A distributive mechanism for two-photon mean-frequency absorption
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This paper describes a new mechanism for the concerted mean-frequency absorption process
A + A + fiw, + fiw,—~A* + A *. In contrast to a mechanism described previously, this effect

can be subject to the normal selection rules for single-photon absorption, and is mediated by

virtual photon coupling. Rate equations are given for molecules in a fluid, van der Waals

molecules, and chromophore pairs in polyatomic molecules. The dependence of the absorption

rate on the separation of the interacting pair is then examined in detail. An analogy is drawn

between the long-range limit of the absorption rate and a process of hyper-Raman scattering

followed by single-photon absorption. It is demonstrated that the two processes are equivalent
" where the molecular separation is large enough that the virtual photon can be considered as

real and physically identifiable.

I. INTRODUCTION

Cooperative optical transitions are observed in a wide
variety of media. Such processes occur in the gas phase as a
result of atomic collisions'; at the other extreme, they are
observed in the solid state as a result of interaction between
impurity centers and host atoms.” Such processes also play a
role in chemical reactions observed in high-pressure gases®
and in matrix isolation. The diversity in mechanism
between these effects is enormous, but a common factor is a
substantial contribution from pairs of molecules or other
entities which are in close proximity. This is the final paper
of a series>” in which the methods of molecular quantum
electrodynamics (QED) are applied to concerted fwo-pho-
ton absorption. Here, two chemical centers undergo concert-
ed excitation involving the absorption of two photons from
intense laser beams. The two centers which may, or may not,
be chemically equivalent can be either distinct chromo-
phores in a single molecule, or completely separate mole-
cuies. Where the two centers are chemically identical, the
recently coined term bicimer® appropriately describes the
result of the excitation.

Two particular classes of proximity-induced two-pho-
ton absorption (in the past generally referred to as a cooper-
ative process) are of special interest. These are where there is
(a) single-frequency excitation of a chemically inequivalent
pair, or (b) two-frequency excitation.of a chemically equiva-
lent pair, Fig. 1. Each class may be further divided into two
cases of interest: (i) where one real photon is absorbed at
each of the two centers, and (ii) where both real photons are
absorbed at a single center. To clarify this distinction, the
former (i) is henceforth referred to as the cooperative mecha-
nism, and the latter (ii) the distributive mechanism. Thus
proximity-induced two-photon absorption ledds to four dis-
tinct cases of interest, as represented by the time-ordered
diagrams of Fig. 2. Three of these have been dealt with in
previous papers,”~’ and attention is now drawn to the fourth
case, that of two-frequency excitation of a chemically equiv-
alent pair, where two photons are absorbed at one center,
and its partner is excited solely by a virtual photon interac-
tion.
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The two chemical centers have identical composition
and are excited through a distributive two-photon absorp-
tion process at the common focus of two laser beams of fre-
quencies w, and w,, which may or may not be collinear. This
process is represented by the energy level diagram of Fig.
1(b) and the equation

A+ A+#w, +Fo,—A* +A4* (1.1)

in which the asterisk denotes an excited state of A. The two
frequencies @, and w, are deliberately chosen to be a region
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FIG. 1. Energy level diagrams for two particular cases of proximity-in-
duced two-photon absorption; (a) with single-frequency excitation of a
chemically inequivalent pair, and (b) with two-frequency excitation of a
chemically equivalent pair.
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where single-photon absorption cannot lead to the excitation
of either center (i.e., 4 has no absorption bands in the fre-
quency region of &ither @, or @,). For the case under consi-
deration we also specify that the selection rules permit exci-
tation of the final state, A* through a one-photon
electric-dipole interaction, but not through a two-photon in-
teraction. The energetics of the process can thus be described
by

i(ﬁwl + ﬁwz) = an
and
ﬁa)l’ M2¢Ea07

clearly illustraﬁng the mean-frequency absorption nature of
the process.

