Cooperative mean-frequency absorption: A two-beam two-photon process
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It is shown that by a cooperative process involving virtual photon coupling between molecules,
pairwise two-photon absorption can lead to molecular transitions associated with the mean of
the laser frequencies in a two-beam experiment. The process is represented by

A+ A+ fiw, + fiw,—»A* + A*, and the selection rules are those normally applicable to two-
photon absorption. The interaction may involve the excitation of chromophore pairs in
polyatomic molecules, van der Waals molecules, or more usually discrete molecules in a gas or
liquid. In the former case, however, dissymmetric juxtaposition of the chromophores produces
a chirality which is manifest in a circular dichroism associated with the absorption process.
The appropriate absorption rates are calculated using the methods of quantum
electrodynamics, and the dependence on the separation of the interacting pair is examined in
detail. Methods for observing the mean-frequency interaction are also outlined, and attention is
drawn to a resonance condition which should appreciably enhance the absorption rate.

I. INTRODUCTION

In two previous papers, ' the methods of quantum elec-
trodynamics (QED) have been applied to a nonlinear opti-
cal process in which two chemical centers, which may be
either distinct chromophores in a single molecule, or sepa-
rate molecules, undergo cooperative excitation through two-
photon absorption from an intense laser beam. The interac-
tion between the two centers, mediated by virtual photon
coupling, provides the mechanism for energy exchange such
that the overall process

A+ B+ 2fiw—A*+B* (1.1)

can take place even when the individual transitions 4 -4 *
and B— B * are forbidden on energy grounds, asillustrated in
Fig. 1(a). For this cooperative process to be experimentally
observable, w must be chosen to lie in a region where neither
A nor B display absorption, and we thus have

fiwo = 4(Eo + Ego), (1.2)

A number of other theoretical and experimental studies of
this type of process have been made, most of which deal with
atomic, rather than molecular excitations.>-

In the present paper, we consider the converse case in
which the two centers have identical chemical composition,
and are cooperatively excited by two-photon absorption at
the intersection of fwo laser beams with differing frequencies
@, and @, . Hence, the process to be discussed can be repre-
sented by the equation

A+ A+ 7w, + i, A* + 4% (1.4)

for which the energetics are shown in Fig. 1(b). Again, we
specify that the frequencies w, and w, are chosen in a region
where single-photon absorption cannot lead to the direct ex-
citation of either center; we also specify that the final state is
accessible through a two-photon, but not a one-photon elec-
tric dipole interaction (cf. Ref. 1). Thus we have
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VP, + fiw,) = E,, (1.5)
fiw,, i, #E . (1.6)

The former relation (1.5) illustrates the fact that from a
phenomenological point of view, this cooperative process
has the characteristics of mean frequency absorption.
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FIG. 1. Cooperative two-photon absorption processes; (a) with single-fre-
quency excitation of a chemically inequivalent pair, and (b) with two-fre-
quency excitation of a chemically equivalent pair.
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Il. QUANTUM ELECTRODYNAMICAL CALCULATIONS

The quantum electrodynamical methods on which our
calculations are based have recently been reviewed in the
book by Craig and Thirunamachandran.® This text has es-
tablished the rigorous use of SI units in molecular QED, and
we have adopted the same conventions in the present paper.
This represents a departure from the two earlier papers’? in
which equations were cast in Gaussian units. For this rea-
son, we include salient SI definitions in our derivation below.

Results are calculated within the electric dipole approx-
imation for each molecular center &, which is equivalent to
the inclusion of higher order multipole terms for the pair.
Hence, the interaction operator is given by

H, (§) = — €5 'n(£)d'(R,), (2.1)
where p(£) is the electric dipole moment operator for mole-

cule £ at position R,, and d" is the transverse electric dis-
placement operator, which has the mode expansion;

d(r) —zz(ﬁc"%) {e® )a® (k)

— &P (K)a" P (ke *7}, (2.2)
in which other symbols have their usual meaning. The initial
state |i) and the final state |f) for the cooperative absorption
process defined by Eq. (1.4) can be represented by

1) = |0;0;n,5n5;0),
If} = |asa;(ny — 1);(n, — 1);0).

Here the sequence in each ket denotes: | the state of 4 , ; the
state of 4 , ; the number of photons in beam 1, the number of
photons in beam 2; the number of virtual photons ), and the
two 4 species are differentiated by labeling them 4 ; and 4, .
Beam 1 is characterized by polarization vector e, , wave vec-
tor k, , and frequency w; = clk, |; beam 2 is similarly char-
acterized by e,, k;, and w,.

