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The broad white-light continuum generated on the passage of ultrashort pulses of laser light
through suitable media has found numerous applications in the physical, chemical, and biological
sciences. Many of these are based on use of the continuum to probe the absorption characteristics
of transient species, in order to obtain information on their decay kinetics. The processing of data
from such experiments is generally based on the implicit assumption that the absorption of white
light is subject to the normal Beer-Lambert law, in that the absorption at any particular frequency is
linearly proportional to the intensity of the probe light at that frequency. In this paper it is shown
that the validity of this underlying assumption should be seriously questioned. At high intensities,
the uncertainty principle allows for photon pairs with differing frequencies to provide the energy for
the cooperative excitation of molecules in close proximity. This nonlinear absorption, which de-
pends on the frequency autocorrelation function and intensity of the continuum light, results in a
rate of absorption which may depart significantly from the normal Beer-Lambert behavior. Hence
the interpretation of continuum-probe experiments may need to be reexamined.

I. INTRODUCTION

The generation of a white-light continuum by passing
mode-locked pulses of laser light through certain media
was first reported by Alfano and Shapiro in 1970."! The
phenomenon results from a process of self-phase modula-
tion associated with intensity-dependent refraction, al-
though a number of other mechanisms can contribute to
the effect: a useful summary is provided in a recent re-
view by Alfano.? Continuum generation has been shown
to occur in a wide variety of materials, and is readily pro-
ducible in water. The pulses of light so generated are
often referred to as constituting an ultrafast supercontinu-
um laser source (USLS),> or picosecond continuum for
short, since pulse durations are typically on the pi-
cosecond or femtosecond* time scale. The term super-
broadening is also used to describe the continuum forma-
tion.>

Since the initial discovery, USLS radiation has found
widespread application in the study of ultrafast photo-
physical processes. A number of recent experiments have
focused on semiconductors, as, for example, in the study
of femtosecond carrier dynamics in gallium arsenide,’
and ultrafast heating in silicon.® Many other studies have
concerned elementary photochemical and photobiologi-
cal reactions such as those involved in the primary pro-
cesses of photosynthesis and vision.®~!> These studies
are usually based on an adaptation of the traditional flash
photolysis experiment,'* in which transient species excit-
ed by the photoabsorption of a pump-laser pulse are
probed by a continuum pulse which has traversed a
variable-delay optical path. Variation of the delay thus
enables the time development of the entire visible absorp-
tion spectrum to be monitored on a picosecond or fem-
tosecond timescale.

The interpretation of results from pump-probe experi-
ments of this kind is generally based on the apparently
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obvious premise that the absorption of white light pro-
duces a spectrum identical to that which would be ob-
tained using a tunable monochromatic light source. In
other words it is assumed that the sample response at any
particular frequency has a direct linear dependence on
the irradiance at that frequency, which is an incidental
result of the Beer-Lambert law. In fact this assumption
necessarily underpins any absorption spectrometry based
on multichannel techniques. It is the purpose of this pa-
per to demonstrate that in application to molecular ma-
terials the validity of this premise is questionable, and
that the interpretation of spectra from continuum-probe
experiments may therefore need more careful considera-
tion.

The crux of the argument lies in the fact that at the
high intensities associated with pump-probe experiments
involving use of a picosecond or femtosecond continuum,
nonlinear optical effects in the sample necessarily become
very significant. In particular, a recently discovered
effect known as cooperative two-photon absorption'*~"
can play an important part in determining the absorption
characteristics of a sample. Two-photon absorption of a
particular frequency normally results in the excitation of
energy levels well above the limit implied by the energy
of single photons, and is therefore readily distinguished
from normal (one-photon) absorption.!® It is also gen-
erally differentiated from a two-step process, involving
sequential absorption, by the fact that the sample need
not possess energy levels near to the energy of a single
photon.

However, a cooperative two-photon process can result
in the excitation of molecular pairs at the mean of two
distinct photon frequencies. The energy mismatch at one
molecule is thus compensated by a corresponding
mismatch of opposite sign at a different molecule. The
calculated absorption cross section for this process is,
moreover, in the case of neighboring molecules in close
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proximity in the liquid or solid state, of the same order of
magnitude as ordinary two-photon absorption,'® and
hence should be readily observable. The time scale over
which this energy sharing can take place is determined by
the energy-time uncertainty principle, and is comparable
to the ultrashort duration of mode-locked pulses. A re-
sult of this nonlinear effect is a rate of absorption which
departs significantly from normal Beer-Lambert behav-
ior.

It is shown below that this type of effect may
significantly affect the appearance of spectra which are
obtained from pump-continuum-probe experiments us-
ing current laser intensities. Related effects may also be
expected in connection with absorption of the broadband
femtosecond pulses now available by the use of pulse-
compression technqiues.!®~2! Other effects relating to
hyperfine coupling in atoms have also recently been de-
scribed, in which it is again the case that broadband laser
radiation produces effects markedly different from mono-
chromatic radiation.?*?* It thus appears timely to con-
sider in more general terms how laser linewidth can
influence the primary mechanism for the absorption of
light by atoms and molecules.

