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The temporal profiles of harmonic cross phase modulation pulses from 500 to 570 nm
generated in ZnSe by a 1054 nm picosecond pulse have been observed and theoretically
modeled. The pulse shape of these harmonic-modulated pulses is accounted for by the
interference and induced phase matching of the harmonic generated waves in ZnSe by cross

phase modulation.

When two laser pulses of different frequencies propa-
gate simultancously in matter, coupled interactions occur
through the third-order susceptibility."® This leads to the
cross phase modulation'™® where the spectral bandwidth of
both pulses increases. The generation process provides
knowledge about multiwave interactions with matter and
quantum nondemolition detection’ applications in lasers
and communications. In this letter we report on a new class
of cross phase modufation (XPM) process resulting from
the coupling of the second-order and the third-order suscep-
tibilities in ZnSe. The temporal property of the induced spec-
tral broadened pulses of 2 weak second-harmonic signal has
been measured and theoretically fitted.

The experimental setupis shown in Fig. 1. An & ps, 2m],
1054 nm laser pulse was weakly focused into the ZnSe sam-
ple. The spot size at the sample was about 1.5 mm in diame-
ter. The second-harmonic produced in ZnSe samples was
about 10 nf. The incident laser energy was controlled by
changing the neutral density filter. The output signal was
sent through a 1/2 Jarrell-Ash spectrograph to measure the
spectral distribution of the signal light. A reference pulse at
527 nm was produced in a potassium dihydrophosphate
crystal. Using a beamsplitter, 1054 and 527 nm pulses were
separated into two different paths. The weak 527 nm refer-
ence puise was used for calibration and passed through a
fixed distance in air to set the zero reference time for the
streak camera. Only a 1054 nm puise was used to pump the
ZnSe samples. The pump pulse was almost collimated
through the entire length of the sample. The temporal profile
and the propagation time of the pulses which exited from the
ZnSe and the reference 527 nm pulse were measured by a
Hamamatsu 2 ps resolution streak camera systern.” The zero
tiime between reference 527 nin and sample pump 10534 nm
was determined. The absolute time delay for the spectral
broadened pulse traveling through the sample was deter-
mined by measuring the time separation between the 527 nm
reference pulse beam and the spectral broadened signals in
the streak camera. Polycrystalline ZnSe samples of thickness
2,5, 10, 22, and 50 mm were purchased from JanosInc.and a
single-crystal ZnSe of 16 mm thickness was grown at Phil-
ips.!

Measurements of ZnSe SHG XPM spectra’ indicated
that the extent of the spectral broadening about the second-
harmonic line at 527 nm depended on the intensify of the
incident 1054 rm laser pulse. When the incident laser pulse
energy was 2 mJ, there was significant spectral broadening
from 500 to 570 nm. There was no significant difference in
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the spectral broadening distribution measured in the single
and polycrystalline materials. A typical spectrum of the
SHG XPM is displayed in Fig. 2. When the incident pulse
energy was less than 1 mJ, the spectral broadening was found
to depend monotonically on the pulse energy of 1054 nm.
The temporal profile and propagation time of an intense
1054 nm pump pulse and induced spectral broadened pulses
propagating through a 22 mm ZnSe polycrystalline sample
areshown in Fig. 3. A pulse delay of ~ 189 psat 1054 nm was
observed in Fig. 3{a) when an intense 1054 nm pulse passed
through the crystal, while the total signai of SHG and
SHG XPM with wavelength spread from 500 to 570 nm dis-
played in Fig. 3(b} indicated a sharp spike at 189 ps and a
fong plateau spanned from 189 to 249 ps. Using 10 nm band-
width narrowband filters, pulses of selected wavelengths
from the SHG XPM have also been measured. For example,
in Figs. 3(c) and 3(d}, the tempora! distribution of two
pulses with wavelengths centered at 530 nm and 550 nm is
displayed, respectively. All traces from Figs. 3(b)-3(d) in-
dicated that the induced spectral broadened pulses have one
major component emitted at nearly the same time as the
1054 nm incident pulse [Fig. 3(z)]. The seclected 10 nm
SHG XPM away from the SH wavelength has shown a
dominant pulse distribution generated at the the end of the
crystal. Furthermore, when a weak 3 nJ, 527 nm calibration
pulse propagated alone through the 22 mm ZnSe, a propaga-
tion time of about 249 ps was observed as the expected group
velocity. The measured as well as the calculated values'® of
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FIG. 1. Experimental setup to measure the temporal profile and propaga-
tion time of the pulses. BS: beamsplitter; F,: color and neuntral density filter
set; M mirrors; L;: lens; £5: color and narrowband filters to select particular
signal wavelength; ,: set of neutral density filters to control the light inten-
sity before entering streak camera; dashed XDP: 100-um-thick KDP crys-
tal which was only inserted during the measurement of the propagation
delay time of the 1034 nm pump pulse traveled through air or ZnSe.
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FIG. 2. Spectral measurement of the induced spectral broadened pulse
arcund the SH by sending a 1054 nm pulse through a 22 mm ZnSe.

