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In this paper we extend our earlier work on cooperative two-photon absorption to the case of one-
and three-photon allowed transitions using the principles of quantum electrodynamics. After
deriving a general rate equation we consider two specific molecular systems: (i) van der Waals
molecules in which the two centers have a fixed mutual orientation; and (ii) fluid samples with
random molecular orientation. Calculations are shown to involve a new type of rotational average
which gives rise to two-photon circular dichroism in case (i). The dependence of the rate upon
molecular separation is discussed in detail, as is the possibility of resonance enhancement if
suitable intermediate energy levels are present. Finally we draw attention to an effect specific to
this mode of cooperative absorption and speculate on the possibility of direct observation of the

effects of retardation.

I. INTRODUCTION

In a recent paper’' (hereafter referred to as paper I) we
discussed in some detail the process of cooperative two-pho-
ton absorption, in which a pair of molecules or chromo-
phores undergo the concerted absorption of two photons,
with the result that both become excited. In the formalism of
quantum electrodynamics the interaction between the mole-
cules is mediated by a virtual photon, and there are two
mechanisms leading to excitation, which are differentiated
by the selection rules of the individual molecules.

In the first case, considered in paper I, the two molecu-
lar transitions are separately allowed under two-photon se-
lection rules, and each molecule absorbs one laser photon
and either emits or absorbs the virtual photon. In the second
case, which we discuss in this paper, two-photon transitions
are forbidden and the excitation occurs through one- and
three-photon transitions. In this case both the laser photons
are absorbed by one of the molecules and the second is excit-
ed via the virtual photon coupling. For convenience we shall
refer to the former as the 2,2-allowed mode or mechanism,
and the latter as the 1,3-allowed mode.

The theoretical approach is the same in both cases, but
it is shown that the dissymmetry of the 1,3-allowed mode
leads to a more complicated initial rate equation, and that
when the rate for van der Waals molecules is considered a
new type of rotational average is required. One result of this
is the manifestation of two-photon circular dichroism in the
case of molecules with a fixed mutual orientation. Further
conventijonal rotational averages subsequently yield the rate
equation for a fluid system in which the molecular orienta-
tion is entirely random.

The fully quantum electrodynamical treatment leads to
results which are generally valid for any intermolecular se-
paration, and which naturally incorporate retardation ef-
fects which significantly modify the results at large separa-
tions. In the Discussion section we give full details of the
effects of retardation on the form of the rate equations, and
we also consider the possibility of resonance enhancement of
the process in molecules with suitable energy levels. After
considering the absolute magnitude of the cooperative two-
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photon absorption rate we conclude by noting an effect pecu-
liar to the 1,3-allowed mode, and postulate a directly obser-
vable manifestation of retardation.

il. THEORY

The results presented in this paper are derived from
quantum electrodynamical calculations in which energy is
transferred between a pair of molecules by virtual photon
coupling; full details of this approach may be found in paper
I.' As before, the process of interest is that in which the
molecules labeled A and B are cooperatively excited via vir-
tual intermediate states to final states |a) and |8 ), respec-
tively, through the absorption of two laser photons. The inci-
dent light is characterized by frequency o, wave vector k,
and polarization e, and the cooperative absorption process
satisfies the energy conservation relation

2ﬁa)=an +EB°' (2‘1)

Once again, we represent the state vector of the system at any
stage of the interaction by |a;b;n,;n, ), where |a) is the state
vector of molecule A, |b ) refers to molecule B, and #, and n,
denote the numbers of real (laser) photons and virtual pho-
tons, respectively. Hence the initial and final states of the
system are

|1} = |0;0;1;0) (2.2)

and

|f) = |a;Bn — 2,0). (2.3)

In contrast to our previous treatment, we now consider
the case in which the transitions |a) < |0) and [8) « |0)
are one-photon allowed, but two-photon forbidden in the
isolated molecules. In this case the leading contributions to
the matrix element for the process, which result from fourth-
order time-dependent perturbation theory, are illustrated by
time-ordered diagrams such as those shown in Fig. 1. Each
of the four diagrams (aj—(d) is representative of a set of six
which differ only in the time ordering of the molecule-pho-
ton interactions.

