Plasma and Fusion Research: Regular Articles

Volume 2, S1020 (2007)

Spectroscopy and Imaging by L aser Excited Terahertz Waves

Masanori HANGY O, Masahiko TANI, Takeshi NAGASHIMA, Hideaki KITAHARA
and Hisashi SUMIKURA

Ingtitute of Laser Engineering, Osaka University, 2-6 Yamadaoka, Suita, Osaka 565-0871, Japan
(Received 13 December 2006 / Accepted 3 March 2007)

Recently, the technology of generating and detecting terahertz (THz) waves by using ultrashort pulse lasers
has made great progress. In this paper, we describe THz spectroscopi es and imaging with theintention of applying
them to diagnostics of plasmas in the future. After a brief description of the method of generating and detecting
THz pulses with a femtosecond laser, the principle of THz time-domain spectroscopy is described. The THz
magneto-optical effect measurement system up to the magnetic field of 10T and down to 5K is also shown.
These systems are used to characterize solid state plasmas in semiconductors. The transmission- and reflection-
type imaging systems are described and some examples of measurements are shown. Finally, the application of
the THz technology to fusion plasmadiagnostics is proposed.
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1. Introduction

The electromagnetic waves called terahertz (THZz)
waves have been an unexploited region until recently.
This region amost coincides with the far-infrared region
(Fig. 1) and is sometimes defined as the frequency region
of 0.1~10THz (1 THz= 10 Hz). 1 THz= 33.3cm™ and
corresponds to the wavelength of 330um. The technol-
ogy of generating THz waves has made great progress re-
cently after the invention of the method of generating THz
broadband pulses using femtosecond lasers [1-3]. There
are various characteristic excitations in a number of ma-
terials which can be probed by THz waves as shown in
Table 1. This technique has started to be applied to vari-
ous fields from basic science to industry (Fig. 2). Quite re-
cently, THz spectroscopy has been applied to the measure-
ment of the time evolution of discharge gas plasmas[4, 5]
and dust forming plasmas [6].

In this paper, we review the recent development of
THz techniques using femtosecond lasers intending to ap-
ply them to fusion plasmadiagnostics in the future.
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Fig. 1 Frequency range of THz waves.
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Table 1 Various excitationsin THz region.

Material Excitation
Semiconductor Free carrier, Phonon, Plasmon, LO phonon-
plasmon coupled mode, Cyclotron resonance,
Magnetoplasma
Ferroelectrics Soft mode

Superconductor Superconducting energy gap, Quasiparticle
excitation, Intrinsic Josephson plasma, 2D-
super carrier plasmon-polariton

Photonic crystal Photonic band

Liquid Relaxation mode
Gas Rotational mode, Plasma
Biomolecule Vibrational mode, Collective excitation
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Fig. 2 Possible applications of THz technology.

2. Emission  and Detection of THz
Waves Using Femtosecond Lasers

THz radiation can be emitted from various materi-
als and devices by exciting them with femtosecond lasers
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Fig. 3 Schematic diagram of THz emission and detection sys-
tem.

[2,3]. It is emitted from semiconductor photoconductive
antennas (Auston switches), semiconductor surfaces, non-
linear optical crystals, superconducting devices and films,
etc. The emitted THz radiation can be detected by the
coherent detection method by gating the detecting de-
vices (photoconductive antennas or electro-optic crystals)
by femtosecond laser pulses. Here, we briefly explain the
emission and detection methods of THz wave pulses by
semiconductor photoconductive antennas.

Figure 3 showsthe schematic diagram of emission and
detection of THz waves by femtosecond laser pulses. The
optical pulses (~800nm wavelength, ~100fs timewidth,
and ~100MHz repetition rate) are delivered from a fem-
tosecond laser and focused on a photoconductive antenna.
The photoconductive antenna is a thin film of a photo-
conductive semiconductor (low-temperature grown GaAs
is frequently used) with electrodes having a small gap in-
between on a substrate. The electrode is voltage biased. A
transient photocurrent flows in the gap with the irradiation
of the femtosecond pulses and the THz pulses are emit-
ted into free space. The detector is aso a photoconductive
antenna but connected to a current amplifier. The detector
is triggered by gate pulses split from the main pulses and
time-delayed with a delay circuit. The gate pulses hit the
electrode gap of the detector photoconductive antenna and
the generated photo carriers are accelerated by the electric
field of the THz pulses. The output current is proportional
to the electric field of the THz pulses. By scanning the op-
tical delay, thewave forms of the THz waves are measured.

