IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 33, NO. 3, MARCH 1997 329

Experimental Demonstration of Pulse
Shaping and Shortening by Spatial Filtering
of an Induced-Phase-Modulated Probe Wave

A. Dreischuh, I. Buchvarov, E. Eugenieva, A. lliev, and S. Dinev

Abstract—An asymmetrically induced phase modulation re- [23]. Self-deflection (or self-bending) of an asymmetrical CW
sulting in an intensity-dependent spatial beam deflection and |aser beam was observed by Swartzlareteal. [24]. Induced
a subsequent spatial filtering have been used for all-optical yefiection and focusing in a self-defocusing medium have been

pulse shaping and shortening. A compression factor of eight and . .
controllable symmetrical super-Gaussian pulses and pulse trains reported [20], [21]. Self-deflection in GSand subsequent

have been observed in a good agreement with previous analysesspatial filtering through a slit placed in the far-field region
in a pump—probe beam configuration. have been used to shorten picosecond laser pulses [14]. In

Index Terms—Laser beam distortion, nonlinear optics, optical a recent paper, dynamical pr.op'erties of light-bending effects
pulse shaping. have been analyzed and optimized [15].

In a previous paper, we have proposed a new technique
for shaping and shortening of optical pulses, based on their
induced deflection and slicing [13].

IGHT pulses of special temporal shapes are neededThe aim of this work is to provide experimental evidences
in many areas of modern optics [1]-[3], e.g., timeen the possibility to change controllably the shape and, si-
resolved spectroscopy, nonlinear optics in fibers, optical comultaneously, to shorten (in time) probe laser pulses. The
munications, and data processing. A variety of pulse-shapiogmparative numerical results presented are in good agreement
techniques, based on different physical phenomena, have besth the experimental data.
developed in recent years. One of these approaches allows
programmable pulse shaping of ultrashort pulsgs by a spatial Il. PHYSICALMECHANISMS
spreading of the spectral components of the light pulse and ) . .
modifying their amplitude and/or phase in order to produce aWhen two intense laser beams copropagate in a third-
spectrum that corresponds to the desired pulse shape [4]-f§flér nonlinear medium, they are incoherently coupled
Alternative approaches include spectral beam deflection [g,/ the cross-phase modulation. In a pump-probe con-
temporal pulse shaping in a grating pair compressor [ldnguratlon, the fefrgctl\_/e-lndex correction a’_[ the probe
cross-phase-modulation-induced compression [11], high-spdaélength/polarization is a result of the pump-induced phase
electrooptic deflection [12], and light-induced deflection anf@odulation (IPM). At a nonzero initial angular deviation
spatial filtering of an optical beam/pulse [13]. and/or off-axial separationrzg between the beams, the

Light-bending effects in Kerr media have been studie@gymmetrical refract.ive—ind'ex corrgction across the probe
extensively during the last few years [13]-[20] because am _shoulql lead to its far-field spatial d_eflect|on. Th|s_ type pf
their potential applications for all-optical control of light2 optically induced prob_e-beam deflection sho_uld be intensity
beams/pulses. These phenomena originate in the refrac e_ndent. _AS a result, if temporally s_ynchromse;c_i puls_es are
index change along/across the nonlinear medium due to s&ffnsidered instead of beams, the leading and trailing wings of
or cross-phase modulation. Spatial phase modulation of € Probe pulse should be less deflected as compared to the
light wave at the entrance face of the nonlinear sampfgntral part of the pulse. In view of the above assumptions,
or acquired during the propagation of the light beam/pulé SimPle spatial filtering of the deflected probe wave (by
along the nonlinear medium plays an important role for trfz diaphragm, slit, etc.) could be expected to result in the
observation of both self- and induced deflection [17], [1gfjeneration of optical pulses of special shapes and reduced
At certain conditions, the spatial phase modulation can affd{ration. From a certain point of view, the physical picture

considerably the temporal behavior of the light pulse [17 escribed is entirely based on the spatio-temporal coupling of
[19]. he two waves involved and the pulse shaping and shortening

ds due to pulse slicing.

