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Spatiotemporal control of ultrashort laser pulses using intense single-cycle terahertz pulses
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We demonstrate that the intense electric field of a subpicosecond single-cycle terahertz pulse can control and
manipulate the temporal, spectral, and spatial phase of a copropagating ultrashort laser pulse through the
Pockels effect in an electro-optic crystal. In the temporal and spectral domains, the single-cycle THz pulse can
impart either a positive or a negative quadratic phase modulation to the probe pulse, leading to a spectral shift,
broadening, or pulse expansion or compression. While acting in the spatial domain, the THz-induced phase
modulation induces a lenslike effect, providing focusing or defocusing of the copropagating probe beam. The
experimental results are in good agreement with simulations. Our study gives a comprehensive picture of the
nonlinear spatiotemporal dynamics in the high-field regime driven by the intense single-cycle THz pulse.

DOI: 10.1103/PhysRevA.78.043813

I. INTRODUCTION

When an intense optical pulse propagates through a non-
linear medium it causes a change of the refractive index,
which in turn induces a phase shift. The associated optical
phenomenon is referred to as the Kerr or Pockels effect,
depending on the order of the nonlinear effect. The Kerr
effect in the temporal domain results in self-phase-
modulation (SPM); but it can also occur in the spatial do-
main, where it produces self-focusing or self-defocusing,
which is known as Kerr lensing [1-3]. When a weak probe
pulse co-propagates with the intense pulse through the non-
linear medium, the probe pulse undergoes a phase modula-
tion due to the temporal and spatial variation of the nonlinear
index of refraction originating from the intense primary
pulse, leading to a substantial modification of the temporal,
spectral, and spatial profile of the probe pulse. Such a pro-
cess is defined as cross-phase modulation (XPM), and has
been extensively studied via the third-order Kerr effect [1,2].
The same concepts apply to the second-order Pockels effect,
except that now the induced index change is driven by the
electric field instead of the intensity. When the Pockels effect
is used for XPM, the incident light pulse usually experiences
periodic sinusoidal phase modulation, which generates side-
bands at frequencies that are the sum and difference of the
carrier frequency of the incident light and integer multiples
of the modulating frequency of the applied electric field. The
amplitude of each pair of sidebands is given by Bessel func-
tions [3]. However, this may not be the case if the applied
field is far from sinusoidal and contains few or only one field
cycle. Such a study is essentially unexplored and thus repre-
sents a novel and interesting subject for ultrafast science. In
recent years, with advances in ultrafast technology, it is pos-
sible to generate intense single-cycle and near-single-cycle
electromagnetic pulses of subpicosecond temporal duration
by a variety of methods and sources [4-9]. These pulses
have center frequencies in the terahertz range, and consist of
one electric field oscillation under the pulse envelope. Their
peak electric field is very high, and varies rapidly from one
half cycle to the next, which can be used as an ultrafast
electric-field pulse. In this work, we demonstrate that an in-
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tense single-cycle THz pulse induces nonlinear phase modu-
lation in an electro-optic crystal via its strong electric field
through the Pockels effect. The time-dependent phase modu-
lation is used to manipulate the temporal, spectral, and spa-
tial characteristics of a weak copropagating laser probe pulse
that is short compared to the time variation of the THz pulse.
By adjusting the time delay of the probe pulse to coincide
with different portions of the single-cycle THz pulse, the
probe pulse can develop either positive or negative temporal,
spectral, and spatial phase modulation. In the spectral do-
main, it leads to spectral broadening with either a positive or
negative frequency chirp; in the temporal domain, it leads to
pulse expansion or compression when combined with group
velocity dispersion (GVD); in the spatial domain, the result
is focusing and breakup or defocusing. In analogy to Kerr
lensing, we call this lensing effect “Pockels lensing.” Our
study also indicates that the intense single-cycle THz pulses
open a new regime in ultrafast and nonlinear optics.

