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Résumé, — Les processus de génération d’impulsions lasers femtosecondes et picosecondes a trés large bande
spectrale sont passés en revue. Les effets des modulations de phase : automodulation (SPM), modulation
induite (IPM), et modulation croisée (XPM)} sont discutés. De nouvelles mesures des modulations de phase
induites et croisées sont reportées.

Abstract, — The effects of self, induced, and cross phase modulations on the generation of picosecond and
femtosecond * « white s laser pulses are reviewed. Recent measurements of cross and induced phase

modulations al_fe"rep()ljted using femtosecond and picosecond laser pulses,

1. Introduction.

_Supercontinuum genefatlén'" the generation of
intense, ultrafast, and broad- <sspectral-width pulses,
is the basis for a white: hght Iaser source needed for
numerous applications [1—4] “An alternative coherent
light source to the free eIectron laser the superconti-
nuum laser source can.be wavelength selected and
coded simultaneously. over wide spectral ranges (up
to 10 000 cm™') in the' ultra—vmlet .visible and infra-
red regions at high repetitlon rates; gigawatt output
peak powers, and: femtosecond: pulse durations.
Ultrafast supercontinuum, pulses have been used for
time-resolved absorption: spectroscopy [5-6] and ma-
terial characterization [7].- Supercontmuum gener-
ation is a key step for a pulse compression technique
which is used to produce the shortest optical pulses
[8-9]. Future applications include signal processing,
3-D imaging, ranging;: atmosphenc remote sensing,
and medical diagnosis [1;:3} o

The first study on the mechamsm and generation
of ultrafast supercontmuum dates back to the years
1969 to 1972 when Alfano: and: Shaplro observed the
first « white » p1cosecond pul_ _ Contmuum in 11qu1ds
and solids [10]. Spectra extended over ~ 6 000 cm™
in the visible and:IR: wavelength region. They
attributed the large spectral broadening of ultrafast
pulses to self phase modula_tl_on__(_SPM) [11-14] arising

from an electronic mechanism, and laid down the
formulation of the supercontinuum generation model
[10, 15-16]. Over the years, the improvement of
mode-locked lasers led to the production of wider
supercontinua in the visible, ultra-violet and infrared
wavelength regions using various materials [17-32].
A brief historical background of continuum gener-
ation is displayed in figure 1. Recently, researchers
at the Institute for Ultrafast Spectroscopy and Lasers
(TUSL) of City College of New York observed and
investigated induced phase modulation (IPM) and
cross phase modulation (XPM) effects in optical
fibers, bulk glasses and liquids [33-38].

This paper reviews our latest work on superconti-
nuum generation in terms of self, cross, and induced
phase modulations. The first section discusses the
theory of self phase modulation and presents recent
measurements of supercontinuum pulse properties.
New spectral effects arising from cross phase modu-
lation and induced phase modulation are presented
in the second and third sections of this paper,
respectively. XPM and 1PM occur when laser pulses
of different wavelengths propagate simultaneously
and interact through the nonlinear susceptibility = - ..
coefficient x‘ [35, 80]. The coupled interaction -
leads to temporal and spectral effects induced by one:
pulse on the other. XPM and IPM effec_:_t_s_ :
comparable to the optical Kerr effect which was first’
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Wavelength Freq.
Ivestigator Year Material Laser/Pulsewidth Spectral Shift Process
Alfano/Shapiro 1969-1973 Liguids 530 nm/8 ps visible 10 000 em~! SPM
& Solids or 1060 nm/8 ps near IR
Stolen 1974-1976 Fibers 530 nm/ns visible 500 cm—! SPM
Shank/Fork et al. 1983 Glycerol 620 nm/100 fs uv, visible 10 000 cm—! SPM
near IR
Corkurn/Ho/ 1985  Semiconductor 10 p/6 ps IR 1 000 cm! SPM
Alfano Dielectrics
Corkum, Sorokin 1986  Gases 600 nm/2 ps visible 5000 em™? SPM
300 nm/0.5 ps uv
Alfano/Ho/ 1986  Glass 1 060 nm/530 nm  visible 1000 em™! IPM
Manassah/Jimbo 8 ps _
Alfanc/Ho/ 1986  ZnSe 1 060 nm visible 1000 em~! ISB
Wang/Jimbo 8 ps
Alfano/Ho/ 1987 Fibers 530 nm visible 1000 cm! XPM
Baldeck 30 ps '
Fig. 1. — Historical table of continnum generation with ultrafast laser sources.

observed in the early 1970°s [83-84]. XPM describes
phase modulations which are introduced by pump
pulses on weaker pulses generated from the noise
(stimulated Raman scattering, four photon parare-
tric generation, ...). XPM is intrinsic to the genera-
tion process and is not controlled by the experimen-
tator. IPM corresponds to phase modulations which
are induced on a probe pulse by the expenmentator
using a comvnand pulse.

2. Self phase modulation (SPM).

Nonlinear optical phenomena such as self phase
modulation, stimulated Raman scattering, four pho-
ton parametric generation, harmonic generation,
and three wave mixing are responsible for spectral
broadening and frequency generation [39-41, 50].
Self phase modulation is one of the main processes
responsible for supercontinuum generation by pico-
second and femtosecond pulses. In this section, we
review the SPM theory, present measurements of
spectral and temporal SPM effects, and discuss the
importance of self-focusing, ‘group velocity disper-
sion, self steepening and initial pulse chirping on the
supercontinnum generation.