I. INTRODUCTION

Self-bending of a light beam due to Kerr effect was first pr
posed by Kaplan [22] and verified experimentally by Brodin

) ) . ) [ll. EXPERIMENTALSCHEME
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Ml Within the NLM of a lengthl/yy,, a nonlinear phase
N (2, y,t) = ksliny M| Ap(z, v, t))? @)

Q-switched
Nd:YAG laser

is induced on the probe beam/pulse. In (1)—(2), the local time

coordinate denoted witlt is normalized to the root mean

square of the pump and probe pulse durations. The use of

normalized units [see also (4)] makes the numerical results

obtained more general (provided the above assumptions are
M2 fulfilled), underlining that all the shaped probe pulses obtained
1 in this way are simultaneously shortened as compared to the
_ - T incoming ones. One hundred time-slices are calculated within
the pulse full-width and a total of 250 are considered in
calculating the filtered pulse-shapes and the time-integrated
Fig. 1. Experimental ?The_me. sn;elk—nqnlineafr Crysteil flor second hasnergy-density distributions of the probe wave [see Fig. 4(a)].
mﬂcmﬁfoﬁg;rat'&g’_zgﬁrﬁg ?n?rgr;“ Dﬂzf:phoragonﬁf'cilSispsﬁoa/')éi’o('j\g"rhe Fresnel—Kirchoff diffraction integral describing the trans-
L—lens; NLM—nonlinear medium. formation of the probe field distribution from the exit of the
NLM

enter a tilted_ bulk _piece of optical glass (OG). Due to the As(@,yt, 2 = InL) = As(@,y, t, 2 = 0)6¢@§L(x,y,t) A3)
wavelength dispersion, the pump and the probe beams appear

with an off-axial separatiom, of approximately 80Q:m (0.6 to the far-field (i.e., to the aperture plane) could be simplified
times the pump beam radius). Both beams are focused Witf7], [25] to a Fourier-transformation integral. At each local
a spherical lensf{ = 50 cm) in a 5-cm-long quivette filled time within the probe pulse, the 2-D Fourier transformations
with nitrobenzene. This nonlinear medium (NLM) posses gin space) are expanded oves6 x 256 grid points. The
orientational Kerr nonlinearity of a picosecond response tinsgability of the results was proved by doubling simultaneously
and a polarization-dependent sign of its orientational nonlinetiie number of the time-slices and the grid-mesh discretization.
susceptibility. The asymmetrically induced phase-modulated

(AIPM) probe beam becomes spatially deflected in the far- V. EXPERIMENTAL ANDNUMERICALRESULTS:

field. The temporally integrated probe beam distribution is COMPARATIVEANALYSIS

recorded with a CCD camera and a frame-grabber. The tim . . -
evolution of the deflected probe beam transmitted trough th(j':Or a better understanding of the results obtained, it is worth

" . X i X . oting that the time-integrated far-field energy density distri-
E?é;'e;ﬂsd;agm:gg; zls rrggi?r:(:\fgl ngg)g PIS';I zzztc’:'%%%_(;g}utions recorded by the CCD-camera could differ significantly
P P y P rom the momentary intensity distribution of the deflected

z
storage oscilloscope. In rea}llty, the spatial filtering of tZSr be wave. In media with instantaneous (with respect to the
deflected probe beam/pulse is a result of the small apertur o? . . ) .

