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Outline

• Nonlinear Optics and Extreme Nonlinear Optics

• Terahertz Nonlinear Optics

• Terahertz Nonlinear Response in Graphene

Up =
e2E2

4mω2
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What is Nonlinear Optics ?

∇× E = −∂B

∂t

c2∇×B =
∂E

∂t
+

1
�0

∂P

∂t

∇ · E = − 1
�0
∇ · P

∇ · B = 0

Maxwell equations in medium

P ∝ χ(1)E + χ(2)EE + χ(3)EEE + · · ·

Polarization P ∝ χE ( E << interatomic electric fields )
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What is Nonlinear Optics ?

P ∝ χ(1)E + χ(2)EE + χ(3)EEE + · · ·

1064 nm 532 nm

→E ∝ e−iωt →P ∝ e−i 2ωt E ∝ e−i 2ωt

http://www.kalaser.com/

What happens when the “energy” of light becomes 
comparable or larger than  
a characteristic energy of the system.
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Characteristic Energies

Ponderomotive energy
Rabi energy
Bloch energy
Cyclotron energy
Tunneling energy

�ΩR ∝
√

I

�ΩB ∝
√

I

�ωc ∝
√

I

�Ωtun ∝
√

I

The energy associated to the light intensity

Carrier photon energy 
Binding energy
Rest Energy

�ω0

Eb

m0c
2

The characteristic energy of the system

Up ∝ I
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Characteristic Energies

Ponderomotive energy

Carrier photon energy 
Binding energy
Rest Energy

�ω0

Eb

m0c
2

The energy associated to the light intensity

The characteristic energy of the system

Up ∝ I

An average kinetic energy of a electron 
in the oscillating electric field

Up =
e2E2

4mω2
∝ I
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W/cm2

Nonlinear Optical Phenomena with Visible Laser

Cosmic background radiation
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Electron-positron pairs generation from vacuum

Photo-nuclear fission

Tunneling of electrons from atoms

Nonlinear optics of the vacuum

Relativistic nonlinear optics of electrons
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Links Among 
the Hierarchies

Visible Laser → Terahertz-wave

Vacuum→ “Vacuum” in a semiconductor

Electron-positron pairs→ Electron-hole pairs
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Terahertz Wave

1 THz ～ 4.14 meV   <<   visible light ( ～ 2 eV )

Elementary excitation in solid
• Exciton binding energy
• Lattice vibration energy
• Superconductor gap
                                         etc...

Temporal waveform measurement is possible!

Coherent single cycle pulse is available!
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Terahertz Nonlinear Optics

• Coherent control of intra-excitonic state

• Light-induced superconductivity in cuprate

• Extraordinary carrier multiplication

Terahertz Nonlinear Phenomena

High Power Terahertz-wave Generation

S.Leinß, et al., Phys. Rev. Lett. 101, 246401 (2008) 

D.Fausti, et al., Science 331, 189 (2011) 

H.Hirori, K.Tanaka, et al., Nature Comm. 2, 594 (2011) 

350 M. D. Thomson, M. Kreß, et al.: Photoinduced plasma-THz emission

highly desirable, allowing one to measure both far- and
mid-infrared absorption signatures (and their coupling) si-
multaneously [12, 13] or ultrafast dynamics of charge car-
riers and excitations [14].

A promising alternative for THz generation involves
emission from a photoinduced plasma in a gaseous
medium, as was first demonstrated by Hamster et al.
[15, 16]. By focusing femtosecond pulses with energies
greater than a few 10’s of µJ, one readily reaches the
threshold intensities for ionization of the gas molecules
(∼ 1014 W cm−2), leading to significant plasma forma-
tion. As the emitter target (gas) is endlessly replenishable
for each laser shot, there is no question of a damage thresh-
old for such an emitter. The THz emission mechanism in
their experiments was based on the radial acceleration
of the ionized electrons due to the ponderomotive force
generated by the radial intensity gradient of the optical
beam [16], leading to a conical THz emission at an angle
to the direction of propagation (Fig. 1a).

