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Time resolved resonance and near-resonance light scattering is analyzed by means of Green’s operator
formalism. We study the process of a photon wavepacket colliding with and scattered from a given
molecule. Two decay components similar to those observed by Williams, Rousseau, and Dworetsky
are obtained under appropriate conditions. Unlike other recent treatments of this problem, the light
pulse is not treated as a pure quantum state (minimum uncertainty wavepacket) but rather as a
mixture having characteristic time and energy profiles. It is shown that the nature of the light pulse
may strongly influence the ratio of the short time to the long time decay intensities.

I. INTRODUCTION

The experimental observation of time resolved reso-
nance and near-resonance fluorescence from molecular
iodine! has triggered some theoretical work on this top-
ic.¥3 As opposed to more common problems in time
resolved spectroscopy, the Williams, Rousseau, Dwor-
etsky (WRD)' experiment provides a rare example of a
study where the preparation (excitation) process cannot
be separated from the following decay (emission) pro-
cess in a simple way, Therefore, this experiment can-
not be approximated as a “short time” experiment (in
which the molecule is assumed to be initially in its ex-
cited state and the consecutive decay is described) or as
a “long time” experiment (where initially and finally the
molecule is in the ground electronic state and the for-
malism of time-independent scattering theory is em-
ployed to extract cross sections for light adsorption and
scattering)* but has to be treated as a time -dependent
collision process where the molecular ground state and
the incoming photon constitute an initial state whose time
evolution is explored.® This approach is used in Refs.

2 and 3; Ref. 2b takes into account the additional effects
of collision broadening of the light scattering process,
The following assumptions are common to these works:

(1) The photon intensity is small enough to allow the
characterization of the initial state by a linear combina -
tion of one photon state muitiplied by the molecular
ground state.

(2) The photon field is initially in a pure quantum
state, also referred to as a minimum uncertainty wave
packet: its characteristic decay time and its energy
spread are related by a simple Fourier transform (or
alternatively by an equality sign in the Heisenberg un-
certainty principle). More explicitly, the unperturbed
initial state of the radiation field is assumed to be a wave
packet of the form®

1:0)= [ dEA®)|E), (1)

where | E) is an eigenstate of Hy (the Hamiltonian of the
free radiation field) with energy E, and [A(E)|? is some
function centered around the energy E ~ E, with width
7. The temporal evolution of this state’
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has a characteristic decay time 1/v.

With assumption (1) and (2), a light pulse with a given
local temporal evolution or a given frequency profile is
almost fully characterized. [We hedge with the word
“almost” since we are given | A(E)(? or its Fourier
transform and not A(E). The models for A(E) or A(?)
=[ e** A(E)dE employed in Refs. 2 and 3 as well as in
the present paper thus involve an additional assumption
about the phase. This is not expected to cause any dif-
ficulty as long as we are not looking for interference ef-
fects. ] However, it is clear that taking the light pulse
as a minimum uncertainty wavepacket for one photon
casts a severe restriction on the system since we lose
one parameter (because the time evolution and the fre-
quency spread are described by the same parameter )
and also lose any possibility of discussing stimulated
light scattering. The study of more complicated initial
states of the radiation field involves a many body prob-
lem of considerable intricacy. An attempt to solve it
exactly is pointless at present, since we lack sufficient
knowledge on the exact structure and statistics of com-
monly applied light pulses, Our purpose in this paper
is to demonstrate by the use of greatly simplified models
that the inclusion of these details may modify the theo-
retical predictions in an important way, As a prelimi-
nary, in Sec. II we study the one photon model®? be-
cause we will need the concepts introduced there, In
addition, we believe that we give a clearer derivation.

1l. MINIMUM UNCERTAINTY PACKETS OF ONE
PHOTON STATES

Our system is composed of a single molecule® im-
bedded in the radiation field. The Hamiltonian is

H=Hy+V+Hp+H,,, ; (3)