II. UNCERTAINTY CONSIDERATIONS AND
CONCERTED PHOTOABSORPTION MECHANISMS

To understand the special features that can arise in
connection with the absorption of white light, it is helpful
to consider first the broad significance of the energy-time
uncertainty principle for photoabsorption. As pointed
out by Landau and Lifshitz?* and discussed in detail by
Rayski and Rayski,?® this quantum-mechanical uncer-
tainty relation has a somewhat different status from the
more clearcut result for uncertainties in position and
momentum. A recent paper by Finkel?® has helpfully
clarified the situation, and shows that for an average life-
time 8¢ and an average energy displacement 8E, there ex-
ists the relation

Ot8E >h /4 . (2.1)

The application of this result to the interaction involved
in the normal photoabsorption process in which individu-
al atoms or molecules absorb single photons is well
known, and amounts to the statement that for a time in-
terval 8¢, the mismatch between the energy gain of the
absorber and the energy of the absorbed photon cannot
exceed 8E. For any normal time scale of observation,
this condition ensures that only photons whose energy
closely matches a transition energy of the absorber can in
fact be absorbed.

The implication of Eq. (2.1) for a concerted photoab-
sorption process involving the coupling of two atomic or
molecular excitations appears not to have received con-
sideration, however. Experiments involving absorption
from a white-light source such as the USLS provide a
multitude of photon frequencies within the sample, and
thus offer the possibility of a cancellation in the energy
mismatches associated with absorption of photons by two
separate centers. In this case, Eq. (2.1) determines the
time scale within which the excess energy 8E absorbed by
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one center needs to be conveyed to a center with a corre-
sponding negative energy mismatch, in order to fulfill the
requirement for long-term energy conservation at each
center. There are, in fact, two distinct mechanisms for a
concerted absorption of light based on this uncertainty
principle, as detailed below.

A. Cooperative absorption

Consider first a molecule in an initial state | i ), which
undergoes a transition to an excited state | f) through
absorption of light with circular frequency w. If w is off-
resonant with respect to the transition frequency, there is
a mismatch in energy by an amount

8E =#w—E; . (2.2)

Application of the uncertainty relation (2.1) shows that it
is impossible to constrain conservation of energy over a
time scale less than

r=i(w/2m)—E;,/h]™" . 2.3)

The transition is therefore allowed provided the local en-
ergy mismatch exists for a time not exceeding 7.

In the case of absorption from a white-light source, the
presence of other photon frequencies within the sample
provides a suitable mechanism for compensation of the
energy mismatch, through absorption by a second mole-
cule of a photon with frequehcy w’ given by

o'=(w—28E /%) . (2.4)

Thus by the absorption of two photons of differing fre-
quencies from the broadband source, the total energy ab-
sorbed is 2E fis the sum of the two molecular transition
energies, and overall energy conservation is therefore
achieved. From a phenomenological point of view, the
overall process is thus one of mean-frequency absorption.
Clearly there needs to exist a mechanism for con-
veyance of the mismatch energy from one molecule to
another (see Fig. 1), so that over longer times each mole-
cule can individually satisfy the requirements of energy
conservation. Within the framework of quantum electro-
dynamics, virtual photon coupling?’ provides the mecha-
nism for cooperative absorption of this type. The con-
cept of virtual photons originated in connection with nu-
clear physics,?® where they represent the field bosons re-
sponsible not only for processes such as nucleus-electron
scattering?® but also more esoteric phenomena such as
the generation of quark-antiquark pairs.>® The formalism
has nonetheless increasingly found application in chemi-
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FIG. 1. The cooperative mechanism for mean-frequency ab-
sorption; each center absorbs a laser photon (frequencies w and
'), and the virtual photon (frequency @) conveys the energy
mismatch.
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cal physics, for example in the theory of intermolecular
interactions®' ~3* and the calculation of atomic energy
shifts.3*33

By introducing the formalism of virtual photon cou-
pling, the time scale for cooperative absorption 7 can be
interpreted in terms of a range of propagation for which
the exchanged photon has virtual character. Thus the
distance R between two molecules which cooperate in the
absorption process must be subject to the condition

R <R, >the(fio—E;)™" .

max =

(2.5

As an example, for a circular frequency mismatch of
2.5% 10" Hz, we have the constraint R ,, >3 um. With
a smaller frequency mismatch, R can obviously become
quite large, and in the limit where the mismatch is zero,
there is no longer any restriction on the molecular sepa-
ration. This corresponds to the case where two entirely
uncorrelated absorption processes occur. The implica-
tions of this result in terms of a breakdown of the Beer-
Lambert law, etc., are described in Secs. III and V.

B. Distributive absorption

A secondary mechanism for the absorption of non-
resonant frequencies involves the concerted absorption of
two photons by a single molecule, with virtual photon
conveyance of the excess energy to the second absorber
(see Fig. 2). As with conventional two-photon absorp-
tion,'® there is no need for the first molecule to possess an
energy level corresponding to the energy of either one of
the absorbed photons, and thus no identifiable intermedi-
ate state is populated as would be the case in a two-step
process. In this case, forthwith termed the distributive
mechanism, the two absorbed photons may again have
differing energies given by fiw=(E;+8E) and
fio'=(E;; —8E), but here the excess energy absorbed by
the first molecule now equals the transition energy for the
second molecule, Ej;. The corresponding limit on the
range of intermolecular distance is then given by

R <Ry > the /E; . (2.6)

If the photon energy #w is anywhere near to the excita-
tion energy E;, it is clear from Egs. (2.5) and (2.6) that
the distributive mechanism will only be effective over a
much shorter range than the cooperative mechanism.
For example, if E; /h =5x10'* Hz, we have R, >0.15
pm.

