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The induced spectral broadening about a weak non-phase-matched 530-nm second-harmonic
pulse is observed by propagating an intense primary 1060-nm-ps laser pulse through ZnSe
crystals. This broadening is attributed to the induced phase modulation of excitation states.

It is important to obtain information on the spectral dis-
tribution of an ultrafast laser pulse propagating through
matter for communications,! laser-pulse-duration control,?
and laser spectroscopy.® The spectral broadening of an ul-
trafast laser pulse as it propagates through condensed
matter has been attributed to the self-phase-modulation
process3~% and four-wave mixing.* This was first observed
by Alfano and Shapiro? sixteen years ago. This phenom-
enon has become extremely important in the reduction of
the pulse duration of 8 fs.” In this Rapid Communication,
we report on the first observation of induced spectral
broadening (ISB) about a weak non-phase-matching
second-harmonic pulse produced from the propagation of
an intense primary picosecond laser pulse through a ZnSe
crystal. This observation can lead to the future develop-
ment of information coding and modulation in different
spectral regimes.

The experimental arrangement used to generate and
detect the induced spectral broadening is shown in Fig. 1.
The laser system consists of a mode-locked Nd:glass laser
with single-pulse selector and amplifier. The output laser
pulse has about 2 mJ pulse energy and 8 ps duration at
1060 nm wavelength. The 1060-nm laser pulse was weak-

ly focused into the sample. The spot size at the sample
was about 1.5 mm in diameter. The second harmonic pro-
duced in these samples was about 10 nJ. The incident
laser energy was controlled by changing the neutral-
density filter F;. The output signal light was sent through
a +-m Jarrell-Ash spectrograph to measure the spectral
distribution of the signal light. The 1060-nm incident
laser was filtered out by using color filters F,. A single
crystal of ZnSe of about 1.6 cm in length was grown by
Philips Laboratories® and a polycrystalline ZnSe sample of
about 2.2 cm was purchased from Janos Inc. A 2-ps-
time-resolution Hamamatsu streak camera system® was
used to measure the signal pulse characteristics.

Typical spectra for non-phase-matching second-har-
monic generation (SHG) and induced spectral broadening
generated in a ZnSe crystal by 1060-nm laser pulses of
various pulse energies are displayed in Fig. 2. The spec-
trum from a quartz sample was included in Fig. 2 for
reference. The salient features of the ZnSe spectra indi-
cate that the extent of the spectral broadening about the
second-harmonic line at 530 nm depends on the intensity
of the incident 1060-nm laser pulse. When the incident
laser pulse energy was 2 mJ, there was significant spectral
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FIG. 1. Experimental setup. L; and L, are lenses, SF is a spectral filter to select either 1060 nm (1054 nm actual) or 530 nm (527
nm actual) or both wavelength lasers. F,, F3, and F4 are sets of color filters and neutral density filters. F; consists of Hoya R720,
Corning 2-3-67, and variable neutral density filters. F is a set of Corning color filter.
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FIG. 2. Induced-spectral-broadening spectra in ZnSe crystal
excited by an intense 1060-nm laser pulse. (a) Ejo60 =2 mJ, (b)
Emso =0.9 IIlJ, (C) EIOGO =0.22 mJ, and (d) E1060=2 mJ; ZnSe
crystal was replaced by a 3.7-cm-long quartz crystal.

broadening of about 1100 cm ™! on the Stokes side and
770 cm ™! on the anti-Stokes side. There was no signifi-
cant difference in the spectral broadening distribution
measured in the single and polycrystalline materials. The
intensity of induced spectral broadening was greater in
polycrystalline ZnSe due to the longer length of the crys-
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tal. The ISB width is plotted for the Stokes and anti-
Stokes sides as a function of the incident laser pulse energy
in Fig. 3. The salient feature of Fig. 3 is that the Stokes
side of the ISB is broader than the anti-Stokes side of the
ISB. When the incident pulse energy was less than 1 mJ,
the spectral broadening was found to be monotonically in-
creasing on the pulse energy of 1060 nm.

The spectral broadening generated by sending an in-
tense 80-uJ 530-nm 8-ps laser pulse alone through these
ZnSe crystals was also measured to compare with the
~ 1000 cm™! induced spectral broadening. The ob-
served spectral broadening was only ~200 cm ~! when the
energy of the 530-nm pulse was over 0.2 mJ. This mea-
surement suggests that the self-phase modulation process
from the 10 nJ SHG pulse in ZnSe is too insignificant to
be the observed ~1000 cm ~! ISB.

The pulse duration of the ISB was measured by a streak
camera at 550 nm using a 10-nm narrow-band filter. The
pulse duration of this 10-nm band of ISB was about 9 ps,
which was about the same as that of the incident laser
pulse.