Since then, other plasma-based THz generation (and
detection) schemes have been demonstrated, also shown
in Fig. 1, which provide stronger THz emission than the
ponderomotive mechanism with the emission in the for-
ward propagation direction. In analogy to biased solid-
state emitters, Löffler et al. [17, 18] applied an external
DC bias to the plasma region to generate a transverse po-
larization (the “DC-bias” method, Fig. 1b) that resulted in
at least an order-of-magnitude increase in the THz field

Fpond

EDC

+

+

(a) Ponderomotive (b) External DC-bias

(c) -2 (AC-bias)! ! (d) Few-cycle

(e) Detection

Figure 1 Overview of different plasma-based THz genera-
tion techniques.

strength (with the maximum attainable THz emission be-
ing limited by screening of the applied bias). At about the
same time, Cook et al. [19] demonstrated another method
to introduce the required transverse bias, i.e. by using a
superposition of both fundamental and second-harmonic
(SH) pulse fields to generate the plasma (which we re-
fer to as the ω-2ω, or AC-bias method, Fig. 1c). Indeed,
the use of two-color fields for generating asymmetric elec-
tron dynamics in the photoinduced plasma was already
well established (e.g. [20]). As the frequency of the optical
AC-bias is well above the plasma frequency, this method
does not suffer from the strong screening effects of the
DC-bias method. Since then, we [11, 21, 22] and other
groups [23–27] have studied the AC-bias method exten-
sively and the peak THz fields obtained to date are the
highest from the gas-plasma emitters. Hence this method
has emerged as the optimal choice for plasma-THz gener-
ation, and can be employed even for pulse energies well
into the mJ range [26].

More recently, additional plasma-THz techniques have
been reported. We have shown that in the case of few-
cycle pulses (i.e. with < 10 fs duration), no additional SH
field is required in order to observe the THz emission
(Fig. 1d) [28, 29], the amplitude of which now depends
strongly on the carrier-envelope (CE) phase of the pulses,
creating a useful application for determining the CE-phase
itself, bringing THz methods to the emerging field of at-
toscience. In another report [30] it was demonstrated that
the quasi-inverse process – i.e. sampling detection of an
existing THz pulse – is also possible with a photoinduced
plasma (Fig. 1e). Given the highly nonlinear nature of the
plasma generation mechanism, it is conceivable that the
bandwidth for both THz generation and detection are con-
siderably larger than for conventional second-order non-
linear processes. For the case of ponderomotive plasma-
THz emission, Xie et al. [31] have shown that the THz
pulse can be enhanced by passing through a second pho-
toinduced plasma.

Whilst the conventional compact plasma-THz sources
discussed above use a relatively short focal length (typi-
cally 50–200 mm), other reports have dealt with the THz
emission from long (meter-scale) plasma filaments [32–
35] which are sustained by a balance between nonlin-
ear focusing by air and plasma defocusing. The authors
of [33] observe a conical emission in the forward direction
whose origin they attribute to a Cerenkov-type mechanism
from the laser-pulse induced plasma wake. This means of
plasma-THz generation has the unique property that one
can generate the THz at a significant distance from the
optical source and hence avoid significant THz propaga-
tion losses due to absorption and diffraction. However,
these methods of plasma-THz generation fall outside the
scope of the present paper, which focuses on more com-
pact sources.

In this review, we aim to summarize the experimental
state of affairs for the plasma-THz generation technique
(focusing on the AC-bias method) as well as to place the
existing simplified models from the literature into perspec-

c© 2007 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org

M.D.Thomson, et al., Laser & Photon. Rev. 1, 349 (2007)

Air plasma methodTilted wavefront method

Single-cycle terahertz pulses with amplitudes exceeding 1 MV/cm
generated by optical rectification in LiNbO3

H. Hirori,1,2,a! A. Doi,2,3 F. Blanchard,1,2 and K. Tanaka1,2,4
1Institute for Integrated Cell-Material Sciences, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan
2CREST, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan
3Olympus Corporation, Hachioji-shi, Tokyo 192-8512, Japan
4Department of Physics, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

!Received 26 January 2011; accepted 8 February 2011; published online 2 March 2011"

Using the tilted-pump-pulse-front scheme, we generate single-cycle terahertz !THz" pulses by
optical rectification of femtosecond laser pulses in LiNbO3. In our THz generation setup, the
condition that the image of the grating coincides with the tilted-optical-pulse front is fulfilled to
obtain optimal THz beam characteristics and pump-to-THz conversion efficiency. By using an
uncooled microbolometer-array THz camera, it is found that the THz beam leaving the output face
of the LN crystal can be regarded as a collimated rather than point source. The designed focusing
geometry enables tight focus of the collimated THz beam with a spot size close to the diffraction
limit, and the maximum THz electric field of 1.2 MV/cm is obtained. © 2011 American Institute of
Physics. #doi:10.1063/1.3560062$

