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Time-resolved Raman scattering with incoherent light

Klaas Wynne, M. Miiller, and J. D. W. Van Voorst
Laboratory for Physical Chemistry, University of Amsterdam, Nieuwe Achtergracht 127, 1018 WS Amsterdam, The Netherlands
(Received 28 November 1989)

In time-resolved Raman scattering (as well as in degenerate four-wave mixing) the time resolution
is in principle determined by the coherence time of the laser pulses involved rather than the pulse
widths. In this paper the theoretical time dependence of three different time-resolved Raman-
scattering techniques, Raman-fringe decay (RFD), coherent Stokes Raman scattering, and time-
resolved stimulated Raman gain, is calculated under various coherence conditions of the fields.
Taking RFD generated by temporally incoherent light as the example, it is shown that due to com-
plicated coherence effects the material relaxation time cannot be extracted from the experimental
data without careful consideration of the stochastic properties of the fields and the different relaxa-
tion parameters of the system. The RFD technique has been experimentally applied to the 524-
cm ™! mode of CH,I and the 656-cm ™! mode of CS, and coherence effects are indeed observed. The
relaxation times are found to be in agreement with previous experimental studies with coherent

light.

I. INTRODUCTION

Investigations in the time domain are often preferred in
favor of spectral studies, because the relaxation phenome-
na may be studied directly without an intervening
Fourier transform. It is, however, unfortunate that many
of the interesting relaxation phenomena in the liquid and
solid state take place on a subpicosecond or femtosecond
time scale. Although the knowledge of the generation of
ultrashort optical pulses has increased rapidly in the last
decade, the practical application is still difficult due to
the limited frequency tunability of the available fem-
tosecond dye lasers and pulse-broadening effects in the
experimental setup.! A few years ago it was noted that
under special circumstances the time resolution in optical
experiments is not so much determined by the width of
the electromagnetic pulses but by the coherence time of
the (partially coherent) fields involved. Although disper-
sive elements in a setup may still affect the theoretical
time resolution to be achieved with broadband incoherent
light, at least the restrictions on tunability are much less
severe.

The theoretical prediction that greater time resolution
can be achieved with broadband incoherent light in de-
generate four-wave mixing (DFWM) was made by Morita
and Yajima?~* and was subsequently verified by several
experiments, i.e., in pump and probe,>® photon echo,” 2
(heterodyne-detected) accumulated photon echo,!37!6
Kerr effect,’’72° and others.2! A similar effect can also
be observed in coherent Stokes Raman scattering'®!%??
(CSRS) if the two Stokes pulses (for excitation and prob-
ing, see below) are temporally incoherent and mutually
correlated. The slight disadvantage of incoherent CSRS
is that the signal has a large background and a coherence
spike at zero delay. Other authors (e.g., Refs. 23 and 24)
suggested that if the probe pulse in CSRS is replaced by a
probe-pulse pair consisting of laser and Stokes pulses,
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greater time resolution can also be achieved but without
or nearly without a background or spike. The effect of
adding an extra pulse to the probe pulse in CSRS is that
various combinations of pulses induce interfering signal
fields. The oscillating part of the total signal is easily ex-
tracted and is of interest for the study of relaxation phe-
nomena. If the signal is detected at the Stokes frequency
(that is, at the frequency of one of the probe fields) the re-
sult is called time-resolved stimulated Raman gain
(TSRG). Due to the frequency degeneracy the generated
Stokes field can only be heterodyne-detected with the cor-
responding higher signal intensities. If the signal is
detected at the anti-Stokes frequency, the Raman-fringe
decay (RFD) results; this is very similar to TSRG. To as-
sess the performance of the respective techniques, the
three types of time-resolved Raman scattering will be de-
scribed in a unified framework.

Section II is devoted to the theoretical description of
the three techniques. In Sec. II A a model system for the
description of time-resolved Raman scattering with light
that is modulated by a stochastic (Gauss-Markov) process
will be given on which further calculations will be based.
The properties of the RFD signal which are of most in-
terest here are calculated in Sec. I B. Then in Sec. IIC
and II D the behavior of CSRS and TSRG is investigated
and the section is concluded with a discussion of the
theoretical results. Finally, in Sec. III the experimental
observations of incoherent RFD with unamplified non-
transform-limited mode-locked pulses on the 524-cm ™!
mode of liquid CH,I and the 656-cm ™! mode of liquid
CS, are presented. The experimental results are in agree-
ment with the theoretical predictions made in the first
half of this paper and previous ‘“‘conventional” studies.
Furthermore the experiments indicate that it is possible
to perform time-resolved Raman scattering studies with
incoherent light using unamplified pulses in media that
do not provide any intermediate resonance enhancement.

6361 ©1990 The American Physical Society
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II. A UNIFIED DESCRIPTION
OF RAMAN SCATTERING

In this paper Raman scattering with low intensity sto-
chastic light is considered. In third-order perturbation
theory (lowest order for Raman processes) there are four
types of Raman processes: generation of anti-Stokes fields
due to CARS (coherent anti-Stokes Raman scattering), of
laser fields due to SRS (stimulated Raman scattering), of
Stokes fields due to SRS, and finally of super-Stokes fields
due to CSRS. The naming convention for the four types
of field is shown in Fig. 1. Note the symmetry in these
processes: CARS and CSRS have identical properties and
the same holds for the two types of SRS. Below, in Sec.
II A, a general framework for describing all these pro-
cesses is presented, including the coherence properties of
the fields involved in generation as well as detection.
Then in Sec. II B, II C, and II D, RFD, incoherent CSRS,
and TSRG are discussed.

