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Spectral broadening of a weak 80-ud picosecond 530-nm laser pulse in a BK-7 glass has been enhanced over the

entire spectral band by the presence of an intense millijoule picosecond 1060-nm laser pulse,

The spectral

distributions of the self-phase modulation and the induced-phase modulation signals are similar. The dominant
enhancement mechanism for the induced supercontinuum was determined to be caused by an induced-phase
modulation process, not by stimulated four-photon scattering,

For many scientific and technological applications, it .

is important to have the capability to generate, trans-
fer, and control a wide spectral bandwidth of ultrafast
laser pulses, Sixteen years ago, Alfano and Shapiro?
demonstrated that an ultrafast supercontinuum pulse
(USP) covering a 10 000-cm™! frequency band with
picosecond duration can be generated by propagating
an intense picosecond laser pulse through condensed
media. Since then, the USP has been applied to time-
resolved absorption spectroscopy,? nonlinear optical
effects,? and pulse compression,? The USP could also
play an important role in applications in ranging, im-
aging, remote sensing, communication, and other
fields.0.6

When an intense pulse propagates through a medi-
um, it causes a refractive-index change. This in turn
induces a phase change. The time variation of this
phase will in turn cause a frequency sweep within the
pulse envelope. This process is usually called self-
phase modulation (SPM). When a weak probe pulse
is sent into this disrupted system, the phase of the
probe pulse at different frequencies can be modulated
by the time variation of the nonlinear index of refrac-
tion originating from the primary intense pulse. This
process is defined to be induced-phase modulation
(IPM).” Both SPM and IPM give rise to spectral
broadening for an ultrashort laser pulse.

In this Letter, we report the first chservation to our
knowledge of a weak second-harmonic centered in-
duced ultrafast supercontinuum pulse {(IUSP) genera-
tion due to the presence of a primary intense pulss in a
BK-7 glass. The primary pulse at w; induced the
refractive change, causing a phase change and a fre-
guency sweep of a probe pulse at 2w;. The enhance-
ment of the bandwidth of the weak pulse at X3 by
propagating an intense laser pulse at A; in condensed
media is attributed to IPM, This new effect has tech-
nological importance in communications and signal
processing by permitting pulse coding in different fre-
quency regions,

A single 8-psec laser pulse at 1060 nm generated
from a mode-locked glass laser system was used as the
pump beam. Its second harmonic (SH) was used as
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the probe beam. These puises at the primary 1060-
nm and the SH 530-nm wavelengths were weakly fo-
cused into a 9-cm-long BK-7 glass. A weak supercon-
tinuum signal was measured when only a 530-nm laser
pulse or a 1060-nm laser pulse was incident into the
sample. An enhanced supercontinuum signal was ob-
tained when both 530- and 1060-nm laser pulses were
sent through the sample at the same time. This signal
is defined as the IUSP, which could arise from the
IPM process and/or stimulated four-photon paramet-
ric generation (FPPG). The conventional USP gener-
ated by one laser beam! is attributed to SPM and
FPPG processes.

In this IUSP experiment, the SH 530-nm laser pulse
intensity was kept nearly constant with pulse energy
of about 80 uJ. The primary 1060-nm laser pulse
energy was a controlled variable changing from 0 to 2
mJ. Filters were used to adjust the 1060-nm pump-
laser pump intensity. The output beam is separated
into three paths for diagnosis,

The output beam along path 1 was imaged onto the
glit of a 0.5-m Jarrell-Ash spectrograph to separate the
contributions from the possible different mechanisms
of the supercontinuum by analyzing the spatial distri-
bution of the spectrum from phase-modulation (PM)
and FPPG processes. In this spectrograph measure-
ment, films were used to measure the spatial distribu-
tion of the emission supercontinuum spectrum and a
photomultiplier tube was used to obtain quantitative
readings. To distinguish different contributions from
either PM or FPPG, geometrical blocks were arranged
in the path for the selection of a particular process.
An aperture of 6-mm diameter was placed in front of
the entrance slit of the spectrograph to measure the
PM contributed signal, while an aluminum plate of 7-
mm width was placed in front of the spectrograph
entrance slit to measure the FPPG contribution.