It should be noted that, whereas in the 12 diagrams
represented by Figs. 1(a) and 1(b), the transition (@) « |0) is
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allowed by three-photon selection rules and {8 ) < |0) isone
photon allowed, the converse is true for the 12 diagrams
represented by Figs. 1(c) and 1(d). Hence in a specific appli-
cation it is possible that one or other of the transitions may be
one-photon forbidden, but three-photon allowed, so that 12
of the diagrams become redundant, and the corresponding
contribution to the matrix element disappears. Clearly, how-
ever, it is necessary for at least one of the transitions at A or B
to be allowed under one-photon selection rules for this type
of cooperative mechanism to apply. We also note that any
transition allowed under single-photon selection rules is also
three-photon allowed.

In general the 24 separate contributions to the matrix
element may be written down by reference to the time-or-
dered diagrams in the usual way; the contribution corre-
sponding to Fig. 1{a), for example, is as follows;

SIS (B — 20| - pdsiBin — 1:0)
X {s;8;n — 1;0] — ped'|s;0;n — 1;1)
X {s5;0;n — 1;1| — ped*|r;0;n — 1;0)
X {r0;n — 1,0 — p-d*|0;0;n;0)
X {(Eos + Eop + #o)Eq; + fiw — #ick)(E,, + fiw)} ',
(2.4)
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(b) FIG. 1. Typical time-ordered diagrams
for cooperative two-photon absorption.
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where the transverse electric displacement operator is given
by

¢ =3

kA

—g¥ ’(k)am ’(k}e — iker ] ,

and p is the electric dipole operator: the inner summation in
Eq.(2.4) is taken over the wave vector « and polarization € of
the virtual photon. By summing all such contributions, the
complete matrix element may be expressed as follows, as the
sum of four tensors representing each class of time-ordered
diagram;

1/2
( 2”’5"‘) i[ekja kle™*

2
M, = — (—2—@) con'}(n — 1)%ee,
Vv
a0 , O
= Xijt Hi iR
XY ke &l { —H——1e
g; g I[{Eﬂo_ﬁc"]

LA
Ey — fick
+ [ /Ygl?#?o ]ei(2k+x)-R
E,, — fick
X' 1e

N {E ﬁcx] emd).n]' 22
E., —fix
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Here the factor n'/%(n — 1)/? arises through successive ap-
plication of the annihilation term in the electric displace-
ment operator for the two real photon absorption events; p/°
represents the electric dipole transition moment for the tran-
sition | f) «<— |0), and the tensor y7; is given by the expres-
sion

= iz[ P uf
2 5| (Ey + 2f0)(E,, + #iw)
N B B e
(Ep — i) Ey, + fiw) (Ep — f)Ej, — 2fiw)
Byl et HE R B
(Eos + 2f)Ey, + fiw)  (Eg — ) Ey, + fiw)
pl 1wl

. 2.6
(E,, — #0)\E, — 2ha) (2.6)

This tensor is exactly identical to the hyper-Raman transi-
tion tensor 3 {.

After performing the virtual photon wave vector and
polarization summation® in Eq. (2.5), the result may be ex-

pressed as

M, = %ﬁﬁnl/zm _ 1)”26,-ej
X LG Via R) + 5005V g R,
Here p and g are defined by the relations 27)
#p =Ego, (2.8)
Aeq = Eeor (2.9)

and represent the energy transferred between the molecules
during the cooperative absorption process. The retarded
electric-dipole electric-dipole interaction tensor ¥,,(y,R) is
given by

Vialv:R) = g [Fr\R)ou + G(v,RIRR,],
(2.10)

