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Abstract: Using the unique characteristics of the free-electron-laser (FEL), we successfully performed
high-sensitivity spectral imaging of different materials in the terahertz (THz) and far-infrared (FIR)
domain. THz imaging at various wavelengths was achieved using in situ spectroscopy by means of
this wavelength tunable and monochromatic source. In particular, owing to its large intensity and
directionality, we could collect high-sensitivity transmission imaging of extremely low-transparency
materials and three-dimensional objects in the 3–6 THz range. By accurately identifying the intrinsic
absorption wavelength of organic and inorganic materials, we succeeded in the mapping of spatial
distribution of individual components. This simple imaging technique using a focusing optics and a
raster scan modality has made it possible to set up and carry out fast spectral imaging experiments
on different materials in this radiation facility.

Keywords: THz; far infrared; FEL; spectroscopy; imaging

1. Introduction

Terahertz (THz)-wave and/or far-infrared photons represent radiation located in the frequency
region, which is well known as the “terahertz-gap”. This region is a frequency domain that is
still particularly interesting in the field of radiation generation and detection technology. In terms
of applicability, conventional light sources based on the blackbody emission and well-established
spectrometers or interferometers are rather common tools. On the other hand, far-infrared radiation
emitted by synchrotron radiation (SR) and free-electron-laser (FEL) sources is powerful for spectroscopy
and microspectroscopy. Thanks to the high brilliance and focusing properties, these light sources
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important results have been obtained with experiments performed with these non-thermal radiation
sources. Pump-probe experiments using intense and coherent photon sources to investigate non-linear
materials properties can be realized only by using high-intensity FELs. In the recent years, we have
performed various linear and non-linear experiments using the terahertz-free-electron-laser (THz-FEL)
in the Institute of Scientific and Industrial Research (ISIR) of Osaka University [1–4].

Regarding the electromagnetic waves, THz and far-infrared (FIR) radiation falling in the “terahertz
gap” share both the behavior of high-frequency radio waves and low-energy photons. For this reason,
in different areas such as physics, chemistry, engineering, and bio-medicine, this radiation can be
described by different units such as frequency, wavenumber, wavelength, and energy. Their mutual
relationship is shown in Equation (1) with the reference to approximately 3 THz, where only the
wavelength is inversely proportional to the others:

3 THz = 100 cm−1 = 100 µm = 12.4 meV (1)

The terahertz band is conventionally understood as ranging from approximately 0.3 to 3 THz
around 1 THz within the International Telecommunication Union (ITU) designated band of frequencies.
In addition to the light sources having characteristics of intensity, stability, monochromaticity,
or broadbandness, detectors with high sensitivity, high-speed response, and wide (linear) dynamic
range are under development. Besides far-infrared photons emitted from a black body in accordance
with Planck’s law, various other light sources exist, e.g., synchrotron radiation light sources, vacuum
tubes including gyrotrons, gas, and solid-state lasers, superconducting devices, non-linear optical
devices, and FELs, which are mainly described in this contribution.

The ISIR THz-FEL is a monochromatic, wavelength-tunable and highly coherent pulsed light
source with megawatt-class peak intensity. For the first time in the 1970s and in the early phase,
FELs produced radiation in the mid-infrared region [5]. The emission wavelength was continuously
reduced down to the X-ray range with the goal of studying nano- and sub-nano-size objects and reach
the pico- and sub-picosecond time resolution in different research areas [6,7]. On the other hand,
although infrared FELs are relatively compact, the operation and the maintenance of these linear
accelerators requite important human and/or economic supports from universities and institutions.
Mainly for this reason, some FEL facilities in the infrared region were discontinued in the past. However,
since the last decade, long wavelengths FELs are again attracting attention as high-intensity coherent
radiation sources. Indeed, the increasing number of studies using infrared FEL radiation from the
operational facilities is triggering the constructions of new infrared FELs and the plan of new IR and
THz beamlines worldwide [8–12].

