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Abstract—Spectral broadenings of picosecond and femtosecond
pulses arising from self-phase moduiation, cross-phase modulation, in-
duced-phase modulation, and induced spectral broadening in cen-
densed matter are reviewed. The spectral broadening of the Raman
line produced in an optical fiber is compared to the spectral width of
the pump laser line as evidence for cross-phase modulation. Induced-
phase modulation of a weak picosecond 527 nm laser pulse in BK-7
glass occurred in the presence of an intense picosecond 1054 nm laser
pulse. The induced spectral broadening about a weak non-phase-
matched second harmonic pulse at 527 nm is observed by propagating
an intense primary 1654 nm picosecond laser pulse through ZnSe crys-
tals. Induced spectral broadened pulses with wavelengths spanning
from 500 to 570 nm generated in ZnSe were found to be emitted at
nearly the same time as the 1054 nm pump pulse. The apparent dis-
persioniess-like propagation of the induced spectrally broadened pulse
is discussed.

I. INTRODUCTION

ONLINEAR optics is an important field of science
and engineering because it can generate, transmit,
and control the spectrum of laser pulses in solids, liquids,
gases, and fibers. When an intense laser pulse propagates
through such materials, it changes the refractive index.
This in turn changes the phase, amplitude, and frequency
of the incident laser pulse. A phase change can cause a
frequency sweep within the pulse envelope. This process
is called self-phase modulation (SPM) [11-[25]. Photons
at the laser frequency can also parametrically generate
photons at Stokes and anti-Stokes frequencies in an an-
gular pattern due to the required phase-matching condi-
tion. The four-photon parametric generation (FPPG) pro-
cess usually occurs together with the SPM process.
When two laser pulses of different wavelengths propa-
gate simultaneously in a condensed medium, coupled in-
teractions (cross modulation and gain) occur through the
nonlinear susceptibility coefficients. These coupled inter-
actions of two different wavelengths can introduce phase
modulation [26], [27], amplitude modulation, and spec-
tral broadening [27] in each pulse due to the other pulse.

Manuscript received May 18, 1987; revised August 7, 1987, This work
was supported in part by the U.S. Air Force Office of Scientific Research
under Grant AFQSR 86-0031, in part by the National Science Foundation
under Grant NSF-OIR 84-13144, and in part by Hamamatsu Photonics K.,
K.

The authors are with the Institute for Ultrafast Spectroscopy and Lasers
and the Photonics Application Laboratory, Departments of Electrical En-
gineering and Physics, The City College of New York, New York, NY
10031,

IEEE Log Number 8717797,

An example of a coupled interaction is the optical Kerr
effect. We will discuss three recent observations of spec-
tral broadening arising from the coupled interaction of two
laser pulses with different wavelengths. These processes
have been termed cross-phase modnlation, induced-phase
modulation, and induced spectral broadening. Each pro-
cess has a particular signature.,

When a coherent vibrational mode is excited by a laser,
stimulated Raman scattering (SRS) occurs. SRS is an im-
portant process which competes with and can couple with
SPM [27]-[30]. The interference between SRS and SPM,
which causes the change of the emission spectrum and the
phase modulation of pulse envelopes, is called cross-
phase modulation (XPM) [27]. The Stokes pulse broadens
due to a combination of XPM and Raman parametric am-
plification. The spectral broadening measured about the
SRS wavelengths in liquids and recently in glass fibers
[28] originates from both SPM and XPM processes.

Another important spectrally broadened process similar
to XPM is called induced-phase modulation (IPM) [31],
[32]. The experimental arrangement of this process is
similar to the optical Kerr effect; namely, a weak pulse at
a different frequency propagates through a disrupted me-
dium whose index of refraction is changed by an intense
laser pulse. The phase of the weak optical field can be
modulated by the time variation of the index of refraction
originating from the primary intense pulse. Both the weak
and strong pulses are produced outside the medium and
can be controlled by the researcher.

Most recently, the induced spectral broadening (ISB)
[33], [34] process of a weak non-phase-matched second
harmonic (SH) pulse was produced inside a nonlinear me-
dium to the propagation of a primaty picosecond laser
pulse through ZnSe crystals. The ISB pulse spread from
500 to 570 nm was found to travel at nearly the same
speed as the pump pulse at 1054 nm in ZnSe. ISB is a
combination of non-phase-matched SHG and XPM inter-
fering in the time domain,

The spectral broadening of picosecond and femtosec-
ond laser pulses in condensed matter due to SPM covers
a frequency band up to 10 000 cm ™! from UV to IR with
picosecond to femtosecond pulse durations [22], [35].
Over the years, this ultrafast supercontinuum pulse source
has been applied to time-resolved absorption spectros-
copy [34], nonlinear optical effects [36], [37], pulse
compression [18], [38], [39], squeeze states [40], and fi-
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TABLE I
BRIEF HISTORY OF EXPERIMENTAL CONTINUUM (GENERATION ’
Wavelength, Frequency
Investigator Year Material Laser/Pulsewidth Spectral Shift Process
Alfano and Shapiro 1969-1973 Liguids and 530 nm /8 ps or Visible 10 000 em ™" SPM
solids 1060 nm /8 ps Near IR
Siolen 1974-1976 Fibers 530 nm/ns Visible 500 cm ™! SPM
Shank, Fork, ef al. 1983 Glycerol 620 nm /100 fs UV, visible, 10 000 cm ™! SPM
near IR
Corkum, Ho, and 1985 Semiconductor 10 pm /6 ps IR 1000 cn ™! SPM
Alfano dielectrics
Corkum and Sorokin 1986 Gases 600 nm /2 ps Visible 5000 cm ! SPM
300 nm /0.5 ps uv
Alfano, Ho, 1986 Glass 1060 nm /530 nm Visible - 1000 cm ™' IPM
Manassah, 8 ps
and Yimbo )
Alfano, Ho, Wang, 1986 ZnSe 1060 nm Visible 1000 ¢m™! ISB
and Jimbo 8 ps
Alfane, Ho, and 1987 Fibers 53¢ nm Visible 1000 cm ™' XPM
Baldeck 30 ps
ber diagnostics [15]. The frequency-broadened pulses can TABLE It

play an important role in ranging, imaging, remote sens-
ing, communications, and other ficlds [41]. It is a key
process behind the generation of 6 fs laser pulses. The
newly observed ISB due to IPM has important features
for communications and signal processing by allowing
pulse coding in different frequency regions. Furthermore,
SPM, XPM, and IPM in optical fibers could be a source
of noise on signals due to interference in multiband com-
munications and signal processing applications [42].

In this paper, we will review, discuss, and compare
SPM, XPM, IPM, and ISB spectral broadening of ultra-
short laser pulses in condensed matter. In all these cases,
x° is responsible for the modulation and spectral broaden-
ing processes. Over the past 17 years, Alfano and his co-
workers were the first to observe SPM, XPM, IPM, and
ISB in condensed matter and fibers using ultrashort pulses.

