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3(b), 3(c), and 3(d), one could induce a 90° (i.e.,
180° for two-photon) phase shift between every
other pair of coherent pulses into the sample cell.
By subtracting the resulting fluorescence from
pairs of coherent pulses with and without the
phase shift, one could eliminate the diffraction
background and thus automatically double the in-
terference signal. A detailed study of this scheme
will appear elsewhere.®

To conclude, we mention a possible variant of
the previous method. Instead of two pulses, one
could use a sequence of N equally spaced pulses
obtained, for example, by sending the initial
pulse into a confocal resonator.® The optical ana-
log of such a system would be a grating with N
lines. One should expect in that case that the fre-
quency spectrum experienced by the atom would
be a series of peaks (N times narrower in width),
separated by the frequency interval 1/7 ;.
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We have studied Doppler-free two-photon excitation of atoms with a train of phase-co-
herent standing-wave light pulses, originating from the same laser pulse. Quantum in-
terference effects produce narrow spectral fringes which have a physical origin similar
to that of Ramsey fringes. Linewidths much less than the Fourier-transform limit of an
individual light pulse have been observed for the sodium 3S-5S transition; and a dramat-
ic enhancement of the resonant signal is possible.

We have studied Doppler-free two-photon exci-
tation of atoms with a train of phase-coherent
standing-wave light pulses, produced by multiple
reflections of a single laser pulse inside an opti-
cal resonator. Quantum interference effects re-
sult in narrow spectral lines, whose widths de-
pend only on the resonator losses and on the nat-
ural transition linewidth, not on the laser line-
width. The resonant excitation probability is pro-
portional to the square of the number of pulses
incident during the atomic relaxation time; and
a dramatic signal enhancement over single-pulse
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excitation is possible. We have observed these
coherence effects for the sodium 3S-5S transition.
The physical origin of the narrow interference
fringes is similar to that of Ramsey fringes.
The light field induces coherent atomic oscilla-
tions at the two-photon resonance frequency, and
the incremental effect of each pulse depends on
the phase of its light field relative to these atom-
ic oscillations. It has recently been pointed out®
that Doppler-free two-photon excitation with
standing light waves should permit the observa-
tion of optical Ramsey fringes with two spatially
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separated fields interacting with an atomic beam,
because the phase of the sum frequency is not af-
fected by the first-order Doppler effect. (The
atoms in a standing wave see opposite Doppler
shifts for the two traveling-wave components.)
Optical Ramsey fringes have very recently been
observed with two phase-coherent light pulses,
separated in time rather than in space.®

The presently proposed technique of multiple-
pulse interference can provide sharp lines rath-
er than the sinusoidal pattern of two-field Ram-
sey fringes. This is of particular interest for
spectroscopic applications, because it makes it
possible to resolve closely spaced line compo-
nents. Also the large possible signal enhance-
ment is advantageous for the study of weak tran-
sitions or for excitation with ultraviolet light
where powerful pulsed lasers often with large
linewidths are required for the efficient genera-
tion of the tunable radiation by nonlinear frequen-
cy mixing. The signal enhancement should also
permit the use of larger, less intense beams,
thus alleviating the problems of ac Stark shifts?
and transit-time broadening. The large enhance-
ment can even make two-photon excitation attrac-
tive for effective pumping of excited states for
such applications as selective photochemistry.

To describe the excitation process, we refer
to the experimental configuration shown in Fig. 1.
A laser pulse, tuned to excite a two-photon tran-
sition between atomic levels |g) and | f), enters a
resonator of length L, for example, through a
partially transmitting mirror, and bounces back
and forth, producing a train of phase-coherent
pulses, separated in time by 7=2L/c. The atoms
are placed near one mirror, where the incident
and reflected fields form a standing wave. The
fluorescence from the upper state is monitored
as a function of the resonator length.

To show how the multiple pulse excitation leads
to narrow linewidths and large signals, we calcu-
late the excitation probability, using perturbation
theory. Since we are only interested in the Dop-
pler-free part, we ignore the velocity dependence
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FIG. 1. Experimental arrangement.

of the atoms. (The motion of the atoms does not
cause dephasing since the atoms see opposite
phase shifts for the two counterpropagating waves
in the standing-wave field.)