2. Characteristics of the ISIR THz-FEL

The FEL installed at the quantum beam science research facility in ISIR of the Osaka University
can produce high-intensity pulsed light in the THz and FIR domains. The accelerator facility was
established in 1957, and after almost 40 years, in 1978, the L-band electron linear accelerator was
installed. After the first successful FEL oscillation [13], several upgrades have been realized. The details
of the continuous improvement of the electron gun and the accelerator are summarized in Refs. [14–18].
In this contribution, we describe the experimental layout designed and assembled in ISIR and some
recent experimental results obtained using this layout. The ISIR THz-FEL can be also used as a pump
source thanks to the high intensity and time characteristics or as a probe source if combined with the
irradiation of an external laser. In the next section, we will focus on microscopy and spectral-imaging
experiments performed with the ISIR THz-FEL as the probe source and will discuss the typical FEL
parameters we used for the experiments discussed below.

Figure 1 shows the pulsed time structure of the ISIR THz-FEL radiation reflecting the structure
of an electron-bunch train. The FEL pulse train has a two-level structure. The first level is the
micro-pulse, and the set of micro-pulses forms the macro-pulse. The long-time structure contains
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several macro-pulses emitted in sequence every 200 ms (5 Hz repetition). Each macro-pulse contains
approximately 100 micro-pulses. The interval among micro-pulses depends on the FEL oscillation
mode, i.e., 9.2 ns or 37 ns (= 9.2 ns × 4). The emission is due to ISIR THz-FEL’s pre-bunching system,
which aims to increase the charge of the electron bunches. The time interval is 12 or 48 times longer
than the length of 0.77 ns associated with the RF frequency of 1.3 GHz of the Klystron’s. The 9.2 ns
interval is associated with the 108 MHz operation of the sub-harmonic buncher, while the 37 ns interval
is due to the 27 MHz grid pulser installed on the thermal cathode electron gun.

Figure 1. Time structure of the pulsed Institute of Scientific and Industrial Research (ISIR)
terahertz-free-electron-laser (THz-FEL). The pulse structure is approximately 4 µs in the macro-pulse
and approximately 20 ps in the micro-pulse, respectively.

In the spectroscopy experiments using the FEL as the radiation probe, a stable intensity mode
with the micro-pulse interval of 9.2 ns (108 MHz mode) has been usually employed. For irradiation
experiments on materials and for non-linear response experiments, the mode with the 37 ns interval
(27 MHz mode) has been selected.

In this mode, the light intensity per micro-pulse was greatly increased and used as the pump
source. In both modes, beam conditions are searched for the best monochromaticity and stability,
and the irradiation energy is up to 10 mJ/macro-pulse in the 27 MHz mode and up to 1 mJ/macro-pulse
in the 108 MHz mode. Figure 2 shows the typical wavelength dispersions of the THz-FEL in the
(a) 108 MHz mode and the (b) 27 MHz mode. Although the monochromaticity differs much depending
on the beam parameters and the FEL mode, the bandwidth is approximately 3% at the 108 MHz mode
and approximately 10% at the 27 MHz mode under the best monochromaticity conditions. Actually,
deep care must be taken when one adjusts the beam condition to make the energy maximized in
the 27 MHz mode, because it often shows a wideband wavelength spectrum that can no longer be
considered monochromatic (Appendix A).
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Figure 2. FEL spectra for different undulator gap values and modes. (a) Spectrum at variable gaps in
the range of 30–37 mm at 108 MHz (monochromatic condition); (b) Spectrum at variable gaps in the
range of 32–37 mm at 27 MHz (monochromatic condition).

