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Comment on "Resonant scattering or absorption followed by emission"
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The resonant scattering which is governed by transverse relaxation is physically different from absorption
followed by emission which is aA'ected by longitudinal relaxation. A number of physical examples are given.

Solin and Merkelo in a I eeent article' claimed
that there is no difference between resonant Raman
scattering (RRS) and hot luminescence (HL) (or
emission after absorption). They extended Klein's
intuitive theoretical derivation' to support their
argument. Their conclusion is in contradiction
with that derived from the density-matrix formal-
ism. ' The density-matrix approach shows that
RRS is connected only with the off-diagonal density
matrix elements and is governed by transverse
relaxation, while HL is connected with real popu-
lation change in the excited state and is affected
by longitudinal relaxation. Here we want to re-
assert that RRS and HL are different physical
processes and to point out that the apparent con-
tradiction arises because Solin and Merkelo have
ignored the difference between transverse and

longitudinal relaxation.
Solin and Merkelo' considered only the collision-

less case where the linewidths of all states are
naturally broadened. Their conclusion was then
based solely on the result that in the steady state,
the resonant emission cross section derived from
Bn intuitive argument agrees with the Raman scat-
tering cross section from the usual scattering
formula. In fact, for this special case, the same
mathematical result was obtained in Ref. 3 with
the density-matrix formalism but the physical
interpretation is different. As shown there [Eqs.
(7)-(10) of Ref. 3 with u(t —to) =1], in the limiting
ease of lifetime broadening with 2T„F~=1 and

+g ~+ T Tf (we use the same notations here as in

Ref. 3), it is the overalL differential cross section
for Stokes emission (HL+RRS) which reduces to
the usual expression for resonant Raman scatter-
ing. ' The integrated HL cross section is equal to
the integrated (HL+RRS) Stokes emission cross
section. This happens because of interference
between HL and RRS in some frequency regions.
In the more general cases, however, these re-
sults are not valid but the overall Stokes emission
cross section still consists of two parts, HL and

RRS, as pointed out in Ref. 3. We emphasize here
that even in the limiting case of lifetime broaden-

ing, the usual expression for resonant Raman
scattering has actually had contributions from both
HL and RRS. Therefore, the conclusion of Solin
and Merkelo' is not correct.

For the matter of clarification, we should point
out that the definitions of HL and RRS existing in
the literature are not unique. Here, we follow
the definition in Ref. 2. We start from a rather
general definition of differential scattering eross-
section
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dM dQ
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We can write

(p"'(~.)&= (p„'„'(~.)&+ (pa",,(~.)&
and hence
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The HL part (or absorption followed by emission)
arises from the excess population p„'„(0) (longitu-
dinal excitation) pumped into the intermediate
state (n~ by the exciting field. The RRS part is
connected only with the off-diagonal density-ma-
trix elements (transverse excitation). Clearly
from our definition HL and RRS ean interfere,
and therefore cannot really be separated from each
other, at least in steady-state measurements.

However, the relaxations of longitudinal and
transverse excitations (and hence the relaxations
of HL and RRS) are in general very different and
are most appropriately taken care of by the den-
sity-matrix formalism. We have, for the density
matrix operator p, the equation of motion' '

~ Bp, . Bpia =[x,+x, p]+in-
Bt Bt d~pmg

We normally assume for optical transitions, s'9
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(, ) 2r„,7'„l(Z,' h, )
g [(~r —~ng) + Ing j

(4)

Substitution of Eq. (4) into Eq. (3) leads immediate-
ly to the steady-state expression of (P ' (~,))„~
in Eq. (6) of Ref. 3. We should also comment in

passing that the damping term which appears in

the equation for pi„'i in Eq. (5) of Ref. 3 is an ap-
proximation. According to Eq. (2), it should be

(2)
= —( W~+ W& )p + ( W ipii + W ~per )

(5)

from thermal statistical consideration, we have,
as a good approximation,

where W, „ is the transition probability from (n~

to (i~. The same equations have been used in many
magnetic resonance problems. ' ' It is seen clear-
ly from Eq. (2) that the relaxations for longitudi-
nal excitations (np«) and for transverse excita-
tions (np, &

with it j) are different. Only in special
cases, the two are connected. For a two-level
system, Eq. (2) leads to the well-known longitudi-
nal and transverse relaxations times, T, and T„
respectively. Recently, Rousseau et al. ' have
indeed observed these two relaxation processes in
their work on resonant Raman scattering and
fluorescence in I, vapor.