se durations) nonlinear response, this behavior should be

. u
the photod|oder_él mm2)._|n OTder t0 scan across the.pmb%ttributed to the intensity-dependent (self-) induced deflection.
beam cross section, the diode is mounted on a translation st

ag(T‘—‘ig. 2 shows the typical temporal profile of the probe pulses
at the second harmonic of the Nd:YAG laser usgd £ 532
nm). The pulse-width is; = 22 ns FWHM. Along with the
The (2 + 1) dimensional model developed is formulategvell-expressed stability of the shape, the relatively lev4%o)
under the assumption of a negligible linear spatio-tempornalilse-to-pulse energy fluctuation is to be mentioned. Fig. 3
evolution of the beams inside the NLM. Since nanosegresents two typical far-field time-integrated images of the
ond pulses are used, the group-velocity mismatch was afs@be beam. The first one [Fig. 3(a)] shows the probe beam
neglected. These assumptions allow one to treat the timgnsverse profile in the linear regime of propagation. This
coordinate as a parameter. Therefore, within the thin NLMegime corresponds to a pump wave being blocked out and
the asymmetrical IPM should be accounted for in the phage a filter set F (see Fig. 1) suppressing the eventual self-
portrait of the probe wave only. According to the abovection of the probe within the NLM. The latter is ensured in
assumptions, at the entrance face of the NLM, the pump aail measurements. Fig. 3(b) shows the typical far-field time-
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IV. NUMERICALMODEL

probe wave are described by integrated energy density distribution of the probe wave. The
A br=0)= A T )2 21,2 dashed line indicates the interaction axis fee (1)]. Weak
pl@ 42 =0) r0 eng (o = w0)” + 47/ 0} modulation in the wing of the deflected probe beam could be
-exp{—t"} (12)  observed. The enhanced beam cross section is a result of the
and induced probe beam defocusing and deflections&t! (\,) <

Ay(z,y,t,2 =0) = Aypexp {_[x2 + y2]/ag} exp{—t*} 0. At cro_ssed pump f';md_ probe pola_lri_zations, a negative sign _of
(1b) the nonlinear refractive-index coefficient should be expected in
an orientational Kerr nonlinear medium. In order to avoid the
respectively, where, anda, are the corresponding probe andCCD-camera saturation, Fig. 3(a) is recorded with a neutral
pump beam radii, andy is their initial mutual off-axis offset. density filter.



DREISCHUH et al:.EXPERIMENTAL DEMONSTRATION OF PULSE SHAPING AND SHORTENING 331

-
o

G
-
[}

50 mVidiv|

5

Y K

o
o}
RERET

T T
(=]
o]

S
/'y i

[NUNE ANENE W

_—
=]
-]
peabiing
TTTTTT
(=]
[+]

RN R

Hit

A

1\\ 10 nsidiv

Fig. 2. Typical shape of the probe pulses used in the experimgnt(532
nm).
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Fig. 3. Time-integrated grayscale images of (a) the undistorted and (b) the ﬁ 150 A L e .
deflected probe beam. o] 1 1;,— .
In Fig. 4(a), we plot both the time-integrated (solid line) and r 100 5"
instantaneous (dt= 0) far-field probe beam profiles obtained o ] oy
by the numerical model formulated in Section IV. Both slices o 1 Sie
are extracted along the interaction axis [see Fig. 3(b)] i.e., at ﬁ 50 0 50 ieo 150
y = 0. The initial off-axis distance:; = 0.6a,, and the probe- =] ) )
to-pump beam radii ratia, /a, = 0.7 assumed in the model = Coordinate (pixels)
closely correspond to the measured values £ 1.3 mm, (b)

a; = 0.9 mm,zo = 0.8 mm) at the focusing lens. In orderrig. 4. (a) Results obtained from the numerical simulations (solid

to describe adequately the strength of the AIPM, we used I@ri]s—tempogally]averaged )prOEe beamlrgofirl]e;do:ashedd Iine—n;}obe bgram
s : shape at a local time = 0). The vertical dashed line indicates the probe
a flttlng parameter the quantity beam axis in the linear regime of propagation. (b) Time-integrated probe
beam cross section along the interaction axis [extracted from Fig. 3(a)].
N=0"g =20,y=0,2=Ix,t=0)/(21). (4) 9 [ 9. 3@