2.1 SELF PHASE MODULATION THEORY.

2.1.1 Nownlinear and dispersive wave equation. —
The optical electromagnetic field of supercontinuum
pulses mut ultimately satisfy Maxwell’s wave vector
equation

Vx (VXE)+1/c2%E/8t> = — pg 8°P/3t% (1)

which can be reduced to [42]

i(8A/8z + kWaA /a8y~ 12 kP a*4 /02 -
~if6 kD PA o> +ivA + mykg|AIA
+i2ny/ca(|A|7A)/ ot +irAB|A|Y /ot =0 (2)

where A (z, 1) is the complex envelope of the electric
field, k™ = 3" k/3w" are evaluated at w, the total
refractive index n is defined by n?= y® 4
34 x P =nd + 2nyny|A(t)|% v is for the medium
losses, I, = 1/2 n, is the effective nonlinear refractive
index, and the last term has been added to take into
account the time retardation effect in y @@

Equation (2) is the third-order nonlinear’ and
dispersive equation which has been found to describe
the characteristics of femtosecond pulses propagating
in optical fibers [43]. Equation (2) has been derived
using the following approximations: 1) linearly-
polarized electric fields, 2) homogéneous radial
fields, 3} slowly-varying envelope, 4) isotropic and
non magnetic medium, 5) negligible Raman- effect,
and 6) wavelength-independent nonlmear suscepu—
bitity x @,

In equation (2), the first two termis describe the
envelope propagation at the group. velocity v,
[« ', The 3rd and 4th terms determine the
temporal pulse broadening due to theé group velocity
dispersion. The 5th term is for the medium losses
while the 6th term characterizes the first order of the
nonlinear polarization, which is responsible for the
self phase modulation effect ‘and spectral broade-
ning. The 7th term describes thé pulse steepening
which occurs because the: pulse peak propagates
slower due to the nonlinear refractive index n, A%
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Finally, the 8th term leads to the self-frequency shift
[44-45]. In supercontinuum generation, the temporal
and spectral pulse shapes (extent, asymmetry, and
modulation structure) are affected by the above
terms which occur simultaneously and interactively.
However, equation {2) does not describe completely
supercontinunm processes for it does not take into
account phenomena such as self-focusing, four-pho-
ton parametric generation, and stimulated Raman
scattering. One needs the fastest computers to solve
this problem completely.

2.1.2 Seif phase modulation mechanism [16}. — The
basic mechanism and properties of SPM can be
explored using the simplified nonlinear wave
equation : ‘

BA/0z + 1/0, 04 /8t = i(wo/2 ) ny| A2 A (3)

which is obtained from equation (2) after neglecting
group velocity dispersion, absorption, self-steepen-
ing and self-frequency shift.

Denoting # and « the amplitude and phase of the
clectric field envelope A = ae'®, equation (3) re-
duces to

da/dz 4+ 1/v,da/0t =0 (4a)
da/oz +1/v, da /ot = (wo/2¢) nya®.  (4b)

The analytical solutions are
a(r) = ay F(7) (s52)

and

a(z,7)=(wy/2¢) ny j a’dz' =
0
= (wo/2¢) ny ajg F3(r)z (5b)
where F(7) is the pulse shape envelope and 7is the
local time 7 =¢—z/v,.
The electric field envelope solution of equation (3)
is given by

Az, 7)=a(r)expli(wo/2c) nya FX(7)z]. (6)

The main physics of the supercontinuum generation
is contained in equation (6). As shown in figure 2a,
the phase of a pulse propagating in a distorted
medium becomes time-dependent. There is self
phase modulation, and the electric field frequency is
shifted (Fig. 2b).

Since the pulse duration is much larger than the
optical period 2 7/w, (slowly-varying approxi-
mation), the electric field at each position + within
the pulse shape has a specifi¢ local and instantaneous

© frequency which is given by

w(1) = g+ Bo (r) (Ta)

a(Z,T)
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Fig. 2. — (a) Time-dependent phase « (z, i) generated by
self phase modulation (SPM). (b) Time distribution of
SPM-shifted frequencies dw (z,¢) = — dex /8¢,

where
Sw(t)=—da/ir =
= —(wo/2¢) ny a3z 9F*/37 . (7b)

The 8w (7) is the frequency shift generated at the
time location 7 of the pulse shape. The frequency
shift is proportional to the derivative of the pulse
envelope. Thus, the frequency shift varies at each
point of the pulse shape. It corresponds to the
generation of new frequencies which result in wider
spectra, and shorter pulses at given frequencies.
Figure 2b shows the frequency distribution of the
electric field within the pulse shape. The leading
edge, the pulse peak, and the trailing edge have red-
shifted, non-shifted and blue-shifted frequencies,
respectively. The maximum frequency broadening
on Stokes and anti-Stokes sides occurs at the inflec-
tion points 7, and 7,. Moreover, identical frequency
shifts appear at different time locations. For
example, in figure 2b the points +' and =" have the
same frequency shift 8w and the same absolute
frequency w = w, + dw. The electric field ampli-
tude spectrum is obtained by taking the Fourier
transform’ of the complex temporal envelope
Az, 7):

A0, 2) = 12 rmA(z, Yexp[iQr]dr (8)

—

where 2 = w — wy.
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The intensity spectrum is given by
$(02,z) = (c/4 ™) A2, 2)|*. ®

In practical cases, the phase of A(z, 7) is large

and,
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compared with #, and the method of stationary
phase [46-47] leads to

Aw (2, = (wWo/20) 1y a%[BFz/afr | . an/ar ] 1_2] z
(10)

5(2,z2) = (c/dm)4 mofwony 2)[F (' V[ [0°F%/a7 ]+ F (e "V [[8°F*[ar?| ] +
+2[F (v") F (e )]/ [9°F? /72|, @°F?[ar?| L1 x cos[Q (" — 7")

+wy/2cnyafz(F(r') — F('T")Z)]}

where Aw,,, 18 the maximum frequency spread,
7, and 7, are the pulse envelope inflection points,
and 7' and 7" are the points of the pulse shape which
have the same frequency w = wj+ dw.

