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I. Introduction

In recent years, there has been a great advance in the
visible and/or UV multiphoton spectroscopy to investigate
mechanisms of higher order molecule-photon interactions,
structure of vibronic states, and the dynamic behaviors
taking place in the electronically excited states of

molecules.l_8

In this chapter, we are concerned with theoretical
treatments of resonant molecular multiphoton transitions
with emphasis on our work carried out during the past five

years.

A multiphoton process is said to be in resonance if the
energy of one or several quanta of photon is close to a
transition energy between relevant two electronic states.
In the resonant multiphoton transition, effects of dampings
in the resonant states make a significant contribution to
the multiphoton process. These effects originate from
intramolecular interactions such as nonadiabatic, vibronic,
rovibronic interactions, and/or from intermolecular
interactions including inelastic and elastic interactions.
One of the simplest method for derivation of an expression
for the multiphoton transition probability in the resonant
case is to use the expression derived in the non-resonant
case by introducing the damping constants into the
denominator of the cross section. The transition

probability is expressed in the perturbation theory a39
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, 1 and wp denote the cross section for n-photon

. . 2n_ n-1
processes in units of cm™ s

-1

, the laser intensity in units
of erg cm—zs , and the laser frequency, respectively.
Equation (1.1) expresses simultaneous n-photon processes.

(n)

Each energy denominator involved in o takes a real form
which is expressed in terms of the laser frequency, and the
frequency difference between relevant two levels. By using
the treatment mentioned above, we can avoid divergence of
the transition probability and calculate the magnitude of
the transition probability for the simultaneous resonant
multiphoton process. It is, however, insufficient to discuss
the mechanism of resonant multiphoton transitions. In that
treatment, for example, sequential multiphoton transitions
can not be considered. 1In order to discuss the mechanism of
the resonant multiphoton processes of molecules, it is
necessary to properly take into account the damping effects.
These effects have to be considered prior to take time

t » » in deriving the transition probability expression in

the perturbation theory.

In Sec. II, a theory of the resonant multiphoton
transitions, based on the master equation approach is first
presented to take into account the damping effects. An
expression for the dephasing constant is derived. It is

interesting to investigate the resonant multiphoton transition
33



and the resonant light scattering of molecules via coherently
excited resonant states. The creation of the coherent states
has been proved by observing quantum beats in fluorescence of
molecules. A theoretical treatment about the time dependence
of vibronic states after the coherent excitation is given in
the density matrix formalism in Sec. II. Transition rates

of two-photon transitions via the coherent excited resonant

states are finally formulated in Sec. II.

In Sec. III, several applications of the theoretical
treatment described in Sec. II are presented: Mechanisms of
resonant two-and three-photon transitions, quantum beats in
fluorescence, and time-resolved resonance Raman scattering
from molecules with a nonequilibrium vibronic distribution

are discussed.

II. General theory

II-1. Derivation of master equation

In this section, we derive the master equation which
describes resonant multiphoton processes of molecules

interacting with the heat bath. The master equation can be

obtained by using the projection operator method,lo—12

13-16

or the cumulant expansion method. We adopt the

projection operator method here.



We consider a total system consisting of molecules
(denoted by S), the heat bath (B) and the radiation field
(R). The wave functions of the total system wi(t) satisfy

the time-dependent Schrddinger equation:

3 A
ih—|w, (£)> = H[y;(£)> . (2.1)
ot

Rather than describing the time-dependent behavior of the
system in terms of the wave functions, it is convenient to

use the density matrix defined by

p(t) = IN; |, (£)><p i (t) ] (2.2)
1

where N; represent the weighting factor. The density matrix
can be expanded in terms of any basis set {|m><n|} in the

Liouville space (double space) as

p(t) =} 1p__(t)|m><n]| , (2.3)
L Loy | I

and the vector in the Liouville space is defined as

[p(e)>> = (t) jmn>> . (2.3a)

I legn
mn

The expansion coefficients pmn(t) which is the projection
of p(t) on the basis vector |mn>> in the Liouville space,

are given by
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which is obtained by applying the following expansion of the

ordinary wave vector to Eq. (2.2)

[y (8)> = r%Cim(t)lrrP . (2.5)

The time evolution of the total system is determined
by the Liouville equation for the density matrix p(t) of the

system:

3 A
-——p(t) = ilp(t) , (2.6)
3t

where the Liouville operator i is defined as
L =1[H, 1/, (2.7)

which can be derived by using Eqs. (2.1) and (2.2), and the

Hamiltonian of the total system is given by
(2.8)

(2.9
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Here, HS, HB

heat bath and photon field, respectively. HéR and HéB

represent the interaction Hamiltonian between the molecule

, and HR denote the Hamiltonians of the molecules,

~

and photon field, and that between the molecule and heat
bath, respectively. We have assumed that there is no

interaction between the heat bath and photon field.

Applying the Laplace transformation

oo

o(p) = [ at p(t)e Pt (2.10)
0

to Eq. (2.6), we obtain
(pHil)p(p) = o(0) , (2.11)

where p(0) is the density matrix p(t) at t = 0, and is
assumed to be given by p(0) = p(s)(O)p(B)(O)p(R)(O), that
is, the subsystems of the total system are independent each
other at t = 0. It is assumed that these density matrices

at t = 0 have zero off-diagonal matrix elements.

We are now in a position to find the equation of motion
for the reduced density matrix of the molecules. This can
be accomplished by applying two types of the projection
operators to the density matrix equation of the total system.
These are the projection operators which trace out the heat
bath variables and photon field ones. 1In order to tracing
out the heat bath variables, we define the projection

operator



A= o® oI, (2.12)

in which AZ = A. Applying A and 1-A to Eq. (2.11) yields

Alp+illAp(p) + Alp+ill(1-A)p(p) = Ap(0) , (2.13)
and
(1-A) [p+iLlAp(p) + (1-A)[p+ill(1-A)p(p) = 0 , (2.14)

respectively. Substituting (1-A)p(p) of Eq. (2.14) into

Eq. (2.13), we obtain

A[p+iLo+i£éR+2<p)]Ap(p) = Ap(0) , (2.15)
where

- 'Al Al N 'A -1 N Al
I(p) = ilgy + L&p(1-A)[p+il] " (1-A)Lip , (2.16)
or
[(p) = ilyy - Ly (1-a) [p+ill+ily 1 A-D I . (2.17)

and 10 = [H., 1/ and L., = [Hl., 1/h. Equation (2.15)
0 SB SB q

can be rewritten as
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[pHLYHL <T@ >510 50 (o) = 0B (o) (2.18)
where

1y = ), 1/,

0B (p) = Trgo(p) (2.19)
and

<Iprrg = Trgl o B0y . (2.20)

Neglecting the contribution of the molecule-photon field
interaction in the self-energy operator of Eq. (2.17) and
within the second Born approximation to the molecule-heat
bath interaction, we can express Eq. (2.20) as

17 (B)

Lggpe 0) . (2.21)

o .20 -
<3(p)>p ¥ TrypLép[pH+il']

We next trace out the radiation field variables by

applying the projection operator defined by
o = p® o1y (2.22)

to Eq. (2.18) with Eq. (2.21). By using the same procedure

described above, we obtain



1

[P+iLS+<<2(P)>B>R+<TT(P)>R]0(P) = d(0) , (2.23)

where

<orerp = TrR{---p(R)(O)}

o(p) = Ter(SR)(p) ,
and

n(p) = ilyy + Lp(1-a)Ggp(p) (1-c)Lgp »  (2.24)
or

7(p) = illy - iLip(1-a)Ggp(p) (1-a)m(p) , (2.25)

with

Ggg(P) = [pHLIpr<J(@>g1 ™t . (2.26)

Using Eq. (2.25), we expand Eq. (2.23) as

0

(p+ilgran D (rsptar B (pyspten 2 (pysptes-1atp) = 0(0)

