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We demonstrate generation of high-power, multicycle, and frequency-tunable terahertz pulses with

microjoule energies by tilting the intensity front of a quasi-sinusoidal intensity-modulated optical

waveform. The spatiotemporally shaped waveform undergoes difference-frequency mixing in lithium

niobate, generating a THz phonon-polariton wave whose electromagnetic component is coupled out

to free space. The narrowband THz spectrum is tunable between 0.3–1.3 THz, with adjustable

bandwidths generally less than 0.1 THz. At 10 Hz and 1 kHz repetition rates, 10 lJ and 1 lJ THz

pulse energies are achieved, respectively, over a broad frequency range. VC 2011 American Institute
of Physics. [doi:10.1063/1.3624919]

Intense single-cycle terahertz (THz) pulses with micro-

joule energies1 have become an essential tool for the emerg-

ing field of nonlinear THz optics and spectroscopy.2–5 The

THz generation technique is based on nonresonant optical

excitation of coherent phonon-polaritons through impulsive

stimulated Raman scattering in ferroelectric crystals such as

lithium tantalate (LT) and lithium niobate (LN),6–8 with the

THz waveform determined through optical rectification of

the pump pulse. Collinear matching between the group ve-

locity of the near-infrared pump laser light and the phase ve-

locity of the THz phonon-polariton wave cannot be achieved

because of the high THz dielectric constant and refractive

index of the ferroelectric crystals, in contrast to crystals like

ZnTe which have lower THz refractive index but also con-

siderably lower nonlinear coefficients than LN. Noncollinear

velocity matching is possible by using sequences of spatially

and temporally shifted optical pulses9,10 or, most expedi-

ently, using a diffraction grating to tilt the intensity front of a

single pump laser pulse.11,24 The electromagnetic component

of the phonon-polariton wave can be coupled out of the crys-

talline generation medium to produce a free-space THz

pulse.

For many applications, frequency-tunable multicycle

THz pulses would be preferred over typical broadband, near-

single-cycle pulses. For example, the multicycle pulse can

excite a selected resonance without influencing neighboring

modes or simplify the identification of new frequency com-

ponents generated in nonlinear THz processes. Well defined

multi-cycle terahertz pulses can be excited inside ferroelec-

tric crystals by optical waveforms that are shaped tempo-

rally13 or spatially7,12,14 or both,10,14 including a tilted

intensity front with the tilt angle set to match the THz phase

velocity over a narrow rather than broad frequency range in

bulk LN or in a LN slab waveguide.15,24 However, none of

these approaches is optimized for high-energy THz pulses

since each cycle of the multicycle THz field is not pumped

continually by the optical pulse or pulse sequence. Temporal

pulse shaping has been used to generate a multiple-pulse

optical waveform which was then spatiotemporally shaped

with a tilted intensity front,16 but the temporal shaping was

not very versatile. However, if optimized, this approach

should allow generation of high-energy multicycle THz

pulses.

An effective method has been demonstrated for tempo-

ral shaping of an optical waveform for multicycle THz gen-

eration.17 The chirp-and-delay approach yields a quasi-

sinusoidal optical intensity modulation with a specified fre-

quency and number of cycles. An optical pulse with center

frequency x0 is chirped at rate b and split into two parts

which are recombined interferometrically with a relative

time delay s, so that the instantaneous superposed frequen-

cies x¼x0þ bt and x¼x0þ b(t� s) are swept linearly

across the pulse duration. If the time delay is relatively small

compared to the stretched pulse duration, the interference

between two pulses leads to a quasi-sinusoidal intensity

modulation at the constant difference frequency X¼bs
¼ 2s/T0T1, where T0 is the transform limited 1/e field half-

width and T1 is the stretched pulse 1/e field half-width.17 The

number of cycles within the full width at half maximum

(FWHM) of the intensity envelope (Gaussian in profile if the

transform-limited pulse was) can be written as N¼ rs, where

r is the optical pulse bandwidth. Therefore, the modulation

frequency can be continuously tuned by varying the chirp

and/or the delay while the number of cycles can be inde-

pendently controlled by varying only the delay. Chirp-and-

delay optical modulation has been used for THz generation

by optical rectification in semiconductor photoconductive

antennas,17,18 in ZnTe,19 and in a synchrotron electron

bunch.20 However, the pulse energies and peak fields were

relatively low.

In this letter, we demonstrate generation of high power

multicycle frequency-tunable terahertz pulses by combining

chirp-and-delay temporal shaping with tilted intensity front

spatiotemporal shaping to tilt the intensity front of a quasi-si-

nusoidal intensity-modulated optical waveform. This repre-

sents an extension of spatiotemporal shaping of the optical

field from a particularly simple form (single pulse that under-

goes a linear spatial and temporal sweep at a speed set by the

tilted intensity front) to a form that is still relatively simple
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(temporally intensity-modulated waveform that undergoes a

linear spatial and temporal sweep) and that is well adapted

for generation of an important class of THz waveforms—

short multicycle pulses with well defined, tunable frequen-

cies—with the high pulse energies and field amplitudes that

noncollinear velocity matching in LN can provide. Com-

pletely reconfigurable spatiotemporal shaping of the optical

field can be employed for generation of arbitrary THz wave-

forms in LN,8 but the present approach is simpler and sup-

ports higher optical pulse energies for generation of intense

frequency-tunable THz pulses.

The experimental layout is shown in Fig. 1. Near-infra-

red optical pulses with 6 mJ energy at 1 kHz repetition rate

were produced from a two-stage commercial Ti:sapphire am-

plifier system, and the compressor grating spacing was

reduced to generate positively chirped pulses with durations

around 10 ps. A 1% beam splitter was used to split off the

THz readout pulse which was subsequently recompressed to

the transform limit by a separate compressor. A homemade

Gires-Tournois etalon made by a partial reflector (38%

reflection efficiency) and a high reflector was used to intro-

duce the variable time delay between chirped pulses. Each of

the first and second reflections has 38% of the incident light,

which is the primary contribution to the intensity modulation.