A. General definitions

Coherent Raman scattering of incoherent light from a
vibrational transition in the electronic ground state of a
molecule will be considered. The molecular system will
be treated as a simple three-level system with ground
state |1), vibrationally excited state belonging to the
ground state manifold of vibrational levels [2), and an
electronically excited state |3). This system is described
by the Hamiltonian

N 3
Ho=3 w11, )
i=1

where #(); is the energy eigenvalue of state |i) and
f1,=1i){jl| is the state-fip operator. Transitions be-
tween states |1) and |2) are parity forbidden and transi-
tions between |1) and |3), and [2) and |3) are allowed.
All transitions are assumed to be homogeneously
broadened with dephasing rate y;; , i%j and population
relaxation is neglected (and irrelevant for that matter).
For all fields (which are taken to be scalar quantities in
the equations) the coupling Hamiltonian is taken to be of
the form (H.c. stands for Hermitian conjugate)

FIG. 1. The three-level system used in the text to describe
Raman scattering and the naming convention for the fields.
The abbreviations are L, laser; S, Stokes; AS, anti-Stokes; and
SS, super-Stokes.
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H,=—RE(1)
=—£3 3 5j(t)e_”“’l'_kf")ﬁy-kH.c., ()
2i=1,2j=L,S

with p13;,=p3,=p the dipole moment matrix element, E;
the laser field strength and &;(¢) its slowly varying en-
velope.”® The spatial dependence of #, will be
suppressed in the following.

The evolution of the system is governed by the
Liouville-von Neumann equation of motion for the den-
sity matrix p of the molecule,

A

H
in'f

4ap _

d ) (3)

where # is the total Hamiltonian 7?04-7?1. The evolu-
tion of the matrix elements of p is readily calculated us-
ing the double Feynman diagrammatic technique.’%?’
The induced macroscopic polarization due to an interac-
tion sequence is given by P(t)=N Tr({zp). Due to the
assumption of low intensity of the input fields and the ad-
ditional assumption that the sample is optically thin, the
generated electric field E (¢) is simply linearly proportion-
al to P(1).

For a given field E(z) at a (quadratic) photodetector,
the signal I is proportional to®®

o= [© dT(E*0E@e+T)e 7™ | ()

where y;, is the spectral width of the photodetector and
the angled brackets denote a temporal average over the
fields. For a photodetector with a very broad spectral
response (white detector limit) Eq. (4a) can be approxi-
mated by

T<(|E()?) . (4b)

Note that the averaged quantity in Eq. (4b) is formally a
two-particle single-time correlation function®® that can be
represented by “quadruple Feynman diagrams,”’ al-
though the spatial (or particle) dependence is not explicit
here.

The fields that appear in the perturbative expansion of
P(t) will be assumed to be stationary zero-mean Gauss-
Markov (GM) processes (i.e., an Ornstein-Uhlenbeck pro-
cess’!). The slowly varying envelopes of the fields are
written as

G ()=A(t)e,(t), i=L,S (5)

where A () is a (deterministic) pulse envelope taken equal
for the laser and Stokes fields, e(¢) is the GM process
proper, and the indices L and S denote laser and Stokes,
respectively. Furthermore

—T; le—1']

(ef(t)e;(1')) =e ) (6)

ij »

A(t) is assumed to be uncorrelated with ¢;(¢) and is tak-
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en of the form

—rpltl

Alt)=e 7N

where I'p is the pulse width. In the case of cw fields the
limit T'p =0 is taken. Although the average over €(¢) has
now become an average over an ensemble of stochastic
processes, the average over A(t) is still a temporal aver-
age.

|

t t
Pn=c [' dry [ dr, [ d,6,(6))63(1,)6,(15)

B. Incoherent RFD

The idea of RFD is relatively recent and it was dis-
cussed by Felker and co-workers?*32734 and others.>> %7
A complete theory, however, for (partially) incoherent
fields was never given and will be given below. Consider
the double Feynman diagram in Fig. 2 for CARS; this di-
agram corresponds to the following expression for the
CARS polarization:

Xexp[ —iwpgt — (Y33 HiA N, — 1)) — (Y +iANt3—2,)—(y3Tid)(t —1¢3)] (8a)

where
A=Qy~0,
A=921_Q’L +CL)S y
A2=Q31_CDL +(DS—0)L N
Qij=ﬂ,-—~ﬂj ,
WpAs=20 — Qg ,
Y=Y
C=—iNu*/4#%® ,

(8b)

and w,g is the anti-Stokes frequency. Note that the propagators over the intervals t, —¢, and ¢t —¢; become proportion-
al to Dirac 8 functions as the detuning with the intermediate resonance tends to infinity.

Now the difference between CARS and RFD (see Fig. 3) lies in the fact that in RFD the probe pulse is replaced by a
probe-pulse pair consisting of laser and Stokes pulses. Mathematically, the replacements

llL)LT

(S’L(t)—+6“'1(t)+6’3(t)—>6L(t)+6’L(t—‘r)e+ ,

tiogr

é’s(t)—)gz(t)"'64(t)—>£s(t)+gs(t _T)e

9

are made in Eq. (8), where 7 is the delay between the excitation and probe-pulse pairs, resulting in eight different terms.

