
Chemical Physics 165 (1992) l-10 

North-Holland 

Selection rules for bimolecular photoabsorption 

David L. Andrews and Alexander M. Bittner 
School of Chemical Sciences, Umverslty ofEast Angha, Norwich NR4 7TJ, UK 

Received 24 February 1992 

Bimolecular photoabsorption 1s a term descnbing processes m which two molecules or other chemically dtstmct entities undergo 

srmultaneous excitatron to electronic excited states, the energy bemg provided by the absorption of one or more laser photons. 

These processes have previously been referred to as synergistic, cooperative, or mean-frequency absorption. Thts paper introduces 

a new terminology for the description of such phenomena and provides an overvtew of the features associated wtth bimolecular 

processes mvolving the absorption of one, two or three photons from a smgle laser beam. Emphasis is placed on a detailed sym- 

metry analysis based on irreducible tensors, leading to a comprehenstve treatment of the selection rules for all the maJor molecular 

point groups. Finally, attention is drawn to some systems in which these effects have been detected, and others m which they 

m&t be expected to occur. 

1. Introduction 

The absorption of one, two or more photons lead- 
ing to the simultaneous excitation of two centres (at- 
oms or molecules) may be termed bimolecular pho- 
toabsorption. Such processes, which have elsewhere 
been referred to as synergistic, cooperative or collec- 
tive, are better described by the more informative ad- 
jective bimolecular, which avoids possible connota- 
tions of many-body phenomena. Subject to 
appropriate selection rules, bimolecular photoab- 
sorption occurs through an exact cancellation of en- 
ergy mismatches between the photon energy supplied 
and the energy uptake by each participating atom or 
molecule, subject to overall energy conservation by 
each pair. In any such process, none of the molecular 
transition energies should match any of the photon 
frequencies or their multiples, because then simple 
one-centre transitions would occur, selection rules 
again permitting. 

In this paper bimolecular single colour n-photon 
absorption processes, i.e. those which can be induced 
by a single laser beam, are considered. Cases involv- 
ing the absorption of up to three photons are ana- 
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lysed in detail. The following equation generally de- 

picts the excitation process: 

A+B+nhw+A*+B* (n= 1,2,3, . ..) . (1) 

Figs. l-3 depict the energy levels involved in one-, 
two- and three-photon excitation, respectively. It is 
clear that in two-photon (mean-frequency) bimolec- 
ular absorption (fig. 2 ) one should avoid the case of 
two isoenergetic excitations, as one-photon absorp- 
tion - if allowed - would again dominate. However, 
A and B can designate two different molecules of the 
same chemical species if the process leads to two dif- 
ferent excited states as assumed in fig. 2. For the one- 
and three-photon cases no such distinction has to be 
drawn, i.e. the labels A and B may refer to molecules 

A 

I- .‘T 
A B 

Ftg. 1. Energy levels of molecules A and B mvolved m one-pho- 

ton btmolecular absorptton. 
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Fig. 2. Energy levels of molecules A and B involved m two-pho- 

ton bimolecular absorption. 

t 
hw 

Fig. 3. Energy levels of molecules A and B mvolved in three-pho- 

ton bimolecular absorption. 

of the same species and the final states may even be 
the same. In passing we note that for (multi-photon) 
bimolecular emission eq. ( 1) would apply with a re- 
versed arrow. 

It should be emphasised that the processes of inter- 
est here are not to be regarded as collisional. Numer- 
ous experimental studies have demonstrated the oc- 
currence of bimolecular excitation, both involving 
single- and two-photon absorption; recent examples 
are afforded by studies of media such as van der Waals 
molecules [ 11, liquids [ 2 1, solids [ 3,4] or in matrix- 
isolated species [ 5 1. In all these cases it is clear that 
it is the proximity of the participating species, rather 
than their collision, which induces the absorption, 
despite the observation in certain systems of similar 
effects in the gas phase. In this connection we can also 
note that there is a closely related phenomenon usu- 
ally known as laser-induced collisional excitation 
transfer (LICET) where one of the centres is already 
in an excited state: 

A*+B+nfiw-A+B* (n=l, 2,3 ,...) . (2) 

Bimolecular photoabsorption may play a role in pho- 
tosynthetic energy transfer; however in order to elu- 
cidate the underlying mechanism it is useful for cur- 
rent theory and experiment to restrict the scope to 
small systems. All such processes can be described in 
a unified way as described in section 2. 

