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* COHERENCE AND RELAXATION IN ENERGY TRANSFER
PROCESSES IN CONDENSED PHASES

Robert McKinnon Shelby
Materials and Molecular Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry, Univer51ty of Californla
Berkeley, Californla 94720

ABSTRACT

Investigations of electronic triplet and vibrational energy

transfer dynamics and relaxation processes are presented Emphasis 1is

- placed on understanding the role of coherence and interactions which

tend to destroy the coherence. In the case of triplet excitons at low
temperaturee,.the importance of.coherence in energy migration can be es-
tablished, and the average cOherence parameters can be experimentally
determined. In the case of vibrational excitations, both picosecond
spectroscopic studies of vibrational relaxation and spontaneous Raman
spectroscopy are used to characterize the dynamics and give increased
insight into the nature of the mechanisms responsible for vibrational

dephasing. The design and operation of the picosecond apparatus used in

- these experiments is also described.

The coherence of electronic triplet energy propagation in organ-

ic solids at liquid helium temperatures is established from the time re- -
~solved response of the crystal to short optical pulses obtained from a

"dye laser (pumped by a nitrogen gas laser). The effects of trapping and
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detrapping of.the excitations by perturbed molecules (x-traps) is evident

in both 1,2,4,5-tetrachlorobenzene (TCB) and 1,4,-dibromonaphthalene
(DBN). In the TCB system a simple kinetic description of fhe band-trap

equilibrium allows the extraction of a minimum average coherence length:

( 2)>>700A=186 molecules for this one-dimensional exciton. This magni-
tude clearly exceeds the random walk limit and is related to the therma-

lization mechanisms in this system.

To help characterize the coherence of vibrational excitations in

‘molecular solids and liquids, the dephésing times of C-H bending mode

overtones ‘in 1,2,4,5-tetramethylbenzene (durene)‘single‘crystai and

~ liquid and p-xylene liquid were measured using coherent Raman probe scat-

tering of picosecond pulses.. These'dephasing'times are in the 0.5 to 3
psec region, and their determination was facilitated by fitting the ex-
perimental data to numerical solutions of the equations which describe

the stimulated Raman excitation and probing processes for homogeneously

and inhomogeneously broadened lines. Comparisons of these results with

spontaheous Raman spectra of these compounds and with previous picosec-
ond data in methanol suggest that inhomogeneous broadening may be an |
important source of linewidth in liquids for this vibration. |
For polyatomic molecules such as these, an impoftant dephasing

~ mechanism is intramolecular interactions between vibrational modes. For
examplé, it is shown that Raman lineshape functions and vibrational de-
.phasing times can refléct random frequency modulation of high frequency
Vibrational modes due to the exchange of thermal energy among low-

frequency modes. When this exchange process is incorporated into the

’?
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vibrational correlation function, an analysis of the témperature depeh-
dence of the spontaneous Raman spectrum in the '"intermediate exchange'

fégime allows one tovqbtain:v (1) Life times and scattering rates which
characterize the ‘dominant dephasing channels, and (2) A measure of the
strength of the interaction responsible for fhe intramolecular coupling.

These ideas are applied to an;analYSis of the C-H stretching modes of -

the durene molecule in the_sdlid phase. It is found that single low-

frequency methyl group motions dominate the dephasing and that the

Q12Q22 fenm in the anharmonic potential may play an important role in

~ the coupling.
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INTRODUCTION

The study of the transfer and dissipation of energy provides an
important avenue toward a more complete understanding of the structure
and dynamics of mole#ular solids and liquids. The behavior of condensed
ﬁhases is quaiitatively different from that of gases in that intermolec-
ular effects pléy a much more dominant role. For:eXamplé; in the gas
phase one can hopé to stﬁdy the prbperties of essentially isolated mol-
éculesvwhich'are only weakly perturbed by their: enviromment through col-
lisions. Although a Similarbviewpoint may'gometimes-prove valuable in -
condeﬁéed phase‘studies, one often studies macroscopic propérties which
are more properly identified with closely coupled mdlécular aggregates.
This,is-particuiarly true of energy transfer and relaxation studies,
since these phenomena intrinsically involve interactions of molecules
with their enviromment and its degrees of freedom. Thus, it is essential
fo'devélop experiménts, models and Viewpoints which are capable of bridg:
ing the gap between macroscbpic observables and the interesting features
of the dynamics.

. In the case of crystalline solids, the perio&icity of the crysfél
1attice helps to simplify the équations of motion of the,N-interacting-
molecule system. The solution1 (to a certain degree'ofvapproximation)
consiéts of collective excitations of the crystal characterized by their

"crystal momentum,'or wave vector. When these elementary crystal excita-

‘tions or "quasiparticles' interact reiatiVely weakly with one another,

they form a useful starting point for a description of the dynamics of



excitations in a real crystal. This description'will be called the
coherent model since qﬁantum mechanical phase relationships among the
excited molecules are pfeserved for a significant time period compared
to the.time required for energy transfer to take place. The excitations
are delocalized over a substantial number of lattice sites and move
through the crystal in a wavelike fashion. An example of such a system :
is provided by electtonic triplet excitations in some organic molecular
crystals.9 The ‘coherent limit is interesting because it results in
energy transpdrt over relatively large distances during the excited 1ife—
time as compared With>the diffusive mode of transport discussed below.
Interactions which disrupt tﬁe coherence are those which scrémble
the well-defined phase rélationship; In the casé of triplet éxcitons for
'example, the coupling between the excitons and’lattice,?ibratidns
(phonons) as well as Scattering by impurity sites and crystal.defects
- tends to cause mixtureé of quasiparticlé states or k-states to form and
.eVOIVe in.time in a random fashion. The interactions which cause this .
dephasing are very interesting in their own rite;_since few systems exist
~ in which this sort of interaction has been:characterized in.détaiIQ-

Because of their importance in determining the macroscopic energy trans-

fer properties of a system, these interactions and theéir associated relax-

ation processes are a subject of intense investigation.

When these pérturbations become sufficiently strong that the
phases are no longer well defined, the idea of collective excitations
Jloses utility,.and k, the crystal momentum, is no longer a good quantum
number. One can say that in effect, the perfect periodicity present in

. an ideal crystal has been disrupted. This pitture will be termed the

: Q~1
i
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incoherent limit. For example, this 1imit would be_appropfiate when
exciton-phonon scattering is rapid compared to the time required for the

exciton to move one lattice spacing. -Since the evolution in time of ex-

cited molecules in different parts of the crystal is uncorrelated, this

2

limit is also called the localized limit.* In the localized picture

energy transfer occurs as a diffusive random walk from one lattice site

~ to another of these localized excitations. One thinks in terms of an

“excited molecule immersed in a reservoir of umexcited molecules. - Since-

the crystal periodicity plays little role, this picture is also useful in

“discussing dynamics of excitations in molecular liquids. In many re-

spects, the dynamics of intramolecular excitations in liquids and in

- solids when the localized picture is appropriate would be expected to be

similar.

In any real system the dynamics would be classified as inter-
mediate between fhe coherent and incoherent limits. A good deal of
theoretical effort has been expended toward understanding energy trans-
port in this intermediate fegime.s’4 This work has largely centered on
incorporating the effects of_perturbations such as exciton-phonon cou-
pling into the déscription of the dynamics. As one intuitivély expecté,

the motion is coherent at short times and diffusive and incoherent at

. long times, depending on the strength of the perturbation. It is usefdl(

to think of this kind of motion in terms of its coherence time, which

represents the time required for loss of phase memory. Similarly, one
can also characterize theléxciton motion by an effective mean free path

or coherence length which may or may not be simply related to the



coherence. time.

In order to quantitétively characterize energy transfer dynamics
in a specific system, experimental probes must be deévised to isolate and
observe the features mentioned above. Inlthe case of triplet éxcitons-
in molecular crystals, measurement of the coherence parameters has proved
somewhat elusive and ambiguous. For example, nbne of the techniques in

wide use in the past several years has been able to provide information

_specifically related to the coherénce length ofvtriplét excitons. In
Part'One'of this thesis experiméntal results are presentéd which are
capable of placing a lower bound on the coherence'length: This meéSure~
ment is indirect, since it is based on a'determination of thé rate of
exciton trapping at low temperatures’following excitation of the crystal
by a pﬁlsed tunable dye laser. The results further.establish_the impor-
tance of cohérent energy migration in such systems. ‘

In contrast to the situafion in triplet éxcitons, much lessvis.
known about energy transfer an& relaxation mechanisms of vibrational
excitations. Much of the work presented here is directed toward charaé-
teriiation of impértant vibrational relaxation mechanisms in molecular
Crystéls and.liquids; Quite aside from energy transfer, the understand;‘
ing of vibrational dephasing and the redistribution of vibrational energy
is an important problem and has received much recent attention. The
" advent of picosécond laser speétroscopy has resulted in'difect vibra-
tional relaxation measurements and several vibrational decay schemes in
liquids have beeh investigat-ed.5 These advances have stimulated several

theoretical worksG-in the field which have met with some success in
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' estimating decay rates based on simple models of the interactions of a

vibrationally excited molecule with its surroundings.
 The work presented here extends these investigations and attempts

to more fully characterize the dynamics of vibrationally excited states.

. The experimental techniques include spontaneous Raman spectroscopy and

: picosecondVSpectrOSCOpy. In Part Two, the construction, operation, and

characterization of the picosecond'apparatus used in these experiments

: is-deseribed from the perspective of a variety of possible applications.

Part Three describes the application of these techniques to vibrational
excitations. After ;.brief introduction to vibrational relaxetion in
section I, fesults opricosecond dephasing measurements in 1,2,4,5-
tetramethylbeﬁzene (durene) and p-xylene‘afe presented in section II.
Possible inferpretations and felevant dephasing mechanisms are also dis-

cussed. Finally, in section 11 experimental evidence for the importance

of a previously overlooked dephasing mechanism is given. This mechanism

- bears a strong resemblance to exchange theory in NMR and may be of gen-.

erel applicability in describing the dephasing of vibrationally excited
polyatomic molecules in condensed phases, as well as in the description
of similar processes in other branches of spectroscopy. The theoretical
basis of this mechanism is outlined from the point of view of vibrational
dephasing in liquids and solids, and its application to exﬁerimental
results in durene is.demonstrated. v

In the last part of this thesis, the author attempts to stand
back and assess the knowledge that has been gained, and to present seme

thoughts on the possible future direction of this line of research.



PART ONE

Coherent Energy Migration: Measurement of the Triplet
Exciton Coherence Length Using Tunable Dye Lasers -

I. Introduction

The coherence of excited»friplet state energy transfer dynamics
in ofganic molecular crystals has been studied ﬁsing a variety of exbér-
imental probes. The dynamics>have been inferréd indirectiy in steady
state experiments thiough the intera¢tion of ekcitons with traps7 (per-
turbed molecules or impurities with{excited triplet states of lower

energy than that of the exciton); The cohererice can also be monitored

- in the frequency domain via ESR® and QI],VIR9 lineéhape'studies and by op-

10 -

tical lineshape studies. The interpretation of the observed lineshape.

in terms of the exciton coherence is complicated howevef, by contribu- ;
tions to the linewidth due to inhomogeneous broadening and other dephasing
mechanisms which donot destroy the exciton coherence. In spite of these

. problems, ODMR studies of excitons9 in’1,2,4,5-tetrach10robenzehe (TCB)

11

and excited dimers™~ of TCB have succeeded in placing a lower bound on -

the coherence time. of T. ™ 10_7 sec. ESR and optical studies of other

systems such as1,4,-dibromonaphthalene12 also show evidence of a certain
degree of coherence. More recently, a series of pulsed ESR and ODMR ex- -

13-15 have been devéloped which are capable of preparing, iso-

'periments
lating, and following the time evolution of well-defined linear combina-

tions of triplet sublevels. These techniques serve to eliminate the

A
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‘effects of unwanted contributions such as inhomogeneous broadening,

spectral diffusion, etc. While these éxperiments are valuable probes

~ of the dynamics, they have been succeszully applied only to trapped

excitations, and exciton dynamics must be deduced indirectly.

The use of tunable dye lasers can significantly broaden the
scope of enérgf transfer studies in these systems, since the coherence
ana'spectral purity of the laser enables the optical pfeparation of well-
defined excited states. By monitoring the time dependence of ‘these
states'it should be.possible_to directly obtain dynamical information
related to interactions with phonons, traps, and crystal imperfections,
and their effeéf on the coherence.: |

When the effect of such perturbations is dominated by resonant

‘transfer interactions between an excited molecule and surrounding mol-

ecules in the ground state, the crystal periodicity plays an important

role, and the delocalizedlpiéture of exciton dynamics is useful. The

~effect of the intermolecular interaction is to broaden the excited state

into a band of states which are delocalized spatially over the N-molecule

crystal. In a one-dimensional system, the delocalized wave functions or

k-states are given by the Bloch Theore‘m:l’2
N . o _
W=D o o [ikanl | . -
n=1 - .

where a is the lattice spacing, the allowed values of the crystal momen-

tum, k, are



k= 2G5 = N2, SN2+, e, N2 -1, @)
and the function ¢, Tepresents a state where the excitation is localized

on moieculewm The energies of these states in the nearest neighbor approx-
imation are | . :

E (k) ;'EO + 28 coska | v(3) v

where B is the resonant intermolecular interaction between neighboring ‘
molecules, and E° is the excited state energy in the absence of B. As
indicated in Fig. 1, the intérm@lecular interaction also generates a rate
of excitation transfer, Vg(k). Vg is the group Veiocity of a wave_packét
(1inear combination) of k-statésiwith»values‘of the wave vector near the

Vélue k, and is givén by

v 00 = [1/h] [9E(K)/9K] = (28a/h) sinka. - ™
Thgée:eQUétiohs alohg with ﬁhé‘deidééiiééd'éiéigégVéiétés fgfﬁ.tﬁé‘bagisli
for-a description of ex;iton dynmnics in the coherent 1imit. |

These expressions refer to individual k-states of wavepackets.
However, in many cases one is concerned with the pererties:of,an.ensem;
ble of excited states described by some dis?ribution'fﬁnction (see Fig. 1).

If the excited state lifetime is sufficiently long,-this'distributionlvill

be given by a Boltzmann distributiOn.7 Thermal equilibrium among the k-
states 1s attained primarily due to scattering of the excitons by phonons. -
The timescale required for this_thermalization'process_has not been »

determined with certainty for triplet excitons.  The distribution-
among the k-states may also be strongly influenced by other effects such

as ‘trapping. - For example, if excitations are selectively trapped
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Figufe'l. This figure schematically illustrates. the basic ideas and

parameters which are used to discuss coherence in energy transfer

processes. It shows the one-dimensional exciton band dispersion, the

group velocity, and the effect of finite coherence time and coherence

: 1ength;"The thermal distribution function is also shown.
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COHERENT PROPERTIES OF EXCITONS

B {E‘—}/*—_
| ,APA@WAI\\\\\ 2
"isolated molecules”  “coupled” !

by B

I. . B generates a rate of energy transfer
between molecules: _vg(k). -

. Coherence lifetime, t (k), generates @
width to the state and a mean-free
path for coherent energy migration

B(K) = vg(k)- T (k)
= I,
ik’ z(rkk.) TiK)

. Distribution Funchon D(k) determmes :

- the partition of energy between sfctes L

of different velocities
* Dlk)g ~ p(k)exp[-E(k)/4T]

- Figure 1

N————— |
. P T :
E(k) I 48|
l l :
0 *g/20  *a/a
|
Ymax |
‘.vg(-k)| : :
0 1

~ Boltzmann
-

} )
w/2a - w/a
k states
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from certain k-states, a distinctly non-thermal distribution may fésult.
In either case, it is useful to define the average group velofity (Vg)
as a statistical average.of Vé(k) over this distribution.

It should be noted that the interactions which providé this
thermalization mechanism also serve to limit the exciton coherence by
limiting the mean free exciton propagation time to some Qaiue T(k).16
This scattering also implies a coherence 1ehgth or mean free path which
is given by the distance the excitation traveis.coheréntly before being
scattered into a new linear combination of k-states with a new group
velocity and direction of propagation. As was done with the gfoup veloc-
ity, averagévcoherence time Tc-and cohefence length (% can be used fo

characterize the dynamics. These quantities are related by

‘<sz>, < (Vg)'rc'. , - (5)

When the coherence length (25 decreases until it approaches the lattice
sbacing,-a, the delocalized or coherent picture loses its utility. ‘The
dynamics begin to approach a random walk limit wherein the_excitationvis
localized and moves from molecule to molecule in a hopping fashion.
Thus, a measurement of the coherence length.is iﬁportant in tﬁe process
of characterizing the coherent nature of exciton propagation. ‘In the
experiments described below, measurements of the exciton trapping rate
were used to deduce a lower bound for the coherence length in 1,2,4,5-
tetraéhlofobenzene crystals at liquid helium temperatures. In order to
obtain this result from the trapping measurements, the different roles

of phonon-exciton scattering, trapping, the mechanisms for detrapping
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or promotion of localized excitations to the delocalized states of the
exciton band, and the triplet state radiative and nonradiative depopﬁlat-
ing channels must be considered. It'is'also'importanf to examine the
role temperature plays in determining the dynamics.

In the coherent limit the rate at which mobile excitons are
localized by a trap site (trapping rate constant) is giﬁen for one dimen-

sional systems by the expression

K; = o (V) /d) | - (6)

“where d is the average distance between.traps, and i indicates that the-

excitation is going into the trap.

This is a temperature dependent quantity due té the presence of (Vé)._
The values of <ngvary only weaklvaith temperature between 1° and 4°K
when the exciton bandwidth is less than 5 cm-l, whereas it may_chénge by
a factor of two in the same température range for bandwidth of 25 cm_l.

Clearly, it is conceivable that not every exciton-trap encounter need

lead to trapping of the exciton. The constant o represents the probabil-

ity that such an encbunter actually results in localization of the excita-

tion 6n the trap molecule. This probabilify is presumably related to the
exact form of the linear combination of k-states which makes up the ex-
cifon, the length of time the excifon interacts with the trap, and the
availability of a channel or chammels for dissipation of the trap-exciton
enefgy difference in the form of phonons.  In view of iittle or no infor-
mation related to these details, the magnitude of a is difficult to es- -

timate.
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On the other hand, the localized limit is characterized by a
frequency of exciton-phonon scattering which is much greater than the
néarest neighbor interactidn.(s/h)u In this case, one eXpects that the
exciton migration Will be characterized by a random walk or hopping mo-

tion with the step 1ength equal to the intermolecular spacing, a, and

with the average time per step given by t = h/48, where B is the is-the

intermolecular interaction matrix element. This picture results in a

trapping rate constant (the inverse of the average time to reach a trap)

on the order of

K, = a%/td’ (7

\

which is indeEenaent of temperature. It should be mentioned that the
value of B which is appropriate in the localized picture may be much
smaller than in the deloéalizgd limit. This results from an increased
effective mass due to the lattice distortion which may accompany local-
ization of the exciton.3 This has the effect of reducing Ki in this
limit. |

In the intefmediate regime where exciton-phonon scattering is of
insﬁfficient frequency to completely localize the excitation but does
serve to diminish the coherence time of the exciton; the effect of this
interactibn must be included in an estimation of K. For éxample, a
simple model is to assume that the exciton migration can be characterized
by a random walk motion with a step length equal to the average coherence
length ( £), and a step time given by Te- With these assumptions and eq.

(5) one obtains

K, = a2’ o & < /D v/ . ®

»
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The important point to note is that the measurement of the trap-
ping or localization rate constants provides a method of determining
whether or not coherence is an important consideration in energy transfer
processes and to determine a_semiquantitative value for the coherence |
length. To this end, short light pulses (~ 5 nsec) obtainéd from a tun;
*able dye laser have been utilized to selectively excite band or localized
states of one-dimensional systems while monitoring the time dependence of
the light émitted from the various states. Although this experimental
approach would apply equally well to systems of higher dimensionality,

Vthe choice of the simple systeﬁs, 1,2,4,S-tétrachlorobenzene (TCB) and
1,4—dibrom§napﬁthalene (DBN), servesfto give an ideél_case becauée both

TcB° and DBNY/»18

have been shown to exhibit behavior characteristic of
essentially one-dimensional triplet excitons at liquid helium temper-
atures. This interesting situation is due to the crystal structures of

these materials which result in strong intermolecular interactions in

only one direction in the crystal. The interpretation is therefore sim- .

plified in that.the group velocity and coherehce time directly reflect

the in-chain dynamics of the exciton.

IT. Experimental

A. Sample preparation

DBN was purchased from Eastman Organic Chemicals and zone refined -

for 125 passes at 1 in./hr. TCB obtaiﬁedvfrom Eastman was vacuum sub-
limed into a zone-refining tube and zone refined to 1800 passes. Both

crystalszwefe'then grown from the melt using Bridgman techniques.

L
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B. Experimental arrangement

For temperatures above 4.2°K, the crystals were mounted on a brass

‘holder and placed in a Janis Research Corp. variablé temperature dewar

where the sample was cooled by a flow of helium vapor. The temperature was

monitéred using a carbon resistof in contact with the crYstal holder and

- could be regulated to +0.05°K. The carbon resistor was calibrated against
" a lead-germanium thermometer. For temperatures below 4.2°K the sample was

immersed directly in the liquid helium bath, either in the Janis dewar or

in a homemade dewar where temperatures ‘below 4.2°K were reached by pump-

' ing on the helium bath with a Kinney model KTC-21 vacuum pump or a Leybold-

Heraus Type DK-200 vacuum pump.
For the time-resolved phosphorescence experiments, the first ex-

cited triplet origin or vibronic level was populated with a laser pulse

- of approximately 5 nsec duration from a Molectron Corp. UV-1000; DL-200.

nitrogen‘laser—dye laser combination. PBD in p-dioxane and coumarin 102
in ethanol were used as thé'iasing dyes (obtained from Eastman Orgénic
Chemicalsj for TCB and DBN, respectively. Thé poﬁulgtion of the triplet
excitoﬁ or trap levels was monitored via their phosphorescence emission
to the ground state origin of vibronic level using a Spex 3/4 m mono-
chrometer and cooled (-20°C) EMI 6256S photomultiplier at right angles to
the excitation beam. The phosphorescence signal was time averaged using

a Northern NS—575:signa1 averager or a Biomation model 8100 transient

- recorder interfaced to the NS-575, depending on the desired time resolu-

tion.
For the phosphorescence temperature dependence of TCB, the crys-
tal was excited using a 100 W mercury arc lamp, filtered by a water filter

and Schott 3100 & interference.filter. The phosphorescence was scanned
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using a 3/4 m Spex monochrometer in second order with a resolution of
approximately 0.2 A at 3131 A, 'The.temperature was controlled by vary-
ingvthe.rate of pumpiné on the liquid helium and was monitored during
the recording of the spectfa using .the calibrated carbon resistor.

Phosphorescence spectra of DBN were recorded in a similar manner.

C. Phosphorescence of TCB

The pho$phorescence spectrum of TCB at 1.5°K and at 4.2°K (0,0

origin only) is shown in Fig. 2. Af‘4.2°K the phosphofesCence intensity
is essentially due to exciton emission. As the temperature is lowered, the
vx-trap (spectroscopic trap depth =_21 cm—l)19 population increases until
- at-1.5°K the.X—trap_electronic‘origin emission is-réughly 16 times as
intense as that of the exciton origin. Although their exact nature
s not;known, the x-traps arevthought fo be_TCB molecuies whbse triplet

- energy is modified due to proximity to an impurity or CfYétal defect. In
addition to the'exciton and x-trap-electroﬁic origin,'éeveral vibrational
progressions are observed in the phosphorescence spectra. In particular,

for many of the pulsed excitation experiments,'emission from the x-trap

or exciton b2g vibronic origin was monitored (see Fig. 2).

D. Phosphorescence of DBN

Phosphorescence spectra of DBN consisted of emission due to the

exciton17 and at least five trap states with spectroscopic trap depths -
of 28 cn'l (Trap I), 38 em™> (Trap IT), 67 an’® (Trap III), 120 cm™"
* (Trap IV), and 146 Cm-lv(Trap V). These_obsefvations were identical to

1

those previously reported,zolwith the exception of the 120 am’ trapf



17~

Pigufé 2. 'Phosphorescence spectra of neat 1,2,4,5-tetrachlorobenzene.
The exciton'origin (0,0) is at 3748 A and bZg vibronic origin at 3781 A,
The x-trap ofigin (0,0) is at 3751 A and the ng vibronic origin of the

x-trap is at 3784 A. . The inset shows the exciton emission at 4.2°K.
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.Above 15°K only exciton emission is observed. As the temperature is

lowered, the intensity of this emission increases, and trap emission

- appears. At 9°K the spectrum consists of emission due to the exciton,

Traps IV and V. At 4.2°K Trap III is also seen in emission, and at

3K emission from all fivé traps is observed. At 2°K the most intense
lines are those due to the twovéhallowest traps (I and II) and the ex-
citon, the other trap emissions having become weaker. In all the above

spectra, the vibronic progression characteristic of DBN was observed.

III. Results and Discussion

A. Kinetic model for coupled band-trap system

» The expected phosphorescence response to a short laser pulse will
be discussed in terms of the simplest possible kinetic model consisting
of a system with a single trap species and an exciton bandvof N 1evels.21

The band and trap levels are coupled with the rate constants K, and K,

.and the exciton and trap populationé decay to the ground state via rate

constants Ke and Kt"(see Fig. 3). If‘the processes indicated in Fig. 3
occur among the molecules in the one-dimensioﬁal chains and are thus spin
independent, the magnetic fine structure of the triplet state ﬁlays no
role in the kinetics.

The temperature dependence of the kinetics is influenced most
strongly by that of the detrapping rate constant KO. This rate constant
has been described and investigated experimentally by Fayer.and Harris.14

According to their model, the magnitude of KO at a given temperature will

be proportional to the square of the matrix element of the parts of the
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-

'Figure 3. Kinetic médel for a coupled system of one trap and a one-
dhnensibnal triplet ekciton band. Ki.and'K0 are-the trapping'and‘v
. detrappiﬁg rate constants, fespécti&ely; whiie”Ke‘and Ktvare rate con?
‘stants for decéy.to>thevground state of the_exciton.and_trép-1evels,.

respettively.

“v\
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Hamiltonian responsible for the interaction of the trapped excitation
with the lattice Vibrations (HTp) and decay of the resulting intermediate
into some-linear combination of deiocalized band statesv(H. ), weighted
by the exciton density of states at the energy of the 1ntermed1ate Ps (E )

K, will also reflect the number of phonons present in the crystal with

0
sufficient energy to mediate the formation of the intermediate state.
This phonon distribution will be.given by the Planck distribution weighted

by the phonon density of states:
(n(e) = p,(e)/lexp(e/kT)-11. @

The resulting expression must be integrated over all phonon energies
greater than or equal to Ei; the energy of the intermediate, and over the
- values of Ei coincident with the exciton band to give the following ex-

pression for Ky

- F [asto )/ texp (e/x1) - 11} [ oo &)
, : : ' (10)
X |¢, P]prl@P’)__(i,P’IHiéle,P"'}!z.v

wherelfhé Stéfes‘inVolved are the trapped eXcitation plus a phoﬁon state
of énergy e,]T, P(e), the intermediate state of energy Ei plus.a phonon-
~of energy e-—EfIi,P'(é-Ei)>,and the linear combination of exciton states
which results frdm the decay of the intermediate,|e,P’). This expression,
which includes the intéraction of the trap with single phonons oniy, wasv
obtained from the Golden Rule by summing over all phonons ahd intermediate
states. At ‘low enough températures, if the linear portion”of the acoustic

phonon branch is populated so that I)p is essentially constant, and

o
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if Ei >> kT, we can write (n(e)) ~exp (- ¢/kT). For inter-
mediates which contribute significantly to K0 and cover a small energy
range compared to the trapvdepth, one obtains. the simple expression for

the detrapping rate constant,

Ko = C g (E;) exp (- E;/KT) o

wheré C is_a temperature independent cohstant. This resﬁlt would be ob;
tained, for example, if_pe(E)_is sharply peaked at some energy‘Ei, if the
excitpn bandwidth is very narrow compared to the trap depth, or in the
césé.ofvone-diﬁensional excitoné with a peak in pe(E) at the bottom of
the band, if theiband.is wide compared to kT. The above equation indi-
cates that K0 will_véry radically in the low temperature region (T ~1°to‘
\lO?K) for trap depths bn the order of tens of reciprocal centimeters.

The dynamics of the coﬁpled band-trap system can be described

with the kinetic equations for Ne,and N, , the number of excitations in

 the exciton and trap levels.

'Ne () = - (K; + K) N() + Ky N (£)
(12)
Nt(t) = - (Kt f KO) Nt(t) + Ki Ne(t).