We write

PI(=Ce s’ f’ dt'e I TIOE, (1)ER)E L (t —T)exp(+iw, T)

-

+ 6 (' —1)EE(t)E (texp(+iew, T)

+E (1G5t —1)E L (t —T)expl tilw, —wg)T]

+6,(t'—7)Et' —1)E (t)exp| tilw, —wg)T]+EL(t)ES(t)E (1)

+ & (' —7)ES()E L (t —T)exp(+i2w, T)

+6E,(t)ES(t' —7)E (texp(—iwgT)
+EL (' —1)E(t'—1)E (t —T)exp[ +i (2w, —wg)T]} (10)
where ¢=7 +iA. Consequently the expression for the intensity of the RFD signal, which is proportional to the abso-

lute square of Eq. (10), contains 64 terms. Concentrating on that part of the signal that oscillates slowly as a function of
the delay 7, it is found
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(E*0E+D)<e ST ["Tar [ dr"expl =gt +T—1)=¢* (1 —1")]

X{{EL(tNEHNEL (1 +T —1)EE(t" —7)65(t" —T)EF(t —7))e 17
+H(EL (' =T —T)EL(t +T —7)EF(t")E(")EF(t —7))e 717
+{E (' —1)EEE)EL (1 +TEF (" —T)E5(t" —T)EL(t —7))e
+(E (' =16 —T)E (1 +T —7)6F (" —1)Es(t")EL (1)) e 17

+{(6 (¢

NEEL —T)EL(t +T —1)EL (") E(t")EL (1) )e H1OT

+(E,(tNEHNEL(t +TEE (") E(t" —T)EF(t —T) e 'O
H(EL (' =T —T)EL (1 +T)EL (") E (1) ES (1) )e 1O
(& (tNEHE Lt +TEE (" —T)65(t"—T)EE(1))e 17} (11)

where Q=w; —wg. It may be clear that () is the main
frequency of the Raman fringes.

There are various useful options: either the laser or
Stokes field may be incoherent, the fields may be cw or
pulsed, the linear polarization may be varied and finally
the detection of the signal may be broadband or pseu-
domonochromatic. These will be discussed below.

AS

NN/

L

FIG. 2. The basic process of RFD is the generation of an
anti-Stokes field by two fields at the laser frequency and one at
the Stokes frequency, was=2w; —ws. With E; =E, or E; and
Es=E, or E, (see Fig. 3) this diagram stands for eight different
equations.

r

1. Stochastic laser cw fields and broadband detection

In the case of broadband detection the signal is propor-
tional to {|E (¢)|?) and if the fields are polarized parallel
to each other (i.e., E||E,||E;||E4) and only the laser fields
incoherent, it is found that

I<(a+iB)r)e Y +c.c., (12)

where

_rLl‘rl
’

a=e ""[Ecos(AT)+9) sin(A|7])]+Be 13

B=e 77 @ﬁcos(Af)—i sin(AT)

and
E=WN T, [(T,—y)T+3y)+A%],
=N 4yT A,
bJ] LY. (14)
B8=WN, (T, —y N[} —yT,—4y))+ AN, +4y),
N7 '=y|T;—¢*IT;+¢|> i=L,S .

E, E, E; E,

P

| 1B t
0 T

FIG. 3. In all experiments described here the delayed fields
(E, and E,) are exact replicas of the other fields (E, and E,, re-
spectively) except for a phase factor. The assignment of the ac-
tual central frequency (i.e., laser or Stokes) depends on the pro-
cess considered.
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To find a measure of the fringe amplitude from Eq.
(12), two coordinates are defined as

x =1 cos(Q,;7)=acos(AT)—Bsin(AT) ,

y =1sin(Q,,7)=asin(A7)+Bcos(AT) .

(15)

Then the amplitude is given by (x2+y?2)!/2

high-frequency components are filtered out.

In the case of orthogonal linear polarization of the first
arriving fields with respect to the delayed fields (thus, cf.
Fig. 3, E|||E,, E;||E,, E,LE,), the signal is again of the
form of Eq. (12). Itis found for r=0

, where the

a=e " ""(A cos(AT)—Bsin(A7)]+Ce L7,
.. (6
B=e Y [—Bcos(A7)—Asin(AT)]—Be L,
and for 7<0
a=e"[Dcos(AT)— 1B sin(A‘r)]+(§eI‘LT ,
(16b)

B=e"[— 1B cos(Ar)—Dsin(Ar)]+1Be -7,

where
A=N, (T (T, —y T +3y)+A%]},
B=N(4yTA),
C=N {—2y[(T,—y T +y)— A%}, 17
D=WN [T (T2 —y2+AD)],
C=N[2y(y?+A2—T,7)].

In the derivation of this equation it is crucial that all
transition dipole moments are parallel (i.e., p,;]|¢,3) and
that orientational dynamics®®* have been neglected.

2. Stochastic Stokes cw fields and broadband detection

Making similar assumptions to those in Sec. I B 1, it is
found for both polarization conditions [with Eq. (12)]

—Tgll
’

a=e "1"[Acos(Ar)+Bsin(Al|r|)]+Ce
B=e 7" fBl—:‘cos(AT)—ﬂsin(A‘r)

T —Igll
—B——e 5

(18)
| 7]

where

A=NgHTs[A2H(TE—y)]} ,
B=N51(2yT54), (19)
C=Ns{y[A=(TE—y))]} .

3. Pulsed fields and broadband detection

As indicated in Sec. I A, in the case of pulsed fields
the deterministic part of the field is decorrelated from the
stochastic part. For stochastic laser as well as for sto-

chastic Stokes pulses and for both polarization condi-
tions, the signal can be expressed in the form of Eq. (12).
Unfortunately the analytic expressions that result for the
coefficients a(7) and B(7) occupy several pages and can-
not be given here for obvious reasons.” It suffices to
state here that the form of the signal does not essentially
change for pulse widths larger than the relaxation time.
Naturally it has been checked that the mentioned equa-
tions reduce to their cw fields form discussed in the
preceding subsections, for I —0.