3. Spectral Imaging Using THz-FEL

So far, THz imaging using various light sources and detectors has been performed, and technologies
have been developed as in other wavelength regions [19–24]. Among them, time domain spectroscopy
(TDS), quantum cascade laser (QCL), and terahertz parametric generator (TPG) using LiNbO3

non-linear optical crystals have been employed for the imaging at laboratory level below the 3 THz
frequency domain. Moreover, the near field method has enabled the possibility of reaching a spatial
resolution below the diffraction limit. However, THz/FIR radiation may not compete with X-rays in
terms of transmittance and spatial resolution. That is, the most important motivation for imaging
at the THz/FIR domain should be the observation of materials that have a characteristic response
in this wavelength range. From this point of view, only a few imaging experiments at arbitrary
monochromatic wavelengths, which can be called spectral imaging, are so far reported in the region
below 3 THz [25,26]. In other words, conventional THz imaging has been hardly performed by
probing the precise wavelength dependence of different materials characterized by specific absorptions,
and most researchers have performed imaging by selecting an example that matches the wavelength
maximum of each light source.

In the following, we will describe the status of spectroscopy for imaging using long wavelength
radiation sources. Such a radiation, when emitted from a storage ring (SR), is competitive because
of the brilliance, which is much higher than any standard laboratory light source based on thermal
radiation. In this respect, SR is highly effective for any spectroscopic measurement of small areas
using condensing optics, e.g., for microspectroscopy [27–29]. However, even in the case of SR sources,
the total photon number is not enough for many experiments, especially in the far-infrared region.
In general, it is necessary to accumulate spectra for several tens of seconds to several minutes using a
Fourier transform infrared (FT-IR) spectrometer even for a single acquisition. Furthermore, it is well
known that diffraction grating type spectrometers are more demanding in terms of photon numbers.
Therefore, an impractical long-time integration is frequently required in 2D scan spectral imaging.
For example, a scan of 50 × 50 points would require approximately 7 h, even if a FT-IR instrument takes
only 10 s to measure each point. In contrast, THz-FEL is a quasi-monochromatic light source, and it is
several orders of magnitude more intense than SR infrared radiation for both total photon number and
illuminance. Thus, the spectral imaging using FEL is certainly realistic even when monochromatized
through a diffraction grating-type spectrometer. We will present and discuss high-sensitive spectral
imaging experiments performed with arbitrary monochromatic wavelengths in the range of 50–100 µm,
i.e., the frequency range of 3–6 THz.
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3.1. Optical Scheme and Beam Profile

For spectral imaging, the quasi-monochromatic FEL emission, as shown in Figure 2a, must be
further monochromatized. Figure 3 shows the layout of the monochromator, the focusing optics, and the
sample stage system to be really employed. FEL radiation transferred through the vacuum tube is first
monochromatized by the diffraction grating in the monochromator and propagates from vacuum to
atmosphere, as a parallel beam through a diamond window. The monochromatic FEL radiation is focused
at the sample position by the lens and refocused on the detector in the transmission arrangement, or in
the alternative reflection layout. The lens used is an F = 1.97 (effective aperture Φ = 25.4 mm, focal length
f = 50 mm) Tsurupica lens, and the detector used is a COHERENT Energy Max energy sensor calibrated in
the THz region. The measurement sample stage is a SIGMAKOKI motorized x-y stage that allows a raster
scan in the x-y plane simultaneously with the pulse timing of the FEL.

Figure 3. Schematic layout of the monochromator, the focusing optics, and the sample stage system
installed downstream the FEL. The blue layout is for transmission imaging, while the red layout refers
to reflection imaging.

Figure 4 shows (a) (left hand) the beam profiles of the THz-FEL taken by an uncooled THz imager
(NEC Corporation, IR/V–T0831) [30] just after the vacuum window and (right hand) the focal point
condensed by the Tsurupica lens and (b) the intensity profiles by a knife-edge scan near the focal point.
The parallel beam of the THz-FEL obtained through a 1-inch diameter diamond vacuum window is
focused to an area of approximately 350 µm in 2σ at the focal point. The beam profiles observed by
the THz imager (Figure 4a), measured with a knife-edge scan (Figure 4b), show an almost Gaussian
distribution in both parallel areas just after the vacuum window and the focal point. The beam profile
distribution near the focal point was probed by a knife-edge scan at several points in the z-axis direction
(optical axis direction). As a result, the Rayleigh length was estimated to be approximately 3.5 mm.
As a consequence, we expect that a clear transmitting image can be obtained up to a thickness of the
sample of approximately 7 mm or less.



