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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, University of California 

Berkeley, California 94720 

ABSTRACT 

Investigations of electronic triplet and vibrational energy 

transfer dynamics and relaxation processes are presented. Emphasis is 

placed on lIDderstanding the role of coherence and interactions which 

tend tp destroy the coherence. In the case of triplet excitons at low 

temperatures)< the importance qf coherence in energy migration can bees,

tablished, and the average coherence parameters can be experimentally 

detennined. 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,S-tetrach10robenzene (TCB) and 1,4,-dibromonaphtha1ene 

(DEN). In the TCB system a simple kinetic description of the band-trap 

equilibrium allows the extraction of a minimum average coherence length: 

( ~)~ 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 dephasing times of C-H bending mode 

overtones in 1,2,4,S-tetramethy1benzene (durene) 'single crystal and 

liquid and p-xy1ene 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 

spontaneous Raman spectra of these compOlmds and with previous picosec-

0nd data in methanol suggest that inhomogeneous broadening may be an 

important source of 1inewidth in liquids for this vibration. 

.. 

For po1yatomic molecules such as these, an important dephasing 

mechanism is intramolecular interactions between vibrational modes. Fbi' 

example, it is shown that Raman lineshape flmctions and vibratiorial de- I 
phasing times can reflect random frequency modulation ·of high frequency 

vibrational modes due to the exchange of thermal energy among 10w

frequency modes. When this exchange process is incorporated into the 

" , 
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vibrational correlation function, an analysis of the temperature depen-

dence of- the spontaneous Raman spectTIllI1 in the "intennediate exchange" 

regime allows one to obtain: (1) Life times and scattering rates which 

characterize the -dominant dephasing channels, and (2) A measure of the 

strength of the interaction responsible for the intramolecular coupling. 

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

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

frequency methyl group motions dominate the dephasing and that the 

2 2· Q1 Q2 tenn in the anhannonic 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 molecular solids and l'iquids. The behavior of condensed 

phases is qualitatively different from that of gases in that intermolec

ular effects playa much more dominant role. For example, in the gas 

phase one can hope to study the properties of essentially isolated mol

ecules which are only weakly perturbed by their enVironment through col

lisions. AI though a similar viewpoint may sometimes prove valuable in 

condensed phase studies, one often studies macroscopic properties which 

are more properly identified with closely coupled molecular aggregates. 

This. is particularly true of energy transfer and relaxation studies, 

since these phenomena intrinsically invol~e interactions of molecules 

with their environment and its degrees of freedom. Thus, it is essential 

to develop experiments, models and viewpoints which are capable of bridg

ing the gap between macroscopic observables and the interesting features 

of the dynamics . 

. In the case of crystalline SOlids, the periodicity of the crystal 

lattice helps to simplify the equations of motion of the N-interacting

molecule system. The solutionl (to a certain degree of approximation) 

consists of collective excitations of the crystal characterized by their 

"crystal momentlDll," or wave vector. When these elementary crystal excita

tions or "quasiparticles" interact relatively weakly with one another, 

they form a useful starting ·point for a description of the dynamics of 
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excitations in a real crystal. This description will be called the 

coherent model since quantum mechanical phase relationships among the 

excited molecules are preserved 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 electronic triplet excitations in some organic molecular 

crystals. 9 The coherent limit is interesting because it results in 

energy transport over relatively large distances during the excited life

time as compared with the diffusive mode of transport discussed below. 

, Interactions which disrupt the coherence are those which scramble 

the well-defined phase relationship. In the case of triplet excitons for 

example, the coupling between the excitons and lattice vibrations 

(phonons) as well as scattering by impurity sites and crystal defects 

tends to cause mixtures of quasiparticle states or k-states to form and 

evolve 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 detail. 

Because of their importance in determining the macroscopic energy trans

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

ation processes are a subject of intense investigation. 

When these perturbations become sufficiently strong that the 

phases are no longer well defined, the idea of collective excitations 

loses 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 picture will be termed the 

" 
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incoherent limit. For example, this limit would be_appropriate 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 

limit is also called the localized limit. 2 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 unexcited 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 the coherent and incoherent limits. A good deal of 

theoretical effort has been expended toward understanding energy trans

port in this intermediate regime. 3,4 This work has largely centered on 

incorporating the effects of perturbations such as exciton-phonon cou'" 
! 

pling into the description of the dynamics. As one intuitively expects, 

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

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

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 the exciton motion by an effective mean free path 

or coherence length which mayor may not be simply related to the 
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coherence, time. 

In order to quantitatively characterize energy transfer dynamics 

in a specific system, experimental probes must be devised to isolate and. 

observe the features mentioned above. In the case of triplet excitons 

in molecular crystals, measurement of the coherence parameters has proved 

somewhat elusive and ambiguous. For example, none of the techniques in 

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

specifically related to the coherence length of triplet excitons. In 

Part One of this thesis experimental results are presented which are 

capable of placing a lower bound on the coherence length. This measure

ment is indirect, since it is .based-on a'determination of the rate of 

exciton trapping at low temperatures following excitation of the crystal 

by a pulsed tunable dye laser. The results further establish the impor-

tance of coherent energy migration in such systems. 

In contrast to the situation in triplet excitons, much less is 

known about energy transfer and relaxation mechanisms of vibrational 

excitations. Much of the work presented here is directed toward charac-

terization of important vibrational relaxation mechanisms in molecular 

crystals 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 picosecond laser spectroscopy has resulted in direct vibra-

tional relaxation measurements and several vibrational decay schemes in 

liquids have been investigated. 5 These advances have stimulated several 

theoretical works6 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 

picosecond .spectroscopy. In Part Two, the construction, operation, and 

characterization of the picosecond apparatus used in these experiments 

is described from"the perspective of a variety of possible applications. 

Par~ Three describes the application of these techniques to vibrational 

excitations. After a brief introduction to vibrational relaxation in 

section I, results of picosecond dephasing measurements in 1,2,4,5-

tetramethylbenzene (durene) and p-xylene are presented in section II. 

Possible interpretations and relevant dephasing mechanisms are also dis-

cussed. Finally, in section III 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

eral 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 experimental 

results in durene is demonstrated. 

In the last part of this thesis, the author attempts to stand 

back and assess the knowledge that has been gained, and to present some 

thoughts on the possible future direction of this ,line of Tesearch. 



-6-

PART. ONE 

Coherent Energy Migration : Measurement of the Triplet 

Exciton Coherence Length Using Tunable Dye Lasers 

I. Introduction 

The coherence of excited triplet state energy transfer dynamics 

in organic molecular crystals has been studied using a variety of exper-

imental probes. The dynamics have been inferred indirectly in steady 

state experiments through the interaction of excitons with traps7 (per-

turbed molecules or impurities with-excited triplet states of lower 

energy than that of the exciton). The coherence can also be monitored 

in the frequency domain via ESR8 and ODMR9 lineshape studies and by op

tical lineshape studies. 10 The interpretation of the observed lineshape 

in terms of the exciton coherence is complicated however, by contribu- . 

tions to the linewidthdue to inhomogeneous broadening and other dephasing 

mechanisms which do not destroy the exciton coherence. In spite of these 

problems, OrMR studies of excitons9 in 1,2,4,5-tetrachlorobenzene (TCB) 

and excited dimers11 of TCB have succeeded in placing a lower bound on 

-7 the coherence time of LC - 10 sec. ESR and optical studies of other 

systems such asl,4,-dibromonaphthaleneI2 also show evidence of a certain 

degree of coherence. More recently, a series of pulsed ESR and ODMR ex-

. 13-15 h b d· I d h' h bl f ., penment5 ave een eve ope w 1C are capa e 0 preparmg, 150-

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

tion5 of triplet sublevels. These techniques serve to eliminate the 

.. 
., .-,y 
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effects of unwanted contributions such as inhomogeneous broadening, 

spectral diffusion, etc. While these experiments are valuable probes 

of the dyn~ics, they have been successfully applied only to trapped 

excitations, and exciton dynamics must be deduced indirectly. 

The use of tunable dye lasers can significantly broaden the 

scope of energy transfer studies in these systems, since the coherence 

and spectral purity of the laser enables the optical preparation of well

defined excited states: By monitoring the time dependence ~f'these 

states it should be possible to directly obtain dynamical infonnation 

related to interactions with phonons, traps, and crystal imperfections, 

and their effect 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 delocalized picture of exciton dynamics is useful. The 

effect of the intennolecular 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 Theorem: l ,2 

N 

¢k = L <Pn exp [ ikanl 
n=l 

(1) 

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

tum, k, are 
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j = - N/2, - N/2 + 1, "', N/2 - 1, (2) 

and the ftmction <Pn represents a state where the excitation is localized 

on mo1ecule'n. The energies of these states in the nearest neighbor approx-· 

imation are 

E (k) = EO + 28 coska (3) 

where 8 is the resonant intermolecular interaction between neighboring 

molecules, and EO is the excited state energy in the absence of 8. As 

indicated in Fig. 1, the intermolecular interaction also generates a rate 

of excitation transfer, V (k). Vg is the group velocity of a wave packet . g 

(linear combination) of k-states with values of the wave vector near the 

value k, and is given by 

Vg(k) = [l/h] [aE(k)/ak] = (2Ba/h) sinka. (4) 

These equations along with the delocalized exciton states form the basis' 

for a description of exciton dynamics in the coherent limit. 

These expressions refer to individual k-states or wavepackets. 

However, in many cases one is concerned with the properties o( an ensem'" 

ble of excited states described by some distribution function (see Fig. 1). 

If the excited state lifetime is sufficiently long, this distribution will 

be given by a Boltzmann distribution. 7 Thermal equilibrium among the k

states is 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 excitoTIs. The distribution 

among thek-states may also be strongly influenced by other effects such 

as trapping. For example, if excitations are selectively trapped 

~ .. 
., , 

1" <.' " 
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Figure 1. This figure schematically i11ustrates,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 