4. Stochastic laser cw fields
and monochromatic detection

As discussed above, the signal in the monochromatic
limit is given by?%4!

i"’AsTe 8T = g | 71
b

I< [% dT(E*(E(t+T))e (20)
where

=wps—w .
Note that the eiw"ST term cancels the one in
(E*(1)E(t+T)). It turns out that there is only a

measurable effect of the introduction of a limited spectral
response of the photodetector if the polarization is paral-
lel. Then

I(T, 7)< (Cy+Cg+C,+Cs)(1)e " +c.c. 21
[This equation is of course again of the form of Eq. (12)]
where

Fpx

Co=e "HH(x)(Me ~H+Re L)

+H(—x)(M*et % 1), (22a)

Cp=[H(TBe " +H(—T)(Qe? T+Re )]
X[H(—x)B*e “+H(x)(Q* ~#*+R*e L),
(22b)

c =e—I'L|xl r, 7

[H(T)DMe *T+Ne L)

FH(—TYDM* e T+ 7)),

Y

(22¢)
Co=[H(x)PBe T +H(—x)(Qe? *+Re' )]
X[H(—T)B* tT+H(T)(Q* 4T+R* "t

(22d)
and
x=T+r7,
. 0, t<0
H(t): 1’ 120
M=N{[TL(T2 —y2+A%+i2¢A)],
(23)

NR=N[ (A2—T2 +92—i2yT,A),
B=(¢*+I)7 ",
Q=(¢*+T) '+ (T —¢")7!,
R=(¢*—T )" '.
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The Fourier transform is easily calculated by using convolution integrals; these integrals can be analytically solved via
Jordan’s lemma and complex contour integration, yielding finally

Co=2[(M+M*);,(0,T7,8+A,y)—i (M—M* M ,(0,T;,8+A,7)
+(R+R*M;4(0,T;,8,T ) —i(R—R*),(0,T;,8,T,)], (24a)
Cp=IB+RI21(0,T7,8,T ) +|P—RIL,(0,T;,8,T )+ Q1 (A,y,8+4,7)
+1012L (A, 7", 8+A,7)+i(B+RNPB* =R, (0,T7,8,T ) —i(R* +R* NP —R)(0,T7,8,T,)
+Q* (PR (0,T;,8+4,7)+QR*+R(A,y,8,T ) —iQ*(B+R)N 1, (0,T7,86+A,7)
+IQP*+R* M (A, 7,8, T ) —iQ*(B—R),(0,T;,8+4,y) +HiB* —R*)1,(4,7,8,T;)
— QX (P—RM (0,T7,8+4,7)—QB* —R* )M (A,7",8,T ) —i Q1T (A, 1,8+ 4,7) +ilQ L (A,y',6+4,7) .
(24b)

C, and Cj are given by the same expressions as given above in Eq. (24) for C, and Cp. except that I e, I, I, and I,
should be replaced by I/, I }g, Iéf, and I, . > Where

I;i(Q4,a,Q,,0)=[H (7)x;; + H(—7)x} ]e et alr‘+[H('r)y,-j+H(—T)yi;]ei(s_ﬂz}f_blﬂ , (25a)
I{(Q,0,Q,,b)=[H (1)x} + H(—)x; e th‘r—a’T|+[H(T)yi;+H(_/T)yij]eiﬂzf—b|f|, =g, (25b)
Xpr= ; e ; y Y™ ; = . )
[Q,+Q,+i(a —b)][Q,+Q,+i(a +b)] [Q,+Q,+i(a—b)][Q+Q,—i(a+b)]
mQ,+Q,+ia) ina
e T+ Qy+i(a -0+ Q+i(a+0)] B [0+, +ila—b)][Q,+Q—ila +b)]
—imh (Q,+Q,—ib)
X T I0+ 0 +ila =00+ Q+i(a+0)] ¥ [0+ 0, +i(a—b)][Q,+Q—ila+b)]
—im(Q,+Q,+ia) im(Q,+Q,—ib)

b

Y T 0+ Q,+i(a —bQ+Q+ila+b)] TE [Q,+Q,+ila b+ Q,—ila+b)]
and
FL=T+Yaio Y=Y+ Vi -
C. Incoherent CSRS

The theory of incoherent CSRS has been extensively discussed in Ref. 22, therefore it will be discussed only briefly
here. Note that incoherent CSRS is very similar to RFD described above, the difference being that the signal is generat-
ed at the super-Stokes frequency and the probe pulse consists of a Stokes pulse only. This corresponds to the replace-
ments

GL(t)Hgl(t) ’ (26)

Es()—Ex 1)+ E4()—> E5()+Eg(t —The S
(see the double Feynman diagrams in Fig. 4). Only the signal for cw incoherent light, a stochastic Stokes field (a sto-
chastic laser field has no beneficial effects), and parallel polarization (E,||E,||E;) will be discussed. Furthermore it will
be assumed that the intermediate electronic state |3) is excited far off resonance (in Ref. 22 the resonant case is also dis-
cussed). It will, however, not be assumed a priori that the laser and Stokes fields are two-photon resonant with the
transition |1)-|2). Then the average incoherent CSRS intensity is found to be given by (cf. Ref. 22)

1<T>«f_' f_' d'dt"e ~8 =6 U= [EL(NES (' — 1)+ EE(t —1)ES(t)[Es(t)Es(t"” —7)+ Eg(t —7)Eg(")])
ox))

where ¢ =y +iA, y is the dephasing rate of the transition |1)-|2), A=Q,, —w; +wy is the two-photon detuning. Us-
ing Eqgs. (26) and (27) the CSRS intensity is easily found:

TSNS g (2 A2 e 2N 4y T

(=Tg—pl7l

I < Ng2(2y+Tg)|Dg—o|*+

(=T =yl sin(A|7|)NVg '8y T5A . (28)

+e cos(A|7| )Nz 12Dg[(Tg+y ) Ts—3y)+A?]+e
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4 4
\2 2 \2 2
- ——t—— - ——t-—
3 2 3 2
/“—3“_ /h__sh"
3 2
1 2 1 2

FIG. 4. With E; =E,, Es=E, or E;, and E,;=0, the basic
CSRS diagram yields these two diagrams that both give the
phase-matching condition k,=k;+k,—k,.