Figure 4 (a) shows the typical wave form of the THz
pulse. It has a very narrow time width of 0.25ps. Figure
4 (b) shows the power spectrum obtained by the Fourier
transformation of thewaveform in Fig. 4 (a). The spectrum
extends from nearly 0 to 150cm™ (4.5 THz).

3. THz Time-Domain Spectroscopy
and Its Application to Solid State
Plasmas

Thereis aunique THz spectroscopy using the method

—-—
=
h=3

51.0F

8

2050 0.25 ps ;

g -

£ 2

c

f:U 0 rl‘ &

c

il

w_os L 1 1 1 1 I 10" L L i
-10 0 10 20 30 40 0 50 100 150

Delay Time [ps] Wavenumber [cm ]

Fig. 4 (a) Typical THz wave form and (b) power spectrum.
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Fig.5 Procedures for deducing complex optical constants from
the measurement of THz wave forms.

of emission and detection of THz waves excited by fem-
tosecond lasers[7,8]. Since the wave form can be obtained
by the system in Fig. 3, the real and imaginary parts of the
optical constants (complex refractive index i = n — ik,
complex dielectric constant € = &; — igz, complex elec-
trical conductivity 6 = o1 — io, €tc.) are obtained at
once by measuring the waveforms E; (t) and Es(t) with and
without a sample as schematically described in Fig. 5. This
spectroscopic method is called “THz time-domain spec-
troscopy (THz-TDS)". Thesampleisaplane-parallel plate.
The complex transmission amplitude, which is described
by the power transmittance T and the phase shift ¢, is ob-
tained by the complex Fourier transformation of the wave
forms. Since T and ¢ are functions of the complex refrac-
tive index, n and « are obtained by solving the equation
shownin Fig. 5. From fi, £ and ¢ are obtained.

As atypica example, the results of a P-doped n-type
Si wafer are shown in the following [9]. Figure 6 shows
the temperature dependence of the THz wave form trans-
mitted through the sample. The wave forms transmitted
through the sample are delayed relative to the reference
pulse with decrease in amplitude. The amplitude increases
with decreasing temperature and the delayed pulse dou-
bly reflected in the sample appears. Following the proce-
durein Fig. 5, the real and imaginary parts of the complex
electrical conductivity are deduced asshownin Fig. 7. Itis
known that the electrical conductivity of doped Si is well
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Fig. 6 Temperature dependence of the THz wave form transmit-
ted through doped Si.

(a) Real part (b) Imaginary part

Fig. 7 Temperature dependence of (a) thereal and (b) imaginary
parts of the complex electrical conductivity of doped Si.

explained by the Drude model with the constant param-
eters, carrier density ne and collision rate y [10]. In this
model, the complex conductivity at an angular frequency
wisgiven by

0 (w) = igowd/(w +iy),

wp = \/Ne€2/ oM.

where n¥, &g, and e are the effective mass of the carrier,
dielectric constant of vacuum, and electronic charge, re-
spectively. By fitting the experimental data to the Drude
model, the temperature dependence of the carrier density
and mobility is obtained. Thismethod is noncontacting and
without magnetic fields, which is different from the Hall
measurement, and a spatial resolution of ~1 mm is possi-
ble when the incident THz beam is well focused.

Next, we show an example of the measurement of the
magneto-optical effect [11, 12]. The sample is the same
as that used in Figs.6 and 7. We specially designed and
constructed a magneto-optical THz-TDS system using two
closed-cycle He refrigerators (Gifford-McMahon refriger-
ators) for cooling a superconducting magnet and a sample
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Fig. 8 Schematic diagram and photographs of the magneto-
optical THz-TDS system.
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Fig. 9 Cyclotron resonance of doped Si.