Table I presents major observations of the spectral
broadening in different states of matter. Different types of
nonlinear optical processes responsible for continuum
generation arising from various susceptibility coefficients
in condensed matter are given in Table II. Underlying
mechanisms giving rise to these processes will not be dis-
cussed in detail here, but the electronic process is still
believed to be the most important [1], [11] in the femto-
second and picosecond time scales. The bracket indicates
the laser pulse intensity at a given frequency. In the SPM
process, the spectral broadening of pulses involves only
one principal wavelength. In an example of the XPM pro-
cess, the principal wavelength generates a Stokes Raman
line, and its width is broadened through the coupling of
the laser pulse and the generated Raman pulse via phase
changes. In the IPM process, strong and weak laser pulses
at different wavelengths are generated outside the inter-
action material. Then these pulses enter the sample to in-
duce additional spectral broadening of the weak pulse.
There are experimental differences between XPM and
IPM processes. The temporal shape of IPM is externally
produced, while the Raman pulse in XPM starts from the

TYPES OF SPECTRAL BROADENING FROM PHASE MODULATION PROCESSES

Input Coupling Qutput Process
SPM [} - [wy + Awy] SPM
XPM  [w] - {w, £ Aw,] SPM
e [w, — ¢ & Awg] XPM
‘ where Awp ~ 2Aw,
IPM [en} L SPM
o] el foy + Awy] SPM
weak where Aw, >> Aw,
lod +lead = Lo & Aw] SPM
+ [w; + Aw] IPM
where Aw > Aawy
i5B [} - [w *+ Aw] SPM
— 204 SHG
o {20 + Awyg] ISB
where Awg ~ 1,000 em™".

noise level. Also, there is a definite energy transfer in-
volved in the XPM process from the primary pulse to the
Raman pulse due (o the Raman gain factor. There is little
energy enhancement of the weak pulse in IPM; just a
modulation of phase occurs in the first-order approxima-
tion. In the ISB process, similarly to XPM and IPM, an
intense laser pulse is passed into a medium. A non-phase-
matched SH is gencrated inside the sample, becoming
spectrally broadened from its interaction with the primary
pulse. This is similar to XPM with the SHG pulse replac-
ing the Raman pulse. However, ISB was found to have a
unique dispersionless-like propagation property.

II. EXPERIMENTAL ARRANGEMENT

A typical experimental arrangement which is used to
produce and measure the spectral and temporal profiles of
the spectrally broadened pulse is displayed in Fig. 1. Pi-
cosecond and femtosecond laser pump pulses are gener-
ated from mode-locked laser systems. SH pulses are often
used as either the pump or the probe beams for conve-
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Fig. I. Experimental setop to measure temporal and spectral profiles of
ultrashort laser pulse propagating through condensed media.

nience. The pump beam is usually weakly focused into
the sample. The output signals arc passed through filters
to remove the incident laser pulses and separated into three
paths for diagnosis. Along path 1, the beam is imaged
onto the slit of a 0.5 m Jarrell-Ash spectrograph to sepa-
rate the spectral contributions arising from possibly dif-
ferent mechanisms of the supercontinuum generation, By
analyzing the spatial and angular distribution of the spec-
trum; one can separate the phase modulation from FPPG
processes.. In"spectral measurements, photographic films
or multichannel photodetectors are used to measure the
spatial distribution of the emission supercontinuum spec-
trum.: Photomultipliers are used to obtain quantitative
readings. . To- distinguish different contributions from
either the phase modulation or FPPG, geometrical blocks
are arranged in the path for the selection of a particular
process. The beam along path 2 is directed into a spec-
trometer with an optical multichannel analyzer to measure
the supercontinium- spectral intensity distribution. The
spectrum is digitized; displayed, and stored in 500 chan-
nels as a function of wavelength. The beam along path 3
is delayed and directed into a 2 ps Hamamaisu model
#C1587 streak camiera [43] to measure the temporal dis-
tribution of the laser pulses and the spectrally broadened
pulse.

The spectral broadening of ultrashort laser pulses aris-
ing from SPM, XPM, IPM, and ISB will be described in
Sections IH-VI.

HI. SPM

When an optical electromagnetic field propagating in a
medium satisfies Maxwell’s equations, the wave equation
can be expressed as

VXV xE+1/c?0%E/a* = —4x/c> 3B /ar*, (1)
the polarization density is given by a linear and nonlinear
part:

B =Bl PN

(2)

and the linear part of the polarization is related to the sus-
ceptibility through
B2, w) = x(w) E(%, w). (3)

We are interested in the propagation of a nearly mono-
chromatic pulse of light for which the amplitude E is given
by

)

E = Re {E(Z, 1) e ™ ¢ioc) (4)

and E varies little in a period 27 /w,. The instantancous
phase of the light wave is given by

o(1) = wpt — nv(t)sz/c. (3)

The simplest of all forms of nonlinear polarization density
responsible for SPM is given by

P = q4|E|" B (6)

where 9 is a proportionality constant. Equation (6) is a
special case of the general third-order nonlinear polariza-
tion

P}QL = DX_?klm(_wiis Wy, Wy, W3)
 E(wy) Ex(wy) B, (w3). (7)
The index of refraction change for such a nonlinearity is
(8)

Fig. 2 displays the salient features of SPM. Having de-
termined én, the electric field in w space can be evaluated
using the method of stationary phase. Critical points are
located at

dn = 2mn/n|E|" = in|ET.

w— wy = —w(z/c)d/dt(én). (9)

~ Assuming én to be a bell-shaped curve, ¢, and ¢, to be its

inflection points, and +' and ¢ to be the solutions of the
critical points equation, the maximum frequency broaden-
ing of Stokes and anti-Stokes occurs at ¢; and t,. After
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Fig. 2. A theoretical model of the frequency generation within a Gaussian
pulse envelope by the SPM process. (a) Index of refraction change as a
function of time. (b) Time derivative of the refractive index change. (c)
Frequency broadening as a function of time. (d) Measured temporal dis-
tribution of supercontinuum {44] with a SPM mode [1] using an 8 ps
Gaussian laser pulse. The horizontal axis is the time in picoseconds. The
vertical axis is the frequency shift of the supercontinuum as a function
of pulse time profile. The solid line was calculated from (9) by assuming
wotzl/c ~ 3.6 TW fem?,

Fourier transformation, the spectral intensity is given by
2
S(w) = c/Ax|E(w)|". (10)

Fig. 2 indicates that the frequency extent is inversely
proportional to the pulse duration. The Stokes broadened
pulse is leading the anti-Stokes broadened pulse within
the generation of the incident pulse envelope. The maxi-
mum frequency extent from this analysis can be expressed
as

|Aw| ~ womEdz/[(27 In2)" er] (11)
where 7 is the pulse duration of the incident laser. From

the above simple analysis for SPM, the spectrum of the
supercontinuum produced by a 100 fs laser pulse spans

from 0.19 to 1.6 um [22], [35], [38] by 8 ps glass lasers,
which span from 0.5 to 1.5 pm [1}, and by a 3 ps CO,
laser pulse 3-14 pm [14].