(2.27)

where <ﬂ(n)(p)>R represent the transition operators for the

n-photon processes in the P representation, and are given as
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D) = Sy, (2.28)
@y = 1 ,

T 77 (P) = LgpGgr(P)Lgp » (2.29)
2y o i -, -, -,

13 (p) = ~LipGop (PILiRGer (PILLRGep (PILeg »  (2.30)

Carrying out the inverse Laplace transformation of Eq. (2.27)

yields

jlc(t) = —ii.o(t) - ftdy<n(0)(y)> o(t-y)
3t S 0 R

t
- fayta D gyop + <P yyop + eeiloteyy . 23D
0
where
1 i=te
7™ gy = —f dp 7™ (prexp(py) ,  (2.32)
2117 ot

and the convolution theorem has been used:

1 ,i=tc t
E?ZI dp F(p)H(p)exp(pt) = jody F(y)H(t-y) ,

(2.33)

-icotc
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where F(y) and F(p) satisfy Eq. (2.32). H(p) and H(t-y) are

defined in an analogous way. By using the definition of

displacement operator
)
o(t-y) = exp( -ys—g)o(t) , (2.34)

we can express Eq. (2.31) as

3oty = hao(t) - [ dyent® () (-5-2)0 (t)
vl g0 - fo y<m T (y) >pexp (-y—)a

t
(1) (2) 0
- + Fooe R
fody[<n (y)>R <1 (y)>R ] exp( yat)c(t)
(2.35)

Equation (2.31) or (2.35) has a non-Markoffian structure.
In other words, in order to determine the reduced density
matrix (t) at t = tl, we have to know time-dependence of
the density matrix in the whole time range from the past

(t = 0) to the present time (t = tl)‘

In our treatment, we restrict ourselves to the Markoff

processes. In this case,we obtain

agégl - -iﬁsc(t) - ryoe) - W eroe) - W eyoct) -- -,

(2.36)

where W(n)(t) represent the transition operators for the
n-photon processes, I (t) = W(n)(t) with n = 0 and they are

given by
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(n) Y >
Wty = [ dy<n (y)>gexplitLg] . (2.37)
0

We note that the population of the molecular eigenstate m

at time t, omm(t) is defined in the Liouville space (see

Eq. (2.3)) by <<mm|o(t)>>. After projecting out the diagonal
part of the both sides of Eq. (2.36) and taking time limit

t - « in the transition operators, we obtain the kinetic
equation (called master equation) for the population change

related to the resonant multiphoton transitions:

do__(t)
mm 0) (l) - _ 0),, (1), ...
T de azm(k k + )0,44(1) (kmm +kmm + ) Oy (E)

3

(2.38)

k(D)
m

where a representing the n-photon transition rate

constant from a to m molecular states, is given by

A Lin CALRECINN (2.39a)
with

W (e) = —ccm|W™ (1) |aas> (2.39b)
and kég) represents the n-photon induced population decay

constant of the state m, and is given in an analogous form
as Egs. (2.39). The rate equation approach based on Eq.
(2.38) has been adopted in studying dynamics of molecules

in the presence of the photon field such as UV and/or visible
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multiphoton ionization dissociation reactions, and vibrational

relaxations in the resonant states.9

II-2. The dephasing constant

In this section, an expression for the dephasing
constant which makes an important contribution to the
resonant multiphoton processes is presented, and the time
evolution of the reduced density matrix after the coherence
between the molecular eigenstates in the resonant state is
created by irradiation of laser is considered within the

isolated line approximation

The equation of motion of the off-diagonal reduced
density matrix element between m and n molecular eigenstates,
On (t) = <<mn|o(t)>> in the absence of the photon field is

given from Eq. (2.36) as

d ~
—<<mn|o(t)>> = ] ] <<mn|{iLg-T(t)}|ka>><<ks|o(t)>>
dt '
(2.40)

Real and imaginary parts of the diagonal matrix element of
T(t) in the Liouville space, for example, <<mn|[(t)|mn>>

(

1

r ) represent the time-dependent level shift and the
mn : mn

dephasing rate between m and n states, respectively. The

off-diagonal matrix element in the Liouville space, Fonike

represents the contribution of overlap between two transitions,
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k « 2 and n « m.

The off-diagonal matrix element Pmn-k is given by

L

t

r (t) = [ dy<<amn|<<n(® (gyspop ks> (2.41)
0

mn:kg

where

<<mn|<<n(0)(y)>B>R[k£>> = TrB{<<mmIiéB(y)exp[—iyis]ﬁéB|k£>>
x <<k£[exp[iy£sl|k2>>p(B)(0)} ) (2.42)

in which

LéB(y) = exp[iyLB]LéB exp[—iyLB] . (2.43)

In reducing Eq. (2.42), the following relation between the

’~
matrix elements of the Liouville operator, L and those of

the Hamiltonian, H, has been used:17
FITRE R -

<<m|L|kg>>F = 7 Bk np F- HynOkm?
-1 B F 2.44
- %(Hmkdnz' n’kn’ ¥ (2.44)

in which % is an operator of a system coupled to the molecule,
for example, the density matrix of the heat bath in the
equilibrium for ﬁ = ﬁéB‘ Subersript x of H indicates that

H* should be replaced with F. Equation (2.42) can be

expressed as
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0 1 .
<<mn|<<n( )(y)>B>R|k£>> =4;Eg {exP[—lwak]<Vmp(y)vpk>B6n2
*oexpl-iyw ), 1<V Von (9) 5 dpyc)

1 . .
- %7{exP[-lyw£n]<vzank(y)>B + exp[—lywmk]<vln(y)vmk>3},

(2.45)

where woe is the frequency difference between m and k levels,

and
Vmp(y) = <m|exp[inB/ﬁ]HéB exp[-inB/ﬁ]lp> . (2.46)
The diagonal matrix element of Eq. (2.42) can be written as

< > > = —— - VvV V
<m1']|<<’ﬂ (y)> lel’l > 12p§n {exp[ ilyw 1< P(V) pm>B

. 1
+ exp[-lywnp]<Vanpn(y)>B} + %7<me(y)vmm>B

1 1 1
+ %7<Vnnvnn(y)>B - %7<Vnnvmm(y)>B - %7<Vnn(y)me>B :

(2.47)

The first two terms and the others in Eq. (2.47) originate
from the dephasing effects due to inelastic and elastic

molecule-heat bath interactions, respectively.

When the molecule is excited within its resonance width
of the molecular eigenstate, we can take t as t » = in

calculating the matrix element of I'(t). This is called the
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Markoff approximation. In the Markoff approximation, the

dephasing constant related to m and n levels, | — for
18

example is given by

_1 (d)
Tonimn = E(rmm:mm+rnn:nn) * lniom (2.48)
= 1. (0> (d) .
where me:mm (= k ), and an \mn denote the population

decay constant of the level m, and the pure dephasing constant
resulting from the elastic interactions between the molecule

and the heat bath, respectively, and they are expressed as

2rmm e o )
"o iom = 2 I35 eiB 0| gy 51, ml S(wmj—wim) . (2.49)
] 4 m
and
(d) _ 2m (B)
Ton'ton = 52 E % © 1am (0)|(HSB mj ,mm (HSB)nl nm| é(ng) ’
(2.50)

where m and j indicate the initial and final levels of the

perturber of the heat bath, respectively.