For A=0 Eq. (28) reduces to the result of Ref. 22. Note
that in contrast to RFD, there are no fringes.

D. Incoherent TSRG

TSRG was developed by Heritage*? and extensively
discussed by Van Exter et al.?>*>* and others.** For
consistency TSRG will be discussed in the same frame-
work as CSRS and RFD above. The pulse sequence of
TSRG is identical to that of RFD and the replacement
Eq. (9) can be used. However, in TSRG the signal is
detected at the Stokes frequency. Usually in the experi-
ments the phase matching is chosen in such a way that
the signal is observed in the direction of the Stokes fre-
quency part of the probe-pulse pair. Due to the frequen-
cy degeneracy of TSRG there are three diagrams (see Fig.
5) that contribute to the signal in the above-mentioned
phase-matched direction. Only one of them is of Raman

b ——

FIG. 5. With E;, =E, or E; and Es=E, or E, and imposing
the phase-matching condition k,=k;+k,—k, leads to these
three double Feynman diagrams. Diagram (a) is the usual SRS
process; diagrams (b) and (c) are of an electronic character.

type, the other two are of electronic origin and do not
occur in either CSRS or CARS. From the double Feyn-
man diagrams in Fig. 5 the third-order polarization is
found to be given by (under the same assumptions as in
the preceding sections)

POMN=C [' are™® TS E1 16,116 (1)
+C [' dr2e e 6,106, (29)

where C and ¢ are defined as before. Note that Eq. (29)
has been written in such a way that the explicit frequency
dependence is identical to the Stokes frequency
(0 —wg—w; =—wg). Indeed TSRG is detected by
heterodyne techniques,*®*” with the delayed Stokes pulse
(E,) acting as the local oscillator. The average hetero-
dyne signal {w ) can be expressed as

(w)c:<Re [' are™ “_t’)_i(w"—QS)TGZ(t')és(t')gL(t—*r)é’§(t—7)>

+<Re [ dr'ze“““’L‘“S”gz(:')c:L(t')és(t—T)G;(t—f)> . (30)

In contrast to the short discussion of CSRS in the preceding section, it will be assumed that both laser and Stokes fields
are independent GM random processes and furthermore that both fields are pulsed. Using the equations from Sec. II A,
it is found from the ‘“Raman part” of Eq. (30) for negative delay (7 <0)

(w) <Reexp[ —i(w, —wg)T+87]

X {((p+S8) 2+ [2Tp(¢+ )] '+ [2Tp(¢—D)] ' —[(d—DN P+ ] ' =7+

and for positive delay (7>0)

(w) «Reexp[ —i(w; —wg)7]

(31a)

X (exp(—¢7){(¢+&) 2= [2Tp(¢—&)] '+ [2Tp(¢+ )] ' —[(¢—D)p+&)] !
—[(¢+DN—$)] '+ [2Tp(¢—D)] ' —[2Tp(¢+D)] ™Y}
+exp(—$T){—(¢—&) 2+ [2Tp(¢— )] '+ [20p (¢ +D)] !

+(¢+DNp—) ] "+ 7(¢p—S8)"1})

(31b)



6368

and from the “electronic part” of Eq. (30)

(w) «cos(Qr)e (| 7| +Tp)2 (31c)

where
&EFP+FL+FS and .@EFP'—FL—FS .

Again there are fringes with the same main frequency as
in RFD. An estimate of the fringe amplitude is obtained
in a way similar to the case of incoherent RFD [cf. Eq.

(15)].

E. Discussion of results

The reason that CSRS and TSRG as well as RFD have
been discussed may be clear: the respective techniques
are very similar. The reason seems to be that all three
techniques rely on some sort of homodyne or heterodyne
detection scheme: a relevant signal modulates a back-
ground. This background consists of two- and four-beam
CARS in the case of RFD, the uncorrelated parts of the
Stokes field generating a constant signal in CSRS and an
externally supplied Stokes beam in the case of TSRG.
Furthermore, the temporal resolution is in all techniques
determined by the inverse of the spectral width of the
pulses, rather than their actual temporal width. The
specific properties of the three techniques will be dis-
cussed below.

Incoherent RFD is generated by the interference of a
decaying and a nondecaying component of the anti-
Stokes field. As a result of this homodyne scheme (Fig. 6
shows the result for stochastic laser, parallel excitation,
and cw fields), the RFD signal decays twice as slowly as a
decay measured with ordinary CARS or CSRS. As dis-
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cussed in Ref. 22, two extreme cases can be considered.
The case I'/y >>1, when the tail of the signal decays
with y [that is with (Tz)_', where T, is the usual trans-
verse relaxation time], and I';/y <<1, when the signal
reduces to the two-point intensity autocorrelation func-
tion of the ith field (where i =L,S). As can be seen in the
figure, it seems that as the coherence time decreases, the
height of the coherence spike converges to a constant.

As the two-photon detuning from Raman resonance is
increased (see Figs. 7 and 8) small beats emerge. In the
case of a stochastic Stokes field the beats are so small as
to render them experimentally unobservable. In all cases
one expects a spikelike feature rather than beats as such
if the signal-to-noise ratio in the experiment is low. The
calculations in the pseudomonochromatic limit, however,
show that this spikes turns into full blown beats as the slit
width is decreased (Fig. 9).