A. Experimental Evidence of SPM

In 1970, Alfano and Shapiro [1] first observed super-
continua spread over 10 000 cm ™' in liquids, glasses, and
crystals. Spectral broadenings which evolved through and
beyond the electronic absorptions were demonstrated by
Alfano et al. [12] using a picosecond laser pulse gener-
ated near electronic resonances in PrF; crystals in 1974.
Shank et al. [39] observed the supercontinuum in CS,-
filled fibers in 1974, and Stolen and Lin [15] verified the
SPM process in optical fiber glasses in 1978. In 1983,
Shank and his co-workers [22], [38] demonstrated the
spectral distribution of SPM in a glycerol jet stream using
femtosecond laser pulses. Corkum et al. [14] observed
the SPM process spanning from 3 to 14 um using pico-
second CO, laser pulses in semiconductors and dielectrics
in 1985. Recently, Corkum et al. [25] and Sorokin et al.
[26] observed the SPM in gases using subpicosecond laser
pulses in the visible and near UV, respectively. All these
key observations and other numerous measurements have
confirmed that SPM is one of the dominant processes re-
sponsible for the spectral broadening of ultrashort laser
pulses.

1) Spectral Features:

a) Spatial Distribution of Non-Phase-Matched Spec-
tra: Usually, the spectral emission of spectrally
broadened pulses exhibits both SPM and FPPG. A typical
spectrum from water is displayed in Fig. 3. The spectrally
broadened pulse was generated using a collimated 8 ps
530 nm laser pulse propagating in 10 cm of water [44],
[45]. The collinear part of the spectrum arising from the
SPM process has nearly the same spatial distribution as
the incident 530 nm laser pulse. Two emission wings cor-
respond to FPPG emission. The phase matching of the
FPPG process requires that different generated wave-
lengths be emitted at different angles from the incident
laser beam direction. The measured far-field patterns of
filaments have shown that FPPG pulses form circles with
a radius which depends on angle (i.c., wavelength) at the
entrance slit plane. Filaments at different z points form
circles with different radii even if the wavelengths are the
same and show the multiple cone structure on the slit of
a spectrograph. Filaments at different radial points form
circles centered at different points and have features like
an interference pattern. Although SPM pulses travel col-
linearly with the 530 nm laser pulse, the wavefronts are
not planar due to diffraction. These wavefronts from dif-
ferent filaments can interfere with each other, forming the
modulation pattern. The formation of filaments is a sto-
chastic process. Therefore, the resultant modulation pat-
terns are not reproducible in bulk samples.

b} Modulated Spectra in Optical Fibers: Using a

" modeé-locked argon-ion laser, Stolen and Lin [15] have

observed a modulated broadened frequency over 100 cm ™!

in width the single-mode silica core fibers. The spectrum
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Fig. 3. Photographs of the emission spectrum of the spectrally broadened
pulse in water. The horizontal signal is SPM. The angular wings are

FPPG.

is in good agreement with the calculated curves based on
the SPM process [1]. ,

2} Temporal Features: Another signature of the SPM
process is that the Stokes broadened frequency is gener-
ated at the leading edge of the pump pulse, and the anti-
Stokes broadened frequency is generated at the trailing
edge of the pump pulse when n, > 0. This is shown in
Fig. 2(c). The generation of the supercontinuum in a 20
cm long CCl, liquid after correction for the group velocity
dispersion is fitted with a calculated curve, shown in Fig.
2(d) [44]. Futhermore, using 100 fs laser pulses and an
ethylene glycol thin jet stream, Shank {22], [38] et al.
have clearly identified the spectral broadening as arising
from the SPM generation process from the temporal dis-
tribution in the pulse.

B. SPM Generation and Propagation

As mentioned above, there are three major modulation
processes responsible for the generation of the ultrafast
supercontinuum  [46]-[49): phase modulation (SPM,
XPM, and IPM), FPPG, and SRS. In the SPM process,
anewly generated wavelength could have bandwidth-lim-
ited durations at a well-defined time location i22], [44]
within the pulse envelope. This is, Tgpy(w) << Tiaser-
The duration of the spectrally broadened pulse from FPPG
and SRS processes could be shorter than the pump pulse
duration due to the higher gain about the peak of the pulse.
In either case, the supercontinuum will have a shorter du-
ration than the incident pulse duration. These pulses trav-
eling in a condensed medium will be broadened in time
due to the group velocity dispersion. The Stokes wave-
lengths travel ahead of the anti-Stokes wavelengths due
to normal dispersion.

A model to describe the generation and propagation of
the supercontinuum is next formulated based on local
generation. The duration and the pulse delay of a super-
continuum generated by an 8 ps laser pulse in a 20 ¢m
long liquid CCl, cell were directly measured with a 2 ps
resolution streak camera. Typical data on the time delay
of 10 nm bandwidth pulses centered at 530, 650, and 450
nm wavelengths of the supercontinuum without compres-
sion are displayed in Fig. 4. The absolute times of these
three pulses were compared to a reference pulse traveling
through air. The peak locations of 530, 650, and 450 nm
are ~49, —63, and —30 ps, respectively. The salient fea-
tures displayed in Fig. 4 indicate that the duration of all
10 nm band supercontinua are only about 6 ps, which is
shorter than the incident pulse of 8 ps: the Stokes side

{650 nm) of the supercontinuum pulse travels ahead of
the 530 nm pulse by 14 ps, and the anti-Stokes side {450
nm) of the supercontinuum lags the 530 nm pulse by 19
ps. No slow asymmetric tail for the Stokes or rise for the
anti-Stokes pulses are displayed in Fig. 4. These obser-
vations suggest local generation of supercontinua. The
time delays of the Stokes and anti-Stokes supercontinua
related to the 530 nm pump pulse in accounted for by the
filament formation at ~5 cm from the sample cell en-
trance window. The 5 cm location is calculated from data
in Fig. 4 by

Tsao ~ Tusc = Ax(1/Vs3p — 1/Vysc) (12)

where Ax is the total length of the supercontinuum trav-
eled in CCly after the generation, Tsyy and Tysc are the
530 nm and supercontinuum pulse peak time locations in
Fig. 4, and Vi3 and Vi are the group velocity of the
530 nm and supercontinuym pulses, respectively. Tyqc has
been corrected for the SPM generation process over the
pump pulse envelope location [46]. For example, the time
separation between 650 and 530 nm pulses in Fig. 4is 14
ps. However, due to the SPM generation mechanism, the
650 nm supercontinuum was introduced at the 3 ps lead-
ing edge of the pump pulse. Therefore, Teso = 14 — 3 ps
for the Tyge of (12) at A = 650 nm,

The duration of the supercontinuum at the generation
location is either limited by the bandwidth of the mea-
surement from the SPM process or shortened by the par-
ametric generation process. In either case, a 10 nm band-
width supercontinuum will have a shorter duration than
the indicent pulse. After being generated, each of these
10 nm bandwidth supercontinuum pulses travels through
the rest of the CCl, liguid and is continuously generated
by the incident 530 nm over a certain interaction length
before these two pulses walk off. The interaction length !
can be calculated from (12) by assigning Ax = I to be the
length over which the pump and the ‘supercontinuum
pulses stay spatially coincident for less than the duration
[full width at half maximum (FWHM)! of the incident
pump pulse, and 7 = 7535 — 74 is the duration of the
supercontinuum pulse envelope. Using parameters Tusc
=6 ps, V530 = 6/14868, and V650 = C/14656, the in-
teraction length / = 8.45 cm is calculated. This iength
agrees well with the measured beam waist length of 8 cm
for the pump pulse in CCl,. The supercontinuum is not
generated over the entire length of 20 cm, but only from
aboutz = 1t0 9 cm ( ~ beam waist length of the laser in
CCl,). In addition, a pulse broadening of 0.3 ps calcu-




356 1ERE JOURNAL OF QUANTUM ELECTRONICS, VOL. 24, NO. 2, FEBRUARY 1988

{530 nm) Ref.