In writing these equations, the excited state concentration is taken to
be sufficiently small that interactions of the triplet excitations with
themselves may be ignored. This precludes such effects as bi-excitonic

annihilation. The solutions of these equations are of the form:
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Ny () = N exp(e,t) + N, exp(o_t) |
. ) (13)
v Nt(t) = Nt exp(a,t) t'Nt exp(a_t)
where
oy = (1723 - (Ky* Ky K KK+ K+ K + 2K (K, K +K,)] 2 (14)

¢

<

+ - +
and Né, Ne, Nt’

initial conditions of interest for the experiments to be described are

and N; are determined by the initial conditons. The

Ne(t==0) = Nb and Nt(t =0) =0, which results in the following expres-

- sions for the populations as a function of time:

N.(B) =N, {[(a_+ Ki+'Ke)/,(a-_q+)] exp ( cx_l_’t)

’ (15) ..
* [lo, + K*K) / (- )] exp (o t)} ‘

N (0= (K N/ (o o )Ml (0,8) - e (0] . (16)

" In order to predict the kinetics of.energy‘transfer, it is useful
to graph the decay constants and pré~exponentiél factors resﬁlting from
solution of fhé aBove equations as a function éf‘KO'for various values of

the ofher parameters. From Figs; 4-6, dhe observes the following behavior;
.The exciton population decays as;a biexponential. It is dominated in the
slow-detrapbing regime by the fast [a =~ -(Ki+Ke)] component due to the
combgned effects of trapping and decay to thevground state, But still
exhibitsva long (o, = -'Kt) fail of lesser magnitude as a result of some
sméll_detrapping rate.v In this régime the trap builds ﬁp as the exciton

decays and then decays with its characteristic decay constant K_, as

-

LS
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should be noted from eq. (16). In the fast-detrapping regime thé tripiet
population spends little time in the trap, and the decay of the exciton
is dominated by the slow component (o, =~ - Ke) at the decay rate charac-
teristic of ‘the exciton.  The trap population is minimal. It builds up
very fast (a_ =~ -KO) and then decays with a rate equal to that of the
‘exciton decay owing to the rapid commmication with the exciton band.

This model hasﬁbeen presented for the simplest case of a single
trap. It should, howevér, be equally applicable’ to systems With.multiplé
trap species, although a cubic or higher order équationvfor the decay con-
stants will result. While this is not partiéularly fofmidable, extraction

bof_thevparameters Ki; KO, etc., from experimental data may be more diffi-
cult. | “ -
| One can also use thistimple‘model to calculate the expected
steady-state populations under conditions of continuous illumination. If
poﬁulationbis fed to the exciton band with constant rate R, the kinetic

equations in the steady state become

N,(t) =0 =R - NJ(K, +K) + N.(Kp) an
Ni(t) =0 =--»Nt(KO + Kt)_ +_Ne(Ki).
The solutions are given by
Nt,= Ki R:/(KeKO + KeKt + KiKt) (18)
and
N, = (KO * Kt) R/(KeK0 + KeKt + KiKt)' (19)

A useful ratio which gives the fraction of trap population is

NSO+ N = /01 + K/K) + KKl (20)
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Figure 4. Prediction of the kinetic model for the variation of o_
(the fast exciton decay component and trap build-up rate) with de-
trapping rate constant. The curves correspond to different values

of Ki’ the trapping rate constant.

Figure 5. Prediction of the kinetic model for the variation of o,
v(exciton and trap decay rate) with the_detrapping rate constant for

different values of the trapping rate constant.

Figure 6. Prediction of the kinetic model for the magnitude of the
fast ccmponent'of the exciton decay compared with the initial exciton

population N Therfunctional dependence'of‘the ratio N;/NO on the

OO
detrapping rate constant is displayed for different values of the

trapping rate constant.
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In the Boltzmann regime, this ratio will be determined by the one exci-
. tation partition function of the system7 (single trap and N exciton

levels), i.e.,

Nt/(Ne + Nt) = expl - Etrap/kT]‘/z (21)
and |

Z=el- (B /A 3 epl-EQATL (@)

If A is the trap depth below the k=0 level of a one-dimensional exciton

band, ‘E(k) takes the simple form in-eq. (3) and 7 is given by

Z=expl-(28-4)/KT]+ Y expl- (28/KT) coskal  (23)
T |

where the‘sum is over the-N exciton band levels, and the zero of energy
is taken as‘the center of the exciton band. This result [egs. (21) and
(23) is.to be»tompared with eq. (20) under the condition necessary to
produce thermal equilibrium'émong the trap and band.states, namely that
the excitation sample both band énd trap states with’ sufficient rapidity
that equilibrigm can be attained during its lifetime. >In other words,

K0 and Ki >> Kt and Ke’ and therefore

Ko/ K; >> K /K (28
- As. noted in eq. (11), KO can be approximated as

K, o N exp(- A/KT) | @2

where the density of exciton states is replaced by the number of exciton

 1eve1s, N. If the system is in Boltzmann equilibrium, it must be true
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that KO/Ki = N'e/Nt = N; exp(-A/KT). Thus,,éq. (20) becomes
'Nt/(Ne + Nt)' =1/[1+N exp(-A/kT)]’ : (26)

which is equivalent to eq. (21) ifvthe'bandwidth is small compared to
the trap depth, i.e., 48 << A. In fact, the parameterslbf‘the model
do ﬁot include the bandwidth, and k-dependent processes are not consid-
ered. It is therefbre expected to be mosf applicable in the narrow

band and/or 1arge.trap.depth limits.

B. Experimental determination of the kinetic parameters

1,4-Dibromonaphthalene

Pulse excitation-time resolved phbsphorescence measurements of
build-up and decay rates for the tfap states in DBN were made at several
temperatures from 2K to 9°K. The results of these measurements using an
excitation wavelength of 4789 A (688 cm_l above the exciton origin) are
shown in Fig. 7. |

The behavior of the phosphorescence response from some of the
traps qualitatively conforms to that predicted by the kinetic model.
At 2°K, Traps I, II, and IV all exhibit phosphorescence which builds up
 at the exciton decay rate and decays at the trap decay rate. At 3°K
‘similar behayior is observed, eicept for Trap I, which has shortened
decay rate.' At 4.2°K, detrapping from Traps I and II is sufficientiy
rapid that the buiid-up rate is extremely fast and the decay rate is
that of the exciton, indiéating that completé éqﬁilibratixnlof the traps
and band has taken place. However, the detrapping rate from Trap IV is

not sufficient to produce similar behavior either at 4.2°K or at 9°K,and
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Figure 7. This figure shows the buiid-up'(circles) and decay (dots)
‘rates for the exciton and trap populatlons in neat 1,4- dlbromonaphthalene
as a function of trap depth at four different temperatures. - The exc1ta—
tion wavelength was 4789 A - The dashed 11nes 1nd1cate the exciton decay

constants for comparlson with the trap constants.
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the trap build-up rate is equal to the exciton decay rate. These fea-
tures of the band-trap equilibria appear to be qualitatively consistent
with the simple viewpoint and model presented above. | _ e

However, there are some difficulties with the1intérpretation of

oo

certaih othef qualitative features. A build-up of Trap IIi phosphores-
cence was not observed af any temperature. Population appeared very
quigkly (within,l usec) and three decay éomponents weré observed, one with
a decay rate similar to the exciton, énd two with decay rates similéf to
those.of other trapsii On the other hand, Trap V seems to behave as ex-
 pected except at 2°K, where the build-up becomes very fast, in contrast
to its behavior at higher temperaturés. Thus, the extraction of specific
information félating.the_exciton dynamics to the observed phosphorescence .
Tresponse is difficult within the context of this unsophisticated model
owing to the increased complexity of the DBN band-trap system compared

to TCB. Howevef, the observed transient and steady state phosphorescence.
.behayidr clearly shows that communiéatioh between the exciton band and
.the traps does exist, and that it takes place on a timescale which is con-
siderably shortér in some cases than the exciton phOSphoreécencé decay
time. Thus, it is important to interpret investigations of exciton dy-
namics in terms of a'céupled band-trap system and not ignore the effect
of.the traps. |

The original purpose of this investigation was to use the band-

v

trap equilibrium as a prébe of the exciton dynamics. In the case of DBN,
.the simple model which has been adopted is incapable of.ccmpletely de-
scribing this complex multiple trap system. It is fherefore not possible
to demonstrate the importahce of‘coherence in this system with this ap-

proach. Such is not the case, however, with the simpler TCB system.
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1,2,4,5-Tetrachlorobenzene

Direct\laSer excitation of the triplet exciton origin in TCB re;
sulted in the exciton and x—trap‘phosphorescence response shown in Figs.
8 and 9 for temperatures of 1.25°K and 4.2°K. The syetem clearly exhibits
the general features of our kinetic model for a coupled band trap system.
At 4.2°K, phonon- a331sted promotion (detrapping) of a trapped excitation
to the exciton band is rapid; both exciton and trap populations decay at
a rate which is characteriStiC'of the exciton; and the build-up of the
trap phosphorescence is veryvfast.va the:slow—detrapping regime (1.25K),

the trap population builds up as the exciton decays, and it then decays

,w1th a rate constant characterlstlczof thetrap exc1ted.tr1plet 11fet1me

The exciton decay rate'reflects the exc1ton]1fet1me and the trapplng rate.

Such measurements have been made over a range of temperatures,
and the time-resolved phosphorescence decay was decomposed into a sum of
expementials. Build-up and'decay rates as well as the relative intensity
of each eXponential component were then obtained as a function of temper-
ature. ‘These data for the TCB neat crystal are shown in Tables I, II, |
and ITI. The rate comstants are listed as a function of temperature for
ekcitation wavelehgths corresponding to the exciton origin and two shor-
ter wavelengths. By relating this temperature dependence to that pre-
ldicted by‘the‘model, the rate constants, KO’ Ki’ Ke’ and Kt’ can be de-
termined and related to the energy transfer dynamics in the crystal.

The fitting of the calculated temperature'dependence to the ex-
perimental data was approached from two directions. First, K, and K/

were estimated from the high and low temperature limits of the trap and/

or exciton decay rates. Ki was estimated from the trap build-up rate in
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Figure 8. Phbsphoreséence response df neat TCB'to pulsed
laser excitation in the low temperature-slow détrapping
regime. Note that the exciton décay_and trap build-up rates
‘aré similér. .Excitation:was to. the excifdn {0,0) ofigin.

(3748 A).

[
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" Figure 9. Phosphoréscence response of neat TCB to pulsed laser excita-
tionlin the high femperature—fast détrapping'regime. .Nofe that the -
exciton and trap decayvat_the same rate aﬁd that the trap build-up is
too fast to be bbserved'bn this time scale. Aléo note that the trap
emission is fery weak. Excitation was to the exciton (0,0) origin

(3748 A)
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TABLE I. Phosphorescence build-up and decay rate constants for neat
TCB: excitation wavelength = 3748 & [exciton origin (0,0)].

Temperature Exciton decay rates xz Trap (bp 1gﬂn) 1
(°xK) ng origin (sec 1 bulldup %se Decay (sec —)¢
1.25 104 (1) 128 22.5
884 (0.69)
1.50 ©23.3  (0.09) 204 25.2
166 (1)
1.75 16.0 (0.05) 254 : .25.8
216 (1)
2.00 17.8  (0.10) 354 26.6
283 (1) R | |
2.25 - 17.3  (0.34) 453 | 13.5  (0.53)
. 62.9 . (0.25) - 44.7 (1)
476 (1) o -
2.50 . 265 (1) 1480 3 18.2  (0.46)
- 843 .71y 47.3 (1)
2.75 20.3  (0.97) 4123 337
53.8 (1)
11180 (0.76) . |
3.00 . 23.9 (1) - 26,7 (D)
65.1 (1) - : 106 (0.89)
3,25 S 23.5 - (0.69) - 19.4  (0.5)
7.4 (1) | S 79.0 (D
3.50 22.5  (0.59) - --- 6.3 (0.8)
70 1) | 137 (1)
3.75 36.7 (1) R 33,7 (0.72)
. 135 (0.78 | 169 (1)
4.00 37.9 (1) -~ 51.9
128 (0.91) :
4.20  35.2  (0.72) e 46.7 (1)

18 @O | 239 (0.87)

v

a . . . . . -
Numbers in parentheses give the relative intensity corresponding to
~ each decay component (pre-exponential factor). :

-,




TABLE II.. Phosphorescence decay and build-up rate constants for neat TCB: excitation wavelength
= 3733 & [108 cm'l above exciton (0,0)].

_ Exciton Decay Rates (sec” ) ' - x-Trap Rates (sec_l) A
Temgg;iture B _ bZg Or1g1n (0,0) Origin
: bZg Origin (0,0) Origin Buildup Decay (sec ) Buildup . Décaya(sec—l)
22.5 255 (0.36)
990 @y
10.45 103 (0.29)
467 (1) .
8.0 99.8 (1) 439 f ' | | 90.5 (0.86)
681  (0.69) o | 509 (1)
4.2 46 (1) 42.7 (1) I - 52.3
170 (0.13) 265 (0.18) '
2.8  26.9 (1) 34.7 (1) 5540 30 - 3090 36.2
: 84.3 (0.44) 130  (0.34) | S :
4000 (0.67)
2.1 29.6 (0.17)  44.4 (0.18) 349 33.1 378 32
406 (1) 317 (1) '

6185  (0.72) 1855  (0.38)

-IV...

% Numbers in parentheses give the relative intensity corresponding to each decay component
(preexponential factor).




-42-

TABLE III. Phosphorescence decay and build-up rate constants for

neat TCB: excitation wavelength = 3744 A [ 26 cm-1 gbove exciton (0,0)].

Exciton Decay Rates . xz-Trap RateSv(sec_l)

Temperature (sec™1)
(°x) ‘ b2g Origin (0,0) Origin

bZg Origin (0,0) Origin Buildup Decaya Buildup Decay?

4.2 27.9° (0.62) 28.1 (0.57)
75.7 (1) . 79.0 (1)

1.25 67.5(0.86) 133  20.6 128  21.2
o 273 (1) - o

“Nugbers in parentheses give the relatlve intensity correspondlng to
each decay component (pre exponentlal factor).

k]
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the low temperature limit. A curve for N{e as a function of K0 was then
calculated, and thé value of KO éorresponding to each teﬁxperature was
found by matching the expérimen‘;al values of Né to this curve. A plot
of 1n_K0 vs 1/T then gives AE, the effect_ive energy difference between

the localized trap state and the states to which detrapping is taking

- place. Also this allows calculation of o, and o_ to be made and com-

pared with the experimental data. The various parameters are then ad-

justed for the best overall fit. This procedure gives K, = 80 sec-l,

1 1

K, =23 sec K; = 250'sec__1, and AE=15 am ~. The fits to the exper-

imental data and the plot of KO vs 1/T are shown in Figs. 10-12 (s;olici
cﬁrves) . |

The second approach to fitting the data was based on the fact
that the | trap build-uf) rate o_ approaches. the ‘detrapping rate constant
K0 in the high temperature limit. Thus, a straight line through this
region of the experimentally determined values of o_ directly gives K0

vs 1/T and a value of AE =20 cm I.

1 1

The best fit to‘N('3 and a_ is obtained
» K =23 sec —, and K; =150 sec1 (see Fig. 12, dotted
curve). |

It must'be noted fhat while the médel calculations predict very

little variation of a_ with 1/T in the low temperature limit, the exper-

imental values slowly increase with increasing temperatures. One possi-

‘ble source of this discrepancy is an increasing value of the exciton de-

cay constant Ke with temperature. In fact, from Table II one can see
that the exciton decay constant (sj, does continue to increase with tem-

perature above 4.2°K where only exciton emission is observed. This effect

- could, for example, be the result of a thermally activated nonradiative
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/{"‘7

I 3

. Figure 10. Calculated fits to experimental data for the ratio Né/NO‘
The solid cufve.corresponds to the best fit for Né/NO,'and gives the
values of KO vs 1/T shown in Fig. 11. The dotted curve corresponds to

' vaiues ovaoﬁobtained”from the plotvof a;.vs 1/T (seé Fig. 12).
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- Figure 11. Détrapping fate constant Vs’i/T obtained from the solid
_ curve iﬁ.Fig.-lO and calculations based on the kiﬁetic model: AE
represénts the energy difference between the trap'levei and the
intermediate which is assumed‘to bé«éctive in mediating phonon-

assisted detrapping.
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Figure 12. Calculated fits to the data for a_vs 1/T. The solid
curves were calculated from the model equation using the values of

KO'VS 1/T from Fng 11. The curve for Ki = 125 sec:-1 corresponds

1

to K, = Kt = 23 sec” ! rather than the values shown in the figure.

The dotted curve is the best fit to a_; and the corresponding
values of KO vs 1/T Werq used to calculate the dotted curve in Fig.

10. These latter calculations give a value of AE of 20 a’t,
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decay channel. In order to illustrate this effect, Fig. 12 also shows
a calculated curve for o - using K, = K, =23 sec™! and K; = 125 sec”t
If Ke increases with increasing temperature, deviation from the caicu-
lated curve in the positive direction is expected until the limit is
reached where a_ is dominated by the increasing detrapping rate.

Based on the above considerations, one can set a limit on the
trapping rate constant of K.=.100-300 sec.1 and on the detrapping energy
of AE=15-20 cm™l. These limits reflect both the uncertainty in the
estimates of K and AE due to the experimental uncertalnty in the mea- .
surements themselves as well as the "best fit'' to the model calculatlons.

For the purpose of this analysis, it was found that the temperature

dependence of KO was adequately described by

K. = Nexp(-AE/KT). : .(27)_'

0:

The obtained‘value of AE is to be compared with a spectroscopically
measured trap depth of v= 21 3Acm_1.

It should be noted that the existence of three triplet spin sub-
levele with different decay times to the ground state has been largely
ignored. For example, in the determination of experimental values of
N;/NO (Fig..iO) all decay components exeept those correspondingvto trap
buiidup times were lumped together. This sort of treatment of the data
should have little effect on the interpretation, since it depends_most
strengly on the build—uh.rates (and thus on the values and temperature

. dependence of Ki and K0 rather than Ke and Kt) which are presumably the

same no matter which sublevel 'is involved.
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C. Trapping rate and coherent energy migration: Coherence length

The measurement of the trapping rate constant becomes especially
significant once the trap concentration is known. The concentration of
x-traps in the crystal (i.e., the»average number of exciton.states-per
trap),can be approximately determined by assuming that the steady state
X-trap population obeys Boltzmann statistics_and fitting the experimen-
tally determined phosphorescence temperature dependence to a curve ob-
tained from‘eqs._(21)‘and (23). :Using an integral approximdation to the
sum in eq. (23) and applying the formula (for the zero-order modified

Bessel function of the first kind):
T : .
Iy(@) = (1/_1T)/ exp(z cos8) deé . (28)
_ A | .

one obtains an expression for the trap probability:

o expl- (28-A)/kT] ' .
Pirap ‘ (29)
{exp[-(28-2) /KT ]+NI;(28/KT) }
where N is the number of exciton states per trap. The experimental data

1

and calculated curves for 8 = 0.25 cm ~, the various values of N, and

the tabulated Values of IO(;) are shown in Fig. 13. Thus, the chain
length is estimated to be 256000 molecules.22 |

These two pieces of infofmation (the x-trap concentration and
trapping rate constant) can result in increased insight into the coherent
neture of exciton propagation in these crystals. An x-trap concentration
of 1/256000 implies a one-dimensional exciton chain length of.&6X105A'
‘on the average. The thermally averaged group velocity;'which varies less

than 6% in the temperature range 1-4°K, can be calculated from the exciton
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Figure 13. Temperature dependence of steady state phosphorescence
emission of the x-trap origin in the TCB neat crystal used in these
investigations. The circles represent measurements of the recorded
height of the peak, whiie the dots'représent the corresponding areas
of the peaks. The solid_curveé were calculated from eq. t29), for

'1.19 "It should be noted that the calcu-

48=1 cm™! and 4=21.3 e
1ated_curves are insensitive to B in the narrow band»limit (48 << A),
~although they may‘be somewhat senéitive to.the value of A used. We

estimate the ﬁncertainty in the value of the mumber of exciton states

to be better than a factor of 2.25
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dispersion: (Vg>= 2700 cm/sec at 1.3°K. If one takes K. =200 sec’l,

the completely coherent limit [eq. (6) gives a==TX1074

for the trapping
probability per exciton-trap encounter, a value that seems quite low.

On the other hand, the random hopping model [ eq. (7)] estimateS*a'trapping
réte‘constant on the order of Ki= 0.46 sec'l,_which is too small to be

reconciled with the experiments. However, in the intermediate regime

represented by eq. (8), one sees that the measurement of K; allows a.

minimum coherence length to be assigned to the exciton motion; with
K, = 200 séc-l, one finds that:

( 2) > 700 A=186molecules. | (30)

It is clear that the inéohefent limit cannot give.a yaiue of Ki
that is consistent with'experimént, even when possib1e>uncertainties in
B8 and d are considered. For a change in d of a factor of 2 (the esti-
mated'pdssible‘error) Ki increases to 1.84 seénl‘which is still two
orders of magnitude less than the measured value. |

It follows from eq._(S) and average group velocity -that the min-

imm coherence-time is T¢,32;6X10'9

sec. This coherence time is con-
sistent with the correlation time for scattering obtained from.the ex-
citon ODMR spectrum by Francis and Harris9 and that for dimers of protb-

11 Using

TCB in a deutero-TCB lattice measured by Zewail and Harris.
TC==10-7 sec.. (from Ref. 11), one notices that the minimum coherence
lengfh reported here is considérably smaller than the maximum value

<Vg) TC_=_27OOO_AW Therevare several'possible sources ofrthis disérep-

ancy. For example, the factor o in eq. (8) is not necessarily near 1.0.

If one assumes<£)=<2)maX = 27000A, then the resulting value of o
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indicates that as few as 3% of exciton-trap encounters actually result

in trapping of the excitation. One should also keep in mind that the

.coherence length has been derived in an indirect and average way. The

details of exciton propagation and interaction with phonons were not ex-
plicitly considefed.‘ For example, optical excitation initially excites
only levels near k=0. Thermalization and evolution of these states into
propagating excitons was assumed to be fast compared to the trapping

process. Similarly, the nature of the mixing of k-states due to scatter-

" ing of phonons might play an important role in determining how far the

exciton moves;before,the next scattering event such that the coherence
v max

The. question of to what extent specific mechanisms determine the
coherence of the exciton motion is left unanswered. However, it seems
certain that exciton-phonon interactions and scattering of the excitons
from crystal imperfections oﬁher than those responsible for the x-traps
themselves play important roles. At the lowest temperature investigated
C1.15°K), emission from a trap with ah approximate trap depth of 8 cm_l'
was observed. This is the first time to the author's knowledge that this
trap has been seen. It seems likely that other similar departures from
pe;fggt ;attice periodicity perturb the exciton density of staﬁes to an

extent sufficient to significantly effect the exciton dynamics but not

to manifest themselves in the emission spectrum. However, the con-

centration of disturbed molecules must be relatively high to effective-
1y shorten the coherence length to the extent observed.v Hence, exciton-

phonon coupling is expected to contribute significantly to the loss of
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coherence. These questions might‘be partially resolved by measurement
of the coherence length as a function of temperature. However, the
-extraction of this temperature dependence from the data using the medel
presented-here‘would be difficult. In fact, in this relatively low |
temperature limit, it has been assumed that. Ke’-Kt and Ki are temper-

ature independent.

IV. " Summary and Conclusions

Short light pulses from a tunable dye laser have been utilized
to study the nature of exciton- phonon and exciton-trap interactions in

molecular solids (1,2,4,Sétetrachlorobenzene and 1,4-dibromonaphthalene)

at different temperatures. The following conclusions can be drawn from -

these studles
(1) The time- resolved phosphorescence response reflects the

dynamics of exc1ton-trap equ111br1a,

(2) In the TCB syétem where the triplet exciton is essentially one-

dimensional and only one trap is interacting with the band, the -
dynamics can be described by a simple kinetic model. On the
other hand, the presence of multiple "localized" st?tes in the
one-dimensional DBN sYstem helped in exploring tﬁe_many routes
of commmnications between the band and traps which are essential
in understanding coherence in this system.

(3) The steady state phosphorescencelef TCB x-traps indicated the

presence of thermal equilibrium with the band states, and thus

a chain length of 960000 A" ( =256000 molecules X 3.76 A) was ob-

tained from the temperature dependence of the emission intensity.
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3
i

(4)  The trapplng rate constant obtalned from the time resolved phos-
_phorescence at different temperatures together w1th the chaln
2
length measurement enabled us to obtain for the first time a

minimum coherence length for triplet excitons of molecular solids

at low temperatures: (%) = 700‘A 186 TCB molecules.

5) - The measured coherence length indicates that exciton-phonon
coupling plays an important role in shortening the coherence

" length for very long linear chains.

In spite of the fact that many of the details of exciton propagation
were ignored, the simple model accounts quite well for the observed data

in the case of TCB. Thus, although this work does not necessarily give

~an accurate determination of the coherence length, it quite probably

gives a correct lower limit for (2.
Finally, it is worth while to point out that tunable dye laser

speCtroscopy has far greater potential utility in the study of molecular

crystals than that which has been used in these investigations. In prin-

ciple, the laser is able to prepare a well-defined k=0 state of the crys-
tal whose dynamlcs might be very reveallng if the.proper instrumentation
and experlmental timescale is available. The coherence of the laser rad-

iation’has also only. recently been made use of in the study of molecular
24,25

‘ crystals,”*"" and the possibility of extending the pulsed magnetic res-

onance experiments mentioned earlier intovthe optical frequency range in
these systems is quite promising and exciting. The details of the dynam-
ics of individual k-states or wave packets remain very elueive and poorly
understood. It is hoped that these kinds of techniques may succeed in
more_fully describing the detailed role of coherence in the dynamics'of

exciton propagation.
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PART TWO

Picosecond Spectroscopy

I. Introduction

Many aspects of dynamics and relaxation of molecules remain

- relatively unexplored due to the lack of appfopriate experimental probes.

Until fairly recently, one such area has been the study of the many inter-

esting molecular processes which occur- on a timescale shorter than about
_]ifgsecondg,- Examples of Such processes include'primary events in photo-
chemistry, electron transfer, fast chemical kinetics, molecular predis-
sociétion, aﬁd radiationless transitions. Condensed ﬁhase molecular
systems provide many additional examples. ‘These systéms~are character-
ized by relatively strong intermolecular interactions .with short corre-
lation times, and many dissipation, relaxation, and energy tranéfér pro-
cesses occur on the sub-nanosecond timescale. Information about these
procésses can in principle often be obtained via:stﬁdies of the appro-
priate spectral lineshapes. However, practical pfobiems such as spectral
congestion or inéomplete resolution often make sﬁch measurements very dif-
ficult. In addition, there are usually Several mechanisms which together
defermine the observed lineshape, and study dfvindividual processes 1is
not possible. | o

| - In 1965 the development of the mode locked solid state 1aser26

provided the necessary tool for direct time-domain measurements of such

molecular dynamics on the picosecond timescale. It was found that a

1

'
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saturable dye with a short fecovery time placed inside the laser cavity
resulted in an oﬁtput in the form of a train of extremely shoft pulses
separated1from one another by the time required for light to traverse
the laser cavity. This resulted due to the simultaneous oscillation of
the laser in many longitudinal modes in such a way that the relative

phases of the electric field in these modes was zero. Since the temporal

“width of these mode-locked pulses depends (through a Fourier transform) on

the frequency range of the participating cavity modes, one would expect
that thé'emiSSion linewidth of the laser transitions in ruby and neody-
mium glass lasers would give pulse widths of about 10_12 seconds. In
fact, early measurements of pulse widths of mode-locked pulse trains
gave values in.the range 3-30 psec.27’28

. As the characteristics of pulses produced in this way became

‘more well-defined experimentally, it became clear that they deviated con-
‘siderably from ideal mode-locked behavior, particularly in the case of

Nd:glass lasers. The shot-to-shot reproducibility of laser output char-

acteristics such as pulse train intensity, length and shape was general-
1y lacking. The appearance of more than oné or even many pulses per
cavity round trip time was éommon, and the transverse mode structure was
difficult to control. Furthermore, measurements of spectral quality in-
dicated a frequency width several times more broad than needed to account

27,28

for the pulsewidth of a few picdseconds. Since:complete temporal

coherence would result in a spectral width consistent with the Fourier

transform of the observed or postulated pulse shape, this implied the
possibility of undetected amplitude or phase substructure. These char-

acteristics often made the experimental application of these pulses
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difficult and the results more ambiguous.