(1.2)

(1.3)

Il. GENERAL RESULTS

Analysis of the distributive mechanism for mean-fre-
quency two-photon absorption needs to be based upon QED
methods;*'° and the detailed theory for the calculations has
been presented in earlier work.” The transition matrix ele-
ment for the process is constructed with the aid of 48 time-
ordered diagrams, four of which are illustrated in Fig. 3. The
only diagrams to contribute are those in which both laser
photons are absorbed at one center, leading to excitation of
the other participating center by a virtual photon interac-

FIG. 2. Typical time-ordered diagrams repre-
senting four distinct cases of concerted two-
o photon absorption: (a) the single-frequency
cooperative mechanism, (b) the single-fre-
quency distributive mechanism, (c) the two-
frequency cooperative mechanism, and (d)
the two-frequency distributive mechanism.

tion. For the distributive mechanism under consideration,
the possibility of each real photon being absorbed at a differ-
ent center is excluded as this would necessitate a forbidden
two-photon excitation process at each center. The total ma-
trix element for the process can be expressed as follows:

Mﬁ = ( — ﬁC/z VEo) (nlnzklkz) llze“ezj
X {50 (41)p°(42) Viu (V,R)
+ X;I(c) (Az),u;zo(A 1 )T’k, (T,R)ém'n}s

where the implied summation convention has been incorpo-
rated for repeated tensor indices, Here »,,n, are the number
of photons of wave vector k,,k, and polarization vector e,e,,
respectively, in the quantization volume V;u represents the
wave vector sum (k; + k,) and R denotes the vector dis-
placement R(4,) — R(4,). The parameter y is defined by
ficy = E,, and represents the conservation energy effective-
ly transferred between the two centers by the virtual photon.
The complex retarded resonance electric dipole—electric di-
11,12,

pole interaction ¥, (7,R) is given by'"'%;

(2.1)

Vkl(rvR) A A
= (1/4m€,R *) [ (6,4 — 3R(R,) (e"® — iyRe™)

— (b — R R)PR 2T, (2.2)

and arises when a summation over virtual photon wave vec-
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FIG. 3. Four typical time-ordered diagrams for
distributive two-frequency two-photon absorp-

tors and polarizations is performed. The molecular tensor  ton absorption,® and another is the T}, tensor which appears
X% is a more general form of three tensors which have fea-  in the theory of three-photon absorption.'* It is also exactly
tured in previous work on multiphoton processes; oneis the  identical to the two-frequency hyper-Raman transition ten-

X/}& tensor arising in single-frequency distributive two-pho-  sor B57,'* and can be expressed as:

]

_ RO (AT (A))ps(4,) BO(A (A p(A4y)
v =3
s,r (EOS +kk] +kk2)(Eor +kkl) (Em _hkz) (Eor +kk|)

”-;’(Al)pjas(Al)y;co(Al) " ﬂ?’(Al)#}o(An)lti’(Al)
(Ea’ - ﬂ.kl - ﬁckz) (Eas - ﬁckz) (EOS + ﬁCkl + kkz) (Eor + ﬁckz)

w4 (4)pi(4) (A )p](A4)p2(A4,) ]
(Eo, + fick,)(E,, — #ick,)  (E,, — #ick, — #ick,) (E,, — #ck,) |’
Applying the Fermi golden rule to Eq. (2.1) yields the rate equation
T = Key;€3,81 2 [X50 (A0 (A2) Yoo (A (A Vit (R, (7,R)
+ X (AT (A Frno (4D (A ) Vi (R T, (7,R)
+ X0 (AT (A) Voo (A B (AN Vi (1R Y, (7RI
+ X (A (A} Voo (A DB (42) Viy (1R P, (7,R)e ~ 7],

+

where
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K= mp L1, ’
2%ic’e,t

and where I, and I, represent the irradiances of the two
incident beams

The general result for the rate, Eq. (2.4), is directly
applicable to any system where the two molecules or chro-
mophores involved in the absorption process are held in a
fixed orientation both with respect to the laser beams and
with respect to one another. This case would arise, for exam-
ple, in a molecular crystal. To derive a rate equation applica-
ble to fluid media it is necessary to perform averaging proce-
dures which have been discussed in detail previously.”
Initially, a rotational average of Eq. (2.4) is performed to
account for the random orientation of the 4,—-4, system.
This requires both phased'> and unphased'® fourth-rank ten-
sor averages, and the result is most concisely expressed in
matrix form cast in terms of polarization parameters 4 ¢
and molecular tensor invariants %9 (£,, &,, &3, £,) given
by