In the case in which two transitions, m <« n and k « £
do not overlap each other, we can neglect <<mm|T(t)|k&>>
for |mn>>=|k&>> in the equation of motion of the reduced
density matrix element, Eq. (2.40). This is called the
isolated line approximation. In the isolated line

approximation, the solution of Eq. (2.40) is given by
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<<mn|o(t)>> = <<mn|Gg(t) [mn>><<mn|o(0)>> , (2.51)
or
<<mnfo(t)>> = <<mn|Gg(t-ty)mn>><<mn|o(ty)>> , (2.52)

where Gs(t—tl), the time evolution operator of the reduced

density matrix, takes the form

t ~
Gs(t—tl) = expl-/ dy{iLS+F(y)}] . (2.53)
£

The matrix element of Eq. (2.53) is expressed as

(y)1]

t
<<mn|Gg(t-ty) [mn>> = exp[—i(t—tl)wmn-j't 372 S,

1
(2.54)

In the Markoff approximation, Eq. (2.54) reduces to

<<mn[GS(t-tl)|mn>> = exp[-(t-ty) (Gu +T . )1 . (2.55)

where the real part of the dephasing constant has been
omitted. Equation (2.52) with Eq. (2.54) or (2.55) represents
the time evolution of the off-diagonal density matrix of the
m and n states, created by a coherent laser pulse at t = £,
and that the damping is dominated by the dephasing rate

(constant).
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II-3. Coherence between molecular eigenstates

In this section, the time evolution of molecules
produced by a coherent excitation will be treated in terms
of the reduced density matrix formalism. Appearance of
quantum beats in fluorescence of molecules are directly
related to the time dependence of the off-diagonal density

matrix elements.17

Let us first specify the molecule-photon interaction
Hamiltonian, HéR' In the dipole and rotating wave

approximations. the interaction Hamiltonian is given by
Hiy = =77 M (DE no<m|+h.c.) (2.56)
SR Lp  nm Tl )

where Mnm(l) is defined in terms of the dipole matrix
element between the molecular states, m and n, Mo and the
polarization of photon e, as Mnm(l) = Mnm'el’ and E(+) is
the electric field operator of the photon field and is

expressed as

11
Loy

g wib! (2.57)

. h
“i(—)
2€0V A
in which V and GI denote the volume of the photon field and

the photon creation operator of mode A with frequency Wys

respectively.

The equation of motion for the density matrix related

to the one-photon absorption processes is given by Eq. (2.38)
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It
—

with n

—o(t)

~ t ~
" - {(iLg+T (£) Yo (£) -fodt1<ﬂ(1) (y)>gexplitLglo(t)

(2.58)

By using the perturbation method, we can obtain the solution

as

t A~
o(t) exp[-] dty {iLg+T (£) }10(0)
0

t 1 N ~
fodtljo dt, Gg(t-t;)<Lgp(ty-ty)Gg(t-t)Lgp>p

X

expli(ty-t,)Lla(0) . (2.59)

We consider the time evolution of the off-diagonal
reduced density matrix O (£) in which molecular eigenstates
(m and n) are coherently excited from the initial state a.
The off-diagonal matrix element cmn(t) = <<mn|o(t)>> can be
written as

t
t 1
<<mn|o(t)>> = -f[ dt.f dt, ]} <<mn|G (t-t,) |mn>>
o o 2kg S 1

x Trp{<<mn|Lgp(£y-t,) [ke>><<ke|Gg(t-t) [ke>>
x <<k2|£éR]aa>>p(R)(0)} . (2.60)

After the calculation of the matrix elements involving the

Liouville operator LéR by using Eq. (2.44), we can express
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Eq. (2.60) as

t
MM (1) e b1 )
o (t) = —Lﬁzm—a——fodtlf at, [<E (e HE) (£ 50
0

x <<mn|Gs(t-t1)[mn>><<ma|Gs(t1-t2)|ma>>
+ <€) (£)E) (£)) >p<<an| 6g (£-£) [mn>>
x <<an|G(ty-t,)|an>>] , (2.61)

where < >p represents the photon field correlation function.

The time dependence of the density matrix element
related to the one-photon absorption processes can be
described in terms of the diagramatic representation shown
in Fig. 2.1. The diagram in the left-hand side and that in
the right-hand side correspond to the first and second terms
in Eq. (2.61), respectively. The lower and upper lines
represent the time evolution of the ket 1 > and bra < |
vectors of the molecule, respectively. Time develops from
the left-to right-hand sides. The wavy line represents the
molecule-photon interaction duration. The dotted points
indicate the interaction points. The diagram in the left-
hand side shows that the molecular coherence between the
initial state a and the resonant state m is created and
decays during the molecule-photon interaction time, t;-t,.
Following the photon absorption by the molecules,the

molecular coherence between two excited states, m and n
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begins to decrease because of the existence of dephasing
processes. The time dependence is expressed by
<<mnIGs(t-t1)|mn>> which is given by Eq. (2.54) or Eq. (2.55)

in the Markoff approximation.

So far we did not mention the definition of coherence.
The degree of the coherence between the molecular eigenstates,
m and n, C(m,n) is given in terms of the reduced density

. 1
matrices as /

[y

O (£ 0 (E) 2z

E;;TETE;;TET (2.62)

C(m,n) = [

From the definition of density matrix, the degree of the
coherence is smaller than or equal to one. C(m,n) nearly
equal to one means that the molecular state which is
represented in terms of a linear combination of the m and

n states is formed, in other words, the coherence is created

between m and n states.

An application of the theory developed in this section

to the quantum beats in fluorescence is given in Sec. III-2.
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II-4. Two-photon transitions via coherently excited

resonant states

Expressions for the two-photon transition rates are
derived by using the transition operator derived in Sec.
II-1. We focus our attention on the two-photon transition
via coherently excited resonant states. It is interesting
to investigate possibility of observing the interference
effects between molecular eigenstates of the resonant states
such as a non-Lorenzian band shape in the two-photon
ionization spectra or quantum beats in the time-resolved

spectra.

The two-photon transition rate from initial state a to
the final state f via resonant intermediate states, w;i)(t)

is given from Eq. (2.37) as

Wég)(t) = —<<ff|w(2)(t)[aa>>

t
2 R
= fodtlTrR{<<ff|1r( (-t laa>p® 03, 2.63)
in which two-photon transition operator, ﬂ(2) can be
expressed as
(2) icotc ~ ~ ~ ~
(-t = z—ﬁ—j_iﬂcdp{-LSRGSR(p)LSRGSR(p)LSRGSR(p)LSR}

X exp[p(t—tl)] . (2.64)
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By applying the convolution theorem to Eq. (2.64),
substituting the resulting expression into Eq. (2.63) and

changing the integration variables, we obtain

t ~
(2) - T '
We' (8) = (fodti)TrR{<<ff|LSR(t1)GS(tl—t2)LSR(t2)
X Ge (o -ta)Lhn (£2)Ge (£2)Liop BV (0) [aa>>} (2.65)
stt27t37=gr 37 "g 3/ 3R ’ :
where
t t

t t 1 2
(fodti) = Iodtlfo dtzj0 dt,

<<ff

aa>> in Eq. (2.65) consists of three types of
the sequence (product) of the matrix elements of the

Liouville operator LSR:

A
A) aa ma fa fm' ff ,
B) aa ma mm' fm' — £f ,
and (2.66)
C) aa ma mm' fm' —— ff .

Here three types of the sequence are denoted by A, B and C

respectively. The sequences conjugate to Eq. (2.66) are
P y
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denoted by A+, BT and C+, respectively.