One of the earliest and classic experiments on bi- 
molecular excitation studied two-photon absorption 
by a gaseous mixture of thallium and barium [ 61. 
Much of the subsequent experimental work has dealt 
with collision-induced absorption [ 71 and LICET in 
gases [ 8 1, and cooperative effects in solids contain- 
ing rare earth ions [ 31. Recent experiments have 
mostly focused on one- and two-photon excitation of 
noble gas-molecular halogen van der Waals com- 
plexes R...X2 [ 5,9]. The resultant electron transfer 
and reaction to form a noble gas-halogen exciplex R- 
X* provides a good method for detection (via exci- 
plex fluorescence). Three-photon bimolecular pro- 
cesses have to our knowledge not yet been observed. 

In the following section a simplified representation 
of the theory, based on irreducible Cartesian tensors, 
is presented. Various features of the two-photon case, 
such as its resonance and polarisation behaviour, have 
been detailed in a recent review [ lo] ; however none 
of the processes to be considered have previously been 
the subject of an irreducible tensor analysis. The ten- 
sor formulation enables the general features of H- 
photon bimolecular absorption to be identified with- 
out the complexity of the detailed quantum calcula- 
tions, which are presented elsewhere [ 1 l-l 5 1. In 
section 3 the selection rules for atoms and for mole- 
cules of common point groups are derived, and the 
results for n= 1, 2 and 3 are presented in an easily 
applicable table. In section 4 our results are assessed 
in the light of the experiments mentioned above. New 
experiments aimed at confirming both the occur- 
rence and the mechanism of one-, two- and three- 
photon bimolecular absorption processes are sug- 
gested, and physically realistic examples are given. 

2. Tensor representation 

The detailed theoretical representation of bimolec- 
ular photoabsorption processes requires application 
of well-established quantum electrodynamical meth- 
ods, based on electric dipole coupling with radiation. 
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However for the purposes of this paper it is sufficient 

to consider a simplified approach which retains the 
features essential to recovery of the proper selection 
rules. The quantum electrodynamical theory of the 
two-photon case has been treated in detail elsewhere 
[ 16 ] ; the formulation of the one- and three-photon 
cases follows along broadly similar lines and will be 
detailed in a subsequent paper [ 15 1. 

To facilitate the development of the necessary ten- 
sor formulation, it is useful to introduce diagrams 
which display the radiative interactions involved in 
each of the processes under consideration. It should 
first be noted that the energy mismatch is conveyed 
from one molecule to the other by means of virtual 
photon coupling, leading to a dependence of the rate 
on the inverse sixth power of the intermolecular dis- 
tance (in the short-range limit ) [ 16 1. Consequently 
bimolecular one-photon absorption can be repre- 
sented by the diagram shown in fig. 4, in which it is 
arbitrarily assumed that the real (laser) photon is ab- 
sorbed by molecule A. In this case the virtual photon 
has to carry over the entire excitation energy to mol- 
ecule B. Fig. 4 embodies the characteristics of the set 
of six time-ordered diagrams which is involved in the 
more formal representation of the process. In passing 
we note that although three of those diagrams entail 
emission of the virtual photon at A and its absorp- 
tion at B, three others involve propagation from B to 
A; consequently no arrowhead is placed on the wave 
connecting A to B in fig. 4. 

In the two-photon case there are two possible 
mechanisms, illustrated by figs. 5a and 5b. In the for- 
mer, both laser photons are absorbed by molecule A 
and the entire excitation energy for B is conveyed by 
the virtual photon. In the latter, each molecule ab- 
sorbs one laser photon and the virtual photon me- 
diates exchange of the energy mismatch. These two 
mechanisms have previously been referred to as dis- 
tributive and cooperative, respectively [ 10 1. Equally, 

A-“-----O 

f: 

B 

ho 

Fig. 4. Diagram representmg one-photon bimolecular absorp- 

tion, correspondmg to the partition (2, 1) (see text). 