AP = elier-élkEZIUIEiz;{;p)(ﬁ)’

TU9(&,, 65 83 80) = Xﬁn (& ).uzo(fz) Yoo (€3)
XEL(E) Vo (KRV,, (,R)

2.5)

(2.6)

X WO R), Q.7
where U (37 (i) and W {352 (R) are tensor projections giv-

en explicitly in Ref. 15. The explicit form of the polarization
parameters is given in Ref. 7 as Table I. The molecular tensor
invariants for the distributive mechanism differ from those
applying to the cooperative mechanism, however, and are
explicitly listed in the Appendix to this paper. The rotation-
ally averaged rate can thus be expressed as

'=K [2 85.0,4 ©CATOCD(Y4 A, A, Ay)
r4q

IR T W

XT(i;q)(Al, Az, Az, Al)] + {AIHAZ}' (2.8)

Here j; (a) denote the spherical Bessel functions of order j,
where a = |u|R and g7 ;, are numerical coefficients which
may also be found tabulated in the literature."’

"Equation (2.8) applies to the situation where the two
absorbing sites are held in fixed position relative to one an-
other, but where the pair is free to rotate. This is the case, for
example, when 4, and A, represent two chromophores in a
single, relatively large molecule, or else a van der Waals
dimer. The fully averaged result applicable to the case where
the two centers are additionally free to rotate with respect to
one another may be represented by an equation equivalent to
Eq. (2.8) with every T Y9 (&), &,, £3,€,) replaced by its ro-
tational average ({T“%? (£, &,, &3, £4))).

The 19 different polarization parameters, represented
by A U, allow a substantial degree of experimental flexibil-
ity. As this set of parameters is identical to the set arising in
the case of cooperative two-beam two-photon absorption, it
is not appropriate to elaborate further on the polarization
dependence. However, it is noted that the 7% (y,, ¥,) con-

tained in Ref. 7 need to be replaced by T Y9 (£, &,, &, £,) to
obtain the equivalent results for the distributive case, and the
quantity (w, — @,) appearing in Eqs. (5.1)-(5.6) should be
replaced with (@, + w,).

lIl. LONG-RANGE CONTRIBUTIONS

In the formalism of quantum electrodynamics, both co-
operative and distributive two-phaton absorption are con-
sidered to be mediated through radiationless Coulombic in-
termolecular interactions, based on virtual photon coupling.
Within the electric-dipole approximation, the involvement
of a virtual photon in any particular mechanism leads to
appearance of the complex retarded resonance interaction
tensor ¥, (#,R) in the matrix element of the quantum elec-
trodynamical calculations. The appropriate form for
V. (7,R) in the near zone, (¥R €1), has an R ~* depen-
dence, leading to an R ~° dependence in the overall rate.
However, this R —¢ dependence is modified by retardation
effects at large separations, producing an R ~2 character in
the rate equation. Thus, the long-range (¥R > 1) result can
be identified with the classical result for radiative energy
transfer.

Examining the time-ordered diagram of Fig. 4(a), and
considering the case where the two centers are far enough
apart that the photon mediating the energy transfer between
them can be considered as real and observable, the processes
occurring at A, and A, can be regarded as distinct, Fig. 4(b).
Hence, in the long-range limit, the two-beam cooperative
two-photon absorption process under consideration here is
analogous to a two-beam hyper-Raman process at one cen-
ter, followed by single-photon absorption at the other. The
purpose of this section is to conduct a detailed examination
of this analogy, and, ultimately, to demonstrate an exact cor-
respondence between the two descriptions.