J

1. TWO MOLECULES IN A FIXED MUTUAL
ORIENTATION

4755
where
F(y,R)=cos YR + YR sin YR — ¥’R*cos ¥R, (2.11)
G(¥.R)= — 3 cos ¥R — 3yR sin YR + ¥*R * cos ¥R.
(2.12)

Using the Fermi rule,” the rate of cooperative two-pho-
ton absorption may be calculated from Eq. (2.7), giving the
following result;

r= Keiejém En [X:ng .uIBo /‘t_/:zn(zlo ﬁfoVkI(PrR) Vop (P,R)
+ Xg]? [t?ol_/ﬁ,?m ﬁ:o VkI (q9R) Vop (q:R)

+ X580 17 Xno B Vi@ R)V,, (PR}

+ Xk 17 Xonolle Via PRIV, (g Rje ~2*%] , (2.13)
where
1287°1%g"),
= __if)f_ (2.14)
ﬁc2

Here p. is the density of final states, I is the mean irradiance
of the laser beam, and g its degree of second order coher-
ence.

A notable feature of Eq. (2.13} is the appearance of cross
terms resulting from the interference of probability ampli-
tudes for two-photon absorption at A and B. No such cross
terms arose in the case considered previously,! in which both
molecules absorbed a single laser photon; this difference has
important implications for the response to circularly polar-
ized light as will be demonstrated below. The result is direct-
ly applicable to the situation where each pair of molecules
which may undergo a cooperative transition is held in a fixed
orientation relative to the laser radiation, as for example in a
molecular crystal. In order to apply the result to fluid sam-
ples, however, orientational averaging of the equation is re-
quired; there are two distinct cases to consider, which are
dealt with in the following sections.

First we consider the case where the relative orientation of molecules A and B is fixed, but the A-B system is free to rotate

in the laser beam. The results derived are thus applicable to certain van der Waals molecules, or to other large molecules in
which A and B represent independent chromophores. In order to derive results which are appropriate for such species, it is
necessary to perform a single rotational average of Eq. (2.13). To accomplish this, we first specify a laboratory-fixed Cartesian
reference frame denoted by p in which the laser polarization vectors are fixed, and a frame for the A-B system (which for
convenience may be defined to have its origin at center A) denoted by a, in which the molecular tensors and the vector R are
fixed. Hence Eq. (2.13) may be expressed as

BO=al bt

r = Kepiepizpm Ep" lp,a,-lplailpmam lp,,a,, X [X:,g)ak”a, /Yama,,aoygpo Va,‘a,( P’R) Va,,ap ( p’R)
+ a{g}akﬂ::)—a:a"aoﬁzf Vakal (q’R) I/:zoap( !R) + ngﬂk#g?i;gganaoﬁfpo Va,‘a,(q9R) Vaodp{p’R)ezlk.R
+ Xeap e Hona,aflayVara PRIV, o (g R)e 2 R ]
in which /, , is the direction cosine between the p,, and a,, directions.

‘ In the first two terms of Eq. (3.1) the vectors and tensors are referred to Cartesian frames in which they are rotationally in-
variant, and hence rotational averaging may be effected by averaging the direction cosine product alone. However, in the third
and fourth terms of this equation, the exponentials also include orientation-dependent phase factors involving the scalar
product k-R, which must also be included in the averaging. We thus require the following result:

(3.1)
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I'=Ke,ee, ¢, [xaa,akﬂf,"fi“’a"a BV aa PRIV, o (PR o bpoly o 10,
+/Yg,a}ak”a, a,,a aoﬁuaOVaka,(q’R) Va‘,ap(q!R)<lp,a ijajlpm mlp,,a,,>
X e ooV aa @RV oo (PR o o 1, o L, 0 €™ F)
+ Xa,alak,u’alo a:a,,ao/'_i aka,( p’R) Vaoap (q’R)<lpa lp,ajlpma P4 ,, — R> ] (3‘2)

The average of the direction cosine product in the first two terms of Eq. (3.2) is easily calculated by standard methods and is a
well-known result.” However, averages of the type appearing in the third and fourth terms require a different treatment, and
the results have only recently been evaluated.® Inserting the results for these averages into Eq. (3.2) leads to the following
result:

F=—— [S6{xvamrao2n — 1) + yoexed — n)uf %2V p.RIV,,( p,R)

+ 56]0(2kR ) XB;?)?ZO(Z’fI — 1)+ x5X50 (3 — M Vi@ RV, (P.R)
+ 3360,2KR )€ Ve R DT BV it (@ R)V,( B.R)
— 20,(2kR ) ZZXE X mo (57 — 4) 42’5;?/??,’3(3 —27)
- x’,kammoR R (57— 4) ~ 35570, R . R, (57 — 4)
- 12X5:?)?,".30R Rm(3 —27) }#7°/7§°sz(qu)Vop(p,R)
+ 8445(2kR )(& )e,m,R ngkanaR R )(51?,\_,’7'20 Jusd .uBOVkI (g:R) Vop(P’R)
+ 32kR )2 + ST R R R R, — ST R R, — SYITSR.R, — 201'?}?)??2‘1
+ XBI?X;«? + ngkXyo #7°ﬁ§°sz (@.R)V,,(p.R)
+ terms obtained from the transposition (@,p<5,9)]. (3.3)
In Eq. (3.3),, are the spherical Bessel functions of the first kind, and 7 and § are polarization parameters defined by
7 = (e-e)(e-€), (3.4)
£ = (exeyrk. (3.5)
We note that 7 assumes the value of unity for plane polarized light and zero for circularly polarized light; by contrast ¢ is zero
for plane polarized light but for circularly polarized light we have
(MW= —jand {M=i (3.6)

Hence thej, and j, terms in Eq. (3.3) only contribute to the result in the case of circularly polarized radiation, and their sign de-
pends on the handedness of the incident light. Consequently, two-photon circular dichroism is exhibited in the cooperative
absorption process for molecules with a fixed mutual orientation.

The extent of circular dichroism may be expressed through the ratio of the difference in rates for left- and right-circular
polarization and the mean rate, i.e.,

Falopmy ol

A LR =
%(I‘“" + F(R))

(3.7)
which, using Egs. (3.3) and (3.6), gives
AR ¢1(2kR ) + ¢j3(2kR ) , (3.8)
a + bjy(2kR ) + dj,(2kR } + fj(2kR))

where

a = S63Yat — oot %55V p. RV, ( pR) + (a,p<B.q), (3.9)
= 56( 3X‘Zk)(.,o Yo e Vi BRIV, (p.R) + (@perBiq), (3.10)
€ = 6726, R T 00155V @ R) Voo PR) + (@pBa), (3.11)

d = 208507 — 12050750 — 12000 R R, — 120300, R R, + 361 50T 5 R R )
X st °Vk1(q,R) (P,R) +(a PHBJI) (3.12)
e = 168¢,, R, (5)(’33,?7.,0.,0 Xﬁkx,mo)ﬂz # °Viulg:R) op(P,R)+(a,P++B,q), (3.13)

f=6 35x5k)(mnaR R R.R, 5X‘9 kX‘,’n‘i.oR R, XﬁkX“OR R 20)(5;?1’53,

+ Xoxs + 21’5:?/1’33)#1 BV, @RV, ( 2,R) + (a,p-P.9)- (3.14)

Both the results (3.3) and (3.8) are applicable to a system with any separation of the centers A and B. However, in the
context of this section we are specifically considering a system in which the intermolecular distance R is fixed, and is generally
within the near zone defined by (2kR, pR, gR )€1 or 2k, p,q)<R ~'. The R dependence of the rate equation (3.3) arises from the
Bessel functions j, (2kR ) and the retarded electric-dipole electric-dipole tensors ¥ {(g,R) and V(p,R); so by considering the
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limiting forms of these functions as R—0, the near-zone behavior of the rate may be found. The retarded electric-dipole
electric-dipole tensor is given in Eq. (2.10), and in the near zone we have,

lim F(p,R)=1; (3.15)
pR<«1
lim G(p,R)= —3. (3.16)
pR&!