(2.3)
24)

|

1
M

= Z z z Z(a;a,(nl — 1);(n, —
X {a;s;(ny — 1);n,;0|H,
X(do (nl_ 1) n2’ !

nt'a 0;(n, — 1);n,1)

int |r 0 (nl

Summing all 48 such contributions leads to the following result:

ﬁC 2 1/2 —
Mﬁ = - (ﬁo) (nlnzklkz) 2 €k€,K

& R, + kR
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FIG. 2. Four typical time-ordered diagrams for two-beam two-photon co-
operative absorption.

The rate of cooperative excitation is determined from
the Fermi Rule using fourth-order time-dependent pertur-
bation theory. The appropriate matrix element M, can be
constructed in the usual way with the aid of time-ordered
diagrams. Only diagrams in which each of the two real pho-
tons is absorbed at a different center contribute; the possibil-
ity of both real photons being absorbed at the same center
would necessitate excitation of its partner by a single virtual
photon interaction, which we have specified is electric-di-
pole forbidden. There remain 48 diagrams to be taken into
consideration; Fig. 2 illustrates four typical cases. The ma-
trix element contribution corresponding to Fig. 2(a), for
example, is as follows:

1);7,;0)

1);15,0) (r;0;(n, — 1);n,;0|H,, |0;0;n,;n,;0)
X {(Eoa + Eos + #ir,) (Eo, + fir, — hex) (Eo, + fiwy) } .

X{e,le2j SR (w,)S 5 (a)z)[(E

i(ky R l+k¢R z)
+eyee 'S 2(@,)S 5% (@,

using the implied summation convention for repeated tensor

(2.5)
e—iK-R
— fick, — #ick)  (E,o — fick, + #ick)
) e ixR 26
[(E,,,o—ﬁck2 fick)  (E — fick, + fick) } (2.6)
i
#i”u’° wu?
SP(w,) = [ N ] 2.7
ij 1 z ( ( A -—‘ha)l) ( )

indices; the molecular tensors S *°(w,), S *°(w,) are to be
understood as generalizations of the tensor defined by Eq.
(2.12) of Ref. 1, i.e.,

with a similar expression for S §j° (@,).
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The sum over the virtual photon wave vector x and po-
larization € in equation (2.6) is effected by a method de-
scribed in detail elsewhere.” The result is as follows:

fic iRy + kR
M, = — [——)(n,n,kk,) 2/ * e+ keRa)
fi (2Ve(2))( 17¢27v1 2)

X [eliesz;io(a)l)S;’;o(wz) Vi (71R)
+ €4S % (0,)S (@) Vig (7R)e M 1B,
(2.8)

where the vector R defines the location of 4, relative to 4,,
ie, R=R, —R, . The two parameters ¥, and ¥, are de-
fined by

ficy, = E o — fiw,; (2.9)
ﬁcyz = an b ﬁa)z (2. 10)

and thereby effectively denote the energy transferred
between the two centers by the virtual photon; ¥, (7, R) is
the complex retarded resonance electric dipole—electric di-
pole interaction™®,

Via(v,R) = b6 — 3ﬁkﬁ1)

e |
X (cos YR + ¥R sin ¥R)

— (8 — R R,)¥*R? cos YR}

+ (6, — 3RR,) (sin ¥R — ¥R cosyR)

— (6u —ﬁkﬁz)’}’zRZSin YR}]. (2.11)

Thus from Eq. (2.8) the Fermi Rule gives the following re-
sult for the cooperative absorption rate;

r= K€1,€z,51,,,?z,,s&O(wl)sﬁo(mz)§;‘n‘; (wl)§:§((02)
X [ Vkl (Vl,R)7°p (Yl’R) + Vkl (YZyR)-Vop (VZ,R)
+ Vi (7, RV, (7, R)e it —kOR

+ Vu 1RV, (7, R)EX TR ], (2.12)
where
11
K= %‘672 (2.13)
0

and in which the density of final states for the system is given
by the autocorrelation function

pr= jpa (€)p, (fiw, + fiw, — €)de. (2.14)
The general result of Eq. (2.12) is applicable to two mole-
cules in a fixed orientation with respect to each other and to
the two laser beams. In contrast to the corresponding theory
of the single-beam two-photon allowed cooperative pro-
cess,’ the interference terms in Eq. (2.12) carry phase fac-
tors which complicate the usual procedure of rotational
averaging required to derive the corresponding result for a
fluid sample. This introduces various novel features which
are described in detail in the following sections.