A major part of the effort in applying these 1ight sources to
the study of molecular dynamics has been expended in understanding and
overcoming these difficulties and learning to live with others. For ex-
émpie, since the spectral broadening was found to be greater for pulseS
in the later part of the train, pulses with nearly transform-limited
coherence can be obtained by selection of a single pulse from the early

29 Furthermore, .

) part of the pulse.train with an electfo-optic shutter.
this single pulse technique allows the investigaéion of samples in,which
the molecular system would not fully recover during the time between two :
'adjacentrpulses in the train. The réproducibility problem can be par-
tially alleviated through careful'design and control of experimental
conditidns. preVer, the presently understood thedry of mode-locking’
by saturable absorber530 indicates that a certain.amount of statistical
“behavior is characteristic of the mode-locking process. Other problems
which arise in the apﬁlication of these light sources more diréctly ef- .
fect the design of the experiment itself. One of fhe’most restrictive
of these is the lack of tumability of thé Nd:glass laser.- This ‘can be
partially overcome by the use of non-linear effects suéh,aS'harmonjc:gen—
eration and stimulated Raman scattering to generate picosecond pulses at
~additional wavelengths, but an interesting experiment is often difficulf
or impossible becausé the necessary wavelength 1s not available; Recent
development of mode-locked pulsed and continuous dye lasers has helped

in this area. However, these tunable sources also possess certain dis-.

- advantages, notably their relatively low peak powers. Secondly, since
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" many non-linear'effects (e.g., self_—focusing62 and self-phase-modulation.

::problems_include'vibrational rTelaxation in liquids,

reorientation in liquids,

solutions.”
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photodetectors and electronic signal processing equipment with sufficient
bandwidth to observe picosecond risetimes are essentially non-existent,

© _
indirect methods of detection must be employed. Typically,39 a portion

of the laser pulse itself is used to probe the dynamical state of the

system after some fixed delay. As discussed later, this makes it imper-

ative to develop techniques'which can overcome the poor reproducibility
of the laser so that data obtained on different laser shots is comparable.

Lastly, the propagation of very high intensity light in matter results in
v . , 61

~ These phenomena may'interfere with the successful execution of the éxper-

iment and must be -avoided or compensated for.

In spite of theée problems, the field of picosecond,spectroscopy

'vis growing rapidly. Areas of recent activity in the field of chemical

51 radiationless

33 34

transitions,32 Vision'chemistry, photosynthetic energy conversion,

3 electron solvation,z’-6 and cage effect in

37 Many clever probe pulse techniques have been devised and

non-linear effects utilized to increase the versatility of the technique.

For example; one of these allows the simultaneous time and wavelength

resolution of a sample's absorption spectrum with a single laser shot§8

5,39

Since there are several good review articles which describe these

“and other experimental'applications, they will not be more extensively

discussed here.
 The coherence of laser light has led to one of the most exciting
and interesting aSpects of laser spectroscopy, namely the optical an- -

alogdes to pulsed radio-frequency spectroscopy. These experiments
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depend on the ability of laser light to coherently excite molecules to
well-defined non-stationary states and have led to the observation of

41 and self-induced

phenomena such as photon echoes,40 optical nutation
.transparency.42 Such experiments lead to insight into the mechanisms
and interactions responsible for the loss of coherence in molecular sys-
tems. In principle at least, application of the fuli repertoire of
pulsed NMR techniques in the optidél régimé could be invaluable in sep-
arating and studying tﬁe various contributions to the observed spectral
lineshape of the molecules. Recent advances in this area have been made.
on the 10‘8‘second or longer timescale'tﬁrough the use of pulsed tunable

dye lasers®” and dye laser frequency switcvhing.24”43

‘Although the in-
formation yielded by'such techniqueé in the picbsecond'regime would un-
doubtedly be of considerable value, there have been almdst no exberiments
of this type reported. The one exception is thé-studiés of vibrational
 dephasing in‘liquids44 and optical phonon lifetﬁnes in éolids45 done by
the Kaiser group. The main reasons for‘this abéence of bicOsecond pulsed
céherence'measurements lie in the‘pfopertiés of the light source, namely
~ the poor.tunability, low reproducibility, and quéstionable éoherence
properties. |

| With the aim of investigating somé of these probiéms in molecular
physics, the design and construction of a mode-locked laser system was
undertaken. In spite of the inherent difficulties in the areas just
mentioned, a Nd:glaSs laser source was choseﬁ.- The great'body of pico-
- second work has been done with these lasers, and theif high pulse inten--
sities are a great advantage. Hdwévér, for 'the stﬁdy\of molecular co-

herence, coherence properties of the laser light such as its spectral

bandwidth and transverse mode structufe must also be carefully controlled.



-63-

As discussed above, these are not the strong points bf glasé lasers.
During the course of learning to opefate this system, it became clear
that the sﬁccess-df these experiments depended én the ability to at

least partially alleviate these problems. The remainder of Part Two
represents an attempt to synthesize as much as possible of thé knowledgé,
‘understanding, and black magic that has gone into making this system
workable. The hope is that at least some trial and error will be elim-
inated for other'uSefs, at least until the system‘is replaced with one
which is more versatile.

.In section II the ﬁode—ioéked laser system is described and a
éynopsis ofivaiuéble élignment and operation procedures is presented. A
brief overview of the theory of mode-locked operation is also included.
Section ITI discusses some considerations involved‘in the design of a
| picosecond experiment. Vérious approaches té the probe pulse technique
are presented andvthe closel?‘related_topic of design of the metho& 6f
detection is discussed.A Several measurements of the properties of the
picosecdnd pulse such as pulse width and spectrum are presented in anv
attempt_to characterize the pulses produced by this laser system‘as fully
as possible. Finally, some comments on the design of experiments which

utilize high intensity light pulses are offered.

II. The Mode-Locked Laser System

A. Principle of operation

In order to appreciate'the problems'involved'in the design and

operation of a mode-locked laser oscillator, it is'helpful to keep in
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mind some of the principles of its operation. The goal is to develop a
feeling for the manner in which the physics of these devicesland their
physical construction inferact to determine the actual behavior of the
system. Only in this way is the opefator able to systematically modify
the behavior of the laser system so that it is useful as an experimeﬁtal
tool. In practice however, this goal is relatively remote»and has only

been partially attained, at léast by this experimenter, and a relatively
large amount of trial and errbr is also‘involved.- The following repre-
sents a brief discussion of the principles of passive mode—iocking only.
No -attempt is made to deal with thé operation of lasers in general, the
theory of cévity modes, non-linear qptics, etc., since theée subjects are
well covered in standard texts and reference works.46 |

One can think of a laser cévity as-a Fabry-Perot interferometer

which has resonances: (modes) separated in freduency by FC/L; These modes
| represent configurétions of thevelectric field in the laser cavitvahich
“have low diffraction loss and propagate unchanged in form. A laser cav-
ity of typical size(L==1 meter) will then have many such modes within the
‘emission linewidth of a typical laser medium. AIn Nd:glass for example,

1, and the number of modeS'within

the emission linewidth is about 200 cm”
this bandwidth is on the.ordér of 104. Thus, the laser is able to oscil-
late simultaneously at a mumber of discrete frequencies. A laser is said
to be mode-locked when the radiation in all these modes has relative
- phases of zero,. In other words, the electric field has the following

mathematical fonn:52
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E(z,t) = (1/4){-1 exp[-i(w t - k 2)1 37 E_ exp{-i(m-m)(t/t_- 7z/L)]
| n S (31)

+1expl-ilypt+k 2)] 37 E expl-i (n-m) (t/t * mz/L)] + c.c.} |
o _ _

whefe the sum is over all modes which receive gain from the laser medium
and the center freﬁuency of the field is at mode m. t. = 2L/c_is the
cavity round trip time whefe L is fhe cavity length. This equation’de—
scribes a pulse of light bouncing up and down in the laser cavity, lead-
ing to the appearance of a train of pulses beyond the partially reflect-
ing outputfmirfor;l

The présently accepted thebryiof mode-locking by a saturable ab-

50 It describes the mode-

sorber in the laser cavity is due to Letokhov.
locking ﬁrQCess in the time domain as the evolution of the radiation in
the cavity under the influence of the safurable,dye and the gain medium.
The process is broken into three stages for the purpose of discussion.
The linear émplifi;ation stage begins as the pumping radiation increases
and the laser first reaches threshold for a substantial number of modes.
Oscillation in each mo&e is initiated randomly so that no initial phase
relationship exists among the electric fields of different modes. This
results in an electric field which fluctuates randomly in time due to
intefference and beating of the multi-mode field. The duration of the
fluctuations of the field (auto-correlation time) depends on the fre-
quency spread of the excited modes and is on the order of the cavity
.round trip time divided by the mumber of participating cavity modes

-13 12

(10 to 107" sec for a Nd:glass laser). During the linear stage the
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saturable absorber has little effect since the radiation is too weak to
effectively bleach it. Thus, as amplification continues, gain narrowing
causes preferential increase of radiation in modes near the center of
the emission line of the laser medium. This process is accompanied by a
broadening of the average width of the fluctuations.

- The non-linear stage begins when the most intense fluctuation is
able to begin to bleach the saturable absorber. It then feels less loss
than the weaker pulses and is'preferentially amplifiea at their expense.
This stage bégins in a Nd:glass laser when the peak intensity reaches
4'107 WchZ. Furthermore, the saturable absorber tends to absorb the
wings of the pulse and'pass thebmorg-intense center portion resulting in
a pulse-shortening effect. The 1imiﬁation to this shortening is provided
by the finite recovery time of the saturable absorber, leading to ineffi-
cient absorption of the trailing wing of the pulse. It was pointed ouéﬂ
that the statistical naﬁure of initiation of laser operationvand selec-
tion of the most intense fluctuation isvan inherent limitation of the
passivé mode-locking process. This may provide a partial explanation of
the variability of the output of such lasers as well as observation of
several simultaneous pulse. trains on some laser shots. .

As its intensity increases, the non-linear index of'refracfion<1f
the optical components, particularly that of the laser rod, éan result
in self-phase modulation or self-focussing of the picosecond pulse cir-
culating in the cavity. The dispersion of the laser rod can then distort
fhe temporal structure of the pulse due to this frequency modulation.

The effect is deterioration of the cohefence of the pulses toward the

center and end of the pulse train.
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To summarize, there are several characteristics of mode-locked
pulses which can be understood on the basis of this theory of ultra-
short pulse production. The first is the statistical nature of the pas-
sive mode-locking phenomenon. However, calculations have indicated that
this is probably not the major cause of the observed lack of reproduc-
ibility. As Letokhov and others have poinfed out, difficult to control
experimental'conditiqns such as the transverse mode structure must be
considered as well. Secondly, the gain profile in the linear amplifica-
tion stage causes the pulses to be broader fhan thé theoretically obfain-
able‘minimum. It ﬁas been demonstrated that this problem can be allevi-
ated by modifying the gain profile with suitably designed intracavity

66 However,-if one is willing to accept . the longef pulse width,

filters.
this is nét neceséary. Thirdly, the finite relaxation time of the sat-
urable dye limitévthe obtainable pulse width as.weil and also leads to
an asymmetry of the pulée shape. ‘Finally, the bulses later iﬁ‘the train
.poséess undesifable substructure and lack complete coherence.

| From a pracfical viewpoint, one should keep in mind that good.
~ mode-locked pulse trains will be produced whenever the most favorable
pathwéy.for release of the stored pumpiné energy is the production of
ultra-short pulsés. This depends on a complicated interplay between
saturéble dye conééntration, pumping energy and mode selection. .The ef-
fects of some parameters can be fairly well understood on the basis of
the accepted theory. For example, a highér thaﬁ optimum aye concentra-
tion requires a larger pumping rate to reach threshold and results in '

more stored energy in the laser rod. Once the non-linear amplification

stage begins, the correspondingly greater gain modulation results in
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dumping of this stored energy in a shorter time (i.e., shorter pulse
trains result). Less than optimum time is available for evolution of a
single ultrashort pulse, and the influence of the non-linear refractive
index is felt sooner and more strongly. On the other hand, the influence
of many parameters such as the transverse mode structure is not well
understood.% Presumably, the spatial uniformity of the TEM_mode and its
‘lack of 'hot spots' should result in significantly less self-focussing
and associated nonlinear.effects. However, selection of TEM_ seemé in
-praétice to increase the;ins;abiiity of our mode-locked oscillator. - The
source of this problem is not clear. Many other similar effects exist,
and the best combination of conditiphs for optimum mode loéking is mosf
eééily reached by a semi-educated trial -and error process. The result
of this proéess at its preéent level of‘sophisticafion is deséribed in
the following two sections which are goncérned with the designfof the
mode-locked laser system and the procedures uséd'in its.alignment and

-operation.

B. Design and construction of the laser system

To obtain optimum céherence properties from a Nd:glass picosecond:
laser, if should be operated-in'a'sing1é transversevmode (TEM, ), and a
pulse should be selected from the beginning of the pﬁlse train before dis-
tortion due to.non-linear processes becomes important. Clean single
pulses- should be produéed in a substantial fraction_of laser shots, and
the surrounding background light level should be as low as possible.
Sufficient amplification and harmonié generation capability should be in-

cluded for maximum flexibility. The system described below has evolved

‘e
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into a configuration which incorporates these features in a reasonably
optimm and convenient way, although there are several areas where im-
provement is needed. A schematic diagram of this system is shown in

Fig. 14.

Léser Oscillator

A minimum mode-locked oséillator includes the laser héad, two
mirrors which form the éavity, and a saturable absorber. Our Nd:glass
'1asér also includes an intracévity aperture for selection of THM  mode.

' The saturable absorber consists of a solution of Eastman #9860 Q-switch

v dYe' in i,Z—dichloroethane. The'dye solution is contained in a flowing

“dye cell which consists of one window and.the rear 1a$ef reflector so

- that the dye solution is'in contact with the rear reflector. The surfaces

of all oscillator components (except the reflecting surfaces ofvthe mir-

rors) are wedged ét a small‘éngle or cut at Brewster's angle to avoid

B 1Qngitudiha1‘mode seleCtivity due' to reflections along the laser axis.
The mechanical design of the oscillatof has stability in_mind.

It is built on avGaertner Corp. lathe bed type oﬁtical bench of 1.5 m

length.which rests in turn on a 1" thick.steel plate table. The mirror

holders are Lansing differential screw micrometer angular orientation

mounts bolted to the Gaertner carriers. The principle disadvantage of

these mounts is their construction from both aluminum and steel so that

- they are somewhat sensitive to ambient temperature changes. They are

specified to have a resetability of 0.1 arc-sec. The 1asef head is

‘mounted on its own optical bench carriér and ﬁossess two kinds of adjust-

ments: one for height and ''tilt" of the laser rod in the vertical plane,
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Figure 14. The laser oscillator islformea by a resonant cavity cen—
' sisting of reflectors Mi and MZ’ and the Brewster—angled Nd:glass
laser rod, L. The aperture, A, selects for TEM, mode, and the 1asef
is mode-locked by a saturable dye, D, whose flow is indicated schem-
aticélly.t The 1aser system is aligned with a 5.0 mW helium-neon
laser. The pulse selectien system consists‘of an ultra-fast shutter
fermed by two Glan-Thompson polarizers, GP, and a Pockel's cell, PC,
which is energized by e spark gap_tfiggered by the rejected pulse
frain, SG. The éingle 1.06 u pulse‘treversee the amplifier rod, A,,
twice and the second amplifier, Az, onee. It then passes through a
saturable dye cell (not shown) whieh serﬁes to remove any low inten~
sity background redietion which might be present. - Generation of a
second harmonic ﬁulse at 5300 A is possible in a KDP (potassium

dihydrogen phosphate) crystal.
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and one for the angle in the horizontal plane with respect to the opti-

cal bench. The mode selecting apertures are mounted in the cavity using

a modified mechanical microscope stage to provide adjustment in the

plane perpendicular to the'lasér axis. An adjustable aperture and sev-

eral fixed sizes in the vicinity of about 2-3 mm diameter are availablé;. -
- The laser cavity is an approximatelyvsemi-confocal configuration.

The cavity length is approximately 1.5 m. It consists of an output mir-

ror of 3.0m radius of cufvature and 30% reflectance at 1.06 microns and -

a flat rearvreflector with 99.9% reflectivity. The reflectors afevof the

'"hard"' dielectric coated type and were purchased from Coherent Radiation.

These cdatings stand up quite well,;and it was not necessary to use'fhe :

more expensive ''super hard hightpower“ type. Other cavity configqrations

were tried as well, ranging from two,flat mirfors;'tO'one with 101n-radius_

of curvature and the other flat, to 6m andvflat, to the one describéd

abo?e. With-éach sét of mirrors, the position of the laser head and aper-

‘ture as well as thé cavity 1ength were varied to determine optimum mode-

locked operation. In general, the 10ngervthe'cavity and the Shorter the

radius of'curvature-ofbthe mirror (within the range described), the

easier to seléct for TEM mode. However, such a configuration also tends

to decrease the size of the transverse modé and thus increase the powerv

density in the cavity, leading to increased probability of damage tb‘the

- laser rod and coatings. The configurétion described above is about opti-

mm. It was found‘thatvthe laser rod should be positioned near the-;urved

mirror and the dye concentration kept as low as possible or one risks

damaging the laéervrod. This damage when observed took the form of tiny,

almost invisible bubbles in the laser rod and was very detrimental to
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consistent mode locking. .

»The 1ASer rod consists of a_1/4ﬁ’diameter core of OWens-Illinois
 type ED-Z.glass surrounded by ED-5 cladding for an overall diameter of
3/8". »The clad rqd géve lower threéhqld and generally superior perfor-
ﬁance compared with an earlier unclad ED-2 rod. The output power is
about the same in either case, since the'TEM°° mode is small compared to
either diameter. The rod is 5-3/4”‘1oﬁg with Brewster angle faces and
is pumpéd,over 5" of its length by four EG&G FX 47C-5 linear flash lamps}
The laser head is of the cloverleaf design and is an adaptiOn of a
Lawrente Livermore Lab prototype. It was machined from a brass‘block,
-vaolished, and finished with nickel and gold plating. This head is very
easy to machine and giVes approximately wniform illuminétion of the laser
- rod. A cross-sectional view of this pﬁmping arrangement is shown in Fig.
15. _A_doﬁble elliptical design using two linear flashlamps was also ex—.
perimented with and resulted .in markedly lower threshold punping rates,'
However, the focused pumping light seemed to give greaﬁg; instability in
mddeflocked operation compared to the uniform illuminafion provided by
the cloverleaf head. The laser head and flashlamps are cooled by’cifcu-
1ating de-ionized water through the head itself and through water jackets
surrounding each flashlampf The temperature of the cooling water is main-
tained by a Lauda K2/R consfant temperature bath.

The flashlamps are driven By an approximately critically damped
. capacitor discharge circuit (C=240yuf, L=110 uH) resulting in a flash-
lamp pulse_éf approximately 300 usec width at half height. The capaci-
tor is charged by a Lawrence Berkeley Lab desighed 5 kV power supply

which 1s regulated by an op-amp feedback circuit to give reproducible
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Figure -15. The cloverleaf head is éasily machined, since‘each ''leaf"
- of the clover is cylindricai rather than_ellipfica1;~ The flashlamps,
F, are mounted off-center to provide approximately uniform illumina-

tion of the rod, R.
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charging voltage to about one part in a thousand.  This. supply 1is
capable of reaching full charge in about 15 éeconds. The lamps are
triggered using the series injection triggering method. The trigger
pulse.is produced by a EG&G TR 136B trigger transformer switched by
a cold éathode krytron switch tube.

- The mode-locking dye celi consists of a stainless steel hous-
ing, a fused silica optical flat which is anti-feflective coated on
its outermost Surface,;the rear laser reflector and a teflon spacer
-énd gasket. An explodedbviéw of this assemblyvis shown in Fig. 16.
The spacer is seleéted to give ; (single paés)_path length of 0.1-0.2
mm, ﬁnd the inlet and-outlet portsréfe arranged to result in éven flow
- of the solution across most of the faée of the mirror. The entire as-
Sembly'fits directly into the 2'" Lansing mount. This ''contacted" dye
‘cell configuration is said to_deCrease the occurfence‘ﬁflsatellife '
pulses.53 Such satellites:come about due to.the simultaneous presence
of two counterpropagating pulses which cross at the location of the
dye cell. This allows thé dye to be more eésily bleached than by é
singie pulse. Other céll'configurations which were tried include non-
~contacted, non-flowing models and flowing, non-contacted modéls. Flow-
“ing the dye‘solution seemed ébsolutely necessary to avoid rapidly
deteriorating laser performance. The fldw rate of the dye need not be
very fast, since the repetition rate‘of the laser is once per minute,
and the pump speed was kept low for minimai transmission of vibrations
~ to the rear mirror.mount.} The non-contacted configurations often gave

clean trains if the cell path length was not smaller than about 5 mm.
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Figure 16. This figure shows the dye cell and rear mirror assembly.

The cell is formed by the 1asef refléctor, LR, and window, W, con-

- tained in a stainless steel housing, HF and HR. The thickness of the

cell is determined by the gasket, G, which provides a seal between
the two halves of the housing and is partially cut away to allow the
dye flow to enter the space between'the mirror and window. O-rings

provide seals at the front and rear of the housing.
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However, the contacted cell seemed to improve the spectral width of the

pulses somewhat. The dye solution is contained in a reservoir of about

- 50 m1 capacity and slowly circulated by a Micropump gear-type pump. It

is important that only relatively inert materialé such as stainless
steel, teflon and nylon come in contact with the dye solution. Other-
wise both the solution and material may be rapidly degraded with détri—
mental effects on the laser operation. It is also a good idea tp‘use
only the'solvent supplied by Eastman Organic Chemicals for the Q-switch
dye, since solvent from_other sources ofteh contains impurities which
causetrapid decomposition of the dye molecules.

For the purpose‘of-alignment, a 5.0 mW Helium-Neon laser beam
is directed into the caVity‘thiough_the reér»reflector—dye cell (see
below for alignment procedures). This beam is used to align the laser
cavity and other optics which,the laser pulse will pass through, in-

cluding the amplifiers and the experimental set-up.

Pulse Selection, Amplification and Harmonic Generation

As discussed above, pulse selection is necessary to obtain»a
pulse of optimum coherénce. In addition, it allows the study of kinetics
which require more than one cavity round trip time to return to the ini-
tial.state.‘ A further.shdrtening of pulsewidth and compensation for less

than perfect contrast ratio of the pulse selector can be obtained by

~ .passing the pulse through a non-linear absorber. The non-linear absorber

consists of a cell céntaining a relatively concentrated solution of 9860
mode-locking dye. This solution effectively eliminates the low intensity

parts of the laser output. Amplification is helpful to increase the
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fairly meager energy content of the selected pulse, and three amplifier
stages are.uséd in this laser system.

The pulse selector consists of a Lasermetrics‘riﬁg electrode,
dual crystal KD*P Pockel's cell between two Glan-Thompson Q¥swit¢h type
-polarizers. The input polarizer is set to pass the iﬁcoming pulse train,
and the output polarizer is orthogonal to this so that the shutter is
opened to Select the single pulse by energizing the Pockel's cell. Al-
 though the laser output is polarized due to the Brewster faces of the
| laser rod, two polarizer are neCessary to Qﬁtain the maximum contrést
ratio (the ratio of shuttef‘open transmittance to shutter closed trans-
mittance). The Pockel}s cell is mounted in a gimbal mount to.facilitate_
alignment. The pulse selector is driven by a laser triggered spark gap
system similar to thét described by von dervLinde'.54 The gap itself is
df a simple design; It COnsists:of two électrodes of 1/16" radius of
curvature mounted on Reynolds Typev167—3517'high'voifage connectors. One
electrode isvthreaded fo allow adjustment of the width of the gap. The
“high voltage connectors then screw into an aluminum housing fitted with
windows to admit the laser radiation and a port to pressurize the hqusing
- with nitrogen gas. A‘schematic diagram of the spark gap circuit ié shown
in Fig. 17. Cable A is charged by the power supply to 6.0 kV which is
twice the half-wave voltage of the Pockel's éel}. Approximately half of
the light rejected by the setond polarizer is.directed by a beamsplitter
and 75mm focal length lens to a focal point in the nitrogen gas between
_the.spark gap electrodes. When the gas breaks down, the charge invcable
A empties into cable B producing an apbroximately square pulse'of'voitage

3.0kV and duration equal to twice the electrical length of cable A.
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Figure 17. The operation of the pulse selection circuit is shown here

in more detail as described in the text. Thé Pockel's cell is a dual

crystal model, operated "electrically in parallel and optically in-

series" to give a A/2 Voltage half as large as for similar single crys-
tal models. The résistance_R1 = 100 MQ determines the recharge time of

cable A (~ 6 msec) . R, = Z'MQ and R3 = 100 @ results in an approx-

2
imately 10 volt pulse which is used to trigger_othef equipment.
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This pulsé energizes the Pockel's cell after a delay determined by the
length of cable B and is terminated into the long cable C. The Pockel's
cell is contained in a copper box for shielding purposes. An AC-coupled
voltage divider provides a 10 volt pulse for sYﬁchroniiation of external
equipment such as an oscilloscope to the firing of the spark gap.

This arrangement works quite well for selection of a single pico-

'second pulse from the early part of the train. When Cable A is chosen

to give a shutter open time slightly shorter than the time between adja—
cent pulses in the train,'the.jitter is such that it‘fails to select a
pulse about 10% of the time.. A'disadVéntage is that adjustment to obtain
optimum pulse'sélectioﬁbis’somewhat inconvenient, siﬁcevit must be done

by varying the incident laser intemsity, the nitrogen pressure in the

~ spark gap, etc. However, a pulse selector has been rep0rted55 which has

very good delay and jitter characteristics and is triggered by an elec-

tronic signal such as that from a photodiode. It can then be easily set

~to trigger on a given pulse intensity. Commercial versions are also

available, and it seems that these devices may be préferred in the future
to the less precise laser triggered spark gap.

The amplifier chain consists of two Mark IX Lawrence Livermore
Lab designed amplifier heads énd power supply. Each head contains a
1/2'"X10" type ED-2 glass rod pumped by a helical flashlamp. Each head
is mounted on an arrangement which possesses four degrees of freedom
(two rotation and two translation) for adjustmenf of'the rodlorientation
with respeét to the beam. The faces of the rods are cut at an 80 degree

angle with respect to the rod axis to avoid feedback of pulse reflections.



Each lamp is driven by a capacitor discharge of approximately 12 kilo-

joules total energy, and is cooled by forced air. The capacitor bank

requires about 1 minute to fully charge. Following the pulse selector,

the single pﬁlse is passed through the first rod twi;e and the second
rod once (see Fig. 14). The first two stages give about 10X amplifica-
tion each while the third gives 5X. The pulse is fhen passed through a
saturable abéofber witﬁ-a small signal transmittance of 10—3. The re-
suiting pulse has an energy of ~ 30 mJ énd a beam diameter of ~ 8mm.
' Non—linear-losses67 in the last amflifier stage are responsible for its
lower gain, and further amplification would requiré beém»expansion and
larger diameter amplifier rods. |

The second harmonic pulse is generated in a Type I angle phase
matched KDP crystal purchased from Interactive Radiation. 'Capability
is available to sum:the second harmonic and fundamental frequency pulses
in'a KD P Type II crystal to produce a pulse at 3530 A, the third har-
monic waveiengfh, It is also possible to redouble the 5300 A& pulse in
an ADP crystal to give a fourth harmonic pﬁlse at 2650A. Thus, the
fundamental wavélengthvand its three:harmonics provide the basic wave-
lengths available from this laser system. The path lengths of the har-
monic generation cfystals.are,kept fairly shorf (30 mm or.less) to
minimiée the effects of group Velocity-mismatch between the input pulse

and the generated harmonic pulses.

- Experimental Area

The area where the experiment takes place consists of a steel
topped table enclosed by black cloth curtains which minimize the stray

flashlamp light reaching the detectors. The laser pulse enters through
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a small hole in a plywood '‘wall'' at one end of the table. The lenses,
beam splitters, etc., which are part of the.experiment are held in -
-home -made mountings which are fastened to any convenient place on the
tablé with Enco Model 300 magnetic bases. 'Thié makes the placement of
optics quite easy and lends versatility to the design of the set-up. In
addition to the standard optical, components, a Janis variable temper -
ature dewar is also provided for low temperature work. For a discussion
of the detection systeh sée section ITI.A. A detailed descfiption of a
typical experiﬁental set-up 1s giveh in Part Three in the section on

measurements of vibrational dephasing times.

