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Abstract: We have demonstrated terahertz (THz) passive imaging
of room-temperature objects using a 4 K-cryocooled THz photoconduc-
tive detector with background limited infrared performance (BLIP) at
around 1.5-2.5THz. Images of a safety razor blade and a coin con-
cealed in a plastic package or an envelope are successfully obtained with
spatial resolutions of wavelength order using the THz passive imaging
system. We have compared the measured THz intensity of several ma-
terials with emissivities calculated using the reported optical constants.
The result shows that the THz intensity has a good linear relation to
the emissivity, which means THz emissivity of an unknown material
can be estimated at a room-temperature with the THz passive imaging
system.
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1 Introduction

The innovative development in terahertz (THz) technology including the THz
time-domain spectroscopy (TDS) (reviewed in [1]) and the THz quantum cas-
cade laser (QCL) [2] has recently brought large attention in THz imaging as
an intensive method of non-destructive inspection for security and industry
applications. Advantage of the THz imaging comes from the characteris-
tics of THz waves such as transmitting many nonmetallic materials without
ionization, high spatial resolution compared with microwave and detection
of various materials including organic and bio-materials through specific ab-
sorption spectra (e.g. [3, 4, 5]).

THz imaging technique can be classified into active and passive methods.
The former detects transmitted or reflected radiation from a sample using
an external THz source and the latter observes thermal radiation emitted
from a sample. Passive imaging has a great advantage that it needs no
expensive source in THz region. However, it requires sensitive THz detectors
such as cryogenic detectors or heterodyne mixers [6] to receive weak thermal
THz radiation from 300 K blackbody radiation. Therefore, studies on the
THz passive imaging of room-temperature objects have been rare so far in
comparison with the THz active imaging and the passive imaging in infrared
region such as thermography [7] and in millimeter wavelengths for security
applications [8].

We have developed a THz detector system which employs four THz pho-
toconductive detectors to cover a response in wide frequency ranges from 0.8
to 4.0 THz and a mechanical 4 K-GM-cryocooler instead of a liquid helium
container in order to perform convenient use for practical THz applications.
Our detector system has the background limited performance under the 300 K
background radiation by adopting sensitive THz photoconductors and sup-
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pressing the vibration noise of cryocooler.
In this study, we demonstrate the potential and advantage of THz passive
imaging using the 4 K-cryocooled THz photoconductive detector system.

2 THz passive imaging: Instrument and measurement

In the passive imaging at THz region, we have to detect week thermal ra-
diation from a sample which is much smaller than the peak intensity of
300 K blackbody radiation at about 30 THz, and moreover, surrounding ob-
jects emit the similar thermal radiation. In our passive imaging system, we
used a stressed Ge:Ga photoconductor [9] with high detectivity cooled at
4K to measure the small difference in THz radiation between a sample and
surroundings. The stressed Ge:Ga detector has the background limited in-
frared performance (BLIP) in 1.5 to 2.5 THz frequency region, a responsivity
of 48 A/W (4.8 x 107 V/W) and a noise equivalent power (NEP) of about
1014w/ v/ Hz at 4K. The detector assembly comprises a stressing mount
containing a detector chip, a Winston cone condenser, THz filters and a
200 pm pinhole placed in front of the condenser. The passive imaging system
also consists of two off-axis parabolic mirrors, and a raster scan stage to hold
samples, as shown in Fig. 1. THz wave emitted from the sample is collected
and collimated with the first off-axis parabolic mirror and is focused on the
pinhole using the second off-axis parabolic mirror. The optical length trav-
eling in air is 300 mm. The THz wave goes into the Winston cone through
the pinhole and then condensed onto the stressed Ge:Ga detector. A sample
is moved in a plane perpendicular to the optical axis using the X-Y raster
scan stage and a passive image of 50 x 50 mm? is obtained with 500 zm-step
measurement in 15 minutes by scanning at a speed of 10 mm/s.

We have evaluated a spatial resolution of the imaging system with the
200 pm pinhole using a knife edge method and proved the resolution of 240 ym
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Fig. 1. Schematic configuration of the THz passive imag-
ing system using 4 K-cryocooled sensitive THz
photoconductive detector system.
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(b)

Fig. 2. THz passive imaging of (a) Safety razor blade con-
cealed in the plastic package, and (b) Safety razor
blade and 100 yen coin concealed in the envelope.

which is nearly limited by diffraction at 1.5-2.5 THz of the stressed Ge:Ga de-
tector’s spectral response. The measured noise-voltage-density of our system
is1.4x10°7 V/\FHZ at the detector temperature of 4 K, which is consistent
with the theoretical value limited by the photon noise and proves the BLIP
performance. The NEP of our system is 7.7 x 1071 W/y/ Hz and the noise
equivalent temperature difference (NETD) corresponds to 11 mK.

We have demonstrated to take THz passive images of a safety razor blade
and a 100 yen coin concealed in a plastic package and an envelope as shown
in Fig. 2(a) and (b) which is obtained by scanning 50 x 25mm? and 75 x
35mm? with the measurement resolution of 500 and 250 um, respectively.
The acquisition time to take the image is about 10min for Fig. 2 (a) and
40 min for Fig. 2(b). These passive images are observed small changes in
the emission and reflection of thermal radiation from the room-temperature
objects. Therefore, the uneven surface structures of the concealed metal and
the emissivity deference between metals and concealing materials can be seen
as variations in the THz intensity with high spatial resolution. It should be
noted that the thickness change of the plastic package and the non-uniformity
of the envelope paper are also seen as the shadings on the metal surface. In
addition, the surface pattern of the coin is identified by changes in emissivity
and reflectivity due to concavity and convexity of the metal surface.