A r 0 
B 

I (a) 
nw ho 

(b) 

Fig. 5. Diagrams representmg two-photon btmolecular absorp- 

tton; (a) corresponds to the partition (3. I), known as the dis- 

tributtve mechanism; (b) corresponds to the partition (2, 2). 

known as the cooperattve mechanism (see text) 

-0 
A B 
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Fig. 6. Diagrams representing three-photon bimolecular absorp- 

tion; (a) corresponds to the partition (4, 1); (b) corresponds to 

the partttion (3,2) (see text). 

in the three-photon case there is the possibility of 

either all three photons being absorbed by one mole- 
cule, as illustrated in fig. 6a, or one molecule absorb- 
ing two photons and the other one photon, as in fig. 
6 (b). As for the one-photon case, similar arguments 
concerning the directions of propagation of the vir- 
tual photon apply to the two- and three-photon cases. 

In passing it is worth considering the analysis of 
the general case involving n-photon bimolecular ab- 
sorption. Each of the n laser photons may be ab- 
sorbed at either of the participating molecules, the 
various possibilities corresponding to the two-fold 
partitions of n. For example the partition (2, n-2} 
represents the case where two photons are absorbed 
at A and n - 2 at B. The virtual photon emission and 
absorption interactions must occur at different 
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centres, so that in the above example there are in to- 
tal three interactions at A and n- 1 at B, giving the 
partition (3, n - 1). In the general case, therefore, the 
possibilities correspond to the two-fold partitions 
(p, q) of II + 2, subject to constraints p 2 1, q> 1. 

It is proposed to refer to these partitions to unarn- 
biguously identify the various mechanisms for bi- 
molecular photoabsorption. Their virtue is that they 
directly signify the selection rules associated with the 
transitions at the two participating centres. For ex- 
ample the mechanism known as cooperative two- 
photon absorption will be referred to as the (2, 2) 
mechanism (two-photon selection rules at each 
centre). and the distributive mechanism will be re- 
ferred to as the (3, 1) mechanism (three-photon at 
one centre and one-photon at the other). In general 
it is to be assumed that wherever a mechanism in- 
volves a different number of interactions at the two 
centres, A is defined as the molecule where the larger 
number of interactions occurs. 

The tensor formulation of any mechanism relating 
to a partition (p, q) involves a molecular response 
tensor T, of rank p, with 3” components, for mole- 
cule A and a tensor Tg of rank q, with 3 q components, 
for B. Each tensor may have index symmetry prop- 
erties which reduce the number of its independent 
components to less than 3p or 3 q, however. For mol- 
ecule A, the tensor T, represents one virtual photon 
interaction and p- 1 laser photon interactions, and 
therefore possesses permutational symmetry in p- 1 
of its indices. Using terminology introduced else- 
where [ 17 1, this index symmetry can be signified by 
writing T, as T, la_, ,. Similarly the index symmetry 
properties of the molecular response tensor for mol- 
ecule B can be represented by T, c4_, ). 

The rate Tof bimolecular photoabsorption can now 
be expressed in terms of the above tensors and a cou- 
pling tensor Vz which represents the retarded reso- 
nance electric dipole-electric dipole interaction [ 18 ] 

rd,o”xn, (3) 

where 

Here the symbol 0 represents a tensor contraction, 
i.e. a summation over paired indices as in the scalar 
product between two vectors. Each of the terms in eq. 

(4) represents a contribution associated with a dif- 
ferent mechanism (p. q), where q= n + 2 -p. 

In general each tensor Twill transform under a re- 
ducible representation of the symmetry point group 
for its parent molecule. As such, it is convenient in 
the analysis of selection rules to express each tensor 
as a sum of irreducible tensors of weightj [ 191. These 
can be represented as T tib_,, with O<j<p and 
T PC;_, ) with 0 <jG q. One other feature worth not- 
ing is that for p, q= 1 or 3, weight-O contributions 
vanish [ 171. Since only electric dipole coupling is 
considered here, parity labels are left implicit, al- 
though they are crucial in determining the selection 
rules, since they are simply given by ( - 1 )p,q. Further 
details are given in the appendix. 

