profile by adjusting the excitation laser beam profile. Therefore, the emitted THz pulses have
a beam profile of a line. They are imaged by an off-axis parabolic mirror and and a lens with
a demagnification of Ms = 0.9 to the sample. A second lens and a second off-axis parabolic
mirror image the transmitted line to an electro-optic crystal (CdTe, 1 mm thickness) for THz
detection. The complete system reproduction scale is M = 1.

The two metallic off-axis parabolic mirrors were made by ultraprecision turning and have a

focal length of 105 mm. The aspherical lenses are made out of Zeonex©, a material transparent
for both, THz and visible light. They have a focal length of 91 mm. To image not only a spot but
a line, the THz optics has been designed diffraction limited not only on axis but also off-axis. It
was calculated using a raytracing approach in combination with physical optics algorithms to
take diffraction of the THz wavelengths and the broad spectrum into account [26]. A detailed
analysis of the design of this quasioptical system will be presented elsewhere.

The probe beam is guided over an optical delay line to a linear polarizer. The polarization
is turned by a half wave plate to achieve maximum signal. The linear polarized probe beam is
also expanded by a telescope and focused by a cylindrical lens into the detection crystal for
THz probing. A second cylindrical lens collimates the beam and a quarter wave plate polarizes
the probe beam elliptically. A third cylindrical lens focuses the beam again, while a Wollaston
prism splits up both polarization components for the balanced detector.

The balanced detector consists of 8 balanced InGaAs photodiode pairs with 500 mdiameter
and a 750 umpixel pitch. The photodiode currents are subtracted and the difference is amplified
by a factor of 5 x 10° V /A. Thus, it is possible to measure a small signal on a high background
intensity. Because the probe beam is expanded several times and only a part of the probe beam
is measured by a photodiode, the fluctuations inside the beam are not negligible any longer.
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Fig. 3. Horizontal electric field amplitude distribution inside the electro-optic crystal. The
FWHM is about 6.4 mm.

This is in opposite to a single pixel balanced detector, where the whole beam is focused onto a
photodiode and the beam fluctuations are not measured. Therefore every balanced photodiode
pair has been AC coupled and the amplification is bandwidth limited, representing a bandwidth
filter before the amplification. Although all parts before the amplifier bring in additional noise,
the suppression of the beam fluctuations increases the performance. Therefore, all balanced
photodiode pairs have a common mode noise rejection (CMNR) better than 50 dB.

The measured signal is amplified by a LIA [12]. The LIA used provides 8 channels with a
dynamic reserve better than 80 dB, an averaging time constant down to 2 msand output filters
with a slope of 12 dB/oct. While many self-made LIAs have been reported [27], systems up to
128 channels are commercially available.

The lateral resolution of the system can be tuned by the placement of a telescope between
the last two cylindrical lenses or using a divergent probe beam as shown below.

For imaging the object is placed on a motorized x/y stage to move it in the focal plane. At
each position 8 pulses representing 8 pixels are recorded simultaneously.

3. System characterization

The electric field distribution inside the electro-optic crystal is an image of the emitted THz
radiation at the surface emitter as described in section 2. The surface emitter radiates THz pulses
where it is excited by the fs laser pulses proportional to the excitation flux. So the emitted THz
beam profile can be controlled by controlling the laser focus at the emitter. Even if it is less
efficient than a photoconductive switch, this flexibility predestines it as a line emitter.

In the experiments the laser spot size on the emitter has been adjusted, that all balanced
photodiode pairs are within the FWHM of the electric field distribution. The electric field has
been probed by moving the relative position of the THz and probe beam horizontally. The
maximum THz pulse amplitude is plotted in Fig. 3. The distribution has a Gaussian shape due
to the Gaussian beam profile of the exciting laser. The FWHM is 6.4 mm.

The probe beam has been expanded more than 8 times. Only the homogeneous inner part of
the Gaussian profile with less than 10 % intensity difference has been taken as probe to ensure
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Fig. 4. Simultaneous measurement of 8 spots inside the THz electric field distribution (the
electrical field traces are shifted in time for better overview). Due to the photodiode spacing
and the reproduction scale, each pulse represents a horizontal lateral shift of 500 uminside
the THz focus.

that all pixels have a similar SNR. Even if this means that most of the probe laser power in the
probe beam is lost, the remaining power is more than sufficient for the detection, since each
photodiode needs only about 1 mV.

In the experiments 550 um of the horizontal field distribution inside the crystal are imaged to
the photodiode pitch of 750 umat the balanced detector by using a divergent beam between the
detection crystal and the balanced detector. At the detection crystal the inner part of the probe
beam (about 4.5 mm) was used for probing the inner part of the THz profile shown in Fig. 3.
This was confirmed by a "knife-edge’ measurement of the beam profile in the focus. It shows
a THz pixel pitch of 500 um. Taking the reproduction scale between the THz focus and the
detection crystal of M = 1.1 into account, the settings have been confirmed well. So altogether
the scan area of the line focus is about 8 x 500 um= 4 mm. The FWHM for a single pixel has
been determined to 0.8 mmin vertical and 1.4 mm in horizontal direction. By using different
probe beam configurations the scan area and resolution could be adjusted as desired.

