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ABSTRACT

In this work, an intense picosecond laser beam is used to investigate
four-photon effects and temporal behavior of optical phonons.

The less-well- known four-photon effects such as self-phase modulation
and four-photon parametric generation are studied experimentally and theoretically.
Mechanisms for these processes are given. Self-phase modulation and smali-
scale filament formation are observed in numerous crystals, glasses, and
liquids including liquidified and solidified rare gases. Typically, the self-phase
modulation spectra spans thousands of wavenumbers to the red and blue of the
exciting 5300 i picosecond laser pulge., The physical mechanism responsible
for these processes is the change in the refractive index resulting from electronic
cloud distortion. Four-photon parametric is observed in glags. The emission
is generated from 4000 to 7000 fl, the wavelength depending on emission angle,

The lifetime of 1086 cm—1 optical phonon in calcite is measured directly
by using the picosecond laser beam to create the phonons by stimulated Raman
scattering, and then observing Raman scattering off the phonons at various
delay times with a weaker probe picosecond beam. The lifetime has been measured
in different phonon decay regimes, A theoretical analysis is given for the phonon

decay process and probe-Raman light scattering process.
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Schematic wavelength and angular spectra for SRS (top) and for
SPM and four-photon parametric emission (bottom).
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center, Light in center is frequency swept light while outer
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A plot of the phonon lifetime T, versus the phonon lifetime T ex
extracted from the tail of the convolution of an exponential deciying
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The percent error in ﬁ.‘[ﬁ is shown at varius Tl/ Ty, ratios, :

A plot of the phonon lifetime T, versus the phonon lifetime T
extracted from the tail of the convolution of an exponential deéaying
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Fig. V-2b.

Plot (a) is the caleulated probe Stokes energy versus delay time ™
(convolution of exponentially decaying phonon population with life—
times T, = 19 psec with an exponentially shaped laser pulse of
duration Ty, = 5 psec); and a plot (b) is the experimentally measured
probe Stokes energy at 100°K from calcite (the measured lifetime
from the tail is Ty = 19.1 psec). The convolution curve is shifted
in time by 5 psec to match the tails,




I. INTRODUCTION

The advent of powerful laser beams makes possible the observation
of nonlinear optical processes in materials. These proceéses are nonlinear
in the sense that the polafization of the material varies nonlinearity with the
laser's electric field. This gives rise to multi-wave interactions, the’
susceptibility providing the coupling between the individual light waves. The
resulting nonlinear polarization acts as a source term in Maxwell's equations
and gives rise to the generation of new frequencies and effects. To describe
the nonlinear processges the macroscopic polarization of the medium in the

electric dipole approximation is expanded in a power series in the field:
p = x i+ K PamnDERE .. L

Thé coefficients x(l), x(z), and x(s) denote respectively, the second,

third and fourth rank susceptibility tensor which are a measure of the strength

of the coupling between the different light waves. The power series expangion
given by equation (1) becomes a poor approximation when the electric field of

the laser is on the order of the atomic field ~ 3 x 108 V/em., Armstrong et

511 using a quantum mechanical approach related the nonlinear microscopic
properties produced by two or more light quanta interactions to the susceptibility
coefficients of the macroscopic nonlinear polarization. Linear optical phenomena
such as absorption is assoclated with x(l) while Armstrong et all has shown

that x(z) is associated with three-photon interactions such as second harmonic
generation and x(s) is associated with four-photon interactions such as third
harmonic generation. The size of the first three X coefficients are }((1)‘”10"1 esu,
x(z) ~10"7 10" osu and x(s) ~107 1 1071 gsu,  In media with inversion sym-
metry {cubic and isotropic solids and liquids) the lowest order nonlinear effects

®)

are associated with X

The field of nonlinear optics has been a very active field of investigation
since the observation of second harmonic generation by Frankenz and coworkers
in 1961. New frequencies have been created in the U. V., visible, and infrared
spectral regions through parametric amplifications, Raman laser action,
stimulated polariton scattering, and harmonic generation. The size and
importance of the nonlinear terms have been limited by the power and pulse

width of available lasers typically 10 MW in power and 10 nsec in duration.




Wwith the recent development of the mode-~locked laSer3 with its extremely high
peak power ~ 109\7\? and ultrashort pulse width ~ 10"12 see, nonlinear terms
become larger and now effects become observable. The nonlinear terms can
now be as large as 1 fo 1/100 of percent of the linear term, The development
of the mode-locked laser opened a new era in nonlinear optics, and can be
regarded as one of the major achievements of physics in the last few years.
Not only is the generation of phenomenon of great interest but the application
of the ultra short pulses to the measurement and study of other physical 7 .
processes is just emerging. For there is no other man made and controllable
event which takes place on the time scale of 10_12 sec as the emission from a
mode-locked laser. Yet there are many naturally occurring physical processes
which are accomplished in just this interval of time. For instance an atom or
ion in a solid completes one period of oscillation; a molecule in a liquid collides
with a neighbor or changes orvientation, all of this is a time comparable to the
ulirashort pulse. Even an electron accomplishes only about one thousand revo-

lutions around the nucleus in a picosecond.

Moreover the electric field intensity during a picosecond pulse can

Ei become a substantial fraction (of the order of a percent) of the electric fields
inside an atom. Hence not only can it affect a molecule, but can even reach

b within an atom and distort its spherical shape. All of this defines an essentially
E new area of physics in a hitherto totally inaccessible domain of time and

electric field intensity.

The use of the mode-locked laser in this work has four important
consequences: First, the low value of the electronic part of X(S) (senerally in
the range of 102° - 1071%
of the effect due to electronic distortion. Second, because of the short duration

esu) is no longer an impediment fo the observation

of the pulse, it is now possible to distinguish between moleeular and electronic

processes in materials, Third, the short pulses can be used for direct measure-

ment of ultrafast Jifetimes of elementary excitation; typically ~ 10"12 sec, Finally,

the use of the intense ulirashort pulses eliminates the efficient conversion of a
large fraction of laser light to stimulated Brillouin scattering (SBS)4. The break~
down and damage of the material caused by the large acoustic phonon flux pro-
duced hy SBS is thus greatly reduced by the use of short pulses.

A




In this thesis, I investigate experimentally and theoretically four-photon
interactions accompanying the passage of intense picosecond laser pulses
through matter and the direct measurement of an optical phonon lifetime, I
have concentrated mainly on the less well-known four-photon gffects arising
from )és)such as frequency broadening of the spectrum of the light due to
gelf-phase modulation, (SPM}, nondegenerate four-photon parametric generation,

as well as self-focusing and the transient stimulated Raman scattering (SRS},

Chapter II describes the experimental technique of generating and
detecting picosecond laser pulses. The following chapters describe several
first observations and major contributions to nonlinear optics I have made
using a mode-locked laser. In Chapter III, frequency broadening of thousands
of wavenumbers to the red and blue of the exciting frequency and small scale
filaments are investigated in many solids and liquids, and the direct distortion
in afomic shapés of argon and krypton atoms under the action of the intense
electric field of the laser are demonstrated; in ChapterIV, the four photon
parametric generation in glass and other materials are described; and in the
final chapter the lifetime of the 1086 cm“1 optical phonon in calcite is directly
measured at 300°K and 100°K,
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II. EXPERIMENTAL TECHNIQUES

This chapter describes the construction of a mode-locked glass laser,
the technique used to obtain high second harmonic generation (SHG) conversion, L
and the measurement of the picosecond pulse width by the two photon fluorescence
(TPF) technigue. 2

i. The Laser and Associated Equipment

A schematic representation of the mode-locked glass laser is shown in
Fig. II-1 and a photograph of the laser is shown in Fig, 1I-2, The laser consists
of o Nd:Brewster-Brewster cut 7 1/2 x 1/2 1nch Owen Illinois glass rod (ED-2),
a Korad K-1 laser head, K-1 power supply, and KWC-3 water cooler, a 10-M 100%
reflectivity wedge dielectric rear mirror, a 50% dielectric wedge output
mirror, a modified Kodak Q-switched dye cell, and lansing mirrox mounts.
The laser rod is located symmetrical in the cavity. The dye cell is located near
the rear mirror, The lengths from the rear and output mirrors o the face of
the laser rod are 26 cm and 27 cm respectively. The effective cavity length is
83 em giving a round trip time of 5.53 nsec for an optical pulse. The use of a
10-M radius of curvature rear mirror instead of a plane parallel mirror makes
the alignment of the mirrors less critical and the cavity more stable. The
mirrors are wedged to reduce multiple picosecond pulse generation. The wedge
angle of the mirrors used ranged from 10' to 1°--the typical wedge angle is '
. 30'. The laser vod and dye cell are oriented at Brewster angle to reduce
multiple pulsing and to eliminate reflection losses. The laser rod and dye cell

are oriented at 25° and 34° to the optical axis, respectively.

The lager beam is Q-switched and mode-locked with type 9860 Kodak dye
dissolved in chlorobenzene and then passed through 1.5 cm of potassium dihydrogen
phosphate (KDP) SHG crystal. A typical oscilloscope trace of the output of the
laser at 5300 A detected by TR& No,105B photodmde ig shown in Fig. II-3. Typi-
cally 20-60 laser pulses are emitied spaced by the cavity round trip time (5.9 nsec).
The power of a pulse at 1. 06 . is typically between 2-8 X 109 W which is converted
to 2-8 x 108 W af the harmonic. The photodiodes were calibrated at 1, 06 y and
0.53 i by beam splitting 8% of the output into the photodiodes and the remaining

portion of the beam into a thermopile.
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Fig. 1I-2, Photograph of a mode-locked laser.




Fig. I1-3. Typical oscilloscope trace of output of mode-locked laser.




To obtain a clean mode-locked pulse train, the voltage to the pump

" lamp and dye fransmission are critically adjusted. The transmission through
a Kodak dye cell between 57% to 649 and a voltage between 3.0 to 3.5 KV
seems to be the best operating range for mode- locking. A single nelean” pulse
train usually occurred when the voltage is oper ated a few voltage above the

threshold voltage for lasing.

The mode-locking capability of the Kodak 9860 dye is found fo be very
sensitive to room lights and air contamination, Within a few hours in room
lights the dye did not produce a clean pulse train. By shielding the dye from
room lights and by preparing the dye in a N2 atmosphere, the dye operated

. effectively for a day. The dye cell is enclosed with the rear mirror in a
metal box which has a 3/4 inch hold along the optical path, The anti-reflection
(AR) coated glass windows of the Kodak dye cell have been replaced with fused
quartz windows because the AR coating and glass windows damaged after a
hundred or so laser shots, The rear laser mirror dielectric coatings also

damaged after approximately two weeks of contipual use,

The Nd:glass rod is gituated inside a Korad K-1 laser head. In the
K-1 head is a spiral Xenon flashlamp which surrounds the rod and serves to
pump the rod. Wrapped around the lamp is a ceramic reflector which improves
the pumping efficiency of the lasexr. A U.V. shield is used to block the U. V.
radiation from the flashiamp. The laser vod, flashlamp, and headis cooled
divectly by cooled thermostatically controlled water at a flow rate of 1.5 gal/min
at a temperature of 70 + 1, 5°F. Water cooling gives better reproducibility
from shot-to-shot at once a minute operation. The K-1 power supply charges
the capacitor bank (120 pf) to a gelocted voltage up to 5 KV with an accuracy of
+10V. Séries injection triggering dumps the selected voltage into the lamp.

Optical experiments utilizing pulse lasers require a single mode
He-Ne (A = 6328 i ) alignment lager beam which follows the path of the laser
exactly. This allows the optical components in the experiment to be located in
the correct position, Since the Nd: glass laser operates at a wavelength of
1,06 p one cannot send the He-Ne laser beam through the rear mirror o
gimulate the 1. 06 y laser beam, The 6328 i laser beam would travel at a
slightly different angle after passing through the glass rod because of different
angles of refraction for the 1.06 i and 6328 } beams. In the far field the 1.06
1 and 6328 # beams would not coincide, A more complicated alignment system
has been assembled which aligns the 1. 06 p and 6328 % in the near and far field.

9




The alignment system is shown schematically in Fig. IT-4 and a photograph of
the system is shown in Fig, II-5.

A davison autocollimator shown in position C is used to align the system.

The eyepiece of the collimator has been modified with a crosshair. For
aligning the near field of the glass laser with respect to the He-Ne laser A,
mirror 2 is removed and the center of the output lager mirror and laser rod
is centered in the crosshairs, Mirror 2 is replaced and the bovre of the He-Ne
laser tube A is also centered in the autocollimator by adjusting a laser A
and mirror 2 which is mounted on alansing mount. The He~Ne laser heam A
is attenuated by a factor of ~ 104 and viewed through the collimator, The
He-Ne laser beam A is adjusted so that it is also centered. This locates the
far field of the He-Ne alignment laser A with respect to the autocollimator. The
He-Ne laser Bis used to center the components in the glass laser's cavity such

as laser mirrors, dye cell, and glass rod.

To align the far field of glass laser beam with respect to the He-Ne laser

A, the cavity is aligned with respect to the autocollimator, Mirror 2 is removed
and the cavity is aligned parallel by using standard autocollimator techniques.

The rear mirror is adjusted so that the refurn image from the rear mirror
| (dim red dot) is returned into the image from the front mirror (white dof)
which is centered in the crosshairs. Now, the far and near field of the two
lasers are coincident, Mirror 2 and 3 are removed and the laser is ready to
fire. Fine tuning of the alignment beam with respect to the 1.06 u is accomplished
by taking a burn pattern on a positive polariod film in the far field and adjusting
mirror 2 slightly o that the He-Ne is centered in the burned pattern.

The optical equipment is mounted on two tables (3' x 6'), The benalex
table tops are drilled and taped with 1/4-20 holes spaced every three inches.
Lens, prisms, beam splitters and other components can be mounted on rods
which can be serewed into the tables, The K-1 head, dye cell and mirror
mounts are mounted on solid aluminum blocks which are bolted to the table
with clamps, Mirrors for the alignment system are mounted on three pins
mounts which fit into a V-groove mount, These mirrors can be removed and

replaced without changing the optical alignment,

10
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Fig. II-4. Optical alignment system for collinear tracking of 6328 i
and 1,06 |t beams.
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Fig. 1I-5. Photograph of alignment system.
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2. Second Harmonie Generation

The second harmonic of the 1. 06 p laser beam has been used in the
experiments because of its convenience in detecting and photographing spectra
in the visible region. The alignment of the SHG crystal for the highest
conversion is obtained by photographing the SHG emission beam as a function
of phase matching angle, 90. This technique has been theoretically analyzed

by Giordmaine. 1

The SHG for a KDP crystal not phase matched along the laser beam
consists of a bright circular ring and a bright spot. The bright spot is in the
direction of the laser beam, This forward light is emitted at low efficiency
since phase matching is not satisfied. The rirg emission originates from the ph:a)se
matching the laser beam photon with 2 sm@@i@ﬂfﬁ:ﬁﬁf—

main beam,

As the crystal is rotated through the phase matching angle for the forward
laser beam, the ring approaches the bright spot and the intensity of the bright
spot in(;reases rapidly. At the phase matching angle, the ring. cuts through the
bright spot which has increased by a factor of over a 103.

Figure II-6 shows the experimental arrangement used to observe the SHG
angular emission from KDP vs function of crystal orientation. Figure II-7 shows
a series of pictures of SHG emission at various angles below and above the
phase matching angle, 8o, The SHG emission has been attenuated by a factor
of 104 in Fig. II-7e. The conversion efficiency in this position is ~10%.

The KDP crystal (1.5 x1x1 cmS) is oriented and cut for phase matching
the 1. 06 p beam by Isomet Gorp., Palisades, N.J. The crystal length of 1.5
cm can convert the entire frequency handwidth of the mode-locked laser output. 8
The crystal is mounted in a Lansing mount which is located in a lucite enclosure

purged with N2 gas. A N, atmosphere is necessary because KDP is hydroscopic.

3. Two Photon FluorescenC_'e_

The conventional two-photon fluorescence (TPF) technique of Giordmaine
and cc:w.rorkers2 is used to display the pulse width of the 5300 1 optical pulse.
The experimental arrangement is shown in Fig, I[-8. After filtering by

Corning 2-64 filter to remove the laser fundamental and pump light and telescoping

i3
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Fig. 1I-6. Experimental apparatus to obtain maximum second harmonic.
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the beam to ~2 mm, the beam transversed a 5 cm fluorescence cell. Ina

golution of 7T-diethylamino 4-methyl coumarin dissolved in ethanol, the laser

beam produced a bright blue track.

A direct measurement of the total width of the pulse is obtained by
normal reflection of the beam at the dielectric mirror (R = 100%) immersed
in the solution at the exit end of the cell. The 1ength2 of the bright fluorescence
region at the mirror is ct / 2/ 2n where n=1.5i8 the refractive index of the
solution and tp is the pulse width of gaussian pulse. A typical fluorescence
track produced by 5300 L pulse train photograph (Polaroid 3000 speed) through '
5 - 60 filters to eliminate 5300 A scattered light is shown in Fig. 1I-9 magni-
fied by 2.5 . The short pright region of 0.7 mm/2. 5 length at the jeft occurs
at the mirror. This shows that the total burst of radiation at 5300 f1asts for
4 psec. Rhodamine 6G dissolved in methanol is used to measure the total burst

of radiation of 6 psec at a wavelength of 1.06 .
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Fig, II-9.

TPF 53004
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(a)
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(b)

Two-photon fluorescence pattern at 5300 fx; (&) TPF pattern at

mirror, () TPF pattern with beam crossing self; magnified
=2, 5. :
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III. SELF-PHASE MODULATION

1. Introduction

This chapter reports on the observation of frequency broadening and self-
focusing in numerous crystals, glasses, 1 and liquified and solidified rare gas:as.z
We have identified the frequency broadening as arising from self-phase modula-
tion (SPM). Various mechanisms for SPM will be discussed for the materials
studied; and the SPM spectra will be calculated and its characteristics compared

with the observed spectra.

In the experiment high-power picosecond pulses at a wavelength of 5300 i
were either reduced in area by an inverted Galilean telescope or focused into ma~
terials. Under high powers the output spectra of the materials are shifted thous~-
ands of wave numbers to the red and blue and show modulation. A similar effect
of self~phase modulation from filaments was first observed by Shimizu3 in liquid
CS, who attributed the 200 em™ broadening resulting when a 20 nsec Q-switched
ruby laser passed through a cell of CSZ to the orientational Kerr effect. Rocking
of the 062 raclecules about its equilibrium value has also been proposed to ex-
plain the 082 spec:tra.4 In a Nd-glass laser, Treacy5 interpreted the picosecond
laser pulses as being linearly frequency swept since he was able to compress the
pulses by passing them through two gratings. . Duguay6 has shown that the sweep
in the mode-locked glass laser originates from SPM. The nonlinear susceptibility
coefficients in solids are ~10 1:0'103 times less than in organic liguids, but with
high powers available from mode-locked picosecond lasers combined with elec-
tronic self-focusing the change in the nonlinear refractive index of so}ids is large

enough to cause an observable frequency broadening.

An intense optical pulse traveling through a medium can distort the atomic
configuration of material resulting in a change of the refractive index via the non-
linear coefficients. For a medium having inversion symmetry the first nonlinear

. 3
coefficient is X( 2 and the refractive index, n, becomes intensity dependent:
= 2 '
n“ = nO + I, E 1)

where n“ is the refractive index parallel to eleciric field, E is the electric field

9 _ N 1/2

of the laser, since pi = €= 1+ 4 mx the fficients: n, = (1+4 is the

)

normal refractive index, 2 s the first nonlinear coefficient,
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The medium in turn reacts back on the pulse through the intensity dependent re-
fractive index an2 causing both the pulse radial profile to reduce in size (self-
focus) and the pulsé spectral components to be modulated and broadened as the

pulse propagates.