(@) J/\‘_J..._ A/[\I

{65C nm) Ref.
(®) /\E\ 1 1 ] A I
{450 nm) | Ref,
(© ] |’./l/\ ad ,/I\ :
-60 =30 o]
TIME (ps)

Fig. 4. Temporal profiles and pulse locations of a selected 10 nm band of
a supercontinuum pulse at different wavelengths propagating through a
20 cm long CCl, celi. (a) A = 530 nm. (b} 650 nm, (c) 450 nm. Ampli-
tudes of these pulses are adjusted for display. The time zero is set for a
reference pulse traveling in air. Filter effects were compensated. Differ-
ent wavelengths were selected using narrow-band filters of the same
thickness.

lated from the group velocity dispersion.of a 10 nm band
at the 650 nm supercontinuum traveling over 20 ¢cm of
liquid CCl, is negligible in our case.

C. SPM Signal Enhancement in Saltwater

Recently, we measured supercontinua that were several
times larger in saline than in pure water. Relative to pure
water, optical Kerr effect signals from saturated aqueous
solutions of ZnCl, are increased by ~35 times, and su-
percontinua from saturated aqueous solutions of K,ZnCl,
are increased ~ 10 times. Typical spectra of supercon-
tinua on the Stokes side, for KCI, ZnCl,, and K,ZnCl,
aqueous solutions and neat water, have shown a wide-
band SPM spectrum together with the SRS of the OH
stretching vibration around 645 nm. The addition of salts
causes the SRS signal to shift towards the longer wave-
length region and sometimes to reduce the SRS intensity.
The SRS signals of pure water and dilute solutions appear
in the hydrogen-bonded OH stretching region ( ~3400
em™ ). In a high-concentration sclution, it appears in the
non-hydrogen-bonded OH stretching region ( ~3600
cm™ ). This is the same phenomenon that was observed
in an aqueous solution of NaClO, by Walrafen [50].

To evaluate quantitatively the effect of cations on su-
percontinuum generation, the supercontinuum signal in-
tensities for various samples at a fixed wavelength were
measured and compared. Fig. 5 shows the dependence of
the supercontinuum (mainly from the SPM contribution)
signal intensity on salt concentration for aqueous solu-
tions of ¥X,ZnCl,, ZnCl,, and KCl1 at 570 nm [Fig. 5(a}]
and 500 nm [Fig. 5(b)]. These data indicate that the su-
percontinuum puise intensity was highly dependent on sait
concentration, and both the Stokes and anti-Stokes sides
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Fig. 5. Enhancement of continua in saltwater. (a} The salt concentration
dependence of the SPM signal on the Stokes side at 20°C. (b} On the
anti-Stokes side at 20°C. Each data point is the average of about ten
faser shots. The insets are the same data plotted as a function of K™ ion
concentration for KCI and K,ZnCl, aqueous solutions where ¥ is Avo-
gadro’s number and M is the molar concentration in moles per liter.
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of the supercontinua from a saturated K,ZnCl, solution
were about 10 times larger than from neat water. The in-
sets in Fig. 5 are the same data plotted as a function of
K* ion concentration for KCl and K,ZnCl; agueous so-
lutions. Solutions of KCI and K,ZnCl, generate almost
the same amount of supercontinuum if the K* cation con-
centration is the same, even though they cc «in different
amounts of C1™ anions. This indicates that the C1™ anion
has little effect on the supercontinuum generation. The
Zn** cation also enhanced the supercontinuum, although
to a lesser extent than the K* cation.

The enhancement of the optical nonlinearity of water
by the addition of cations can be explained by the cations’
disruption of the tetrahedral hydrogen-bonded water
structures and their formation of hydrated units [51]. Hy-
dration increases as the number of water molecules per
unit volume increases and thereby n, increases [52]. Fur-
thermore, from the nonlinear distortion of the salt ions
and the saltwater molecule interactions, the total optical
nonlinearity of a mixture modeled from a generalized
Langevin equation [53] is determined by the coupled in-
teractions of solute-solute, solute-solvent, and solvent—
solvent molecules.

Iv. XPM

A newly observed nonlinear phase modulation process
observed is XPM. This process was proposed by Gersten,
Alfano, and Belic in 1980 [27}. An ~1 uJ 25 ps 532 nm
laser pulse was coupled into a 10 m long single-mode op-
tical fiber. The single-mode optical fiber was custom-made
by Corning Glass Company to operate at visible wave-
lengths. The cutoff wavelength of the fiber is 462 nm, the
core diameter is 2.5 pm, the cladding diameter is 79 pm,
the refractive index difference is 0.24 percent, and the

- silica dispersion at 532 nm is D(A) = 0.66. The output
from the fiber was passed into a 1 m Jarrell-Ash spectrom-
eter. The spectra of the output laser pulses were recorded
by a PAR OMA2. The overall system resolution of the
spectral measurement was 0.25 nm.

Four typical measured spectra of the laser pulse after
propagating in 10 m of fiber with different incident pulse
energies are displayed in Fig. 6. There are five salient
features depicted in the four curves shown in Fig. 6. First,
the output bandwidth of the incident wavelength (532 nm)
increases as the incident pulse energy is increased. Sec-
ond, the output peak amplitude of the incident 532 nm
line is nearly a constant value when the incident pulse
energy is above a threshold value. Third, both the ampli-
tude and spectral bandwidth of the first Stokes output
wavelength (544.5 nm) increase as a function of incident
pulse energy. Fourth, the spectral shape of Raman emis-
sion is asymmetrical due to dispersion and walkoff during
the generation process [46], [48], [49]. Fifth, and most
important, the broadened spectral bandwidth of the Ra-
man line is larger than that of the incident laser line, the
ratios of the spectral width of the Raman line to that of
the laser line being 2.85, 3.0, and 2.8, in Fig. 6(b), (c),
and (d), respectively.

