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With the advent of the la.ser, the observation
of two-photon absorption processes at optical
frequencies has become possible. ' ' It has
recently been suggested' that the two-photon
absorption in anthracene is due to the higher
multipole interactions, and that the coherence
of the laser light plays an essential role in this
process. In this Letter we wish to clarify the
theory of the higher multipole contributions
to two-photon processes, as well as the role
of coherence. Our conclusions are that the
higher multipole contributions are negligible,
and that the single-molecule two-photon absorp-
tion cross section is the same for coherent
and incoherent incident light.

In time-dependent perturbation theory based
on the Hamiltonian

H =Ho-(e/mc)A p+(e'/2mc')A',

two-photon processes result in first order from
the A' term, and in second order from the A p
term. When one replaces by 1 the phase factors
exp(i') in all the quantities A appearing in
the expression for the final-state amplitude
for a given radiation process, the electric-
dipole contribution to that process is obtained.
For two-photon processes this contribution
will be called the E1E1 term. Iannuzzi and
Polacco' suggest that, for coherent light, a
contribution of the same order of magnitude
as the E1E1 term arises from the terms in
A2 linear in x. This contribution is clearly
due to the higher multipole interactions. How-
ever, a contribution of the same order of mag-
nitude comes from the terms linear in x in
the second-order contribution from the A p
term, which these authors neglect. For light
propagating along x and polarized along z, the
total contribution of the terms linear in x to
the amplitude of two-photon absorption between
the states i and f, per pulse of the laser, is
given by
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total energy per pulse per unit area at the po-
sition of the molecule. The expression (2) is
valid both for coherent light, for which a wave
packet description must be used, and for in-
coherent light described by a stationary densi-
ty matrix diagonal in the photon number repre-
sentation.

To see the physical significance of the result
(2), one must transform to the "multipole"
Hamiltonian

8' =8 —p. E—p,
'. B-q V'E + ~ ~ ~ (3)

where p, p, ', and q are the electric dipole,
magnetic dipole, and (tensor) electric quadru-
pole moment of the molecule. In addition to
the terms written in (3), H' contains higher
multipole terms and terms quadratic in B and
its spatial derivatives. In a perturbation cal-
culation based on (3), the terms in the final-
state amplitude quadratic in jL(. give the E1E1
contribution, and the terms proportional to p, p,

'

and p,q give the E1M1 and E1E2 contributions.
The parity selection rule for E1E1 is opposite
to that for E1M1 and E1E2. There are, there-
fore, no interference effects between E1E1
and the other two terms, but E1M1 and E1E2
both contribute to the same final-state ampli-
tude. For the E1E2+E1M1 contribution to the
final-state amplitude, per pulse of the laser,
we find
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Using the relations (pz)„„~=im~«~z«l, zpz
-pzz =ih, and 2cu0=&uf;, one can prove that
the expressions (2) and (4) are identical, Tf;
= Tp', This proof is an extension of the well-
known proof of the equality of the correspond-
ing amplitude for EIE1 scattering. The ampli-
tude for E1E1 absorption is given by

~ 2rI
S . =i (fly Rp. Ii).

where ro = (e'/mc'), R = (Ho-E&-~0)
the frequency of the laser light, and I is the

The two terms in (2) and those in (4) are all
of the same order of magnitude, and are typi-
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cally of order 10 ' to 10 ~ compared to (5),
the ratio being roughly xf;/X, where A. = h/mc.

To estimate the higher multipole contribu-
tion to the two-photon absorption in anthracene,
we describe the 'B2~ band by a line-shape func-
tion g(cu), where Jg(u, )d~ =1. Taking only the
first term in (2) into account, the transition
probability per pulse is given by

P=
~

f Ix . I'g(2&v )24m,
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which agrees with Eq. (5) in reference 5 except
for a factor (4x)' arising from our use of un-
rationalized quantities. In reference 5 ration-
alized quantities are used, but the authors fail
to take into account a factor 4~ in the numeri-
cal value of r„and their value of P is there-
fore a factor (4&)2 too small. According to the
data given in reference 4, we have V= 10
cm' and I=2X10' erg cm '. Using Ixff I'g(2tu0)
=2&10 "cm' sec, u, =2.7X10" rad sec
and h&u = 5X10' rad sec ' (cf. reference 5),
we get for the number of fluorescent photons
n =10", whereas experimentally' n =4x10".
The higher multipole effect, estimated by tak-
ing only the first term in (2) into account, thus
fails to account for the data by about a factor
10'-10', and one must conclude that the observed

effect is due to E1E1 transitions, as suggested
by Singh and Stoicheff. ' We emphasize that
the order of magnitude of some of the quanti-
ties involved is rather uncertain, and more
precise experimental data and a more reliable
evaluation of the full amplitude (2), or (4), are
required to settle the question.

The authors are grateful to Professor B. P.
Stoicheff for bringing this problem to their
attention.

*This research was supported by the National Re-
search Council of Canada.

W. Kaiser and C. G. B. Garrett, Phys. Rev. Letters
7, 229 (1961).

2I. D. Abella, Phys. Rev. Letters 9, 453 (1962).
W. L. Peticolas, J. P. Goldsborough, and K. E.

Rieckhoff, Phys. Rev. Letters 10, 43 (1963).
S. Singh and B. P. Stoicheff, J. Chem. Phys. 38,

2032 (1963); and Proceedings of the Symposium on
Optical Masers, edited by J. Fox (Polytechnic Press,
Brooklyn, New York, 1963), Vol. 13, p. 385. S. Singh,
W. J. Jones, W. Siebrand, B. P. Stoicheff, and W. G.
Schneider, J. Chem. Phys. 42, 330 (1965).

5M. Iannuzzi and K. Polacco, Phys. Rev. Letters 13,
371 (1964).

J. Fiutak, Can. J. Phys. 41, 12 (1963).
P. A. M. Dirac, The Principles of Quantum Mechan-

ics (Oxford University Press, New York, 1958), 4th ed. ,
p. 247.

584


