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Self-Steepening and Self-Compression of Ultrashort Optical Pulses in a Defocusing CdS Crystal
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Some consequences of the nonlinear propagation of a visible optical pulse in CdS, in a regime where
the nonlinear index of refraction is negative, have been exhibited using a time-of-flight technique in the
femtosecond regime. The self-steepening of the optical pulse is evidenced directly in the time domain.
Self-shortening of the pulse occurs on a distance as shddtagm opening the way of direct optical
compression inside semiconductor lasers. Tunable optical soliton propagation is predicted which could
be useful for multiplexing purposes. [S0031-9007(98)08328-8]

PACS numbers: 78.40.Fy, 42.65.Re, 42.65.Sf, 78.47.+p

Self-steepening [1—4] was first theoretically and experitween 0.3 and |/min and the furnace maximum tempera-
mentally studied by the end of the 1960s. Its effect onture was kept between 1050 ai@90 °C [10]. X-ray
self-phase modulation (SPM) broadened spectra was firscattering measurements showed that the sample is in
considered in liquids with large optical Kerr constantshexagonal wurtzite structure. The opticakxis lies in
in the regime where light propagates in self-trappedhe plane of the platelet; its direction was determined
filaments [5,6]. During the 1980s, self-steepening hadhrough linear optical transmission measurement at the
been widely considered because of its importance duringand gap energies [11]. Optical room temperature trans-
pulse propagation in optical fibers [7—9]. Except for amission measurement showed that the band gap of the
pioneering work in rubidium vapor [1], evidence of self- sample was 2.48 eV, when the electric field of light is
steepening was always obtained using indirect spectragdarallel to thec axis.
measurements exhibiting an asymmetric broadening of the For the degenerate pump-probe experiment, optical
self-phase modulated spectrum of a propagating opticglulses, 150 fs in duration, at 627-nm central wavelength,
pulse. Such an analysis is ambiguous when, for examplayere generated using a dispersion compensated colliding
the relaxation time of the medium where the propagatiorpulse mode-locked dye laser oscillator [12]. These pulses
takes place is smaller than the pulse duration [5]. Awere amplified [13] with a doubled Nd:YAG laser, at a
masking of the self-steepening effect also shows up ir20-Hz repetition rate, up to an energy bfuJ, allowing
the femtosecond regime, in optical fibers with a slowfocused intensities up t80 GW/cn?. The pump beam
Raman response=60 fs) [2]. A short finite relaxation was focused down to am~? radius of 36 um. The
time always induces a steepening of the trailing edge oprobe pulses were kept down to intensities less than a few
the temporal shape of a light pulse when the nonlineapercent of the pump intensity and the pump was linearly
refractive index is positive. In this work, we present whatcross polarized with the probe. Its polarization was set
we believe is the first complete dynamical propagatiorto be parallel to thec axis of the bulk CdS crystal in
study of a short optical pulse giving insight into both theorder not to induce any spurious birefringence. Scattered
intensity amplitude variation and the spectral behaviorlight from the pump was rejected by linearly analyzing
We found two reasons to choose the II-VI semiconductothe light coming out of the sample parallel to the probe
CdS as a propagation medium: (i) nowadays, its lineapolarization. The time coincidence between pump and
and nonlinear optical parameters are known with a googrobe, as well as the duration of the light pulses, was
precision; (ii) experimental conditions can be chosen taletermined by replacing the sample witB@-xm thick,
steepen the leading edge of a propagating pulse. phase matched, KDRKH,PQ,) crystal and recording