A. Hyper-Raman scattering at 4,

A two-beam hyper-Raman process at the center 4, re-
sults in emission of a photon with frequency &' = ck' and
polarization €', where energy conservation dictates that

fick’ = fiw, + fiw, — E,q. (3.1)

The corresponding rate associated with the emission of
(k',e') is calculated using the standard methods of molecu-
lar quantum electrodynamics, utilizing the time-ordered
diagram on the left-hand side of Fig. 4(b). This leads to an
expression for the matrix element;

M, = (fic/2Ve,)* *(nink k k') 285,008 50 (3.2)
where 8 fj,‘(’ is the two-beam hyper-Raman g tensor,' and all
the other symbols have their usual meaning. The rate of
emission into an element of solid angle dQ is then given by

ﬁcz 13 r - -~ n
I'= —3'2—”2—]/—2? nyn ki kok 3e3ie2jelke3le2melnﬂ :}23 ?rgn dq,
)
3.3)

in which use has been made of the Fermi golden rule, and the
result
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FIG. 4. Time-ordered diagrams illustrating (a) a typical distributive two-
frequency two-photon absorption process, and (b) two beam hyper-Raman
at 4, with single-frequency absorption at A,.
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for the density of final states. The radiant intensity of emis-
sion, defined as the power per unit solid angle around k', can

3.4)
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be obtained by multiplying the rate of emission by the scat-
tered photon energy, i.e.,

(k') =T X#ick’ (3.5)
ﬁz ? 195, -
= W;Tej_ nynk kok 4e3ie2jelke31e2m
o
x-élnﬁggﬁllzrgn dn' (3.6)

To obtain a completely general irradiance for double-beam
hyper-Raman emission from a collection of randomly ori-
ented molecules requires further development of Eq. (3.6).

Direct averaging entails performing a sum over virtual pho-

ton polarizations, together with a lengthy sixth-rank aver-
age. However, it is possible to arrive at a general, fully aver-
aged, rate through a different, though completely
equivalent, series of procedures.'®

Initially a summation is performed over the polariza-
tions of the emitted photon, for a given emission direction.
This is achieved by means of the formula'®
2 eVed = 8, — kyky,. (3.7
The hyper-Raman intensity is then spherically averaged
over all directions of emission, using the fact that

( (611 k3| k31 )B yk lmn w ijk lmn (308)

Hence, the integrated hyper-Raman intensity, or radiant
power, is given by

¢= fl(k') dQ

———1217_;263 nnk k,k’ ezje,kezmel"ﬂukﬁfgn do.

(3.9)

(3.10)
The result, Eq. (3.10), must then be further averaged to

account for the random assembly of molecules. The calcula-
tion then requires a standard fourth-rank average, and yields

(3.11)

o [levelT] 4 -1 —1][BELBE.

¢=1l_.1i‘__ -1 4 —1||BR.B2
360mced || - 1 patiend i

° |el.e2| -1 -1 4 Bﬂvﬂﬁ?’y

Equation (3.11) represents the total radiant power for the hyper-Raman process. To obtain the irradiance at a distance R
from the emitting molecule requires division by the surface area of a sphere of radius R. Consequently, the irradiance I(k’),
resulting from hyper-Raman scattering, at a distance R from the emitting molecule is

¢ _  LhLk"
47R?  14407%celR?

Ik’ = i —1

B. Absorption of the hyper-Raman radiation at A,

leve*]1"[ 4 -—1

e, 2,)? -1 -1

-1 Bgﬁnbgow
"‘1 Bz‘gvﬁﬁv .
4

(3.12)

Ayvﬁ Avp

The process of single-photon absorption is, mathematically, quite simple. The matrix element is immediately derived
from the time-ordered diagram on the right-hand side of Fig. 4(b), and its evaluation leads to an averaged rate given by

T"Pf
r
()= Vce,

=P,

(3.13)
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where I is the irradiance of the incident beam. Now, to calculate the overall rate of hyper-Raman at 4, followed by absorption
at the emitted photon at 4, requires substitution of the equation for the irradiance of (k',e’) photons, Eq. (3.12), into Eq.
(3.13) producing