The last term of equation (11) produces the
periodic struciure in the SPM spectrum via interfer-
ences of the frequency phases generated at the
points 7' and 7". Notice that the spectral structures
cannot be explained by theories based on the linear
chirp approximation for which a specific frequency
shift corresponds to an unique time . '

An estimate of the modulation frequency 8wy
can be made by calculating the maximum number of
interference minima, and dividing this number into
the maximum frequency broadening. A straightfor-
ward calculation leads to

Suwy=2m 8F2/37|7|/F('rl)2 =
=2 an/aq-!Tl/F(-rz)z . (12)
Assuming Gaussian  shaped pulses F(7)=

exp[— 7%/2 73] the maximum frequency broadening
Aw (2) 18 given by [16, 48, 49]

Aw (2 )pgs ~ (@o/c) npadz/Ary. (13a)
The total spectral width Aw (z} is given by
Aw (2)? = Awd + Aw y (2) . (13b)
The modulation period 8wy by
dwy =44 /AT, (13c)

where Aw, and A7, are the initial spectral and
temporal pulses widths, respectively, From
equation (13a) the spectral broadening is proportion-
al to the pulse peak power, the interaction length,
and inversely proportional to the pulse duration.
However, the average modulation period depends
only on the inverse of the pulse duration.

The chirping — the temporal distribution of
frequencies in the pulse shape or frequency sweep —
is an important characteristic of SPM broadened

(1)

pulses. In the linear chirp approximation, the chirp
coefficient ¢ is usually defined by the phase relation

a =cT?, (14)

For a Gaussian electric field envelope and linear
approximation, the envelope reduces to

Fir)=exp[- 1-2/'r§].—=1ﬁ72/7§. (15)

The linear chirp coefficient derived from
equations (6) and (15) becomes

¢ = (wo/2 ¢) nylag/ 732} - (16)

The above analytical expressions for the spectral
broadening, spectral modulation period, and linear f
chirp coefficients have been derived from the simp- ;
lest form of the nonlinear wave equation which does
not include the effects of group velocity dispersion
and self steepening.

2.2 MEASUREMENTS - OF SELF FPHASE MODULA-
TION, — The first ultrafast supercontinuum pulses
were generated by passing intense picosecond pulses
into several centimeters of transparent liquids and
solids [10]. The spectral broadening was attributed
to SPM arising from the nonlinear response of
media, primarily from electronic cloud distortion.
The measurements showed that spectra were much
wider than predicted by the above theory using the
pulse duration. The sub-structure of about 0.1 ps
within the picosecond pulse emitted by a mode
locked glass laser was needed to explain the broaden-
ing due to SPM. .

In the following, we review the experimental
evidences of SPM.

2.2.1 Experimental arrangement. — Spectral meas-
urements have been performed using the output
from a CPM ring dye laser combined with a four-

stage YAG-pumped dye amplifier system. Pulses of «

500 femtosecond duration at 625 nm were amplified
to an energy of about 1mJ at a repetition rate of
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20 Hz. Pulses were weakly focused into the sample.
Output pulses were imaged on the slit of a 1/2m
Jarell-Ash spectrometer and spectra were recorded
using an optical multichannel analyser OMAZ2.

The speciral and temporal shapes of SPM
broadened picosecond pulses have also been studied
using pulses of 8 and 25 picosecond duration. These
pulses were generated at 527 and 532 nm by frequen-
cy-doubled mode-locked Nd;glass and mode-
locked Nd:YAG lasers, respectively. Temporal
shapes were measured with a 2 ps-resolution
Hamamatsu streak camera.

In the present work, femtosecond continua were
generated in various solids and liquids such as
calcite, quartz, water, benzene, ethanol, lead glass,
pyrex, PrF;, KNiF; and silica optical fibers. Sample
thicknesses ranged in the 2-10 mm range. A sing-
lemode optical fiber at visible wavelengths was
custom-made by Corning Glass. The cut-off
wavelength was 462 nm, the core diameter 2.5 pm,
and the refractive index difference 0.24 %.

2.2.2 General experimental observations. — Typical
supercontinuum spectra generated by 500 fs pulses
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‘ " Fig. 3. — Spectra of femtosecond supercontinuum pulses in various media.
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are displayed in figure 3, For reference, the laser
spectrum is shown in figure 3a. All continuum
spectra were similar despite the different materials.
The spectra were wide and modulated. Spectral
shapes, extents and modulation periods changed
significantly from shot to shot using the same
material, Spectra seemed to depend meore on pulse
fluctuations (time duration and peak power) than on
the state of the material ; solids (dielectric, semicon-
ductor, magnetic) or liquids. Spectral widths ex-
tended up to 5000 cm~!. Most of the laser energy
was frequency broadened and there was no well
defined intense spike at the laser frequency. Spectral
modulation periods ranged from 100 to 350 cm™!
with an average of about 160 cm™*.

2.2.3 Maximum spectral extent. — The simplified
SPM theory predicts a SPM spectral extent varying
as Aw (2)pex = (wo/C) 1y af z/A7y. The maximum
SPM spectral width has been investigated as func-

(a)
1
(b}
S
o
P
=
9 ;
Ll
= (c)
=
]
550 €25 700
WAVELENGTH  {nm)
Fig. 4. — Sequence of spectral broadening versus increas-

ing input energy in a singlemode optical fiber (length —
30 cm). The pump intensity was increased from a) to c).
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tions of the input-pulse peak power aj, and sample
length z. The experiment was performed using a
singlemode optical fiber for which the peak power
and interaction length could be better controlled
than for bulk materials. In bulk materials, intense
laser beams self-focus and break into instable
filaments. Figure 4 shows a typical sequence of
spectral broadening versus increasing input peak
powers using 500 fs pulses. As for the other samples,
the spectra were modulated. The spectral extent is
plotted against input pulse energy in figure 5. The
relative energy of each pulse was calculated by
integrating its total broadened spectral distribution,
As predicted, the supercontinuum extent increased
linearly with the input pulse intensity. The length
dependence of spectral broadening is plotted in
figure 6. The broadening was independent of the
optical fiber length. This arised because of pulse
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Fig. 5. — SPM spectral broadening versus input pulse
energy in a singlemode optical fiber (length = 30 em).
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broadening due to group velocity dispersion. The
SPM spectral-broadening occurred in the first few
centimeters of fiber for femtosecond pulses. .

