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This paper deals with the theory of double-beam three-photon absorption, in which the excitation process
involves the concerted absorption of three photons from two laser beams which siniultaneously irradiate the
sample. Equations are derived for the rate of absorption under various polarization conditions, and the

dependerice on the angle between the two beams is examined in detail. It is shown how a set of experiments at
a suitable angle with specified polarizations allows the determination of five molecular parameters which

characterize the symmetry‘of the excited state. It is demonstrated how the results thereby provide for an

unambiguous assignment of the excited state to one of six different symmetry classes. It is also shown that the
double-beam experiment allows access to excited states which are forbidden under single-beam excitation.

I. INTRODUCTION

Multiphoton spectroscopy is now recognized as a
powerful method for the discovery and characterization
of molecular excited states. Two-photon absorption
spectroscopy has received widespread application in
recent years despite the technical difficulties associ-
ated with its observation, and three- and four-photon
absorption processes are now also becoming increasing-
ly practicable through the advances in laser technology.
Recent discoveries of new excited states in comparative-
ly simple molecules like ammonial*? give clear evidence
for the importance of these higher order multiphoton
studies.

The theory of molecular three-photon absorption is
still in its infancy. Friedrich has recently presented
a detailed analysis of the three-photon absorption ten-
sor, % and in another recent paper we have shown how to
derive detailed information about the symmetry proper-
ties of three-photon excited states by a simple linear
processing of results from single-beam experiments
with different polarizations.é In the present paper, it
is shown how a similar analysis may be applied to dou-
ble-beam three-photon absorption, where the excitation
process involves the concertéd absorption of three pho-
tons from two laser beams which simultaneously irradi-
ate the sample. There are two important reasons for
performing such an experiment with lasers of differing
wavelengths;

(a) Since the only requirement imposed by energy
matching is that the sum of the three photon energies
equals the {ransition energy, there is considerable flex-
ibility in the choice of jrradiation wavelengths for one
of the lasers. This facilitates exploitation of a resonance
enhancement of the three-photon absorption rate by
choosing a wayelength close to a one- or two-photon
absorption band.

(b) The selection rules for double-beam three-photon
absorption are different from those which govern single-
beam excitation. In particular, transitions to certain
excited states which are forbidden under single-beam
conditions are allowed under double-beam conditions;
hence the double-beam method increases the scope for
characterization of new excited states. Even for those
transitions which are allowed via single-beam excitation,
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the double-beam experiment in many cases provides
more detailed symmetry information.

With these objectives in mind, this paper develops
the theory of double-beam three-photon absorption, and
provides a framework for the analysis and interpretation
of experimental results.

li. THEORY

In this section the basic theory is outlined, and the
various parameters which appear in the rate equations
are introduced and defined. We first label the two laser
beams a =1 and 2, such that one photon from beam 1
with frequency w; and two photons from beam 2 with fre-
quency w, are absorbed in the excitation process, This
gives us the overall energy conservation relation

E,OEE,—E0=fiw1+2_ﬁwz . (2. 1)

Further parameters are required to complete the speci~
fication of the absorbed photons; these are the propaga-
tion vectors k, and the unit polarization vectors e'®’.

For the full characterization of the radiation we define
I, as the mean irradiance and gf,"’ as the degree of nth
order coherence of beam a. In order to specify the
relation between the polarizations of the two beams, it
is convenient to introduce a set of Cartesian axes for
each beam as shown in Fig. 1; in each right-handed set
(Bas f,, k,) the 7, direction is perpendicular to the k,, k,
plane. We also define 6 as the angle betweén the two
beams,

FIG. 1. Laser beam geometry.
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The starting point for a discussion of the three-photon
absorption rate equations is the general expression for
the rate I', derived using standard quantum electrody-
namical methods discussed in earlier papers"";

= g<|Tlee(l) (2) (3)|2>.

Here the angular brackets denote the rotational averag-
ing required to account for the random orientations of
the molecules in any fluid sample, and the implied sum-
mation convention for repeated tensor indices is em-
ployed. The factor G is given by

(2.2)

16N7p

$= TR

LIfg” (2.3)

pieusrus® plopsrur
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and N is the number of molecules in the interaction
volume; p is a density of states for the excited mole-
cule.

Equation (2, 2) immediately exhibits the expected lin-
ear dependence of the absorption rate on the irradiance
I, and the quadratic dependence on Ij; the appearance of
5% marks the influence of the coherence properties of
beam 2 on the absorption process. 5 Note that this co-
herence dependence is predicted on the assumption that
the two beams have no phase correlation; otherwise a

third order degree of coherence may be implicated.