l~ngth. The thermal distribution ftmction is also shown.' 
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COHERENT PROPERTI ES OF EXCITONS 

~~~-----

EO ( }/-- E(k) 

.Ai.A2 .. ··.A~~~ T-----
.. isolated molecules" "coupled" , O-='----:----'---±~TI'--'/a 

by fj 

I. fj generates a rate of energy transfer 
between molecules: IIg (k). 

2. Coherence lifetime, T (k), generates a 
width to the state and a mean-free 
path for coherent energy migratio~ 

1 (k) :: II g'( k ) • T (k) 

T(kr
i

", f. (Tkk,r
i = r(k) 

3. Distribution Function, D(k), determines 
the partitionofene'rgy between states 
of different velocities 

D(k)s - p (k) exp [-E(k)/-'T] 

Figure 1 
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from certain k-states, a distinctly non.."thennal distriQution may result. 

In either case, it is useful to define the average group velocity ( Vi 
as a statistical average,ofVg(k) over this distribution. 

It should be noted that the interactions which provide this 

thennalization mechanism also serve to limit the exciton coherence by 

limiting the mean free exciton propagation ~ime to some ~alue T(k).16 

This scattering also implies a coherence length or mean free path which 

is given by the distance the excitation travels coherently before being 

scattered into a new linear combination of k-stateswith a new group 

velocity and direction of propagation. AS was done with the group veloc-

i ty; average coherence time T C and coherence length (Q) can be used to 

characterize the dynamics. These quantities are related by 

< (V) T. 
- g C 

(5) 

When the coherence length ( £) decreases lllltil it approaches the lattice 

spacing, a, the delocalized or coherent picture loses its utility. The 

dynamics begin to approach a random walk limit wherein the excitation is 

localized and moves from molecule to molecule in a hopping fashion. 

Thus, a measurement of the coherence length is important in the 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 bOlllld for the coherence length in 1,2,4,5-

tetrachlorobenzene 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 o£ localized excitations to the delocalized states of the 

exciton band, and the triplet state radiative and nonradiative depopulat-

ing channels must be considered. It is also important 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 given for one dimen-

sional systems by the expression 

K. = a ( V ) jd) 
1 g 

(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 to the presence of (Vg). 

The values of (V ) vary only weakly with temperature between 1° and 4° K g 

when the exciton bandwidth is less than 5 em-I, whereas it may chcinge by 

a factor of two in the same temperature range for bandwidth of 25 em-I. 

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

lead to trapping of the exciton. The constanta represents the probabil-

ity that such an encounter actually results in localization of the excita

tion on the trap molecule. This probability is presumably related to'the 

exact form of the linear combination of k-states which makes up the ex-

citon, the length of time the exciton interacts with the trap, and the 

availability of a channel or charmels for dissipation of the trap-exciton 

energy differ:ence in the form of phonons. In view of little 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 

nearest neighbor interaction (S/n) '. In this case, one expects that the . 

exciton migration will be characterized by a random walk or hopping mo

tion with the step length equal to the intermolecular spacing, a, and 

with the average time per step given by t = h/4S, 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 

(7) 

which is independent of temperature. It should be mentioned that the 

value of 13 which is appropriate in the localized picture may be much 

smaller than in the delocalized 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 intermediate regime where exciton-phonon scattering is of 

insufficient frequency to completely localize the excitation but does 

serve to diminish the coherence time of the exciton; the effect of this 

interaction must be included in an estimation of Ki . For example, 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 ( J!,), and a step time given by 'Ic. With these assumptions and eq. 

(5) one obtains 

K. = a (J!,)2 T d2 ~ (V )/d) ( t>/d). 
1 c g 

(8) 
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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) obtained from a tun

rable dye laser have been utilized to s~lectively excite band or localized 

states of one-dimensional systems while monitoring the time dependence of 

the light emitted from the various states. Although this experimental 

approach would apply equally well to systems of higher dimensionality, 

the choice of the simple systems, 1,2,4,5-tetrachlorobenzene (TCB) and 

1,4-dibromonaphthalene (DBN), serves to give an ideal case because both 

TCB9 and DBN17 ,18 have been shown to exhibit behclvior 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 coherence time directly reflect 

the in-chain dynamics of the exciton. 

II . Experimental . 

A. Sample preparation 

DBN was purchased from Eastman Organic Chemicals and zone refined ~ 

for 125 passes at 1 in./hr. TCB obtained from Eastman was vacuum sub-

limed into a zone-refining tube and zone refined to 1800 passes. Both 

crystals were then grown from the melt using Bridgman techniques. 
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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. variable temperature dewar 

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

moni tored using a carbon res~istor 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 ~n 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 wi th 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-lOOO; DL-200 

nitrogen laser-dye laser combination. PBD inp-dioxane and coumarin 102 

in ethanol were used as the lasing dyes (obtained from Eastman Organic 

Chemicals) for TCB and DBN, respectively. The population of the triplet , 

exciton or trap levels was monitored via their phosphorescence emission 

to the ground state origin or vibronic level using a Spex 3/4mmono-

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 signal averager or a Biomation model 8100 transient 

recorder interfaced to the NS-575, depending on the desired timeresolu-

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 A interference filter. The phosphorescence was scanned 
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using a 3/4 m Spex mono.chrameter in second order with a resolution of 

approximately 0.2 A at 3131 A.The temperature was controlled by vary-

ing the.rate of pumping on the liquid helium and was monitored during 

the recording of the spectra using the calibrated carbon resistor. 

Phosphorescence spectra of DBN were recorded in a similar manner. 

c. Phosphorescence of TCB 

The phosphorescence spectrum of TCB at 1.5° K and at 4.2° K (0, a 

origin only) is shown in Fig. 2. At 4.2°K the phosphorescence intensity 

is essentially due to exciton emission. As the temperature is lowered, the 

( . d h 2-1 -1) 19 1·' ·1 x-trap spectroscoplC trap ept - =" em popu atlon mcreases tmtl 

at1.soK the x-trap electronic origin emission is roughly 16 times as 

intense as that of the exciton origin. Although their exact nature 

is not known, the x-traps are thought to be TCB molecules whose triplet 

energy is modified due to proximity to an impurity or crystal defect. In 

addition to the exciton and x-trap electronic origin, several 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 em-I (Trap I), 38 em-I (Trap II), 67 em-I (Trap III), 120 em-I 

(Trap IV), and 146 em-I (Trap V). These observations were identical to 

thcse previously reported, 20 ,with the exception of the 120 em-I trap. 
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Figure 2. Phosphorescence spectra of neat 1,2,4,5-tetrach1orobenzene. 

The exciton origin (0,0) is at 3748 A and b2g vibronic origin "at 3781 A. 

The x-trap origin (0,0) is at .3751 A and the b2g vibronic origin of the 

x-trap is at 3784 A. The inset shows the exciton emission at4.2°K. 
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. Above lSoK only exciton emission is observed. As the temPerature is 

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

appears. At 90K the spectrum consists of emission due to the exciton, 

Traps IV and V. At 4.20 K Trap III is also seen in emission, and at 

~K emission from all five traps is observed. At 2°K the most intense 

lines are those due to the two shallowest 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 syst~ 

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 band of N levels}l 

The band and trap levels are coupled with the rate constants Ki and KO' . 

. and the exciton and trap populations 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-dimensional chains and are thus spin 

independent, the magnetic fine structure of the triplet state plays 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 model for a coupled system of one trap and a one~ 

dimensional triplet exciton band. Ki andKO are the trapping and 

detrapping rate constants, respectively, while Ke .and Kt are rate con

stants for decay to the ground state of the exciton .and trap levels, 

respectively. 
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Hamiltonian responsible for the interaction of the trapped excitation 

with the lattice vibrations (H ) and decay of the resulting intennediate Tp 

into some linear combination of delocalized band states (Hie)' weighted 

by the exciton density of states at the energy of the intermediate Pe(Ei ). 

KO will also reflect the number of phonons present in the crystal with 

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» = pp(E)/[exp(E/kT)-l]. (9) 

The resulting expression must be integrated over all phonon energies 

greater than or equal to Ei' the en~rgy of the intermediate, and over the 

values of E. coincident with the exciton band to give the following ex-
1, 

pression for KO: 

KO = 2~ I dd Pp (E)/[exp ( E/kT) - I]} I dEi Pe(Ei ) 

x ' 1 ( T, P 1 H 1 i ,P , > (i, P , 1 H. 'I e ,P') 12 
TP " 1e 

(10) 

where the states involved are the trapped excitation plus a phonon state 

of energy E,IT, PCE», the intermediate state of energy Ei plus a phonon 

of energy E - E.,! i,P' (E - E.), and the linear combination of exciton states 
1 1 ' 

which results from the decay of the intermediate, !e,P'). This expression, 

which includes the interaction of the trap with single phonons only, was 

obtained from the Golden Rule by summing over all phonons and intennediate 

states. At 'low enough temperatures, if the linear portion of the acoustic 

phonon. branch is populated so that p p is essentially constant, and 
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if Ei > > k T, we can write (n (s» -'" exp (- s/ kT) . For inter

mediates which contribute significantly to KO and cover a small energy 

range compared to the trap depth, one obtains the simple expression for 

the detrapping rate constant, 

KO = C p (E.) exp (- E. /kT) (11) 
. ell 

where C is a temperature independent constant. This result would be ob-

tained, for example, if p (E) is sharply peaked at some energy E., if the e 1 

exciton bandwidth is very narrow compared to the tr~p depth, or in the 

case of one-dimensional excitons with a peak in Pe(E) at the bottom of 

the band,if the band is wide compared to kT. The above equation indi

cates that KO will vary radically in the low temperature region (T ~l°to 

~lOOK) for trap depths on the order of tens of reciprocal centimeters. 

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

with the kinetic equations for Ne and Nt' the ntmlber of excitations in 

. theexci ton and trap levels. 

(12) . 
Nt(t) = - (Kt + 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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(13) 

where 

a+= {l/2} { -(KO+K.+K +K)±[(K'+K -Ki+K2 +2K (K.-K +K )]~} 
- 1 e -t 1 e·'"E 0 Ole t 

and N:, N~, N~, and N; are determined by the initial conditons.The 

initial conditions of interest for the experiments to be described are 

Ne(t =0) = No and Nt(t =0) = 0, which results in the following expres

sions for the populations as a function of time: 

----------- --------- --- -----------------

N (t) =NO {[(a + K.+K )/(a -a+)]exp (a+t) e - 1 e -
(15) 

(16) 

In order to predict the kinetics of energy transfer, it is useful 

to graph the decay constants and pre-exponential factors resulting from 

solution of the above equations as a function of KO for various values of 

the other parameters. From Figs. 4-6, one observes the following behavior. 

The exciton population decays as' a biexponential. It is dominated in the 

slow-detrapping regime by the fast [a _ i::::: -( Ki + Ke )] component due to the 

combined effects of trapping and decay to the ground state, but still , 

exhibits a long (a+ = --Kt ) tail of lesser magnitude as a result of some 

small de trapp ing rate. In this regime the trap builds up as the exciton 

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

r y 

/..-.., 
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should be noted from eq. (16). In the fast~detrapping regime the triplet 

population spends little time in the trap, and the decay of the exciton 

is dominated by the slow component (a+ :::::: - 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 communication with the exciton band. 

This model has been presented for the simplest case of a single 

trap. It should, however, be equally applicable to systems with multiple 

trap species, although a cubic or higher order equatton for the decay con-

stants will result. While this is not particularly formidable, extraction 

of the parameters Ki' KO' etc., from experimental data may be more diffi

cult. 

One can also use this simple model to calculate the expected 

steady-state populations under. conditions of continuous illumination. If 

population is fed to the exciton band with constant rate R, the kinetic 

equations in the steady state become 

N (t) = 0 = R - N (K + K.) + Nt(KO) e eel 

N (t) = 0 = - N (K + K ) t tOt 

The solutions are given by 

and 

+ N (K.). . e 1 

A useful ratio which gives the fraction of trap population is 

(17) 

(18) 

(19) 

(20) 
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Figure 4. Prediction of the kinetic model for the variation of ex 

(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 S. Prediction of the kinetic model for the variation of ex+ 

(exci ton and trap decay rate) wi th the detrapp ing rate constant for 

different values of the trapping rate constant. 

Figure 6. Prediction of the kinetic model for the magnitude of the 

fast component of the exciton decay compared with the initial exciton 

population NO' The functional dependence of the ratio N~/NO on the 

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 ene exci

tation partition ftmctionef the system7 (single trap and N exciton 

levels), i.e., 

and 

Z = exp [ - (Etrap/kT)] + L: exp [ - E (k) /kT ]. 
k 

(21) 

(22) 

If 11· is the trap depth belo.w the k = 0 level ef a ene-dimensional exciton 

band,E(k) takes the simple fenn ineq. (3) and Z is given by 

Z = exp [ _. (2 B - 11) / kT] + E exp [- (2 B / kT) cos ka] (23) 

k 

where the stun is over theN exciten band levels,andthe zero. of energy 

is taken as the center ef the exciton band. This result [eqs. (21) and 

(23) is to be compared with eq. (20) under the cendition necessary to 

produce thermal equilibrium among the trap and band states, namely that 

the excitation sample beth band and trap states with sufficient rapidity 

that equilibritun can be attained during its lifetime. In ether words, 

KO and Ki > > Kt and Ke , and therefore 

(24) 

As noted in eq. (11), KO can be approximated as 

KO a N exp( - l1/kT) (25) 

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

levels, N. If the system is in Boltzmann equilibiitun, it must be true 
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that KO/Ki = Ne/Nt = N. exp( -ll/kT). Thus, .eq. (20) becomes 

(26) 

I 

which is equivalent to eq. (21) if the bandwidth is small compared to 

the trap depth, i . e., 4 B < < ll. In fact, the parameters of' the model 

do not include the bandwidth, and k-dependent processes are not consid

ered. It is therefore expected to be most applicable in the narrow 

band and/or large trap depth limits. 

B. Experimental determination of the kinetic parameters 

1,4-Dibromonaphthalene 

Pulse excitation-time resolved phosphorescence measurements of 

build-up and decay rates for the trap states in DBN were made at several 

temperatures from 2'1< 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 behavior is observed, except for Trap I, which has shortened 

decay rate. At 4.2°K, detrapping from Traps I and II is sufficientiy 

rapid that the build-up rate is extremely fast and the decay rate is 

that of the exciton, indicating that complete equilibration of thetraps 

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 gOK,and 

,J:,'. 
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Figure 7. This figure shows the build-up (circles) and decay (dots) 

rates for the exciton and trap populations in neat 1,4-dibromonaphthalene 

as a function of trap depth at four different temperatures. The excita

tion w~velength was 4789 A. The dashed lines indicate the exciton decay 

constants for comparison 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. 

However, there are some difficulties with the interpretation of 

certain other qualitative features. A build-up of Trap III phosphores.,. {. 

cence was not observed at any temperature. Population appeared very 

quickly (within 1 ].lsec) and three decay components were observed, one with 

a decay rate similar to the exciton, and two with decay rates similar to 

those of other traps.' 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 temperatures. Thus, the extraction of specific 

information relating the exciton dynamics to the observed phosphorescence 

response is difficult within the context of this unsophisticated model 

owing to the increased complexity of the DBN band-trap, system compared 

to TeB. However, the observed transient and steady state phosphorescence 

behayior clearly shows that communication between the exciton band and 

the traps does exist, and that it takes place on a timescale which is con-

siderably shorter in same cases than the exciton phosphorescence decay 

time. Thus, it is important to interpret investigations of exciton dy-

namics in terms of a coupled band-trap system and not ignore the effect 

of the traps. 

The original purpose of this investigation was to use the band.,. 

trap equilibrium as a probe of· the exciton dynamics. In the case of DBN, 

the simple model which has been adopted is incapable of completely de

scribing this complex multiple trap system. It is therefore not possible 

to demonstrate the importance of coherence in this system with this ap-

proach. Such is not the case, however, with the simpler TCB system. 



" 
i( 

... 

-35-

1,2,4,5-Tetrachlorobenzene 

Direct laser excitation of the triplet excitonorigln in TeB 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 system clearly exhibits 

the general features of our kinetic model for a coupled band-trap system. 

At 4.2°K, phonon-assisted 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 very fast. In the slow-detrapping regime (1.2~~, 

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

. with a rate constaht characteristic of the trap excited triplet lifetime. 

The exciton decay rate reflects the exciton lifetime and the trapping rate. 
. . 

Such measurements have been made over a range of temperatures, 

and the time-resolved phosphorescence decay was decomposed into a sum of 

exponentials. 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 III. The rate constants are listed as a function of temperature for 

excitation wavelengths corresponding to the exciton origin and two shor-

ter wavelengths. By relating this temperature dependence to that pre-

dicted 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, Ke and Kt 

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

or exciton decay rates. K. was estimated from the trap build-up rate in 
1 
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Figure 8. Phosphorescence response of neat TCB to pulsed 

. laser excitation in the low temperature-slow detrapping 

regime. Note that the exciton decay and trap build-up rates 

are similar. Exci tat ion was to the exciton (0,0) origin 

(3748 A). 



t.. t 

>- I +0-

(/) 

C 
Q) -c ...... • 
-
Ol 

C\J 
.D 

I 
0 

Q) 

U 
C 
Q) 
U 
(/) 
Q) .... 
0 

.r::. 
a. 
(/) 

0 
.r::. 
0.. 

I 1\' 

o 

" 

EXCITON AND TRAP PHOSPHORESCENCE RESPONSE TO 
LA SER PULSES (5 n sec) 

TCB NEAT CRYSTAL 

' ."""' .. 'T = 1.25 K 

.......... 
Trap 

.. ~ .. 

Exciton 

25 50 75 100 125 150 
Time (m sec) 

k-\ ' 

175 

XBL 757 - 6639 

Figure 8 

I 

tN 
-..] 

I 



-38-

Figure 9. Phosphorescence response of neat TeB to pulsed laser excita

tion in the high temperature-fast detrapping regime. Note that the 

exciton and trap decay at the same rate and that the trap build-up is 

too fast to be observed on this time scale. Also note that the trap 

emission -is very 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 
TeB: excitation wavelength = 3748 A. [exciton origin (0,0)]. 

Temperature Exciton decay rates x Tr~p (b
2t 

ori:1in) -1 a (OK) b2g origin (sec-1)a bUIldup sec- ) Decay (sec ) 
Ii 

1.25 104 (1) 128 22.5 
884 (0.69) 

I 

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) 

2.25 17.3 (0.34) 453 13.5 (0.53) 
62.9 (0.25) 44.7 (1) 

476 (1) 

2.50 265 (1) 1480 18.2 (0.46) 
843 (0.71) 47.3 (1) 

2.75 20.3 (0.97) 4123 33.7 
53.8 (1) 

1180 (0.76) 

3.00 23.9 (I) 26.7 (1) 
65.1 (1) 106 (0.89) 

3.25 23.5 (0.69) 19.4 (0.5) 
71.4 (1) 79.0 (1) 

3.50 22.5 (0.59) 26.3 (0.8) 
70 (1) 137 (1) 

3.75 36.7 (1) 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) 46.7 (1) 

158 (1) 239 (0.87) 
- - -.-.. -- ---

aNumbers in parentheses give the relative intensity corresponding to 
each dec~y component (pre-exponential factor). . ... 
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TABLE II. Phosphorescence decay and build-up rate constants for neat TeB: excitation wavelength 
= 3733 A [108 cm- l above exciton (0,0)]. 

-1 x-Trap Rates (sec-I) Exciton Decay Rates (sec ) 
Temperature b2g Origin (0,0) Origin (OK) 

a -1 a -1 b2g Origin (0,0) Origin Buildup Decay (sec ) Buildup Decay (sec ) 

22.5 255 (0.36) 
990 (1) 

10.45 103 (0.29) 
467 (1) 

8.0 99.8 (1) 439 90.5 (0.86) 
681 (0.69) 599 (1) 

4.2 46 (1) 42.7 (1) 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 ) 

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) 

aNumbers in parentheses give the relative intensity corresponding to each decay component 
(preexponentia1 factor). 

I 
~ 
f-' 

I 
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TABLE III. Phosphorescence decay and build-up rate constants for," 
neat TeB: excitation wavelength = 3744 A [ 26 em-I above exciton (0,0)]. " 

4.2 

1. 25 

Exciton Decay Ratesa 

. (sec-I) 
. x-Trap Rates (sec-I) 

b2 Origin (0,0) Origin 

b2g Origin 

27.9 (0.62) 
75.7 (1) 

g a 
(0,0) Origin Buildup Decay Buildup Decaya 

28.1 (0.57) 
79.0 (1) 

67.5 (0.86) 133 
273 (1) 

20.6 128 21.2 

a Nln11bers in parentheses give the relative intensity corresponding to 
each decay component (pre-exponential factor). 
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the low temperature limit. A curve for N~ as a function of KOwas then 

calculated, and the value of KO corresponding to each temperature was 

fotmd by matching the experimental values of N~ to this curve. A plot . e 
of lnKO vs liT then gives ~, the effective energy difference between 

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

place. Also this allows calculation of 0.+ and a_ 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 
e 

-1 -1 ':'1, 
Kt = 23 sec ,Ki = 250 sec ,and ~ = 15 em The fits to the exper-

imental data and the plot of KO vs liT are shown in Figs; 10-12 (solid 

curves). 

The second approach to fitting the data was based on the fact 

that the trap build-up rate a_ approaches the detrapping rate constant 

KO in the high temperature l~it. Thus, a straight line through this 

region of the experimentally .determined values of a_ directly gives KO 
-1 vs liT and a value of ~ = 20 em . The best fit to N- and ais obtained e -

with Ke = 80 sec-I, Kt =23 sec-I, and Ki =150 sec- l (see Fig. 12, dotted 

curve) . 

It must be noted that while the model calculations predict very 

little variation of a_ with liT 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(~) 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 thennally activated nonradiative 
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Figure 10. Calculated fits to experimental data for the ratio N~/NO' 

The solid curve corresponds to the best fit for N~/NO' -and gives the 

values of KO vs liT shown in Fig. 11. The dotted curve corresponds to 

values of KO obtained from the plot of CI._ vs liT (see Fig. 12). 
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. Figure 11. Detrapping rate constant vs 1fT obtained from the solid 

curve in Fig. 10 and calculations based on the kinetic model: 6E 

represents the energy difference between the trap level and the 

intermediate which is assumed to be active in mediating phonon

assisted detrapping. : I 

, 
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Figure 12. Calculated fits to the data for a _ vs l/T. The solid 

curves were calculated from the model equation using the values of 

-1 KO vs 1fT from Fig. 11. The curve for Ki = 125 sec corresponds 

to K = Kt = 23 sec- l rather than the values shown in the figure. e. 

The dotted curve is the best fit toa_, and the corresponding 

values of KO vs 1fT werE; used to calculate' the dotted curve in Fig. 

10. These latter calculations give a value of 6E of 20 em-I. 

". 
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EXPERIMENTAL VALUES AND CALCULATED CURVES 
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decay channel. In order to illustrate this effect, Fig. 12 also shows 

a calculated curve for u using K = Kt = 23 sec-1 and K. = 125 sec-l 
e 1 

If Ke increases with increasing temperature, deviation from the calcu-

lated curve in the positive direction is expected until the limit is 

reached where u_ 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 de trapping energy 
1 

of 6E = 15 -2 0 on-I. These limits reflect both the uncertainty in the 

• estimates of K. and 6E due to the experimental uncertainty in the mea-
l " 

surements themselves as well as the "best fit" to the model calculations. 

