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Importance of terahertz frequency region
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Absorption of Liquid Water

Microwave cooker
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THz-Imaging
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E, . btuch of cument THz research revolves
"}_-, around spectral specificity and trans-
mission properties. The THz frequency

B. B. Hu and M, C. Nuss, Opt. Lett. 20, 1716 (1995) Kawase (Nagoya/Riken), Nikon 5
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THz-detection
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THz-wave generation with second-order

non-linear oEticaI process
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Phase matching condition
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THz-wave detection

Photocurrent
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Non-linear THz spectroscopy

).
> Z(z)
State of the art in our laboratory ~ |- ’ >

(Kumiko YAMASHITA, 2005) :  E(t) gectro optic sambling

— Estimation was made by EO sampling technigue.
Al I
— =-I'=-27r—n°r,|E;,|=0.2
I A
Optical pump: A =800nm 485 mW (485 uJd /pulse)
ZnTe(=1mm, n=3.2, r,;=4X10*m/V)

P..,= 100 pJ/pulse, 10 nJ/cm?, 10 kW/ cm?, |E.,,,|~1kV/cm=100kV/m

THz THz

Typically, for the non-linear spectroscopy in visible region,
we need a MW/cm? class laser.
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Time-domain spectroscopy (TDS)

IS a powerful tool In THz reqion
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Terahertz Time-Domain Spectroscopy (THz-TDS)
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Compact THz-ATR spectrometer

Double-ellipsoid mirrors with
a semispherical ATR prism. Nikon
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Importance of terahertz frequency region
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Electric Field [arb.u.]

Mode-softening in KTaO, crystal

Ichikawa, Tanaka et al.: Physical Review B 71(2005) 086509.
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Dielectric function in KTaO,

Ichikawa et al.: Physical Review B 71(2005) 0865009.
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Dielectric Constant

Static dielectric constant

Ichikawa et al.: Physical Review B 71(2005) 086509.
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Isolated bases — DNA: first step
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B. M. Fischer, M. Walther, and P. Uhd Jepsen, Phys. Med. Biol. 47 3807 (2002) Courtesy of Peter Uhd Jepsen 22




Evanescent wave in ATR

Internal total reflection condition

Evanescent wave
for p-polarization

0, >0, = Sin{nzj
nl
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[ n ksiné.
H, |=|B exp(—ﬂz)exp{ - » = X—a)tj TM mode with large k,
O 2
" A\ T™ mode Enable to excite
E, A surface modes.
E |= OWexp(ﬂz)expi(nlksme'” x—a)tj
eva y n,
E.) \C)

exponentially decaying 1
away from the interface waves Kyoto University 2006 Ghiay




Surface plasmon in semiconductor
with THz-ATR

ATR

Phase shift A¢ [rad/n]

H. Hirori, M. Nagai, and K. Tanaka, Optics Express, 13, (26), 10801-10814 (2005).
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Dielectric constant in doped semiconductor
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H. Hirori, M. Nagai, and K. Tanaka, Optics Express, 13, (26), 10801-10814 (2005).
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Pump and probe spectroscopy

“How many-particle interactions develop after ultrafast
excitation of electron-hole plasma”

R. Huber, F. Tauser, A. Brodschelm, M. Bichler, G. Abstrelter and A. Leitenstorfer
Nature. Vol.414 (2001) 286
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Superconducting gap

Field Strength (arb. units)

“Far-infrared optical conductivity gap in superconducting MgB,, films”

R. A. Kaindl, M. A. Carnahan, J. Orestein, D. S. Chemla, H.
M. Christen, H. Y. Zhai, M. Paranthaman and D. H. Lowndes Phys. Rev. Lett. 88 (2002) 027003
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TD-ATR spectroscopy in water
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Nagali, et al., Int. J. IRMMW, 27, 505 (2006).
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Relative dielectric const.
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Non-linear THz spectroscopy

State of the art of the THz pulse power using fs laser

Pump power THz power
Ti: Al,O4 laser /pulse | average /pulse | Electric field
(Vicm)
Amplifier@1KHz 650 mW 650 uJ 0.1uW 125 pJ 1 KV/cm
Oscillator with magnetic 1500 mW | 18.75nJ 650 pW 8.125pJ | 0.25 KV/cm
field (Sarukura 1.7T, 650 MW | 8.125nJ 110 yW 1.375pJ 0.1 KV/cm
@80MHz)
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Non-linear THz spectroscopy

e Cherenkov radiation

32



Non-linear THz spectroscopy

 Basic idea of velocity matching by pulse front using

Cherenkov effect with non-linear crystal
A. G. Stepanov, J. Hebling and J. Kuhl et al., Appl. Phys. Lett. 83, 3000 (2003).
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FIG. 1. Schematic illustration of the THz generation by tightly focused (a)
and front tlted (b) femtosecond laser pulses propagating in an electro-

optical crystal. Black ellipses and gray areas depict laser and generated THz
pulses, respectively, at three different instants of time (f;<Iry<f3).
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FIG. 2. Experimental setup used for the THz generation by femtosecond

laser pulses with tilted pulse fronts.
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Non-linear THz spectroscopy

 High power single cycle THz generation using tilted
femtosecond light sources
J. Hebling and J. Kuhl et al., Appl. Phys. B 78, 593-599 (2004).

gr ph
Vvis. >> VTHz

gr .
Vi - COSY = Vi .

gr
r.lv << IqTHz

Material r (pm/V) d (pm/V) Mlyk ng' ATHz 2 (em™ FOM (pm?/V2)[] FOM, (pmZcm?/V2)
CdTe 4.5% 81.8 2.92% 3.73 3.2320 10.5

GaAs 1.43% 65.6 3.68!8 4,18 3.61 352

GaP 0972 24.8 3.18!8 3.57 3.3418 5.0

ZnTe 4,047 68.5 2.8717 3.31 3.17%0 106

GaSe 1.715 28.0 2.8517 3.13 3.7216 5300

LiTaO 30.526 161 2.14525 2.22 6.4221 04

LiNbO; 30.9%6 168 2.159% 2.23 5.16%!




Non-linear THz spectroscopy

 High power single cycle THz generation using tilted

THz pulse energy (nJ)

femtosecond light sources : Recent status

A. G. Stepanov and J. Heebling et al., Optics Express 13 5762 (2005).
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10 o i ¢ i R
) O Tilted pulse ° 4%
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] . - S
1 Eo (] ® Tilted pulse . 2 EE
£ O r : 1w
"o 1,
0.1 N RPN DU BEPEN PR |

1
Pump energy (uJ) 0O 100 200 300 400 500

Fig. 1. Measured energy of THz pulses generated by the tilted pulse front (red circles) and line
focusing (open blue squares) set-ups versus the energy of the 780 nm pump laser pulses (upper
left part). Energy conversion efficiency versus the pump energy for the tilted pulse front set-up

(lower right part).

P.,= 100 nJ/pulse, 10 nJ/cm?, 10 MW/ cm?, |E,,| ~30kV/cm=3MV/m 35