The principal interest in Eq. (2.2) is the molecular
response tensor 7,,,, defined as

T, =% -
v =2 s [(Eso TS B o= Tiog) " (Buo— Ty = Fup\ By —Tiwg) " (Byg = iy — i) B g — Fioy)

ufouy AT el

o ~ Zﬁwz)(EL Fiw,) (Eso - Fiwy —-

ﬁwz)(Ero - Fw,) (

“{‘s “ir“‘r
wiugrut® ] 2.4)
90 = Fiwy = Bwa ) (E,q — Bwy)]’ )

where E,; and 17330 are complex energy terms which incorporate damping factors to model the resonance line shape,
i.e., E,g=E, - 3ikiy,and E=E ;-3 ifiy,. The tensor defined by Eq. (2.4), which has index symmetry in its last
two indices, may be written as a sum of four terms, each of which is an irreducible Cartesian tensor with well-

defined transformation properties.
tions are as follows:

T{,l":) —T%'(35).u Topw + 35, Topu = 26,,Tpp)

T{}ﬂ) —110(_ B Topp = 83 Tuupo + 464, Tapo) »

Tl(lzl)v -é‘ Exur(€por Toow + €oay Tpor) "‘* € ol €001 Togu + €ggu Toge) 5

(1A4) (1B) (2)
Txuv" Txuv_ sy T T)mv .

The two independent weight-1 tensors T34’ and T{13’ have the transformation properties of polar vectors;

Full details of the reduction procedure are given in Refs. 6 and 7; the equa-

(2.5)
(2.6)
2.7
(2.8)

T(z)

Apy

transforms as a traceless symmetric second rank axial tensor, and T}, transforms as a fully traceless and index
symmetric third rank polar tensor. The virtue of decomposing T, into these four parts will become evident when
we turn to the selection rules later.®

Returning to the rate equation (2. 2), however, and explicitly performing the rotational average, again using
standard procedures described elsewhere, 9 we obtain the following general expression for the rate of three-photon
absorption with arbitrary beam directions and either plane or circular polarizations:

525[14{7(91 . 8,)(8, - 8,)(8, - 8) — 3(e, - €,)(8, » &) — 2(€; - ©,)(€; - &)} Re THAY TE5 +7{-6(e, - €,)(8; - €,)(8, - &,)

+9(e; * 8;)(8,* 8) +(©;- 8)(8 - &)} Tian’ Tt +T{-4(e, - €,)(®; - €,)(8; - €;) + (8, - €;)(8; - §;) +4(e; - €;)(8; [B);

X T{B) TUEY 1+ 35{2(e, - €,)(8, - €,)(€; - &) —(e;- &,)(8, - &;)— (e, ;)(8; - &)~ 2(e, - 8,)(@, - &)+ 2} T4, T T,

+5{-4(e, - 8,)(8, - 8,)(; - B,) - 4(e, * €)(€, * ;) — (&, - ©,)(€; - 8,)+10(e; - &;)(&; - ;) + 5} T, Taew (2.9)

I1l. POLARIZATION STUDIES

Using Eq. (2.9), expressions may be derived for the rate of three-photon absorption under various polarization
conditions, and for an arbitrary beam geometry. Each beam is allowed to have either plane polarization perpen-
dicular to or parallel to the k;, k, plane, i.e.,

elad) =‘ia , (3.1

Caryll)
e “‘j\a 3

or else left- or right-handed circular polarization,

(3.2)
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oV =l +ifa) 8.3)
B A (3.4)

Each of the 16 different polarization combinations has a corresponding rate given by Table I. In fact, there are
only nine distinct results, denoted by I')~T"g, and of these only I';-I'; are genuinely independent for arbitrary beam
angle 8. The results are as follows:

T =53 (28 Re T2 T2 + 28 740 T + 7 108 T+ 0 TEL TR (3.5)
Ty~ ga5(~ 26 Re T THR 47 T4 T4 28 T4V T4 + 35 740, TR, + 20 10 T (3.6)
Ty~ Toug(— 42Re TH0 T 45+ 63 THH T4+ 7 THTUR +35 TR TR, + 807D TR , (3.%)

T(6) =1%){- 42 cos® 9 Re THA' T2 4+ 63 cos? 0 TOA TUA 1 7 cos? 0 THE) TS 4 35(4 - 3 cos? 9)
XT38, Tik, +10(5+ 3 cos? 8) T3, 75 } (3.8)

I's(6) =2—19® {~42(1 - cos 6)2 Re T4 TUB) | 63(1 - cos 6)F TUA T4 (1 = cos 8)? THE) TLAB)

+35(5+3 cos 8)(1 — cos 8) T2, T, 1 10(13+ 14 cos 0 + 3 cos? ) TS, Thah} (3.9)
|

The expressions for I';—TI'y can be obtained from the sup- reminder that all measurements relate to experiments
plementary relations with a beam angle of 60°.