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

dependence of KO was adequately described by 

KO, ex: N exp (. - 6E/kT) . 

The obtained value of 6E is to be compared with a spectroscopically 
-1 measured trap'depth of 6 = 21.3 cm 

(27) 

It should be noted that the existence of three triplet spin sub

levels with different decay times to the ground state has been largely 

ignored. For example, in the determination of experimental values of 

N~/NO (Fig. 10) all decay components except those corresponding to trap 

buildup times were lumped together. This sort of treatment of the data 

should have little effect on the interpretation, since it depends most 

strongly on the build-up rates (and thus on the values and temperature 

dependence of Ki and KO 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 enetgymigration: 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 (Le., 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 approximation to the 

sum in eq. (23) and applying the formula (for the zero-order modified 

Bessel function of the first kind): 

'IT 

IO(Z:;) = (l/'IT) 1 exp (z:; cose) de 
Q 

one obtains'an expression for the trap probability: 

exp[- (26-~)/kT ] 
P trap = 

{exp [- (26- t:.) /kT ] + NIO (2S/kT) } 

where N is the number of exciton states per trap. 

(28) 

(29) 

The experimental data 

and calculated curves for 6 = 0.25 an-I, the various values of N, and 

the tabulated values of IOCz:;) are shown in Fig. 13. Thus, the chain 

length is estimated to be 256000 molecules. 22 

These two pieces of information (the x-trap concentration and 

trapping rate constant) can result in increased insight into the coherent 

nature of exciton propagation in these crystals. An x-trap concentration 

of 1/256000 implies a one-dimensional exciton chain length of 9.6,X105 A 

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, while the dots represent the corresponding areas 

of the peaks~ The solid curves were calculated from eq. (29), for 

48 = 1 em -1 and i1 = 21. 3 em -1.19 It should be noted that the calcu-

lated curves are insensitive to 8 in the narrow band limit (48 « i1), 

although they may be somewhat sensitive to the value of i1 used. We 

estimate the uncertainty in the value of the number of exciton states 

to be better than a factor of 2.23 



... 

Q) 

u 
c 
Q) 
u 
(/') 

Q) 
~ 

o 
~ 
a. 
(/') 

o 
~ 

'0... 

a. 

-53-

TEMPERATURE DEPENDENCE OF PHOSPHORESCENCE AND 
THE CALCULATED TRAP PROBABILITY FOR EMISSION.. 

I.0r-~~~~ TCB CRYSTAL 

0.8 

0.6 

o Peak height 
• Peak area 

64, 000 States 

~ 0.4 
r-
Q) 

> -c 
Q) 

cr 0.2 

0L-~~ ____ ~ ____ ~~~~~~~~ 
1.5 2.0 2.5 3.0 3.5 4.0 

T (K ) 

XBL 757 - 6638 

Figure 13 



-54~ 

o -1 dispersion: <V}= 2700 cm/sec at 1.3"[. If one takes K.=200 sec 
g" 1 

the completely coh~rent limit [ eq. (6)] gives ex = 7X 10-4 for the trapping 

probability per exciton-trap encotnlter, a value that seems quite low. 

On the other hand, the random hopping model [eq.(7)] estimates a trapping 

rate constant on the order of K. = 0.46 sec-I, which is too small to be 
1 

reconciled with the experiments. However, in the intermediate regime 

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

minimum coherence length to be assigned to the exciton motion; with 

K. = 200 sec-I, one finds that: 1 . 

( i > ~ 700 A = 186 molecules. (30) 

It is clear that the incoherent limit cannot give a value of K. 
1 

that is consistent wi thexperiment, even when possible tnlce:rtainties in 

B and d are considered. For a change in d ofa factor of2 (the esti

mated possible error) K. increases to 1.84 sec-1 which is still two 
. 1 

orders of magnitude less than the measured value. 

It follows from eq. (5) and average group velocity that the min

imum coherence time is T >2.6XlO- 9 sec. This coherence time is con-. c-

sistent with the correlation time for scattering obtained from the ex

citon ODMR spectrum by Francis and Harris9 and that for dimers of proto

TeB in a deutero-TCB lattice measured by Zewail and Harris. 11 Using 
\ 

TC = 10-7 sec. (from Ref. 11), one notices that the minimtnn coherence 

length reported here is considerably smaller than the maximum value 

(V ) T = 27000 A. There are several possible sources of this discrep
g c 

ancy. For ex~le, the factor a in eq. (8) is not necessarily near 1.0'. 

If one assumes ( i) = ( i> = 27000 A , then the resulting value of a max . 

.. 
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indicates that as few as 3% of exciton -trap encOlmters 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-

p1icit1y considered. For example, optical excitation initially excites 

only levels near k = o. Therma1ization and evolution of these states into 

propagating excitons was assumed to be fast compared to the trapping 

process. Si.nii1ar1y, the nature'of the mixing of k-states due to scatter-

ing ofphohons might play an important role in determining how far the 

exciton moves'beforethe next scattering event such that the coherence 

length is ~ignificant1Y different from < £ kax. 
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 other than those responsible for the x-traps 

themselves play important roles. At the lowest temperature investigated 

(1.15°K), emission from a trap with an approximate trap depth of 8 em-I· 

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 

perfect lattice periodicity perturb the exciton density of states 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 t~e coherence length to the extent observed. 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 model 

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. SlUIlJllary 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 (1,2,4,5~tetrachlorobenzene and 1,4-dibromonaphthalene) 

at different temperatures. The following conclusions can be drawn from 

these studies: 

(1)· The time-resolved phosphorescence response reflects the 

dynamics of exciton-trap equilibria. 

(2) In the TCB system 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" states in ,the 
) 

one-dimensional DEN system helped in exploring the many routes 

of communications between the band and traps which are essential " 

in understanding coherence in this system. 

(3) The steady state phosphorescence of 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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(4) The trapping rate constant obtained from the time resolved phos-

(5) 

/

phorescence at different temperatures together with the chain . , 
I 

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. 

The measured coher,ence 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 ofTCB. Thus, although this work does not necessarily give 

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

gives a correct lower limi t for (t). 

Finally, it is worth while to point out that tlll1able 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=O state of the crys

tal whose dynamics might be very revealing if the,proper instrumentation 

and experimental timescale is available. The coherence of the laser rad-

iation'has also only recently been made use of in the study of molecular 

crystals,24,25 and the possibility ot extending the pulsed magnetic res

cmance experiments mentioned earlier into the 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 elusive 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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PAAT lliO 

Picosecond Spectroscopy 

I. Introduction 

Many aspects of dynamics and relaxation of molecules remain 

relatively unexplored due to the lack of appropriate 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 

1~8seconds. Examples of such processes include primarY events in photo

chemistry, electron transfer, fast chemical kinetics, molecular predis-

sociation, and radiationless transitions. Condensed phase molecular 

systems provide many additional examples. These systems are character

ized by relatively strong intermolecular interactions with short corre-

lation times, and many dissipation, relaxation, and energy transfer pro-

cesses occur on the sub-nanosecond timescale. Information about these 

processes can in principle often be obtained via studies of the appro

priate spectral lineshapes. However, practical problems such as spectral 

congestion or incomplete resolution often make such measurements very dif

ficult. In addition, there are usually several mechanisms which together 

determine the observed lineshape, and study of individual processes is 

not possible. 

In 1965 the development of the mode locked solid state laser26 

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

molecular dynamics on the picosecond timescale. It was found that a 
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saturable dye with a short recovery time placed inside the laser cavity 

resulted in an output in the form of a train of extremely short pulses 

separated from 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 the emission 1inewidth of the laser transitions in ruby and neody

mium glass lasers would give pulse widths of about 10-12 seconds. In 

fact,ear1y measurements of pulse widths of mode-locked pulse trains 

27 28 gave values in the range 3-30 psec. ' 

As the characteristics of pulses produced in this way became 

more well-defined experimentally, it became clear that they deviated con

·siderab1y from ideal mode-locked behavior, particularly in the case of 

Nd:g1ass lasers. The shot-to-shot reproducibility of laser output char-

acteristics such as pulse train intensity, length and shape was genera1-

1y lacking. The appearance of more than one or even many pulses per 

cavity round trip time was common, 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 

for the pu1sewidth of a few picoseconds. 27,28 Since.~omp1ete temporal 

coherence would result in a spectral width consistent with the Fourier 

~ransform of the observed or postulated pulse shape, this implied the 

possibility of lIDdetected amplitude or phase substructure. These char

acteristics often made the experimental application of these pulses 



-60-

difficul t and the results mOTe ambiguous. 

A major paTtof the effort in applying these light sources to 

the study of ,molecular, dynamics has been expended in understanding and 

overcoming these difficulties and learning to live with others. For ex-

ample, since the spectral broadening was found to be greater for pulses 

in the later part of the train, pu~seswith nearly transform-limited 

coherence can be obtained by selection of a single pulse from the early 

f h 1 .. hI'· h 29 part 0 t e pu setraln Wlt an e ectro-optlc sutter. Furthennore, 

this single pulse technique allows the investigation of samples in which 

the molecular 'System would not tully recover during the time between two 

adjacent pulses in the train. The reproducibility problem can be par

tially alleviated through careful design and control of e:A'"Perimental 

conditions. However, the presently understood theory of mode-locking 

by saturable absorbers30 indicates that a certain amount of statistical 

behavior is characteristic of the mode-locking process. Other problems 

which arise in the application of these light sources more directly ef-

fect the design of the experirnent itself. One of the most restrictive 

of these is the lack of tunability of the Nd:glass laser.' This can be 

partially overcome by the use of non-linear effects suchas harmonic gen

eration and stnrrulated Raman scattering to generate picosecond pulses at 

. additional wavelengths, but an interesting experiment is often difficult 

or impossible because the necessary wavelength is 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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photodetectors and electroni.c signal processing equipment with sufficient 

bandwidth to observe picosecondrisetimes are essentially non-existent, 
o 

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 discusse<;l later, this makes it imper

ative to develop techniques which can overcame 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 

. many non-linear effects (e.g., self-focusing62 and self-phase-modulation.64 

These phenomena may interfere with the successful execution of the exper-

iment and must be avoided or compensated for. 

In spite of these problems, . the field of picosecond spectroscopy 

is growing rapidly. Areas of recent activity in the field of chemical 

problems include vibrational relaxation in 1iquids,31 radiationless 

.. 32.. h· 33 h h t· .. 34 transltlons, VlSlon c emlstry, p otosynt e lC energy converslon, 

. .. 1· . d 3S 1 1· 36 d ff· reorlentatlon In lqUl s, e ectron so vation, an cage e ect In 

solutions. 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 

Since there are several godd review articlesS,39 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~ 

alo~es 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 

phenomena such as photon echoes,40 optical nutation41 and self-induced 

transparency. 42 Such experiments lead to insight into the mechanisms 

and interactions responsible for the loss of coherence in molecular sys-

terns. In principle at least, application of the full repertoire of 

pulsedNMR techniques in the optical regime could be invaluable in sep-

arating and studying the 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 through the use of pulsed tunable 

dye lasers 25 and dye laser frequency switching. 24,43 Although the in

formation yielded by such techniqu~s in the picosecond regime would un-

doubtedly be of con'siderable value, there have been almost no experiments 

of this type reported. The one exception is the .studies of'vibrational 

dephasing in liquids44 and optical phonon lifetimes in sOlids45 done by 

the Kaiser group. The main reasons for this absence of picosecond pulsed 

coherence measurements lie in the properties of the light source, namely 

the poor tunability, low reproducibility, and questionable coherence 

properties. 

With the aim of investigating same of these problems 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 chosen. The great body of pico- , 

second work has been done with these lasers, and their high pulse inten

sities are a great advantage. However, for 'the study of molecular co

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

bandwidth and transverse mode structure must also be carefully controlled. 
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As discussed above, these are not the strong poin~s of glass lasers. 

During the course of learning to operate this system, it became clear 

that the success of these experiments depended on the ability to at 

least partially alleviate these problems. The remainder of Part Two 

represents an attempt to synthesize as much as possible of the knowledge, 

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 users, at least until the system is replaced with one 

which is more versatile. 

In section II the mode-locked laser system is described and a 

synopsis of valuable alignment and operation procedures is presented. A 

brief overview of the theory of mode-locked operation is also included. 

Section III discusses some considerations involved in the design of a 

picosecond experiment. Various approaches to the probe pulse technique 

are presented and the closely related topic of design of the method of 

detection is discussed. Several measurements of the properties of the 

picosecond pulse such as pulse width and spectrum are presented in an 

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 

J 
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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 devices and their 

physical construction interact to determine the actual behavior of the 

system. Only in this way is the operator able to systematically modify 

the behavior of the laser system so that it is useful as an experimental 

tool. In practice however, this goal is relatively remote and has only 

been partially attained, at least by this experimenter, and a relatively 

large amolIDt of trial and error is also involved. The following repre-

sents a brief discussion of the principles of passive mode-locking only. 

No attempt is made to deal with the operation of lasers in general, the 

theory of cavity modes, non-linear ~ptics, etc., since these subjects are 

well covered in standard texts and reference works. 46 

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

which has resonances (modes) separated in frequency by TIc/L. These modes 

represent configurations of the electric field in the laser cavity which 

have low diffraction loss and propagate urichanged 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. In Nd:glass for example, 

the emission linewidthis about 200cm- l , and the number of modes within 

this bandwidth is on the order of 104. Thus, the laser is able to oscil

late simultaneously at a number 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 form: 52 

'. 
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E(z,t)= (1/4){-i exp[-iCw t-k z)] "" E exp{-i(n-m)(t/t - 'lTz/L)] m m ~ n . c 
n (31) 

+ i exp[ -iCwmt + kmz)] L En exp[-:-i (n-m) (t/tc + 'lTz/L)] +c.c.J 
n 

where the sum is over all modes which receive gain from the laser medium 

and the center frequency of the field is at mode m. tc = 2L/c is the 

cavity round trip time where L is the cavity length. This equation de

scribes a pulse of light bouncing up and down in the laser cavity, lead

ingto the appearance of a train of pulses beyond the partially reflect-

ing output, mirror.-

The presently accepted theory of mode-locking by'a saturable ab

sorber in the laser cavity is due to Letokhov. 30 It describes the mode-

locking process in the time domain as the evolution of the radiation in 

the cavity under the influence of the saturable dye and the gain medium. 

The process is broken into three stages for the purpose of discussion. 

The linear amplification stage begins as the prnrrping radiation increases 

and the laser first reaches threshold for a substantial number of modes. 

Oscillation in each mode is initiated randomly so that no initial ph~e 

relationship exists among the electric fields of different modes. This 

results in an electric field which fluctuates randomly in time due to 

interference 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 number of participating cavity modes 
-13 -12 (10 to 10 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 ~ntense fluctuation is 

able to begin to bleach the saturable absorber. It then feels less loss 

than the weaker pulses and is preferentially amplified at their expense. 

This stage begins in a Nd:g1ass laser when the peak int~nsity reaches 

-107 W/cm2. Furthennore, the saturable absorber tends to absorb the 

wings of,the pulse and pass the more intense center portion resulting in 

a pulse-shortening effect. The limitation 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 oufO 

that the statistical nature of initiation of laser operation and selec-

tion of the most intense fluctuation is an inherent limitation of the 

passive 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 refraction of 

the optical components, particularly that of the laser rod, can 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 

the temporal structure of the pulse due to this frequency modulation. 

The effect is deterioration of the coherence 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

~ive 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 pointed out, difficult to control 

experimental conditions such as the transverse mode structure nrust be 

considered as well. Secondly, the gain profile in the linear amplifica-

tion stage causes the pulses to be broader than the theoretically obtain

able 'minimum. It has been demonstrated that this problem can be allevi-

ated by modifying the gain profile with suitably designed intracavity 

filters. 66 Ho~ever, if one is Milling to accept the longer pulse width, 

this is not necessary. Thirdly, the finite relaxation time of the sat-

urable dye limits the obtaina~le pulse width as well and also leads to 

an asymmetry of the pulse shape. Finally, the pulses later in the train 

possess undesirable substructure and lack complete coherence. 

From a practical viewpoint, one should keep in mind that good 

mode-locked pulse trains will be produced whenever the most favorable 

pathway .for release of the stored pumping energy is the production of 

ultra-short pulses. This depends on a complicated interplay between 

saturable dye concentration, 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 higher than optimum dye 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 optTImilm 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 TEMoo mode and its 

lack of "hot spots" should result in significantly less self-focussing 

and associated nonlinear effects. However, selection of TEMoo seems in 

practice to increase theinstabili ty of our mode-locked oscillator. The 

source of this problem is not clear. Many other similar effects exist, 

and the best combination of conditi9ns for optimum mode locking is most 

easily reached bya semi-educated trial and error process. The result 

of this process at its present level of sophistication is described in 

the following two sections which are concerned with the design of the 

mode-locked laser system and the procedures used in its alignment and 

operation. 

B. Design and construction of the laser system 

To obtain optTImilm coherence properties from a Nd:glass picosecond 

laser, it should be operated in a single transverse mode (TEMoo)' and a 

pulse should be selected from the beginning of the pulse train before dis-

tortion due to non-linear processes becomes important. Clean single 

pulses should be produced in a substantial fraction of laser shots, and 

the surrounding background light level should be as low as possible. 

Sufficient amplification and harmonic generation capability should be in

cluded for maximum flexibility. The system described below has evolved 

, 

• 
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into a configuration which incorporates these features in a reasonably 

optimum and convenient way, although there are several areas ,where im

provement is needed. A schematic diagram of this system is shown in 

Fig. 14. 

Laser Oscillator 

A minimum mode-locked oscillator includes the laser head, two 

mirrors which fom the cavity, and a saturable absorber. Our Nd:glass 

laser also includes an intracavity aperture for selection of TEM mode. 
ex:> , 

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

dye in 1,2-dichloroethane. The dye solution is contained in a flowing 

dye cell which consists of one window and the rear laser reflector so 

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

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

rors) are wedged at a small, angle or cut at Brewster's angle to avoid 

longitudinal mode selectivity due'to reflections along the laser axis. 

The mechanical design of the oscillator has stability in mind. 

It is built on a Gaertner Corp. lathe bed type optical 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 res~tability of 0.1 arc-sec. The laser head is 

mounted on its own optical bench carrier and possess 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 is formed by a resonant cavity con

sisting of reflectors Ml and MZ' and the Brewster-angled Nd:glass 

laser rod, 1. The aperture, A, selects for TIMoo mode, and the laser 

is mode-locked by a saturable dye, D, whose flow is indicated schem

atically. The laser system is aligned with a 5.0 mW helium-neon 

laser. The pulse selection system consists of an ultra-fast shutter 

formed by two Glan-Thornpson polarizers, GP, and a Pockel's cell, PC, 

which is energized by a spark gap triggered by the rejected pulse 

train, SG. The single 1.06 ~ pulse traverses the amplifier rod, AI' 

twice and the second amplifier, AZ' once. It then passes through a 

saturable dye cell (not shown) which serves to remove any low inten~ 

sity background radiation which might be present. Generation of a 

second harmonic pulse 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 laser axis. An adjustable aperture and sev

eralfixed sizes in the vicinity of about 2-3 mm diameter are available . 

. The laser cavity is an approximately semi-confocal configuration. 

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

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

a flat rear reflector with 99.9% reflectivity. The reflectors are of the 

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

These coatings stand up quite well, and it was not necessary to use the 

more expensive "super hard high power" type. Other cavity configurations 

were tried as well, ranging from two flat mirrors, to· one with 1 0 m radius 

of curvature and the ot~er flat ,to 6 m and flat, to the one described 

above. With each set of mirrors; the position of the laser head and aper

ture as well as the cavity length were varied to determine optbtruffi mode

locked operation. In general, the longer the cavity and the shorter the 

radius of curvature of the mirror (within the range described), the 

easier to select for TEMoo mode. However, such a configuration also tends 

to decrease the size of the transverse mode and thus increase the power 

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

laser rod and coatings. The configuration described above is about opti

mum. It was found that the laser rod should be positioned near the curved 

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

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

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



-73-

consistent mode locking •. 

The laser rod consists of a 1/4" diameter core of Owens-Illinois 

type EO-2 glass surrounded by ED-5 cladding for an overall diameter of 

3/8". The clad rod gave lower threshold and generally superior perfor

mance camparedWith art earlier unclad EO-2 rod. The output power is 

about the same in either case, since the rEM mode is small compared to 
00 

either diameter. The rod is 5-3/4" long with Brewster angle faces and 
. . 

is ptnnpedover 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 

Lawrence Livermore Lab prototype. It was machined from a brass block, 

polished,and finished with nickel and gold plating. This head is very 

easy to machine and gives approximately uniform illtnnination of the laser 

rod. A cross-sectional view of this ptnnping arrangement is shown in Fig. 

IS. A double elliptical design using two linear flashlamps was also ex-

perimented with and resulted.inmarkedly lower threshold punping rates. 

However, the focused pumping light seemed to give greater instability in 