Careful examination of the theoretical predictions in
the pseudomonochromatic limit suggests the following
rules. Part of the signal oscillates as function of the delay
7 at angular frequency ,,+(A—y) while another part
of the signal oscillates with frequency
[Q;,+(A—y)]—(2A+8). The interference of these two
components leads to beats in the total signal at the fre-
quency 2A+86. For large two-photon detunings (§> —A
for positive A and 6 < —A for negative A) a third fre-
quency appears, namely just {},,. Note that in the pseu-
domonochromatic limit there are always beats at 2A+35,
thus beats can be even be expected if the vibration of the
molecule is excited on resonance (A=0) but the detection
frequency is detuned (870). The result that the beat fre-
quency depends on the detection center frequency is not
so surprising considering the fact that the signal is homo-

log,,1
(arb. units) 05
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7 2
5
O
100
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0 4 8
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FIG. 6. Normalized incoherent RFD signal intensity in the parallel configuration with cw fields (I'» =0) and broadband detection,
plotted as a function of the delay 7. The coherence rate I'; of the laser field varies from 0.5 to 100 ps ' and y=1ps~'.
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FIG. 7. Normalized RFD signal with broadband detection
and parameter values I'; =1.42, y=0.05, and A=0.0, 0.333,
and 0.666 (all in ps~') and parallel polarization configuration.
In the upper traces cw fields have been assumed (I'» =0) and in

the lower traces ', =0.1ps™ .

dyne detected. In the white detector limit the oscillation
at frequency [Q,,+(A—y)] —(2A+38) disappears and is
replaced by an oscillation at frequency
[Q,,+(A—v)]— A leading to beats at frequency A. Note
that even for small slit widths, no beats are predicted for
orthogonal excitation.

The effect of a finite pulse width is of course greatest if
the dephasing time is longer than the pulse width. In the
case of orthogonal excitation, however, the effect is only
seen in the rising flank of the signal. The conclusion is
that for orthogonal excitation any dephasing time can be
measured with confidence in the decaying flank, regard-
less of the pulse width, as long as the coherent time of the
fields is short enough. In the case of parallel excitation,
pulse width effects are present both in the rising flank as
well as in the decaying flank, so a dephasing time can
only be measured accurately if it is much shorter than the
pulse.

0 0
log,,! 0.33
R 0.66
(arb. units)
0
-4 0.33
0.66
-30 ) o i 30
delay (ps)

FIG. 8. The same parameters as in Fig. 7 except in the or-
thogonal polarization configuration, ie., E,|E,, E;||B,, and
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FIG. 9. Normalized RFD signal with parameter values
', =1.42, y=0.05, A=0.333, and §=0 (all in ps~!), cw fields,
and parallel polarization configuration. The three traces show
the signal for ¥, /(27)=10.0 (a), 0.5 (b), and 0.05 ps ! (c).

The form of the incoherent CSRS signal is seen in Fig.
10, where the normalized signal with background sub-
tracted is plotted as a function of the delay 7 for various
values of the coherence time of the Stokes field. Again
two extreme cases, I's/y >>1 and I'y /¥ <<1, can be dis-
cerned that have a similar impact on the form of the sig-
nal. The disappointing feature of incoherent CSRS is its
prodigious coherence spike that becomes more and more
dominant as the coherence time decreases, so a greater
time resolution is offset by a deteriorating capacity to
determine the vibrational coherence decay time.

Beats start to appear as the two-photon detuning is in-
creased starting from A=0 but the beats are confined to
delays smaller than the coherence time. Furthermore,
the tail of the signal still decays with 2y [that is with
(T,/2)" '] as long as the coherence time is relatively
short. It has been checked numerically that effects of a
smaller spectral response of the detector have a similar
effect on these beats to that seen in the RFD signal. This
conforms to the predictions made in Ref. 48.

The signal of incoherent TSRG is found to be always
asymmetric (see Fig. 11) with the slow flank decaying
with ¥y =(T,) ! just as in RFD. This asymmetry should
come as no surprise since it is in fact one of the assump-
tions made in the calculation. The assumption that the
excitation pulse pair propagates along another path than
the probe-pulse pair breaks the symmetry between these
two pulse pairs, that is, their roles (i.e., excitation versus
probing) are fixed and cannot be interchanged. The same
could have been achieved by orthogonally polarizing the
excitation pulse pair relative to the probe-pulse pair. The
advantage of the asymmetry in TSRG is that the time
resolution, proportional to (', +T'; +T'g)~!, can easily
be estimated from the experimental data. Note that the
TSRG signal contains a coherence spike (at least for the
parallel polarization considered here) due to the electron-
ic contribution. It is evident from Eq. (31c) that this
spike scales with the relative importance of the coherent
and incoherent part of the fields. For completely
coherent pulsed light the spike is absent whereas for com-
pletely incoherent cw light it dominates the signal.
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FIG. 10. Normalized incoherent CSRS signal intensity with background subtracted plotted as a function of the delay 7. The

coherence rate ' of the Stokes field varies from 0.5 to 100 ps ™!

Again beats are observed if laser and Stokes are de-
tuned as can be seen in Fig. 12. Unlike the beats in CSRS
and RFD, the beats can be observed clearly even with
broadband detection but it is found that the beats in
TSRG are only visible at certain critical frequency detun-
ings that depend on the field parameters in a complicated
way.

and y=1ps .