C. Aligmment and operation of the laser'systém

The aligmment of the laser syétem to produce high quality pico-
second pulses is more of an art thén anything else. Often the laser be-
haves in a highly irreprbducible manner, and the same alignment proce-
dure may work one déy and notvthe next. This problem is mainly'the Tre-
sult of the large number of variables and adjustments that can be changed.
- The fruétration is coﬁpounded by the low fepetition rate and the fact |
that several laser shots are usually required to evaluate the effect of
a particular adjustment. Every worker must expect to have to develop his
own ''feel" for thevprocess.. Perhaps, hoﬁever, the following description
can provide a starting point.

The oscillator is of course the key sub-system.. The He-Ne laser -
beam provides a reference tb which the oscillator and dther optics can
be aligned. Because the laser head is relatively devoid of convenient

adjustments, it is important to initially align the He-Ne beam to be as
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exactly colinear witﬁ the laser rod as is possible. In practice this
is done by first tilting the He-Ne beam so it is parallel to the optical
bench and then tfanslétihg it until it enters the center of the laser e
rod face. Proper élignhent is attained when it also exits in the center
~of the other face. If the laser head must be moved, it is then necessary .
to readjust the He-Ne beam so if once again enters the center of.the rod
face. This procedure is iterated until satisfactory aligmment of the
laser head and He-Ne beam is obtained. This part of the alignmeﬁt isA’
very inconvenient and could be circumvented by modification of the laser
head mounting to include the necessary adjﬁstments of tilt and transla;.
tion. 'Wifh the present arrangement, any adjustment of the laser head
position,necessitates,complete realignment of the.oscillator.

" To align the laser mirrors, one adjusts the front (output) mir-
TOT SO fhat the baqk-feflectibn'frdm the coétgdlsurface is aligned with
the inéoming He-Ne beam. This is monitored by -observing fhe back-
reflection at a pinhole locatedjimmediately in front of the He-Ne laser
~ and centered on the beam. The Eack mirror is then made parallel to.the
_front by superimposing the two back-reflections. This process ié easier
"if one places an optical flat in the He-Né beam before it enters the |
laser cavity to split off a poftion_of both back-reflectiong. The re-
flections can then be projeéted~on a convenient wall or othervobject and
quite accurately superimposed. When the -alignment is correct, a ciféu-
lar interference pattern is produced where.the.two back-reflections over-
lap. This alignment should be sufficient fdr the iaser to opératevin |
"normal mode," i,e.,~with solvent oniyAin the mode-locking dye cell. One

then fires the laser and monitors the output using the burn pattern on a
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piece of blackened Polaroid film. By adjusting the mirrors (the front

mirror adjustment is most semsitive) and working for lowest threshold

~voltage and best mode pattern it is possible to obtain operation in

TEM_ mode at about 2050 to 2150 volts on the capacitor bank. All of

this is done Withouf use ofvfhe aperture. It is sometimes possible with
experience to get a‘clue as to what adjustment of the mirrors is needed
from the shape_of the burn pattern and its position with respect to the
He;Ne.beam. However, this is not always true, and ho general rule exists

in this respect. A fringe-like pattern on one side or the other of the

_ burn spot which cannot be removed by minimal mirror adjustment may in-

dicate misalignment of the laser Tod. The alignment of the He-Ne with

the rod center should be repeated and the mirrors realigned.: Once a -
fdirly uniform TEM; spot is obtained which is close to being concentric
with the He-Ne alignment beam, - the aperture'is inserted. - It should.be
possiblé to obtain lasing at-aroundVZSOO volts. The position of the
aperture 1s adjusted in the x-y plane until lasing is obtained, and then

optimized for lowest threshold. This initial alignment does not always

produce satisfactory alignment for mode-locked operation, and it is not

" absolutely necessary. However, it usually provides a useful starting

point.

Enoﬁgh Eastman #9860 Q-switch dye is now added to the solvent in

~ the dye system reservoir to give a solution with optical density 1.00 to

1.05 at 1.06 u in a 5mm path length cell. This.corresponds to about
80% transmittance (double pass):in the 0.2 mm path length dyé cell. It
is necessary to let the dye circulate long enough to ensure uniform

mixing; This may take as long as an hour. If the alignment is close,
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 the oscillator will lase in mode-1locked operation with a fairly symmet-
rical TEMw‘burn spot about 1.5mm in diameter. The voltage required on
the capacitor is in the range 2800-2900 volts.

Mbst likely the laser will not oscillate at thls point. It is
" much more sensitive to mis- adjustment of the mirrors, aperture and laser
rod with mode-locking dye present. The best'approach at this point is
to continue to fire the laser at one minute‘intervals while searching
fer'the optimum aligmment by sldwly'adjusting first the»x-y position of
the aperture, then back mirror and finally front mirror over a small

range untll suitable operatlon is obtained. Approprlate increments for

adjustment -are fractlons of a mm for the aperture 5 10 micrometer d1v1—
sions for the back mirror, and>2-5 divisions for the front mirror. One

can sometimes guess the correct direction to turn a mirror adjustment by

observing the interference'betWeen-the back-reflections from the two mir-

rors. Of course, the various adjnstments interact with each other. For.

_example, slight displacement of the aperture can uéﬁally be cempensated |

by mirror alignment. It should also be noted that the aperture size and
dye concentration seem to interact somewhat. If the dfe concentration is
too high, the.eperatien‘is very erratic. For eXample one might observe
very strong output fellowed by several shots with no output at all. If
the concentration is toe low the output is very weak and not'medeelocked,
and the threshold voltage not very.Well—defined. .
Once the oscillator is lasing fairly reliably,sthe energy eénvbe
loWered to aipoint just above threshold. This ehould be the operating

voltage for doing experiments with the laser, since higher pumping rates

_tend to favor production ofbmultiple pulse trains, pulses with broad



-89-

spectral Width, and transverse modes other than TEM_. The quality of
the mode-locked output can be checked with a photodiode and traveling
wave oscilloscope (see bélow for details). A better than typical pulse
train is shown in Fig. 18(a). Less desirable operation is shown in (b).
Frequent obéefvation of messy trains as in (b) usually indicates some
sort of alignment problem; although not a severe one or the laser would
not operate at all.. Often a switch to the next smaller aperture size
will help.

Once aligned, the laser is sufficiently stable to remain oper--
- ating fof several dayé;.and with minor readjustmeﬁts for up to two weeks.
The dye concentration should be checked about once a day since it is
subject to decompOsition due to ultraviolet light from the flashlamps.
If a deterioration in performance is ﬁofed, thevdye system should be
flushed and refilled with fresh dye solution. Anothér result of dye
- deterioration due to the laser beam itself is thevfofmation of a film
on the rear mirror which in turn results in poor laser performance.
Sometimes this film is visible when illuminated from behind by a flash-
light and is similar in appearéncevto a damaged mirrorvéoating. The
problem can be parfly prevented by circulating the dye solution with the
pump at full speed for a few secoﬁds every few shots. Eventually the
mirror must be translated to a fresh spot or femoved from its holder and
cleaned. - »

If ail of these adjustments and efforts are to no avail, or if
thevquality df'the pulsé trains suddenly worsens, one can also look for
more seriousvtroubles such as dirty of damaged optics, a worn out.flash

.lamp, or damage to the laser rod. Laser rod damage usually appears in
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Figure 18. Typical output pulSe trains from-thé laéer oscillator
described here. uThese traces were obtained by photographing the
screen of a Tektronix 519 oscillos;ope cbnnected to a Hewlétt-
- Packard PIN photodiodé-in the configuration showh in Fig. 20.‘
The tréins in (a)vappear'fo be,cleahly mode:locked, while those
in (b) show the presence of. multiple' pulée_tra_ihs and/or satel-

lite pulses.
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the form of strings of what appear to be tiny bubbles along the beam
path w1th1n the rod. These are very difficult to ‘see, and are most
easily detected by pa551ng the He—Ne beam through the rod. The bubbles
appear as bright specks due to scattering of the He-Ne laser light. If,
on the other hand, the laser has been eperating satisfactorily for a
period of time, it is wise to be hesitant to adjust mirfers or aperture.

If a problem occurs, one should look elsewhere first and adjust'the

alignment as a last resort. Even them it is best to tfy very small ex-

cursions of the var1ous adJustments to begin w1th The key to success

with thlS laser is patience and the w1lllngness to accept 1ess than 100%
perfect performance.' If clean moderlocked pulse trains are produced

more than 50% of the time, the oscillator is operatinquuite well.

“Pulse Selection"and»Amplification'

ﬂAdjustment of the pulse‘sélector is falrly'shnple, and it does
not usually require periodic readjustment. The onlybvariables are the
gap‘slze, the nitrogen pressure, intensity of the incident light and the
'position of the fbcal.polnt of the incoming laser'beam;J-The pressure is
usually a&justeq'lo slightly above the static breakdown pressure (the
pressure at wﬁiéh the gas breaks dqwn:Withlxllaser Beam present)_with a

gap width of about 0.5mm. _The position-of the switched-out pulse can

be adjusted within the train most easily by varying the 1nc1dent inten-

sity with neutral den51ty fllters and to some extend by varying the
' position of the focal spot. The focus should be approximately centered.
in the spark gap in all three directions. The laser intensity requlred

to cause breakdown can be lowered somewhat by moving the focus sllghtly



-93-

'cloéer to the negative electrode. However, focusing the radiation
. directly on the eiectrode is not advised since significantly higher
jitter results. It should be noted that tﬁe rejected 1.06u pulse
train does not exactly follow the He-Ne beam due to the dispersion of
the calcite Glan-Thompson polarizer. This complicates somewhat the
adjustment of the focus in the gap, The correction necesséry to ac-
count for this can be determined by monitoring a burn spot immediately
before the gap entrancé window and comparing with the position of the
He-Ne beam. If no missing pulse is observed when monitoring the Te-
- Jjected pulse tfain with_a photodiode, it may help to’trigger the scope
with the'auxiliéry output pulse of the Spark gap circuit in order to
' detefmine‘at whaf point "in time the spark is actually being triggered.
The parémeters'mentioned aboVe-can'then be adjusted to time the break-
doWﬁ'appropriately._ |
The Pockel's cell must be adjusted for minimum transmission when
not energized. This is'most easily accémpliShed by initially aligning
the back-reflection from the_Pockel's cell with the incident He-Ne beam
and then minimizing the intensity of the beam transmittéd by’tﬁe second
Cian polarizer. The final aligmment should be such that the back-
reflection does not coincide exactly‘with the laser aXis. If it does,
bthe resulting feedback into the laser cavity will result in poor mode-
locked opefation or none at all. |
In ordervto align the amplifiers and the optics of the exper-
iment, thé polarizer at the inpﬁt to the pulsé selector is rotated by
90° so that tﬁe He-Ne beam is transmitted through the output polarizer.

It is imperative that the air cooled amplifier rods be fully "warmed up"
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by five to ten flashes of the lamps before the final alignment of optics

. o
downstream . from them. The thermal lens effect due to temperature gradi%

N,

.,

ents in the rods is quite notiéeable. Althpugh there is very little \‘Q*
displacement of the beam due to this effect, theﬂbeém size may change
considerably. Since the first two amplifiér stages are two passes .
through the same amplifier rod, the beam is édjusted to enter slightly

to one side of centef and leave slightly to the other ‘side. However,
since the displacement'between the ihput:and output beams is 5n1y ~Scm_
over a distance of ~3m, the angle is very small, and both beams are
nearly centered. The third amplifier stage 1is aligned to accurately
cénter the beam. These adjuStments.are most easily made by moving the
amplifier heads rather than the beam, since their mountings possess all
necessary degrees of freedom. A final adjustment that héed only be made

- once is the delay time be%ween the flashlamp discharge of the oscillator
and that of the amplifier. This is set to give maximum amplifier gain.

at the tiﬁe the pulse passes through. The actual amount of this>delay :
is determined by the laser controller circuit describedvbeldw. ' The burn
'spot of the amplified éingle ﬁulse is a good'check of the final ‘align-
ment. Distortion of the beam-profile due tb misalignment of ohe of the

: amplifiér rods can usually beldetected in this»manher. The beam profile
can be meésured.more accurately using a photodiode array such as that
;manufaétured by Reticon Corp; The divergence of the laser beam is such _
that the third stage amplifier rod is approximately filled by the beém,

and a beam diameter of ~8mm is measured.
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Harmonic Generation

The harmonic generation crystals are aligned by monitoring thé

input pulse.energy and harmonic output energy with suitable detectors
and méximizing the ratio by édjusting the crystal orientation. The marks
on the input window of the crystal housihg must -be aligned with the polar-
ization bf the input Beam. The most sensitive adjustment for Type I
phasevmatching is the angle between the_beam axis and crystal axis in the
plane perpendiéular to the input polarization. This is usuélly the only

| adjustmenf that need be>d0ne accurately. An appropriate increment for ini-

’ fial adjustment 1s about 1 turn on the differential screw micrometer Lansing-

mount C; 0.05 degreé). |

III. Experimental'Consideratioﬁs

A. Probe pulse techniques—Detection and control systems

To explore molecular eVents on a picosécond timescale with mode-
‘locked lasers, the method of detection must compensate for their inher-
ently low reproducibility and the slow response times of most photo-
detectors. The Sé;ond problem has generally been circumvented by using

a probe pulSe techni_que.39

That is, a portion of the picosecond pulse
itself is used to probe the dynamical state of the system at a variety
of delay times folldwing,the excitation pulse. The eVolutidn in time of
the ensemble of excited molecules can then be ploéted out by monitofing,
for example, the absorption or Raman scattering of each delayed probe
pulse. 'The.delay time is determined by the difference in the distances
traveled by the excitation and probe pulses to reach the sample. This

delay is easily varied by mechanical means and provides precision and

jittervof a smallihﬁction of a picosecond. With the advent of fast
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streak cameras, this method is nof necessary for some experimentsSSb
such as fluorescence deéay measurements. However, these devices are
very expensive and are yet in limited use as experimental tools in pico- ~wt“‘
second spectrosédpy. |
~ The problem of reprbducibility arises notionly from the charac- R

teristics of the laser itself, butvalso from the non-linear interaction
of the high intensity pulse witﬁ métter. For example if the probe pulsé
is generated by stimulated-Raman scattering, the beam may be distorted
by self-focusing in the ﬁaman medium. This distortion may be highlyv_
variable from shot to shot, resulting in a fiuctuating beam.shape.'
Since the.probing process depends/oh-the overlap of this beam with the
distribution of excited molecules.ih the sample, sUch'fluctuations are
easily transmitted to the obsérved signal, and need have no particular
_cdrrélation with other ﬁulse propérties such as inténsity.».Invgeﬁeral,
such non-linear proéessesimay tendvto magnify‘the variatiohs (in trans-
verse mode distribution, pulse shape, . etc.) present .in the input pulses.

| These’problems“have met with various kinds of solutiéns. The
excitation and probing'intensities are usually measured for each shot so
that the signal can be properly normalized. Several laser shots at éach;
| delay caﬂ be averaged to reduce the effects of random variations. How-
ever, with a repetition rate of oné pulse per minute, fhis'becomes quite
time consuming. A technique which avoids this problem by recording the
-entire time evolﬁtion of the system in a single laser shot was developed
by Rentzepis.56 In this method, a stepped delay device called an echelon
separates the probe pulse spatially into pqrtions which are given'différ-

ent delays. Thus, the sample is probed at several different times in one
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shot and‘the delay time information is converted into spatial position}
A graph of the normalized intensity of the echelon pulses vs their spa-
tial positibn thus displays the transmittance oflthe sample as a func-
tion of time. The infeﬁsity.and spatial information ié recorded with
aﬁ image detecting'device such as a vidicon detector. If the echelon

image is projected on the slit of a spectrograph such that the-spatial

- displacement of the probe pulses is along the slit axis, intensity in-

formation as a fumction of both Wavelength and delay time is recorded

in one shot.56b Several other similar techniques have also been devel;'

- oped which provide .for ease in normalizing the data and convenient dis-
-play of spectral information.57 Whatever technique is used, it should

provide capability of‘nofmalizing the signal and should minimize the

effect of fluctuations which cannot be easily accounted for in the

- normalization process.

Although the echeloh:technique has been experimented with in

this laboratory, the point by point method was finally settled on for

‘ the coherence experiments to be described in Part Three. The reason
~ had to do mdstly with the difficulty in controlling the spatial proper-

 ties of the beam after passage through our home-made echelons. This was

an important disadvantage, since a well-collimated and spatially uni-
form beam is required to satiéfy the wave-vectof matching conditions in
the coherent. Raman scaftering experiment. In addition, the point by
point method allows somewhat greater flexibility in choosingvthe'spacing
of the data points in time without changing the optical Set-up. There-

fore, it was decided that a detection system should be constructed with
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the capability of automatically recording the necessary signgls, normal-
izing them, and performing the appropriate averages.

A block diagram of the detection and control systems is shown hf\\-gv
Fig. 19. The system is built around an 8080-type microcomputér with 7K
of memory. The processor ié programmed in machine language and is inter- -
faced to a Netronics scientific calculator for ease in programming float-
.ing point arithmetic. The processor can interact with therexperiment
through two D/A converters and an 8-analog-input data acquisition system
(Hybrid Systems Model DAS400). The data acquisition system_receives
information from the defectprs via sample and hold circuits. Once these
signals are presented in digitized form to the 8080 microcomputer, they
can be manipulated in a variety of @ays dependlﬁg on the éapabilitieslof
the.software-programs. The detectors used vary, depénding'on the spec-
tral rangé'of interest, from photqmultipliers, to Hewlett*Packard PIN
photodiodes,:fo a Au:Ge phofocondﬁctive.infrared detector. The photo-
multipliers are preferred due.to their large photocathodes. This tends
- to minimize any error due to fluctuations in thé transverse structuré of
the beam that is incident on the detector. Nine-stage side window types
such as RCA-1P28 were typicélly used when reasonably intense signals
were monitored. For more Sensitivity when looking for Very weak signals,
eleven—~ or thirteen-stage end-on tubes such as EMI 6256S or 9558 were
used. .The detectors are used with a l.msec time constant, and thé sample
and hold circuits are triggered 10usec following the 1aser.pulse. Thus,
the signal presented to the data acquisition system represents the in-

tegrated energy of the pulse. For light signals which are intrinsically

of longer duration, such as phosphorescence or fluorescence emission,
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Figure 19. The laser controller (upper box) consists of a timer
.circuit, an interlock and trigger generator circuit, and a delay gen-
erator circuit. The interlock.circuit accepts trigger commands ac-
cdrding,to whether or not the timer has signaled‘it that the proper
interval has elapsed;land the deiay circuit trénsmits the trigger
to’the qscillator aﬁdfamplifier flashlamp circuits atvthe appro-
priate point in time.. The gate generator serves to synchronize the
operation of the detection system and data processing system (lower
'bdx) with thé 1aSer.‘.The 8080 microcomputer interacts with the user:
through a teletype and.wifh the experiment through an énalog to
digital converter (A/D). The analdg signals (heavy black lines)

from the detectors, shoﬁn hefe as two photomultipliers (PMT) and a
-photodiode (PDj arevprocessed by a gated integrator and sample and

hold circuits (S&H) before being accepted by the computer.
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//é gated 1ntegrator is also avallable This circuit is capable of in-
tegratlng all or a selected.portlon of such signals.

The laser and detection systems are controlled and synchronized
by a TTL 1ogiovcircuit; Thé triggering of the detection system can bet
synchronized directiy to the picosecond'iaser pulse via the axiliary
output pulse of the spark gap or to any TTL trigger pulse This trig-

: ger 51gnal causes the pulse generator c1rcu1t to output approprlately
delayed pulses whlch gate the 1ntegrator c1rcu1t trlgger the sample and
hold c1rcu1ts and signal the mlcrocomputer when the data is available
to be 1nput and digitized.
| vThe laser controller part of the circuit consists of a timer, an
interlock and warnihg signal=generator,.a delay circuit for timing the
osCillator and ampiifier flash lamps, and various delayable auxiliary
outputs for synchronizing external equipment. Provision is made for
three modes of triggering: 1) Automatlcally after a set period of time;
2)'ManUa11y from a panel-mounted push button; and 3) Remotely from an
operator's console or from other external equipment such as an optical
multichannel analyzer. In all modes, a timed interlock prevents any
trigger signal from being sent to the laser for an operator-set interval
following each laser shot. When this interlock is de-activated, an audi-
ble alarm sounds for 10 seconds during which period the laser can be
triggered.- The dye circulation pump 1is shut‘off during this_time also
to prevent any vibrations from reaching the dye:cell and mirror mount
assembly; These circuits are built in modular form and housed in stan-

dard NIM modules for maximum flexibility.
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’J
In addition to these detection and control systems, thLaQ§cilla-
N

tor output pulse trains must be monitored on each shot to ensure cleanly
N

' mode-locked pulses. ;This requires the use of the fastest detector that Qikug
is convenient and reasonably'ecoﬁomicalf For this purpose we have used

- Hewlett-Packard solid state PIN photo&iodes (Type 5082-4203) mounted in .
a low iﬁductance configuration as shown in Fig. 20. When coupled to a

Tektronix 519 traveling wave oscilloscope and biased at 125 volts, this

detector exhibits rise and fall times of less than one nanosecond.

B. Characterization of picosecond pulses

It is very beneficial and in many cases imperative to establish

the properties of the_picosecond pulses one hopes to use in experimental
~applications. Espeéially whén quantitative results are desired, charac-
- teristics such as the pulse shape must be known to prdperly interpret

‘the data. Because of the lack of suitable instruméntation for pico=

second timescales, the determination of characteristiés.such as pulse

width, pulse'shape, and intensity are somewhat difficult and must be
accdmplished_by ihdirect means. Others such as the spatial energy dis-
distribution, specfrum; pulse energy, énd temporal form of the pulse

‘train can, on the other hand, be fairly siﬁply measured with commonly
available methods. When the information from all these measurements is s
combined, one can obtain a fairiy ;ompieté picture of the laser pulse |

including its coherence. This section will describe the results of some

of these measurements.
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Figure 20.- Pulse_tfains are monitored with Hewlett-Packard PIN photo-
diodes which are mounted directlybto 125 ohm panel connectors to pro-
';vvide fast risefimes-when used with a Type 519 oscilloscbpe. Current
to drive the cable and scope is provided_by a low inductance capacitor
. formed by afbfass sleeve and a brass cylinder which also serves as
‘mounting for the diode itself. The space between the sleeve-and
cylinder is insulafed with a thin mylar sheet. This arrangement Te-

‘sults in rise and fall times of less than one nanosecond.
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'The_most'frequenfly'used probes of pulse shape and pulse width
involve some form of correlation of the pulse with itself. The most
familiar of these is the two-photon fluorescence method28 which mea-.

sureé the intensity autocorrelation function:
(2) o * % . '
G (1) =«(V(t) V(t+T) V () V (t+rpt » (32)

where V(t) represents the normalizéd amplitude of the electric fieldvof
29,58 ..

the laser pﬁise. As was pointed out, thié measurement has several
disadvantages. Beéauée it is a second order autocorrelation, it gives
incomplete'information about the shape of the pulse. In partiéular, it
is unable to diSplay,the asymmetry predictéd'by Letokhov's theory of
passife mode 1ocking.30' The two-photon fluorescence method measures
this correlatioh fdnction by overlapping two oppositely propagating
pulses in a solution of a fluorescent dyé with an absorption peak at
twice the frequency of the 1aéer and which can therefore become excited
only by absorbing two photons of laser light. Since the brobability of
this two—photqn process depends on the square of the light intensity,
one eXpects enhancéd absorption at the pbint where the two pulses meet
and overlap. This is observed as a bright spot of fluorescence at that
point. The width of this spot is related to the pulse width. In addi-
tion to its inability to display asymmetries in the pulse shape, this
method pdésesses.the further disadvantage that the peak'which repre-
sents G(z)(T)_rides on a backgrouhd from two-photon absorption due to
each pﬁlse individually.. The ratio of the iﬁtensity of the peak to that
of the background can be calculated to be 3:1. However, one can also

show that random intensity fluctuations with a picosecond correlation
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time (i.e., conditions typical of incomplete mode-locking) result in a
similar peak, but with a peak to background ratio approaching 1.5:1.
Thus, information about the quality and even the true width of the mode-
locked pulse may be somewhat difficult to obtain and ambiguous in nature.
In order to avoid these problems,'many investigators have turned
to more elaborate methods invoiving higher order correlation functions.
For examplé; A.uston59 measured a fifth order autocorrelation function
using a Combination of second harmonic generation and fourdphoton para-

6Q used short vibrational

metric mixing, and von der Linde, et al.,
pulses produced by stimulated Raman scattering to probe the shape of
their picosecond pulses. These,expefiments revealed the asymmetry of
the pulses and provided a measure of the level of background radiation
between the pulses. |

| ~ Pulses produced by the laser.systemvdescfibed in this. thesis
weré examined both with the two-photon fluorescence method and the

60

stimulated Raman method of von der Linde, et al.”” For the two-photon

' -3 v
fluorescence experiment a solution of ~1X10 “'M Rhodamine 6G in eth-

" anol was used in a cell'of'lo cm path length to measure the width of the .
’ 29

1.06 1 single pulses. Thé.standardvtriaﬁgular arrangement™’ was used to
provide counterpropagating pulses. The fluorescence streak was either
photographed using Polaroid ASA 3000 film, or was imaged on-the photo-
cathode of the SIT vidicon of a Princeton Applied Research optical multi—,
channel analyzer (OMA). The OMA is highly superior to the photographic
film for recording the fluorescence due to>its linear respohse which sim-

plifies the measurement of peak-to-background ratio. The width of the

- observed fluorescence spot was calibrated by observing the image of
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a ruler placed in the dye cell. The pulse trains were monitored for

each shot with a fast photodiode and Type 519 oscilloscope. Photographs

‘of the oscilloscope trace detected most satellité pulses and multiple

pulse trains that appeared.. Figﬁre 21 shows typical results for a

""clean' or apparently well mode-locked pulse train and fora train where
satellite pulses were clearly present. Notice the difference in con-
trast ratio. No perfect contrast ratios of 3:1 were observed, bﬁt this
Coﬁld have been due to a slightly fuzzy image on the vidicon since the
necessary depth of focus to properly reCOra the entire fluorescence

streak is somewhat hard to attain. Thefaverage of several clean pulse

“trains with contrast ratios greater than 2.5:1 gave an average pulse

width of 3+ 1 psec (assuming approximately gaussian pulse shape).
_The stimulated Raman measurements of pulse shape were carried

out on second harmonic pulses generated in a 30mmpath length crystal

~of potassium dihydrogen'phosphate (KDP) using Type I_phase'matching. v

Using the method of refs. 44 and 60 as described below (see pp. 151-157

and Fig. 29) -the phase-matched coherent anti-Stokes scattering of these

pulses was investigated‘using ethanol as the Raman-active medium.

Briefly, the second harmonic pulse is split into an intense excitation

‘pulse and a weak probe pulse. The excitation pulse excites a C-H stretch-

ing mode of ethanol at 2915 cm_1 by stimulated Raman scattering. This
process results in a short-lived pulse of coherent molecular vibrations
which can producé coherent anti-Stokes scattering of the probe pulse.
The short dephasing time of this vibration of ethanol (T2= 0.5 psec)

causes the vibrational excitation to rise and fall on a timescale much
60

. shorter than the laser pulse. The observed anti-Stokes signal is
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X
%

Figure 21. Typical two photon fluorescence traées produced by the
1.06 u laser pulse in a solution of Rhodamine 6G in-ethanol and ré-
corded using a PAR optical multichannel analyzer. The top trace
-vcorreSponds to a pulse train which gppeared to be cieanly mode-locked
- (no satellite puléés or background were 6bsérved by monitoring the
iaser output with a fast photbdiode_and oséilloscopé), and it ex-
hibits a.peak-to-background.contfast‘rétio of 2.75:1. The lower
trace on thé other hand, is fof a pulse tfain whigh clearlybshowed
the presencé of satellite pulses. Its contrast ratio is 1.75:1.
Approximately_30-40% of the pulse trains observed failed to obey this
correlation betweén high contrast ratio and apparently cleén mode-
locking._‘The distance scale in this figure was calibrated by imaging

a ruler on the OMA vidicon with the same optical system.
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proportional to a convolution of the probe intensity wifh the effec-
tively delta-function of vibrational excitation. Thus, a plot of the
sigﬁal as a function of the probe delay time gives a cUrve_which is

very close to the actual pulse shape. The results are normaiiéed to the
Stokes and probe intensities and are plotted in Fig. 22. Eaéh point is
the average of at least five laser shots. The data indicates a certain
amount of asyrmetry as shown by the rapidiy rising leading edge and |
more slowly decaying tail. The solid curve is based on a calculation of
the stimulated Raman excitation procéss; The data is.well accounted for
- by a pulse shape of the functional form: |
‘ ‘ exp [ -(t/6.3 psec)Z], t <0 -
I(t) = IO - ' (33)

| sech [t/3.9-psec] , t=0.