2.2.4 Spectral modulation. — As shown in figure 3
the spectral modulation is a definite characteristic of
supercontinuum specira. The spectral modulation
period can be estimated using 8w,=4 7 /AT
Using this relation, the average modulation period
of 160 em~ " corresponds to an initial pulse duration
of 400fs which is in good agreement with the
500 = 100 fs pulse duration of the CPM laser and the
bandwidth of incident pulses.

SPM spectra measured with the Nd: YAG laser
had a 40-em~! modulation which corresponds to a
pulse duration of 5 ps. This was shorter than the
25 ps-pulse duration but was close to the coherence
pulse duration and fine substructure of about 2 ps.

One should notice that spectral modulations were
not always pronounced as shown in figure 7. These
figures represent the anti-Stokes part of supercon-
tinuum spectra generated by weakly focusing 500-fs
time duration pulses into a 20 cm-long cell filled with
ethanol. From right to left one sees the broadened
pump, a distribution of four-photon parametric
frequencies and the SPM and XPM broadened anti-
Stokes Raman, Spectra of figures 7a and 7b were
measured under the same experimental conditions
for two successive laser shots. In figure 7a there is
slight modulation ; however, in figure 7b the modu-
lation is very regular. The supercontinua were
generated in self-focused filaments due to the long
cell length. For the spectum of figure 7b the filament
could have been focused on the spectrometer slit,
while for figure 7a the filament could have been out
of focus.

(a)

{a.uw)

(bl

INTENSITY

5é8 Gl25
WAVELENGTH

Fig. 7. — Anti-Stokes spectra of supercontinua generated
in a 20cm-long cell filled with Ethanol. a) and b)
correspond to two successive laser shofts.

(nm)

SELF, INDUCED AND CROSS PHASE MODULATIONS 1683

2.2.5 Chirp-frequency sweep. — The chirp (fre-
quency sweep) of supercontinuum pulses is one of
the major signature of SPM broadened pulses [23,
51]. It has become an important characteristic of
SPM broadened pulses used for pulse compression
using optical fibers. The frequency sweep of super-
continuum pulses generated by 8 ps pulses propagat-
ing in CCl, is shown in figure 8. The chirp has been
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Fig. 8. — Measured supercontinuum temporal distribution
at different wavelengths : O, data points with correction of
the optical path in filters; A, data points with the
correction of both the optical path in filters and group
velocity dispersion in liquid [52].
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Fig. 9. — Comparison of the measured temporal distribu-

tion of supercontinuum with the SPM model [52].




1684

recently measured in our laboratory with a 2 ps-
resolution streak camera [52]. The results are in
agreement with the above theory shown in figure 2b
and figure 9. Recently, Dorsinville et al. [53] gener-
ated supercontinuum pulses by focusing 25 ps-time-
duration pulses into a 5cm-long cell filled with
D,0. Using 10 nm-bandwidth narrow band filters,
they were able to generate tunable pulses of less
than 3-ps in the range 480-590 nm (Fig. 10) showing
that for each narrow spectral band of a SPM pulse
there corresponds a narrow pulse in time.

3 |

s 1

> |

= [FWHM 24 ps FWHM 3ps
2 530 nm | 580 nm

L /

k-

=

T T T T T

0 16 20 30 40 B0 60 70 80 90 100 N0 20
TIME (ps)

Fig. 10, — Streak camera temporal profile of the 530 nm

incident laser pulse and 10 nm bandwidth pulse at 580 nm

[53]. The 3-ps pulse was obtained by spectral filtering a

SPM frequency continuum generated in D,0.

2.3 HIGHER ORDER EFFECTS ON SELF PHASE MOD-
ULATION. — A complete description of SPM-gen-
erated spectral broadening should take into account
higher-order effects such as self-focusing, group
velocity dispersion, self-steepening, and initial pulse
chirping. These effects change the observed spectral
and temporal profiles.

2.3.1 Self-focusing. — In the earliest experiments
using ps-pulses, supercontinuum pulses were often
generated in small-scale filaments which resulted
from the self-focusing of intense laser beams [10].
Self-focusing arises from the radial dependence of
the nonlinear refractive index n(r) = g + 1y EX(r)
[54]. It has been observed in many liquids, bulk
materials, and most recently in optical fibers [55]. Its
effects on the supercontinuum pulse generation can
be viewed as good and bad. On one hand, it
facilitates the spectral broadening by concentrating
the laser beam energy. On the other hand, self-
focusing is a random and unstable phenomenon
which is not as controllable as one would prefer for
the design of a « white light laser source ». However,
femtosecond supercontinua are generated with thin-
ner samples that picosecond supercontinua which
reduces, but does not totally eliminate self-focusing
effects.

REVUE DE PHYSIQUE APPLIQUEE
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2.3.2 Group velocity dispersion. — Group velocity
dispersion (GVD) arises from the wavelength depen-
dence of the group velocity. The first order GVD
term k¥ leads to a symmetrical temporal broadening
[56-39]. A typical value for the broadening rate
arising from &'® is 500 fs/m.nm (in silica at 532 nm).
Tn the case of supercontinuum generation, spectral
widths are generally large (several hundred of nm},
but interaction lengths are usually small (<1cm).
Therefore, the temporal broadening arising from
GVD is often small for picosecond pulses but is
important for femtosecond pulses. Limitations on
spectral extents of supercontinuum generation are
also related to GVD. Although the spectral broaden-
ing should increase linearily with the medium length,
i.e. Aw (2)ggy = (@,/¢) ny a”z /A7, it quickly reaches
a maximum as shown in figure 6. This is because
GVD, which is large for pulses having SPM-
broadened spectra, reduces the pulse peak power
a® and broadens the pulse duration Ar. As shown in
figure 8, the linear chirp parameter is decreased by
the GVD chirp in the normal dispersion regime.
This effect is used to linearize chirps in the pulse
compression technique,

The second-order term k%) has been found re-
sponsible for asymmetrical distortion of temporal
shapes and modulation of pulses propagating in the
lowest region of silica optical fibers [60]. Since the
specira of supercontinuum pulses are exceptionally
broad, this term‘should also lead to asymmetrical
distortions of temporal and spectral shapes of super-
continuum pulses generated in thick samples.