the group refractive indice of ZnSe are n, 55, = 3.39 and
7 1050 = 2.37.

A second-harmonic cross phase modulation model is
used to explain our observations of temporal and spectral
behavior of the induced spectral broadening in ZnSe. This
analysis is similar to the theoretical analysis of Raman XPM
process.® When an intense laser pulse propagates through
noncentrosymmetric media where both y” and y* are opera-
tive, coupled spectral broadening around the second-har-

monic frequency ceeurs. The firsi-order partial differential
11,12

equations for the pulses can be written as
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in the slowly varying time and space envelope approxima-
tion. High-order derivatives of the wave equation are ne-
glected. The E,, signal is weak in comparison to the pump
pulse. Functions £, and E,, are the electric field envelope
amplitudes, v, and v, are group velocities, &, and &, are wave
vectors for w and 2w pulses, respectively. Parameter « is the
absorption coefficient at 2w, 0 = pgwey?/2, ' is the second-
order nonlinearity, ¥ = 3w,y /8k,, and 3’ is the third-
order nonlinearity.

The solution for K, from the coupled eguations can be
written as’
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FIG. 3. Temporal profile and propagation defay time of (2) incident 1054
nm, (by SHG XPM signal of all visible spectra, (¢} selected 530 nm from
SHG XPM, and (d) selected 550 nm from SHG XPM of a 22-mm-long
ZnSe crystal measured by a 2 ps resolution streak camera system. The refer-
ence time corresponds to a laser pulse traveling through air without the
crystal. The right-hand side of the time scale is the leading time. The vertical
scale is an arbitrary intensity scale.

where U= {t—z/v)/7, 7= (n, — n)/er,
&= (ny —nYlw/c, n,, n§, ny, and x4 are the group and
nhase indices of refraction at w and 2w, respectively, 4, is the
initial amplitude of @ pulse, Fis the pulse envelope function,
and 7 is the pulse duration parameter.

A theoretical curve is plotted in Fig. 4 using Eq. (3) and
appropriate constant parameters used in the experiment.
The calculated temporal distribution of SHG XPM is
strongly affected by the nonphase-matched coefficient:
Akz = — &7 + 2yAF* (U4 wz2')2 — 2iyA 555 FX(U

+ nz" ydz". The first term of £z’ for Akz' is a conventional
(self) nonphase-matched term due to the crystal dispersion
property. The second and third terms of Akz’ which depend
on the third-order susceptibility ¥ and incident laser power
A * can be called the induced nonphase-matched term which
helps in canceling out the first term of mismatch.

In a conventional SHG where y4 7 = 0, the self-non-
phase-matched term will determine the pulse shape of the
SHG waves. The SHG signal will only be observed within
the given coherence lengh {1/AKk) of the nonlinear crystal
and washed out at all other places. As long as the index
difference and the crystal length are large enough, two sepa-
rated peaks in time may be observed under the assumption of
a nondepleted input and no absorption of the generated
pulse. The peak separation is ~ AnL /c.