It was found that thié'pﬁlée shape was fairly'reproducible;fronxrunvto run

- if other parameters. such as saturable absorber concentration, -amplifier

gain, and pulse selection were Carefully controlled. The uncertainty in the

numerical parameters in eq. (33) is about 20%. A further implication of
the data invblves the level of background radiation before and after the
pulse itself. From Fig. 22 one sees that this background must be less

than 1072

of the peak intensity. The reason the measurement stopped at
thisbpoiht on the curve was not due to any background, but had to do |
_ with the dynamic range of the detector used in the measurement.

The experimentally determined spectral content of these second
harmonic laser pulses can now be compared with that expected based on

the known pulse shape. For transform-limited fully coherent pulses, we

expect a product Av At on the order of 1.0 (0.44 for gaussian pulses)?‘9
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Figure 22. The results of the coherent anti-Stokes experiment in -
ethanol which were ﬁSed to determine the pﬁlse shape of the Second
harmoniC'picoéeCOnd pulses. The time axis represents probe pulse delay
time so that the 1eading edge.of the pulse is on fhe.right hand side,
and the trailing edge‘on the left. This pulse shape ciearly ekhibits
some asymmetry, with an'aﬁproximately gaussian leading edgé and ex-
ponential tail. Calculations indicate that the observed signal in

this experiment should deviafé from the pulse shape itself by only a

small percentage.
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COHERENT’ANTPSTOKES SCATTERING IN ETHANOL

Figure 22
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If the pulses are not found to be transform‘limifed, the lack of com-
plete coherence may be accounted for by the preséncé of sub-picosecond

~ structure. This structure can appear in the form of residual phése mod -
ulation or sub-picosecond fluctuations in the émplitude of the electric
field. These modulated pulses are less desirable as spectroscopic tools,
particularly for experiments where the coherence of the excited molecules
is the property of interest. In such an experiment the coherence of the
. laser pulses must be well known if one is to'bexsuré of.measuring the
‘dynamics of the molecules and not the laser light. The spectrum of the
pulses was therefore measured using a Spex 3/4m monochfometer'and.PAR
optical multichanneI analyzer with anFSIT'fype vidicon. Some typical
spectra are éhown in Fig. 23 for two ranges of pulse energy incident_oﬁ
the second harmonic Crystal} At the higher pulse energies, the effects
of non-linear broadening are evident. It seems‘that the medium respon-
sible for this broadening is either the amplifier rod, or the KDP doubling
crystal itself. At lower energies, the spectrum is much sharper. An av-
erage of several laser shots gives Y =€L3.cm_1 and (using the pulse
width appropriate for eq. (33), the préviously determined pulse shapej-
Av At = 1.9. Thus ﬁnder these conditions it is possible to prqduce pico--
second pulses with quite good coherence.

| In addition to these measurementé which have been discussed hére
in detaii,'there are several other techniques which are uéeful in various
ekperimental situations. For all experiments described here, the quality
~ of the mode-locking was monitored for each shot using a fast photbdiode
and oscilloscope, and data obtained from pulse trains containing multiple

pulses and satellite pulses was rejected. The spatial uniformity of the
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Figure 23. Spectra of the 5300 A secoﬁd-hannonic pulse; The_sﬁéctra
in Ca) were recorded with a relatively high power density of about

5.9 GW/cm2 incident on the KDP doubling crystal, while those in (b)
were recorded with;ilower inténsity[of aboﬁt iO Mw/cmz. 'Thé specfra
in (a) show the éffects of spectralibfoadening'in either. the doubling -
crystal or'the'aﬁplifier'rod or both, while thefwidthskobsérvéd in
(b)'cbrresﬁond to those}expécted forvneérly FOuriér tfansform limited

fully coherent pulses.
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"TYPICAL SPECTRA OF SECOND HARMONIC PICOSECOND PULSES

[IREEE S DR IS N SN U SN S AN | A | I S NN I E U N T S |
5296 5300 5302 5308 S32 336 5296 5300 5304 5308 5312 5316
| X (&) | x (R)

(b)

N U A T S I | J‘ | S D SR GO | I N SR N T B R
529 5300 5304 05308 532 536 5296 5300 5304° 5308 532 536
x (A) o | x (A)

XBL77i-6469
Figure 23 .



-116-

beam was checked with a self-scanning photodiode array (Model RS-4C/512)
made by Reticon Corp. This detector consists of a row of 500 photodiodes
separated by 0.001'", and is also very useful in accurately measuring the
diameter of the beam. The output of this device g;ves a convenient dis- -
play on an oscilloscope of the beam's intensity_cross section. Once its
spatial and temporal characteristic§ ére known, one Ean in principle cal-
culate the peak intensity from a measurement of the energy of the pulse.i
However, Penzkofer et al.,6l have shown that the intensity can be directly
measured}by méasuring the energy transmission of’a saturable dye solution.
They have calibrated this technique and have found that the measurement
depends only weakly on other puls¢ characteristics such as temporal and

spatial pulse shape. This method has been found to be quite useful in

situations where the intensity must be measured on each shot.

. The major_difficultf in all of the measurements discussed here is
that the pulses are sufficiently irreproducible that thé-ﬁulse characfer-
istics shduid ideally be monitored on each shot. In many cases this is
impossible»énd in the case of the pulse shape measurement (whichAre-
quires many laser shots) even meaniﬁgless; Thué, although it is very
advantageous to work with well-characterized pulses, it is difficult in
practice to &o more than partially reach.this goal. When results of a
picdsecond experiment'aré analyzed and inte;preted; the sensitivity of
the interpretation to the nature of the pulse must be carefully cohsid-

‘ered. Estimate of possibie errors in experimental measurements must be
based on the pulse behavior. This often mékes these estimates very dif-.
ficult.  Nevertheless, picosecond pulses have been very useful probes of

fast molecular dynamics, and they promise to be so in the future.
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C. Experimental use of high intensity laser pulses

The application.of high~power pulsed lasers to the study of mo-
lecular physics can involve quite differentlconsiderations than does the
use of other 1ight sources. This is particularly true when non-linear
_interactions of the radiation with the molecular system are important.
In.thevrange of intehsities common in picosecond experiments these non-
linear processes may be dominant, making the study of other interactions
and phenomena more difficult. It is often necessary to work in a rel-
atively narrowly defined range of intensity in order to maximize the ef-
fect one wishes to study while minimizing other processes which might
interfere. On the other hand, the ayailability of high light intensity |
makes possible the study of the non-linear processes themselves_as well
as the associated molecular dynamics. An example is thé‘use of stim-

- ulated Raman scattering to study vibrational relaxation .as discussed in
Part Three of this thesis. Moreover, these non-linear éffects have
often been utilized to generate picosecond puises_at wavelengths other
than that of the primary laser pulse. The availability of a range of
wavelengfhs_greatly increases.the'variety of possible experiments and
adds to the utility of these laser systems in studying the dynamics of
molecular systems. | |

Two of the most pervasive and (usually) undesirable non-linear
effects are self-focusing62 and spectral broadening.és_ésf These effects
result in destruction of useful pulse properfies'such as its smoothly = -~
Varying.transverse intensity distribution and transform-limited temporal
coherence. These processes have been observed.to'occur in a wide variety

of condensed phase media and have proven relatively difficult to deal
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with both experimentally and theoretically. Self-focusing arises from

a non-linear index of refraction of the form

n =, + 4An ) ” : (34)

where An depends on the light intensity (e.g..An=?n2|E]2 where E is the
electric field amplitude). For a laser beam of .finite tfanéverse ex-
tent, eq;.(34) resultsvin a higher indek of refraction in the more in-
tense center of ‘the beam and thus causes the focusing effect The ex-
tremely intense f1e1d at the focus ‘can cause damage to expen51ve optical
components and leads to the 1n1t1at10n of other non-linear effects such
as phase modulation and frequency broadenlng That the interaction of

a hlgh 1nten51ty light pulse with matter can lead to quite extreme spec-

tral frequency broadening has been known for some time. Several explana-
tions of its source have been advanced,’including phase modulation by an
intensity-dependent refractive index (self-phase rn'odulation)64 and four-

. - 65 L : . ' .
wave parametric mixing. Both approaches have achieved some success in

accounting for the observed broadening in certain cases. These 'white

57'and

continuum“_puisee:have been exploited_by Rentzepis,3§ Windsor,
others to record the absorption spectrum of a sample on a picosecond /
time scale. | -_ - ‘ |
waever, if broadening takes place in the sample itself, the
continuum pulse may render a smaller signal (such as Raman scattering
from the probe pulse) difficult to observe. The severity of this prob-
lem can be seen when one realizes that the phenomenon is UbquItOUS we

have found it to occur to some extent in any material in which it was

looked for. For example, Fig. 24 shows portions of the spectrum near

-~
‘/

i
D
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Figure 24.  This figure presents some examples of "white eontinuum"
pulses generated by 1.06 1 single pulses in a 5 em path length cell
of ethaﬁol.' The upper trace corresponds to an incident intensity of
48 GW/cm2 and the lower one to 330 GW/cmZ. The laser beam diameter
was 0.35 mm. The spectral features seen iﬁ these examples are typical .
but by no means reproducible. For example abstrong peak at 490 nm

- was observed.in several shets_with similar laser pulse.intensities.
.However, the general featuree of the lower spedtruh were’reproduced

by severai shbts, although not on every shot. Clearly, this sort of
behavior might easily interfere with rhe obserﬁation of an emission

~ signal near, say, 46004, the anti-Stokes wavelength for scattefing of
5300 A pulses by'ethanol. The threshoid for observation of these

broadening effects in ethanol was approximately 10 GW/cmZ.
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"WHITE CONTINUUM" PRODUCED BY PICOSECOND PULSES
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5000 A of a broadened puise produced by passing a single 1.06 u pulse

through 5 cm of ethanol. The beam diameter was 0;3Snmy (measured using
a Rgticon photodiode array), and the intensities were calibfated using.
the saturable absorber method. The spectra were recorded using a Jarrell-
Ash 1/4m polychrcmeterAcoupled to a PAR SIT vidicon and optical multi-
channel'analyier. Some amount:of emission was present at essentially

all wavelengths extending toward the_red from about 4000A  to the limit

.of the detector (~ 8000A). The intensities of these pulses are within

a factor of 100 of the observed threshold for the broadening process‘
(about 1.-5.X1010W/cm2). At this power level the spectral features ob-
served are not very reproducible, even for pulses of similar intensity.

The major point to be made about these observations (from the

- point of view of application of picosecond pulses in molecular physics)

is that these intensity levels are similar to those necessary to excite
ethanol vibrations by stimuléted Raman scattering of the.1.0611 pulse.
Thus, the continuum generation could éaéily interfére with the observa-
tion of a weak anti-Stokes signal due to Raman scattering of a 5300A

probe pulse. We have found that this kind of problem occurs quite often.
Thus, it is important that these difficulties be kept in mind during the
design and execution'of picosecond experiments. Doing so will hopefully
reduce the time used to locate weak signals and will increase the ease

with which picosecond pulses are used as experimental tools.
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PART THREE

Vibrational Relaxation and Dephasing in Condensed Matter _ A%

I. Introduction to Vibrational Relaxation , -

" The understanding and characterization of relaxatioh pathways |
is an important prerequisite to the underétanding of energy transfer
dynamics in a given system, since relevant experiments are generally
influenced by both kinds of phenomena; Davydov splittihgs on the order
of a.féw an! to a few tens of an ! have been observed in the vibra-

68,69 Thus, one expects intermolecular inter-

tional spectra of solids.

~actions and energy transfer may-bé of some consequence in the dynamics

_ of vibrational excitations in these systems. This would be particuiar}y

trﬁe'for infrared-allowed modes whefe strong intérmoleculér dipole-

dipole coupling is possible. ngéver, a major difference.befWeen vibra-

tional and electronic excitations, for example, is the timescale im-

posed by the relevant_felaxation'timeé. Clearly then, an investigation

of vibrational relaxation mechanisms is importaht from the pbint of

view of energy transfer as well as providing better understanding of the

relaxation processes fhemselves. ‘ : [ | /
The earliest experimental investigations of vibrational relax-

ation in condensed phase systems were based on the ihdirect method of

7Of73 Work by Gordbn70

spectfal lineshape analysis. and later by Nafie
and Peticolas71 showéd that orientational and vibrational correlation

functions can be obtained in favorable cases from a Fourier analysis of
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'the polarized‘and depolarized components of the Raman spectrﬁm. The
resulting vibrational éorrelation time-represehts the time for loss df’
well-defined ﬁhaée relatioﬁships among an ensémble of identically'pre-
pared excited molecules. This dephasing results from a variety of
mechanisms, including inhomogeneous line broadening, vibrational energy
relaxation or redistribution among other degreés of freedqm, as well as
so-called ”pﬁre.dephaéing” which can result from interactions with othér
degrees of ffeéddm (either inter- or intramolecular) which modulate the
Vibrationaljphase_without causing energy redistribution. Thus, the
interpretations of spectral lineshape data often relied on difficult to
Verify_assumptionS'about the dominant source of the broadening.

. Direct time-domain studies of these processes was impossible
Tdue to the short timescales involved until the te?hniqueS(pricosecond
laser spectfoscopy were appli@d to the problem. Speétral stﬁdies indi-

cated relaxation and dephasing times on the order of 0.1 to 100 psec,

| and the Nd:glass mode-locked laser with its pulse length of 5-10'pse¢

has méde'significant advances in the field of vibrational relaxation.

The dominant work in this area has been by the Kaiser group, although
importaht contributions have also been made by others.z’lb’m'76 Theée
experimenters have suctessfully measured dephasing times in solids45

and 1iquids,44 and energy relaxation énd redistribution in pure lig-

Sla in liquid mixtures,77 and in solutions,78 Most recently, these

uids,
techniques have succeeded in separating the inhomogeneous and homoge-
neoué contributions to dephasing‘times, and have shown for the first
time that inhomogeneous bfoadéning can be substantial in Vibrational

spectra of liquids.5 These studies have also shown that the processes
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which cause dephasing of coherently‘prepared ensembles (T2 processes)
are very different from those which cause relaxation of vibrational
energy (T1 processes); The most dramatic example is liquid nitrogen
with T, = 150 psec79 and Tl’vseveral seconds.80

Molecular.crystals'are especially interesting candidates for
thé application of these techniques, although they have been for the
‘most part ignored. For example, measurements of the thermalization of
vibrational energy in‘ngund and éxcited81 electronic states would be
applicable in the theory of radiationless transitions and in the study-
of electronic energy migration in these systems. From the point of
view of coherence a more interesting question is the influence of the
crystal‘periodicityvand vibrational energy_tranSfer on relaxation and
dephasing processes. As mentioned in the introduction and Part One of
this thesis; it may be more éppropriate to look at the dynamics from
the innt of View.of either a delocalized orVIOCalized-pictﬁre of the
excitation dépending on the situation. If resonant energy»transfer Be~.
tween an excited molecule and its unexcited neighbors exerts a dominant
influence, the éffect is to delscalize the excitation over the periodic
array ofvmolecﬁles. Scattering by phonons, impurities, and dislocations
‘would play an important role in the dephasing process via their influence
on the intermolecular coupling matrix elements and the exéited'State
energy. On the other hand, in the localized picture, the vibrational
excitations are restricted to singie molecules due td the presence of
weak intermolecular interactions or the disruption of these interactions

- due to uncorrelated thermal motion of the lattice (i.e., strong exciton-

phonon scattering). Vibrational dephasing in this picture represents the .
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loss of;fhe phase relationships established among the excited molecules
by the coherent excitation process. This statement also applies to
 vibrational dephasing in molecular liquids, since their behavior would
' bé_expected to- be simiiar in sdme ways to that described by the 1o¢al-
~ized picture in solids. |

 With the initial goal of extending picosecond dephasing measure-
ments to include molecular.crystalé and to eventually begin to answer
the questions posed above, a étudy of dephasing processes has been under-
‘taken in the methylated benzenes 1,2,4,5-tetramethylbenzene (duféne)and
p-xylene: Thé first results of these studies are preéented in section
II. The techniques used are those de?eloped by the Kaiser group and in-
volve excitation of the sample by stimulated Raman scattering bf pico-
second laser pulses. As discussed below, this feature generally limits
the technique to the one mode in a given molecule that is easily excited
by stimulated Raman scattering, and the data alloWs only a limited intér—
pretation to be presented. The data are discussed in terms of the pos-
sible contributions to the dephasing including inhomogeneous broadening
and are fit to theoretical results obtained by numerical solutions of
the differential eqﬁétions ‘which describe the excitation process. This
fitting process allows the determinétion of dephasing times which are
on the order of or somewhat shorter than the iaser pulse width.

Stﬁdies in fhe picosecond field have also inspired a flurry of

82-88

‘theoretical work with the goals of understanding the relevant re-

laxation pathways and dephasing mechanisms,’predicting observed relaxa-

tion times, and understanding the large difference between T1 and T2‘

85-87

For example, several such models treat the system as an excited
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harmonic oscillator weakly coupled to a reservoir consisting of a large
number of oscillators in thermal equilibrium. The off-diagonal part of
the coupling results in decay of the vibrational energy into the reser-
‘voir modes, whiie the diagonal part is'responéible for pure dephasing.
The dephasing problem has also been treated semiclassically by a model
wherein the vibrationalvphase is modulated by binary collisions with
surrounding molecules.88 These approéches are most applicable to the
~case of a diatomic molecule in a monatomic solvent or matrix.

In polyatomic molecules, the situation is complicated by the pres-
“ence ofzinumber of intramolecular degrees of freedom which may interact
mofe strongly with the excited Vibrationai mode than do the intermolec-
ular modes which comprise the reservoir in the models mentioned above.
For example, the redistribution-of vibrational energy among other in-
tramolecular modes has been explored experimehtally uSing picosecond

techhiques,77’89

and has been shown to play a significant role in even
relatively small molecules such as ethanol. However, few theoretical
models have incorporated this feature to'thisvauthor's knowledge. It

~ should be stressed that the inclusion of these effécts wiil be'very
important for intermediate to large molecuies,'since the large numbe{'of
intramolecular modes %eéults in a large density of stafes'at even modest
energies. Thus, a large number of potential pathways for the intra-.
molecular redistribution of vibrational energy afe present. In addi-
tion, it has not generally been realized that interactidn with other
intramolecular degrees of freedom in polyatomic molecules may domiﬁate

dephasing processes as well. This comes about due -to random modulation

of the vibrational frequency by thermal excitation of low frequency modes

i)

\
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which are coupled to the Vibration of interest by intramolecular anhérmonic
coupling, In Section IIT experimental support for this statement is
presented in the case of dephasing of the C-H stretching vibrations of
1,2,4,5-tetramethylbenzene (durene). The effect of intfamolecular modes

is monitored using the temperature deﬁendeﬁce of the spontaneous Raman
spectrum. A theory is outlined which is based on NMR exchange theory

and is capable of relating these expérimental data to the participating
dephasing channels and the nature and stréngth of the coupling. This
approach is also capable of extraéting the energy exchange fates in these -
channels. The formalism is 6f a general nature and is eaéily adaptable

to situations other than vibrational spectroscopy.

IT. Measurement of Dephasing Times by

Picosecond Spectroscopy

The ability.of infenseulaser pﬁlses‘to coherently excite an -
ensemble of molecules via Stiﬁulated Raman scatteringgo-is the key to the
measurement of vibrational dephasing processes using picbsecond spectros-
copy.44 The excitation process is coherent because thé stimulated emission
of Sfokes radiation results in a driving field which excites molecules
to a well-defined linear superposition of vibrational states with
identical phases (except for phase shifts due to the wavelength of light
in the medium). These excited molecules possess the ability to interaét
with a'picosecond probe pulsé to produce'a-coherent beam of anti-Stokes
scattered light.90 This coherent anti-Stokes écattering is emitted
toward the direction in spéce for which the anti-Stokes light scattered
by ali the molecules is in phase, and its intensity is a measure of the

extent of dephasing during the time between the excitation event and the

)
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probing event.

| These ideas are illustrafed and clarified in Figs. 25 and 26.
Speaking in the terminology of‘the delocalized picture, stimulated Raman
scattering excites a vibrational exciton with a well-defined k-vector
near k=0 given by Evib = KL ] is'(see Fig. 25) where KL and KS are the
wave vectors of the laser radiation and Stokes radiation respectively.
(In the localizéd picture the wave vector kvib simpiyvrepresents thé well-
defined phase relationship among the exﬁited molecules.) Dephasing or
T2 procéSses are those which cause scattering to a state of différent.
' wave vector or mixtﬁfes of such states. T1 processes on the other hand,
are those which result in a fedistributiﬁn of the energy of excitation
ambng other intra- and inter-molecular degrees of freédom. The exper-
imental basis for fhermeasurement of thése relaxationvthneé-is shown in
Fig. 26. The stimulated Raman excitation and probing processes are shown
'in part ké) of this illustration and the wave vector diagram for the de-
phaSing.(Tz) measurement in pért (b). 1In essence, one ensures that the
anti-Stokes light is scattered coherently by arranging the experimental
geometry such.that the wave vectors of the probe pulse (ﬁé) and anti-
Stokes beam (KAS)'add vectorially to give kVib (which is determined during
the excitation procéss). When this phase-matching condition is met; co-
“herent anti-Stokes light is emitted in the direction KAS" If the phase
matching condition is not met, (i.e., the wave vectors do not add up cor-
rectly as in'Fig. 26b) only incoherent anti—Stokeé scattering can occur.
v'The incoherent scattering depends only on fhe presence of excited popula-
tion in‘the v=1 level and not on any phase relationship. Therefore, its

intensity is a measure of the decay or redistribution of vibrational

Ny
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| Pigure 25. (a) Some typical dispersion relations for intramolecular

vibrations (vibrational excitons) and lattice modes (phonons) are
shown schematically. (b) The state_prepafed by the StimulatedvRaman
scattering excitation process is indicated for this delocaliZed:
picture. The double arrows indicate possibie relaxation processes.
The relaxation time Ti corresponds to the loss of excited state

population to other degrees_of freedom, while T2 corresponds to the

loss of phase coherence through scattering of the exciton to other

k-states.
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DISPERSION AND RELAXATION PROCESSES FOR VIBRATIONAL EXCITONS
IN MOLECUL AR SOLIDS
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Figure 26. (a) Energy ievels iﬁvolved in Raman excitation and probing
are the ground state (v=0) and a vibrationally excited state (v=1).
Excitéfion involves scattering events in which a laser photon (frequency
= wL) iévébsorbed and é Stokesvphoton (frequency&=ms) emitted thus trans-
ferriﬁg population from v=0 to vw=1; In the probing procéSs photons
are absorbed. from the probevpulse and anti-Stokes photons are emitted
(frequencies Wp and wAs respecfively). _Thﬁs the amounf of.vibfational
excitation remain;ngbin vw=1 can be measured by the intensity of the

scattered signal. (b) The wave vector geometry necessary to observe

- coherent anti-Stokes scattering is shown. kvib is the wave vector of

the vibrational excitation pfepared'by‘Sthnulated'Raman scattering.
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excitation (T1 is measured).‘

The interpretationvof these measurements requires an understand-
ing_éf the stimulated Ramanvscattering (SRS) excitation and probing
processes so that the build-up and decay of Vibrational excitation under
the influence of the picosecond laser pulse and the intensity of the
probe écattering signal can be quantitatively calculated. Therefore, a
discussion.Of these ‘calculations and their theoreticaljbasis is present-
ed in the nextvgection; This is followed by a description of the exper-
imental aspécté of.the measurement. Finally, in the results.and discué-
sion section, the determination of the picosecond pulse shape using_co-

herent Raman scattering in ethanol is described and the dephasing mea -

surements in durene and p-xylene are presented and discussed.

A. -Theory of vibrational excitation via stimulated Raman scattering
Ramén'scattering results due to the modulation of the molecular

91 Quantumn mechanically,

laser photons of frequency wy are absorbed via-a ''virtual state' with

simultaneous emission of a photpn of frequency Wg where Wg = Wy T W sy (see

Fig. 26). Cléssically, the polarizability is modulated at the vibrational

frequency, causing side bands to appear in the scattered light at fre-

quencies wp Fw If the scattered light is sufficiently intense it

vib~
can interact with the molecules along with the laser radiation to provide
a significant driving force at the beat frequency Woip = WL Wge This
driving force increases the amplitude of molecular vibration which in

turn more strongly modulates the laser radiation. This process results

in exponential growth of the Stokes radiation and molecular vibrations
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until the laser field begins to become depleted.

The model just described provides the basis for the semi-class-
ical coupled wave descripfion of stimulated Raman scattering. This de- 5
scription has been utilized by many authors since the diecovery of

48,90,92-94

SRS, and it follows naturally from a non-linear opties type 1

1,95 1¢ one hopes to utilize this effect as an excitation

“approach.
source for the purpose of measuring relaxation times it is necessary to

be able to calculate the time—dependence*of the vibrational excitation.
MofeoVer; this calculation must include the transient response of the
molecular oscillator, since the exciting pulse width is on the order of or
~ shorter than the relaxation times. -The problem of transient SRS was dis-

9 ' . C .
4 Because these calculations are crucial in

cussed by Carman, et.al.
N the interpretation of the data to be presented later, this theory will

be described here to provide the necessary backgrdund.

- Theory for Homogeneous Lines -

The electric field of the laser and stokes radiation must obey
- the electromagnetic wave equation:

2

8" Py,

2

V2 E- /) 2 @B = (35)
.t Y st .
where P\, 1s the non-linear polarization of the Raman mediun and n, the
index of refraction of the medium, accounts for the linear polarization
of the medium.. For the purpose'of this calculation the electric field
will be represented by a linear combination of'infinite plane waves SO

that the only spatial variation is that in the direction of propagation.

Thus, we take:
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E (2,8) = [F (z,t) + Eg (z,0)] X | (36)

where the laser field is given by

| EL(z,t) = 1/2 {EL(z,t)exp{i(kLz: thﬂ + c.c.} (37).
and the Stokes field by

.Es(z,t) = 1/2 {Es(z,t)éxp[i(ksz - wst)TFC.c.}. ., (38)

- The wave equation then reduces to two partialjdifferential equations for

the amplifddes EL and Es, through the use of the Slowly-Varying Envelope-
Approximation (SVEA)f96 In this approximation it is assumed that the

amplitudes of the electric field vary little during an optical period so

that | | |

ok 3E

(39)

ot ot

and similarly for the spatial derivatives.  The resulting equation for

ES is:

ot ot

o _ 22Py (2,1)
-~ expll(ksz-wst)]+ c.c. = -H, .

. (40)

0

ot
Since in the experiments to be described, the depletion 6f the laser pulse
is only a few percent, it will be assumed thatvit propagates through the
mediun undiminished.

