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Time-resolved near-resonance photon scattering in a gas is expressed in terms of a triple convolution of the
photon counting rate from a single resonance (characterized by a total width which contains additive
contributions from radiative decay, spontaneous predissociation, and collisionaily induced predissociation)
with a Lorentzian profile, which incorporates the effects of collisionally induced intrastate cross relaxation
and phase shifts, and with a Dopplér—Gaussian profile. This theory provides a quantitative picture for the
recent experimental data of Rousseau, Patterson, and Williams [Phys. Rev. Lett. 34, 1306 (1975)] on

photon scattering from collisionally perturbed molecular iodine.

The experimental work of Williams, Rousseau, and
Dworetsky! on time-resolved photon scattering from
molecular iodine triggered considerable theoretical
activity in this field.#*" Indeed, the fundamental prob-
lem of the “transition” from resonance fluorescence to
near-resonance photon scattering from a molecular
resonance is intimately related to the general areas of
radiationless transitions® and resonance Raman scat-
tering®® in molecules and solids. In the work of Wil-
liams ef al., ' the time-resolved photon scattering was
determined as a function of the off-resonance energy A
= |E, - %|, separating the center, E,, of the molecular
resonance and the center, %, of the photon wavepacket.
The exciting light pulse is characterized by the ampli-
tude®?

- exp(y,1/2) t<0
p@)={1 0<t<T (1)

[ exp[- 1yt~ T)/2] t>T,

where ¥;! and ¥;! correspond to the risetime and to the
falltime of the pulse, respectively, while T is the pulse
duration and 7> ¥;!, ¥;!. Additional physical parame-
ters are the width T’y of the molecular resonance, which
at zero pressure incorporated additive contributions®3 19
from radiative decay and spontaneous predissocia-

tion, '®!! and the Doppler width 8, where 8> TI';. The
following experimental observations were recorded:!

(a) In the case of resonance excitation, i.e., A<g,
only a long, molecular-type, decay component was ob-
served.

{b) When the off-resonance energy is large, i.e.,
A> B, 7+ 7,>T~T", two major decay modes are ex-
hibited for ¢> T, characterized by the lifetimes y;!
and I';1, ,

(c) At moderately low pressures (p=0.03 torr), the
relative contribution, {R}, of the long-lived decay com-
ponent to the total intensity at =7 is a slowly varying
function of A at off resonance, becoming constant at
large values of A,

(d) Increasing the pressure to 0,25 torr results in an
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appreciable enhancement of the intensity ratio {R} at
off resonance.

The time-resolved photon counting rate from a single
molecule, which was investigated by several groups, 8
depends crucially on the energy distribution of the
Fourier components A, of the exciting pulse, in par-
ticular on whether A, decays assymptotically slower or
faster than the Lorentzian line shape of the “isolated”
molecular resonance, In the former case, for ex-
ample, for an exponentially decaying pulse®! ¢(£)=0
(£<0), @t)=exp(~ vst) (¢>0), or for a rectangular pulse
function® ¢ (t)=0 (t<0), ¢@(t)=const(0<¢<T), ¢()=0
(¢>T), @(t) will have sufficient Fourier components at
resonance so that the long molecular component will
be prominent in the photon-scattering pattern. In the
latter case, e.g., the limiting case of Eq. (1) with
T=0,5 or the realistic pulse shape, #%¢ Eq. (1), both
direct scattering and a molecular decay component
will be exhibited. Several papers®> have independently
concluded, in contrast to the original interpretation, !
that the time-resolved photon scattering from an
“isolated” molecular resonance is characterized by two
types of lifetimes ;! and I';!, and no new observable
decay modes are exhibited when the excitation is tuned
away from resonance, in agreement with observation
(a). The work of Berg, Langhoff, and Robinson® and of
Hilborn’ cannot account for the experimental features
(b) and (c). A quantitative calculation®*¢ for scatter-
ing of the pulse given by Eq. (1) from an isolated
molecular resonance including the effect of Doppler
broadening, ' results in the asymptotic relation {R}