The only Bessel function which gives a significant contribution in the near zone is jo{2kR ) such that
lim j,(2kR )= 1. (3.17)
2kR<«1!

The near-zone behavior follows directly on application of Egs. (3.15)~(3.17) to Eq. (3.3) and essentially involves only the first
two terms in that equation, leading to an R ~° dependence of the rate.

The differential rate may be treated in a similar way by taking the dominant terms in the numerator and denominator of
Eq. (3.8), with the result that

AR (i) kR, (3.18)
y
where
X = 448€1mt [ ng mlo.uk ﬂo ij’ka_/o/‘l'k /u'p oRoR 3150/17;(;0/11 /to oRkRI
+ 9w R R R, R, ) + (aoB]], (3.19)

P = 56[{ — XiieXmmotti B5° + - Xk X mmolt R, R, + X2t Fo. °R R,
S A T 3 RzR R, + Sk ol s o — 9kaxgauk %R, R,
— v e Gkt poR Rz + 27x.,kx,,ou?°ﬁ,‘,’°R R R R, ,,kxm#?"ﬂ,‘f .
+ 3 a0 HEE R R, + 3K ol B 8RR, — )(”")?‘i‘n‘inim iR, R, R,R,
+ 3 oRX o Hs — X‘S Xiolt% “u5°R R, 91"321"33#‘1’°#o R
+ 2T BB R R R R, ) + {aoB]]. (3.20)

The differential rate therefore has a linear dependence on R in the near zone.

Systems involving two centers with fixed mutual orientation have been shown to exhibit other circular differential effects
with a similar linear dependence on the separation. Examples include Rayleigh and Raman scattering”® and two-photon
circular dichroism in which only one chromophore is excited.®

IV. TWO RANDOMLY ORIENTED MOLECULES

We now consider the case in which the two molecules involved in the interaction are free to take up any separation and
any mutual orientation. In the last section both the molecular tensors of centers A and B and the R vector were referred to a
system frame a fixed to center A, which was rotationally averaged with respect to the p frame containing the laser polarization
vectors: The result was Eq. (3.3). Two further averages are required to derive a rate expression for the fluid phase. The first step
involves specifying a molecule-fixed Cartesian reference frame 4 in which the molecular tensors of molecule B are rotationally
invariant, and performing a rotational average with respect to the a frame. This step accounts for the rotation of molecule B
relative to molecule A. The second step is carried out by specifying an r frame in which the R vectors are rotationally invariant,
and subsequently averaging with respect to the a frame; this step accounts for the random orientation of the vector AB relative
to the molecule A.

Table 1. Averaging scheme: p, a, b, and r are reference frames defined in the text.

Vector and tensor quantities e (X1 (x#°,n’°) V  Result

Before averaging Eq. (2.13) 2 D 4 ¥4
! ! ! ¢

Rotational average g<>p P a a a van der Waals rate Eq. (3.3)
t t by !

Rotational average be>a p a b a
) ! ! 1

Rotational average r«sa 2 a b r Unpaired fluid rate Eq. (4.1)
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The full averaging procedure is outlined in Table I, and the result after full averaging is