The excitation of the m01e¢u1ar vibratioh is described in terms
of an ensemble of two-level systems tonsisting of the v=0 and‘v"=1 vibra-

tional levels. This is a realistic approach since:90 - (a) Stimulated
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Raman scattering usually only excites the mode with the greafest séétter-
ing cross section and thereforé the greatést gain for the Stokes radi-
ation, and (b) Anharmonicitieé prevent levels higher than the v =11level
from participating in the.excitation process since E(v=2) - E(v=1)

#h Woib = ECv=1.)r-E(V==O). The state of the ensemble can be descfibed
by a 2X 2 density matrix thch contains three independent quantitiés, the
~magnitude and phase of the off-diagonal elements, and the population dif-

ference represented by the diagonal elements. Coherence information 1is

contained in the off-diagonal elements and their relaxation time is given

by T2’ the vibrational dephasing time. The experimentally measured'quan-‘

tity is the expectation value of the vibrational displacement which is
given by
{gr =gl 9014-010] _ . (41)

1/2

where Q= (v=1|q|v=0)= (8/2m w This expectation value obeys an

Vib)
equation of motion identical to a classical harmonic oscillator. - This

can be shown vié_thevHeisenberg equatioﬁ of motion
¢=imlxg N (¥
with the Hamiltonian

%7 2

Hy - 1/2 o E '
. : (43)

| 2,
1/2 hw ;o 05 - 1/2 (30/3¢)E Qo

~where oiand 05 are the Pauli matrices for this two-level system. The
‘molecule-radiation interaction term wasiobtainedvby expanding the polar-

izability as a power series in the vibrational coordinate:

OL;OLO+ (3&/3([)0(24' cee - . | (44)

#r
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and dropping the o term since it camnot cause transitions between the

v=0 and v=1 levels. ’

By applying eq. (42) twice, one obtains

) -(n;ny)

. 2 i

where nl-and,no'arevthe fraction of population in each level. Taking the

expectation value and adding a phenomenological damping term, one obtains:

- (nl 'no)

(q)+ 1/TZ (q) + wvib(q> = s CBQ/SQ) E7. ‘ | (46)

To complete the description of the vibrational equation of’motion, repre-

sent (g ) as
(@) = 1/2{Q(z,t)explik ;2 -0 )] + c.c.) (47)

and calculate EZ from eq. (36):

E° = 1/21{E Eg expl 1[(k kg)z (w - u)t1] + c.c.} (48)

where only the term which contributes a driving force near Wit is re-
tained. With these substitutions and with the SVEA for the vibrational

field, eq. (46) becomes

3R @0 YT, = /B Go/ag) B Eg (49)

Where the relations w ;. = w -Wg and kvibf{kL-kS have been used. (In
- other words the physics of the build-up of the vibrational and Stokes

waves ensures that kvibé=kL-kS).
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To complete the coupled wave description, PNL must be specified

in terms of the vibrational excitation. The polarization-is given by

pNL = aE = N(3a/3q) (¢)E (50)

: . : . . 2,
where N is the molecular number density. “We wish the terms in (BZINL/Bt )

-which vary at the frequency Wg and thus prbvide the source term for the

Stokes radiation. These are given by

CoaZp /at2y = U N(da/3a)(1/4 . 92 o*

‘Uo(a PNL/at) = UON( a/ Q)(l/) (wL-wVib) Q L
explil(hy -k ;)2 - (o - )] +c_.c.} (51

Thus, the equation for Es becomes

% dEg wh . ’
et o e = -iu N(3a/3q) (1/4) ks Qg (52)

0l

Equations (49) and (52) are the key equatidns of this theory.
They form a coupled set that have been solved analytically;by Carman,

et al.94 The eqﬁations are simplified by transformation from the vari-

ables z ahd"t to z and 't'.where t' = t-zn/c. EL'is a function only
of t' since the iaser'pulse propagates undepleted, but ES and Q also
depend explicitly on z'due to their (approximately) exponential growth.

The equations assume the form
aES(z,t'»)/aé =_—i|<2Q*(z,t') EL(-t') . (53)

Qz,t")/ot" = ik E(z,t") Ef(t) | - (54)

o

N

>

G
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where

N,
fl

L= (/8w m (30/50) | (55)

and

A
|

2 = (WN/4) (30/3q) (wg/kg) | (56)

By eliminating one or the other of Eg or Q the equation can be reduced
as shown in ref. 94 to a simple form known as the Telegrapher's Equation.
The method and details of solution of this partial differential equation

are described in ref. 97. The solutions for Eg and Q are:

' . t' - '
Eg(z,t") = Eg(KlKZZ)/Z EL(t']j at" exp[-(t'-t")/T,]
{Ef('t") [t(t") - 1(£)] 7 I'ﬁZEKIKzz'(T(t') RICOII NG
A% : RS Y L 1y s
Q (z,t'_)» = ik, Eg dt" exp!:-(t' '-t_")/TZJ

-0

{Ef(t") Ié{z[Klkz vz(T(t')-T(t'.'))]i/z}} | 8

where T(t") =.ft'|EL(t")|2dt”, IO and'Il are modified Bessel functions
_ ' o .

and Eg is a constant which represents the input Stokes field due to
spontaneous scattering in the first parf of the cell.

FOne.should.take note of the approximations and assumptions made

in addition to those already mentioned. Thé medium has been assumed to
be dispeféionless so that the 1asér and Stokes waves travel ét the same
velocity. This is not a severe approximation for most molecular solids

and liquids if the path length is only 1-2 cm. The requirements on the

-spatial and temporal coherence of the laser are quite stringent, however,
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45,79,94 - . . .
2T For example, in a dispersive

as several authors have discussed.
medium, the phase modulation and frequency broadening often present in
picosecond pulses produced bbed: glass lasers can strongly effect the

SRS gain.94

Finally, it was assumed that the Raman line consists of a
single homogeneously broadened componeni. This restriction is lifted in
calculations discussed below.

Equations (57) ano (58) can be easily programmed for the computer
‘uSing a numerical integrétion technique such as Gaussian quadrature.' An
example of the results is shown in Fig. 27. Two poihts should be noted.
First;'even when T2 is short cohpared to the pulse width, thevdelay
between the maximum of the excitatioﬁvpulse and the peak of the vibra-
tional excitatioﬁ depends strongly on ‘the value of Tzo Secondly, when g
T, is short, the build-up'and:decay of Q2 is very fast compared to the
tlme variation of the laser pulse 1tse1f As dlscussed by von der Linde
"et alv 60 thlS feature is very useful in determlnlng the shape of pico-
second pulses. _

To calculate the observed signal in the coherent anti-Stokes
scattering experiment, the interaction of a picosecond probe pulse with
the vibrational amplitude created in the eXcitetion process must be

90

considered. For an incident probe pulse and radiated anti-Stokes

wave of the form:

B, (z,t)

%{Ep(z,t) exp[i(kpz-wpt)] + c.c.} - (59)
and | o

Eys(2,t) =.-%{ (z,t) eXp[l(k 2-upgt)] + c.c.} :' '(50)

o
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Fig. 27. - (a) Calculated curves for the build-up and decay of the’
vibrational amplitude, |Q|2,'during'the stimulated Raman excitation
process. These curves were calculated by numerical evaluation of
the integral in Eq. (58). Curve #1 corresponds to T2 = 0.5 psec,

#2 to T, = 3.0 psec, and #3-to T2 = 8.0 psec. Notice that the

2
- position of the peak of the excitatign depends strongly on Tz, and
that when'T2 is very short, the pulse of vibrational excitation is
much shortervthan the laser pulse itself (dottéd 1ine). (b) These
curveé show the expected anti-Stokes probe signal as a function of
delay time of the proBe pulse for the three values of T, which were
shown in (a). Note that‘when.'T2 is short, it cannot be meésured

from the decay of this signal, but rather, the signal depends strongly

on the shape of the probe pulse. However, T2 can be obtained semi-

quantitatively from the position of the peak signal.
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(a) CALCULATION OF VIBRATIONAL AMPLITUDE  (b) CALCULATION OF COHERENT ANTI-STOKES
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an equation can be derived for the growth of EAS due to a non-linear
polarization resulting from Ep and (q). The calculation proceeds along

the lines of that leading to Eq. (52) and gives

o, 3 g

ot

= ii|<3Q(z,tj EP(z,t-tD)_exptiAkz] - (61)

+
I

where K, = (uON/4)(8u/8q)(qiS/kAS), th is the probe pulse delay time,
and Ak = kAS"kP"kVib‘ The exponential factor appears since in the
probing procesé phase matching is not autométically provided as in
‘excitation. Since bofh Q(z,t) and EP(z,t) ére known, this equation can
‘be directly integfated. However, since the main interest is in the value
of the time integral for different values of ty, an approximate z-depen-
dence for Q(z,t) is sufficient. For example, if it is assumed that Q

grows exponentially with a characteristic length A% one can use:
Qz,t) ~ Q(&,t) exp[(z - 2)/288] | (62)

where £ is the path 1ehgth of -the sample. With this substitution the

total integrated coherent anti-Stokes signal can be obtained:

Icoh(tD)”= _/ﬁdt'lEAS(?')IZI' . o | (63)

s a2 1+ (Z-AkASL)Z]'lj.; at' [Ep(t -t | [een ]

The z-integration causes a variation in the signal for different values
of the wave vector mismatch, Ak, while the t-integration results in a
convolution of the probe intensity and fhe square of the Vibrationay,
amplitude. Thus, for T2 values long ;ompared to the probe pulse, one

observes a decay in the signal with a 1/e time of T2/2. When T2 is short,



-144-

|Q|2 acts as a delta function and the anti-Stokes signal can be used to
map out the shape of the probe puise, When T2 ie short enough thaf the
decay cannot be directly measured, it is possible to determine a semi-
quantitative value from the delay time between-tne peak of the excita-
tion pulse and the peak anti-Stokes signal (see Results and Discussion

section and Fig. 27(b)).

Theory for Inhomoceneous Lines

If the Raman line is 1nhomogeneously broadened it should be kept
in mind that the apparent decay time of the coherently scattered probe
signal may feflect the-inhomogeneous‘1inewidth-rather-than the tfue

_ dephasing time of the molecular vibrations. In order to include the

effects of an inhomogeneous distribution, the above theoretical description

must be modified. | This prObiem has been discussed by Laubereau, et.al. %8
and solved approx1mately in the limit where the 1nhomogeneous 11new1dth A
is smaller than the rec1proca1 of the plcosecond pulse w1dth Qualita-
tively, they find that each individual homogeneously broadened component,'
or “isoehromat”'buiids up and decays almost exactly as if the inhomogeneons
broadening were absent, although the vibrational amplitude of each compo-
nent acquires a slightly different phese fremdthe others. ‘Once the
excitation pulse is. past, each component evolves at its own vibrational

. frequency. When the total ensemble average vibrational amplitude is
monitored, the effect is a répid decay due to destructive interference
among the Verious isochromats, or in cases where only a few frequencies

are present, an interesting ''beating" effect.98’99
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Since it would be helpful to be able to caléulate these effects
in moré gehefal situations, a slightly different approach is adppted here.
| Rather than restéicting the scope of the calculation to a certain limiting
situation in order to facilitate an aﬁalytical solution, the coupled
equations for the Stokes field and theANV vibrational amplitudes were
| solved directly by an iterative numerical computation. The equations
to be solved are those discussed above, with modification to include the
inhomogeneous distribution. The vibrational amplitude becomes:

Ny

wﬁere Nj is fhe number density of molecules with vibrational frequency
wvib'Fij'. The amplitudes Qj are complex. In the transient limit, one
.expécts the5ﬁolecules to oscillate with their individual frequencies and
Qj takes on the oscillatory dependence Qj ~ exp[-iijt], while in the
steady state limit the oscillétqrs would follow the driving field, and
Qj.would approach a constant_coﬁplex value. Since each oscillator reacts
independently to the driving field, its equation of motion is

(65)

BQJ _ _ . xr
a—_t_ + FjQJ = lKlES L

where Fj = iij-+1/T2. The complex part of Tj introduces the amount each
isochromat is off-resonance from the driving frequency mvib.' The non-
linear polarization, on the other hand, has contributions from all of the

oscillators. Thus, the equation for Eg is:

3, OF '
_53 R R EL_[JZ(NJ-/N)QJ-] (66)



-146-

By transforming to the new time coordinate t' = t - zn/c and differentiating

Eq. (65) with respect to z, ES can be eliminated to give

2 ' -
3°Q.(z,t' - - 3Q.(z,t") ot (z,t")
._QLl + T. _gl.(_z_ = iKlEL(t') _S_.__ _

3z ot' J 3z oz

e BN 1 [ (Mgl (67)
m : '

Integrating with respect to t', one obtains

t'

i Lk <, [ dt" expl-T (e - 0 1[E e [P I] (N /N)Q (z,t"]
12 xp g 'L o W ’

.9z _ _ ‘
-~ L . (68)
which has the form of.a coupled set éf-différential équatibns in.thé
»discreet index j and the continuous index t'. The initial conditions
are given by the integral of Eq. (65) with ES(Q,O) = Eg = constant:
v _ _ o |
'Qj(O,t') = iKIEg./~ dt”_eXp[~ Pj(t'*-t")] EL(tﬁ)' ’ - (69)

-0

This problem canibe solved by a numerical technique such as Euler's method

00 pinally,

or the.more accurate (but time-consuming) Runge-Kutta method_.1
the ‘coherent probe scattering signal can be evaluated as a sum of coﬁtri—-
bufions from each isochromat, each of which haé its own value of Akj, the
wave vector mismatch.v This mismatch may have a contribution due to the
oscillatory dépendence of ij The extent of this contribution will
depend on whether a given situation more closely approaches the steady-

state or transient limit., In the truly steady-state case there is no

oscillatory dependence of Qj because the molecular vibrations follow
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the driving field and all oscillate with the frequency W oihe In the
transient limit, however, each isochromat scatters anti-Stokes light with
a different frequency shift resulting in a different wave vector for each
component of the scattered light, and thus a different wave vector
mismatch. In any‘case, the integrated anti-Stokes signal is given by

a calculation similar to that leading to Eq. (63):

Ion(ty) = 20’ f at' |Ep(t - tp) |2 |§ fov,m e

-1 et
- x exp[-i tan: (2Aij£)][1-+(2Aij£) ] }' (70)

“ke -k j-PkP. Experimentally, Laubereau98’99 distinguishes

where Akj =k s~ Kag

L

‘two situations denoted by ''selective' and '"non-selective'' wave vector

matching. By appropriately restricting the experimental geometry, it is
possible to make one term in the sum over j in Eq. (70) dominate due to
the factor [1-*(2Aij2)2]_1. “This selective geometry monitors the decay

of a single isochromat and thus is the basis for a measurement of the

- homogeneous dephasing time. In a non-selective geometry, all terms in

the sum contribute, and effects due to interference of the different
isochromats are possible. To illustrate.these calculations, an example

of the anti-Stokes signals and vibrational amplitudes expected from an
inhomogeneous line of eleven isbchromats is shown in Fig. 28. ' These curves
were calculated using the numerical solution technique described above.
With these computationa1 techﬁiques at one's disposal, it is possible to
compare the calculated curves with experimentally measured data for the

coherent anti-Stokes scattering experiment.
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Fig. 28. '(a) The build-up and deéay of the vibrational amplitudes for
an eleven component inhomogeneous line are shown. Thé isochromats are

1 and have equal homogeneous dephasing times of

 separated by 4 cm
T2 = 5 psec. The relative intensities of ‘the isoChfomats are in the
ratio 0.22 :.0.31 f0;45 :0.67:1.0:0.67:0.45:0.31:0.22. Curve #1°
shows JQfZ for an iﬁdividual isochromat while curve #2 shows IZ lez,
the total vibrational amplitude of all components.  The frequency of
the beats is related to the spacing chosen for the eleven isochromats.
The dotted line shows the time dependencé,of the excitation pulse.

(b) The anti-Stokes_signal expected from the vibrational amplitudes.

in (a) is shown as a function of probe pulse delay time. Curve #1
corresponds to the use of selective wave vecto} matching conditions to
observe the decay.of a single component, while curve #2 is for non-
selective wave vector matching, and contributions from all compoﬁents"

are observed. Note that the width of the probe pulse does not allow

the beats in (a) to be resolved by the probing process.
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(o) VIBRATIONAL AMPLITUDE FOR AN (b) COHERENT ANTI-STOKES SCATTERING
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B. Experimental

Sample Preparation

Ethanol used in the pulse shape determination was Rossville Gold
Shield alcohol and was used directly from the container. Trichloroethane
was MCB reagent grade. p-xylene was MCB reagent grade and was further
purified by chromatography on an alumina coluﬁn. Durene purchased from
‘Eastman Organic Chemicals was recrystallized from ethanol and zone refined
for 100 passes. This purification'processvresulted_in good optical‘
qUaiity crystais which were grown uéing the Bridgman teéhnique. _Thé
crystals were annealed for one week at 1°C below their melting poiht to
fﬁrther impréve the optical quality aﬁd reduce scattered light. For
liquid dureﬁe samples, the recrystallized material was used in avquartz
cell with facility for passing heated water from a constant temperature
bath through a water jacket..  This procedure maintained the.durene‘at a
pre-detefmined temperature above its melting point.

101 The crystal

The crystal parameters of durene are well known.
structure is monoclinic with space groug,(Pél/a)'and contains tw6 molécules
per unit cell with site éymmetry Ci.' The crystals were oriented as follows:
Durene cleaves easily along the'OOlvplanerwhich is usually parallel to
~ the axis of<crystal growth. uThe crystals arevopticaily biaxial with the

optic plane 010.102

Thus two extinctions are seen when the crystal is
observed between crossed polarizers with fhé_light path perpendicular to
fhe cleévage piahé£,-Using a polarizing microscope, it was found that |
~the crystallographic t>'axis corresponds to the extinction direction -

i

‘which makes approximately a 67° angle with respect to the gfowth axis.{

‘(0

N
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The cleaved faces of the crystals were used as the entrance and

~ exit windows fot the laser beam. If a very good cleavage was obtained,

no polishing of the faces was needed. If necessary for good optical

quality, the crystal was solVent_polished'using a lens tissue wetted with
benzene on a flet glass plate. Since durene readily sublimes at room
temperature, the crystals were kept in a stoppered tube when not actually
being used in an experiment. Repoliehing was usually necessary after d
about 8-10 hours exposure to the air The crystais were mounted on

glass rods w1th epoxy cement for the purpose of positioning and orienting
them in the experlmental set-up.

The ‘durene crystals used ‘in - these experiments had optical path

" lengths of from eight to ten millimeters. The liquid duréne, ethanol

and trichloroethane samples were contained in quartz-windowed cells of
10 mm péth length, and the p-xylene sample was contained in a similar

20 mm path length cell.

Optical Arrangement

.The’piCGSecond light source used in these experiments was the Nd:
glass mode-locked laser system described in Part Two of this thesis.
After frequency doubling, the remaining 1.06u light was filtered out and
the second harmonic single pulse was directed into the experimental set-up
shown schematicellyvin Fig. 29. Thie arrangement is similar to that
developed by the Kaiser group.44

 The operation of the optics is as, follows: A small portion CVS%)

of the vertically polarized second harmonic pulse is extracted by an

" uncoated wedged quartz flat beam splitter for use as the probe pulse.
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'Fig. 29. Diagram of the set-up used for the dephasing time méasuremént.

BS = beam splitter; DL = optical delay 1ine;'TlandTé.= Gallilean tele-

scopes; F;, F,, and F; = filters; /2 =quartz half-wave plate; PMT.,

1!
2 and HWTS = photomultiplier tubes which monitor the laser intensity,

Stokes intensity-and‘anti-Stokes'intensity respéctively; S = sample;

PMT

SP = 3/4 m spectrometer; and A = aperture.

Wp,



MEASUREMENT OF VIBRATIONAL DEPHASING TIME (T,)
USING COHERENT ANTI-STOKES SCATTERING

5300 K-ﬁ

BSY
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Ref: von der Linde, Laubereau and Kaiser, Phys.Rev. Lett., 26,954 (1971)

XBL7612-794I
Figure 29
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The remaining 90+% of the energy is collimated into the sample by the
Galilean telescope (labeled T, in Fig. 29) which produces an approximately

Gaussian beam with beam waist at the sample and allows the spot size to

be adjuSted.between ~0.5 mm and ~2 mm diameter (measured at the 1/e points).

The intensity of the Stokes radiation generated in the sample is measured

by the phototube PMT Filter F; consists of Schott 0G570 and 0G590

2° 3

filters and appropriate neutral density filters. A Glan-Thompson
polarizer in the excitation beam just before the{éample ensures highly
vertically polarized light. The probe pulse delay is controlled.by an
adjustéble three-prism delay line. - The adjustable prism is mounted on
a Lansing translation stage and the dptical path length setting can be

easily reproduced.to within 0.01 mm. PMT, monitors the intensity of the

1
probe pulse, and another telescope of similar design collimates the probe
beam into the sample. A quartz‘X/Z plate rotates the polarization of the
probe beam 90° so that the polarization of the anti-Stokes scattered

probe light can be used to‘diétinguish/it from anti?Stokes light produéed
by the much more intense excitation pulse. Filter Fi (Schott GG49$)
ensures that any interfering radiation near the wavelength of the anti-
Stokes signal is eliminated. The anti-Stokes signal is selected sbatially
by an aperture.and the 5300 & probe 1light is removed by two 4600 & Ditric
Optics 3-caVity'inferference filters. Any troublesome signal from the
exciting beam is removed by a sheet—typé polarizer oriented opposite to
the Glan polarizer in'fhe exciting beam. The signal is then focused on

the slit of a Spex 3/4 m monochrometer and detected in first order with

an EMI 6256S photomultiplier. The data shown below was collected with

N

N,
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a slit width of 600 microns.

. The alignment of the experiment is done initially with the HeaNe,
beam from the alignment laser. With careful adjustment of the He-Ne beam
and good laser alignment the two are usﬁally quite closely coincident.

The coincidence can be monitored via the burn spots made by the 5300 &
beam on a piece of Polaroid film inserted in the beam for this purpose.
The excitation and probe He-Ne beams are made to cross near the exit face
- of the sample. This adjustment is made while viewing thé He-Ne beamS as
they exit from the sample with a 30x microscope. In this way the beams
can be accurately overlapped. The depth of field of the mic;oscope is
a fraction of a millimeter, and the two beams are made to coincide when
ﬁhe microscope is focused about 0.5 mm inside the sample. One should |
also check at thisvpoint to make certain that the‘position ofvfhe probe
beam.does not move as the delay line prism is translated. The detectors
.'and monochromator are then aligned,:and all filters inserted. When the
sample is a crystal of durene, the crystal is oriented with the excitation
pu1$e~poiari2ation perpendiculaf.énd the probe pulse polarization parallel
to the crystal I)Iaxis. This wés déternﬁnéd by Vieﬁing the Hé-Ne beam
after it had passed through the polarizer‘in the excitation péth, the
crystal, and a polarizer orieﬁtéd 90° with.respect to the first one.
The crystal is fhen mounted such that the maximum extinction of.the
He-Ne light was obtained. |

| The wave vector matching angle B is determiﬁed by the experimental
geometry as indicated in Fig. 29. The range of possible values for o and

Yy (see Fig. 26) is determined by the divergence of the emitted Stokes
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radietion and the angie of acceptance of the anti-Stokes collection
optics respectively. The Stokes divergence is determined by the excite—
tion beam diameter and sample path length, since these factors restrict e
those directions in space for which a Stokes ray traverses the maximum
distance within the irradiated part of the sample. At least two of | .
these angles are necessarily non-zero fof perfect phase matching because
“of the dispersion of the sample medium. For the molecules studied here
B was chosen to be f8° since vy is then near zero. The excitation and
~ probe beam diameters were approximetely 1.5 mm and were meaéured.with
a Reticon photodiode arréy. The corresponding Stokes divergence combined
with a 1° ecceptanee angle for the anti-Stokes beam constitutes relatively
non-selective phase matching geometr&,in that- phase matching ie allowed
for a range’ of vibfatignal frequencies greater than.the spontaneous
Raman linewidths of the Vibrations investigated.

Excitation pulse energies were in.the l-ZlmJ‘raﬁge. This gives
a power density of from 10 to 20 gigawatt per square centimeter. The
conversion efficiency of the'excitation'process was measured using photo-
multipliers which were calibrated with a Hadron model 100 thermepile and
corrected for relative quantum efficiency, filteys, etc.  The conversion
of excitation energy to Stokee radiation was found to be about 0.5% to
1%5. The vibrational mode which was excited by the stimulated Raman
process was identified by measurements of the stimulated Raman spectrum
of the molecules investigated. The epectra Were recerded on photegraphic
film er on the PAR optical multichannel analyzer coupled to a Spex 3/4 m

spectrograph.
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Data Collection
| - The peak signal from the photomultipliers (time constant 1 msec)

‘was captured by sample and hold circuits and digitized by the data
acquisition system described in Part Two. These signals represent the
integrated energy of the laser pulse and the Raman scattered light. The
reéulting digital data was used by the data acqﬁisition system to normalize
the anti-Stokes signal for each shot. Since each excited moleculé gives
rise to one Stokes photon, the Stokes pulse}energy is a measure'bf the
humber of excited molecules. TherefOre, the anti-Stokes signal is
normalized-tp the probe intensity and the vibrational excitatioﬁ using

the formula:

Is

—_— (71) -
Ig - Ip

Icoh(tD) a
where IAS ahd.is are proportional to the ahti-Stokes signal and the
vStqkes energy, and iL is propbrtional to the probe pulse energy. - The
results of aﬁ least five acceptably mode-locked laser shots (each pulse
train was monitored with an H.P. PINbphotodiode and Tektronix type 519
oScilloscope) were avéraged td obtain the data point for each pfobe '
delay time. The error bars shown in the figures below represent an

estimate of the error given by the standard deviation of this average.

Spontaneous Raman Scattering

The spontaneous Raman spectra shown in this work were recorded
using a Jobin-Yvon Ramanor double monochrometer. A Coherent Radiation

model CR-3 argon ion laser operated on the 4880 R line and suitably
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filtered to eliminate plasma lines was used as the excitation source.
Detection was with an RCA C31034 photomultiplier and Princeton Applied
Research Quantum Photometer photon counter. The slitwidth of 50 microns
on the exit and entrance slits and 75 microns on the intermediate slits
provided a resolution of better than 1 cm-l. The spectra of solid durene
were recorded with a powder sample, and of solid xylene with a polycrys-
talline sample obtained by fairly rapid freezing‘C~1O éec). For the low
temperature work the samples were sealed in pyrex tubes (~2 mm ID) under
- vacuum after several freeze -pump- thaw degass1ng cycles.: " These tubes
were mounted in a copper sample holder which was in turn mounted on an
Air Products Dlsplex closed cycle-hellum refrlgeretor cold tip. Indium
shims between the Pyrerltuoe and the-sample holder helped to establish
thermal Contaot. The_temperature was monitored with an iron-doped gold
vs. chromel-P thermocouple using an ice-bath reference junttion'andbDatab
Precision digitél voltmeter. The temperature of the:sample was controlled
by pa551ng current through a heater wrapped around the sample end of the
cold tip. The temperature could be varied in thls way betweén ~9°K and

~270°K.

C. Results and discussion

In order to characterize the response of the experlmental apparatus,
including the effects of the laser pulse shape and to demonstrate the
procedure used in fitting the experimental data with calculated curves,
some vibrations with known dephasing times were investigated. Data for

the eoherent ‘anti-Stokes scattering experiment on the 2921 c:m-1 vibration

i}
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of ethanol and the 2941 cm'l vibration of 1,1,l-trichloroethane are

presented in Fig. 30 and Fig. 31.  These liquidsfhavé'been previously -
investigated both with spontaneous Raman scattering and with picosecond
techniques, and_their dephasing times (TZ) have-been reported as 0.52

44 and 2.6 f)secz'la respectively,~sting this value for the ethanol
dephasing time, the best fit-to the data by the curve calculated from
Eqé. (58) and (63) was determined by adjusting the pulse shape function
EL(t'). ‘As discussed earlier, the short dephasing time 6f ethanol makes
this experiment quite sensitive to the pulse shape. As demonstrated in
the calculation shown in Fig; Z7é, aboVe, the vibrational exciﬁation for
TZ'# 0.5 psec rises and decays rapidly compared to'thévpicosecond pulse
width. . Thus, it‘behavés as a delta function as far as the integral in
Eq. (63) for the anti-Stokes siénal is concerned, and the énti-Stokes
signal éé a function of the delay time is an excellent approximation to -

the pulse shape. By using various trial functions, it was found that a .

suitable fit was obtained with a pulse shape given by

_ exp[-(tf/6.34 psec)z] for t'<0
' 2
NGO IR NGO )
-sech([t'/3.94 psec] for t'=20

wheré t' = t- zn/c. Thié pulse shape has a rapidly rising (gaussian)
leading edge'éﬁa"an.exponential trailing edge, and its use reéults in the
caiculated éurve shown in Fig. 30. This fitting procedure also served
to determine the location of the ty =0 point. |

Once the pulse Shape has been determined in this way, data_from

~other samples can be fitted using T2 as the only adjustable parameter.
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Fig. 30. Coherent anti-Stokes scattering data for the C-H stretching
mode of ethanol. The normalized qnti-Stdkes signal is plotted as a
function of probe pulse delay time. The theoretical fit indicates that
our laser pulse intensity can be represented as a Gaussian rise [IL =
IO exp(-t/6.34 pSec)z) for t<0] and an.exbonentially félling tail

[IL.? I0 sech(t/3194 psec) for t2=0].