The goal of this procedure is to achieve a close SIm"anyeam intensity distribution along the interaction axis in the

between the time-integrated far-field probe beam profile from K of th | .
the numerical simulations [Fig. 4(a), solid curve) and the Oncgmmon peax o the pu s¢ (|.e.., at.: 0)- .
‘ ' At a certain pump peak intensity (i.e., at a fixed valué\gf

from the experiment [Fig. 4(b)]. At the typical pulse energy of . . . L
7.5mJand F(;.260-mrr[1 p%mé b)gzam radigspat thFe) entrancegfzcg%tfmal probe pulse shortening can be achieved by filtering the

the NLM, the pump intensity was estimated tohéz = 0) = most deflected part of the probe beam through the aperture [see
150 MW/cn?, yielding | V| = 4.9. This value is estimated points A on Fig. fl(a)—(b)]. The experimenta! result obtaingd
by using the known value of the nonlinear refractive indeXt Presented on Fig. 5(a) and the corresponding 2-D numerical
nlPM =5.5310-14 cm2/W [26] for nitrobenzene, keeping in one—on Fig. 5(b). The duration of the sh_ort pulse obtained
mind that at crossed polarizations the sign of the nonline3#ems less than 3 ns and could be determined more accurately
refractive-index correction for the probe wave is negative [27]Y USing an oscilloscope of broader bandwidth and a faster
This value could be slightly overestimated because of tR@otodiode. The numerical data [Fig. 5(b)] indicate that the
electronic contribution tal"™ [27] and seems to agree wellshape of this maximum shortened pulse should be Gaussian
with the valueN = —4.5 assumed in the rest of this paperi.f Gaussian input pulses are used. The shortening factor in
Several points are denoted identically on Fig. 4(a)—(b), inde experiment is greater than 7, two times higher than the
cating the specific positions of the aperture/photodiode in thge obtained from our 2-D model. This deviation could be
simulation and the experiment, respectively. At these specifigplained in the following way. When axially offset beams
spatial positions, the experimental probe pulse shaping am@¢ focused by a spherical lens, aberrations and angular
shortening will be compared with the numerical simulation. Iheam off-set should be present at the entrance face of the
order to clarify the possibility to form trains of probe pulsesjonlinear medium (see Fig. 1). As shown in [13], small
the dashed curve on Fig. 4(a) presents the transverse prabgular deviations may appear to be better suited for achieving
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Fig. 5. (a) Optimal pulse shortening [experimental result; detector positiéiig. 6. (a) Experimental and (b) numerical results confirming the possibility
point A on Fig. 4(b)]. The corresponding numerical results shows a tempotal generate super-Gaussian signal pulses. [detector position—points B on
symmetry of the transmitted pulse [see point A on Fig. 4(a)]. Figs. 4(a) and (b)].