The two-photon transition rate consists of three types
of the partial transition rate originating from A(A+), B(BT),
and C(CT) sequences, which are respectively indicated by
w2 (6) = 2Re W) ()W BB ()4 20 (1)) . (2.67)
Each partial transition rate is defined as

(24) t ~
W (£) = (fodci)glgl' Trp{<<££|LL{p (£)) [fm'>>

x <<fm']Gs(tl-tz)[fm'>><<fm'|LéR(t2)|fa>>

x <<fa|Gg(t,-tq)|fa>><<fa|Lgp(ty) [ma>>

x <<ma|Gq(t )[ma>><<ma[£' |aa>>p(R)(0)} (2.68a)

S*-3 SR ’ :
(2B) t ~
W (t) = (fodti)glgl' TrR{<<fflLSR(t1)\fm >>
x <<fm' [Gg(ty-t,) [fm'>><<fm' [Lgp(ty) [mm'>>
x <<mm' IGs(tz-t3) |’ >><<mm’ |LéR(t3) | ma>>

x <<ma|GSR(t3)|ma>><<ma|£éR|aa>>p(R)(0)} ) (2.68Db)

and
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(2€) ¢ -
W () = (f dti)Z ¥ Trp {<<ff|Lgp (t)) [mE>>
0 mm’
x <<mf|Gg(t;-t,) |mf>><<mf |Lyp(t,) [mm’>>
x <<mm'|Gg(ty-t3) [mm'>><<mm’ |L grt3) |ma>>

x <<ma|Gs(t3)|ma>><<ma|£éR|aa>>p(R)(0)} . (2.68¢c)

We consider a two-photon transition induced by
different two photon fields Eq and E2' In this case, after
averaging over the photon field variables in Eqs. (2.68),

we obtain

(-)
2)Ey T(t3)>g

Wi ey = ) Z (j dt, )<E{+)(tz)Ei-)(0)>R<E§+)(t
mm'

x Mo (DM, ()M ()M (1) <<fm' |Gg(t;-t,) | £m'>>
x <<fa|Gg(t,- 3)|fa>><<ma|GS(t3)|ma>> , (2.69a)
Wi (o) = ] (Itdti)<E§+)(t3)E{_)(0)> €SP (e DEST ()5
mm' 0
X Mo (DML (M (M (1) <<fm' |Gg(£;-t,) [ fm'>>
x <<mm'[Gg(t,-tq) [mm'>><<ma|Gg(ty) |ma>> , (2.69b)

and
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t
(2C) - (+) (-) (+) (-)
W (t)—%mZ(J’OdtiMEl (£3)E) 77 (0)>p<Ey 7 (£)E; 77 (t)) >
x Moo (DM, (2)Mg (DM (1) <<mf [Gg (£ -t,) [mf>>

x <<mm'|Gg(ty-ty) [mm'>><<ma|Gg(ty) |ma>> . (2.69c)

A diagramatic representation of the time evolution of
the ket and bra vectors in two-photon transitions is shown
in Figs. 2.2. Figures 2.2a, 2.2b and 2.2c correspond to the
time evolution in Eqs. (2.6%9a), 2.69b and 2.69c, respectively.
In the case of m = m', that is, neglecting the coherent
effects, these diagrams, for example, reduce to those for

the resonant light scattering problems investigated by

19,20 21

Takagahara et al, and by Hanamura and Takagahara.

So far, we have restricted ourselves to the two-photon
transition. The rate of three-photon transitions can be

taken into account in the similar way.

III. Application
IiI-1. Mechanisms of resonant multiphoton transitions

Terms ''simultaneous process" and "'sequential process"
, - . 8

are frequently used in describing the multiphoton processes. 9
For the nonresonant case, the simultaneous process in general

makes the dominant contribution. On the other hand, for
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the resonant case, the two mechanisms seem to operate on

the multiphoton transition at the same time. The sequential
transition is induced by two types of perturbations in the
presence of laser light. One is inelastic perturbation:
such as intramolecular nonadiabatic interaction, or
intermolecular interaction , which bring about electronic,
vibrational and/or rotational relaxations. The other is

an elastic interaction which causes so-called pure dephasing.

In this section, we first discuss the mechanism of a
resonant two-photon transition by using the rate equation
approach in which vibrational relaxations in the resonant
states and the elastic interaction are taken into account.
The structure of the two-photon transition probability kéi)
is analyzed on the basis of the formalism developed in Sec.
II. The sequential transition induced by the pure dephasing
process 1s derived. A difference in the vibronic intensity
distribution between sequential and simultaneous processes
is presented. Dephasing effects in three-photon absorptions

are finally considered.

ITI-1A. Effects of vibrational relaxations for a resonant

two-photon transition

We consider a model for a resonant two-photon transition
shown in Fig. 3.1. Saturation effects are neglected for
simplicity. By using Eq. (2.38), we can express the kinetic

equations as22
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do__(t)

aa -
et K.a%2a(t) (3.1)
do__(t)

mm - (1) - _ (0

dt N gkma qa(t) mm O (€ 2 km L —

0)
+ Z'kmm Ot (E) (3.2)
and

doc-(t)

f££f _ (2) (1)
—5 - ;kfa 0a(t) + Zkfm O (E) (3.3)

= 1.(1),,(2) _ (1) s .
where kaa kaa +kaa , and kmm Eknm . Defining the matrix

elements of R as

- 0) (0)
Rmm.—cmmzk V(-8 ) -k d(1-s L), (3,4)

we can rewrite Eq. (3.2) as

—mm oy ey - (t) - IR L (£) . (3.5)

dt ama aa mmmm .mm mm

Symmetrizing the relaxation matrix R by setting

o (t) = (t)fl/2

, in which fm denotes the equilibrium
vibrational distribution in the resonant state, we obtain

the kinetic equation for Bmm(t) in the matrix formalism as
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d3d(t)

at = C(t) - (K¥R)o(t) , (3.5)

and

where C_(t) = gﬁéi)oaa(t) with Rn‘li) kéé)f;\l/z

ﬁmm' = Rmm'(fm'/fm)l/z' The solution of Eq. (3.5) is

expressed as

1
5 l-expl-(X, )t]
- 2 ji- aa
() = D1 (Ep /N
mm aji m' L xjj_kaa
x (N"1) Jlkéi)exp(—kaat)oaa(O) , (3.6)

i hi . Ass i h i
in which NmJ and i3 satisfy the equation
(K+R)N =N . (3.7

Substituting Eq. (3.6) into Eq. (3.3) yields the expression
for the two-photon transition rate, J(z)(t) after taking

summation over the final vibronic levels:

(2) (@9) (1)
; Z[k +Y %kfm m£<t)k£a ]exp(-kaat)oaa(O) , (3.8)
where the first term involving the simultaneous process,
sequential one induced by elastic molecule-bath interactions
and their mixing term will be discussed in a subsequent
section, and the second term expresses the sequential

process induced by vibrational relaxations:
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photon vibrational photon
absorption relaxation absorption
4 —— WYY e s f
(3.9
The matrix element, Aml(t) is given by
% l—exp[—(kjj—kaa)t] -1
Kml(t) = (fm/fl) 'gNUU Ajj (N )jl . (3.10)

For the steady state in the resonant state, Eq. (3.10) takes
the form
i
_ 2 -1 -1
Ame (E7°) = (£ /£) JZijxjj(N )iy - (3.11)
For the time scale of the pulse in which the depopulation
of the initial state can be neglected, the transition rate

constant in the steady state condition can be written as
(2) _ (2) (1) w31 (1)
J = %; (kgo +g”§kfm Ap (Er=)kp=7To, (0) . (3.12)

Effects of the vibrational relaxations on a resonant two-
photon ionization of molecules have been discussed elsewhere.
Slow and fast vibrational relaxation cases, compared with
the transition rate constant from the resonant to the

ionization states, are taken into account.

22
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For the extreme situation in which no vibrational
relaxation exists, noting that K is a diagonal matrix and
. = . i i s >
mi émJ, and further for the case in which AJ kaa’
we obtain

7P ey = %2 ei2+ 5k D) exp (- th0,,(0) L (3.11)
a m

The apparent transition rate constant kéi) for the resonant
two-photon transition originates from the fact that the
transition rate from the resonant to the final state is
faster than the excitation rate to the resonant state, and
is the rate constant of the rate-determing step if the

magnitude of kéﬁ) is negligibly small.