Two series of experiments were performed: a degenean autocorrelation trace. At the exit of the amplifier
ate pump-probe experiment used to measure the sign amdprism pair optical compressor was adjusted in order
amplitude of the nonlinear refractive index, already givingto compensate for the positive group velocity dispersion
clues for self-steepening, and a time-of-flight experimen{GVD) induced by the various optical elements placed
that allowed for the direct observation of self-steepeningn the light path, so that the optical pulses were quasi-
and self-compression of optical pulses. Both experimentsourier transform limited witlA v A¢, spectral width times
were performed at room temperature. In these experiduration relationship, equal to 0.48 (assuming a Gaussian
ments we used as a sample bulk cadmium sulfide in thehape).
form of a high quality platelet]30 wm in thickness, va- The pump pulse induces in the crystal a nonlinear
por grown in an argon atmosphere, in a thermal furnacevariation of the refractive index(r,¢) as a function of
During the growth process, the argon flux was kept bethe spatial coordinates and the timet. The effects
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of this variation on the probe pulse were measured byeading edge of the pulse time envelope is the simplest
analyzing the transmitted light using a 25-cm focal lengthmechanism which can be thought of to account for it.
spectrograph and an optical multichannel analyzer. Th&lodeling of the experiment therefore implies to add
frequency of the maximum of the probe spectrum was self-steepening term to the nonlinear wave equation
recorded as a function of the time delay between the pumf6]. Our experiment of two copropagating pulses in a
and the probe after an automatic numerical average overonlinear crystal is then well described by the following
five measurements, to improve the signal to noise ratiocoupled differential equations:
The laser intensity fluctuations were estimated to be of 4 1 9A i 2A

. . X X 29 2x _
the order of 10%. Figure 1 shows the experimental data o T T o2
obtained from this degenerate pump-probe experiment. ¢ Vg 01 t

np€p 2 an

The experimental curve is a clear phase modulation Lwny B2\ €oc )

signature and exhibits two main features: the frequency of (l— - 7)2—”0 A A~ no A« ot ° (1a)

the maximum is up-shifted first; then the obtained curve

|h§ asymmetrlcal' with a larger displacement toward the oA, 1A i P4,  wme ,
igher frequencies than toward the lower ones. 5 =i |ALI"A, .
As the instantaneous frequency shift due to phase 9% Vs 97 2 9t o (1b)

modulation varies a®w « —n,9d1(t)/dt, to a first ap-
proximation, the apparition of blue components on theA is the complex amplitude of the electric field as a
leading front of the pulse envelope immediately indicategunction of the spatial propagation parameteand the
that the nonlinear refractive index, of the crystal is time ¢, v, is the group velocity of the light pulse,
negative. Under our experimental conditions, the ratick® = 3.42 fs2/um is the GVD parameter,, andn, are,
of the photon energy to the band gap is 0.8 and it hasespectively, the linear and nonlinear refractive indexes
been shown that for semiconductons,is negative when of the crystal, ¢y is the permittivity of the vacuumg¢
operating in the two-photon absorption (TPA) regime,is the light speed in vacuumy is the central pulsation
with a photon energy to band gap ratio larger than 0.70of the optical pulses, an@, = 2.7 cm/GW [17] is the
In this regime, the TPA and the quadratic Stark effectTPA coefficient. Equation (1a), respectively, Eg. (1b),
are the main contributors to the nonlinear refractive indexefers to the propagation along theaxis of the pump,
[14] and solitonlike pulse propagation has been reportedespectively, the probe, pulse which is polarized along the
[15], but self-compression has never been observed. x axis, respectively, the axis. Because of the thinness of
Because this experiment has been performed in the sample, the defocusing of the beam is negligible. The
wavelength degeneracy of the pump and the probeheoretical model found in Ref. [18] predicts an increase
walkoff between them cannot be invoked to explain theof the radial extension of the beam diameter of less than
observed frequency asymmetry. Self-steepening of th8.05% in our sample. Therefore both nonlinear wave
equations (1) have been integrated along the radial spatial
coordinater. The linear absorption is also negligible