Ill. GENERAL RESULTS FOR FLUID MEDIA

In order to obtain a rate equation appropriate to fluid
media, a rotational average of Eq. (2.12) has to be per-

formed to account for the random orientation of the 4,~4,
system. The methodology for this calculation has been de-
scribed in detail previously’?; we therefore simply note that
while the first and second terms in Eq. (2.12) require only a
straightforward fourth-rank tensor average,’ the third and
fourth terms require a phased fourth-rank tensor average,
the result for which has only recently been calculated.!®

The result of this rotational averaging is a rate equation
which is most concisely expressed in matrix form, and is cast
in terms of polarization parameters denoted by 4 ) and
molecular invariants denoted by T /9 (y,,7,).

These are defined as follows:

4P = el;ez,-élkéz, U;j;c;ljw)(ﬁ)’ (3.1)
TYUD(y,y,) =850 (wl)Sﬁﬁ (@,)8% (wl)gzro(ah)

X Vﬂp (Yl’R)T}a‘r (YZ’R) Wi‘:;foq)(ﬁ))
(3.2)

where u = (k, — k;) and U 3§, W {2 are tensor projec-
tions given explicitly in Ref. 10. The explicit forms of the
polarization parameters, which are experimentally variable,
are listed in Table I. For example, 4 " is obtained from the
tensor contraction of e, e, &, &, with U (3" = §,8,,, giving
(€,°€,) (e;%e,). Equally, 4 5V results from the contraction
of e.ee,8, with UGS (@) =¢;,2,06, giving
(€,°6,) (e, X &;) -ii. The molecular tensor invariants T (49
(71,72) are constructed in an exactly similar way, and are
listed in Table II. <

TABLE I. Explicit form of the polarization parameters 4 (4.

j P AP

0 1 (ey'e;) (€,°€,)

0 2 1

0 3 (e,*€;) (Ee,)

1 1 (€,8;) (e, Xey)ei

1 2 (X&)

1 3 (ezil)(elxaz)’ﬁ

1 4 (ey8y) (e, X8,

1 S (e;XE)d

1 6 (el'ez) (§.X§2)°ﬁ

2 1 (e,e;) (ﬁ'él)(ﬁ'iz) —;(e,-ez) (e,€;)

2 2 (fire;) (0-€;) — 4

2 3 (er®) (BF;) (iive;) — J(e,%;) (e8))

2 4 (ey€))(live,)(ii€,)) —§(esE)) (erFy)

2 5 (ive,) (046, — |

2 6 (61'62) (ﬁ‘el) (ﬁ'ﬁz) - Q(El'az) (el.e2)

3 1 (e, X&) )-li(lire,) (8€,) — §[ (e, X&) e, (0E;)
+ (&, X&)€, (iie;) + (e,X€,)id]

3 2 (ezxél)'ﬁ(ﬁ’el)(ﬁ'sz) - ;[(ezxel)'el(ﬁ'iz)
+ (ezxal)'éz(ﬁ'el) + (ez)(é',)'ﬁ(e.'é’z)]

3 3 (élxaz)'ﬁ(ﬁ‘el)(ﬁﬁ) _M(Elxaz)‘el(ﬁ‘%)
+ (5|X¢_’q)‘ez(ﬁ'el) + (Elxsz)'ﬁ(el'ez)]

4 1 (fe,) (iive,) (i€, ) (08,) — 3 (e 7e,) (4€,) (8%,)

+ (ire;) (1,) + (e,€;) (iive, ) (iie,)

+ (ez'al)(ﬁ'el)(ﬁ‘az) + (ﬁ'e;)(ﬁil)

+ (€,°%,) (v, ) (five,) ] + Al (ee;) (8,°€,)
+ 1+ (e€;)(ex€))]
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TABLE II. Explicit form of the molecular tensor invariants, 77 ¢/9 =
X V.-p (YR, (szR) .