The occurrence of self~focusing can be seen from the following argument.
As the beam profile enters the material it produces a radial index profile (dn ~
anz) which simulg’;és a convergent lens if n2>0. This occurs because the center of
the beam moves slower (c/n) than the radial wings. The planes of constant phase
become concave into the direction of propagation causing the rays to bend toward
the beam axis, This lens deforms the beam profile further into a more concen-
trated beam. This process continues and leads to a focused beam, Diffraction
limits the spot size which is typically between 5 and 20 p.  After the first focus,
the beam forms small scale fildaments.  The formation of these filaments is not
yet understood and has been interpreted either as a trapped waveg;uide7 or simply
as a track of moving focal spots. 8 Tt is not the purpose of this thesis o investi-

gate the self~focusing models.

The intensity dependent refractive index anz also distorts the phase and
envelope shape of the pulse resulting in a broadened and modulated spectrum. The
change in the vspectrum results from both the time rate of change of the phase-self
phase modulation and from the frequency components of the sharpened tail of the
pulse — self steepening. 9 Since the pulse modifies its own spectra though a change
in phase and envelope, these processes are named self-phase modulation and self-
steepening, respectively. The effect envelope-—shapé distortion is neingibleS’ 9,10
for the sample length (less than 20 cm) used in our study while self-phase modula-
tion has been calculated and shown to produce a modulated frequency broadening in

liquids over several hundred wavenumbers in extent. 8,4,10

Mechanisms in liquids which give rise to the coefficient of the intensity-
dependent refractive index n, are the orientational Kerr effect, electrostriction,
symmetric redistribution, librations, and electronic distortion, In suitably chosen
liquidsll (centro symmetricmolecules) these frequency-broadening mechanisms
may be distinguished {rom the electronic mechanism through theix different time
responses:.{l The relaxation times for these mechanisms are approximately givenll
by

7 (orientation) = %—rn a3/kT > 1072 sec
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1l

2 2 _
7 (molecular types) ) = § a(x) > 10 12 sec

D kT
7 (libration =, [ 7 1071% sec
about field) aEO

and

zﬂaoﬁ/ez >1.5x 10—16 sec

i

T {electronic)

where 7 is the viscosity, a is the molecular radius, D is the diffusion coefficient
= 10”‘5 em/sec for liquids (for liquids 7 = 0.4 cp and glasses 'rf = 106 cp), and
% is the diffusion distance of the clustering ~ 10-83%1'{1; I is the moment of inertia

I = 9.8x 1078 esuand Iy = 1.75x10  esu, o is the polarizability

-24

Argon 94
=1,6x10 esu and o ol - 1.026 x 10 esu and EO is the ampli-

Qa
Argon .
tude of electric field, taken as 10 egu which is cloge fo the atomic field. The

response time for an electron distortion is about the period of a Bohr orbit

1.5 x 10716 gec. Thus, typical calculated relaxation-time responses for dif-
fusional motions are > 10—12 sec while the electronic distortion response time is
o~ 10“16 sec. H With picosecond light pulses Brewer and Lee1 1 have shown that the
dominant mechanism for filament formation should be electronic in very viscous
liguids. Recenily, however, molecular rocking has been suggested as the cause
of the broadening and self~focusing in 082.4_ The molecules are driven by the
laser field to rock about its equilibrium position of a potential well which has

been set up by the neighboring molecules. This mechanism is characterized by

a relaxation time:

= 2,3% 10"3~3 sec,

al=3

T, =

10

-3
where G is the shear modulus ~ 1.5 x 10 dynes/cm and viscosity 7 = 3.7 x 10

p for CSZ'

In solids, mechanisms giving rise to the coefficient of the intensity-
dependent refractive index, n,, for picosecond pulse excitation are either direct
distortion of electronic clouds around nuclei or one of several coupled electronie
mechanisms, librational distortion where electronic structure is distorted as the
molecule rocks, electron-lattice distortion where the electron cloud distorts as

the lattice vibrates, and molecular redistribution where electronic shells are
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altered as the nuclei redistribute spatially. The electrostriction mechanismll’ 12

is rejected because it exhibits a negligible effect for picosecond pulses.

Rare-gas liquids are composed of atoms possessing spherical symmetry.
Thus there are no orientational, librational, or electron-lattice contributions
to the nonlinear refractive index cocfficient, n,. However, interrupted rocking
of argon atom can occur in which a distorted atom can rock about an equilibrium
value before it collides with other atoms. Contributions fo the nonlinear refrac-
tive index might be expected from electrostriction, molecular redistribution,
interrupted rocking, and a direct distortion of the electron clouds: ng = anL )

+n, +n, + . Electrostriction is ruled out because pico-
MR ROCKING ELECT

second exciting pulses are too short.ll Molecular redistribution13 arises from

fluctuations in the local positional arrangement of molecules and can contribute

¢

significanily fo n,. Howeover, we estimateM’ 15 n, due to all mechanisms ex~
cept electronic to be ~1.1x 10'“14t esu for liguid argon from depolarized inelastic-~
scattering data. 16- Electronic distortion (n2 =6 X 10”14 esu) slightly dominates

all nonlinear index contributions, Furthermore, the depolarized inelastic light
gcattering wing vanishes in solid xenon, 17 implying that the molecular redistri-
bution contribution to n, yanishes in rare-gas solids, Observation of self-
focusing and SPM in rare-gas liquids and golids appears to provide a direct proof
that atomic electronic shells are distorted from their spherical symmetry under
the action of the applied field. However, both pure electronic and molecular re-
distribution mechanisms are contributing to n, in rare gas liquids. The response

time of the system for combination of both these mechanisms lies between 1046

and 10‘_12 sec,

2. Self-Phase Modulation in Crystals and Glasses

Experimentally a Nd:glass mode-locked laser is used to generate pico-
second light pulses which are then converted in a potassium dihydrogen phosphate
(KDP) crystal to the second harmonic at 5300 4. The laser construction is
deseribed fully in Section II. The laser output at 1.06 p was typically ~5X109 W
which was converted to 2 X 108 W at the harmonic, 0.53 . The laser output
consisted typically of 20 to 60 pulses separated from each other by cavity rounded
{rip time of 5,5 nsec. The crystal and glasses were polished by the optical shop at
GTE Laboratories by Joseph Steiner. No ge of flatness or parallelism was taken.

1K lu%/(ﬁﬁ ﬁ“/} 1A L5 o 2N
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The experimental setup is shown in Fig, 1lI-1, TheSHG beam from KDP
was reduced in size to a collimated 1.2 mm diameter beam across the sample by an
inverted telescope. The intensity distribution of the light at the exit face of the

sample was magnified 10 times and imaged on the 2~mm slit of a Jarrel Ash

grating 3/4-m spectrograph, Hence the spectrum of each individual filani,en_t
within the slit was displayed. Usually there were five fo twenty filaments. A
thin quartz-wedge heam-splitter was used in order to photograph filament forma-
tion of the Stokes (anti-Stokes) side of the spectra, three type 3-68 and three type
3-67 (two type 5-60) Corning filters were used to prevent the 53004 direct Jaser
light from entering the spectrograph. To reduce nonfilament light, a wire of 2
mm in diameter was sometimes placed at the focal point of the imaging lens.
Spectra were taken on Polareid type 57 film or Kodak type 1N plates.

Typical SPM spectra from various solids are depicted in Figures III-2
through III-9. These photographs were taken on polaroid filim with the exception
of Fig. III-9 where a Kodak 1N plate was used. The symbols in these figures are-
defined as follows: F, denotes the filters used near the spectrograph slit; 4,

- denotes the sample length; collimated: 5X, denotes the laser has been cglﬁglgjed

and Wﬁ;@}d; focused: f, denotes the laser has been focused into the
sample with a lens of focal length f; collinear: 10X, denotes that the emission
from the sample has been mangified 10X and imaged on the slit; and angular: {,
denotes the angular spectra has been obtained from the sample by placing a lens

of focal length £, a distance f away from the slit.

Figure II-2 shows the Stokes anti-Stokes spectra from calcite for a colli-
mated 5300 A beam propagating as an ordinary wave (O-wave) while Fig. IIL-3
shows the SPM spectra for the 5300 A beam propagating as exﬁrawordinary wave
(E-wave). Stimulated Raman scattering of Ist and 2nd Stokes are readily observed
in these figures., Figure II-4 shows a modulated spectra from calcite. Figure
ITI-5 shows Stokes and anti-Stokes spectra from borosilicate crown (BK-7) and
associated filament formation at the exit face, magnified by 10X, Figure II-6
compares the Stokes spectrum observed from various glasses: Light barium
crown (LBC-1),exira dense flint (DF-2),and light dense flint (LDF). No filament
formation was observed in LBC, DF, and LDF. Figure II~7 and Fig. I11-8 show
SPM spectra and filament formation from NaCl and quartz crystals, respectively.
Figure I11-9 compares Stokes SPM emisgion from flint glass (LDF), quartz, and
calcite with a focused laser beam. This photograph (Fig, IIF-9) was taken on
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Fig. II1-2,

STOKES

F=3,(3,67)
3,(3,68)
L=45¢cm
COLLIMATED =5x
COLLINEAR =10x

| 25 [,

L | IS
5300 5790 ~ G328A
5460 5769
ANTISTOKES

F= 2, (5-60)
L= 45¢cm

COLLIMATED =5x
COLLINEAR = |Ox

e ; ‘ |
3650 4046 4358 53004
L

Stokes and anti-Stokes SPM spectra from calgite for different
laser shots. The laser beam propagates as an O-wave through

the sample.
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STOKES

F= 3{3,67)
I W 3,(3,68)
COLLIMATED = 5x
COLLINEAR =10«

2 .
3 1= 45cm
. :
5 ] ,
6 _ _
£=5.8cm ‘

b -
5300 5769 6328A
5460 5790
ANTISTOKES

F= 2,5,60)
S COLLIMATED = 5x
COLLINEAR=IOx

L=45cm

p= 5.8cm
13

14 .
| | i ' t o
3650 4046 4358 5300A

Fig. II-3. Stokes and anti-Stokes SPM spectra from caleite for different laser
shots. The laser beam propagates as an E-wave,
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F=3,(3,67)
f=5cm
COLLIMATED = 5x
COLLINEAR = IOx

5300 5624 5990 A -

F= 2,(5,60)

2= 5cm
COLLIMATED = 5%
COLLINEAR =10x%

L
4752 A 5300 A

Fig. II-4, Modulated SPM spectra for calcite.
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ANTISTOKES

F= 2.(5,60)
g= 8.9¢cm ~
COLLIMATED=5x

COLLINEAR=10x

! 1 b .
3650 4046 4358 L-5300A
STOKES

P I I o
L 5460 5769 6328A  FILAMENTS

5300 5790 e 3 67
F= 3,(3,67); (3,68) "
£= 89cm

COLLIMATED=5x
COLLINEAR = 10x

F{% -5 Stokes and anti-Stokes from BK-7 glass and filament formation for
different laser shots. The filaments are viewed through F': 3-67
filters. ' ‘
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LDF

LBC -1
b mo I o
L 5460 5790 6328 A
5300 5769
LBC-1
DF-2
1 1 1 I o
L 5460 5769 6069 A
5300 5790
F= 3,(3,67)
b= 7.5cm

COLLIMATED= 5x
COLLINEAR =10x

Fig, II-6. A comparison of SPM emission from various glasses: LBC, LDF,
and DF-2.
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5300 5790 A
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Fig. III-7.

1 1
4358 L o
’ 5300A
F= 5,60
L= 4.7cm
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SPM emission and filament formation from NaCl,
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, :'.:a-’-
L 5460 5769 °
5300 - 5790 A

F= 3,(3,68) 3(3,67)
L= 4cm
FOCUSSED,f=25cm
COLLINEAR=10x

L 5460 5769 60698  FILTERS
$300 5790 3,67
F=3(3,68) (3,67)
COLLIMATED = 5x
COLLINEAR =10x
f= 4cm

[

t

|
4687 5072 L e FILAMENTS
4696 5300A FILTER
F= 5,60
' 7
= 4cm 38

COLLIMATED= 35x
COLLINEAR =10x

Fig. III-8. SPM spectra and filament formation from a quartz crystal for the
laser propagating an O-wave.
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IN-plates. The sensitivity of N plates is rle2 less than the sensitivity of type 57~
polaroid film in the visible region. The spectra obtained with N-plates is barely

visible. However, the spectra sensitivity of N plates extends to ~ 8000 Awhile

- polaroid #57 film is limited to 6400 A. {The polaroid infrared film could not be

adapted to our spectrograph,)

Spectra taken from these samples showed modulation in filaments. The
modulation ranged from as small as a few wave numbers to hundreds of wave num-
bers. The filament size ranged from approximately 5 to 50, Typically five to
twenty small-scale filaments were obsexrved. The SPM pulse train consists of a
few pulses (~10) occurring prior to the most intense pulses in the laser train,
Some Iaser shots from these samples occasionally didlﬁot show modulation or no
regular modulation pattern. Typical Stokes sweeps from these filamenis were
4400 om™¥ in a calcite crystal of length 4 cm, 3900 em™t i a quartz crystal of
length 4,5 cm, 1100 emnl in extra-dense flint glass of length 7,55 cm, 3900 cm”"L
in NaCl of length 4.7 cm, and 4200 cm"l in both borosilicate crown (BK-7) and
light barium crown (LBC~1) glass of length 8.9 cm. Sweeps on the anti-Stokes
side were typically to 6100 em™ in calcite, 5500 em™ in quartz, 7300 em L in
NaCl, and 7400 cm"1 in BK and I.BC glasses. The anti~Stokes sweeps from the

flint glass were not observed probably due to the two 5-60 filters used.

Spectra taken with the collimated beam and with the filaments imaged on
the slit were often complicated. Some spectra show parabolic structure with
apexes near the center of the spectra with the parabolas going foward the red for
Stokes and toward the blue for anti- Stokes. Typical filament spectra show an
aperiodic structure similar to that observed by Shimizu3 although periodic struc-
tures similaf to those observed by Lifsitz and Grieneisenl0 were sometimes also

observed,

I a caleite crystal the threshold for the sweep is lower than the threshold
for stimulated Raman scattering (SRS) when fhe laser travels as an extraordinary
(E) wave, but the sweep threshold is higher than the SRS threshold when thé laser
travels as an ordinary (O) wave. This is demonstrated in Fig. I11-10. 'The SRS
threshold is lower for the laser traveling as an O wave than for an E wave by~3.
The Iength of the frequency sweep is not changed when the collection angle is
varied from 0.5 to 10 deg indicating that no parametric fluorescence effect is in-
volved. The sweep is also polarized in the direction of the incident laser polariz-
tion. This is also true for unstrained NaCl and glasses. Damage was occasionally
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Fig. I1I-10. A comparison of the threshold for SRS and SPM for the laser

>

.
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NOTE (i)

F=1(3,67)

(3,68)
1=45cm
FOCUSSED=25¢cm
NOTE (ii)

propagating as O and E waves in calcite. The laser was focused

into calcite with £ = 25cm lens. The solid exit face was not

imaged on the slit.




observed in calcite but since the emission is modulated, collimafed, and

polarized it is not produced from dielectric breakdown,

Summarizing the important experimental aspects of the specira: They
are characterized by very Jarge spectral widths and a non-periodic or random
substructure. Occasionally a periodic structure of interference minima and
maxima are observed. The modulation frequencies range from a few c‘mm1 to
hundreds of cm_l and for some modulation progressively increases away from
the central frequency. For spectra of less than about 5000 cm_'1 total width,
the spectral extents on the Stokes and anti-Stokes sides are the same within 20
percent. The Stokes and anti-Stokes spectra ave approximately equal in intensity
and roughly uniform. The peak intensity at the central frequency is ~ 1()2 - 103
the intellsity of the SPM spectra at a given frequency. These results were veri-
fied with a prism spectrometer, so that the intensity calibration problems inherent
in other instrumenis were avoided. 'The spectra also appeared symmetric about
the input light frequency when grating instruments were used, but the maximum
spectral extant observable with this instrument was about 5000 cm"l and simul-
taneous observation of Stokes and anti-Stokes spectra for a single laser train
was impossible in the case of an extremely large spectral extent. Using spec-
trographs with only a wirve for a filter allowed the display of Stokes and anti-
Stokes SPM spectra from the same filaments simultaneously, and under these
conditions the maxiinum spectral on the Stokes and anti-Stokes side was deter-
mined to be the same within 20 percent for the maximum shifts from 2000 to
4000 om™Y. The similarity of the specira observed in different materials
strongly suggests a common mechanism for all materials. In Section 4 these
experimental results will be shown to imply a relatively fast mechanism and
to be consistent with an electronic SPM model.

Tor relaxation time much less than the laser pulse width, the approxi-
mate frequency sweep AV can be calculated for an isotropic material fromls’ 19
(see Section 4, Egs. 18 and 31):

- — 2
Ay ~ 26 VngKE L, (2)

 where 6V is the spectral width of the pﬁlse, By is the third-order nonlinear
refractive index, EO is the field amplitude, k is the propagation constant, and

4 ig the distance the light propagates through the sample. However, for an
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anisotropic crystal the sweep equation is more complicated than (2) because of

the tansor form ‘of the susceptibility x?’ and the polarization of the optical field.
Since the third-order susceptibility coefficients ave not well known in crystals,
only a rough estimate of the sweep span can be made in glass using Eq. @:.

13 esu, m electric field strength E_ of

Using n24 for glafg,zo of »;3 X 10;3 leotric
1.3x 10" @x 107 W/em™; 2x10° W in 1 mm-), 81 the spectral width of the
pulse of 100 cm_l, an estimated active length of 4 em, and k =1,18x 105 cm—l,
the calculated sweep for glass is iﬁ; ~ 2400 cm;l, and the change in refractive

2 -
index 8n = %HZEO is 0.26 x 10" -, This agrees with estimated change in re-

fractive index, §£, corresponding to a 20 @ diameter ﬁlaunem:,2’1 is
1 \/1l.22A -4
z ] = 0,7x10 ",
8n,, d
Electronic-librations mechanism for the SPM is not possible in NaCl,

and electronic—~lattice distortion is ruled out in glasses. However, all the

coupled-electronic mechanisms can contribute in calcite and quartz.

With a large power density, ~ 10* GW/cmz, in the filamenis, multiphoton

. offects such as four-photon processes may be taking p'Lace.22 This led to a search

for a four-photon parametric emission. This observation is discussed in Section
v, ' ' '

The large frequency sweeps obtained in crystals indicate that these ma-
terials might be used as ultrafast light gates with response times of ~ lOHl5 sec,
an improvement in response of 103 over the molecular-orientation light gate intro-
duced by Duguay and Hansen. 20 Self-phase-modulation processes are probably

present inside mode-locked lasers. 23

3. Self-Phase Modulation in Rare Gas Liquids and Solids

The same mode-locked laser described proviously in Section HI-2 and
II-1 is used as the exciting source for this study. The experimental arrangement

is shown in Fig, 1II-11.

The second harmonic pulses of power ~ (2,5-8) x 108 W are focused with
a 25-cm focal length lens into 12-cm-long samples of argon and krypton. The

11 W/cn12 over a beam waist length of

beam intensity in the liquids is ~4 x 10
~7em. The beam diameter is photographically measured to be 300 pm at the
focal point and 400 pm at 3.5 cm to both sides from the focal distance. A col-
limated beam of diameter 1.1 mm could not produce SPM. Filaments are imaged
onto a 3/4-m Jarrell-Ash specirograph where the spectra are recorded on
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Polaroid type 57 film. A glass beain splitter deflects a portion of the beam onto

a camera where the filaments are simultaneously photographed.

) Liqu@&nis condensed from Linde research grade gas into an optical
Dewar. LiMn is condensed similaxly, and solid krypton is grown by
slowly lowering the temperature below the freezing point of krypton. All samples
appear perfectly clear to the eye. No visible imperfections are observed in kryp--
ton solids. The solid is probably composed of large single crystals of size ~1 mm

gince the growth technique is similar to that of Bolz, Broida, and Peiser. 24

Spectra showing frequency broadening and SPM from liquid argon and
liquid and solid krypton are shown in Figs. [II~12 through III-15. Sweeps of 1000
to 6000 cm_1 are observed to both the red and blue sides of 5300 & in liquid argon.
Similar spectral sweeps are observed in liquid and solid krypton, Some Spectra
as shown in Fig, III-12 show a complicated modulated radial structure within the

broadened spectra, while other filament spectra show periodic modulation - some

show no modulation, others show a non-regular or random modulation — see

H

Figs. I~-13 through II~15 for different laser shots. 'The modulation ranges

-1 ~1
from a few cm ~ to hundreds of cm .