larger probe-beam deflection and shortening. It is interestingpdulation depth of the experimental pulse shape could be
to note that our(1 + 1) dimensional simulations under theattributed, at least partially, to the relatively slow response of
same conditions yield a shortening factor of 7.5 under thie equipment used. The pair of pulses simulated numerically
same conditions. This fact, however, is to be explained by tise of a better contrast, but the enhancement of the pulse
1-D probe-beam energy redistribution. discretization should lead to even more representative results.
By placing the aperture slightly closer to the linear probe- At a diaphragm/detector position indicated by point D [see
beam axis [in the vicinity of points B on Fig. 4(a)—(b)], superFig. 4(a)—(b)], transmission of a sequence of three pulses
Gaussian signal pulses are generated experimentally [Fig. 6{g)pbserved both experimentally [Fig. 8(a)] and numerically
in an agreement with the numerical simulations [Fig. 6(b)JFig. 8(b)]. Each signal pulse from this sequence is shorter
The power of the super-Gaussian, (i.e., the slant of the putban the spatially deflected probe pulse. Moreover, it could be
leading and trailing edge) is difficult to estimate because tlegpected that &7-pulse sequence, consisting of single signal
risef/fall time of these fronts is limited by the bandwidth of th@ulses of durationsizn.; = 75/(2|N|—1), could be formed at
data acquisition equipment used. Nevertheless, the flat-toedeffective nonlinearityN| = A/ /2. In the particular case of
peak of the signal generated [Fig. 6(a)] is indicative for it& = —4.5 and a diaphragm located at point D [Fig. 4(a)—(b)],
super-Gaussian profile. each sliced pulse should be eight times shorter than the incom-
Let us consider in more detail the specific spatial faing signal pulse. The experimental value [see Fig. 8(a)] seems
field position denoted by point C on Fig. 4(a)—(b). As seemp be very close to this simple estimation. Unfortunately, once
this position corresponds to the most deflected peak in thgain, the experimental curve seems limited by the temporal
temporally integrated probe beam spatial distribution. Thresolution of the data-acquisition system. The difference of the
central part of the probe pulse (at= 0), however, is more peak-to-peak contrast within the experimental [Fig. 8(a)] and
gradually deflected [Fig. 4(a), the dashed line near point Bheoretical [Fig. 8(b)] pulse train seems to be a manifestation
Because of the decreasing local intensity in the pulse wings, this limitation.
certain local times, at which the deflected probe wave passedhe possibility to generate a multiple-pulse sequence within
through the diaphragm, should exist. As a consequence, a g temporal profile of a single probe pulse is proved numeri-
of identical signal pulses with durations shorter than thosally by locating the diaphragm at position E on Fig. 4(a), even
of the probe ones are observed in the experiment [Fig. 7(a)pser to the linear probe-beam axis. This particular position
and and in the simulation [Fig. 7(b)]. The relatively lowdoes not correspond to an extremum in the time-integrated
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Fig. 7. (a) Experimental (b) and numerical results confirming the possibiliffig. 8. Sequence of three pulses (a) experimentally and (b) numerically
to generate pairs of identical signal pulses. [Detector position—points C ohtained with a diaphragm/detector positioned at point D on Fig. 4(b) and

Fig. 4(a) and (b).] (a), respectively.

slice along the interaction axis (solid curve), but it corresponds w 2. 55

to an intensity minimum at a local time = 0, (i.e., at - 5P051ﬁ01_1=
the peak of the pulse, Fig. 4(a), dashed curve). A diaphragm 5 5 o]  PointE

positioned in this way should transmit four successive signal
pulses (Fig. 9). A corresponding experimental result could not
be recorded, most probably due to the relatively slow response
time of the data-acquisition system. Sequences consisting of
up to seven pulses are observed in the numerical simulation
at N = —4.5 with the same discretization (see Section V).

In our view, there is an analogy between the spatiotem-
poral interaction scheme analyzed and some time-domain
induced/cross-phase modulation phenomena in optical fibers. ;
This analogy could provide an additional physical insight to 0. 01
why multiple pulses in sequences arised. It is shown [28], -2.0 -1.0 0. 1. 2.0
[29] that the IPM at a nonzero group-velocity mismatch and Time (arb.units)
walk-off (along an optical fiber) can lead to an asymmetrigig. 9. Four-pulse sequence obtained at a detector position located closer to
pulse spectral broadening. The AIPM and far-field probe bedhg linear probe beam axis [see point E in Fig. 4(a)].
deflection considered in this work could be regarded as a
spatial analog of the induced frequency-shift described in thdseam and the number of these peaks does depend on the local
works [28], [29]. At this stage, the only difference consists ipump-beam intensity (i.e., on the local time within the pump
the abrupt change of the regime of propagation from nonlingaulse; see [13, Fig. 3]). At certain local times within the pulse
to a purely linear one at the exit face of the NLM in thesnvelope, the aperture transmits parts of the deflected probe
present case. In [21], the oscillations in the wing of theiave only if a peak from its ringing wing passes across. As
induced-deflected waves are considered as resulting frona @onsequence, the number of the pulses being sliced by the
process, which is a spatial analog of the optical wave-breakispgatial filter could not exceed two times the number of the
phenomenon extensively studied in optical fibers. It should lpeaks in the wing of the deflected probe wave at its temporal
noted that the positions of the deflected peaks within the propeak (att = 0).