Iy(8)=T3+(I; =Ty)cos?o , (3.10) Hence, by reference to Table I we see that the five

- ¥ eXperiments ('Lh J-z): (-Lls "2): (‘Ll; L:)’ ("1’ Lz), and (Lls Lx)
T'+(6) =T's(6) + I'(6) ~ Ts(6) , 3.11) corresponding to I'j—~I', respectively, enable all five
J =%(I‘l +Ty), (3.12) molecular parameters to be determined from Egs.
1 (3.14)—(3.18). The usefulness of these parameters

To(8)=2[T;+To(0)] . (3.13) will now be demonstrated as we turn to an examination
Note the ¢ independence of all the results relating to of the selection rules,
experiments with either beam polarized perpendicular
to the k;, k, plane, IV. SELECTION RULES

A complete polarization study can be carried out to For three-photon transitions originating from a totally

determine whether each of the five distinct molecular symmetric ground state, the excited state symmetry
parameters in the rate equations, i.e,, T TGOS dictates the representation under which the components
TAOTLN, BT T T, and T, TS, is zero of the molecular response tensor must transform, In
or nonzero; this facilitates the application of selection this section, we shall concentrate on the application of
rules, as shown in the next section. It is readily es- this selection rule to the analysis of the resulis given
tablished that if the beam geometry is such that 8=0°, in Sec. WI. It is worth noting that the following dis-
90°, or 180°, then only four of the 16 rate equations cussion can easily be extended to cases where the mo-
for the various polarization combinations are linearly lecular ground state has lower symmetry; then it is the
independent, and hence the five molecular parameters product of the initial and final state representations

cannot be fully determined. A convenient angle at
which T'; -5 are all linearly independent is 8 =60°,

leading to the following solution for the molecular pa- TABLE I, Rates of double-beam three-

rameters: photon absorption,

Re TQPTS =3 421 T - 374 - 20T, + 8TY) , (3.14) Beam 2

TRP TR =2 S (12T - 6T} + 25T} + 11T - 30TY) , (3.15) Beam 1 L ) L R

TOE TP = GX(9T] + 18T§ - 10T} - 8TY) , (3.16) + Iy T, Iy Iy

T8, TS, = 67574 - T§ - 2r}) @1 ! oL NI

TOT, =742y -1y) . (3.1 - L B
R T I, o I

In each equation, the prime on the rates I'/-T'} is a
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TABLE II. Representations of selected point groups spanned
by irreducible components of the molecular response tensor.

Group Weight~1 Weight-2 Weight-3

D3y Ay +Ef A{'"+E{+E{’  A{'+E{+Ej+E{’

Dep Ay +Eyy Ay +Ey+Ey Ay tBytBoytE+Ey
Dy, B, +Eq By +E(+E, By +E,+E, +E,

D¢y By+E, B{+E +E, By+E {+E3+E,

Oy T Ey+Ty Ag+ Ty + Ty

Iy T H, Ty tGy

Doy et Zy+ Tyt Dy Tit T, +o,+ 9,

which determines the transformation properties of the
tensor components.

In Table II, the irreducible representations spanned
by the weight-1, weight-2, and weight-3 components
of the molecular response tensor are listed for mole-
cules belonging to the point groups D, Dgy, Dy, Deg,
O,, I, and D,,; the corresponding representations for
molecules of lower symmetry are readily obtained by
the use of correlation tables. Using Table II, it is
possible to classify all three-photon transitions ob-
served in a double-beam experiment into one of six
classes characterized by the particular combination
of tensor weights allowed in the absorption process.
The sixfold classification shown in Table III is based
on an extension of the threefold classification discussed
previously for three-photon transitions observed by
single-beam excitation.

A. Classes |A and IB

These classes correspond to subclasses of Class I
for single-beam three-photon absorption, and they to-
gether comprise those transitions for which the molecu-
lar response tensor has both weight-1 and weight-3
components: the distinction is that in class IA the ten-
sor also possesses weight-2 components, whereas in
class IB, these components are forbidden. Both classes
represent transitions which are allowed by single-photon
absorption at frequency w; + 2w,.

