
VOLUME 64, NUMBER 17 PHYSICAL REVIEW LETTERS 23 APRIL 1990

Observation of the Collapse and Revival of a Rydberg Electronic Wave Packet
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We report an observation of the long-term evolution of a radially localized electronic wave packet
formed by the coherent superposition of Rydberg states of atomic potassium. Initially, the wave packet
can be described classically. Subsequent dephasing of the discrete states in the superposition leads to a
loss of spatial localization so that the evolution can no longer be described classically. However, the
wave packet revives at a later time. Theory and experiment show good agreement including an accurate
measurement of the phase shift of the wave packet on revival.

PACS numbers: 32.90.+a, 31.50.+w, 32.60.+i

Quantum-mechanical wave-packet states can ap-
proach the classical ideal of a spatially localized particle
traveling along a well-defined trajectory. The uncertain-
ty principle places a limitation on this localization. But,
for bound systems excited appreciably above their
ground states, this is not a very stringent limitation. A
more serious limitation on the quasiclassical nature of
the states is the fact that for most systems the wave

packet does not remain localized, but rapidly spreads.
Normally, as time goes on the wave packet continues

to spread and becomes less and less classical in its na-
ture. There are a few cases, however, in which the
spreading reverses itself and the wave packet relocalizes,
again approximating a particle moving on a classical tra-
jectory. A closely related decay and revival of classical
coherence has been predicted, ' and observed recently
in the micromaser realization of the Jaynes-Cummings
problem. There it is the coherent Rabi oscillations of the
inversion of a Rydberg atomic transition that decay and
revive. In both cases the revival is possible only due to
the discreteness of the quantized energy states. In the
Jaynes-Cummings problem it is the quantized nature of
the cavity field, while in the present case it is the quan-
tized nature of the atomic energy. A second necessary
feature in both cases is the fact that the coherent super-
position state is made up of frequency components that
are almost equally spaced.

In this paper, we report the observation of the decay
and revival of a spatially localized Rydberg electronic
wave packet. Methods for exciting such wave packets
have been reported in several papers and several
diff'erent types of these wave packets have been ob-
served. ' ' In this experiment, a radially localized wave
packet is formed by the coherent excitation of Rydberg
states by a short, optical pulse. The Rydberg states have
a range of values for the principal quantum number n

with an average value of n. The resulting wave packet
has the appearance of a shell oscillating between the nu-
cleus and the outer turning point. The oscillations are at
the classical orbital period. The classical orbital period
is inversely proportional to the first derivative of the

a„(t)= —'a, (t) n,„f(t)e""', — (ia)

average energy of the wave packet with respect to n

(ro 2ttn' a.u. ). These oscillations have been observed
experimentally for a few periods. ' "

The long-term evolution of the wave packet is more
complex. If the Rydberg states that compose the super-
position were equally spaced in energy, the localization
and motion of the wave packet would continue un-
changed. Such an atomic coherent state would be exact-
ly like a coherent state of a harmonic oscillator. This
wave packet would have many of the properties of a clas-
sical atom and retain them. If the states were randomly
spaced in energy, then the superposition would be almost
periodic with an infinite Poincare recurrence time. ' The
wave packet would quickly spread and never revive. Any
classical characteristics of the wave packet would also be
quickly lost. However, the Rydberg states are neither
equally nor randomly spaced. For a superposition with a
large value of n compared to the number of states in the
superposition, the energy levels are nearly equally
spaced. The deviation from equal energy spacing causes
the wave packet to spread slowly and after a time the
wave packet is no longer localized. However, the nearly
equal spacing and the finite number of states in the su-
perposition results in a rephasing of the states of the su-
perposition and the wave packet again becomes localized.
The wave packet periodically loses and regains its classi-
cal appearance. The period of this decay and revival is
inversely proportional to the second derivative of the
average energy of the wave packet (rd, 3 trn" a.u. ).
This temporal behavior of the wave packet has been pre-
dicted in several papers.

The exact nature of the excitation and subsequent evo-
lution of the wave packet can be calculated by the nu-
merical integration of Schrodinger's equation for this
system. The equations for the amplitudes of Schro-
dinger's equation are
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FIG. 1. The evolution of the uncertainty product of the ra-
dial wave packet. The uncertainty product reaches a minimum

as it approaches the outer turning point. Near the inner turn-

ing point the wave packet spreads and the uncertainty product
reaches a maximum. The oscillations of the product are
damped as the wave packet disperses. However, at approxi-
mately 700 ps after the exciting pulse, the oscillations have

nearly regained their original amplitude. There is also a region
in which the oscillations show a doubling of the frequency.
This is the result of the wave packet breaking up into two dis-

tinct parts.