3. Selection rules 

Using the results of the last section, it is now pos- 
sible to derive the selection rules which govern the 
excited states which can be accessed in bimolecular 
photoabsorption. In table 1, the irreducible represen- 
tations of the allowed final states, for both molecules 
A and B, are listed for the common molecular point 
groups. These selection rules are designed for appli- 
cation to cases in which the transitions in both mol- 
ecules originate from ground states possessing the full 
symmetry of the corresponding molecules. Where 
either ground state does not belong to the totally sym- 
metric representation, the tabulated selection rules 
apply to the direct product of the ground and excited 
state representations. 

The table is divided into five columns; the first re- 
lates to one-photon bimolecular absorption, the next 
pair of columns to the two mechanisms for the two- 

photon process and the last pair to the two mecha- 
nisms for the three-photon case. In general, any given 
mechanism can take place only when representations 
of both A and B are ticked in the appropriate column. 
For any pair of non-identical molecules, it is of course 
necessary to consider the two possibilities of apply- 
ing the labels A and B. The principles of applying ta- 
ble 1 are best illustrated by reference to a number of 
specific examples. In the following, various hypo- 
thetical molecules of given symmetries are consid- 
ered simply to clarify application of the selection 
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Table 1 

Selection rules for bimolecular photoabsorption in molecules of the common pomt groups with mechanisms denoted by the partitions 

(p, q). For completeness the spherical group Kh=K@S2, where K [SO( 3) ] 1s the full rotation group, is included for application to free 

atoms and ions. Where a representation is not shown, it is forbidden in all cases 

Point group One-photon 

(Ll) 

A B 

Two-photon Three-photon 

(2-2) (3% 1) (3,~) (4>1) 

A B A B A B A B 

Continued on next page 
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Pomt group One-photon 

(-71) 

A B 

Two-photon Three-photon 

(2,2) (3,l) (3,~) (4>1) 

A B A B A B A B 

D.s, A,,, Algr B,,, Bzn, E, v 

A,,> B,,. B,, 

A?u, E, 

D,, A;.A;,E” 
E’ 

A; 

A; 

Dz~ A,> B,,, Bzs, B3, I/ 

A” 

B,w Bz”. B,, 

D, A, I/ 

A>> E 10 

D, A v 

B,, B,, BS v 

Cdr A,, E v 

AZ B,. B2 v 

C,v A,, E I/ 

AZ v 

C zv A,, B,, Bz v 

A2 v 

C jj, A’, E” v 

E’ v 

A” 

CZ~ A,, B, I/ 

A,, B, 

Cz A.B I/ 

C, A’, A” 1/ 

C, A, I/ 

All 

C, A v 

v 

rr 

w 

v 

v 
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rules. Examples involving actual compounds are sub- 
sequently discussed in section 4. 

Consider first the case of one-photon excitation. Let 
us assume that one molecule is octahedral (point 
group 0,) and the other belongs to the point group 
C,. Suppose that the octahedral molecule is labelled 
A and its partner B. Inspecting the O,, entries under 
the heading A in the one-photon column shows that 

the excitation (from an A,, ground state) might be 
to either an A,,, E,, T,, or a T,, excited state. Apply- 
ing the same principle to B, by reference to the C, en- 
tries under the heading B in the one-photon column, 
reveals that only a transition to an A, state is allowed. 
Conversely if the labels A and B are exchanged, it is 
clear that one other possibility is a transition to an A, 
state in the C, molecule, accompanied by a transition 
to a T,, state in the octahedral species. 

A slightly more complex example of the one-pho- 
ton process is afforded by a case where a CZy mole- 
cule is excited from a Bz to a B, state, the direct prod- 
uct symmetry being AZ. This satisfies the selection 
rules for A, according to the Czv entries in the first 
column. If a counterpart molecule B belongs to the 
T,, point group and has a ground state A,, inspection 
of the table shows that the only accessible excited state 
symmetry is TZ. Because the direct product symme- 
try of the transition in the Czv molecule is AZ, the pos- 
sibility of it acting as B does not arise. Since this mol- 
ecule has to carry the label A in this case, it indicates 
that the single laser photon must be absorbed there, 
rather than at the tetrahedral site. 

An instructive example for the two-photon bimo- 
lecular process is where A and B are two chemically 

different molecules belonging to the point group C,,, 
and where both are excited from Cf to A states. Ticks 
appear for both A and B only in the column (2,2) so 
that only this, not the (3, 1) mechanism, can apply. 
This means that each molecule must absorb one laser 
photon. 