II. EXPERIMENTAL SETUP

The experiments were carried out by using the coherent
THz source developed at the National Synchrotron Light
Source of Brookhaven National Laboratory [7]. A schematic
diagram is shown in Fig. 1(a). The THz pulses are generated
using a subpicosecond relativistic electron bunch through co-
herent transition radiation. The electron bunches, containing
on the order of 10'° electrons, are accelerated to ~120 MeV
and then compressed to less than ~1 ps [full width at half
maximum (FWHM)]. The transition radiation is produced by
the interaction of the electron bunches with a metal target,
which results in subpicosecond single-cycle THz radiation
with spectral content up to ~2 THz. The THz wave form is
measured by a single-shot electro-optic (EO) sampling tech-
nique using a chirped laser pulse [10], and is shown in Fig.
1(b). A Ti:sapphire laser amplifier produces a transform-
limited pulse of ~120 fs (FWHM) at 795 nm, which is em-
ployed as a probe and is actively synchronized with the
radio-frequency clock of the accelerator. The probe pulse
copropagates with the THz pulse through a 1-mm-thick ZnTe
crystal such that the electric-field vector of the THz is paral-
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lel to the ZnTe [001] direction and the probe polarization
perpendicular to the [001] direction [11]. The group delay
dispersion induced by the ZnTe and the transport optics is
compensated for by a grating compressor. The spot size at
the EO crystal position is ~1 mm for the probe beam and
~2 mm for the THz. A wire mesh attenuator is used to limit
the THz energy on the ZnTe crystal to ~35 uJ. The corre-
sponding E-field strength at the ZnTe crystal is estimated to
be ~4X 107 V/m for which the refractive index change in
ZnTe is dominated by the Pockels effect; the Kerr effect can
be neglected [7,12]. Experiments are conducted to measure
the spectrum, the spectrogram, and the spatial profile of the
probe as a function of the time delay between the THz and
the probe pulses, all recorded simultaneously for each pulse
with a spectrometer, a second-harmonic generation (SHG)
frequency-resolved optical gating (FROG) device, and a
charge-coupled device (CCD) camera. The intrinsic
direction-of-time ambiguity present in the retrieved pulse
from the SHG FROG device was removed by an additional
FROG measurement after chirping the probe pulse with a
piece of glass of known group velocity dispersion.

III. TEMPORAL AND SPECTRAL CHARACTERISTICS

The temporal and spectral measurement results are shown
in Fig. 2. The cartoon shown in column 1 of Fig. 2 illustrates
that the probe pulse interacts with different parts of the
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FIG. 1. (Color) (a) Schematic
diagram of single-cycle THz-
induced cross-phase modulation
on a copropagating ultrashort laser
pulse in a nonlinear medium. (b)
Measured single-cycle THz wave
form.
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single-cycle THz pulse by changing the time delay. The sec-
ond column shows the measured FROG traces of the probe
pulse for each time delay. The FROG trace is a three-
dimensional graph, with time on the horizontal axis, fre-
quency on the vertical axis, and intensity encoded as color.
The reconstructed FROG traces are visually identical to the
measured traces and are not shown. The retrieved pulses in
the time and frequency domains, including intensity and
phase, are shown in columns 3 and 4. The independently
measured probe spectrum is plotted in column 5 for compari-
son, and it closely matches the retrieved spectra. The first
row of Fig. 2 shows that the probe phase in the absence of
THz is constant over the pulse duration and the spectrum,
and hence represents a nearly transform-limited pulse. As the
probe is scanned across the single-cycle THz E field, the
spectrum is shifted toward the blue when the probe overlaps
the central zero crossing of the THz FE field, and toward red
at the leading and trailing edges, as shown in the second,
fourth, and sixth rows of Fig. 2. The wavelength shift is
accompanied by a small asymmetric spectral broadening and
the probe pulse is slightly chirped. The central wavelength of
the probe is shifted as much as ~10 nm toward the blue side
and ~6 nm toward the red.

