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sion lifetimes of nuclides in the mass-300 region.
There remain, however, large uncertainties in

the fission lifetimes of superheavy elements be-
cause of uncertainties in the neutron single-parti-
cle spectrum at N =184, particularly in the ener-
gies of the highly degenerate orbitals h»», i]3/2y
and &y7/2 The observation of the neutron single-
particle states ~ [761], 7 [750], and T'[880] in
the mass-250 region would resolve this problem.

In conclusion, we have observed the proton or-
bital q [521] in the mass-250 region. The posi-
tion of this level gives a value of -1.5 MeV for
the f»;f51, splitting and a proton shell correction
of - —2.8 MeV at Z = 114.

~ ~Work performed under the auspices of the Division
of Physical Research of the U. S. Energy Research and
Development Adminstration.

t&Present address: University of Kentucky, Lexing-
ton, Ky. 40506.
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Observation of Two-Photon Optical Free-Induction Decay in Atomic Sodium Vapor
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We have used the Stark-switching technique to observe two-photon optical free-induction
decay in the visible using sodium vapor. Transients were observed with use of both a
resonant and a nonresonant intermediate state for the two-photon transition.

Since the first observations' of photon echoes
many single-photon coherent optical transients
have been measured. The extension of the tech-
niques of coherent optical transients to two-pho-
ton transitions has recently become of interest.
These techniques lead to spectroscopic studies
in the time domain which are complementary to
those made in the frequency domain. We report
in this Letter the first use of the Stark-switching
technique' to observe two-photon optical free-in-
duction decay (FED). These measurements were
made in the visible with use of sodium vapor, and
the transients occurred on a nanosecond time
scale. Two situations were studied: Simple two-
photon FID was observed when the intermediate
state for the two-photon transition was nonreso-
nant. However, when the intermediate state was

resonant, a different behavior was seen. This
latter situation has not previously been studied
experimentally and our results presently are not
fully understood.

The interest in two-photon coherent effects
began when Hartmann first discussed the possibi)-
ity of observing Haman echoes. 4 These Raman
echoes have only recently been observed by Hu,
Geschwind, and Jedju. ' Shoemaker and Brewer
have observed a coherent transient phenomenon
known as Raman beats. ' Detailed theoretical
analysis of Raman beats has been made' ' and the
close relationship to two-photon free-induction
decay has been discussed. ' Other experimental
work on two-photon transients include the report-
ed observation of two-photon self-induced trans-
parency" and measurements of the decay of two-
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photon coherence" by examining the generation
of ultraviolet light by a delayed nonresonant pico-
second pulse following a bvo-photon resonant
pulse. The most recent experimental work is the
observation of two-photon optical mutation and
free-induction decay in the infrared region of the
spectrum. " The theory of two-photon coherent
transients has attracted great attention and many
theoretical aspects have been discussed. ' "'"'~

In our experiments, two single-axial-mode cw

dye lasers were operated at different wavelengths
(A.,- 590 nm and A. , - 569 nm) and the beams from
them were passed in opposite directions through
a 2.5-cm-long Pyrex cell containing atomic so-
dium vapor at a density of about 10" cm '. The
beams were focused between two Stark electrodes
(-2-mm spacing) in the cell; the 590-nm (569-
nm) beam was focused with a 50-cm- (100-cm-)
focal-length lens to a spot with radius of about
10 ' cm (2 &&10 ' cm). A dc Stark field of 2.5 kV/
cm was applied so that the 4D„, (md =+ &) states
could be selectively excited. The laser frequen-
cies &u, and u, were adjusted such that v, (A.,- 590
nm) was resonant or nearly resonant with the

3S,&,-ground-state to 3Py/2 intermediate-state
transition; and for all experiments reported here,
the sum frequency co, + v, was approximately cen-
tered on the 3S», (F=1)-4D„,(m~ =+,) two-pho-
ton transition. After passing through the cell and

a chopper, the 590-nm laser beam was focused
on a fast silicon photodiode (Lasermetrics model
31-17), the output of which was amplified (A.R.
model 1W-1000) and displayed on a Tektronix
7904 oscilloscope. (Overall bandwidth of the de-
tection system was estimated to cover the fre-
quency range 1-300 MHz. ) The chopper was re-
quired to minimize the average current drawn by
the photodiode.