The beam along path 2 was directed into a spec-
trometer with an optical muitichannel analyzer to
measure the supercontinuum spectral intensity distri-
bution. The spectrum was digitized, displayed, and
stored into 500 channels a8 a function of wavelength.
The beam along path 3 was delayed and directed into a
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Fig, 1. Intensity of IUSP and USP as a function of wave-
length. Each data point was an average of about 20 laser
shots and corrected for the detector, filter, and spectrometer

spectral sensitivity. A, IUSP; O, USP from 530 nm. usp .

from 1080 nm, which is not shown here, was 1% of the IUSP
signal. The measured 530-nm probe pulse was about 5 X 108
counts in this arbitrary unit scale. The error bar of each
data point is about £20%.

Hamamatsu Model C1587 streak camera® to measure
the temporal distribution of the laser pulses and
IUSP. The duration of IUSP with a selected 10-nm
bandwidth was measured to be about the same as the
incident laser-pulse duration.

Experimental results of the spectral distribution of
TUSP and USP are displayed in Fig. 1. More than 20
laser shots of each data point in each instance have
been normalized and smoothed. The average gain of
TUSP in a BK-7 glass from 410- to 860-nih wavelength
was about 11 times than that of USP. In this instance,
both the 530- and 1060 nm laser pulse energies were
maintained to be nearly constant: 80 pJ for 530 nm
and 2 mJ for 1060 nm. In this experiment, the 530-nm
laser pulse generated a weak USP and the intense
1060-nm laser pulse served as a catalyst to enhance the
supercontinuum in the 630-nm pulge. The USP gen-
erated by the 1060-nm pulse alone in this spectral
region was less than 1% of the total IUSP. The spec-
tral shapes of USP and IUSP in Fig. 1 have a similar
spectral distribution. Use of several liquid samples
such as water, nitrobenzene, CS,, and CCl has also
been attempted to obtain the IUSL. There was no
significant (2 times) enhancement from all other sam-
ples that we tested.

A plot of the intensity dependence of IUSP is dis-
played in Fig. 2 as a function of the 1060-nm pump-
pulse energy. The wavelengths plotted in Fig. 2 were
X = §70 nm for the Stokes side and A = 498 nm for the
anti-Stokes side. The 530-nm pulse energy was set at
80 £ 15 uJ. The IUSP increased linearly as the added
1060-nm laser pulse energy was increased from 0 to
200 uJ. When the 1060-nm pump pulse was over 1
mJ, the supercontinuum enhancement reached a pla-
teau and saturated at a gain factor of about 11 times
over the USP intensity generated only by the 530-nm
pulse. This gain saturation may be due to the trailing
edge of the pulse-shape function’s being maximally
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distorted® when the primary pulse intensity reaches a
certain critical value. This implies a saturation in the
IPM spectral distribution intensity as the pumped
primary pulse energy is above 1 mJ, a shown in Fig, L.

Since the supercontinuum generation can be due to
either the PM and/or FPPG processes,! it is important
to distinguish between these two different contribu-
tions to the [IUSP signal. Spatial filtering of the signal
was used to separate the two main contributions. The
TUSP spectrum shows a similar spatial spectral distri-
bution to that of the conventional supercontinuum.t
The collinear profile that is due to the PM has nearly
the same spatial distribution as the incident laser
pulse. Two emission wings at noncollinear angles cor-
respond to the FPPG supercontinuum’s arising from
the phase-matching condition of the generated wave-
lengths emitted at different angles from the incident
laser-beam direction.! Using a photomultiplier sys-
tem and spatial filtering, quantitative measurements
of IUSP contributions from the collinear IPM and
that noncollinear FPPG parts were obtained (Fig. 3).
These signals, measured at A = 570 nm from the collin-
ear and noncollinear parts of the IUSP, are plotted asa
function of the pump-pulse energy. There was little
gain from the contribution of FPPG process over the
entire added pulse-energy-dependent measurement,
as shown in Fig. 3. The main enhancement process of
the IUSP generation is consequently attributed to the
induced-phase modulation mechanism, which corre-
sponds to the collinear geometry, Another possible
mechanism of the observed IUSP could be associated
with the enhanced self-focusing of the SH pulse in-
duced by the primary pulse. There was no significant
difference in the spatial-intensity distribution of the
530-nm probe beam with and without the added in-
tense 1060-nm pulse.
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Fig. 2. The dependence of the IUSP signal asa function of
the intensity of the 1.06-nm pump pulse. O, the Stokes side
at A = 570 nm; A, the anti-Stokes side at A = 408 nm. The
arror bar for A = 498 nm mesasured was similar to that of the
Stokes side. The solid line is for an eye guide. The vertical
axis is the normalized Itusp/Z530 nm:
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Fig. 3. The dependence of I, (IPM) and I, (FPPG) at A =
570 nm as a function of the intensity of the 1060-nm pump
laser pulse, ©, IPM: A, FPPG. The measured signal has
been normalized with the incident 530-nm pulse energy.
The error bar of each data point is about £20% of the aver-
aged value,