The temporal variation of the THz E field not only leads
to a wavelength shift but also introduces a spectral broaden-
ing of the probe pulse. By adjusting the time delay between
the probe and the single-cycle THz pulses, the maximum
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i FIG. 2. (Color) Temporal and

spectral effects of cross-phase
modulation with an intense single-
cycle terahertz pulse. Column 1, a
cartoon illustrating that, with a
change in the time delay, an ul-
trashort probe pulse (red) interacts
with different parts of a single-
cycle THz pulse (green). Column
2, measured SHG FROG traces as
a function of time delay between
the THz and probe pulses. Col-
umn 3 and 4, retrieved intensity
(black) and phase (red) in time
and frequency domains. Column
5, independently measured probe
spectra.
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spectral broadening takes place when the probe pulse over-
laps with the crest or trough of the THz E field. The corre-
sponding FROG traces can be seen in the third and fifth rows
of Fig. 2. The spectral broadening is extended to over
~30 nm, and both the spectral and temporal phases are pre-
dominately parabolic, indicating that the THz E field im-
posed a nearly linear chirp across the probe pulse. Note that
the spectral shapes of the probe at the crest and the trough
are nearly identical, but the phase is reversed and the fre-
quency chirp is changed from positive to negative. Therefore
the probe phase can be tuned between positive and negative
by changing the delay between the THz and probe pulses.
Physically, this can be understood by the fact that if the
probe pulse is short compared to a half cycle of the single-
cycle THz pulse, when overlapped at the crest or trough, the
phase modulation imparted on the probe is approximately
quadratic and therefore the instantaneous frequency is nearly
linearly chirped. Since the THz E field changes polarity from
positive to negative, the sign of the phase modulation re-
verses. The spectral phases are fitted to a polynomial, and the
resulting positive and negative quadratic phase coefficients
are ~7.5X 10% and ~=2.6 X 10° fs?, respectively. The probe
pulse is slightly broader when it interacts with the crest.
While at the trough, the pulse is ~30 fs shorter, and is ac-
companied by a pedestal on the leading and trailing edges.

Such a spectrally broadened pulse can be compressed by
passage through a dispersive element with either positive or
negative GVD, depending on the sign of the chirp that the
probe pulse acquires. For example, by adjusting the delay of
the probe pulse to coincide with the crest of the single-cycle
THz pulse, the phase modulation imparts a positive chirp on
the probe pulse that, in turn, can be compensated for using a
grating or prism compressor. When overlapped with the
trough, the probe pulse develops a negative chirp, which can
simplify the compressor to a flat plate of material such as
fused silica. Assuming all the chirps could be compensated,
the 30 nm bandwidth could support a transform-limited
pulse of ~30 fs duration.

Numerical modeling is performed for comparison with
the temporal and spectral experiments. The copropagation of
the THz and the probe laser in a nonlinear dispersive me-
dium can be described by a set of coupled nonlinear
Schrodinger equations [ 1],

JE, 1 0E, B, PE,

— A+ ———+i
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where the indices 1,2 indicate the probe and THz pulses,
respectively, E is the pulse envelope, 8 is the GVD coeffi-
cient, v is the group velocity, z is the coordinate along the
propagation direction in the nonlinear medium, and  and 7y
are the second-order Pockels and third-order Kerr coeffi-
cients, respectively. Note that there is a factor of 2 difference
between the third-order XPM and SPM. Under our experi-
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FIG. 3. Calculated phase shift and frequency shift versus time
induced by a single-cycle THz pulse. (a) Normalized phase shift
and (b) normalized frequency shift.

mental conditions, the probe is weak so it does not affect
itself (no SPM) or the strong THz pulse. Since the THz peak
E field in our study is no more than 5 X 107 V/m, for ZnTe,
E,> 27y, E3. Therefore, the SPM term |E7|E; and the third-
order XPM term 2|E3|E; in Eq. (1) can be neglected.