Murakami et al.23

have observed the two-photon resonant
four-photon ionization of benzene and the halogen-substituted
benzenes. They have concluded that the resonant multiphoton
ionization spectra reflect the two-photon absorption

spectra of 8§, * Sy transition. This suggests that the rate
from the ground to the resonant states mainly contributes

to the multiphoton process. This can be interpreted in terms

of the expression simillar to Eq. (3.11).
III-1B. Structure of two-photon absorption rate constants,kéi)

In this section, the structure of the two-photon

absorption rate constant kéf) is discussed. This has the
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structure similar to that for resonant light scattering in
which both simultaneous (coherent) and sequential (incoherent)

processes participate.24’25

It is well known that the latter
process in the resonant vibrational light scattering is
induced by pure dephasing processes related to the initial

and resonant states,26_3o

and the simultaneous and sequential
processes can be separated out in the case of the negligibly
small dephasing constant between the initial and final

states. 31

It should be noted that there exists a difference in
the contribution of the dephasings between the resonant
vibrational light scattering and the resonant two-photon
transitions (absorption, ionization, etc.). For the former,
the dephasing constant between the initial (final) and
resonant states, which may be called electronic dephasing
constant, and that between the initial and final states,
called vibrational dephasing constant, make contribution.
For the resonant two-photon transition, on the other hand,
both dephasing constant between the initial (final) and
resonant states and that between the initial and final states
belong to the electronic dephasing constant. When the
magnitutes of these dephasing constants are of the same order,
the coherent and incoherent processes can not be separated
out; a mixing process between two processes participates

in the resonant two-photon processes.24’31

It is commonly
accepted that the magnitude of the vibrational dephasing

constant is negligibly small compared with that of the
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electronic dephasing constant.

From Egqs. (2.39) and (2.67), the two-photon transition

rate constant is given by

5é§) = 2 LimRe W) (£)4w ) ()% (1)) |, (3.1
>

where W(ZA)(t), W(ZB)(t), and W(ZC)(t) are defined by
Eqs. (2.69). 1In calculating Eq. (3.12), photon-field
correlation functions with constant pulse amplitudes with
Eq and E, for the first and second lasers neglecting the

band widths are considered:

<E{+)(ti)E{“)(tj)>R = E%exp[i(ti-tj)wl] , (3.13a)
and
€5 (e RS (6400 = Edexpliey-tduy) . (3.13b)

After substituting Eqs. (3.13) into Eqs. (2.69),
carrying out the integration of the resulting expression
over the time variables, and taking the limit t > «, the
two-photon transition rate constant averaged over the
initial wvibrational distribution with Oaha° k(Z) is expressed

as
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K = T oaakfy
af

2 9.2

= —E{E;Re ] ] o ZEM V(DM ()M ()M (1)
A af
: 1
(iAwfa+Ffa)(iAwfm.+Ffm.)(iAwma+Fma)

s 1
(iAwma+Fma)(iAwmf+Tmf)(iAwfm.+Tfm.)

T T
x<1+%%yigrﬁin , (3.14)
Hun' ]
where Awfa T Wgatwitw,, Awma = WpaWys and Awfm' = Wpnimwy.

Equation (3.14) can be classified as

k(2 - ((2-sim) | p(2-seq) , | (2-mix) (3.15)

where k(2—31m) represents the transition probability of the

simultaneous process, and is given by

Ioj Mfm(Z)M (1) 2

. - | . (3.16)
h a:flAwfa+Ffa m lAwma+Tma

k(2—seq), representing the transition probability of the

sequential process, is expressed as

(2-seq) _ WZ 2g _
s IR TT1T (o ¥ Ty

4 afm

(l)M .f(2)M (2)Mma(1)
(iAwma+Fma) (1Awmf+I‘mf) (1Awfm.+rfm.) (iAwm.+Tm. )

(3.17)
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and k(Z-mix) representing the transition probability of

their mixing process is given by

-mi 2 9 9 4
)(Z2mix) _ Zp2plp.yy 83
‘h[' 172 aflAwfa+Ffamm'
x {(rfa+rm a” fm')(iAwmf+me)+(iAmfa+rfa)

X [-i(Awmf+Awm.a)-me+Fm,a]}
m' (DM e (2)Me ()M (1)

X -
(1Awma ma)(lAwmf+F f)(lAwf .+F .)( lAwm.a+Fm a)

(3.18)

Effects of laser bandwidths were neglected in the
treatment described above. Recently a finite laser bandwidth
has been taken into account to discuss the mechanism of the
resonant two-photon transitions. If the photon field

. . . 32
correlation function < >R 1s expressed as

<E(+)(ti)E(-)(tj)>R = E2exp[i(ti—tj)m-|ti—tj | swl
(3.19)
where Sw denotes the laser bandwidth, it can easily been
shown that the expression for the rate constant is given
from Eq. (3.14) by replacing Tea > Tgatdwgtdu,y, T > T 46wy,
Ffm' > Ffm.+5w2, and so on.



38

II1-1C, Vibronic intensity distributions in resonant

two-photon absorptions

One of the resonance effects is revealed in the
appearance of vibrational structures in the multiphoton
spectra.9 This is related to the difference among the
potential energy surfaces involved in the multiphoton
transition, and can be explained by using the Franck-Condon
principle. For example, potential displacements between
the initial and resonant states and/or between the resonance
and final states as well as those between the initial and
final electronic states reflect on the two-photon absorption
spectra. This indicates that there exists a difference in
the vibronic intensity distribution between the simultaneous

and sequential transitions.

In this subsection, analytical expressions for the
transition probability of the simultaneous and sequential
two-photon absorption processes for a multilevel molecular
system are presented within the displaced harmonic oscillator

model.24

Let us first consider the simultaneous process shown
in Fig. 3.2. The simultaneous two-photon transition

probability, R (2-sim)

is given by Eq. (3.16). In the Born-
Oppenheimer approximation, the molecular state a 1is
expressed as |a> = |¢_>|0,>, where |¢, > and |e,> represent

electronic and vibrational eigenvectors of the ath electronic

state, respectively. Equation (3.16) can be expressed in
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the generating function form as

2.2
. E C e £ e
2- 172 1,0 0 !
k(2-sim) _ '*7T_lemMma|2 [ dtf drf dr exp[-Tfalt|
f - 00
- Do (T ) miE (e, i(T =D 16(T, T, E) L (3.20)

G(t,t',t), the generating function for the simultaneous

two-photon transition, is given by
G(t,T',t) = J<0_ o, expl[-i(t+t'-)H,/h]
a
x exp[iﬁmr'/h]exp[iﬁft/h]exp[-iﬁmr/ﬁ]|9a> ,  (3.21)

where H represent the vibronic Hamiltonians of the relevant
states. In deriving Eq. (3.20), polarization effects were
neglected, and the Condon approximation was used:

Mgm = <®2|et¢ ¢g> where Qg(Qg) is the electronic wave
function for the resonant (final) state, evaluated at the
equilibrium position in the electronic ground state. For
simplicity, let us consider a displaced harmonic oscillator
model in which the vibronic Hamiltonians of the initial,

resonant, and final electronic states are,respectively,

written as

A~ _Aw ~2 2

Ha = 7;(p +q“) , (3.22a)
f o= Bes2 0 )27 4 &0 (3.22b)
m 2 p 9=8pa m ’ .
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and
A SN 2 0
He = 7;[P +(q—Afa) T+ e, (3.22¢)

where w is the harmonic frequency, q and ﬁ are the dimensionless
nuclear coordinate and the conjugated momentum. A,a Yepresents
the dimensionless displacement between the equilibrium points

in the resonant and ground electronic states, and Eg is the
electronic energy gap between the bottoms in the two electronic

states. In this model, Eq. (3.20) can be expressed in the

analytical form as

(2-sim _ B3 o o 2 — 1.2 .2
k - h4 lemMmal exP[_(n-+7)(Ama+Afm)]
3 ntl e
% 3 (ntl) ™ a
k=0 2=0 Kk!&!

0
£f 2,2
{w1+w2-—f-,1—- (k-2)w} +Ffa
51T T M @t
{-(n+1)————=}
p=0 q=0 r=0 s=0 P’ 94 2

X

Lenlna s Afm k-pt+e-q Apa PYA 1
(-n————‘-z Y (=) —)
VZ ) ris!