2.3.3 Self-steepening. — Pulse shapes and spectra
of intense supercontinuum pulses have been found
to be asymmetric [61]. There are two potential
sources for asymmetrical broadening in supercon-
tinuum generation. The first one arises from the
second order GVD term &), The second one is self-
steepening, which is intrinsic to the SPM process and
occurs even in non dispersive media.

Due to the intensity and time dependence of the
refractive index, n = ny + ny E(¢), the supercon-
tinunm-pulse peak sees a higher refractive index
than its edges. Because of v = ¢/n, the pulse peak
travels slower than the leading and trailing edges.
This results in a sharpened trailing edge. Self-.
steepening occurs and more blue-shifted frequencies
(sharp trailing edge) are generated than red-fre-
quencies. Several theoretical approaches have given
approximate solutions for the electric field envelope
distorted by self-steepening and asymmetrical spec-
tral extents [62-65]. Actual self steepening effects
have not been clearly observed in the time domain.

2.3.4 Initial pulse chirping. — Most femtosecond
and picosecond pulses are generated with initial
chirps. These chirps arise mainly from GVD and
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SPM which occur in the laser cavity [66]. Recently,
Agrawal has computed the nonlinear and dispersive
equation for initially chirped picosecond pulses [67].
As shown in figures 11, the spectral broadening is
reduced for positive chirps and enhanced for nega-
tive chirps in the normal dispersion regime.
Moreover, the spectral distribution of SPM is also
affected by the initial chirp.
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Fig. 11. — Influence of initial pulse chirping on SPM-
broadened spectra in optical fibers [67]. Peak power =
1000W. (a) c= 350 (b) c=0(c) c = —50.

3. Cross phase modulation (_XPM).

When long samples are used, stimulated Raman
scattering (SRS) can contribute to the formation of
ultrafast continua. In 1980, Gersten, Alfano and
Belic predicted that ultrashort pulses should generate
broad Raman lines due to the coupling among the
laser photons and vibrations. This phenomenon was
called cross phase modulation {XPM) [35]. XPM is
comparable to SPM. It corresponds to the phase
modulation of the Ranran pulse by the intense pump
laser pulse. XPM occurs while the Raman pulse is

.generated from noise and amplified. XPM is a

phenomenon intrinsic to the Raman process. As a
conscquence, the pump pulse frequency is not

" tunable because once the frequency of the signal

(weak beam) is chosen, the signal-pump frequency

difference must satisfy the Raman shift characteristic
of the medium. Thus, the XPM modulation is hardly
controllable, which reduces its potential applications.

The XPM terminology defines the phase modu-
lations of pulses generated from the noise at new
frequencies. For example, XPM occurs in nonlinear
optical processes such as stimulated Raman scat-
tering, second harmonic generation, and stimulated
four photon parametric generation. However, this
terminology does not include induced phase modu-
lation (IPM) which corresponds to phase modu-
lations produced by inpui pulses of different
wavelengths interacting in a nonlinear medium (see
Sect. 4). The induced phase modulation is totally
controlled by the experimentator at the medium
entrance by chosing the interaction medium and
pulse characteristics (peak powers, pulse durations,
wavelengths and pulse delays).

In 1981, Cornelius and Harris stressed the role of
SPM in SRS from more than one mode [68]. Lately,
a great deal of attention has been focused on the
combined effects of SRS, SPM and GVD for the
purposes of pulse compression and soliton genera-
tion [69-75]. Schadt er al. derived and computed the
coupled waves equations describing the changes of
pump and Raman envelopes in nonlinear and disper-
sive optical fibers [76-77]. Extending the work of
Gersten, Alfano and Belic, Manassah obtained
analytical solutions for Raman pulse shapes in
presence of pulse walk-off [78]. Very recently, our
group measured and characterized the spectral ef-
fects of XPM on picosecond pulses propagating in
optical fibers [36-38]. :

In the followings theory and the latest exper-
imental results of XPM using picosecond pulses in
optical fibers and femtosecond pulses in ethanol are
highlighted.

3.1 XPM THEORY. — There are two different ap-
proaches for modeling XPM. The first one uses the
computation of coupled nonlinear and dispersive
wave equations describing the pump and generated
Raman pulse envelopes. Recently, Schadt eral
theoretically studied the propagation of 100-ps pulses
in singlemode optical fibers [76-77]. The second
approach uses the derivation of analytical solutions
with some approximations. It was first developed by
Gersten ef al. [35] and recently extended by Manas-
sah [78].