3 Emissivity measurement

We suggest that the emissivity () of samples can be estimated from the out-
put signal (V') of THz passive imaging because the THz intensity is propor-
tional to the product of emissivity and blackbody radiation and has a linear
dependence on the emissivity if the temperature of samples is constant.

It is necessary to perform the calibration of the THz imaging system by
measuring at least two samples with known emissivity for estimating the
emissivity of an unknown material. We have measured the THz intensity of
several materials at a room temperature (300.2 + 0.4 K). Measured samples
are a gold mirror, high resistivity silicon, Z-cut crystal quartz, Acrylic sheet,
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acrylonitrile butadiene styrene (ABS) sheet, Teflon sheet and pure water.
The emissivity is equal to absorptance A, and expressed as ¢ = A = 1 —
exp(—ad) by using Kirchhoff’s law and Lambert-Beer law. Where o and d
are the absorption coefficient and the thickness of a sample. We adopted the
absorption coefficient « reported in the literatures (e.g. ¢ = 0.004 for gold [10]
and € = 0.837 for pure water [11]) or measured with a THz-TDS by ourselves,
which is the value at around 2 THz and weighted by the spectral sensitivity of
the stressed Ge:Ga detector. The calculated emissivity is compared with THz

intensity measured using the passive imaging system and shown in Fig. 3 (a).
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Fig. 3. (a) Calculated emissivity vs. THz intensity mea-
sured with the passive imaging system for 15
samples and the least square fitting line derived
from the data. The fitting line is expressed as
e = —0.279V + 0.950 with ogepe of 0.002 and
Tintersept Of 0.014. Standard deviation (o) around
the fitting line and determination coefficient (R?)
is 0.007 and 0.999, respectively. Mark 1 shows
2mm-thick acrylic sheet. Mark 2 shows 2mm-
thick ABS sheet. Mark 3 shows pure water. Mark
4,5,6, 7,10, 12 and 14 show 5, 4, 3, 2, 1, 0.5 and
0.2 mm-thick Teflon, respectively. Mark 8 shows
3 mm-thick z-cut crystal quartz. Mark 9, 11 and
13 shows 3, 2 and 1 mm-thick high resistivity sili-
con, respectively. Mark 15 shows gold mirror.

Emissivity imaging of (b) Gold mirror, (c)
Polyethylene sheet on the gold mirror, and (d)
Difference between Fig. 3 (b) and (c).
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Figure 3 (a) also displays a calibration line derived using the linear least-
squares method to the data, which is ¢ = —0.279V + 0.950. The standard
deviation around the fitting line (¢ = 0.007) and the determination coefficient
of R? = 0.999, and the standard deviations in slope and interception of the
fitting line are derived and inserted in Fig 3(a). These results show the
emissivity (¢) can be estimated from the THz intensity (V') using the relation
between them with an accuracy less than 1072 of the standard deviation in
€.

To validate the method to estimate the emissivity in imaging, we took
THz images of a Gold mirror and a 2 mm-thick polyethylene (PE) sheet with
an area of 15 x 15mm? on the Gold mirror, and derived their emissivity
images using the relation between ¢ and V in Fig. 3 (b) and Fig. 3(c), re-
spectively. Figure 3 (b) shows that the emissivity of the Gold mirror is low
and Figure 3 (c) displays that the PE sheet emits a small thermal emission
due to its emissivity larger than that of the Gold mirror. From Fig. 3 (b) and
Fig. 3 (c), we computed a difference emissivity image between the PE sheet
plus the Gold mirror and the Gold mirror only. The difference image has to
be only the emissivity image of the PE sheet, which is shown in Fig. 3 (d).
Although the apparent emissivity increases at the edges of the PE sheet due
to extra THz emission from the surroundings by reflection and scattering,
the emissivity is almost constant on the flat surface of the PE sheet, which is
derived as 0.227 +0.002. To confirm the measured result, we have calculated
the emissivity of PE sheet from the absorption coefficient and its thickness.
We adopted the absorption coefficient av of 1.3 cm™! measured with the THz-
TDS, which is the value at around 2 THz weighted by the spectral sensitivity
of the stressed Ge:Ga detector. The calculated emissivity ¢ is 0.229, which
is in good accordance with the measured value.

4 Summary

We have obtained the THz passive images of room-temperature objects con-
cealed in the plastic package and envelope at 1.5-2.5THz using a 4K-
cryocooled THz photoconductive detector with BLIP. The calibration line
between the THz intensity and emissivity calculated from reported optical
constants of materials are determined using the measurement of several sam-
ples with the THz passive imaging system, because the emissivity is pro-
portional to the THz intensity if the samples have the same temperature.
We have obtained the emissivity images of several materials using the THz
intensity images and the calibration line. The THz passive imaging with sen-
sitive THz detectors has the potential and advantage in the application to
the nondestructive inspection and the quantitative evaluation of emissivity
of unknown objects.
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