Lawrence Berkeley National Laboratory
Recent Work

Title
PICOSECOND STUDIES OF VIBRATIONAL LINEWIDTH BROADENING IN LIQUIDS

Permalink
https://escholarship.org/uc/item/8dw21895

Author
George, S.M.

Publication Date
1983-03-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8dw21895
https://escholarship.org
http://www.cdlib.org/

LBL-15842

o-

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA RECEIVED

o[ Matoriis & Mokecuar
, rg ResearCh D|V|S|On LIBRARY AND
;{;. | DOCUMENTS SECTION

PICOSECOND STUDIES OF VIBRATIONAL LINEWIDTH
BROADENING IN LIQUIDS

Steven McClellan George
(Ph.D. Thesis)

March 1983 4 ' R

TWO-WEEK LOAN COPY

I This is a Library Circulating Copy

_ which may be borrowed for two weeks.
' ®  ror a personal retention copy, call
Tech. Info. Division, Ext. 6782.

raald”

t
[ S

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

— s>

CHS|— )G



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '




LBL-15842

[ ]

PICOSECOND STUDIES OF VIBRATIONAL

LINEWIDTH BROADENING IN LIQUIDS

Steven McClellan George
(Ph.D. Thesis)

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

March 1983



2

PI COSE COND STUDIES OF VIERATIONAL LINEWIDTH

EROADENING IN LIQUIDS

Steven McClellan George

ABSTRACT

The mechanisms of vibrational linewidth broadening in liquids are
investigated using picosecond light pulses. Vibrational linewidths in
liquids are demonstrated to be both homogeneously and inhomogeneously
bfoadened. The homogeneous broadening is dependent upon rapidly varying
processes probably associated with short range, repulsive collisional
interactions between the vibration and neighboring molecules. On the
other hand, the inhomogeneous broadening is dependent upon slowly
varying, long raﬂge attractive interactions between the vibration and
the surrounding local number density.

Homogeneous and inhomogeneous broadening linewidths are determined
for the symmetric CH3éstretching vibration in a variety of liquids at
room temperature and in one liquid at a variety of temperatures. A
selective excite-and-probe vibrational dephasing experiment based upon
transient stimulated Raman scattering in high laser depletion is used to
measure Tp homogeneous vibrational dephasing times. Homogeneous
vibrational linewidths are calculated from these T, homogeneous -
dephasing times. Inhomogeneous vibrational linewidths are calculated by

deconvoluting the Lorentzian homogeneous vibrational lineshapes from the



corresponding isotropic spontaneous Raman lineshapes.
Inhomogeneous linewidths are shown to be proportional to the width
of the distribution of local number densities in the liquid. This

correlation suggests that a distribution of different, slowly varying

M

local number densities in a liquid establishes an inhomogeneously .
broadened distribuﬁion of distinct vibrational frequencies. This ' .
inhomogeneous broadening model has recently been placed on firm
theoretical feundations by the general vibrational dephasing theory of
Schweizer and Chandler.
The relative contributions of homogeneous and inhomogeneous
broadening are shown to change significantly with temperature. The
temperature—dependent trends are in agreement with the predictions of
the Schweizer-Chandler vibrational dephasing theory. New informetion is
provided on the lifetime of the local density sites which cause
inhomogeneous. broadening.
A general theory for excite-and-probe vibrational dephasing
experimente performed using transient stimulated Raman scattering in
both low and high laser depletion is presented. The theory reveals that
high laser depletion leads to enhanced selectivity in the probing
process of the experiment. The differences between recent vibrational

dephasing experiments can be explained by the selectivity differences in -

s %@
(\)\»N\w(}‘,_os\

the high and low 1aser depletlon reglmes.
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Chapter 1: Introduction

What is the mechanism of vibrational linewidth broadening in
liquids? The answers to this question are intimately'reléted to the
dynamics and structure of liquids. Despite this close association,
however, the distinct effects of liquid dynamics and liquid structure on
vibrational linewidths have remained nearly inseparable
experimentally. Thus the ability to separate the various mechanisms of
vibrational linewidth broadening, if possible, would provide an
important means to understand liquids.

Vibrational transitions in liquids can be broadened by frequency
perturbations Aw resulting from both ‘liquid dynamics -and' liquid
structure. Liquid dynamics give rise to perturbations with shorﬁ
lifetimes Ty which lead to homogeneous broadening. Viewed
simplistically in terms of the uncertainty principle, homogeneous
broadening processes are those in which AwyTty<l. On the other hand,
liquid structure generally gives rise to perturbations with long
lifetimes Tyyg Which lead to inhomogeneous broadeningf In the simple
picture, inhomogeneous broadening processes are those in which
borngTINg®l-

The.majority of vibrational linewidth broadening investigations

~have utilized isotropic spontaneous Raman studies. By varying various
parameters, these investigations have generated a large body of data
[1]. Unfortunately, isotropic Raman scattering reveals the convolution
in the frequency domain of_EgEE_hoﬁogeneous and inhomogeneous broadening

and is powerless to separate their individual contributions.



Because homogeneous and inhomogeneousubroadeningiprocess occur on
different timescales, their contributions to the overall vibrational
lineshape can be separated using a time domain experiment. Since
homogeneous dephasing caused by liquid dynamics occurs on a pihosecond
timescale, a time domain investigation must be performed with picosecond. "
light pulses} Even with a picosecond timescale experiment, however, the -
separation of homogeneous and inhomogeneous broadening is not
straightforward.

The basic difficulty can be viewed as follows: Homogeneous and
inhomogeneous broadening linewidths have frequency bandwidths and,
through the Fcurier transform, also have associated decay times known as
dephasing times. Likewise, picosecond pulses have frequency bandwidths
and aséociated pulse widths through the Fourier transform. The Fourier
transform relationship is an inverse relationship between. frequency and
time: the shorter the pulsé,width or .decay time, the broader the
frequency bandwidth.

In an ideal experiment designed to measure the homogeneous
dephasing time (TZ) in the time domain, only a very narrow frequency
bandwidth in the total inhomogeneously broadened vibrational lineshape

should be coherently excited and probed.  In addition, ultrashort excite

and probe pulses should be used in order to obtain sufficient time

54

resolution. Thus there is an inherent trade-off between frequency and
time resolution in the time-domain experiment.

If the frequency bandwidth required to genmerate the ultrashort
pulse is broader than the homogeneous linewidth in an inhomogeneously
broadened lineshape, a vibrational bandwidth larger than the homogeneous

linewidth is coherently excited. Through the Fourier transform, this

A



coherently excited vibrational bandwidth gives rise to a dephasing time”

faster than the actual T2~homogeneous dephasing time. Consequently, if

- the frequency bandwidth of the excitation pulse spans the total

vibrational lineshape, many so—called measurements of T, have been
nothing more than a time domain measurement of the Fourier transform of
the total vibrational lineshape.

For many years, the work of Kaiser and coworkers has provided the
foundation for picosecond excite—-and-probe vibrational dephasing
experiments conducted using transient stimulated Raman scattering in low

laser depletion [2]. They have attempted to overcome the trade-off

between frequency and time resolution using selective, coherent probing

techniques. Very recently, however, they have published results which-
directly contradict their earlier wbrk,[3]. _As a result, ‘they - have
altered:their4theoreticalfiﬁterpretations and- have left much-of “their:
earlier work unexplained.

Our recent studies of laser depletion in transient stimulated Raman
scattering have indicated that most time domain excite-and-probe ‘

vibrational dephasing experiments, prior to the recent work by Kaiser

and coworkers, have probably been performed using transient stimulated

‘Raman scattering "in high depletion of- the. excitation laser pulse.

Unfortunateiy, there have been no theoretical interpretations for
excite—-and-probe vibrational dephasing experiments conducted in high
laser depletion.

This thesis begiﬁs with a general theory for transient stimulated
Raman scattering in both low and high laser depletion. This theory and
the subsequent interpretation for excite-and-probe vibrational dephasing

experiments conducted using transient stimulated Raman scattering in



both low andﬂbigh laser depletion are presented in Chap. 2. The results
of this theory have shown that high laser depletion leads to enhanced
selectivity unaccounted for in the low laser depletion analysis of
Kaiser and coworkers. This enhanced selectivity allows homogeneous
dephasing times to be measured to a high level of accuracy in
inhomogeneously broadened linewidths. The contradictions in previous
vibrational dephasing work can be expiained by selectivity differences
in the high %Rg low laser depletion regimes.

Based on the selective vibrational dephasing experiment in high
laser depletion and isotropic Raman lineshape investigations, several
experiments have been performed in order to explore the relationship
between vibrational linewidth broadening and liquid dynamics and
structure. These investigations have focused on the symmetric CH3—
stretching vibration in-a variety of liquids at.room temperature and in-
one liquid at a variety of temperatures.

The first evidence for inhomogeneous broadening of symmet:ic Giz-
stretching vibrational linewidths in nonhydrogen-bonded liquids at room
temperature is presented in Chap. 3. The inhomogeneous broadening is
shown to be correlated with the width of the distribution of local
number densities in the liquid. This correlation suggests tﬁat a
distribution of liquid structures with different, slowly varying local
number densities creates a distribution of distinct vibrational
frequencies.

This correlation between inhomogeneous broadening and the width of
the distribution of local number densities in the liquid has recently

been placed on firm theoretical grounds by Schweizer and Chandler [4].

They have shown that attractive forces provide the coupling between the

0



local number denéity and the vibration. An analysis of our
inhomogeneous broadening.data in terms of thé Schweizer-Chandler theory
is presented in Chap. 4;

The temperature deﬁendence of homogeneous and inhomogeneous
vibrational linewidth broadening of the éymmetric (Hy-stretching
vibration of acetonitrile is.prbsented in Ghap. 5. This study has
revealed that the relative contributions of homogeneous and
inhomogeneous broadening change significantly with temﬁerature. The
temperature—-dependent trends were in agreement with the predictions of
the Schweizer-Chandler theory. In addition, this investigation has
provided new information on the temperature dependence of the lifetime
of the local density sites which cause inhomogeneous broadening.

These.excite—and—probe experiments have relied on ourlability to
generate single, rnearly transform-iimitéd, reproducible picosecond
pulses. The passively mode-locked Nd}glass laser used to generate
picosecond pulses in these experiments in described in Chap. 6. A
characterization of the picosecond pulses from this laser is given in
Chap. 7. Lastly, a study of the effects of saturable absorbers on
picosecond pulses is presented in Chap. 8.

What is the mechanism of vibrational linewidth broadening in
'1iquids? What is the relationship between vibrational linewidth
" broadening and the dynamics and structure of liquids? Some answers to
these questions provided by this work are sﬁmmarized in Chap. 9. 1In
addition, an outlook for future vibrational linewidth investigations is

e

also presented.
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Chapter 2: Theory for Selective Vibrational Dephasing Experiments

Using Transient Stimulated Raman Scattering in High

- Laser Depletion

I. Introduction

For the last ten years, transient stimulated Raman excitation and
coherent Raman probing processes have been used to study ultrashort
vibrational dephasing dynamics in liquids [1-6]. During this time, a
fairly large experimental base has been developed, upon which a
theoretical interpretation has evolQed. Recently, Kaiser and coworkers
[7] published major revisiqps of their previous foundational work.
Their new study directly contradicts many of their,earlier»experimenfal
results [1-3,8,9]. In marked contrast to their earlier conclusions
[1-3], they judge that their vibrational dephasing experiments are not
selective. Consequently, they conclude that the homogeneous dephasing
time T, can not be measured in a vibrational linewidth that is
inhomogeneously broadened. /

Vibrational dephasing experiments are performed with excitation
pulses and time-delayed probe pulses [l]. The excitation pulse
coherently excites vibrations by transient stimulated‘Raman
scattering. The coherent excitation establishes a macroscopic coherent
superpositioﬁ of vibrational states. The time-delayed probe pulse thén
interacts with the macroscopic coherent vibrational superﬁositionband
produces coherent Raman scattering.' Selectivity is measured by the

ability of the probing process to select out a single, distinct



vibrational subgroup ffom a vibrational lineshape which is composed of a
frequency distribution of vibrational subgroups, i.e., inhomogeneously
broadened.. The.higher the selectivity, the more'accurately the decay of
the coherent Raman probe scattering is related to the homogeneous
dephasing time T2 of a single vibrational subgroup.

Vibrational dephasing studies have been restricted to various
carefully controlled experimental conditions and specific theoretical
assumptions. One important experimental restriction in the work by
Kaiser and coworkers has beeﬁ low depletion (<57%) of the excitation
laser pulse in the transient stimulated Raman excitation process. This
restriction has been indispensable because the theoretical
interpretations developed by Kaiser and coworkers have been undertaken
exclusively assuming low depletion of the.excitation laser pulse.

In order. to. check the. feasibility .of .this restriction, we recently
examined excitation laser .pulse depletioh in the transient stimulated
Raman excitation process [10,11]. We monitered the iaser pulse
depletion and stimulated Stokes gain in a 10 cm acetonitfile Raman cell
using a well charactefized experimental set-up [6,11] and a stabilized,
passively mode-locked Nd:glass laservsystem [12]. Figure 1 shows the
transmitted laser pulse energy veréus the incident laser pulse energy at
5306 A with and without the 10 cm Raman cell. Figure 1 illustrates that
immediately after the stimulated Raman scattering threshold is reached,
the laser can be depleted >10% and depletion approaches =507 as the
incident laser energy increases. In other studies,lwe measured both
transmitted laser and Stokes pulse energies aftervthe'Raman cell as a
function of incident laser pulse energy [lla]. Coincidenﬁ sharp

thresholds for stimulated Stokes scattering and subsequent laser



FIG. 1. Laser pump deplétion examined by monitering the transmitted
laser pulse energy-vefsus the incident laser pulse energy with and
without a 10 cm acetonitrile Raman cell. The approximate range of
"incident laser pulse energies used in our vibrational dephasing

experiments is also indicated.
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depletion vefsus incident laser pulse energy were éﬁserved.» Very few
shots could be fecorded with Stokes conversions between 1-5%.

Because of these studies, we believe that maintaining stimulated
Stokes conversions betweenkl—SZ is nearly impossiblevgiven pulse
intensity fluctuations from typical pulsed laser systems followed by
nearly exponential stimulated Stokes gain in the Raman cell. After the
stimulated Raman scattering threshold is reached, the laser pump is
rapidly depleted and the Stokes pulse approaches gain saturation
[10,11]. This behavior has also been observed by other investigators
{13]. Conséquently, we believe that most vibrational dephasing
experiments [1-6] prior to the recent work by Kaiser and coworkers [7]
have been performe& with excitation pulses in the high laser depletion
regime.

Despite the 1ikelihood-of-high laser depletion, no theoretical
interpretation has been developed forvvibrational dephasing experiments
performed in the high laser depletion regime. To remedy this situation,
we solve the transient stimulated Raman scattering equations including
laser depletion for single and multiple component vibrational
transitions. This is the first account of the effects of high laser
depletion on the vibrational.compohents in an inhomogeneously broadened
vibrational linewidth. We then present a general theory for
interpreting excite-and-probe vibfational deﬁhasing experiments; The
theory.reveals that high depletion of the excitation laser pulse leads
to greatly enhanced selectivity in the probing process of the
vibrational dephasing experiment.

The enhanced selectivity predicted by this theoretical analysis

indicates that dephasing times T2 can be measured under conditions of



high laser depletion using collinear coherent Stokes prbbe scattering

[1,3,6]. Futhermore, recent vibrational dephasing experiments conducted

in the high laser depletion region have given results which corroborate

these theoretical results [10]. We will give a full account of these
experiménts in another paper [11]. These theoretical and expérimental
results suggest that the discrepancies in previous vibrational dephasing
studies [1-9] may be explained by the selectivity differences in the

high and low laser depletion regimes.

II. Transient Stimulated Raman Equations including Laser Depletion

A. Equations for a 1-Component Vibrational Linewidth

12

The coupled differential equations for.transient stimulated Raman - -

scattering from a homogeneously broadened vibrational linewidth are well
known [14-16]. The solution of these equations is dependent upon
various simplifying assumptions. In these calculations, the laser and
Stokes fields are assumed to be monochromatic. Their spectral
bandwidths are accountéd for by the Fourier transform of their time
dependent envelopes. Coupling to anti-Stokes and higher order Stokes
fields is ignored. The population.difference between the initial and

final vibrational states is set equal to a constant. Dispersion between

the laser and Stokes fields is neglected. No attempt is made to account:

for the laser beam's spatial profile or focusing of the beam.
Using these assumptions, the equations in local time, t=t-zc/n, and

z space can be written as [14,17]: v ‘

b
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‘L /32 = o g - | (1)
’ * ’

BES/az = kqwgQ Ep | (2)

(3/31+1/T,)Q = KZES*EL _ _ | (3)

where K1=2nik/(cn) and K2=ik/(2wv). The coupling constant A=N(3a/3Q)
where N is the molecular number density and (3a/3Q) is the change in
molecular polarizability a with the vibrational coordinate Q. If the
laser pump depletion is ignored, BEL/32=0, and the équations reduce to
coupled equations in ES and Q which have been solved by many authors
{1,14,18]}. 1If laser pump depletidn is not ignored, the coupled
equations in E;,Eg and Q must be solved.

-« In~the following treatment [19], the coupled equations are
reexpressed in a form in which the constants k; and k, are related to -
the steady state stimulated Raman gain constant g, which is a physically
measured quantity. In the limit of steady state, 3Q/3t=0 and
Q/T2=K2ES*EL. Therefore, if a2 new vibrational amplitude q is redefined

by Q = Tyxoq, Eq. (3) becomes:
(3/31+1/Ty)q = Eg'E /T, : (4)

In the limit of steady state, dq/dt=0 and q=ES*EL. When (#Tszq and the

steady state expression g= ES*EL are substituted into Eq. (2):

= 2
BES/az = wSKlKZTZESEL (5



This equation for the Stokes field amplitude is similar to the steady

state stimulated Raman eﬁuation:
3Eg/3z = l/zngSIL , (6)

where I; is the laser intensity I;= 1/2 eocELz. Using I;= 1/2 EOCELZ and
equating Eqs. (5) and (6):

wgky KpTy =.1/4 geqge (N

Thus the constants k) and x5, have been expressed in terms of g, the
steady state gain constant.

For further simplification, let q'=1/2 €0Cq e In addition, let
e=( 1/2 eoc)zE.'“ These two substitutions and the expression of K, and «,

in terms of g transform the three coupled equations into:

de;/3z = —1/2g(wL/wS)q'eS (8)
deg/dz = l/ygq '.*eL ‘ (9)
(3/3T+1/Ty)q" = eg'e /T, | | (10)

In Eqs. (8-10), g has unit;e, of (m/W), e has units of (W/mz)l/z and
q' has units of (W/m?). A typical g is 5 (cm/GW) or 5x1071 (m/w)
[1]. .Likewise,‘ a typical I;= 1/2 EOCELZ is 1.0 (GW/cmz) or lel(s12
(W/m?). 1In units of (m/TW) and (TW/m®), g= 50 (m/TW) and 1.=10

2
(TW/m ). These units are employed in the following calculations.

gl
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B. Equations for Multi-Vibrational Component Linewidth

In an inhomogeneously broadened linewidth, each vibrational
subgroup qj haé a different, diétinct frequency gj and a relative number
density fj.v In the above equations for a homogeneously broadened
linewidth, wp=wgtw, and both sides of each equation have the same
frequency. When additionél vibrational frequencies are considered, the
frequency mismatch Au3= wp~wg=w, must be included. In addition, the
relative number density fj where Xjfj=1 and the relative phases Qj of
the off-resonance vibrational amplitudes where qj=|qj|exp(i¢j) must be
considered. | : v =

The equations for a multi-vibrational component linewidth are
dependent upon the same conditions that were assumed for the l1-component
linewidth. 1In addition,>the excitation Stokes field frequency wg is
determined by wg=wy ~wg where wg is the vibrational frequency at the
center of the vibrational line@idth [1,2]. After Stokes saturation, no
new laser fields at wL+ij are assumed to be generated. Each
vibrational subgroup is assumed to have the same dephasing time T,.

Each vibration is assumed to be spatially independent and uncoupled from
the other vibrations.

When these assumptions are made, the equations for transient
stimulated Raman scattering from an inhomogeneoﬁsly broadened linewidth

are:

BeL/Bz -Vzg(wL/wS)eS zjf l_exp(i(ijT+¢j))” : (1)

j qu

aes/azv VzgeL zjfj Iqj’ exp(-i(ijT—¢j)) | (12)

15



(3/8T+1/T2)|qj|exp(i@j) = (es*eL/Tz)exp(—iijr) (13)

The real parts of Eqs. (11), (12) and (13) lead to:

de; /3z = "VZg(wL/wS)eS ijj Iqj' cos(ijr+®j) . C(14)
=1

deg/dz = Ypgey ijj lqjl cos(Auﬁt+¢j) (15)

(3/31+1/Ty) |a | = (egep/T,) cos(aw;t+e;) - (16)

The imaginary part of Eq. (13) leads to:
205/31 = -[(ege)/(|a;]Ty)] sin(hwsr+es) (17)

These high laser depletion equations in local time are very similar
to the low laser depletions equations in real time-given by Laubereau
and Kaiser [1-3]. Notice that in local time, t= t-zn/c, however, the
spatial k-vector mismatch Akj = ijzn/c éaused by frequency mismatch is
implicitly included in ijr. The frequency mismatch Awﬁ and the
vibrational phase éj together comprise the total phase of the off-
resonant vibrational amplitudes which is defined by Xj=A“5T+®j' In
addition, the resonant vibrational amplitude q has a vibrational phase
$p=0. Consequently, Eq. (13) reduces to Eq. (10) for qp and qq4 1is

treated as a real quantity. In constrast, the off-resonant vibrational

amplitudes qj are treated as complex quantities.
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C. Numerical Solution

The coupled differential equétions given by Eqs..(8410) or Egs.
(14-17) were solved numerically using a predictor-corrector technique
[20,21]. First, qj(z,r+Ar) and éj(z,r+Ar) were detgrmihed for all z at
the new local time using an Euler time step. Then the implicit Crank-"
Nicolson méthod [22] was used to form a sét of simultaneous equations
for eS(231+AT) and eL(z,T+Ar) for all z at the new local time. The
solution of this set of simultaneous equations yielded solutions for
eS(Z,T+AT) and eL(Z,T+AT) for all z. These new éolutions for eg and er,
 were used to determine thg corrector for qj and ®j. Subsequently,
corrected eg and er, solutions were recalculated. This completed one
time step. The process then repeated itself as the corrected eg and ey,
solutions were uSed?tO"determine'qj(z,r+2AT) and ¢j(z,T+ZAT)'at the next
new local time for all z using an Euler time step.

The equations were solved in local time T=t-zn/é and space z using
the following constants and boundary and initial conditions. The
incident laser pulse defined the boundary conditions for eL(z=0,T) and
es(z=O,T). Unless otherwise indicated, the calculations were performed
with a Gaussian input laser pulse ‘with a full-width at half maximum tp=7
psec and a peak field amplitude of 6.33 (TW/mzﬁ& corresponding to a
peak intensity of 40 (TW/mz). The incident Stokes field was defined by
es(z=0,1) = eL(z=0,T)exp(-13). This Stokes field was not statistical
noise, but was assumed to be coherent. The initial conditions for qj'
and ¢j were qj(z,r=0)=0 and éj(z,r=0)=0. In addition, wL/QS=1Q1843 [23]

and g=50 (m/TW). Using the above parameters, Stokes saturation is

achieved after propagation distances of approximately
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10 ecm in the Raman cell. .

The calculations were performed for consecutive contiguous sections
of the Raman cell. 1In each section, solutions were calculated using 400
local time points spanning a total time TT=5tp and 200 space points
spanning a total length zT=2;5 cm. As the calculation proceeded through
the Raman cell, the.solutions for eL(zT,T) and es(zT,T) from a previbus
section were introduced as the new boundéry conditions for the
subsequent contiguous section.

More generally, the resulté of these calculations can be expressed
in terms of tp/T2 and tpAm or T2Aw. These quaﬁtities are invariant to
redefinition of the actual time step used in the calculations.
Consequently, the following results are applicable to a wide range of

t T, and Aw and are reported using both the specific and' general

p’

quantities. =

III. Results for a Linewidth with One Vibrational Component

The equations for transient stimulated Raman scattering from
homogeneously'broadened vibrational-linewidths have been carefully
studied in the low laser depletion limit by Carman et al. [14]. 1In
order to check the consistency of our results with those obtainéd by
Carman et al. [14], we calculated the Stokes pulse width with respect to.
the laser pulse width and the Stokes pulse peakvdelay with respect to
the laser pulse peak versus the Stokes pulse transient gain
coeffiéient. For the ratio tp/T2=1 using tp=7 psec and T,=7 psec, our

results were in close agreement with Carman et al. {14].
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We also calcﬁlated the gain of thevStokes pulse amplitude versus
the propagation distancé shown in Fig. 2. The Stokes gain was measured
by the natural logarithm of the ratio of the.Stokes peak amplitude at a-
particular z location versus the Stokes'peak amplitude at z=0.  Figure 2
illustrates that the Stokes gain is never strictly exponential with z.
This behavior occurs because the Stokes pulse peak continually moves
away from the laser pulse peak into regions of smaller laser amplitude
as a function of Stokes gain. The transient Stokes gain is closely
proportional to the square root of the propagation distance z as
predicted by Carman et al. [14}. In Stokes gain saturation, the Stokes
amplitude gain asymptotically approaches 13 which results from the-
boundary conditions.

The equations for transient .stimulated Raman. scattering- from a
homogeneously broadened vibrational linewidth ‘have been studied in- the
high laser depletion regime by Kachen and Lowdermilk'[17,24,25], Daree
[26] and others under different conditions‘than those considered here
[27,28]. Although our numerical solution technique was different than |
the technique employed by Kachen and Lowdermilk [17], our results were
nearly identical. Figures 3(a)-3(e) displays the local time profiles of
“the field and vibrational amplitudes at various spatial locations a-e,
respectively; for progressive degrees of Stokes conversion. These
particular locations are labeled in Fig. 2. These results wére obtained
using a Gaussian laser pulse width (FWHM) tp=7 psec and a dephasing time
T2=7 psec, or more generally, tp/T2=1. Local time is givep in units of
tp where 1=0 is the laser pulse peak.-

In Fig. 3(a), prior to severe Stokes saturation, the Stokes pulse

has grown according to the transient stimulated Raman process. In
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FIG. 2. Stokes gain as a function of spatial location for transient
stimulated Raman scattering from a homogeneous vibrational linewidth.

Spatial locations a-e are referred to in Fig. 3.

FIG. 3. (a)-(e) Local time profiles of the field and vibrational
amplitudes at .the spatial locations a-e indicated in Fig. 2. Field
amplitudes are in unité'of_(TW/mZ%Q. Vibrational amplitudes are in
units of (TW/mz). (f) Local time profiles of the field and vibrational

intensities at the spatial location e indicated in Fig. 2.
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* agreement withvtheoretical [1,14,17,25] and expérimental [25] work, the
Stokes pulse is shortened and time-delayed relative to the laser

pulse. The vibrational amplitude peéks after the Stokes pulse and then
decays exponentially.

In Fig. 3(b), the laser pulse is almostvcompletely depleted in the
region near the Stokes pulse peak. At this stage of Stokes saturation,
the laser pulse's energy has been coherently transferred to the
vibrational amplitude and Stokes field. If Ty tp’ théAcoherent
polarization stored in the coherent vibrational superposition in the
medium does not dephase rapidly. Consequently, the coherent vibrational
amplitude, together with the coherent Stokes field, becomés a source
polarization for.the regeneration of the laser field [24].

Figure 3(c) shows that the’fegeﬁerated laser field appears with a
negative amplitude, i.e., a. phase shift of = radians from the initial
laser field. 1In Figs. 3(d) and 3(e), the laserAis driven increasinglyhx
negative. Notice that in Fig. 3(e), the Stokes field displays a
depletion dip where the Stokes field has been depleted by the growth of
the regenerated laser field. Figure 3(f) shows the intensity of the
field amplitudes shown in Fig. 3(e). Fig. 3(f) reveals that energy
oscillates between the laser and Stokes fields. This energy oscillation
phenoﬁena has been graphically illustrated by the streak camera traces
- of the transmitted laser and Stokes pulses following high laser

depletion in a Raman éell [17,24].

The 180° phase shift in the regenerated laser field significantly
affects thg eger driving force oh the vibrational amplitude q.” In Figs.
3(a) and 3(b), the ege; driving force remains positive. 1In Figs. 3(c)-

3(e), the laser amplitude is driven negative as the large e product
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coherently feeds‘énergy back into the: laser field._,Avnegative laser
amplitude leads to a negative driving force on the vibrational
amplitude. . In Figs. 3(d) and 3(e), the vibrational.amplitude has
responded to the ﬁegative driving force and has been driven negative.
This 180° phasé-shifted vibrational amplitude will be shown to affect
the coherent Stokes probing process and significantly enhance the degree

of selectivity in the vibrational dephasing experiment.

IV. Results for a Linewidth with Three Vibrational Components

In order to model transient stimulated Raman scattering from an
inhomogeneousiy~broadenedAlinewidth in the high laser depletion .regime,
calculations were performed for a three—component vibrational linewidth -
with a 0.25:0.50:0.25 number density distribution. In these
calculations, a pulsewidth;tp=7 psec and a homogeneous dephasing time
T2=7'psec were used. qq is the resonant Qibrational amplitude with the
central vibrational frequency wgye. q and q, are the off-resonant
vibrational amplitudes with Aw;= -3.0 em™! and Awy= +3.0 em~ L. More
generally, this calculation is equiyalent to tp/T2=1'and tpAw=T2Am=i3.96
radians.

The solution in space and local time of Eqs. (14-17) for this
three-component vibrational linewidth can be understood by examining-the
local time profiles at particular spatial locations. Figs. 4(a)-4(f)
show the local time profiles of e;, eg qp and lqj| at various

progressive stages of Stokes conversion at six different spatial

locations a-f, respectively. Because of the symmetry in the equations,



lq2|=lq1’f Remember that 9 iS‘a_reai-Quantity, whereas lqll is the
absolute value of the complex.quantityvql.' Figure 5 shows_local time
profiles of ¢1(z,T) at the same six spatial locations a-f as in Fig.

4. Because of the symmetry in the equations, ¢,=-¢;. 1In addition,
Figs. 6(a) aﬁd 6(b) show the 1océl fime profiles of the instantaneous
off-resonance frequency (Amj+a®3/81) at the same spatial locations-as in
Figs. 4(b) and 4(d), respectively.

The particular spatial locations in the Raman cell referred to in
Figs. 4-6 are labeled in Fig. 7. Notice that the percent laser
depletions are shown fér reference in Fig. 7(d). The laser pump
depletion was determined by the ratio of the integral of the laser
intensity time profile at the particular z location versus the integral

of the laser intensity time profile at 2z=0.

A. Results in Low Laser Depletion .-

For local times t<0 for both low and high laser‘depletion, Figs. 5,
6(a) and 6(b) show that the off-resonant vibrational amplitudes q, and
q, behave as forced oscillators. Figure 5 shows that 8¢1/31=—Aw1 for
1<0. Consequently, Figs. 6(a) and 6(b) illustrate that the
“instantaneous frequency 3x/8T=3(Aw1T+®l)/BI=O for 1<0.

For iocal timesAr>0, the low and high laser depletion regimes
display significant differences in beﬁavior. For times 120 in low laser
depletion, Fig. 5 shows that a¢l/31+0 as the forced oscillators are
released at spatial locations a and b. Consequently, Fig. 6(a) shows
that the instantaneous frequency 3x1/31+Aw1. The forced oscillators are

gently released by the forcing field and resume their natural

25
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FIG. 4. (a)-(f) Local time profiles of the field and vibrational
amplitudes for the three-component vibrational linewidth at the spatial
locations a-f indicated in Fig. 7. Field amplitudes are in units of

1
(TW/mZ)/Z. Vibrational amplitudes are in units of (TW/mz).