The 8 simultaneous measured spots are shown in Fig. 4. Each electric field trace was shifted
for 2 psin time for better overview. The envelope of the pulses shows a nearly Gaussian profile
with a small asymmetry at one side.

While in this configuration most of the pump laser power is used for THz generation, the
SNR of the different pixels changes by a factor of 2.

4. THzimaging

2D images have been acquired by moving the sample through the THz line focus on a metal
holder. 8 spots have been measured simultaneously at each position. Although the scan time for
THz imaging does not scale linearly with the number of pixels due to the lower electric field
peak amplitude compared to a single pixel measurement setup, the scan time is about 5 times
shorter than with a single pixel acquisition with a similar SNR.

Amplitude and time delay of the main pulse have been analyzed as described in [17]. In
order to take the THz spatial beam profile into account (as visible in Fig. 4), one reference
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Fig. 5. Adhesive tape unwinder: a) photo; b) false color representation of THz main pulse
amplitude; ¢) THz main pulse time delay.
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Fig. 6. Polystyrol template for iron cast: a) photo; b) optical delay calculated according to
CAD data c) false color representation of THz main pulse amplitude; d) THz main pulse
time delay.
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measurement without a sample was taken at the beginning of each line and all the pulses/spots
have been normalized to these reference values. This cancels out the different amplitudes of the
different pixels and long term drifts due to laser power drifts.

The first object investigated, an adhesive tape unwinder, is shown in Fig. 5(a). It was scanned
with the configuration described in section 3. We moved the sample 24 x 76 times and 8 elec-
tric field traces have been recorded simultaneously at each position. Altogether we measured
192 x 76 pixel with a pixel pitch of 500 pm in horizontal and 1000 pm in vertical direction.
The scan time has been reduced from about 12 hto 2.5 h by recording 8 pixels simultaneously
instead of 1 pixel. Figure 5(b) shows the false color representation of the THz main pulse am-
plitude. The structure of the unwinder can be sensed clearly. Even the tape, which has a lateral
dimension smaller than the wavelength, can be resolved. At the bottom of the picture a band
structure with a period of 8 pixels can be seen. This is due to the scattering of the metal holder
used for moving the sample which introduces a crosstalk into the inhomogeneous THz distribu-
tion. Here the reference algorithm described before fails. In Fig. 5(c) the THz main pulse time
delay was plotted. Only structures with dimensions of the order of the focus can be resolved as
described in [17]. Because a small crosstalk between the channels does not influence the main
peak time delay, no stripes are seen in this case.

Figure 6(a) shows another example, a polystyrol template for iron cast. It consists of two
parts glued together. The refractive index of polystyrol for THz frequencies is about n = 1.01
with a negligible absorption. The sample was moved 33 x 240 times and again 8 electric field
traces have been recorded simultaneously at each position. Altogether 264 x 240 pixel with a
pixel pitch of 500 um in both horizontal and vertical directions have been acquired. The false
color representation of the THz main pulse amplitude is shown in Fig. 6(c). As expected only
the polystyrol edges and the glue are resolved. At the edges the pulse is transmitted through a
thicker and a thinner part. Due to the different time delay, the pulses are stretched in time and the
amplitude is decreased accordingly. The THz pulse time delay is shown in Fig. 6(d). The picture
shows all details of the polystyrol sample down to thickness differences of about 200 um. The
thickness resolution is limited by the THz pulse length, the accuracy of the delay line, and the
material itself. The polystyrol consists of particles which are in the order of the wavelength.
Therefore the influence of the random structure is not negligible anymore. Nevertheless the
inhomogenities in the picture show time delay differences in the order of 200 fs, which is only
twice the probing pulse length.

To demonstrate the performance of the system, the measurement is compared to the CAD
data of the sample. The optical path differences through the sample have been computed by a
raytracing program from the CAD data with a resolution of 100 um. To take the lateral extent
of the focus into account, the data has been averaged over several rays. The results are shown
in Fig. 6(b). By comparing Fig. 6(b) and Fig. 6(d) all features from the CAD data are clearly
resolved. Some differences like in the rounded stem are due to the glue on and inside the sample,
which can also be seen in Fig. 6(c). As described above the grain structure of the measurement
in Fig. 6(d) is not noise but is caused by the random particle structure inside the polystyrol.

5. Outlook

For faster scanning the number of pixels should be increased. The presented solution is scal-
able to more than 256 pixels in a line, so only scanning in one direction would be necessary.
Therefore, a more efficient use of the laser and THz power should be achieved. Also a more
homogeneous THz distribution than shown in Fig. 4 is desired to minimize the crosstalk of the
channels (as visible in Fig. 5(b)). Both could be accomplished by using special beam shaping
optics which produces a top hat beam profile from the Gaussian laser beam profile.

#89303 - $15.00 USD Received 1 Nov 2007; revised 6 Dec 2007; accepted 6 Dec 2007; published 12 Dec 2007
(C) 2007 OSA 24 December 2007 / Val. 15, No. 26 / OPTICS EXPRESS 17659



6. Conclusion

We presented THz imaging with an 8 pixel balanced detection line scanning setup. By com-
bining each pixel with a LIA the signal to noise ratio is comparable to a single pixel detection
setup, but the scan time was reduced by a factor of 5. This solution is scaleable to a complete
line with more than 256 pixels and helps to bring THz imaging from experimental setups to
real world applications.
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