Intensity (arb
[« [ -
[#4] [« [4)]
INERUUNEEENUI RS FENEEUNEANEENE)
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In all simulations, the peak intensities of the central pulses TABLE |

within the sequence are found to be lower than those OfNEAR- AND FAR-FIELD BEAM-QUALITY FACTORS OF THEFILTERED PROBE
WAVES AT DIFFERENTAPERTURE POSITIONS Y IELDING MAXIMUM SHORTENED

the leading and trailing pulses of the series. Intuitively, p se (MSP), Siper-caUSSIAN(SG) RuLSE, PAIR OF PULSES (PP), AND
this behavior could be explained by the following. At @ THreE- AND FOUR-PULSE SEQUENCES(TPSAND FPS, RESPECTIVELY)

diaphragm/detector located near the probe beam axis, the
leading and trailing pulses of the sequence are formed framgae
the spatially dispersed leading and trailing fronts of the pulse. MSP 5G PP TPS  FPS
The local (in time) intensity of the pulse wing is relatively
small as compared to the peak intensity and the corresponding.
2-D local energy density redistribution is relatively weakficld att=0  1.30(1.71) 1.60(1.71) 1.84(1.71) 1.49(1.71) 1.94(1.71
The central high-intensity part of the pulse becomes stronger
phase modulated, most gradually deflected, and the 2-D eneggy
redistribution is the most pronounced one. As a result, thR8d “arr0  104(1.03) 1.04(1.04) 1.05(1.04) 1.04(1.04) 1.05(1.09)
spatially filtered pulses should be expected to be of reduced

intensity. It should be noted that all results presented affile numbers in brackets refer to the beam-quality factors in a direction,
qualitative explanations refer to the case of synchroniz&gPendicular to the interaction axis denoted in Fig. 3.

pump and probe pulses with zero initial mutual delay.

The energy efficiencies are calculated as follows. In the a wide spectral range should be possible if nonresonant
linear regime of propagation, i.e., @& = 0, no induced NLM are used. It will be interesting to estimate the limitations
deflection occurs. The diaphragm is placed on-axially withf this techniqgue when (sub)picosecond initial pulses are
respect to the undeflected probe beam and the total eneuggd. Our preceding numerical data are indicative for the
Wy of the transmitted pulse is calculated. The total energy pbssibility to generate, for instance, triangular-like signal
the pulses and pulse trains transmitted at different positionspfises at nonzero initial pump-to-probe delay. An advantage
the diaphragm are normalized ;. The energy efficiencies of the scheme analyzed is that no initial ultrashort pulses are
are 0.34%, 1.1%, 1.35%, 2.4%, and 2.9% for the maximuneeded.
shortened pulse (Fig. 5), super-Gaussian pulse (Fig. 6), and
the sequences of two (Fig. 7), three (Fig. 8), and four (Fig. 9) REFERENCES
pulses, respectively. The values corresponding to the trains of ' _ _ 3
pulses refer 1o the energy of the whole wain. These energfl 41 Werer,; Sbsums. S B e A S UL
efficiencies are comparable to the values in the 1-D case pulse breakup in all-optical switchinglEEE J. Quantum Electronvol.
without an initial angular deviation between the pump and 25, pp. 2648-2655, 1989, and references therein.

probe beams [13] [2] G. Aureli, S. Betfi, G. de Marchis, E. lannone, and A. Mecozzi, “The-
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brackets—to the perpendicular axig [see (1a)]. In the near femtosecond pulse shaping by use of multielement liquid crystal phase
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