P |
<N 625 £ ©  since the photon energy is about 500 meV below the
€ T 480 EE P o :
E = o= band gap energy. In addition to GVD, shown as the third
8 w ld_-l g term on the left-hand side of Eq. (1a), because of its high
% 8 626 @ O intensity, the pump pulse experiences SPM, described by
w € 479 1] E the first term on the right-hand side of Eqg. (1a), unsatu-
T B fE w rated [17] TPA, second term on the right-hand side of
:_: % 627 E that same equation, and self-steepening shown as the last
@) E o w term of that first equation. According to Ref. [19], the
> O 478 ED stimulated Raman scattering can be neglected because the
% s 628 5 = spectral broadening due to the phase modulation is much
g g B o @ g larger than the one due to the amplitude modulation. In
8 RoazAaa Lo o Loy 14 lgog é comparison the Weak pr'obe pulse does experience only
o % 10 05 00 05 10 2 S cros_s-phase modulation induced by the pump pulse in t_he
L DELAY (ps) = medium [last term of Eq. (1b)]. The parameters used in

Eq. (1) can be expressed in terms of familiar parameters
FIG. 1. Frequency shift of the spectral maximum of the probe[2]: the dispersion lengtilp, the nonlinear lengtfiny.,
pulse versus time delay between pump and probe pulses. Thihd the self-steepening parameterin our experimental
solid line is a guide to the eyes. In the inset is shown the prOb‘%ituation Lp =32 mm, Ly = 16 um, ands = 0.003.

spectrum versus the time delay as a result of the simulatio - g
described in the text. The full extension of the scales is th(jhe inset in Fig. 1 shows the spectrum of the probe pulse

same as for the main figure. The gray levels correspond to th@S @ solution of Eg. (1) versus the_ time delay between
different intensities of the spectrum. the pump and probe pulses. The simulated curve exactly
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reproduces the two main features of the experimentah Fig. 2) is perfectly fitted by the intercorrelation formula
data: peak-to-valley shape and asymmetry. From thisf two Gaussian pulses having 45- and 105-fs time dura-
model, we can adjust the experimental curve and deducet@n, respectively, in excellent agreement with durations
nonlinear refractive index of-3 X 10~'* cn?/W which  deduced from separate autocorrelation measurements. On
is in good agreement with a value previously obtainedhe right side of the figure are shown the low inten-
with an interferometric measurement [20]. Equation (1a)sity correlation (.2 GW/cn?, linear propagation, open
also predicts a time compression of the pump pulse whesquares) and high intensity correlatidis (GW/cn?, non-
traveling through the sample. The understanding of thidinear propagation, open circles). Steepening of the lead-
effect is as follows. The negative nonlinear refractiveing edge and pulse compression are readily observable.
index of the medium induces a spectral broadening ofrhe high intensity correlation trace is shifted toward early
the pulse through SPM with the higher frequencies beingime delays by 21 fs. This shift is a direct consequence of
generated before the lower ones. The regular positivan increase of the group velocity when the light intensity
dispersion of the group velocity, which implies high increases and, is negative. This 21-fs delay corresponds
frequencies to travel slower than the low frequenciesto a 2% increase in the group velocity. In order to ease
resynchronizes all the new frequencies and yields a timéhe observation of the pulse envelope reshaping, the inset
compression of the optical pulse. in Fig. 2 shows numerical derivatives of the probe pulse