The FID signals were generated by applying an
additional voltage in the form of a step of approx-
imately 160 V across the Stark plates. This step
voltage caused the 4D», (m~ =+-,') levels to sud-
denly shift (within 2 nsec) by approximately 120
MHz. The shift in energies of the 3P„, and 3S„,
(I' = 1) states which is directly a result of the
Stark field is negligible.

Figure 1 illustrates the Stark pulse and the bvo-
photon FID signal obtained with &, tuned 6 GHz

off the 3Py/2 intermediate-state resonance. This
mistuning is approximately 6.5 Doppler half-
widths off the intermediate-state resonance. The
signal appears as a beat note, as predicted in

Ref. 7, which is the result of interference be-
tween the laser radiation at ~, and the radiation

+ +10nsec

160 V

(b)

Z
I-

FIG. 1. (a) Oscilloscope trace of the voltage pulse
applied to the Stark plates. (b) Two-photon free-induc-
tion decay observed with a nonresonant intermediate
state where the emission and laser produce a 120-MHZ
beat. (Note the difference in the time scales. )

from the two-photon coherently prepared atoms.
This signal is in many respects similar to the
well-known FID signals obtained by Stark switch-
ing in single-photon transitions. " An optical-nu-
tation signal was not observed because the use
of oppositely propagating beams produced a Dop-
pler-width reduction such that the Stark pulse
shifted the 4D»2 (m~ = +-', ) levels completely out
of resonance. The two-photon FID can be visu. -
alized, with use of the vector model, '" as the
precession in a rotating frame of the two-pho-
ton "polarization" vector r about the effective
field y." The components of y are y, = —z8,h„
y, =0, and y, =5+(AZ, -bZ, )/h, where ~= IP,„P„,/
2h'b, ~, g, and h, are the optical electric-field
amplitudes, P, , are transition dipole moments,
b.E, = —1P,„8,I'/4hb. ar.e the optical Stark shifts, "
b =Q„,—~» and 0„, is the frequency separation
between the intermediate and ground states. The
mistuning from two-photon resonance is given by

~y, ~=Q„—((u, +re, )+(cv, —(u, )v/c

where 0» is the frequency separation between
the excited state (1) and ground state (2), and v

is the atomic velocity along the direction of the
beams. These equations are identical to those
for the single-photon vector model with the sin-
gle-photon Rabi frequency replaced by ~$,8, and
the addition of the optical Stark shifts. Hence we
can make use of results already obtained for sin-
gle-photon FID""which give a solution in terms
of a Doppler-averaged integral. We have evaluat-
ed this integral in closed form, and we find the
time-dependent part of intensity at the detector

16
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to be

I(f) cc —Be(~8,h, )' exp[- (ih, + 1/T, )f]$(l+q) exp[(a+ iy, /c)'+ 2ar] erfc(a+7 + iy, /a)

—(1 q—) exp [(a —iy, /c')2 —2a7 ] erfc(a —v —iy, /o) j,
where i) = (1+g'g, 'g, 'T,T,)-jj2
c'= 2kT(co, —ru, )'/mc', and b, , is the shift of the
two-photon transition frequency produced by the
Stark pulse. In agreement with earlier work, '"
this e(luation predicts an initial transient (which

might not be observed in our experiment" be-
cause of the finite risetime of the Stark pulse),
followed by a damped sine wave. The decay time
of the damped sine wave is i)T,/(1+@). For the
conditions in Fig. 1(b), zh, Sa 2 x10' sec ' and

T, =51 nsec and T, =34 nsec (these times are
shorter than those determined by the natural life-
time, 52 nsec, of the 4D states because of the
transit time of an atom across the beam); we ob-
tain a damping time of 15 nsec, in reasonable
agreement with Fig. 1(b). Spatial inhomogenei-
ties in the Stark pulse field may also contribute
to an additional decrease in the damping time.