H, is a zero order molecular Hamiltonian which is com-
posed of a ground state | g), a discrete optically active
excited state |s), and a continuous manifold of excited
states { )} of zero oscillator strength. The intramo-
lecular correction to H,, denoted V, couples |s) to {| B}
and induces a radiationless decay |s)-{!| )} which we
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take to correspond to the statistical limit. Note that (a)
Neglecting other discrete excited states |s’) is a good
approximation under the WRD excitation condition as
long as we are not too far off resonance; otherwise the
coupling of |g) to other excited states has to be taken
into account®; (b) The continuous manifold {I )} corre-
sponds in the WRD case (iodine molecule) to lower dis-
sociative states [0;(n), 1,('r), 0,(7)] whose coupling to
I's) [BO;(r)] is small. ? In this case V may be neglected,
but its inclusion in the present model does not involve
any additional difficulty, Hpy is the Hamiltonian of the
radiation field, which in second quantization with neglect
of the energy of the vacuum takes the form

He=_wn(als axa) @)
3
where w, is the frequency of a photon of wavenumber k.
The symbol ¢ denotes the polarization and af,, &, are
creation and annihilation operators, respectively, for a
photon of wavenumber k and polarization o. Finally,
H,,, is the molecule-field interaction which in the dipole
approxXimation takes the form

Hint = ag\/%; (aku "a;ru) (eka ° “) s (5)

a involves numerical constants which are unimportant
for our purpose, L? is the normalization volume of the
field; e,, the polarization vector of the photon (k); and

4 the molecular dipole operator which is assumed to
couple | g) to |s). Since the orientation of the molecule
is assumed to be random, and since we are interested

in the total scattering, the summation and average over
the photon polarization establishes another multiplicative
numerical constant which is unimportant for our study

and is therefore suppressed. Note that in Eq. (5) the

center of molecular mass is taken as the origin of spatial
coordinates p=0; otherwise @, and a} should be replaced
by ay e**** and af e7**,

A. Initial state

For the initial state of the system we choose an eigen-
state of Hy+ Hp, with the molecule in its ground state
centered at the origin and the field in a wave packet of
one photon state centered around some point x; on the x
axis and moving toward the origin. To build such a
wave packet we first define the field operators

W(x)= LV} ay explilk - ko)x], (62)
kR
PM(x)=LV2Y " af expl —i(k ~ ko)x] (6p)
Rk
which annihilate and create a photon on the plane x; %
denotes a wave vector in the x direction. The initial
state of the field is now taken as
Iy = f dxAlx — %W (x)| 0, (1)

where | 0) is the vacuum state of the radiation field and
A(x — x,) is some function of x centered with a given
width symmetrically around %. Defining the function
A(k) as
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AlR)= L2 ™ [ ax Al e, (8)
we see that the initial state of the field is

(=37 Ak ~ ko) e 04} [0) . ©)

The state |§) describes a planar wave packet of one pho-
ton state centered around x; in position space and
around &, in wavenumber space; the normalization con-
dition is

fdxlA(x)[2=Z |A(R)|2=1. (10)
k
Now define
xo=cly, (11)

where ¢ is the light velocity, so that f; is the time in
which the wave packet at x4 reaches the molecule (lo-
cated at the origin)., Also use the dispersion relation
for the photon field

w=kc (12)

to recast Eq. (9) in the form

|3 =Ide(w—wo)e"“’°lw> , (13)
where
| = @} o] O (14)

and where B(w — wq) = p(w)A[1/c(w - we)] and [dw! B(w)l ?
=1, The density of states p(w) may be approximated by
a constant p(w,) if the width of the envelope function
B(w) is small.

The initial state of the system is now taken to be |ig),
a direct product of the ground molecular state and the
radiation pulse state of Eq. (13).

B. Temporal evolution

In the absence of molecule—field interaction, the time
evolution of the radiation pulse is given by

exp| —iHgt]|D) =) Ak — ko) expl —ik(xo+ct)la}| 0},  (15)

k
which describes a pulse of constant spatial shape and con-
stant energy profile moving with velocity ¢ in the positive

x direction, We thus choose x, to be negative to allow
for a collision between the molecule and the wave packet.
Since | s) is the only molecular state which is coupled
radiatively to | g), the total scattering (or fluorescence)
intensity at time ¢ is proportional to the population of the
state |s), which is given by | C,(#)I® with

C.(t)=(s0|exp( —iHt)|gi) . (16)

As before, the symbol 0 denotes the vacuum state of the
radiation field,

The rest of the calculations are identical to those
given in Refs. 2 and 3, and we give here only a brief
outline. Equations (13) and (16) yield

c,(t)= f dw Blw - wo) et (s 01 e™*| g . (17)
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The matrix element in (17) is easily evaluated for the
present model by standard Green’s function technique,
and we get in the limit fy~ ~

" - u w
e ‘°<sole'”‘lgw)05;-ji-s‘i—%—i~fe' ¢ (18)
and
iwt
Cult)= [ dw Blo - wo) oy e, Ll (19)

Here we have defined p ={slulg); E, is the (shifted)
energy of the state s, and T is its total width. There
are two contributions to I', a radiative one due to the
coupling of | s) to the radiation field, and a nonradiative
one due to the coupling to the manifold {I )}. In Egs.