mode-locked operation compared to the uniform illtnnination provided by 

the cloverleaf head. The laser head andflashlamps are cooled by circu

lating de-ionized water through the head itself and through water jackets 

surrounding each flashlamp. The temperature of the cooling water is main-

,tained by a Lauda K2/R constant temperature bath. 

The flashlamps are driven by an approximately critically damped 

capaci tor discharge circuit (C = 240 jJf, L = 110 llH) resulting in a flash

lamp pulse of approximately 300 jJsec width at half height. The capaci

tor is charged by a Lawrence Berkeley Lab designed 5 kV power supply 

which is regulated by an op-amp feedback circuit to give reproducible 
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Figure 15. The cloverleaf head is easily machined, since'each "leaf" 

of the clover is cylindrical rather than elliptical. The flashlamps, 

F, are mOlIDted off-center to provide approximately uniform illumina~ 

tion of the rod,R. 

II 
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charging voltage to about one part in a thousand. This supply is 

capable of reaching full charge in about 15 seconds. The lamps are 

triggered us ing the series inj ection triggering method. The trigger ""',; 

pulse is produced by a EG&G TR 136B trigger transformer switched by 

a cold cathode krytron switch tube. 

The mode-locking dye cell consists of a stainless steel hous

ing, a fused silica optical flat which is anti-reflective coated on 

its outermost surface,·the rear laser reflector and a teflon spacer 

and gasket. An exploded view of this assembly is shown in Fig. 16. 

The spacer is selected to give a (single pass) path length of 0.1-0.2 

lmll, and the inlet and outlet ports ,are arranged to result in even flow 

of the solution across most of the face of the mirror. The entire as

sembly fits directly into the 2" Lansing mOlmt. This "contacted" dye 

cell configuration is said to decrease the occurrence ,of satellite 

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 the dye to be more easily bleached than by a 

single pulse. Other cell configurations which were tried include non

contacted, non-flowing models and flowing, non-contacted models. Flow-

'ing the dye solution seemed absolutely necessary to avoid rapidly 

deteriorating laser performance. The flow 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 minimal transmission of vibrations 

to the rear mirrormolIDt. The non-contacted configurations often gave 

clean trains if the cell path length was not smaller than about 5 nun. 



Figure 16. This figure shows the dye cell and rear mirror assembly. 

The cell is formed by the laser reflector, 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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CONTACTED FLOWING DYE CELL 
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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 ml capacity and slowly circulated by a Micropump gear-type pump. It 

is important that only relatively inert materials 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 detri-

mental effects on the laser operation. It is also a good idea to use 

only the solvent supplied by Eastman Organic Chemicals for the Q-switch 

dye, since solvent from other sources often contains impurities which 

cause rapid decomposition of the dye molecules. 

For the purpose of alignment, as. 0 mWHelium-Neon laser beam 

is directed into the cavity through the rear 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 coherence. 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 shortening 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 containing 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 used in this laser system. 

The pulse selector consists of a Lasermetrics ring electrode, 

dual crystal KD*P Pockel'? cell between two Glan -Thompson Q-swi tch type 

polarizers. The input polarizer is set to pass the incoming 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 obtain the maximum contrast 

ratio (the ratio of shutter open transmittance to shutter closed trans-

mittance). The Pockel's cell is mo~ted in a gimbal mount to facilitate 

alignment. The pulse selector is driven by a laser triggered spark gap 

system similar to that described by von der Linde. 54 The gap itself is 

of a simple design. It conSists of two electrodes of 1/16" radius of 

curvature mounted on Reynolds Type 167-3517 "high voltage connectors. One 

electrode is threaded to 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 housing 

wi th nitrogen gas. A schematic diagram of the spark gap circuit is 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 cell. Approximately half of 

the light rejected by the second 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 in cable 

A empties into cable B producing an approximately square pulse of voltage 

3.0 kV 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. The 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 resistance Rl ~ 100 :rvm determines the recharge time of 
~. 

cable A(- 6 msec) •. RZ = Z :rvm and R3 = 100 n results in an approx-

imately 10 volt pulse which is used to trigger other equipment. 



PULSE SELECTION SY STE M 
/ 

--===~f f f) L;N..N) Ir. c r 50n 
-1 

+=--l G.P. ·i i Ii - .. 111111111111 L-____ ~ I~ 

I G. P. 
__ : PC. 

8 

r-----I -, 

-H.V. I RJ. I 
J ~ : .-::; 
I ·l 'I----l 
I ,A 
J I ~ L---
I I 
I I 1 I Aux. 
L R3 lOut 

____ J 

XBL 7711-6478 

Figure 17 /' 
,~ 

, ". 

\ 

I 

00 
N 
I 



-83-

This pulse energizes the Pockel's cell after a delay detennined by the 

length of cable Band 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 synchronization 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 disadvantage is that adjustment to obtain 

optimum pulse selection is somewhat inconvenient, since it must be done 

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

spark gap, etc .. However, a pulse selector has been reported55 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 preferred 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 and 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 adjustment of the rod orientation 

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

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

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

the single pulse is passed through the first rod twice and the second 

rod once (see Fig. 14). The first two stages give about lOX amplifica-

tion each while the third gives SX. The pulse is then passed through a 

saturable absorber with a small signal transmittance of 10-3. There

sul ting pulse has an energy of - 30 mJ and a beam diameter of - Snnn. 

Non-linear losses67 in the last amplifier stage are responsible for its 

lower gain, and further amplification would require beam 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 wavelength. It is also possible to redouble the 5300 A pulse in 

an ADP crystal to give a fourth harmonic pulse at 2650A. Thus, the 

fundamental wavelength and its three harmonics provide the basic wave-

lengths available from this laser system. The path lengths of the har

monic generation crystals are kept fairly short (30 mm or less) to 

minimize 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 

table with Enco Model 300 magnetic bases. This makes the placement of 

optics quite easy and lends versatility to the design of the set-up. In 

addition to the standard optica11 components, a Janis variable temper· 

ature dewar is also provided for low temperature work. For a discussion 

of the detection system see section III.A. A detailed description of a 

typical experimental set-up is given in Part Three in the section on 

measurements of vibrational dephasing times. 

C. Alignment and operation of the laser system 

The alignment of the laser system to produce high quality pico

second pulses is more of an art than anything else. Often the laser be

haves in a highly irreproducible manner, and the same alignment proce

dure may work one day and not the next. 'This problem is mainly the re

sult of the large number of variables and adjustments that can be changed. 

The frustration is compounded by the low repetition rate and the fact 

that several laser shots are usually required to evaluate the effect of 

a particular adjustment .. ~very worker must expect to have to develop his 

own "feel" for the process. Perhaps, however, 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 to which the oscillator and other 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 with the laser rod as is possible. In practice this 

is done by first tilting the He-Ne beam so it is parallel to the opticai 

bench and then translating it until it enters the center of the laser~; 

rod face. Proper alignment 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 it once again enters the center of the rod 

face. This procedure is iterated until satisfactory alignment of the 

laser head and He":Ne beam is obtained. This part of the alignment is 

very inconvenient and could be circumvented by modification of the laser 

head mounting to include the necessary adjustments of tilt and transla-

tion. With the present aTtangement~ any adjustment of the laser head 

position necessitates. complete realigInnent of the oscillator. 

To align the laser mirrors, one adjusts the front (output) mir

ror so that the back-reflection from the coat~d surface is aligned with 

- the incoming He-Ne beam. This is monitored by-observing the back

reflection at a pinhole located immediately in front of the He-Ne laser 

and centered on the beam. The back mirror is then made parallel to the 

front by superimposing the two back-reflections. This process is easier 

if one places an optical flat in the He-Ne beam before it enters the 

laser cavity to split off a portion of both back-reflections. The re

flections can then be projected on a convenient wall or other object and 

qui te accurately superimposed. When the -alignment is correct, a circu

lar interference pattern is produced where the two back-reflections over

lap. This alignment should be sufficient for the laser to operate in 

"normal mode," i. e. , wi th solvent only in the mode-locking dye cell. One 

then fires the laser and monitors the output using the burn pattern on a 



-87-

piece of blackened Polaroid film. By adjusting the mirrors (the front 

mirror adjustment is most sensitive) and working for lowest threshold 

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

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

this is done without use of the 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 bum pattern and its position with respect to the 

He-Ne beam. However, this is not always true, and no general rule exists 

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

bum spot which cannot be removed by minimal mirror adjustment may in

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

the rod center should be repeated and the mirrors realigned. Once a 

fairly uniform TEMoo spot is obtained which is close to being concentric 

with the He-Ne alignment beam, the aperture is inserted. It should be 

possible to obtain lasing at around 2500 volts. The position of the 

aperture is 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. 

Enough 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]J in a 5rnrn path length cell. This corresponds to about 

80% transmittance (double pass) in the 0.2nnn path length dye cell. I.t 

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-locked operation with a fairly symmet

rical TIM burn spot about 1. 5 TIm in diameter. The voltage required on 
00 

the capacitor is in the range 2800-2900 volts. 

Most likely the laser will not oscillate at this 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 

for the optimun aligrnnent by slowly adjusting first the x-y position of 

the aperture, then back mirror and finally front mirror over a small 

range until suitable operation is obtained. Appropriate increments for' 

adjustment are fractions of a TIm for· the aperture, 5-10 micrometer divi-

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~~eflections from the two mir

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

. example, slight displacement of the aperture can usually be compensated 

by.mirror alignment. It should also be noted that the aperture size and 

dye concentration seem to interact somewhat. If the dye concentration is 

too high, the .operation is very erratic. For example one might observe 

very strong output followed by several shots with no output at all. If 

the concentration is too low the output is very weak and not mode-locked, 

and the threshold voltage not very,well-defined. 

Once the os~illator is lasing' fairly renably, the energy can be 

lowered to a point just above threshold. This should be the operating 

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

tend to favor production of multiple pulse trains, pulses with broad 

/j , 

.. 
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spectral width, and transverse modes other than TEMoo' The quality of 

the mode-locked output can be checked with a photodiode and traveling 

wave oscilloscope (see below for details). A better than typical pulse 

train is shown in Fig. 18(a). Less desirable operation is shown in (b). 

Frequent observation 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 for several days, and with minor readjustments 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 noted, the dye system should be 

flushed and refilled with fresh dye solution. Another result of dye 

deterioration due to the laser beam itself is the formation 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 appearance to a damaged mirror coating. The 

problem can be partly prevented by circulating the dye solution with the 

pump at full speed for a few seconds every few shots. Eventually the 

mirror must be translated to a fresh spot or removed from its holder and 

cleaned. 

If all of these adjustments and efforts are to no avail, or if 

the qu~lity of the pulse trains suddenly worsens, one can also look for 

more serious troubles such as dirty or 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 the laser oscillator 

described.here. These traces were obtained by photographing the 

screen of a Tektronix 519 oscilloscope connected to a Hewlett-

Packard PIN photodiode in the configuration shown in Fig. 20. 
. '-

The trains in (a) appear to be, cleanly mode locked, while those 

in (b) show the presence of multiple pulse trains and/or satel-

lite pulses. 
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the form of strings of what appear to be tiny bubbles along the beam 

path within the rod. These are very difficult to 'see , and are most 

easily detected by passing 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 operating satisfactorily for a 

period of time, it is wise to be hesitant to adjust mirr?rs or aperture. 

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

alignment as a last resort. Even then, it is best to try very small ex-

cursions of th~ various adjustments to begin with. The key to success 

with this laser is patience and thewiilingness to accept less than 100% 

perfect performance. If clean mode.-Iocked pulse trains are produced 

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

Pulse Selection and Amplification 

. Adjustment of the pulse selector is fairly simple, and it'does 

not usually require periodic readjustment. The only variables are the 

gap size, the nitrogen pressure, intensity of the incident light and the 

position 6f the focal point of the incoming laser beam~ The pressure is 
"," 

usually adjusted to slightly above the static breakdown pressure (the 

pressure at which the gas breaks d~wnwith ill laser beam present) with a 

gap width of about O.Snnn. The position of the switched-out pulse can ;-

be adjusted within the train most easily by varying the incident inten-

sity with neutral density filters 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 required 

to cause breakdown can be lowered somewhat by moving the focus slightly 
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closer to the negative electrode. However, focusing the radiation 

directly on the electrode is not advised since significantly higher 

jitter results. It should be noted that the rejected 1.06).1 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 necessary to ac

comt for this can be determined by monitoring a burn spot immediately 

before the gap entrance window and comparing with the position of the 

He-Nebeam. If no missing pulse is observed when monitoring the re-

jected pulse train with a photodiode, it may help to trigger the scope 

with the auxiliary output pulse of the spark gap circuit in order to 

determine at what point in time the spark is actually being triggered. 

The parameters mentioned above can then be adjusted to time the break-

down appropriately. 

The Pockel's cell mUSt be adjusted for minimum transmission when 

not energized. This is most easily accomplished 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 transmitted by the second 

Glan polarizer. The final alignment should be such that the back-

reflection does not coincide exactly with the laser axis. If it does, 

the resulting feedback into the laser cavity will result in poor mode-

locked operation or none at all. 

In order to align the amplifiers and the optics of the exper

iment, the polarizer at the input to the pulse selector is rotated by 

90° so that the 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 aligrunent of optics 
n 

downstream from them. The thermal lens effect due to temperature gradi!, 
''''-....... ''':! 

ents in the rods is qUlte noticeable. AI though there is very little " \~ 

displacement of the beam due to this effect, the beam size may change 

considerably. Since the first two amplifier ~tages are two passes 

through the same amplifier rod, the beam is adjusted to enter slightly 

to one side of center and leave slightly to the other ·side. ,However, 

since the displacement between the input' and output beams is only - 5 an 

over a distance of - 3m, the angle is very small, and both beams are 

nearly centered. The third amplifier stage is aligned to accurately 

center 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 need only be made 
. , 

once is the delay time between the flashlamp discharge of the oscillator 

and that of the amplifier. This is set to give maximum amplifier gain 

at the time the pulse passes through. The actual amount of this delay 

is determined by the laser controller circuit described· below. The burn 

spot of the amplified single pulse is a good check of the final 'al.ign

ment. Distortion of the beam profile due to misalignment of one of the 

amplifier rods can usually be detected in this manner. The beam profile 

can be measured more accurately using a photodiode array such as that 

,manufactured by Reticon Corp. The divergence of the laser beam is such _ 

that the third stage amplifier rod is approximately filled by the beam, 

and a beam diameter of - 8mm is measured. 

• 
• 

Ii 

,.. 
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Harmonic Generation 

The harmonic g~neration crystals are aligned by monitoring the 

input pulse energy and harmonic output energy with suitable detectors 

and maximizing the ratio by adjusting the crystal orientation. The marks 

on the input window of the crystal housing nrustbe aligned with the polar

ization of the input beam. The most sensitive adjustment for Type I 

phase matching is the angle between the beam axis and crystal axis in the 

plane perpendicular to the input polarization. This is usually the only 

adjustment that need be done accurately. An appropriate increment for ini

tial adjustment is about 1 turn on the differential screw micrometer Lansing 

mount (- 0.05 degree). 

III. ExperimentalConsiderations 

A. Probe pulse techniques~Detection and control systems 

To explore molecular ~vents on a picosecond timescale with mode-

locked lasers, the method of detection nrust compensate for their inher-

ently low reproducibility and the slow response times of most photo

detectors. The second problem has generally been circumvented by using 

a probe pulse technique. 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 following the excitation pulse. The evolution in time of 

the ensemble of excited molecules can then be plotted out by monitoring, 

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 

jitter of a small fraction of a picosecond. With the advent of fast 
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. k hi h d . f . 3Sb strea cameras, t . s met 0 IS not necessary or some experlments 

such as fluorescence decay measurements~ However, these devices are 

very expensive and are yet in limited use as experimental tools inpico-

second spectroscopy. 

The problem of reproducibility arises not only from the charac-

teristics of the laser itself, but also from the non-linear interaction 

of the high intensity pulse with matter. For example if the probe pulse 

is generated by stimulated Raman scattering, the beam may be distorted 

by self-focusing in th~ Raman medirnn. This distortion may be highly 

variable from shot to shot, resulting in a fluctuating beam shape. 

Since the probing process depends,on the overlap of this beam with the 

distribution of excited molecules in the sample, such fluctuations are 

easily transmitted to the observed signal, and need .have no particular 
, 

correlation with other pulse properties such as intensity. In general, 

such non-linear processes may tend to magnify the variations (in trans-

verse mode distribution, pulse shape, etc.) present in the input pulses. 

These problems, have met with various kinds of solutions. The, 

excitation and probing intensities are usually measured for each shot so 

that the signal can be properly normalized. Several laser shots at each 

delay can be averaged to reduce the effects of random variations. How-

ever, with a repetition rate of one pulse per minute, this becomes quite 

time consrnning. A technique which avoids this problem by recording the 

entire time evolution of the system in a single laser shot was developed 

by Rentzepis. S6 In this method, a stepped delay device called an echelon 

separates the probe pulse spatially into portions which are given differ

ent delays. Thus, the sample is probed at several different times in one 

• .. 

.. 
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shot and the delay time infonnation is converted into spatial position. 

A graph of the nonnalized intensity of the echelon pulses vs their spa

tial position thus displays the transmittance of the sample as afunc-

tion of time. The intensity and spatial infonnation is recorded with 

an image detecting device such as a vidicon detector. If the echelon 

image is projected on the slit ofa spectrograph such that the spatial 

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

fonnation as a fUnction of both wavelength and delay time is recorded 

in one shot. S6b Several other similar techniques have also been devel

oped which provide for ease in nonnalizing the data and convenient dis-

play of spectral infonnation. S7 Whatever technique is used, it should 

provide capability of'nonnalizing the signal and should minimize the 

effect of fluctuations which cannot be easily accounted for in the 

normalization process. 

AI though the echelon 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 mostly with the difficulty in controlling the spatial proper

ties of the beam after passa~e through our home-made echelons. This was 

an important disadvantage, since a well-collimated and spatially uni

form beam is required to satisfy the wave-vector matching conditions in 

the coherent. Raman scattering experiment. In addition, the point by 

point method allows somewhat greater flexibility in choosing the 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 $ignals, normal-

izing them-, and perfonning the appropriate averages. 
~ 

A block diagram of the detection and control systems is shown in ~ 

Fig. 19. The system is built around an 8080-type microcomputer with 7K 

of memory. The processor is progTannned in machine language and is inter-

faced to a Netronics scientific calculator for ease in progrannning float-

ing point arithmetic. The processor can interact with the experiment 

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 detectors 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 ways depending on the capabilities of 

the sofuvare programs. The detectors used vary, depending -on the spec ~.-

tral range of interest, from photomultipliers, to Hewlett-'Packard PIN 

photodiodes, to a Au:Ge photoconductive infrared detector. The photo

multipliers are preferred due to their large photocathodes. This tends 

to minimize any error due to fluctuations in the transverse structure of 

the beam that is incident on the detector. Nine-stage side window types 

such as RCA 1P28 were typically 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.msectime constant, and the sample 

and hold circuits are triggered 10].l sec following the laser 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 corrnnands ac

cording to whether or not the timer has signaled it that the proper 

interval has elapsed, and the delay circuit transmits the trigger 

to the oscillator and amplifier flashlamp circuits at the appro

priate point in time. The gate generator serves to synchronize the 

operation of the detection system and data processing system (lower 

box) with the laser. The 8080 microcomputer interacts with the user' 

through a teletype and with the experiment through an analog to 

digital converter (A/D). The analog signals (heavy black lines) 

from the detectors, shown here as two photonrultipliers (FMI') and a 

photodiode (PD) are processed by a gated integrator and sample and 

hold circuits (S&H) before being accepted by the computer. 
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t' 
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./a gated integrator is also available. This circuit is capable of in-

y/ tegratingall or a selected portion of such signals. 

The laser and detection systems are controlled and synchronized 

by a TIL logic circuit. The triggering of the detection system can be 

synchronized directly to the picosecond laser pulse via the auxiliary 

output pulse of the spark gap or to any TTL trigger pulse. This trig

ger signal causes the pulse generator circuit to output appropriately 

delayed'pulses which gate the integrator circuit, trigger the sample and 

hold circuits, and signal the microcomputer when the data is available 