Another consideration when comparing the coopera-
tive and distributive mechanisms is a difference in the
probability aspect of the two processes. At first sight, the

FIG 2. The distributive mechanism for mean-frequency ab-
sorption; two photons of circular frequencies o and @' are ab-
sorbed by a single absorber, and a virtual photon of frequency &
conveys the excess energy to a second absorber.

requirement of the distributive mechanism for two laser
photons to be absorbed in a concerted process at a single
molecule appears to render the effect significantly less
probable than the cooperative mechanism, which has the
apparently looser requirement for two photons to be ab-
sorbed by molecules at any two different points in the
sample. A simple statistical treatment of each process
based on a Poisson distribution, the most appropriate
form of distribution for laser light,’® in fact, shows that
for any given pair of molecules the conditions for the dis-
tributive process are met half as often as those of the
cooperative process.37 However, there is more than one
possible pair of molecules to consider. With N molecules,
there are JN(N —1) pairs which can participate in a
cooperative absorption process, but N(N —1) to partici-
pate in a distributive process. Hence overall the photon
statistics do not provide a basis for differentiating the
significance of the two mechanisms. It is thus principally
the difference in range which makes the cooperative
mechanism the most significant.

The line shape of USLS radiation is generally asym-
metric, and the precise spectral distribution difficult to
model theoretically.®®*~*? However, experiment shows
that the continuum can easily have a width of 5000 cm !
centered on a frequency of 20 000 cm~!. Thus, for exam-
ple, two molecules with an absorption band at 20000
cm~! might together absorb a pair of photons with wave
number o= 17500 cm ! and »’'=22 500 cm !, so that in
wave-number terms the mismatch would be 2500 cm ™!,
and correspond to an energy of {E.. However, the
highest light intensities are associated with the frequen-
cies closer to the center of the continuum, and so it
would be here that one would expect to find the strongest
contributions from concerted absorption processes.

Thus, taking a typical value of ;;E; for the mismatch,
it can be seen that the acceptable range of intermolecular
distance R given by Eq. (2.5) is typically 20 times that
given by Eq. (2.6). The volume of space about any single
molecule within which the passage of two photons can in-
duce mean-frequency absorption is therefore typically
20°=8000 times larger for the cooperative mechanism
than for the distributive mechanism. Since the “photon
density” within a sample is directly proportional to the
irradiance, it follows that observation of the distributive
effect would in principle require a light source 8000 times
more intense than that required for observation of the
cooperative effect. In view of this result, emphasis is
given to the cooperative mechanism in the development
of the theory in Sec. III.

III. THEORY AND RESULTS

To place into proper perspective the detailed theory of
cooperative and distributive absorption developed below,
it is worth first setting down the basic equations for the
normal absorption process observed with monochromatic
light. Consider an ensemble of molecules in an initial
state |i), certain of which are promoted to an excited
state | f) through absorption of light with circular fre-
quency w, i.e., we have Ep =fiw,. Assuming that the
transition is electric-dipole-allowed, the rate of (single
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photon) absorption is given by*

[, =(#cey) 'K 1(w,) , 3.1

where [(w,) is defined as the irradiance per unit circular
frequency () interval at frequency w,, and K, is given
by

K\=|pe|?, (3.2)
u/" being the transition dipole moment for the | f )« |i)
transition, and e the unit polarization vector of the in-
cident light. To facilitate subsequent comparison with
the rate equation for cooperative absorption, the above
result is given in the form it takes prior to the rotational
averaging which is normally performed for a randomly
oriented ensemble. The single most important feature to
note at this stage is the linear dependence of the absorp-
tion rate on the irradiance, a dependence which is mani-
fest in the characteristic exponential decay of intensity
with time and hence also with distance traveled through
the sample (the Beer-Lambert law).

For cooperative absorption, consider now the concerted
absorption of two photons with frequencies o= (wy+ Q)
and o’'=(wy—Q), the sum of whose energies equals the
sum of the |f)«|i) transition energies for two
different molecules. The rate of absorption by the pair
can be calculated using quantum electrodynamical
methods based on the propagation of a virtual photon be-
tween the two centers. The virtual photon essentially
mediates the conveyance of the energy mismatch #Q
from one molecule to the other, as illustrated in Fig. 1.
The result for the rate of cooperative absorption is given
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below; the derivation is outlined in the Appendix, and
full details are given in Ref. 16,

rzc=(2ﬁ2czeg)—‘wfo‘”Kz(wo,Q)I(wo+m1<w0_mda ,

(3.3)

where

K1 (06,Q)= | e;e;S{(wy+Q)S} (we— Q)
X[ Vi (Q,R)+ V7, (Q,R)exp(iAk-R)] | 2 .
(3.4)

The above result, the individual factors of which are de-
scribed below, is essentially that given by Eq. (2.12) of
Ref. 16, recast in terms of an irradiance with a large
bandwidth;* hence the frequency-mismatch integral in
Eq. (3.3). The result is simplified by the physically
reasonable assumption that the two absorbed photons
have the same polarization.

In Eq. (3.4), R is the vector displacement of one mole-
cule with respect to the other, and Ak the difference in
the wave vector of lhe two absorbed photons, i.e.,
Ak=(2Q/c )k, where k is the unit vector for the propa-
gation direction of the incident radiation. The
frequency-dependent linear susceptibility tensor S/,
which is broadly similar in its structure to an electronic
Raman tensor, is explicitly defined in Eq. (A10) of the
Appendix, and V(Q,R) represents the complex resonance
retarded electric-dipole—electric-dipole coupling tensor
given by*»33

Vig(Q,R)=(4me,R )~ 1{(5,; — 3R, R, )[exp(iQR /c)—i(QR /c)exp(iQR /c)]— (8, — R, R, QR /c)expliQR /¢)} .