FIG. 5. Local time profiles of the vibrational phase for the three-
component vibrational linewidth at the spatial locations a-f indicated
in Fig. 7. @1 is the resultant vibrational phase in low laser depletion

defined by Eq. (18).

FIG. 6. (a) Local time profile of the instantaneous frequencies for
the three-component-vibrational linewidth at the spatial location b
indicated in Fig. 7. (b) Local time profile of the instantaneous

frequencies at the spatial location d indicated in Fig. 7.

FIG. 7. (a) ~Traveling sums of the individual vibrational amplitudes
for the three-component vibrational linewidth at =Ty versus propagation
distance defined by Eq. (21). (b) Vibrational amplitudes at T=Tp as a
function of spatial location.. (c¢) Vibrational phases at T=Tp as a
function of spatial location. 91 is the resultant vibrational phase in
low laser depletion defined by Eq. (18). (d) Percent laser pump
depletion versus propagation distance. Spatial locations a-f are

referred to in Figs. 4-6.



Field and Vibrational Amplitude

.6_
3-—
(o)
) —es |
3 10 ----hi
| L 1 qol 1

1 1
tp th ‘tp 0 tp 2tp

Local Time T
XBLB211-6918

Figure 4

27



Vibrational Phase ¢, (Radians)

2 L ] i ]

-tp - 0
Local Time T

Figure 5

XBL 821i-6903

28



29

XBLB2!I-6904

Local Time T
Figure 6

(,.wd) Aouanbaiy SnoduUDUD}SU]

T v T
I T _ L
‘el 'E| € |
C- (&} O“
Oy 2l m! o
3- 3 " 9 "
! v _ Ny o)
g 3 3
A—- a }
, _ .
\ [ 4
|/ _,
| 7 .
) (
llll‘\ /',’,
wrsrIITTTD ==
,,I,’I \\\l.l\
- ,A\
I I
_ _1.
,
C] )
| | L ¥ . _ | | :
< N - < o) ® N

-6



30

)
e

| { |

\.
B
<
S~
s
1

e aylcos

N

1 |

(c)

(a)

|

c d
Spatial Location z

b

Q

1
&

1
W N © T

| (Shun "q.o)
hcp_d :.u wng butjaros}

< [aY] o)

3
?

-0.2-

© .
o . O e}

: (zw/M1)
Aok.d_c apnjiidwy |DUOLIDIQIA

|
[€] ) [t < [y

cho_vcmv
(G12) ' asoyd |DUOHIDIGIA

2

1
Q
n

. L. )
g 3 R °
(%)
uo1}@}dag 419so7y

x8L8211-690%

Figure 7



frequencies. This low laser depletion behavior has been previously
reported by Laubereau and Kaiser [1].

For low laser depletion, Fig. 5 also illustrates that the phase
factors for q at spatial locationé a and b reach the same constant
value 91 fpr r>tp. More generally, the calculations reveal a nearly
constant vibratipnai phase forft>tp over a wide range of spatial
locations prior to high laser depletion. For this three-component
calculation, Fig. 7(c) shows the results for Ql(z,TD), the vibrational
phase at TD=2.Stp for various spatial locationms. For low laser
depletion, Fig. 7(c¢) illustrates that aél(z,TD)/Bz=O. This nearly
constant vibrational phase over a wide range of z locations is
equivalent to a well-defined spatial k-vector. Recause of its later.
importance in the coherent collinear probing process, this vibrational

phase in low laser depletion is specified by Gj:

CB = ¢j(z,r>tp) (18)

B. Results in High Laser Depletion

In high laser depletion, a more complicated behavior emerges in the
local time profiles shown in Figs. 4(c)-4(f). As discussed‘in Sec. III,
the central characteristic of high laser depletion behavior is the
regeneration of a negative, i.e., 180° phase-shifted laser field. The
180° phase-shifted laser amplitude produces a 180° phase shift in the
driving force on the vibrational amplitude. This 180° phaée shift is
the essential feature occuring in high laser depletion which will lead

to enhanced selectivity in the probing process of the vibrational
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dephasing experiment.

1. Effect on the Vibrational Phase

The off-resonant forced vibrational oscillators fespond to the 180°
phase shift by rapidly changing their phase in order to eliminate the
180° phase shift. This rapid phase change is illustrated in Fig. 5 for
sp;tial locations c=-f which correspond to the field and vibrational
amplitudes in Figs. 4(c)-4(f), respectively. As.Stokes conversion and
percent laser depletion increases, the 180° phase shift in the eLeS.
driving field occurs more rapidly and with greater amplitude.
Consequently, the phase of the off-resonant vibrational oscillators
changes more rapidly and with greater amplitude. In Fig. 5 for spatial
locations e and f, two separate phase shifts are- distinctly evident.
These phase shifts result from the laser field in Figs. 4(e) and 4(f)
which changes sign twice.

Figure 6(b) shows the effect of the rapidly changing phase on the
instananeous frequency axj/31=(ij+3¢j/81). This instantaneous
frequency corresponds to the phase evolution in Fig. 5 for the spatial
point 'd and the spatial location and field amplitudes in Fig. 4(d). As
the laser field is depleted in Fig. 4(d), the phasg change Béj/ar goes
to zero in Fig. 5 and the instantaneoué'frequency (ij+a¢j/af) is
rapidly swept toward ij in Fig. 6(b).

Figure 4(d) reveals that a negative, 180° phase-shifted laser field
is quickly'regenerated as the instantaneous frequency is undergoing this

frequency sweep. As the regenerated 180° phase-shifted laser field

grows, the vibrational phase continues to move in response to the 180°



phase shift in the.driving field. Conséquently; Fig. 6(b) shows that
the instantaneous frequency is swept significantly past>the natural
frequency Auﬁ. .We believe that this continuoué frequency sweep'of the .
off-resonant vibrational fnequegcies justifiesvthe assumption that no
.#ew laser fields at mL+ij are. generated after Stokes saturation.

As a result of these phase’ changes in high laser -depletion, Figs. 5
and 7(c) show that the vibrational phaéés at différent spatial iocations
‘no longer'eVOIVe to the same nearly constant value 9 for T>tp.
Instead, the phase él(z,r>tp) reflects the changing time-dependent
negative driving force at different spatial locations. Figure 7(c)
illustrates that 8¢j(z,rD)/Bz¢O and the vibrational amplitude no longer
has the same well-defined spatial k-vector after the onset’ of high laser
depletion. These changes in the vibrational phase will lead to enhanced

selectivity in the probing.process of the vibrational dephaSing

experiment.

2. Effect on the Absolute Value of the Vibrational Amplitude

Figure 4 reveals the important observation that-'ql|, the absolute
value of the complex off-resonant vibrational amplitude q;> is never
driven to zero by the 180° phase-shifted driving force. This occurs
because q is driven off-resonance. Consequently, q; can change its
phése an& move in éomplex space in response to the 180° phase shift in
the driving force. As a result, lqll is not driven down significantly
by the 180° phase-shifted driving force and q; is able to obtain large”
negative amp1itudes soon after the 180° phase shift.

Alternatively, |qo‘, the absolute value of the real resonant

33
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vibrational amplitude shown in Fig. 4, is driven to zero before qo,_the
real vibrationalvamplitude, goes negative. This occurs because 99 is
driven at resonance. Consequently, 9 is confined to a vibrational
phase ¢0=O and real space. qy can undefgo a 180° phase shift only when .
its real amplitude is driven through zero and its absolute value gées to
Zzero. As a result, qy obtains much smaller negative vibrational
amplitudes than q;- The larger negative amplitudes fdr the off—resonant
vibrational amplitudes will enhance the degree of selectivity in the
collinear coherent Stokes probing process of the vibrational dephasing

experiment.

3. Analogous Behavior.of a Forced Harmonic. Oscillator

- It is important toanotice that much of  the.high laser depletion
behavior can be understood by recalling the beﬁavior of a forced,
damped, harmonic oscillator at stéady state which at some time t=0
suddenly experiences a 180° phase shift in its driving field [29]. For
example, prior to t=0, the forced harmonic oscillator at steady state
has a solution which can be expressed in the usual way as
Z(t)=AeXp(i(mdt—5)) where wy is the driving field frequency. If the
driving field undergoes a sudden 180° phase shift at t=0, the solution
for t>0 becomes Z(t)= A] 2exp(—t/td)exp(i(uﬁt—6)) - exp(i(wot—é)) 1
where tq is the damping time and Wy is thg oscillator's natural
frequency. Notice that this solution has the proper continuity at t=0.

When the oscillator is driven at resonance, wj=wo and the solution
for t>0 can be expressed as Z(t)=R(t)exp(i(th-6)) where R(t) is real.

‘The oscillator,driven at resonance continues to rotate at frequency wy
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Aﬁd the movement of thé'resonant vector R(t) is confined;to the real
axis. Consequeﬁtly, the real amplitude R(t) must go through zero when
the oscillator adjusts to the 180° phase shift. This behavior is
‘analogous to the real resonant vibrational amplitude qq-

When the oscillator is drivgn off—resonante; wj¢w0 and the solution
can again be expressed as Z(t)=I(t)exp(i(w0t—6)). In this solution,
however, I(t) is an coﬁplex amplitude containing a transient term which
“oscillates with the frequency wo—uﬁ=ij. Thus - the off-resonant vector
I(t) can rotate in the complex plane. This rotating term allows the
off-resonant oscillator to sweep into proper phase with the phase-
shifted driving force without being driven through zero. This behavior
is analogous to the complex off-resénant vibrational amplitude qj-

This analogy between forced harmonic oscillators and the
‘vibrational amplitudes illustrates the generality of these results and
-provides a simple physical picture for the high laser depletion
behavior. Although this analogy will not be elaborated further, the
evolution of the-larger negative off-resonant vibrational amplitudes and

additional results encountered in subsequent sections can be explained

qualitatively using this analogy.

V. Probe Signals in the Vibrational Dephasing Experiment

A probe pulse collinear with the excitation pulse produces coherent
Stokes Raman scattering [1,3,6] in the vibrational dephasing
experiment. In the following analysis, only collinear probe pulses are
considered. Collinear probe pulses interact with the macroscopic

coherent vibrational superposition over a wide range of spatial
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locations. In high laser depletion, this extended interaction length

leads to selective coherent Stokes probe scattering.

¢

A, Calculation of Probe Signals

The coherent Stokes probe amplitudes were calculated aﬁ local time
TD=2.5tp. At this late delay time, far from the excitation laser pulse
peak at 1=0, individual probe Stokes fields at frequencies ij were
assumed to interact only with the vibrational oscillators at frequencies
wj according to wanSj=wj.' No depletion of the laser probe pulse at
frequency wy, was assumed. In addition, each individual coherent probe
Stokes field egpj Was assumed to develope.in phase with the probe laser
field er and the vibrational amplitude qj. Thus the total phase of the
individual coherent Stokes. probe fields esj'arising from the off-
resonant vibrational amplitudes qj relative to the coherent Stokes probe
field arising from the resomant vibrational amplitude qq is
xj(z,TD)=Amer+¢j(z,rD) at T=Tp.

An individual coherent Stokes probe field amplitude grows according
to Eq. (9). Because the laser probe amplitude is assumed to be
constant, Eq. (9) indicates that the integral of the vibrational
amplitude over all z can be used to determine the coherent Stokes probe
field amplitude. Because the probing process is coherent, the
individual coherent Stokes probe fields are sensitive to the phase of
the vibrational amplitudes. In low laser depletion, the individual
coherent Stokes probe field amplitudes begin their development in the

proper phase relationship to Oj' In high laser depletion, the

vibrational phases no longer evolve to Oj. These phase changes



" significantly influence the coherent Stokes probe field amplitudes.

Iﬁ order to measure the change of the vibrational phases in high
laser depletion, a new phase Wj is defined tha; measures the difference
between ijt+¢j(z,r), the total phase of the individual vibrational

"amplitudes and ijr+0j, the total phase of the individual vibrational

amplitude prior to high laser depletion:
Y. =9, -0, ' - '
;(zD ¢J(z,r) 95 | (19)
After this definition is made, the individual real Stokes field
amplitudes generated by a collinear laser probe pulse at local time
TD=2.5tp are given by:
egpy(z,Tp) o £ epp as(z,1p) 20

where  q;(z,1p) = [, |a5(z,1p)| cos(¥;(z,1p)) (21)

Notice that Hj(z,TD) is the traveling sum of the vibrational amplitudes
at =1 summed over 2. Thus Eq. (20) is the discrete numerical.
equivalent of the integral of Eq. (9). In high laser depletion, the
‘effects of the vibrational phase changes on the Stokes probe field

amplitude are accounted fo: by cos(Wj(z,tD)).
B. Results

The vibrational amplitudes at various spatial locations give rise

to the coherent Stokes probe amplitude. Figure 7(b) shows qo(z,rD),
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,ql(z,tD)l and Iql(;,TD)Icos(Wl(z,tD)), the vibrational amplitudes at
tD=2.5t:p AS a function of spatial iocation for the three-component
linewidth discussed in Sec; IV. Figure 7(a) shows the traveiing sums of
the individual vibrational amplitudes which are related to the
individual Stokes probe field amplitudes by Eq. (20).

Fo: low laser depletions, the spatial vibrational amplitudes in
- Fig. 7(b) increase nearlj exponentially and the corresponding traveling
sums in Fig. 7(a) grow rapidly with propégation distan#e z. For laser
depletions >15%, the Qibrational amplitudes are driven lower and the
vibrational phases begin to change. For laser depletions »307%, the
vibrational amplitude for Iqllcos‘l’1 goes negative. A comparison of |ql|
and lqllcos‘i’1 indicates that the negative amplitude arises from phases
changes measured by Wl.

Fig. 7(a)1showsuthat.ﬁl,vthevtraveling sum for
Iql(z,TD)lcosTl(z,TD) is substantially reduced as negative vibrational
amplitudes are added to the traveling sum. Thus the phase-shifted
vibrational amplitudes in high laser depletion reduce their
corresponding coherent probe Stokes fields. This phenomena is
equivalent to abcoherent Stokes probe field adding in destructively to
the existing coherent Stokes probe field.

In high laser depletion, Fig. 7(b) illustrates that the off-
resonant vibrational amplitudes ‘qjlcos(?j) display iarger negative
amplitudes than the resonant vibrational amplitude ChE This behavior
was previously discussed in Sec. IV.B.2. Consequently, Fig. 7(a) shows
that the traveling sum of the resonant vibrational amplitude becomes
much lafger than the traveling sum of the off-resonant vibrational

amplitudes as the traveling sums move through the region of high laser



depletion. Aé a:fesult, there is enhanced coherent Stokes scattering
from the resonant vibrationél amplitude in the probing process of the
vibrational dephasing experimént.'_This;selective scattering allows the
homogeneous dephasing time T, to be measured to a high level of

accuracy.

VI. Dependence of Selectivity on Various Parameters

In the following discussions, selectiviﬁies were measured by
Hj(z,TD)/EO(z,TD), the ratio of the traveling sums of the vibrational
amplitudes. Given this definition,‘a high ratio corresponds -to a low
selectivity. Notice that this definition for selectivity does not
include the relative number densi;y fj. The actual experimental
* selectivities will be enhanced by including the relative number
densities fj. The experimental selectivities will be discussed in Sec.
VIII.

The ratios in low laser depletion were determined at spatial
locations corresponding to excitation laéer pulse depletions <27%. The
ratios were nearly constant for laser depletions <2%. The ratios ;n
high laser depletion were determined at spatial locations corresponding
to excitation laser pulse depletions =38-52%. The range of ratios
‘calculated for high laser depletion gives rise to the error bars on the

high laser depletion points.

A. Dependence of Selectivity on Aw

Using a three-component vibrational linewidth with a 0.25:0.50:0.25
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number density distribution, calculations were performed to determine
the effect of the off-resonance magnitude Aw on selectivity. In these

calculations, the pulsewidth t "and the dephasing time T2 were held

P
constant. For tp=7 psec and T2=7 psec, the selectivity was determined
for three separate three-component vibrational linewidths with Aw= *1.5,.
1

+3.0. and *4.5 cm—_. More generally, this is equivalent to tp/T2=1

where t_Aw= T2Aw= +1.98, +3.96 and +5.94 radians.

p
The dependenée bf selectivity on Aw in both low and high laser
depletion is shown in Fig. 8. These results illustrate that selectivity

is strongly dependent upon Aw. The low laser depletion selectivities
versus tpAw reported here for tp/T2=1 are very similar to the low laser .
depletion selectivities reported by Laubereau and Kaiser [1]. The.
selectivities are greatly enhanced in the high laser depletion regimé.
The vibrational .amplitudes of»qo and qlcos?l'at TD=2.5tp are shown

1, respectively. These

in Figs. 9(a)-9(c) for Aw=+1.5, #3.0 and 4.5 cm
vibrational amplitudes give rise to coherent Stokes probe fields as
discussed in Sec. V. In order to understand these vibrational
amplitudes, their time profiles must be investigated. The local time
profiles which give rise to the vibrational amplitudes at the spatial
locations a',b' and c¢' in Figs. 9(a)-9(c) are shown in Figs. iO(a)-
10(c), respectively. These spatial locations were selected because they
are close to the location of the maximum negative 'qllcbs(wl) value.
These spatial locations corespond to laser depletions of 32.5, 34.5 and
36.5% for Aw=%*1.5, £3.0 and +4.5 cm‘l, respectively.

Figs. 10(a)-10(c) reveal that the resonant vibrational amplitude 49

and the forced off-resonant vibrational aﬁplitude q; grow until,eL is

nearly depleted. As the laser is depleted, q; is no longer driven as a
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FIG. 8. Dependence of selectivity (not including relative number
densities) on the off-resonance magnitude Aw. The off-resonance
frequency is measured in units of tpAw where the pulse width tp is

constant.

FIG. 9. Vibrational amplitudes for the three-component vibrational
linewidths at T=Tp as a function of spatial location.
(a) dw=tl.5 em™l. (b) Aw=t3.0 em™ 1. (c) Aw=t4.5 cm”l. Spatial

locations a'-c' are referred to in Figs. 10 and 1l.

"FIG. 10. (a)-(c¢) Local time profiles of the field and vibrational
amplitudes for the three-component vibrational linewidths at the spatial
locations a'-c' respectively indicated in Fig. 9 for Aw=tl1.5, 3.0 and

4.5 em”L, respectively.

FIG. 11. Local time profiles of the vibrational phases for the three-
component vibrational linewidths at the spatial locations a'-c’

indicated in Fig. 9 for Aw;=-1.5, -3.0 and -4.5 cm-l, respectively.
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forced oscil}ator. Conséquently, the‘instantaneous frequency
(Aw1+8®1/81) is rapidly swept toward Awl.and‘the total phase precesses
bw T+, (1), in the rotating frame at resonance. As a result, q; reduces
<q0(r)>, the effective total vibrational amplitude at woiwhich gives
rise to ﬁhe regeneration of the laser field.at w .

Smaller ij values cause smaller reductions in <qy(T)> resulting
from ijr precession. . Consequently, <q0(I)> is larger during the e,
regeneration.process for Aw= %1.5 cm-l. This leads to a lafger :
<q0(1)>es(1) product which regenerates a larger negative laser amplitude
at the expense of depleting eg, 99 and |ql|. For Aw= #1.5 cm—l, the
larger negative laser amplitude and larger egs qqg and lql’ depletions
which occur at the peak of the negative regenerated laser amplitudes are
clearly apparent in Fig. 10(a).

The magnitude of the negative laser amplitudeé,affects.the
subsequent regeneration of the Stokes field and vibrational
amplitudes. Fig. 10(a)=10(c) illustrates that the larger negative laser
amplitudes regenerate more 180° phase-shifted vibrational amplitude.
This leads fo the differences between the resonant vibrational

1 shown in Fig. 9(a)-

amplitudes qg(z,Tp) for Aw=tl.5, +3.0 and +4.5 em”
9(c). These differences give rise to the different selectivities shown
in Fig. 8. The dependence of selectivity on Aw will be discussed in
more detail in Sec. %11,

Figure 11 shows the time dependence of the phase Ql(z,r) at the

spatial locations a',b' and ¢' in Figs. 9(a)-9(e) for Awy= -1.5, -3.0

and -4.5 cm~!

, respectively. The time-dependent behavior of the
vibrational phase has been previously discussed in Sec. IV.B.l. Notice

that the changes of the phase in response to the negative regenerated
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laser field are dependent upon the Awl magnitude. This occurs because,
over a constant time interval, more of the 180° phase shift of the total

phase xl(z,r)=AwlT+¢1(z,t) must be accomplished by $; if”Awl-is smaller.

B. Dependence of Selectivity on T,

Using a three-component vibrational linewidth with a 0.25:0.50:0.25
number ‘density distribution, calculations were performed to determine
fhe effect of T, on selectivity. 1In these calculations, the pulsewidth
tp and the off-resonance magnitude Aw were held constant. For tp=7 psec
and Aw= +3.0 cﬁ_l, the selectivity was determined for three"
separate three-component linewidths with T2=3.5, 7.0 and 14.0 psec.

More generally, this is equivalent to tpAw= +3.96 radians with thfee
‘separate combinations of tp/T2 and T,Aw: tp/T2=2‘with Tylw= £1.98
radians; tp/T2=l.with~T2Am= +3.96 radians; and tp/T2=O.5 with T2Aw=
+7.92 radians.

The dependence of the selectivity on Ty in both low and high laser
depletion is shown in Fig. 12.: These results illustrate that, when the
pulsewidth is constant, selectivity for a particular Aw is not noticably
dependent upon T2 in low laser depletion and is only weakly dependent
upon T, in high laser depletion. The week dependence of .selectivity on
Tzvresults from two counterbalancing effects. As T, inereases, the
~excitation transiency measured by tp/T2 decreaees which leads to less
selectivity [1}. On the other hand, as Ty increases, the off-resonant
oscillators have longer interaction times with the ejeg driving field in

the falling edge to the laser pulse. After the released off-resonant

oscillators have precessed by 180°, they are driven out-of-phase by the
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ereg driving field. Consequently, fhis interaction reduces the off%
resonant vibrational amplitudeé and leads to higher selectivity. ‘The
magnitude of this interaction is measured by AmTZ.

The tpAw product was constant at tpAw=t3.96 radians in these
calculations. Likewise, the selectivity was also approximately conétantu
for the various dephasing times.TZ. These results ihdicate that

selectivity is approximately determined by (tp/Tz)X(TzAw)=ppAw. This

conclusion is important for experimental determinations of I,.

C. Dependence of Selectivity on t_

Using fhe three-component vibrational linewidths with a
0.25:0.50:0.25 number density distribution, the previous calculations
were analyzed to determine the effect of pulsewidth’tp_on selectivity.
In this analysis, the dephasing time T2 and the off-resonance magnitude

1, the selectivity

were held constant. For T2=3.5 psec aﬁd Aw= £3.0 cm™
was determined for two separate three-component linewidths with tp= 3.5
and 7 psec. More generally, this is equivalent to T2Aw= +1.98 radians
with two separate combinations of tp/T2 and tpAw: tp/T2= 1.0 with
tpdw=tl.98 radians and t,/Ty=2.0 with t Aw=t3.96 radians.

The dependence of selectivity on tp in both the low énd high laser
depletion limit is shown in Fig. 13. The low laser depletion point at
tp/T2=0 is the theoretical limit when tp/T2+O [1]. These results
illustrate that selectivity for a particular Aw is strongly dependent
upon the pulsewidth tp' Longer pulsewidths tp give rise to greater

selectivity. These results agree with the conclusion that selectivity

is approximately determined by tpAw.



FIG. 12. Dependence of selectivity (not including relative number
densities) on the dephasing time T2. The dephasing time is measured in

units of T,Aw where the off-resonance magnitude Aw is constant.

FIG. 13. ©Dependence of selectivity (not including relative number ’
densities) on the pulse width tp. The pulsewidth is measured in units’

of tpAw where the off-resonance magnitude Aw is constant.
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. VII. Results for a Linewidth with Five Vibrational Cdmponents

A five-component vibrational linewidth with a 0.1:0.2:0.4:0.2:0.1
number density distribution was used to determine the effect of
increasing the number of components in the vibrational linewidth. In

this calculation, tp=7 psec, T2=7 psec, Aml= ~-1.5 cm_l, Aw2=+1.5 cm_l,

Am3=—3.0 cm-l, and Aw,=+3.0 em™l. More generally, this is equivalent to
t,/Ty=1 with v"‘“‘t~‘I;A‘m=T2Am= +1.98 and +3.96 radians.

qllcos‘i’1 and |q3|éosW3 at

The vibrational amplitudes of qq>
TD=2.5tp are shown in Fig. l4. These vibrational amplitudes give rise

to coherent Stokes probe fields as discussed in Sec. V. Because of

symmetry in the equationms, |q2‘=|q1|, |q4|=|q3 s ¢2=-¢1 and ®4=—®3. A

comparison of Figs. 14, 9(a) and 9(b) shows that the behavior of the

1 1 components together in the five-component

bw;=-1.5 cm~ "and =3.0 cm”
vibrational linewidth is very similar to their individual behavior in
separate three-component vibrationai linewidths.

Figure 15 displays the local time profiles of eL,eS,q0,|q1| and
|q3| at the spatial location a in Fig. 1l4. The corresponding laser
depletion at spatial location a is 34%. A comparison of Figs. 15, 10(a)
and 10(b) shows that the time-dependent behavior for the Awl=-1.5 cm_1
and Aw3=—3.0 cm”} components together in the five component vibrational
linewidth is very similar to the individual behavior for Aw;=-1.5 em” !
and Aw=-3.0 em ! in separate three component vibrational linewidths.

Notice the depletion of qp> 'qll and |q3’ during the regeneration

of the negative, 180° phase-shifted laser amplitude in Fig. 15. There

is a 1arger depletion for |q1| in comparison to lq3 . Consequently,

.



Fig. 14 shows that |q3| is larger than lqll at tD=2.5th In agreement
with the résults in Sec. VI.A., these results illustrate that the off-
resonant. vibrational amplitudes qj with frequencies wj closer to the
center of the vibrational linewidth exhibit larger depletions when the
excitétion'laser-field is_regenerated.

Thevlarger depletions for qj with smaller ijvlead to smaller
negative vibrational amplitudgs Iqjlcost for T>tp. Consequently, these
smaller negative vibrational amplitudgs subtract less from their
corresponding traveling sum aj' As a result, the ratio aj/ao is greater
and the selectivity is lower. Thus the depletion of vibrational
amplitudes during laser regeneration limits the maximum possible
selectivity for vibrational dephasing experiments conducted in high
laser depletion.

Figure 16 displays' the time dependence of the phase QI(I),and 03(1)
at the spatial location a in Fig. 14. A comparison of Figs. 16 and 11

1 and Awq==3.0 em™! behave

illustrates that the phases for Awj=-1.5 cm
together in the five-component linewidth nearly identically to their
individual behavior in separate three-component linewidths. A
comparison of Figs. 15 and 16 shows that most of the negative, 180°
phase-shifted laser field is regenerated when 3¢1(T)/BT=O and
8®3(T)/3T=O, i.e., while the instantaneous frequencies of the off-
resonant oscillators are swept toward their natural frequencies.

The dependence of the selectivity on Aw for the five-component
linewidth in both low and high laser depletion is shown in Fig. 17. A
comparison of Figs. 8 and 17 illustrates that the selectivity for

1

bw= +1.5 and +3.0 cm -~ in the five-component vibrational linewidth is

almost identical to the selectivity obtained for Aw= #1.5 and +3.0 cm—1
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FIG. 14. Vibrational amplitudes for the five-component vibrational
linewidth at T=Tp as a function of spatial location. Spatial location a

is referred to in Figs. 15 and 16.

FIG. 15. Local time profiles of the field and vibrational amplitudes
for the five-component vibrational linewidth at the spatial location a

indicated in Fig. 1l4.

FIG. 16. Local time profiles of the vibrational phases for the five-
component vibrational linewidth at spatial location a indicated in Fig.

1 and Awy=-3.0 em™L,

14 for Awy=-1.5 cm"
FIG. 17. Dependence of selectivity (not including relative number
densities) on the off-resonance magnitude Aw for the five-component
vibrational linewidth. The off-resonance magnitude is measured in units

of tpAw where the pulse width tp is constant.
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obtained using separate three-component vibrational linewidths. A close
inspection reveals that the sélectivity for Aw= #1.5 cm-1 is only
‘slighgly_less and the selectivity of Aw= +3.0 cmf1 is 'slightly more fogﬁ
the five-component compared to the three-component vibrational
linewidth. These results demonstfate that the selectivity is_nét

significantly affected by the number of components in the vibrational

linewidth.

A. Linewidth with a Continuous Distribution of Vibrational Components

Figures 8 and 17 show that the ratio 65/50 versus Aw for high laser
depletion displays a Gaussian-like distribution. This Gaussian-like
distribution, together with the relative number densities, gives rise to
-an'effectiﬁe lineshape which will be called the effective inhomogeneous
lineshape. The effective inhomogeneous linewidth is defined as the
frequency width (FWHM) of the population distribution of distinct
vibrational oscillators at different frequencies which contribute to the
probe Stokes signal. The population distribution is determined by
multiplying the ratio aj/ao timeshthe relative number densities. This
effective inhomogeneous linewidth is an attempt to generalize to a
linewidth with a continuous distribution of vibratiomal componenté based
on the results for the three and five-component vibrational linewidths.

Using the numerical results for aj/EO versus Aw and the number-
density distribution for the five-component vibrational linewidth, an

1 is determined

effective inhomogeneous linewidth (FWHM) AwINH=2.5 cm
from the Gaussian-like population distribution. In constrast, if the

number densities are equal, an effective inhomogeneous linewidth (FWHM)
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- -1
AwINH—4.5 cml

'is determined. The effective inhomogeneous linewidth
will contribute to inhomogeneous dephasing and affect the accuracy of
the experimental measurement of the homogeneous dephasing time T2. Tnis

will be discussed in Sec. VIII.

VIII. Coherent Stokes Signal Decay Curves

In thisvsection, the total coherent Stokes signals versus delay
time are calculated based upon the results of the numerical calculations
at TD=2.5tp. The individual coherent Stokes probe amplitudes from each
vibrational subgroup at 'tD=2.5tp were given by Eq. (20). This
expression excludes the relative phase shifts between the different
coherent Stokes probe fields. The total coherent Stokes probe amplitude
must include the relative phase shifts between the. different coherent
Stokes probe fields.

The phase shifts between the different coherent Stokeé probe fields
are determined by xj(z,1)= Aw.r+¢j(£,1). For r>tp in low laser

J

depletion, Qj(T) reaches the constant value Gj as discussed in Sec.
IV.A. Thus the total coherent Stokes probe amplitude at TD=2.$tp

measured at z=L is given by:
eSP(L,TD) o ep ijj exp(i(ijTD+9j)) aj(L,TD) (22)

Notice that the additional phase shifts which occur in high laser
depletion are implicitly included in the traveling sum Hj(L,tD).
The total coherent Stokes probe amplitude for delay times T>Tp must

include both the time-dependent phase shifts resulting from ij‘
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frequency mismatch and homogeneous dephasing decay. For 121, the total
phaée for thevoff-resonant coherent Stokes probe amplitude relative to
the resonant coherent Stokes probe amplitude is accounted for by
xj(T)=ijT+Gj. Homogeneous depﬁasing decay for 1>1p is accqﬁnted for by
introducing exp(—(T—TD)/Tz). Thus the real total coherent Stokes probe

amplitude versus time delay for t>Typ measured at z=L assuming a delta

function laser probe pulse is givén by:

eSP(L,T) o ey exp(—(T—TD)/Tz)

X zjfj Ej(L,TD) COS(ijT+Oj) (23)

Experimentally, the coherent Stokes probe intensity, esz, is
measured. In addition, actual experimental probe Stokes decay curves
are generated by‘léser probe pulses with-a finite pulse width. Thus the
coherent Stokes probe intensity versus delay times T'>TD is given by the

convolution:

espz(L,T') o TDIT' dt | eL(T-T') exp(—(r-rD)/Tz)

- - 2
X (ljfj qj(L,TD) cos(ijrD+Gj)) ] (24)
A. Results

Using the discrete numerical equivalent of Eq. (24), coherent
Stokes signals versus delay times were calculated based upon the
numerical results at tD=2.5tp. Assuming a delta function laser probe

pulse, coherent probe Stokes signals in both high and low laser

depletion for the three-component vibrational linewidths with T2=7 psec
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and Aw=+1.5, +3.0 and +4.5 em™! are shown in Figs. 18(a)—18(c>,
respectively; These linewidths were discussed in Sec. VI.A. The
differences between high and low lasef depletion are dramatically
' appérent. The straight dashed lines give ideal exponential (T2/2)
decay. Notice the slower oscillations for the smaller Aw values.
Figufes 18(a')—18<c') show the coherent Stokes probe signals in
high laser depletion generated using a 7 psec (FWHM) Gaussian laser
probe pulse for the same three-component iinewidths with T,=7 psec andv
Aw=%1.5, +3.0 and +4.5 cm-l, respectively. The beats observed for
Aw=£3.0 and +4.5 cm~! in high laser depletionvin Figs. 18(b) and 18(c)
are smeared out in Figs. 18(b') and 18(c'). This occurs because the

1 are less than

widths of the béat modulations for Aw=%3.0 and +4.5 cm™
tp=7vpsec. On the other hand, the beats observed for Aw=1.5 c:m"1 in
Fig. 18(a) are not .smeared out in Fig. 18(a') because the wi&th of the
beat modulation is longer than tp=7 psec.