to be input and digitized. 

The laser controller part of the circuit consists of a timer, an 

interlock and warning signal generator, a delay circuit for timing the 

oscillator and amplifier flash lamps, and various delayable auxiliary 

outputs for synchronizing external equipment. Provision is made for 

three modes of triggering: 1) Automatically after a set period of· time; 

2) Manually from a panel-mounted push button; and 3) Remotely from an 

operator's console or from other external equipment such as an optical 

mul tichannel 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 is 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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'l-:/ 

In addition to these detection and control systems, thk..,oscilla
'--", 

tor output pulse trains must be monitored on each shot to ensure cleanly 
'- ,. 

mode-locked pulses. This requires the use of the fastest detector that '~ 
I:~i 

is convenient and reasonably economical. For this purpose we have used 

Hewl~tt-Packard solid state PIN photodiodes (Type 5082-4203) mOlmted in 

a low inductance 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. Especially when quantitative results are desired~ charac-

teristics such as the pulse shape must be known to properly interpret 

the data. Because of the lack of suitable instrumentation for pico-

second timescales, the detennination of characteristics such as pulse 

width, pulse shape, and intensity are somewhat difficult and m'..lst be 

accomplished by indirect means. Others such as the spatial energy dis-

distribution, spectrum, pulse energy, and temporal fonn of the pulse 

train can, on the other hand, l!ie fairly simply measured with connnonly 
-

available methods. When the information from all these measurements is , 

combined, one can obtain a fairly complete 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 trains are monitored with Hewlett-Packard PIN photo

diodes which are mounted directly to 125 ohm panel connectors to pro

vide fast risetimeswhen used with a Type 519 oscilloscope. Current 

to drive the cable and scope is provided by a low inductance capacitor 

formed by a brass sleeve and a brass cylinder which also serves as 

mounting for the diode itself. The space between the sleeve-and 

cylinder is insulated with a thin mylar sheet. This arrangement re

sults in rise and fall times of less than one nanosecond. 
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The most frequently used probes of pulse shape and pulse width 

involve some fonn of correlation of the pulse with itself. The most 

familiar of these is the two-photon fluorescence method28 which mea-

sures the intensity autocorrelation function: 

G(2) (T) = (V(t) V(ttT) V* (t) V* (t+T)t (32) 

where Vet) represents the normalized amplitude of the electric field of 

the laser pulse. As was pointed out,29,58 this measurement has several 

disadvantages. Because it is a second order autocorrelation, it gives 

incomplete information about the shape of the pulse. In particular, it 

is unable to display the asymmetry predicted by Letokhov's theory of 

passive mode locking. 30 The two-photon fluorescence method measures 

this correlation function by overlapping two oppositely propagating 

pulses in a solution of a fluorescent dye with an absorption peak at 

twice the frequency of the laser and which can therefore become excited 

only by absorbing two photons of laser light. Since the probability of 

this two-photon process depends o~ the square of the light intensity, 

one expects enhanced absorption at the point 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 possesses the further disadvantage that the peak which repre

sents G(2)(T) rides on a background from two-photon absorption due to 

each pulse individually. The ratio of the intensity 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 rat io 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 involving higher order correlation ftmctions. 

For example, Auston59 measured a fifth order autocorrelation function 

using a combination of second harmonic generation and four-photon para

metric mixing, and von der Linde, et al.,60 used short vibrational 

pulses produced by stimulated Raman scattering to probe the shape of 

~heir picosecond pulses. These experiments revealed the asymmetry of 

the pulses and provided a measure of the level of background radiation 

between the ·pulses. 

Pulses produced by the laser system described in this thesis 

were examined both with the two-photon fluorescence method and the 

stimulated Raman method of von der Linde, et al.60 For the two-photon 
-~ 

fluorescence experiment a solution of -lXI0 -'M Rhodamine 6G in eth-

anol was used in a cell of 10 em path length to measure the width of the . 

29 1.06].l single pulses. The standard triangular 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 multl-

channel analyzer (OMA). The OMA is highly superior to the photographic 

film fo! recording the fluorescence due to its linear response which sim

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

observed fluorescence spot was calibrated by obserying 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 satellite pulses and multiple 

pulse trains that appeared. Figure 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, but this 

could have been due to a slightly fuzzy image on the vidicon since the 

necessary depth of focus to properly record the entire fluorescence 

streak is somewhat hard to attain. The average 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. 

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 eth~ol at 2915 em-I by stimulated Raman scattering. This 

process results in a short-lived pulse of coherent molecular vibrations 

which can produce 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 fallon a tiInescale much 

shorter than the laser pulse. 60 The observed anti-Stokes signal is 
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Figure 21. Typical two photon fluorescence traces produced by the 

1. 06].l laser pulse in a solution of Rhodamine 6G in ethanol and re-

corded using a PAR optical nrul tichannel analyzer. The top trace 

corresponds to a pulse train which appeared to be cleanly mode-locked 

(no satellite pulses or background wer~ observed by monitoring the 

laser output with a fast photodiodeand oscilloscope), and it ex-

hibits a peak-to-background contrast ratio of 2.75:1. The lower 

trace on the other hand, is for a pulse train which clearly showed 

the presence of satellite pulses. Its contrast ratio is 1.75:1. 

Approximately 30-40% of the pulse trains observed failed to obey this 

correlation between high contrast ratio and apparently clean 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 with the effec

tively delta-function of vibrational excitation. Thus, a plot of the 

signal as a function of the probe delay time gives a curve which is 
I 

very close to the actual pulse shape. The results are normalized to the 

Stokes and probe intensities and are plotted in Fig. 22. Each point is 

the average of at least five laser shots. The data indicates a certain 

amount of asymmetry ,as shown by the rapidly rising leading edge and 

more slowly decaying tail. The solid curve is based on a calculation of 

the stimulated Raman excitation process. The data is well accounted for 

bya pulse shape of the functional form: 

__ I 1 exp [ - ,(t/6.3 psec)2], 
I (t)· 

o sech [ t/3. 9psec] , 

t ~. 0 
(33) 

t > O. 

It was found. that this pulse shape was fairly reproducible from run to nm 

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 involves the level of background radiation before and after the 

pulse itself. From Fig. 22 one sees that this background must be less 

than 10-3 of the peak intensity. The reason the measurement stopped at 

this point 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 ~v~t 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 used to determine the pulse shape of the second 

harmonic picosecond pulses. The time axis represents probe pulse delay 

time so that the leading edge of the pulse is on the right hand side, 

and the trailing edge on the left. This pulse shape clearly exhibits 

some asymmetry, with an approximately gaussian leading edge and ex-

ponential tail. Calculations indicate that the observed signal in 

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

small percentage. 
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If the pulses are not found to be transfonn-limited, the lack of com,.. 

plete coherence may be accoUnted for by the presence of sub-picosecond 

structure. This structure can appear in the fonn of residual phase mod

ulation or sub-picosecond fluctuations in the amplitude of the electric 

field. These modulated pulses are less desirable as spectroscepic 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 be ;sure of measuring the 

dynamics of the molecules and not the laser light. The spectrum of the 

pulses was therefore measured using a Spex 314m monochrometerand PAR 

optical multichannel analyzer with an SIT type vidicon. Some typical 

spectra a:r:e shown in Fig. 23 for two ranges of pulse energy incident on 

the second hannonic 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 t::;v = 6.3 an-I and (using the pulse 

width appropriate for eq. (33), the previously determined pulse shape) 

/::':v /::, t = 1.9. Thus lIDder these conditions it is possible to produce pico

second pulses with quite good coherence. 

In addition to these measurements which have been discussed here 

in detail,there are several other techniques which are useful in various 

experimental situations. For all experiments described here, the quality 

of the mode-locking was monitored for each shot using a fast photodiode 

and oscilloscope, and data obtained from pulse trains containing multiple 

pulses and satellite pulses was rejected. The spatial unifonnity of the 
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Figure 23. Spectra of the 5300 A second harmonic pulse. The spectra 

in (a) were recorded with a relatively high power density of about 

5.9 QN/crn2 incident on the KDP doubling crystal, while those in (b) 

were recorded with a lower intensi tyof about 10 JlW:l/ crn2 . The spectra 

in (a) show the effects of spectraf broadening in either the doubling 

crystal or the amplifier rod or both, while the widths observed in 

(b) correspond to those expected for nearly Fourier transform limited 

fully coherent pulses. 

... 
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TYPICAL SPECTRA OF SECOND HARMONIC PICOSECOND PULSES 
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beam was checked with a self- scarming photodiode array (Model RS-4C/5l2) 

made by Reticon Corp. This detector consists of a row of 500 photodiodes 

separated by O. 001", and is also very useful in accurately measuring the 

diameter of the beam. The output of this device gives a convenient dis-

play on an oscilloscope of the beam's intensity cross section. Once its ~ 

spatial and temporal characteristics are known, one can in principle cal

culate the peak intensity from ft measurement of the energy of the pulse. 

However, Penzkofer et al.,6l have shown that the in~ensity can be directly 

measured by measuring the energy transmission of a saturable dye solution. 

They have calibrated this technique and have found that the measurement 

depends only weakly on ~ther pulse 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 difficulty in all of the measurements discussed here is 

that the pulses are sufficiently irreproducible that the pulse character

istics should ideally be monitored on each shot. In many cases this is 

impossible and in the case of the pulse shape measurement (which re

quires many laser shots) even meaningless. Thus, although it is very 

advantageous to work with well-characterized pulses, it is difficult in 

practice to do more than partially reach this goal. When results of a 

picosecond experiment are analyzed and interpret~d, the sensitivity of 

the interpretation to the nature of the pulse must be carefully consid

ered. Estimate of possible errors in experimental measurements must be 
c' 

based on the pulse behavior. This often makes 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. ExpetimentaltiSeof high intensity laser pulses 

,. The application of high-power pulsed lasers to the study of mo-, 
lecular physics can involve quite different considerations than does the 

use of other light sources. This is particularly true when non-linear 

interactions of the radiation with the molecular system are important. 

In the range of intensities 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 availability of high light intensity 

makes possible the study of the non-linear processes themselves as well 

as the associated molecular dynamics. An example is the use of stim-

ulated.Raman scattering to study vibrational relaxation-as discussed in 

Part Three of this thesis. Moreover, these non-linear effects have 

often been utilized to generate picosecond pulses at wavelengths other 

than that of the primary laser pulse. The availability of a range of 

wavelengths greatly increases the variety of possib~e 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. 63 -6S - These effects 

result in destruction of useful pulse properties 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 h(~.ve 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 fonn 

n =n + ill1 o (34) 

where t.n depends on the light intensity (e.g. ill1=n2IEI2 where E is the 

electric field amplitude). For a laser beam of finite transverse ex

tent, eq. (34) results in a higher index of refraction in the more in

tense center of the beam and thus causes the focusing effect. The ex

tremely intense field at the focus can cause damage to expensive optical 

components and leads to the initiation of other non-linear effects such 

as phase modulation and frequency broadening. That the interaction of 

a high intensity light pulse with matter can lead to quite extreme spec

tral frequency broadening has been known for sometime. Several explana~ 

tions of its source have been advanced, including phase modulation by an 

intensity-dependent refractive index (self-phase modulation) 64 and four

wave parametric mixing. 65 Both approaches have achieved some success in 

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

continuum" pulses have been exploited by Rentzepis,3~ Windsor; 57 and 

others to record the absorption spectrum of a sample on a picosecond 

time scale. 

However, 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 ubiquitous; 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 
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Figure 24 .. Thi.s figure presents some examples of 'white continuum" 

pulses generated by 1.0611 single pulses in a 5 an path length cell 

of ethanol. The upper trace corresponds to an incident intensity of 

48 GW/an2 and the lower one to 330 GW/an2. The laser beam diameter 

was 0.35 mm. The spectral . features seen in these examples are typical 

but by no means reproducible. For example a strong peak at 490 nm 

was observed in several shots with similar laser pulse intensities. 

However, the general features of the lower spectrum were reproduced 

by several shots, although not on every shot. Clearly, this sort of 

behavior might easily interfere with rhe observation of an emission 

signal near, say, 4600A, the anti-Stokes wavelength for scattering of 

5300 A pulses by ethanol. The threshold for observation of these 

broadening effects in ethanol was approximately 10 Qv/an2. 
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5000 A of a broadened pulse produced by passing a single 1.06 11 pulse 

through 5 em of ethanol. The beam diameter was 0.35 rmn (measured using 

a Reticon photodiode array), and the intensities were calibrated using 

the saturable absorber method. The spectra were recorded using a Jarrell-

Ash 1/4 m polychrometer coupled to a PAR SIT vidicon and optical rrrul ti-

channel analyzer. Some amount of emission was present at essentially 

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

of the detector (- SOOOA). The intensities of these pulses are within 

a factor of 100 of the observed threshold for the broadening process 

(about 1.-S.XIOI Dw/an2). 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 stimulated Raman scattering of the 1.0611 pulse. 

Thus, the continUlIDl generation could easily interfere 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 signa,ls 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 

I. Introduction to Vibrational Relaxation 

The understanding and characterization of relaxation pathways 

is an important prerequisite to the understanding of energy transfer 

dynamics in a given system, since relevant experiments are generally 

influenced by both kinds of phenomena. Davydov splittings on the order 

of a few em-I to a few tens of em-I have been observed in the vibra

tional spectra of solids. 68 ,69 Thus, one expects intermolecular inter

actions and energy transfer maybe of some consequence in the dynamics 

of vibrational excitations in these systems. This would be particularly 

true for infrared-allowed modes where strong intermolecular dipole-

dipole coupling is possible. However, a major difference between vibra-

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

posed by the relevant relaxation times. Clearly then, an investigation 

of vibrational relaxation mechanisms is important from the point of 

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

relaxation processes themselves. 

The earliest experimental investigations of vibrational relax

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

spectral lineshape analysis. 70- 73 Work by Gordon70 and later by Nafie 

and Peticolas71 showed thatorientational and vibrational correlation 

functions can be obtained in favorable cases from a Fourier analysis of 

I 
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the polarized and depolarized components of the Raman spectrum. The 

resulting vibrational correlation time 'represents the time for loss of 

well-defined phase relationships among an ensemble 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 degrees of freedom, as well as 

so-called "pure dephasing" which can result from interactions with other 

degrees of freedom (either inter- or intramolecular) which modulate the 

vibrational phase 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 

due to the short timescales involved until the techniques of picosecond 

laser spectroscopy were appli~d to the problem. Spectral studies 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 psec 

has made significant advances in the field of vibrational relaxation. 

The dominant work in this area has been by the Kaiser group, although 

. ·b· h 1 b d b h 3lb,74-76 lmportant contrl utlons ave a so een ma e y ot ers. These 

experimenters have successfully measured dephasing times in solids45 

and liquids,44 and energy relaxation and redistribution in pure liq-

. d 3la. 1· . d· 77 d '. 1· 78 M - t tl th Ul s, ln lqUl mlXtures, an ln so utl0ns. os recen y, ese 

techniques have succeeded in separating the inhomogeneous and homoge-

neous contributions to dephasing times, and have shown for the first 

time that inhomogeneous broadening 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 (Tl processes). The most dramatic example is liquid nitrogen 

. 79 80 
Wl th T 2 = 150 psec and T 1 - several seconds. 

Molecular crystals are especially interesting candidates for 

the application of these techniques, although they have been for the 

most part ignored. For example, measurements of the thermalization of 

vibrational energy in ground and excited8l 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 periodicity and vibrational energy transfer on relaxation and 

dephasing processes. As mentioned in the introduction and Part One of 

this thesis, it may be more appropriate to look at the dynamics from 

the point of view of either a delocalized or localized picture of the 

excitation depending on the situation. If resonant energy transfer be-

tween an excited molecule and its unexcited neighbors exerts a dominant 

influence, the effect is to delocalize the excitation over the periodic 

array of molecules. 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 excited state 

energy. On the other hand, in the localized picture, the vibrational 

excitations are restricted to single molecules due to 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 ,the 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 

be expected to be similar in some ways to that described by the local

ized picture in solids . 

With the initial goal of extending picosecond dephasing measure-

ments to include molecular crystals and to eventually begin to answer 

the questions posed above, a study of dephasing processes has been under

taken in the methylated benzenes 1,Z,4,S-tetramethylbenzene (durene) and 

p-xylene. The first results of these studies are presented in section 

II. The techniques used are those developed by the Kaiser group and in

volve excitation of the sample by stimulated Raman scattering of 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 inter-

pretation to be presented. The data are discussed in terms of the pos

sible contributions to the dephasing including inholilogeneous broadening 

and are fit to theoretical results obtained by numerical solutions of 
" 

the differential equations which describe the excitation process. This 

fitting process allows the determination of dephasing times which are 

on the order of or somewhat shorter than the laser pulse width. 

Studies in the picosecarud field have also inspired a flurry of 

theoretical work8Z -88 with the goals of understanding the relevant re

laxation pathways and dephasing mechanisms, predicting observed relaxa

tion times, and understanding the large difference between Tl and TZ' 

For example, several such models8S -87 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, while the diagonal part is responsible for pure dephasing. 

The dephasing problem has also been treated semi classically by a model 

wherein the vibrational phase is modulated by binary collisions with 

surrounding molecules. 88 These approaches 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 of a number of intramolecular degrees of freedom whi'ch may interact 

more strongly with the excited vibrational 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 experimentally using picosecond 
. 77 89 -technlques, ' 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 this author's knowledge. It 

should be stressed that the inclusion of these effects will be very 

important for intermediate to large molecules, since the large number of 
( 

intramolecular modes results in a large density of states "at even modest 

energles. Thus, a large number of potential pathways for the intra-

molecular redistribution of vibrational energy are present. In addi-

tion, it has not generally been realized that interaction with other 

intramolecular degrees' of freedom in polyatomic molecules may dominate 

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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~hich are coupled to the vibration of interest by intramolecular anharmonic 

coupling. In Section III experimental support for this statement is 

presented in the case of dephasing of the C-H stretching vibrations of 

1,2,4,S-tetramethylbenzene (durene). The effect of intramolecular modes 

is monitored using the temperature dependence of the spontaneous Raman 

spectrum. A theory is outlined which is based on NMR exchange theory 

and is capable of relating these experimental data to the participating 

dephasing channels and the nature and strength of the coupling. This 

approach is also capable of extracting the energy exchange rates in these 

channels. The formalism is of a general nature and is easily adaptable 

to situations other than vibrational spectroscopy. 

II. Measurement of Dephasing Times by 

Picosecond Spectroscopy 

The ability of intense laser pulses 'to coherently excite an 

ensemble of molecules via stirrrulated Raman scattering90 is the key to the 

measurement of vibrational dephasing processes using picosecond spectros-

44 copy. The excitation process is coherent because the stimulated emission 

of Stokes 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 interact 

with a picosecond probe pulse to produce a coherent beam of anti-Stokes 

scattered light.
gO 

This coherent anti-Stokes scattering is emitted 

toward the direction in space for which the anti-Stokes light scattered 

by all 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 illustrated and clarified in Figs. 25 and 26. 

Speaking in the terminology of the delocalized picture, stimulated Raman 'V,,\, 

scattering excites a vibrational exciton with a well-defined k-vector 

near k = 0 given by ~ib = kL - kS (see Fig. 25) where kL and kS are the 

wave vectors of the laser radiation and Stokes radiation respectively. 

(In the localized picture the wave vector ~ib simply represents the well

defined phase relationship among the excited molecules.) Dephasing or 

T2 processes are those which cause scattering to a state of different 

wave vector or mixtures of such states. TI processes on the other hand, 

are those which result in a redistribution of the energy of excitation 

among other intra- and inter-molecular degrees of freedom. The exper

imental basis for the measurement of these relaxation times is shown in 

Fig. 26. The stimulated Raman excitation and probing processes are shown 

in part (a) of this illustration and the wave vector diagram for the de

phasing (T2) measurement in part (b). In 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 (kp) and anti

Stokes beam (kAS) add vectorially to give~b (which is determined during 

the excitation process). 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-Stokes scattering can occur . 

. The incoherent scattering depends only ort the presence of excited popula

tion in the v = I level and not on any phase relationship. Therefore, its 

intensity is a measure of the decay or redistribution of vibrational 

i 
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Figure 25. (a) Some typical dispersion relations for intramolecular 

vibrations (vibrational excitons) and lattice modes (phonons) are 

shown schematically. (b) The state prepared by the stimulated Raman 

scattering excitation process is indicated for this delocalized 

picture. The double arrows indicate possible 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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Figure 26. (a) Energy levels involved in Raman excitation and probing 