In the near zone, where QR /c << 1, the leading term in
the curly brackets dominates, and an R 3 dependence is
obtained; at the other extreme in the wave zone, where
QR /c >>1, the last term is the most significant and a
R ~! dependence ensues. It is interesting to note that the
long-range rate thus has a R ~2 dependence, reflecting the
fact that the cooperative process then assumes the
characteristics of Raman scattering at the first molecule
followed by two-photon absorption at the second [as can
be understood from the time-ordered diagram of Fig.
3(a)].

To the extent that the parameter K,(wg, Q) in Eq. (3.3)
is approximately frequency independent over any range
of frequencies well away from resonance (in other words,
whenever dispersion effects are small), the rate contribu-
tion ', has a direct dependence on the frequency-
domain autocorrelation function of the incident light.
Since USLS radiation is pulsed, it is useful to express the
result in terms of the time dependence of the irradiance
I(t) through the Fourier transform,

Ho)=2m) =2 [ I(nexpliot)dt . (3.6)

(3.5)

[

Simple manipulation of the integral in Eq. (3.3) then re-
veals its equivalence to the time-domain integral,

Ky(w) [ 7 IA(Dexp(iwgt )t . 3.7)

w
w

A B A B
@) (b)
FIG. 3. Typical time-ordered diagrams for mean-frequency
absorption; (a) represents one of the contributions to the

cooperative mechanism, and (b) one of the contributions to the
distributive mechanism.
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Although the temporal profile and propagation charac-
teristics of USLS pulses have recently been studied,*’ nu-
merical results for I(¢) have not yet been reported in the
literature.

Expressing the rate in terms of Eq. (3.7) reveals that
the rate of the mean-frequency absorption process can in
principle be related to the efficiency of second-harmonic
generation (SHG), which is often used experimentally as
a measure of the autocorrelation function of mode-locked
laser light.‘th However, examination of the detailed struc-
ture of the constant K,(w,) as given by Eq. (3.4) reveals a
dependence on the susceptibilities of the sample mole-
cules which is quite different from that applying to SHG.
In particular, K,(w,) depends on a product of the linear
susceptibilities of two different molecules, while SHG de-
pends on the nonlinear susceptibility (hyperpolarizability)
of individual molecules.

It is also the case that rotational averaging of Eq. (3.3)
over an isotropic distribution of molecular orientations
yields a nonvanishing result, whereas a similar procedure
in the case of frequency doubling leads to the well-known
result that the process is forbidden in isotropic media,*’
even when multipolar interactions are taken into ac-
count.”® Hence despite the parallel, SHG cannot be im-
plicated in the cooperative mechanism for mean-
frequency absorption. This is important since it rules out
the possibility, in isotropic media, of the excitation of a
pair of molecules through the absorption of one
frequency-doubled photon.

For the distributive mechanism, consider now the con-
certed absorption of two photons with frequencies wy+ Q
and wy—() at the same center. In contrast to normal
two-photon absorption, the sum of the absorbed photon
energies exceeds the transition energy, and the process is
completed by virtual photon conveyance of the energy
mismatch E £ to another molecule, as illustrated in Fig.
2. In this case, using exactly similar methods, the follow-
ing rate equation is obtained:

rZD=(2ﬁ2czsg)-‘ﬁfo“’Kz,(wo,n)1(w0+ml(wo~mdn )
(3.8)

where
Ky(wp Q)= ‘eier,-'Jf«}((a)o—i—Q,a)O—Q)u,ﬁVk,(a)o,R)

1+exp {izk-R] ] ’2 ,

and where 3 k is the sum of the wave vectors of the two
absorbed photons, i.e., 3 k=(2E; /fic k. The molecular
response tensor X fi_ which is similar in its structure to a
hyperpolarizability tensor, is explicitly defined in Eq.
(A12) of the Appendix. The appearance of the interac-
tion tensor V once again leads to a long-range R 2
dependence in the rate, this time reflecting an asymptotic
equivalence to hyper-Raman scattering at the first mole-
cule followed by single-photon absorption at the second
[see Fig. 3(b)]. Once again a link can be established with
the autocorrelation function of the USLS light. As
shown in the previous section, however, the distributive
mechanism necessarily makes a far smaller contribution

X (3.9
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to the process of mean-frequency absorption, and atten-
tion is therefore centered on the cooperative mechanism
below.

IV. ASSESSMENT OF THE EXPERIMENTAL
SIGNIFICANCE

Assessing the significance of cooperative absorption in
USLS experiments is no simple matter. To estimate the
likely magnitude of the more important rate contribution
represented by Eq. (3.3), we first consider the case of
neighboring pairs of molecules, which in view of the R
dependence of the interaction potential will obviously
make far greater contributions to the rate than pairs of
more widely spaced molecules. (This can also be regard-
ed as a reflection of the fact that the smaller the distance
traversed by the virtual photon, and hence the shorter
the time scale for its existence, the greater is the tolerance
of energy mismatch, in accordance with the energy-time
uncertainty relation.)

Experiment alone can provide the quantitative values
for the various parameters involved in Eq. (3.3). Unfor-
tunately, no previous experiments have reported the
necessary numerical values for either the intensity /(@) or
the molecular tensor S’(w). Indeed, since the latter pa-
rameter defined by Eq. (A10) substantially differs in form
from a normal two-photon absorption tensor, precise
values for it will not be available until experimental mea-
surements are made of the process here described. The
only closely related molecular parameter is the
frequency-dependent Raman tensor for an electronic tran-
sition, for which again there appear to be no numerical
values in the literature. Estimation of the significance of
the results presented above must therefore proceed from
a different basis.