X

2
1
x —5 | . (3.23)

i{—ﬁﬂ - wH(p-qiT-8) W4T

In the low temperature limit for the molecules, Eq. (3.23)

reduces to
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252
(2-sim) 172,,,0 ,,0 ;2
k |Mmema| expl - (A +Afm)]
o Ffa
8 0 )
2=0 2!{(€f/h+lw—wl-w2) +Ffa}
) Ae 3 A 2-j
<115 AT R
j=0 3" V2 2
k
= DDk 2
x 5 (3.24)
k=0 k! {i(em/h-w1-3w+zw+km)+rma}

An expression for the vibronic intensity distribution
of the sequential two-photon absorption in the Born-
Oppenheimer approximation can be derived from Eq. (3.17).
For simplicity, the following approximation is adopted,
(iw CINISE 5 W )-1 L dmm'/rmm’ which means neglect of interference
effects between the vibronic levels in the resonant state.

In this approximation, Eq. (3.17) can be written as

(0T Cwy) (3.25)

where Ia+m(w1) and Im+f(w2) represent the line shape function
of the absorption from the electronic ground state to a
single vibronic level m in the resonant state and that from

this level to the final electronic state, and they are given

by
2
roal<eglep>]
_ ma
Tomtwy) = z aa-__z_f*zgf_____ (3.26a)

ma ma
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and
2
I_-l<0_lo.>|
I e(wy =y -2E_m £ (3.26b)
m>£°72 £ sz +I‘2
mf ' mf
respectively.

In a displaced harmonic oscillator model, an analytical

expression in the low temperature limit can be obtained as

(2T =T )T o (éé)k [_ﬁlzié]
k(2-seq) « mf mm’ ma 2 exp 2
Z 0 2. .2
T'mm k=0 k!{(em/ﬁ+kw—w1) +Tma}
2 2
k ki Ao J A
x —____Z(_.I_‘La) exp[___ﬁ_f_n]
3i=0 (k-j)r(jn*° 2 2
2
23 @ (ﬁﬁg)k
23 p 2
* 1 (GIEDE T 50 , )
p=0 2=0 2![{(ef-em)/ﬁ-wzfjw-pw+lw} +me]

(3.26¢)

To illustrate the difference in the vibronic intensity
distribution between the simultaneous and sequential two-
photon transition, model calculations of the vibronic
structures are performed by using the analytical expressions
derived above. 1In Figs. 3. 3and 3.4 , the vibronic intensity
distributions in the case of excitation of the detuning
frequency wl-eg/ﬁ = -200 cm'1 are shown as a function of
wz—(eg—eg)/ﬁ. The dimensionless displacement between the
resonant and final state, Afm was taken to be 2.0 and 0 for

Figs. 3.3 and 3.4, respectively, and Bra = 1.6. The dephasing



43

constant Fm = 5.0, Ffa = 5.0, and rfm = 10.0, and the

a
population decay constant I = 10.0 were used. The dual
structure in these figures reflects the simultaneous and
sequential mechanisms: the bands whose peak locates at the
integral multiple on the abscissa correspond to those
originated from the sequential two-photon transition, and

the other bands correspond to those originated from the
simultaneous transition. The vibronic intensity distribution
of the sequential transition depends on the sum of the
transition probabilities from the vibronic levels in the
resonant state to the final vibronic levels. On the other
hand, the vibronic intensity distribution of the simultaneous
transition is not expressed by a simple combination of the

optical transitions such as that of the sequential one.

I1I-1D. Effects of the dephasings in three-photon absorptions

In this subsection, effects of the dephasings, especially
pure electronic dephasing on the resonant three-photon
absorption are described, and it is shown that sequential
three-photon transitions can be induced by the pure electronic

dephasing.

The three-photon transition probability can be expressed
in terms of ten different time-evolution diagrams. The

transition probability averaged over the initial vibrational

(3

distribution k can be written as



44

k(3 =Re

L Mam.(l)Mk.m.(2)Mm,f(3)Mfm(3)Mmk(2)

Lol L1
f 2%kk'mm
* Mka(l)[GafGak'Gam' mkaf

* G CpatCar ) Crpr ) Gy Crere

+ Gmf(Gka mk'G +Gak'G ')Gmm

am'ka
+ GGy G (GpatCap ) Gyt
+ GmfGak‘kaGam'ka'] ’ (3.27)

where k and k', and m and m' specify the vibronic levels
in the same electronic states, respectively.

1

G = {i(wfa-BwR)+Ffa} s (3.28)

fa
and the other matrix elements of G can be expressed in the
similar way. Here it has been assumed that the molecules
have been excited by three photons with an identical

frequency, wp -

For a nonresonant three-photon absorption, Eq. (3.27)
can approximately be expressed as
K378 L Re o [zzM (1)G 26, M (3)|?
af aa af ak k km mf
(3.29)
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which can be assigned to the transition probability for the

simultaneous three-photon transition.

For a detailed discussion of the dephasing effects a
three-photon absorption in which resonance occurs on the
absorption of the second photon, so-called (2+1) process
shown in Fig. 3.5 will be considered. This process can be

seen in multiphoton transitions of molecules such as

34-36 39

nitric oxide,37 trans 1—3—butadiene,38 benzene,

van der Waals complexes,40 etc. Setting m = m' in Eq. (3.27)

iodine,

yields an approximate expression for the transition probability
appropriate for the (2+41) process:

K241 o (2H1,sim) | (241,seq) | (241,mix) 5 39,

where

(2+1, sim) 2 2
k mhg%%fﬁy%ﬂw%ﬂ @%UD%WMQH ’

(3.31)

2F(d)
ma

%oaaz r_T

aa 2
|[Mc (3)|“ReG_-ReG
0 ma fm mf am

k(2+l,seq) « 3
a

2
x |EMak(l)GakMkm(2)| , (3.32)

(2HLmin) g
a

2
£ aa%IMfm(a')l (Ffa+rma_rfm)

2 2
x Re G G ]G, | IE(Mak(l)GakMkm(z)] . (3.33)
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Equation (3.31) represents the simultaneous (2+1) process.
Equation (3.32) represents the sequential (2+1) process
which mainly originates from an electronic pure dephasing
between the initial and resonant states because the third
photon is absorbed from the resonant state disturbed by

the elastic interaction between the molecule and heat bath
during the two-photon absorption. T, may make no any
significant contribution. Equation (3.33) describes mixing
effects of the processes expressed in terms of Egs. (3.31)
and (3.32). 1In the case in which the condition among the

dephasing constants, Tfm AT > raf is satisfied, the

ma
mixing term can be omitted compared with k(2+1’Sim) and
k(2+1, seq).

In a previous paper,33 we have discussed about the
possibility of identifying the vibronic bands characterized
by the simultaneous or sequential processes in the resonant
(2+1) multiphoton absorption spectrum using a single laser
beam of its frequency Wp - The band peaks appearing in the
three-photon absorption spectrum as a function of wp (or
2wp, 3uwg) are mainly determined by the following resonance
conditions: Aw, e = 3wR-wfa = 0 and bw r = Wp-w ¢ = 0 for
the simultaneous and sequential processes, respectively,
in addition to the resonance condition of the two-photon

absorption, Awam = 2w = 0 for both processes.

R~ %am
To demonstrate the spectral features reflected in the

(2+1) absorption spectrum, a model calculation of the

vibronic intensity distributions has been carried out within
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a displaced harmonic oscillator approximation. Analytical

expressions for the transition probabilities of the (2+1)

33

processes have been derived and used. A result of the

model calculation is shown in Fig. 3. 6 in which vibronic

bands due to the simultaneous and sequential (2+1) processes

are denoted by a and b , respectively. The abscissa is

expressed in terms of 2wR and 3wR. The molecular parameters
0,

used are Aka =0, Afm = and Amk = Ama = 0.1 for the

dimensionless displacements, w = 500 cm_l for the molecular

. , _ 0 _
vibrational frequency, and we, = 72180, Yna 72180,

0

Wia = 48000, and wga = 32000 em™ ! for the electronic energy

gaps. The dephasing constants are T

_ -1 (d)
and me =2.0em -, T

Fég) = 0, and Fég) =2.0 cm”

aa = o, Pkk =0, Fff = 0.2

= (d) _ (d) .
=10.0, rg” = 10.0, Tem = 10.0,

One of the prominent features
in the spectrum is the existence of the resonance band
1

located at 2wR = 48360 cm” This band can be assigned to

that originating from the sequential process because the
third photon whose frequency of wp = Wen = 24180 cm ! is
absorbed from the relaxed vibronic level in the resonant

state m to the final state f as shown in Fig. 3.7.