are the grolIDd state (v=O) and a vibrationally excited state (v=l). 

Excitation involves scattering events in which a laser photon (frequency 

= wL) is absorbed and a Stokes photon (frequency = ws) emitted thus trans

ferring population from v = 0 to v = 1. In· the probing process photons 

are absorbed from the probe pulse and anti-Stokes photons are emitted 

(frequencies wp and wAS respectively). Thus the amount of vibrational 

exci tation remaining in v = 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 prepared by stimulated Raman scattering . 
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excitation (T1 is measured). 

The interpretation of these measurements requires an understand-

ing of the stimulated Raman scattering (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 scattering signal can be quantitatively calculated. Therefore, a 

discussion of these calculations and their theoretical basis is present

ed in the next section. This is followed by a description of the exper-

imenta1 aspects of the measurement. Finally, in the results and discus-

sion section, the determination of the picosecond pulse shape using co-

he rent Raman scattering in ethanol is described and the dephasing mea-

surements in durene and p-xy1ene are presented and di~cussed. 

A. Theory of vibrational excitation via stimulated Raman scattering 

Raman scattering results due to the modulation of the molecular 

po1arizabi1ity by the motion of the nuc1ei. 91 Quantum mechanically, 

laser photons of frequency wL are absorbed via a "virtual state" with 

simu1 taneous emission of a photon of frequency Ws wherE Ws = WL - wvib (see 

Fig. 26). Classically, the po1arizabi1i ty is modulated at the vibrational 

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

. . + quencles wL - W vib . If the scattered light is sufficientlY intense it 

can interact with the molecules along with the laser radiation to provide 

a significant driving force at the beat frequency wvib = wL - W s. 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 description of stimulated Raman scattering. This de-

scription has been utilized by many authors since the discovery of 

SRS,48,90,92-94 and it follows naturally from a non-linear optics type 

51 95 approach.' If one hopes to utilize this effect as an excitation 

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

be able to calculate the time-dependence of the vibrational excitation. 

Moreover, 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-
. 94 

cussed by Carman, e~a1. Because these calculations are crucial in 

the interpretation of the data to be presented later, this theory will 

be described here to provide the necessary background. 

Theory for Homogeneous Lines 

The electric field of the laser and stokes radiation must obey 

the electromagnetic wave equation: 

(35) 

where PNL is the non-linear polarization of the Raman medium 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: 

i 

,. 
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~ A 

E (Z,t) = [EL (Z,t) + ES (z,t)1 x (36) 

where the laser field is given by 

and the Stokes field by 

The wave equation then reduces to two partial differential equations for 

the amplitudes EL and ES' through the use of the Slowly-Varying Envelope

Approximation (SVEA).96 In this approximation it is assumed that the 

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

that 

a
2
E aES 
S « «. 2E --2 wS - Ws S 

at at 
(39) 

and similarly for the spatial derivatives .. The resulting equation for 

(40) 

Since in the experiments to be described, the depletion of the laser pulse 

is only a few percent, it will be assumed that it propagates through the 

medium undiminished. 

The excitation of the molecular vibration is described in terms 

of an ensemble of two-level systems consisting of the v = 0 and v =1 vibta

tiona1 levels. This is a realistic approach since: 90 (a) Stimulated 
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Raman scattering usually only excites the mode with the greatest scatter-

ing cross section and therefore the greatest gain for the Stokes radi-

ation, and (b) Anharmonici ties prevent levels higher than the v = 1 level ~ 

from participating in the excitation process since E(v=2) - E(v=l) 

#: h W "b = E(v =1 )- E(v = 0). The state of the ensemble can be described 
Vl 

by a 2X 2 density matrix which contains three independent quantities, the 

magnitude and phase of the off-diagonal elements, and the population dif-

ference represented by the diagonal elements. Coherence information is 

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 r 

( q> = QJ POl + PIa] (41) 

where Q = (v=11 q Iv =0> = 1/2 (h/2m W "b) This expectation value obeys an 
Vl 

equation of motion identical to a classical harmonic oscillator. ' This 
( 

can be shown via ,the Heisenberg equation of motion 

q = i/h [JC,q] 

with the Hamiltonian 

2 
JC = H - 1/2 a E a ' 

2 = 1/2h W vib 03- 1/2 (aa/aq)E Q0 1 

(42) 

(43) 

where Oland 03 are the Pauli matrices for this two-level system. The 

molecule-radiation interaction term was obtained by expanding the polar

izability as a power series in the vibrational coordinate: 

(44) 



-137-

and dropping the 0.0 term since it cannot cause transitions between the 

v = 0 and v = 1 levels. 

By applying eq. (42) twice, one obtains 

( 45) 

where n1 and nO are the fraction of population in each level. Taking the 

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

-en -n ) 
=. ~m 0 (Cla/Clq) E2. (46) 

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

sent ( q) as 

< q) 1/2 {Q(z,t)exp[iCk "b z -w "bt)] + c.c.} 
VI VI 

(47) 

and calculate E2 from eq. (36).: 

2' * " E = 1/2 {EL ES exp[ 1 [(kL -ks) Z -(wL - wS) t] ] + c. c.} ( 48) 

where only the term which contributes a driving force near wvib is re

tained. With these substitutions and with the SVEA for the vibrational 

field, eq. (46) becomes 

(49) 

where the relations wvib::: ~ - Ws and kVib = kL - kS have been used. (In 

. other words the physics of the build-up of the vibrational and Stokes 

waves ensures that kVib = 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 = a E = N (aa/aq) (q) E (50) 

where N is the molecular number density. We wish the terms in (a2
E /at2) . NL _ 

which vary at the frequency Ws and thus provide the source term for the 

Stokes radiation. These are given by 

= ~oN(aa/aq)(1/4) {(wL - wVib)2Q*EL 

exp[i[(kL -kvib)z - (wL -wvib)t]] + c.c.} (51) 

Thus, the equation for Es becomes 

= 
2 

-i ~o N(aa/aq)(1/4) ~s Q*tL 
S 

(52) 

Equations (49) and (52) are the key equations of this theory. 

They form a coupled set that have been solved analytically by Carman, 

94 et al.. The equations are ~implified by transformation from the vari-

ables z and t to z and t' where t' = t - zn/c. EL is a function only 
, 

of t' since the laser pulse propagates undepleted, but ES and Q also 

depend explicitly on z due to their (approximately) exponential growth. 

The equations assume the form 

(53) 

(54) 

• 
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where 

Kl = (1/8wvib m)(3a/3q) (55) 

and 

K2 = (~oN/4)(3a/3q)(w~/kS) (56) 

By eliminating one or the other of ES 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 ES and Q are: 

= 

= 0jt' , 
iK Edt" exp[ - (t' - til)/T l 

1 S 2 
-00 

(58) 

t' 2 
where T (t') = f I EL (t") I dt", 10 and II are modified Bessel functions 

-00 o and ES is a constant which represents the input Stokes field due to 

spontaneous scattering in the first part of the cell. 

One should take note of the approximations and assumptions made 

in addition to those already mentioned. The medium has been assumed to 

be dispersionless so that the laser and Stokes waves travel at 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 as several authors have dlscussed. " For example, in a dispersive 

medium, the phase modulation and frequency broadening often present in 

picosecond pulses produced by Nd: glass lasers can strongly effect the 

SRS gain. 94 Finally, it was assumed that the Raman line consists of a 

single homogeneously broadened component. This restriction is lifted in 

calculations discussed below. 

Equations (57) and (58) can be easily programmed for the computer 

using a numerical integration technique such as Gaussian quadrature. An 

example of the results is shown in Fig. Z7. Two points should be noted. 

First,even when TZ is short compared to the pulse width, the delay 

between the maximum of the excitation pulse and the peak of the vibra

tional excitation depends strongly on the value of TZ" Secondly, when 

TZ is short, the build-up and decay of QZ is very fast compared to the 

time variation of the laser pulse itself. As discussed by Von der Linde 

.. et.aL, 60 this feature is very useful in determining 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 excitation process nrust be 

considered. 90 For an incident probe pulse and radiated anti-Stokes 

wave of the form: 

Fp(z,t) = !z{Ep(z,t) exp[i(~z - ~t)J + c.c.} (59) 

and 

(60) 

I 

• 
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Fig. Z7. (a) Calculated curveS for the build-up and decay of the" 

vibrational amplitude, IQI Z, during the stimulated Raman excitation 

process. These curves were calculated by numerical evaluation of 

the integral in Eq: (58). Curve #1 corresponds to TZ = 0.5 psec, 

#Z to TZ = 3.0 psec, and #3 to TZ = 8.0 psec. Notice that the 

position of the peak of the excitati?n depends strongly on TZ' and 

that whenTZ is very short, the pulse of vibrational excitation is 

much shorter than the laser pulse itself (dotted line). (b) These 

curves show the expected anti-Stokes probe signal as a function of 

deZay time of the probe pulse for the three values of TZ which were 

shown in (a). Note that'whenTZ is short, it cannot be measured 

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

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

quantitatively from the position of the peak signal. 
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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 

n dEAS 
+ c ~ = (61) 

where K3 = (~oN/4)(da/dq)(wis/kAS)' tn is the probe pulse delay time, 

and llk = kAS - kp - kvib ' The exponential factor appears since in the 

probing process phase matching is not automatically provided as in 

excitation. Since both Q(z,t) and Ep(z,t) are known, this equation can 

be directly integrated. However, since the main interest is in the value 

of the time integral for different values of tn' 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 llt one can use: 

Q(z, t) ~ Q(t, t) exp[ (z - t)/2M,J (62) 

where t is the path length of the sample. With this substitution the 

total integrated coherent anti-Stokes signal can be obtained: 

(63) 

= 4K!(llt)2 [1 + (2llMt)2rljOOdt' IEpCt' - t n) 12 IQ(t') 12 
-00 

The z-integration causes a variation in the signal for different values 

of the wave vector mismatch, llk, while the t-integration results in a 

convolution of the probe intensity and the square of the vibrational 

amplitude. Thus, for T2 values long compared to the probe pulse, one 

observes a decay in the signal with a lie time of T2/2. l~en T2 is short, 
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IQI2 acts as a delta function and the anti-Stokes signal can be used to 

map out the shape of the probe pulse. When T2 is short enough that the 

decay cannot be directly measured, it is possible to determine a semi-

quantitative value from the delay time between the peak of the excita-
'-, 

tion pulse and the peak anti-Stokes signal (see Results and Discussion 

section and Fig. 27(b)). 

Theory for Inhomogeneous Lines 

If the Raman line isinhomogeneous1y broadened; it should be kept 

in mind that the apparent decay time of the coherently scattered probe 

signal may reflect the inhomogeneous linewidth rather than the true 

dephasing time of the molecular vibrations. In order to ~clude the 

effects of an inhomogeneous distribution, the above theoretical description 

IInlst be modified. This problem has been discussed by Laubereau, et.a1. 98 

and solved approximately in the limit where the inhomogeneous linewidth 

is smaller than the reciprocal of the picosecond pulse width. Qualita

tively, they find that each individual homogeneously broadened component 

or "isochromat" builds up and decays almost exactly as if the inhomogeneous 

broadening were absent, although the vibrational amplitude of each compo

nent acquires a slightly different phase from the 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 rapid decay due to destructive interference 

among the various isochromats, or in cases where only a few frequencies 

are present, an interesting "beating" effect. 98 ,99 

I 
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Since it would be helpful to be able to calculate these effects 

in more general situations, a slightly different approach is adopted here. 

Rather than restricting the scope of the calculation to a certain limiting 

situation in order to facilitate an analytical solution, the coupled 

equations for the Stokes field and the N vibrational amplitudes were' . v 
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: 

(64) 

where Nj is the number density of molecules with vibrational frequency 

W ·b + b.w.. The amplitudes QJ. are complex. In the transient limit, one 
Vl J 

expects the molecules to oscillate with their individual frequencies and 

Qj takes on the oscillatory dependence Qj - exp[-ib.wjt], while in the 

steady state limit the oscillators would follow the driving field, and 

Qj would approach a constant complex value. Since each oscillator reacts 

independently to the driving field, its equation of motion is 

(65) 

The complex part of r. introduces the' amount each 
J ' 

isochromat is off-resonance from the driving frequency wvib . The non

linear polarization, on the other hand, has contributions from all of the 

oscillators. Thus, the equation for ES is: 

= -iK 
2 EL [I (N·IN) Q.] 

. J J 
J 

(66) 
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By transfonning to the new time coordinate t' = t - zn/c and differentiating 

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

a2Q. (z, t') 
,J ' 

aQ. (z, t') 
r J + . ---'''---- = 

az at' J az 

= KIK2IEL(t') 12 [I (Nni/N)QmJ (67) 
m 

Integrating with respect to t', one obtains 

t' aQ. (z, t') 
J 

oZ 
K f dt" = , Kl 2 

exp[ -r. (t' - til) ] IEL(t") 12 [I (N /N)Q (z, til) ] 
J m m m 

-00 
(68) 

which has the fonn of a coupled set of differential equations in the 

discreet index j and the continuous index t'. The initial conditions 

are given by the integral of Eq. (65) with ES(O,O) = ~ = constant: 

t' 

Qj(O,t') = iKIE~J dt" exp[- rj(t'·-tll
)] EL(t") (69) , 

_00 

This problem can be solved bya numerical technique such as Euler's method 

or the more accurate (but time-consuming) Runge-Kutta method. lOa Finally, 

the 'coherent probe scattering signal can be evaluated as a sum of contri-

butions from each isochromat, each of which has its own value of ~kj' the 

wave vector mismatch. This mismatch may have a contribution due to the 

oscillatory dependence of Q .. The extent of this contribution will 
J, 

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 

I 
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the driving field and all oscillate with the frequency W °b. 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): 

00 

Icoh(tD) =2K~(b.i)2J dt' /fp(t' -tD)/2 1~{(Nj/N) Qj(t') 
-00 J 

(70) 

where b.kj = kL - kS - kASj + kp. Experimentally, Laubereau98 , 99 distinguishes 

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 jin Eq. (70) dominate due to 

[ 2J-l the factor 1 + (2b.k ° b.i) . 
J 

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 

isochrornats are possible. To illustrate these calculations, an example 

of the anti-Stokes signals and vibrational amplitudes expected from an 

inhomogeneous line of eleven isochromats is shown in Fig. 28. ' These curves 

were calculated using the numerical solution technique described above. 

With these computational techniques 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 decay of the vibrational amplitudes for 

an eleven 'component inhomogeneous line are shown. The isochromats are 

. .separated by 4 cm- l and have equal homogeneous dephasing times of 

T2 = 5 psec. The relative intensities of-the isochromats are in the 

ratio 0.22 : 0.31 : 0.45 : 0.67 : 1.0: 0.67 : 0.45 : 0.31 : 0.22. Curve #1 

shows/Q/2 for an individual isochromat while curve #2 shows /~ Qj /2, 
J 

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 dependence 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 vector matching conditions to 

observe the decay of a single component, while curve #2 is for non-

selective wave vector matching, and contributions from all components' 

are observed. Note that the width of the probe pulse does not allow . 
the beats L~ (a) to be resolved by the probing process. 
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B. Experimental 

Sample Preparation 
<tl) 

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 column. Durene purchased from 

Eastman Organic· Chemicals was recrystallized from ethanol and zone refined 

for 100 passes. This purification process resulted in good optical 

quality crystals which were grown using the Bridgman technique. The 

crystals were annealed for one week at 1°C below their melting point to 

further impr6ve the optical quality and reduce scattered light. For 

liquid durene samples, the recrystallized material was used in a quartz 

cell with facility for passing heated water from a constant temperature 

bath through a water jacket.· This procedure maintained the durene at a 

pre-determined temperature above its melting point. 

The crystal parameters of durene are well known. lOl The crystal 
I 

structure is monoclinic with space gro~ ,(P21/a) and contains two molecules 

per unit cell with site symmetry Ci . The crystals were oriented as follows: 

Durene cleaves easily along the 001 plane which is usually parallel to 
\ 

the axis of crystal growth. The crystals are optically biaxial with the f 

optl"C plane 010. 102 Th t t· t" . h th t 1 . us wo ex lllC lons are seen w en e crys a lS 

observed between crossed polarizers with the light path perpendicular to t 

the cleavage pla.ne~ . Using a polarizing microscope, it was found that 

the crystallo"graphic b axis corresponds to the extinction direction 

which makes approximately a 67° angle with respect to the growth axis. 



/ 
)l 

-151-

The cleaved faces of the crystals were used as the entrance and 

exit windows for 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 flat 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. Repolishing was usually necessary after 

about 8-10 hours exposure to the air. The crystals were mounted on 

glass rods with epoxy cement for the purpose of positioning and orienting 

them in the experimental set-up. 

The'durene crystals used in these experiments had optical path 

lengths of from eight to ten millimeters. The liquid durene, ethanol 

and trichloroethane samples were contained in quartz-windowed cells of 

10 mm path length, and the p-xylene sample was contained in a similar 

20 mm path length cell. 

Optical Arrangement 

The picosecond 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 1.06~ light was filtered out and 

the second harmonic single pulse was directed into the experimental set-up 

shown schematically in Fig. 29. This arrangement is similar to that 

developed by the Kaiser group.44 

The operation of the optics is as follows: A small portion (-5%) 

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 measurement. 

BS = beam splitter; DL = optical delay line; T 1 and 1:2 = Gallilean tele

scopes; Fl , F2, and F3 = filters; A./2=quartz half-wave plate; PMT1, 

PMT2, and PMT3 = photomultiplier tubes which monitor the laser intensity, 

Stokes intensity and anti-Stokes intensity respectively; S = sample; 

SP = 3/4 m spectrometer; and A = aperture. 

I 
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The remaining 90+% of the energy is collimated into the sample by the 

Galilean telescope (labeled T2 · 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 lie points). 

The intensity of the Stokes radiation generated in the sample is measured 

by the phototube PMT2. Filter F3 consists of Schott OG570 and OG590 

filters and appropriate neutral density filters. A Glan-Thompson 

polarizer in the excitation beam just before the sample ensures highly 

vertically polarized light. The probe pulse delay is controlled. by an 

adjustable three-prism delay line; The adjustable prism is mounted on 

a Lans·ing translation stage and the optical path length setting can be 

easily reproduced.to within 0.01 IInn. PMTI monitors the intensity of the 

probe pulse, and another telescope of similar design collimates the probe 

beam into the sample. A quartz A/2 plate rotates the polarization of the 

probe beam 90° so that the polarization of the anti-Stokes scattered 

probe light can be used to distinguish it from anti-Stokes light produced 

by the IIRlch more intense excitation pulse. Filter Fl (Schott GG495) 

ensures that any interfering radiation near the wavelength of the anti-

Stokes signal is eliminated. The anti-Stokes signal is selected spatially 

by an aperture and the 5300 it probe light is removed by two 4600 it Ditric 

Optics 3-cavi ty interference filters. Any troublesome signal from the 

exciting beam is removed by a sheet-type polarizer oriented opposite to 

the Glan polarizer in the exciting beam. The signal is then focused on 

the slit of a Spex 3/4 mmonochrometer.and detected in first order with 

an EMI 6256S photoIIRlltiplier. The data shown below was collected with 

• 
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a slit width of 600 microns . 

. The alignment of the experiment is done initially with the He-Ne 

beam from the alignment laser. With careful adjustment of the He-Ne beam 

and good laser alignment the two are usually 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 the 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 microscope is 

a fraction of a millimeter, and the two beams are made to coincide when 

the microscope is focused about 0.5 mm inside the sample. One should 

also check at this point to make certain that the position of the 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 

pulse-polarization perpendicular and the probe pulse polarization parallel 

to the crystal b axis. This was determined by viewing the He-Ne beam 

after it had passed through the polarizer in the excitation path, the 

crystal, and a polarizer oriented 90° with respect to the first one. 

The crystal is then mounted such that the maximum extinction of the 

He-Ne light was obtained. 

The wave vector matching angle S is determined by the experimental 

geometry as indicated in Fig. 29. The range of possible values for a and 

y (see Fig. 26) is determined by the divergence of the emitted Stokes 
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radiation and the angle of acceptance of the anti-Stokes collection 

optics respectively. The Stokes divergence is determined by the excita

tion beam diameter and sample path length, since these factors restrict 

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 for perfect phase matching because 

of the dispersion of the sample medium. For the molecules studied here 

S was chosen to be -8° since y is then near zero. The excitation and 

probe beam diameters were approximately 1.5mm and were measured with 
. 

a Reticon photodiode array. The corresponding Stokes divergence combined 

with a 1° acceptance angle for the anti-Stokes beam constitutes -relatively 

non-selective phase matching geometry, in that-phase matc~ing is allowed 

for a range'of vibrational frequencies greater than the spontaneous 

Raman linewidths of the vibrations investigated. 
\ 

Excitation pulse energies were in the 1-2 mJ range. 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 thermopile and 

corrected for relative quantum efficiency, filters, etc. The conversion 

of excitation energy to Stokes radiation was fmmd to be about 0.5% to 

19< o. 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 spectra were recorded on photographic 

film or on the PAR optical multichannel analyzer coupled to a Spex 3/4 m 

spectrograph. 

1 
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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 

resulting digital data was used by the data acquisition system to normalize 

the anti-Stokes signal for each shot. Since each excited molecule gives 

rise to one Stokes photon, the Stokes pulse energy is a measure of the 

number of excited molecules. Therefore, the anti-Stokes signal is 

normalized to the probe intensity and the vibrational excitation using 

the formula: 

= 
lAS 

(71) 

where lAS and IS are proportional to the anti-Stokes signal and the 

Stokes energy, and IL is proportional to the probe pulse energy. The 

results of at least five acceptably mode-locked laser shots (each pulse 

train was monitored with an H.P. PIN photodiode and Tektronix type 519 

oscilloscope) were averaged to obtain the data point for each probe 

delay time. The error bars shown in the figures below represent an 

estimate of the erro~ 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 Jt line and suitably 
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filtered to eliminate plasma lines was used as the excitation source. 

Detection was with an RCA C3l034 photoImlltiplier and Princeton Applied 

Research Quantum Photometer photon counter. The sli twidth of 50 microns 

on the exit and entrance slits and 75 microns on the intermediate slits 

provided a resolution of better than 1 em-I. The spectra of solid durene 

were recorded with a powder sample, and of solid xylene with a polytrys

talline sample obtained by fairly rapid freezing (-10 sec). For the low 

temperature work the samples were sealed in pyrex tubes (-2 mm ID)under 

vacuum after several freeze-pump-thaw degassing cycles. These tubes 

were mounted in a copper sample holder which was in turn mounted on an 
. 

Air Products Displex closed cycle helium refrigerator cold tip. Indium 

shims between the Pyrex, tube and the sample holder helped to establish 

thermal contact. The temperature was monitored with an iron-doped gold 

vs. chromel-P thermocouple using an ice-bath reference junction and Data 

Precision digital voltmeter. The temperature of the sample was controlled 

by passing current through a heater wrapped around the sample end of the 