As shown in earlier work on cooperative phenomena,
neighboring molecules can be expected to display a
cooperative absorption rate approaching the rate of two-
photon absorption by individual molecules, a result
which is more readily calculated. This can be argued as
follows. A comparison of the short-range limit of the
rate equation for cooperative absorption and the corre-
sponding rate equation for normal two-photon absorption
reveals that the former contains an additional factor of
the order of p=S/w)/R* Far from accidental reso-
nances, the molecular tensor may be expected to be simi-
lar in magnitude to the molecular polarizability, since it
is constructed in the same way from products of electric
dipole transition moments divided by energy mismatch
factors; see Eq. (A10). Molecular polarizabilities, at least
for small molecules, have well-documented values, and
are typically similar in magnitude to the cube of molecu-
lar diameter. Hence when R represents a nearest-
neighbor distance, the factor p approaches the value of
unity, and the cooperative absorption rate is thus compa-
rable with that of conventional two-photon absorption.

It is well known that the rate of two-photon absorption
depends on the square of the focused laser intensity. As
long ago as 1968, Gontier and Trahin showed that in the
absence of accidental resonances an intensity factor of
1/1, is, in fact, introduced for each additional photon in-

14
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volved in a multiphoton excitation process.* The con-
stant I, is a characteristic irradiance whose value de-
pends on the sample, and in the case of atomic hydrogen
equals 1.4X10*' Wm™2. This figure corresponds to an
irradiance which produces an electric field equal to the
Coulombic field binding the electron to the nucleus. A
laser irradiance equal to I, thus corresponds to the situa-
tion where perturbation theory breaks down and all mul-
tiphoton processes become equally feasible. A similar
treatment of molecules leads to an intensity factor per
photon of y=(I/I,,), where I,, is an irradiance which
would lead to ionization or dissociation, and would there-
fore have a typical value in the region®® of 108 Wm—2,
This figure certainly exceeds the level of irradiance ap-
plied in most laser-excitation experiments. With this in
mind, we can now compare the likely rates of convention-
al single-photon absorption and nearest-neighbor
cooperative two-photon absorption.

Precise values for the focused irradances produced by
USLS pulses seem not to be available in the literature,
undoubtedly due in part to the difficulty of devising any
suitable measuring device. It is also important to note
that the intensity distribution across the USLS beam is
not remotely like the smooth Gaussian function one nor-
mally expects for laser radiation. In fact, the self-
focusing which is an intrinsic part of the supercontinuum
generation process in bulk samples produces numerous
filaments in which much of the light energy is contained.
However, taking the figure of 10" Wm~2 as a cautious
estimate of the mean continuum intensity in the pump-
probe sample, integrated over the complete range of
wavelengths, then even without the adoption of focusing
optics the ratio y can evidently take a value anywhere in
the range (107 %<y <1) and may even approach the
value of unity. In such cases two-photon absorption be-
comes experimentally significant, and by extension it ap-
pears that under the same conditions the cooperative ab-
sorption process may produce important contributions to
the observed spectra.

Other factors which can contribute to an increase in
the extent of cooperative or distributive two-photon ab-
sorption are the involvement of non-neighboring mole-
cules, and any enhancement of the molecular response
tensors through incidental one-photon resonances.'® In-
spection of the energy denominators in expressions (A 10)
and (A12) for the molecular response tensors shows that
resonance amplification can be expected if the molecules
possess unoccupied excited states at any of the energy
levels represented by dashed lines in Fig. 4. In many situ-
ations, it is therefore likely that mean-frequency absorp-
tion will play a significant role in modifying the apparent
form of the absorption spectrum.

V. DISCUSSION

The Beer-Lambert exponential decay law for conven-
tional (single-photon) absorption results from the elemen-
tary relation

—dl(w,z)/dz « l(w,z) , (5.1)

where z represents the distance the light has traveled
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FIG. 4. Energy-level diagram for mean-frequency absorp-
tion; a resonant enhancement of the molecular response tensors,
and hence a rate increase, occurs if the molecules possess unoc-
cupied excited states at any of the energy levels represented by
dashes.

through the absorbing sample. Since this is directly pro-
portional to the propagation time within the sample, Eq.
(5.1) is a result which follows directly from Eq. (3.1). It
has been shown in this paper that when intense continu-
um light such as that provided by USLS radiation is ab-
sorbed, cooperative and distributive processes produce a
correction term which necessitates the replacement of
Eq. (5.1) by a result of the form

—dl(w,z)/dz
= [lo,2)+X [ K (0, Dl 0+ 0,20 0—0,2)d0 |,

(5.2)

where K =K, +K,. Clearly in this case expential decay
is no longer to be expected. For the reasons discussed in
the last section, it is difficult in general terms to assess the
magnitude of the correction represented by the frequency
integral; under optimum conditions when y =1 it will
clearly be comparable with the first term in the large
parentheses. The most significant feature of Eq. (5.2) is
undoubtedly the fact that the absorption of a sample at
any given frequency is directly influenced by the intensity
of light at other frequencies. Equation (5.2) thus
represents an infinite set of coupled integrodifferential
equations, whose solution depends on the detailed spec-
tral distribution of the continuum light*®~*? and also the
spectral response of the sample, as represented by the
all-embracing constant K.