The observed spectra may arise from second-order and
third-order optical nonlinearities. The second-order non-
linearity, Pockels coefficient r;j, of ZnSe is about
2x10712 m/V (Ref. 10) and the value of the third-order
nonlinearity n, measured from the optical Kerr effect by
us is about half the value of n,(CS;) =2x107"!! esu. The
Pockels term of ZnSe is responsible for the sharp ~100-
cm ™! line at the SHG frequency. This weak 530-nm SHG
pulse travels through the crystal together with the intense
primary 1060-nm laser pulse. Because the large 7, of
ZnSe and the intense incident 1060-nm laser, the spectral
width about the weak 530-nm pulse appears to broaden.®
The intensity ratio of the induced spectral broadening to
the non-phase-matched SHG signals displayed in Fig. 2
was ~0.1 for a given 1060-nm pulse energy. This conver-
sion efficiency is much larger than the intensity conversion
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FIG. 3. Intensity dependence of induced spectral width about 530 -nm in ZnSe pumped by 1060-nm laser pulse. The horizontal line
is the incident laser pulse energy. O: 2.2-cm-long polycrystalline ZnSe anti-Stokes broadening. @®: 2.2-cm-long polycrystalline ZnSe
Stokes broadening. A: 1.6-cm-long single crystal ZnSe anti-Stokes broadening. A: 1.6-cm-long single crystal ZnSe Stokes broaden-
ing. O: 3.7-cm-long quartz crystal anti-Stokes broadening. ®: 3.7-cm-long quartz crystal Stokes broadening. The measured Av is de-
fined to be the frequency spread from the 527 nm to the furthest detectable wavelengths measured either photographically or by an

optical multichannel analyzer.
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ratio of ~10~4 observed for the induced supercontinuum
about the 530-nm pulse in a BK-7 glass!! by propagating
an intense 2-mJ 1060-nm laser pulse and a weak 80-uJ
530-nm laser pulse simultaneously. By replacing the ZnSe
with a quartz crystal, only a narrow line of 530 nm was
measured as shown in Fig. 2(d). This observation can be
explained by the lower n; value of quartz which is about
50 times smaller than n; of ZnSe. It follows that Avgyartz
could be 50 times narrower than Avzse.
A simple model can be used to explain the general
J

features observed for SHG and ISB produced by an in-
tense laser pulse in a medium with large second-order and
third-order optical nonlinearities. The incident electric
field at wg can be assumed to be

E(t)=Eyexp(—1t%/7%) coslwot +¢(2)] , (1)
where E is the amplitude of the primary wave and ¢(¢) is

the phase term of the incident field propagating in ZnSe.
The phase behaves as

¢(t) =nzawo/c ~zowo/c [no+n Egexp(—1%/1) cos(wot — nowozo/c )+ nyEE exp(—2t2/7%) cos®(wot — nowozolc)+ - -+ 1,

(2)

where 7, in ZnSe is related to three nonzero y; coefficients: y23; =731 =17123. If the incident laser field is polarized
along the x direction, n;~ (3 )ngy231. For a thin medium and neglecting dispersion, Eq. (2) can be substituted into Eq.

(1) to yield the total field as

E(t) =Eexp(—1%/7*)[4 cos(wot — Q — a3) + B cos(wot — Q +az) + Csin(wot — © — a3) + D sin(wot — Q +ay)
+E cosQaugt =20 —ay) + FcosQugt —2Q +ay)
+G sinQQwgt —2Q —a3) + HsinQwot —20 +a,)]1 , 3)

where
Q =n060020/c N (4)
a2=[i}n2wozoE3 exp(—2:%/2) , (5)
and
a1 =(1/c)nwozoE gexp(—1t%/7?) 6)

are induced parameters and A4,B,C,... are Taylor’s-
series-expanded Bessels functions with arguments a; and
a. In Eq. (3), one can clearly identify the induced spec-
tral broadening (ISB) terms 2w+ 9ay/d¢ around the
second-harmonic frequency 2w due to E¢, while regular
self-phase-modulation (SPM) arises from o+ day/d¢
terms. The maximum extent of the spectral broadening by
induced phase modulation (IPM) about 2wy is given by

AVIPM'xan(%L/T . (7)

Qualitatively, Eqs. (3) and (7) explain the observed spec-
tral extent of the induced broadening as a function of in-
cident pulse energy, crystal length, and samples of dif-
ferent n,. _

The induced spectral broadening generated around 2wq
by an intense picosecond laser pulse at wg in ZnSe crystals
has been observed and attributed to the induced phase
modulation of the excitation in the crystal at 2w caused
by the intense wg laser pulse. The intensity ratio of the
induced-spectral-broadening spectra to the non-phase-
matched SHG is about 0.1. In all of this ISB observation,
the spectral broadening of the Stokes side was broader
than that of the anti-Stokes side. These results are
displayed in Fig. 3. This measurement is opposite to our
previous measurements®!! and theories>® of SPM and
IPM processes. The spectral broadening of SPM and IPM

T
in dielectrics like glasses or water has shown wider anti-
Stokes broadening. There are at least two reasons which
may explain the difference. First, the anti-Stokes side of
the 530-nm broadening has a larger absorption coefficient.
Below 500 nm, there is little light which can be transmit-
ted through these long ZnSe crystals. Second, in our pre-
vious theoretical derivation, the group velocity was as-
sumed to be constant, independent of frequency. This as-
sumption is generally true for materials we chose where
group. velocity differences of the generated spectrum are
small. In the induced spectral experiment in ZnSe, the
difference of the index of refraction between the incident
pump 1060-nm pulse and the observed 530-nm spectral re-
gime is about 0.8. Furthermore, the group velocity disper-
sion between the anti-Stokes side of 530 nm and Stokes
side of 530 nm is not small. Therefore, our previous obser-
vations and theories in the transparency wavelength re-
gimes in materials may require some modifications. The
conversion efficiency of anti-Stokes continuum generation
decreased more than that of the Stokes continuum around
530 nm. There is more absorption at the trailing half of
the pulse than that from the leading half.!? These two fac-
tors may also explain the saturation of the induced spectral
width as a function of the pump pulse energy displayed in

. Fig. 3. Further theoretical analysis and time-dependent

measurements are being pursued to clarify these points.
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