cold tip. The temperature could be varied in this way between -9°K and 

C. Results and discussion 

In order to characterize the response of the experimental 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 e6herent anti-Stokes scattering experiment on the 2921 em-I vibration 

j 
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of ethanol and the 2941 cm-1 vibration of 1,1,I-trich1oroethane are 

presented in Fig. 30 and Fig. 31. These liquids have been previously 

investigated both with spontaneous Raman scattering and "~th picosecond 

techniques, and their dephasing times (T2) have been reported as 0.52 
44 '31a . psec and 2.6 psec respectlve1y.' Using this value for the ethanol 

dephasing time, the best fit to the data by the curve calculated from 

Eqs. (58) and (63) was determined by adjusting the pulse shape function 

EL(t').As discussed earlier, the short dephasing time of ethanol makes 

this experiment quite sensitive to the pulse shape. As demonstrated in 

the calculation shown in Fig. 27a, above, the vibrational excitation for 

T2 = 0.5 psec rises and decays rapidly compared to the picosecond pulse 

width .. Thus, it behaves as a delta function as far as the integral in 

Eq. (63) for the anti-Stokes signal is concerned, and the anti-Stokes 

signai as 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 

2 for t' ':;;;0 1 exp[-(t'/6.34 psec) 1 

IL (t ') = IEL(t')1
2 

= (72) 

sech[t'/3.94 psec] for t';;:' 0 

where t' = t - zn/c. This pulse shape has a rapidly rising (gaussian) 

leading edge and an exponential trailing edge, and its use results in the 

calculated curve shown in Fig. 30. This fitting procedure also served 

to determine the location of the tn = 0 point. 

Once the pulse shape has been determined in this way, data from 

other samples can be fitted using TZ 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 ap.ti-Stokes 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)2) for t~O] and an exPonentially falling tail 

[IL = Io sech(t/3 .. 94 psec) for t ~ 0] . 

Fig. 31. The coherent anti-Stokes data for the 2941 cm-1 vibration of 

1,1,1-trich1oroethane is shown. The data can be fit by assuming a value 

of T2 = 3.5 psec which is to be compared with the accepted value of 

2.6 psec. The calculated curve expected for a dephasing time of 0.5 

psec (e. g. ethanol) is also shown for comparison.' 

) 
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This method is capable of estimating TZ 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 TZ increases. This delay is calibrated fairly accurately by the fitting 

process, especially when experimental data is available for several orders 

of magnitude below the peak. Thus, this process is somewhat different 

than the usual deconvolution 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. 

First, the pulse shape must be reproducible. Second,Eq. (58) depends on 

parameters of the active medium, namely 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 TZ 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-trich1oroethane in Fig. 31 

indicates that TZ < 5 psec. However, by fitting the data as described 

above, the best value of TZ is determined to be TZ = 3.5 psec. This value 

and the previously determined value of Z.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 em-I vibration of solid and liquid durene, and liquid 

p-xylene (2912 cm- l vibration). The data, fitted curves and corresponding 

values of T2 are shown in Figs. 32, 33, and 34. The crystal data 

represents the first direct picosecond measurement of a vibrational . 

dephasing time in an organic molecular crystal. 

The T2 values obtained for the du~ene samples are 0.5 psec for 

the liquid and 0.75 psec for the single crystal. Since these values are 

essentially t~e same to within the estimated error, it would appear that 

the dominant dephasing mechanism is independent of the ,translational 

symmetry of the crystal in the case of this particular mode. Therefore, 

the dephasing time should not be interpreted 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 translational symmetry. For the case of a 

Raman-active mode such as this one with zero transition dipole moment 

and sub-picosecond dephasing time, any energy transfer processes would 

probably take place via an incoherent hopping motion. Thus, if it is 

true that the vibrational energy dynamics in the room temperature ~olid 

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 responsible 

for dephasing of this mode. Several authors ~ave discussed dephasing in 

terms of coupling with degrees of freedom 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 fotthe 2914 c~-l vibration of 

1iquid.durene. The theoretical fit to the. data gives T2 = 0.5 psec 

in this case. 

Fig. 34. Coherent anti-Stokes data for the 2912 cm- 1 vibration of 

p-xy1ene. The value of T2 detennined in this case is 2.2 psec. 
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COHERENT ANTI-STOKES SCATTERING IN DURENE (LIQUID) 
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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 

situation, the spontaneous Raman spectrum of durene in this frequency 

region was studied from room temperature to lOoK. The low- and high

temperature spectra are shown in Fig. 35. The band at 2912 ern-I and 

the neighboring bands to lower frequency are assigned to the second 

harmonics and combination bands of C-H bending motions of the methyl 

groups ("scissors modes"). This assignment is made by analogy to the 
\ 

assignments of other methylated benzenes.l03-l06 These harmonic bands 

appear-very strongly in the Raman spectrum due to a Fermi resonance with 

the nearby C-H stretching modes, which are assigned as the five bands 

between 2920 cm-1 and 3050 cm- i . Based on the result from the pico~ 
second experiment, one expects a room temperature linewidth (full width 

at half maximum) given by 

Q\J = (73) 

or 14 cm- l for durene solid. The observed linewidth is about a factor of 

two larger than this value, although this is within the estimated experi-

mental error. At low temperature the C-H stretching ·bands narrow consid

erably w}lile the harmonic of the C-H bend at 2912 cm- l 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 29.00 ern-I due to overtones 
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Fig. 35. The picosecond dephasing time measurements in durene . 
-1 correspond to the intense band (at room temperature) at 2914 cm . 

, ' ~l -1 
This band and others between 2920 cmand 2850 cm are attributed 

to harmonics of C-H bending vibrations due to the methyl pr9tons 

("scissors"modes). The five bands which become very sharp at low 

temperatures are assigned as C-H stretches. The line near 3030cm- l 

corresponds to the aromatic ring protons, and the other four lines 

the methyl group protons. The arrows in the lower panel indicate 

the magnitude of frequency shifts which occur when the sample is 

warmed to room temperature. 

j 
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SPONTANEOUS RAMAN SPECTRUM: C-H STRETCHING REGION 
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Figure 35 
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and combinations of other intramolecular modes is expected to be quite 

large. Thus, T 1 for this mode probably results for the most part from 

redistribution of the vibrational energy among other intramolecular modes. 

Such a predominantly intramolecular pathway might well be almost indepen

dent of temperature over this range. The relatively fast Tl for this 

vibration compared 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 require 

a direct measurement of Tl , since, the T2 measurement only represents a 

1 oilI 1 0 
0 ower. 1ID1t. In all measurements made so far in liquids, Tl is consid-

erably longer than T2. Thus, the conjecture that Tland T2 may be equal 

in this system would bea departure from this pattern. 

For comparison, picosecond a:hd spontaneous Raman measurements of 

p-xylene were also made. The picosecond results (see Fig. 34) for the 

band at 291'5 em-I imply a dephasing time of 2.2 psec. However, the 

spontaneous Raman band has a width (~1) of 21 em-I which is four times 

too 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 measurements had been made on an inhomo-

geneous line. The low-temperature (90 0 K) spontaneous Raman spectrum of 

p-xylene 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 em The relatively sharp lines at 2906 em ,2942 cm ,and 

2970 em-I have been assigned to the C-H stretching modes of the methyl 
104: 1 

groups. The other components in the area between 2850 em- and 2930 

cm- l can be assigned as in qurene to harmonics and combination bands of 

J 
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Fig. 36. The spontaneous Raman lineshape function (triangles) and the 

linewidth expected from the picosecond results are compared. The solid 

lines represent Lorentzian lineshape functions. The factor of four 

discrepancy cannot be accounted for by experimental error and may be 

the result of an ,inhomogeneous line. 

Fig. 37. The temperature dependent Raman spectrum of xylene shows a 

munber 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 in durene. At low temperatures, 

it appears as if there are several spectral components in the region 

-1 below 2925 cm which may not be completely averaged at room temperature, 

thus leading to an inhomogeneous line. 



1.0 

0.8 

>. -·iii 
c:: 0.6 
~ 
c:: -
-0 
IV 
N 

'0 0.4 
E 
~ 

o 
Z 

0.2 

-174-
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TEMPERATURE DEPENDENT RAMAN SPECTUM OF p-XYLENE 
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the methyl C-H bending modes. As the temperature is increased, 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 2900 em-I, and 

the picosecond data correspond to the dephasing of these, harmonics. It 

is quite reasonable that the interactions which are responsible for the 

inhomogeneity which is apparently present in the solid, are not completely 

averaged by molecular motion even in the liquid phase. 

As pointed out in the theoretical discussion however, the differ

ential equations which describe the excitation process must be modified 

in the presence of inhomogeneous broadening. Thus, although the xylene 

data can be fit by a single isochromat with T2 = 2.2 psec, this result 

does not necessarily reflect the true homogeneous relaxation time when a 

comparison with the observed spontaneous linewidthindicates the possibility 

of inhomogeneous broadening. Qualitatively, however, the' equations of 

Laubereau98 indicate that the build-up. and decay of each isochromat is 

governed by an equation formally identical to that for the homogeneous 

case. Since the fitting process used to obtain the 2.2 psec value is 

sensitive to the time required for this build-up,one might expect this 

value to give some indication of the degree of inhomogeneity. 

Preliminary attempts to calcula.te the expected anti-Stokes signal 

using a computer integration of the full inhomogeneous equations [Eq. (68)] 

have failed to completely resolve this question. The difficulty with 

these calculations lies in the large number of isochromats (and corre

spondingly large amounts of computer time) required to accurately 

represent the inhomogeneous distribution. However, the calculations 

seem to indicate that a homogeneous dephasing time which is longer than 

". 



-177,. 

2.2 pSec might be required to accmmt for the data. This comes about 

because the experimental geometry provided phase-matching conditions in 

this case for a range of frequencies including the inhomogeneous linewidth. 

The coherent scattering data presented here therefore monitors the complex 

sum of the vibrational -amplitudes of all isochromats. -, Interference among 

these isochromats causes the build-up of this sum to be cut off somewhat 

earlier in time than the peak of the individual amplitudes. Thus, a 

longer T2 is required to compensate. Even so, the calculations completed 

. thus far with a limited number of isochromats have been unable to 

completely account for this data. If the homogeneous relaxation time 

turns out to be sufficiently long, the problem can be resolved experi

'. mentallY through the use of highly selective wave vector matching 

geometry which would allow the decay of a single isochromat to be observed 

in the coherent probe scattering experiment. 
i 

The presence of irulomogeneous broadening is easily rationalized 

in a solid by the existence of crystal defects and static disorder, but 

is somewhat surprising 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- l and the homogeneous dephasing time has a value of T2 = 4.6 psec. 

They attribute the inhomogeneity to the persistence of different molecular 

environments for relatively long periods of time due to strong intermolec-

ular hydrogen bonding. From the point of view of the results described 

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.107 Thus, the presence of 

inhomogeneous broadening in this class of methyl group vibrations might 

explain the methanol results, the p-xylene picosecond data discussed 

above, and the lack of a strong temperature dependence for the linewidth 
. -1 . 

of the correspondlng band (2912 em ) 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 rel~ation times, and understand the 

detailed nature of the inhomogeneity as well as the source of the 

homogeneous decay. 

D. ConclUSion 

The dephasing time of a methyl group C-H bending mode harmonic 

has been directly measured in a single crystal of 1,2,4,S-tetramethyl

benzene (durene) using picosecond spectroscopy. This represents the 

first such measurement in an organic molecular crystal. These determina

tionswere facilitated by fitting the experimental data to numerical 

solutions of the equations which describe the stimulated 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 process is capable of obtaining semi-quantitative values 

forT2 when it is on the order of or even somewhat smaller than the pico

second pulse width. 

Similar measurements: on the same mode in liquid durene and liquid 

p-xylene were also made. Comparisons with the spontaneous Raman spectra 

." 

J 



• 

-179-

of these compOlmds and with previous picosecond resul ts 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 

T2 more accurately measured by the use of selective wave vector matching 

conditions to observe the decay of a single isochromat. Further analysis 

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 

related 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 crystal 

periodicity is relatively unrelated to the dephasing of the,particular 

vibrational mode investigated, very little else can be said. Because 

of the fairly selective 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 

crystal systems can shed some light on this problem. 
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III. Dephasing of Vibrational States 

by Energy Exchange 

~ile picosecond and spontaneous Raman lineshape measurements 

have greatly broadened the scope of experimental lmowledge of vibrational 

relaxation, a thorough understanding must include the mechanisms and 

pathways which relate the relaxation times to the dynamics. With such 

an understanding, measurements of vibrational dephasing can help to 

characterize the associated interactions between the vibrating molecule 

and excitations of its surroundings. Recent strides toward this goal 

have been rapid. Picosecond experim~nts have demonstrated the importance 

of both energy relaxation (TI processes)3la and dephasing (TZ processes)44 

in detennining the Raman lineshape. They have separated the contributions 

due to inhomogeneous broadening from those which represent the litrue" 

dynamics of dephasing, and they have successfully mapped out the important 

pathways for redistribution of vibrational energy in some cases. 5 On the 
, . 

theoretical side, several authorsS5-S7 have advanced models which relate 

the experiments to the interactions responsible for the dephasing and 
. 

which are particularly appropriate for the diatomic or small molecule 

case. In the case of polyatomic molecules, however, it should be realized j 

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 necessary 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 

among a range of possible vibrational frequencies. However, if the 

excitation scatters back to its original frequency in a time which is 

too short to completely randomize its phase, the resulting narrowing 

effect must be taken into account to extract the ~rue scattering rate. 

In this section, it will be shown that when the effects of this 

"energy exchange" are incorporated into the vibrational correlation 

function it is possible in favorable cases 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 intramolecular degrees of freedom in the 

dephasing process and is therefore applicable to polyatomic molecules. 

In Part B, an outline of the exchange formalism is presented -from 

the point of view of-vibrational dephasing of po1yatomic molecules, and 

the connection and similarity with previous formulations of the exchange 

mechanism are indicated. In Part C, these ideas are illustrated with 

experimental data on the C-H stretching modes of durene (1,2,4,S-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 (excluding 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 of mode A. These need not be intramolecular vibrations, but 

might, for example, 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) exchange 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 

relative to its amplitude which determines the importance of phase memory 

in the scattering process. The effects of the modulation will be deter

mined in the context of Markoffian coupling of the exchanging modes and 

the reservoir. 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 state of the system (mode A and the exchanging modes). 

The application of these ideas to vibr~tional dephasing is shown j' 

in Fig. 38 for the case where for simplicity only one exchanging mode is 

shown. Relaxation to lower states (the normal Tl channels) is separated 

from scattering in this one channel denoted by the two vibrational states 

V and V'. The two vibrational frequencies associated with V and VI are 

coupled via exchange and are defined as we and we + OW, respectively. It 

should be noted that ow can be either positive or negative depending on 

-. 
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the nature of the.coupling, and that the vibrational state V' associated 
\ 

with the frequency Wo + ow is at an energy Ei above the state V. The 

scattering rates responsible for vibrational energy exchange are given 

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 couple 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 fields and the oscillators 

retain the proper phase. A scattering process which changes the frequency 

of the oscillators interrupts the flow of energy and results in a finite 

width for the Stokes radiation. However, if the oscillator returns to 

the original frequency in a short time, it "remembers" its phase. This 

corresponds to a relatively longer correlation time and therefore reduced 

spectral broadening. In addition, the "mixing in" of the second frequency 

causes an apparent shift of the frequency of the scattered Stokes light. 

This broadening and associated frequency shift are the signature of the 

exchange mechanism. 

These effects of phase memory can be quantified using two approaches 

suggested by magnetic resonance exchange theory. For example, the random 

frequency modulation model of Andersonl08 can be used to calculate the 

contribution of the·exchange to the decay of the vibrational correlation 

function and thus its effect on the low. power spontaneous Raman spectrum. 

Alternately, the exchange terms can be incorporated into the density 

matrix equations of motion for Raman excitation in a manner similar to 

the modified Bloch equation method of McConnell. 110 This approach would 
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be useful in including the effects of exchange in the coupled-wave 

description of stimulated Raman scattering discussed above. The approach 

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 leading to 

the scattering rates W+ an~ 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 spontaneous Raman lineshape 

which can be dete~ned from the vibrational correlation function using 

the formula: 70,71 

00 

r (w) f 
.' -). ~ -). -). ~ -). . 

"" exp (-iwt) <[€ • a (0) • E-rJ [€ • aCt) • €r]) x <Q(O) Q(t) dt s .' s . 0 v 
-00 (74) 

where the polarizability autocorrelation fun<;tion has been separated 

into orientational (0) and vibrational (v) contributions. aCt) is the 

Raman tensor for the transition of interest (mode A), Q(t) is its normal 

coordinate, and €s and €r are the polarization vectors of the scattered 

and incident light. 

Reservoir Approach 

The Hamiltonian which will be used to describe the molecule and 

reservoir takes the form 

:JC = (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 
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thus causing the dependence of the A frequency on the B quantum number. 

HR and HI represent the zero order reservoir Hamiltonian and the inter

action between the reservoir and the B modes respectively. As in the 

theory of Anderson,108 HI is a "motional" Hamiltonian. Since [Hp,HIJ f 0, 

this term indir~ct1y introduces a time dependence of the frequency of 

mode A via the perturbation Hp. This time dependence can be-displayed 

,by the use of the reduced density matrix, pM, which has the equation 

of motionll1 

.M 
p = (76) 

where p is _the density matrix for the molecule plus reservoir and TrR is 

a trace over reservoir coordinates, i.e. pM = TrR(p). This tracing 

operation represents an average ,over the reservoir distribution which is 

not observed experimentally. The following fonn will be used for J(': 

HA 
t ' = flnA (a a + ~) (77) 

HB = :E fin. (b ~ b . + ~) 
. J J J 
J 

(78) 

Hp , ( t t ) = Vanh a ,a, b. , b. 
J J 

(79) 

t 
HR = L~(~Sk + ~) 

k 
(80) 

t t 
HI = :E n g·k(b. ~ + Skb .) 

j ,k J J J 
(81) 

a, bj,and Skare annihilation operators for the A mode, B modes and 

reservoir modes respectively, corresponding to the frequencies nA, nj , 

and ~. Vanh is 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 that pR is therefore constant 

in time and given bya thermal distribution. The second is the Markoff 

approximation. Under this approximation, correlation functions of the 

reservoir coordinates are assumed to behave as o-ftmctions compared to 

the time evolution of pM, and we cannot hope to describe the effect of 

coherence in the molecule-reservoir interactions, even at short times. 

Since the method of derivation of the equation of motion for the 

d ' d d" '" M -" d "b' d " I' "dl 1 h . 111 112 re uce enslty matrlx,-p ,IS escrl e qUIte UCI y e sew ere, ' 

the procedure is only outlined here. First, by eliminating the ,dependence 

in Eq. (76) of the full density matrix, p, a simplified equation of 

motion is obtained: 

t 

P·M(t) / 2/ d . J () ( M() R( ) - - -1 nt' Tr R 1 VI t VI t') PIt' ® PI 0 
. 0 ' 

VIet) pMI(t',) ® pRI(O) VIet') t + hermitian (82) r adjoint 

where 

VIet) = ~i1 ~k {bj st exp[~i(Qj -~)t] + !\b~ exp[-i(~lQj)tn 
j ,k (83) 

M' R is the interaction picture version of HI' and PI and PI are also in the 

interaction picture. The Markoff approximation consists of noting that 

the integrand in Eq. (82) is negligible except for t' Ri t and setting 

p~(t') = p~(t). By introducing the density 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: 

·M 
P - (-i/n) [Hj\1' pM] - ~ L: {[b.b-~-pM - b-':lb.] y.n(Q.) 

'j ]] J]]] 

[b.p~~ ~ p~~b.] y.(n(Q.) +1) + h.a.} = BpM 
.]] ]]] ] 

(84) 

where n (Qj ) = [exp(nQj /kT) - 1 r 1 is the average number of reservoir 

excitations at w = Q., and y.= 2m2 I g.k(~ = Q.) 12 D(Q.). B is the 
. ]]]]] 

equivalent "superoperator." 

It is illustrative to consider matrix elements of Eq. (84). 

It will be assumed,as in Fig. 38, that only one mode of frequency ~ 

is involved in the exchange and that the temperature is low enough that 

only the four states IVA' VB) = 100), 101>, 110), and Ill) need be 

considered. One then finds that 

.M 
POO 10 = , 

M 
-i Wo POO,lO (85) 

·M 
POl,.!l = 

M M M 
-i(wo + ow) POl,ll - W POl,ll + W+ POO,lO (86) 

. " 

where W+ = YBn(~) and W = YB(n(~) + 1). The form of the exchange 

rates W+ and W_ is traceable to the form chosen for HI" By including 

appropriate interactions for double quantum transitions, etc. ,the results 

for W+ and W_would be affected accordingly. In this way, the appropriate 

"motional Hamiltonian" for a particular problem can in principle be 

incorporated into the formalism. The frequency terms including frequency 

shifts due to Hp are given by Wo = QA + (VlO,lO -VOO,OO)/fi and w + ow = o 
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Fig. 38. Energy 1eve.1s for vibrational exchange between two modes 

denoted by V and V'.. A vibrational mode of frequency Wo and vibra

tional quantum number nv interacts with some low-frequency mode 

. (quantum number nt ) such that excitation of the low-frequency mode 

shifts the frequency by ow. Excitation 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 1armor frequency in the two-site exchange problem in NMR. 

The exchange process manifests itself in the Raman spectrum through 

the vibrational c6rre1ation function. 
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QA + (Vll,ll - VOl,Ol)/n, where Vk~,nm = (k~IVanhlnm). In this deriva

tion the off-diagonal elements of Hp have been ignored, since wi thin the 

framework of this formalism they would result in a partial redistribution 

of the vibrational excitation initially in mode A among the B modes. 

However, if the rate of mixing caused by these off-diagonal 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 other words, the change in 

the vibrational frequency adiabatically follows the excitation of the 

B mode(s). In such a case it may be correct to include the off-diagonal 

part of I:Ip insofar as it makes a contribution to ow.113 It should be 

noted that Eqs. (85) and (86) are essentially equivalent to the modified 

Bloch equation approach to the exchangE? problem. 110 Although the radiation 

field does not appear in this derivation, it could easily have been 

included in the original Hamiltonian, ~;{. 

To calculate the observed Raman spectrum, one needs the vibratIonal 

correlation flIDction. This is equivalent in this formalism to the one

time average (Q(t) where Q = Q(at 
+ a) is the vibrational coordinate for 