One of the most immediately obvious implications of
the result is that an absorption spectrum measured with
USLS light may be significantly different from the spec-
trum which would be observed using tunable mono-
chromatic radiation. In particular, there should be a de-
crease in the apparent width of many lines in any absorp-
tion spectrum measured with USLS radiation. This is be-
cause for any sample transition of frequency w,, photons
of appreciably off-resonant frequency (wyt) can be
cooperatively absorbed and result in the excitation of two
separate molecules, provided selection rules permit (see
below). Hence if USLS probe absorption linewidths were
used to infer the lifetimes of transient species, it would
need to be realized that the true linewidths might be ap-
preciably broader and hence the lifetimes appreciably
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shorter than the measurement implies. However, tran-
sient lifetimes are seldom measured this way; usually the
time delay between pump and probe pulses is varied in
order to directly monitor the time evolution of absorption
features. The absorption mechanisms proposed in this
paper have no bearing on the accuracy of this type of ki-
netic measurement.

The use of USLS light for probing absorption may pro-
duce other effects much more important than increased
linewidth, however. This can be illustrated as follows.
Consider the case of an electronic transition, in a polya-
tomic molecule, which displays vibronic structure associ-
ated with a certain vibrational mode. For simplicity, let
us confine attention to the (0-0) band, assuming that the
vibrational frequencies in the ground and excited elec-
tronic states are similar. As explained at the end of the
last section, although the cooperative and distributive
processes allow the absorption of any pair of photons
whose energy sum equals that of the (0-0) excitation ener-
gies for two different molecules, the rate of each process
is increased if either photon energy matches that of
another transition. In particular, a pair of photons whose
energies match the (0-1) and (1-0) transitions can be
cooperatively absorbed and so actually result in (0-0)
transitions in two separate molecules. Thus because of
the resonance enhancement associated with a (0-1)-
frequency photon, one should expect increased absorp-
tion at both the (0-1) and (1-0) frequencies, even if the
v =1 level in the electronic ground state is not appreci-
ably populated. Features of this kind have been noted in
recent USLS-probe experiments on spectral hole burning
in dye solutions.’! Although it is unlikely that coopera-
tive absorption has any direct bearing on these studies, in
view of the large mean separation of the dye molecules in
solution, it might be expected to become very much more
significant in studies of molecular crystals, for example.

The cooperative and distributive absorption mecha-
nisms described in this paper are both sensitive functions
of intermolecular distance. To a point, they may be re-
garded as molecular proximity effects, a term being intro-
duced®? to highlight a contradistinction to the (single-
photon) collision-induced effects which have long been fa-
miliar in gas-phase spectroscopy.’® It is important to
note that wave-function overlap is not directly implicat-
ed, since precisely the same mechanism applies to mole-
cules separated by either very short or very large dis-
tances; the only difference is in the size of the effect. It is
also worth noting that the two chemical centers involved
need not be distinct molecules, but may be distinct chro-
mophores in a single molecule, as in the classical two-
group model for optical activity.*

The two mechanisms are associated with quite distinct
selection rules. Because the virtual photon couples with
each molecule by the same electric-dipole coupling as the
laser photons, the cooperative mechanism requires the
|i)— | f) transition at both centers to be allowed by
two-photon selection rules, while the distributive mecha-
nism can apply if the transition is allowed by the familiar
one-photon selection rules. (In principle, it should be
specified that the transition need also be three-photon al-
lowed in view of the three distinct photon interactions
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which occur at the first absorber. However, with the rare
exception of icosahedrally symmetric molecules, all tran-
sitions which are one-photon allowed are of necessity also
three-photon allowed, so the condition is redundant.>)

Consider, for example, the simple case of a system of
centrosymmetric molecules, in which the absorption of
light is normally associated with the Laporte rule and
produces only parity-reversing transitions (#<>g). For
the concerted absorption by a pair of such molecules, the
cooperative mechanism allows for transitions that
preserve parity (g<>g, u<>u), but the distributive mecha-
nism again results in parity reversal (¢<>g). In such sys-
tems, clearly only the distributive mechanism can affect
the line shape of transitions which are normally present
in the absorption spectrum. The cooperative mechanism
may, however, result in the appearance of new spectral
features, associated with population of excited states of
the same parity as the ground state which are normally
inaccessible. However, most absorption studies based on
use of the USLS concern large molecules which lack any
appreciable symmetry at the site of absorption; hence
both the cooperative and distributive processes can con-
tribute to the excitation process.

In assessing the significance of mean-frequency absorp-
tion for flash photolytic experiments based on USLS radi-
ation, perhaps the most important factor to consider is
the enormously wide range of possibilities for cooperative
absorption leading to the simultaneous excitation of more
than one excited state. If the sample is heterogeneous or
contains more than one chemical species, there exists the
even more general possibility of simultaneously exciting
two chemically different species. Thus while the process
discussed in this paper can be represented as

24 +fw+fiw' —2A4*

there exist the more complex possibilities

24 +tiwo+ho' —A*+ A1,
and
A+B4fio+fio'— A*+BY,

the double dagger denoting some other excited state than
that denoted by the asterisk. The last of these equations
is particularly significant for flash photolytic studies of
processes in complex biological systems, where 4 and B
may even be chemically different chromophores within a
single large molecule. The theory underlying these pro-
cesses is very similar in each case, and the associated
rates of absorption comparable to those estimated in the
last section. However, in polyatomic molecules with
complex vibronic structures, the number of pairs of tran-
sitions which can be excited through absorption of two
photons with the correct energy sum may be enormously
large, so that cooperative absorption may exert a very
significant effect on the appearance of the absorption
spectrum. The numerous possibilities for resonance
enhancement of the molecular response tensors at certain
frequencies should also be borne in mind.