(fe)
Z &

F
25

[
oy

SP(@)S5 (wz)S“”(w.)S ©(w,)
Slf(wl)sw(mz)s (wl)s (wz)
S,I,(a)l)S“’(a)z)S (0)52(w,)
elpvR S/w(wl sw(wz)sm(wl)sw(a)z)
SMR SM(w.)S“"(wz)S“" (@)S2(w,)
eA”vR s (a),)S“"(a)z)S“"(m,)S“’(wz)
eA,,,R S (w,) S“"(mz)S"”((o, S =(w,)
E,WR S (@, )S"°(a)2)S"°(a),)S © (@)
f;wa S (ml)S"’”(wz)S (wx)s (mz)
sg?,(w.)s,t,,(mz)s"”(m, 5@ (wz)R R,
~ IS5 (0,)SS (wz)S“(wl)S,‘,(wz)
de(wx)sm(wz)s (ml)sw((l)z)R R
"‘ism(wl)sw(a’z)s o (@,)S (‘02)
P (@S2 ()5 Uw)SP (m,)R R,
- Aw(ml)sw(wZ)S ((l’l)S,tr(wz)
S,t,,(a),).S"“’(a)z).S""’(ml S“°(a)2)R,1 Y
""!Shr(wl)sao(mz)s (ﬂ)])sgf(wz)
SE (0SB (0)8 2 ()52 (:.;,)R,1 .
—-isa,(wx)s‘”(wz)s (wl)S,,,(wz)
Sa,(w,)S""(wz)S“”(wl)S“’(mz)Rl
— S5 (@)S% (wz)S""(w,)S,,,(wz)
;e,l,,v{SR;R R S2(0,)8 2 (0,)5 2 (0,)5 2 (w,)
"R s/l‘rr(ml)sao(a)Z)Spa(wl)sao(wz)
—R S 2(0,)S2(0,)5 R (0,)5 2 (w,)
—R S’){ (wl Sw(wz)sw (ﬂ)l)sw(mz)}
;eA“v{SRgR R LS 2(@,)8 5 (0,)S 2 (0,)5 2 (a2,)
“R S (w|)s (wz)sm(wl)sm(wz)
—R S (w,)S 55 (a)z) 0 (1) 2(w,)
~-R S (@) (wz)s“(w,ﬁw(w»}
;ew{sR;R R S2 (a)l)S"”(wz)S,t,(m,)S“,(wz)
"R sao(wl Sw(wz)s (wx (ﬂ)z)
"‘RS (wl)sm(wz)su(wx)sno(mz)
——R S"“’(w,)S“"(a)z)S,h,(wl)S“,(w/z)}
52 (0,)8 70 (0,)S % (@) S“°(w2)R,1R R R
—J,{S 0 (@) 2 (02)8 2 (o, S"°(m2)R R,
(wl)sao(a)z)s (wl)sao(mz)R R
2 (052 (@) 2 ()5 P (wz)R R
D@52 (@,)5 2 (a),)S"o(mz)Rl
(wl)sm(wz)sw(wﬂsm(wz)R,{
+S4,(wl)S"°(wz)S“°(w.)s (w2>R4R}
+,1,{SA,,(w,)s4,,(w2) e (@552 (@,)
+ 852 (0)S B (0,)S D (w,)s % (@2)
+S4w(wl)sao(a)z)s (0)1)547((02)}

D et vt e = = O QO

—ON W R WN - W N

The rotationally averaged rate can be concisely ex-
pressed by the following equation:

r=k [Z 885004 P T O (y,yy)
raq

s 2! . o i

Jj=0 pg
+ {ror.k (3.3)
Here j;(a) denote spherical Bessel functions of order j,

where a = |ky-k,|R and g%, are numerical coefficients
which may be found tabulated in the literature. (Refer to the

right-hand column of Table I in Ref. 11, where the heading
should read g7}, rather than g*).

The above result (3.3) is directly applicable to the situa-
tion in which the centers 4, and 4, are held in a fixed mutual
orientation, but where the pair is free to rotate. This could,
for example, correspond to cases where 4, and A, represent
chromophores of the same chemical composition in a rela-
tively large molecule, or else a van der Waals dimer. For the
situation in which the two centers are additionally free to
rotate with respect to each other, as for example where they
represent individual molecules in a gas, or molecules sepa-
rated by more than the extent of short-range order in a lig-
uid, then the same equation (3.3) can be utilized if each
T %9 is replaced by its rotational average (T ‘#9’). This is
obtained by first averaging over the orientation of 4, with
respect to 4,, and then averaging over the orientation of the
displacement vector R with respect to 4,. This procedure
has been discussed in detail in Refs. 1 and 2.