Figure 19 for T2=7 psec shows the coherent probe Stokes signal for
the five;component vibrational linewidth with To=7 psec and Aw=%l.5 and
£3.0 cu” ! in high laser depletion. This signal was calculated using a 7
psec (FWHM) Gaussian laser pfobe pulse based on the numerical results at
Tp for the five-component vibrational linewidth discussed in Sec. VII.
Recall from Fig. 17 that the ratio Ej/ao is quite high for
ij=t1.5 en™l.  In addition, the homogeneous dephasing time T, is long

in comparison to the effective inhomogeneous dephasing time calculated

from the effective inhomogeneous linewidth Bwpyp=2.5 em~ e

Consequently, the effective inhomogeneous distribution significantly
contributes to the probe Stokes signal decay.

Figure 19 also shows the coherent probe Stokes signals calculated



FIG. 18. Coherent Stokes signals versus delay times. (a)-(¢) High and
low laser depletion signals calculated using a delta fﬁnction laser
probe pulse for the three-component vibrational linewidths with Aw=+1.5,

1, Exponential (T2/2) decéy is indicated by the

+3.0 and +4.5 cm”
straight dashed line. (a')-(c¢') High laser depletion signals
calculated using a 7 psec (FWHM) Gaussian laser probe pulse. for the éame
three-component vibrational linewidths with Aw=ii.5, +3.0 and 4.5 cm-l.
FIG. 19. Coherent Stokes signals versus delay times for various T,
dephasing times for the five-component vibrational linewidth in high

laser depletion. Exponential decay (T2/2) decay is indicated by the

straight dashed line.
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for T2=3;5 psec and T2=2.0 pseé using a 7vpsec»(FWHM) Gaussian laser
probe pulse and the same five-component vibrational linewidth
selectivities that were used fof T2=7 psec. These resulté illustrate
that the probe pulse does not obscure the (T2/2) decay of the probe
Stokes signal deqay curves for (T2/2) decays much faster than the probe
pulse width.

For the faster T, dephasing.times, Fig. 19 demonstrates that the
homogeneous decay. competes more effectively with the inhomogeneous decay
caused ﬁy destructive interference. This result illustrates that the
off-resonant vibrationai components need a certain time period after:the
excitation pfocess to precess 180° and cause pronounced destructive
interference in tﬁe probe Stokes signal decay curve. For the faster T,
dephasing times, the homogeneous. dephasing dominates the probe Stokes
signal decay curve-beforevthe'off-resonantfvibrational_componentsvcan
influence' the decay curve. Likewise, viewed in the frequency domain,
the homogeneous linewidth determines the homogeneous decay time and the
effective inhomogeneous linewidth determines the effective inhomogeneous
decay time. The greater the ratio of the homogeneous linewidth to the

effective inhomogeneous linewidth, the more the coherent probe Stokes

signal approaches (T2/2) exponential decay.

IX. Vibrational Dephasing Experiments in the High Laser
Depletion Regime

The above results demonstrate that selective vibrational dephasing
experiments are possible using transient stimulated Raman excitation and
coherent Stokes Raman probing. High laser depletion is required in the

excitation process. A probe pulse collinear with the excitation pulse
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is required in the probing process.

| The results from Secs. VI.A-C. indicate that éelectivity measured
by the ratio 35/66 is determined by Aw and tp, but not T4;. The results
show that selectivity is approximately determined by
(tp/Tz)X(AmT2)=tpAw; On the other hand, the experimental accuracy
measured by the coherent probe Stokes signal is also dependent upon the
ratio of the hoﬁogeneous linewidth versus the effective inhomogeneous
linewidth. " The larger .this ratio, the more closely the probe Stokes
signal decay curve approaches (T2/2) exponential decay.

For tp=7 psec and high laser depletion, the results for the five-
component vibrational linewidth generalized to a continuous distribution
yield an effective inhomogenéous linewidth (FWHM) Awpyg=2-5 cn~l. This
effective inhomogeneous linewidth will lead:to an inhomogeneous
<. »dephasing :contribution.:in the coherent'Stbkesmsignalvdecay-curve
according to Eq. (24). Consequently, a Stokes signal decay curve faster
than the pure homogeneous (T2/2) decay will be observed.

The experimental accuracy is measured by how well the probe Stokes
signal decéy curve approaches <T2/2) exponential decay. Given a
Gaussian effective inhomogeneous linewidth (FWHM) AuoINH=2.5vcm"1 and a
Lorentzian homogeneous linewidth (FWHM) AwH(cm_1)=l/ch2, we can
estimate thé accuracy to which the experimentally determined decay Texp
will measure homogeneous dephasing decays (T2/2) in vibrational
linewidths which are inhomogeneously broadened. For homogeneous
dephasing times Ty)<4.4 psec, the estimated accuracy of the experimental
measurement is Texp>0.6(T2/2). The exﬁerimental accuracy progressively
increases as the dephasing time decreases, in agreement with the

behavior for the five-component linewidth discussed in Sec. VIII.A. For
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homogeneous dephasing times T2<3.2 psec, the estimated dccuracy of the
experimenfal measurement increases to texp>0.7(T2/2). For homogeneous
dephasing times T2<2.3 psec, the estimated accuracy of thevexperimental
measurement increases further to Texp>0.8(T2/2). For T2<1.4 pgec, the
estimated accuracy'reaches Texp>0.9(T2/2). These results indicate that .
dephasing times T2<4.4 psec can be measured to a high level of accuracy
in inhomogeneously broadened vibrational linewidths using collinear
coherent Stogeswprobe scattering.

A typical vibrational dephasing time in a liquid at P=1 Atm. is
T,=3 psec [1,6]. Assuming this dephasing time in an inhomogeneously
broadened vibrationalvlinewidth, the experimentally determined decay
Texp will measure the homogeneous dephasing time to an accuracy
Texp=0.7(T2/2)° This level of accuracyvis certainly capable of
‘detecting differences between various T2 dephasing times. This may

explain the wide range of dephasing times measured in varioué liquids

[1-6].

A. Experimental Evidence for Selectivity

Recent vibrational dephasing experiments discussed in Chap. 5 have
‘been conducted in high laser depletion with laser pulse widths
tp=7psec. These experiments have provided results which corroborate the
results of these calcﬁlations [10,11]. Briefly, ﬁhe vibrational
dephasing times T2/2 were measured for the symmetric CHy-stretching
vibration in liquid acetonitrile at various temperatures over -

acetonitrile's entire liquid range at P=1 Atm. Over the same

temperature range at P=] Atm., the corresponding isotropic Raman



linewidths for thé symmetrié CH3-stretching vibration are nearly
invariant with temperature [11,30].

The decay times from individual measuremenfs at various
temperatures were consistently different and reproducible [10,11]. fhe
error bars on the measurements were well within the differences between
various temperatures. If this viﬁrational dephasing experiment
conducted in high laser depletion was not selective, the invariant
isotropic Raman linewidth versus temperature should have yielded
identical decay curves at various temperatures. This was certainly not
the case. Different dephasing timés were measured at different

temperatures, in agreement with vibrational dephasing models [10,11].°

X. Summary and Conclusion

A theory for selective vibrational dephasing experiments using
transient stimulated Raman scattering in high laser depletion has been
developed. The main features of this interpretation are as follows:
The stimulated Stokes field grows until the excitation laser field is
substantially reduced. When the excitation laser field is depleted, the
Stokes field and the vibrational .amplitude regenerate a new 180° phase-
shifted laser field. The off-resonant vibrational amplitudes then
respond to thé'180° phase-shifted driving field by changing their
phases. This results in changing vibrational phases at different
spatial locations in the Raman cell.

The changing vibrational phases and vibrational amplitudes at
different spatial locations lead to é substantial reduction in the

collinear coherent probe Stokes fields generated by the off-resonant:
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vibrational amplitudes. This leads to greatly enhanced selgctivity for'
the resonant vibrational amplitude in high laser depletion. The
selectivities for the off-resonant vibrational components close to the
center frequency are reduced somewhat because their vibrational
amplitudes are reduced by the laser regeneration. This process limits
the maximum possible selectivity in hiéh laser depletion.

The theoretical selectivity is greatly dependent upon the laser

pulse width t_ and the off-resonance magnitude Aw, but only weakly

P
dependent upon tﬁe dephasing time TZ' The accuracy of the experimental
measurement of the homogeneous dephasing time T2 is also dependent upon
the competition between the homogeneous and the effective inhomogeneous
dephasing times..

Using a laser pulse width‘tp=7 psec, the calculations indicatevthat
dephasing times T2§4.4 psec can.be measured to a high level of accuracy -
in vibrational linewidths which are inhomogeneously broadened. These
results demonstrate that transient stimulated Raman scattering
techniques can still be used to study vibrational dephasing dynamics in
inhomogeneously broadened vibrational linewidths. The contradictions in
previous vibrational dephasing studies by Kaiser and coworkers [1-3,7-9]

may be explained by the selectivity differences in the high and low

laser depletion regimes.
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Chapter 3: Inhomogeneous Broadening of Vibrational Linewidths

in Polyatomic Liquids

I. Introduction

Until recently, there has been no evidence to suggest that non-
polar or nonThydrogen—bonded liouids were significantly inhomogeneously
broadened and consequently most vibrational dephasing theories and
studies have neither made this distinction nor addressed this
possiblity. In a recent paper [l1], however, we observed that even very
simple non-hydrogen-bonded liquids can be significantly inhomogeneously.
broadened. This immediately poses. an important question. Is
inhomogenoeusybroaden;nghin-non—hydrogenfbonded-liquidSngeneral, and if
s0, what is the physical origin of the broadening?

In order to study the inhomogeneous broadening of the symmetric
CH3-stretching liquid vibrational linewidths in a variety of liquids,
© isotropic spontaneous Raman scattering studies and selective excite=-and-
probe vibrational dephasing experiments [2] were performed. The
selective vibrational dephasing experimenté allow tho homogeneous
linewidth of a single, distinct vibrational isochromat to be determined
in a vibrational lineshape which may be composed of a continuous
frequency distribution of vibrational isochromats established by
inhomogeneous broadening processes.

Since spontaneous Raman scattering arises from all the vibrétional
isochromats in the distribution, isotropic spontaneous Raman scattering

yields a lineshape which arises from the convolution of both the
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- homogeneous andvinhomogeneous broadening lineshape functions.
Consequéntly, the inhomogeneous broadening lineshape function can be
obtained by deconvoluting the homogeneous.lineshape function, determined
by the picosecond experiment, from the isotropic spontaneous Raman
lineshape function. Thus the inhomogeneous broadening of vibrational
lineshapes in liquids can be studied and. related to structural and/or
dynamic properties éf the liquid. |

“In this chapter the generality of inhomogeneous broadening.of
symmetric CH3-stretching vibrational linewidths in non-hyarogen—bonded
liquids is established. A simple model is proposed for the broadening's
magnitude which is based on the width of the distribution of local
number densities in the liquid. 1In addition, a stochastic lineshape
theory is developed which treats homogeneous and  inhomogeneous
* broadening simultaneously in terms of-one vibrational.correlation

function.

II. Experimental

The symmetric CH3-stretching vibrations studied in this experiment
were coherently excited by transient stimulated Raman scattering [3].
Coherent excitation establishes a macroscopic coherent superposition of
vibrational states v=0 and v=1 in a group of symmetric CH3—stretching
vibrations, i.e.,.pOI(t), an off-diagonal density matrix element in the
symmetric CH3-stre;ching vibrational oscillator basis set. The
coherently excited symmetric CH3—stretching vibrations were then probed
using collinear coherent Stokes Raman scattering [4,5]. The macroscopic

coherent superposition of vibrational states v=0 and v=1 oscillates with
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a well-defined phase and produces a macroscopic modulation of the
optical refractive index'at the vibrational frequency through the
coupling p%rameter da/3q, the change of polarizability, a, with .
vibrational coordinate, q. The incoming probe pulse scatters off this
modulated refractive index préducing sidebands, i.e., beat frequencies
shifted. by the vibratioﬁal frequency to higher and lower frequencies.
The selectivity of the collinear coherent Stokes scattering is discussed
in Chap. 2. |

The details of the excite-and-probe vibrational dephasing‘
experiments are discussed in Chap. 5. In constrast to the experiments
in Chap. 5, which employ an electronic pulse selector, the following
experiments were performed: using a spark gap [6] to select single
picosecond pulses from the rising edge of pulse trains emitted from a
stabilized, passively mode-locked Nd:glass. laser. In general, the spark
gap was much less reliable and reproducible than the electronic pulse
selector. In addition, the pulses were compressed by passage through a
1 cm cell of Eastman Kodak dye #9860 with an 0.D.=3.0 at 10,600 A. The
 experiments in Chap. 5 were performed using 0.D.=1.0. After installing
the electronic pulse selector, this.chaﬁge in O0.D. was necessary in
order to obtain pulses with rapid rising edges equivalent tc the pulses
used-in‘this_chapter.

Isétropic spontaneous Raman iiﬁeshapes were obtained using a
standard Argon ion laser and a double monochromator scattering unit.
The polarized Stokes scattering lineshapes were essentially the same as
the isotropic linesﬁapes because of the very small depolarization factor

for the symmetric (Hj-stretching vibrations in the liquids studied.



III. Results

' Figure 1 shows the coherently scattered Stokes signal as a function
of probe pulse delay for the symmetric CH3—stretching vibration»in '
methanol and ethanol. The error Sars on the data points represent the
standard deviation of the individual coherent Stokes signals. On the
average, the observed dephasing times were T2/2=1.2t0.5 psec for
methanol and 1.25#0.5 psec for ethanol. The isotropic Raman lineshapes
of the same vibrations are also shown in Fig. 1. From the measured
dephasing times, we calculate the corresponding homogeneous Lorentzian
lineshapes which are also drawn in Fig. 1. From these superimposed '
lineshapes the inhomogeneous broadening in these two hydrogen-bonded
liquids can easily be visualized.

Figure 2 shows. the coherently scattered. Stokes signal as a function
of probe pulse delay for the symmetric CH3—stretchiﬁg vibration in
acetone and methyl sulfide. On the average, the observed dephasing
times were T2/2=1.5t0.5 psec for acetone and 1.9+0.5 psec for methyl
sulfide. The isotropic Raman lineshapes and homogeneous Lorentzian
lineshapes corresponding to the measured dephasing times are also shown
in Fig. 2. The superimposed lineshapes display significant
inhomogeneous broadening for both of these non-hydrogen-bonded -
liquids. Two mbre examples of non-ﬁydrogen-bonded liquidé are given in
Fig. 3 for trichloroethane and acetonitrile. There was no observable
broadening within the error limits in trichloroethane, which is
consistent with the results of Laubereau et al. {7,8].

The average experimental dephasing times, calculated homogeneous

linewidths; and isotropic Raman linewidths for all the liquids studied



FIG. 1 Experimental data for the symmetric CH3-stretching vibration in .

methanol and ethanol. Coherently scattered Stokes signal as a function
of probe pulse delay in (a) methanol and (¢) ethanol. Isotropic Raman
lineshapes and homogeneous Lorentzian lineshapes calculated from the

measured dephasing times in (b) methanol and (d) ethanol.

FIG. 2 Experimental data for the symmetric CH3—stretching'vibration in
acetone and methyl sulfide. Coherently scattered Stokes signal as a
function of probe pulse delay in (a) acetone and (c) methyl sulfide.
Isotropic Raman lineshapes and homégeneous Lorentzian lineshapes
calculated from the measured dephasing times in (b) acetone and (d)

methyl sulfide.

FIG. 3 Experimental data for the symmetric (H3—stretching vibration in
trichloroethéne and acetonitrile. Coherently scattered Stokes signal as
a function ofvprobe-pulse delay in (a) trichloroethane and (c¢)
acetonitrile. Isotropic Raman lineshapes and homogeneous Lorentzian
lineshapes calculated from the measured dephasing times in (b)

trichloroethane and (d) acetonitrile.

TABRE 1. Experimental dephasing times, calculated homogeneous
linewidths, isotropic Raman linewidths and inhomogeneous broadening

linewidths for the symmetric CH3—stretching vibrations in the various

liquids studied.
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are compiled in Table 1. We found that symmetric CH,-stretching

vibrational 1inewidths in non-hydrogen-bonded liquids are

inhomogeneously broadened to various degrees [9]. Thus .the symmetric

CH3-stretching vibrational linewidths of non-hydrogen-bonded liquids are
not motionally narrowed, presumably because the liquid site relaxation

times are much longer than earlier predictions.

Iv. Inhomogeneously .Broadened Lineshape Analysis

If the liquid vibrational band is inhomogeneously broadened, the
lineshape observed by isotropic spontaneous Raman scattering arises from
the convolution of two independent lineshape functions : L(w), the
homogeneous lineshape function which is Lorentzian; and G(w), the
inhomogeneous broadening lineshape functioﬁ. The resultant vibrational

lineshape function, I(w), can be written as a convolution integral:
I(w) = _./° L(w")6(w~w') du' (1)

Since isotropic spontaneous Raman scattering gives the lineshape
for I(w) and the picosecond measurement gives the homogeneous Lorentzian
lineshape, L(w), the inhomogeneous broadening lineshape, G(w), can be
obtained by deconvoluting the isotropic spontaneoﬁs Raman‘and
homogeneous Lorentzian® lineshapes. Unfortunately, I(w) is not easily
reéresented by a simple functional form. In most casés, however, I(w),
the isotropic spontaneous Raman scattering lineshape, is somewhere in
between a Gaussian and Lorentzian lineshape.

One well-studied lineshape which is intermediate between a Gaussian
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and a Lorentzian is a Voigt profile, which is a convolution of
independent Gaussian and Lorentzian lineshapesvllO,ll]. If the.
isotropic, spontaneous Raman lineshape is assumed to be a Voigt profile,
which is usually the case, and the inhomogeneous broadening lineshape is
assumed to be a Gaussian [12], the problem of deconvolution is greatly
simplified. Numerical deconvolution is not necessary because if the
linewidths for the Voigt and Lorentzian lineshapes are known, the
linewidth for. the.Gaussian .lineshape can be determined from numerical -
Voigt profile tables [11]. The linewidths for G(w), the inhomogeneous
broadening lineshape function, were determined after making the above
assumptions and are listed in Table 1.

Several general observations can be made about the data in
- Table 1. First, the homogeneous widths are.rather uniform relative to
the iﬁhomogeneous widths. .Second, even non-polar liquids such as
pentane are highly»inhomogeneously broadened. Moreover, although the
hydrogen-bonded liquids display the greatest inlomogeneous broadening,
they do not form a class by themselves. Several non-hydroden-bonded

liquids are broadened almost as much as the hydrogen-bonded liquids.
V. Discussion

After determining that the inhomogeneous broadening lineshape

1

linewidths varied from 1 to 15 cm ~, attempts were made to correlate the

inhomogeneous broadening linewidths with various liquid parameters.
Initally, we assumed that the inhomogeneous broadening was determined by

a distribution of environmental sites which establishes a certain

continuous frequency distribution of vibrational isochromats. This
L



assumption is supported‘by studies on hydrogeq—bonded Iiﬁuids t13,14]
which suggest that the attractive portion of the intermolecular |
potential, viz., the hydrogen bond, causes long range correlations in
the intermolecular forces énd creates a distribution §f environmental
sites which establishes é distribution of vibrational frequencies.
Furthermore, recent picosecond experiments have demonstrated that
hydrogen-bonded liquids are severely inhomogeneous broadened [4],

" .presumably because the attractive portion of the intermolecular
potential causes long-range correlations which enable environmental
sites to persist for >5 psec.

Because the attractive portion of the intermolecular potential is
implicéted in the inhomogeneous broadening of hydrogen—bonded'liquids,l
attempts were made to correlate -the inhomogeneéous broadening-in non-

" hydrogen-bonded liquids with various liquid'intermolecular'attrattion'"

parameters. No correlation was observed, however, with: Trouton's

ratio; B.P./M.W. (Boiling Point/Molecular Weight); the molecular dipole?

moment; the hydrogen bonding parameter; or the polarizability. In
addition, no correlation was observed with the Kirkwood dipole
correlation factor [15]. On the other hand, the ultrasonic absorption

constant displayed a slight correlation with the inhomogeneous

broadening [16]. The correlations of these liquid attraction parameters

and the inhomogeneous broadening have been discussed in detail [17].

Since the inhomogeneous broadening linewidths did not correlate
with liquid attraction parameters, attempts were made to find a
correlation with other liquid parameters. The inhomogeneéus bioadening
does tend to scale with the molecule's deviation fromvspherical

symmetry. The simplest, most spherical molecules, trichloroethane and
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methyl iodide, are nearly homogeneous,vwhereas the longest, least
spherical molecules, metﬁyl formate and pentane are extremely
inhomogeneous. This seggests that the molecules's shape determines how
the molecule can pack with other molecules, which may influence the

number of environmental sites that are formed in the liquid [18].

A. Correlation with Liquid's Local Number Density Distribution Width

A correlation was observed between the inhomogeneous broadening
linewidth and the liquid's free volume [19]. The correlation is shown
in Figure 4. This correlation suggests that the liquid's entropy
participates in establishing the ‘number of environmental. sites in the
liquid since the liquid's eﬁtropy may cause the liquid's free volume to
distribute itself in order to maximize the number to interactions of
molecules with other molecules and/or free space. fIn»such a case, the
number of different environmental sites in the liquid would be
functionally dependent upon the liquid's free volume.

Free volume alone does not elucidate the distribution of values in

a liquid parameter which may give rise to a distribution of

environmental sites. The liquid's free volume, however, is closely
related to the distribution width of the liquid's local number density
through the isothermal compressibility. Since a distribution of local
number densities could conceivably create a distribution of distinct
vibrational frequencies, this parameter will be derived and discussed in
detail. |

Following the standard treatment [20,21], we treat the liquid as an

open, isothermal system of volume V, and apply the method of most
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FIG. 4. Graph of the inhomogeneous broadening linewidth versus the free

volume percentagé in the liquid.

FIG. 5. 'Graph of the inhomogeneous broadening linewidth versus the

width of the distribution of local number densities in the liquid.
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probable distributions to characterize thé_spread in the distribution of

the number of molecules; N
N-(D)2 = o? = kT(3N/30)y 4 (2)

where 7 is the chemical potential. Introducing the number density,

p=N/V, and using the relation dz=Vdp, one can show that:
oy? = (M3(KT) X (kp/V) | (3)
N T “T :

whefe'KT is the isothermal compressibility of the liquid. Since V is
constant, Eq. (4) can be rewritten to yield.op, the fluctuation in the

liquid's number density:

g, =p X [(kTKT)/V]l/2 (4)
9, characterizes the spread in the number density distribution, i.e.,
the root mean-square deviation from the mean of the number density. We
will refer to 9, as the local number density distribution width since
the volume, V, can be arbitrarily scaled down to molecular dimensions.

the local number density distribution

In order to calculate Y

width, values for the isothérmal compressibility are needed.
Unfortunately, very few experimental liquid isothermal compressibility
values have been determined. The isothermal compressibility, KT, can be

calculated, however, using the equation [22]:
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oy = [1/Rg=(2/V) (8, ~RT)] 7L - - (s

'where Ko is the isothermal compressibility for a fluid of hard spheres:

L}

Ko = (V/NT) X [(1-y)%/(142y)1% (6)

This equation is derived from the free volume theory of liquid and has
been shown to give satisfactory agreement with experimental values
[22]. 1In the expression for Ky, the packing fraction of the liquid, vy,

is defined as:
_ 3 ' : .
y = (7/6) pyo _ (7

where Py is the number density of the liquid and o is the hard sphere
diameter. The hard sphere diameter can be approximated using the
relationship [23]:

3 = 1.04/p, | (8)

‘where Pg 1is-the number density of the solid at the melting point [24].

All paramgter values, calculated isothermal compressibilities and local

number density distribution widths have been given previously [17].
Figure 5 shows a graph of the inhomogeneous broadened linewidth

1
magnitudes versus o, a p(KT)/Z . This plot demonstrates that the amount

p

of inhomogeneous broadening in approximately proportional to the

- liquid's local number density distribution width. This correlation

suggests that either the local number dénsity distribution causes the



inhomogeneous broadening or that the local number density distribution
scales with some other liquid property that causes the inhomogeneous

broadening.

VI. Stochastic Lineshape Theory for Inhomogeneous Eroadening

A. Kubo-Anderson Stochastic Theory

In order to develop a model for inhomogeneous broadening of
vibrational transitions in a more formal way, the inhomogeneous
broadening problem was constructed in the time domain. The Kubo-
Anderson stochastic theory of lineshape [25,26] provides a simple
theoretical framework from which inhomogeneous broadening can be
formalized and visualized. Formally, the Hamiltonian for the

vibrational oscillators can be written:

H=Hy+ H, + Hy (9
where  Hy = ] h(wg + du(t)) ajTay (10)
Hy = Jj 0 V(aj,aj+, R;(r), 05(r)) | o (1)
Hy = Ljx Peje (5ot + apas™h) | (12)
g5k = F(Ry(r,t), Re(r,t), 0;(r,t), §(r,t)) © o (13)

The subscript j sums over the various sites and 0y is the
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‘population fraction at each site. HO is the unper;u:bed Hamiltonian
containing Aw(t), which gives rise to the homogeneous lineshape of each
vibrational isochromat.: Hp is the perturbing ﬁamiltoniah whicﬁ causes a
frequency splitting according to the>particular environmental sites
which are dependent‘upon Rj(r), the molecular radial distribution around
site j. H, is the motional Hamiltonian which interconverts
environmental sites at a rate gjk’ determined by changes in the
molecular distribution and orientation.

The commutation relationships are as follows:

[Hy,H_] = 0 (14)
[Ho,Hy) # 0 (15)
[H,,H,] # 0 (16)

HO commutes with Hm in the‘limit that HO and Hm opérate on
different timescales. Since Aw(t), viz. the time~dependent processes in
HO which give rise to the homogeneous linewidth, fluctates on the
picosecond or subpicosecond timescale and gjk’ the site interconversion
rate, occurs on the timescale of diffusion or rotation; this limit is
probably obeyed. |

Hp does not commute with Ho, therefore Hp can change wg, the

natural frequency of HO. Hm does not commute with H therefore Hy

p’

causes a time variation of Hp according to:

ih, = [H,H)] - | (17)
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= [Hgu M) + [ HOT = [H R | (18)

[HO,Hp]=O_since Hp is assumed to have no important matrix elements
connecting various unperturbed states of HO. Hp only changes the

frequency without causing transitions.

B. Randomly Modulated Oscillator Model

The precise form of the formal Hamiltonians given above is not
known. In the absence of exact Hamiltonians, however, a randomly
modulated oscillator model can be used [26]. This approach treats the
vibration as as oscillator with a randomly modulated frequency and
allo&s both the homogeneous and inhdmogeneous broadening problems to be
treéted easily.

In this treatment, the vibrational oscillator, with a natural

frequency Wy » is given an equation of motion:
x = 1w(t)x (19)

where w(t) is the frequency with random modulation. The time average of

w(t) is wy and w(t) can be written as:
w(t) = wy + w(t) ' (20)

where wl(t), the stochastic process, represents the fluctuation in

frequency.



wl(t) can be described in terms of two characteristic parameters: '
A, the amplitude of the frequency change during the modulation; and Tes
the correlation time of the modulation. Given a probability

distribution P(w;) for the frequency modulation:

a2 = f wlzP(ml)dw1 ' ‘ (21)
and To = Of°° ¥(t)drt (22)
where  ¥(1) = 1/82 <w (t)w (t+1)> (23)

A relaxation function, ¢(t), can be defined for the oscillator.

o(t) = <exp i ofF wy(t")dt"> (24)

If wl(t), the frequency displacement modulation, is a Gaussian process: -

o(t) = expl-42,[t(t-1)¥(1)dt , (25)
If ¥(1), the correlation function for the modulation, is assumed to be

exponential, i.e. W(r)=exp[-t/rc], the correlation function of the

oscillator can be written [27]:
o(t) = eXP('AZ[Tcz(exp(—t/rc)—l)+trc}) (26)

Given this formalism, there are two limiting situations which are
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distinguished by the relative magnitudes of A and Ta [26]. For AT >>1,
i.e. slow modulation related to inhqmogeneous Erpadening, Te is large
compared to 1/A apd the frequency intensity distribution mirrors the
amplitude distribution of the modulation. Thus a Gaussian distribution
of frequency amplitude modulations yields a Gaussian lineshape. For

A1 <1, i.e. fast modulation related to homogeneous broadening, T, 1is
small compared to 1/A and the frequency intensity distribution

’approaches a Lorentzian in the limit ATC*O.

C. Vibrational Correlation Functions for Rapid and Slow Modulations

If the liquid has slowly varying intermolecular forces creating
local étructure, individual vibrational oscillators can vibrate in a
distribution of different molecular environments which establishes a
frequency distribution of vibrational isochromats. The frequency
distribution of vibrational isochromats causes vibrational dephasing
because of destructive interference amo;g the individual frequencies in-
the distribution. The slowly varying intermolecular forces can be
n.A., which

J 1]

» and a modulation correlation time,

characterized by a frequency modulation amplitude, AINH=Z

can be formally derived from H,

TINH® which is related to the time dependence of H through

P

ihﬁp=[Hm,Hp]. These characteristics define the vibrational correlation

function contributed by the slowly vérying intermolecular forces:
2(t) 1y = exp (=l [Ty (exp (=t/ ) ~1)+ Trg]) (27)

In addition to the slowly varying intermolecular forces, short
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range, rapidly varying, dynamical modulation processes-can cause
vibrational dephasing of individuai vibrational subunits. The short -
range, rapidly varying modulation processes can be characterized by a
frequency modulation Ay and a modulation correlation time Tye These
quantities can be dgrived from Aw(t) in HO. Particuiar forms for Aw(t)
are given by various vibrational dephasing models [28]. The
characteristics of the rapid, short'range modulation processes define
‘the vibrational correlation function for an individual vibrational

isochromat:
(t)y = exp(-AHz[THZ(exp(-t/TH)—1)+tTH]) (28)
[AZHTH]"1 in the above expression is'equivalentvﬁo TZ’ the homogeneous

vibrational' dephasing time, for t>ty in the limit of fast

modulation [27].