While the type of effect described in this paper has not
yet been looked for in experiments with USLS radiation,
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it is worth pointing out that cooperative two-photon ab-
sorption of a different but closely related kind has been
demonstrated in a number of recent experiments with
conventional laser light. Here the process is one in which
two photons of identical frequency w are absorbed in a
process which leads to the excitation of a pair of dissimi-
lar atoms or molecules. Thus the equation can be
represented as;

A +B +2fiwo— A*+ Bt

essentially the converse of the process described in this
paper. An effect of this kind was first noted by White in
1981,% in studies of the laser excitation of a mixture of
barium and thallium vapor. This study was followed by
experiments on other atomic systems,’”*® and following a
development of the theory for application to molecular
systems'*!> the phenomenon was also noted in connec-
tion with photoinduced charge transfer between mole-
cules in close proximity. Ku et al.,> for example, hav-
ing studied gaseous mixtures of xenon and chlorine
passed slowly through a laser fluorescence cell, have pro-
posed the reaction mechanism

Xe -+ Cl, + 2% — (Xe-Cl,** —Xe*+-Cl,” ) XeCl+Cl ,

the first step of which is attributed to excitation from the
van der Waals ground state to the ion-pair excited state
via configurational interaction of the Xe and Cl,. This
mechanism has been further corroborated by Apkarian
et al., who have extended the study to charge-transfer re-
actions in rare-gas solids.®>®! It has also been shown to
be the predominant reaction route in the case of Xe:Cl,
van der Waals complexes generated in seeded molecular
beams.®?

In each of these cases, the underlying theory'*!> bears
a very close parallel to the mean-frequency process de-
scribed in this paper, and for a given light intensity the
calculated rates are accordingly very similar in magni-
tude. Nonetheless, the experimental observations de-
tailed above have generally been carried out with laser
light appreciably less intense than the USLS. This lends
further support to the contention that cooperative effects
should certainly be measurable in connection with the ab-
sorption of supercontinuum light.

In conclusion, it is worth reiterating that the anoma-
lous absorption effects described in this paper may be
manifest in any experiments which employ sufficiently
high-intensity broadband radiation. To this extent,
anomalies may be observable in experiments not
specifically involving USLS light. In particular, the con-
tinued advances in techniques of laser pulse compression
have now resulted in the production of femtosecond
pulses only a few optical cycles in duration'®=?! which
necessarily have a very broad-frequency spread, as the
uncertainty principle shows. Thus mean-frequency ab-
sorption may have a wider role to play in the absorption
of femtosecond pulses. If this is correct, it raises further
questions over the suitability of absorption-based tech-
niques for their characterization.

Note added in proof. The Lorentzian linewidth of the
cooperative absorption process is readily shown to be ap-
proximately 0.64 times the ordinary absorption
linewidth, if the radiation is assumed to have frequency-
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independent intensity over the frequency range of in-
terest.
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APPENDIX: BASIC QUANTUM
ELECTRODYNAMICAL EQUATIONS

The derivation of the rate equations given in this paper
is based on the Power-Zienau-Woolley multipolar Hamil-
tonian for a system comprising an ensemble of molecules
in the presence of radiation.®>~% This may be expressed
as

H:Hmol+Hrad+Him ’ (AD
where
1 2
= — V(&) (A2)

Hmol < 2m %pa(§)+ (g
12

Hrad=%f ‘i——i—czsobz d’r, (A3)
0

1
Hint:__z (g) dl R§ EQU )
o ¢

0

— 3 m(§)b(R,)+
5
+——2{ qa(§ R§ Xb(Ré—)]

+EE§2§: [ 1pto)| % (A4)
The first term, H, represents the sum over each mole-
cule § at position R, of its normal nonrelativistic
Schrodinger operator, p, denoting the momentum of
electron a, and V(&) the total intramolecular Coulombic
potential energy. The subsequent term, H 4, represents
the radiation Hamiltonian expressed in terms of the
transverse displacement field operator d* (r) and the mag-
netic field operator b(r). The interaction Hamiltonian
H,,, consists of a series of terms. The first three, respec-
tively, denote electric-dipole, electric-quadrupole, and
magnetic-dipole interactions, and constitute the leading
terms in an infinite multipolar series. The next term is
the leading contribution to a diamagnetic interaction en-
ergy, and the last term is a field-independent contribution
which is only significant for self-energy calculations. The
most important feature of the system Hamiltonian ex-
pressed in this form is the absence of any intermolecular
Coulombic energy term. As a result, all intermolecular
interactions are mediated by a mutual coupling to the ra-
diation field, associated with the concept of virtual pho-
ton exchange.

For the calculations leading to the results given in this
paper, the electric-dipole approximation is employed for
each molecule. The justification is the fact that provided
each molecule-photon interaction is electric-dipole al-
lowed, the contributions from other terms in H;, are
considerably smaller in magnitude, the electric quadru-
pole and magnetic dipole being smaller by a factor of ap-
proximately a (the fine-structure constant) and the di-
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amagnetic term smaller by a factor of approximately a?.
It is important to note, however, that the detailed treat-
ment of the coupling between molecules deployed here
produces results which are equivalent to the inclusion of
higher-order multipole moments for the pair, as in the
classical two-group theory of optical activity (see, for ex-
ample, the review by Barron®*).

