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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�
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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.
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generation setup using the tilted-pump-pulse-front scheme

and the EO sampling setup, respectively. For a pump source,

we used an amplified Ti:sapphire laser that provided a pulse

energy of 4 mJ, a full width at half-maximum �FWHM� in-

tensity of 85 fs, a central wavelength of 780 nm, and a rep-

etition rate of 1 kHz. The optical pulses from the oscillator

with a repetition rate of 80 MHz synchronized with the am-

plified pulses were used for the EO sampling.

To match the noncollinear velocity of the pump vp
gr and

THz pulses vTHz in the LN crystal for efficient THz genera-

tion, i.e., vp
gr cos �=vTHz, we tilted the pump-pulse front

angle � by using the grating and two cylindrical lenses, as

shown in Fig. 1�a�. The angle � is described as below:
16

tan � =
m�0p

np
gr�1 cos �d

, �1�

where m, �d, and p are the diffraction order, diffraction

angle, and groove density of a grating, respectively. �0 and

np
gr are the central pump pulse wavelength and group refrac-

tive index of the LN crystal at the pump pulse wavelength,

respectively, and �1 is the horizontal magnification factor of

the lenses for the pump-pulse front. The LN crystal angle

�LN in Fig. 1�a� should be the same as the � for the THz

pulse coming out perpendicularly to the LN output face.

To obtain optimal THz beam characteristics and pump-

to-THz conversion efficiency, the tilt angle � of the grating

image inside the LN should coincide with that of the pump-

pulse front � because the temporal pump-pulse duration

across the image of the grating is approximately minimal.

The tilt angle � is described as follows:
16

tan � = n�2 tan �d, �2�

where n is the refractive index of the LN crystal for the

pump pulse and �2 is the horizontal magnification factor of

the lenses for the grating image.

Figure 2 shows the calculated curves of the horizontal

magnification factors �1 for the different grating grooves and

�2 as functions of �d.
17

When the magnification factors have

a same value, the condition of matching the angles is ful-

filled. For efficient generation of around 1 THz, we have set

� and �=62° in Eqs. �1� and �2�.
18

As shown in Fig. 2, the

curve �1 for the grating groove of 1800 cm−1 �solid line�
and �2 �dashed line� have the same value of 0.59 when �d

=55.7°. In the actual setup, the horizontal magnification fac-

tor of f2 / f1=�1=�2=0.6, which is close to the calculated

ideal value of 0.59, is realized by using 4f-lens geometry as

shown in Fig. 1�a�.
Figures 3�a� and 3�b� show the THz intensity image and

cross-section profiles at 45 mm from the LN output surface,

respectively. The THz intensity image passing through a 300

GHz width band-pass filter for 1 THz �Murata Manufactur-

ing Co., Ltd., MMBPF40-1000�, can be measured by a 320

�240 pixel uncooled microbolometer THz camera with

23.5 �m pixel pitch from NEC Corporation �model IRV-

T0830�. In Fig. 3�b�, the solid lines show the corresponding

Gaussian fits, and diameters at FWHM in vertical and hori-

zontal directions are 1.9 mm and 1.3 mm, respectively. The

image is vertically elongated because the incident pump

pulse with a spot diameter of 5.2 mm at FWHM was hori-

zontally magnified with a factor of 0.6 and there are residual

imaging errors and THz absorptions in LN.

Figure 3�c� shows the spot size as a function of propa-

gation distance. The THz beam has a divergence of

54�5 mrad and −5�5 mrad in horizontal and vertical di-

rections, respectively. The fairly collimated beam with radi-

ally symmetric Gaussian beams shown in Figs. 3�b� and 3�c�
indicates that the THz generation optics with 4f-lens geom-

etry can make the angle of the grating image coincide with

that of the pump-pulse front. Otherwise, the spatially asym-

metric intensity profile and strong divergence of THz beam

could be induced.
16

To obtain the maximized peak THz field, the generated

collimated THz beam confirmed by the THz camera mea-

surement should be expanded, collimated, and focused

tightly. As shown in Fig. 1�b�, we developed the focusing

geometry onto the EO crystal by three off-axis parabolic mir-

rors PM1, PM2, and PM3, assuming the collimated THz

beam source rather than the point source.

Figures 4�a� and 4�b� show the THz temporal profile,

measured by THz EO sampling with a 300 �m thick GaP

detection crystal, and its Fourier components, respectively. In

the EO detection, six high-resistivity Si attenuaters were in-

serted to reduce the field amplitude before the GaP detection

crystal.
19

The maximum modulation of the balanced photo-

detector signals IA and IB measured at the peak THz field,

i.e., �IA− IB� / �IA+ IB�, is 0.44 with the Si attenuators; this

value corresponds to the electric field of 1.2 MV/cm without

the Si attenuators.
20

The spectrum in Fig. 4�b� has a maxi-
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mum intensity around 1 THz and absorption lines caused by

water vapor because dry air purging was not performed.

Figures 4�c� and 4�d� show the THz image and intensity

profiles, respectively, at the focused point after the last off-

axis parabolic mirror �PM3 in Fig. 1�b��. The intensity pro-

files in Fig. 4�d� show that the both THz spot diameters at

FWHM in vertical and horizontal directions were around

300 �m. The small spot size close to the diffraction limit

implies that our designed focusing optics shown in Fig. 1�b�
directs a sufficiently tightly focused THz beam. The total

pulse energy was estimated to �2 �J by integrating the THz

intensity both temporally and spatially,
21

and the energy con-

version efficiency was �1�10−3. THz pulse energy ob-

tained by a pyroelectric detector �MicroTech Instruments�
indicates a larger value of �3 �J.

In conclusion, we generated single-cycle THz pulses us-

ing the tilted-pump-pulse-front scheme with LN crystals. The

careful control of the pump-pulse front improved the beam

characteristics of THz pulses with an optimal pump-to-THz

conversion efficiency. The spatial shape and divergence of

the THz beam leaving the output face of the LN crystal was

characterized by the THz camera, and it is found that the

THz beam can be regarded as a collimated rather than point

source. The designed focusing geometry, assuming genera-

tion of the collimated THz beam source, enabled us to tightly

focus the THz beam with a spot size of �300 �m for 1

THz, and the peak THz electric field of 1.2 MV/cm with

energy conversion efficiency of �1�10−3 were obtained.

We are grateful to Mitsuru Namiki for valuable discus-

sions and also to Iwao Hosako and Kazuhiko Oda for letting

us use the THz camera. This study was supported by a Grant-
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21760038� and from MEXT of Japan �Grant Nos. 18GS0208

and 20104007�.
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FIG. 4. �Color online� �a� Measured THz temporal profile and �b� its Fourier

components. �c� The THz image measured at the focused point after the last

off-axis parabolic mirror �PM3 in Fig. 1�b��. �d� Cross-section intensity

profiles of the THz image in �c� with Gaussian fits.
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