D. Unification of Rapid and Slow Vibrational Correlation Functions

Since the homogeneous vibrational linewidth comprises a substantial
.fraction of the spontaneous Raman lineshape, the spontaneous Raman
lineshape is treated as a convolution of two independent lineshapes.
Likewise, the vibrational corfelation function corresponding to the
inhomogeneously broadened spontaneous Raman lineshape must be exptessedv

as a product of two modulation correlation functions. The product is

strictly valid only when ¢(t) and ¢1Nu(t) decay on different
timescales. This is tantamount to the requirement that Hy and H must

operate on different timescales in order for them to commute.
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¢(t) = o(t)e(t) Ny , (29)

The vibrational spectrum is related to the vibrational correlation

function by:.
I(w) = 1/27 _J” exp[-iwt]®(t)dt (30)

Because I(w)=fL(w')G(w-w')dw' for inhomogeneously broadened spontaneous

Raman lineshapes:

1/2n _ ¥ exp[-iwt]é(t)dt (31)

_mwa(w')G(w-w')dw'

1/2n _of% expl-iuwt ]&(t)e(t) ypdt (32)

Since the Fourier transform of a product of two functions is given
by the convolution integral over the products of Fourier transforms of
the separate factors, L(w) can bé identified as the Fourier transform of
'é(t)H and G(w) can be identified as the Fourier transform of ¢(t)INH.
Thus the problem of inhomogeneous broadening has been construéted in the
time domain. This is useful because the time domain picture easily
relates the inhomogeneous and homogeneous broadening to frequency
displacement amplitudes‘and correlation times, and treats the

inhomogeneous and homogeneous broadening simultaneously in terms of one

vibrational correlation function.
This stochastic lineshape theory unifies the various slow and fast
modulation approaches to vibrational dephasing. In the slow modulation

limit, a static or quasi-static frequency distribution of vibrational
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isochromats causes Qibrational dephasing because of destructive
interference among the individual frequencies in the distribution. In
the fast modulationVlimit, rapid1y verying.processes cause vibrational
dephasing by randomly modulating'the ffequency of the individual
vibrational isochromats. These siow and fast modulation limits can be
unified using the parameters TH, TINH® AH and AINH to define the
complete §ibrational correlation function. |

~

E. Model for Inhomogeneous Proadening

The amount of inhomogeneous broadening was previously demonstrated

to be approximately proportional to ¢_, the width of the distribution of

p?
local number densities in the liquid.. Now a model is developed which

relates 9 to Apyy and TINH® -First, we propose that A1NH is.related to

the mean intermolecular force that the environment imposes on a

molecular vibration. Second, we propose that the intermolecular force

has a distribution which is proportional to the width of the local

number density distribution. Therefore:

AN @ 9, (33)

N

We note that these ideas have been further developed on theoretical
grounds by Schweizer and Chandler as discussed in Chap. 4.

i =V.n.V(a.,a.T,R.(r),0.
Aryy can be formally derived from H, ZJnJV(aJ,aJv JFr) J(r)) or

ArNE= EjnjAj where individual Aj values result from the particular Rj(r)

and Oj(r) configurations which give rise to the site. : Specific local v

number densities in the local number density distribution affect Aj
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through Rj(f)vand possibly_@j(r).
Third, we expect that Tinyg» the inhomogeneous broadening modulation

correlation time, is proportional to the time required for positional or

orientational interconversion of molecules, i.e., proportional to

diffusion or rotation times. This can be derived from ihﬁp=[Hm,Hp].
. =Y + ‘
Since Hp ZjnjV(aj,aj ,Rj(r),Oj(r)) and H a F(Rj(r,t),CE(r,t)), the

changes in Rj(r,t) and Gj(r,t) givé rise to a time variation in Hp.

Formall?, Hm is “constructed as an exchange Hamiltonian. 1In time
TINE® thérefore, site j is converted into soﬁe site k because Qf
positional, Rj(r,t), and orientational, Qj(r,t), movements of
molecules. In agreement with these ideas, the temperature dependent
inhomogeneoué broadening behavior discussed in Chap. 5 is consistent
‘with Tynyyg Proportional to 1/D where D is the translational diffusion
constant,

In this experiment, we observed thét Awyynyg» the linewidth of the
inhomogeneous broadening lineshape function is apéroximately
proportional to Ogs the width of the distribution of local number
densities in the liquid. In addition, the broadening must be
proportional to f(TINH)’ a function dependent upon Trnygs the

inhomogeneous broadening correlation time. Therefore we propose that

the linewidth of the inhomogeneous broadening lineshape function is

proportional to the product of o_ or Ayyg_and f(TTNH):

Bupyg @ £(Tpyy) X 9, ' (34)

In the limit Ting?0, i.e. the fast modu;ation limit SrnaT1NaSKL
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the lineshape is Lorentzian and f(TIﬁH) approéches AINHTINH/"C.in order
to give the correct linewidth for a Loreﬁtzian lineshape. In this
limit, ﬁhe inhomogeneous broadening processes have become homogeneous
procésses as will be discussed in (hap; 5. 1In the limit TiNg>®» i.e.
the slow mbdulation limit, the inhomogeneous Broadening 1ineshapé
function is Gaussian and f(tINH) approacﬁes the factor (2 anjVZ/nc in
order to give'thevcorrect linewidth for a Gaussian lineshape. The

: picosecond.data,in this. experiment is in the best agreement with this

limit since AmINH is apprdximately proportional to cp. ..
VII. Summary

We believe this is the_first account of inhomogeneous broadening in
‘"non-hydrogen-bonded liquids and the first attempt to relate
inhomogeneous broadening to various liquid parameters. We emphasize
that symmetric CH3-stretching vibrational linewidths in non-hydrogen-
bonded liquids are inhomogeneously broadened to various degrees. A
correlation is established between the inhomogeneous‘broadening and the
width of the distribution of local number densities in the liquid.

Based on this correlation, a model for inhomogeneous broadening in
1iquid§ is constructed. A stochastic lineshapeAtheory is developed in
which homogeneous and inhomogeneou§ broadening processes are treated
simultaneously in terms of one vibrational correlation function. This
treatment unifies the fast and slow modulation approaches to vibrational
dephasing. This approach demonstrates how isotropic Raman scattering
studies and selective vibrational dephasing experimentsycahvbe used to

study the inhomogeneous broadening of vibrational linewidths.
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Chapter 4: Dependence of Inhomogeneous Vibrational Linewidth

Broadening on Attractive Forces from Local Liquid

Number Densities

George, Auweter and Harris(GAH) [1] recently demonstrated that
vibrational linewidths in non-hydrogen-bonded liquids were
inhomogeneously broadened to various degrees as discussed in Chap. 3. A
correlation was observed between the inhomogeneous broadening and 95>
the width of the number density distribution in the liquid. The
correlation suggested that a distribution of different, slowly varying,
local number densities in a liquid created a distribution of distinct
vibrational frequencies. This model led to the proposal that the
inhomogeneous broadening linewidth is proportional to ¢

0}

LW a p (kBInT*@ : (1)

where p is the number density, kéT is the thermal energy and «p is the .
isothermal compressibility.

As probably suspected from earlier work [1-11], Schweizer and
‘Chandler(SC) [12] subsequently demonstrated that vibrational linewidths
.in liquids are broadened by two types of forces which are separable in
time: rapidly varying repulsiye forces which give rise to homogeneous
broadening and slowly varying attracti?e forces which lead to
inhomogeneous broadening. When the attractive force correlation time,
Tp==, their model led to the prediction that the absolute inhomogeneous

broadening linewidth is given by:
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W = 2(21n2)72 <szA>/(ﬁ)1/2 X (pkBTKT)I/Z - | (2)
where N is estimated to be the average number of nearest neighbors and
<Q,> is the attractive force contribution to the vibration's gas-to-
liquid frequency shift. <Q,> is a measure of the maghitude of the
slowly varying atﬁractive forces from the surrounding liquid density and
is thought to be associated with multipole interactions [12].

Notice that the SC theory makes a prediction for the absolute
magnitude of thevinhomogeneous broadening linewidth. However, the
density, temperature and isothermal compressibility dependence of the
two predictions are almost identical. This indicates that both

predictiéns-are proportional to o [1]. The substantial difference

p
between the prediétioﬁs is (QA>,'which raises importént questions
_cdncerning the ﬁhysical mechanism of inhomogeneous broadening. Does
24>, in fact, play a significant role in inhomogeneous broadening?
Which factor, <QA> or op, is more important for inhomogeneous
broadening? |

The inhomogeneous broadening predictions of the SC theory were
tested and the‘imﬁortance of <2,> on the proportionality was determined
by comparing the SC predictions to the measured inhomogeneous broadening
linewidths for various symmetric CH3-stretching vibrations [1]. The
measured inhomogeneous linewidths were determined using a c§mbination of
picosecond vibrational dephasing experiments and isotropic Ramgn
investigations [l]. This combined approach, unlike isotropic

spontaneous Raman studies alone, can separate the contributions of

homogeneous and inhomogeneous broadening [1,13]. By contrasting the SC



and GAH correlations, the relative importance of <QA> and op in the
inhomogeneous broadening correlation plot fof the various. liquids at
room temperaturéAand 1 atmosphere pressure was détermined;'

According to the SC theory, <Q,> is derived from <Q>exp= < >HQp>
where(ﬂ)exp is the experimental gas-to-liquid vibrational frequency
shift. The repulsive force contribution to the gas-to-liquid
vibrational frequency shift, <QR>, ié caléulaféd theoretically by
Qip>=4q<Fp> where Aq is the length change along the normal mode
coordinate for a v=0+1 transition and <Fp> is the liquid's repulsive
force along the normal mode coordinate. <Fp> can be defined in terms of
forces along individual bonds. 1In order to calculate the repulsive.
force on a particular bond, the "free floating bond” approximation is
utilized and the particular bond is replaced by a homopqglear diatomic
.whiéh defines the bond {12]. <FR>,is subsequently determined by the
slope of the two-point cavity distribution function for this solute
homonuclear diatomic dissolved in a hard sphere solvent [10,11].

We calculated <Fg> along an individual C-H bond following the SC
treatment of the C-H stretch in-chloroform [12]. The ca&ity
distribution function was evaluated_using ;he polynomial expression and
numerical tables for the tavity distribution function [10]. We
determined the total repulsive force on.the symmetric CH3—stretching
vibration by projecting the repulsive forces along the individual C-H
bonds onto the methyl gfoup's C3v axis. This procedure converted the
methyl group into an equivalent diatomic. Thus, the repulsive force on
the equivalent diatomic representing the methyl group,
<E;> = 3 cosa <Fp>, where cosd = 1/(3)V2.

For consistency, we also calculated the length change along the
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symmetric methyl normal mode coordinate after converting the methyl
group into an equivalenf diatomic. After the masses are projected onto
tﬁe methyl group's C3v éxis, the reduced mass needed to define the
effective diatomic bond length change, 5;, is given by

u=(3 m gy cosa)/(mc-+3vmH cosa). The bond length change, &;, was defined
using expectation values given by Oxtoby [5] and was evaluated using a
measured anharmonicity constant [14].

<Q,> was evaluated using the calculated 5;, <E£§ and (5;5 values
and the measured <Q>exp values listed in Table 1. Using the calculated
Q4> values, the SC absolute inhomogeneous broadening linewidths at room
temperature were determined using previoﬁsly derived isothermal
compressibility values [1] with N=6 [12].

The correlation between the SC predicted absolute inhomogeneous
broadening . linewidths. and the measured  inhomogeneous broadening
linewidths (FW%M) are shown in Figure 1. The GAH predicted
inhomogeneous broadening linewidths, normalized to the SC absolute
predictions using methyl sulfide, are also given. Notice that, although
both predictions display the éorrect trend, the predictions do not span
the full range of measured inhomogeneous linewidths.

The SC correlation improves upon the 'GAH correlation for the small
molecules. This suggests that <{,> contributes to inhomogeneous
broadening. For the larger, less spherical molecules, the correlation
is not improved. This is perhaps because the SC model does not account
for the shape of the molecule.

There is a close correspondence between the SC and GAH
correlations. The inclusion of|<QA> causes the points to shift, but

most points shift only a small fraction of the entire range observed.
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TABE 1. Parameters used to calculate the SC absolute inhomogeneous .
broadening linewidths.
FIG. 1. Correlation between the predicted inhomogeneous broadening -

linewidths and the measured inhomogeneous broadening linewidths (FWHM).
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Tﬁis demonstrates that 9, is more imp&rtant than <QA> in determining the
relative inhomogeneous broadening magnitudé for these symmetric CH3—
stretching vibrations.

The similarity between the correlations also indicates that the
<,> values for the symmetric CHj—stretching vibration in various
liquids are somewhat const#nt (see Table 1). Because of varying
intermolecular interactions and vibrational mode characteristics,
however, other types of vibrations may have different <Qy> values
[12]ﬁ Therefore, although %, largely determines the relative
'inhomogeneous broadening magnitudes for symmetric CH3-stretching
vibrations in various liquids, <2,> may determine the relative

inhomogeneous broadening magnitudes for different types of vibrations.
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Chapter 5: Picosecond Studies of the Temperature Dependence of

Homogeneous and Inhomogeneous Vibrational Linewidth

Broadening in Liquid Acetonitrile

I. _Introduction

"Vibrational linewidths in liduids are broadeqed by many different
mechanisms and experimental separation of the various mechanisms has
been extremely difficult. Recently, selective picosecond vibratiomnal
dephasing experiments [1-5] have attempted to separate thé broadening
processes which act on,fapidly and slowly varying timescales. The
rapidly varying liquid processes are associated'ﬁith‘homogeneous{
broadening, whereas the slowly varying processes are associated with
inhomogeneous broadening. Recent theoretical work has placed this
separation of timescales on firm theoretical foundations and has linked
the slowly varying processes to attractive interactions in the liquid
[6]. Previous work has already established a connection between rapidly
varying liquid processes and repulsive interactions [7,8].

The vibrational linéwidth broadening of the symmetric CHj-
stretching vibrational mode (vl) of acetonitrile has been studied
extensively by isotropic Raman investigations [9-12]. Despite these
investigations, the exact mechanism of vibrational linewidth broadening
has remained elusive. Some studies have revealed that short range
repulsive, collisional mechanisms may be dominant {9,10]. Othér studies
have emphasized the importance of the long range attractive dipole-

dipole or dispersion broadening mechanisms [11,12]. Unfortunately,
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because isotropic Raman lineshapes can be both homogeneously and
inhomogeneously broadened, isotropic Raman investigatiéns can not
separate the homogeneous and inhomogeneous vibrational linewidth
broadening contributions. At the present date, only picosecond
vibrational dephasing experiments combined with isotropic Raman
inveétigations can separate these contributions.

In order to test the varibus homogeneous and inhomogeneous
linewidth broadening mechanisms, we measured the temperature dependence
of the picosecond dephasing times and isotropic Raman linewidths of the
symmetric (H3-stretching vibration in liquid acetonitrile over its
entire liquid range from -40° to 70° C:at P=1 Atm. [13]. The excite-
and-probe vibrational dephasing experiments were conducted using a »
selective technique based on transient stimulated Raman scattering in
high laser depletion [14]. This is the first picosecond examination of
the temperature dependence of the homogeneous and inhomogeneous
vibrational linewidth broadening in a liquid. The results demonstrate
that both rapidly and slowly varying processes contribute to vibrational

linewidth broadening.

II. Selectivity in Vibrational Dephasing Experiments

Vibrational dephasing experiments are performed with excitation
pulses and time-delayed probe pulses [l]. Selectivity is the ability of
the probing process to select out a single, distinct vibrational
subgroup from a vibraticnal lineshape which is composed of a‘siowly
varying frequency distribution of vibrational subgroups, i.e.

inhomogeneously broadened. The higher the selectivity, the more



raccurately the ‘decay of the probe scattering is related: to the
homogeneous dephasing time T, of a single vibrational subgroup.

We have recently developed a general theory for excite—and—probé
vibrational dephasing experiments conducted using transient stimulated
Raman scattering in low and high depletion of the excitation laser pulse
"[14]. The theory reveals that selectivity in the probing process of the
vibrational dephasing experiment is very different in high and low laser
.depletion, :-Selectivity :is low in low laser depletion.. In marked
contrast, high laser depletion produces a distinctive new behavior which
leads to greatly enhanced selectivity. The results indicate that high
laser depletion is necessary to measure.tﬁe homogeneous vibrational
dephasing time T, to a high level of accuracy in an inhomogeneously
. broadened vibrational linewidth [14].

Zinth et al. [15] have recently presented results from vibrational
dephasing experiments conducted in low depletion of the excitation laser
“pulse. In agreement with theoretical interpretations [(14,15], the =
measurements indicated that the excite-and-probe vibrational dephasing
experiments conducted in low laseé depletion were not selective. On the
other ﬁand, many previous excite-and-probe vibrational dephasing
experiments by Kaiser and coworkers {1,2,16,17] and Harris and coworkers
[3-5] have given results which have-displayed significant selectivity.
These experiménts were believed to have been conducted in low laser
depletion. Consequently, these selective results [1-5,16,17] are in
disagreement with the theoretical interpretation for vibrational
dephasing experiments conducted in low laser depletion [14,15].

The previous experimental results [1-5,16,17] which have displayed

selectivity are consistent with the high laser depletion results of the
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general thedry [14]. ‘Tﬁus the discrepancies between these vibrational
dephasing experiments and their theo;etical interpretations can be
explained if these excite-and-probe vibrational dephasing experiments
were actually conducted in high laser depletion. This explanantion is
highly probable because of the likelihood of high lasér depletion in
transient stimulated Raman scattering (14,18]. We note that our
previous vibrational dephasing expe;iments [3-5] which have displayed
significant selectivity are now known to have been undertaken in high

~ laser depletion [18].

ITI. Experimental

Homogeneous linewidths were extracted from the symmetric Gy-
stretching vibrational linewidth in liquid acetonitrile using the'
selective excite-and-probe vibrational dephasing ekperiment based on
high laser depletion of the excitation laser pulse and collinear
coherent Stokes probe scattering [l14]. The fundamentals of excite-and-
probe vibrational dephasing experiments have been previously discussed
{1,3,14]. Because of the discrepancies in recent picosecond vibrational
dephasing studies [1-5,15-17], however, there is a great need to present
explicit and thorough experimental details. Therefore, this section
will discuss the many details and procedures which are important for

accurate, reproducible experimental results.

A. Picosecond Pulse Generation

A schematic of the picosecond pulse generating system is shown in
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Fig. 1. The selective e#ciﬁe—and—probe vibrational deﬁhasing
experiments were performed with giﬁgle picosecond pulsés.selected from
the rising edge of pulse trains emitted by a TEMOO selective, passivelf
mode-locked Nd:glass laser oscillator. The design, operation and
performance of this laser have been given in thorough detail [19]. A
Pockels cell driven by a low jitter electronic circuit [20] consistently
selected the 4th-8th intense pulse from the rising edge of pulse trains
of 30-45 pulses. A fast photodiode and a Tektronix 7834 fast storage
oscilloscope monitered the pulse trains. Shots which displayed multiple
pulse trains were excluded from the data. The selected pulse was
amplified by two Nd:glass amplifiers. The pulse energy after
amplification was determined to be approkimately 1 mJ using a
Korad/Hadron Model 100 thermopile.- Throughoﬁt this expérimeﬁt, thé

pulse energy was kept essentially constant.

B. Pulse Characterization

In order to determine the width of the 1.06 u pulse, the pulse
autocorrelation widths were measured using two photon fluorescence
(TPF). Unfortunately, the approximately 1 mJ 1.06 p pulses used in this
experiment were not intense enough for sufficient TPF signais. Higher‘
pulse energies of approximately 20 mJ obtéined using three Nd:glass
amplifiers were required. &um‘spoté from.these pulseé on developed but
unexposed Polaroid film taken before the TPF apparatus had diameters of
5-6 mm and showed no substructure.

The entire unfocused 1.06 u pulse was sent into a standard TPF

apparatus [21-23] shown in Fig. 1. The TPF signal was obtained from a
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FIG. 1. Schematic of the picosecond pulse generating system.

FIG. 2. Experimental setup for stimulated Stokes excitation and
collinear Stokes probe scattering in a 10 cm Raman cell. Excitation
Stokes and probe Stokes signals are separated because of their different

polarizations and simultaneously detected using a two-dimensional OMA.
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1 x 1073 M methanol solution of rhodamine 6G in a 1 cm cell. An 85 mm.
camera lens imaged the TPF trace with a magnification of approximately
1.0 on a Prihceton Applied Research (PAR) Model 1254 optical |
multichannel analyzer (GMA) ISIT detector. High f-numbers‘of £/22 to
f/8 were used to maximize the depth of field. The OMA was interfaced to
a minicomputgr which- displayed the TPF intensity plot‘on a CRT screen
[24]. Calibration, focﬁs and resolution of the lens~-OMA system were
determined using a calibrated copper mesh at the TPF cell position.

TPF peak-to-background ratios were in the range 2.8-3.0 to 1.0 on .
all shots. This indicates excellent pulse coherence. Autocorrelation
widths of 1.69 $+0.20 mm were obtained for pulses early in the rising
edge of the pulse trains. This indicates that the pulses display small
shot-to-shot pulse width fluctuations. Assuming pulse shapes |
intermediate between -Gaussian and Lorentzian, the autocorrelation width
correspondé to pulse widths of =9 psec [25]. Given the =40d micron
mode-locking dye cell length in our Nd:glass laser oscillator [19], this
measurement is in excellent agreement with previous studies of the
1.06 1 pulsewidth as a function of mode-locking dye cell length

[26,27].

C. Pulse Compression and Frequency Doubling

Before frequency doubling, the 1.06 u pulses were compressed using
a saturable absorbér [28]. The saturable absorber, Eastman Kodak dye
#9860, was dissolved in 1,2-dichloroethane in a 1 cm cell until an
optical density of 1.0 was measured at 1.06 p. The cell was placed

after the final ampliflier as shown in Fig. 1. The dye absorbs the
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rising edge of the 1.06 p pulse, then bleacheé, allowing the main
ﬁortion of the puise to pass. Using this saturable absorber, oﬁf
exéite-and—probe Qibrational.dephasing experiments have measured
coherent Stokes signal decays as rapid as T2/2=O.5—0.7 psec in
dimethylsulfoxide in agreement with previous measurements [3]. This
indicates that the rising edge of the pulse is <0.5-0.7 psec. This
rapid rising.edge is important for adequate time resolution in this
experiment.

The effect of the saturable absorber on the 1.06 u pulse width was
also investigated using the TPF apparatus. The effect of the saturable
absorber on pulses of approximately 20 mJ was studied. The average
meaéured pulse shortening ratios were 0.89 and 0.80 at optical densities
of 1.0 and 2.0, respectively [29]. These pulse shortening ratios are -
based on the avefagé of 20-30 individual shots at each optical
density. Smaller ratios are expected for the =1 mJ pulses used in the
experiment. In addition, the saturable absorber did not signifiecantly
broaden the pulse's-spectral.bandwidth. Spectral examinations of the
frequency doubled 5306 A pulse revealed that the compressed-pulse
spectrum was broadened by <10 7 relative to an uncompressed pulse.

The compressed pulses were centered into a KDP angle-tuned doubling
crystal and thevcrystal was adjusted for maximum doubling effeciency by
monitoring both the incident 1.06 u pulse and the transmitted 5306 A
pulse. The spatial profile of the transmitted 5306 A pulse was very
sensitive to the crystal angle. When the crystal was set at the maximum
doubling efficiency, the spatiél profile was round and clean with no
substructure. - Befére each experimental run, the doubling crystal was

adjusted for optimum efficiency and the quality of the spatial profiles



was monitored. We observed that stimulated Raman excitation occured at
much lower énergy thresholds whenAthe pulse.had high quality spatial -
profiles. |

Spectral examinations of these 5306 A pulses using the PAR Model
1254 OMA ISIT detector displayed spectral bandwidths (FWHM) of
5.0+1.2 dm_l. Assuming pulse shortening in_the'saturabie absorber and
in the KDP crystal, pulsewidths of approximately‘6-$ psec were estimated
for the 5306 A pulses. The resultant bandwidth product of =0.9

indicates that the pulses were essentially bandwidth limited.

D. Optics Alignment and Experimental Adjustments

- The selective, picosecoqd,Stokes scattgring_;gchp;que is dependent
upon collinear overlap of the excite and probe éulses\to;assure'
selectivity [14]. 1In order to easily align the optics for proper
overlap, a Helium-neon laser beam was aligned collinear to the Helium-
neon laser beam which was used to align the Nd:glass laser oscillator.
This was accomplished using a translatable pellicle shown in Figs. 1 and
2. Using this brighter second beam, the optics could be easily #
aligned.

The excitation and probe telescopes were both adjusted for focal
lengths at the center of the 10 cm acetonitrile {30] Raman ceil shown in
Fig. 2. The beams were collinearly overlapped by xy adjustments of the
convex lens on the excite and probe line telescopes and by Xy
adjustments of the two mirrors in the probe line. Before' each
_experimental run, the overlap was carefully checked at the first Glan-

laser polarizer, at the 10 cm acetonitrile cell and at the second Glan-
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laser polarizer with both thg Helium-neon élignment beam and the 5306 A
pulses. |

The "minimum divergence, o, of the excitation Stokes pulse with
respect to the axis of the excitation laser pulse is important for
reproducible results and minimum depolarization in the second Glan-laser
polarizer. Before each experimental run, the stiﬁulated Stokes
divergence was monitored and the intensity of the excitation‘lasgr pulse
was adjusted for the minimum Stokes divergence which occurs for a narrow
range of laser pulse energies just above the stimulated Raman
threshold. Assuming a point'source at the center of the Raman cell
shown in Fig. 2, cones of stimulated Stokes light with o=3-10 mrad were
observed at the second Glan-laser polarizer for laser excitation pulses
within this narrow energy range of acceptable data shots. §hots of
greater energy could generate cones of stimulaﬁed Stokes with a»15

mrad.

.E. Optical Detection and Data Selection

The stimulated Stokes excitation pulse and the coherent Stokes
probe pulse are collinear and their separation relies upon their
perpendicular polarizations. HEcause the excitation Stokes pulse is
much larger than the probe Stokes pulse, depolarization of the
excitation Stokes pulse in the crossed Glan-laser polarizers or in the.
10 cm Raman cell can completely overwhelm the coherent probe Stokes
signal. For this reason, high quality, polarizers with extincfions of
approximately 1 x 1076 were used [31]. :The temperature-controlled Raman

cell is discussed in Sec. IV.



‘As " shown in Fig. 2, the excitation Stokes pulse and the coherently
scattered probe Stokes pulse were.separated by the second Glan-laser
polarizer because of their different polarizations. They were spatially
separated on the slits of a Spex 3/4 m monochromator and were
simultaneously detécted; but spatiallyvresolved, on the target of a two-
dimensional optical multichannel analyzer. This analyzer is interfaced
to a minicomputer which displayed and integrated ﬁhe spectral line
shapes of the excite and probe Stokes pulses [24].

The stimulated Stokes spectrum (FWHM) determined from laser shots

within the acceptable range was 16+7 em™!

. Laser shots of greater
energy generated much broader, very random excitation Stoke§ spectra..
We spectrally observed each shot and discarded .any shot which displayed
significant frequency modulation. ' The transmitted excitation laser
pulse spectrum (FWHM). determined from laser shots within the aéceﬁtable
range was 8.3%2.8 cm-l, broadened considerably from the incident
excitation laser pulse spectrum (FWHM) of 5.0 +1.2 cn~l. This
broadening of the transmitted excitation laser pulse spectrum is
consistent with the shortening of the excitation laser pulse in high
laser depletion [14].

Before signals were calculéted, the coherent probe Stokes signal-
was corrected for excitation Stokes signal depolarization. Probe Stokes
signals were meaSured.as a function of excitation Stokes energy with the
laser probe pulse blocked. Within a certain range of excitation laser
pulse energies and excitation Stokes pulse ehergies, this depolarization
was very linear. At higher excitation energies, the depiorizafion

became large and ‘unpredictable. This point-was approximately where the

Stokes divergence became large and where the Stokes spectrum began to
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modulate. Shots above this level were excluded from the data.

Shots which showed very low Stokes conversion from lower energy
laser excitation pulses also displayed significadt scatter in the probe‘
signal. This séatter may.reflect the selectivity differences in high
and low laser depletion [l14]. These low Stokes conversion shots were
also excluded from the data. Only shots within the restricted range
vshown in Fig. 3 were accepted. Shots within this nérrow window
displayed some scatter, but the scatter did not correlate with the

excitation pulse energy.

F. Excitation Laser Pulse Depletion

In order to characterize the laser pulse depletion in this
experiment, we measured the excitation laser pulse depletion in the 10
cm acetonitrile Raman cell. Figure 3 shows the transmitted laser pulse
energy versus the incident laser pulse energy at 5306 A with and without
the 10 cm Raman cell. The approximate range of laser pulse energies
used in the experiment is also given.

Figure 3 shows that immediately after the stimulated Raman
scattering threshold is reached, the laser can be depleted >10% and
depletion approaches =50% as the-incident laser energy increases. In
other studies [18], we measured bcth transmitted laser and Stokes pulse
energies after the Raman cell as a function of incident laser pulse
energy. Coincident sharp thresholds for stimulated Stokes scattering
and subsequent laser depletion versus incident laser pulse enefgy were
observed. Thgre was a nearly one-to-one relationshib between photons

removed from the transmitted laser pulse and photons added to the
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transmitted Stokes pulse. Consequently, we are confident that this
vibrational dephasing experiment was performed with excitation pulses in

the high laser depletion regime.

IV. Temperature-Controlled Cell

In order to miﬁimize depolarization in the 10 cm-Raman cell, the
temperature-controlled cell shown in Fig. 4 was designed. Birefringence
in the windows of the cell was the major difficulty and low
birefringence glass windows were required. Schott glass SF-57 was
selected because of its extreﬁely low birefringence. Unfortunately,:SF—
57 is a soft, high density lead glasé and is difficult to polish. Using
thevpyoper polishing techniques, .the 2 mm'thick-SF—S7fg1asS”flats'uséd
in this experiment:wére polished optically flat (=)A/2) with nearly
parallel surfaces. After polishing and between eXperimental‘runs, the
windows were stored in a dessicator. This precaution was taken becaﬁse
the SF-57 glass surface is sensitive to water and other chemicals.

The birefringence problgm was complicated by the different thermal
expansion coefficients of the various materials:in the cell. A strain
rélieving copper window mount identical to the design presented by
Mollenauer et al. [32]»was used to eliminate the thermally-induced
‘strain birefringence. We had difficulties with their epoxy recipe
because the curing cycle at 150° C caused the SF-57 glass to be
chemically etched. We resorted to a 50-50 mixture of Shell Epon Resin
828 and Versamid 140 polyamide resin [33]. This epoxy mixture cures at
‘room temperature in approximately 48 hours and gives a flexible, leak-

tight and temperature resistent seal. The window mounts were attached



130

FIG. 3. Excitation laser pulse depletion examined by monitering the
‘transmitted laser pulse energy with and without a 10 cm acetonitrile
Raman cell. The approximate range of laser pulse energies used in the.

vibrational dephasing experiment is also shown.

FIG. 4. Vertical cross section of the temperatﬁre~controlled Raman cell

equipped with the "gas window" design.
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to the copper low températufe cell using a retaining ring which was
screwed down éround the coﬁper window mount and allowed the windows to
be taken on and off eésily. A flat teflon ring formed the seal between
the window mount and the copper low temperature céll.

An additional special design was employed for the -40° C.and -10° C
temperature points. This design involved flowing nitrbgen gas througﬁ a
series of baffles [34]. A vertical cross section of the temperature
regulating cell utilyzing this design is shown in Fig. 4., Using the
"gas windows", the temperature gradient between the windows of the 10 cm
cell and room temperature was accepted by the outwardly flowing dry
nitrogen gas and the flowing gas prevented water vapor from condensing
on the windows. As a result, the "gas window” design. avoided the
necessitity of using two additional outside windows and a vacuum
jacket. During experimental runs, nitrogen gas flow rates of
approximately 1 liter per minute were used for each window. More
vigorous flow rates are were used to flusﬁ out the system prior to
cooling the low temperature cell.