800

The amplitudes of the ground state and the excited states
are ag and a„, respectively. The Rabi frequencies and
the detunings are denoted by A„and d„, respectively.
The calculations were performed using a Gaussian pulse
shape, f(t)

The solution of these equations determines the evolu-

tion of the wave packet. This evolution is displayed in

Fig. 1, which is a theoretical plot of the uncertainty
product hrhp„as a function of time. A pulse f(t) of
duration 10 ps FWHM forms a wave packet made up
primarily of five eigenstates centered on n =65. The
rapid periodic oscillations with a period of approximately
50 ps are due to the radial motion of the wave packet in

its classical trajectory. In the first few orbits the uncer-
tainty product approaches its minimum possible value

h/2, but then the wave packet decays so that the product
remains greater than 10h for the entire orbit. At this

point the wave packet is spread throughout the orbit and
the system is nonclassical. It can be seen in the figure
that the wave packet becomes very well localized again
at 700-800 ps. The atom may be said to have undergone
a free evolution from a classical, to a nonclassical, and
back to a classical state. Of course, the system is not
really periodic, so the revival is not perfect. During the
revival, all five significant states of the superposition are
nearly, but not exactly, in phase. This results in a wave

packet that is not quite as well localized as it was initial-

ly. Another interesting feature of the long-term evolu-
tion is the rapid oscillations that occur between the ma-

jor revivals. The oscillations are at twice the orbital fre-
quency, and can be attributed to the breakup of the wave

2008

packet into two discrete parts. During this intermediate
revival, every other state of the superposition is in phase.
Such an intermediate revival has been predicted by
several authors and has been denoted a fractional re-
vival. ' '

The wave packets are radially localized, but not angu-
larly localized. There is a simple classical way of under-
standing this radially localized wave packet. The corre-
sponding classical system is not a particle moving around
a particular elliptical Kepler orbit. Instead, the wave

packet corresponds to an ensemble of classical orbits
with various orientations in space around the nucleus.
The short pulse has the effect of synchronizing the phase
of the electron in each classical realization, so that they
are all at the same point (e.g. , outer turning point) at the
same time. The entire ensemble then appears to be a
shell oscillating in and out from the nucleus. However,
the classical model holds only while the wave packet is
intact, so that the evolution of the wave packet alternates
between regions of classical and nonclassical behavior.

The classical model can be used to describe the in-

teraction of the wave packet with external fields and sug-
gests the method used to detect the wave packet. When
the electron is near the outer turning point it moves slow-

ly so that the electron current 3(t) =ev(t) is small. On
the other hand, when the electron is near the nucleus it is

moving rapidly so that the corresponding current is

large. If a second laser pulse is applied after the wave

packet has been formed, then the rate of absorption of
energy from the second pulse will be given by R(t)
=J(t) E(t). Thus, when the wave packet is near the
nucleus it can efficiently absorb energy from a probe
pulse and the atom will be ionized; when the wave packet
is near the outer turning point it will not absorb much
energy and the atom will not be ionized. This pump-
probe method of detecting the wave packet was first pro-
posed by Alber, Ritsch, and Zoller.

In this experiment, the Rydberg electronic wave pack-
et is formed in the excited states of atomic potassium.
The wave packet is excited by a one-photon process from
the ground state to the Rydberg series by a short, ultra-
violet pulse (r~„~=15 ps, X, =2858 A). The wave pack-
et is allowed to freely evolve for a delay time, rd. Fol-
lowing this delay time, the wave packet interacts with a
short, optical pulse (r~„,b, =20 ps, k =5716 A). The evo-
lution of the wave packet is followed by analyzing the
photoionization signal as a function of the delay time. In
general, the photoionization signal is larger when the
wave packet is localized near the nucleus. This tech-
nique allows us to observe not only the short-term evolu-
tion, but also the dephasing or collapse of the wave pack-
et and its subsequent revival.

In previous experiments, ' " the rapid oscillations of
the wave packet between the nucleus and the outer turn-
ing point have been observed in a similar manner. How-
ever, these experiments excited the wave packet by a
two-photon process. The two-photon excitation led to a
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large ac Stark shift of the ground state that chirped the
transition frequency. This chirp only slightly modifies
the short-term evolution observed in these experiments.
However, this chirp would play a more significant role in

the observation of the revival of the wave packet. If the
Stark shift exceeds the energy separation of the states,
then the visibility of the revival is reduced. Also, the
same frequency was used for the pump and probe pulses
in these experiments. Using the same frequency to probe
the wave packet connects the wave-packet states to both
the continuum and the ground state. This second in-

teraction with the ground state can complicate the be-
havior of the wave packet. Both these potential problems
are eliminated in the scheme described above.