A most important point is that the threshold for observing SPM- in liquid
krypton is 0. 64+ 0, 12 that of liquid argon; also the SPM threshold ratio of solid
to liquid krypton is 0,86 +0.15. In liquid argon, SPM spectra appear at a thresh-
old power of ~ 0.5 GW focused in a 12-cm sample. At threshold the SPM pulse
train consists of a few pulses occurring prior to the most intense pulses in the
laser train. This may be because pulses in the laser train broaden in f:rec_(uemcy23
and lengthen in time through the train. 25 Normally three to ten small-scale
filaments of 5 to 20 pm in diameter are observed. Sometimes filaments are
accompanied by concentric rings progressively weaker in intensityzG of typical
diameters of ~200 and ~ 350 pm. No large change in shape of the laser pulse
train appears upon passage through the sample as displayed on a 0.5-nsec resolu-
tion Tektronix 519 scope. The swept light is also collimated, polarized, and
modulated. These observations rule out dielectric breakdown.

To explain these results the following argument is presented which esti-
mates the nonlinear index n,, self-trapping length, critical self-trapping power,
and sweep length, For spherically symmetric atoms the induced dipole moment

p may be expressed as a function of the local field EL in the ft:)rm27
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F=(3,67),(3,68)
L= 7cm '
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R =12cm
FOCUSSED = 25cm
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2 e | o
L 5460 5769 6069 A
5300 6069 |

Tig, III-12. Stokes SPM from liquid argon for different laser shots. The laser
was focused info the sample with £ = 25 em lens. The exit face was
focused on the slit, magnified 10X,
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F=(5,60)
2=7cm
FOCUSSED=10cm
COLLINEAR=[Ox

F={5,60)
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. ' atl
1650 4046 4358 L-5300 A

Fig. II~13, Anti-Stokes SPM for liquid argon for different laser shots. The
Jaser was focused into the samples with £f=25 cm lens. The exit
face was focused on the slit, magnified 10X.
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SOLID

| |
5300 5460
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F=3 (367)(368)
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FOCUSSED=2b¢cm
COLLINEAR=5x

Fig, 1I~-14. Stokes SPM for liquid krypton for different laser shots. The laser
was focused info the samples with £ = 25 ¢m lens,
of the samples was imaged on the slit, magnified 10X.
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A (A)
I[=12¢cm
F=3,3-67

Fig. I1I-15. A comparison of typical Stokes SPM spectra for liquid argon and
solid krypton. The laser is focused with £ = 25 ¢m and the

sample exit face is imaged on the slit, magnified 10X,
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3
P = B FFYE 4o, @

where a, is the polarlzabﬂlty and y is known as the second order hyperpolariza-
bility. The !3E term vanishes because of inversion symmetry of spherical
atoms, The tel*m ¥ represents electronic distortion which occurs only at intense
electric fields. Taking a metallic sphere as a model for a spherical atom, the
hyperpolarizability is given byz

= |4 @:i’) AVEIE 2
Y [5 a, +“ov E 2’ )

where R is the radius of the undistorted atom, and a and b are the semiaxes of
the deformed sphere. The terms in Eq. (4} arise from a change in polanzablhty
due to a change of shape and of volume of the atom. Experimental values of ¥
are known for He, Ne, Ar, and Kr and are in close agreement with theoretical

27,29, 30 The experimental values> of ¥ for liquid argon and liquid
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values.

krypton ave 5.9 x 10™°" and 14 x 1077 esu, respectively.

The refractive index13 in rare-gas liquids is given by n = nc + n, (E )
where nII is the refractive 1nd1ex pafallel to the field, (E2)1/2 is the rms value
of the electric field, and E= —E e (e +c c}. The electronic nonlme‘aar
refractive index 1n rare gas 11qu1ds 1s given by3

{(n +2) /81n Jaey, | (5)

where n is the refractive index, and N is the number of atoms per unit volume,
The term n, is =0,6 x 10_13 esu in liquid argon and =1, 36 x 10"13 esu in liquid
krypton, For liquid argon, liquid krypton, and solid krypton the refractive indices
are taken as 1.23, 1,30, and 1. 35, respectively. 32

Intense electiric fields distort atoms and produce a birefringence. The
anisotropy in refractive index between light traveling with wave vector parallel
and perpendicular to the applied electric field is given by2'? 53

= 1
Cin“n@nqL = gn,E °, . (6)

where 5n" and 6n are the changes in refractive indices parallel and perpen-
dicular to the fleld and &n = Sﬁnl for electromc processes in Spherlcal atoms, 27,30
The value of this difference is ~5 x 10" 11qu1d argon at E'0 ~ 1.5x 10 V/em
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(~4x 1011 w/ cmz). This change in index can lead to self-trapping and, because
of the high intensity in the filament, SPM,

The critical power for self—focusing7 and the self-focusing ].engi:h3ljr are

given by
2
Pt = (1.22 Y"c/64n,, (7)
and
a 2n0 12 1 ’
Sl ool BN _ )
- 4}

For liquid argon with a, the beam radius, taken to be 150 pm and Eo as L. x
107 V/cm, the values 3.3 MW and 10 mm are obtained for P, it and 4. The
self-focusing length is less than the beam waist length in our experiment. This
shows that hyperpolarizabilities are clearly large enough at mode-locked laser

powers to obsetrve self-focusing caused by the electronic distortion effect.

An estimate of the sweep lengthls’ 19 £p in liquid argon is given by
(see Eq. 31) '

= ngzkEozﬂt** 1.2 104 cmml, ©)

where 00, the spectral width of the pulse, is taken as 100 cmﬁi; 4, the active
sample length, is taken as the beam waist length of ~7 cm; and k, the propaga-

tion constant, is 1,18 x 10% em™1,

Since P, ., 8oes as '}71, Eq. (7) shows that the self-trapping threshold
for liquid krypton should be lower than that%{of liguid argon. This is experimentally
observed. Since self-trapping thresholds differ slightly in liguid and solid kryp-
ton, difect distortion and not molecular redistribution produce SPM, This result
also provides a strong argument that clectron-lattice distortion is apparently
not playing much of a role in SPM from sb}id krypton. Rather, the reason that
golid krypton has a slightly lower SPM threshold than liguid krypton can probably
be attributed to its higher density (16%) and higher refractive index contribution
(10%). The physical reason for ¥ in krypton being ~2.4 times larger than for
argon is that the outer electron shell for rare-gas atoms is less tightly bound,
and hence, more distortable as Z increases.
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Summarizing, calculations and experimental results show that the elec-
tronic contribution to 1, is (1) large enough to cause SPM and self focusing and
(2) slightly larger than the other mechanisms — molecular translation and rotation

- by a factor of 3,

4, Theoretical Analysis of Self-Phase Modulation

In this section the spectrum of an intense optical pulse is calculated after
traveling a distance in an isotropic material. The characteristics of the spectrum
for different parameters of the pulse and of the material are compared with the
experimental observed spectrum. ‘The spectrﬁm is calculated for mechanism
which respond to the envelope of the mode~locked pulse, to the sub~-picosecond

component of the pulse, 35 and to the optical frequency components.

Qualitative features of the spectrum3 and a physical understanding of the
broadening process are obtained by first approximately calculating the specira

by Stoke's method of stationary }_:)h&t.’:“@.36

The electric field of the input laser beam is assumed to be given by

Bl = $E ® ¢ “Lt” /) g, (10)
. N
where E_ (t) is the envelope of the pulse taken to be a gaussian e where
'I‘p = (2 ftnz)l/ 2 T is the FWHM of the laser pulse width, and W, is laser angular
frequency . The electric field of the laser beam in the time domain after traveling
a distance z in the material is given by

-1 @ t - n@) 7 mL/c)
E{) = %—Eo(t) o te.e (11

where n is the total refractive index. The instantaneous phase of the light

wave is given by

@ = wi-n) wale (12)

Following Shimizu, 3 the spectral amplitude of the light pulse is given by
the Fourier fransform
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1 ~1(wy b -0y ne/c) ot

2w

H

Re I E ) e dt (19)

s )

Eg o @t at

b ¢

Ew) =

Substituting n = n_+ 6n Eq. (4) becomes

in & z/c [ i [ =t yt+wzbn/e]
BW) = a2 e oL f E ) e L dt (14)

where On is the nonlinear part of refractive index. The infegral (Eq. (14)) is

of the type

B
fx) = f ety o2 gt a (15)
qQ, i

which can be approximately evaluated by the method ofstationary phase. 36

In the first approximationof this method the main contribution of the value of

the integral arises from the immediate vicinity of those poinis (T) called critical
points at which h(t) is stationary h' () ‘ =0

=T
That is

T ixh(t 2w 1/2 ixh(T) +in/4 «-JI |
g~ [ sheDat = ( ) gy oD I o5 g

xh" ()

! =t {
R A

where € is small and h is real. 36 Setting h(t) = (- wL) P Wz fn/c and x =1,

then the main contribution to the integral (Eq. 14) occurs when h'(t) =0 =

Z {3
o+ 2 (300), Bt i

T

Thexefore, the critical points (T) are defined by

H—u‘llz 3 (6n)
W=y = T t an

n this approximation we assume that mechanism for On responses to envelope
of picosecond pulse (Gn~ Ei {t) bell-shaped but not necessarily symmetrical, A

schematic representation of &n versus time is shown in Fig. II-16a.
The maximum frequency broadening on Stokes and antistokes occurs at the inflec-

tion points tl and t2 as shown in Fig, II-16b

47




8n

S —

Fig. 1II-186,

-
-
-
e

_
e

A simple mechanism for SPM for nonlinear index following the
envelope of symmetrical laser pulse; (a) nonlinear index change
versus time; (b) time rate of change of index change; (c) frequency
change versus time,
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DS F - = -# %‘%‘1 (Stokes) | (18)
t:tl
Auﬁix =W Ag~ W, T —cd’r(;z %(%El (Antistokes)
t=t

2

From these equations the following facts are obtained: (1) I the maximum
frequency length are not equal On is not symmetrical; (2) the same frequency
shift occurs at two times t' and "

W% a0 s S Y )
- L g | AL o
|

t! | t!!

This is depicted in Fig. II1-16c. The main contribution fo integral (Eq. 14) comes
from two time points t' and t" satisfying Eq. 17. Using method stationary phase
phase Eq, 14 becomes

inosz/c ( a L((wmwy)t+ szGl/c )

Ew) = 22 ° fdt+ fdt B o (20)
— a

2w
where t' < a <",

Therefore using Eq. 16:

- 27e.
E@) = Re (w -

)1/2 i(ngwyz/c + w/4)
e
L

t"f

i - w )t +w.n_z ndt" ifw-w )" + w n_zdnE"
Eo(tt) e ( wL _.1;‘_(3_0____ ) Eo(t”) e ( L a%'—'_(')_' )

TT\1/2 2 1/2

d a

£ 6 _ —~ (On)

(dtz( n’) . (dtz ) ’
t' t”

(21)
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The spectrum intens-ity is given hy:

s = 2 Ew [ @2)
Therefore
w12 2
5@ = (%) (& I———Eé’(t)' + B0
d"@n) d” (bn)
at a2
tl t”

2 By () Eo(t")

“'"(ﬁ 5 n)l/z (d25 n)l/z cos [("" W)t + wpzOn(t/e - (-0 )t~ 20n(t")/ C] (23)

at?
t' f

at®
t!

The last term of Eq. 23 produces the periodic structure in the gpectrum via
interference. The spectrum intensity has minimum when the two point £ and
" are 180° out of phase and they cancel each other out by interference. This

occurs when

up z0n(t") wy z0n(t")
@@t + (- " =~ = @m -2y 24)
where m=1,2,3.,. . A maximum inS(w) for
4 z on(t" Wy % dn(t"
(w- LOL)t' + G - {- wL)t" -~ — % 2rm (25}

where r=0,1,2,3 ... and the two points t' and t" are in phase and construc-
tively interfere.

An estimate of modulation frequency in the broadened spectra can be
made by calculating the maximum number of interference minimum , M, in the
spectra and divide this into the maximum frequency broadening. Notice that no
frequency shift (in the envelope approximation) occurs at t =+® and t = 0 where
6n = 0 and d/dt@n)= 0 occurs respectively, (See Figure 16). Taking t' = 0 and
t" = -o Fq, (24) reduces to

50




z Bn(o)

w5,

- = @M-~1)m, (26)
Therefore, the maximum number of minimum on the spectra is

w, z fn(o)

_ 1%L 1
M =5 o 3 @7
For typical experimental values of z and fn (i.e.', z~1toscm,
bn ~ 1072 to 1070 esu, and . uJL/ch = 1.9x10% cmhl), the number of mini-
mum that appeaxrs in the spectra may range from as high as 100 {o as low as
none (0.6).
An estimate of the modulation frequency of periodic structure in SPM
spectral on the Stokes side is
- UL %
wh o i%Lc_“‘ ‘%%QITLL'
1
bus,  ~ | —8X| Lt . (28)
M M wL
1 nfo) 1 L 2 )
2 O‘lT _ R e"'ﬂt /:Z.T.?f - %
J e y T -
and + ﬂ%ﬁ?ﬁ?’é
S S
am 3 _(On) c e
5 ot i ‘L A 29
W ~ 2
M~ Bn) V74 / .
[ A - -:l T ,Q’»'—ﬁ
-1:2/1‘2 1/2 t -
Taking E () =E e " ' where Tp = (2In2)'°T = T, /2 is the 1nten51ty’E' @ @J-:) 7

FWHM of the pu]se and T, is the field FWHM and assuming an envelope response

2 —-2t7 T2 2
time mechanism: & = E%Q— , git@ = 2B hese
2T

t=T/2
parameters are substituted into Eq. 29 to obtain the modulation frequency:

21 (1.2) _ 21 (2) -1

R i R
P =
: . . 37 . -0
and into Eq. 18 to obtain the maximum frequency extent:
1 : et .
' w ! W T A1
Claw |~ e Ezzse)c:L ~ J ’f-la@

max TpC Ny | ,{/ ’C‘ j
- 1,
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or

_ 1 2
oo~ o ano%cm . (31)

The modulation frequency in wavenumbers is (‘hjm = ’?‘—C’ For Tp = 10_12 sec,

61')m = 87 cmnl, and for Tp = 10713 sec, 65111 = 670 cm™l. Notice, the

shorter the Tp the larger the modulation frequency of the periodic structure.

The maximum frequency extent for this model in wavenumbers

is AV =125 em™ for T = 1072 sec and AV = 1250 cm ™Y for T =10~
max P . max 5 4 P

sec. (The following parameters were used: z =2 cm, anO =10 ~ and u}_,/ c =

1.18x 105 cm_l,) Therefore, the shorter duration pulse produces the widest

13

frequency exient with the least internal periodic structure.

The remaining part of this section is devoted to the calculation of the
spectrum intensity for ng responding to (I) the envelope of a mode-locked pulse
(’1‘f = 4 psec), (I} sub-picosecond components of noise pulses within the mode~

locked pulse 35,38

(0.1 ~ 1.0 psec), and (II}) pure electronic response with no
3wL, 5(.:.L, T wL ... wave propagation due to absorption (A< 1770 fk) in the

material,

The experimental results of sections 2 and 3 may be used to determine an
upper limit for the relaxation time 7T of the index nonlinearity mechanism. Using
the form of equation 18 for an estimate of the maximum frequency extent and sub-
stituting 7* for 'I‘p gives Awmax ~ :—}:; an(z) %, Here T* is the shorfest tin;e
in which the nonlinear index changes significantly. Typically about 4000 cm
broadening on either side for active lengths9 z~ 0.2 em in various materials
are chserved, and ani is estimated to be < 1()“3 esu from Kerr gate experi-
mentszo and from the diameter of the observed filament, Therefore the mecha-
nism relaxation time must be 7 < 3 x 10"14 sec, This relaxation is faster than

the molecular type of motions.

The general form for the nonlinear refractive index3 with quadratic field

dependence is

i
n) = n + [ 5,1 E%anat (32)
= tn

where n, is the normal index, E(t) is 2f:hs laser electric field assumed to have a
gaussian envelope (EO(t) = ﬁio ot /T y and f{t) is the weighing function describing
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(/rpj" né T _-"/h [EI/ iy m'u(?:y

the response of the system; f(t) assumes the form e_t/’i:/'r where 7 is the response
time of the material. The incident laser's electric field has the form given by Ed.
10. After propagating a distance into a material where dispersion has been

neglected, 40 the electric field has the form given by Eq. 11.

For a material response time slower than pure electronic (models I and
I} but faster than molecular orientation, f.e., coupled electronic, molecular
redistribution, libratic motion (¢> 7 > 10/wL) - the envelope of the pulse is re-
flected in n(t):

2
n,E, 8-21:2 /7

> (33)

n({t) = n, +
f(t) has averaged out the optical cycles response. Substituting Eq. 33 into Eq. 11,
the electric field in the time domain becomes ‘
2 _ot? /T

2 1 n_ZW n zE e .
o ot/T o2, 1M%%Y (34)
Ef) = Eoe cos (Q)Lt — 5 C ).

For pure electronic response (v ~ 1/mL, model 1 for material f(t) — &(t)
and 9

2
_ 2 -2t°/T 2 :
n(t) = n +n,E e cos” {wyt - nosz/c) (35)

2 Wéb“bé—"*’?ms«/c) W((Hof-“”_‘é‘" Wy
Substituting Eq. (35) into Eq. 11, the el€ctric field in the time ddmain with Higher
odd harmonic (3 oy 5 uwy, - .) absorpted is '

2, 2
9 -2t"/T%
E(f) = E eﬁtz/T'z cog | t-nozwL _nzsz Po
) ‘L o] 2¢
.

s

2, 2 2, 2
2 -2t°/T 2 - 2t7/T7\
nzszEO e . (,ULt - nozwL nzszEO e
X JO - gin {

+
2¢ c 2c

2l '
nz(z)LZEie 2t /T
X I\~ . | (36)

E(w) is obtained by the fourier transform Kq. 13 evaluated nulnerically.4l

The normalized spectral density of the phase modulated light is obtained from:
53 /
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Fig, III-17, Calculated SPM spectrum for

B = 60, Tf = 4 psec.
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Fig, II1-18, Calculated SPM spectrum for sub-picosecond model (II) for

parameters: = 60,

’1‘f = 0.1 psec.
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S = = 18/wl® /s (37)

The parameter B is defined as

2
5 - IHZEOZUJL
. 2c

(38)

which measures the strength of the broadening process, From Eq. 31 the fre-
dquency broadening varies ~ [3/Tp. A reasonable value for B == 30 can be chosen
from knowing the approximate or typical value for the parameters used in these

experiments: Ny ~ 1.2 x 10—'13 esu, E0 ~ 3 x 104 esu (1011 w/cmz),

nZE(z) ~1,2x 10_4 esu, z ~ 5 cm, and AL = 5300 A . However, due fo the
unecertainty in electric field, EO, and active propagation distance, z, resulting

from self focusing, and the exact value for n,, for all the materials studied,

2
-3 -
B8 may range from as high as 300 to as Iow as 1, (ani ~10 w‘L/C " 105 cm 1,

z ~ 6 cm),

The calculated SPM spectra for model I and Il (E(f) is given by Eq. 34)
are shown in figures III-17 through 20 for various § and Tf. The spectira in
Fig, II-17 is for B = 60 and for a mechanism which follows the envelope of the
pulse of 4 psec duration. The extent of the spectral broadening does not agree
with experimental observation. A rather oversize B ~ 1300 is required to in-
crease the broadening to the observed width. However, the SPM spectra shown
in Fig, III-18, 19 and 20 calculated for model II for B = 60, 22, and 30 respec-
tively have features which are similar to some of the experimental observation,
For example, Fig, II-18 with § = 60 and Tp = 0.1 psec has (1) a large spectiral
extent ~ 7000 cnlnl, and (2) 2largemodulation frequency of the periodic structurein
the spectrum which progressively increases away from the exciting frequency —

, initially its ~ 430 cmhl, increases to 700 cm_l and ends with 1400 cn’fl. Recall,
from sections 2 and 3 that most of the SPM spectra either show no periodic struc-
ture, non-regular or random periodic structure with modulation frequency rang-
ing from a few c:rn_1 to 1000 cmhl, or periodic structure with modulation frequency
which gets progressively, larger away from the exciting frequency. Also, all the
experimental data have an intense central component at the exciting frequency which
is ~ 100 =~ 1000 times larger than the SPM frequency components. The calculated
spectrum for this model shows that the light is spread out into a continuum of
frequencies with no intense central frequency and a smooth modulation.
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Tig, II-19, Calculated SPM spectrum for sub~picosecond model (II) for
parameters: p =22, T,= 0.1 psec.
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parameters: [ = 30, Tf = 0.1 psec.