1

The two fringe techniques (RFD, TSRG) have one ob-
vious disadvantage: to monitor the fringes properly (and
to avoid aliasing of Fourier components) huge amounts of
data have to be sampled (for example a 500-cm ! Raman
transition leads to oscillations with a period of about 66
fs). This makes the use of high-repetition-rate pulse
trains almost obligatory and prohibits the use of low-

log,,1

(arb. units.)
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-20
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FIG. 11. Normalized incoherent TSRG signal intensity plotted as a function of delay. The parameters are chosen: I'p=0.1,

y=0.4, A=0, and I'; + I'g varies from 0.5 to 20 (all in ps!).
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FIG. 12. The TSRG signal displays large dips for certain
critical frequency detunings. Here I'j +I's=1.42, T'p=0.1,
¥=0.05, and A=0.0 (a), 0.24 (b), 0.52 (c), and 0.74 (d) (all in
-1
ps ).

repetition-rate amplified pulses. One can imagine that
the signal-to-noise ratio is dramatically improved if ma-
terials are studied that have an intermediate electronic
resonance. However, if laser and Stokes pulses are both
one-photon resonant, strong-field effects are to be expect-
ed, and the above theory becomes meaningless. In exper-
iments with incoherent light in two-level systems
(DFWM) it is found?>*°~3! that higher-order correlation
functions of the fields become important, which leads to a
degradation of the signal. As discussed in Ref. 52, the
strong-field solution seems impossible to find analytically
due to the fact that the total stochastic process contribut-
ed by all the pulses involved in pumping and probing is
non-Markovian, and the coupling is strong. The same
will evidently hold for strong-field stochastic Raman
scattering.

III. OUTLINE OF THE RFD EXPERIMENT
AND RESULTS

The layout of the experimental setup is shown in Fig.
13. Two Coherent CR-590 dye lasers (using rhodamine
6G dye) are synchronously pumped by a Coherent CR-10
mode-locked argon laser [pulse width =80 ps full width
at half maximum (FWHM)] and produce pulses at a re-
petition frequency of 76 MHz. The dye lasers are tuned
to the laser and Stokes frequencies (w; and wg, respec-
tively), such that their difference frequency matches the
Raman transition frequency of interest. One of the dye
lasers operates with a three-plate birefringent filter while
the other operates with a one-plate birefringent filter to
yield incoherent pulses. Both dye lasers produce pulses
with an autocorrelation of 10 ps (FWHM). The in-
coherent pulses additionally have a coherence spike of
700 fs (FWHM) which corresponds well with the ob-
served laser spectrum.

The laser and Stokes beams are combined and split
with a 50% beam splitter into an excitation and probe-
pulse pair, each consisting of laser and Stokes pulses.
The temporal overlap of the laser and Stokes pulses can
be adjusted by a stepper motor (resolution 1 um) and is

Laser
[1]op
S® —F - -—--—-- stokes
Chopper =—— -
N PP %
, BS 2
| *
\ <
{
|
|
{

§-e4
cor

Esd- -
o
o

/ M pMT-LI
o H

FIG. 13. Experimental setup for the measurement of the
Raman-fringe decay. The following symbols are used: BS,
beamsplitter; DP, direct-vision prism; L, lens; PM, power me-
ter; S, sample; M, monochromator; PMT, photomultiplier tube;
LI, lock-in amplifier.

optimized using cross correlation in a potassium dihydro-
gen phosphate (KDP) crystal. The probe-pulse pair is
sent through an optical delay line with stepper motor
(resolution 0.1 pm) before being made collinear—to
within 0.8 mrad—with the excitation pulse pair. In the
case of orthogonal excitation, the polarization of the exci-
tation pulse pair is rotated over 90° using a set of mirrors,
before being made collinear with the probe-pulse pair in a
polarizing prism. Note that great care has been taken to
avoid glass components in the setup. A corner cube, for
example, can seriously affect the coherence and polariza-
tion properties of the fields. The beams are focused into
the sample with a 5-cm achromatic lens and the signal (at
the anti-Stokes frequency) is passed through a direct-
vision prism and a grating monochromator before being
detected with a photomultiplier. The signal intensity is
then recorded as a function of the delay time between ex-
citation and probe. The data obtained show
oscillations— “Raman fringes” —associated with the vi-
brational transition frequency. To obtain the characteris-
tic relaxation time, the amplitude of these fringes is plot-
ted versus delay time.

In the experiments the excitation beam is modulated at
800 Hz with a mechanical chopper and the signal is
lock-in amplified and digitized. To avoid overloading in
case of parallel excitation the spontaneous emission from
the dye lasers is suppressed with a direct-vision prism
(after the laser dye laser) and a low-pass colored glass
filter (RG600; after the Stokes dye laser). Furthermore, a
piezoelectric mounted mirror applying a fast (4-kHz)
phase modulation on the probe beam was necessary to
average out interference effects. In case of orthogonal ex-
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citation, a low-pass sharp cutoff filter (OG590) in the
probe beam suffices to reduce the load and interference is
absent.

The experiments were performed at the 524-cm™
mode of methyl iodide and the 656-cm ! mode of carbon
disulfide, at room temperature (293+1.5 K). These two
liquids provide two opposite regimes: I'p <<y for CH;l
and I'p >y for CS,. The samples of methyl iodide and
carbon disulfide (both Merck, spectroscopic grade) were
used without further purification. (Methyl iodide is pho-
tochemically unstable and was therefore refreshed before
each run.)

To enable a discussion of the results and a comparison
with theory, orthogonal and parallel excitation will be
treated separately first in the broadband detection limit.
These two different experimental results will be seen to
yield significantly different results. Then the attention is
focused on the influence of limited detection bandwidth,
which again yields different results.

1

A. Orthogonal excitation and broadband detection

Typical results for this type of measurement for both
CS, and CH;l are presented in Fig. 14. The smooth
curves are a least-squares fit of the data to the complete
analytical expression including finite pulse width derived
from theory. The main characteristics of the data ob-
tained with this configuration are the following: (1) the
fringe amplitude decays with a characteristic time equal
to the vibrational dephasing time (7,). The dephasing
times of 21.310.1 ps for carbon disulfide and 2.4£0.2 ps
for methyl iodide are in good agreement with earlier pub-
lished results;?>3*3* (2) the time resolution is obviously
not limited by the pulse width of =10 ps, but rather by
the correlation time of the fields; (3) the signal is asym-
metric with respect to 7 due to the fact that excitation
and probe-pulse pair are not interchangeable because of
their different polarization directions; (4) the frequency of
the fringes is equal to the transition frequency of the vi-
brational mode within the spectral resolution of the
Fourier transform of the data. For all of these observa-
tions the excellent agreement between experiment and
theory should be noted.