{18} and (19) we have assumed that the slowly varying
factor v [see Eq. (5)] can be replaced by a constant and
put into the proportionality constant, Since the radiation
pulse is often characterized by its time rather than its
frequency profile, we may replace Eq, (19) by

C ()< u,, exp(—~iE;t ~3Tt)
xfjdt’ﬁ(—t’)exp[—i(Es—wo)t'—%rt'] , (20)
where
B)- f: %! B(iy) deo (21)

characterizes the time profile of the free pulse. With a
given function B(f), C,(t) and | C,(t)|? may be calculated.
To account for molecular motion, |C,(t)|% has to be av-
eraged over a Gaussian(Doppler) distribution of energies
E. Mukamel, Jortner, and Ben Reuven have further
shown® that when collisions between the light absorbing
molecule and inert molecules are taken into account, an
additional average over a Lorentzian distribution of E,
has to be performed.

We conclude this section by pointing out again that the
radiation field is described in this model by a pure guan-
tum state, Eq. (13), given as a linear combination of one
phaton states. This is a minimum uncertainty wave
packet whose time and energy profiles are related by a
simple Fourier transform, Eq. (21).

IH. MIXED SINGLE PHOTON STATES PACKETS

In general, it is not possible to describe a given light
pulse as a pure quantum state of one photon. The mac-
roscopic characteristics of the pulse, its time structure,
its energy profile, and its intensity need to be described
in terms of many possible pure and mixed quantum
states. Two obvious generalizations of the model de-
scribed in the previous section are (a) generalization to
a pulse of n photons

liv= [ ax[AGe-x) o' (0] 0) (22)

which describes a wave packet of the same characteris-
tics as Eq. (7) only with # photons; (b) generalization

to a mixed state for one photon described by the diagonal
density operator

p=fdw0C(w0—wu)‘i, wl))<i9 wo‘ ’ (23)

where Clw) is a function distributed around w, with

Jawcw)=1, (24)

and where |1, g is a one photon wave packet described
by Eq. (13); the index wg is added for better character-
ization.

In this section we study the implications of excitation
by a pulse described by Eq. (23). This is an incoherent
combination of wave packets, each given by Eq. (13).
The wave packet (13) has a frequency profile given by
B{w — wy) which is a function centered around w, with
a given width 7., Its time profile is characterized
by the Fourier transform of B [Eq. (21)]. This is
a planar wave packet which at time 0 is distributed in
space around xp=1y/c and is moving at later times with
velocity ¢ towards the molecule at the origin. The den-
sity operator p (Eq. 23) describes a combination of such
packets. Each has the same location (at any time) and
shape but with a frequency profile centered around a dif-
ferent w, with a weight function C(wg - wy). This leads
to a new frequency profile centered around ¢, with a to-
tal width of the order

Yu~VetVp . (25)

However, the local lifetime of the pulse remains as be-
fore ~ (v,)! (see Appendix A). We thus have

rulre)?>1, (26)

which characterizes a pulse of larger than minimum
uncertainty.

To calculate the time evolution of the total scattered
light intensity we have to evaluate

(1C8)|®=Tr(]s0) (s0|p(®)) = (s0|p(t)] s0), 27)

where p is now the density operator of the full system
given at time zero by

p(t=0)= jdwoc(wo - wu)|i, wo; &) (i, wo; gl (28)

and where the time evolution is now due to the full sys-
tem Hamiltonian, Eq. (3). Since p(f=0) is diagonal in
the representation of possible initial pure states, the
evaluation of Eq. (27) involves just a simple extension
of the treatment of Sec. II and leads to the results of
Sec. H averaged over the distribution Clwg ~ wy ),

(| C’(t”z)w, - f dwoC(wg ~ wy)

x(s0]e | iwg; g) (i, wo; g|e™*|s0) ,
(29a)
where C,(t, wo) is given by Eq. (20).