When controlling the cell at -40°, -10°, 45° and 70° C, the
temperature cell was insulated with styrofoam. The temperature of the
cell was regulated at 70°, 45° and -10° C using a Lauda K-2/R
circulator. The temperature was controlled at -40° C using a dry ice/o-
xylene/m-xylene slush baﬁh [35] to control the circulating coolant A
temperature. The cell temperature was monitered using a
copper/constantan thermocouple mounted on the copper block of the

cell.
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V.. Results

Some representative normalized coherent Sfokes signals versus delay
time at the various temperatures are shown in Figs. 5(a) and 5(c) and
Figs. 6(a) and 6(c). Each point in the slope region of these
vibrationalvdephasing curves is an arithmetic average of approximately
10-25 individual shots. The error bars represent the standard deviation
of the individual coherent Stokes signals. If the standard deviation of
" the mean waé used, the calculated error bars were less because of the
large number of individual shots. The error bars associated with the
standard deviation of the mean led to an accuracy of +0.2 psec in the
slope measurement.

_ The centrallpointuaverage [36] indicated by the open trianglgs is ‘
also shown in the slope region of Figs. S(a)vand 5(c) and Figs. 6(a) and
6(c). Close agreement of the arithmetic average and the central point
average illﬁstrates that the pulse durations are not fluctuating
significantly. This is in agreement with the TPF investigations in Sec.
III.B. .

The experimental dephasing times from individual measurements are
shown in Fig. 7. The measurements are numbered according to the
sequence in which they were performed. Figure 7 illustrates that the
decay times from individual measurements at the various temperatureé are
éonsistently different and reproducible. The experimental error of-tO.Z
psec on the individual T2/2 measurements is well within the differences
between various temperatures.

Recent theoretical studies have indicated that non-selective

behavior is expected in low laser depletion [14,15]. On the other hand,



FIG. 5. Experimental data for the symmetric CH3¥stretching.vibration in
acetonitrile versus temperature. Coherently séattefed Stokes signal as
a function of probe delay at (a) -40° C and (¢) -10° C. Isotropic Raman
line shapes and homogeneous Lorentzian line shapes calculated from

measured dephasing times at (b) -40° C and (d) -10° C.

FIG. 6. Experimental data for the symmetric (H3-stfetching vibration in
..acetonitrile versus temperature. Coherently scattered- Stokes signal as
a function of probe delay at.(a) 18° C and (¢) 70° C. Iéotropic Raﬁan
line shapes and homogeneous Lorentzian line shapes calculated froﬁ

~measured dephasing times at (b) 18° C and (d) 70° C.

FIG. 7. Experimental dephasing times from individual measurements
versus temperature. The measurements are numbered according to the

sequence in which they were performed.
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our general theory has revealed that high laser depietion leads to
enhanced selectivity which énables homogenéous dephasing time T, to be
measured to.a high level of accuracy in inhomdgeneouély broadened
vibrational linewidths [14]. We note that if this high laser depletion
experiment was not selective, the ﬁfobing process should have yielded
nearly identical rapid:cdherent Stokes signal decay curves at each
temperature [14,15]. This predicted non-selective behavior corresponds
to the neafly invariant temperature—-dependent isotropic Raman linewidth
of the symmetric CH3—stretching vibration in liquid acetonitrile [11].
Figure 7 demonstrates that this behavior was not observed. Thus the
different, reproducible vibrational dephasing times measured using high
laser depletion support the results of our general theory [14].

The level of accuracy of the T, measurement in high laser depletion
has been previously discussed [l14]. In this experiment, we estimate
that the measured decay time is approximately »80-907 of the actual T2/2
homogeneous decay time. Because of this high level of accuracy, we
assumed that the experimentally measured decay is equivalent to T2/2 in
the following analysis. |

The isotropic spontaneous Raman lineshapes at the various
temperatutesiare shown in Figs. 5(b) and 5(d) and Figs. 6(b) and 6(d).
The homogeneous 1inewidths bwy (FWHM) of the Lorentzian lineshapes
corresponding to the average measured hOmogeneous dephasing times, T2/2,

were calculated using:
AwH(cm-l) = 1/ernT, : (1)

The homogeneous Lorentzian lineshapes are drawn in Figs. 5(b) and 5(d)
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and Figs. 6(b) and 6(d). Fromvtﬂese superimposed lineshapes, the
inhomogeneous broadening.can easily be visualized.

The inhomogenéous broadened linewidths were calculated by
deconvoluting the homogeneous lineshapes from the spontaneous Raman
lineshapes. The deconvolution method assumed a Lorentzian homogeneous
lineshape and a Gaussian inhomogeneous lineshape and has been pfeviously
discussed [3]. The average experimental T2/2 times, the calculated
homogeneous linewidths(FWHM), the measured isotropic Raman spontaneous
linewidths (FWHM) and the calculated Gaussian inhomogeneous

linewidths(FWHM) are given in Table 1.

VIi. Temperature Dependent Vibrational Linewidth Broadening

A. Homogeneous Broadening

Many homogeneous linewidth broadening mechanisms have been proposed
[8]. The binary collision [7], the hydrodynamic [37], and the Lynden-
Bell [38] models assume that pure dephasing mechanisms predominate and
are frequently employed becaﬁse their predictions are made in terms of
measurable physical parameters. For example, predicted homogeneous
linewidths are proportional to: n?/p for the binmary collision model; nT
for the hydrodynamic model; and pn/T for the Lynden-lblllmodel wheré P
is the liquid number density, n is the viscosity and T is the
temperature.

Figure 8(a) shows the temperature dependence of the correlation
between the homogeneous linewidths calculated from the measured

dephasing times using Eq. (1) and the predicted homogeneous
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TAHE 1. Experimental dephasing times, calculated homogeneous
linewidﬁhs,,isotropic Raman linewidths and inhomogeneous broadening

linewidths for the symmetric CH3—stretching vibration in acetonitrile

versus temperature.
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linewidths. The predicted theoretical values wefe calculated using
measured denéity [39-43] and viscosity [40,41,43,44] values. The
predicted homogeneous linewidths were normalized to gi&e the
eiperimentally detefmined homogeneous linewidth at 18° C.

The homogeneous broadening models‘correctly predict broader
»homogeneous linewidths at lower temperatures. The broader predicted
linewidths are largely due to higher viscosity at lower temperatures.
Assuming a collisional mechanism in which a collision perturbs the
frequency of the vibration, the higher viscosity indicates a highe}
repulsive collision rate which increases the homogeneous linewidth. The
data at lower temperatures do not support one theory more than the
others. None of these theories can account for the increased

homogeneous linewidth above 45° C. This deviation at higher

temperatures will be discussed in Sec. VII.

B. Inhomogeneous Broadening

Using picosecond excite;and-probé vibrational dephasing experiments
which are now known to have been conducted using transient stimulated
Raman scattering in high laser depletion, George, Auweter and Harris [3]
measured dephasing times for symmetric CH3—stretching vibrations in a
variety of liquids. 1In conjundtioﬁ with isotfopic Raman studies, they
showed that the vibrational linewidths for symme;ric CH3-stretching
vibrations in nonhydrogen-bonded liquids at room temperature were
inhomogeneousl& broadened to various degrees. A correlation wés
observed between the inhomogeneous broadening and the width of the

number density distribution in the liquid [3]. The correlation
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suggested that é distribution of different, slowly varying, ldcal numbér
densities in a liquid creates a distribution of distiﬂct vibrational
frequenéies.

Schweizer and Chandler (SC) have recently proposed a éomprehensive
vibrationél dephasing theory. Their theory places the correlation
between inhomogeheoﬁs broadening and the width of the local number
" density distribution in a liquid on firm theoretical grounds.
Furthermore, their theory shows that long range. attractive fqrces
provide the coupling between the slowly varying lbcal number density and
the vibration [6].

When the attractive force correlation time, Ty==, the SC theory
leads to the prediction that Awyngs the absolute inhomogeneous

broadening linewidth (FWHM) is given by:.

bupyg = 20210272 /(F)72 X <@,>(p kyT w2 (@
where p is the number density, kgl is the thermal energy, kp is the
isothermal compressibility, N is the estimated average number of nearest
neighbors and <§2,> is the attractive force contribution to the gas-to-
liquid frequency shift. Using this expression, SC [6] found that their
predictions were in agreement with isothermal density dependent
isotropic Raman linewidths in isobutylene [45]. In addition, the
correlation between the predicted and measured inhomogeneous broadening
linewidths observed by George, Auweter and Harris [3] was recently shown
to be improved by the inclusion of the attractive forces in the SC
theory [46].

* The SC absolute inhomogeneous broadening linewidth is dependent on



FIG. 8. Temeperature dependent vibrational linewidth broadening in
acetonitrile. (a) Correlation of experimentally determined homogeneous
linewidths and predicted homogeneous linewidths normalized at 18° C.
(b) Correlation of experimentally determined inhomogeneous linewidtgs
and absolute inhomogeneous linewidths predicted by the Schweizer-

Chandler theory using three.représentative,ﬁ values. '

FIG. 9. Isothermal compressibility versus temperature in

acetonitrile. The filled-in circles are experimental values from A.

Wurflinger (Refs. 47,48). The line shows the fit of a hard sphere model

(Ref. 49) to the experimental values.

145



Homogeneous Linewidth FWHM (cm™)

Inhomogeous Linewidth FWHM (ecm )

N D ) a0

@® O

146

Vibrational Linewidth Contributions in Acetonitrile

T T T T '| T T T T T T T
B . /Lynden- Bell Theory « _I%{] _
N Hydrodynamic Theory o« 7T N

Binary Collisi%n §
o n ) S T -
Th - TT—a
eory « T e
(a)
] ! | I 1 ] 1 ] ] L. ! 1
T

T R T | T T T
- ——— Absolute Magnitude Predicted-

6 .
- by Schweizer-Chandler Theory, Tpz00 .
' 8
- -
- | (b)
! | ! L | ! [ T ! | |
-40 -20 0] 20 40 60 80
Temperature (°C)
XBL 8112-13160

Figure 8



- 200
(80
160

140

N
]

o
O

Isothermal Compressibility (10" €bar™!)

80

4.27A at -40°C

2§ q

~0.4-1073 A/deg.

Hard Sphere Model Fit— -

l 1 1 | l |

=40 =20 O 20 40 60 80
Temperature (°C)

XBL824-5617

Figure 9

147



148

Kps the isothermal compressibility. Temperature-dependent isothermal
compressibility values for acetonitrile were calculated from
experimental PVT data [47] using the Tait equation [48]. In order to
obtain ky values for temperatures outside of the measured range, a hard
sphere isothermal compreséibility model [49] was fit to the experimental
values using o= 4.27 A at -40° C and do/dT = -0.4 Q 10—3/deg where o is
the hard sphere diameter. These parameters are close to the values
derived by Jonas et al. [9]. The tempefature dependent heat of
vaporization values used in the hard sphere model were calculated from
heat capacity data [50]}. The hard sphere model's fit to the
’e#perimental values is shown in Fig. 9.

The SC absolute inhomogeneous linewidth is also dependent. on <2,>,
. the attractive force contribution to the gas-to-liquid shift.
Temperature-dependent <QA> values . for the symmetric CH3=stretching
vibration in acetonitrile were calculated according to the SC theory as
previously described [46]. For consistency with the hard sphere model
of isothermal compressibility, o=4.27 A at -40°C and
do/dT=-0.4 X 10°3A/deg were used to evaluate the temperature-dependent
cavity distribution function [6]. In addition, the small observed

2cm-l/deg

temperature-dependent vibrational frequency shift of =1.3 X 10~
was used to evaluate the experimental gas-to-liquid vibrational
frequency shift {6]. Resultant <Qp> values were -29.3, -28.6, -27.6,
-26.8 and -25.8 cm~! at -40°, -10°, 18°, 45° and 70° C.

Figure 8(b) shows the SC absolute inhomogeneous linewidths, Awyyy, -
calculated according to Eq. (2) for three different representative N

values [6]. These absolute predictions, based on TA=w, are remarkably

close to the experimentally determined inhomogeneous linewidths. Below
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45° C, the SC theory correctly'ptédictélbroader inhomogéneous linewidths
at higher temperatures. The temperature dependence of the inhomogeneous
linewidth is determined largely by (nTﬁQ. Consequently, the higher
liquid compressibility at higher temperatures increases ﬁhe predicted
absolu;e inhomogeneous linewidths. Above 45° C, the measured
inhomogeneous linewidths are narrowed in comparison to the theoretical
predictions. This deviatioﬁ at higher temperatures will be discussed in

Sec. VII.
C. Conclusions

These results demonstrate that homogeneous and- inhomogeneous
broadening contributions chaﬁge”signifibantly with' temperature. Figures
8(a) and 8(b) reveal that the variations in the homogeneous and
inhomogeneous linewidth broadening with temperature have opposing
effects. Below 45° C, the homogeneous linewidth decreases and the
inhomogeneous linewidth increases with increasing temperature. In the
case of acetonitrile, these counterbalancing homogeneous and
inhomogeneous temperature dependences lead to little observed change in
the isotropic Raman linewidth [11]. We note that these opposing
temperature trends are predicted by the Schweizer-Chandler vibrational
dephasing theory [6]. .

The agreement between experiment and theory suppofts the
association of homogeneous broadening with rapidly varying short range
vprocesses. These rapidly varying processes,  e.g., collisions, probably
affect the vibration through repulsive forces. Likewise, the results

support the association of inhomogeneous broadening with a distribution



150

of slowly varying local number density sites. These local density sites
are thought to interact with the vibration through the long range

attractive forces in the liquid.

VII. Deviation from Theory at High Temperatures

"Experimental [3] and theoretical [6] results suggest that a-
distribution of local density sites creates an inhomogeneous
distribution of distinct vibrational frequencies through attractive
force interactions. The lifetime of these local density sites
determines the degree of separation betwéen homogeneous and
inhomogeneous broadening processes. When the lifetime is long, e.g.,
>10'psec, there is a clear separation. As the lifetime becomes shorter,
the separation becomes less distinct and the inhomogeneous brocesses
become homogeneous processes as previously discussed [3].

The local density sites are expected to persist for a lifetime
approximately equal to the time necessary for a molecule to travel the
~ range of the local density perturbation. Consequently, the lifetime of
the local density sites is expected to be proportional to 1/D where D is
the translational diffusion constant. The temperature-dependent
translational self-diffusion constants in acetonitrile are obtained from
NMR spin-echo measureﬁénts [51,52] and are shown in Fig. 10.

In the Schweizer-Chandler theory, the correlation time of the
attractive force interactions, TA’ characterizes the lifetime of the
various local density sites which give rise to inhomogeneous broadening

through attractive force interactions. As expected, TA is proportional
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to 1/D. Actual values of TA are calculated in the Sch@eizer—Chandler

theory by:
T, > o%/(7D) , | (3)

where o is the hard core diameter [6]. When the temperature is low and
the translational diffusion constant is émall, Eqn. (3) predicts that T,
or the lifétime of the local density sites is long. lConsequently, the
selective excite—-and-probe vibrational dephasing experiment can measure
the homogeneous linewidth of a single, distinct vibrational isochromat
corresponding to a single local density site. Likewise, when the
temperature. is high and the translational diffusion constant is large,
Eqn. (3) predicts that the lifetime of the local density sites is
shorter. .
Because the various local density sites form a closed set, a shorf
lifetime for a local density site is equivalent to a rapid rate of
interconversion or exchange between the various sites. The faster rate
of site exchange at higher temperatures would have two effects: First,
the inhomogeneous distribution of local density sites would be reduced
by motioﬁal narrowing. Second, the hdmogeneous linewidth would be
broadened by dephasing resulting from exchange between sites with
different frequencies. Motional narrowing could account for the
narrowing of measured inhomogeneous linewidths in comparison to
theoretical predictions at higher temperatures shown on Fig. 8(b).
Likewise, site exchange dephasing could account for the broadening of
measured homogeneous linewidths in comparison to theoretical predictions

at higher temperatures shown on Fig. 8(a).
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FIG. 10. Translational self-diffusion constant versus temperature in
acetonitrile. The filled-in circles are experimental values from M.D.
Zeidler (Ref. 51). The open triangles are experimental values from A.

Kratochwill (Ref. 52).

FIG. 11. Correlation between e#périmentally-measured dephasing times,
T,/2, and the predicted T,/2 times calculated using Eqn. (4) which |
includes diffusional site exchange. The predicted T2/2 dephasing times
were fit to the data using 1=4 psec at 70° C. The pure dephasing times,

TZ*/Z, from the hydrodynamic dephasing theory are also shown.
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The homogeneous linewidth broadeniﬁg from sitg,exchange would
depend on the exaét nature of the site exchange. Assuming two separate
isochromats undergoing exchange in the Markov limit, the individuai
linewidths would broaden as 1/t where T is the éxchange tiﬁe [53].
Consequently, as a simple extension of two-site exchange, the effect of
diffusional site gkchange on the homogeneous dephasing time T2 was

modeled according to:
*
2/T2 = 2/T2 + 1/7 (4)

where Tz* is the pure dephasing time and T is proportional to 1/D.
Notice that the effect of T on T2 is similar to the effect of Tl’ the
population lifetime, oﬁ T2 [71.

A fit to the data when T = 4 psec at 70° C and TZ* is based on tﬁe
hydrodynamic dephasing model [37] is'shown in Fig. 11. Figure 11 shows
that the predicted T2/2 times including diffusional site exchange
display the correct qualitative behavior. We note that a 1= 4 psec at
70° C is in approximate agreement with the calculated Tp>2.3 psec
calculated from the Schweizer-Chandler theory using Eq. (3) with
oc=4,3 Aand D= 8.3 x 10"5 cmz/seq. We believe that these results are
consistent with the first observation of the interconvérsion ofvlocal .

density sites or "spectral diffusion”™ in a liquid.

7
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VIII. Alternative BProadening Mechanisms

A. Other Possible Homogeneous Broadening Mechanisms.

Many diverse mechanisms may influence the T, homogeneous dephasing:
time [8]. Ignoring the dephasing contribution from site exchange
discussed in Sec. VII, the major T, dephasing contributions in liquids

are generally'believed to be: the pure dephasing time, TZ*; the

resonant energy transfer time, T_.; and the population relaxation time,

r

Tl' In certain limits, the T2 dephasing time‘can be expressed as [8]:
2/T, = 2/T," + 2/T, + 1/T, | (5)

Isotbpe'dilution étudies-indicate little contribution to TZ from
resonant vibrational energy transfer [9,11]. In addition, the
population lifetime is generally assumed to be much longer that Tz*. If
this assumption is valid, Eqn. (5) indicates that T,=T,". This
aésumption was utilized in Sec. VI.A. On the other hand, recent
experimental measurements have revealed that T1 for the symmetric CH3-
stretching vibration in liquids éan be extremely rapid [54,55].
Consequently, T, effects can make a gignificant pontribution to T, and
an analysis of the vibrational dephasing mechanisms must include
possible éopulation relaxation effects.

The rapid T, population relaxation times for the symmetric G4
stretching vibration are believed to be determined by the Ferﬁi-

resonance between the symmetric Cﬂ3estretching vibration and overtohes,
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of the CH,-bend [54-56]. Although T, has not been measured. for
acetonitrile, there are sevefal indications which suggest that
acetonitrile may have a Fermi resonance. Using the intensity method -of
determining Fermi resonance [57], a Fermi resonance would be predicted
in acetonitrile between the symmetric CH3-stretching vibration and the
overtone of the symmetic (H3—bending mode [58]. In addition, comparison
of CH-stretching frequencies in CH3CN and CHD,N provides a means to
assess the ‘Fermi resonance frequency shift [57]. Using this method, a
positive Fermi resonance shift is determined [59].

The above evidence suggests that T, effects may-ﬁake a contribution
to the observed T2 dephasing times. We note that, although our analysis
of T, was performed assuming that T2*=T2; a T2 dominated by Tl should
have approximately the same temperature dependence. For example, in the
binary collision model [7], Tl depends' directly on ‘the collision rate
and shows roughly the same dependence on macroscopic liquid parameters

%
IaS T2 .

B. Other Possible Inhomogeneous Rroadening Mechanisms

In addition to the inhomogeneous broadeﬁing mechanism based on
slowly varying local density fluctuations, other slowly varying
attractive or repulsive mecﬁanisms may also establish various 1local
sites in liquid acetonitrile and lead to inhomogeneous broadening. For
example, the large electric dipole moment of acetonitrile can lead to
dipole-dipole associativity. Thermodynamic investigations'havé
emphasized the importance of'dibole—dipole associativity [60-62].

Spectroscopic studies also have indicated the formation of dipole pairs
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or-dipole—dipole complexes [63-67]. 'Onvthe other hand, theoretical
investigations have shown that hard core repulsive forces create

- clusters of orientational correiatioﬁ in liquid acetonitfile [68].
Whatever the eiact mechanism, X-ray énd neutron scattering
inyestivations have ?evealed the gxistence of correlation cluséers in
liquid écetonitrile with a diameter =11A [69,70].

The existence of dipole-dipole associativity and correlation
clusters in liquid acetonitrile suggests that a distributidn»of various.
slowly-varying dipole-dipole complexes or correlation clusters could
create an inhomogeneous distribution of distinct vibrational
frequencies. The distribution width of the various correlation clusters
may be determined by the distribution width of the local number
densities. . Consequently, the temperature dependence of this
inhomogeneous: broadening would be.expected to be similar to the
predicted- inhomogeneous broadening discussed in Sec. VI.B. 1In a similar
manner to the local density sites discussed in Sec. VII, the lifetime of
the correlation clusters would also be expected to be proportional to
1/D, where D is the translational diffusion constant. As a result, the
deviation of the measured homogeneoﬁs and inhomogeneous linewidths frpm
the theoretical predictions at high temperatures could also be explained

using this inhomogeneous broadening mechanism.



" IX. - Summary

The temperature dependence of homogeneous and inhomogeneoos
vibfational linewidth broadening is oreSentéd for the symmetric Cq-
stretching vioration in liquid acetonitrile from -40° to 70° C at P=1
Atm. The separation of homogenoeus -and .inhomogeneous broadening is
accomplished usiog-the combined results of isotropic spontaneous Raman
~studies and selective .excite-and-probe vibrational dephasing
experiments. The results show that homogeneous and inhomogeneous
vibrational linewidth broadening contributions change in opposing
directions Qith temperature.

At lower temperatures, the homogeneous linewidth decreases and the
inhomogeneous linewidth increases with increasing temperature. -The
' qualitative agreement betwéen the -measured homogeneous linewidths and
the pure dephasing models supports previous suggestions that homogeneous
broadening is caused by rapidly varying repulsive forces. The nearly
quantitative agreement between the measured inhomogeneous linewidths and
the absolute inhomogenéous linewidths predicted by the Schweizer-
Chandler theory supports the suggestion that inhomogeneous broadening is
caused by slowly varying attractive forces.

Inhomogeneous broadening contributes a substantial fraction to the
symmetric CH3—stretching linewidth in liquid acetonitrile. The
temperature—depehdent inhomogeneous broadening results supports the idea
that a distribution of local number densitios in the liquid creates an
inhomogeneous distribution of distinct vibrational frequencies. At
higher temperatures, the lifetime of the local number density sites

affects the separation of homogeneous and inhomogeneous broadening
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processes.. The results are consistent with the first observation of the
interconversion of local density sites or "spectral diffusion” in a
liquid. |

Different, reproducible vibrational dephasing times are measured at
§arious temperatures using a technique based on transient stimulated
Raman scattering in high laser depletion.‘ Thié work supports the
conclusions of a recent ;heory for selective vibrational dephasing
experiments in high laser depletion [l14]. The results indicate that,
contrary to the work in low laser depletion [15], selective excite-and-
probe experiments are possible in high laser depletion. Previous
vibrational dephasing experiments [1-5,16,17] which are in conflict with
the low laser depletion theory [14,15] can be explained if they were

conducted in high laser depletion.
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Chapter 6: A Passively Mode-Locked Nd:glass Laser Oscillator

Optimized for TEM,, Selectivity and Long Term

Stability and Reliability

I.. Introduction

Passively .mode-locked Nd:glass laser oscillators are. used
extensively as a source of high power picosecond light pulses [1].
Limiting this laser oscillator to the TEMOO transverse mode is desirable
because the TEMOO transverse mode produces a uniform and uniphase radial
intensity profile, the smallest beam divergence, and. the higheét power
density [2]. Unfortunately, passively mode-locked Nd:glass lasers
restricted exclusively:to-the TEMOO opefation are notoriously unstable,
unreliable and difficult to.align.

Although_the'géneration and applications of passively mode-locked
picosecond light pulses has been reviewed [3,4] and passively mode-
locked Nd:glass picoéecond pulses have been studied [5,6], an optimized,
detailed design for a stable, reliable and TEMOO selective passively
" mode-locked Nd:gléss laser oscillator has never been presented. This is
particularly unfortunate, because minute det;ils can make extraordinary
différénces in fﬁe laser's performance [7,8,9]. Therefore, knowledge of
a detailed design is extremely important to the user of TEMOO selective,
passively mode-locked Nd:glass lasers.

. In this paper, we report on thé design, operation, and performance
of a passively mode-locked Nd:glass laser oscillator which produces

essentially bandwidth-limited =9 picosecond pulses and has been
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optimized for'TﬁMOO selectivity and lohg,tefm stability and
reliability. ﬁé discuss the important aspects of the design in detail,-
with special emphasis on the reaéons for the design. Because mahy of
the deéign criteria are not limited to the passively mode-locked
Nd:glass laser. the paper should aiso be useful to designers of other
laser systems. In addition, we include a detailed alignment procedure
because proper alignment is critical for stable, reliable and TEMOO
‘selective. laser:operation.

The optimiéed laser will run stably and reliably in the TEMOO
transverse mode for »12 hours after initial alignment. This optimized
laser oscillator has made possible recent excite-and-probe experiments
[10-12] which have demanded spatially coherent, bandwidth-limited =9
picoseéond pulses for >12 hours because of -long alignment and data
accumulation times. These experiments., .which were previously

intractable, are now successfully accomblished.

II. Design Criteria

Ever since the original work of DeMaria et al. [13], many problems
have plagued the user of passively mode-locked Nd:glass lasers. These
problems have included: irreproducible pulse train envelopes [14];
unreliable mode-locking [7,8]: multiple pulse train mode-locking
[14,15]; and unstable and extremely sensitive alignment [8]. Although
many experiments have been perfofmed with picosecoﬁd pulses from |
passively mode-locked Nd:glass lasers [1], these difficulties have
limited the laser's utility. This has Been especially true for

passively mode-locked Nd:glass lasers restricted exélusively to TEMOO
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operation.
| vThe probleﬁs listed above involve many aspects of the passively
mode—iocked Nd:glass laser oscillator. Thesé factor$ include: thermal
and mechanical cavity instabilities; thermal distortions in the laser
rod; non-linear optical effects in the 1aser rod; poor flashlampvpumping
of the laser rod; poorly constructed laser heads [8]; internal
reflections in the oscillator cavity; irreproducible power supply
charging voltages; the stochastic nature of the mode-locking process-"
.[16-18]; inadequate laser head alignment facilities; imprecise and
unstable mirror microﬁeters and mirror mounts; unstable mode-locking
dyes; and poor TEMOO discrimination.

In order to surmount these difficulties, we carefully considered
each aspect of the passively mode~locked Nd:glass laser. Our design
.criteria wefe.o@timum‘stability, reliability, and TEMOO«selectivity, as

well as minimum pulse duration.

ITII. Laser Cavity

Calculations have demonstrated that TEMy, transverse mode
selectivity is strongly dependenﬁ on resonator geometry. TEMOO
selectivity, using either diffraction or aperature loss mechanisms, is
greatest for a confocal or half-confocal resonator and smallest for a
plane-parallel resonator [19]. Although confocal and half-confocal
resonators are on the edge of stability {20]. near confocal or near
half-confocal resonators are stable resonators and have also displayed
more reliable mode-locking than plane-parallel resonators [7].

Therefore, the optimized laser oscillator cavity is a near half-confocal
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optical fesonatér. The front oﬁtput mirror hasva 3 meter radiﬁs of
curvature and aIGOZ refleétivity at 1.06 micron [21]. The cavity length
is 140 centimeters. Tﬁe front mirror's relatively high 60% reflectivity
reduces the‘lasing géin threshold and lowers the energy stored in the

Nd :glass laser rod which minimizes the peak power and many possible
detrimental non-linear effects which can spectrally and . temporally

broaden the mode¥locked bandwidth-limited light pulse [22].
IV. Laser Head

Efficient optical pumping is essential for minimal thermal
distortions in'the laser rod. In addition, uniform illumination of the
laser rod is important for TEM,, operation. 'Therefore,}the laser head
(see Fig. i) is a cloverleaf design machined from brass and
electroplated with nickel and then gold to provide high reflectivity
over almost all the Nd:glass pumping bands [23]. Four linear xenon
flashlamps are mounted slightly off the center of each cylindrical leaf
in a close-coupled reflector design that provides uniform illumination
of the rod. The four flashlamps are mounted in cylindrical pyrex
jackets which block the flashlamp's UV output. The UV output does not
effectively pump Nd:glass, whereas the UV output does contribute to
deleterious thérmal distortions in the laser rod which can lead to
unreliable oscillator performance. The jackets allow the flashlamps to
be air-cooled, whereas the rod is water-cooled for more efficient heat
transfer. The water is circulated and tempefature regulated at
approximately 12 degrees Centigrade by a Laude K-2/R ciréulator [24].

The Nd:glass laser rod has a diameter of 1/4 inch and a length of
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6v1/8 inches [25]. The»l/& inch diaméter‘rod had significantly fewer:
thermal distortion problems than a previously used 3/8 inch diameter
rod. The rod has a rough acid barrel finish and is Brewster—angled at
both ends. The Brewster angle configurétion introduces a beam'
displacement of approximateiy.64 millimeters in the horizontal plane.
The front end of the laser rod is positioned approximately 24
centimeters from the curved output mirror because the beam diameter is
greatest at the cur?ed mirror. This allows a larger active volume of
the laser rod to be utilized.

Accurate alignment is crucial for stable and_reliable TEMOO
operation. For precise and easy alignment, the laser head sits in a
stainless steel carriage which is attached to an adjustable stainless
steel housing (see Figs. 2 and 3). The carriage allows the laser head
to be rotated to_align'the rod's PBrewster angle. The housing can move
angularly by pivoting on a central point. The angula; alignment is
secured by tightening a machine screw which is positioned in a slotted
arc connected to the housing. The housing lifts the laser vertically by
means of four adjustment screws which move through’four'tapped holes in
the carriage base plate. The housing translates the laser heéd
laterally by means of four adjustment screws which secure a lateral
position inside tﬁo sideboard rumnners. This adjustable housing design

facilitates accurate and rapid alignment of the laser head.
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FIG. 1. Cross sectional view of the close—-coupled cloverleaf laser

head.

FIG. 2. Side view of the adjustable laser head housing.

FIG. 3. Top view of the adjustable laser head housing.
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V. Flashlamp Driving Circuit

Efficient flashlamp pumping is necessary to minimize thermal
distortions in thevlaser rod which can lead to unstable and unreliable
oscillatof performance; The most efficient flashlamp driving circuit is
determined by: the type of flashlamp; the discharge energy;>the
discharge pulsewidth; and the circuit damping parameter [26].

""" 'For EG&G FX ‘47C-5 linear xenon flashlamps in series are used to
optically pump the Nd:glass laser rod. Flashlamp configurations are
characterized by Ky, @ flashlamp parameter with units of ohm-ampsvz
[26]. For xenon flashlampé, Ky 1.275 X arclength/boresize [27]. The
four flashlamps in series have a KO 50.  Given this Ko.value. a
capacitance C=240 micrqfarads, a desired discharge,enefgy of
aéproximately 800 Joules, a desired}pulsewidth of approximately 650
microseconds [28], and a desired circuit damping parameter, o,
approximately equal to 0.75 for éritical damping, the discharge circuit
inducténce, L=330 microhenries, was determined using the procedure of
Markiewicz and Emmett [26].