Calculation of the absorption rate I' is based on time-
dependent perturbation theory, in which the basis states

J

<fs !Him |Is><Is |Hint|is>
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are product eigenstates of H_; and H 4, and the pertur-
bation operator is H;,,. The results are obtained through
use of the golden rule;
T=Qw/A) | Mg |, , (A5)
in which p, is the density of radiation states and My; is

the matrix element connecting the initial and final states
of the system. This has the perturbation expansion

, <fs |HintlIIx>(IIs |Hin( 'Is>(IS IHintii.v)

Mfi=<fS\HintllS>+§ E([s)_E(IS)

S [E(i,)—E(II)][E(i,)—E(I,)]

(fs lHint | IIIS><IIIS |Hint | IIs><IIs IHim | Is)(Is IHinllis)

+ 3

BTN

Here the summations are taken over the virtual inter-
mediate states I, II, and III, the subscript s serving as a
reminder that all state vectors refer to the system
comprising both molecules and radiation; the prime on
each sum indicates exclusion of the initial and final states.

In order to calculate the contributions arising from
successive terms in Eq. (A6), a mode expansion of the
electric displacement field operator is required;

d'(r)=i 3 (fickey/2V)"[eM(k)aM(k)e'k T
k,A

—eM(k)a ““(k)e —ik-r] ,

(A7)

where a'*(k) and a"(k) are the annihilation and
creation operators for the radiation mode with wave vec-
tor k and polarization A. Since these operators appear
linearly in d'(r), each electric-dipole interaction can be
associated with either the absorption or emission of a sin-
gle photon. Consequently the first term in Eq. (A6) ac-
counts for the usual contribution to single-photon ab-
sorption, giving the matrix element

M}, = —i(ntick /2e,V)'2(p/"-e)exp[ik-R(4,)] ,

t(a)

(A8)
where e is the polarization vector of the absorbed photon,

[E(i,)—EII)]E(,)—EII)][E(i,)—E(I)]

(A6)

n the number of photons in the quantization volume V,
and R(4,) is the position vector of the absorber A4,. It
is readily shown*® that substitution of this result into Eq.
(A5) leads to the result given as Eq. (3.1).

Cooperative and distributive contributions are associ-
ated with the fourth-order term in Eq. (A6), where the
four photon interactions comprise the annihilation of two
laser photons (w and ®’), and the creation and annihila-
tion of the virtual photon. All possible time orderings of
these interactions need to be taken into account, and are
most readily obtained by the use of time-ordered (Feyn-
man) diagrams®’ such as those shown in Fig. 3. If the
two absorbers are chemically distinguishable, there are in
fact 192 diagrams to consider, resulting from the 24 per-
mutations of the photon interaction sequences, coupled
with the two possible locations (at molecule A4 or at mole-
cule B) for each of the three-photon annihilations. These
are divisible into two classes, one class of 96 diagrams for
the cooperative mechanism, as illustrated by Fig. 3(a),
and the other class of 96 for the distributive mechanism,
as illustrated by Fig. 3(b).

The result of summing the contributions for the
cooperative mechanism can be expressed, using the con-
vention of implied summation over repeated indices, as
follows:

M{¥ = | —(fic /45V*)(n nyk ky ) %expli(ky R, +k;-Ry)e;e;Sf wo+ ©)SF(wo— Q)

X 3 ke & {[(Q/c)—k] lexplin-R)—[(Q/c)+k] 'exp(—ik-R)} |+ {Q— —Qlexp(iAk-R) . (A9

Here n, is the number of photons and k; the wave vector of the beam with frequency (wy,+Q); n,,k, are the corre-
sponding quantities for the beam with frequency (w,—Q); Ak=(k,—k,); k and € are the wave vector and polarization
vector, respectively, for the virtual photon; R, and R, are the position vectors of the two absorbers; R=(R,—R,), and
the second rank molecular tensor is defined by

plp” AT

Sfiw)= — .
=2 E;,—#w E,—fo

r

(A10)

In the same way the distributive contributions can be summed to give
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MY = [—(ﬁc/4s(2)V2)(n]n2k1k2)‘/Zexp(izk-Rl ee; X,jk(a)o-f-ﬂ wy— Q),u.,ﬂ

X 3 ke, & {[(wp/c)—K]™ lexpli-R)—[(@wy/c)+K] 'exp( —ik-R)} |+ {wy— —wo}expli Tk-R) (A11)
K,E
where 3 k=(k,+k,) and the third-rank molecular tensor is given by
(o) i B iy N il uk
ik 02 )= 2 (E, —fio,—#iw ) (E, —#iw,)  (Ej —#iw,)E, —#iw,) ' (E; —#o,—#w))(E z —fio,)
N wind B plujpy N oy AL
(Esi—ﬁa)l‘—ﬁwz)( ,,'—ﬁa)z) (EfS ﬁwl)( —ﬁfl)z) (Efr—ﬁﬁ)l—ﬁwz)(EfS—ﬁwl)

It should be noted that the sum over the virtual photon variables (wave vector and polarization) in Eqgs. (A9) and
(A11), in view of the fact that this photon does not appear in the physically observable initial or final states of the sys-
tem, is in accordance with the principle of indeterminacy. The result of this summation is (2V¢e,)V,;(®,R), where in
Eq. (A9) w=1, and in Eq. (All) o=w,: V;(o,R) is the resonance electric-dipole—electric-dipole coupling of the expli-
cit form given by Eq. (3.5). Substitution of these results into the rate equation (AS5), together with use of the relation
Vi (—o,R)=V,,(0,R) and integration over the range of USLS photon frequencies, leads to the rate contributions of

Eqgs. (3.3) and (3.8). Full details are given in Ref. 16.
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