The apparatus used to perform this experiment is

shown in Fig. 2. A detailed description of much of this

apparatus can be found in Ref. 12. Here, we will focus
on the changes that have been made to implement the
one-photon excitation of the wave packet and the
different frequency probe of the wave packet. The syn-

chronously pumped mode-locked, cavity-dumped dye
laser produces a short, optical pulse (20 ps, 5716 A, 10
pJ). The ultraviolet pump pulse is produced by second-
harmonic generation in an 8-mm crystal of beta-
barium-borate crystal (15 ps, 2858 A, 1 pJ). The pump

pulse is tuned to the single-photon resonance between the
ground state and the n=65 p state. The remaining
first-harmonic field is used for the probe pulse. The opti-
cal probe pulse passes through the dichroic mirror and

enters a variable delay line. A half-wave plate is adjust-
ed so that the polarization of the probe pulse has the
same orientation as that of the pump pulse. The uv

pump pulse is reflected by the dichroic mirror and direct-
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ed to the second dichroic mirror where it is recombined
with the delayed probe pulse. The pulses are focused by
a 20-cm lens onto a beam of atomic potassium. The 1-m
lens in the delay arm is used to adjust the divergence of
the optical probe pulse, so that the overlap of the foci of
the pump and probe pulses is maximized. The resulting
focal spots are approximately 100 pm in diameter. The
peak intensities of the pump and probe pulses are 400
MW/cmz and 3.5 GW/cm, respectively.

In order to produce an intense atomic beam, the beam
is only weakly collimated. The beam is defined by aper-
tures 1 mm in diameter and separated by a distance of 2
cm (divergence angle of 0.03 rad). The interaction re-
gion lies immediately behind the second aperture. The
oven operates at a temperature of 280'C, and produces
a density of 10" atoms/cm in the interaction region.

The photoions produced by the pulses are collected
and amplified by an electron multiplier. Its output is
amplified and fed to a photon counter. At each setting'

of the delay time, the signals from 10000 pulses are
averaged. The delay time is incremented in steps of 5 ps.
A background signal is obtained by blocking the probe
pulse and recording the photoion signal at each delay
step. The variation of this background signal provides a
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FIG. 2. A schematic diagram of the apparatus. The dye
laser produces optical pulses (20 ps, 5716.8 A) at a repetition
rate of 800 Hz. The uv pump pulse is produced by second-
harmonic generation in the beta-barium-borate (BBO) crystal.
A dichroic mirror separates the fundamental field (probe
pulse) from the second-harmonic field. The probe pulse enters
a delay arm, where its polarization is adjusted, with a half-
wave plate, to rnatch that of the pump pulse. The two pulses
are recombined at a dichroic mirror and then focused onto the
potassium atomic beam. A 1-m lens is introduced into the de-

lay arm to adjust the divergence of the probe pulse. A shutter
is also present in the delay arm so that a background measure-
ment may be taken without the probe pulse.
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FIG. 3. The photoionization signal as a function of the delay
time shows the evolution of the radial wave packet. (a) The
results of the experiment. A wave packet is excited with
n =65.2. Oscillations at the orbital period are evident. The
vertical dashed lines are separated by the orbital period. The
oscillations are damped, but then revive. In the revival the os-
cillations are again at the orbital period, but a phase shift has
occurred; i.e., the vertical dashed lines no longer coincide with
the peaks of the photoionization signal. (b) A theoretical pre-
diction. The characteristics of the experimental results, dis-
cussed in text, are apparent in this prediction.
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measure of the drift of atomic- and laser-beam intensi-
ties throughout the experiment.

Figure 3(a) shows the results from the excitation of a
wave packet with n = 65. The pump pulse occurs at zero
time delay. For approximately five orbital periods after
the pump pulse, the photoionization signal exhibits clear
oscillations at the classical orbital period. The amplitude
of these oscillations decay, but subsequently revive to ap-
proximately the original value. These results are com-
pared with the theoretical predictions for such a wave
packet in Fig. 3(b). Note that the orbital period and the
position of the revival are in excellent agreement. A
phase shift of the orbital oscillation is evident in the re-
vival. The top horizontal axis is scaled in orbital periods.
Before the wave packet decays the peaks are aligned
with the tick marks, but during the revival the peaks are
not aligned. The phase shift can be seen in both the
theoretical and experimental results. The phase shift is
an indication that the revived wave packet is not exactly
the same as the original wave packet. The position of
the revived wave packet in the orbit is not the position
that the original wave packet would be at if the wave
packet had not decayed. This orbital position or phase
shift is dependent on the characteristics of the excitation.
The theoretical plot was obtained with a Gaussian-
shaped pump pulse (15 ps FWHM) and a slight detun-

ing (n =65.2).
The long-term evolution of the wave packet offers

some other interesting features. In particular, the theo-
retical predictions indicated a doubling of the orbital fre-
quency during the fractional revival of the wave packet.
Other fractional revivals are also possible where the os-
cillations occur at higher harmonics of the orbital fre-
quency. Experiments are currently in progress to ob-
serve these eff'ects.

Eff'ects of the type described here are by no means
limited to Rydberg atomic states. Recently, wave pack-
ets have also been produced and their decay observed in

a molecular system. ' ' It would appear that similar be-
havior should also be observable in semiconductors.
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