Condens. Matter 2020, 5, 38 6 of 14

Figure 4. The beam profiles of the ISIR FEL (a) taken with a THz camera for the parallel beam (left) and
at the focal point (right), and (b) the spatial resolution measured with the knife-edge scan around the
focal point.

3.2. Spectral Imaging of Solid Samples

In the spectral-imaging experiment, the sample is placed at the FEL focal position. A He-Ne
laser, which go through the same FEL optics, is used as a guide to set the sample at the FEL focal spot.
In our layout, the FEL radiation after monochromatization by the diffraction grating spectrometer is
collected by the lens, and the raster scan of the sample is automated by the stage to obtain a 2D image.
The spatial resolution is determined by the degree of FEL focusing and by the step of the translation
stage that moves the sample during the scan. In order to ensure that the sample is irradiated with the
FEL pulse at each observation point, the stage is moved stepwise at 5 Hz, which is synchronized with
the timing system of the linear accelerator [31]. The intensity of the monochromatized FEL radiation
is sufficient for transmission and reflection experiments using one macro-pulse per point. When a
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raster scan of the sample is performed on an area of 2 cm × 2 cm with a scanning step ∆ = 500 µm, i.e.,
1600 points at 5 Hz, a 2D spectral image can be collected within approximately 6 min.

Figures 5–8 show the results of spectral images collected on pellets, 3D samples made by composite
materials, opaque objects, and biological systems. Versatility and short time acquisitions represent
the really unique capabilities of this layout. The time required for a single 2D image ranges from 5
to 60 min depending on the sample size and the raster-scan step. The relevance of this experiment
resides in the observation of clear changes in the images using high-wavelength resolution. These were
the experiments performed for the first time in the THz/FIR domain with such resolution and the
first successful imaging of almost opaque objects at these wavelengths. We also successfully collected
images showing non-linear behavior due to the high FEL intensity.

Figure 5. (a) Comparison of transmittance spectra of polytetrafluoroethylene (PTFE) and polypropylene
(PP) by in situ observation; (b) 2D images of PTFE and PP pellets collected in transmission at λTHz = 50 µm.

Figure 6. (a) Comparison of transmittance spectra of Cu2O and CuO by in situ observation; (b) 2D
images of Cu2O and CuO pellets collected in transmission at several THz wavelengths.

3.2.1. Pellets

Figures 5 and 6 compare the spectral imaging of pellet samples collected in transmission. Figure 5a
compares the infrared spectra of the Teflon (polytetrafluoroethylene, PTFE) and of the polypropylene
(PP). PP has no intrinsic absorption in the THz/FIR region and is highly transparent. Therefore, as it
can be seen in the figure, PP shows only a flat spectrum. On the other hand, PTFE shows a spectrum
with an intense absorption peak around 50 µm. Both pellets are made from 100% pure powders of each
material using a compression mold. Figure 5b shows the images of these pellets at the wavelength
of the absorption peak in PTFE. The upper part is a visible image of the two pellets that can be
hardly distinguishable, while collecting images at the absorption wavelength, a clear difference can be
observed with a clear contrast. Next, imaging was performed on diluted pellets of CuO and Cu2O
powder. With each powder, we made pellets at the dilution of 5% by weight together with PP powders.
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Figure 6a shows the infrared spectra of CuO and Cu2O, respectively. CuO shows absorption
peaks at the wavelengths of 61.5 µm and 67 µm while Cu2O shows an absorption peak at 68 µm.
Figure 6b shows the images at the three absorption wavelengths and at 70 µm that are not absorbed
by both CuO and Cu2O. It takes 6 min to collect each image. In panel 6(b), it can be seen that the
image contrast changes with respect to the wavelength. In particular, the contrast between the images
of CuO and Cu2O is clearly reversed with just a difference of 1 µm going from 67 µm up to 68 µm,
clearly demonstrating the effectiveness of the monochromatic FEL for long-wavelength high-resolution
spectral imaging.