D. L. Andrews: Double-beam three-photon absorption

B. Classes IIA and lIB

These classes correspond to subclasses of class II
for single-beam excitation, and are characterized by
having allowed weight-3 components, but forbidden
weight-1 components; again the distinction is that class
ITA additionally possesses weight-2 components. Both
classes are rigorously forbidden to single-photon ab-
sorption at frequency w, + 2w;.

C. Class Il

In this class the transition tensor has weight-1 com-
ponents alone, exactly as in class III for single-beam
excitation. Only transitions to T, states in I, molecules
fall into this category, which are also allowed by single-
photon absorption.

D. Class IV

Finally, we have the class for which the response
tensor has weight-2 components alone. This class is
absolutely forbidden for single-beam three-photon ab-
sorption, and also for single-photon absorption. In all
centrosymmetric molecules, the ungerade nature of the
excited state also precludes the possibility of two-photon
excitation. Hence, class IV transitions are uniquely ac-
cessible by double-beam three-photon absorption.

Having established the classification, it is now ap-
parent how the results of Sec. III can be utilized. By
performing the five different polarization experiments
specified and determining the values of the five molecu-
lar parameters given by Egs. (3.14)~(3.18), then it
can be ascertained whether each of the three weights
1, 2, and 3 is allowed in the transition. For example,
if 2T'f =T, then from Eq. (3.18), Tia,Tys, is zero and
hence the weight-3 tensor components are evidently
forbidden. Note that this procedure only requires
measurement of relative rates, and not absolute ab-
sorption cross sections.

Once it has been established whether each of the
three possible weights is allowed or forbidden, the
transition can be unambiguously assigned to one of the
six classes discussed above. For the classes com-
prising transitions which are allowed via single-beam

TABLE III, Classification of double-beam three-photon transitions according to the excited

state symmetry.

Weights 1, 2,3 1, 3 2,3 3 1 2

Group Clags IA Class IB Class IIA Class IIB Class III Class IV
Dy, E{ A7 Ey’ EJ ve Af’

Den Eqy Agy Ey By By . Ay

Dy E, B, E, E, e By

D¢, E, By E, E, . By

On ver Tw Ty Ay g E,

I’I X ) e Tzu’ Gu Tlll Hll

Doy Ty M A &, . Zy
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three-photon absorption, the additional information
about the weight-2 tensor components removes some of
the ambiguity in the single-beam classification scheme;
e.g., a distinction can be made between transitions to
A,, and E,, states in Dy, molecules. Perhaps more im-
portant, however, is the facility for obtaining access to
the class IV states which cannot be excited by any other
simple method.

In this connection, we note that the class IV transitions
are in principle allowed even if the two laser beams are
collinear. However, in this case it is necessary that the
beams have different polarizations. We also note that
with a collinear geometry the ratio p =T'(L,, L,)/T'(L,, L,)
assumes the value of 5/2 for both class IA and class IIB
transitions, This corresponds exactly to the class II
result T',/T',=5/2 in the case of single-beam excitation, *
despite the fact that in the double-beam case two dif-
ferent irradiation frequencies are employed. The ratio
does, however depend on the angle g between the two
beams, and this dependence is expressed by the simple
result

p=1(13+14cos9+3 cos? ) , (4.1)

in the case of class IIB transitions.

DISCUSSION

Throughout this paper it has been assumed that the
two laser beams have different frequencies as well as
different directions of propagation. It is worth em-
phasizing that the requirement for different frequencies
is a crucial one. If both beams are of the same fre-
quency, then the molecular response tensor becomes
fully index-symmetric, and its weight-2 components
vanish: hence transitions to class IV states are for-
bidden, and the distinction between classes IA and IB,
and between classes IIA and IIB is lost., Given two
beams of different frequency, however, the double-beam
experiment certainly increases the scope for observa-
tion of new excited states, and provides more informa-

2835

tion about excited state symmetries than a single-beam
study.

The only transitions which remain forbidden, although
in principle allowable by the absorption of three pho-
tons, are those of weight-0 character—e.g., any transi-
tion to an 4,, state in a molecule of O, symmetry. Since
such states are not accessible by single- or two-photon
absorption either, they should only be observable in a
three-photon experiment where three different beams
are employed, unless the electric dipole selection rules
are broken. However, very few transitions are of this
weight-0 type, and the double-beam experiment re-
mains the most attractive proposition for extending the
scope of three-photon spectroscopy. In view of the
additional possibility of utilizing resonance conditions
to amplify the absorption rates, the process promises
to be an important tool for the molecular spectroscopist.
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