We first ignore GVD effects and explore the nonlinear
phase shift Ag(r) induced by the single-cycle THz pulse on
the probe through second-order XPM. In this approximation,
an analytical solution can be found, given by Ag(¢)
=(2mx?/no\)) [EE5(t— az)dz; where \, is the central wave-
length of the probe pulse, ng is the linear refractive index of
ZnTe, L is the ZnTe thickness, X(z) is the second-order sus-
ceptibility, and the walk-off parameter a=1/v,—-1/v, is cal-
culated to be 150 fs/mm. The calculated phase shift [Fig.
3(a)] is proportional to the THz E field, although the walk-
off leads to an overall reduction in the accumulated phase
shift. The temporal variation of the induced frequency shift
Sw [Fig. 3(b)] has several interesting features. First, when
the probe interacts with different segments of the THz pulse,
dw is negative (redshifted) near the leading and trailing
edges, and Sw is positive (blueshifted) at the zero crossing.
Second, the probe acquires a positive chirp when scanned
across the leading edge to the zero crossing of the THz pulse.
The maximum spectral broadening occurs when the probe
overlaps with the crest of THz pulse, and its frequency chirp
is positive and linear. Third, the frequency chirp remains
linear but reverses sign from positive to negative when the
probe pulse is scanned from the zero crossing to the trailing
edge. The second maximum of the spectral broadening oc-
curs when probe coincides with the trough of the THz pulse,
and the probe acquires a negative frequency chirp. This is
consistent with the FROG measurements shown in Fig. 2.

We then numerically solved the nonlinear propagation
equations by using a split-step Fourier method [1]. Figure 4
shows the simulation results of the spectral and temporal
evolution of the probe pulse as it interacts with different
portions of the single-cycle THz E field, in which the effects
of both the GVD and XPM are taken into account. Note that

043813-3



SHEN et al.
10} No THz
05t
00
10 At=-320fs
0.5
00 , E
~ 10f At=-190fs 10f
:‘g 43
ost ost 1
: ' g
g 00 00 3 &
~ 10} - oF ®
= At=0fs 2 3
i 8
g os} Y
8 o _ -2
i At=190fs 10f 3
0.5 JL 0st 0
00 00 13
10 A=320fs 10 2
os | 0st 0
&
00 e 00 = ; [
-300-200-100 0 100 200 300 770 780 790 %00 810 820

Time (fs) Wavelength (nm)

FIG. 4. (Color) Temporal and spectral shapes of the probe pulse
as it is scanned across the single-cycle THz FE field from numerical
simulation. Spectral phase is shown by the red line.

the probe acquires a maximum quadratic phase but with op-
posite polarity when it is temporally overlapped with the
crest or trough of the THz pulse. When the probe overlaps
with the crest of THz E field, both the THz-induced XPM
and ZnTe dispersion impose a positive chirp on the probe
pulse. The interplay between the XPM and GVD increases
the amount of spectral quadratic phase, leading to a broad-
ening of the pulse, and leaves the pulse with a positive fre-
quency chirp. The situation is different when the probe pulse
overlaps with the trough of the THz E field, at which the
XPM-induced frequency chirp is negative while the ZnTe
dispersion-induced chirp is positive. The two chirp contribu-
tions can cancel each other along the center portion of the
probe pulse, leading to a pulse shortening, and the probe
pulse is left with a residual amount of negative quadratic
phase. This is in agreement with the FROG measurements
shown in Fig. 2.