= 12 096 000~ OKOOﬂJ—R s [lalvRxs ot )
+& (l’ukl’gkﬂfoﬁfm) + C(Xﬂf/r’;?ﬂk i
+ d (WER X W) + el Hoith 1)
+UERXGAT W) + (ap—Ba)] (4.1)
where
a = 560027 — 1)[3F (p,R)F(p,R) + 2F (p,R)G(p,R )+ G(p,R)G(p,R)], (4.2)
b =5600(3 — 7)[3F (p,R)F(p,R)+ 2F (p,R)G(p,R)+ G(p,R)G(p.R)], (4.3)
¢ = 56(2kR )[ (27 — 1){300F (g,R }F (p,R ) + 100F (¢,R )G (p,R ) + 100F (p,R )G (¢,R ) + 100G ( p,R )G (q.R }}
+ (3 — 7){120F (¢,R }F (p,R ) + 40F (¢,R )G (p,R ) + 40F (p,R )G (¢,R ) 4 36G (¢.R )G (p.R )} ]
— 20/,(2kR )[(57 — 4){80F (¢,R )G (p,R ) + 80F (p,R )G (¢,R ) 4 80G (¢,R )G ( p,R )}
+ (3 —29){88F(q,R )G (p,R) + 88F(p,R)G (q,R ) + 96G (¢,R )G (p,R )}]
+ 34(2kR )(2 + 7)[2600F (¢,R )F( p,R ) + 440F (¢,R )G (p,R ) + 440F (p.R)G (¢,R ) + 392G (¢,R )G (p,R )], (4.4)
d = —56j(2kR )(3 — 1)[60F (¢,R }F(p,R ) + 20F (q,R )G (p,R ) + 20F (p,R )G (¢,R ) + 8G (q,R )G (p,R )]
+ 20/,(2kR ){(57 — 4){120F (¢,R )G (p,R ) + 120F (p,R )G (g,R ) + 120G (¢,R )G ( p,R )}
+ (3 —29){104F(q,R )G (p,R ) + 104F (p,R )G (¢,R ) 4 128G (¢,R )G (p,R )} ]
+ 3j4(2kR )2 + 7)[ — 800F (¢,R )F(p,R ) + 480F (¢,R )G (p.R ) + 480F (p,R )G (q.R ) + 624G (¢.R )G (p,R)] ,
(4.5)
e= — 56jo(2kR )(3 — n)[60F (p,R )F (¢,R ) + 20F (q,R )G (p,R ) + 20F (p,R )G (¢,R } + 8G (¢,R )G (p,R )]
+ 20/,(2kR )[(57 — 4){60F (¢,R )F (p,R ) + 120F (¢,R )G (p,R ) + 120F (p,R )G (¢,R ) + 120G (¢,R )G ( p,R )}
+ (3 —29){104F(g.R )G (p,R ) + 104F (p,R )G (¢,R ) + 128G (q.R )G (p,R )}]
+ Ya2kR )2 + 7){ — 800F(q,R }F(p,R ) + 80F (¢,R )G (p,R ) + BOF(p,R )G (q,R ) + 224G (¢.R )G (p.R )}, (4.6)

JS=56jo(2kR )(3 — 5)[180F (¢,R }F( p,R ) + 60F (¢,R )G (p,R ) + 60F (p,R )G (q,R ) + 24G (¢,R )G (p,R )]
+ 20/,(2kR )(3 — 217)[168F (¢,R )G (p,R ) + 168F (p,R )G (¢,R ) + 96G (¢,R )G (p,R )]
+ 34(2kR )2 + 1)[2400F (¢,R )F ( p,R ) 4+ 1360F (¢,R )G ( p,R ) + 1360F (p,R )G (q,R ) + 928G (¢,R )G (p,R )].(4.7)

Despite the complexity of this result it is immediately apparent that there are no j, orj, terms and hence, as we would expect,
circular dichroism is not exhibited in this case within the electric dipole approximation. Note also that the only dependence on
the laser polarization is through 7, in the coefficients a to f, defined by Eq. (3.4).

The overall R dependence of the rate is determined by the R ~° term in Eq. (4.1), by the spherical Bessel functions in Egs.
{4.2) to (4.7), and also by F[p,(q),R] and G [ p,(g),R ]. Two limits can be considered. The expression for the cooperative
absorption rate in the near zone where (2k,p,q)<R ~' may be derived from Eq. (4.1) using the limiting results given in Egs.
(3.15), (3.16), and (3.17), with the result being a simple R ~° dependence. In the far zone where (2k,p,g)>R ~', the limiting
behaviors of F(p,R ) and G ( p,R ) are given by

lim F(p,R)= — p?R*cos’pR, (4.8)
PR>1
lim G(p,R)=p°R?cos? pR, (4.9)

pPR>1
and it can be shown that all of the spherical Bessel functionsj, for 0<n<4, average to zero for large values of R. As aresult, the
only terms retained in Eq. (4.1) are the first two, with coefficients a and b, and the rate therefore has an R ~? dependence. Both
the limiting near-zone and far-zone dependence on R are the same as for the alternative cooperative two-photon absorption
mechanism discussed previously.'