o« A%(A >> B), rather than {R}= const(A > g). To over-
come this difficulty, Metiu, Ross, and Nitzan® have
proposed that our use®? of uncertainty-limited photon
wavepackets should be modified, allowing for indepen-
dent time and energy profiles of the light pulse, and
that a Lorentzian distribution function of one-photon
wavepackets accounts for observation (b). On the other
hand, we have proposed® that in this system, even at
the lowest pressure (0. 03 torr) which was experimental-
ly studied, collisional perturbations dominate the time-
resolved photon scattering pattern. The role of col-
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lisional perturbations on time-resolved near-resonant
photon scattering was studied by Huber®® and by the
present authors.® In Huber’s work, %® a two-level sys-
tem was considered where phase shifts were simulated
by random fluctuations of the energy separation, Our
approach, ® which rests on the effective- Liouvillian
formalism, handles a manifold of excited levels and
allows for cross-relaxation effects between these
states, The purpose of the present note is twofold,
First, we would like to point out that the recent quanti-
tative experimental observations of Rousseau, Patter-
son and Williams?? of time-resolved (and energy-re-
solved) photon scattering from molecular I, using 5145
A excitation at p=0.03 torr and at p=0,25 torr, pro-
vide an overwhelming support to our original approach.
Second, we would like to provide a generalization of
our previous treatment® and to present a complete
analysis of time-resolved photon scattering from a
realistic molecular system subjected to radiative de-
cay, spontaneous predissociation, collisionally in-
duced predissociation, collisionally induced cross re-
laxation within the excited manifold, and phase-chang-
ing collisions (true 7, processes) as is appropriate® !
for the B*II state of I,.

The theory of simultaneous collisional and radiative
damping effects in a molecular system was previously
handled by us® utilizing an effective-Liouvillian forma-
lism, and these results will be now generalized to in-
corporate the effects of collisionally induced predis-
sociation. First we would like to emphasize that pres-
sure broadening effects cannot be elucidated by a naive
extension of the results for photon scattering from an
isolated molecule by just modifying the molecular decay
width ', with the addition of a pressure-dependentterm.
The photon counting rate under collisional perturba-
tions involves both T,-type {level relaxation) processes
and T,-type (line broadening) contributions. In the
present case the following collisional effects have to
be considered:

1. collisionally induced predissoctation (T, process);

II. vibrational—rotational cross relaxation (T, pro-
cesses);

III. relaxation of optical coherences between the
lower and upper states due to phase~changing collisions
(T, process).

The level scheme for simultaneous collisional and
radiative coupling is portrayed in Fig. 1. We consider
a manifold {!s#)} of n vibrational—rotational levels

31 T

FIG. 1. A schematic energy
level scheme for spontaneous
radiative and nonradiative
decay together with collisional
perturbations of a molecular
gystem,

corresponding to the B®W electronic configuration. The
T, relaxation processes are specified in terms of the
following damping matrix:

(T =T+ TP+ (n- 1T, (2
r,=r;+T¢, 0]
(rl)”: - I-‘13‘ (2 *]) . (3)

The indices 7 and j refer to |si, si)) and |sj, sj)) in the
double bracket notation.!*! T is the total width of the
“collision free” |si) level consisting of additive con-
tributions from radiative decay, I'], and from spon-
taneous predissociation I'?; T'{? is the contribution of
collisionally induced predissociation. I'{ is the cross-
relaxation rate, its negative sign results from general
unitary properties.!* In expressing the diagonal damp-
ing terms and the off-diagonal cross-relaxation terms
of the T, matrix, we have involved the assumption of
“level democracy” assuming that there are altogether
nlsi) levels all of which are characterized by the same
damping and crosg-relaxation rates. The damping ma-
trix for T, processes is diagonal, within the framework
of the rotating-wave approximation, and for our “demo-
cratic” level scheme it assumes the form

(T, =120+ TP+ (n = DTF]4 THY S, @)

where i= | si, gk)), |gk) being a one-photon ground elec-
tronic state, T'f® corresponds to phase shift contri-
butions, i.e., proper T, processes. The photon count-
ing rate (F(t)) is expressed in the form®

(F())= r da’ j T AATHAT, BF(AT - AT)C(6 - A')

=I*x fxC, (®)

where * stands for a convolution. Equation (15) con-
stitutes a triple convolution of the photon counting rate
from a single resonance

2

1o, 0=| “dro@expl- Tyt -iat-0ll  ©

which is characterized by the decay width

L =TT+ T2 T =D (Ty),, (7)
]

with a Doppler—Gaussian distribution

AAY= (783 2 exp(~ a%/8% ®)
and with a Lorentzian-type collisional term

c(a)= (T/2m/(a%+ 9, 9
where

F=T8+ 3~ 1T =Ty~ 3T, . (10)

The collisional width T in Eq. (9) incorporates only ef-
fects due to intrastate cross relaxation and to “proper”
T,-type processes originating from phase-changing
collisions.