58

Calculated SPM spectrum for sub-picosecond model (II) for




The differences between experimental and calculated specirum may be
explained by noting that the observed spectra is caused by the first few laser
pulses (~ 10) in the whole train of pulses (~ 60) emitted by the mode-locked-
Iaser.42 The first 10 pulses self-focused producing filaments which results in
SRS and SPM emission, The intense central component may be due to non-filament
light, Also part of light in the radial structure of each of the first ~ 10 pulses
do not seli~focus., The overlap of the specira from different filament imaged on
the spectfogi'apllic plate could occur, resulting in complicated modulated spectra

with a non-regular pattern.

Calculated spectra for the elecironic model III are shown in Fig. II-21
through Fig. III-30 foxr various B and T, (E(t) is given by Eq. 36). In this model
Tf is taken as the pulse width of either the envelope or one of the sub-picosecond
pulse components, The spectra shown in Fig. II-21 with ’I‘f = 4 psec and B = 60
and in Fig, I1-22 with T £ = 4/2 psec and P = 60, again lack the wide broadening,
Rather large spectral broadening is caleulated for the sub-picosecond pulse with
Tf = 0,6 and 0.1 psec. (Figs, III-23-29). Also, there is no regular periodic
structure in the intensity profile in these latter figures (22-29) but just an inter-
ference behavior with intensity maximums and minimums in the spectrum, The
frequency separation between the intensity maximum range from as small as few
cm_1 to as high as ~ 1000 cm_l depending on Tf and §. The frequency of the in-
tensgity maximum progressively increases away from the exciting laser's frequency. -
TFor example, in Fig, III-26 the intensity maximum in the SPM spectrum at first

ocours every ~ 60 cnf1 and near the end every ~ 300 cmml.

Other features shown by these figures (23-29) are (1) an intense central
component (5300 &) which is ~ 100 times larger than the SPM background and, (2)
the intensity SPM profile is approximately uniform with frequency. These charac-
teristics are commonly observed experimentally and no hand waving arguments are
necessary to account for gross differences between calculated and observed spectra,
The elecironic model {III) seems to fit the experimental data more consistently than
models T and II. - '

As stated previously there are many mechanisms contributing to the non-
linear refractive index coefficient, n,, for picosecond light pulses. Their magni-
tudes range from 107 0 1071 esu and temporal responses range from ~ 1074
to 10“16 sec depending on the mechanism. The nonlinear refractive index for
the material with different mechanisms takes the form:

59




Bg=60
T¢ =4psec

Smax

0.0l —

0.001 — "

Fig, III-21. Qalculated gPM for electronic model (IIT) for parameters:

}SE = G0, Tf = 4 psec.
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61'1 t)y = Z . (E » » Tas t

(®) s 5n3(o'1’p Ty 9 (39)
]

where the index j defines the various mechanisms and 'rj their response time,

The spectral amplitude for a gaussian plane wave in a material having many '

mechanisms operative is the convolution of the spectira for the separate processes

i.e., for three mechanisms:
B = [ ) Tyl ) Ty mw) duyday,

where Fj {w) 1is the Fourier transfofm of f j(t) and f1 {t) = Eo(t) ei 6n1sz/ c,
f2 (t) = e’i 5n?'("’LZ/ ¢ and f3 ® =re1 dnguy 2/ ©. Since the speciral extent of the SPM

process depends on 8/7%, the electronic mechanism dominates the SPM process

> (ﬁ/ T*)other
mechanism

for the materials because of its ultrafast reéponse B/7% clectronic

Calculation of the SPM spectrum shown in Fig. III-30 for material having
both an electronic and a slower inolebula_r mechanism (1% ~ 1()_13 see) taking
1y = 10 n, - o | " ghows that the electronic mechanism domi-
MOLECULAR ELECTRONIC
nates giving rise to the wide_ extent ~ 4000 cm“]' , while the slower mechanisms
affects the interval structure of maxima and minima of the sweep near the ceniral
frequency within ~ 500 em™™, . '
In conclusion -thge sub-picosecond model II does have some of the features
observed in the spectra but the elecironic model (II1) wih sub-picosecond pulses
have most of the features observed in the specira of the materials studied. There-
fore, from arguments given in this section and in sections 1, 2 and 3, the elec-
tronic mechanism Seems to be an important mechanism for SPM in the materials

studied and in somemateria‘ls it dominates,

5. Future Direction

Many‘problem‘s on the dynamics of the SPM emission remains to be studied;
the following possible experiments are directed to obtain this knowledge:
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1. To possibly compress the SPM pulse to a pulse duration of ~ 10—15 sec;

2. To find materials where the frequency broadening may exfend into uv

and possibly x-ray regions.

The first four experiments require a single ultrashort pulse which
has a clean radial structure (single transverse mode).

3. To measure the electronic cdntribution43 of n, by using the Kerr offect
as function of temperature with psec laser pulses.
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A caleculated estimate of ny for molecular redistribution for liquid argon
can be made from the Kerr constant calculated by J. A. DBrace and J. V.
Champion, J. Phys. C. Solid State 2, 2408 (1969) of Bg=4 x 10~9 esu at
X =0.6 pgiving a ngpp =(2/3)BK)\z 1.6 x 1013 esu. From the equation

for ng given in reference 4 for rocking mechanism, a calculated estimate
for ng for interrupted rocking can be made to give N2 ROCKING 0.9x10-14

esu (for calculation see reference 15a). This value for n, 1s a factor of ten
less than molecular redistribution mechanism.

Hellwarth (Ref13) has shown that ng due to all other mechanisms except
electronic is proportional to the intensity of the depolarized light scattering
wing in liquids (I%ng). The depolarized light scattering in liguid argon was
measured by J. P. McTague, P. A. Fleury, and D. B. DuPre (Phys. Rev.
188, 303 (1969) and yields an estimate of ng of 1.1 x 1014 esu (For calcula--
tion see ref, 15b) In rare gases ny is composed of two parts — electronic
and molecular redistribution (A, D. Buckingham and D. A, Dunmur, Trans.
TFaraday Soc. 64, 1776 (1968)), and possibly interrupted rocking. At low
pressures molecular redistribution does not contribute to ng. The electronic
part of no increases linearly with density while the molecular redistribution
part increases as the density squared. As the gas pressure increases, the
molecular redistribution part becomes proportionately greater because of the
density-squared dependence, When Buckingham and Dunmur's data for gases
is extrapolated to liquid densities then ng due o molecular redistribution
would be estimated to be 2 x 10-13 esu in liquid argon (For calculation see
reference 15¢), However, at liquid densities the intensity of the depolarized
geattering is an order of magnitude smaller than expected on the basis of a
density-squared dependence (McTague, Fleury, and DuPre). As pointed out
by McTague, Fleury, and DuPre, " he major cause of the relative decrease
in intensity in the liquid is probably the contribution of 3-, 4-, etc. particle
correlations, which tend to make the local liquid environment more symme-
trical, leading to a lower anisotropy of the polarizability.'' This gives a cal-
culated ng ~ 2 X 16~14 esu for all mechanism of non-electronic origin.

From Ref. 4, n, = 41TL4N(u ~( )2/ 15n v esu where N is number density '
L4/n0 = (n§+ 2)‘%/81 n, is 1gca1 field correction, ng is index of refraction,

a - a is polarizability anisotropy, p~ 8 n'agG, G is shear modulus, and

a is 1ﬁLolecuIar radiug, TFor liquid argon N=2.1 x 1022/cm3, L‘L/m0 =1,53,
n,=1.23, G=1.25 X 1010 dynes/cmz, a=2x10"% cm, Ny = 6.02x 1023/
mole, p=78 x 1073 moles/cm3; calculated value for g = 2.5 x 10~12 dynes/
em, and o ~a is calculated from Buckingham and Dunmur'st By =5, 6x10 12
esutobe a -a = 5.5x10725 esu, (Note @,=¢ = ,/'BI? 405 KT/47N,.) Using

= "'14:
these values ng (rocking) 0.9x10 es.,

The non-elecironic contribution to n, for argon is estimated from inelastic -
geattering data. McTague and Fleury14 found that the total integrated
intensity of the Rayleigh wing for argon is times 2 times that of the 459 em™t

Raman line in 0014:

73




15¢,

wivg = 2 Lgg em™t = 2 (gg g1 + Lsg em=1 )

ARGON cal, STOKES  ANTISTOKES
since

Lsg = 0.221, in CC1,

STOKES ANTISTOKES
then

ymng = 2441,

ARGON GOl STOKES

Substituting the following relationships into the latter equation:

_ 3

the cross section ORAMAN = 3.5x10 BRILLOUIN ‘in 0014 -
and

I = 4]

BRI LOUIN BRILLOUIN

CS CCl
2 4

and

wine ™ %57 Iyt roun
Cs CS
2
obtained from S. L. Shapiro, Ph.D. Thesis, University of California,
1967 unpublished. The total integrated intensity for the wing in argon
becomes

~ -4
ying = 6x 10 IWING
ARGON

Therefore, the non—electromc contrxbutlon to ng is estimated to be

N, —6x104 h11x10 esu.

ARGON "2

CSz'

From Buckingham and Dunmur14 n,= 3 (A KP + BKp ) where A is elec-
tron contnbutmn and BK is the molecular redlstrxbutmn coeffwlents The
ratio of B<o /AK,O 1—— 0.26 at a gas density p=3x 10 moles/cm'ggis ob~
tained from Fig. 1" Therefore By/Ap = .089 x 10° at p=3x10"" moles/
cm3. At Jiquid density, p= 35 x 1073 moles/cms, .083 Asz/AKp*—* 3.15

andn, = @.15n, = 1.9x107%
MR EL

esu~2x 10 " esuw.
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34.

35.

36.

a1.

When a powerful laser pulse propagates through an isotropic dielectric,
it charges the refractive index which has been defined by the equations:

_ 2
5n“ =1, (E™)

6n - 6n

= n 2)
I 1 2B

o
where (E%) is mean square of the optical field F, Gnu (5n } is the change
- _[- .

in the refractive index (iinI =n -n 6nl= nl-no) seen by light polarized

O’
parallel (normal) to electric field, n, is the normal index, and nyn is
defined as the nonlinear birefringence index (n2B = KA’ where BK is the

Kerr constant and A the measuring wavelength). For an electron cloud
distortion for spherical atoms Buckingham and Dunmur30 has shown that

. , . 3
511[! =3 ﬁnlgwmg a relationship between n,, n,n and By:ny = 50y, =3B X2

K
For molecular redistribution Hellwarth™> has shown that fh” = -20n giving
: _ . L
n, = %nz g~ -§~ BKK- Therefore for electronic mechanisms for argon:
-
o

= 42 = g; —— : -1 {2
5n” - 5ni = ny (E) = (3 n2> 5 3N E
P. L. Kelley, Phys. Rev. Letters 15, 1005 (1965).

S. L. Shapiro and M. A. Duguay, Phys, Letters 284 , 698 (1969).

The TPF pattern of a pulse emitted from Nd: glass laser Q-switched with

a saturable dye absorber cannot determine the shape of this pulse. It gives
the total duration of the pulse which is ~6 psec, and within this 6 psec en-

velope there are short sub-picosecond pulses ~ 0.1 to 1 psec.

A, Erelyl, "Asymptotic Expansions, " Dover (1956) pp. 51-563. The technique
of stationary ﬁﬂ%?’éngw_rei?n_ed_i'ﬁ‘l)r. Sirlin's course.
The maximum frequency extent is
- Z
“Z 3
bipax = 5% @ |-
tf

2
nok 2 72
2 -2t
Assuming an envelope model E(f)2 = 22 ¢ / .

—9t2
Lp2 2t /Tzand5n=

2 o -2 2 2
The FWIM T, = (2 102Y/2T is obtained by setting o~ 20/ T% = 1/9 and

' = T/2 is obtained by setling 6-1;2 dn = 0. Substituting these parameters
into AwM AXC

W, 20y o g

A“MAX = (0,715 P Tp. EO sec

and the frequency extent in wavenumbers
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38,

39,

40.

Zn E2
AG L0ms et
MAX 2me c Tp ?
or 2
Zn, E
AD ~ &7 “L%Ms o em™L,

where 67 is bandwidth of laser in cm .

For calculation purposes only one sub-picosecond pulses of the total burst
of radiation is assumed fo generate the SPM spectrum. T,, is taken as the
pulse width of this spike, This model is oversimplified but gives the gen-
eral features of the spectrum without a more detailed complex computer
evaluation. The SPM spectrum for random array of sub-picosecond pulses
within the envelope of the total burst of radiation will approximately be a
superposition spectra with similar extent and non-regular modulation as a
single pulse. The internal spectral structure (as distinct from the spectral
extent) varies from shot to shot. One reason for this is probably the pres-
ence of more than one input pulse or subpicosecond pulse components. If
the Fourier transform of each subcomponent pulse hit) is h(w), and if the
picosecond components of a picosecond pulse are written in the form

E() = Z‘ a hE-t).
n

Then w
E(w) = h(w)Zan o
-

The internal structure is complicated by the second factor in this last
expression.

The interaction length for the SPM process in for example BK-7 glass is
=2 mm for the spectral components within the Antistokes 4000 cm™L frequency
sweep for the 5300 A sub-picosecond pulse of 0, 3 ps duration. The interaction
length 4 = T, V. / 2AV,, for two pulses is defined to be a distance for which
two pulges sga spatially coincident by less than a half-pulse width; V. is
average group velocity, and AVg ig difference in group velocities, £ The
derivation of this expression is given in Section V.  The group velocity is
given by

dn 10

Vg = % +%§- Y and V5300 3= 1.9858 x 107 em/sec
and V4373 3= 1.9090 x 1010 cm/sec,

The SPM pulse has been shown to be an ideal tool to do picosecond spectros-
copy (R. R, Alfapno and 8. I. Shapiro, Chem. Phys, Letters 8, 631 (1970)),
A SPM pulse after propagating a distance z info a material becomes
broadened due to dispersion thereby washing out the subpicosecond pulse
array —the red frequency components move to the leading edge and the blue
to the trailing edge of the picosecond envelope, i.e., a SPM pulse of dura-
tion 0. 3 psec with a total spectral extent of 8000 cm™! about 5300 A will
broaden to ~ 6 psec after propagating through 4 cm of BK-7 glass.
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The computer evaluation of the integral E{w) and |E(w) ]2 was made by L.
L. Hope of GTE Lahoratories.

R, L. Carman, M. E, Mack, F. Shimizu, and N. Bloembergen, Phys.
Rev. Letters 23, 1327 (1969); M. J. Colles, Optics Commnun. 1, 169
(1969); R. R. Alfano and 8. L. Shapiro, Phys. Rev. A2, 2376 (1970).
Only the leading pulses in a long picosecond pulse train were effective

in SRS. It was shown by R. R. Alfano and S. L., Shapiro that absorption
present in pure liquid is sufficient fo cause self-defocusing.due to thermal
heating to shorten the SRS train. '

R. Hellwarth, A. Owyoung, and N, George, Phys. Rev A 1971 to be
published. :

They deduced from Kerr measurements using 20 nsec laser pulse that the
dominate mechanism for the nonlinear refractive index, ng, is of electronic
origin in liquid CCl 4
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IV - FOUR-PHOTON PARAMETRIC GENERATION IN GLASS

1. Introduction

The generation of light over the visible region in an angular patiern is
another striking nonlinear optical effect observed when intense 5300 A picosecond
laser pulses are passed through materials. The light at different wavelengths
are emitled from the materials at different angles. This chapter reports on the
experimental observation and on a theoretical analysis of the angular emission
from glass, i This angular emission is shown to result from the coupling of

four photons via the nonlinear coefficient 112()( ).

Chiao, Kelley, and Garmirez have shown theoretically that when weak
Stokes and anti~Stokes waves accompany a strong laser wave, both Stokes and
anti--Stokes waves are amplified via x3. This process has been called four-
photon parametric amplification or light by light scattering. % Degenerate four-
pnoton inferaction (wl Tl T W 4) in liquids was first described by Chiao,
Kelley, and Garmire? and observed by Carman, Chiao, and Kelley3 in nitro-

henzene.

We have observed nondegenerate four-photon stimulated emission

(u‘1 # Wy / thy W 4) in many materials originating from scale filaments

created under high power 5300 A picosecond ~pulse excitation. The four-photon
coupling process originales through the distortion of the atomie configuration
inside the filaments in the materials, Positive and negative SPM frequency
components are generated inside the filaments. 4 The frequency-swept photons
and laser photons are coupled to the laser field via the third-order susceptibility
;>‘3 or the intensity~dependent dielectric refractive index coefficient n,. The
four-photon process is of the type KL + KL = K At KS schematically depicted

in Fig. IV-l where K., K, K 5 &re the wave vectors of the laser beam, Stokes-

L' 8
shiffed pholons, and anti-~Stokes-shifted photons, respectively. The maximum
amplification of the weak waves oceur along an angular direction governed by

bhase matehing among the four photons.

This process is quite general and we have observed this process in glasses,
calcite, and liquids such as CCI 4 and acetone. Borosilicate glass BK~7 is chosen for
specific analysis because accurate values of the refractive index are available
and beeause there arce no sharp vibrational Raman lines which would interfere

with the interpretation of a four-photon nondegenerate process. Amplification
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Four-photon coupling in solids

2 laser, 1 aniistoke swept photon, 1 stokes swept
photon are coupled in a solid and emerge with an

angular distribution given by the wave vector diagram:

Ks Ka
. 6
KL KL

K +K = K +K,

Fig., IV-1. Four-photon coupling showing volume phase matching among two-

laser, anti-Stokes, and Stokes photon.

80




of Sfokes and anti-Stokes waves found in this investigation is different from the
Raman process. 5,6 This process cannot be a two-step Raman process requiring
coherent optical phonons as an intermediate step because there are no sharp
molecular vibrations in borosilicate BK-7 glass, and because Stokes emission
appears of about equal intensity to the anti-Stokes emission. The appearance

of angular Stokes emission is in sharp contrast to résuli:s6 that show that the
Raman process in a liquid is a two-step process with intermediate optical phonons
involved and with no Stokes radiation observed at the matching angle. The emis-
sion frequency in the Raman process is well defined, while in the four-photon
process the frequency is shifted continuously from 0 to as much as 6000 cm—l
on hoth the Stokes and anti-Stokes sides, Our process requires a modulation of

the electronic nonlinear polarization.

2, Experimental Observation

The schematic of the experimental setup is shown in Fig. IV-2, In the
experiment picosecond light pulses at 1.06 | are generated from a dye Q-switched
Nd:glass mode~locked laser. Second-harmonic generated (SHG) pulses at 5300 R
are derived by passing the beam through a potassium dihydrogen phosphate (KDP)
crystal cut at the phase-matched angle. SHG pulses only are then collimated
with an inverted telescope to a diameter of 1.2 mm and then passed through the
samples., The energy per pulse is -5 mJ and the pulse length is 4-8 Iisec so that
the power is ~1 GW/ cmz. Five to fen filaments about 20 P in diameter are formed
in the sample so that the power in the filaments could be as high as Ml[)4 GW/. cmz.
Emission from the sample is displayed as a function of angle and wavelength by
placing a lens at the focal distance from the Z=cim-high slif of 2 ;2- -~ m Jarrell-
Ash spectrograph. The sample is near the lens so that light at a given wavelength
emerging at the same angle with respect to the laser beam is imaged in a ring on
the spectrograph slit. Anti-Stokes shifted light is displayed by placing either one
or two 5-60 Corning filters before the lens to attenuate the main laser beam.
Stokes light is displayed in an analogous fashion except that three 3-67 and three
3-68 filters are used to attenuate the main 5300 Abeam. Schematic angular spec~

tra are shown in Fig, IV-3.