as shown in Fig. 8. The generated THz pulse travels along
the bore of the magnet and is reflected back by a V-shaped
mirror on a cold stage of the refrigerator. The magnetic
field is applied pardlel to the THz beam (Faraday config-
uration). To avoid the influence of the mechanical oscil-
lation of the refrigerators on the data, we monitored the
oscillation by an acoustic sensor attached on the refrigera-
tor for sample cooling and sampled the data synchronously
with the acoustic signal. The wave forms were measured
for two mutually orthogonal polarization directions. From
the wave forms, the ellipticity and rotation angle of the
polarization ellipsoid are deduced. Figure 9 shows the el-
lipticity and rotation angle spectra of the sampleat 6 T and
50K. Two clear dips of the ellipticity and dispersion in the
rotation angle spectrum correspond to the cyclotron reso-
nances for longitudinal and transverse effective mass car-
riers in the six valleys near the X points in the Brillouin
zone. Both dlipticity and rotation angle spectra are well
fitted by the Drude modd. Such spectra can be obtained
naturally by the THz-TDS method in contrast to the stan-
dard far-infrared Fourier transform spectroscopy, in which
the tedious procedure of measuring the polarization prop-
erty by rotating the polarizer is necessary.

The THz-TDSisalso powerful for measuring the rota-
tional transitions of gases[13, 14]. Figure 10(a) showsthe
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Fig. 10 (a) THz wave form and (b) transmission spectrum of
methanol gas.

wave forms before and after the methanol gasisintroduced
in the samplecell. The wave form with the gas corresponds
to the so-called free induction decay after passing of the
incident THz wave pulses. Fig. 10 (b) shows the transmis-
sion spectrum corresponding to the rotational transitions
obtained by the Fourier transformation of the wave forms
in Fig. 10(a). The THz-TDS is effective in identifying gas
Species.

Applications of the THz-TDS method to gas plas-
mas have just started quite recently by severa groups. The
transmission THz-TDSwas applied to the characterization
of discharge gas plasmas. From the delay time dependence
of the transmitted THz wave form, the time evolution of
the plasma parameters, i.e. the density and collision rate,
has been deduced by the Drude mode analysis as well as
solid state plasmas [4,5]. The THz-TDS was also applied
to the detection of moleculesin dust forming plasmas[6].

4. THz Imaging

THz waves have unique transmission properties:
1) Plastics, papers, and ceramics transmit THz waves

rather well.
2) Liquid water absorbs THz waves strongly.
3) THz waves are safe for human bodiesin contrast to ion-
izing electromagnetic waves such as X rays.

4) THz waves are not transmitted for long distance in air.

Based on these properties, the THz imaging is ex-
pected to be used in various purposes [15, 16]. Here, we
show some THz imaging systems and their applications.
There are two types of imaging method asshownin Fig. 11
schematically. Fig. 11 (a) shows the conventional imaging
method with a focused THz beam, where the transmis-
sion or reflection is measured with changing the focus-
ing position in the plane perpendicular to the beam direc-
tion. The two-dimensional imaging with the combination
of an electro-optic (EO) crystal and C-MOS or CCD cam-
era has also been developed. The other imaging method
caled THz emission imaging shown in Fig. 11 (b) can be
applied to samples which themselves are THz emitters ex-
cited by femtosecond laser pulses. By scanning the focused
laser beam on the sample and detecting the THz waves, the
THz emission image is obtained. The emission intensity

(a) THz transmission and
reflection imaging

(b) THz emission imaging

focused THz beam scan focused
or optical beam
2D imaging T scan
THz wave optical beam THz wave
THz wave

sample sample

Fig. 11 Schematic illustrations of two types of THz imaging.

P
&

C
( ) Fixed time delay

(V] LT st s kMt i
10 20 30 40 50 60 70

El
Wavenumber /cm

Extinction Coefficient
o o
SR
T
Igtric Field / a.u.

"
"
o

% o B W o

Position [mm]

s

12

0 2 4 6 8 10 12 14
Position [mm]

Fig. 12 (a) Absorption spectrum of the plastic bomb C-4 and (d)
the THzimage of asmall piece of C-4 inthe envelope. (b)
and (c) indicates the correspondence of the wave forms
and positions in the envelope.

image reflects the built-in electric field on semiconductor
surfaces, voltage applied on integrated circuit, supercur-
rent density in superconductors, and so on depending on
the emission mechanism.

Figure 12 (a) shows the absorption spectrum of aplas-
tic bomb C-4 [17]. The spectrum has characteristic fea-
tures. Plastic bombs in mails can be detected by the THz-
TDS method since the paper is transparent to the THz
waves. A small sample of C-4 in an envelope is placed at
thefocal point of the THz beam. By fixing the optical delay
time and trand ating the sample two-dimensionally perpen-
dicular to the beam direction, the image of the small piece
of C-4 isabtained as shown in Fig. 12 (d).