mode A.114 For the simple two-frequency exchange problem, 

M M 
(Q(t) '" POO 10 (t) + POI II (t) 
. , . , (87) 

Thus, we need only solve the coupled set of equations (85) and (86) which 

can be written in matrix form as: 

·M . 
-iw - W W M 

POO 10(t) POO 10 (t) , o + , 
tal (t) - = 

·M 
W+ -i(w + ow) - W M 

POl '1l (t) POI 11 (t) , o - , 

:i: (iw + 'IT) pM (t) 
~v ~ ....... 01 (88) 

j 
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where w is the diagonal matrix containing the vibrational frequencies 
~v 

and 7T contains the transition rates among these frequencies. 
~ 

(Q(t) ) 
( Q (0) ) = 

. [pM (t)] 
[1 1]. ~0,10 

. POI 11 (t) , 

= 1· exp [t (iw + 7T)] • W 
......, -:::::;v :::::: 

Therefore, 

(89) 

where W·= ~ (0) is the initial population distribution. Eq. (89) is - -01 
the matrix form of the expectation value of Q obtained £rom a direct 

formal solution of Eq. (84), namely: 

( Q (t) ) 
. M = TrM[Q exp(tB) p (0)] (90) 

The result is extendable to more complicated situations than the two

frequency 'example presented here by incorporating 'the appropriate inter-

actions, frequency shifts, and exchange rates. Equation (89) is identical 

to Anderson's result [Eq. (49), ref. 108] and completes the connection 

between his approach, the reservoir approach and the modified Bloch 

equations. 

Spectral Lineshape Functions 

Aside from other contributions to the correlation function, the 

t 1 1 · h l·S· b 115 spec ra lnes ape glven y 

00 

l(w) f exp(-iwt) {1:. exp[t(i~v+~)] .~}dt = 
-00 

where A = i (w - wI) + 7T. For the two-frequency problem, the following 
::::::: .~V ~ :::::: 

explicit form is obtained: 



I(w) = 
[ 

t 2 
W -
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(92) 
/ 

2 2 . I I 2 (ow 2) ]- + [W_ (W + ow/2) + W+ (W - ow/2)] 

where WI = W - W - Qw/2. The behavior of I (w) as a ftmction of temperature o ~ 

is shown in Fig. 39. For 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 often observed 

that the smaller peak is essentially invisible or appears as a shoulder 

or extended wing of the larger peak. 'Thus, the two-peak structure may 

not always be observed experimentally. It should also be noted that 

spectral narrowing is predicted at high temperatures. However, the 

simple. two-frequency model would not. be applicable in this limit, since 

other exchanging modes of higher frequency and harmonics of the low

frequency modes would introduce additional frequency shifts into the 

, problem. . Although the increased complexity of this situation could be 

incorporated into the theory, the comparison with experimentally observed 

1ineshapes would be difficult owing to the large number oftmknown parameters 

(exchange rates, etc.). The important point to note, though, is that these 

effects would probably obscure the narrowing expected when the original 

channel is in fas t exchange. 

For purposes of comparison between the theory and experimental 

1ineshapes, sources of broadening other than the exchange process tmder 

.. 

,.. 
) 

consideration must be included in the 1ineshape ftmction. One way to do ~ 

, 
this is to ITU.l1tip1y the correlation ftmction by exp(-t/TZ) 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 temperature dependence 

of the exchange 1ineshape [Eq. (92)] for the parameters shown in the 

figure. The five curves correspond to the following temperatures: 

Curve #1 = lSOoK; Curve #2 = 2S0oK; Curve #3 = SOOoK; Curve #4 = 

SOOoK; and Curve #5 = lSOOoK. For this calculation the exchange rates 

were given by W+ = y(n(nB)) and W -y(n(nB)+l) .where nB = 150 crn- 1 
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TEMPERATURE DEPENDENCE OF EXCHANGE lINESHAPE 
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{W+ W J owT + T;-l [(W+ + WJ 3 + W_ (ow/2 - w') 2 + W+ (ow/2 + w') 2] 

+ 2T;~2 (W+ + WJ 2 + T;-3 (W++ WJ } / CW+ + WJ 

{[(ow/Z)Z-w 'Z + T;-Z +T;-l(W+ +WJ]Z + [W_(OW/2+W') 

- W+(ow/Z - w') + 2w ' /T;]2} 

(93) 

This reduces to a Lorentz line of width ZIT; when W+ and W_ ~ 0 and to 

Eq. (9Z) when T; ~ 00. The use of this lineshape flIDction in fitting experi

mental spectra is discussed below. 

Since in the low temperature regime we have W +/W _ < 1, ow/W + < 1, 

and ow/W_ :S 1, one expects a large peak in lew) near Wo and a small one 

near Wo + ow whose center frequencies are shifted by an amount much less 

than ow. Therefore it should be possible to obtain Lorentzian approxi-

mation to I (w) near w = w. This result is obtained by setting 
o 

w' - ow/2 .R:: -ow in Eq. (9Z): 

lew) R:: . .2 2 Z Z Z 2 
(w' +ow/Z-- W+Low/D) + W+[(8w) T ] /D 

(94) 

where D = 1 + (OW)ZT Z and T = (WJ -1 is approximately constant over the 

temperature range where this equation is valid. Thus, one expects to 

observe an effective Raman frequency 

eff . ( Z Z) w = w 0 + W + OWT / 1 + (ow) T (95) 

and an effective relaxation time 

(96) 
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where other relaxation processes are represented by T;. These approxi

mate equations are particularly useful in visualizing the effects of 

116 phase memory. In particular, when OWL « 1 the vibration retains all 

memory of its phase prior to scattering, and both the frequency shift and 

broadening effects vanish. It should be pointed out that whenever OWL $ 1 

one observes less contribution to the linewidth than might be expected 

on the basis of the scattering rate W+, since (T~ff)-l - (TZ)-l< W+. In 

this sense the line is "exchange narrowed." On the other hand, when OWL» 1 

'scattering results in complete loss of phase memory. In this case, the 

frequency shift vanishes, and the contribution to the dephasing time is 

simply W+. Thus, it is the temperature dependent linewidth and frequency 

shift which is present when partial phase memory is retained (the intermed-

iate exchange regime) that provides experimental evidence for vibrational 

exchange. 

C. Comparison with experiments 

It is our belief that these ideas are quite widely applicable and . 

can make important contributions to the understanding of vibrational 

dephasing. In many cases it should be possible to measure the vibrational 

spectrum of a molecule over a temperature range which includes a region 

where ow/W+ and ow/W_ are of the order of unity. When this "intermediate 

exchange" region is accessible, it is possible to extract fundamental 

dynamical information such as exchange rates and the form of the interaction 

responsible for the dephasing. The Raman spectrum of durene in the C-H 

stretching region provides an excellent example of such an application. 

j 

, 
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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 stretching mode is dictated by the 

nature of .the interaction term in the Hamiltonian responsible for the 

coupling to the exchanging mode. An analysis of this spectrum should 

therefore be helpful in investigating this coupling. 

The Raman spectrum of durene between 2850 em-I and 3050 cm- l is 

sho~~ in Fig. 35 for the low temperature limit and at room temperature. 

The five bands above 2920 cm- l display a marked broadening and shift of 

apparent vibrational frequency as the temperature is increased. For 

example, the temperature dependence.of the observed linewidth and effective 

vibrational frequency is shown in Figs. 40 and 41 for the Raman band at 
-1 2929. cm. As is indicated, these data decompose into an approximately 

temperature independent contribution and a contribution which varie·s 

exponentially with 1fT. This is exactly the dependence predicted by 

-1 -Eqs. (95) and (96) when W_ = T is roughly constant and W+ = n(~)/T ~ 

T- l exp(-E./kT) where the observed activation energy is expected to be 
1 

approximately equal to ~,the' frequency of the dephasing (exchanging) 

mode. The interesting feature of these data is that Ei = 220 cm- l is 

very close to the observed frequency for the torsional motion of the 

-1 117 methyl groups at 190 cm Thus, it appears likely that the torsion 

acts as exchanging mode for this C-H stretching mode. This temperature 

dependence has been further anal)Tzed in terms of the more accurate line-

shape function presented above. With some simplifying assumptions, a 

least-squares fitting procedure can be used to determine the unknown 
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Fig. 40. The temperature dependence of the Raman 1inewidth of the C-H 

stretching mode at 2929crn- l contains an approximately constant contri

bution and a contribution above -30 oK which is temperature dependent 

and is attributed to the exchange process. As shown in (b), this 

contribution displays an effective activation energy near the methyl 

group torsional frequency. 

Fig. 41. The temperature dependence-of the effective Raman frequency 

also displays an exponential dependence with an activation energy equal 

to that corresponding to the 1inewidth ... These observations provide the 

clue that the torsional motion is acting as exchanging mode for this C-H 

stretching vibration. These da;a can be analyzed using Eqs. (95) and 

(96) to give approximate values of ow and T. A more accurate analysis 

but one which is slightly more complicated involves fitting the lineshape 

data to the theoretical expression, Eq. (93). 
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parameters in Eq. (93) from the experimental lineshape data. It may then 

be possible to identify more unequivocally the modes which are important 

in the dephasingprocess. 

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 = T-
l and W = T-

l exp(-E./kT), where and E
1
· are the excited 

- + 1 

lifetime of the exchanging mode and the effective activation energy, 

respectively. The resulting expression for the lineshape (obtained from 

Eq. (93) with these substitutions) contains five parameters; T, OW, and 

E. describe the exchange process, and T2' and w give the low-temperature 
1 . 0 

linewidth and frequency. These parameters are adjusted for the best fit 

to approximately 125 data points which represent the observed lineshape 

at ten different temperatures. This procedure was carried out using a 

standard general least-squares computer fitting program similar to those 

used in crystal structure determinations. The resulting value of Ei for 

the 2929 cm- l mode is 194 ± 10 cm- l which is almost exactly equal to the 

observed torsional frequency. With this encouragement, data from the 

remaining four lines were also fit using this procedure. The resulting 

values of the fitted parameters are shown in the inset of Fig. 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 lineshape function ranged from -2% to -7%. 

The quantities ow and T represent the effects of the 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 quantity T is 
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Fig. 42. The exchange rate W+ is shown for the five durene lines 

indicated in the inset. The assumption is made that the rate W = T -1 

is constant over this temperature range (see Fig. 44). The effects 

of the exchange are observed for temperatures above about iOOoK as 

the intermediate exchange region is beginning to be approached. 

The inset shows possible assignments for the C-H stretching modes, 

the dephasing (exchanging) modes which are thought to be important 

in the exchange process, and the values of the parameters determined 

by the fitting process. These include the effective 'activation energy, 

Ei' the frequency-shift due to the perturbation HP, oW, and the life

time in the upper state, T. 

! 
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VIBRATIONAL DEPHASING RATES FOR THE RAMAN ACTIVE C-H STRETCHES 
IN 1.2.4.5 TETRAMETHYLBENZENE (DURENE) 
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Fig. 43. Typical fits to experimental lineshapes using the lineshape 

function given in Eq. (93). In (a) the approximate function [Eq. (94)] 

is also shown (Curve #2) for comparison. For the lower temperature 

curves in (b) and (c), the approximate curve would be e~sentially 

coincident with the more exact function. The values of the various 

p;lrameters mentioned in the text which are determined by the fitting 

process are shown in the figures. The experimental data is that for 

the aromatic C-H stretch line at 3027 em-I in the durene spectrum. _ 
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COMPARISON OF CALCULATED EXCHANGE lINESHAPE AND OBSERVED L1NESHAPE 

DURENE 3027 cm-I VIBRATION 
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COMPARISON OF CALCULATED EXCHANGE UNESHAPE AND OBSERVED UNESHAPE 
DURENE 3027 em-I VIBRATION 
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COMPARISON OF CALCULATED EXCHANGE LlNESHAPE AND OBSERVED LINE SHAPE 
DURENE 3027 em-I VIBRATION 
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very interesting, since it is a population relaxation time (Tl ) for the 

mode undergoing 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 to the product QWT 

can be obtained by dividing the contribution to the linewidth due to 

exchange by the shift of the apparent vibrational frequency from Wo [see 

Eq. (95) and (96)]. This quantity is plotted as a function of temperature 

for the five durene lines in Fig. 44 and is constant to within experimental 

error, supporting the assumption of constant T. It should be stressed 

that 18wTi is of the order of unity for all five lines in the durene 

spectnnn. It is this feature which makes the "intermediate exchange" 

regime accessible and results in the observation 6f significant frequency 

shifts due to exchange. From the temperature dependence of the exchange 

rate W+ (see Fig. 42), it can be seen that these five vibrational modes 

are in intermediate exchange for temperatures between about 1000K and 

3000K. At higher temperatures both W+ and W~ increase, and the approx-

.imation of constantT would not be appropriate. 

When the low frequency vibrational spectnnn of durene is examined, 

one finds (as indicated above for the 2929 em-I band) that the activation 

energies, Ei' correspond quite closely--with only one exception -- to 

observed bands in the low frequency vibrational spectnnn of durene. This 

correspondence is indicated in the column labeled "Dephasing Mode" in 

Fig. 42, along with the symmetry of these modes in the point group D2h . 

. . 117 -1 The observed fundamental frequencIes for these modes are 187 em· and 

197 cm- l for the torsion, 282 cm- l for the methyl rock, and 354 cm- l for 

the out-of-plane bend. 

• 
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Fig. 44. This graph plots the portion of the line broadening due to 

the exchange process divided by the frequency shift. This quantity 

gives an approximation to the quantity QWT, and indicates that this 

product is constant as afunction of temperature over the temperature 

range investigated (to within experim~ntal error). 
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RATIO OF THE TEMPERATURE DEPENDENT PORTION OF THE LlNEWIDTH AND FREQUENCY 
SHIFT IN THE RAMAN TRANSITIONS 'OF TETRAMETHYLBENZENE (DURENE) 
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These results suggest that the interaction responsible for coupling 

the C-H stretching modes to these low frequency methyl group motions is 

very selective in nature. There ar:e two probable· sources of this selec

tivity, one which results from symmetry considerations and one which might. 

be called "accidental" selectivity. Presumably the coupling is a result 

of mixed mode terms in the anharmonic potential energy. For reasons 

related to the structure of the molecule, some of these terms which 

couple a given C-H stretch to one low frequency mode may dominate those 

which couple it to other modes. This would typify "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 synnnetry classes, thus restrict-

ing the possible candidates for~interaction. 

To distinguish among these possibilities it is helpful to consider 

the importance of individual terms in the potential energy: 

(97) 

In this expression, the CIS are real coefficients while the Q's 

represent vibrational normal coordinates in the harmonic approximation. 

The second and third terms in Eq. (97) are 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 

harmonic oscillator base states, the contribution to ow from each of 

these terms has been estimated to second order in perturbation theory. 

The only first order contribution is from terms of the form Cl122 Qi Q~ 
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where Q1 is the coordinate of a C-H stretch and QZ 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 these modes and 

this term cannot cause se1ecti vi ty due to symmetry. A summary of the 

contributions from these various tehns 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 WI and w
2 

typical of the vibrational frequencies 

and activation energies observed. The sign of each contribution and any 

synnnetry conditions 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 combinatio~ of a Q~ single-mode anharmonicity 

and QiQz coupling., Of the quartic terms,. b~th the QiQ~ and QfQz terms 

have large contributions, and the latter indicates a symmetry-type 

selectivity which requiTes 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 ow from these terms is determined largely by 

the sign and magnitude of the C-coefficients which are difficult to 

estimate or guess' ,and that the largest contribution to ow for all these 

cases is likely to be the QiQ~ 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 C1Z3 QI Q;z Q3which 

might be of importance in such a case. 

From these considerations and with a knowledge of the symmetry 

assignment of each vibration, one might hope to decide which term or terms 

• 
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TABLE IV. Contributions to ow from various terms in the anharmonic potential. 

Term 

2 Ql Q2 

2 Ql Q2 

3 2 
Ql + QlQZ 

3 2 Q
2 

+ Q
l
Q2 

3 
Ql Q2 

3 Ql Q2 

QiQ~ 

Synnnetry 
rule 

r
2 

= ag 

r = a 
1 g 

r = a 
1 g 

r = a 
2 g 

r ®r " = a 
1 2 g 

r ®r
2 

= ag 1 

none 

OW a 

[ 
4 + 4 JIC 12 - 2w + W 2w - W 112 

1 2 1 2 

-[~ W -~ Ic122 1 " 4"J 2 
1 2 

_ [ 4 R 4 J 2 
W --ruJ I C1221 

1 2 

24C122 Cnl 
WI 

[ 
4" 4 J 2 24C112 C222 

- 2w +w + '2w- W IC112 1 - --W--
1 2 1 2 2 

54 J IC 12 
W -=-w 1222 

1 2 
[ 

18 
- w

I
+3w

2 

18 + 54 
w +w 

1 2 
WI - 3wz 

+ 54 J Ic 12 w - w 1112 
1 2 

[ 
18 + 

3w
I 

+ w
2 

18 54 
+ 3w

I 
- w

2 
W +w 

1 2 

[
16 16 8 J I 2 4C1122 - ~ + w

2 
+ WI + w

2 
Cl122 1 

aCa1culated using second order perturbation theory. 

Relative b 
magnitude 

1.3xlO-3 

4.7xlO- 4 

7.5xlO- 3 

9.3xlO- 2 

6.5xlO- 3 

4.0 x 10- 2 

3.9 

bThese quantities represent OW in em-I for a situation where all C-coefficients are 
equal to 1 cm-l, WI = 3027 cm- l and w2 = 263 cm-l. 

Sign 

+ 

+/-

+/-

+ 

+/-
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N 
~ 
tN 
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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 

103 this region of the durene spectrum. 

The aromatic C-H stretch has ag symmetry in D2h and should clearly 

be assigned to the line at 3027 cm- l . The corresponding dephasing mode 

is the methyl rock at 282 ern-I which has either a or'bl symmetry. g g 

Thus, any of the terms in Table IV may be important in the interaction. 
/ 

However, if a possible dephasing mode were not of a symmetry, the only 
g .-

important term would be the QiQ~ 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 corne from only 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 couple more strongly to the methyl rock than to other low frequency 

methyl modes. Since the rocking motion is in the plane of the ring, it 

is not unreasonable that it should exert 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 D2h 

point group is used. The six C-H modes which are expected to appear in 

the Raman spectrum should occur in pairs 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 

1 ,. 
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the bands at frequencies less than 2920 em-I can be assigned as overtones 

and combinations of C-H bending or "scissors" modes of the methyl group 

protons, this leaves four lines and only three assignmerits. The assign

ment of the line at 2929 cm- l is the most certain since it is well 

separated from the other 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 

1 105 N 1 . . ff d h h f h b . f f to uene. 0 exp anatlon lS 0 ere t oug ,0 teo servatlon 0 . our 

methyl C-H lines rather than three. 

-1 Wi th this assignment it appears that the mode at 2929 cm· interacts 

with a dephasing mode of different synnnetry, in contrast to the aromatic 

C-H mode. This limits the possible terms in the anharmonic potential 

which could be responsible to the QiQ~ 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 OW, and 

as such its contribution (ignoring any differences in the size of the 

C. . coefficients) is about two orders of magnitude greater than that 
lJ ... 

from other terms. Since this term offers no synnnetry selection rules, it 

is difficult to see why a single dephasing mode is important to the 

exclusion of other possible dephasing modes. Apparently ignoring the 

size of the CIS 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 
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dephasing mode. The only symmetry rule which selects for C~H stretching 

3 modes and dephasing modes of the same symmetry occurs when the QlQZ 

and/or QlO~ terms are d~minant. In these cases also, it is difficult 

to see why the QiQ~ term would not play an important role and why a 

single dephasing mode should be selected. 

Thus ~ it is unclear whether or not 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 occur in degenerate pairs of differing symmetry which broaden 

and shift identically (since no sign of splitting is observed at any 

temperature)~ Since this degeneracy indicates that different methyl 

groups on the ring are essentially not coupled, it might seem more 

appropriate to consider the local symmetry of the independent methyl 

groups rather than using the DZh group. The symrnetry rules discussed 

above would then be 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 between 

adjacent methyl groups play an important part in the anharmonic inter

action [Eq. (97)] responsible for ow. 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 dephasingmode. 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 importance of exchange in this system seems 

fairly clear, and the kinds of information available from application 
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of the theory to an experimental example has been demonstrated. 

D. Conclusion 

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 interactions among the 

various degrees of freedom in a reasonably general and yet explicit 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 tempe~ature dependent lineshape in the 

intermediate exchange temperature 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. 2 2 It was found that the Cl122 Ql Q2 term in the anharmonic 

potential may play an important role in these interactions. It is hoped 

that this kind of information .will be helpful in the future in elucidating 

the nature of interactions responsible for dephasing processes. 

Finally, it should be pointed out that the exchange formalism 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 work has been the tmderstanding 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 tmderstanding of the phase of the excitations. These .( 

relaxation processes may be and usually are distinct from those which 

result in relaxation of the excited state population itself, and are 

in general more closely related to interesting properties of condensed 

matter such as transport phenomena and molecular motion. In particu

lar, it has been demonstrated that the characterization of excited 

state energy transport requires a thorough investigation of the role 

of coherence. 

In the field of triplet excitons in molecular crystals, indirect 

measurements such as the ones presented here have demonstrated the 

importance of coherent energy transport. "Average" properties such 

as the coherence length and coherence time have been investigated 

experimentally. On the other hand, very little has been said about 

the dynamics of individual states. For example, the scattering of 

population in one k-state in an exciton band to others is likely to 

be strongly dependent on k. This kind of information is not available 

and it is the kind of information that will be necessary to experi

mentally define the characteristics of exciton-phononinteractions . .3 

Secondly, the experimental timescale is not easily available to 

directly investigate the interactions of delocalized exciton states 

(rather than thennallzed distributions) with trap states. 2l . Finally, 

the role of the coherence of the laser light in the excitation process 

j 
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itself has only recently corne to the forefront of this field, and 

h
o 10 f 0 0 0 0 b f 0 ful 24, 25 t 1S llle 0 lllvest1gatlon proffilses to every rillt . 

The situation in the case of picosecond investigations of vibra-

tional dephasing and relaxation is somewhat different in that these 

measurements represent the decay of relatively well-defined states pre

pared coherently by the stimulated Raman excitation process. Consider-

able advances have been made in some .cases in understanding the detailed 
o .77 nature of these relaxat10n processes. The main difficulty in making 

such detailed statements lies in the inflexibility of the experimental 

technique. Since a proper understanding of these phenomena will require 

a survey of a variety of molecules and vibrational modes, improvements 

in picosecond technology and/or experimentalists' ingenuity will be 

needed. The present state of the art--the Nd: glass mode-locked 

laser--leaves much to be desired in versatility and convenience of use 

and forces one to chose a system to study for reasons of experimental 

convenience rather than scientific importance. A major step in the 

right direction for the field of vibrational dynamics is the recent 

development and use of tunable infrareci picosecond pulses in the study 

f Ob 0 1 1 0 118 o Vl rat10na re axat1on. 

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 investigation of intramolecular dissipative interactions 

is more important in areas such as selective photochemistry and 
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radiationless relaxationl19 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. 

• 
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