An anti-Stokes spectrum emitted from borosilicate'BK—*‘? glass of length
= 8.9 em is shown in Fig, IV-4. The light is focused on the slit with a 10-em
focal length lens with the laser beam position at the center of the slit and the
spectrograph turned to the second order. The whole anti-Stokes spectrum is
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Fig, I_V—2.

Experimental arrangement for displayipg the emission from
materials as a function of wavelength and angle,
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Fig. IV-3. Scheinatic wavelength and angular spectra for SRS (top) and for
§PM and four-photon parametric emission (bottom).
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Fig., IV-4. (a) Angular anti-Stokes emission with main laser beam at slit
center, Light in center is frequency swept light while outer
curves are due to four-photon emission; () entire angular anti-
Stokes emission curve from 4000 to 5300 A for BK-7 glass,

length 8.9 cm.
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displayed with the spectrograph operating in the first order as shown in Tig.
IV-4(b}). The laser-beam position in Fig, IV-4(b) is near the bottom of the slit
5o that only the upper half of the anti-Stokes curve is displayed. In this fashion
the entire angular variation of the anti-Stokes spectrum is displayed since the

spectrum does not go off the slit at large emission angles.

Three salient features are evident in the spectra shown in Fig., IV-4,
The first is four-photon continuous emission of radiation in the form of a curve
extending from 4000 to 5300 i, a shitt of 6000 cmnl. The intensity is uniform
over this frequency range within a factor of 0.7 and is ~ 100 to 1000 times weaker
than the laser intensity. The second feature is the forward-scattered frequency-
swept radiation identified previously. L The third feature is the conical light
emission which seems to begin near the forward direction at about 1000--0111"l
shift from the main laser line (it may possibly start at Oncm_l shift) and extends
to 6000 cmul. This third feature is not yet understood but could possibly be fre-
quency-swept light at small angles to the beam axis., This explanation is plausible
in part because frequency~swept light at small angles could help to trigger the
four-photon process. A similar spectral curve also appears on the Stokes side
from 5300 to 7000 A, A Stokes speétrum from BK-7 glass is shown in Fig. IV-5,

Stimulated emission thus occurs over the entire visible region.

One outer curve which fluctuates in angle by about 10 percent at a given
frequency always appears from shot to shot 51011g with intense SPM, and this is the
curve we analyze. Occasionally only SPM emission is observed, indicating a
slightly higher threshold for the generation of this outer curve. One important
experimental observation is that this emission at a particular wavelength varies
in emission angle from shot to shot. Also curves do not usually go to zero angle
at zero frequency shift. The experimental angle Py varies from ~ 0,01 to 0.03
at zero frequency shift from shot to shot. On the same shot the angular width of
emission at a given frequency can be as large as A e 0,02 although it can be
less than &p A" 0.01., This curve is compared with theory in the next section.
Also experimentally extra curves of smaller diameter are often observed from

shot to shot.

3. Theoretical Analysis

A theoretical model based on a four-photon c:oupling2 between two strong
waves (lasen and two weak waves (Stokes and anti-Stokes swept photons) via n,

is presented to explain the angular emission., It is shown that gain occurs for the
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Fig. IV-5.

COLLIMATED=5x

5300 5460 5790

FOCUSSED =25

| |
L 5769 |
5300 5460 5790A

FILTERS 3(3-67) 3(3-68)
ANGULAR:f =10
1=8.9¢cm

Stokes emission from BK-7 glass, 4 = 8.9 cm. Filters 3-67.

Light at center is SPM while outer curves are due to four-photon

emission,
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weak waves at particular angles governed by a momentum triangle between ﬂ?/
four photons. In order to exactly fit the experimental data (emission angleS/ or

given wavelengths) fo theory, emission from small scale filament must l}e"taken

into accout.

Consider the interaction between four plane waves in a nredium with an

intensity dependent refractive index, nge The total electric’Tield in the medium

is

'E’L__ L
+ B +8, = B, +E +E

P P B TNA T R TEA @

T =

ro] 1

where E_, ES and E A denote the electric field of incident laser, weak Stokes
wave, and weak anti-Stokes wave, respectively. The form of the electric field
for the plane waves are

i -wt) . -i,T - wt)
E =%:~E‘,.e o +%&;e o 2)

where i=1, 8, and A and ki denotes the propagation constant and Wy denotes

the angular frequency for the i wave. We assume EL >& A’ ES ~ the weak waves
negligibly aifect the driving strong wave (8L ~ constant), For appreciable energy
exchange between the waves, the frequencies and propagation vectors of the weak

and strong waves are related by

Wy, =W T Wty (32)
Ky -Ry = K, ~K or2R; -, -Kg = 0. (3b)
The relation 3b assumes the condition of exact phase matching among the four
photons. A small momentum # 8K is introduced into Eq. 3b to take into account
the effect of any mismatch among the photons propagation vectors:

6k = 2K, - K, - K. (3c)
" The weak wave gain in the four-photon process will be calculated using the fre-
quency and momentum relationship given by Eq. 3a and 3¢ respectively., Two

parameters Aand q are introduced and defined via Eq. 3a and Eq. 3b:
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=wA-w (4a)

=
il
e I
!
~
1

K, = (4b)

Here A and g are written only for mathematical convenience. These equations
are analogous to Stokes-anti-Stokes coupling in stimulated Raman scattering
{SRS), except A ’ and q are allowed to vary — vestricted only by the dispersion
of the four photons involved. In the SRS there is an intermediate process involv-
ing the emission and absorption of an optical phonon ( #A and #q are the energy

and momentum of the phonon in SRS).

The form of the intensity dependent part of the diclectric constant as-

suming an electronic mechanism is given hy:
Ae = e E ' (5)

where

€ = 2n0n2. (6)

The relationship between the nonlinear coefficients as readily obtained from

€ = n2 where € = 8 +A€ and n = n, + An. The total polarization of the material

is given by
P = XFE = E—-—;ﬁl E
o T ¢
o i[ker ~ wt] ol [k-r -~ wt]
P = 5 € + G €

The nonlinear part of P due to the charge in the dielectric constant is

2n_An
NL _ Ae ., _ 0
P ”EE-ijJE' ®)

The A¢ is obtained by substituting Eq. 1 into Eq. 5:
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'{(EL_ES)°§ - oy gt ]

i ,
= =2 2 * q ik
be = — \8L| +e EFe 0 + bk/2 A
[ -E)F - @y -0
1{(1§ 1{) T - (wy, S)t]
ve *eie  grOK/2z B

(9)
i[(EA—E )e I*-(wAww)t]

1. A 8
+8L*8Ae g - K/Z x

o il ~kp)r Ty -wp)t]

Ae q - 0k/2 A

Notice, that under the differences between the k's and w's in Eq. (9) are written

+8L8

the appropriate d + 8k/2 and A. Here we have neglected terms oscillating at
ZwL, W, + W and W, + wA as well as higher order terms of 8A, 88. These
higher frequencies (A <1770 f&) and damped out in most materials (i,e., BK-T7,

calcite).

The exact form of PNL is obtained by substituting Eq. (9) and Eq. (1)
into Eq. (8). Neglecting terms oscillating at the second harmonic and using the
relation given by Eq. (“4):

€
NL 2 9
P = g gleg ey v amgramy (10)
+te? ex el [(I{A+él{).r B wAt] +Lesle e“I{G{A'*'ﬁk)-r - L'])xt]
L 71 s
+lese e—i[(ks+6k)-r-wst]+l82€* i[(ks+6k).rnuét]
2°L A s &% e

The term containing I&L 12 corresponds to the change in the velocity of the strong
and weak waves while the last terms provides the cross-coupling between the

waves and the energy transfer among them. The factor of 2 in front of ES and

E A gives an additional index charge for the weak waves.

From Eqgs., (L0) and (8), thechange in refractive index of the weak

waves are

89




2 2
N €y 2| _1el4l ”
"s T an & 2 hoy (1)
2
o L GzlELl
ng = 5 ot
S 2 Nog

and of the strong wave is

2
€2|E‘;L|
n

1
<t =1 (12)

Ans trong L

L

where Nos Dopr By, ave the normal refractive index for the Stokes, anti-Stokes
and laser waves. The weak wave index charge is twice as large as the strong

wave giving an added retardation. Thus the relative index charge, which lengths

IES| and IEAI is

s

2
1 el
L .

oy

B = Ao oare = Anstrong (13)

The propagation constant for the weak waves are obtained from Egquation (11):

2 2 2 2 2
e? = g+ aey® = Toss , “sMs ) L Tos“ | % % 18
‘s ‘08 S c c o cz c2 ’
and (14)
2 2 2 (2
o P = oa U, “A 2 e, ]
Al T T2 2

The change in refractive index for the waves differ by a multiplicative constant
of 3/2 if terms oscillating at 2wy, Wy F Uy, and W *+ @, are included in A¢,
Next, the gain for the amplification of the weak waves and energy flow

are caleulated. The dielectvic constant A¢ modulates the total field E to produce

polarization source terms which drive Maxwell's wave equation:

2
& o i y2 8

(15)

2
2 _"op 32 7 L4 §NL
v 2 a2 ) A Z R A
[¢]




where n_,, and n_, are the normal index of refraction for the Stokes and anti-
(o} 0A NI,

i

waves are assumed linearily polarized parallel along x and are propagating along

Stokes wave, The subseript on Ei’ P are terms oscillating at ¥ iwit. The

the z axis. 528

Maxwell's wave equations given by Eq. (15) are linearized® ("a;?: are
neglected) since SS and € A are assumed slowly varying functions of z (gain <<I<L)

and are reduced to:

2 2 2 [pNL
...(12 +k2 ) Eﬁ-{-gi'l_\is_z. ags + nos wS i’?’_: _% _;SZ._. (]_gla_)
Sx "¥gz ! 7 2 Oz 2 2 2 2

and

’ . 2 L 2 NL*

&
._(k.z 2 : gA._ZIkAz BEA . Ny Wy i@: H4'IT y A L6b)
Ax" “Azt T2 2 om C2 2 cz 2

where N
oNL ¢ £ o . 18R T
S_ .2 2]8]2—§+1828'e

2 T L' 2 Z "L TA
L R
b2l pt e S >

2 a7 L 2 2 L

. ; NI, :

and taking complex conjugate of & A /2 gives a7y

NI* * e =
a5 2l 2 A, Ler, JORE

2w ity @ T g%, Gg e

A

We have written the Maxwell's wave equation for 8; (Ed. 16b) instead for & A
because the source term for the behavior of BS (Eq. 16a) is proportional to 8:'& .

This technique allows us to simply solve the coupled equations (Eq. 16). Sub-
stituting Egs. 14 for kz and 17 for ¢ fnto Eg. 16, Maxwell's equation reduces to;
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(18)

2 4, &

: 2 .
SR Y% (1 g2, 10k r)
e
Notice, the propagation constants kg and ki given by Eq, 14 have cancelled

out the wave retardation for the weak waves in these equations.

&

The form of the trial solution for ES and £ A is
iy + 3Ky 2
6S - Eu’So ©
5 {19)-
k
% « 1UT3)z
E A EAO e

where v is complex and 880 , & ho AT€ the noise amplitudes. (This form of
solution is similar to the ones used by Giordmain99 for the 3-photon parametric
eifect.) Putting these trial solutions (Eg. 19) into the coupled equations, the

exponents cancel out, The reduced equations become:
e #
Ok _ 2 .2
“2kg, (Y ) Bgy 7 - 002 L o
C
(20)

8k, % _ “2%62

2hpq (V=) Epp T - ;}@_612[,880

These are two linear homogeneous algebric equations. For a nontrivial solution

% .
to exit, the determinant of the coefficients of €, and € Ao must vanish:

So
2 .2
_ ok, (v+ 2K, Wg & &,
57 2 5
Ze = 0. @1)
2
W, € *2
A2 e Sk
202 L ZI{AZ Y-=3)
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Hence, solving for 7 :

wi w‘g eg |8L]4 (Qﬁ )2 12
y, = i > - \72 (22)
16 C kS kAZ
For power gain & &6+ o | 801 2 "2y~ , the gain
1/2
w05 G 1t o2
g = ~2Imy_ = 2 7] "('Q") (23
16 C kSZkAZ

The positive solution Y. damps out for large gf. Maximum gain occurs when

6k = 0 and is given by

2
R e

=2y . (24)
4cWVk_ k ¥
“Sz Az
2, - = 8 e 6 i i
where kSz kS cos B g and k Az k A COB o and g U p are the emission

angles for Stokes and anti-Stokes waves.

The gain given by Eq. 23 or Eq. 24 depends only slightly on angle through
6 . — » N
the term 1/,/ cos ] Acos P This angle factor ~ 1 since nSBS and n A A A are
A =0.990. Substituting
Wy =wy + A, Wg =Wy = A and the approximations ,/cos 8 gcos GA =1 for

angles = 8° and /n Alg ’=”11L into Eq. 24, the phase matched gain reduces to:

ohserved to be lesd than 8° and cos 8 g and cos B

2 2 2
AT le. | s wy €, 1€ | a5
& anc 2w2 ZnLc ’
L

e A S A -1 1/A 1
For a frequency shift 5= ~ 4000 cm ~ and Ty 19,000 cm é’( q) 5
Therefore, by neglecting the second term in Eg. 25 would lead to an evror
< 2, 2% in the gain calculated for frequencies within a 4000 em~ L range, Hence,
the gain is approximately constant over a * 4000 cm"]‘ frequency shift and for a

8° phase matched angle variation — a fact observed experimental!

Using Eq. 25 to evaluate the gain for typical parameters for BK-7 glass:
_ -13 N 5 -1 , . N 4
n, = 3x10 esu, o:t/c 1.18x10  em ~, A=0, and |8L[ 1.3x '10 esu

gives
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2
wpnyle, |
O ~ [

= 6 ecm™L, (26)

Tor an interaction length of 3 eni, gof& =18 which is a comparable gain to SRS
gain in solids and liquids, 10 Therefore, there is sufficient gain for the four-

photon parametric process to be readily observed!

The complete solution for SS and 8; are

. +yx +1 8kx/2 N ~yx +1i Gkx/2
g = Egop © 502 © @7)
and :
. Ty x +16kx/2 ~yx 418k x/2
“A = Gor® TR0z ©
where y = \/"-}/2 - (6k/2)2 and €, & e’ and & are determined
o ? 8501’ "So2’ Aol Ao2

by the boundary condition at z = 0. Assuming that no Stokes or anti-Stokes waves
are present at z = 0, the solution becomes:

= yx  -yx, ibkx/2
88 8801 (e e e

and (28)

# * - i0kx/2
- VX -vx, 18kx
&A— 8&01(9 ~e "T)e .

The power flow o€~ over a distance 4 for the Stokes or the anti-Stokes is:

PP VYN | —ryHt (e(Y~7*)&+ - O/~y*)<°») 9)
where P0 is the power density at the entrance of the crystal. (The zero-point

fluctuation noise power PO = €wAvy/A where AV is the bandwidth, € is the number
of modes of the laser, and A is beam area.) The power flow equation reduces to:

P = 2P0 cosh (24Rey ) - cos (24 Im y) (30)

where Re and Im means take real and imaginary part of vy respectively. For
large yL (gain), the power flow becomes

2yL _ e—z%lm V.

PP— ~ e (31)
O
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P~ 107F - 1072 W/cm2 for € ~103, py ~10%2 secul, hw ~10"12 ergs, and

A 19-2 cmz. For gO)Z,N 20)P ~ 1(}7 w/ cmz. The normalized power flow

1

versus momentum mismateh (6k/2) is plotted in Fig, IV-6 for various 'J/O and
interaction length, 4. For goft < 4 the power profile has a central peak about
the phase matching angle (6k = 0) and an oscillatory behavior about this angle
(finite 0k). For larger g L the peak about 8k = 0 dominates. Notice, for ¥, =
10 cm-l and £= 0,5 cm (Fig. 6-b) that the 1/2 power point occurs at 8c/2 =
£3.5 cm™L and zero gain occurs at 8k/2 =+ 10 em™L. A momentum mismatch
of 8k/2 = %10 cnfl transform to an angular spreadll of =+ 0,163 degrees for
photons emitted for angles = £2 degrees, Therefore, four-photon gain occurs '
over a small angular spread — 0. 326 degrees about the phase matching angle of
2°, for this case, The experimental observed angular spread measured ouiside
the crystal is A(pA ~Q,1 rad, Correcting for the refractive index, the experi-
meittal angular spread inside the crystal is &p LT 0. 38 degrees — fair agree~
ment with the calculated angle spread of . 326°,

Historically, two types of SRS anti-Stokes radiation have been reported
called class Iand class II. Class I radiation was first observed in calcite12
and cheys the volume phase-matching equation ;;L + _I"ZL =K A +?{S' Clags II
radiation fails to obey the volume phase-matching relation and originates in fila-
ments, 10 Detailed explanations of anti-Stokes radiation from filaments have been

13,14 and Sacchi, Townes, and Lifsitz, 15 Shimoda13 calculated

given by Shimoda
the angular emission for a general four-photon coupling created from "the inter-
ference of radiation produced by dipole in filaments, w13 He showed that class I

emission dominates when the diameter of the filaments were = 200, However,

for small diameter filaments << 200 | in diamefer, class II emission is obhserved.

In the following section, the theoretical angles for Class I and class 1I
emissionl3 will be compared with the experimental observed emission angles

from BK-7 glass,

In Fig. IV-7 different four-photon scattering processes are compared
with one of our experimentally measured curves. The first curve labeled I is
calculated for volume phase matching wheve Z—KL =K, +K.. Refractive indices

A 8
for borosilicate BK-7 glass are known accurately to five decimal places ,1 6

and
thus the calculated curve is accurate. Class I radiation originates either from

phase matching over a large volume or from phase matching in Iarge-diameter

filaments, Curve I deviates from the experimental curve for two main reasons:
(1) the light is formed in small filaments of diameter ~ 20 B and (2) high-power

short-pulse Iasers which are multimode induce a nonlinear refractive index
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Fig, 1IV-6. Calculated four-photon power flow versus momentum mismatch
centered at the phase matching anti-Stokes angle for the followingi
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Fig. IV-7. Anti-Stokes angle outside materials: circles, experimental points;
dash-dot, curve I calculated for Class-I emigsion; dash, curve II
caleulated for Class-II emission; solid line, curve III calculated
for small scale filaments plus a nonlinear index change.
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change in the material, The Class-I model correctly predicts one qualitative
feature, however — the greater angle of emission at a given frequency shift for
the Stokes curve than for the anti-Stokes curve and by aboul the right amount,
Le., O = (K A/ K)o, at small angles where ¢ is the Stokes emission angle

and ¢ A is the anti-Stokes emission angle.

The curve labeled II in Fig. IV-=7 is a calculated curve for Class-II
emission from small-scale filamenis. Following Shimoda13 (Eq. 17) the anti-

Stokes angie @ A is calculated from
3 2,2
o = 20K, /K, - a"/2t", | (32)

where 0K AT K A + KS - ZKL, 2a is the filament diameter, and £ is the filament
length, Unfortunately it is not clear which values to use for a/L. Taking a - 104
and £ = 2mm to 1 cm, which are typical experimental values, the ferm az/ Qrbz is
small compared with 24 X A/K A As shown in Fig, IV-7the curve labeled II and
calculated from @i = 25K A/ K A is much closer to the experimental data than

the volume phase-matching curve labeled 1.