The scanning type THz imager takes considerable
time to obtain the two-dimensional image. Zhang and
coworkers have proposed and demonstrated the real-time
imaging system with the combination of the ZnTe EO
crystal and the CCD camera [18]. Figure 13 shows the
schematic diagram of the real-time two-dimensional imag-
ing system using the ZnTe crystal and C-MOS camera
developed by our group [19]. The amplified femtosecond
laser is operated at 1kHz. The intensity distribution in the
beam of the probe pulse after transmission through the
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Fig. 13 Schematic diagram of the real-time THz imaging system.

Fig. 14 Real-time THz imaging of the plastic samplein the enve-
lope. (c) showsthe THz image.

ZnTe crystal is modulated spatially owing to the Pockels
effect by the THz electric field and the THz image con-
verted to the optical oneisformed on the C-MOS camera.
However owing to the imperfection of the ZnTecrystal, the
inhomogeneous background appears even without the THz
waves. Therefore, we chopped the femtosecond laser pulse
exciting the THz emitter at 500 Hz, resulting in the succes-
sive series of probe pulseswith and without modulation by
the THz waves. With the real time subtraction of the sig-
nals with and without THz pulsesin the C-MOS device, a
clear image without abackground dueto the ZnTe inhomo-
geneity is obtained. Figure 14 showsthe real time imaging
experiment of a plastic sample put into an envel ope.

The reflection imaging method is effective for investi-
gating the inner structure of samples [20]. Since the THz
waves are in the form of very short pulse and the wave
forms can be detected in time domain, tomographic imag-
ing is possible by using the emission and detection system
in Fig. 15 like a supersonic echo imaging. Figure 16 shows
the reflection image of a Japanese coin. Fig. 16 (b) shows
the reflected wave forms at two different positions on the
coin showing different arrival times of the reflected pul ses.
We trandated the sampl e two-dimensionally and get wave
forms at each point. Fig.16(c) shows the various kinds
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Fig. 15 Schematic diagram of the reflection-type THz imaging
system.

of images; images at various frequencies, amplitude im-
age, and delay timeimage. The spatial resolution increases
with increasing frequency. The time delay image reflects
the surface structure of the coin directly.

The reflection imaging can be applied to the tomo-
graphic imaging of the surface of a human body. Unfor-
tunately, the strong absorption due to liquid water prevents
the THz waves from penetrating into the skin more than
~100pum. However, the imaging of the nail is possible as
shown in Fig. 17. The boundary between the nail and inner
skin is clearly seen in this tomographic image.

5. Summary

Recent THz technol ogies using femtosecond lasersin-
cluding spectroscopy and imaging are described. The THz-
TDS is applied to the characterization of solid state plas-
mas in doped Si, which can be analyzed by the Drude
model. The THz imaging is effective for detecting objects
concealed in mails. The reflection imaging is effective in
measuring the surface and inner structure of objects.

Until now, the main focus of THz applications has
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been on solid materials. However, some groups have no-
ticed the effectiveness of the THz-TDS and imaging in
the diagnosis of gas plasmas. Currently, the millimeter
wave reflectometry has been used for the diagnosis of fu-
sion plasmas. However, much higher frequency electro-
magnetic waves are necessary for the diagnosis of fusion
plasmas of ITER. One possible solution of this problem is
to use pulsed THz waves excited by a femtosecond laser
as pointed out by Vayakis et al. [21] and Tokuzawa et
al. [22] The time delay of the THz pulse reflected by the
plasma corresponds to the distribution of the electron den-
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Fig. 16 Reflection images of the coin.

Distance (mm)
nail |
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sity as shown in Fig. 18. However, the average intensity of
the THz radiation excited by present femtosecond lasersis
of the order of 10uW, which may be insufficient to probe
large scale plasmas for fusion. The deflection of reflected
THz pulses will be also a severe problem because the de-
tection area of the present photoconductive antenna is of
the order of ~100pum?. A strong THz source excited by a
high intensity laser and broad area detector will be needed
for the practical use for the diagnosis of ITER plasmas.
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