(a)

(arbitrary unit}
n
™
—_—

(b

Intensity

{c)

Relative

(G)]

332 © 5445
LASER RAMAN

A(nm)

Fig. 6. Measured emission specira of 25 ps laser pulses of different ener-
gies at a 532 nm wavelength propagating through a 10 m long single-
mode glass fiber. The vertical axis is a relative intensity at the incident
laser 532 nm wavelength. The horizontal axis is calibrated as a function
of wavelength. The 544.5 nm corresponds to the peak of the first Stokes
Raman line. (a} Relative pump pulse energy E,. (b) Relative pump pulse
energy 7E;. (c) Relative pump pulse energy 12E;. (d) Relative pump
pulse energy 20E,.

From our previous theoretical analysis for XPM [27],
the spectral bandwith of the Raman line should be in-
creased as the pulses travel in the medium and grow dra-
matically as the pulse duration is shortened. The index of
refraction of the system is of the form n = ny + n, E? +
vQ where vy determines the coupling of the phonon field
O to the electromagnetic field [27]. By assuming phase
matching and neglecting group velocity dispersion and
higher-order Raman processes, a coupled wave equation
can be written as

da,/on = i[,B(|a1|2 + 2|a2|2)a1 + qbaz], (13a)
dar/n = i[ B(ar|” + 2| [*)a, + ¢*ay] (13b)

where ¢ is proportional to the phonon amplitude and
99 /3t = —¢ + idafa,; a, and a, denote the pulse en-
velope function of the incident laser and the first Raman
Stokes, respectively; n = I'z/v; £ = I'(r — z/v); and
T' is the phonon decay rate. A predicted ratio of the Stokes
spectral width to the primary spectral width without dis-
persion is [27]

X = At/ B = 2[1 + (8/28Y]"° (14)

where

B = 3mw’ /(Tnyc?),
5= "yzwa/(167rpongc21"2),

and w is the incident laser frequency, o is the phonon fre-
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guency, p is the effective oscillator mass density, n is the
linear index of refraction, and n;, is the nonlinear index of
refraction. Typical values for parameters in (14) are w =
3.54 x 10% 57!, ¢ = 8.3 x 10", g = 1 (estimated), v
= 105 (estimated), ny = 1.5, n, = 1.2 x 107" esu, and
I = 5.7 x 10?2 57", In a glass fiber, 6/28 << 1, the
ratio X = 2. Our experimental data have demonstrated
this CPM signature. The spectral broadening of the Ra-
man line is larger than that of the laser line. The measured
tatio of these spectral broadenings under our experimental
conditions was 2.9 + 0.1, which was larger than the pre-
dicted twofold increase. In our measurement, the Raman
intensity was nearly at the same intensity as the incident
pulse. Equation (14) is an approximation when a; << ay.
At high Raman intensity, SPM by the Raman pulse itself
should be added to the denominator of (14) and will in-
crease the broadening ratio.

It is interesting to note that in the absence of SPM and
XPM processes, the bandwidth of the SRS from a pico-
second or femtosecond pulse is gencrally narrower [45].
This narrowing is due to the gain of SRS from the incident
laser spectral profile. Equation (14) indicates a dominant
contribution of spectral broadening to the Raman line from
XPM and SPM in the absence of significant Raman gain.
A significant contribution to the spectral broadening of
the Raman line requires a large gain factor /28 ~ 1 and
a high incident laser power to saturate the gain.

When the group velocity dispersion is introduced into
the calculation, (13) will be modified [49] due to the
walkoff between the pump and Raman pulses [28], [29].
The spectral broadening of the Stokes side will be larger
than that of the anti-Stokes under normal dispersion. This
is opposite to the spectrally broadened distribution gen-
erated from SPM.

V. IPM

An important process of phase modulation for coding
communications is IPM. The analysis for the IPM [31],
[32] of the weak probe electric field of the SH pulse in
the presence of a strong primary pump pulse can be ex-
pressed by the total field as

E = Eo[ae""‘e"("z'w‘) + kbe'®eZilie =] (15)
where E, is the amplitude of the primary pulse, « is the
relative strength of the SH pulse signal to the primary sig-
nal, @ and b are the pulse shape functions of the primary
and the SH signal, and o and 8 are the phases of these
two pulses, respectively. Assuming k << 1 and knowing
the pulse shape function a, then b, «, and 8 can be de-
rived. Neglecting fast oscillatory terms in x* and assum-
ing the group velocity » to be constant for frequencies
from 400 to 1060 nm in glass, the quasilinear partial dit-
ferential equations deduced from the nonlinear Maxwell
equation [32] are

da/dV — 1.5¢a’da/0U = 0 (16a)

" 3b/8V — 0.5ea’db /AU = eabda/dU {16b)
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9a/3V — 0.5ca’da/dU = 0.5Kea” —0.125Ke’a’
(16¢c)

88/8V — 0.5¢a’8/0U = Kea® — 0.25Ke’a* (16d)

where 7 is the pulse duration, K = wr, U = (z/v — 1) /7,
V =z/(v7), € = mE}/n, and n is the index of refraction.
Given a proper envelope function a, the above partial dif-
ferential equations can be solved to determine the induced
pulse shape distortion b, and spectral broadening 3, of the
weak probe pulse. On assuming a sech pulse envelope
function for the incident primary pulse, (15) can be re-
written to be

E = Ej[sech U exp (iKU)

+ « sech (1.76U) exp (2iKU)].  (15a)

The induced shape of the weak probe SH pulse due to
the presence of an intense primary pulse at various inci-
dent intensity levels | Ey | is given in [32]. The frequency
extent of IPM can be obtained from (16d) as a function
of the incident pump laser intensity. Calculated [32] in-
duced Stokes and anti-Stokes spectral extents for a weak
SH pulse are displayed in Fig. 7.

Experimental results of the spectral distribution of in-
duced ultrashort supercontinuum pulses and ultrashort su-
percontinuum pulses are displayed in Fig. 8. The average
increase of the induced supercontinuum in a BK-7 glass
from 410 to 660 nm is about 11 times the supercontin-
uum. In this instance, both the 527 and 1054 nm laser
pulse energies were maintained to be nearly constant: 80
pJ for 527 nm and 2 mJ for 1054 nm. In this experiment,
the 527 nm laser pulse generated a weak supercontinuum,
and the intense 1054 nm laser pulse served as a catalyst
to enhance the supercontinuum in the 527 nm pulse. The
supercontinuum generated by the 1054 nm pulse alone in
this spectral region was less than | percent of the total
induced supercontinuum. The spectral shapes of the su-
percontinuum and induced supercontinuum in Fig. 8 have
a similar spectral distribution when the 527 nm pulse en-
ergy is set at 80 + 15 ul.