An important correction io the emission angle is produced by the non-
linear change of refractive index induced by the short, intense laser pulses.
This correction tends to increase both anti-Stokes and Stokes emission angles
and is most important at small angles. Chiao, Kelley, and Gra,rlnrlire2 have shown
that the refractive index increase for weak waves is twice that of the strong wave,
This is verified by Egs. 11 and 12, Thus instead of Eq. (32) for the radiation
angle for the filaments we write a new AK,, AK Al’ which takes into account the

o= (KA+2_§_K)+(KS+2AK_) -

nonlinear increase in refractive index, i,e., AK A

2 (KL+AK) so that

o - 2Ky, éaﬁgi’_ ai2 , (33)
A Ry Ao

where AK = L\'nLU'i‘/C and AnL is the change of refractive index for strong wave
induced by the intense pulse, The electronic index change An, for the strong
wave is % 62] SL\z /uL while for the r\zveak waves AnS, An A ":“-:25 €, IﬁL[Z/nL where
€ 2 is the electronic Kerr coefficient., For a laser pulse which changes n for the
strong wave by 10—4, Eq. (33) is plotted in Fig., IV-7. This curve, labeled III
provides an excellent fit to the experimental data and is a reasonable model be-
cause it takes into account both that the radiation patfern is from filaments and
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that the refractive index increases as a result of short, intense pulses. BEquation
(33) provides an explanation of the finite emission angle observed at zero frequency
shift because of the refractive index increase, Fluctuations in emission angle from
shot to shot as well as the extra curves observed experimentally could be explained
by the a2 /202 and 4AK/K, terms in Eq. (33) which vary for different filaments

Figure 1V-8 shows angular spectra from calcite. We do observe Class
II Raman anti-Stokes ring besides an angular emission from caleite. The Raman
ring angle as measured from Fig. IV-8 is 3,75° when the laser (5300 &) propa-
gateg as an O-wave in the calcite. 1 This ring angle agrees with the class I °
- . : A?AII = 2n, (20K A/K A) = 3.788° (The calculated
Class Iring angle is 2n 20 = 2.61°).

ring angle calculated from 2n

The four-photon coupling mechanism in borosilicate glass is surely elec~
*I;ronic,4 but in liquids a possible coupling mechanism could be the optical orien-
tational Kerr effect, although this mechanism appears to be ruled ouf since the
spectral extent in liguids are thousands of wavenumbers which ig much greater
than the inverse of the orientational relaxation times. In summary, four-photon
stimulated emission has been observed in BK-7 glass under high power 5300 A
picosecond pulse excitation. The emission is generated from 4000 i to 7000 A
from filaments formed in the glass, the wavelength depending on emission angle.
The gain, energy flow, and angular dependence of the process are calculated and
compared with this experiment. In velw of experimental complications — i.e.,
short intense pulses, filaments, self-phase modulation — agreement between
experiment and theory is excellent,

4, Future Direction

A tunable device will be investigated in the near future. Four-photon
parametric oscillation should be enhanced by placing resonator mirrors at the
Stokes- or anti-Stokes emission angles.

99




b
AS L
be-1086cm ™| —m o
53004A

AS RING: Vg, p=3.57°

H FILTER=5-60,5-6|
£=6.5¢cm

FOCUSED:f=25¢cm
ANGULAR:f=10c¢cm

Fig. IV-8. Angular anti-Stokes specira from calcitfe for O-wave excitation,
Length 6,5 cm; beam is focused by £ = 256 cm; filters: 5~-60 and
5-61; and the collecting lens £ = 10 c¢m is located 10 em from the
slit of spectrograph,
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These index changes are only valid for u. v. transparent materials. How-

ever the gain equation (Eq. (23) is still the same since the extra retardation

is cancelled out by choice of kz.

The time dependence of the electric field is assumed and treated as a con~

- stant in time because the four-photon parametric process is assumad electronic

tronic in origin (i, e., harmonic generation and three-photon parametric effect).
There is no intermediate real excitation involved in this process. This is
different from SRS where phonons play intermediate real excitation with a
lifetime ~of the laser!'s pulsewidth.
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In Figure 8, there is also an axial emission from the anfi-Stokes Raman
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focused laser light where a is large, and the term a /242 in Eq. 32 may be
as large as 2 AK A/ K,
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V. DIRECT MEASUREMENT OF OPTICAL PHONON LIFETIME

i. Introduction

Despite the importance and great interest in the temporal behavior of
an optical phonon in solid-state physics and nonlinear optics, the optical-phonon
lifetime has never been measured direcily. In the past the lifetime has been de-
duced from the linewidth'of spontaneous Raman scattering and neutron scattering
data. This lifetime is typically ~ 10“11 sec, too short to measure directly by
conventional means. The advent of a mode-locked laser with resolution on a pico-
second scale makes such a measurement possible. This section reports on the
first direct measurement1 of an optical-phonon lifetime in a crystal. A calcite
crystal has been chosen for this experiment. The experimental techniques for
measuring the phonon lifetime are discussed along with a theoretical analysis

on the underlying physical principles,

The essential features of the phonon spectra of a crystal are best illus-
trated by the consideration of a simple diatomic lattice. As shown in Fig. V-1
dispersion curve  versus k for this lattice consists of three acoustic branches
and three optical branches. A phonon is a quantized lattice vibration characterized
by its energy Aw and crystal momentum 2k, The optical modes ariée from atoms
vibrating against one another while the acoustical modes arise from atoms moving
together. When the displacement of the atoms are parallel (perpendicular) to the
propagation direction of the phonon wave, the polarization of the phonon wave is said
to be longitudinal (transverse). In thermal equilibrium the phonon cccupancy at
given k is given by the Bose-Einstein distribution: n = [eﬁ w/! kBT -1 }“1

where kB is the Boltzmann constant and T ig the temperature.

The anharmonic terms of the lattice potential energy gives rise to the
coupling between different ph0110ns.2 A given phonon may collide or scatter with
other phonons in the crystal, or it may break up into multi~-phonons, The dominate
phonon-phonon interaction at high temperature is the scattering among the thermal
phonons while at low temperatures a phonon spontaneously breaks up into two other
phonons. These multi-phonon processes via the anharmonieity of the crystal give
rise to the thermal properties of the mad:eria.ls.2 The dispersion curve of the
material and the conservation of energy and crystal momentum restricts the
phonons involved in the decay process of a given phonon. For illustration, Fig.

V-2 depicts the spontaneous decay of an optical phonon into two acoustic phonons.
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Fig. V-1.  Phonon dispersion curve of diatomic lafticu. |
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Fig, V-2, Decay of optical phonon into two acoustic phonons.
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The phonon dispersion curve of caleite (CaCO3) is not known., There are
two moleculas of CaCO3 per unit cell with five atoms per molecule. Therefore,
there are (3) (5) (2) = 30 branches — including five Raman active vibrations and
eight infrared active vibrations.3 Stimulated Raman scattering (SRS) in caleite
is only observed for the totally symmetric 1086 cmﬂl phonons because of the
large Raman cross section. The SRS gaiz14 (cm'l) at 5300 A for calcite is 5.5 I
which is comparable to the gain for henzene of 5, 2 IL where IL is the intensity
of the laser in GW/ cmz. The Raman linewidth of 1086 cm™ ! has been measured
by Park4 at various temperatures, This linewidth data suggests that two different
mechanisms for the decay of the 1086 cmﬁl phonon is operative below and above
200°K, Above the temperature of 200°K the dominate decay mechanism is probably
due to the scattering of the 1086 cmm]‘ phonon with the thermal phonon hackground
whilebelow this femperature the 1086 cm"l phonons are spontaneously breaking
up into two phonons due to the lattice anharmonicity. In this section of the thesis,
the lifetime of the 1086 cm"l phonon in calcite is measured directly in the differ-

ent phonon decay regimes — above and below 200°K.

2. Experimental

Tn the experiment a high-power picosecond laser beam operating at a
wavelength of 1.06 pm creates the opfical phonons in calcite by stimulated Raman
scattering (SRS). A second, but much weaker, picosecond laser heam operating
at a wavelength of 0.53 pm, acting as a probe, travels along a variable optical
delay path and undergoes Raman scattering off the created phonons. Such probe
scattering off created phonons in caleite has been previously de1n011strated,6 and
collisional de~excitation of vibrational levels in hydrogen g:aw,’7 of the order of
10“5 sec and acoustic-phonon lifetimes in liquids8 of the order of 10"7 sec have
been measured previously by probe techniques. The decay rate of the optical-
phonon population is obtained by measuring the intensity of the Raman light pro-
duced by the probe as a function of delay between the laser and probe pulses.

To obtain substantial interaction between the probe laser pulses (0.53 1)
and the created flux of optical phonons (1086 cm"l): (1) the probe laser beam
must be Raman phase-matched to the phonons, and (2) the energy of the probe
pulses (0,53 W) and exciting laser pulses (1.06 1 must propagate collinearly and
stay spatially coincident. In isotropic materials, the normal dispersion of the

refractive index would not allow these fwo conditions to be obeyed. However,
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the large birefringence of calcite allows the above conditions fo be satisfied, The
1.06 . laser which generates the flux of phonons is polarized as an ordinary wave

while the 0,53 . probe laser beam is polarized as an extraordinary wave.

Following the analysis of GrioAt’(i{mailfle6 of probe scattering from phonons,
the angles of incidence, refraction and transmission for the exciting laser (1.06 1
probe laser beam (0.53 ), and the Raman scattered beams (1,19 i, 0.56 M) are
calculated satisfying the above two conditions. Before calculating these angles
it is necessary to review the relevant and important aspects of ‘crystal c;pf:ics9

related to the scattering process.

The emphasis is now placed on the passage of linear polarized light
through an optically anisotropic crystal. Such a crystal is called birefringent.
The velocity of the light in a birefringent crystal, in general, varies with direc-
tion of propagation. The refractive index depends .on the angle of incidence. An
uhpolarized light beam entering an anisotropic crystal will divide into two rays
which travel at different velocities and in different directions. This process is
called double refraction. A ray is defined as the path followed by the energy of
the light wave as it propagates from one point to another in the crystal. The
wave front of the light wave is a surface passing through all points on the wave
having the same phase. The wave normal or wave vector k= nwﬁ/c is perpen-
dicular to the front and according to Maxwell's equations, it is perpendicular to
D and H {displacement and magnetic intensity) which forms the light wave. There
is one direction of propagation where double refraction does not occur. This direc~
tion in the crystal ié called the optic axis, The change of refractive index with
direction of propagation of the light is visualized by using an indicatrix — a geo-—
metrical figure shbwing the variation of indices of refraction in the crystal with
propagation direction and state of polarization. This is shown in Fig, V-3 for an
uniaxial crystal, The refractive index n is called the ordinary index and n, is
called the exiraordinary index. For a polarized light wave vibrating in a plane
including the optic axis, the crystal has refractive index which depends on the
direction of propagation of the wave (a mixture of n, and ne). Such a wave is
called an extraordinary wave or E-wave. The index of refraction for a wave
vibrating parallel to the optics axis is either a maximum or a minimum depending
on whether the crystal is positive (ne > no) or negative (110 = ne). Calcite is a
negative crystal. For a polarized light wave vibrating in a plane perpendicular to
the optic axis, the index of refraction is the same for any propagation direction,
Such a wave is called an ordinary wave or O-wave,
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Tig, V-3.  Refractive index indicatrix for uniaxial crystal.
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The phase or wave normal velocity is given by Vp = ¢/n where n is

the refractive index of the wave and it is in a direction parallel to the wave vector
k. ‘i-fp is perpendicular to D and H of the light wave. The momentum density

of light wave is given by D x [/ 4mc which is “#k. The ray velocity ‘-}r is the
velocity at which energy propagates and it is in the same direction as the Poynting
vector § = ¢l x [ /4w, 9’.I‘he magnitude of ';Vr s V= Vp/ cos a where a is the
angle betwoen E and D.” Since the dielectric constant ¢ is a tensor in an aniso-
tropic crystal, D and E are not parallel to each other: D= € E. Therefore,

“71' and ’Vp propagate at different velocities.

Born and Wo]fg gives the relationship between the velocity of wave and

the direction of propagation:

Fal ~ A
: kX ky kZ
+ + =0 M)
V2~V2 Vz_vz YZ_VZ
p X p ¥y b Z

where .Vp is the phase velocity of waive traveling in the crystal, ﬁx’ ﬁy and Qz
are unit vectors of the wave normal k; Vx, Vy’ and v, are the principal phase
velocities in the erystal along the x, y, and z crystal axis, For a uniaxial crys-
tal with the optic axis in the z direction (VZ = Ve and Vx = Vy = VO) and for the
wave normal propagating at angle ¢ to the optic axis, two roots are obtained

from Fqg. (1):

12 2

Vp =V (2}
w2 . 2
Vp = VO cos<p+Vi sin @

Dividing these equations by ;,o-z and using Vi/ o.}z = cz/wzncz) and Vi/w2 = 02/ wzne

one obtains:
1/(1<0)2 - cz/wzni (3)

1/(ke)2 = (cz/w 2ni) cms2 QO+ (cz/wZni) sinztp .

Eo {p) and Ee {0) are the ordinary and extraordinary wave vectors of the light

propagating at angle © to the optic axis (Fig. V-3h).
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The angle relationshipwbetween the wave normal k and Poynting vector

S (D and E or ".'Tp and \71,) is given by:
a2 2 2 |
tana = (_-n_)tan o/ (ng + 0 tan @) )

The relationship between E, D, §, k and optic axis is shown in Fig, V-4. The
refractive index of calcite are shown in Fig., V-5: Table I obtained from critical

Tables11 interpolated for the relevant wavelengths.

Tn the experiment the phonons are collinearly produced by the exciting

lagser (1.06 1) via SRS. The wave vector of the phonons is given by

k:p = le le (a)
oxr
n n
Kk = o }\OlL _ >tol‘S (5h)
P 1L 18

where ElL and ElS are the laser and Stokes wave vectors., The phonons are
produced in a direction such that the probe beam (0.53 1) can be phase-matched

to the phonons:
—f
kZS = k2L -k (6a)

or

. [2 .2 .
k'ZS = ./k2L+ kp - 21(2Lkp co§‘as {6b)

2Lamd the phonon wave

vector Ep (which should be the ray direction of EzL),and EZS is Stokes probe

where ag is the angle between the probe wave vector k

wave vector, Also, the probe ray direction is to travel collinearly with respect

to the laser and phonons. The relevant angles of the laser and the probe beams

are calculated using the following procedure: (1) the phonon wave constant kp is
calculated from Eq. (5b); (2) for a range of ®, ¢ - 90°) for the probe beam kzé(pz)

is caleculated from Eq. (3). The probe ray direction, ag; is obtained from Eq. (4)
forwhich the ray and laser beam are collinear. (3) k:‘zs is calculated from Eq. (6b}for
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Fig., V-4.  Direction of wave normal, of the field vectors and energy flow
in an anisotropic crystal.
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TABLE I

Light Wavelength (1) n n
Exciting Glass Laser w 1L 1,06 1.6426 -
Laser Stokes Wi 1,1978 1.6398 -
Probe W ot 0.5300 1.66312 1.4886
Probe Stokes » 5g 0.5624 1.6604 1.4873
Probe Anti-Stokes 0.5012 1. 66605 1.4899

Woa

Fig, V-b.

Table I: Ordinary and extraordinary refractive index of calcite
(18°C) from critical tables.l1

113




varies ag and k,(0;). (4) From the angle, 8, between E2 and E:‘ZS’ Pyg is Ob=
tained. (5) For varies (‘OZS’ kZS is calculated from the refractive index data and
from ¥q. (3). (6) The mismatch Ak = Ko = kZS is calculated versus ?,. The
value of Py = (,og is obtained when Ak =0. (7) Then 90(2) is recycled calculating ao,
kzs((pg), Bg, qogs . (8) Using the angle that the optic axis makes with the surface
normal B = 44° 45" and Snell's law, the angles of refraction incidence and trans-

.. . 2
mission are ohtained. 1

Figure V-6: Table II contains a summary of the important parameters
required for Stokes phase matching and collinear energy propagaﬁon. Figure V-7
shows propagation angles for the probe and exciting laser outside calcite and non-

collinear phase-matching inside the calcite.

When dealing with the interaction between shoxt pulses a most important
consideration is the spatial overlap of the pulses throughout the crystal. The
interaction legnth, «Lc, for the two pulses is defined to be the distance for which
two pulse stay spatially coincident by less than half-pulse width, For two pulses
of duration I,!L having different group velocities V1 g and Vzg" The distance
traveled in the material by the two pulses are &1 = Vlgt and &2 = V2 gt. The dis-
tance between the pulses is 4,~t, = (Vlg—Vzg)t = AVgt. After a time t = ’t’c/_vg
for which a pulsu e propagates a distance %c with the average group velocity Vg;
%1—4?/2 = AVg:ﬁ c/Vg Y For two pulses displaced by half a pulse width: &1:—«&2 = Vg TL/ 2,
Therefore, {'c =V TL/ 2AV . The group velocity of a pulse is given by
Vg =e¢/n - (Ao/n?) 3n/d\, where n is refractive index and X is wavelength, Figure
V-8 (Table 1L lists the group velocity caleulated for AX = 200 A and refractive
index data for calcite 1 for the laser, probe, and Raman pulses. The interaction
length for TL = 4 psec for the exciting laser (1.06 i) pulse and probe laser (0.53 ;L)‘
pulse is ~ 9.3 c¢m, and for the probe (0.53 1) and probe Stokes (0.56 1) pulses is
~11 cm. Therefore, the distance between the 1.06, 0.53 i, and Raman pulses

0.56 p remains constant through the sample.

The calcite samples used in the work is type B+ quality, The exit sur-
face of the caleite is cut and polished paraliel to (104) natural entrance face by
d. Steiner of GTE Optics Shop. The length of calcife is 8 em, and the aperture
varied from crystal to crystal, typically 5 x 3 cmz. The orientation of the optic
axis was found by X-ray measurement by GTE X-Ray Group to be 44° 457 relative

to the surface face normal.
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TABLE IT

Oy = 24°37. 51
o° = 5o 91
s
8° = 19.3t
s
_ -1, -1
dak)/dp, = 22.2om " deg
(s} . ° 1
Wy = 24°18.3
k.. = 0.9736% 10° em™*
L . |
k= 0.1135X 10% em™t
k =  (0,1930X 106 cmul
2L .
kyg = 0.1817X 108 em™1

Fj-g . V-'s .
geatiering.
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TABLE III
Group Velocity
Light Wavelength () Mode (1010 cm/sec)
Lager 1.06 O-Wave 1.809
Probe 0.53 E-Wave 1.816
fp = 24° 37"
Probe 0.53 E-Wave 1,982
@ =90°)
Probe Raman Stokes 0. 562 E-Wave 1.989
, p = 90%)

Fig. V-8.
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The experimental arrangement is shown in Fig. V-9. The Nd-glass
mode-locked laser is (ile.s'.cribed6 in Section II and emits about 50 pulses
of ~5 x 109 W peak power. A fraction of the beam is converted to second har-
monic with a peak power of ~2 x 108 W, The total bursts of radiation for the
fundamental and harmonic are 6 and 4 psec, respectively, as measured by two-
photon f[uorescence.13 A dielectric mirror (M,) reflects 99.9% at 1.06 ym and
transmits 90% at 0.53 pm, The 1, 06-1m heam is collimated to 1 mm in diam~
eter over the sample length of 3 cm and is polarized as an ordinary wave. The
0.53-pm beam is collimated to 4 mm in diameter and traverses the crystal as
an extraordinary wave, TFigure V-7 shows the experimental angles for Stokes
phase matching of the probe beam to the phonons generated by the 1, 06-pm beam
and also having the ray direction (Poynting vector) of the probe heam collinear
with the propagation direction of the phonons and 1. 06-pm beams. These condi-
tions can be satisfied in calcite because of its large birefringence. A variable
time delay is introduced between the 1. 06~ and 0. 53-1m beams by the movable
prism P, The time of coincidence between the probe beam and the exciting beam
is found by using the optical Kerr-effect galte14 of a 1-cm sample of 082.15

Cooled nitrogen gas is used to obtain a temperature of 100°K.