From our previous theoretical analysis of USP? and
IUSP,” the solution of the electric field of the nonlin-
ear wave equation in this system can be expressed as

E = Eja exp(ie)expli(kz — wt)] + 5b exp(ip)
X exp[2i(kz — wt)]}, (1)

where E; is the electric amplitude of the primary inci-
dent pulse, & ia the relative strength of the SH signal to
the primary frequency signal, a and b are the pulse-
shape functions of the primary and the SH signals, and
a and 8 are the phases of these two pulses, respective-
ly. Ford<1,b,a,and g can be derived from the given
value of . ‘

Neglecting the fast-oscillating terms in x® and as-
suming that the group velocity is constant, quasi-lin-
ear partial differential equations for a, b, o, and 8 can
bededuced. The equations for a and « are identical to
Eqs. (28a) and (29a) of Ref. 7, while those for b and 8
differ from Egs. (308} and (31a) through the replace-
ment of ¢ by ¢/2. If the primary and SH pulses have
the same duration, then the solutions are 8 = 20 and a
= b, with expressions of ¢ and « the same as given in
Ref. 9. If the primary and SH lasers have the same
duration, 8 = 2c and g = b, where expressions of a and
a are the same as those given in Ref, 9, Congequently,
the ratio of the magnitude a/b is constant throughout
the BK-7, i.e., the ratio of the energy densities in the
primary (a) and SH (b} pulses is preserved. Thus the
primary pulse modulates the SH pulse only through
the index-of-refraction change. There is no direct
energy transfer from the primary to the IUSP. The
total energy of the radiation centered at w; at any
given location of the glass should be a constant value.

In the measurement, it is difficult to determine how
much energy was gained or lost because less than 1% of
the SH pulse energy has transferred to IUSP. This
constancy of a/b ratio may be checked using a femto-
second pulse where larger conversion efficiency is
present, Furthermore, using the scaling of the spec-
tral distribution at different induced-refractive-index
change, the IUSP follows the source scaling laws.
This means that the IUSP spectral distribution of the
SH pulse should have the same spectral distribution as
that of the USP of the primary pulse. This is difficuit
and will be investigated in the future to measure the
infrared USP distribution around the 1080-nm wave-
length. However, for small naEy2z/{(¢7), the USP gen-
erated by 530 nm is almost geometrically similar to the
spectral distribution of the USP generated by 1060
nm. That means that the spectral distributions of
USP and IUSP are almost geometrically similar, as
shown in Fig. 1.

The probe-pulse energy should be as small as possi-
ble (i.e., § << 1) for a meaningful comparison of IPM
theory and experiment. There should not be any
SPM generated from the weak SH pulse shown in Fig.
1. The spectrally broadened signal generated from
IPM around w,; experimentally competes with the
SPM generated by w;, which extends from the
wy(1080-nm) to the wa (530-nm) region and beyond.
If E(w,) is negligible, the intensity of the spectral
broadening around 530 nm generated by IPM will be
less than the SPM generated by the intense pump
pulse. The best combination of the intensity ratio of
1060- and 530-nm pulses has been determined as we
described before. The enhancement of the spectrally
broadened signal around 530 nm was >10 times when
the pulse energy of the weak probe laser was set to be
80 ud. This is a clear evidence of IPM.
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