The field for the train of pulses in the resonator
is i

wE

E(t)= DE(t —n7) exp[ - iw(t —n7)]®R R )V

n=0

n

+c.c., 1)

where 7 is the roundtrip time in the resonator,
R, and R, are the mirror reflectivities, w is the
laser frequency, and Eo(t) is the (slowly varying)
envelope function for a single laser pulse inside
the resonator. We note that the pulse does not
have to be transform-limited. The detailed spa-
tial field distribution is unimportant in the limit
of small excitation probabilities, as long as only
the fundamental TEM,, cavity modes are excited.
The interaction Hamiltonian —er+E can be writ-
ten as V exp(—iwt) + V*exp(fwt), where V is a
slowly varying function of time.

As long as the laser frequency is tuned away
from any intermediate single-photon resonance
frequency w,,, first-order perturbation theory
yields only rapidly oscillating state amplitudes.
But second-order perturbation theory® predicts
a slowly varying amplitude C; of the final state,
describing two-photon excitation. Neglecting
atomic relaxation, we expect

.

Cf‘z)(t)=det'Z,,,;;EKmYme?[t(_wg 2w)1']
mg

(2)

If the successive light pulses do not overlap in
time, the integral of Eq. (2) can be replaced by
the sum of integrals over individual pulse contri-
butions. Since the successive pulses are replicas
of each other, except for a constant amplitude
factor, only one such integral needs to be evalu-
ated, corresponding to the state amplitude C,(7)
after the first pulse. The total sum is then

cf<oo>=cf<r)§ {e*se ™R R, (3)

The entire dependence on the laser frequency is
contained in Cf(T). The sum over the amplitude
and phase factors depends only on the atomic res-
onance frequency w,, and on the resonator proper-
ties, not on the laser frequency w. Similar sum-
mations are encountered in the theory of optical
multiple-beam interference,’ and it is hence not
surprising that the excitation IC(=)? versus de-
lay time 7 exhibits many of the features of a Fa-
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bry-Perot interferogram.

It is not difficult to include in this calculation a
(transverse) relaxation rate v for the oscillating
atoms. The total fluorescence from this state
| f), excited by one pulse train, is then P =P,
where P is the fluorescence signal produced by
a single pulse, and the factor n describes the
multipulse interference:

N="Nmax [ 1 +F sin?(4nL/x,)] "2,

- (1+RRe’T)
N max a —R12R22)(1 —Rlee'M)’

F=4RR,e”"" /(1 =R R,e™"")2.

4)

Here, A,=2(27c/w,,) is the resonance wavelength
of the two-photon transition. The dependence of
the signal on the exact resonator length, de-
scribed by Eq. (4), is similar to the transmission
of a Fabry-Perot interferometer, given by the
Airy formula of Ref. 6, except that the resonant
maxima occur twice as frequently, and the fi-
nesse in the limit of zero atomic linewidth drops
with R R,, rather than with (R ,R;)¥2. The line-
width (full width at half-maximum) of an individu-~
al fringe is approximately

(6V) pyim= (2/7VF )(c/4AL). (5)

The resonant signal enhancement, in the limit of
negligible atomic relaxation, is given by 1. =1/
(1-R R,)?, which is about equal to the square of
the effective number of pulse roundtrips, N2. In
addition, there will be a Doppler-broadened back-
ground due to traveling-wave excitation,” which
reduces the fringe contrast. But this background
grows only linearly with N so that the contrast
improves with increasing N.