Since the supettontinuum generation can be due to
either the phase modulation and/or FPPG processes [1],
it is important to distinguish between these two different
contributions to the induced supercontinuum. Spatial fil-
tering of the signal was used to separate the two main
contributions. The induced supercontinuum spectrum
shows a spatial spectral distribution similar to that of the
conventional supercontinuum [1]. The collinear profile,
which is due to the phase modulation, has nearly the same
spatial distribution as the incident laser pulse. As men-

-tioned before, two emission wings at noncollinear angles

correspond to the FPPG supercontinuum arising from the
phase-matching condition of the generated wavelengths
emitted at different angles from the incident laser beam
direction [1]. Using a photomultiplier system and spatial
filtering, quantitative measurements of spectral contribu-
tions of the induced supercontinuum from the collinear
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Fig. 7. IPM spectral extents as a function of the incident primary laser
intensity. The horizontal axis n, | E |* z/(er) is a fonction of incident
laser energy, and the vertical axis is the ratio of the frequency spread fo
SH, The incident second harmonic pulse energy is a constant. The asym-
metry of the Stokes and anti-Stokes radiation has been observed exper-
imentally.
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Fig. 8. Experimental induced supercontinuum intensity distribution from
aBK-7 glass as a function of wavelength. Each data point was an average
of about 20 laser shots and corrected from the detector, filter, and spec-
trometer spectral sensitivity. A is the induced supercontinuum (IUSP)
from both 530 and 1060 nm; O is the supercontimmm (USP) from 530
nm, The error bar of each data point is about +20 percent. The super-
continuem from 1060 nm, which is not shown here, was ~ I percent of
the induced supercontinuum,

IPM and the noncollinear FPPG parts were obtained
[31]. These signals, measured at A = 570 nm from the
cotlinear and noncollinear parts of the induced supercon-
tinuum, are plotted as a function of the pump pulse en-
ergy. There was little gain from the contribution of the
FPPG process over the entire added pulse energy depen-
dent measurement. The main enhancement process of the
induced supercontinuum generation is consequently at-
tributed to the IPM mechanism, which corresponds to the
collinear geometry. This is a signature of IPM,

The discrepancy of the spectral distribution between the
theoretical calculated curve of Fig. 7 and the experimen-
tal curve of Fig. 8 may be accounted for by the group
velocity dispersion, which was neglected in the theory
displayed in Fig. 7. The wider spread over the anti-Stokes

spectral broadening is accounted for by the pulse-shape
steepening. Due to the walkoff of the IPM in a‘normal
dispersed medium, the broadening over the anti-Stokes
side will be reduced. This is a reason why the experimen-
tal ratio of anti-Stokes broadening to Stokes broadening
is less than the theoretical ratio.

Besides the two differences between XPM and IPM
stated in Section I, an additional difference has been ob-
served by comparing their spectral distributions. The
asymmetric spectral shape of XPM has been observed to
be more broadened on the Stokes side, while the asym-
metric spectral shape of IPM is wider on the anti-Stokes
side due to a shorter interaction length in a nonguided
sample, and the probing wavelength of IPM is shorter than
the pump wavelength.

VI. ISB

When an intense laser pulse propagates through non-
centrosymmetric ZnSe crystals where both x2 and x> are
operative, ISB > +1000 cm ! around the non-phase-
matched SH frequency can be produced [33]. The spectral
broadening originates from the coupling of the third-order
optical nonlinearity of ZnSe with the original intense 1054
nm picosecond laser pulse. The dominant mechanisms for
ISB could be IPM, XPM, and the modulated two-photon
excitonic polariton.

The following model is used to explain the general fea-
tures observed for ISB of a weak SH pulse generated by
an intense laser pulse in a medium with large second and
third-order optical nonlinearities. The incident electric
field at wy can be assumed to be

E(t) = Eyexp (—1*/7%) cos [wor + ¢(2)] (18)

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

$(2) = nzwo/c ~ zowy/c[ng + n Ky
- exp (—17/77) cos (Wt — ngwezy /)
+ myE3 exp (—202/7%)
+ cos” (wot — ngwoze/c) + + - 1o (19)

For a thin medium and neglecting dispersion, (19) can be
substituted into (18) to yield the total field as

E(t) = Eyexp (—12/1?%)
|4 cos (wot — Q — @)
+ Bcos (wr ~ Q + o)
+ Csin (wpt — Q@ — o)
+ D sin (wyt — @ + )
+ Ecos 2wyt — 20 — a,)
+ Fcos (2wyt — 20 + o)
+ Gsin (2wt — 20 — ay)

+ Hsin (2wpt — 20 + )] (20)
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where
Q = nowyze/c,
o, = (1/c)nywozoEy exp (—12/7%)
oy = (1/2¢)nywyzoEf exp {27 /77)

are induced parameters and 4, B, C, - - - are Taylor’s
series cxpanded Bessels functions with arguments «, and
O as

A = Jo(ay) Jo(en) + mgl (=1)" Jum () o eta);

B = —Jy(a)) Jo()

+ 21 (—l)mH Tam+2( 1) Jom(err);

m=

C = Jylay) Ji(ey);
D = Jo(et) Ji{ o)

ot m+1
+ ,,El (=1) Jam(0t) Joy— 1(ery); ete.

E(w) can be obtained by using the Fourier analysis
(20). In (20), one can clearly identify the ISB (2w, +
da, /0t) term around the SH frequency 2w, due to the
primary laser intensity E?, while regular SPM arises from
wg + day /9t terms. Numerical calculations using a cou-
pled nonlinear equation similar to (20} in conjunction with
the Fourier transformation are being pursued to obtain
spectral information on ISB. Qualitatively, (20) explains
the observed spectral extent of the induced broadening as
a function of incident pulse energy, crystal length, and n,
in the following section.

A. Spectral Measurement of ISB

An 8 ps 2 mJ 1054 nm laser pulse was weakly focused
into the ZnSe sample. The spot size at the sample was
about 1.5 mm in diameter. The SH produced in ZnSe
samples was about 10 nJ. The incident laser energy was
controlled by changing the neutral density filters. The out-
put signal was sent through a 0.5 m Jarrell-Ash spectro-
graph to measure the spectral distribution of the signal
light using polaroid films and optical multichannel ana-
lyzers. The 1054 nm incident laser beam was filtered.

The spectral was measured using photographic films and
OMA for non-phase-matching SHG and ISB generated in
a 22 mm long ZnSe crystal by a 2 mJ 1054 nm laser pulse.
The spectra from ZnSe and quartz samples are displayed
in Fig. 9. The salient features of the ZnSe spectra indicate
that the extent of the spectral broadening about the SH
line at 527 nm depends on the intensity of the incident
1054 nm laser pulse. When the incident laser pulse energy
was 2 mJ, there was significant spectral broadening of
about 1100 cm ™" on the Stokes side and 770 cm ™' on the
anti-Stokes side. There was no significant difference in
the spectral broadening distribution measured in the sin-

Ewoso=2mJ

EIOGO= 0.9mJ

Eloe0=0.22M7T

Eipeo=2mT
{Quartz)

560nmi507nm A

527nm

Fig. 9. ISB spectrum in a 22 mm leng ZnSe excited by a 2 m! 1054 nm
pulse measured by an optical multichannel analyzer.

gle crystal and polycrystalline material. When the inci-
dent puise energy was less than 1 mlJ, the spectral
broadening was found to depend monotonically on the
pulse energy of the 1060 nm beam.