Recent successful developments in efficient high-power
terahertz !THz" pulse generation has created many promising
applications such as in large-scale object imaging, medical
diagnosis and treatment, and remote sensing techniques for
security issues.1,2 In addition, intense THz pulses allow for
study of unexplored nonlinear phenomena such as coherent
THz manipulation of quantum states,3,4 high-order harmonic
generation,5 nonlinear optical processes, and nonlinear trans-
port phenomena in solids.6–12

Since Hebling et al.13 !2002" proposed a tilted-pump-
pulse-front scheme for efficient phase-matched THz pulse
generation using LiNbO3 crystals, the technique has been
rapidly developing. This technique has demonstrated the pos-
sibility of THz pulse generation with energies on the scale of
10 !J by using an amplified Ti:sapphire laser with low rep-
etition frequencies.14,15 To make the technique versatile for
applications and useful for study of unexplored nonlinear
phenomena, a generation setup to obtain optimal THz beam
characteristics and a maximized THz peak field is required.
A recent detailed analysis of the scheme predicted that the
imaging errors in the setup consisting of a grating and lenses
can lead to distortion in THz intensity profile after the
LiNbO3 output surface.16 This distortion could create strong
and ambiguous divergence in the THz beam, causing inaccu-
racy in optimal optis design for THz measurement, thereby
limiting its applications.

In this paper, we report the generation of single-cycle
THz pulses using the tilted-pump-pulse-front scheme with a
1.3 mol % MgO-doped stoichiometric LiNbO3 !LN" crystal.
In the THz generation setup, the condition that the image of
the grating coincides with the tilted-optical-pulse front is ful-
filled to obtain optimal THz beam characteristics and pump-
to-THz conversion efficiency. The propagation characteris-
tics of the THz beam leaving the output face of the LN
crystal were measured by an uncooled microbolometer-array
THz camera. The results show that the THz beam had diver-
gence of 52"5 mrad in the horizontal direction for 1 THz.

The designed focusing geometry for the collimated THz
beam enables tight focus onto the electro-optic !EO" crystal
with a spot size of around 300 !m for 1 THz, and a peak
THz electric field of 1.2 MV/cm and energy conversion ef-
ficiency of %1#10−3 are obtained.

Figures 1!a" and 1!b" show schematics of the THz pulse

a"Electronic mail: hirori@icems.kyoto-u.ac.jp.
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FIG. 1. !Color online" !a" Schematic of the THz pulse generation setup for
the tilted-pump-pulse-front scheme. The 4f-lens configuration consists of
two cylindrical lenses L1 and L2 with respective focal lengths of 250 and
150 mm in horizontal direction. The grating we used has a groove density of
1800 cm−1. The incident angle $i and diffracted angle $d of the grating are
set at 35.3° and 55.7°, respectively. The LN prism angle $LN is 62°. A
half-wave plate !not shown" between L1 and L2 changes a polarization of
pump pulse from horizontally to vertically direction. !b" Schematic of the
EO sampling setup. The off-axis parabolic mirrors PM1, PM2, and PM3
have effective focal lengths of 10, 100, and 50 mm, respectively. Their
respective diameters are 10, 50, and 50 mm. M: mirror, WP: Wollaston
prism, PD: photodetector.

APPLIED PHYSICS LETTERS 98, 091106 !2011"

0003-6951/2011/98"9!/091106/3/$30.00 © 2011 American Institute of Physics98, 091106-1

H.Hirori, K.Tanaka, et al., APL 98, 091106 (2011)

1.2 MV/cm @ 0.8THz
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Links Among the Hierarchies

Up =
e2E2

4mω2

Ponderomotive energy

Carrier photon energy 

Binding energy

Rest Energy

�ω0

Eb

m0c
2

10 eV with 1 MV/cm 
@ 1 THz 

Visible　→　THz

106 times larger

103 times smaller
103 times smaller
105 times smaller
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Relativistic Massless Electrons in Solid : Graphene

Graphene

Monoatomic layer carbon material

E = ±�vF k

Conduction band

Valence band

Dirac cone
Linear dispersion
Relativistic massless electrons
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Experimental Scheme

THz Pulse

800 nm
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Results : Typical THz-induced Transparency in Near-infrared Region
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Origin of THz Induced Transparency

EF
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dt
= e �E

800 nm probe

Holes

EF

800 nm probe

Hole distribution in the momentum space
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Carrier Scattering Process

Thermalize

kx

ky

EF

Electric field

800 nm probe

f(�k, t)Boltzmann equation for
∂f

∂t
+

e �E

� · ∂f

∂�k
=

∂f

∂t

����
col

=
∂f

∂t

����
e−e

+
∂f

∂t

����
h−h

+
∂f

∂t

����
OPE

• No screening
• ωTO = 160 meV
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Time Development of Hole Distribution

ETHz = 300 kV/cm
EF   = - 200 meV

0 100-100 t [fs]

300 kV/cm

800 nm transition

Hole distribution in the momentum space

Parameters are chosen to reproduce experimental results.