Finally, let us assume that on bimolecular absorp- 
tion of three photons a Ddh molecule with ground state 
A,, enters an E, state and a D,, molecule with ground 
state A,, an EZg state. If the first is labelled A and the 
latter B, only column (3, 2) qualifies. With opposite 
labelling, only column (4, 1) qualifies. The conclu- 
sion is that both mechanisms are possible here. 

4. Discussion 

For molecules separated by typical nearest-neigh- 
bour distances, it has been estimated that the rate of 
bimolecular n-photon absorption approaches that of 
n-photon absorption by individual molecules [ lo]. 
Such processes can also exhibit near-resonance en- 
hancement given excited states of suitable energies 
and symmetry properties; then bimolecular pro- 

cesses involving molecules at larger distances, such 
as in the gas phase, become observable. It should also 
be noted that if the excited levels of the participating 
molecules are not low in energy one would have to 
employ UV or even VUV radiation in the one-pho- 
ton case. Here it may be experimentally more feasi- 
ble to utilise two-photon excitation, 

It is worth re-emphasising that no overlap of wave- 
functions between the initial (ground state) entities 
need be present. For this reason, and also because the 
states which are formed by these processes entail ex- 
citation of both centres, our formalism can appropri- 
ately be applied to a wide range of chemical systems, 
including the van der Waals molecules whose known 
excited states are usually described in terms of MO 

theory. 

4. I. Related experiments 

A few examples of a bimolecular photoabsorption 
have been observed and are now well established in 
the literature. In particular, one-photon bimolecular 
excitation processes have been widely studied in rare 
earth ion-doped crystals. An example is provided by 
the process 2Tb3+(‘F6)+hv-Tb3+(‘D_,)+ 
Tb3+ ( ‘F2) which occurs in Tb3+ doped CaWO, [ 31. 
The direct products of the symmetry representations 
of the rotation group K,, contain P, and D,, which 
satisfy the selection rules listed in table 1. In passing 
we note that such one-photon transitions appear to 
have the character of dipole-quadrupole coupling. 
Gudzenko and Yakovlenko first predicted this selec- 
tion rule for one-photon biatomic processes in 1972 

WI. 
In another solid-state example, the two-photon ab- 

sorption 2Nd3+(41,1,2)+2hV-t2Nd3+(4G7,2) has 
been observed in Nd3+ doped LaCl, [4]. Applying 
the direct product rule and referring to table 1 shows 
that the (2, 2) mechanism alone should apply. The 
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excited states are isoenergetic but the corresponding 
one-photon single ion transition is forbidden. This is 
the reason why the chemical equation written above 
to describe the excitation cannot simply be divided 
by 2. In these experiments, and in many others, bi- 
molecular absorption has been detected without any 
involvement of near-resonance enhancement. 

A classic case concerns the two-photon excitation 
of a gaseous mixture of barium and thallium, ob- 
served by White in 198 1 using a tunable dye laser [ 61. 
The barium excitation is 6s’ ‘S0+6s6p ‘Pi (repre- 
sentation P, in the rotation group K,,), the thallium 
route 6~‘P,,~+7s’S,,, (same representation). Us- 
ing table 1 it is clear that the process is only two-pho- 
ton allowed and that the ( 3, 1)) not the (2,2 ), mech- 
anism should operate. It is worth noting that thallium 
possesses a near-resonant 9p*P,,, state 25 cm-’ 
above 2h u: according to the appropriate tensor T, (zj 
this should lead to near-resonance enhancement. This 
may explain why it proved possible to observe the ef- 
fect with the relatively low laser flux of x 6.5 x 10” 
W m-‘. 

Observations in the gas phase such as that dis- 
cussed above are often regarded as collision-induced; 
however the term is clearly inapplicable to some of 
the other examples like ion-doped crystals and the 
processes to be examined below. It is worth empha- 
sising that although such bimolecular transitions oc- 
cur with greatest efficiency when the intermolecular 
distance R is very small, owing to the R -’ range de- 
pendence, it is nonetheless essentially a proximity ef- 
fect. However in the processes we describe there is no 
requirement for the electron distributions of the par- 
ticipating species to overlap; also there is no need for 
involvement of collisional kinetic energy. 