The spectral broadening generated by sending an in-
tense 80 pJ 527 nm 8 ps laser pulse alone through these
ZnSe crystals was also measured to compare to the
~ 41000 cm ™! ISB discussed above. The observed spec-
tral broadening was only ~200 cm™' when the pulse en-
ergy of 527 nm was over 0.2 mJ. This measurement sug-
gests that the SPM process from the 10 nJ SHG pulse in
ZnSe is insignificant compared to the observed ~ 1000
cm™! of ISB. ;

The second-order nonlinearity Pockels coefficient ry; of
ZnSe is about 2 X 1072 m /V [54], and the value of the
third-order nonlinearity », obtained by us from the optical
Kerr effect was found to be about half the value of n,( CS;)
=2 X 107" esu. The Pockels term of ZnSe is respon-
sible for the sharp line ~ 100 cm ™! at the SHG frequency.
This weak 527 nm SHG pulse travels through the crystal
together with the intense primary 1054 nm laser pulse,
Due to the large n, of ZnSe and the intense incident 1054
nm laser, the spectral width about the weak 527 nm pulse
is broadened [33]. The intensity ratio of the ISB to the
non-phase-matched SHG signals displayed in Fig. 9 was
~0.1 for a given 1054 nm pulse energy. This conversion
efficiency is much larger than the intensity conversion ra-
tio of ~10™* observed for the induced supercontinuum
about the 527 nm pulse in a BK-7 glass by propagating an
intense 2 mJ 1054 nm laser pulse and a weak 80 uJ 527
nm laser pulse simultancously. By replacing the ZnSe with

a quartz crystal, only a narrow line at 527 nm was mea-

sured, as shown in Fig. 9. This observation can be ex-
plained by the lower n; value of quartz, which is about
50 times smaller than n, of ZnSe. It follows that Apg,,,
is 50 times narrower than Avgg..

A comparison between the theoretical model of (20) and
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the experimental data in Fig. 9 is consistent. The
broadened spectral width was proportional to the incident
laser power from 0.2 to 2 mJ, to the length of ZnSe from
2 to 22 mm, and n, (ZnSe is about 100 times greater than
quartz).

B. Temporal Measurement of ISB

The setup for the measurement of the temporal profile
and distribution of ISB for ZnSe is shown in Fig. 1. A
weak 527 nm pulse passing through a fixed distance in air
set the zero reference time of the streak camera. The sec-
ond beam of the 1054 nm pump was sent through the ZnSe
sample, The iemporal profile and the propagation time of
the signals were measured by a 2 ps resolution streak cam-
era system. The absolute time for the ISB traveling
through the sample was determined by the time separation
between the first reference pulse beam and the ISB signals
in the streak camera. A set of color filters and narrow-
band filters was used after the sample to select particular
signal wavelengths to be analyzed.

The measured temporal profile of pulses propagating
through a 22 mm ZnSe polycrystalline sample is shown
in Fig. 10. Without the sample, both 1054 and 527 nm
laser pulses appeared at the reference zero time point. A
time delay of about 179 ps was observed for 527 nm in
Fig. 10(a) when a weak 3 nJ 527 nm pulse propagated
through the 22 mm ZnSe. A pulse delay of ~119 ps at
1054 nm was observed in Fig. 10(b) when an intense 1054
nm pulse passed through the crystal. The salient features
of these traces [Fig. 10{c) and (d)] indicated that all the
ISB wavelengths are reemitted at nearly the same time as
the incident 1054 pulse [Fig. 10(b)].

The temporal behavior of a selected 10 nm band 530
nm signal from the 1054 nm generated ISB is shown in
Fig. 10(c). The pulse shape and the duration of this sig-
nal, shown in Fig. 10{c), are quite different from those of
the 1054 nm pumping pulse [Fig. 10(b)] and the 527 nm
calibration pulse [Fig. 10(a)]. A ~60 ps long emission
tail (from 179 to 119 ps) is the result of the emission of
SHG of the 1054 nm pulse at different locations inside the
ZnSe. An additional sharp spike is located at 119 ps,
which is coincident with the 1054 nm pulse propagation
time. Fig. 10(d) displays the temporal profile of the ISB
pulse at 550 nm using a 10 nm width narrow-band filter.
The location of the ISB signal appears at the same time it
takes the 1054 nm incident pulse to pass through the crys-
tal. The duration of the 550 nm ISB signal is ~5 ps,
which is about half that of the incident 1054 nm pulse
duration. The ISB signal at 510 nm showed properties
similar to those of the 550 nm pulse.

The difference in the propagation of a weak 527 nm and
a 1054 nm pulse through ZnSe, shown in Fig. 10(z) and
(b), can be accounted for by group velocity dispersion.
The measured group refractive indexes of ZnSe obtained
from data displayed in Fig. 10(a) and (b) are Rg 527 = 3.44
and ng 1054 = 2.62, respectively. These values atre in good
agreement with the calculated values [54] from the wave-
length dependence of the group index of refraction: Ng. 527
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Fig.' 10.) Temporal profile and propagation delay times of ISB by a 22 mm
long ZnSe crystal measured by a 2 ps resolution streak camera system.
(a) Incident 527 nm. (b) Incident 1054 nm. (c¢) Generated 530 nm. {d)
Generated 550 nm. The zero reference time corresponds fo the laser pulse
traveling through air without the crystal. This leads to a 73 ps time shift
between the time scale here and the text, The right-hand side of the time
scale is the leading time. The vertical scale is an arbitrary intensity scale.

"

= 3.36 and n, y9s4 = 2.58; therefore, dispersion can ac-
count for the propagation of different wavelength pulses
through ZnSe. However, a new model is needed to ex-
plain the propagation of new ISB pulses 500-570 nm gen-
erated from the 1054 nm pulse in the crystal, which ap-
pears to have about the same propagation time as the 1054
nm pulse.

There are several possible machanisms which may ac-
count for the observed dispersionless propagation of the
15B pulse relative to the incident 1054 nm pulse. One pos-
sibility is the compensation of the group velocity disper-
sion in ZnSe by the negative nonlinear index of refraction
[55]-[58]. There are several negative nonlinear refractive
index processes. These are the dynamic Burstein-Moss
effect [55], induced free-carrier plasma [55], direct satu-
ration of interband excitation [56], near-resonance pulse
propagation [57], near excitonic molecule resonance [53],
and spatial dispersion [59]. Qur measured 1, of ZnSe from
picosecond OKE is about 10! esu. The laser power den-
sity needed to achieve the induced refractive index change
to compensate the group index of 8n = nypgy — ngyy; ~
~0.8 is TW /cm?, This power density can be achieved
using a 1 mJ 8 ps laser pulse with a beam diameter of
~40 pm. However, based on this model, the delay time
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of the ISB should be sensitive to the 1054 nm power den-
sity (incident energy). This is not apparent in our mea-
surements. In addition, theoretical calculations of én from
the above physical processes are orders of magnitude
smaller than the required dn = —0.8. Therefore, this
mechanism is questionable.