Utilizing Eqs. (1) and (6) we can now separate [ for
t= T into two components

I(A) t):IP(t)+Im(t) ’ =T . (11)

1,(t) and I,(f) correspond to “direct” photon scattering
and to molecular fluorescence specified in terms of the
molecular decay time I';!, respectively. These are
given by
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L,(t)= | A,|? exp[- v,(t - T)] - 2Re{4} 4

X exp[iA(t - T)] exp[- 2(v,+ T - T)]}, (12a)

I(=4,|%exp[- Tyt - 7)1, (12b)
where

A,=[A+ 2T - v)]? (132)

and
Ag=[8+3i(Ty- 7)1 -
X{(A+ %irl)-l - [A+ %i(r\ + 71)]-1} .

The relative contribution of the long-lived molecular
component to the total photon counting rate at {=T is
given by

{R}=

Concerning the general features of the time-resolved
photon scattering, we note that the short decay com-
ponent {I,(t))=1I,*f* C originates from a “direct”
quantum mechanical scattering process while the
“molecular” component {/,(f))=1,* f+ C arises from the
decay of collisionally perturbed molecular states, in a
manner independent of the variation of the exciting
pulse. Different Fourier components of the light pulse
contribute to (f,) and (7). Collisional effects enter in
two different ways in this formalism. First, the con-
tribution of T'$? to 'y, Eq. (7), modifies the decay time
of (7,{t)). Second, the width I of the collisionally in-
duced Lorentzian line shape, Eqs. (9) and (10), is
crucial in determining the photon counting rate, Eq.
(6). The collisionally broadened Lorentzian line spans
a large contribution of the Fourier components of the
pulse near resonance, resulting in a dramatic pressure
induced increase of {R}.

(A+ 3T + exp[~ 3T, T+ iAT]
(13b)

L(T)*fxC

(D) + I(T)]xfxC (14)

The following general conclusions now emerge:

(1) The decay time for the direct scattering {I,(f)) is
the pulse decay time 3!, which is independent of pres-
sure. (Note that y,> I'; and that the second “inter-
ference type” term in Eq. (12a) is smoothed out by
the convolution, Eq. (5).

(2) The decay time for the “molecular” decay com-
ponent I(t) is T'' = (74 T4+ I'{)", according to Eq.
(7). This lifetime does not originate solely from col-
lisional redistribution!® but includes additive widths due
to spontaneous radiative and nonradiative decay of the
isolated resonance and collision-induced predissocia-
tion. The molecular decay component exhibits a pres-
sure dependence expected for the latter process, sothat

Ty(sec?)=T,+ a(P/torr) , (15)

where a=2.264%x10° (¢/A?), where ¢ is the cross sec-
tion for collision-induced predissociation.

(3) For the isolated resonance I, (f) < A™* for A> g,
and convolution of this result with the Lorentzian pres-
sure-broadened line shape, Eq. (9), results in the
asymptotic relation (7,(f)}=A"2, On the other hand,

I(r) o A" and (I(#)) < A2 for A>>B. Thus, {R} for the
extreme off-resonance situation is independent of A
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TABLE I. Decay rates I'y and T and the fractional intensity
{R} of the long-lived component in time-resolved photon seat-
tering from a single-vibrational~rotational level of B 31 state
of I, at 5145 A. The off-resonance energy A=1. 7x10° Hz,
B=1.7x10° sec™, 7,=7,=3.3%x 10 sec!, and T=10"7 sec

P=0 P=0,03 torr P=0,25 torr

Iy from self-

quenching data®  4.2x10° sec™ 9x10° sec™  4.5x10° sec™!

Ty direct

decay® Unavailable >5x10° sec™? @ 3.3%10°% sec™
fe 0 4.3%10° sec! 3.6x10° sec!
{R} (theory) 5x107 0.08 0.37

{R} (experiment)® Upavailable 0.14 0.45

*Reference 10{a).

BReference 11.

“Estimated from the value of I'/T; obtained from the energy
resolved spectral data of Ref. 11, and the values of I'; ob-
tained from the self-quenching data of Ref. 10(a).

%This experimental value constitutes a lower limit for Tyin
view of the “exodus” of excited molecules from the range of
the slits of the monochromator (see Ref. 13).

when collisional perturbations prevail,

(4) The collisionally induced Lorentzian linewidth T,
Eq. (10), is proportional to p,

I'=b(p/torr). (16)