Perhaps the most important difference in the result for a
pair of free molecules is the absence of the j=1and j=3
terms in the counterpart to Eq. (3.3). The reason for this is
more clearly evident by obtaining the result through an al-
ternative, but equivalent, series of rotational averages in
which first 4, and A, are averaged with respect to R, and
then R is averaged with respect to the laboratory frame. This
final average carries the phase factor, and thej = 1, 3 contri-
butions to the result disappear since they are associated with
the contraction of a Levi-Civita antisymmetric tensor with a
string of R vectors. The significance of this feature is pointed
out in Sec. V.

IV. DEPENDENCE ON THE PAIR SEPARATION

While the results of the last section are applicable to an
unrestricted range of distances between the two centers, it is
instructive to examine the limiting form of the short- and
long-range behavior. First, we consider the near-zone, where
the following conditions are satisfied;

171|1R,  |7]R<1
and
|k, —k;|R<1. (4.2)

Equation (4.1) places a lower limit on R of the order 4,/
27, where A, is the wavelength corresponding to the excita-
tion energy E,q, i.e., A, = hc/E 4. Equation (4.2) how-
ever, which essentially allows the phase factors in the rate
equation to be approximated by unity, places a more strin-
gent condition upon the range of R, and has a lower limit
Ao/4w. Thus, for example, if the excitation energy corre-
sponds to a wavelength of 600 nm in the visible range, the
near-zone approximation will be applicable for separations
R <50 nm. The results will therefore be valid for most cases
of fixed chromophore pairs or van der Waals dimers.

Since in the short-range limit, the spherical Bessel func-
tions j; () fall off as & —/, all contributions to the sum over 7
in the second part of Eq. (3.3) can be neglected, except for
the j = 0 term. Also the appropriate form of the retarded
resonance electric dipole—electric dipole interaction is the
limiting near-zone (static) result;

4.1
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1 A A
(6k1 - 3 Rle)
3
dmeoR (4.3)

which we note is traceless. Since the limit has R —3 depen-
dence, the corresponding near-zone rate expressions vary as

lim Vk,('}’,R) = Vkl (OR) =
YR<1

J

(a) Chromophore pair (near-zone)
Kk
12011'262

+{- (ee;) (€,°€,) + 4 — (e,°€;) (e1'ez)}S

= [{4(ee) (8)%,) — 1 — (e)%,) (3pe) IS

(wl)S

2457

R ~° and thus cooperative absorption involving pairs of free
molecules will also mostly occur within the near-zone. The
general result (3.3) reduces to a particularly simple form
under these conditions, and is explicitly expressed by the
following equations:

(@,) Sao (wl)SZi’ (a’z)sao(wz)

(01)Sa0((02)sa0(502)

+{- (eye;) (81€,) — 1 4 4(ep8,) (El'ez)}s,{y (wl)szg (wl)sﬁ(wZ)Slp (@,) ]

X (8,, —3R,R,)(8,, — 3R,R,). (4.4)
(b) Free molecules (near-zone)
- —1—87.07.%2—; [{ — 58(eye,) (88) — 3 + 67(e,E,) (3rre)}
X{S R (0)5 2 (01)8 2(0,)S 2 @,) + 5L (0,)5 % (0,)5 2(,)S 2 (w,)}
+ {— 3(ere,) (8,%,) +2 — 3(e,6,) (81€2) HS 9 (0)S % (01)S 2 (0,)S 2 (@,)
2 (0,)8% (@) (S2(0)SD(@,) + S (0)S T () 182 (0,)8 2 (w,)
2 (0)5 % (0,)S D(2,)S 2 (0,)} + {67(eye;) (8,°8,) — 3 — 58(e,'%,) (8re,) }
><{SA,1(co.)S°'0 (©)52(0)S 2 (@,) + S5 (0,)5 23 (@,)5 2 (0,)S 55 (@,) }
+ 2{(e,*e;) (8,°€,) + 166 + (e, e,z)(el-ez)}S ((ol)S (a),)S"O(a)z)S“o(a)z)] (4.5)