For a gas of noninteracting molecules, Eq. (29) has to
be further averaged over a Gaussian Doppler distribution
of excitation energies which yields
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«e, = Jﬂiﬂz— f: exp [- ‘l—(%ﬂ)i]ﬂ Cs ()]*)y deow
(29b)

where B8 is the Doppler width, It was shown® that if col-
lision broadening is important, it will lead to an addi-
tional averaging over a Lorentzian distribution.

We have performed numerical computations based on
Eq. (29) for the case where C(w) is a Lorentzian,

Ye 1

T (wo —wy ) +ve (30)

Clwo—wy)=

and where the time profile is given by

Sexp[n(t+b)] t<-b

B(H)=!1 —bs<t<bh (31)
2 exp[~v,.(t - b)]

2p is the duration of constant intensity (100 nsec in the
WRD experiment). Since extensive computational re-
sults on a similar model have been recently reported by
Mukamel, Jortner, and Ben Reuven® (where an average
over a Lorentzian distribution is performed to account
for collisional broadening), we do not give any computa-
tional details here. The characteristic behavior is
shown in Fig. 1, When the excitation is far enough from
resonance and when the width y; is not too large, the
fluorescence exhibits short and long components: the
short lifetime is characterized by the lifetime of the
light pulse 7/;1, while the long time corresponds to the
decay of the level | s), "', The oscillations appearing
in some of the graphs have a small amplitude and will be
smeared out when Doppler broadening is taken into ac-
count, They will not be seen experimentally. The fol-
lowing points are now in order:

tzb.

(1) Equation (29) describes the time dependence of the
population of the optically active molecular excited state
|s) at all times following the situation in which a planar
pulse of light characterized by the density operator (23)
is formed at an infinite distance from the molecule and
starts moving towards the molecule The total intensity
of the light scattered by the molecule is proportional at
each time to this quantity.

(2) The new feature of the result, Eq. (29), relative
to previous results is the mutual independence of the
time [characterized by the distribution function B(w)]
and energy [characterized by both B(w) and C(w)] pro-
files. This reflects the independence of shutter and fil-
ter in an experimental setup, When a pulse is really of
minimum uncertainty, we set C{w)=0(w), and this leads
to the results of Sec. II.

(3) Laser pulses are sometimes, to a good approxi-
mation, of the minimum uncertainty type, in which case
Ye > v and vy = ¥,. However, even in such cases the
influence of a small nonzero y, can lead to nontrivial
consequences, Consider for example the WRD experi-
ment. Here y;‘ is the rise time of the laser pulse (~3
%107 sec) and corresponds to a width of ~2x107 cm™,
while the long decay time of the fluorescence (~1Xx 107

sec) corresponds to a width of I'~5x107¢ cm™, Now,
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for the case in which the distribution C{wg ~ wy) [Eq.
(23)] is the Lorentzian [Eq. (30)], numerical computa-
tions show® that even for ¥, as small as ~1x107 ecm™,
an average over this distribution leads to a qualitative
change in the theoretical prediction. In this case vy,/7,
~10™ and we see that a mixed character of a tenth of a
percent is sufficient to cause a measurable effect. Ex-
plicitly, the consideration of y; makes the dependence of
the ratio of intensities of the long and short decay com-
ponents a weak function of the off-resonance energy,
A=FE - wy, in the range A=2500T"~5000T as experi-
mentally observed, rather than the AZ pehavior predicted
for the case y,=0.

However, Mukamel, Jortner, and Ben Reuven® also
showed that distributions C(w) which decreases as a
function of w more rapidly than A™ have relatively little
effect on the calculated quantities, and in particular do
not modify the ratio of intensities of the long and short
decay components in the way the Lorentzian distribution,
Eq. (30), does. In general, one should expect that dif-
ferent experimental conditions will be characterized
by different distributions C(w), and hence knowledge of
that distribution of the incident photon is necessary for
understanding some of the finer details of the subse-
quent relaxation process.