While the coherence aspects of two-photon ex-
citation with multiple pulses can best be under-
stood by working in the time domain, the spectro-
scopic aspects are clearest in the frequency do-
main. In some ways the situation resembles two-
photon spectroscopy with a multimode laser.®
Figure 2 shows the intensity spectra of a train of
Gaussian light pulses for two different cavity tun-
ings. Resonant two-photon excitation is possible
whenever the frequencies of any two peaks add up
to the atomic transition frequency w;,. As illus-
trated in Fig. 2, this can occur in two ways:
Either a peak coincides with %wfg (solid curve),
or the frequency %w,g falls exactly halfway be-
tween two cavity modes (dashed curve). In ei-
ther case, all the modes under the single-pulse
envelope contribute to the excitation. For long
pulses with narrow spectral envelope, the excita-
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FIG. 2. Intensity spectra of a damped train of Gaus-
sian pulses for a resonator with RyR,~ 0.7, Dashed
and solid curves are for two different resonator tunings.
The slowly varying envelope corresponds to the spec-
trum of one individual pulse.

tion in the latter case may be smaller than in the
first case.

To demonstrate multipulse two-photon excita-
tion in atomic sodium, we used the experimental
configuration shown in Fig. 1. Short laser pulses
were injected into an optical resonator, contain-
ing a sodium cell near one end mirror, to provide
a standing-wave field. A nitrogen-laser-pumped
dye-laser system® was used to produce 10-kW
pulses of linearly polarized light at about 6022 A.
The pulses were 6 nsec long and the bandwidth
was slightly greater than the Fourier-transform
limit of about 170 MHz. The resonator was
mounted on a rigid optical bench. Its length was
maintained by quartz tubes and Invar rods, which
provided mechanical and thermal stability, and
an insulating box reduced thermal drifts to a few
megacycles per minute. One end mirror was
mounted on a piezotranslator, permitting contin-
uous scanning over several wavelengths.

The sodium was contained in an evacuated
quartz cell with high-quality Brewster windows 1n
order to minimize losses in the resonator. The
cell was heated in an electrical oven to about
120°C, producing a sodium density of 2x10'°
atoms/cm®. The laser was tuned to one hyper-
fine-structure component of the 3S-5S transi-
tion,” with an upper-state lifetime of 71 nsec'?;
and the excitation was monitored by observing the
ultraviolet cascade fluorescence from the 4P-
3S transition.

Two different resonator configurations were
used: a 1-m-long nearly hemispherical cavity
and a 2-m-long confocal cavity. The beam-en-
trance mirror in each case had a transmission of
7%. Light losses at the mirrors and the windows
resulted in an effective loss factor R R, of about
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FIG. 8. Multipulse two-photon excitation of the F =2
hyperfine component of sodium 3S-5S. The fluores-
cence is recorded versus resonator tuning for (a) a 1-m
nearly hemispherical resonator and (b) a 2-m confocal
resonator.

0.8, reducing the effective number of roundtrips
to about 6. The beam waist at the sodium cell
was about 1 mm. For the intensities inside the
resonator, the resulting ac Stark shifts are only
a few megacycles.*

The fluorescence versus resonator tuning for
the 1-m hemispherical cavity is shown in Fig.
3(a). The spectrum was recorded at a 15-pps la-
ser repetition rate with a 3-sec time constant dur-
ing about 150 sec. Since the transverse modes of
this resonator are not degenerate, it was essen-
tial to mode-match in order to excite predomi-
nantly the TEM,, mode. The observed linewidth
is about 30 MHz, significantly less than the laser
bandwidth, but larger than predicted by Eq. (5),
largely because of residual excitation of higher-
order transverse modes. As predicted, the peaks
are separated by AL=3),. Since the laser band-
width is comparable to the resonator free spec-
tral range, the two different resonance conditions
illustrated in Fig. 2, produce differently sized
peaks, and result in the observed alternation of
intensities. Figure 3(b) shows a corresponding
spectrum recorded with the 2-m confocal resona-
tor which does not require mode matching. Here
the linewidths are only about 12 MHz, presumab-
ly limited by cavity vibrations and ac Stark shifts,
but the peaks are separated by only AL = L,
since both even and odd resonator modes were ex-

cited.