The capacitor is charged by a regulated power supply capable of
giving reproducible charging voltages to approximately one part in a
thousand. This accuracy in the charging voltage is necessary to
consisteﬁtly operaté the oscillator at just above the lasing threshold
voltage. Experience has shown that optimum mode—iocking performance

occurs just above the lasing threshold voltage [8].
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VI. Mode-locking Dye Solution and Dye Cell

Several studies have shown that sétellite.pulses are avoided [5,29]
and mode-locking is more reliable [5,8,29] when the dye cell is in
contact with one of the resomator's mirrors. .In addition, several
investigations have determined the relationship between dye cell length
and pulse duration [6,29]. These studies have revealed that short dye
céll lengths produce the shortest mode-locked pulses. Therefore, the-

- mode-locking dye sits in contact with the back mirror. The dye cell is
defined by the back mirror, two narrow teflon shims with a thickness of
=400 microns, and a wedged optical flat with anti-reflection coating for
1.06 micron on the surface in contact with the dye. The actual dye cell

‘length is probably <400 microns since the two teflon shims are pressed
very tightly between the two glass. plates. An illustration of the dye

cell assembly is shown in Fig. 4. The mode-locking dye cell assemblf.is
constructed entirely of stainless steel in order to minimize thermal
instabilities.

The recovery times of saturable absorber dyes commonly used to
mode-lock A=1.06 micron have been determined [30]. Eastman Kodak Q-
switch dye #9860 has one of the fastest recovery times, 1=7+1 picosecond
[30]. Because pulse duration is a function of the absorber recovery
time, Q-switch dye #9860 in Eastman Kodak Q-switch 1,2-dichloroethane
was used as the mode-locking dye solution. Experience has shown that
the Q-switch dye is more stable and reliable if the 1,2-dichloroethane
is purified by passage through a column of basic aluminum oxide and then
filtered through a 0.45 micron pore size Millipbre filter to remove the

residual aluminum oxide particulates [31].



The most reliable operation from mode-locking dye solutions occurs
when the dye is circulated through the dyé cell from a 1argé reservoir
[32]. This arrangement provides fresh dye for each laser pulse, assures
uniform mixing and constant concentration of the dye, and minimizes
thermal effects in the dye cell {33]. The 1,2-dichloroethane is added
to a resevoir which is connected to the dye cell and a variable speed_
magnetic drivé gear pump [34]. The total volume of the dye cell,
,tubing; pump -and reservoir is‘approximateiy 70 milliliters. Imert,
baffled, 1/4 inch tubing [35] is used to connect the reservoir, pump and
dye cell, and also to quench vibrations from the pump which can couple
into the cavity and lead to mechanical instabilities. 1In addition, the
pump is turned off approximately five seconds before the laser fires to
minimize the disturbance from the flowing dye.

. .Studies have shown that mode-locked pulse .durations are shortest
when T, the saturable absorber's low light level transmittance, is as
high as possible [8]. We have also determined that the most reliable
and reproducible pulse trains occur when the dye solution has an optical
density of 1.05 +0.05 at a 1.06 micron wavelength in a 0.5 centimeter
spectrophotometric cell. This corresponds to the relatively high
. transmittance of 375%(double pass) in the <400 micron dye cell. Thus
after filling the dye solution system with 1,2-dichloroethane, Kodak
#9860 dye is slowly added to the 1,2-dichloroethane until the solﬁtioﬁ
has an optical density of 1.05 +0.05 at a 1.06 micron wavelength in a
0.5 centimeter cell. For reproducible, reliable operation, this dye

solution should be changed every day.
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VII. Oscillator Frame Construction

Mechanical and thermal stability are crucial for long term
oscillator reliability and stability. Therefore, the optimized laser
oscillator is stabilized by four 1-1/8 inch diameter invar. rods [36].
These rods are connected.to two 1/2 inch thick stainless steel endplates
and twn 3/8 inch thick stainless steel support plates. The invar rods
feed through 1-1/8 inch holes in the stainless steel plates. Tnere is
minimal clearance through these holes and initial aésemply is difficult
because the plates bind unless they remain perpendicular to all the
invar rods. After assembly, however, the frame is very rigid.
Stainless steel set screws provide additional stability. All parts of
the laser oscillator are constructed of stainless steel whenever
vpossiblevto minimiée thermal instability. The invar stabilized

oscillator frame is illustrated in Fig. 5.

VIII. Oscillator Frame Connection to the Optics Table

The oscillator frame rests on four stainless steel ball bearings.
These ball bearings help to decouple the oscillator from the optics
table and also allow the oscillator frame to move freely to relieve
possible strain which could lead to oscillator instabilities [37]. One
' ball bearing sits securely in a hole. Two ball bearings sit in channels
which allow for either x-axial or y-lateral movement. The fourth ball
bearing sits on a plane which allows both x and y freedom. This design
is illustrated in Fig. 6.

The ball bearings sit on plates which are mounted to a
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FIG. 4. Cross sectional view of the mode-locking dye cell.
FIG. 5. Side view of the invar stabilized oscillator cavity.
FIG. 6 - Illustration of the decoupling and strain relieving ball bearing

design which connects the oscillator frame to the Gaertner optical

bench.
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160 centimetef Gaertner Corporation precision lathe bed optical bench
[38]. The inside housing of the Gaertner lathe bed optical bench is

lined with lead bricks to provide enhanced stability.

IX. gig;ometers_gpd Mirror Mounts

'Extraordinary stability and adjustment precision are necessary for
TEMOO-passively mode-locked Nd :glass laser alignment. These
requirements are met by a Burleigh Star-Gimbal stainless steel mirror
mount [39] with Lansing differential screw micrometers [40] on the front
mirror, and Starret precision stainless steel micrometers with Delrin
knobs [41] on the back mirror stainless steel dye cell assembly. The
differential screw micromete:s can make translations as small as a
millionth of an inch.  Experience has shown that, using the Star-Gimbal
mirror mount, alignment for TEM,, operation must be accurate to within
=40 millionths of an inch on the front horizontal Lansing differential
screw miérometer, i.e., 20.4 seconds of arc, for stable, reproducible

behavior at the minimum lasing threshold.

X. Alignment Procedure and Aperature Placement

A proper alignment procedure can lead to rapid and reliable
operation of a TEM;, passively mode-locked Nd:glass laser oscillator.
The following alignment procedure has evolved over the last several
years and has been very effective. Refer to Fig. 7 during the following
discussion.

A 5.0 milliwatt Helium-Neon laser is aperatured to remove off-axis
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light. The side of the aperature away from the Helium-Neon laser is
colored white. The Helium-Neon light beam is Brought into‘the-
oscillator by a 50% beam splitter located behind the back mifror. The
Helium—-Neon beam is pésitioned parallel to the optics cavity. An iris
diaphram on an Xy micrometer stage mountédvon a platform which éan slide
on the Gaeftner optical bench is very convenient'for.this purpose.

Next the laser head housing is positioned so the Helium-Neon beam
is centered on the front and back faces of the laser rod. Positioning
the iris diaphram close to the laser head and closing down the diaphram
on the Helium-Neon beam greatly facilitatés this process. For correct
alignment of the Brewster angle, the Helium-Neon beam should reflect off
the face of the laser rod and remain in the same plane, at the same
height, as the incoming Helium-Neon beam.

After the laser rod is properly aligned, the front mirror is
adjusted so the beam reflected from the front mirror is centered on the
white-colored aperature positioned in front of the Helium-Neon 1aser.
Part of the beam reflected from the front mirror passes through the 507
beam splitter. A white screen is placed behind the beam splitter to
view the reflection from the front mirror. Then the back mirrbr is
adjusted so the reflection from the cavity-defining surface of the dye
cell is coincident with the reflection‘from the front mirror. Sharp,
concentric interference fringes should appear when the cavity is
properly aligned.

Next the intracavity aperature for TEMOO selectivity is placed in
the oscillator, on an xy micrometer stage mounted on a platfofﬁ which
can slide on the Gaertner optical bench. The intracavity'aperature,is

positioned approximately 8 centimeters from the dye cell, centered with
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FIG. 7. Top view of the laser assembly.

FIG. 8. (a) Oscillogram of an ordinary pulse train. . (b) Oscillogram of
a multiple bulse train. Both output pulse trains are taken with a PIN

photodiode and a Téktronix 519 oscilloscope at 50 nsec/div.
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respect to the Helium~Neon beam [2.19]. The aperature can be accurately
_centefed by closing the diaphramvdown on the beam to make é'small spot
and then centering on this small spot. The aperature has a diameter of
2.18 mm. For the position close to the dye cell, aperatureldiameters
smaller than 2.18 mm. e.g., 2.08 mm,'introduce too much lighf loss and
diameters larger than 2.18 mm, e.g., 2.26 mm, allow the TEMOI mode and
higher order modes to occur; For aperature positions further from the

dye cell, the*laser'S'performancé was less reliable.

XI. Adjustment for Optimum Lasing Action

Once the laser is aligned, the flashlamps can be fired and the
alignment can be adjusted for optimum lasing action. - The lasing action.
can ‘be observed by placing developed but unexposed Polaroid film near
ithe front mirror and watching for laser burn spots. The power supply
voltage should be increased until a burn spot is observed. If a burn

spot is not observed the front horizontal differential screw micrometer

can be adjusted. If the differential screw micrometer has to be moved
more than 250 millionths of an inch, either the voltage is still too low
or the initial alignment is faulty. With proper alignment, lasing
should occur within +200 millionths of an inch, i.e., *1.8 seconds of
arc, from the initial setting. The voltage threshold is minimized by

adjusting the front horizontal differential screw micrometer and

observing if the lasing threshold is lowered. The laser oscillator must
be operated at its minimum voltage for the most reliable and
reproducible laser performance. The front horizontal differential screw :

adjustment is the only adjustment which should be necessary after inital



alignment.

XII. Dependability

The optimized, TEMO0 selective, passively mOde—lockéd Nd :glass
laser oscillator described above is capable of running at a repetition
" rate pfvone shot every 20 seconds. for >12 hours with only minor
:adjustments.',Thé repetition rate is limited by the power supply charge
time. If the voltége threshold increases significantly, the threshold
can generally be brought back down by adjustment of =30 millionths of an
inch on the front horizontal differential screw micrometer, i.e., =0.3
seconds or afc. We suspect that the need for minor adjustments is
related to the fluctuations in the room temperature .[8].

If multiple trains -occur, the voltage should be . turned down.
Examples of ordinary and multiple pulse trains observed using a Hewlett-
Packard PIN photodiode [42] and a Tektronix 519 oscilloscope are shown
in Fig., 8. Optimum pulse trains with fairly reproducible pulse train
envelopeé occur approximately 80-90% of the time when the voltage is -

just above the lasing threshold voltage..

189



190

References

11‘

120

13.

14.

15.

16.

Ultrashort Light Pulses, ed. by S.L. Shapiro (Springer-Verlag,

‘New York, 1977).

W. Koechner, Solid State Laser Engineering (Springer-Verlag,

New York, 1976).

A.J. DeMaria, W.H. Glenn, Jr., M.J. Brienza and M.E. Mack
Proc. IEEE. 57, 2(1969). |

A. Laubereau and W. Kaiser, Opto-Electronics 6, 1(1974).

D. von der Linde, IEEE J. Quantum Electronics 8, 328(1972).
D.J. Bradley and W. SiBbett, Optics Comm. 9, 17(1973).

P.N. Everett, Rev. Sci. Inst. 41, 1495(1970).

H. Weichel, J. Appl. Phys. 44, 3635(1973).

W. Koechner, op.cit., p. 467 ff.

~-CsB. Harris; H. Auweter and S.M. George,
Phys. Rev. Lett. 44, 737(1980).
S.M. George, H. Auweter and C.ﬁ. Harris,
J. Chem. Phys. 73, 5573(1980).
C.B. Harris, H. Auweter and S.M. George, in Picosecond -

Phenomena II, ed. by R. Hochstrasser, W. Kaiser and

C.V. Shank (Springer-Verlag, New York, 1980).

A.J. DeMaria, D.A. Stetser and H. Heynau,

Appl. Phys. Lett. 8, 174(1966).

R. Harrach and G. Kachen, J. Appl. Phys. 39, 2482(1968).
W. Koechner, op. cit., pp. 467-8.

V.S. Letokhov, Sov. Phys. JETP 27, 746(1968);

Sov. Phys. JETP 28, 562(1969); Sov. Phys. JETP 28, 1026(1969).



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

191

W. Koechner. op.vcit;. p- 461 ff.

W.H. Lowdermilk, “Technology of Bandwidth-Limited Pulse

 Generation”. in Laser Handbook, Vol. 3. ed. by M.L. Stitch

(North-Holland Publishing Company, New York, 1979).

T. Li, Bell Sys. Tech. Journal 44. 917(1965).

“A.E. Siegman, An Introduction to Lasers and Masers, (McGraw-Hill,

New York, 1971) p. 293 ff.-

Both mirrors have 1.0 inch diameters and were obtained from

- CVI Laser Corporation, Albequerque, New Mexico. 87192.

Private.communciation from Robert L. Carman, Los Alamos Scientific'
Laboratory, Univ. of California, Los Alamos, New Mexico, 87545.
This laser head design is én adaptation of a prototype froﬁ the
Lawrence Livermore Laboratory, Univ. of Cialifornia, Livermore,
California,_94550.

Lauda Instruments Division, BQinkmann Inétruments, Inc.’," Westbury
New York, 11590.

The Nd:glass laser rod was Owens-Illinois ED—nglass with standard

‘doping for 1/4 inch diameter rods obtained from Owens-Illinois,

Toledo, Ohio, 43666.

J.P. Markiewicz and J.L. Emmett,

IEEE J. Quantum Electronics 2, 707(1966).

EG&G technical information, EG&G Inc., Electro-Optics Division,

Salem, Mass. 01970.



28.

29.

30.

31.

- 32.

33.

34.

35.

36‘

37.

38.

39.

192

Optimum‘gfficiency for pumping ED-2 Nd:glass occurs when the
flashlamp pulsewidtﬁ is between 400-750 ﬁicroseconds. Privéte
communication from John Trenholme, Lawrence Livermore Laboratory,
Univ. of Califqrnia, Livermore, California, 94550, an& from
Robert C. Turner. ILC Téchnology, Sﬁnnyvale, California, 94086.
D.J. Brédiey, G.H.C. New and S.J. Caughey,

Optics Comm. 2, 41(1970). |
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Private communication from‘G} Wilse Robinson; Dept. of Chemistry,
Texas Tech Univ., Lubbock, Texas, 79409.

W. Koechner, op.cit., p. 470.
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IEEE J, Quantum Electronics 6, 651(1970).

Ihe variable speed magnetic drive gear pump was obtained from
Micropump Corporation, Concord, California, 94524.

The inert, baffled 1/4 inch tubing was obtained from Penntube

Plastics Comp., Clifton Heights, Pennsylvania.

'The invar was Carpenter Invar 36 available from Carpenter Steel,

Redding, Pennsylvania.

This design was suggested by Dirk J. Kuizenga, Lawrence Livermore
Laboratory, Univ. of California, Livermore, California, 94550.
Gaertner Scientific Corpération, 1201 Wrightwood Avenue, Chicago,
Illinois, 60614.

The Burleigh Star-Gimbal Stainless Steel Mirror Mounts Model Number
SG-201 were obtained from Burleigh Instrumgnts. Inc., Fishers,

New York, 14453.
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The Lansing differential screw miérometers, Model Number 22.501,
were obtained from Lansing Research Corporation, Ithaca,
New York, 14850. )

The L.S. Starrett Co. stainless steel micrometers Model Number 1263

‘were obtained from Burleigh Instruments, Fishers, New York. 14453.

The Rurleigh designation for the Starrett micrometer is Model
Number MC-79. | |

The Hewlett-Packard PIN photodiode, Type 5082-4203, was obtained
from Hewlett-Packard, 1501 Page Mill Road, Palo Alto, California,

94304.



Chapter 7: Picosecond Pulse Characterization

I. Introduction

A wide range of picosecond pulse temporal and spectral widths have

been‘repofted from passively mode-locked Nd:glass lasers. For example,
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pulse temporal :widths.-between 2-15 picoseconds.and pulse.spectral widths

between 3-200 ctn-1 have been documented [1;15]. These strikingly broad
ranges are determined by many experimentai’parameters. These parameters
include: the type of mode—lockingvdye; thevmode—locking dye cell
thickness, the position of the extractéd pulse in the pulse .train; and
non-linear effects in the laser rod.

In this chapter, we report our efforts to characterize the pulses
from our passively mode-locked Nd:glass laser. This laser has been
previously describedvin Chap. 6. We observed the temporal width of the
fundamental 1.06 u pulse using the two photon fluorescence (TPF)
technique as discussed in Chaps. 5 and 8. We observed the spectral
width of the frequency-doubled 5306 A pulse using a standard 3/4 meter

spectrometer in second order as discussed in Chap. 5.

II. Temporal Width of 1.06 u Pulses versus Position in Pulse Train

Figure 1 shows the observed autocorrelation width for the 1.06 u
pulse versus position in a typical pulse train emitted from ouf.
passively mode-locked Nd:glass laser. Single 1.06 u pulses were

extracted selectively from the pulse train using the electronic pulse
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selector referenced in Chap. 5.. These 1.06 p pulses were amplified to
approximately 20 mJ and were not compressed using a saturable
absorber. The effect of saturable absorbers on the pulse width is
discuséed in Chap. 8. |

The autocorrelation widths were determined from TPF measurements.
Actqal pulse temporal widths calculated from these. autocorrelation

widths assuming Gaussian pulse shapes are also given. This is a

- pessimistic estimate. for the pulse widths because the actual pulse

shapes are probably somewhat intermediate between Gaussian and
Lorentzian.

Figure 2 displays a histogram of the data summarized in Fig. 1.
Figure 2 demonstrates that the shot-to-shot pulse width fluctuations
increase dramatically if the pulse is selected later in the pulse train
at locations C or D. Consequently, the vibrational dephasing
experiments discribed in this thesis were performed with pulses from

locations A or B.

ITII. Spectral Width of 5306 A Pulses versus Position in Pulse Train

Figure 3 shows the observed spectral widths for the frequency-
doubled 5306 A pulses vefsus the position in a typical pulse train.
These 5306 A pulses were derived from 1.06 u puises that had been
amplified to approximately 1-2 mJ. The effect of the saturable absorber
dye #9860 with an optical density of 1.0 is also given.

Figure 4 displays a histogram of the data summarized in Fig. 3. 1In
a similar manner to the teméoral widths, large shot-to-shot fluctuations

in the spectral width are dramatically apparent for pulses selected
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FIG. 1. Autocorrelation width of the 1.06 u pulse versus position in a
typical pulse traih emitted from our passively mode-locked Nd:glass

laser. Temporal widths assuming Gaussian pulse shapes are also given.

FIG. 2. Histogram of the data summarized in Fig. 1.
FIG. 3. Spectral widths of the frequency-doubled 5306 A pulses versus
position in a typical pulse train. The effect of the saturable absorber

dye #9860 is also given.

FIG. 4. Histogram of the data summarized in Fig. 3.
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Pulsewidth vs. Position in Pulse Train
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. later in the pulse trains.
IV.  Spectra of Individual Shots

Figure 5 shows spectra from individual pulses that were pickea from
locations between the 4th and 7th pulse in pulse trains of'30-40
pulses. In ?ontrast, Figures 6 énd 7 demonstrate the multiplet
structure of pulse spectra that can be observed. dh "good” days. most
of the spectra from pulses picked from locations between the 4th-8th
pulse are either singlets similar to figs. 5(a)-5(d) or quasi-doublets
similar to Figs. 6(a) and 6(b). On "bad" days, however, most of the
spectra from the same pulse train positions can be higher order |
multiplets similar to Figs. 6(c) and 6(d) and Figs. 7(a)-7(d). 1In
addition, Fig. 8 shows spectra from individual shots that were picked
later in the pulse trains. On "bad" days, these spectra can -also occur
in the rising edge to the pulse trains. |

Luckily for the vibrational dephasing experiments, "good"” days
occured much more frequently than “bad"” days. We are not sure of the
cause for the mnltiplet and messy spectra. These spectra are not
significantly affected by amplification voltage. Thus non-linear
effects in the amplifier rods or ;he doubling crystal do not give rise
fo these spectra. In fact. on "bad" days these spectra were observed
even with the amplifiers turned off. Consequently, these spectra seem
to be generated in the laser oscillator.

Eecause of the infrequent occurence of the "bad“ spectra, these
interesting spectra did not interfer with the vibrational dephasing

experiments. Consequently, the'relationship'between the experimental
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parameters and these "bad” spectra was not exhaustively studied. We did
nbtice that when the mode-locking dye cell was' rotated and ﬁhe laser
realignea after one "bad” day. the spectra were conéistently clean
singlets or partial doublets. Thus a burned or partially burned mode~—
locking dye cell may cause thé "bad” spectfa°

The multiplet st;uctufe of the pulse spectrum is partially"
consistent with phase modulatioﬁ 6f the.pulse in the laser oscillator
discussed by :Zinth-et:al. [1] and Eckardt et al. [2]. Bt the non-
linear effects occuring in phase modulation should shift the spectral
.intensity fo the red and the blue, depleting the spectral intensity at
the central frequency in a very characteristic way [2]. This was not
observed; The multiplet-structured spectra are almost always peaked at
the.éentral‘frequency of 5306 A. On the other hand. an interactiom . |
between the gain bandwidth and the phasg modulation may be occuring
which preferentially amplifies the spectral intensity at the central
frequency. The relationship between this process and a burned dye cell

is not known.

V. Evaluation of Laser Variables

The .effect pf the dye cell transmittanée on the autocorrelation
widths of the 1.06 u pulses was examined using the TPF apparatus.
Figure 9 demonstrates that the dye cell transmittanée had no significant
effect on the autocorrelation widths on the day that the tranmittance
was intentionally Qaried. Mode-locking could not be acheived outside of
the displayed range. The laser was normally operated using a

transmittance of =75% (double pass) in the mode-locking dye cell.



FIG. 5. (a)-(d) Representative spectra from individual pulses that
" were. picked from locations between the 4th and 8th pulse in a typical

pulse train.

FIG. 6. (a)-(d) Representative spectra from individual pulses that
display the multiplet structure that can be observed. later in the pulse

train or éarly in the pulse train on "bad" days.

FIG. 7. (a)-(d) Representative spectra from individual pulses that
display the multiplet structure that can be observed later in the pulse

train or early in the pulse train on "bad” days.

FIG. 8. Representative spectra from individual pulses that are

generally observed later in the pulse train.
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The effect of day-to-day realignment on the autocorrelation.widths
~of the 1.06 u pulses was also evaluated by comparing the pulse widths
determined from the previous TPFvstudies discussed in this chapter and
in Chap. 8. Figure 10 shows that the day-to-day fluctuations were
minor. The fluctﬁations that were observed may have resulted from
slight variations in the position of the selected 1.06 u pulse in the
pulse train.

The average 1.06 u pulse energy obtained after amplification in
three Nd:glass laser amplifiers is shown in Fig. 11. The vibrational
dephasing experiments described in Chap. 5 were conducted using
amplifier voltages of approximately 14, 14 and O kV. Lastly. the
appearance of the pulse trains in relatioﬁ to the timing diagram for the

picosecond pulse generating system is shown in Fig. 12.-
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FIG. 9. The effect of dye cell transmittance on the autocorrelation

width of the 1.06 u pulse.

FIG. 10. The effect of day-to-day realignment on the autocorrelation

width of the 1.06 u pulse.

FIG. 11. The average 1.06 u pulse energy obtained after amplification

in our three Nd:glass laser amplifiers.

FIG. 12. The position of the pulse trains emitted by the passively
mode~-locked Nd:glass laser oscillator in relation to the timing diagram

for the picosecond pulse generating system.



Autocorrelation Width (mm)

2.4

1

2.2

1

Gaussian Puise Width (psec)

2.0

1.8

Same Day Comparison of' Pulsewidth vs.
Mode -Locking Dye Cell Light Transmittance

N
l
L

N

1 , L l 1

65 70 75 80 %
Dye Cell Light Transmittance at 1.06 u
(double pass)

XBL 814-5558

Figure 9

210



Autocorrelation Width (mm)

2.2

2.0

®
| T
(psec)

(o))
1

N
|

Gaussian Pulse Width

-~ Pulsewidth vs. Day-to-Day Opérotion

Following Alignment Procedure

Picked Pulse = 6th-8th

N
I

Qo
2

2 3 4 S
Various Days

XBL8I4-5557

‘Figure 10

211



212
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Chapter 8: Picosecond Pulse Shortening using Dye #5 or Dye #9860

-as a Saturable Absorber

I. Introduction

The shortest possible light.pulses are desired for optimum time
resolution in picosecond studies. One method used to shorten a light
pulse is to pass the pulse through a saturable absorber extermnal to the
laser cavity [1,2]. Although some theory for the effect of a saturable
absorber on a picosecond light pulse has been presented [2], there has
been little experimental work on the -pulse shortening or intensity
reducing effects of external saturable absorbefs.'

Recently, Reynolds and Drexhage [3], reported on a new infrared
absorbing dye, Kodak heptameﬁhine pyrylium dye #5, which has a very fast
absorption recovery time of 2.7 psec compared to 6.5 péec for Kodak dye
#9860 [4]. Others have reported [4,5] that dye #5 used as a mode-
locking dye in Nd:glass laser oscillators gave pulses substantially
shorter than those obtained using dye #9860. Kopainsky eﬁ al. [4] have
also suggested the use of dye #5 as an external saturable absorber.

In this chapter, we report on the effect of dye #5 and dye #9860
used as extern;l saturable absorbefé on the width and infensity of
single, high power pulses from our Nd:glass oscillator/ampliflier
system. The experimental results are compared to the results of a
theoretical model. 1In addition, the saturable absorber effects of dye
#5 and dye #9860 are compared on the same day at optical density

O.Dn=2000
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II. Exﬁerimental

A single picoseond pulse was selected from the rising edge of ﬁulse
trains emitted by a TEMOO selective, passively mode-locked Nd :glass
laser oscillator [6]. VA Pockels cell driven by a low jitter electronic
circuit [7] consistently selected the 6th-8th intense pulse from pulse
trains of 30-45 pulses. - A fast photodiode and é Iektronix 7834 fast
storage oscilloscope monitored the pulse trains. Shéts which displayed
multiple pulse trains were excluded from the data.

The selected pulse was amplified in a three stage Nd:glass
amplifier. The pulse energy after amplification was determined to be
approximately 20 mJ using a Korad/Hadron Model 100 thermopile.
Throughout this study, the pulse energy was kept essentially constant.

| Dye #5 and dye #9860 were obtained from Eastman Kodak. The dyes
were dissolved in 1,2-dichloroethane and the optical densities were
measure& at 1.06 u in a 1 cm cell. The dye solution was placed in a
1 cm cell after the final amplifier as shown in Figs. 1 and 2 in
Chap. 5. The laser pulse burn spots on developed but unexposed Polaroid
film positioned in front of the dye cell hgd a diameter of 4~5 mm and
showed no substructure.

To measure pulse widths, the entire unfocused pulse was sent into a
standard two photon fluorescence (TPF) apparatus [8]. The TPF signal
was obtained from a 1 X 10"'3 M methanol solution of rhodamine 6G in a 1
cm cell. An 85 mm camera lens imaged the TPF tface with a magnification
of approximately 1.0 on a Princeton Applied Research Model 1254 optical
multichannel analyzer (OMA) ISIT detector. High f-numbers of f/22 to

f/8 were used to maximize the depth of field. The (MA was interfaced to |
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a minicomputer which displayed the TPF intensity plot on a CRT screen.
Calibration, focus and resolution of the lens-(MA system were determined

using a calibrated fine copper mesh at.the TPF . cell position.
III. Results .

Several TPF screen displays are shown in Fig. 1. The display is
‘linear with respect to TPF intensity. TPF peak-to-background ratios
were in the range of 2.8-3.0 to 1l on all shots. TPF intensity traces
taken without a saturable absorber are shown in Figs. 1(a) and 1(5).
Figures 1(c) and 1(d) show TPF intensity traces taken using O.D.=2.0.for
‘saturable absorber dye #9860 and dye #5, respecfively.

Pulse widths were determined by measuring the full width at half
maximﬁm of the TPF intensity traces. in all figures, éach point is an
average of 20-30 measurements, and the bars show the standard deviation
of the data for each point. Figure 2 displays the TPF autocorrelatioﬁ
widths measured with no saturable absorber and with dye #5 at 0.D.=1.0,
2.0 and 3.0. Figure 3 displays a histogram of the data summarized in
’Fig. 2. All data were taken on fhe same day under identical
amplification and pulse selection conditionms. |

Assuming Gaussian pulses, the pulse widths, t_, were calculated.

P
using the formula tp=(2 Az n)/(éVZC), where Az is the measured TPF
autocorrelation width, n is the refractive index at 1.06 u in the TPF
cell, and ¢ is the speed of light [9,10]. Measured methanol refractive
indices in the visible were extrapolated to give n=1.3235 at 1.06 u.

The measured pulse shortening ratios using dye #5 were 0.84, 0.74 and

0.71 at optical densities 1.0, 2.0 and 3.0, respectively.
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FIG. 1 CRT screen traées of TPF intensity profiles measured by an OMA
for constant -energy light pulses using: (a)-(b) no_saﬁurable
absorber; = (c) saturable absorber dye #9860 at 0.D.=2.0 and (d)

saturable absorber dye #5 at 0.D.=2.0.

FIG. 2. The dependence of the pulse autocorrelation width on the
optical density of saturable absorber dye #5 using constant energy light

pulses.
FIG. 3. Histogram of the data summarized in Fig. 2.
FIG. 4. The dependence of the pulse autocorrelation width on the

optical demnsity of saturable absorber dye #9860 using nearly constant

energy light pulses.
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Figure 4 dispiayS'the TPF autoéorrélation widths measured with no
saturable absorber and with dye #9860 at 0.D.= 1.0, 2.0, 3.0 and 4.0.
All data were taken on the same day. The pulse widths on Fig. 4 are
somewhat longer than those on Fig. 2,' This~differénce occured because
the position of the selected 1.06 pulse iﬁ the pulse train was
somewhat later. In addition, the pulse widths ét 0.D.= 3.0 and 4.0 are
not as reliable because the pulse energy was fluctuating more than usual
on this day.

The mean squared intensity of the light pulse after passing through
the saturable absorber was determined from the peak TPF intensity [8].
Changes in the mean squared intensity emphasize intensity changes near
the peak of the pulse. Figure 5 shows.the relative TPF peak intensities
measured with no saturable absorber and with dye #5 at 0.D.=1.0, 2.0 and
3.0.

Dye #5 and dye #9860 were compared by measuring TPF autocorrelation
widths and TPF peak intensities with both dyes at 0.D.=2.0.

Measurements were made on the same day at constant amplification and
selected pulse energy. The results are shown in Figs. 6 and 7. Dye #5
gives a shorter TPF autocorrelation width and a greater reduction in

pulse intensity than dye #9860 at the same optical density.
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FIG. 5. TPF peak intensity dependence on optical density of saturable

absorber dye #5 using constant energy light pulses.

FIG. 6. Same day comparison of pulse autocorrelation width dependence
 on saturable absorber dye #9860 and dye #5 at 0.D.=2.0 using constant

energy light pulses.

FIG. 7. Same day comparison of TPF peak intensity dependence on
saturable absorber.dye #9860 and dye #5 at 0.D.=2.0 using constant

energy light pulses.

FIG. 8. Coherent Stokes signal decay curves in dimethylsulfoxide with
and without the saturable absorber dye #9860 at an optical density of
1.0. Assuming.T2=0, the coherent Stokes signal decay curve is

equivélent to the temporal shape of the 5306 A pulse.
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IV. Discussion

A. Qualitative Agreement with a Numerical Model

Penzkofer [2] has numerically invéstigated light pulse shorteﬁing
and intensity reductipn effects using saturable absorber parametérs
modeled for dye #9860. His calculations suggest that dyes having a
smaller ratio of relaxation time to pulse width should show
qualitatively similar behavior (see Fig. 5 of Ref. 2).

Penzkofer presented a graphical summary of the numerical results
 for the pulse shortening ratio (Fig. 4 of Ref. 2) and for the peak
vintensity transmission (Fig. 8 of Ref. 2) as a function of input peak
intensity and saturable-absorﬁer optical density. . Both. the pulse
shortening ratio and the peak intensity transmission show qualitatively
different behavior at low input peak intensities of 1-6 X 108 W <:m-2
compared to the behavior with input peak intensities above
6 X 108 W em2.