IV. SPATIAL CHARACTERISTICS

The THz-induced phase modulation also affects the spa-
tial profile of the probe laser. The intensity profiles of the
probe laser are measured for different THz E-field strengths
and for different time delays between the THz and the probe
laser. The CCD camera is located ~15 cm away from the
sample. Figure 5(a) shows the spatial profile of the probe
laser when the THz is not present. When the time delay is
varied such that the probe coincides with the crest of the
THz, there is a clear contraction of the beam, indicating fo-
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FIG. 5. Measured spatial profile of the probe beam. (a) Without
THz, and Epy,=(b) 2.5X 107, (c)=4.0x 107 (d) 4.5X 107 (e) 5.0

X107, and (f) —=4.0X 107 V/m.

cusing. The beam size decreases with increasing THz E field,
as shown in Figs. 5(b) and 5(c). With a further increase of the
THz E-field strength, the probe beam breaks up into two
spots and then collapses into a complex pattern with several
hot spots, as illustrated in Figs. 5(d) and 5(e). However,
when the probe overlaps with the trough of the THz pulse,
the probe beam size is broadened and defocused, as shown in
Fig. 5(f).

The physical origin of such a lensing effect can be under-
stood by the fact that the distribution of the THz E field is
both time and space dependent, and this leads to a phase
modulation not only in time, but also in space [13]. Consider
a THz pulse with a beam radius a propagating through ZnTe.
If the THz E field’s transverse profile is approximated by a
parabola, the resulting phase shift is given by Ae¢(r,?)
=27 P Em,()LIng\][1-(r/a)?]. This quadratic phase
variation is equivalent to a lens of focal length f
=noa®/ 2x'? Exy,(t) L. The focal length of the induced lens is
controllable by changing the THz E-field strength and can be
as short as ~35 cm with Eqy,=4 X 107 V/m. As the probe
copropagates with the single-cycle THz pulse through the
ZnTe and coincides with the crest of the THz pulse, we have
Ery, >0, and therefore Ag(r,t) >0. The THz pulse together
with the EO crystal acts as a positive lens, imposing a con-
verging wave front on the probe and thereby focusing it. If
the time delay is adjusted to overlap the probe with the THz
trough, then Etpy, <0 and A¢(r,r) <0, and the induced posi-
tive lens switches to a negative lens. In analogy to Kerr
lensing, we call this lensing effect Pockels lensing. It is dif-
ferent from the conventional Kerr lensing effect in that it is
able to focus or defocus a light beam in the same nonlinear
medium by simply switching the relative phase.

The beam breakup cannot be explained by the thin lens
approximation, which is valid only if the THz-induced phase
shift is small. For a large phase shift, this approximation
breaks down. Under our experimental conditions, the effects
of self-focusing of the probe itself and induced focusing by
third-order Kerr effects can be neglected. Since the laser
probe pulse width is much shorter than that of the THz pulse,
the induced lensing effects occur on a time scale such that
the change of the refractive index and phase shift do not
evolve significantly. Therefore, the evolution of the probe
and THz beams can be described by the following nonlinear
coupled equations [1,2]:
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where k is the wave vector, and the indices 1,2 indicate the
probe and THz pulses, respectively. For simplicity we con-
sider only one transverse coordinate x, and the initial probe
and THz beams are assumed to be Gaussian in the transverse
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plane. Figure 6 shows the simulation result, which illustrates
the beam breakup with increasing THz E-field strength.

V. CONCLUSIONS

In summary, we demonstrated that an intense single-cycle
THz pulse can induce cross-phase modulation in an electro-
optic crystal via its strong electric field through the Pockels
effect. The temporal, spectral, and spatial effects of XPM on
a weak laser probe pulse as it copropagates with the intense
single-cycle THz pulse were investigated, and the experi-
mental results are in good agreement with our numerical
modeling. Our study gives comprehensive pictures of the
nonlinear spatiotemporal dynamics in the high-field regime
driven by an intense single-cycle THz pulse. The THz-
induced XPM effect has important features that can be used
to control and manipulate weak copropagating ultrashort op-
tical pulses in the temporal and spatial domains. Our study
also indicates that the single-cycle THz pulse with a high-
peak E field offers unique opportunities for studying novel
THz-induced nonlinear optical phenomena in the single-
cycle regime.
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