In response to the suggestion of Ref. 1 that the
results of Ref. 3 [Eqs. (6) and (7)) may not be
correct, we now feel obliged to give a brief dis-
cussion on the derivation in Ref. 3 to confirm
those results. " We consider only the steady-state
case [u(t —t,) = 1 with t, - ~ in Eqs. (6) and (7) of
Ref. 3]. The transient case follows essentially
the same derivation. The detailed procedure of de-
riving Eq. (6) of Ref. 3 has been spelled out clear-
ly by Bloembergen. " In fact, the expression of
(Pi'i(~, ))„as follows directly from his derivation,
taking into account only the resonant term with the
damping constants incorporated. A similar deri-
vation leads to (P (&u, ))„~. That the steady-state
expression of (P "(u&,))„~ in Eq. (6) of Ref. 3 is
correct can be seen as follows. For hot lumi-
nescence from (n~ to (f ~, the system is equivalent
to a two-level system with the populations p„„
=p„„'(0) and pf&=0. It is well known that for such
a system, we have""

(P( ))
(P)g (P 'h) g

( )
( g (3)

k((u —a„q+ ii'„~)

We also know from the well-known formula for
resonance saturation that the second-order popu-
lation change p„'„ induced by the exciting field
is'' "

Pnn — I p(»

where I'„„=W „+8'&„. This approximation is not
generally true for p„„, especially when p„'„" is non-
negligible.

In Sec. III A of Ref. 1, Solin and Merkelo tried
to elucidate the "damping approximation, "but
they used a rather specific model which led to
some incorrect statements. In their model, the
system is initially (f = t,) in an excited state

~

i).
Using the lifetime-broadening approximation, they
calculated the total time-integrated (from t = i, to
t = ~) transition probability for the system making
transition from ~i) to another excited state
~I) while sca,ttering a photon at &o, into a pho-
ton at co, . They then defined a scattering
cross section as proportional to this time-
integrated transition probability. There is no
steady-state population in any state involved in the
transition as seen, for example, from Eq. (13a) of
Ref. 1. This is clearly a light scattering problem
different from the one we normally deal with. The
scattering cross section we are usually interested
in is proportional to the steady-state transition .

rate from an initial state with finite equilibrium
population. The results expressed in Eq. (14) of
Ref. 1 are not valid when the equilibrium popula-
tions of either

~
i) or

~
I) or both are non-negligible.

Thus, the claim by Solin and Merkelo that they had
essentially the same expression for transition
probability as in Ref. 3 was wrong. The first and
second terms of Eq. (14) of Ref. 1 do not cor-
respond to the HL and RRS terms in Eq. (6) of
Ref. 3. Specifically, we note that in the expres-
sion for the steady-state scattering cross section,
the —,(I', —I'~) factor, which is in Eq. (14) of Ref.
1, could never appear as a damping coefficient
in a denominator. Since the scattering cross
sections obtained from Eqs. (4) and (14) of Ref. 1

do not follow the same definition, it is not clear
how they can be equivalent as claimed in Ref. 1.

According to the definitions of HL and RRS in
Ref. 3, the distinction between the two processes
comes mainly from the difference between lon-
gitudinal and transverse relaxations of the inter-
mediate state (n~. While it may be difficult to
distinguish unambiguously HL and RRS without
transient time- resolving measurements, ' '" there
are innumerable physical cases" which are based
on the difference between longitudinal and trans-
verse relaxations, some of them being similar to
the case of HL and RRS. A few examples have
already been given in Ref. 3. Here, we consider a
few more. Qne well-known example is anti-Stokes
scattering"" in a medium in the presence of
strong laser and Stokes fields. It can be generated
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by both direct and indirect (two-step) processes.
In the direct process, the laser and the Stokes
fields excite the vibrational wave (proportional
to the off-diagonal density matrix element between
the ground state and the excited vibrational state),
and the vibrational wave in turn couples with the
laser field to create the anti-Stokes field. The
response is governed by the transverse relaxation
time T, of the vibrational state. In the indirect
process, the laser and the Stokes fields actually
pump a non-negligible excess population into the
vibrational excited state via the Raman process.
This excess population can then yield an anti-
Stokes scattering which decays with the longitudi-
nal relaxation time T, of the vibrational state.
Kaiser and his co-workers" have used these di-
rect and indirect processes in their time- resolv-
ing experiments to measure, respectively, T,
and T, of vibrational or phonon relaxation in liquids

and solids. They are also contemplating the method
of exciting the vibrational excitation directly by
a coherent infrared source. " The same situation
should appear if a laser beam at co, is used to ex-
cite an optically excited state, and another laser
beam at +, is used to induce emission at ~, —~,.
This latter case is equivalent to the case of HL
and RRS, except that induced two-photon emission
to the ground state occurs instead of one-photon
emission to a lower-excited state. In the dis-
cussion of Solin and Merkelo, ' they have ignored
the question of longitudinal and transverse re-
laxation s.
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