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Double-photon absorption has been observed
in several polycyclic benzene ring compounds
via a subsequent fluorescence decay,!™ but the
mechanism by which this process takes place
is not definitely established.?”® In order to clar-
ify the mechanism, we have made quantitative
measurements of the double-photon transition
probability in 12 different polycyclic benzene
ring compounds in both the liquid and the sol-
id state. We observed double-photon absorp-
tion in every compound tested, including phen-
anthrene! and several others not previously
reported. In both liquids and solids, the pres-
ence or absence of molecular inversion sym-
metry does not produce a dichotomy in values
of the double-photon transition probability.
For each compound, the magnitude of the ob-
served transition probability is such that it can
only be explained by using the Goppert-Mayer
mechanism of double-photon absorption.?:%7»°

Using the electromagnetic potential
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double-photon absorption can take place in first-
order time-dependent perturbation theory by
means of the A% term, or in secon_ci—order per-
turbation theory by means of the (A- 5) term.
If the factor exp(z'E- r) of A is set equal to unity,
the electric dipole, or G6ppert-Mayer, approx-
imation is obtained. If, by reasons of symme-
try, the GOppert-Mayer mechanism cannot con-
nect a given initial and final state, the higher
order multipole contributions of the (A-p) term,
obtained by expanding exp(iﬁ-;), become impor-
tant. An estimation of the magnitude of the tran-
sition probabilities for double-photon absorp-
tion shows that the Goppert-Mayer mechanism
is about 10* times larger than either the A?
mechanism or the interactions involving the
multipole expansion of the (A-p) term.

In the present experiment 20-W pulses of
69404 light from a ruby laser were filtered
and focused upon a 1.9-cm-long sample cell
which contained a small amount of a given poly-
cyclic benzene ring compound dissolved in
benzene. A portion of the fluorescence excited

1060

within the cell was collected by a lens and fo-
cused through a 7-in.-long saturated solution
of copper sulfate. The signal was then detected
by a calibrated S-20 photomultiplier tube and
observed directly on an oscilloscope. No sig-
nal appeared if no cell was placed in the laser
beam or if a cell containing only benzene was
placed in the beam. For measurements in
solids, thin translucent polycrystalline layers
were grown from the melt between microscope
slides spaced 0.07 mm apart. The diameter
of the laser beam at the sample was 0.9 mm
in all cases.

Since double-photon absorption is observed
via fluorescence, the quantum efficiency of the
fluorescence is required in order to deduce
the actual absorption probability. We have at-
tempted to take this factor into account by mea-
suring the quantum efficiency for single-pho-
ton absorption at 3470 ;\, and then applying
this value to the double-photon case. The sin-
gle-photon quantum efficiency would, however,
be applicable only if the final state is the same
at 3470 A for both single- and double-photon
absorption. Measurements were made at 3466 A
with a cadmium vapor lamp. Because the ab-
sorption bands of these molecules are typical-
ly 100 A wide, the distinction between 3466 A
and 3470 A is negligible.

Table I lists the results of our measurements.
Here Py is the total fluorescence power emitted
by the sample divided by the number of moles
of sample molecule irradiated. We define the
quantity P, by the formula P, = Pf/Q, where
@ is the quantum efficiency for single-photon
absorption at 3470 A. By using our definition
of P, and assuming that @ is the correct quan-
tum efficiency for double-photon absorption
at 3470 A, the double-photon transition prob-
ability W is directly related to P, by the equa-
tion W = P,/Niiw. Here N is Avogadro’s num-
ber and 7w is the double-photon energy.

Because the molar extinction coefficient is
directly related to the single-photon transition
probability, one might expect a correlation
via the density of final states between this co-
efficient and the double-photon transition prob-
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Table 1. Measured constants of single- and double-photon absorption at 3470 Ain12 polycyclic benzene ring
compounds. In liquid samples, benzene is the solvent, € is the molar extinction coefficient, @ is the single-photon
absorption quantum efficiency measured at 3470 108, Py is the observed fluorescence power divided by the number
of moles of sample molecule irradiated, and Pa:Pf/Q, In crystalline samples, the definitions for @, P,, and Pf
are the same as in liquid samples. The solution values of @ were calculated assuming unit quantum efficiency for
perylene in benzene; the crystalline values were calculated assuming unit quantum efficiency for chrysene and

benzanthracene.
Liquids Solids

Molecular €

inversion 10° cm? Py P, Fq, P

symmetry mole Q (W/mole) (W/mole) (W/mole) (W/mole) Q
Anthracene Yes 6000 0.15 0.03 0.2 3 2 0.7
Napthacene Yes 23 0.004 0.0008 0.3 oo te T
Chrysene Yes 150 0.06 0.03 0.5 0.5 0.5 1
Pyrene Yes 2500 0.4 0.03 0.08 0.2 1.5 0.7
Perylene Yes 1700 1.0 2 2 45 22 0.6
Dibenzanthracene Yes 10 000 0.05 0.05 0.9 0.1 0.08 0.7
Phenanthrene No 360 0.11 0.05 0.4 0.3 0.2 0.6
Fluorene No 7000 0.24 0.0002 0.001 0.002 0.001 0.6
Benzanthracene No 750 0.06 0.03 5 3 3 1
Triphenylene No 65 0.025 0.005 0.2 0.8 0.1 0.1
Fluoranthene No 7000 0.10 0.02 0.2 0.6 0.3 0.5
Benzopyrene No 7000 0.2 0.09 0.4 1 0.6 0.6

ability. We have therefore measured the mo-
lar extinction coefficients at 3470 A and have
listed the results in Table I. We do not find
any meaningful correlation, and attribute this
result to variations in the oscillator strengths
of the relevant matrix elements for the differ-
ent molecules.