III-2. Dephasing effects in quantum beats in molecular

fluorescence

Quantum beats in the fluorescence of molecules excited

by a coherent pulse laser have recently been reported by

41-48

many authors. By analyzing the quantum beats in the
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fluorescence one can investigate the magnitude of the
interaction between the molecule and a perturber of the heat
bath as well as the mechanism of the inter/intra electronic

49

state couplings in electronically excited states. For
molecules belonging to the intermediate case, effects of
collisional dephasing make an important contribution to the
time-dependent behavior of the excited states. In this
section, the collision effects resulting from both elastic
and inelastic scattering processes between the molecule

and perturber are theoretically studied based on the
expressions of the reduced matrix elements derived in Sec. II.
The dephasing effects are taken into account in the Markoff
approximation. A non-Markoff theory of quantum beats will

be presented elsewhere.50

The fluorescence intensity at time t, I(t) from m

and n levels after a coherent excitation is given by

o (t) +RYTY M Moo (8), (3.34)
fmn

(m#n)

where K is a constant involving the frequency of the emitted
photon, o(t) whose matrix elements are given by Eq. (2.61)
is the molecular density matrix representing the time
evolution of the excited states, and f specifies the final

molecular states, respectively.

In order to investigate the dephasing effects, a model

calculation of the quantum beats is carried out in the two-
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17

level model for the excited (fluorescent) state. The

following correlation function for the incident photon

field is used:

<E(+)(tl)E(')(t2)> = E(tE(t,)expling (t,-t,)16(t;-t,)
(3. 35)

where the stationary function G is assumed to take the form
G(ty-ty) = exp[—[tl—tle'] , (3.36)

in which 1/I'' represents the correlation time of the photon

source, and e(t) is the pulse amplitude and is assumed to

be given by
e(t) = exp(y,t/2) , t <0,
=1, 0=t= T (3.37)
= exp[—Yz(t—Tp)/Z] s Tp < t

In Figs. 3.8a and 3.8b, the fluorescence intensity
denoted by solid line is calculated together with the
degree of the molecular coherence between the two excited
states (broken line), C(m,n) defined by Eq. (2.62). In
these figures, the effect of the pure dephasing constant
between the excited states, Fég) is shown. 1In Figs. 3.8a

and 3.8&b, Fég) = 0 and Fég) = O.Zwmn were used. Other
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constants used were I'' = 0, Tp = 3.14/wmn, Fég) = Fég) =
O.Immm, Tom = T = O.Iwmn, Toa = Tee = 0, Mma = Mna = Mmf =

Moo Y] =¥y = 10.0wmn, and O O.Smmn as an excitation
condition. The decay of the quantum beat after the pulse
duration in Fig. 3.8a is due to the population decay constants
T om and I' . From both figures, we can see that the
electronic pure dephasing constant Fég) does not attenuate
C(m,n) after the pulse duration. The vibrational pure
dephasing constant between the excited states, on the other
hand, attenuates C(m,n) during and after the pulse duration

as well as the intensity of the quantum beat. Effects of

the photon field coherence have also been investigated;17
I'' shows the same dependence on the fluorescence intensity
as that of the electronic dephasing between the initial

and excited states, i.e., during the pulse duration T'

operates.

11I-3. Time-resolved resonance Raman scattering from molecules

with a nonequilibrium vibronic distribution

In this section, a theoretical treatment of the time-

resolved resonance Raman scattering(RRS) from vibronic levels

of a molecule in a nonequilibrium condition is presented.51’52

Time-resolved resonance Raman spectroscopy is now widely applied
to studying dynamics of short-lived vibronically excited
molecules such as photochemical and biological intermediates

53-56

and so on. The spectroscopy basically consists of the
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measurement of the time-dependent population of the vibronically
excited states by controlling the time delay between excitation
laser and the probe Raman scattering.The vibrational spectra

of the time-resolved RRS depend on the initial nonequilibrium
vipronic distribution which is produced by optical excitations,
electronic relaxations, photochemical reactions following the
optical excitation,etc., and on its relaxation mechanism which

governs the subsequent population change.

Theoretical treatments of the time-resolved RRS from
nonequilibrium species have been reported by Luzzi and

57

Vasconcellos, and Vasconcellos and Luzzi.58 They have

developed the theory of the time-resolved Raman scattering
from a highly photo-excited semi-conductor plasma by using
the Zubarev nonequilibrium ensemble method. In this section,

59,60

the generating function method is applied to deriving an

expression for the RRS differential cross section.

Let us consider a time-resolved RRS from initial vibronic
states a{v} to the final states a{v'} via resonant electronic
states. In the case in which the pumping and probe lasers are
independent each other,that is, coherent effects can be
neglected, and the probe Raman laser does not change the
population ,the differential cross section in a solid angle
dQ per uq}t scattered pPoton frequency wz,dzo(wl,wz,t)/dﬂdw2

is definéd as
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2
do. (wq ,w,)
dewz v dewz :

dzo(wl,wz,t)

where pv(t) represents the time-dependent vibronic distribution
of the initial electronic state and is determined by solving
the master equation. In Eq.(3.38),w1 is the incident photon
frequency, and dzcv(wl,wz)/dﬂd w, is the RRS differential

cross section from single vibronic level (SVL) v. The

differential cross section from the SVL is given by

dzov((grwz) ~ 3 Tav',av
—————" = Cujuy” T 77
dfdw, v (wavlav - wy twy) +Fav',av
x| %av',bm(z)Mbm,av(l) )2 . (3.39
m 1(wbm,av_wl)qum,av

4

where C=(2ﬂh280C )-1. In the Born-oppenheimer and the Condon

approximations, Eq.(3.39) can be rewritten in terms of the

generating function as

2
d”o (w s W ) © o oo
L2 - Sepe G @u) M) ar frae [T e

dewz

X exp[ig(wl-w2)+iw1(T'-T)—Tba(T+T')-TV.VIEI }GV(T,T',E),

(3.40)



53

where the generating function for the single vibronic level

RRS,G(T,T',£) is expressed as

G, (t,t',8) = <v|exp[iﬁbT/ﬁ]exp[—iHagfh]exp[—iHbT'/h]

x exp[iﬁa(g—T+T')/ﬁ]|v>. (3.41)

In Eq.(3.41), the vibrational quantum number dependence of
the dephasing constants has been omitted, that is Iia and
Fv'v are the average electronic and vibrational dephasing
constants,respectively. ﬁa and ﬁb in Eq.(3.41) represent
the vibrational Hamiltonians of the electronic states,a and
b, respectively. For simplicity, we restrict ourselves to a
model Hamiltonian for a displaced harmonic oscillator with
frequency w,dimensionless displacement A,and electronic energy
gap Q. In this model, the generating function for the single

vibronic RRS is given by>!