At low input peak intensities, the calculated pulse shortening
ratios decrease with increasing optical density, then level off, with
ratios remaining in the range 0.9-0.5 for optical densities greater than
0.D.=1-5. 1In the same low intensity region, the peak intensity
transmissions show a steady decrease with increasing optical density.

With input peak intensities above 6 X 108 W cm-z, the pulse
shortening ratios do not level off until much higher optical densities

of

7-40, at which point very small pulse shortening ratios of 0.5-0.2
are obtained. With these high intensity pulses, the peak intensity

transmissions do not decrease significantly at low optical densities,
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but show a su?den reduction above a pafﬁicular transition 6ptical
density in the range 0.D.=5-40.

. Our experimental pulse shortening ratios for dye #5 decrease with
increasing optical density and begin to level off at a value of 0.7 for
0.D.=3.0. Likewise, the measured mean squared intensity transmissions
show a steady decrease with increasing optical density. These results
are qualitatively consistent with Pénzkofer's numerical results for low
input peak intensities. A quantitative comparison with Penzkofer's

results was not attempted.

B. Experimental Considerations and Pulse Shapes

The-short-rela#ation time of 1=2.7 psec for dye #5 enables this
.satﬁrable absorbervto quickly recover after being bleached by the
pulse's rising edge. This short relaxation time enables dye #5 to be
moré effective in pulse shortening than dye #9860 at the same optical
density. However; the rapid recovery of dye #5 significantiy reduces
the peak intensity of the pulse.

For our 1.06 u pulses with tp=9 psec, we believeidye #9860 with a
relaxation time of t1=6.5 psec is better suited for use as a saturable
absorber. Dye #9860 absorbs the rising edge of our 1.06 u pulses, then
bleaches, allowing the peak and the main portion of the pulse to be
transmitted with little attenuation. More generally, if pulses with
sharp rising edges but with little peak intensity reduction are
required, the relaxation time of the saturable absorber should roughly
match the pulse temporal width.

Using the dye #9860 at 0.D.=1.0 as a saturable absorber, our



excite-and-probé vibrational dephasing experiments have measured

coherent Stokes sigﬁal decayé as rapid as T2/2=0.5—0.7_psec in

dimethylsulfoxide. This indicates that the rising edge of the
frequency-doubled 5306 A& pulse is <0.5-0.7 psec. Assuming impact

| excitati;ﬁ and T2=0, the measured coherent Stokes signal decay curves

are equivalent to the temporal shape of the 5306 A pulse.

Pulse shapes obtained with and without the dye #9860 are
illustrated in Fig. 8. Because of the short T, in Dﬁéb,'higher pulse
intensities were required to reach the threshold for stimulated Raman
scattering. Consequently, the probe Stokes signals corresponding to

points at the top of these curves where the excite and probe pulses

directly overlap were usually severely frequency broadened. The Stokes

probe signals displayed a "continuum-like" appearance with spedt:al

widths typically 2100 cm_l. This was also a problem at the top of the

decay curves for the other methyl liquids on larger shots.
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Chapter 9: Summary

What is the mechanism of vibrational linewidth broadening in
liquids? What is the relationship betﬁeen vibrational 1inewidth
broadening and the dynamics and structure of liquids? Focusing.on
symmetric CH3—stretching vibratibnal linewidthsvin liquids, this thesis
- has' provided some answeré'to these questions.

The work presented in this thesis is consistent with the picture
that vibrational linewidths are broadened by short and long range
interactions between the vibration and the surrounding liquid solvent.

Assuming a Lennard-Jones 6-12 intermolecular potential between the

vibration and the neighboring molecules, the short range 1/12 Lennard- .

Jones repulsive potential gives rise to rapidly varying interactions
associated with "billard ball” type hard core collisional dynamics.
These rapidly varying interactions lead to homogeneous broadening.

On the other hand, the long range 1/6 Lennard-Jones attractive
potential gives rise to slowly varying interactions associated with
multipole or dispersion forces. Quite distinct from the short range
hard core collisions, these multipole interactions average over several
coofdination spheres of surrounding molecules. Thus the vibration
interacts with the surrounding liquid dielectric structure which can be
characterized by a local number density. Consequently, a distribution
of locallnumber densities in a liquid gives rise to a distribution of
multipole interaction energies. If the lifetime of the local number
density sites is long, this distribution leads to inhomogeneous

broadening.
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Tﬁe work presented in this thesis, along with the general
Schweizer-Chandler vibrétional dephasing theory [1] and tﬁe Schindler-
Jonas analysis of the isothermal density dependent isotfdpié Raman
linewidths in isobutylene [2] provide a firm foundation for an
understanding of vibrational linewidth broadening in liquids. 1In
comparison to the understanding ten years ago, the most novel aspect of
this presentvday foundation is the recognition of the importance of
slowly varying, attractive forces which give rise to inhomogeneous
broadening. We now recognize that vibrational linewidths in liquids are
broadened by both rapidly varying liquid dynamics and slowly varying
liquid structure.

Future investigations of T, homogeneous dephasing times and
~vibrational linewidth broadening wiil proceed along many various
avenues. As long as inhomogeneous broadening is not ignored, isotropic
spontaneous Raman studies.will continue to have an important utility in
mapping out the general trends in vibrational linewidth broadening
[3,4]. Selective excite-and-probe vibrational dephasing experiments
will also continue to be employed, especially as high power picosecond
technology advances.

In'addition; several new techniques will probably improve the
ability to measure the T2 dephasing time in liquids. For example, as
tunable infrared pulsed lasers continue to be developed, excite-and-
probe infrared hole-burning experiments [5-7] will have a wide
applicability for a wide variety of vibrations in liquids. These'
infrared hole-buring experiments certainly have the potential to acheive
what electronic hole-burning experiments [8] have already

accomplished.



Picosecond coherent Stokes [9] or Anti-Stokes [10]" Raman
experiments using two overlapped light pulses tuned so that their
.difference frequency is equal to the vibrational frequency also have a
great potential. However, the main issue to be resolved in these
experiments is their selectivity. Are they measuring T, homogeneous
dephasing times ér simply the Fourier transform of the. vibrational
bandwidth that they coherently excite?

In addition, the characteristics of transient stimulated Raman

scattering in high laser depletion are dependent upon the T, homogeneous

dephasing time. Consequently, streak camera studies of the width of the

Stokes pulse with respect to the incident laser pulse and the position
of the Stokes pulse peak with respect to the laser pulse peak would
reveal information about the 'I‘2 dephasing time. -~ Streak caﬁera
investigations,of3this kind have never been conducted using picosecond
pulses in liquids.

Lastly, given that the T, homogeneous dephasing time has been
measured, an important question still remains: What are the
contributions of TZ*’ the pure dephasing relaxation time, and T;, the
population relaxation time, to TZ? Only a few T1 population relaxation
times have been measured for a handful of C-H vibrations in liquids at
room temperature. As tunable infrared lasers continue to be developed,
however, this situation may change considerably; Ultimately, a more
thorough and complete understanding of vibrational linewidth broadening

in liquids will emerge when accurate measurements of Ty apgd T, can be

routinely made for a wide variety of vibratioms.
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+s+e.At that subtle moment when man glanées backward over his life,
Sisyphus returning toward his rock, in that sligﬁt_pivoting he
contemplates that series of unrela;ed actions which becomes his fate,
created by him, combined uﬁder his memory's eye and soon sealed by his -
death. Thus, convinced of the_wholly human origin of all that is human,
a blind man eager to see who knows that the night has no end, he is
still on the go. The rock is still rolling.

I leave Sisyphus at the foot of the mountain! One always finds
one's burden égain. But Sisyphus teaches‘the higher fidelity that
negates the gods and raises rocks. He too concludes that all is well.
This universe henceforth without a master seems to him neither sterile
nor.futile. Each atom of that stone, each mineral flake of that night-
filled mountain, in itself forms a world. The struggle itself toward

the heights is enough to fill a man's heart. One must imagine Sisyphus

happy.

-Albert Camus

“"The Myth of Sisyphus"”
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APPENDIX: Computer Programs for Transient Stimulated Raman

Scattering in High Laser Depletion

The following programs were run on the 7600 computer at the
computer center at Lawrence Berkeley Laboratory (LEL). The listings

include representative control cards.
I. STOKES

The ﬁrogram STOKES is the main program used to solve the transient
stimulated Raman equations in high laser depletion. The following
STOKE S program is for a 5-component vibrational linewidth. The program
is documented extensively by comment cards in the running text of the
program.

This program relies on the subroutine SGEBFCS to solve the set of
simﬁltaneous equations determined by the implicit Crank-Nicolson
‘method. SGEFCS is available from the CORE library at LEL (see the CORE
library writeup). SGEFCS is an LB, adaption form the LINPACK library of
mathematical subroutines. SGBFCS is employed in the program STOKES
shortiy after line number 166.

The input and output of STOKES can come from or go to punched cards
or a PSS file. PSS is the user storage system (see PSS writeup). The
LIBCOPY and LIBRITE control cards copy from or write to the SMGLIBRB

library on PSS.
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II. SPL

The program SPLOT plots the output data from the program STOKE S.
SPLOT utilizes the IDDS graphics package (see the IDDS writeup). This
program can be used to plot the time-dependent amplitude or intensity of

the laser pulse, the Stokes pulse or the vibrational amplitude.
I1I. CURVE

The program CURVE takes the selectivity data calculated from the
program STOKES and generates Stokes probe signals versus delay time. In
addition, the program uses.the subroutine VCONVO to. convolute the pure
vibrational amplitude decay with the shape of the probe ﬁulse. V CONVO
is. a subroutine in the IMSL library of mathematical subroutines at LEL

(see the IMSL library writeup).
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CONTROL CARDS

TSRMV¢T 4006400521 S™ CECRCE

$1D=CBH
SUSERPF

ARR]IS .

MATHL]IB.
LIBCOPY,SMGLIB.TAPES/RR,FSECSe

FTINGGLC
LINKeX o

K=1,CPT=2e
PP=(T3PES]). )

LIBRITE,SUGLIBs TAPE20/RR ¢FSECI 4486 ¢w=l GEDRGE ¢S Je

EXITe
DUMP 406

ﬂﬂﬂﬂﬂﬁﬂﬂﬂﬂnﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬁﬂﬂﬂﬂﬂﬂﬂﬂnﬂ ﬂﬂﬂﬁ

PROGRAM STOKES { INPUT ,CUTPUT,TAPE S= INPUT,TAPE 209

SR AVB AR A AR DEF [MITIONS* ISR sARAER AR XN SRS X 42TR %
PLe POSITION CF LASEZF PULSE PEAK

RL= 17 FwHM OF LASER PULSE M T UNITS

DT= TIME IMNCREMEAT

DZ= SPACE INCRENEAT

12= DEPHASING TIME IN PSEC

GAMMA= 1/T2 (LANIT GF 2SEC-11

GAIN= STEADY STATZ GAIN (ULNITS CF #/Tk)

GAIN IS G IN LITESATLFE DIVIDED BY 2

NOTICE THAT 6 IS FOR STOKES INTENSITY, G/2 FOR STCKES FIELD
CMRm VANLZY=-RLC®Z CONSTANMT

CMRa LASER FRELZ 7 STCKES FFEQ {DIMENSICALESSY

ELx LASER FIELL AVPLITUDE (UNITS OF SCUARE ROCY CF INTENSITY)
INTENSITY IS APPFNX. 1 Gm/CV¥»®2 (R 1G Th/e=x2

€S= STOKES FIZLL AMPLITUDE (UNITS CF SQUARE RCOT OF INTENSITY)
Qe VEBRATICNAL AMPLITUZE (UNITS OF INTENSITY)

INTENSITY UNITS = Tw/v®%x2

ELMAX= “AXIwUV AMFELITUDE CF LASER FIELC

ELMAX IN UNITS CF 33LARE RCOT OF TEFAR2TT PER SQUARE METER
ESHHA= STNKES FPULLSE KALF-REIGHT AMPLITLDE

PEMH= TIVE PCSITICN C'« STCKES PULSE RISING EDGE WHEN STCKES PULSE
AMPLITUDE ESUALS ESHEA

FEHr= TIVME PCSITION CN STCKES PULSE FALLING EDGE WHEN STCKES
PULSE APLITULCE ECUALS ESFHA

SGAIN= LCG CF MAXIMLY STDKES AMFLITUDE AT I CIVIDED 8Y

MAX TMUM STOKES aT Z=¢C

PLMAX= TIME PLCSITICN CF LZSEF PULSE MAXIMUM AT GIVEN Z

PSUAX = T1MS PCSITICK CF STCKES FULSE wAXIMUM AT GIVEN 2
SWIDTH= wIDTH CF STCKES PULSE IN TIME UNITS AT GIVEN 2
TDELAY= TIME DELAY BETWEEN LASER ANL STCKES PULSE PEAKS AT
GIVEN 2

TTIME= TCTAL TIvE IN PICOSECONDS

ZCELLe TCTAL CELL LENGTH IN METERS

SEABIPB NSRRI D [MENSION STYATEMENTSHBRA S AIBA RS SRR 2RIR 4D
THE FOLLOWING ARE ARFAYS IN Z SPACE
REAL A(7,40001, E£(400)

REAL DUUMY([400)
INTEGER IPVT(4CO)



(aNaXul

REAL ELOLDI2201,ESOLLI20D)
REAL ELNEW(20J1, ESAEW(200)
REAL ELSAVE(200), ESSAVE(200)

REAL COLDI209)CNEWL200)9C2NEWL200)
REAL QJ0LD1(230),30LD2(20D)

REAL COLC3(2001, CCLL4(200)

REAL ONEwl(2CCHoeINEW2(230)

REAL QONEw2(200), ONEW4({200)

REAL J5aAvE{2CC1, CSAV1I(200)
REAL CSAvV3(200)

REAL FQ(200),F21(20C),FQ2(200)
REAL "FC3(20010,FL4(20C)
REAL sSuvQL200

REAL C2Nwl1(2001,C2Nw2(200)
REAL C2Nan3{20031, J2Nw4 (2001

INTECER PCMAX(2301,P31MX{2001,PQU24X(20C)

REAL POLD112001,PNLD2(200)
REAL FNEWl(2J01,PNCW21200C1)
REAL P2Nall2001+F21a2{200)
PEAL POLD3{20C), POLD4(200)
REAL PNEW3 (2001 ,?NEw4(290
REAL P2NW3120CI, P2NR4(200)

PEAL CCS1(2001,CCS21200)0 -
REAL XCCS1(2CC1+xCNS2(270)
PEAL CDS3(2001,C054(22M)

REAL XCCS3(2001,xCCS412000

REAL SINL(2001,5IN212301
REAL XSINL(20014XSINZ(200)
REAL SIN3{2CCr, SIN4(220)
REAL XSIN3(200)s XSIN&(230)

REAL Q1CCS(2021,81G3(2001,S1GQ1(200)
REAL Q3CCS(230, SICL31200

PEAL SLINT(40)1,2CONV (4D

INTEGER PLMAX{2CJ),PS¥aAX(200)

. REAL SGAIN(2021, ESHHA(200)

INTEGER TCELAY(200)

INTEGER SWILTH(5C)
INTEGER RZHH(501, FEFH(SO)

THE FOLLCOWING BRE BRF2YS IN T TIME

REAL ELZERD(42C1,ESZERUI400!
REAL CZ1(4Q00,EL114201,E51(4201
REAL CZ1vl1(4C01,321V21400)

REAL ESZ(400,101.EL2(4C0,1D)

REAL ELBC(40Q), ESBC(4CO), OBC (40D}
REAL CBC1(4C0),CBC2(4I0)
REAL CBC3(400:, CBC4 (400
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REAL CPV1(400)1,LFV2(430)
REAL DPv3(4001, CPv4 (400

REAL FOFF1(4301,FCFF214J0?
REAL FOFF3(400), FCFFel4u0)

REAL XELSC(4001,2L5C (400

INTEGER TeZoTMAX,ZMAX,PL
INTEGER 15P
INTEGER Z8C

REAL PZERC
REAL PZRO3

REAL EL,ES,Q
REAL (Q14224PV1,4PV2
REAL 339 4y Pv3, Pvé

LEVEL 2 ELsES+59S10C2+PV1ePV2,03:049PV3PVA
COMMCN ZLCM/7 ZLI4C044I0,E5(400+40), L(&0044013
0L(40064016C20400,4G1ePV1{420,401,PVv2( 403400

COMMON 7LCM17 $2( 400 ¢40) 4C&(400 4400 ¢PV3 {400 4400 ¢PV4 (500,40}

SRS LH2 A9V AINEFIAZ PRIMARY CONSTANTSRSR 4 3% t%kisknusss %

IMax=200

THAX 240D

PL=THAX/2

FLES5L,/FLOAT(TMAX)

FwHM OF TeE PULSE 1S 1/5 CF THE TOTAL TIME OF 35.0 PSEC
JeSes THE PULSE #IDTH IS T7e0 PSEC

CMR=1419432

GAIN=25,0

LDA=7

INFO=1

Mi=2 *
My=2

EMAX=6e313

GALSS= 4»ALCG(2.0)

TTIME=35,0

2CELL»0, 0125

T2{7.C

INDEX DETERMINES WwHICH BCUNDARY CONDITICNS ARE USED

INDEX=0 INDICATES T+I BEGIMNNING COF THE CELL

INDEX=1l INDICATES LSING PUNCHED CARCS CCATAINING PREVIOUS
SOLUTINNS AS BCUNDAFY CONDITIONS

INDEX=2 INDICATES USING PREVIOUS SOLUTICNS IN MEMCRY AS
BOUNDARY CCNDITICANS '

INDEX=1

DEL 1S THE OFF RESONANT DELTA OMEGA
IN THIS CALCULATICNe DEL=1e5 CM-1
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DELL AND DEL2 #FF IN UNITS OF RADIANS/TIFE POINT

84 75E-2= PSEC/TI¥E PCINT T

BeT5E—-14= SEC/TIME PCINT T
2'°I(RADIANS)'C(C”/S‘C!'DEL(CP-Il=2.8276:11(RAEIANSISECI
208274E11(RADIANS/SECI®*8e 75E~14{ SEC #TIVE POINTI=2,474E~2(RADIANS
PER TIME PCIAT

THEREFORE le35 (M-1324474Z-2 RADIANS/TINE POINT IN THIS PROGRAM

THIS IS TRUE FCR CALCLLATICN A

*%xx2x5233F (R CALCULATICN By DEL = 3,00 CM~]1 s*zmsssannss
3000 CM=1 = 44G4ECCB4S~2 RADJANS/TIME PCINT

BESEISXBARSIFECR CALCULATICA Cy DEL® 4050 (M~1osnsnanennssnex
4e50 CM=1 = 744ZZ012¢E=-2 RADIANS/TIVME PCINT

$2999222924FCR CLLCULATION Do DEL= 2,00 CM-] s#t*ssnsnsans
$$$$515938% IN CALCULATICN Dy T2x 3.5 PSEC $$S$3S$SS8S8888

Sasaxek IN CALCULETICRAS AcBe AND Co T2= 7,0 PSEC#®sssssastss

S89342%FCE CALCULATICY Ey DEL = 3,0 CM=-]tsssassncsnss
$$388388SSIN CALCULATICN Ey T2 = 14,0 PSECS$$583938388858%$

DELL1=-2,474)042E-2
DEL2= 2.47400422-2
DEL3=-445430284¢=-2
DEL4= 446480084E~2 -

XXCM CCNVERTS RACIANS PER TIME POINT IATC WAVELUMBERS CM-1

XXCM=60e €3045¢

PZERD IS THE CCASTANT SPATIAL PHASE THAT DEVELCPES FOF THE
OFF RESCAANT VvIBRATICNAL AMPLITUCLE FRICR TC SATURATION
THIS MUST EE FIRST CETIRMINED Bv RUMING THE ELRLY SECTCES
VHESE SECTORS MLST THEN BE FERUN TD CALCULATE THE SIGNAL

PZERD*5.,73
PIR0O3=11445

XLSUM IS THE AQEA UNCER THE INITIAL LASEF INTENSTTY
PROFILE 8T Z=lEkFC

XLSUM IS CALCULATZD wHEN INDEX®O

XLSUM IS INPUT &S A& CCUNSTANT FOF SUBSECUENT SECTCRS

XLSUM=0e211116743€66E+C3

B3899204CEF [NE CTHER CONSTANTS IN TERMS CF PRIMARY CONSTANTSeessnss
DT=TTIME/FLCAT (T¥2X)

DZ=2CELL/FLCAT(ZMAX)

Nz ZMAX*2

BETAL®2,0%D2*CAINSCVR

BETA2:2,0¢DZ%GA 1IN

PHIL=BETE1/24)

PHI2=BETA2/24C
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GAMMA=1,0/T2
NN=(N/721-1
NN2=N=2
LMAX=2IMAX/S
1B8CeZMAX=-3

SRR N kIR ¥R 4% 9% INITIALIZATIOMN SECTION®=saxnssesnsvsssivssenarne

INITIALIZE ELSAVE ANC ESSAVE FOR USE IN DETERMINING THE
TIME POSITICNS CF THE LASER AND STOKES FEAKS AT VARIOUS 2
ALSO INITIALIZE QSAVE.QSAV1, &ND QSAaV2

DO 60 I=1,2VAX
QSAVE(Z1=060
0SAavVI(Z)=0e9
05av3(Z1:=0e.¢C
ELSAVE(Z12040
ESSAVE(Z1=0e0

INITIALIZE REHH AMND FEHH FCR USE IN DETERMINING
THE wl1DTF OF THE STCKES PULSE

00 61 2=1,2ZmAX
PEFH(Z)=C
FEHH(Z1=0
CCNTINUE

DEFINE BCUNCARY CCNCITIONS FCF ALL TiﬂE AT ZwQ s=9snsssesasssssvsvss

FOR TrE STARTINC CELL SECTCF THESE ECUNDARY CONDITIINS ARE
DEFINED BY A GBLSSIAM FUNCTICN

FOR SUBSEQUENT CELL SECTOFSe. THE BCOULNDAFY CONDITICNS ARE THE
COMPUTER GENERATEC SCLUTICN NEAF THE END OF THE PREVICUS
CELL SECTCR

IF{INDEXeEQaQY GCTC €4
IFLINDEXGEQel) GCTC 70
IFULINDEXeEQo2) CCTC 7S5

FOR THE STARTING SECTCP, THE BOUNDAFY CCADITIONS ARE GIVEN
BY A GAUSSIAN LASER PULSE BND GAUSS IAN STCKES NDISE PULSE
STOKES NCISE = EASE E »» -13

BASE E *# =13 = 2,2¢C3E-6

DO 65 T=1,TMAX :
ELZERC{Tr=EMAX*EXP{—-CAUSS*{{FLOAT(T=PLI*RLY*%2))
ESZERO(TI=ELZZRC{TI#2,2603E~6

CCONTINUE

USF SIMPSONS RLLE TC CALCULATE THE 2REA UNDER THE INTIAL LASEFR
INTENSITY PROFILF AT Z=ZSRO

THE T0TAL AREA, XLSU%, wlILL BE USEC TO CALCULATE THE

AMOUNT OF LASER CCNVERSICN

XLSUMs0eC
‘QE‘=°.°
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DO €& T=1,TH™AX
XELSQIT ¥=ELZERCU{TI®*ELZERCITY

DO 67 T=1,397,2 . '

AREAS{DT /3¢ v* (XELSQUT 044 *XELSQIT+1 04XELSO(T 27
XL SUM= XL SUM+AREL

CONTINUE

PRINT 684XLSUM
FORMAT(/1Xs*XLSUMN=%,E1Bel1)

IF(INCEXeEQeO) COTO 84
READ CATA FROM FUNCHEC CARDS
ALTERNATIVELY, READ CATA FRCM PSS FILE

WHETHER CATA ]S READ FFOM PUNCHED CARDS OR PSS FILE
IS DESTERMINED By THE COCNTRCL CARCS :

FEAD(542) (ELBC(IV,]I®],TMAX)
READ(S02) (ESBC(IN,]=1,THMAX)
FCRMAT(S(ElBellelX i}

00 71 Tel,TMAX .
ELZERC(TI=ELBCI(T)

ESZERC(T I=ESBC(T}
IFCUINDEXeE3e1) GCTC 94

READ BACK DATA FFCW WMEMCRY FFOM PREVIOUS SCLUTION
DO 76 T=1,THaAX

CELZERCITHIELBCIT)
- ESZERQO(TI=ESBC(T)

PRINT OLT BOUNCARY CCMDITICNS

PRINT 85
FORMAT (/71X +*BOUNCARY CCNDITIONS FOR ALL TIME AT 7:20%)
PRINT 86

FORMAT(/1Xy®Ta= 10Xy R LIERC=3415X,*ESZERCES)

DC 100 T=4,TvaAXx,4

PRINT GO ToEL2ZFCUTY SSZZFCUT)Y
FORMAT(I445XsS13405,8X,E124 05}

CCNTINUE

DEFINE INITIAL COCNDITICNS FOR ALL SPACE AT Te( =39333ss03aizsnasgsns

PRINT QUT INITI8L CONDITIONS
PRINT 102
FORMAT(/1Xx,*INITIAL CCADITICNS FCR 2LL SFACE AT T=0%)

ELINT=EMAXSEXP(—GAUSS*{(FLOAT(-PLI®RLI®*®2}}
ESINT=ELINT®2,2€633E~-¢

DO 110 2=1,2Zvax
ELDLDI{Z Y =EL INT
ESOLD(ZI=ESINT
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QOLD(2)=0.0
QOLD1(Z1=0a.0
QCLD2(Z1=J60
QCLD3{(Z1=Ce O
QOLD4(21=0s0

POLD1(2120e C
PCLD2(21=0.,0
POLD3(Z1=Ce 0
POLD4(Z1=Ce(C
CONTINUE

PRINT 111,ELINTLESINT
FORMAT(/71Xx¢*INITIAL ELCLD=®4E13e05¢5X¢*INITIAL ESCLO=%*,E13,051)

PRINT 112,0CLC(1»,QCLC1(3,2CLD2(1

FORMAT( /1Xe#INITIAL CCLD=%4E13o05.5Xe*INITIAL COLCL=%,E13,05,¢
SXe®INITIAL QCLL2=%,E13605)

NOW BEGIN PRECICTICP=CLFRECTOR METHCL sesstsistxiassstissiasiaze

FIRST USE EULEF TIME STEP.
THIS IS THE PRECICTCF STZPe PROJECT CANE STEP IN TIME

D0 2E5% T=]l,TMa>
K=0

DEFINITICNS FGR PRECICTOF STEP

PREDICTCF FOR wiEFATICAS ARD PHASE

DO 115 Zsl,IMA>x

COS1(Z)=COSICELLI*FLSATIT 14PCLDI(Z0)
COS2(2)=CCS(DEL2%ELCAT{TI+PALD2(Z)}
COS3(Z)=CCS(TELI*FLOATLTICPGLDI(Z )
COS4(Z1=COSICEL4¥FLCAT(T 14+FPOLDG(Z 1)
SINITZ)=SIN({DELLI*FLCATL(TI4FCLDL (21)
SIN2(Z}=SIN(DELZ*FLCATITI®POLD2(2))
SIN3(ZI=SIN(CEL2#FLCET(T14POLD3(Z0)
SING(Z)eSIN(DELG®FLOLT(T1¢POLD4 (21}

CONTINUE

DO 120 Z=1,2MA>

ONEW(Z)= (DT*GAMMAR(ELOLO(ZISESOLDIZ)I=CCLOIZ) 13 ¢2CLD( 2)

QNEW1 (Z 4w (DT*GAMMAS{ELCID(ZI®ESCLD(Z1=COS1(Z1=20LC1(2Z))1+4CCLO1(2Z)
ONEW2{Z1={CT#CAMPA® {ELCLECZISESCLO(Z 1#CCS202 4-COLE2(Z 10 0430LE2(2)
ONEW3 (2 9= (CT#GAVMAR(ELCLD(Z 1ESGLD(Z1#COS3(Z +-0CLD3(Z 44 94QCLD3(2)
ONEW4(Z)=(DT*GAYVAR(ELCLD(ZI*ESOLD(ZISCLS4L Z)1-COLD4LZ)19¢CCLD&(2)
IF(T=10115,115,117

PNEW1(Z120,0

248
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140
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PNEW2({Z 150 C
PNEW3 (212040
PNEWL(Z120,0

GOTO 120

PNEWL(2)=POLC1I(2)-(DT*CAMMAR{ (ELOLD(ZISESOLDC(2Y)/7L0LDI(Z))
®SINLEZyy . .

PNENZ(Z'-POLDZ(Z!-(ﬁT*GAMHA‘((ELGLD(Z"ESDLD(ZOOICOLDZ(Z'!
*SIN2(20

PNEW3(Z1=POLD3(Z)-(DT=GAMMA*((SLCLDUZI*ESCLD(Z))/Q0LD3(2))
*SIN3(Z0» .

PNEWL (21=POLL4(Z)~ (CT*GAMMA®{ (ELCLD(Zy*ESCLOLZ19/00LD4( 21}
$SING(2Z))

CCNT INUE

PRINT OUT QONEw FCR FIFST FEW TIME STEPS
ALSC PRINT CUT CMEwWL oSNEW2y PNEA14PNEW2

IF(ToLEe2) CCTC 121

IF(TeGTe2r GOTC 136

PRINT 122,7

FORMAT(/1X,%CNCw AFTFF EULER TIME STEP, Ta#*,14)

PRINT 124
FORMAT (/71X ¢ #7=9 410X 2 NEw=%, ISX #CNENLI=#, 15X, *INER2=%,15X,

- SPNEwWlms | SXy3FNEn2e ™)

DO 135 2=10,20C,19
PRINT 125¢Z+CNEnl(2)oSNZwll2) ONEWZIZYoFNIWLIZ),PNEW2(Z)
FORMAT ([415X0E12e05+EXeE13005¢BXeE 1305 ¢8XeEL136405¢8X¢E1305)

CONTINUE
CONTIANUE

DO 14l Z=1,IMAX

PREPARE FOR SLBRCUTINEe CCRFECT COSINE TER®S FOR PHASE
CORRECT SINE TERMS FCFR UPCCMING CORFECTCR STEP

XCOS1(Z)=COS{OCELI®FLCAT(TI+PNEWLIIZ)}
XCOS2{Z1=COSULEL2*FLCETUIT1+PNER2Z2IZ MY
XCOS3(24sCOS(CEL3TFLLATITI+PAEW3(Z))
XCOS4{Z)=COS(CEL4*FLCATITI+PNEWS(Z) )

XSINII(Z)=SIN(DELLI*FLCAT(TISPNEWLIIZ))
XSIN2(ZV=SIN(DEL2%FLCATITI+PNEW2(Z) )
XSINIUZ)y=SINIDELI*FLCAT(T14PLEN3LIN
XSINGIZI=SIN(DEL4®FLCATITI¢PAERS(Z))

SET UP SUMMATICM FCR TCTAL VIBRATIOMNAL AMPLITUCE

FCUZ1=0s4*QNEn(2)

FOLIZ1=0e2* NZwl(Z)®XCOSUL2)Y
FQ2(Z)1=De2%INEWZ(21=yCLS212)
FO3(Z120e1*(NERI(Z)*XCCS3U2)
FOQA(Z)m0ele NEn&(Z)®»x(CS&(2)
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SUMQUZI=FCUZI+FCLIZIOFI2(ZI1+FQ3LZ1¢FQ4(2)
CONTINUE

DEFINE ELEMEANTS CF B(J? FCR SUBRCUTINE SCBFCS hadd e DL AL AL AL L L
BULI=ELZERD(T)

BU2)=ES2ZEROI(T)

DO 142 Je3yN

B(J1=060

FIRST REZERD &ll.,4)
DO 144 1=1,7
DO 144 J=1N
A{I¢J)=040

DEFINE THE ACNCHENGING ELEMENTS OF 2(I,J» FCF SUBROUTINE SGRBFCS
THIRD ROW ELEMEATSS2 23823322304 R XX LR T SR AXEIBAERASRBE S

DO 146 J=3,N
Al3,J1=16D

FIFTH ROW ELEMENTC# 2223333522342 3R R0at AR AR I AEBRRIBRER R

DC 148 J=l,AhN2
A1S.41=060
A(SeN=11=1,0
A{SeNI=]1oC .