Finally, we note that for free molecules separated by
large distances where (|7,|R,|7,|R, |k, —k;|R) > 1, all of
the spherical Bessel functions contribute to the result and the
long-range behavior is determined by the limit

lim V(1R =~L— (RR, — 806" (46)
yR> 1 4meyR

which is purely transverse with respect to the intermolecular
vector R. The phase factor disappears in the rate equation
and the result thus has a simple limiting inverse-square de-
pendence on the molecular separation. The explicit form of
the result for a chromophore pair follows directly from Eq.
(3.3). For the case of two free molecules, the explicit long-
range result has a very lengthy expression, and is available as

a supplementary publication for this paper.'®

V. POLARIZATION DEPENDENCE

As mentioned earlier, the 19 polarization parameters
A U listed in Table I are experimentally variable. For any
particular laser beam and polarization geometry, their val-
ues can be directly calculated and inserted into Egs. (3.3),
(4.4), and (4.5) to give the corresponding rates. In this sec-
tion we consider a number of polarization combinations in
which the two laser beams are collinear. This represents the
experimentally most useful case since it maximizes the vol-
ume of a sample traversed by both beams. The values of
A UP for seven particular combinations of plane and circu-
lar polarizations are listed in Table III.

Where both laser beams are plane polarized, the result is
worth considering both for parallel and for perpendicular

TABLEIIL Values of the polarization parameters 4 ‘*’ for seven polariza-
tion combinations with copropagating beams.

i p dllg g & el ek efed  elief
0 1 1 0 4 } 0 0 1
) 1 1 1 i 1 1 1
0 3 1 0 1 } 1 1 0
11 0 0 iz —~is 0 0 —i
1 2 0 0 0 0 —i i i
1 3 0 0 —in 72 —i i 0
1 4 0 0 —in 1772 i 0
1 5 0 0 i P =i i i
1 6 0 0 —in ir2 0 0 i
2 1 —y Y -
N e e e e T
2 3 - 0 -4 -3 -4 —1 Y
2 4 -y 0 -} -4 -3 -4 0
R R T T
2 6 -} 0o -1 -1 0 0 -y
301 0 0 0 0 i/S -5 ~ifS
3 2 0 0 —i2  in Vs —i/5 0
3 3 0 0 i/2 i/2 0 0 i/5

4 1 3 £ % % % 4 )
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polarizations, and the appropriate parameters are listed in
columns 1 and 2 of Table III. The first point to notice is that
the odd-j parameters vanish, so that the leading j, terms are a
particularly good approximation in the near-zone. Secondly,
we note that the differences in the values of 4 ¢/ for the two
cases indicates a linear dichroism which is a known charac-
teristic of two-photon absorption. '

In each of the remaining polarization conditions, in gen-
eral there are contributions from all values of j, and the rate
expressions are accordingly somewhat more complicated.
The most interesting feature of these results is the appear-
ance of circular dichroism. Columns 3 and 4 of Table ITI give
the results for the case where beam 1 is plane polarized and
beam 2 is circularly polarized with either left- or right-hand-
ed helicity. While the even-j values of 4 (/7 are the same for
either handedness, the odd-j values change sign when the
helicity is reversed. Hence, chiral discrimination is manifest;
obviously the same remarks apply to the case where beam 1
is circularly polarized and beam 2 plane polarized. Equally,

J

=_T(pLl)-T{PR)
\I(p.L) +T(p.R)]

1

(ml _w2)R(T(l;l) — T(l;3) — T %) T(I;G))

D. L. Andrews and K. P. Hopkins: Cooperative mean-frequency absorption

comparing columns 5 and 6 of Table 11l illustrates the circu-
lar dichroism associated with two circularly polarized
beams of the same handedness; once again reversing the heli-
city of the entire radiation field changes the sign of the odd+/
polarization parameters. These manifestations of chirality
are only observed for the case where the two centers 4, and
A, have a fixed mutual orientation; it is also true that the
corresponding molecular properties 7 %? and T %% disap-
pear unless the two centers are dissymmetrically juxtaposed.
The result is therefore a circular dichroism associated with
the well-known coupled-oscillator model of a chiral system
(see, for example, Ref. 13). Not surprisingly, the chirality
disappears when 4, and 4, are free to rotate independently,
since as noted earlier the odd-j terms then vanish.

Since the circular dichroism is generally associated with
coupled groups in the near-zone range of distances, the ex-
plicit results for the Kuhn dissymmetry factors can be ob-
tained from the leading j,/j, terms in the rate expressions,
and are as follows:

5.1

(5.2)

c(T(O;l) + 6T(0;2) + T(0;3))
*74[T(L,L) + T (RR)]
(wl _wz)R(T(l;Z) + T(1;3) + T + T(l;S))

e b

c(2T(O;1) — 37O __ 3T(0;3))

where the molecular parameters can be read off from Table
I1, with the limiting short-range form of the interaction po-
tential given by Eq. (4.3). Here I'( p,L) refers to the rate of
absorption with beam 1 plane polarized and beam 2 left-
handedly polarized, and so forth. It is interesting to note the
linear dependence on the group separation in Egs. (5.2) and
(5.4); this near-zone behavior has been noted previously, for
example in connection with circular differential Rayleigh
and Raman scattering'* and optical rotation.'’