The condensing system for the 1.06-pm beam is carefully adjusted so
that no crystal damage occurs. This adjustment is of critical importance to the
success of the experiment, Occasionally the crystal is damaged, but when this
occurs, the data for the entire run are rejected. Only one of six crystals we tried
had a high damage threshold. This crystal - type B+ quality — is used for all the
experimental data at room temperature, However, at low temperatures many

erystals had high damage thresholds,

Self-focusing is observed in the calcite over the last 2 cm, SRS is ob-
served at 1.19 pm with a conversion efficiency of = 1%. The Raman pulse widths
are estimated from transient Raman-gain equation816 to be <2.7 psec. The Raman
pulse widths could be shorter because approximately the [irst ten laser pulses of
the frain produce SRS,17 and these pulses are the shortest pulses in time, |
Therefore, the optical phonons are created in a time less than 2.7 psec, The
0.53-pm light scatters off the phonons and produces probe Stokes light at 0,562
1m with a conversion efficiency of 2:0.1%. The interaction leng;th19 calculated
previously is >> than the sample length., Therefore, the distance between the

pulses remain constant throughout the sample,
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The presence of optical phonons is indicated by the Stokes Raman-
scattered probe light at a wavelength of 0.562 pm which strikes an MgO plate and
is imaged on the slit of a 1/2-m Jarrell-Ash spectrometer, The light is detected
by an RCA 7265 photomultiplier. Typically 25 shots are taken at each delay posi-
tion, and the intensity of the 0.562-pm light is normalized by dividing by the in-
tensity of the 0.53-iim probe beam and 1,19-pm beam. Only about seven shots at
each pogition are analyzed as a datum point — they are chosen on a basis of nearly
the same laser intensity and "perfect" mode-locked train as displayed on a Tek-
tronix 519 scope. A typical photograph of the detected signals is depicted in Fig.
V-10. The 1.06~, 1.19-, 0.53~, and 0.562-pm beams are displayed coincidently
on a Tektronix 655 scope. The intensity of the 0.562-pm light is found to be linear
with respect to the 1.19-pm intensity. This is shown in Fig. V-11.

The following experimental procedures are used fo insure that the Raman
probe light arises from the created phonons: (1) At room temperature Raman
spectra occur at 0,562 m in a 100~cm~1 wide band and appear only when the 1, 06-
pm beam is present and coincident within~40 psec with the 0, 53-pm light beam.

(2) The 0.562-pm light disappears when the 0.53-pm beam. is not present, (3) The
intensity of the 0.562-pm light depends critically on the orientation of the calcite
crystal — the intensity decreases with a full width at half-maximum of 0.8° from
the phase-matching angle at room temperature. Figure V-12 shows the variation
in probe Raman scattering intensity with rotation of the crystal. (4) The 0.562~pm
radiation is emitted from the calcite crystal an an angle of 28' from the propagation
direction of the 5300-A radiation which is in good agreement with calculation,

Figure V-13 shows a photograph of the angular and wavelength dependence of the
probe (0.53 1) scattering off the phonons taken with and without the 1.06 p beam
present. Without the 1.06 | ~ no phonons are created — no probe is observed!
However, with the 1. 06 P producing SRS (phonons) a signal is observed at the probe
Raman wavelength of 0. 562 .

We have completed the discussion of the n'ecessaz-'jr experimental procedures
and now proceed to the crux of this section — the optical-phonon lifetime which is ob-
tained from the curve displayed in Fig. V-14 of the probe Stokes scattering energy vs
delay time between the laser and probe beam. Figure V-14 shows the best individual
runs. The profile of the tail of the curves in ¥ig. V-14 is exponential. I represents
a convolution of the exponentially decaying phonon~density profile and the probe laser
pulse. The lifetime is obtained from these tails for times much greater than the
pulse width of the laser., The curves in Fig. V-~14 are exponential for ten pulse
widths of the probe beam. As long as the phonons decay exponentially,
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TYPICAL PICTURE FOR.CALCITE

0.56 n !.Oé,u,
(0.2 V/cm) (5 V/cm)

19x%  0.53u
(0.0l V/em)  (5V/cm)

Fig. V-10. Signals detected and displayed coincident on 555 scope.

121




RELATIVE INTENSITY of 0.562 .
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Fig. V-11. Probe Stokes scattering intensity versus stimulated Raman
scattering intensity (number of phonon scattering versus number
of phonon produced.
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ROTATION OF CALCITE CRYSTAL
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Fig. V-12. Effect of phase maiching on probe scattering.
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SCATTERING OFF CREATED PHONONS

fa)  1.06p

4 2
T

(bINO 1.06 b

“"‘I 1086 cm'—1 :
5300 & 5623 A

T

Fig, V-13. Probe Stokes Raman angular and wavelength dependence (a) 1,06
present (b) 1.06 absence, Probe: 5300 A,
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convolution calculations (see theoretical section 4 for calculations) show that the
shape of the tailzo is not altered by the shape of the laser pulses.21 The best fit
to the exporimental tail in Fig. V-14 is found for the decay rate of 19.1 4 psec
at 100°K and 8.5 % 2 psec at 297°K. At 100°K the average lifetime measured for

seven runs is 22 + 4 psec,

A comparison will be made of the number of optical phonons created by
SRS in this experiment to the thermal number. The number of optical phonons
are calculated from the Stokes Raman conversion of = 0, 1% and from the incident
power density of ~ 1010 W/cm?'. The number of incident photon at 1.06 | is
3x 1018 photons/ cms. Therefore, the number of optical phonon created by SRS
is Np =3x 1015 phonons/ cm?. The %ensity of sta;:es exciteéi in the expgriment
is calculated from N STATES, 8 = 1; Ak AQ/(g'rr) ?5 x 10 States{icm which
ig estimated from k = 1.1 x 10° em —, Ak = 10%em™, and AQ=10"" sr
(laser beam solid angle). For comparison, the approximate total density of
states in the branch is obtained from NBR ANCH ™ 4 Q3/ 3 (217)3 = 102'2 states/cms,
where Q is the Brillouin wave number ~ 108 em~1, The number of created op-
tical phonons per state is n = N /Ngpoa o, g =6 X lOll'ﬁphonons/STATE. The
thermal number of optical phonons/:STATE is

....1 .
[J‘“’p/ kpT _ 1] = 3 x 10”2 phonons/STATE

Al

at 300°K and the density of thermal phonons in Ak, N T

nT—

PyNgTATES, i
1.5x 102 phonons/ cmS. These phonon numbers indicate that the number of
optical phonons created by SRS is significantly larger than the thermal phonon

number in that state: Np/ Np =2 x 1013,

T
Spontaneous Raman linewidth measuren’rtents22 indicate a phonon lifetime
at room temperature of =3,6 - 4,8 psec and a lifetime of =7, 7 psec at 100°K,
These results are not within our experimental exrror. The question arises, why
should there be a disparity between the direct lifetimme measurement and the
spontaneous measurement? We offer two possible explanations for the difference.
First, decay rates may differ for coherent phonons andthermal phoncons.23 The
coherent phonons createcg by SRS have a state characterized by frequency w,_=

5

1086 c:m-1 and wave number k=:0,11x 10 cm-l, and within an angle of 10

rad, The population of coherent phonons in the same state (element of phase

128




. 3,.
space) is about 101 times greater than the thermal background at room tempera-

ture and many times greater than 100°K,

The relative number of thermal phonons available to scatier with the
created phonons is far less than for a thermal distribution of phonons in this
state. If the decay mechanism involves interaction with thermal phonons, these
coherent phonons will live longer in this state because the thermal phonon back-
ground cannot thermalize the large flux of coherent phonons. As evidence sup-
porting this hypothesis, we note that not only is our measurement at room tem-~—
perature in closer agreement with the decay time obtained from the spontaneous
Raman linewidth near liquid-nitrogen tempel:'a.ture2 (77°K), but also the measure-
ment at 100°K is closer to the spontaneous linewidth measurement of 13.4 + 4
psec at 4°K. Also, besides thermal saturation effects the decay rate of intense
coherent phonons may be influenced by mutual 1nteract10ns2 (increasing the life-

time) and parametric-generation decay2 processes (decreasing the lifetime).

A second explanation for the disparity between the lifetime measurements
is that thermal and coherent phonons are located at different points on the optical-
phonon branch and thus may have intrinsically different llfestlmes.'2 Spontaneous
Raman measurements at 90° to the incident beam of wavelength 6328 Apropagatmg
a,long the ¢ axis determine the linewidth for a phonon with momentum k P =2,3x
10% em™ whereas the direct technique detects a phonon of kp =1,1x 104em -1
propagating at a different angle in the crystal. Since the dispersion curve in cal-
cite is incompletely kl‘iO\VD.,ZT it is impossible to accurately calculate the decay
rate for these two different phonons. However, a calculation is given in the next
gection on the relative values of the phonon lifetime at different k which supports

the ghove statements.

In conclusion the first direct measurements of the optical-phonon lifetime
show that the optical-phonon lifetime in calcite at both room temperature and at

100°K is considerably longer than that deduced previously fron spontaneous mea-

surements.
3. Theoretical Calculation of the Optical Phonon Lifetime
A, troduction

An optical phonon distribution in a crystal interchanges energy with othgr

lattice modes through collisions due to the anharmonicity of the lattice forces.
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The principal anharmonic interaction is due to the cubic anharmonicitieszg o
resulting from the splitiing of an optical phonon into two acoustic phonons of
opposite momentum or by scattering of an optical phonon with acoustic or optical
phonon to create another optical phonon. Calculations of the optical phonon life~
time have been reported by CO\Vley,30 Klemens,SI' and Pines et al. 52 Their cal-
culations are based on the same principles as the present treatment — but differs
;ﬁ that the most important object of this section is to get an expression for the
variation of the lifetime 7(k) of an optical phonon of wave number ]E] with respect
to k. With the idea to correlate the calculated lifetime at different k to the life-
time measured dirvectly at |E| ~10% em™ to that deduced from the spontaneous
Raman linewidth at IE[ M105 cm'-l. Hexrring 2 has calculated the dependence of T
on 1El for acoustic phonons via a three-phonon decay process and found 'r'"'1 o KM
where n=1, 2, 3, or 4 depending on the mode, on the branch point of an aniso-
tropic dispersion curve, or on a different crystal class. Since the phonon dis-
persion curves in caleife are not known, only the functional dependence on k is
obtained — not the exact lifetime values, Simple and isotropic dispersion rela-

tionships for the optical and acoustic branches are assumed,

B. General Formulation

Before considering particular phonon decay schemes consider an inter-
action Hamiltonian, H', which involves products of boson operators. The eigen-
functions [nk1 Bpg eov Dpges .» of such a H' are represented by the number of

phonons (boson) in each state, n,. From the standard comnmutation properties

' 31,33
a

the nonvanishing matrix elements re:

1/2

A fi
<nk1 ves nki-'l ves lAki Inkl' celygen = (ﬁa;) Ny o (7}

2
A /a W
<nk1 vyt |Aki‘ LR o= (—M—wlj \/ﬁlzl-lrll

Now consider the problem of calculating the relaxation time or lifetime
of a given optical phonon via three phonon decay processes, From time-dependent
perturbation theo:r‘y34 we find the transition probability per unit time, TP, that a
system initially in some ]i Y = ]nkl Mo Mg > makes a itransition to another

state |f> = Inkl' B o' g > is:

T = 2| (] 1) P8 gy - hw,) ®
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where H' is the Hamiltonian responsible for the scattering between the states.

Rather than considering transitions to well define discrete states, we may con-
gider transitions to a group of states or a state which is broadened due to damp-
ing. In this case, the delta function in Eq. 8'may be replaced by line shape
factor33 or density of final state534: p (t w) depends on the particular problem,

The interaction Hamiltonian due to three phonon (cubic w
-

has been shown 28~ 31:0 be

At At
Z Cpmn D € R +k)ALA A te.c ©)

£,m,n

where C m 1s the coupling coefficient between the phonons, A is the Kronnecker
delta functlon which vanishes unless k& + k +1' = 0 or b (inverse lattice vector)

— interference between the p_honon waves, The value of the coupling coefficient in
terms of Gruneiser cons.at:fmf31 v is

= 2N yoy o e S Au o 8 (10)

C
‘ Lmn‘ G3v

where v istypically acoustic velocity, M is atomic mass, and G is the number of
atoms in the crystal.

Following Spark333 calculation tochnique for magnon decay, we calculate
the lifetime of a given optical phonon denoted by 1 has energy, wl, and momentum
k due to scattering and splitting processes. An example of the scattering of an
optmal phonon with a second phonon to foxrm a third phonon is shown in Fig, V-15a.
The splitting processes is depicted in Fig. V-15b, The splitting process dominates
at low temperature while the scattering process dominates at high temperature -

because of large population of thermal phonon at high temperatures,

The matrix element for the scatteringprocess of Fig. V-15a is:

- AA A AN A A
{n;-1, ny-1, ng#tlc,  AA A +Cp Ay A An\ nngg . {11)

The only nonvanishing terms in the sum over 4,m,n are two terms:

A ) FASEAY
{n 1“21“*110321 1 zAs +C41y 1A2 3 "] nynong )

. 43 1/2
= (0321 * c312) (nlnz( S e aﬁw:a) ‘
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{b)
PHONON DECAY

Kip

wp = wptwop

=
-
Y
N
p

(a)
PHONON SCATTERING

Kap

' Fig. V-15.. Three-phonon decay process: (a) scatlering process, () splitting
process.
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The matrix element for the splitting process of Fig. V-15b is:

. 53 1/2
- 1 =
(nl 1, 0,41, ngtl lH 1 n nyhg ? (0123 + 0132) nlnz(n3+1) .

3
(M ey50)
{13)

The rate of change of the occupation 1r1umbenc‘33 for the optical phonons; 1y is
given by:

dn1 ’

ol ; TP (n1 decrease by 1) - TP (n1 increase by 1) }. (14)

k ‘
2,°3

The rate of equation for ny for the scattering and splitting prooess33 can be written
as:

dn 3
2 2, - O h
e E S (ola@ g —t— . (15)
’ M W
Ik w Wa iy
where, for the scatiering process:A
m = (n1 + 1) (n2 + 1)113 - ngn, (n3+1)
& = ky +k, -ES
(16)
() = W+, - W,
2 2
[0l = 1 Cgpy +Cappl”
and for the splitting process:
1
= g [@ D00y - n, 0, (0,40) |
k) = kl —Ez-—E3
(W) = w =Wy - W,
2 2
[l = | ps +Cpg0l™ (17
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C. Relaxaﬁon Equation

The lifetime 7 for n, optical phonons is defined by the relaxation

. 33 1
equation:

1 -
& T | a8

where n, is the thermal~equilibrium value of n, phonons. In order to reduce

1 1
Eq. (15) info the relaxation equation form (Eq. 18), it is necessary to make the g5-
sumptiongst that the occupation numbers of n, and n, phonons are maintained at

its thermal equilibrium values 1, == ﬁz and n, Eﬁé by subsequent relaxation

processes:

(i) Scattering Lifetime
The relaxation equation is calculated for the scaftering process. We

calculate g—t(n_l—ﬁl) by subtracting dnl/dt and aﬂ-l/dt. From Egs. 15 and 16

dii

a%—l - B[(n1+1) iy )0y ~ 1 By (53+1)]

where B involves the Z, and taking the average of dnl/dt:

.d_nl - - — - -

= B[(nl+1) (i, )ng ~ nlnz(n3+1)] = 0.. (19)
This reduces to

dnl dnl. ~ dnl

g T g o - Boen)@yng). ' (20)

Substituting Eq. 20 into Eg, 18, the relaxation time is obtained:

: ]2
%L: _ 2uh el , iy ey = keg) (ny=ng) B0y Hwp-ty).  (21)

1 (scattering) B Mo k , Wy g0,
2' %3

The thermal-equilibrium value of the occupation number of a phonon ki having

energy fzwki is:
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g = (kg )" e2)

" Substituting the thermal equilibrium ﬁl . into /‘/’/\3
" i \qu)\ -
\¢

e Ao/ k m— — -
5 = e o/ Brnznl ol ny (23)
| W

. - "1 X -
where 7i, = (" IBT )" 5 = (o "02/kpTeyy

- A ~1
and 1y, = (e (W1 H9) /g T -1) . c

(ii) Splitting Lifetime

Now, the relaxation equation is calculated for the splitting process.
We calculated %t—(nl—ﬁl) using the above technique. From Eq. 15 and Eq, 17
dnl _ d(nl-nl)

1 - o —
T~ @ = -By @) @gin, ). (24)

Substituting the thermal equilibrium ﬁki into

n, n
- - 2 o
(n2 _+n3 +1) = F/—/— {25)
ny

B g ~wg) /KT 1)""1

where 1 = (e

1~2

Substituting ¥q. 24 into Eg. 18, the relaxation time is obtained;

.:.l'_ . = 2mh lCIz — =
T (splitting) M_‘S_k;ks Y A (kl—Ez-qﬁg)(nz-Fnsﬂ)6(w1—w2-w3) .

(26)

The dependence on ES may be eliminated by the conservation of momentum.
The summation in Egs, 21 and 26 is independent of ES and the sum over 17:3 of
the Kronecker delfa gives unity.33

The lifetimes reduce fo:

1 _ 2mh Z 2 ~ =
T, (scattering) ~ 3 A" 1y Wy Wy (ny™ng) O (W +u ~uy),

k
2

and
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~

[

1 = 2T Z Az W +1
T, (splitting) ~ 3 W Watdy g g +1)0 (W) ~0y=0y) (28)
k
2
2 2 2
where ICI = A (wlwz wg) .

D. Different Phonon Decay Schemes

Using the lifetime given by Eqs. 27 and 28 calculations are made for
different {ypes of phonon decay schemes to obtain the functional dependence of
T, on Ikll . The following four collinear schemes are examined: (1) splitting
of an optical phonon into two acoustic phonons, (2) splitting of optical phonon into
two optical phonons, (3) scattering of two optical phonons to give another optical
phonon, and (4) scattering of an optical phonon with acoustic phonon to give

another optical phonon.