IV. CONCLUSION

This paper has provided a simple extension of recent
work?® on resonant and near-resonant scattering of light
pulses. This extension allows for a description based
on mixed states of one photon pulses, also referred to as
larger than minimum uncertainty pulses. The resuits
for the present model are obtained as averages of the
previous results over the distribution which character-
izes the density matrix of the light pulse, Physically
the present model allows for independent time and en-
ergy profiles of the light pulse, while in the earlier
models?3 these were related to each other by a simple
Fourier transform, Our modification may have observ-
able consequences even for a very small mixed nature
of the light pulse. This should be kept in mind, espe-
cially when one tries to estimate the cross section for
phase changing oollisions from results of experiments®
such as those of WRD. The reliability of such estimates
is uncertain as long as the nature of the light pulse is not
exactly known, We have shown that a Lorentzian width
of the distribution function C(w), Eq. (30), of 0.1% of
the total pulsewidth in the WRD experiment would lead
to essentially the same observation that Mukamel, Jort-
ner, and Ben Reuven® attribute to collision broadening.

The model discussion by us (like that treated in Sec.
II and in Refs. 2 and 3) is only one of many possible
models compatible with our present knowledge of the
structure of light pulses. The correct statistics of the
pulse might play an important role in the outcome of a
given experiment. Especially, the intensity of the pulse
might have a nontrivial influence on some measurements
like the ratio of the short and long life intensities, which
may happen because for strong pulses the excited mo-
lecular state interacts during the lifetime of the short
component with a nonvacuum radiation field. To check
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the consequence of this, models which include pulses
like Eq. (22) should be treated.
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while the time evolution of Eq. (23) leads to
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APPENDIX A

Here we compare the local time evolution of the pure
packet given by Eq. (13) or Eq. (9) and the mixed packet
described by Eq. (23). The density of photons at some
point, say the origin x=0 at time ¢, is given by the ex-
pectation value of the operatar #'(0)(0) at this time.
For the state {9) we get

Alk - k)A* (k' — ko) e * ™" x5, (0] @, %"t 0], @, €719 ?]0>j

=\ f dwB(w - wy) exp| - iw(ty+ )] : ,

Tr@' (x)g(x)p () = f dwolwo - wu);; é‘__} kZz Ak - ko)AX (R — k) expl - i(k = k") (xg+ct)] T [a}, a,,a}|0) (0l a,]

= fdwoC(wo-wu)ZzzzA(k ko)A*(k' — ko) expl - i(k — k") (xg+ c1)] 04 ps Oppn

®' Ry kg

= fdwoc(wo - wu)

= f dwoc(wo — wu)

Z Ak ~ k) exp| - iw(ty+ t)]

j dwBlw - we) expl - iwlto+ ]|

(A2)

The quantity within the absolute value does not depend on wg, and from [dwoClws —ww)=1 we get Eq. (Al), as before.
Both wave packets are thus characterized by tlie same temporal behavior.

*Supported in part by the National Science Foundation and
Project SQUID (Office of Naval Research).

!p. ¥, Williams, D. L. Rousseau, and S. H. Dworetsky, Phys.
Rev. Lett. 32, 196 (1974). To be referred to as WRD.

2(a) S. Mukamel and J. Jortner, J. Chem. Phys, 62, 3609
(1975); () S. Mukamel, J. Jortner, and A, Ben Reuven,
“Collisional Perturbation of Time Resolved Photon Scattering
from Molecular Levels” (to be published),

33. 0. Berg, C. A. Langhoff, and G. W. Robinson, “Theory
of Time Resolved Resonance Scattering from Tunable Dye
Laser Pulses” (to be published).

A, Nitzan and J, Jortner, J. Chem. Phys. 57, 2870 (1973).

5S. Mukamel and J. Jortner, in Proceedings of the Fivst Intev-

I

national Congress of Quantum Chemistry, Menton, 1973, ed-
ited by R. Daude! and B. Pullman (Reidel, Boston, 1974).

“We neglect here the dependence on spatial coordinates which
will be taken into account later.

7Throughout this paper the energy is in units of %.

Swe neglect intermolecular interactions and assume that the
size I of the molecular sample is small enough so that l/c
is much smaller than the shortest time scale of the experi-
ment (3x10-? sec in the WRD experiment which implies
1 <90 cm).

%(a) J. J. Steinfeld, Chem. Soc. Faraday Discuss. 53, 155
(1972); (b) R. S. Mulliken, J. Chem. Phys. 55, 288, 309
(1971).

J. Chem. Phys., Vol. 63, No. 3, 1 August 1875

Downloaded 03 Feb 2004 to 132.66.16.34. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