2
G, (t,1',8) = explic®(r-1') /B + ~5-{exp (iut)-1)

2
+ =5 Lexp(-int')-1}+ M (1A (r")exp(~iwE) IL (|alt, 1",
(3.42)

2),

in which L, is the Laguerre polynomials,
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alt,7',E) = A(1) - A(t")exp(~-iwg) , (3.43)
and
A
A1) = = {1 - exp(-iwTt)} . (3.44)
{2

Substituting Eq.(3.40) with Eq. (3.42) into Eq. (3.38) yields

d2°(“’1’“’2’t) C 3 | 0 12(%ae Part [
— 2 6w M o () drfhdrt [*_de
anda, 7 Wywy Mgy (M, 09tlodT ).
x exp[ig(wl-w2)+iw1(T'-T)-Tba(T+f )-Fv'vlgllc(T’T"E;t)’

(3.45)

where G(t,t',£;t) is the generating function for the time-

resolved RRS, and is defined as

G(t,1',§;8) = Eov(t)GV(r,r',g) . (3.46)
v

Let us consider a time-resolved RRS from molecules in
which the vibronic distribution is prepared only at level Vo
at t=0 (single vibronic level distribution, and relaxes by
undergoing both electronic and collisional vibrational

relaxations:
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kS k€
M . A M  I— Mv _v P

If these relaxation constants are assumed to be a linear
function of the vibrational quantum number v, that is, ks = vkc
and ks = vk, the single vibronic distribution at time,t,pv(t)

is given byb6l

vo! kc VoV
pv(t) = pvo(O) v!(vo—v)![ kc+ke {1'exP['(kc+ke)t]}]

x eXP[-V(kC+ke)t1 , (3.47)

where p_ (0) is the density of the vo vibronic state at t=0.
Substituting Eq.(3.47) into Eq.(3.46) and taking summation
over v in the resulting expression, we can obtain the
expression for the generating function. Substitution of the
expression for the generating function into Eq. (3.45) yields
the final expression for the time-resolved RRS from the SVL

excited molecules as

2 v
d o (wq ,0,,t) o 0 n n
1°72° 3,,,0 0 2
—f = Cujw; M, (2) (L[|, ) ¥ T ¥ 3
dadu, 192" (*¥pa Vo' 320 n=0 p=0 q=0
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v k k Va-Tl
OO ——C 4 ——C expl-(k+ k)E]} O
PPkt k, kot kg

+
. (_l)P q

it n!

r
NAAY

2

x exp[-n(k + k_)t]
¢ e [{w,-w,+w(n-p- -')}2 +T°,
17%2 P=q-J v'v

1

(p+j,n-q) *(q+j,n-p)

<F (1)) F(w)) , (3.48)
where
2
k,2) )
Fu) = deTLV(T)}k{X(T)}l exp[i(so/ﬁ-wl)T+ Lotet T 1y-r, <l.
(3.49)

This function can be evaluated by using a numerical integration

or analytically: the analytical expression is given by

(k,2) AZ A k+2e § % % ( 1)r+u
F(w,) =exp(- —5) (=) -
1 2 /E n=0 r=0 u=0 nl

2
" E B

(3.50)

i{wl—eo/ﬁ Furr-n) el
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To demonstrate the time-dependence of the vibrational
intensity of the RRS in the case of the single vibrational
level distribution as the initial distribution, a model
calculation of the Raman spectra by using Eq. (3.46) has been
performed. Figure 3.9 shows the calculated Raman spectra of
the model molecule initially excited to v0=3 level with
potential displacement A=1.0, vibrational frequency w=100 cm_l.
eoﬁh -wy =300cm_1 is taken as the excitation condition. The

ordinate I denotes the Raman intensity relative to the maximum

band intensity without the optical frequency factors w
1

3
%27
and Tma=100cm- and I“V.V=50cm_1 are taken as the dephasing
constants.This figure represents the calculated Raman spectra
in which the contribution of the electronic relaxation can be
neglected compared with that of the collisional vibrational
relaxation, that is , ke=0. the solid, dotted-broken and
broken lines denote the Raman spectra at kct=0, 0.2, and 0.4,
respectively. It should be noted that the first through third
order anti-Stokes Raman bands make a significant contribution
to the spectra. The appearance of the anti-Stokes bands is
mainly related to which vibronic level is initially prepared.
We can see that because of the vibrational relaxation effect
the Raman intensities of both anti-Stokes and Stokes bands
decrease, and ,on the other hand, the Rayleigh band intensity

increases as kct increases.

So far time-resolved RRS from a SVL system has been
presented. Analysis for the time-resolved RRS from molecules
characterized by other initial vibronic distributions, such

as Poisson and canonical distribution have been reported.51’52
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A model calculation of the excitation profiles of the time-
resolved RRS from molecules with nonequilibrium distributions
has been given in Ref.52. The results of the calculation
indicate that the anti-Stokes Raman bands make a significant
contribution to the resonance Raman scattering from the
nonequilibrium vibronic distributions. It is suggested that
measurement of the excitation profiles are useful for analyzing
the nonequilibrium distribution initially prepared and the

subsequent relaxation mechanism.

In summary, in this chapter,a kinetic equation for the
multiphoton transition of molecules and the expressions for
the transition probabilities have been derived based on the
master equation approach in which dephasing effects are
considered together with the molecule-photon interaction.

A two-photon transition probability via coherently excited
vibronic levels has been formulated.Mechanisms of the
multiphoton transition have been investigated; sequential
multiphoton transitions induced by the electronic dephasings
are predicted for the resonant two- and three-photon
absorptions. An expression for the vibronic intensity
distribution for the two-photon transition, which depends on
its mechanism, has been evaluated within the Born-Oppenheimer
approximation. Effects of the vibrational relaxations for a
resonant two-photon transition, and dephasing effects in

quantum beats in molecular fluorescence have been investigated.
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It is shown that the time-resolved RRS may play an important
role in studying relaxation mechanisms of the molecule with

a nonequilibrium distribution.
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Figure captions

Fig.2.1. Diagramatic representations of the time evolution
of ket and bra vectors related to the one-photon absorption.
The diagram in the left-hand side and that in the right-hand
side correspond to the first and second terms in Eq.(2.61),

respectively.

Fig.2.2. Diagramatic representations of the ket and bra
vectors for a two-photon absorption via coherenty excited
vibronic levels. Figures 2.2a ,2.2b, and 2.2c¢ cornespond to
the time evolution in Egs. (2.69a),(2.69b),and(2.69c),

respectively.

Fig.3.2. A simultaneous two-photon transition of a

molecule in the displaced harmonic potential model.

Fig.3.3 The calculated vibronic intensity distribution
for the two-photon absorption as a function of wy = (eg—eg)/h
in the case of bem = 2.0. The doublet structure reflects

the simultaneous and sequential mechanisms; the bands whose
peak locates at the integral multiple on the abscissa
correspond to those originated from the sequential mechanism,
and the other bands correspond to those originated from the

simultaneous mechanism.
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Fig.3.4. The calculated vibronic intensity distribution

for the two-photon absorption in the case of Ap = 0.

Fig.3.5 Resonant (2+1) and (1+2) three-photon absorption
processes. {m} and {k} represent the resonant intermediate

and the virtual states, respectively.

Fig.3.6. The calculated vibronic intensity distribution
for a resonant (2 + 1) absorption process. The vibronic bands
denoted by a and b mainly originate from the rate constants,

k(2+1’Sim) and k(2+1’seq),respectively.

Fig.3.7. The mechanism of the sequential absorption

induced by the electronic dephasing process related to Fig.3.6.

Fig.3.8a. The effect of the pure electronic dephasings

(d) (d)
Fma andlha

on fluorescence intensity I(t) and the degree
of molecular coherence C(m,n). The solid and broken lines

represent I(t),and C(m,n), respectively.

Fig.3.8b. The effect of the pure dephasing Fég) on I(t),

and C(m,n).

Fig.3.9. The calculated time-resolved Raman spectra of the
model molecule with single vibronic distribution v0=3. The
solid, dotted-broken,and broken lines denote the Raman spectra

at kct=0, 0.2,and 0.4, respectively.



{al

(nli

Q)

Im)

Fig. 2.1

{al

(nl

1a’

L9



<al

t
Q2w T¢f

Iy 0 i} {3

(2.2a)

1>

al t} «mi} bt

I 0 {imy} th

(2.2b)

Fig. 2.2

1f>

@ Bgmit 2 <

10 0 {imy} i

(2.2¢)

89



{f}

{m}

ta}

Fig. 3.1

69



70

Fig. 3.2
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