3.2.2. Composite Materials with A Fine Structure

In Figure 7a, transmission imaging of an oily marker having a pen tip of 0.5 mm was performed
while keeping the lid so that the pen tip would not dry. The lid is almost transparent, and the metal part
and the liquid reservoir inside can be observed as opaque parts. The outer diameter is approximately
1 cm at the maximum. A clear image is obtained with a large depth of focus, which is expected from
the Rayleigh length estimated at the focal point.

Figure 7. Comparison of 2D images of (a) a marker; (b) a mahjong tile; (c) a peanut (two nuts in a shell);
(d) water collected in transmission at λTHz approximately 90 µm.

3.2.3. Opaque Systems

Particularly important applications of spectral images refer to hard and soft opaque objects or
liquid substances. Mahjong tiles are made of lumps of urea resin and hardly transmit THz/FIR radiation.
However, when transmission imaging was performed using FEL with a high-intensity monochromatic
beam, we succeeded in observing the engraved character on the surface from behind, as shown in
Figure 7b. Since the character is observed from behind, the left and right of the image is reversed.
The contrast observed is due to the difference in the reflection and the scattering contributions of the
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FEL radiation between the flat part of the tile surface and the regions of the engraved text. There are
several successful examples of THz transmission images of nuts at 0.1 THz (λTHz = 3000 µm) [32].
However, as far as we know, Figure 7c is the first in situ observation of dried peanut without peeling at
approximately 3 THz (λTHz approximately 100 µm). The outer shell is shown with the orange color,
while the two nuts touching each other can be recognized as dark areas in Figure 7c. Between the two
nuts inside the shell, the lower nut seems to be drier and the internal embryo is seen through. Since the
image including the outer shell is collected at the maximum FEL intensity, the detector was saturated in
vacant space outside of the shell, causing a noise pattern due to the incorrect acquisition of the signal.

THz can be used also to collect images of liquids such as water. As an example, an image shown
in Figure 7d was taken of a container filled with approximately 1 cm thickness of water. FEL radiation
penetrates where the thickness of water is reduced: the neck and edge of the container, and the edge
of water surface raised by surface tension. At the neck position with a red cap, the water thickness
is approximately 2–3 mm and, to the best of our knowledge, in Figure 7d, we show the first THz
transmission image of pure water. Since the image was obtained with a step scan over a wide area
with a space resolution of 0.3 mm, it took one hour to collect this high-spatial resolution transmission
image. The noise pattern near the edge of container was caused by the same reason of Figure 7c.

3.2.4. Leaves

THz images of leaves showing water distribution are already available in other studies. At ISIR,
we tried to investigate their wavelength dependence and time dependence. The wavelength selected
for imaging lies in a region where there is no absorption by atmospheric water vapor. At variegation
spots highlighted by a dark color in the visible image shown in Figure 8a, the FEL radiation is well
transmitted through leaf at any wavelength, even in fresh conditions. It is important to emphasize here,
from these experimental results and those of another leaf in Figure 8b, that moisture and nutrients are
not homogeneously distributed in leaves.

The image collected at 103 µm is the first image of the present measurement, but it is also measured
with the highest transmission compared to the images collected at 89 µm and 83 µm. We would like to
point out that the difference between these three images at different wavelengths is not merely due
to the amount of the water content through the evaporation occurring with time, but it is due to the
different absorbance versus wavelength. The reproducibility of the image at 103 µm was confirmed by
measuring it twice, at the beginning and at the end of the experimental series after 30 min.

In order to evaluate how much water remains in a leaf after being detached, several images of a
leaf hanged in air for 10 h were collected at several wavelengths, as shown in Figure 8b. Since this
measurement is not time-sensitive, four different wavelengths were selected for imaging. Two images
at 103 µm, taken twice with different FEL power, are also shown for reference.