In the case of a resonant intermediate state
(tu, = Q„a), the vector model used above is no long-
er valid and the phenomena can be complicated
by single-photon transients. However, at suf-
ficiently low intensity in the two beams (I,s5 W/
cm', I,s2 W/cm'), we have found FID signals
which are essentially the same as Fig. 1(b). At

higher intensities, the coherent transient signals
are quite different. Figure 2 shows two typical
transients. The intensity of the ~, beam was - 32
W/cm' and is the same for both (a) and (b). The
intensity at v2 was - 4 W/orna in 2(a) and - 17 W/
cm' in 2(b). At the intensities for which Fig. 2(a)
was taken, an excitation spectrum, which was
obtained by monitoring the fluorescence from the
4D states while scanning ~, (with tu, fixed), dis-
plays a well-resolved ac Stark splitting" of - 80
MHz. The magnitude of the splitting was found

to be proportional to I,' 2 and approximately

FIG. 2. Two-photon free-induction decay observed
with a resonant intermediate state. For both parts of
the figure, I~ = 82 W/cm; for (a) I2 =4 W/cm aud for
(h) I2 =17 W/cm'.

e(lual toP,„S,/k. ln the case of Fig. 2(b), I, was
sufficient to power broaden the spectra so that
the ac Stark splitting was unresolved, i.e., P„,S,/
2k ~P,„h,/h. In each case the FID transient ap-
pears as a beat note whose frequency is deter-
mined only by the amplitude of the Stark pulse.
The beat frequency is essentially independent of
the intensitites of either laser beam.

While the transient in Fig. 2(b) is basically only

a damped sine wave, Fig. 2(a) contains at least
one other component. This other component is
tentatively ascribed to a single-photon optical-
nutation"" signal which arises when the 3P»,
level is slightly shifted and a new velocity group
suddenly becomes resonant with +,. This shift
of the 3P», state is indirectly caused by the
Stark pulse in the following way. The Stark pulse
directly causes a shift of the 4D» level; and

this, in turn, results in a change in the optical
Stark shift of the 3P»2 level caused by light at My.

If the new velocity group which is shifted into
resonance was not previously saturated, then an

optical-nutation signal will appear. For suf-
ficiently large values of I a [as in Fig. 2(b)], pow-

er broadening causes the new velocity group to
be already saturated so that no optic33. -nutation
signal is obtained. The disappearance of the ac
Stark splitting in the excitation spectrum is con-
sistent with this saturation. Larger values of I,
produce increased splittings and required corre-
spondingly larger values of I, to obtain the sim-
ple damped-sine-wave behavior of Fig. 2(b). A

series of experiments was also performed with

I, at 32 W/cm' for various values of I,. Once I,
was sufficiently high that the signal appeared as
a simple damped sine wave, further increases in

I, only caused the signal to decay more rapidly
as a wider bvo-photon line is excited. The phase
of the oscillations in Fig. 2 is clearly different
from that in Fig. 1(b). This change in phase is
not fully understood.

We have reported here observations of two-

photon optical transients in the visible region of
the spectrum. These measurements have been
made with the Stark-switching technique on a
nanosecond time scale. As in the single-photon
case, this technique has the advantages of high

sensivitivy due to heterodyne detection and the

17
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ability to tailor the excitation pulses electronical-
ly. Samples which do not exhibit large Stark ef-
fects can be studied with laser-frequency switch-
ing." By using a resonant or nearly resonant in-
termediate state to enhance greatly the two-pho-
ton transition, "large signals are easily obtained.
However, more theoretical study is required for
a complete understanding of the phenomena ob-
served in the case of a resonant intermediate
state.

We are pleased to acknowledge the invaluable
technical assistance of W. N. Leibolt and D.
Pearson.
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It is shown that effective-photon theory is in serious conflict with established experi-
mental results in two areas. A lower limit on the total photon-photon scattering cross
section is derived which requires this cross section to be unacceptably large. The rate
of beam degradation also is examined and shown to be too high by many orders of magni-
tude,

In a recent series of articles, ' Panarella has
introduced the concept of the effective photon in
order to explain certain results of laser-induced
gas breakdown. It is postulated that energy may
be exchanged between photons according to the
following inelastic process .

y(p) +y(i) —y(p') +y(q').

The essential feature of effective-photon theory
is that because of this inelastic photon-photon
scattering, an intense beam of monochromatic
radiation is rapidly degraded to a beam of large
frequency width, creating a large number of high-
energy photons. These high-energy photons then
ionize the gas by a single-photon process; they