In the presence of co-propagating Raman and
pump pulses the nonlinear polarization can be
approximated (instantaneous response, etc.) by

PO 1y = gg x P E(z, t) E(z,t) E(z,t) (17)

E(z,t) is the total electric field defined by

E(z,t) = 112{[Ap(z, t)expli (Bpz — wpt)]] +
+ [Ar(z, t) exp[i(Brz ~ wgt}]] +cc.} (18)
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where P and R refer to the pump and the Raman
electric fields, respectively. The anti-Stokes Raman
is mneglected. Substituting equation (18) ~ into

Pz, 1) = 12{[i 32 x| Ar (2, £)|? + 3/4 Xy X

equation (17) and keeping only terms synchronous
with either pump or Stokes carrier frequency, the
nonlinear polarization becomes [76]

x (|Ap(z, )]7 + 2| Ap(z, )] x Aplz, ) exp[i (Bpz — @pt)]] +cc.}  (19a)

and

POz, 1) = 1/2{[_ 132 x.|Arp(z, r)kZ + 34 X pm ¥

x (|Ar(z 1))* +2|Ap(z, 1)) x Ar(z, 1) expi (Brz — wg )] +cc.}  (19b)

w}(13e)re X and x ., are the imaginary and real parts of
x

The nonlinear polarization at the pump (or
Raman) frequency depends not only on the peak
power, but also on the Raman (or pump) peak
power. This is an important fact which should have
general implications in processes where several
pulses propagate simultaneously in the same or
opposite direction (stimulated Raman scattering,
stimulated four photon mixing, cross talk, soliton
interaction [79], frequency multiplexing [80, 81],
temporal modulation instabilities, [82, etc.]) at diffe-
rent frequencies.

Using the expressions of P and P in the
nonlinear wave equation, Schadt ef al. derived the
nonlinear and dispersive equations for Raman and
pump pulses {76-77]. In the first-order approxi-
mation, assuming small Raman conversion, neglect-
ing losses and group velocity dispersion but keeping
the pulse walk-off, the pump envelope Ap = ae'®
and the Raman envelope Ap = b e'® are described
by the set of differential equations :

da/dz +1/vpdajat =0 (20a)
da /07 + 1/vp da bt = 12 y 6 (20D)
ab/oz + 1/vg db /ot =1/26.4°b  (20c)
0B oz + 1/vg 8B /8t = v, @7 (20d)

where ©; are the group velocities, &, =
3wipgxr/4Bp is the Raman gain, Yom =
3 wi o xpm/8 Bp is the phase modulation ‘coef-
ficient, and the wavelength dependences of & and
v, have been neglected.

The analytical solutions of equations (20) * are
given by [78]

a(z,t) = ag F[(t - z/vp)/ 7ol (21a)

a(z, t) =12 vy, as F*[(t — z/vp)/ 7} z (21b)
b(z,t) = by G[(t —z/vg)/7o] x

x exp[1/2 8.a w(z,1)] (21c)

B(Za t):ypma[%‘l’(z’r) (21d)
bty = | FH 2/
2'(1/vp — 1/v5)/70} a2’ (21e)

where F and G are the initial pump and Raman pulse
shapes ; and i (z,!) is the pump-Raman overlap
function which plays a significant role on the tempor-
al and spectral shapings of the Raman pulse.

The XPM-affected spectral distribution of the
Raman pulse is readily obtained by computing the
Fourier transform of the complex envelope Ag(z, ).

As shown by equation (21d), the Raman pulse
yields a cross phase modulation 8 (z, ¢) generated by
the co-propagating pump pulse. This dephasing is
linearty proportional to the pump intensity and the
overlap function ¢ (z,¢). The time derivative of
B(z,t) leads to frequency shifts and spectral
broadening as in the SPM case. The pulse walk-offis

important for its introduces an asymmetry in the

cross phase modulation (assuming the Raman pulse
has an initial pulse shape G(7)). The Raman pulse
goes faster than the pump pulse in the normal
dispersion regime. The cross phase peak lags behind
the Raman peak and the pulse sees mainly the
dephasing corresponding to red-shifted frequencies
originating from the laser pulse front. Consequently,
1) the Raman peak is shifted toward the Stokes
frequencies, and 2) the spectral broadening is larger
for Stokes frequencies.

. In  the dispersionless approximation, the
Raman/pump broadening ratio can be estimated by
[35],

Awp/Awp = (4]1+ (3,/2 vV} (22)

Notice that for silica 8,/2 v, <1 and Awg/Awp
=2,

As shown by equation (21c), the temporal shape
of the Raman pulse is also strongly affected by the
pulse walk-off occurring during the gain process.
The shape is distorted. The leading edge becomes

b
L
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smoother and the trailing edge sharper. However, at
this order of approximation, XPM has not effect on
the pulse shape.

3.2 MEASUREMENTS
LATION,

OF CROSS PHASE MODU-

3.2.1 XPM of picosecond pulses in optical fibers |36-
37]. — Emission spectra of 25-ps pulses propagating
in a 10-m long singlemode optical fiber are shown in
figure 12 as a function of the pump pulse energy.
The spectrum of weak pump pulses is shown in
figure 12a. The narrow spectral width is resolution-
limited at 0.2 nm. For higher input energies, SPM,
SRS and XPM affect the pulse propagation, and
significantly change the spectra. Figure 12b shows
the spectral intensity distributions of the pump and
first Raman lines. The Raman shilt is about
440 cm~! which is characteristic of SRS shifts in
silica. As predicted, the Raman line, which is
broadened by SPM and XPM, is wider than the laser
line. Fot increasing pump pulse energy the Raman

e
g
>
|_
w
= L R
L 532 544.5
|_
=

R

L

544.5 554.5

WAVELENGTH (nm)

Fig, 12. — Cross phase modulation (XPM) and self phase
modulation (SPM) effects generated by 25 ps pulses in
optical fibers. (a) Laser line. {b) SPM-broadened laser line
and XPM-broadened Raman line at 440 cm™!. {c) Wide
broadening of the Raman line by XPM and SPM,
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line broadens more (Fig. 12¢), and clearly displays
spectral features of XPM and SPM :

— wide spectral width,

— fast spectral modulation characteristic of phase
modulation broadenings,

— Stokes broadening of Raman lines larger than
the anti-Stokes broadening, and

— slight spectral shift of the maximum intensity
peak toward the Stokes frequencies.