IIzk r4p |el'eZ|2 T 4‘ - 1 - 1 Bgﬁuagow

1 -

O = omdarz| Lol |7 4 TP e (3.14)
0 le,;&)?l L—1 —1 4l|pe.BL,

C. The long-range limit of two-beam mean-frequency absorption

To complete the comparison between the long-range limit of two-beam mean-frequency absorption, and hyper-Raman
scattering followed by absorption of the scattered radiation, it is necessary to reexamine the time-ordered diagrams of Fig. 3,
and the corresponding matrix element. Clearly, since the case under consideration involves hyper-Raman at 4, and absorp-
tion at 4,, it would be incorrect to include contributions from time-ordered diagrams of the type shown in Figs. 3(c) and 3(d).
Only those of the type shown in Figs. 3(a) and 3(b) contribute, and hence consideration need only be given to the first term in
the curly brackets of Eq. (2.1). This leads to the following rate equation;

P17 4 -1 —1][FuBE
Fcmp ki, | €% el _
(ry =ZEPER -1 4 —1BGB ki, Viu(r RV, (v.R), (3.15)
% |lewrl L1 -1 al|pope
ijF nji

where a fourth-rank average has been performed to account for the random orientation of the 4,-4, molecular pair with
respect to the laser beam polarizations. To facilitate comparison with the result obtained in Sec. II1 B, the above equation has
been recast in terms of the tensor B {; =y Further averaging is now required to account for the random orientation of the in-
termolecular displacement vector, and also the random orientation of the two centers with respect to one another.

levelP1T[ 4 -1 —1][B%BE

fic*mp nynyk ok - -
<r>=—%’4(f)—l;2§‘—i 1 1 4 —1{|BEBE |V PRV, (1R, (3.16)
° el L-1 -1 41| BEB %
Rewriting Eq. (3.16) in terms of the irradiances of the incident beams gives
e[ 4 —1 —1][B@BE
1 Lmp, ! a0Rad 1, 002 N7
(F>=__—54Oﬁc262 -1 4 1| BBy |1 Vim (R Yy, (,R). (3.17)
*leglPl L1 -1 4]|p98%

The full expression for the retarded resonance electric dipole-electric dipole interaction is given in Eq. (2.2), and the long-
range limit of ¥, (3,R)V,,, (7.R) is easily shown to be

- - v
lim V,,(v,R)V,,, (»,.R) = ——. (3.18)
sy m T am TY 87°R %€}
Hence, the long-range limit of the fully averaged result is
-e,|2]7 -1 —11[Bs5.BL
lezfpf lel ezl 4 ! ! ,:‘:‘— :0 a012
(F) =I3—2m 1 -1 4 —1 B,{yvﬁlﬂv LLL , . (319)
€ ‘el'zz‘z -1 -1 4 gﬁvﬁﬁy

[

Since y effectively represents the conservation energy IV. DISCUSSION
transferred between the two centers by the virtual photon, in

the long-range limit where the photon is considered to be Although this paper is the fourth of a series under the
physically identifiable ¥ can be directly equated with k', (the  general theme of concerted two-photon absorption, a dis-
wave vector of the hyper-Raman photon). Hence, Eq.  tinction has now been drawn between the two alternative
(3.19) becomes exactly equivalent to Eq. (3.14), i.e,, the = mechanisms by which the process may take place. The term
long-range limit of distributive two-beam two-photon ab- cooperative has now been reserved for the mechanism where
sorption is equivalent to a process of hyper-Raman at one  one real photon is absorbed at each of the two centers in-
center followed by single-photon absorption of the hyper- volved in the process, and the term distributive for the case
Raman emission at the second center. where both real photons are absorbed at one of the centers.
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This paper deals specifically with the theory of distributive
two-beam two-photon absorption, but many of the remarks
which were made in earlier work’ apply equally here. The
selection rules for distributive absorption are essentially
those of single-photon absorption, since although one center
experiences three photon interactions (two real and one vir-
tual) any transition which is one-photon allowed is also
three-photon allowed. Although the converse is not univer-
sally true, three-photon allowed transitions which are not
one-photon allowed (in the electric-dipole approximation)
only arise in molecules of very high symmetry.'* Clearly in
molecules possessing a center of inversion selection rules dic-
tate that the distributive and cooperative mechanisms for
excitation to any particular energy level are mutually exclu-
sive.