By comparing in Table I the liquid and crys-
talline values of P, for a given molecule, we
find a much larger relative change in the cen-
trosymmetric molecules than in the noncentro-
symmetric molecules. A possible explanation
of this phenomenon is to attribute the larger
change in centrosymmetric molecules to the
inapplicability of the single-photon quantum
efficiencies. The measured single-photon quan-
tum efficiencies would, in fact, not apply if
the final states for single- and double-photon
absorption at 3470 A were different. From
this argument we infer that there exists, at
3470 A in centrosymmetric molecules, states
of the same parity as the ground state as well
as states of opposite parity.

Finally we consider the importance of the
mechanism proposed by Pao and Rentzepis?
to account for double-photon absorption in non-
centrosymmetric molecules. Since we have
found that P;, and hence the double-photon
transition probability, is comparable in the

liquid and solid states, it does not appear like-
ly that the absorption of second-harmonic radia-
tion plays an essential role in producing the
observed fluorescence. The intermolecular
coherence necessary for the rapid buildup of
second-harmonic power is not present in a ran-
dom molecular arrangement.

To summarize, the double-photon transition
probabilities have been measured in 12 differ-
ent polycyclic benzene ring compounds in both
the liquid and solid states. It was found that
the magnitude of the transition probabilities
are independent of molecular inversion sym-
metry and that the magnitudes can only be ex-
plained by using the GOppert-Mayer mechanism
of double-photon absorption. From a compari-
son of the transition probabilities, it appears
likely that the absorption of second-harmonic
radiation is not the dominant mechanism of
double-photon absorption in noncentrosymmet-
ric molecules.
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CYCLOTRON RESONANCE ECHO*
R. M. Hill and D. E. Kaplan
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(Received 17 May 1965)

We have observed strong echoes radiated from
a partially ionized gas plasma following excita-
tion by a sequence of short pulses at the elec-
tron cyclotron resonance frequency. These
signals have been observed only when the ex-
citing microwave radiation is propagating per-
pendicular to the magnetic field, and have de-
cay constants which we believe are determined
by the electron relaxation processes in the plas-
ma.

The simplest example of an electromagnetic
echo is the two-pulse echo. A system consist-
ing of a large number of resonators is excited
by a short intense pulse of radiation, followed
at a time 7 by a second pulse. The second pulse
triggers the coherent emission of part of the
stored energy as an echo pulse which is radi-
ated at the interval 7 after the second pulse
(Echo I, Fig. 1). The two-pulse-echo decay
constant is observed by increasing 7 and noting
the rate at which the echo amplitude decreases.
A three-pulse stimulated echo is obtained when
a third radiation pulse is applied at some time
T after the first two pulses. The stimulated
echo is observed at the interval 7 after the third
pulse and its amplitude (Echo II, Fig. 1) is a
function of both 7 and 7. The stimulated-echo
decay constant is found by varying T alone.
Echoes were first observed for nuclear para-
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FIG. 1. Schematic representation of the time se-
quence of breakdown pulse, microwave pulses, and
echoes for cyclotron-resonance echo experiment.
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magnetic resonance,! and subsequently from
electron spin resonance,? optical transitions

in atoms,® and ferrimagnetic resonance.* Our
resonant system consisted of the free electrons
in an afterglow plasma, immersed in a slight-
ly inhomogeneous magnetic field. The plasma
was produced by ionizing a gas, Ar, Ne, or
N,, contained in a rectangular, glass bottle
with a pulsed 21-Mc/sec transmitter. The X-
band microwave apparatus was similar to that
used for the ferrimagnetic echo experiment.?
The glass bottle replaced the cavity and was
illuminated by microwave horns designed to
produce plane waves. Typically, we set the
microwave oscillator at some frequency be-
tween 8.2 and 12.4 Gc¢/sec and varied the mag-
netic field, ﬁdc’ for a maximum echo. The
maximum echo always occurred very near the
field for free electron cyclotron resonance,
within the uncertainty introduced by the inhomo-
geneity of the magnetic field.

The largest echoes, with a signal-to-noise
ratio of 105, were observed in a Ne plasma at
(5-10)x10~3 Torr, an estimated electron den-
sity of 5x10°/cm?®, and a field inhomogeneity
in the plasma of about 0.6%. The magnetic
field inhomogeneity improves the time defini-
tion of the echo.! An oscilloscope picture of
a representative echo signal is shown in Fig. 2.
One or more secondary echoes (Fig. 2) were
observed at the maximum microwave power
of 15 W. The strength of the echo signal, rep-
resenting at maximum 1072 to 10~3 of the ab-
sorbed incident power, enabled us to vary most
of the microwave and plasma parameters over
a considerable range while still observing an
echo. For this brief note we present only the
effect of varying the direction of propagation
and those parameters which influence the echo
decay constants.

We were able to observe an echo only when



