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Although ruby lasers' ™ have been used for study-
ing two-photon processes, absorption, and fluores-
cence in inorganic crystals,* no examples of two-
photon processes in the broad band spectra of or-
ganic molecules have as yet been reported. We
have detected two-photon excitation in a number
of polycyclic aromatic molecular crystals from
the 69434 line of a ruby laser by observing the re-
sultant blue-green (4000 to 5000&) fluorescent
bands.

The red light from one end of the ruby laser was
passed through a red pass filter and focused in a
region of ~107® cm® on a powder sample. The fluo-
rescent light from the powder was filtered through
a blue-green pass filter, which removed the laser
light and then was focused on a photomultiplier.
The light from the other end of the laser was picked
up by a photocell monitor, and the signals from
both photocells were fed through identical networks
into a dual-beam oscilloscope. The background in
the fluorescence signal due to stray light from the
laser was <1% of the observed signal and was ob-
tained by repeating the experiment with a suitable
blank in place of the sample. A time constant was
intentionally put into the phototube circuits to pro-
vide integration of the individual laser spikes.
During the laser flash a maximum photon flux of
310 photons cm ™ sec™ was obtained in the ac-
tive region for a time of 2x107 sec. The total
number of fluorescent photons omitted during this
time was estimated to be 5x107, 10®, and 10° for
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pyrene, anthracene, and benzpyrene, respectively.

Figure 1 shows a plot of the log of the fluores-
cent intensity versus that of the exciting intensity
for benzpyrene. The slope of 2, corresponding to
a square-law relationship between intensity of flu-
orescence and excitation, indicates a double-quan-
tum effect. Possible excitation of the fluorescence
by harmonics of the laser light generated in the
sample was ruled out experiment%lly. When the
sample was irradiated with 3471 A from a mono-
chromator, the ratio of fluorescent intensity to
transmitted exciting light was 400. When laser ex-
citation was used, no 34714 radiation could be de-
tected. The limit of detectability was 10~ com-
pared to the fluorescent intensity. In the case of
benzpyrene the fluorescent spectrum excited by
the laser was measured, by placing a monochro-
mator in front of the photomultiplier, and found
to be identical to that obtained by uv irradiation®
within the accuracy of our measurements.

All of the hydrocarbons examined (see Table I)
possessed one or possibly two types of absorption
bands in the uv at the double-quantum frequency
(28 800 cm ™) of the ruby laser. The two bands
which often overlap at this wavelength are the
transition 'A -'L, and the transition 'A 'L, which
have been assigned for a larger number of poly-
cyclic aromatic hydrocarbons.®™® Furthermore,
the strongly forbidden singlet-triplet transition,

.\ —3La, of anthracene lies very close to the sin-
gle-quantum frequency (14400 cm™), and this is
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FIG. 1. Fluorescent intensity vs incident intensity
for benzpyrene.

probably true for 3, 4-benzpyrene as well. Con-
sequently, we might imagine our double-quantum
transition to occur by one of three different mech-
anisms: Az—hi“La; A.2—h>’“Lb; and ‘A}—’L’sLa.}fﬁ(lLa or
'Lp). The second possibility has been tentatively
ruled out by our experiments on phenanthrene. Here,
the 'A -'Lp band is separated from the Lg band,
and only the Lp band is located at the double-quan-
tum transition.® No double excitation was observed
from phenanthrene. The third possibility has been
ruled out by experiments on pyrene where the trip-
let level lies at 16800 cm™. Even allowing for a
fairly broad triplet energy band, it appears very
unlikely that excitation into this band could be ef-
fected from a 14400-cm ™ excitation source. The
absorption cross sections required for this proc=-
ess to cause an effect of the magnitude observed
appear to be unrealistically large, even in the case
of benzpyrene and anthracene.

Kleinman® gives a theory which semiquantitatively
agrees with the results on a similar experiment
on Eu™" in CaF by Kaiser and Garret.* For benz-
pyrene and anthracene, our results are also with-
in one or two orders of magnitude of those calcu-
lated from his theory. However, there appears
to be no way the theory can be used to predict the
differences in effect which we have observed be-
tween different molecules.

A direct double-quantum transition to a level
accessible by a single-quantum transition is gen-
erally forbidden.'® LaPorte’s rule requires a

Table I. Absorption cross section and classification for single-quantum excitation and fluorescent intensity re-

sulting from double-quantum excitation.