It is interesting to note that although one of the two
absorbing centers must be irradiated by both beams, the sec-
ond center absorbs only a virtual photon and need not, there-
fore, be within the volume of sample irradiated by either
beam. This has an unusual consequence for the case where
the two centers are discrete molecules. The number of poten-
tial partners A, which may be involved in the distributive
excitation of any particular molecule 4, greatly exceeds the
number available for cooperative excitation, and, assuming a
uniform sample density, increases with the square of the in-
termolecular distance. Since the long-range form of the rate
equation has an inverse-square dependence on the separa-
tion, this implies that the sum of all contributions from
partner molecules within a shell of given thickness centered
on A, is, in the long-range limit, independent of the shell
radius. This surprising result is a molecular analog of the
astrophysical problem known as Olber’s Paradox, which
raises the question as to why the sky is not uniformly bright
with starlight. This paradox arises in a similar way since,
although starlight intensity drops off with the square of dis-
tance, the number of stars in a homogeneous universe also
increases quadratically with distance from any given point.
In both cases the resolution of the paradox is connected with
a consideration of the neglected effects of light scattering.

While inverse-square rate-dependences of this type are
rare and therefore often suspect in atomic and molecular
physics, the comparison between the results for distributive
mean-frequency absorption based on virtual photon cou-
pling, and hyper-Raman scattering followed by absorption,
has shown the two processes to be precisely equivalent in the
long-range limit. Since the latter has the R ~2 dependence
associated with any macroscopic radiative process, the com-
parison establishes the correctness of the long-range dis-
tance dependence of the virtual photon coupling. Despite
this concentration on long-range behavior, it must nonethe-
less be stressed that the effect described is predominantly
effective over very short distances, and is a proximity-in-
duced interaction.?®
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APPENDIX

Explicit form of the molecular tensor invariants,
TU? (4,,42,45,4)) = Z,(}i;,?y)f (A4,,45,4,,4,) V,rp (vR)V,,
(v,R):

J q Zﬁr‘;’gl (4,,4,,42,4,)

Xoow (A2 (4,72, (4,)E2(4,)
XA;ur(A ),u,a;O(A ),?Apa(Az) ao(A )
X'{[-HT (A ):u':O(A )X;M.a(AZ)#T (A )

6‘/7.;41' v/l’}.,un(A )/‘;O(A )/?gga(AZ)ﬁ:o(A )
Giov VX,{mr(A )[l (Az)i’oyc(AZ)ﬁgo(A)
E‘on szl;ur(A )#gO(A )Xaooa(Az (A )
eyovRvX}.yﬂ(A ),uZO(Az)XoI.a(AZ)ﬁ (A )
eyovRvXA;ur (A )ﬂp (A )X/Ioa (AZ)ﬁgO(A )
yov vXﬂ.ﬂfr (A )”ZO(A )X,uoa(Az)ﬁ (A )
R vau,r(A )uz"(Az))?::&, (4,)3%°(4,)
— W, (AU (A) Y, (A)AZ(A,)
R R oo (A (A) Yo, (A2)E2(A,)
—:m'i,, (A3 (A4,) ¥ 50, (A)EZ(4))
R RvX/luw(A ):u’ (A )XVAU(AZ).E (A )
— Wi 4, ),u‘;°(A )Y, (A)A%(4,)
RiR x5 (AR (A Moy (4,)2(A,)
— Winn (AU (4,100, (4, EX(4,)
R,R x5 (4, )u;:"(A VX0, (A)ES(A,)

ixz,‘i, (A2 (A) 150, (A)DEZ(A)
R, um,(A (AT, (A)EZ(A)
— 5. (4, )ﬂ,‘.3'°(A ))?zi’,,,(Az)u“"(A )
1/5€3,, {5R, R R, x55, (4)1°(4,)

X Yoo, (4,)22°(4,)

— R Yi0s (A (A2) Yo, (A2)E2°(A))

—RoXAmr(A )ﬂao(AZ)X,uva(A )ﬁ:O(A )

-RVXAmr(A )ﬂ (AZ)I/yoa(A )ﬁ (A )}

1/56/1yv{5RvR§RoX§/lfr (Al)#p (42)
X/?Z?)U(AZ)E?'O(A )

-RaXvAﬂ(A )ﬂ (AZ),?poa(A )ﬁ:o(A )
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