The above results were obtained for resonant excitation
of the vibrational mode. In other experiments it was
found that off-resonant excitation, with A=15 cm™ L
yielded equal results. This can be expected from theory
since the signal-to-noise ratio in these experiments was
not high enough to observe the very small detuning oscil-
lations which are predicted.

B. Parallel excitation and broadband detection

In Fig. 15(b) a typical result for this type of experiment
is shown for CH;I. The signal is now symmetric with
respect to 7, due to the interchangeability of excitation
and probe-pulse pair. Again it is found that the time
resolution is not determined by the pulse width, but by
the correlation time. A different type of result is found
for CS, as is shown in Fig. 15(a). The signal is still sym-
metric, but no longer decays with the characteristic de-
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phasing time. In fact, what is found is basically the result
of the finite width of the pulses. This is confirmed nicely
by theory.

In contrast to what was found for orthogonal excita-
tion, a dramatic effect on the data is found for off-
resonant excitation. Strong detuning oscillations are
found for this case. It is found from the Fourier trans-
form of the data that there are two oscillation frequen-
cies: one at the usual vibrational transition frequency Q,,
and the other at the (detuned) laser difference frequency
Wy —Wg.

C. Parallel excitation and monochromatic-noise excitation

The detuning oscillations observed for off-resonant ex-
citation become much more pronounced when the detec-
tion bandwidth is set much smaller than the inverse re-
laxation time of the system. Figure 16 shows the results

4
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FIG. 14. Experimental data for orthogonal excitation in
RFD experiments with broadband detection on carbon disulfide
(a) and methyl iodide (b). The solid curve in (a) is a least-
squares fit of the theoretical calculations (including the effect of
a finite pulse width) to the data with I'y =4(2), T'p=0.141(1),
y=0.0469(2) (all in ps~!). The data of (b) have not been fitted
because of the significant departure from exponential decay for
small 7. This feature is due to a malfunctioning of the analog-
to-digital converter. The parameters used for the “handmade”
fitare [, =5, [,=0.19, y =0.42 (all in ps™").
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for experiments on CS, where the detuning from Raman
resonance was set at 14.1 cm ™! and the signal is recorded
as function of the delay time between excitation and
probe for several detection frequencies. It is found that,
although the detuning remains constant, the beat fre-
quency changes with the detection frequency. For special
settings of the detuning and the detection frequency even
three different frequencies may be observed in the Fourier
spectrum. In Fig. 17 the beat frequency is plotted as
function of the detection frequency. The solid line shows
the theoretical prediction. Note that the observed behav-
ior is in good agreement with theory. Other predictions
from theory, such as the observation of detuning oscilla-
tions with resonant excitation but with a detuned detec-
tion; and a (26+ A)-beat frequency dependence for off-
resonant excitation and monochromatic detection,
smoothly changing to a A-beat frequency dependence in
the broadband detection limit, are also confirmed nicely
by theory.

Finally a word of comment on the relative merits of
RFD compared to other incoherent techniques. First it
should be noted that for orthogonal excitation this tech-
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FIG. 15. Experimental data for parallel excitation in RFD
experiments with broadband detection on carbon disulfide (a)
and methyl iodide (b). The solid curve is a least-squares fit of
the theoretical calculations to the data with (a) I'; =1.2(2),
I'»=0.23(2), y=0.0487(7), and (b) I'; =1.0(3), ', =0.09(5),
¥=0.39(5) (all in ps~").
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FIG. 16. Experimental data for parallel excitation in RFD
experiments on carbon disulfide with pseudomonochromatic
detection (detection bandwidth is 0.04 ps~' FWHM) for
different values of the detection detuning & (in ps~'). The Ra-

man detuning A was set at 0.42 ps~ .

Beat frequency (ps™)

0.4

-1 -08 -06 -04 -02 0

FIG. 17. The experimental beat frequencies taken from the
Fourier transform of the same experimental data as used in Fig.
16, plotted vs the detection detuning 6. Note that the Fourier
spectrum shows three peaks for § > —0.4 ps~!. The solid line is
the theoretical curve: 2A+8, with A=0.475 ps~!. The devia-
tion from quantitative agreement between theory and experi-
ment is largely due to the rather large uncertainty in the experi-
mental value of A and the limited spectral resolution in the
Fourier transform of the data.
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nique yields a characteristic decay time equal to the de-
phasing time (7T,) which is independent of the pulse
width. The signal has no background and also no
“spike” is found on top of the signal which may make in-
terpretation of the data ambiguous. Both these proper-
ties of the RFD experiments compare favorably to in-
coherent CSRS or CARS, which are only effective in the
regime of y5,! <T';!, show a characteristic decay time of
T,/2, have a large background signal, and which do
show a “spike.” On the other hand, the RFD technique
is quite similar to TSRG. The latter technique has one
disadvantage in that it relies on an expensive apparatus to
extract the signal from an enormous background. Furth-
ermore, TSRG shows a spike around zero delay which
dominates the signal for cw incoherent fields. So it may
be concluded that the RFD technique is quite a powerful
incoherent technique for measuring ultrafast dephasing
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times as long as the coherent beating effects can be avoid-
ed.

For all Raman processes described above it holds that
the relaxation observed is equally affected by homogene-
ous as well as inhomogeneous dephasing of the vibration-
al transition. It has been suggested by many authors?>2’
that only a Raman echo®® can discern between these two
types of dephasing. It may be clear that since the Raman
echo is in many cases unobservable even with low-
repetition-rate high-power-amplified pulses,”’ a Raman
echo using one of the interference techniques is out of the
question.
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