Each higher reflection has 38% of the previous one among

the rest of the pulses with total 24% of the incident light. The

advantages of this arrangement compared with a Michelson

interferometer are common path optics for interferometric

stability of the superposed chirp-and-delayed pulses and neg-

ligible pump power loss because multiple reflections all

propagate collinearly and contribute to difference-frequency

mixing in the THz generation crystal. A third-order cross-

correlation between the chirp-and-delayed output and a trans-

form limited readout pulse is shown in Fig. 2. The Fourier

transform (Fig. 2 inset) reveals some second harmonic of the

selected difference frequency due to the superposition of

multiple reflections in the etalon.

The chirp-and-delayed waveform was sent to the same

tilted intensity front setup as reported earlier.1 A 2000 line/

mm grating was used to achieve the appropriate intensity

front tilt in the �1 diffraction order, and a single 80 mm

focal length spherical lens was used to image the grating sur-

face onto the LN crystal. The beam was about 10 mm in di-

ameter at the grating and 5 mm diameter at the LN surface.

Approximately, 2/3 of the optical pulse energy reached the

LN crystal. The input surface of the LN crystal was AR

coated for 800 nm, and the crystal was specially shaped in

order to couple the THz phonon-polariton wave at normal

incidence into air. The THz radiation was directed and

focused by two off-axis parabolic mirrors into a ZnTe crystal

for electro-optic sampling measurement or into a Microtech

pyroelectric detector for pulse energy measurement.

With 6 mJ near-infrared optical pulses at 1 kHz repeti-

tion rate, multicycle terahertz pulses were generated with

energies up to 1.5 lJ. The THz center frequencies were tuned

through adjustment of the etalon mirror separation, and at

each separation, the THz output was optimized through

adjustment of the intensity front tilt angle to optimize veloc-

ity matching for the selected THz frequency. The adjust-

ments were small because the phonon-polariton dispersion

curve in this frequency range is nearly linear in LN. The

THz frequency tuning range was between 0.3 and 1.3 THz,

and the bandwidths of the pulses were generally less than

0.1 THz. Fig. 3 shows THz waveforms throughout this tun-

ing range. The second harmonic components of the optical

waveform modulations were mostly filtered out by the THz

FIG. 1. (Color online) Schematic illus-

tration of the experimental setup. Line-

arly chirped pulses were spatially

overlapped with a varied time delay

through a homemade Gires-Tournois

etalon, and the intensity front was tilted

through a grating-lens combination. A

transform limited readout pulse was

used to measure the THz field profile

through electro-optic sampling and also

to measure the chirp-and-delay optical

waveform through cross-correlation. k/2,

half waveplate; k/4, quarter waveplate;

P, polarizer; OPM, off-axis parabolic

mirror; PD, photodiode; and WP, wol-

laston prism.

FIG. 2. (Color online) Third-order cross-correlation measurement between

the chirp-and-delay etalon output and a transform limited readout pulse

through optical Kerr effect in silica glass. The Fourier spectrum of the inten-

sity modulations is shown in the inset.
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generation process. Comparison between the optical inten-

sity modulation frequencies measured through cross-correla-

tion as in Fig. 2 and the THz frequencies measured through

electro-optical (EO) sampling as in Fig. 3 showed good

agreement. We note, however, that for each chirp-and-delay

setting of the optical modulation frequency, adjustment of

the 1-lens imaging system to optimize the THz output energy

caused a significant change in the THz frequency, up to 20%

at the highest frequencies. We believe that this is due to a

small but significant amount of chirp among the diffracted

frequency components in the tilted intensity front near the

image plane, as has been discussed.21,22 This would effec-

tively change the chirp-and-delay parameters and, therefore,

would change the optical modulation frequency to a value

somewhat different from that measured without the tilted

intensity front.

In order to generate higher multicycle pulse energies,

some experiments were conducted using a 10 Hz, 35 mJ op-

tical pump pulse with the same chirp-and-delay and tilted in-

tensity front setup. Fig. 4 shows the resulting waveform and

Fourier spectrum of a multicycle pulse centered at 0.50 THz.

The THz output had over 10 lJ energy. The phase shift in

the field trace and the dip in the corresponding Fourier spec-

trum around 0.56 THz are due to water vapor absorption.

In summary, we have demonstrated generation of multi-

cycle frequency-tunable THz pulses with energies up to 10 lJ,

with the narrowband THz spectrum tunable between 0.3–

1.3 THz. We believe higher energies are possible since we

used the same focusing for the pump light that we normally use

for an unmodulated short pump pulse, even though the modu-

lated pump is far longer in duration and lower in intensity.

With optimal focusing, the saturation regime should be reached

and the optical-to-THz conversion efficiency in the two

schemes should be comparable, yielding spectral brightness

approximately proportional to the number of cycles in the THz

pulse.23 Cooling of the LN crystal to reduce THz attenuation24

could provide further improvements in conversion efficiency

and THz tuning range.
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FIG. 3. (Color online) (a) THz field traces measured through electro-optic

sampling and (b) the normalized Fourier spectra, generated with 6 mJ near-

infrared chirp-and-delay tilted intensity front waveforms at 1 kHz repetition

rate.

FIG. 4. (Color online) A THz field trace measured through electro-optic

sampling and the normalized Fourier spectrum, generated with a 35 mJ

near-infrared chirp-and-delay tilted intensity front waveform at 10 Hz repeti-

tion rate.
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