Absorption cross section?
(1078 cm?) at

Singlet-singlet bands

b Fluorescence intensity

Compound 28800 cm™! at 28800 cm™! (arbitrary units)
Phenanthrene 0.1 la— 1Lb 0
Pyrene 1 14— ‘La 1
1 1
A— 'L
b
Anthracene 3 lA—L 2
a
14
A Lb
3,4 benzpyrene 50 14— ’La 30
1 1
A— 'L
b

a, . . . L . .
The absorption cross sections are estimated from measurements in dilute solution and, thus, will not be exactly

correct for the crystal.
See references 6-8.
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change in parity for dipole transitions. Double-
quantum transitions would occur with no change
in parity. In asymmetric molecules, however,
these selection rules will not be strict and both
single- and double-quantum transitions are possi-
ble to the same level by different components of
the dipole operator.

A correlation is shown in Table I between the
absorption cross sections for the A -'L, single-
quantum transitions and the observed intensity of
fluorescent light. We feel that this correlation of
double -quantum excitation with single-quantum ab-
sorption probabilities is reasonable, since it is
highly likely that there are many levels to which
double-quantum transitions are allowed in the ab-
sorption bands of these complex molecules. Con-
sequently, we suggest that such a two-quantum ex-
citation is taking place in these molecules and that
this phenomenon should be a general one for or-
ganic molecules of this type.

The authors would like to thank Dr. A. G. Ander-
son for suggesting this problem to us, and Dr.
J. D. Swalen for most helpful discussions.

'T. H. Maiman, Brit. Commun. Electronics 1, 674
(1960).

’R. J. Collins, D. F. Nelson, A. L. Schawlow, W.
Bond, C. G. B. Garrett, and W. Kaiser, Phys. Rev.
Letters 5, 303 (1960).

3A. Javan, W. R. Bennett, and D. R. Herriott, Phys,
Rev. Letters 6, 106 (1961).

4w. Kaiser and C. G. B. Garrett, Phys. Rev. Letters
7, 229 (1961).

B. Stevens, Spectrochim. Acta 18, 439 (1962).

6J. R. Platt, J. Chem, Phys. 17, 484 (1949).

'N. S. Ham and K. Ruedenberg, J. Chem. Phys. 25,
13 (1956).

8R. M. Hochstrasser, J. Chem. Phys. 33, 459 (1960)

D. A. Kleinman, Phys. Rev. 125, 87 (1962).

g, Herzberg, Atomic Spectra and Atomic Structure
(Dover Publications, New York, 1944).

ABSORPTION OF ELECTROMAGNETIC WAVES IN QUANTUM AND CLASSICAL PLASMAS”*

Amiram Ron'
Plasma Physics Laboratory, Princeton University, Princeton, New Jersey

and

Narkis Tzoar
Bell Telephone Laboratories, Whippany, New Jersey
(Received 5 December 1962)

Recently some calculations of the absorption of
electromagnetic waves in a plasma have been
given. The absorption in classical plasmas has
been treated with an elementary model by Dawson
and Oberman’' and by Oberman, Ron, and Dawson?
via the Bogoliubov-Born-Green-Kirkwood=-Yvon
hierarchy. Reference 2 gives a complete classi-
cal derivation of the high-frequency conductivity
of a plasma, taking into account properly collec-
tive effects. Another approach to the classical
problem has been given by Perel' and Eliashberg?®
via a quantum-mechanical diagram technique. Al-
though the latter approach can be systematized,
most of the results are in error, because of the
nonsystematic treatment of the ion role, and thus
differ from the results of references 1 and 2.

The purpose of the present Letter is to give re-
sults of a systematic study of the absorption prob-
lem in both classical and quantum plasmas. We
study the problem using the same temperature -
dependent Green’s function method as that em-

ployed in reference 2. We are, however, able to
correct their procedure to give a consistent treat-
ment of multispecies quantum and classical sys-
tems. In the classical limit complete agreement
with reference 2 is obtained. Furthermore, we
get an exact expression for the absorption coef-
ficient valid for all temperatures, which covers
both quantum and classical domains.

The outline of the calculation is as follows:
We start from Kubo’s* expression for the con-
ductivity in terms of the autocorrelation function
of the current operators. We then evaluate the
leading asymptotic contribution to the conductivity
by applying the well-known diagram technique of
the temperature-dependent Green’s function, tak-
ing into account the diagrams given in Fig. 1.
These diagrams represent the exact contribution
to the conductivity in quantum (classical) plasma,
when the number of particles in the Bohr (Debye)
sphere is large, the frequency is higher than the
collision frequency, and the wavelength of the in-
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