E
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Simulation Results

Carriers may not be enough.

ETHz = 300 kV/cm
EF = - 200 meV
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Interband Carrier Scattering

Impact Ionization

h → h + h + e

⇒ Carrier multiplication

e → e + e + h

Auger Recomibination

h + h + e → h

⇒ Carrier annihilation

e + e + h → e

Pair Creation Recombination

F.Rana, Phys. Rev. B 76, 155431 (2007)
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Simulation With Interband Carrier Scattering

Carrier multiplication is important in extreme nonlinear regime.
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Summary : Thank you for your attention
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Huge THz induced transparency 
over 14% is observed at 800 nm.

THz-field driven carrier dynamics is 
investigated with transient absorption 
measurement in NIR region.

Carrier multiplication with interband 
carrier scattering is essential in high 
field dynamics.
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Backup Slides
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Conduction Band

Valence Band
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Outline

Experiment
• THz pump - NIR transient absorption measurement.
• Induced transparency over 14 % at 800 nm by THz 
wave.

Simulation
•Monte Carlo simulation including carrier-carrier and 
optical phonon scattering.
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Graphene

•Monoatomic layer carbon material

•Characteristic band structure
➡Massless electrons

•High conductivity at T = 300 K
➡ Promising material for 
ultra high-speed nano devices
 Graphene transistor, graphene LSI, etc... 
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High Field Carrier Dynamics in Graphene

Voltage ～ 1 V
Length  ～ 10 nm

→ Electric Field ～ 0.1 V/nm = 1 MV/cm

Typical Nano Device

High electric field ⇒ Extremely non-equilibrium state
For future applications such as high-speed devices,
ultrafast carrier dynamics under high field is important.

Under high DC field
•Drift velocity saturates by phonon scattering.

→ Difficult to understand ultrafast response
→ Averaged dynamics

J. Phys. Cond. Mat. 21 (2009) 344201
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High Field Carrier Dynamics in Graphene

Near-infrared transient absorption measurement
with single cycle THz pulse excitation
→ Apply high electric field in very short time duration
→ High time resolution ～ 50 fs

Requirement

Solution

According to optical-pump optical-probe measurement
•Carrier-carrier scattering ：2 ～ 10 fs
•Optical phonon emission ： 100 ～ 400 fs

To investigate ultrafast carrier dynamics under high field,
time resolution better than 100 fs is required.

29



Experimental Condition

Sample
• CVD growth graphene
•On SiO2 substrate
• Transmission 97 % at 800 nm
• T = 294 K

Probe pulse

• 800 nm
• Pulse width：50 fs

Delay time Δt

THz pulse

• Air plasma method
• Field : ～300 kV/cm
• Pulse width：100 fs

Transmission 
measurement

ΔOD = ODTHz - ODref

J.Dai, et.al., Phys. Rev. Lett. 103, 023001 (2009)
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Results : Typical THz-induced Transparency in Near-infrared Region
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Results : Field Dependence
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Summary : Experimental Results
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Origin of THz Induced Transparency
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Carrier Scattering Process
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Time Development of Hole Distribution
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Parameters are chosen to reproduce experimental results.
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Simulation Results

Carriers may not be enough.
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Interband Carrier Scattering

Impact Ionization

h → h + h + e

⇒ Carrier multiplication

e → e + e + h

Auger Recomibination

h + h + e → h

⇒ Carrier annihilation

e + e + h → e

Pair Creation Recombination

F.Rana, Phys. Rev. B 76, 155431 (2007)
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Simulation With Interband Carrier Scattering

Carrier multiplication is important in high field dynamics.
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Simulation : Carrier Multiplication
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Summary : Thank you for your attention.
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investigated with transient absorption 
measurement in NIR region.

Carrier multiplication with interband 
carrier scattering is essential in high 
field dynamics.
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Angle Dependent Temperature
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Monte Carlo Simulation: Total Momentum
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Hole total momentum in kx direction
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Monte Carlo Simulation : Phonon Scattering
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Carrier Scattering

Thermalization
・Momentum
・Energy
→ Scattering occurs
only in radial axis

Conservation law
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