These expectations are fully borne out by the experi-
mental data summarized in Table I. From the indepen-
dent detailed lifetime and self-quenching data™ for the
B state of I, near 5145 A, we take I',=4.2x10° sec™!
and ¢="70 A? in Eq. (15), whereupon a=1.58%10" sec1,
The values of Ty calculated for the two pressures
studied in the time-resolved experiments (Table I) are
in good agreement with the quenching data. We note
that collisional quenching effects on T, are already ap-
preciable at »=0. 03 torr, in agreement with the ex-
perimental observation.'* What is now required is an
independent information concerning I', Eq. (16). This
can be obtained from the high-resolution spectral mea-
surements of Rousseau ef al.,® which yield the ratio
of the width due to phase shifts (¥, in the notation of
Ref. 13)to I'y: y5/I'y=0.8at p=0.25 torr. In that
treatment, !* the contributions of cross relaxation were
disregarded. When these are incorporated we can
identify v, with ', and the energy-resolved experiment!?
vields T'/T,=0.8 at p=0.25 torr. Thus, 1" =3.6x108
sec™! at »=0.25 torr, whereupon b= 14x10° sec™! in Eq.
(16) and I'=4.3x10° sec! at p=0,03 torr. These re-
sults yield o =64 A2 for the cross section for cross re-
laxation and phase shifts. We note that it is accidental-
ly close to the value of =70 A"’ although in general
we expect that T\ T'§?,

In Fig. 2 we portray the results of numerical simula-
tions of the time-resolved photon scattering from I, at
5154 A using Eqs. (5)-(10) and (15), together with the
pulse parameters® y,=y,=3,3%10° sec! and 7=10"7
sec, the off-resonance energy 4=1.7x10° Hz, the
Doppler width 8=1,7x10°sec™!, and the molecular pa-
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CF (1)) (arbitrary units)

0 1 T
o] 02 04 06 08
t (p sec)
FIG. 2. Numerical simulations of time-resolved near-reso-

pance photon scattering from a single-vibrational—rotational
level of I, at 5145 A. A=1.7 GHz, 8=1.7x10° sec”!, v;=7,
=3.8x10% sec™!, T=10" sec. (a) P=0.03 torr, I'y=0.91x10¢
sec™!, T'=0.47 Iy; (b) P=0.25 Torr, I',=4.5x10% gec”!, {*
=0.83 T;.

rameters I',;=4.2Xx10% sec™!, a=1.58%10" sec™!, and
b=1.4%10" sec’!. The numerical results bear a strik-
ing resemblance to the experimental data of Rousseau
et al. In Fig. 3 and 4 we present the results of model
calculations for the intensity ratio {R}, Eq. (14), for
several values of A/8 at p=0, 0.03 torr and 0, 25 torr
and for various values of the ratio I'/T; at finite pres-
sures. We note that at p=0 (i.e., '=0and I, =T)),
{R}=5x%10", which is much lower than the experimental
value {R}=0.14 at =0, 03 torr. Thus, even at the
lowest pressure studied!® the entire contribution to

T T T
10 .
—_~
&
05+ .
1 1 1
oO | 2 3
A/B

FIG. 3. The dependence of the fractional intensity ratio {R} of
the long decay component on the off-resonance energy A at
Zero pressure,
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! I T T T I
p=0.03 torr
[=91x10° sec’
B=1700 x10° sec”
Y= %=333%10° sec’
T=107 sec A/B
1.0 0,20
25
A
g,
2.75
—
2875
05 F//// ]
30
6.3;,90
(a)
o 1 ‘ ol 1 1 J
0 05 1.0 1.5
A .
r/r
T T — T T T
A/B
1.0 0;20
r—‘/____,/ 25
275
——
N 2875
30
63,90
05—
p=025 torr
I[=45x10° sec”
;9=|700:<|O6 sec’!
(b) R =333 x IO6 sec'l
T=0" sec
o 1 ! T I | i
(o] 05 10 15

A
f/m,

FIG. 4. The dependence of the fractional intensity ratio {R} of
the long decay component of the off-resonance energy and on
T/T, at finite pressure, 4(a) p=0, 03 torr, 4(b) 8 =0, 25torT,
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the intensity of the “molecular” decay mode originates
from collisional line broadening effects. Finally, we
would like to point out that, as is evident from Table I,
our theory provides a quantitative account for the time-
resolved photon scattering data of Rousseau et al,'®

We conclude that in view of the long decay time I,
=~4,2x10° sec”! of this level of I, in the collision free
molecule, time-resolved photon scattering over the
entire pressure range studied up to date'® is dominated
by collisional perturbations, which are adequately ac-
counted for in terms of our theory. Some detailed in-
teresting features of collisional perturbations in this
one-photon experiment can not be disentangled, as the
photon counting rate, Eq. (5), includes a convolution
over the Doppler width, which erodes much of the rele-
vant information. The effects of Doppler broadening
can be eliminated by the application of two-photon
spectroscopy, !7 utilizing two photons travelling in op-
posite directions. A theory of time-resolved photon
scattering under such two-photon excitation was worked
out! and is expected to unveil new and pertinent infor-
mation concerning collisional damping effects.
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