V. DISCUSSION Important differences arise from the selection rules in-

The work in this paper complements that of our first
paper on cooperative two-photon absorption, in which we
dealt with the 2,2-allowed mechanism, appropriate to the
case of transitions forbidden under single-photon selection
rules. The theoretical methods used are the same in both
cases, and lead to general results applicable to either elec-
tronic or vibrational transitions in interacting pairs of mole-
cules.

volved in the process. In the 3,1-mechariism described in this
paper, both molecular excited states are reached through
either a one- or a three-photon process, and in the general
case, both one- and three-photon transitions are allowed at
each center; hence the rate Egs. (3.3) and (4.1) have terms
with the transposition (@< ). However, if for example the
selection rules in molecule B do not allow three-photon tran-
sitions |8 )«—|0), then these terms are notincluded in the rate
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expressions. This corresponds to the omission of the 12 time-
ordered diagrams of the type shown in Figs. 1(c) and 1(d)
from the summation for M in Eq. (2.5). This situation does
not arise in the 2,2-allowed mode in which all 24 diagrams
always contribute.

Before proceeding further with our discussion, we
should note that it is perfectly possible for both the 2,2-al-
lowed and the 3,1-allowed mechanisms to occur, if the mole-
cules A and B both lack inversion symmetry. In such a case,
the rate of cooperative two-photon absorption includes not
only the results given in papers I and II, but also additional
terms resulting from the interference of probability ampli-
tudes associated with the two mechanisms. However, these
terms contain no new physics, and lead to R dependence of
the same form as already described. We shall therefore con-
centrate on the more interesting case in which two-photon
transitions |a)«—|0) and |3 )<—|0) are forbidden in the sepa-
rate molecules A and B, and the 3,1-mechanism provides the
only route for cooperative two-photon excitation to take
place. Let us first consider a feature which distinguishes this
mechanism from that discussed in paper I.

One of the principal differences between the 2,2- and
3,1-mechanisms lies in the range over which the limiting
near-zone behavior occurs. In the 2,2 case, the near zone is
defined by ¥R €1, where ficy = Y(Eg, — E,,) represents half
the difference in the excited state energies of A and B. How-
ever, in the 3,1- case, the most severe constraints for the
near-zone behavior are imposed by the conditions pR €1 and
gR <1, where ficq = E;, and #icp = E4, represent the actual
excited state energies of A and B. In certain cases significant
differences in the range of the near-zone result from this
distinction.

Extreme differences are observed when the excited state
energies are large but similar. In paper I we considered the
specific example of cooperative 2)43 transitions in the mix-
ture of formaldehyde and deuterioformaldehyde, associated
with wave numbers 30 340.15 and 30 147.62 cm ™, respec-
tively. Inthe 2,2-mode, the near-zone R ~°dependence of the
rate extends to values of R up to ~ 10* nm. However in the
1,3-mode, the near-zone behavior should only extend to
~ 100 nm, and the far-zone R —? behavior should be domi-
nant at R ~ 10* nm.

At the other extreme, we may consider a cooperative
process in which one center undergoes an electronic or vi-
bronic transition, and the other center a purely vibrational
transition. In this case the 2,2-allowed mode exhibits near-
zone behavior over a much reduced range of values of R; the
1,3-mode shows a new effect. The assumption that the wave
vectors p and g are of similar magnitude, and of the same
order as k, is no longer valid in this situation: if the electronic
transition is at A, e.g., we have the condition that g>p. When
we consider the near and far zone we thus find that, for
certain values of R the functions F(p,R ) and G(p,R) will
show the near-zone behavior of Eq. (3.14), whereas F(¢,R )
and G (¢,R } will show the far-zone behavior of Eq. (4.10),
leading to an overall R ~* rate dependence.