3.2.2 XPM of femtosecond pulses in ethanol. —
Ethanol has a Raman line shifted by 2928 cm~ 1.
Figures 13 and 14 show spectra of Stokes and anti-
Stokes Raman lines as a function of pump intensity.
These spectra were obtained using 1 mJ-500 fs pulses
slightly focused into a 20 cm-long cell filled with
ethanol. A low-intensity Stokes Raman spectrum is
shown in figure 13. For higher input pump energies,
Stokes Raman spectra were broadened by SPM and
XPM. Spectral shapes were similar to those
measured for picosecond Raman pulses generated in
optical fibers (Fig. 12). In particular, the spectra
were asymmetrically broaden towards the longest
wavelengths which is characteristic of the pulse
walk-off,

{a}
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~ (b)
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76I5 840
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Fig. 13. — Cross phase modulation (XPM) and self phase
modulation {(SPM) effects generated by 500-fs pulses on
the Stokes Raman of ethanol.
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Fig. 14. — Cross phase modulation (XPM) and self phase
modulation (SPM) effects generated by 500-fs pulses on
the anti-Stokes Raman of ethanol.

Typical spectra of the anti-Stokes Raman line are
displayed in figure 14. They were as wide as Stokes
spectra but with tails pointing towards the shortest
wavelengths. This asymmetry can also be explained
by the XPM theory if we assume the Raman pulse
has an initial shape. Anti-Stokes Raman pulses
propagate slower than pump pulses. As a conse-
quence of the walk-off, the Raman pulse sees mainly
the nonlinear phase produced by the pump-pulse
trailing edge. More blue-shifted frequencies are
generated about the anti-Stokes Raman line and the
broadening is enhanced toward the shortest
wavelengths. These are signatures of walk-off. One
should notice that modulations on the right side of
the spectra are coming from the SPM pump broaden-
ing.

4. Induced phase modulation (IPM).

Induced phase modulation (IPM) is comparable to
self phase modulation. IPM occurs when the intense
electric field of a pump pulse is used to modulate the
refractive index of a co-propagating weak pulse of a
different carrier frequency which is not generated in
the medium by the pump pulse. The fact that probe
and pump pulses are generated independently and
outside of the interactive medium allows a total
control of the probe phase modulation which makes
IPM qualitatively different from XPM. Hence, the
spectral and temporal properties of probe pulses can

REVUE DE PHYSIQUE APPLIQUEE
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be controlled by intense pump pulses, which can
lead to important applications such as optical com-
puting and frequency coding, Enhancement of spec-
tral broadening using IPM was first predicted and
experimentally observed by our group in 1985-1986
[33-34]. Strong picosecond pulses generated by a
ND : glass laser at 1054 nm were successfully used
to increase the phase modulation and widen the
continuum produced by 527-nm weaker pulses which
propagated in a BK-7 glass. Recently, we observed
IPM effects in optical fibers using 25-ps pulses.

In this section, experimental measurements of
IPM in BK-7 glasses are reviewed and new results of
IPM using optical fibers are reported.

4.1 MEASUREMENTS OF INDUCED PHASE MODU-
LATION IN BULK GLASSES [34]. — A mode-locked
Nd: glass laser was used to generate 8-ps pump
pulses at 1 054 nm and weak second-harmonic pulses
at 527 nm. The energy of the 527-nm pulses was kept
nearly constant at about 80 wJ, while the energy of
the 1 054-nm pump pulses was varied from 0 to 2 mJ.
Both pulses entered simultaneously into a 9-cm-long
BK-7 glass after having been weakly focused.

Experimental results are shown in figure 15. A
weak supercontinuum signal was measured when
only the 527-nm pulse propagated into the sample,
An enhanced supercontinuum signal was observed
when both pulses were sent through the sample. The
average ecnergy of the supercontinuum spectrum
contained in the band 410-660 nm was calculated, by
spectral integration, to be 11 times larger in the
presence of 1 054-nm pump pulses than with the 527-
nm probe pulses only.

Since the supercontincum  generation of
picosecond pulses can arise either from phase modu-
lation or from four photon parametric generation
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Fig. 15. — Spectrum of an induced ulirafast supercon-

tinuum pulses (IUSP) generated by induced phase modu-
lation (IPM}), and spectrum of an supercontinuum pulse
(USP) generated by self phase modulation [34].
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(FFPM), it is important to differentiate the respec-
tive contributions. In bulk materials, four photon
parametric frequencies are generated in angular
wing patterns whose angles are determined by the
phase matching conditions. SPM frequencies are
generated collinearly to the beam propagation.
Therefore, spatial filtering can be used to separate
and measure each contribution. In the induced-
continuum experiment, we found the FFPM contri-
bution to the spectral energy to be less than 1 %,
Thus, the observed continuum enhancement was
attributed to the induced phase modulation mechan-
ism which satisfied the collinear geometry.

4.2 MEASUREMENTS OF INDUCED PHASE MODU-
LATION IN OPTICAL FIBERS. — In a most recent
experiment, the IPM spectral effects were measured
in an optical fiber. Pump and probe pulses of 30 ps
duration were generated at 1 064 nm and at 532 nm
using a Nd : YAG laser and second harmonic crystal.
The probe and pump pulses entered the optical fiber
either separately or together. Spectra of 532-nm
pulses were measured at the fiber output using an
optical multichannel analyser OMA 2. The optical

{au}

b)

INTENSITY

N

532

WAVELENGTH (nm)

Fig. 16. — Effects of induced phase modulation (IPM) on
25-ps 5332-nm pulses in an optical fiber. (a) 532-nm
reference laser line. (b) Spectrum of 532-nm pulses having
propagated with strong command pulses. The IPM-affec-
ted-spectrum is wider, asymmetrical and its peak of
» maximum intensity has shifted towards the anti-Stokes
frequencies.

522
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fiber was made by Corning Glass to be singlemode in
the 1.3 pm region of the spectrum ; its length was
20 m.