Comparisons of the different images in Figure 8b pointed out that at the wavelength of 67 µm,
there is still a large absorption in the whole leaf area, while at 103µm, FEL radiation is almost completely
transmitted through, making the pattern of the vein unrecognizable. The strong wavelength dependence
in the dried leaf suggests that the decrease of the transmittance in these THz images of leaves is not
only due to water, but also due to other substances present in the veins, such as nutrients. Therefore,
we assume that water in leaves was almost evaporated after approximately 10 h, while nutrients still
remained in the leaf veins, as we can understand from the observed large wavelength dependence.
In the freshly detached leaf showed in Figure 8a, nutrients and moisture were homogeneously
distributed throughout all veins of the leaf. However, in the leaf that was hanged and dried in air
shown in Figure 8b, it is presumed that only the nutrients were concentrated in the lower part of the leaf
during water evaporation. In addition, when the power of the FEL is changed as the intensity is halved
at the wavelength of 103 µm, the vein pattern comes to be exposed again. One possibility resides in
the nutrients in the veins remaining after water evaporation showing non-linear transmittance with
respect to FEL intensity. The component analysis and the survey of the distribution of nutrients in
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leaves are indispensable for future biological science researches. The observed non-linear response can
be the first case in THz imaging and could provide very useful information for future studies.

Figure 8. (a) shows a comparison of 2D images of a fresh leaf collected in transmission at different THz
wavelengths. (b). Comparison of 2D images of a dried leaf collected in transmission at different THz
wavelengths and different FEL powers.
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4. Conclusions

We performed unique spectral-imaging experiments in the THz/FIR range using a grating-type
spectrometer, a focusing optics, and a sample stage synchronized with the time structure of the high
power ISIR THz-FEL at Osaka University. Successful different images with high wavelength resolution
of ∆λ = 1 µm have been obtained by tuning the gap of the undulator and the spectrometer. Moreover,
thanks to the FEL time structure, fast spectral imaging was also feasible on different samples in various
forms. Taking advantage of the high power of the FEL source, for the first time in the THz/FIR
domain, we succeeded in the acquisition of transmission images of “opaque” solid materials and
liquids. The versatile image acquisition system with raster scanning allowed monitoring changes
in the composition of leaves. We also showed for the first time that non-linear phenomenon can be
observed in images on changing the FEL intensity.

These results clearly point out the huge opportunities of these coherent high-power, high brilliance
sources and the potential of scientific and technological researches in the THz/FIR domain and its
interdisciplinary nature. The introduction of new sources, new detectors, control systems, and more
advanced analysis techniques will be in great demand in the coming years.
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Appendix A

The emission characteristics of the ISIR THz-FEL may change greatly depending on the beam
setting. When measuring the wavelength spectrum, the bandwidth, the peak intensity, and the total
energy have to be changed. As described in the text, when the total energy is set to the maximum at
27 MHz, the bandwidth significantly increases and shows a complex spectral shape (Figure A1).

Figure A1. Comparison of two FEL spectra in the 27 MHz mode for the 33 mm (red) and the 37 mm
(black) gap (wideband condition).
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In this condition, the area of the spectrum, that is proportional to the total energy, increases about
three times (approximately 30 mJ/macro-pulse) [33] or more in this wideband scenario if compared
with the monochromatic setup (approximately 10 mJ/macro-pulse). However, the maximum intensity
at the central wavelength does not increase, as shown in Figure A2. Therefore, such beam conditioning
has no advantage for spectral imaging when the FEL is monochromatized by a diffraction grating.
At variance, it is detrimental, since it is characterized by higher beam instability. Meanwhile, the pulse
width estimated from the autocorrelation of the pulsed FEL is shortened from approximately 20 ps to
about several ps by adjusting to the wideband condition, as shown in Figure A3. It must be always
clarified whether a short pulse or a monochromatic beam is required for the THz radiation in each
experiment, and then it sets the FEL with the necessary parameters.

Figure A2. Comparison of two FEL spectra in the wideband (black) and monochromatic (purple)
condition in the 27 MHz mode and the undulator gap sets to 37 mm.

Figure A3. The interference waveform of the pulsed FEL by autocorrelation.
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