1 vibration of

Fig. 31. The.cohefent anti-Stokes data for the 2941 cm’
1,1,1-frichloroethane is shown. The data can be fit by assuming a value
- of T2.= 3.5 psec which is to be compared withvthe accgpted‘value of
2.6 psec. The calculated curve expected for‘a dephasing.time 6f 0.5

'psec'(e.g. ethanol) is also shown for comparison:
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COHERENT ANTI- STOKES SCATTERING IN ETHANOL

T TTTT]

1

]

0.l

TTTTTT]

0]0]]

.00

T 1 1

Wyib = 2916 cm’!
T=295°K

s
n
‘ o
)
B
(4]
O
RSl

|

i

|

]

Lgitd

]

| | R B ] 1 ! |

- -20 - . 0 - 10 - 20 30
Delay Time (psec) T _
: : XBL 762-7950

Figure 30



4Anti_ -Stokes Signal (arb.units)

-162-

COHERENT ANTI- STOKES SCATTERING IN
LIl - TRICHLOROETHANE

I I ] | 1 ]
1O — A % . wvib= 294 cm" —
- F ‘ T =295°K .
- D) -
- . —
| -
\
e ' -
— 1,235 psec
O} —
: A :
- | Té = 05 psec -
- .
ool I ' | |
-5 0 5 10 15 20 25 30
” | Delay Time (psec)
XBL 7711-64 81

Figure 31




-163-

This method is capable of estimating Té even when the dephasing time

_is comparable to or somewhat shorter than the pulse width. The reason

for this_is that the probe delay required to give the peak signal increases
as T2 increases. This delay is calibrated\fairly accurétely by the fitting
process, especially when experimental data is available for several orders
of magnitude below the pgak. Thus, this process is somewhat different

than the usual deconvOluinn‘procedure commonly‘used to obtain short

decay times in the presence of a long excitation pulse .in that the

information is contained in the position of the peak signal rather than

~ in the tail of the decay. Thus, the sensitivity of thiS-delay.to the

-value of the dephasing time determines the accuracy of the technique.

However, the fitting procedure depends on. several additional assumptions.
Pirst; the pulse shape must be reproducible. Second, Eq. (58) depends on
parameters of the active medium, hamely the Raman gain. Therefore, the

Stokes conversion efficiency as well as other experimental parameters.

- should be reproduced as closely as possible from -sample to sample to

compensate for such differences. In practice, one tries to estimate the

probable accuracy of such a determination of T2 based on the sensitivity

of the fit to different values of these parameters. From these consider-
ations, a possible error of a factor of two seems reasonable for the range

of dephasing times studied here (0.5 - 4 psec). For example, the apparent

.decay‘time of the experimental data for 1,1,1-trichloroethane in Fig. 31

indicates that T2 < 5 psec. However, by fitting the data as described
above, the best value of TZ is determined to be T2 = 3.5 psec. This value
and the previously determined value of 2.6 psec are within the factor of

two estimated margin of error. This technique was also applied in the
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case of the 2914 <:m-1 vibration of solid and 1iquid durene, and liquid
p-xylene (2912 cm ! vibration). The data, fitted curves and corresponding i

values of T, are shown in Figs. 32, 33, and 34. The crystal data

represents the first direct picosecond measurement of a vibrational .
dephasing time ih an organic molecular crystal. | J

The T2 values obtained for the durene samples are 0.5 psec for
the liquid and 0.75 psec for the single crystal. Since these values are
essentially the same to within the estimated errdr, it would appear that
the dominant dephasing mechanism is independent of the translational |
~ symmetry of the crystal in the éase of this particular mode. Theréfore,
the dephasing time should not be intefpreted in terms of scattering of
delocalized excitons by phonons and is probably not directly related to
vibrational energy transfer in'these-systems; This is not surprising
since the lattice vibrations are highly excited at room temperature and
effectively disrupt the translétional symmetry. For the case of a
Raman-active mode such as this one with zero transition dipole ﬁoment
and sub-picosecond dephasing time,.aﬁy energy transfer processes would
probably take place via an incoherent hopping motion. Thus, if it is
true that the vibrationél energy dYnamics in the room témpefature solid
and liquid are similar as this admittedly minimal piece of data seems to.
indicate, it should not come as a surprise.- However, a more definitive
statement than this cannot be made at this time.

One must then consider what possible mechanisms are responsib1e .
for dephasing of this mode. Several éuthors have discussed dephasing in

terms of coupling with degrees oflfreedom of the bulk crystal or liquid
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Fig. 32. Coherent anti-Stokes data for the 2914 cm'1 vibration of durene
measured in a single crystalline sample at room temperature can be fit

with a dephasing time of T2 = 0.75 psec.

: Fig. 33. Coherent,anti-Stokes data for the 2914 cm-l‘vibration.ofv-

'liquidldﬁrené.' The theoretical fit to the data gives T, = 0.54psec

in this case.

Fig. 34. Coherent anti-Stokes data for the 2912 cm_1 Vibratidn of

p-xylene. The value of T2 determined in this case is 2.2 psec.
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(e.g. phonons).85'87

As discussed below in Section II, coupling with
other intramolecular modes may also contribute.. Both of these contri-
butions would be expected to be strongly temperature dependent. In

addition, one must also consider contributions due to the vibrational

‘lifetime (Tl) and from inhomogeneous broadening. To help clarify the

éituétion, the spontaneous Raman spectrum of durene in this frequency
region was studied from room temperature to 10°K. The low- and high-
temperature spectra are shown in Fig. 35.. The band at 2912‘cm_1 and
the neighboring bands to lgygz_frequency are assigned to the second
harmonics eﬁd combination bands of C-H bending motions of the methyl -
groups ("'scissors modes''). This assignment is made by analogy to the

103-106 These harmonic bands

assignments of other methylated benzenes.
appear--very strongly in the Raman spectrum due to a Fermi resenance with
the nearby C-H Stretching modes, which are assigned as the five bands
between 2920 cm ¥ and 3050 cmfl. Based on the result from the pico-
second experiment; one expecte a room temperature linewidth (full width

at half maximum) given by

&V = [ﬂCTz]-l _ ‘ (73)

er 14 c:m-1 for durene solid. The observed linewidth is about a factor of
two larger than this value, although this is within the estimated experi-
mental etror. At 1ow‘temperature the C-H stretching bands narrow consid-
erably while the harmonic of the C-H bend at 2912 cm.1 stays quite broad.
This is consistent with a dominant contribution to the linewidth from
inhomogeneous broadening or from Tl' In a relatively large polyatomic

molecule like durene the density of states near 2900 cm—l.due to overtones
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Fig. 35. The picosecond dephasing time measurements in durene

correspond to the intense band (at room temperature) at 2914 cm_l.

This band and others between 2920 cm *

and 2850 cm! are attributed
to harmonics of C-H bending Vibratioﬁs due to the meth?l protons
("scigéors” ﬁodes);—'The five bands which become very shar@lat low
temperatures are éésigﬁéd as C-H stretches. The linevneéf 3030 cm
corresponds to the. aromatic ring protons, and the other four liﬁes
thevmethyl group protons. The arfows in the lower panel indicate

the magnitude of frequency shifts Which occur when the sample is

warmed to room temperature.

1

e
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SPONTANEOUS RAMAN SPECTRUM: C-H STRETCHING REGION ’
1,2,4,5-TETRAMETHYL BENZENE (SOLID)

T=295°K

Methyl C-H|Aromatic C-H
- 1 —

>
5
[
3 N
ok
c 1 J
o
E
o
4
NN |

2850 2900 = 2950 3000 3050
o Raman Shift (cm)

v XBL773-5I7S A
Figure 35



-172-

=

and combinations of other intramolecular modes is expected to be quite
large. Thus, T1 for this mode probablf results for the most parf from
rédistribution of the vibfatibnal energy among other intramolecular modes.
Such a predominantly intramolecular pathway might well.be almost.indepen-
dent of temperature over this range. The relatively fast T1 for this
vibration cdmpared to the.C—H stretches might result .from relatively
- stronger coupling to nearby levels or from a peak in the density of
these levels at this'energy. A confirmation of this idea would réquire
a direct measurement of Tl’ Since(the T, measufement only'represehts~a;
lower limit. In all measurements made so far in 1iquids,vT1 is consid-
erably longer than TZ' Thus, thé'coﬁjecture that Tl_and T2 may be equal
in this s?stem Would be a depafture from this pattern.

| For comparison, picosecond and spontaneous Raman measuremehts of
p=xylene were also_madé. The picosecond results (seé Fig. 34) for the

L imply'a dephasing time of 2.2 psec.  However, the

1

band at 2915 cm’

spontaheOUS Raman band has a width (FWHM) of 21 cm which is four times‘

vtoo‘broad for this value of T2 (see Fig. 36) .- This'difference is not
within the expected experimental error. The apparent discrepancy might
possibly be resolved if these'measuréments_had been made on an inhomo-
geneous 1iné. The low-temperature (90°K) spontaneous Raman spectrum 6f
:p;xylené shown in Fig. 37 seems to lend support to this possibility since

it clearly seems to indicate the presence of a number of spectral components

1 1 1

" near 2900 cm ~. The relatively sharp lines at 2906 cm ~, 2942 cm -, and

2970 cm™! have been assigned to the C-H stretching modes of the methyl

groups.104 The other éomponents in the area between 2850 c:m—1 and 2930

-1 . L . , e
cm © can be assigned as in durene to harmonics and combination bands of

S
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Fig.‘36. The sponténeous.Raman lineshape function (triangles) and the
linewidth expected from thé picosecond results are comparéd.' The solid
linés represent Lorentzian - lineshape functions. The factor of four
discfepancy cénnot”be accounted for by experimental errdr and may be

the result of an -inhomogeneous line.

~Fig. 37. The.temperature dependent Raman spectrum of xylene shoWs_a

number of intereSting effects, many of which are only partially under-

stood at this time. - The point to note is that the picosecond data at

‘room temperature in the liquid phase correspond to the harmonics of the

C-H bending modes on the methyl groups as invdurene.'-AI low temperatures,

it appears as if there are several spectral components in the region
below 2925 crrf1 which may not be completely averaged at room temperature,

thus leading to an inhomogeneous line.
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the methyl C-H bending modes. As the temperature is increésed, the C-H
stretch bands tend to broaden and lose intensity. Finally, in the liquid -

phase, the C-H bend harmonics dominate the spectrum near 2900vcm_1

, and
the picosecond data correspond to the dephasing of these. harmonics. It

is qﬁite reasonable that the interactions which ére responsible for the
inhomogéneity which is apparently present in the solid, afe not completely
averaged by ﬁblecular motion even in the liquid phése.

- As pdinted out in the theoretical discussion hbwever; the differ-
ential_eqﬁationS'which describe the excitation process must be modified
in the presence of inhomogeneous broadeniﬁg. Thus,‘although the xYlene
data can be fit by a single isochrométkwith T2 = 2.2 psec, this result
does not necessarily reflect the true homogeneous . relaxation time when a
éomparison with the observed spontaneous linewidth indicates the poséibilify
of.inhomogeneous bfoadening. :Quaiitatively, however,vthe'equations of
Laubereau98 indicate that the build-up and decay of éach iéochromat is

‘governed by an equation formdlly identical to that fof:the hombgeneous
case, Since the fitting process used to obtain the 2.2 psec value is»
sensitive to the timé required,fbr this build-up, one ﬁight expéct this -
value to give some indication of the degree of inhomogeneity. |
Preliminary aﬁtempts to calculate the expected anti-Stokes signal
using a computer integration of the full inhomogeneous equations [Eq. (68)]
have failed to completely resolve this questioﬁ. The difficulty with
these calculations lies in the large number of isochromats (andvcorre-
spondingly large amounts of computer time) required to accurately
répreéent the inhomogeneous distribution. However, the calculations

seem to indicate that a homogeneous dephasing time which is longer than

}')
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2.2 psec might be required to account for the data. This comes about

because the experimental geometry provided phase;matching conditions in

this case for abrange of frequeﬁcies including the inhomogeneous linewidth.

The coherent scattering data presented here therefore monitors the complex

sum of the vibrational amplitudes éf all isochromats. - Interference among

these isochromats causes the build-up of this sum to be cut off somewhat

earlier in time than the peék of the individual amplitudes,_vThus, a

| - longer T2 is. required to'compensate."Even so, the calculations completed

' thus far with a limited number of isochromats have béen unable to

complétely account for thié data. If the homogeneous relaxation time

turns out td be sufficiéntly long, the ?roblem can be resolved experi-

. mentally'thrOugh the use of highly selective wave vector matching

geometry which would allow tﬁe decay of a single isochromat to be observed

in the coherent probe scattering experiment. ’
The preéence of inhqmoéeneous broadening is easily rationalized

in a solid by the existence of crystal defects and static disorder, but

is somewhat surpfising_in the liquid phase. It is interesting to note

that Laubereau, et.al.5 have observed inhomogeneous broadening in one

of the vibrational bands of liquid methanol and have successfully measured

the homogeneous decay time.: In this case the spontaneous Raman linewidth

is 26 cm 1

-and the homogeneous dephasing time has a value of T2 = 4.6 psec.
They attribute the inhomogeneity to the persistence of different molecular
~enviromments for relatively 1ong periods of time due to strong intérmolec-
ular hydrogen boﬁdihg. From the point of view of the results deécribed

here, it should be mentioned that their experiment was performed on the

methanol band at 2942 cm_l_which has also been assigned to the harmonic
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of the C-H bending mode of the methyl group.:®’

‘Thus, the presence of
inhomogeneous broadening in this class of methyl group vibrations might
explain the methanol results, the p—xyléne picosecond data discussed
above, and the lack of a strong temperature dependence for the linewidth
of the correéponding band (2912 Cﬁ_lj of durene. However, these state-
ments are of a speculative nature, since the presence of inhomogeneity
in the xylene and durene case has not yet been proven unequivocally.
Further study of these’Systems and similar ones will be necessary to
directly measure the homogeneous relaxation times, and understand the'

detailed nature of the inhomogeneity as well as the source of the

homogenéous decay.

D. Conclusion _ .

| The dephasing time.of.a methyl group C-H bending mode harmonic
has beén'directly measured in avsingle crystal of 1,2,4,5-tetramefhyl-
benzené (durene) using picbsecond_spectroscopy. This represents the
first such measurement in an organic molecular crystal. Thése determina-
tlons were facilitated by fitting the exper1mental data to numerical
solutions of the equatlons whlch describe the stlmulated Raman excitation |
and probing process. - Solutions of these equations were presented for
both homogeneously and inhomogeneously broadened lines, and it was shown.
that the fitting pfocess is capable of obtaining semi-quantitative values
f’orT2 when it is on the order of or even soﬁewhat smaller than the pico-
~ second pulse width. |
Similar measurements. on the same mode in liquid durene and liqﬁid'

p-xylene were also made. Comparisons with the spontaneous Raman spectra
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of these compounds and with previous picosecond results in methanol

suggest that inhomogeneous broadening may be an important source of

linewidth for this C-H bending harmonic in liquids. This is also consis-
tent with the observed temperature dependence of the spontaneous Raman

spectrum in solid durene and solid p-xYlene. The presence of inhomogene-

ous broadening of this line could possibly be confirmed and the homogeneous

2
conditions to observe the decay of a single isochromat. Further analysis

T, more accurately measured by the use of selective wave vector matching

of the vibrational spectrum may also help to determine the source of the

inhomogeneity in this band, which at present is an open question. In

this vein, the following section of this work will explore an example

of the dynamical averaging of different vibrational states. This averaging
process (similar to exchange averaging in magnetic resonance) is directly

felated to the persistence of inhomogeneous'broadening or the averaging

‘of this inhomogeneity in the presence of molecular motion.

Also left essentially untouched is the area of vibrational energy
transfer dynamics in these systems. Although the comparison of the
durene crystal and liquid results seem to indicate that the érystal
periodicity is relatively unrelated to the dephasing of the. particular
vibrational mode investigated, very little else can be said. Because
of the’fairly.seiective nature of the excitation process, other vibrational
modes ‘of this molecule cannot easily be studied by this technique, and
it iS difficult to put together a complete picture of the dynamics.
Perhaps'experiments at low temperatures and with isotopically mixed

crystél systems can shed some light on this problem.
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ITI. Dephasing of Vibrational States

by Energy Exchange

A. Introduction

While picosecond énd spontaneous Raman lineshape measurements
have greatly broadenéd the scape of experimental knowledge of vibrational
relaxation, a thorough understanding must include the mechanisms and |
pathways which relate the relaxation times fo the dynamics. With such
-an understanding, measurements of vibrational dephasing can help to
characterize the associated interactions between the vibféting molecule
and excitations of its-sufroundings. :Recent strides toward this goal
have been rapid. Picbéecond_experimghts have demonstrated the importance
of both enefgy rela&ation (T1 pfoc_esses)31a and dephaSing (T2 prOcesses)44
- in determining the Raman 1ineshape. They have separatéd the cqntributions 
due to inhomoéeneous broadening ‘from those which represent the '"true"
dynamics of dephasing, and tﬁey ha?e successfully’mapped out the important
pathways for'redistributiOn of Vibrationa1 energy in some cases.5 On the |
theoretical side, several author585-87.have'advanced models which relate
the experiments to the interactionSvresponsiblé for the dephasing and
which are particularly-ap?ropriate'fdf the diatomic or small molecule
case. In the case 6f polyatomic molecules, however, it should be realized

that the important relaxation and dephasing channels include ones associated

with intramolecular interaction between different vibrational modes.
In fact, in many cases this mechanism may dominate other dephasing
processes, and an example of such a case will be presented.

+ Furthermore, in order to.extract the dynamical information which
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characterizes a given dephasing channel, such as scattering rates or
.lifetimes, it is neéessary to consider the possible influence of phase
memory. . When phase memory . is not important, it may be possible to
directly interpret the (homogeneous) dephasing time as a scattering rate
amohg a range of possiblé vibrational frequencies; ‘However, if the
excitation scatters back to its original frequency in a time which is
too short to completely randomizevits phaSe, the resulting narroWing
effect must be taken into account to extract the true scattering rate.
Invthis section, it will be shown that when the effects of this
“energyveXChange” are incorporated into:the Vibrational correlation
function it is poésible in favorable casés to determine which dephasing
channels are dominant and to extract the corresponding‘rates of energy
exchange or scattering times‘. This approach quite easily takes into
account the participation of intramoleéular degrees of freedom in.the
dephasing pfbcess and is‘therefore applicable to polyatomic molecules.
In Part B, an outline of the exchahge formalism is presented from
the point of view of vibrational dephasing of polyatomic molecules, and
the connection and similarity with previous formulations of the:exchange
méchanism are indicated. In Part C, these ideas are illustrated with
experimental data on the C-H Stretching modes of durene (1,2,4,5;tetra-
methylbenzene). It is_found'that.quantitative application of the theory
can result in a deeper understanding of the anharmonic interactions |

between the C-H stretches and various low frequency methyl group motions.



-182-

B. The exchange model: theoretical development

The approach to vibrational dephasing processes . to be presented
~here is actually quite general. The key idea is the partitioning of the
'degrees of freedom of the molecule and surroundings Cexcluding vibrational
mode A whose dephasing we are interested in) into two groups, the exchang-
ing modes and the reservoir. The exchanging modes are those modes which
interact strongly with mode A such that their excitation shifts the
frequency 6f mode A. These need not be intramolecular vibrations, but
might, for examplé, be lattice vibrations or acoustic Waves depending on.
the system. The reservoir consists of all remaining degrees of freedom.
When the exchanging modes (B modes) chhange thermal energy with the |
reservoir, their excitation and de-eXcitation_causes a random modulation
of the vibrational frequency of mode A. It is the rate of this modulation
felative to its amplitude which determines the importénce'of phase memory
in the scattering process. The effects of the modulation will be deter-
mined in the context df_Markoffian coupling of the exchanging modes'and
thevresefvoir. In other words, it is assumed that the coherence time of-
the reservoir is short compared to the time required for any change in
the statevof the SyStem (mode A and the exchanging‘modés).

The application of these ideas to vibrational dephasing is shown
in Fig. 38 for the case where for simplicity only one éxchanging mode is
shown.. Relaxation to lower states (the normal-T1 channels).is separated
from scattering in this one channel deﬁoted by the two vibrational states
V and V'. The two vibrational frequencies associated with V and V' are
coupled via exchange and are defined as W, and wo-+6Q, respectively. it

should be noted that Sw can be either positive or negative depending on
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the nature of the,cgupling, and that the vibrational state V' associated
with the frequencvao4-6w is at an energy E; above the State.V. The
scattering rates responsible for vibrational energy exchange are giveh
as W, and W_, and the lifetime in V' is given as T==(W_)_1. The effect
of this scattering on the Raman spectrum is to generate a width of the
scattered light. This comes about-as(follows: The laser light and
Stokes radiation field céuple with the ensemble of oscillators to result
in the flow of energy from the laser field to the Stokes‘field. This
process continues as long as the radiation fiélds and the oscillators:
retain the proper ﬁhase. A Scattering process Which changes the frequency
of the oscillators interrupts the flow of energy and results in a finite
Width f§r the Stokes radiation. However, if the oscillator returns to
the original freqﬁency in a short time, it ”remembers"‘its phase. This
corresponds tb a relatively longer correlation time and therefore reduced
spectral brbadening. In addition, the "mixing in” of the second frequency
causes an appafenf shift of the.frequency df the scattefed Stokes light.
This broadening and associated frequency shift are the signature of the
exchahge mechanism. |

These effects of phase‘memofy can be quantified using two approaches
suggested.by magnetic resonance exchange theory. For example, the random

108-can be used to calculate the

frequency modulation model of Anderson
contribution of the exchange to the decay of the-vibrational correlation
function and fhus its effect on the low.power spontaneous Raman spectrﬁm.
Alternately, the exchange terms can be incorporated intb the density
matrix equations of motion for Raman excitation in a manher similar to

110

the modified Bloch equation method of McConmell. This approach would
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be useful in including the effects of exchange in the coupled-wave
descfiption of stimulated Raman scattering discussed above. The approachx
taken here will make use of the formalism of reservoir theorylll’»112 to
calculate the effects of coupling between the reservoir and the exchanging
modes. = This approach has the'advantage that the mechanism leadiﬁg to
thevscattering rates W_ and W_ are included in a flexible way, and the
connection between the two methods just mentioned becomes somewhat
clearer. Attention will be focused on the Spontaneoﬁs Raman lineshape .
which can be deté?mined from the vibrational correlation funétion using

the formula:7Q’71

1@~ [ ewtion @50 - IR G - G, xe e,
R | | (74)
where the polarizability autocorrelation function has been separated.
‘into ofientational (o) and vibrational (v) contributions. a(t) is the
‘Raman téhsor for the transition of interest (mode A), Q(t) is its norm31 
coordinate, and es'and e are the polérization vectors of the scattered

and incident 1light.

Reservoir Approach

The Hamiltonian which will be uSed.to describe the molecule and

reservolr takes the form

= . . . = S - 7
o= Byt Hp v Hp v Hp 4 Hpo= Hy o+ Hp 4 Hy 75)

HA'and HB are the zero order Hamiltonians for mode A and the exchanging

- modes, and HP is the perturbation which couples mode A with the B modes

M
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thus causing the dependence of the A frequency on the B quantum number.

HR and HI

action between the reservoir and the B modes respectively. As in the

represent the zero order reservoir Hamiltonian and the inter-

v : theory of Ande_rson,108 HI is a "motional' Hamiltonian. Since [HP’HI] #0,
this term indirectly introduces a time dependence of the frequency of
P

by the use of the reduced density matrix, pM, which has the equation
111

mode A via the perturbation H,. -This time dependence can be -displayed

of motion

= Cam) Trglbel) (76)

where p is the density matrix for the molecule plus reservoir and TrR is
S . . M : . i

a trace over reservoir coordinates, i.e. p. = TrR(p). This tracing

operation represents an average over the reservoir distribution which is

not observed experimentaliy. The following form will be used for x:

BosoEaey o
- + . ' | S
Hy = %:hﬂj (bsb; + %) | (78)
Hy, = V (a* a,b.,b ) (79)
P anh b b4 j’ J' . .
. Hy = Tt (B8 + % | (80)
e k- .
— 3 hg (b.. " e e
) 1A TR Bt Bbs -

a, bj,'and Bk.are annihilation operators for the A mode, B modes and
reservoir modes. respectively, corresponding to the frequencies QA’ 93,

and W Vo 1s the anharmonic coupling between A and B modes. The
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problem of finding the time dependence of pM is simplified by two key
assumptions. First, it is assumed that the reservoir is so large that
the interaction has little effect on it, and thatpR is‘therefore-constant
in time and given by a thermal distribution. The second is the Markoff
approximation. Under this approximétion, correlation functions of the ~
- reservoir coordinates are assumed to behave as §-functions compared to |
the time evolution of pM, and we cannot hope to describe the effect of
coherence in ihe molecule-reservoir interactions, even at short times.

| Since the method of derivation of the equation of motion for the
: reduéed‘density matfix,~dM,fis described quite iucidly elsewheré,lll’112
the procedure is onlyvoutlined here. 1First, byveliminating the dependence
in Eq. (76) of the full demsity matrix, p, a simplified equation of

motion is obtained:
) .

Moy =1’ f dt' Trp {V;(0) V() o[ (e") @ p5(0)
. 0o - ,
- V() ) @ 01O ven} + Pelistve (82)
rwﬁefe' _
“\/'I(t) = jzkﬁ B {bj B exp[-i(@; -w)t] + Bkb§ exp[-i(uy *+ 2,)t]}

(83)

-

is the interaction picture version of HI’ and»&¥ and p? are also in the
interaction picture. The Markoff approximation consists of ﬁoting that
the integrand in Eq. (82) ié negligible except for t'~t and setting
p?(t') = p?(t). ‘By introducing the deﬁsity of reservoir modes D(w),

the sum over reservoir modes is converted to an integral over w.
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Performing these integrations, and transforming back to the Schroedinger

picture, one obtains the equation of motion:

o = Cim el - ¥ T (el - vl ] vam)
M s Y M
; ‘[bijbj - pr.jbj] Yj.(n(lﬂj)+1.) h.a.} - Bp (84)

where ﬁ(Qj) = [expChQ /kT)-—l]_l' is the avefage numbervof reservoir
'eXcitations at w=£Qj and vy = ZHﬁ?Ig k(wk Q )I D(Q ). B is the
equlvalent "'superoperator."

It is illustrative to con51der matrlx elements of Eq (84)
It w111 be assumed,as 1n Flg 38, that- only one mode of frequency QB
is involved in the exchange and that the temperature is low enough that
~only the four states IV' Vg = |00>, [01), [10), and [11) need be

considered. One then finds that

M .M M M | '
00,10 = 1% Poo,10 " M Poo,10 * M- Po1,11 (85)
M. M .M M
Po1,11 T TiWg ) ey 93 7 WoPgr 11t We Poo) 10 (86)

Where W, = yBﬁ(QB). and Iv;l;.YB(ﬁ(QB)‘+1). The form of the exchange
rates W_and W_ is traceable to the form chosen for Hp. By including
appropriate intefactions for double quantum transitions, efc.,-the results
fof W,_ and W_ would be affected accordingly. In this way, the appropriate
"motional Hamiltonian" for a-pafficular problem can in principle be
incorporated inte the formalism. The frequency termsvincluding frequency

shifts due to HP are given by W, =Q +-CV10 10" 00 OO)/ﬁ and W, + 0w =
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Fig. 38. Energy levels for Vibrétionalvéxchange’Between two modes
denoted by V and V'. A Vibrétional mode of frequency R and Vibra~
~tional quantum number n, interacts with éomeflow-frequency modg
(quantum humbér nf) such tﬁat'excitainn of the low-frequency modé
-rshifts the frequéncy by Sw. Ekcitatioh.and de-excitation of the

exchanging mode occur with the rates W, and W The resulting

modulation of the Vibrational frequency is similar to the modulation

of ‘the larmor frequency in the two-site exchange problem in NMR.
The exéhange process manifests itself in the Raman spectrum through

the vibrational correlation function.

Y
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~ VIBRATIONAL ENERGY EXCHANGE
BETWEEN COUPLED STATES

Av,' .V’— - nyE l,ng=1 — —_ - —

Ei| . | Cofwe IW_=1?"