Case {1): Opti-cal - 2 Acoustic

We consider the decay of optical phonons at uﬁ,kl into two acoustic
phonons of ~ equal energy and opposite wave vector. This is shown in Fig, V-16.
Substituting into Eq. 28 Z - f d’k, and

ks

(1“1 +T, )‘/Tf
(“‘1“"2“%)2 G +5)

the convoluted density of final states (two-phonon, or combined density of states

b = 8, @9

By -wy -~

3
at wl) 1,382. for the acoustic phonons where T'are acoustic damping constant,
Hence, .
| omh 8% ak ey, (A, tT) [T
1 _ “ g Woldy WMyt y L
'-Fl(splitting) B O o % T+ )2 T /" (29b)
0 (WymWym)H I,

Since the dispersion curves in calcite are not known, we assume a simple dis-

2 2 _ . .
persion curve, 8 Here w (kl) =W - pl kl and Wy = sz. Expanding W, in a
Taylor series about k,, where w, =1/2 w; gives ~ 1/2 Wy sz/akz (kyky )
Also Wy, ~ W and I"l = I‘z = FAS' The boson factor n and TAS are slowly varying
with respect to k and may be pulled outside the integral (Eq. 29b) and evaluated

at wl/ 2. The angular variations are ignored in this isotropic case . Therefore,

Ed. 29 hecomes 134




Fig. V-16. Phonon dispersion curve showing the decay of optical phonon
splitting into two acoustic phonons.
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2 2
1 - ]Q "k, (Vk,)
0

T, (Splitting) ~ A%y
1 - 2
[(wl—ﬁlxi ) - 2(1/2%_2:{"2 (kz"kzo))] + 4TASZ
2

where

2
2mhA -
Al = 5~ (@n, +1) (30)
M

which reduces to

' 2 Q 4
At 4nV U-:)l k2 dkz

s, \2 2 12 2
aTz S R Bky + s
2 w2> (a wz )2

‘ 51?2 5k2
Sefting
2 2
_ By 2 _ Mg
1{6 - k?zO + 35;- and a = W
akz Bkz )

1

and substifuting into Eq. (30):

2 4
1 Av4ry wl Q 1{2 dkz

Tl(Splitting) (sz )2 6[ (kz“ko)z + a2

(31)
d kz
Here Q is the Brillouin zone edge wave vector. The decay to acoustic phonons
occurs near critical points where sz/ 3 kz ~0, Anplot of T versus IEI[ is
shown in Fig. V-17 for the following parameters :28’ 35, 36 B=1 cmz/sec,
-9 -1 8 -1 2
FAS: 10" sec 7, and Q=10" cm ~; (a) sz/akz = 10" em/sec; M) aw2/§1<2 =

3 x 102 em/sec. The lifetime decreases with wave vector for kl > 104em™L,

Case 2: Optical —» Optical + Optical

We consider the decay of an optical phonon at kl decaying into two optical

phonons of ~ equal energy and opposite momentam ., This is shown in Fig, V-18,
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7, (&) /7,{0)

Fig, V-17,

O4r

0 Eoporrenl Lo Lt ti11nl L0

10° 10° 10
K (Cmﬂl)

Optical pbonon lifetime, 7, as function of jts momentum, k 1!
the sphttmg rocess (op Zas) ﬁ = 1em%/sec, T o = 10’7 sec”
Q=108 em~L; (a) Bdw /Bk =102 em/sec; () Bdg%k = 3x1{)2
cm/sec.
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Phonon dispersion curve showing the decay of optical phonon

Figc V_18.
splitting into two optical phonons.
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e S (.3 .. 2 -
Substituting into Eq. (28), Z f kg, 0y ()= 0y = Bk %, wyky) =

ko

2
Wy = Bol,”, and w, k) = wy &) we obtain:

2, @
1 _ 2ThRA OJl 3 -
T,(Splitting) ~ 8 f d'k, w, k) 6y &) (y+ng +1) 0 @0 -0, ~0,).
’ (32)
Neglecting the dispersion of «}, and (, in the numerator gives:
1 2MA2¢0104§ _ | Q o ) .
7, (pliting) T T (2"t ] g dicy 02yl - B k). 63)
o
. 2 - 2 2 _ 9
Setting kK™ = 2[321{2 and ko = [311{1 , Eq. (33) becomes
X chead P 02 34
T, (plitting) 0 12 NE (34)

where P
21k A (211z + 1)
A =

0 M3 @ @2? /2

It is not necessary to replace the delta function by the densify of state since the

28, 33
delta function is a fair approximation for the shape function. From

Sparks 33
5 (kz_kz) _ 0 &+ ko) + 0 (k) (35)
? Ik, |
0
Substituting Eq. (35) into Eq, (32} gives
20 Bk )
1 - 2 2 ik ) +ok-k )
T, (Splitting) Ay 191y f k*dk Ol | o (36)
o k
)

Integrating Eq. (36) gives

139




1 - o 172 "o _ 2
'Fl(Splitting) B k| By Wy Wy K 37)

Substituting k_ = \/Elkl into Eq. (37) gives

cors 1
T 1(Sphttmg) = 5 (38)

A w, Wy kg

for k1 << Q. Therefore, the lifetime of the decrease is kl via splitting info

two optical phonons.

Case 3: Optical + Optical = Optical

A similar functional dependence given by Iq. (32) occurs for the
scattering of optical phonon (wl, kl) with a thermal optical phonon Wy, kg) to

create another optical phonon (a>3,1<3).

Case 4: Optical + Acoustic — Optical

Now consider the scattering of optical phonon with thermal acoustic
phonon to generate another optical phonon, This process is depicted in Fig.
- 2 ~ 2 -
V-19, Here wl(ki) =0y - ﬁlkl, ab(k) =, - B.Skg = g, and W, = sz -

expanding W, maTaylor series about 1{2 0 where 5 T Wg —wl:
repi . 3
Wy = We ~ ) + .C;)—k—z (kz—kzo). Substifuting into Eq. (27), Z fd k2 and a

)

convoluted spectral density of optical phonon and acoustic phonons:

6(w1+w2 - w3) ~ ? ® i: - gacoustic ’ (39)
optical acoustic

Eqg. (27) becomes

% . = Q .3

. 2ThA wl(nz—ns) f d kg(sz) Wy
= . = 3 2
Tl(Scattermg) M 0 [@l - ﬁlki) ooy )t g—f—;"g (kz~k20)] + Iﬁs .

Y

(40)
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Fig. V-19, Phonon dispersion curve showing the scaitering of the optical
phonon with an acoustic phonon fo give another optical phonon.
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This equation reduces fo

| AW w 4TV Q ky diy
L ot k- Sl 12 . 2 (41)
7, (Scattering) (aw S \2 [kz-kG] + o
O
%,
where
2 2
L S JLYY:
0 20 oWy sz 2
Bkz Bkz
ZTrﬁA . ;
and Al = = (nz 3) A plot of T versus k1 from Eq. (41) is shown in
M

..1.

Fig. V-20 for parameters: p = 1 cmz/sec, FAS = 107 sec_l, Q= 108 cm
(@) ac;b/a k2 = 102 cm/sec; () Ba.\z/ak;2 =3x 102 cm/sec. The lifetime decrease
with kl'

E. Conclusion

The lifetime of optical phonon: '?’1 (kl) is sum over all the possible decay
schemes:

n
1 = N S 1
Y 2 Tk zbj g | o

where n = number of different types of decay process. It has been qualitatively
estimated that the optical phonon lifetime is constant for small k (< 10° Cm—l) and
decreases for large k (> 103 Cm"l) Therefore, it is not unreasonable that this

may account for the difference between the hfetlme measured directly (k ~ 104 e’ )
and tlze hfetlme deduced from linewidth (k ~ 10 em ) — the calculated ratic is

{10

T4 em )/1“ (10 em )N 2 to 10, dependmg on decay process,

142




1.0 &
081
o6l
Ry
=
2 .
=
04|
02
" o
N\ \
o) bl ol g v l\'a L K¥ |
10 10° 10* 10° 10®
K, (cm')
Fig. V-20. Optical phonon lifetime as function of its monéentum for the 7 {
scattexéing process: {op +as ™ %p): =1 cm_/seo,l"AS =10' sec™,
Q=105 em™, (a) sz/akz = 10“ cm/sec; () amz/a«;z 2 3x10%cm/sec.
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4, Theory of Transient Probe Raman Scattering

A, Introduction

In this section, th‘e coupled wave equad;ionsS7 are derived describing:
(1) the generation of the optical phonons by stimulated Raman scattering (SRS)
caused by an intense ultrashoxrt laser pulse, and (2) the Raman scatfering of
these phonons by a weaker ultrashort probe laser pulse as a function of delay
time bebween the laser beams — (probe Raman intensity profile). The solution
of these coupled equation for the probe Raman intensity profile is shown to depend
on the time convolﬁtion of the probe laser and phonon distribution. Since the
exact shape of the laser is not known, 38 a series of convolution calculations are
given for different laser pulse shapes and pulse widths, These calculations allow
an error 1o be estimated for the experimental extracted phonon lifetimes. Finally,
a comparison is made between the experimental observed probe Raman intensity

profile and artheoretical calculated profile for exponential laser pulses.

B. Coupled Wave Equations

The theory of transient stimulated Raman scattering (SRS) has been
developed by ultrashort laser pulses by Carman et al. 39 Theoretical equations

governing the growth and decay of the optical phonon distribution has also been

39, 40

discussed previously. Giordmaine40 theoretically calculated and experi-

mentally demonstrated probe scattering from phonons with a Q-switched ruby

~ laser pulse of 30 nsec duration. 'The main contribution to the theory of probe

41

scattering in this thesis is to calculate™™ the Raman probe intensity at various

delay times using ultrashort laser pulses (~10’12

sec).
The aequation of motion for the lattice can be derived from the Lagrangian

density of the system:42

= Lespmamon T Yopmicar, T T nTERACTION (43)
PHONON
. s, . gs . 42 |
The Lagrangian density for the radiation field * is
1,2 2
L papiaTion = 5 ® - B (44)

and for the optical phonons42 (no dispersion Vg =0)is
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_1g2L
Lopricar, = 3 @ ~5 @9 (45)

PHONONS

where Q is the normal coordinate, wp is the phonon angular frequency. The

42
interaction Lagrangian is

= NGO F¥# '

LinteracTiON ~ NS EE, (46)
where N is number density of the lattice ions and g =20 +(g—(§) is the
polarizability tensor. In tensor votationh, (aA)ij = (a5)y ( ) Q '=’ b.llj Q.

i

Q is the amplitude of stimulated normal vibrational mode, (G.o)ij is normal

pblarizability of an équilibrium lattice, and a ;] = N( BQ) is Raman scatitering

tensor,

The equation of motion for the optical phonons is obtained from the

Lagrangian densify equau:ion:zi3

é.,I,i.. - §'i é_]-:‘___ - é il.‘g_ = 0 (47)
9Q ~ AR ot Q ’
2(52) >(5) A
i_
where ¥ =X, ¥, Z.
The equation of mofion becomes
Q + w§Q+ZI‘Q = a;j B, (48)

. . . 42
whore the phonon damping ferm 2T'Q is added phenomenologically.

The form of the fields are expressed in terms of complex amplitudes:

E; =& o p2z -~ wh

= & o bz -vgh 49)
i(kpz - W pt)

Eg

Q =qe

Substituting Eq. 49 into Eq. 48 and considering terms oscillating at wp, the

equation of motion for the vibrational amplitude g reduces to
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i, ~k -k )z
L8 .
e Egte P, (50)

. 1
0+ = 57
P

In SRS, the maximum gain occurs when kL -k g kp = { (phase matching).

Taking the complex conjugate of Eq b0 Ak = 0)

g +Tq* = i Kl BL* SS, (61)
T .
-where Kl = —29'5 . 1t is assumed that the Stokes and laser pulses propagate

at the same gro%p velocities.

Now, the equation for Stokes generation is derived for propagation
in an isotropic material. The relevant Maxwell equations are:

V-ﬁ:p
. 4m .1 3D
vl = T 4o 5 (52)

D= ¢E+P (53)

where € is the linear dielectric constant and PNL is the nonlinear part of the
polarization, P, The wave equation for p=1, J=0, and ¢ = 0 becomes

2 e 2. NL
¢~ ot c ot

The equation governing the Stokes wave generation and propagation Is obtained
from the terms oscillating at wg in Eq. 54 . For small gain, the linearized

(neglecting second derivatives) Stokes equation is:

s, w e 3, azesNL
2ik 5= Y=g 5§ = T2 - (55)
c 3t

The polarization of material is given by P= o F where E= B+ ES + E 4 and

Ne

= 1
g tdQ.
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Therefore, the polarization oscillating at « is

= y ;
by = a B+ o ¥ e (56)
————
AL
S
Hence, substituting Eq. (86) info Eq. (55), the linearized wave equation for the
Stokes wave ig

26y ;¥ i “’:
Sz Vs Y3 21{802 I _

where VS = c/ns is the phase velocity of the Stokes wave,

3
Making a change of variables: o

=t~ z/\)s, : (58)
z! = =z,
The linearized wave equation for Stokes wave (Eq. 57) becomes

el BS 41Tc§2 af

= j k8 ‘ (59)
oz ! 5 4%
ZkSC )
: .
or )
3z 2 L

where ihe coupling constant

. 2 2
\czm 411‘(1}8 a/ZkSc .

In the probe scattering experiment, an intense laser SIL(t') produces
a phonon population g*(t') at a time {'; then, a second weak probe laser BZL(t"H‘D)
enters the material after a time £ - TD and scatters off the decaying phonon
population. The driving term for the phonon amplitude is given by Eq. (51).

exeg = E:ls(tt)qL ) +e,ut! +Tp) 8§L(t' +'rD)js &gt &1 ) (60}

S

N
small
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The phonon amplifude équation of motion has the same form:
gl g% = -1k & () €5 () 61)

However, the probe Stokes wave resulting from the scattering of €2L(t' +TD) off
g*(t" is governed by
3 g ik, 7 -ik =z ik, 7

see e 0 =ik qiie P oepirge 2N 62)

where we have included in Eq. (59) the possible phase mismatch among g¥*, €2L
1 i = - 1
and 628 (the phonon's wave vector is kp le kIS)' Therefore, Eq. (62)

reduces to;

d 628 -iAk-z
Y- = J'.K2 g " 82]} ¢ +TD) e 63)

where Ak = kZL - kp - kZS = k2L - (le - le) - kZS'

The infegral of Eq. (63) over sample length 1 is

PNkt /2

. in (Ak4
Eog = Ly aHE) EytT +T ) L e W . (64)

The total probe Stokes energy scattered at time ™ which is observed

experimentally is given by:

/‘/ } %\"g
. '\%’

cn 3 2 ‘ X
m 28 2 (S—ﬁ_mﬂkf’/z) € [1qan |2 e, @+t P e5)

4w 2 \ Akt /2 D

e -

Therefore, the scattered energy depends on the canOla?f&T‘?’)‘i"ﬂiéﬂiﬂhonon and

C
Lg p) = Zf?z“sflgzs | av

I,
e e

laser profiles, For the probe Stokes scattering in calcite, the probe Stokes
scatfered energy has the same form except the coupling constant ‘% - K'z where

o A
_ amd @ 8y Sy

K1 5
ZkZSc cos “g

(66)
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frhéfé C'CS is angle between ray and wave direction for Stokes wave, and é is the
“‘polarization direction. For a derivation of equation 65 and 66 for anisotropic

..._"crystal (calcite) see reference 44.

C, | Convolution Calculations

The probe Raman scattered energy has been shown in Section B to
depend on the convolution of the phonons and probe laser intensity profile
-~ f qz " EiazL(t' +TD) dt'. Since the laser pulse shape is not exactly known,
convolutions for different laser pulse shapes are calculated to determine the
error by which the phonon lifetime can be exiracted from ﬂle tail of the probe
scattered profile. Various laser pulse shapes that are convolufced45 with an
exponential phonon profile (e_t/ T i()).-are a Gaussjian; e—t%&@/ Ti%: s a
Lorenztian:‘l/ (i:2 +Ti/4); and a full exponential: e~ m 24n2/TL,
unit step function, TL is the full width at half maximum of the laser pulse,
and T, is the phonon lifetime. Figures V-21 through V-23 plot the extracted -

1
lifetime obtained from the slope of the convolution tail versus the phonon lifetime

where B() is

defined by the equation e—t/ T for different laser shapes., The convolution cal-
culation plotted in Figs. V-21, V-22, and V~23 are for a guassian, full expoﬁen—
tial and Lorentzian laser pulse shape respectively. A summary of the results
obtained from these three figures are:.,The convoiution of an exponential phonon
decay time (Tl) with a Gaussian-shaped Iaser pulse raﬁidly assumes the exponén=-
tial decay T; with an error of <1% for T, >T, for £ > T;. With

an exponentially shaped laser pulse the convolution rapidly assumes the exponen-
tial decay 'I‘1 with an error =10% for Tl = 'I‘L for ¢ > TL. For a Lorenzitian
shaped laser pulse the error in T1 is = 50% for T1 2 TL a_md fort = TL‘ For
all the lifetimes measured in the thesis the error is < 18% due to convolution if
Lorenztian laser shape is taken into account and <1% if the Gaussian and exponentially
shape is assumed. The laser pulse has been shown to be between exponential and
Gaussian in shape by Autson, 38

Calculated Raman probe scattered energy profiles versus TD are plotted

in Fig. V-24. These curves arise from the convolution of an exponential decaying
phonon population (T1 = 22 psec) with (a) Gaussian, (b) full gxponential; (¢) Lorenz~
tian laser pulse shape with FWHM TL = 3 psec, Notice the rise portion of these
curves depends on the shape of the laser pulse while the tail decays at the same
rate Tl (when T1 > TL fort= TL). Therefore, as long as T1 = TL thereis a
small error in extracting the phonon lifetime. The % errors are depicted in
Figs. V-21-V-24 for a given TI/TP ratio. '
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Fig. V-21. A plot of the phonon lifetime T; versus the phonon lifetime T
extracted from the tail of the convolution of an exponential decaying
phonon population at a rate Ty with a Gaussian shape laser pulse of
duration Ty. The Tl ig obtained from the slope of tail at 'r'D> TL'
The percent error in ffi is shown at varius Ty/Ty, ratios. -
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Fig. V-22, Aplot of the phonon lifetime T, versus the phonon lifetime Ty

extracted from the tail of the convolution of an exponential decaying
phonon population at a rate T, with full exponential shape laser pulse

of duration TL'
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Tig, V=23,
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A plot of the phonon lifetime Ty versus the lifetime Ty ox extracted
from the tail of the convolution of an exponential decaying phonon
population at a rate T with a Lorenztian shape laser pulse of
duration Ty,
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Plot of an exponentially decaying phonon population (T = 22 psec)
convoluted with (a) Gaussian, (b) full exponential, and (¢) Lorenztian
laser shape pulse of FWHM of 3 psec.
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The rise portion of the experimental observed probe Stokes scatfering
energy in Fig, V-14 can be fitted with an exponential shape laser pulse of
FWHM of TL = 5 psec, This is illustrated in Fig. V-25 where 3 plot of the
experimental Raman probe energy at 100°K versus ™ is fitted within the
experimental error to a plot of a convoluted profile for an exponential decaying
phonon population (T1 = 19 psec) with an exponential shape laser pulse (TL= 5 psec.)

D, Future Direction

The probe technique developed in this thesis can be used to probe the
lifetime of molecular vibrations in liquids. The spontaneous Raman linewidth
measurements in, for example, liquid nitrogen indicates a 1inewidth45 of 0,087
cm—l. From the inverse of this linewidth, one deduces a lifetime of 75 psee.
The Raman line in liguid nitrogen is not composed of a single damped vibration
but is a damped vibrational-rotational entity. Therefore, the direct measure~
ment of this lifetime should reveal interesting results.
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Fig, V=25, Plof (a) is the calculated probe Stokes energy versus delay time T

(convolution of exponentially decaying phonon population with life-
times T, = 19 psec with an exponentially shaped laser pulse of

duration Ty, = 5 psec); and a plot (b) is the experimentally measured

probe Stokes energy at 100°K from calcite (the measured lifetime
from the tail is Ty = 19.1 psec). The convolution curve is shifted
in time by 5 psec to match the tails.
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In order fo phase match the created phonons in calecite to the probe beams,
the probe beam must propagate as E-wave. Therefore, the probe scatter-
ing analysis for the isotropic material must be modified, The wave equa~
tion is given by 25

—5 . ()
Cca 5 t2 2 2

VXVXE = =
S ¢ Bt

The Stokes field has the form
ik, T - w t)

= _A ‘e
Es—eS Sse . (ii)
It can be shown 0 that

VxVxE=({kxVexe-kxkx8e+ivexkx® elE.r.

= A bl uea
D= -n2kxkxf 158 (i)




and

2= . . Tes 1o
LZBTD: (Exﬁx’é’e-&az—ll—ixﬁxg&)eﬂ{l
¢ ot w

where second derivatives are neglected,

Substituting Eqgs. iii into Eq. i and dotting with e, one obtains:

ae de ik_.x A
(FZS- +-1-V a—t—s)cos ycos e © = 41;2 e, * i pNb
s stic ot

2 7s

where vy is the angle between the ray direction (Poynting) 8 and the
normal to the surface (z) and *g1s the angle between kand S. The non-
?inear polarization f’SNL = gl QL Q*EL and QS- 13’51‘ = 'é\s--g!. QLQ*E
a" gLéSQ*EL'

The Stokes wave is governed by

iy k) r

e - 2a A
4wt E. g
(388+ 1 BSS)COS von 1ks l,_ 4 ws e 8, q*q e
oz 8 t S 2ksic2'

Using the change of variable given by Eq. (57), the Stokes equation (v)

becomes .-
2a A~ oA iAk'r
= . &
afg _ 470, ep 8y d*€ e
ozt T . 2 o
ZkSm cos ¥ cos S

where &k = kL—kp-rS. ‘
Fal oA

The energy propagates along 8 and S-2=cos v. Therefore

BES . ass

IEr 008 Y = 5= . Equation (vi) becomes

& iawdf¥. 6 6 18k
s _. Ls yxe o
Y . T '
k ¢ cos®
s ]
The magnitude of Poynting veotor for Stokes wave is given by
cn
5 2
| SS[ yra ]851 CO8 & g

Therefore, the probe Stokes energy scattered is given by
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