In order to present clear-cut evidence of self-steepeningorrelations which underline both the steepening of the
and self-compression, a time-of-flight experiment was perteading edge (peak-to-peak asymmetry increase) and the
formed to measure dynamical intensity reshaping of amluration shortening (peak-to-peak time delay narrowing).
ultrashort optical pulse traveling through the same 130- In Fig. 3 we report the normalized low (open squares)
pm thick CdS crystal. The source of the optical pulses isand high (open circles) intensity intercorrelations of the
quite similar to the one previously described, except fopulse after propagation through the sample. The time
the pulse amplification that was performed with a dou-delay origins for both traces have been taken the same
bled Nd:YLF laser at a 1-kHz repetition rate as an enfor the purpose of comparing their duration. The 105-fs
ergy source for the light amplifier. This system producesncoming pulse experiences regular positive GVD along
105-fs, 900-nJ optical pulses at 625 nm. A beam splitits propagation through the sample. This shows up as
ter separates the beam into two parts with energies of 638 broadening of the low intensity intercorrelation trace
and 270 nJ. The first pulse travels through a 9-mm-longwhich, after deconvolution from the 45-fs duration of
4-um core diameter optical fiber to generate a white lightthe reference pulse, corresponds to a 115-fs full width at
continuum, which is then compressed in a double-paskalf maximum duration of the probe. The high intensity
prism pair. The resulting pulse having a 45-fs duration
is used as a reference pulse. The second pulse travels
through an optical delay line and is focused down to an
e~ 2 radius of33 um on the CdS crystal, with an energy
of 80 nJ and a 105-fs duration. It acts as the propagating
probe. The light transmitted through the crystal is colli-
mated and focused down together with the reference pulse
on a nonlinea00-um-thick phase-matched KDP crystal
in a background-free cross-correlation geometry. By vary-
ing the time delay between the two pulses, a photomul-
tiplier tube detecting the sum-frequency signal allows us
to record intercorrelation traces of the nonlinearly propa-
gating probe pulse.

Intercorrelation traces were recorded with and without
the CdS sample on the way of the probe, and for high
and low intensities of the probe pulse. They are shown -200 0 200 400 600 800
on a normalized scale in Fig. 2. Since the duration of the DELAY (fs)
reference pulse is at least 2 times shorter than the one G.2. Normalized time-of-flight measurements. Open

t_he probe, the intercorrelation traces are good representgl—angbs: 15-GW/cm?® probe pulse in air. Open circles:
tions of the temporal pr_oflle of the probe. The left part15-Gw/cn? probe pulse propagating throughl 30-um-thick

of Fig. 2 shows the original probe pulse envelope with aCdS sample. Open squarés2-GW/cnt probe pulse through
slight asymmetry on the trailing edge created inside théhe sample. The main delay between traces is accounted for
laser amplifier by the disappearance of the leading edg@/ group velocity delaying. The solid lines are fits obtained

f th | in thei ; f th turable absorb according to the procedure described in text. Inset: Inter-
orthe pulses In their crossing of the saturable absOrberay re|ations numerical derivatives of the linearly propagating

Except for the slight asymmetry, the intercorrelation traceyropbe pulse (dashed line) and the nonlinearly propagating one
measured without the crystal on the way (open trianglegsolid line).

NORMALIZED INTENSITY
(arbitrary units)
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LI L B B of their band gap while GVD remains positive, opening
the way to tunable solitons. Optical soliton data transfer
and processing will probably highly benefit from this new
frequency multiplexing opportunity.

A nonlinear refractive index of-3 X 10~13 cn?/W
130 has been measured in a CdS crystal, using a spectrotem-
poral experiment performed with 150-fs lasting optical
pulses at 2-eV photon energy. A time-of-flight experi-
ment using an ultrashort reference pulse allowed the study
of the intensity envelope reshaping experienced by an
X optical pulse nonlinearly propagating along0 wm in

G the nonlinear medium. That way self-steepening and a

T |, 22% time self-compression of optical pulses have been

1 1 1 ] .
-300 -200 -100 0 100 200 300 400 evidenced.
DELAY (fs)

FIG. 3. Normalized intercorrelation traces of the reference

and the transmitted probe pulses 16-rGW/cn? (open circles)

and 0.2-GW/cn? (open squares) intensities. The two curves [1] D. Grischkowsky, E. Courtens, and J. A. Armstrong, Phys.
maxima have been superimposed. The inset shows the simu- Rev. Lett.31, 422 (1973).

lated temporal profile evolution of a 105-fs pulse propagating [2] G.P. Agrawal, in Nonlinear Fiber Optics,Optics and
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