It is possible to estimate the magnitude of the cooperat-
ive two-photon process by assuming typical values for the

transition dipole moments and energies in the )(gf; tensor.

For intermolecular distances R comparable to molecular di-
mensions the rate is of the same order as one-center two-
photon absorption, diminishing with increasing separation
by afactor of R ~®in the near zone. However, it is important
to consider the precise structure of the molecular transition
tensor as defined by Eq. (2.6).

Clearly resonance enhancement of the rate may be ex-
pected if any of the energy denominators in the tensor ap-
proaches zero. There are four different terms in these de-
nominators, and the resonance conditions for each are
discussed below, assuming that the three-photon transition
takes place at center A.

(a) Resonance behavior is expected if an intermediate
state |s) exists with energy < E, + 2#w. In this case, how-
ever, competition from simple two-photon absorption
|sy<—|0) must occur, and the cooperative effect will most
likely be swamped.

(b} Similarly, the single-photon resonance associated
with the state |r) where E, = E, + i will be dominated by
single-photon absorption.

(c) A third resonance is expected for a state |7} of energy
E, + 27w, but itis clear from the energy level diagram [Fig.
2(a}] that this condition cannot be satisfied if the cooperative
transition takes place from the ground state. These three
resonance conditions therefore cannot lead to any useful en-
hancement of the process.

(d) The fourth resonance is important however, and cor-
responds to the case where we have a state |s) of energy
E ~E_, — #w; in this case there is no possibility of competi-
tion from single-photon or two-photon absorption, but the
cooperative absorption rate should be significantly in-
creased.

We have assumed for this last case that £, > Ej asillus-
trated in Fig. 2(a); if however E; > E,, as in Fig. 2(b) then this
resonance also disappears. In summary if the three-photon
interaction takes place at center A, then resonance enhance-
ment of the rate will occur only if £, > E; and an intermedi-
ate state |s) exists satisfying E, — #iw =~ E,. Precisely analo-
gous arguments apply if the three-photon transition occurs
at B, reversing the roles of & and S in the above discussion.

We have noted that the tensor y/; is identical to the
hyper-Raman scattering tensor. The order of enhancement
factor for this tensor on resonance under typical conditions
has been considered by Long and Stanton'® who give a typi-
cal value of as much as 10°. Clearly such a large increase will
be a significant consideration in an experimental study of the
effect.

Finally, it is interesting to note that the 3,1-mechanism
requires only the molecule undergoing the three-photon
transition to be in the laser beam, the one-photon transition
resulting from virtual photon coupling. While this is not ex-
pected to lead to any significant enhancement of the rate, the
effect could be directly observable if the single-photon excit-
ed state were fluorescent. The focused laser beam should
then be surrounded by a halo of light of a different frequency.
Observation of such an effect would clearly show that 1,3-
allowed two-photon-cooperative absorption was taking
place. It may also be possible to directly observe the decrease
in fluorescent intensity according to the R ~? law predicted

J. Chem. Phys., Vol. 80, No. 10, 15 May 1984

Downloaded 05 Nov 2003 to 139.222.112.214. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



4760 D. L. Andrews and M. J. Harlow: Cooperative two-photon absorption. Ii

———————————————————————— Eqs2haw (a)
hw
E“
----------- = —=—=—= == Epthw
En
hw
————————————————————— — Eohw
Eo Eo
A B
FIG. 2. Energy level diagrams.
——————————————————————— - Ep2haw (b} &y §
hw
Ep
______________________ Eo+hw
Eo
hw
Eo Eo
A B

for the far zone, although intensities would be extremely
low.

CORRECTION

In paper I we note that in Eq. (2.2) we should have d*?
not d**.
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