Another possible mechanism to explain the observed
phenomena could arise from the enhanced SHG of the
SPM process of 1054 nm. In this process, an intense 1054
nm pulse entering into the ZnSe is spectrally broadened
from 1000 to 1140 nm due to SPM. The SHG of this 1054
nm SPM at the exit crystal surface may be larger than that
in the bulk ZnSe. The surface-enhanced SHG process may
arise from the surface roughness or the band distortion at
the crystal surface. Therefore, a larger conversion of SHG
{500-570 nm ) may be possible at the exit crystal surface.
However, there were four observations which contra-
dicted this model. First, the measured intensity distribu-
tion of ISB from 500 to 570 nm is linearly proportional to
that of SPM from 1000 to 1140 nm. Second, the output
intensity ratio of the ISB was found to be linearly depen-
dent on the sample thickness. Third, placing ZnSe in eth-
ylene glycol or CS,, to reduce the index mismatch be-
tween the crystal and air, made no difference in the output
intensity on the time dynamics of ISB. Fourth, by chang-
ing the surface roughness of several ZnSe crystals with
similar length and optical properties, the ISB intensity
signal remained abowt the same.

The third possible model is the two-photon-like exci-
tonic polariton. When an intense 1054 nm laser pulse en-
ters a ZnSe crystal, two-photon excitation [60] is possi-
ble. Due to momentum conservation, the polarization
dispersion curve of a two-photon excitation mode cannot
foltow the one-photon excitonic polariton dispersion
curve. In the two-photon excitation process, the first pho-
ton wgsq follows the original polariton curve. The second
photon w54 starts with the same excitation process on the
polariton curve [61] from the point {wgs4, kigs4) tO the
point (2wygs4, 2k10s4) Where 2kyosq = 2 (27 /N 1054) igsa-
When a single photon ws,; is incident on ZnSe, the exci-
tation mode will follow the solid curve and reach the point
(CIJ527, k527) where k527 = (271'/7\)?1527. These two exci-
tation modes, (20)1054, 2k1(}54) and (W527, k527), have the
same energy, but different momenta and slopes. The group
velocity of the two-photon excitation mode is about the
same as that of the wypsy excitation mode, which is much
larger than that of the ws,; excitation mode. However, in
a temperature-dependent measurement of the strength of
ISB from 4 to 300 K the output ISB intensity remained
the same. This suggests a possibility of electronic gener-
ation such as SHG instead of polaritons where coupling
is increased at low temperature.

A possible model to explain our unusual observation
arises from the destructive interference of the non-phase-
matched wavelength generation throughout the bulk ma-
terial. Using the equation of the SHG [62] for a slowly
varying time and space envelope function where second-
order derivatives of the wave equation are neglected and

the pump laser intensity is assumed to be constant, the SH
envelope field can be expressed by [62]

4

Ez’o(t - Z/vz) = i(.dCXz SU E%,O{[t - Z/Uz

- 7(1/v, - 1/m)}}

cexp — i(k, — 2k)z" dZ’  (21)

where E; ¢ is the electric field envelope amplitude of SH
at 2w, ,, and v, are group velocities for w and 2w, re-
spectively, and k; and k; are wave vectors for @ and 2w,
respectively. The- direct time-dependent experiments
measured £ §,0 (t — z/v,) generated in ZnSe crystal where
the length of the crystal z7= L = 22 mm for polycrystal-
line and 16 mm for the single crystal. The time ¢ is the
only variable in (21) after integration determined by the
streak camera., The envelope function of the 1054 nm
pump laser pulse has been measured to be a Gaussian
function with 7, = 6/+2 In 2 ps. Since Ej is an even
function and exp — i{k, — 2k;)z' is a sinusoidal func-
tion, when k; — 2k, is nonzero for a non-phase-matched
condition, the SHG emitted at the crystal exit surface at
time ¢ is an integrated solution of (21). For a given length
z = L, if the phase factor exp —i(k; — 2k, )z’ oscillates
over more than one period, the integration washes out,
which results in E, ; becoming zero due to the summation
of many SH pulses generated at different z' with + and
— phases. This arises from destructive interference. Only
at the entrance and exit parts of the crystal, part of the
SHG pulses will not be canceled out from the free-space
boundaries. As long as the group index difference and the
crystal length are large enough that (n, — n\)L/c > 7,
one should observe two separated peaks in time under the
assumption of a nondepleted input and no absorption of
the generated pulse. The peak separation will be Anl /c.

In the experiment, the effective optical loss (absorp-
tion, collection, and scattering) of ZnSe at 527 nm gives
a = 0.76 cm~'. A modified calculation of (21) with the
absorption loss at 2w results in a reduction of the front
surface signal [62]. This is one explanation why the mea-
sured SHG signal in Fig. 10(c) has only one peak from
the exit surface. The other peak is absorbed. The plateau
of SHG in Fig. 10(c) from 190 to 240 ps is not revealed
in the first-order theoretical approximation shown in (21).
This plateau may be accounted for by the nonnegligible
group velocity dispersion. When the term 72 /(3% /0w?)
is comparable to the pulse interaction length, the second-
order term 9°E, /1% should be added to the approxi-
mated wave equation. Residues from nonperfect interfer-
ence calculations can arise from a nonconstant Ak and
nonmonochromatic laser pulses.

Including the x> nonlincarity into PN, coupled-phase
modulations similar to the IPM [31], [32] should occur to
broaden the spectral width of the SH. Terms like
fﬂowCX3E%,oE2,0 exp i[(ky — k3)z — (@, — w3)t] canbe
introduced into the approximated time-dependent wave
equation for the ISB pulse in ZnSe at A = 500-570 nm,
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Similar solutions of the destructive cancellation, as shown
in Fig. 10(c), can be obtained for the ISB pulses. That is
what we have observed in Fig. 10(d); the 550 nm pulse
was emitted at 187 ps. The difference between the missing
wing or plateau of ISB in Fig. 10(d) compared to the SHG
in Fig. 10(c) may arise from the ISB generation process.
Destructive cancellation is more effective if Ak is con-
stant and 8%k /9w? is small,

The ISB and IPM processes appear similar. In both
cases, the spectral width at 2w was broadened by an in-
tense pulse at w. However, there are three differences.
First, the 2w pulse in ISB was internally generated in the
coupled crystal. Second, the weak 2w was generated in a
non-phase-matched manner, which leads to destructive
interference and a possible mechanism of the dispersion-
less-like propagation property. Third, so far ISB has only
been observed in ZnSe where the internally generated 2w
pulse is near an absorption band with a large group ve-
locity dispersion where the second-order differential term
3’k /8% may be responsible for part of the temporal
propetties displayed in Fig. 10(d).

VI. SuMMARY

We have reviewed and identified several recently ob-
served spectral broadening processes from picosecond and
femtosecond laser pulses propagating in liquids, glasses,
fibers, and semiconductors originating from SPM, XPM,
IPM, and ISB. The latter three are closely related to each-
other. The IPM and ISB of an ultrashort laser pulse have
important features which could allow for pulse coding and
possible dispersionless pulse propagation in different fre-
quency regions. Knowledge of the spectral broadening
mechanism as well as the capability of controlling the
spectrum and pulse propagation may be useful in future
optical communications, signal processing, squeeze
states, and optical computation systems,
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