K = N
| W,= Scattering rate from V
wot dw o T = Lifetime in V' "

Wo "
‘ Y n,:=0, nesl
A | ny=0, ny=0 —Ground State

XBL774-529I

Figure 38.
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2, + (Vil,ll - VOl’Ol)/ﬁ,'where ki, nm (kQIVénh]nm). In this deriva-
tion the off-diagonal elements of HP have been ignored,Asince within the
framework of this formalism they would result in a partial redistribution
of the vibrational excitatién‘initially in mode A among the B modes.
However, if the rate of mixing caused by these off-diagoﬁal elements is
fast compared_to the transition rate YB’ this redistribution will not
occur, and the excitation remains in a single level (the one which
‘correlates with the original level). - In OtherVWords, the change in
the.vibfational frequency adiabatically folloWs the excitation of the

B mode(s). In such a case it may be correét to include the off-diagonal

113

- part of H insofar as it makes a contribution to Sw. It should be

P
‘noted that Eqs. (85) and (86) are eséentially equivalent to the modified

Bloch equation approach fo the‘exchangg problem.110

Althéugh the radiation
- field does not appear in this derivation, it cbuld eaéily have been
‘includédvin.the origihal‘Hamiltqniah,'HM. = S |

bTo calculate thé.observed»Raman spectfum; one needs the Vibratiqﬁal:

correlation function. This is equivalent in this formalism to the one-

time average ¢ Q(t)) where Q =’Q(a++-a) is the vibrational coordinate for -

mode'A.114' For the simple two- frequency éxchahge problem,
| M M |
Q> ~ pgg 19(t) * egp 19 () (87)

Thus, we need only solve the coupled set of eQuations (85) and (86) which

can be written in matrix form as:

D P T T o 7
o P00,10(H) lug - W, W 000,10(8).
BATONE =
M . M
Po,un® ] [ M ileg ) W f] ey g1 (8

HI

(iwy + m gé‘l(t) \ (88)
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‘spectral lineshape is given by1 _
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where W, is the diagonal matrix containing the vibrational frequencies

and T contains ‘the transition rates among these frequéncies. Therefore,
. M
_ P (t) : ,
QUL o g qy.] 00,20 = leexplt(is +m] W (89)
Q)7 Mo 1 SR
. Po1,11(H)

where W= g%l(O) is the initial population distribution. Eq. (89) is
the matrix form of the expectatioanalue of Q obtained from a direct

formal solution of Eq. (84), namely:

(Q(t)) = TrylQexp(td) o (O] o0

The result is extendable to moré complicatéd'situétions than the two-

frequency ‘'exanmple presented here by incorporating the appropriate inter-
actioné, frequency shifts, énd exchange rates. Equation (89) is identical‘
to Anderson's result [Eq.i(49), ref. 108] andvcompletes thé connection

between his appfoach, the reservoir approach and the modified Bloch

equations.

Spectral Lineshape Functions

Aside from other contributions to the correlation function, the
| LIS

00

~

I(w) e_/.emx;mm){l-emﬂtﬁgv+¢u-y}dt = Re{l-A1.W} (91)

where A = i(gvrfwi)-+EQ For the two-frequency problem, the following

explicit form is obtained:
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~

W, (602 / 1+ W, /W) v
Tw) = ) 77 , , 7 (92)
c o T - (Sw/2)7]T A W (w + Sw/2) + W, (w -6@/2)]

where w' = w-—wo-éw/z.i The behavior of I(w) as a function of temperature
is shown in Fig. 39. Fdr_the purpose of this illustration, parameters
were chosen which led to the observation of two well-defined peaks in the
low-temperature limit. HoWever, it is quite possible and oftgn observed
that the shallef peak is esseﬁtially invisible,of appears as a:sﬁouldér
or exfended wing of the lérger peak.f_Thus, the two-peak structure may
not élways be observed experimentally; It should élso'bé noted that
épectral narrowing is predicted at high temperatures. However, the |
_simﬁletho-frequency model would not.be applicable in this limit, since.
other exchanging modes of higher frequeﬁcyband harmonics of the low-
frequency modes would introduce éddifionai frequency shifts into the
' prbblém._ Although the increased complexity of thiS'situation>could be
iincorporated into the theofy, the comparison wifhvexperimentally observed '
| lineshapes would be difficult bwing to the large number.of-uhknown parameters
(exchénge rates, etc.). The.important boint to note, though, is that these
: effects would probably obscure the narrowing expected when the originai
channel is in fast exchange. |
For purposes of comparison-between the theory and éxperimeﬁtal
lineshapes,. sources of broadening other than the eXchange_process under
consideration must be included in theblineshape function. One way to do
‘this is to multiply the correlation funcfion by exp(-t/Té) before Fourier

transformation in Eq. (91). When this factor is included; I(w) becomes
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Fig. 39. This figure shows an example of the't.emperature ciependence
of the exchange lineshape [Eq. (92)] for' fhe parameters shown in the
figure. The five curves correspond to fhe follov\‘ring temperatures:
Curve #1 = 150°K; Curve #2 = 250°K; Curve #3 = 500°K; Curve #4 =

- 800°K; and Curve #5 = 1500°K. _For this calculation the exchange rates

were given by W, = Y(r_l(QB)) and W o= Y(fl(QB)»*Fl) where Qp = 150 em' L,
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" TEMPERATURE DEPENDENCE OF EXCHANGE LINESHAPE
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Figure 39
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| {w+w_(6w)2 + Ty L[N, + )% W (8w/2 - w)E W, (Su/2+w") 2]

1-2 2 -3 .
+ 2T, % (W, +W + T W. +W W, + W)
) - SRo W TS oW/ o e W) 5

Hrw2)?-w? + 1y e1yT00, 40012+ D6 (Bw/2+ 0")

S W, (80/2-0') + '/ T))?

~ This reduces to a Lorentz line of width 2/Té when W_ and W_ - 0.and to

'

2

mental spectra is discussed below.

“Eq. (92) when. T » o. The use of this lineshape function in fitting experi¥
Since in the low temperature regime we have W /W_<1, &w/W_< 1,

~and Sw/W < 1, one expects a large peak in I(w) near W, and a small one
near wy * Sw whose center frequencies are shifted by an amount much less

than 6w. Therefore it should be possible to obtain Lorentzian approxi-
. mation tov I(w) near w=w . This result is obtained by setting
W' - 6w/2 ~ -8w in Eq. (92):

2,02 |

- W, T (Sw)” / [DA + W, T)]

)

7 /D2 (94)

Tw) =

(' + 8w/2 - W,T8w/D)° + WoL (6w)

where D =1+ '(Gw) 212 cand T= (W_')’1 is approximately constant over the
temperéture range where this equation is valid. Thus, one expects to

observe an effective Raman frequency

ef : 2.2 _ '

W .f = w, t W+6wT/(1+ (Sw) T ) : (95)
and an éffective relaxation time

(rstE) ! - W, w2/ (14 (s + ! (96)
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where other relaxation processes are represented by Té. These approxi-

mate equations are particularly useful in visualizing the effects of

116 In particular, when Swt << 1 the vibration retains all

phase memory.
memory of its phase prior to scattering, and both the frequency shift and
| broadening effects vanish. It shouid be pointed out that whenever Swt <1
one observes less contribution to the linewidth than might be expected

on the basis of the scattering rate W, _, since (T;ff)'l_- (Té)'1'< W, . In

this sense the line is '"exchange narrowed.” On the other hand, when Swt >>1
'scattering results in complete loss of phase membry. In this case, the

frequency shift vanishes, and the contribution to the déphasing time is

simply W . - Thus, it is the‘temperatufe dependent linewidth and frequency

shift which is present when partial ﬁhése mémory is retained (the intermed-

iate exchange regime) that provides éxperimental evidence for vibrational

‘exchange.

C. Comparison with experiments

it-is our beliéf that these ideas are quite.Widely appliéable’aﬁd‘¢
can make important contributions to~the understanding of Vibratiohal
dephasing. In many.cases it should be possible to measure the vibrétional -
spectrum bf'a molecule over a temperature rangé which includes a region
- where Sw/W_ and Sw/W_ afe of the order of unity. When this "intermediate
bexchahge” regibn is accessible, it is possible foreXtract fundamental
dynamical information such as exchange rates and the form of the interaction
responsible for the dephasing. The Raman spectfum of durene in the C-H

~ stretching region provides'an excellent example of such an application.
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This example possesses the advantage that individual low frequency methyl
group motions appear to dominate the exchange process. The presence of
single dephasing channels for each C-H étrétching mode‘is'dictated by the
hature of the interaction term in the.Hamiltonian responsible for the
coupling to the:exchanging mode. An analysis ofvthis spectrum should
therefore be helpful in investigating this coupling.

1 and 3050 em? is

The Raman spectrum of durene between 2850 cm
shown in Fig. 35 for the low temperature limit and at room temperature.
| The five bands above 2920 cm-1 display a marked broadening and Shiff of
| appérent vibrational frequency as the temperature is increased. For
examplé, the temperature dependence,of the observed linewidth and effective
vibrétioﬁal fréquency is shoﬁn in Figs. 40 and 41 for:the Raman band at
2929,Cm'lg As is indicated, these data décompre into an approximately
- temperature independent contribution and a Contribution.which varies
éxponeﬁtially with 1/T. ThisAis exacfiy.the dependencé predicted by
'Eqs.(95)vand (96) when W_ = T;l is roughly constaﬁt and W, = ﬁ(QB)/T ~
T—l exp(—Ei/kT) where the observed activation energy is expected to be
approkimately equal to QB,_the‘frequency'of the dephasing (exchanging)
mode. The interesting feature of these data is that Ei==220 <:m'1 is
very close to the Observed frequency for the torsional motion of the

methyl groups at 190 cm-1.117

Thus, it appears likely that the torsion
acts as exchanging mode for this C-H stretching mode. This temperature
deﬁendénce.hés been further analyzed in terms of thermore.éccurate line-
. shape function presenfed above. With some simplifying asSumptions, a

least-squares fitting procedure can be used to determine the unknown
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Fig. 40. The tempefature dependence of the Raman linewidth of the C-H
strefching m.ode,al’c'2929-cm_1 contains an approximately constant contfi-
bution and a contribution above ~30°K which is temperature dependent
and is attributed .to the exchange process. As shown’in (b), this
-cohtribution displays an effective'activation‘energy-near‘the methyl

group torsional frequency. .

: Fig.‘41. The temperétﬁre dependence-of thé éffeétive Raman frequency
also displays aﬁ exponential dependence with an activation energy equal
to that corresponding to the linewidth;~ These’observatioﬁs'provide the
clue that the torsional motion is acting as exchanging mode for this C-H
stretching_vibration. These data can be ahalyzed'usinngqs. (95) énd
(96)'fo give apprdximate values of 6w and T. A more accurate analysis
but one which is slightly more complicated involves fitting the 1iheshape

data to the theoretical expression, Eq. (93).
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parémeters in Eq. t93) from the experimentai lineshape data. It may then
be possible to identify more unequivocally the modes whicﬁ are important
in the dephasing process. | |

| In order to fit Eq. (93) to the experimental lineshape data, it
was assumed that the exchange rates in the temperature range studied are .

given by W = ! and W, = 1

exp(—Ei/kT), where  and Ei are the excited
lifetime of the exchanging mode and the effecfive activation energy,
respecfively. ‘The resulting expression for the lineshape (obtained from
Eq. (93).with these substitutions)ﬁcontainS-five parameters; T, 6w, and
Ei describe the exchange process, and Té and wo-give the low-temperature

- linewidth and frequency. These parameters’ are adjusted for the best fit
to approximatéiy 125 data points which repfeéent the observed lineshabe

at ten different temperatures. This procedure was carried out using a
standard géneral 1eas£—squafes computer fitting program similar to those

: used in crystal structure'detefminations. The fesulting'value of Ei for

1 mode is 194 £ 10 c:m_1 which is almost exactly equal to the

the 2929 cm’
observed torsional frequency. With this encouragement, data from the
remaining four lines Qere also fit using this procedure. The resulting
values of the fittéd parameters are shbwn in the inset of Pig: 42.
Typical experimental lineshape data and the corresponding fitted function
are shown in Fig. 43. The Standard deViation of the observed data from
the calculated lineshapé function ranged from ~2% to ~7%.

ﬁv The quantitiés 6w and T represent the effects of thé parts of the
Hamiltonian which embody the interaction between the observed vibrational

mode and the exchanging mode and the exchanging mode and the reservoir

modes respectively (i.e. HP and HI). In particular, the quantityvr is
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3

Fig.:42. The exchange rate W,_ is shown for the five durene lines
indicated in the inset. The assumption islﬁade that the rate W;==T-1
~1s constant over this température range (see Fig. 44). The effects

of the exchange are observed for températures above about 100°K as

the intermediate‘exchange region is beginning to be aﬁproathed.

‘The inset shows possible dssignments for the C-H strétching modes ,

 the dephasing (exchanging) modes which are:thought to be important'

in the exchange process, and the values of the pérameters'determined

by the fitting process. These include the effective'actiyation energy,

-Ei, the frequency-shift due to the perturbation HP’ 8w, and the life-

time in the upper state, T.

e,
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VIBRATI.ONAL DEPHASING RATES FOR THE RAMAN ACTIVE C-H- ST
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'Ky3;j

RETCHES

T T T _ il T T
c
IOlz__ 0
'L
IO-IO_
Raman Active - _ :
C-H Stretch. Low Frequency Dephasing Channels
102 W (cm”) | Mode | Dephasing Mode €ilem) [dwlem™ T (ps)
a.| 2929.0 |Ag,Bjg [Bsg - Torsion 194210 +13.6 | 0.36
b|2957.7 229+21|+105 | 086
c | 29703 Ag-Big Biq:Ag~Methyl Rock |265+ 6 |~-24.2 | O.19
B,..B B, Out-of-plane [341+131-206 | 0.25
EL d | 2987.3 |B2gB3q|B3g:Bzg Vet Bong |- |
e | 3027.5 | Ag JB‘Q,AQ—MethyI Rock [263%19|-21.2 | 0.36 .
107 1 L ] | ]
100 200 300

Temperature (°K)

Figure 42

XBL777-5848A




-204- .

.o

Fig. 43. Typical fits to experimental 1ineshapes using the 1iheshapej
function given in Eq. t93); In (a) the approximate function [Eq. (94)].
is also shown (Curve #Zj for comparison. For the lower temperature A
curves in (b) and (c), the approximafe curve would be essentially
coincident with éhe more exact function. The values of the various
parameters mentioned in the text which are determined by the fitting
process -are shown in the figures; The experimental.data is that for

1

the aromatic C-H stretch line at 3027 cm in the durene spectrum.
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COMPARISON OF CALCULATED EXCHANGE LINESHAPE_AND OBSERVED LINESHAPE
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COMPARISON OF CALCULATED EXCHANGE LINESHAPE AND OBSERVED LINESHAPE
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COMPARISON OF CALCULATED EXCHANGE LINESHAPE AND OBSERVED LINE SHAPE
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very interesting, since it is a population relaxation time (Tl) for the
mode undérgoing exchange. This quantity is very hard to measure by
other means, since it cannot be obtained directly from the linewidth
of the corresponding Raman line. An approximation fo the product Swt %
can be obtained by aividing the contribution to the linéwidth due to .o
| gxchange by the shift of the apparent vibrational frequency: from W, [see
Eq. (95) and (96)]. This quantity is plotted as a function of temperature
for the five durene lines in Fig. 44 and isAcénstant to within experimental
error, supporting thefassumptioh'of_constant T. It should be stressed
that |swt| is of the'order of_uhity for all five lines in the durene
-sﬁectrum. It is this featuré which makes the "interﬁediate exchange”'
Tegime agcessible and results in the observation of significant frequenéy _
shifts due to exchange. From the temperaturévdependence of the exchangev.
rate W_ (see Fig. 42), it can be seen that these five vibrational modes
are.in intermediqte exchange for temperatUres between about 100°K and
300°K. At highér-temperétures'both W, and.W_ increase, and thé approx-
-imation of constant T would not be appropriate.
When-the low frequency vibrational spectrum of durene is examined,’
one finds (as indicated abo?é fbr the 2929 cm_1 band) that the activation
energies{ Ei’ cbrrespond quite closely — with only one exception — tov o }y
- observed bands in the low frequency vibrational spectrum of durene. - This
cofrespondence'is.indicated in the colum labeled 'Dephasing Mode" in
Fig. 42, along with the symmetry of these modes iﬁ the point group DZh'

1

The observed fundamental frequenciesll7 for these modes are 187 cm.~ and

1

197 cm™t for the torsion, 282 el for the methyl rock, and 354 em © for

the out-of-plane bend. '
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Fig. 44. This graph plots the portion of the line broadenihg due to
'the exchange process'divided by the freqﬁency shift. This quantity'
‘ gives an»approximatioﬁ to.the'quantity GwT; and indicates that this
product is constant as a_function of temperatufe over the temperature

~ range investigated (to within_experimentai error).
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RATIO OF THE TEMPERATURE DEPENDENT. PORTION OF THE LINEWIDTH AND FREQUENCY
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These results suggest that the interaction respon51b1e for coupling
the C-H stretching modes to these low frequency methyl group motions is
very selective in nature. There are two probable sources of this selec—

tivity, one Wthh results. from symmetry con51derat10ns and one Wthh mlght

be called "accidental" selectivity. Presumably the coupling is a result

of mixed mode terms in .the anharmonic potential energy. For reasons
related to the st}ucture of the molecule, some of these terms which

couple a given C-H stretch to one low freqﬁency mode may domihatevthose
which couple it to other modes; This Wbulditypify ”accidental” selectivity.

On the other hand, the requirement that the potential energy possess the

full symmetry of the molecule may imply the absence of some anharmonic

coupling terms except for modes of certain symmetry classes, thus restrict-

~ing the possible candidates for:interaction.

To distinguish among these pdssibilities it is helpful ‘to consider

the importance Qf individual terms in the potential energy:

v 2
206 Z Cigte® & O * D Cinn Qs & %y *

,J, ijke - o7)
in fhis expression,_the C's are-real'coefficients while the Q's
fepresent vibrational normel coordinates in the harmonic approximation.
The second and third terms in Eq. (97)lare the leading terms in the
anharmonic part of the potential. We will restrict attention to cubic
and quartic terms involving no more than two coordinates. Starting with
harmonicioscillator base states, the contribution to Sw froﬁ each of
these terms has been estimated to second order in perturbation theory.

The only first order contribution is from terms of the form C1122 Q% Qg
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‘where Q1 is the coordinate of a C-H stretch and Q2 that of a low frequency
mode. This contribution may be of either sign depending on the sign of
the coefficient. There are no symmetry restrictions on theee modes and
this term cannot cause selectivity due to symmetry. A summary of the ¥
contributions from these various terms is shown in Table IV. The magnitudes
were calculated assuming equal C-coefficients and are only intended to
roughly indicate the relative importance of each term. They were calcu-
lated using values of w and w, typical of the vibrational frequencies
and activation enefgiesvobeerved. The sign of each contribution and any
symmetfyvconditions are also indicated. The cubic terms all require that
~one mode or the other have ag symmetry. Of»these, by far the largest
contribution comes from a comhinatioh of a Qg single—mode anharmonicity
anva%QZ coupling.. Of the quartic terms,,hoth the Q%Q% and Qinkterms
have large contrihutions, and the latter indicates a symmetry-type
- selectivity which requires that both the C-H mode and the dephasing mode
have the same symmetry. However, it is important to keep in mind that
the actual contribution to dw from these terms is determlned 1argely by
the sign and magnltude of the C- coeff1c1ents whlch are difficult to
estimate or guess, and that the largest contrlbutlon to dm for all these .
cases is 11ke1y to be the QlQZ term which is diagonal and therefore : J?
 contributes in first order. In addition, one would in general expect
_ situations to.occur where more than one exchanging mode is important.
This introduces the possibility of coupling terms like C123 Q1C5(Q3-whiCh
might be of importance in such a case.

From these considerations and with a khowledge of the symmetry

assignment of each vibration, one might hope to decide which term or terms
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TABLE IV. Contributions to 8w from various terms in the anharmonic potential.
Symme try a Relative
Term rule Sw magnitude Sign
2 L 4 2 -3 )
Q- r, -‘ag TG [P 1.3%10°"
2 _ 4 2 -4
4 Iy =3 o= 7, |1C122l 4.7>10 '
| : 2 24cy, |
3 2 _ 4 122 7111 -3 R
Q+QQ; r, =a, 5~ %, | €55l - — 7.5%x10 +/
' 24C, '
3. 2. _ | 4 2 “"M112%222 1n-2 i
Q2+Q1Q2 Fz.— ag 2w1._ 5 | |C112| —-——-————wz 9,3x10 +/
Q Qs’ Or =3 18 54 54 6.5x10"3 . =
*1%2 1 2 g wl-Swz w tw W, -w ° ¢
‘ . : 1 2 . 1 2
3 _ 18 . 54 54 ] -2 i
Q, ®T, = 3 @H'wé+ w tw, ft%—wz_ 4.0x10
2.2 : | 6 . 8 2 )
G - none 122 [‘“ T T mz]lcuzzl | 39 *

%Calculated using second order perturbation theory.

bThese quantities represent Sw in e’
equal to 1 em1, w, = 3027 em !

for a situation where all C-coefficients are
and wé = 263 cm™+, ‘
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in the potential are important as far as the exchange process is concerned.

However, this procedure is hampered by the lack of a full assignment of
this region of the durene spectrum.lo3
The aromatic C-H stretch has ag symmetry in DZh and should clearly

-1

be assigned to the line at 3027 cm ~. The correéponding dephasing mode

-1

is the methyl rock at 282 cm ~ which has either ag or b symmetry.

, 1g
Thus, any of the terms in Table IV may be important in the interaction.

However, if a possible dephasihg mode. were not of ag symmetry, the only
important term;would-be the Q%Qg'term. It is possible that the methyl
rock is singled out in this case because the contributions from several
possible terms in combination overwhelm contributions from other modes
which come from ohly single terms in the potential. However, if one

~ thinks of the structure of the molecule and the methyl motion involved
in this case, it seems intuitively sensible that the aromatic C-H stretch -
would coﬁple more strongly to the methyl rock than to other low frequency
methyl modes. Since the rocking motion is in the plane of the rihg, it
.is noﬁ-unreasonable that it should éxert a stronger perturbation on the

ring protons than either the torsion or out-of-plane bending modes.

The assignment of the methyl C-H stretching frequencies is less

certain and the extent to which the results can be interpreted is therefore |

limited. A possible assignment is indicated in Fig. 42, and is based on

104-106

a comparison with studies of other methylated benzenes The D

2h
point group is used. The six C-H modes which are expected to appear in
the Raman spectrum should occur in palrs of two essentially degenerate
levels, since the splitting due to in-phase vs. out-of-phase motion of the

protons on different methyl groups is expected to be very small. Since
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1 can be assigned as overtones

the bands at frequencies less than 2920 cm
and combinations of C-H bending or ''scissors' modes of the methyl group
protons, this 1eéve$ four lines and only three assignments. The assign- .
ment of the line at 2929 c:m_1 is the most certain since it is well
separated from the othef-three and probably corresponds to in-phase
motion of the three methyl protons. It has been assigned accordingly

in Fig. 42. However, it is not possible at the present to be certain

of the remaining assignments. The choice indicated in Fig. 42 is sugges-

tive, since the C-H modes and dephasing modes have the same symmetry.

This ordering corresponds to the assignment of the methyl modes in

toluene.105 No eXplanation is offered though, of the observation of - four
methyl C-H lines rather than three.

With this assignment it appears that the mode at 2929 cm_l-interacts

~ with a dephasing mode of different symmetry, in contrast-to the aromatic

'C-H mode. This limits the possible terms in the anharmonic potential

which could be responsible toithe Qng term and some relatively minor terms.
- It is possible that this term is dominant ‘in many cases. It should:

be kept in mind that it makes the sole diagonal contribution to Sw, and

as such its cdntribution (ighoring any differences in the size of the

Ci'... coéfficients) is about two Qrders ofvmagnitude greater than that

from other terms. Since this term offers no symmetry selection rules, it

is difficult to see why a single dephésing ﬁode is importénf-to the -

exclusion of other possible dephasing modes. Apparently ignoring the

size of the C's in comparing the contributions of various terms is not

a wise procedure, since the magnitude of these coefficients may in fact

play the most important role in determining which mode is selected as



-216-

dephasing mode. The only symmetry rule which selects for C-H stretching
modes and déphasing modesfof the same symmetry occurs when the QiQ2
and/or Qlo2 terms are domlnant In these cases also, it is difficult
to see why the Qle term would not play an important role and why a
single dephasing mode should be selected.

Thus, it is unclear whethér or nét symmetry rules play any role
in selection of dephasing modes for each C—H stretch. The difficulty
is enhanced by the lack of firm spectral assignments. The C-H modes
~ apparently océur in degenefate pairs of differing symmétry which broaden
and shift identically (since no sign of spllttlng is observed at any
temperature). Since this degeneracy 1nd1cates that different methyl
' groﬁps on the ring arevessentially\not coupled, it might seem more
approﬁriate to consider the local symmetry of the indepehdent methyl
groups father than .using thé_DZh group. .The symmetry rules discuésed
above would then bé only.approximate or play very little role at all.

On the.other hand, intuitive arguments and observations of space-
filling molecular models indicate that steric interactions bétween _
- adjacent methyl groups play an important part in the anharmonic inter-

action [Eq. (97)] responsible for Sw. For example, steric interactions

between the methyl rocking motion and the aromatic C-H stretch might play -

a dominant role in selecting this mode as dephasing mode. From this point

- of view, it is clear that the molecule as a whole (and thus the DZh point

group) should be considered to understand these interactions. We have
not been able to resolve this dilemma on the basis of the data presented
thus far. However, the importancé of exchange in this system seems

fairly clear, and the kinds of information available from application

af

har s
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of the theory to an experimental example has been demonstrated;

D. Concluéion

In conClusion, an approach to vibrational dephasing in condensed
phases has been outlined which is potentially applicable to many experi-
mental studies of lineshapes in vibrational spectra. The theory is
presented in a manner which incorporates:the intefactions among the
various degrees of freedom in a réasonably general and yetvexplicit Way
which leads to.a clarification of the relationship between the random
frequency modulation and modified Bloch equation approaches.

This formalism haS>been.applied to the analysis of the Raman

~spectrum of durene in the C-H stretching region. It was found that

single low frequency methyl group modes provide the dominant dephasing.
channels, and analysis of the temperature dependent lineshape in. the
intermediate exchangevtemperatﬁre range allowed the determination of
energy exchange rates, lifetimes, and frequency shifts. The relationship

between these quantities and the form of the potential responsible for

the interaction of the dephasing modes with the C-H stretching modes was

discussed. It was found that the C1122 Q% Q% term in the anharmonic
potential may play an important role in these intéractions. It is hoped
that this kind of information will be helpful in the future in elucidating
the_nature.of.interactions résponsible for dephasing processes.

Finally, it should.be pointed out that the exchange formalisﬁ is
very versatile and can be applied in a similar manner in other branches
of spectroscopy to provide a fuller understanding»of the information

contained in spectral lineshapes.
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CONCLUSION

The main thrust of this wofk has been the understanding of the
dynamics of excited states in condensed phase molecular systems from
the point of view of'coherence._ Emphasis has been placed on the
investigation and understanding of the phase of the excitations. These
relaxatioe processes may be and usually are distinct from those which
result in relaxation of the excited state population itself,land are
in general more'closeiy related to interesting properties of condehsed
matter such as transport phenomena_and molecular motion. In particu-
lar, it has been demonstrated that the characterization of excited
statevenergy transport requires a thorough ihvestigation of the role
‘of coherence. |

In the field of triplet ekcitons in molecular crystals, indirect
measurements such as the ones presented here have demonstrated the
importanee of cohereﬁt energy transport. “Average" properties such
as the coherence length and coherence time have been 1nvest1gated
experlmentally On the other hand, very little has been said about
the dynamlcs of individual states. For example, the scattering of
populatlon in one k-state in an exciton band to others is 11ke1y to
be strongly dependent on k. This kind of 1nformat10n is not available
and it is the kind of infbrmation tﬁat will be necessary fo experi-
mentally define the characteristics of exciton-phonon interactions.
Secondly, the exper1mental timescale is not ea511y available to
" directly investigate the interactions of delocalized exciton states

21 -

(rather than thermalized distributions) with trap states. Finally,

the role of the coherence of the laser light in the excitation process
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itself has only recently come to the forefront of this field,'and
this line of investigation promises to be very fruitful. 24, 25

The situation in the case of plcosecond,1nvest1gat10ns of vibra-
tlonal depha51ng and relaxatlon is somewhat dlfferent in that these

measurements represent the decay of relatively well-defined states pre-

pared coherently by the stimulated Raman excitatibn’process. Consider-

able advances have been made in some cases in understanding the detailed'

N

nature of these relaxation proces'ses’77 The main dlfflculty in making

such detalled statements lies in the 1nflex1b111ty of the experlmental

technlque. Since a proper understandlng of these phenomena will require
a survey of a variety of molecules and Vibrational.mbdes, improvements

. in picosecond technology-and/or experimehtalists' ingenuity will be

needed. The present state of the art--the Nd: glass mode-locked

laser--leaves much to be desired in versatlllty and convenience of use

~and forces one to chose a system;to study - for reasons of experimental

convenience rather than scientific importance. Avmajdr step in the
right direction for the field of vibrational dynamics is the recent
development and use of funable_infrared picosecond pﬁlses in the study
of vibrational relaxation.118 e

Finally, the importance in polyatomic molecules of intramolecular

- perturbations in the understanding of coherence phenomena is beginning

to emerge from several directions. The ideas presented here on the
influence of vibrational energy exchange of dephasing processes is one
example. The iﬁvestigation of intramolecular dissipative interactions

is more important in areas such as selective photochemistry and
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- radiationless relaxation119 and should continue to be a topic of great
interest. It is hoped that the exchange ideas and formalism will find

quite general applicability in this and other fields.

P
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