The interpretation of such a spectrum with its
multiple orders is similar to that of a convention-
al Fabry-Perot spectrum. If two closely spaced
lines are present, two combs of resonances ap-
pear, separated by the atomic line splitting modu-
lo ¢/4L. In our preliminary experiments, the fre-
quency of the pulsed dye laser was left fixed, and
only the external cavity was scanned. For a num-
ber of experiments envisioned, it would seem
desirable to tune the laser as well. If its frequen-
cy were locked to the external resonator, the cen-
tral fringe of the multipulse interference pattern
would always coincide with the atomic transition
frequency, as in the double-pulse Ramsey-fringe
experiment.® One can derive this simply using
Eq. (4) by adding the constraint that L =371y,
where 7z is integral.

In the present experiment, much laser light is
lost when the pulse enters the resonator through
one end mirror. In the absence of absorption
losses, the input transmittance is 1 -R,; and
since the excitation is proportional to the inten-
sity squared, the excitation by a single pulse
would be decreased by a factor of (1 -R,)®. How-
ever, the observed resonant fluorescence in our
experiment was actually comparable to the signal
produced by a single unattenuated pulse outside
the resonator, giving evidence for the predicted
enhancement. Current electro-optic technology
makes it entirely feasible to inject a laser pulse
into a resonator without attenuation. A low-loss
cavity, which permits about 100 pulse roundtrips,
would then allow an actual enhancement of the ex-
citation probability by a factor of 10 000.
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Superfluorescence has been observed at 3 um on the 7P-to-7S transition in atomic ce-
sium after 2-ns excitation of a 6S-to-7P transition. Both in a magnetic field and in zero
field, quantum beats have been observed. The beat frequencies correspond not only to
initial-level splittings but also to combinations of initial- and final-level splittings. Su-
perfluorescence beats are therefore basically different from single-atom quantum beats.

We report the first observation of quantum
beats' in superfluorescence (SF),2™ i.e., in the
cooperative emission of an initially inverted sys-
tem.®* SF beats and photon-echo beats'® can arise
either from a superposition of simultaneously ex-
cited upper levels (as for quantum beats in single-
atom fluorescence'?) or from the beating in the
detector of the coherent emissions of two indepen-
dent transitions (just as the outputs of two lasers
can be mixed to produce beats).!® The coherence
required for beating of independent transitions is
introduced by the excitation in the photon-echo
case, but in the SF case it arises from the emis-
sion process itself.

SF quantum beats may have spectroscopic ap-
plications because, unlike single-atom quantum
beats, they can occur at lower-state splittings as
well as upper-state splittings. Also, almost all
of the energy in the inverted transition is emitted
along the excited cylinder and in a time much
shorter than the natural radiative lifetime, yield-
ing signals much larger than those for ordinary
fluorescence. These advantages of coherent emis-
sion were also emphasized for photon-echo quan-
tum beats.'® The reduced emission time limits
the accuracy of the frequency determination, but
a signal increase of many orders of magnitude
can be achieved on weak transitions* before this
limitation becomes important. The strong emis-
sion intensity in SF can lead to frequency chirps,
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which must be understood before SF quantum
beats can become a technique for high-resolution
spectroscopy.

Quantum beats in spontaneous emission are
well known and may be observed when two condi-
tions are met.! First, the initial state must be
prepared as a coherent superposition of substates
at a well-defined point in space or time. Second,
the various substates must radiate to a common
final state (or states). Under such conditions the
intensity of the spontaneous emission can reveal
beats that correspond to level splittings of the
initial state. Since the atoms decay in the ab-
sence of any driving field, accurate values for
the splittings can be obtained.?

In SF, many atoms decay coherently in their
common reaction field. A coherent optical field
is emitted at the frequencies of the transitions
that take part in the SF process.'® So the beat
frequencies may reflect initial-level splittings,
final-level splittings, or combinations of both.
As a result, beats in SF can be quite different
from those in spontaneous emission—the two con-
ditions above need not be met.

In this Letter, the resuits of two different ex-
periments are presented. In one experiment, a
coherent mixture of initial substates is excited;
the observed beats are well understood on the
basis of calculations for the beats in spontaneous
emission. In the other experiment, two initial