SEVENTH ROA ELEPCATS #2323 02 053002232090 902 0000 R RYRRLDIIRLIRIRSE
NNZ2 EQUALS N=2

00 150 J=L.MN2

A{Tedi==1e 0

DEFINE THE ELEMENTS CF Alleds WHICH CHANGE DEPENDING GN Q

FOURTH RCW ELEMEATS 2922319883258 523R0 888X KERISARNER
N/2s= IMAX T N
NN ECQLALS N/Z2-=1 :

00 1€5 J=1.NN '
A(4,2%)1=BSTAL*SUMOL I
Al4oN)=PRIL®SUNMTIN/2)

SIXTF RCh ELENMEATS 28343244t indstdnsidtssssssdsssnansnss

DC 166 J=1,NN
A(6,2%J-11=-BET22*SUNMI(J)
A(6N-112=PHI2%SLMS(A/2)

CALL SLBROUTINE SCBFCS IN MATHLIE #2ssststatssrsisssnssss
CALL SGBFCS(A,LC2Z Ny ML MUGBs INFCoRCCND, IPVTDUMMY)

PRINTING INFCRPATICN FCR FIRST TIME THRCUGH ONLY
1FiTeGTa2) GOTC 190
PRINT 177, INFC
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NOw CaLCuLATE:

-PRINT 179,RCCAD
FORMAT( /71X, *INFC=%,13)
FOFMAT(/1Xs*RCCNCa®,E13,05

SOLUTICNS X{I) 2RE OLTPUT IN RlI)e
THUS THE ORIGINAL CCASTANTS ARE REPLACED BY THE SCLJTIONS.
RELATE CLTPLT B(I) TC EL AND ESe

D0 182 Z=1l,2VvAX
ELNEW(Z1=8(2%2-1)
ESNEn{Z1=R(2%2)

PRINT CUT ELNEwm END ESAEw FOR FIRST FEa TIME STEPS

IF{TeLEs2) GITC 1924
IF(TeGTe2y GCTC 150

PRINT 18¢,T

FORMAT(/1Xe#ELNEN AND ESNEwWw AFTER SULPRRCUTINE, Tese,14&)

PRINT 19¢

FCRVMAT(/1Xe20=%, 10X, *ELNER=%,15X,*E SNEw=")

DD 188 I=210,200410

PRINT L1EToZELNER(Z) oS ENER(Z)
FCRMAT(14+5X+E13eC5+8XeEL3405)

COCNTINUE

CONTINUE

KzKe]
1F K=2, END CF SECCNT TIME THROUGHe END OF CYCLE.
IF(KeEL02) GCTC 2G5S

NOW HAVE 8 TERNTATIVE CLNER{Z) AND ESNEW( 210 22823032 ixntasinstzssnnss
A CCARRZCTICF FLR CNCwW CCRRECTEL CNCW IS S2NEwe®9vnsszssnas

CALCULATE THE CCRRECTCF FCR THE VvIBFATICNS AND PHASE

DO 195 Z=1,2MAX

O2NEw(Z1={ (L1724 12GANFY A (~JCLD{Z)=-JNEW(Z)4+
DCELOLCL{Z#ESCLOCZ 1 1o (ELNEWIZ I*ESNEWI 201 090420LD(2)

OZNHI(Z)!((CTIZ.!’GAP“A‘((ELCLD(Z!*ESO(D(!)‘COSI(le-COLCl(ZD
1 OIELNEh(Zl*ESNEﬁlZ)*XCOSI(ZJO-QNEﬂl(llilOOOLDl(Zi

Q2NW2(Z1={(CT/2e 1 CAMVAR((ELDLDIZISESCLDIZI*COS2(ZV1=-C0LD2(2)
1 ¢C(ELNEW(Za*ESNER{Z 12 XC52(210-QNEN2(Z) 10¢Q0LD21I 2

Q2NW3(Z¥=((CT /2o 1*CAMVAR | [ELULDIZISESOLDIZI*COS3{2)—=-C0LL3(2)
1 ¢(ELNEW(ZI®ESNE {2 1o XCOS3(Z)I-INENI {2V 10420L D32}

Q2NW4 (ZV=((LT/ 2o 19 CANY AR ({ELCLDIZVSESCLDIZI*CCS&(219-C0LD4L 2
1 ¢(ELNER(ZI®ESNERLIZ ) XCCS4{Z) 1-ANEWL LTI 1 14QCLD&(2)

IF(T-11162,192,1¢3
P2Nwl{Z1=Ce C
P2NW2(Z1=060

251
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252

P2NuW3 (21900
P2NW4(Z 1=Ce 0
GOTO 195

P2NWLIZ)=POLD1{21-{(DT /2, 1*GAMMA®(( (ELOLC(ZI*ESCLD(2))/7QCLDLI(2})
SSINLIZI*((ELNER{ZIPESNENTIZ) 0/ONEALLZ 02XSINLIZ 0}

P2NW2(2)=POLC2(21=(CT/24 ¥*GAMMAS(({ ELCLD(ZI*ESCLDIZY1/7QCLD2(2Z)
BSIN2(ZV+{(ELNERCZI®ESNEW(ZIV/ONEW2(Z 1 I8XSIN2(Z)

P2NW3ILZ¥=POLD3 (2}~ (DT/26 1*GAMMAS({(ELOLD(ZISESCLDIZ) ) /QCLD3(2))
SSINIULVCL(ELNER{ZI®ESNERLZ I 0/ONEW3 (20 0%XSIN3(Z)

P2NW&(Z13PNLD4(2)1=(DT/ 24 19GAMMAR(({ELCLD(Z)*ESCLD(210/0CLD&(Z))
TSINGIZV*+(LELNERTZI®ESNENIZ I I/ONEWS(ZI42XSING{2))

CCNT INUE

PRINT C2NEW FOR THE FIRST FEW TIME STEPS
ALSO PRINT CUT C2MAwWlo22NW2,P2hWleP2Aw2

IF{TeLEe2) GCTC 156
IF{TeGle2) GCTC 2C12

PRINT 167,7

FOFMAT(/71Xs*JZNEr AFTER CCRRECTCR, T=%,[4)

PFINT 168

FORMAT{/1Xo#2a® g 10X 3 2NEWe®, 15X 302NN In%, 15X, eQ2NW2u o 15X,
BP2NW1=2,[5X¢*F2NR2=")

DO 200 Z=10,420C,y10

PRINT 16G¢Z +C2NERIZ) ¢a2Nn1lZ) oQ2NW2(Z) ¢ P2NWR(Z Y 4P2NW2(ZY

FORMAT (14+45X¢E13005+8X0E13eC5¢B8XeELIe05¢BXsEL13605¢8X,EL13¢05)
CONTINUE

CCNTINUE

REDEFINE CNEW FOR THE CCRRECTOR CYCLESTHESE ONEw WILL BE sssssssasssx
INTRODUCEN INTO C*xafR SYSTSM (F CCUPLED EQUATIONS warszssassnsvssensss
Q(To2Z) IS THE 2 CATS 2RRAY XXX ABZAFENITRALLAFRX IV EASXEIRRBIVR SR RA Rk

THE RECEFINITICA CF CCLD wILL BE USED IN THE NEXT TIME STEP

DO 203 Z=1,yZMAX

ONEW(Z1=22NEWL2)

CCLCL2r3C2NENl 2
ONEW1{Z)=L2AW]IL2)
QOLLLl(Z1=C2NwWl(2)
ONEW2(2v=C2NAa2 (2
QOLD2{2Z1=2Q2Nn2(2)
ONEW3 {21=202NwW3 (2}
QOLD3tZ 1= 2Nn3 12
QNEW&A{Z ¥=02Nn4 (2}
QOLD4 (21202 W4 (2

PNEW1(Z)1=P2NWl(2)
POLDLI(2)1=F2Anll2)
PNEW2(Z )1=P2Nw2(2)
PCLD2(21=P2NW21( 2
PNEW3{Z)wP2An3(2)
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205
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POLD3(21=P2NKI( 2}
PNEwW4G(Z1mP2hab ()
POLDA4LZ ¥sP2NR4(Z)

CONTINUE
SAVE C FCR 2=l
QZL(TI=22NEW(1)

OZ1IVi(TIsC2NWl (1)
QZIVv2{TI=Q2NR2(1}

SAVE Q FCR EVEFY FIFTH 2 STEP VALUE
SAVE PHASE FOR EVERY FIFTH 2 STEP VALUE

DO 204 t=]l,LFAX

PYl(ToLt=F2Anl (S2L)
PV2{T LI=P2NW2(EL )
PVILT,L1=P2ANw3 %L )
Pvb(T,L1sP2Ane (521

QUT,LI=22NEw(EtL)
QliTyLimI2Nal (E* L)
C2ET,LI=C2Nn2(E%L)
Q3T «L)=02NWiE0L )
QLlToyl)=l2Nna{SnL)
CONTINUE

-SAVE { FCR ZBC=2MAX-2 ISTEP

0BCITI=S2NEN(ZED)

CBCL(TI=C2Nnl(2E()
0BC2{T1=C2Na2{2E(
08C3(T1=a2Nw31280)
OBCA(TI=C2Nmal 2ECY

NOw SET INFD =2 £ND RETUPN TO REDEFINE "8(I,J)° ' 2ND B(J)
THIS IS IMPORTAAT BELALSE EOTH AlloJ) BAND BUJ) CHANGE ON RETUFN

FORM THE SUERCLTIMNE

THEN SOLvE THE SYSTEM CF LINEAR EQUETICAS AGAIA

RETURN TC LINE 1490

INFO=2
60 TC 140

DD 2C6 2=1,Z%AX

ELCLCIZI=ELAIW(Z)
ESCLOUZ2V=ESAEN{2)

SAVE EL AND ES FCFR 2=1

ELI(TI=ELNEW(1)

AFTER COMPLETE SECCNC CYCLE, FEDEFINE ELCLD AND ESOLD FOR NEXT ##%=ax
TIME STEP #X3A%X 3233243 RA IR IAXRIIXIFAVXXAX AL SIATAIVEBITIXSABINAIBARIS OB

EL(T.2Z) AND ES(ToZ) ARE THE LASER AND STCKES FIELDS DATA ARRAYSs#=mza=x

253
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ESI(Te=mESNER(L?
SAVE FIRST TEN 2 STEP VALUES

(g NaNal

DO 207 Z=2,1C
ELZ(TZ1=ELNEN(2)Y
207 ESZ(T42ZV=ZSNER(2)

SAVE EVERY FIFT+r 2 STE? v2LUE

(g aXalal

D0 2C8 Lel,LMax
ELITLI=ELNEw(E9L)
208 ES(ToLI=ESNEa(E2L)

C
c SAVE THE LASER AND STCXES FOF 2BC=ZFAX-3 ISTEP
C THESE witt BE NEm BCUNCARY CONDITIOANS
c
ELBCITI=ELNENLZBCH
ESBC(Ta=ESNEw(2R(C
c .
C
c
C SET INFC=2 FOR ANE>T CalL CF SUBRCUTINE
c :
INFC=2
c

CetanssnnnonsnnsTHIS CCVPLETES CYCLE FCR CAE T #8sdssssrvnnesansnsssans
C INCREMENT TIvg AND RZPZAT EINTIRE CYCLE FCR NEXT T OF LT LOCP sssansase

FI18ST KEEP TRACK CF 'Tr= TIME POSITICN CF THE LASER AND STCKES
PULSF PEAX FCR va8RICUS Z LCCATICAS ’

ALSO XEEP TRACKR CF THE TIME POSITION OF THE VAFIOUS VIBRATICNAL
AMPLITUCE PEAKS

DO 259 I=1,2%Ax

[a BN s NaNaXaaNaNa¥el

IF(ELNEm(Z)~ELSAVE(Z1)220,220,216
216  PLMAX(Z)=T _
. ELSAVE(ZI=ELNEw(2)

220 IFLESNEn(Z)=ESSAVELZ213240,240,239
230 PSMAX(Z=T
ESSAVE(ZI=ESNER(2)

240 IF(Q2NEw(Z1-CS2VvELZ11242,2424241
2641  PQUAX(Z)=T
QSAVELZ )=Q2NEW(2)

242 TFIC2NR 1(Z)1-0SAV1I(Z1 124442444243
243 PCIMX(Z1=T
QSAV1(Z)=32Nnl1(2)

244 TF(O2NW3 (Z1=CS2v3120125092504245
245 PO3MX(Z1=T
QSAV3{Z1=02NwW3(2)

250 CONTINLE
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298
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318
320

420
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255

CONTINVE

BISIVPIRIFSIIBIIINIS UV ISARNIZEIIINNNNIZNFYITPNESRVXBNBR LR ARSI &
““"‘ﬂ‘l“"'""'il.QIﬁO“t"“".‘.“8#“‘.""'l""“t"‘l

AFTER T CU LCCF IS CCMPLETED

CALCULATE STCKES PULSE WICTH AND STCKES PULSE GAIN
AT VARICLS Z LCCATICNAS

ESZ0 IS THE MAXIMUM STCKES VALUE AT Zs=0

THIS CCCLKS AT Z+0 wWHEN TeFL

ESZO=EMAX®2,2502E~¢

ESZ0%£e33%2,26C3E-%

ES20=1,4327695¢-F

DO 263 2=1,2IVAX
SGAIN(Z)=ALOGUIESSAVE(Z)/ESZ2C)

CALCe TIME DELAY BETWEZN LASER PULSE PEAK AND STOKES PULSE PEAKSassssx»

TODELEY(Zv=PSNMAX[21-PLNMEXI 2

CALCULATE ESHF2 FCR USE IN DETERMINING STOKES PULSE WIDTHS
ESHhHA{Z1=ESSAVE(Z 19,5

t 22 2R AR AR RS ARRRRR L R EREER S22 222 RS At iRt 2222 S ¥

CALCULATE STCOKES FULSS wlCTES AT VARICUS 2 *massaseIsIIeeIas NN IS

DC 420 L=1l,LrAX
TSP=PSMAX({L*E)

D0 3CC Te)l,1%P
IF(ESITLLI~-ESHIFA(L*5)1268,298,300
FERH{L)» =T

CONTINUE

DO 320 T=TSP,T™aX

IFLESIT LI-ESKFFA(L*5))320,318,318
FERH(LI=T

CCNTIANUS

SWIDTH(L I=FEFFILI=-REFFIL

CONT INUE

CALCULATE ThE LASER CCNVERSICN AT EACH L SPATIAL POINT
SLINT IS THE TCTAL AFER2 UNDEF THE LASER INTENSITY
XCONvV 1S THE FRACTICrAL CCAVERSICN

D0 438 L=1l,LMAX

ZLSU¥=0,0
2ZAREA=Q,0
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424

438

(g Yo XaNalal
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455

460
461

[ XaXalel
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DO 422 T=1,TMAX
2LS5QUTmEL(TLLIBELIT,,L)

DC 424 T=1,397,2
21&5&-(01/3.'*(215"(1'04.'2t50(T#llOZLS:(TOZlD
ZLSUM=Z{ SUM+ZAFRES

CONTIANUE

SLINT (L I=2L SUWm
XCONVILI=ZLSLMsXLSUM
CONTINUE

PRINT OLT INFORNATICN ABOLT PARAMETERS USED IN THIS CALCULATICN

PRINT 440, TMAX,2NMAX

FORMAT(/1Xe*1If8 THIS CL2LCULATICN TMAXE®, [4,EX%2MAX=%,]4 )
PRINT 441 ,GAIN,EMAX
-FORMAT{/1Xs3GAIN=2,F12,05,5X*EVAX=®,E13,05)

PR INT 445,TTINVE

FORMAT(/1X,=TCTAL TINEw®E11403 +3Xe¥PICLSECS)

PR INT 446,07

FORMAT( /71X 20T =2 ,E13,05¢3X,®PICCSECH)

PFINT 447,2CZLL.C2

FORMATL{/1Xo#ZLELL LEPCTH=®9E11eC3¢3 s PETERSH 42X o902 =% E13,05,
13X 4% METERS®) :

PRINT 448,BET21,BETA2
FORMAT{/IXo®8ZTALl=%4E134 05,10X,%BETA22% ,E13,05)

PRINT 4£49,PH]ILFHI2
FORMAT( /71X o#PHI129:E13aJ5¢10Xe*FH]2=8,E13,05)

PRINT 4504GANMMAGN
FORMAT( /71Xy *GANMMA= E13,05,10X *N=%,{4])

PRINT 4%51,Z82¢C
FORMAT(/1X,*ES520=%,E12,05" '

PRINT CUT INFORMATIGN FCR TIME POSITION CF STOKES AND
LASER PEAKS, TIME DELAY BETwWEEN PEAKS, STOKES GAIN, AND
STOKES PULSE WICTH

PRINT 45€¢
FORMATI/1Xo*FOR Z=%,EX #PLPAX=%,5X,¥PSMAX=® 5X ,* TDELAY=®,
110Xy*5GAINR* (12X ,#E558vZan)

DO &¢1 2=1,2M4X
PRINT 460,2,PLMAXI2),)FSYAXIZ)oTOELAY(Z),SGAINLZ ),
1ESSAVE(Z) ’
FCRVMAT(14¢EX s 14eTXel4eTXy14¢BXoEL3.05,6X,E13,05)
CONTIANUE

PRINT QUT INFCR®ATICAN FOR TIME POSITION AND vALUE OF vIBRATICAAL
PEAK VERELS 2

PRINT 462
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462
C

464
465

466

467

468

469

[a N o)

470

480

515

- 520

522

(o}

524

(o] (aXalalalalaRaNalaNaXalal

FORMAT(/1Xs8FOR I3% ,Ex spPLMAXE® ,SXBFL] PXn® ,SX ,® PLIMX=® 10X,

1 SQSAVE=#,12X¢%0S3Vv]me,12x,20SAV 3=n)

DO 4¢5 I=1,2MAX

PRINT 40442 ¢PLNMAXIZ1,P31IMXLIZ1,PQ3MX(Z0,CSAVELZ)QSAVIL{Z1,0SAV3(2Z)
FORMAT( I 4y SXeldy Xy 10e7XolaeBXsEL13005+6X¢E13605+56%X,E136051)
CCNTINUE

PRINT OUT TIME PROFILE OF LASER AND STOKES FLLSES AND sssssssssssawnx
Q AMPLITUDES 2T VARICLS Z LCCATICNS 2390282330022 5302 8033305000880 uRss

PRINT 466
FORMAT(/1X,%2=1%)
PRINT 4¢7
FCRMAT{/1Xo?TIMES® 10Xy *LASEF®,10Xy*STOKESnw,
15Xe#3s%,15X,#31=%,15%,%023%)

DO 468 T=4, T¥AX,4 :
PRINT 466 ¢ToELIITIESIITILCZILTISZIVIIT),QZLV2(T)
FORMAT (14¢5X%eC13eC5¢5X o 13405¢5X¢513eC5+5XeL13.0505X,E13,051

DC 522 7=2.10

PRINT 47C,2Z
FCRYAT(/1X %2235, 14)

PRINT 480 .
FCRMAT{/1X o2 TIME=2 (1 OXo®LASER=® (10X 4#STLCKES=%)

DC 515 7=20,TMax,29
PRINT S5204TeCLZUT42V4ESZIT 2
CFCRMAT {1496 XyE13e05+5X¢EL13605)

CONTINYUE

PRINT £24
FOPMAT{/1X,2L=2 STEP NLMBER/S%)

CALCULATE THE IASTANTANZSOLS FRECSUENCY SHIFT CAUSEC BY THE
PHASE CHANGING nlTHE Tlee

THIS IS RZPRESENTEZIC EY DOvl &ND CPV2

UNITS GF RACIANS PER TIME PCINT

THIS 1S PHASE~FULLLING CK FCRCED CSCILLATCR BEHAVICK

ALSC CALCULATE THE LMZUNT OF CFF-RESCNANCE IN B AVENUMBERS CM-1
THIS IS REPRESENTED BY FOFF1 AND FOFF2

DO 535 L=4,LvaAXy4

DPV1(11=Can
DPv2(11.C,0
DPV3(1i=(e0
DPV4(11=Ca0

FOFF1(11=C.0
FCFF2{11=040
FOFF3{11=0.C
FOFF4(1)=0,0
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525

s26
527

528
529

532
533
534
£35
537
$40
542
545

546

548

- 549

DO 522 T=2,TM4)

DPVLIITomFvl(TyL=FV1{T=1,L1
DPV2(TI=PV2{ToLI=PV2(T=1,L1)
DPVILTI=PVI(T L I=2V3{T=1,L)

 DPV4L{TI=Pwa (T yL1=FVva (T=1,L)

FOFFL{T 1sXXCM* (CELL+CPVIIT M
FOFF21TimxXCM*» (CEL24¢CFV2(TH}
FOFF3(T I=xXCM2 (CEL3+CPV3(TH)
FOFF&(Toz=XXCM®(LELL+LPVL(T )

CONTINUE
PRINT 52¢, L
FCRMAT(/1X,%L=%,14)

PRINT £27

FOPMAT( 71X ?TIME=%,SX,2LASEFus,8X, *STOKESe®,
13Xe#2=%,13%¢2C 1% o 13X o#T25% 413 X% 23:%,13X,*Q042%)

DO 528 Te4,TNMA) &

PRINT S2GoToELLToL) oESETol) oCt Tol ! oQ2{Teld eQ2{Tol}o
03Tl oCelT, L
FORMATI I 4¢4Xol12675¢2X4213605¢3%X:E13005.3X,
E13e05¢3XsE13e05¢3X,E23405+43X4E 13,051

PFINT 532 .
FORVMAT( /71X o2 TINEn®, Sy ,#0y]es, 13X, 8Py2s#, 12X, #*PVv3u®,12X,
SPVLz® g 12X PFOFF 1=, 10X *FOFF22# 10X ¢*FLFF3=% 10X *FDFF&=%)

DG 533 T=4, T¥8) 34

PRINT €24,ToPVLI(Tol) ePV2UT L) oPVIIToldFValT L),
FOFFLUTIGFCFF2LT I FCFF2(TILFOFF&IT)
FORMAT(§492XeEL1205¢3X9E13605¢3X951360593X4E13405¢3X4E13605,
3XoELl3eCE¢2XsE126C05¢2XeZ13605)

CCNTIRUE

PRINT 537
FORMAT(/1Xo*L=9410X,3SnIDTH=2,14X*SLINT=%, 14X * XCONV=®)
DO 540 tL=l,LMax

PRINT 54Z,LoSwICTH(L) SLINTIL) ¢XCONV(LY

FORMAT{1499Xe 14:,5XeE13e05¢5X+E134051

PRINT 545

FCRMBT(1X,*2=2ECH)

PRINT 546

FORMAT(/IX o #TINE=2, SX #L ASER=%, ITXs* STOKES=%,

13X %3=% g 13Xy #(1=2, 13X¢%Q2=%,13Xs%Q3=%,13X,%0432%)

DO 548 T=4,TMAX,4 :
PRINT 54G¢ToELBCUTIoESBCIT#,0BCUTo,CBCLITIZQABC2(T )y
QBC3(T),3BCAHITY
FORMAT(1444X9E12e05¢2XsE12005¢3X0E13e05¢2X0E13005+3X,
E13605¢3X¢E13605+3X¢E13e05)

PZEFO 1S THE CCMSTANT SPATIAL PHASE THAT DEVELCPES FOR THE
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555

560

565
570

550 ..

OFF RESCNANT VIBRATICAZL AMPLITUDE FRICR 10 SATURATION
THIS IS REDEIFNEC AS PHI=0 FCR THE COMERENT PRCEE PROCESS

PROBE STCKES SZES PHASE CHANGES FEFERENCED TO FIERC

Q1COS IS THE REAL APFLITUDE OF /7Q1/#EXP(IPHI) wHICH
GIVES RISE 1C FRC3E STCKES SIGNAL

SIGO IS THME RUMNING SUY OF vIBRATIOMAL AMPLITUCE
THIS 1S FROPORTICNAL TC THE PRCBE STCKES AMPLITUDE

THE TOTAL PRCEE STCKES SIGNAL IS5 THE SUMMATION OF
EL{PROBE)*Q] OVER ALL 2

S16=0.0
$161=20.C
$1G63=3.0
DO 550 Z=1,2ZMAX

01C0SEZ1=2Anl (ZY*COSIPZEFC=P2NW1(21)
Q3COSLZ 1=22NW3(Z )13 CCS(PZRC3=-P2NN3I2))

SIGO(Z)1=SIG+32NEm(2)
$1625163(2)

SIGI1(Z1=SIG1+J1CCS(2}
SIG1=SIGC1(2)

S$1693{21=5153+223CCEL 2}
SIG3=S1CL3(2)

CONTINLE

PUNCH CUT ON CBRCS THE LASER AND STCKES SODLUTICNS AT 2=28C
ALSO PUNCH ON CARDS THZ VIBRATIONAL AMPLITUDE SOLUTION AT ZslBC

ALTERNATIVELY, S1CRE CATA CN PSS FILE
WHETHSF [CATA IS FUNCFSZ GN CARDS OR STCRED ON PSS FILE
§S DETERMINZD BY THE CTINTRCL CARDS .

WRITE(20,1) (SLBCUIY,Iwl,TVAX)
WRITE(20.1) {ESBCUI)I=1,THAX)
WRITE(2D410 (SBCUIM,I=1.THMAXY
WRITE(20,1) {(SBCLUT1041=21,TMAX)
MRITE(20,1) (QBZ2L1101,1=1,TMAX)
FORMAT(4(ELl8ellelX M)

PRINT 5SS

FORMATL71X,*VIERATIONAL PHASE AND VIERZTICNAL A¥PLITUDE
LEFT BEHINC AT T=420*)

PRINT 5€&C o

FORMAT( /IXo #2329, 10X 2=%,13X ,#Qla% 13X %PVl =%,

13X #03=%,13X,¥Fv3=%,13X,9C1CCS=#,12X,*03C0S=*]

DO S5&5 2=1,2vAX :

PRINT 572, eC2NEWT 210 22NWLLZ 1o P2NWLLZ 0 oC2NN3IZ 0,
PINWILZ131CT0S12),33CLS(2) :
FOR“AT(14.4X.EIZ.OE.3X.ElS.OS.3x.F13.0E.
3X.513.95'3X.El3.35.21'ElB.OS.Bx.ElE.OEn
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75

580
585

PRINT $75
FORMAT(/1Xy#2m% 415X y2SIG=9y15X¢2SIC0le23,12X¢»51IGC3e »)
DO 580 lI=1,ZMAX

PRINT 535,2,51CC(Z1,S1C01822,STGL3(2Z
FORMATI(1449X¢4E1260595Xs213e05¢5X0E13605)

sTCP
END
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c CONTROL CARDS
C .
SPLOT, 400521, SM GECRGE
$[D=CBHARRIS

*YSERPR

FTN4yRe3,

FETCHPS, I0ODS,ULIB,ULIBX,.
FETCHPS oGPACEBNT,CP,CCEN,
LIBCOPY,SMGLIB,TAPES/RF,BSECLOe
LINKyXF=LGO,F=GPyP2UL [Be
DISPOSELFILM=PL,

EXITe

DUMP,D, -
FETCHPS, IDDS,SYMTAB,SYMTABX,

- GRUMP 4P, P=SYMTAB.

F INe

c
c
c
o

PROGRAM SPLOT(INPUT,CUTPUTTAPES.TAPES=C0UTPUT,FILM)

CCMMCN /71GS222/ 211230
REAL EL(400), ZS(40C)
REAL C14920)
REAL Cl(400
REAL SJYESL(40C), SSES(4J0)
PEAL SQCT1409)
REAL SCCl(40d
INTEGER 1

. DIMENSIGN X (4331, ITLF(2)

DATA ITLF/2TSRMy#%z,2227RC#/

READ (5,100 (EL(I1,1=1,430)

READ (541301 (ES{I1eI"14400)

FEAD (S,100) (CLIV,y1=1,4430C)

KEADIS, 100 (CL{Tsy0=1,400)
100 FORMAT(4{E18e11,1X))

DO 105 T=1,400
SQELITI=EL(TI*EL(T)
SOESITI=ES(TI*ES(T
SQQ(Ylw4eo=*(C(TI®J (T
SQOL(TI=4o*(J1(T)*31(T))

105 X(Tr=FLCAT(T)
CALL MODESG(Z € ITLF)
CALL OBJCTG(Zy15ev15erB8EevESe)
CcALL SUBJEG‘2000000’4000'54.0
CALL GRIDG(Z¢CosCovCorCo)
CALL SETSMG(Z,132,2e)
CALL SETSMG(Z410392e)
CALL LABELG(Z¢0+40e1Co3) .
CALL LABELG(Zy1v4ee0sSel)

CALL TITLEG(Z¢494HTINEJSyGRINTENSITY,0,8HPLOT 001}

CALL LINESG{Z,400.,X, SJEL)

CALL PCINTG(Zs400,X,STESH
CALL DASHG{Z4CCeXyS535,12528)
CattL CASHG(Z,4CCoXsSCC1,1£348)
CALL EXIIG(2»

stToP

END
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c CONTRCL CARDS
(5]
CURVE 79 400c 460523+ SM GEORGE
$I0=CBHARRIS
SUSERPK
FETCHFS, IMSLIPSL,INSL.
PNFL T,
LINK XoP=INMSLe FF e
EXIT.
CRUMP,
c
C .
PROGRAM CURVE (INPUT,OUT PUT)
c PROGRAM TO CALCULATZ STOKES PRO3E SIGANAL VERSUS DELAY TIME
C EVERY TIME STEP = G 1 PSEC .
c T=500 IS EQUIVCLENT TO TIME = S0 FSEC
c FOQO,F1Ct, ETC. VALUES FROM NUMZRICAL ClLCULATIGN
c DEL VALLES IN RADIANS PER C.1 FSEC
c CHI VALUES IN RADIANS FROM NUMERICAL CALCULATION

INTEGER L A,LB
INTEGER IWK(11)
REAL A(2: &8)
REAL B8(1024)
INTESER T .
REAL P1(500)
REAL P2(500)
REAL P3(530)
REAL P& (5380)
REAL XE>»>(500)
REAL SUPM(533)
REAL SQA(:000)
LA=500
18=339
GAUSS=4*RL0OG(2.,0)
NN=LA ¢l E~3
FUQ0=99.8049
F1Q1=7,%77125
F2Q2=7.577125
DEL1=-0.084823
DEL2= 0.,084823
N CH11=16.925
CHI2=-3€.925
SNORM=FiQO+F1Q1+F20Q2
DO 100 T=1,500
TT=500.=FLOAT(T)
TIT2=3(TTI/770,)
XEXFI(T)I=ZXP(=TTT2)
1648 CONTINMUE
DO 200 T=1,500
P1(T)=F1Q1*COSIDELL*F.OAT(T)+ CHI )
P2(T)=FZQ2*COS(DEL2*F.QAT(T)I*CHI2)
SUMIT )=(FLQG4F2(T)eP2(T ))/SNORN
ACTI=SUP(TI*XEXPIT)
200 CONTINVE ) .
DO 3880 T7=1,200
66=200.=FLOAT(T)
6GGT22GG/7 0.
SG6T2=GAUSS®*(6G12°656T2)
BIT)=EXP(~SGGT2)
300 CONTINUE
DO 360 T=1,199
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%00
500

$50
638

8(T+2082=8(290-T)
CONTIMNUE

"CALL VCCNVO(A4BoLAoLB,y INK)

00 400 N=1,.NN

SQAA(N)=A(N)®A(N)

CONTIME

PRINT 5300
FCRMAT(/1X9®N=®410X+s*CONVQO=®, 10X+ *SQCONVO=")
DO 600 N=S,NN,5

PRINT 550 4NeA{N)oSQ24 (N) ‘
FCRMATU(IL oo X9E23.0543K9E13.05)

CONTINUE

STOP
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