Many experiments deal with one- and two-photon 
excimer-pumped dye laser-induced reactions R + 
XY+&V+R+X-+Y+RX*+Y (R denotes a rare 
gas, X and Y halogens) in the gas phase [ 1,9], in rare 
gasliquids [ 2 ] or matrices [ 5 1. It is difficult to apply 
the selection rules here, although the charge transfer 
transition can be identified with the symmetry of a 
translation along R...X. At any rate, enhancement as- 
sociated with the approach to resonance at h v seems 
to be important again, at least in the case of KrfFz 

121 I. 
In this context we note that Last and George have 

developed a theory for one-photon absorption and 

subsequent electron transfer in solids [ 221. The sim- 
ilarities to our approach consist of their assumption 
that no wavefunction overlap should be present and 
that the absorption rate (which is proportional to the 
square of the overall transition moment) decreases 
with the sixth power of the intermolecular distance. 

4.2. Suggested experiments 

Whereas most of the experimental studies referred 
to above involve simple atoms or ions, or at most di- 
atomic species, there are a number of systems involv- 
ing larger molecules in which we suggest that it should 
be possible to observe bimolecular absorption. The 
selection rules which apply in such cases are in many 
respects more interesting. Using table 1 and restrict- 
ing the scope to highly symmetrical molecules we 
suggest the following experiments, dealing first with 
cases where only one species is involved (i.e. A=B). 

The tetrahedral molecule Ru04 absorbs at 26000 
cm-’ ( ‘A, -+‘T2) in the gas phase [23,24] and should 
in the liquid or solid state be a very suitable candi- 
date for a one-photon experiment: the Ru04 entities 
essentially retain their electronic integrity in the crys- 
tal and intermolecular interactions are weak [25]. 
There is very little conventional absorption at 52000 
cm-’ [23,24] and this wavenumber corresponds to 
the 192.3 nm wavelength available from the powerful 
argon fluoride exciplex lasers. However, the com- 
pound exhibits a complex photochemistry [ 261. 

Solid tetrahalogenocobaltate (II) salts give rise to 
twoabsorptions,4A2+4T,(F)and”A2-+4T,(P) inthe 
point group Td, at z 5000 and 14000 cm- ‘; the exact 
wavenumbers depend on the halogen chosen [27- 
301. As shown in table 1. all mechanisms relating to 
the one-, two- and three-photon cases are allowed, so 
a wide range of experiments can be designed. An 
example is provided by crystalline bis (tetramethyl- 
ammonium)tetrabromocobaltate( II) [ 281 where a 
one-photon absorption should excite the 4T, (F) level 
in one anion and the 4T, (P) level in a neighbouring 
anion. It should occur at the second harmonic of a 
Nd : YAG laser. 

The most convincing candidates for bimolecular 
photoabsorption will be found using three-photon 
excitation of virtually non-interacting atoms. The Bez 
dimer (formed in the gas phase) [ 3 1 ] is a small but 
very loosely bound species (van der Waals potential 
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800 cm-‘, interatomic distance 250 pm) [ 321. Ex- 
citing a 2p ‘P, level in one atom and a 3s ‘So level in 
the other should be accomplished by three photons 
(308.5 nm). Here a xenon chloride laser could pro- 
vide the necessary wavelength. 

A more speculative example is afforded by the CbO 
“buckminsterfullerene”. It has very high symmetry 
(Ih) and the molecules rotate in the crystal [ 331, 
hence little interaction between them is present. By 
reference to the n-hexane solution spectra [ 341 it can 
be deduced that one photon of 246.2 nm, or three 
photons of 738.7 nm, radiation could lead to bimo- 
lecular absorption populating the T,, and T,, excited 
states. 

It is easy to find more examples in point groups of 
lower symmetry, especially if the possibility A # B is 
entertained. In the gas phase Li, shows a CL +CT 
transition at 14068 cm-’ and NaK, C++C+ at 12140 
cm- ’ [ 351. A (2, 1) mechanism should operate at 
38 1.6 nm, where molecule A should be NaK accord- 
ing to table 1. The corresponding two-photon absorp- 
tion process, allowed only by the (3, 1) mechanism, 
should also be observable at a wavelength of 763.2 
nm. 