When y4 *5#0, the Ak term will be influenced by both
the self and induced nonphase-matched terms. Since the in-
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FIG. 4. Theoretical calculated curve of the temporal distribution of
SHG XPM from Eqg. (3). The following parameters have been chosen:
z=221mm, 7= 679 ps, @ = 0.3 + 0.23 107 (34 ?) em ™", where 0.3 is
the linear absorption coefficient and the second term is the induced absorp-
tion coefficient, #, — #, = 0.78, nf — 75 = 2.697-2.484~0.21, and p42
= 10 em L

duced-nonphase-matched term depends on the time varying
pulse envelope function F2, Ak will vary as a function of time
and space and modulated by the terms of y and 4 % This
modulated noncancellation pulse shape can be clearly ob-
served in both the experimental curve of Fig. 3(b) and calcu-
lated curve Fig. 4. Induced-nonphase-matched terms des-
troy the interference pattern of the SHG waves which
osciliates at 8 nonuniform period canceling the generation of
SH inside the crystal. Furthermore, in 2 numerical computer
calculation with a fixed £, the magnitude of the noncancella-
tion middle portion of the XPM pulse reduces as y4 § de-
creases.

In addition, as shown in Fig. 3(b), the total SHG XPM
wave emitted at the exit surface was more than that from the
entrance surface of ZnSe. This can be accounted by the ab-
sorption in ZnSe (includes linear abscrption and two-pho-
ton induced absorption'’ via the imaginary part’™ of y*).
The peak generated from the front entrance of the crystal is
reduced. Newly generated SHG XPM wavelengths appear
mainly to be emitied at the exit surface of the crystal.

There are several other possible mechanisms for the ob-
served temporal behavior of the SHG and its spectral broad-
ened pulses. The first possible model is the enhanced surface
phenomenon such as the SHG of the self-phase modulation
(SPM ) process of 1054 nm. However, three observations
contradict the surface model. First, the signal of the induced
spectral broadened pulse was found to vary linearly with the
sample thickness from 2 to 22 mm. Second, there was no
difference in the output intensity or tiime dynamics of induce
broadened spectra when the ZnSe as placed in ethylene gly-
col or C§, to reduce the index mismatch between the crystal
and air. Third, using different ZnSe crystals with varied sur-
face roughness, the output spectral broadened signal intensi-
ty remained to be the same. These three observations rule out
the possibility of surface effect. The second possibility is the
compensation of the group velocity dispersion i ZnSe by the
negative nonlinear index of refraction.” However, no appar-
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ent change was observed in our measurements. The third
possible model is the two-photon-like excitonic polariton.'®
This model is also ruled out from a temperature-independent
measurement of the output signal strength. The output spec-
tral broadened pulse intensity remained the same from 4 to
300 K.

The sharp spike of the selected 550 nm pulse profile in
Fig. 3(d) can be gualitatively explained via the walk-off can-
cellation of the phase modulation. At any given location of
the crystal except the exit layer, the red-shifted front part of
the phase-modulated SH pulse can eventually be canceled by
the blue-shifted trailing part of the phase moduiated SH
puise.'” Therefore, spectral broadening from 532 to 550 nm
or other wavelengths will mainly occur at the end of the
crystal where the walk-off between 532 and 1064 nm is insig-
nificant. This is another evidence of XPM. A quantitative
analysis is needed to characterize the behavior of the selected
band of the spectral broadened SHG XPM signal.

Spectral broadened second-harmonic XPM pulses in
ZnSe have been observed to be generated at the exit surface
of the nonlinear crystal and are independent to the crystal
structure, surface roughness, and temperature. These pulses
have been emitted as if they were propagating together with
the primary pulse. The observed temporal profile was quan-
titatively described by the nonphase-matched second-har-
monic XPM pulse propagation using the coupled first-order
nonlinear differential equations. The temporal and spectral
behavior of cross phase modulation may have an important
impact in optical communications and information coding.
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