In figure 16 we have plotted the spectra of 532-nm
pulses measured for the two cases. In figure 16a the
spectrum of probe pulses having propagated alone in
the fiber peaks at 532 nm and is fairly symmetrical in
shape. The spectrum of 532-nm pulses having co-
propagated with 100 times more infense 1 064-nm
pulses is shown in figure 16b. In this latter case, the
532-nm spectrum profile became about three times
broader, and had its peak shifted towards the anti-
Stokes frequencies by about 0.4 nm. The shape was
also distorted towards the shortest wavelengths. The
spectral broadening and peak shift of prebe 532 nm
pulses are plotted, in figures 17 and 18, versus
increasing 1064 nm pump intensities, respectively.
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Fig. 17. — Induced spectral broadening of 532-nm pulses
versus the intensity of the 1 064-nm control pulse.

£ 04r ®
£
- 0.3+ °
Eo o
% 0.2¢ [
< -
goir
o o o
0 1 1 1 L
0 25 50 75 00
PUMP INTENSITY  {au)

Fig. 18. — Anti-Stokes Peak shifts of 532-nm probe pulses
versus the intensity of 1 064-nm control pulses.

The IPM signatures are comparable to the XPM
features described in section 3. This is not surprising
since IPM and XPM are similar phenomena. How-
ever, in the XPM experiment, the Stokes Raman
peak was shifted towards the Stokes frequencies and
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the broadening was enhanced for Stokes frequencies.
The difference is understandable since these asym-
metrical features arise from the pulse walk-off. In
the XPM experiment the 532-nm pump pulse prop-
agated slower than the 542.5-nm Raman pulse which
resulted in a Stokes spectral shift. However, in the
IPM experiment the 1064-nm pump pulse prop-
agated faster than the 532-nm probe pulse which
resulted in an anti-Stokes spectral shift.

The shift of IPM spectral profiles can be explained
as shown in figures 19. The pump pulse (1 064 nm)
induces a nonlinear phase at the probe frequency of
532 nm. Due to the group velocity mismatch, the
point of maximum phase is generated abead of the
probe pulse peak (Fig. 19). Consequently, the probe
pulse sees only the trailing part of the phase induced
by pump pulses, which is quasi-linear and can be
approximated by

AP (7)=g— 8wy 7

where 8w, is the slope of the trailing part of the
induced phase and ¢, is an arbitrary pulse. The
frequency shift of the entire profile generated by this
dephasing is given by

Sw(t)=-8Ad(7) 08 =+ 8w,

(56)

(57)
which is the same all over the pulse shape (Fig. 19b).
Therefore, the pulse, which had a frequency distribu-
tion centred around w; in the absence of the pump
pulse, has its frequency distribution uniformly shifted
by 8w, (anti-Stokes shift) in the presence of strong
pulses.

When the probe pulse is strong enough to generate
SPM by itself, there is a combined effect of SPM and
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Fig. 19. — Simple model for the combined effect of
induced phase modulation (IPM) and pulse walk-off. {a)
The induced phase o py is quasi-linear through the probe
pulse shape. (b) The frequency shift 8w = — 8 /3 =
3w, is constant through the pulse shape.
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XPM (Fig. 20). The IPM dephasing o py and SPM
dephasing agpy add. As a result, the probe line
simultancously broadens and shifts. One should
notice that in the above IPM experiment using
optical fibers, a strong energy conversion from
1064 nm to 532nm occurred from four photon
parametric generation. It is likely that combined
SPM and XPM etffects occurred.
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Fig. 20. — Simple model for the combined effects of SPM,

" IPM and pulse walk-off,

The controllable frequency shift of IPM involves

the electronic response of materials. Theoretically, P
the frequency shift could be turned on and off in a %

few femtoseconds. Therefore, IPM can be important
for optical computing and frequency multiplexing of
femtosecond pulses.

5. Conclusion,

Supercontinuum generation refers to the generation
of bursts of « white » light, which can be obtained by
passing intense femtosecond and picosecond pulses
through almost any medium. Due to the nonlinear
response of the medium, the pulse envelope yields a
phase modulation which initiates the wide frequency
broadening (up to 10000 cm™"). The phase modu-
lation of a pulse can be generated either by the pulse
itself, a co-propagating pump pulse, or a co-prop-
agating command pulse. These different configura-
tions are called self phase modulation (SPM), cross
phase modulation (XPM) and induced phase modu-
lation (TPM), respectively. Both XPM and IPM refer
to the phase modulation of a weak pulse by a strong
co-propagating pulse of different frequency. How-
ever, they are qualitatively different processes. In
the XPM scheme, the weak pulse (e.g. the Raman

pulse) is generated from the noise, amplified and;.l_- _

spectrum broadened by the pump pulse. The pump-
probe frequency difference must satisfly the momen-
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tum conservation law (e.g. the Raman shift fre-
quency of the medium), and there is no external
control of the phase modulation. In the IPM case,
the weak pulse is generated independently from the
pump pulse and outside of the interactive medium.
Furthermore, the IPM phase modulation of the
weak pulse can be controlled by the experimentator
by modifying the command pulse characteristics
(peak power, central frequency and time delay).
This spectral control is important for it is based on
the electronic response of the interaction medium.
Consequently, it could be turned on and off in a few
femtoseconds which could lead to important applica-
tions such as ultrafast optical computing, frequency
multiplexing, and tailoring spectra of ultrashort
optical pulses. ... ..

In this paper, the theoretical and experimental
approaches for SPM, XPM and IPM in the process
of supercontinuum generation have been described.
Moreover, insights have been given on higher order
effects arising from group velocity dispersion, self-
steepening, self-focusing, initial pulse chirping, and
pulse walk-off. Measurements of SPM have been
reviewed, and the newest observations of XPM and
IPM effects for femtosecond and picosecond pulses
have been presented and their signature described.
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