Finally we note that there are a number of experi- 
mental possibilities for identifying bimolecular ab- 
sorption. Three examples serve to illustrate the di- 
versity of techniques which may be employed. The 
most obvious concerns the observation of fluores- 
cence, especially in the case of three-photon absorp- 
tion by atomic pairs where A = B. Here any direct flu- 
orescence emitted by the excited atoms will occur at 
a wavelength which equals two thirds that of the pump 
photons, corresponding in a sense to an unusual non- 
integer harmonic conversion process. Secondly, in the 
two-photon excitation of a mixture of HzCO and 
D2C0 at 30243 cm-’ (330.7 nm), corresponding to 
the mean of the 2; 4: transitions, it has been shown 
that evolution of carbon monoxide should occur, en- 
abling chemical or mass spectrometric identification 
of the process to be performed [ lo]. Lastly, the bi- 
molecular photoproduction of two triplet molecules 
in close proximity should lead to unusually rapid flu- 
orescence associated with triplet-triplet annihila- 
tion. For example two iodine molecules might 
undergo a concerted two-photon process at 13765 
cm-’ (726.5 nm, within the tuning range of a 
Ti: sapphire laser) leading to the simultaneous pop- 
ulation of triplet excited states A 311U and B 311U [ 35 1. 

Appendix 

The reduction of T,,, generally results in a sum of 
irreducible tensors, with some weights represented 
more than once and therefore distinguished by a sec- 
ondary label r. In the case of a tensor without index 
symmetry, we have 

T,,,= f T$) , (A.1) 
,=o 

where 

Sk’ 
T,c/,‘= c T$‘), (A.2) 

r= I 

and N 2) is the multiplicity of weight J in the reduc- 
tion scheme. Each irreducible tensor T!$‘) possesses 
(2jS 1) independent components. The multiplicity 
with which each tensor weight is represented in the 
reduction can be derived using a recursive scheme due 
to Gel’fand et al. [ 361: the general result is given by 
the formula [ 37 ] 

N!i’=; C-1) 
A (2m-3k-j-2)!m(m-1) 

(nz-3k-j)!(m-li)!k! ’ 

(A.3) 

where O<k< [i(m-j)]. As shown elsewhere [38], 
the above is the coefficient of .x”-~ in the Taylor se- 
ries for F,,(x) = (1 -x3)‘“( 1 -x)‘-m with the prop- 

erty x- “n+‘F,(x-‘)= -F,,,(x). Expansion of each 

side of the identity gives 

F,,,(s) = 2 NIJ,‘(x’“-‘-x”*+‘+‘) . 

J=o 

Differentiating both this and the defining expression 
for F,,,(x) and evaluating FL ( 1) reveals the result 

,Fo (2j+l)Ng)=3”, (A.4) 

as required for the number of independent compo- 
nents in the rank m tensor. 

Representations of tensors with partial index sym- 
metry are obtained, following the usual rules for an- 
gular momentum coupling, from the appropriate non- 
symmetric and fully-symmetric tensors of lower rank. 

For example T, (?) has an irreducible representation 
obtained by coupling the results for the vector T1, 
(three components, weight 1) with the index-sym- 
metric traceless second rank tensor Tc2) (six compo- 
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nents. weights 0 and 2); 

D’l-‘@{D’o+‘@D 2+‘}=2~“-‘0~‘2-‘0~‘3-’ 

giving (2 x 3 ) + 5 + 7 = 18 independent components 
and no weight-O contribution. 

For any allowed bimolecular process, it is neces- 
sary that each molecular tensor (of the appropriate 
rank p or q) must possess at least some non-zero ele- 
ments. The criterion is that the product of the irre- 
ducible representations of the initial and the final 
states of each molecule must be spanned by one or 
more tensor components. In the common case of 
transitions originating from a totally symmetric 
ground state, this reduces to a requirement that one 
of the irreducible parts of the tensor transforms un- 
der the same representation as the excited state. To 
determine the transformation properties involves 
mapping the irreducible representations of the full 
three-dimensional rotation-inversion group K onto 
the corresponding representations of the lower sym- 
metry point group. A listing of the results for all com- 
mon molecular and crystallographic point groups is 
given in ref. [ 17 1, in which irreducible representa- 
tions Do’) for weights j=O to 4 are given for both 
even and odd parity #‘. 
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