Finally, returning to Table III, we note the results given
in column 7, which apply to the situation in which the two
laser beams have circular polarization of opposite handed-
ness. The results here differ from those in either columns 5 or
6 in each value ofj. This represents the fact that changing the
helicity of one beam produces a dichroism associated with a
discrimination of the handedness of 4,~4, pair dressed by
the chirality of the other circularly polarized beam. This
again is a known feature of two-photon absorption,'® and
one which persists even when the pair is not held in a fixed
mutual orientation. In this case the dissymmetry factor has
both numerator and denominator given by the leading j,
terms, and the explicit result is as follows:

g,= L&L) —T(LR)
T &L) + T(L.R)]
S(T(0;3) — T(O;l))

= (TOD 4 6T @ 4 T(o,s)) :

(5.5)

(5.6)

b4

(5.3)

(5.4)

]

VI. DISCUSSION

In this paper we have presented the theory of a two-
beam two-photon absorption process which can only occur
through the simultaneous excitation of two chemically e-
quivalent species. It is important to note that although the
effect is one which is predominantly effective over short dis-
tances, it is nonetheless one which is induced by proximity
rather than either collision, in the case of free molecules, or
orbital overlap in the case of a chromophore pair. This much
is made clear by the fact that irrespective of any energy shifts
or selection rule weakening which collisions or orbital over-
lap might induce, the absorption processes which occur at
each center 4, and A, are separately forbidden on energy
grounds [see Figure 1(b)]. The role of such proximity ef-
fectls; in low-temperature matrices has also recently been not-
ed.

Many of the remarks which were made in earlier work
on cooperative two-photon absorption equally apply to the
process described in this paper. We shall therefore concen-
trate on features which are unique to the two-beam case.
First, we note that there is a great deal more experimental
flexibility with two beams, since the frequency, polarization,
and direction of propagation of each absorbed photon is in-
dependently variable. It is also interesting to note that for
this process, the two beams in principle need not intersect, in
other words neither 4, nor 4, need be irradiated by both
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FIG. 3. Resonance energy levels (indicated by dotted lines) for mean-fre-
quency absorption.

beams. However, the requirement for close molecular prox-
imity, coupled with the fact that a laser beam tends to have a
smooth Gaussian intensity profile, makes this point more of
academic than of practical importance.

The effect should be most easily detected by measure-
ment of fluorescence associated with the decay channel of
the excited state |a). Radiationless decay within the vibra-
tional manifold of the initially populated electronic state will
generally mean that the fluorescence will be Stokes shifted in
frequency away from E_,/#. Nevertheless, since the same
excited state |a) is also accessible through single-beam two-
photon absorption at a frequency E /2%, its decay charac-
teristics can be ascertained in a separate single-beam experi-
ment and then used to monitor the cooperative two-beam
effect. In passing we note that a four-wave mixing process at
a single center (®, + w,—® + @), followed by absorption
of the frequency w, could in principle contribute to the effect
we have described here. However, the four-wave interaction
will be relatively ineffectual unless the emission at frequency
o is stimulated by an additional source.

There are three distinct possibilities for resonance en-
hancement of mean-frequency absorption, as shown in Fig.
3. If the molecules possess energy levels close to (E, + fiw,)
or (E,+ fiw,), then although the molecular tensors
S *(w,) or $ *°(w,) are resonantly enhanced, direct compe-
tition from single-photon absorption will undoubtedly
swamp the cooperative process. However, in the third reso-

nance condition, where a molecular energy level exists close
to E, — fiw, (assuming that @, is the lower of the laser fre-
quencies), then the first term of $*°(w,), as given by the w,
analog of Eq. (2.7), becomes resonantly enhanced and thus
leads to an increased cooperative absorption rate. In this
case, provided the resonant level lies sufficiently far above
the ground state not to be appreciably thermally populated,
then there is no possibility of competition from one-photon
absorption. This feature could therefore prove significant in
selecting laser frequencies to optimize the prospects for ob-
serving the phenomenon we have described.
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