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Observation of Spatially Localized Atomic Electron Wave Packets
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We have excited and detected an atomic electron wave packet that is localized in the polar and azi-
muthal angles. The wave packet is formed through the coherent superposition of Rydberg states of
atomic sodium. The superposition is achieved by short-pulse optical excitation of the atom in the pres-
ence of a strong rf field. The wave packet is detected by dc field ionization. The behavior of this wave
packet in a strong dc field is much different from that of an eigenstate. This behavior agrees well with a

simple classical model.

PACS numbers: 32.90.+a, 31.50.4+w, 32.60.+i

Several recent papers'™ have discussed the possibility
of forming a localized wave packet through the coherent
superposition of atomic Rydberg states. The study of
atomic coherent states began® shortly after the develop-
ment of quantum mechanics and the theoretical treat-
ment of these states has been extensive.®'® The funda-
mental concern of these studies is to understand the tran-
sition between classical and quantum physics. Recently,
the interest in these states has increased because of the
development of short-pulse lasers. The large coherent
bandwidth of these pulses makes it likely that the result
of this field acting upon an atom is best described in
terms of atomic coherent states. In our previous paper*
we proposed the excitation of a Rydberg atomic wave
packet localized in two of the spherical coordinates, the
polar and azimuthal angles. Here we report the observa-
tion of such a wave packet and examine its behavior in a
strong dc field. This behavior agrees well with a simple
classical model.

The wave packet is formed in the high-angular-
momentum Rydberg states of atomic sodium. The ad-
vantages of the use of such states are several, as has been
demonstrated by the recent experiment on inhibited
spontaneous emission.!! The chief advantage, for this
experiment, is the possibility of our obtaining a nearly
uniform energy spacing between the excited eigenstates.
This reduces the rate at which the wave packet disperses.
Another feature is the exceedingly large electric dipole
matrix elements that exist between neighboring states:
A modest rf field is sufficient to dress strongly states with
the same principal quantum number. This dressing plays
a critical role in the excitation of the wave packet.

The excitation of the angularly localized wave packet
is achieved through the optical excitation of Rydberg
states that are being strongly dressed by an rf field. A
circularly polarized optical field is tuned to the two-
photon resonance between the ground state and the
n =50 (principal quantum number) manifold of states.
This manifold of states is being strongly dressed by a cir-
cularly polarized rf field, tuned near the thirty-photon

resonance between the 50d state and the /=32 state.
This high-angular-momentum state and several of its
neighbors are strongly mixed with the 504 state. All of
these rf-dressed states lie within the coherent bandwidth
of the optical pulse and can be excited by it. Following
an adiabatic turnoff of the rf field, the population in the
dressed states goes directly into the eigenstates with
which they are linked. So we are left with a coherent
superposition of high-angular-momentum eigenstates.
The details of this excitation have been discussed more
fully in our previous paper.* Figure 1(a) shows the wave
packet which results from a numerical model of this ex-
citation scheme. For comparison, Fig. 1(b) shows a
high-angular-momentum eigenstate. The initial orienta-
tion of the wave packet lies along the direction of the rf-
field vector at the time of the optical excitation. The op-
tical pulse is short compared with the period of the
motion of the rf-field vector. After the rf field is turned
off, the motion of the wave packet is due to the core po-
larization of the sodium atom. This motion agrees with
the precession of a classical orbit perturbed by an r ~*
potential.* Tt should be noted that the motion and rate
of dispersion of the wave packet are very slow (of order
milliseconds).

The ionization of the angularly localized wave packet,
due to a pulsed electric field, occurs differently from the
ionization of an eigenstate. Classical calculations have
proven highly successful in modeling the response of
weakly bound states to the influence of an electric
field.'>'®* We have formulated a classical Monte
Carlo-type model to describe the ionization of the wave
packet. The initial state is formed by selection of a set of
classical trajectories which have an average energy, an
average angular momentum, and a probability distribu-
tion in agreement with that of the angular wave packet.
These trajectories are then allowed to evolve under the
influence of a pulsed ionizing electric field. The resulting
ionization signal depends both on time and on the angu-
lar localization of the wave packet. Figure 2 shows the
ionization signal as a function of time. The three curves
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FIG. 1. (a) The probability distribution of the angularly lo-
calized wave packet, in the x-y plane, in the form of a 3D plot.
Since the wave packet is formed from high-angular-momen-
tum states (n =50, 29 <! <37, m=I), the probability of the
wave packet being found outside of the x-y plane is small. The
orientation of the wave packet is along the direction of the rf
field vector. The peak of the distribution occurs at 5000 Bohr
radii. The parameters used in the numerical model agree with
the experimental conditions. (b) The probability distribution
of an eigenstate (n =50, ] =32, m =32) for comparison.

correspond to angular wave packets which differ only in
their orientations with respect to the ionizing field. A
wave packet aligned with the ionizing field (0°) has a
greater ionization rate than one aligned in another direc-
tion. It should be noted that in a typical experiment, any
wave packet, regardless of orientation, will be ionized.
This means that the total ion yield will not show an an-
gular dependence. However, the ionization signal, at a
given time, depends strongly on the orientation of the
wave packet. For example, at 1.5 usec, wave packets
oriented at 90° to the ionizing field dominate.

Figure 3 shows the apparatus used to excite and detect
the wave packet. A dense sodium atomic beam
(=10%/cm? ), 1| mm in diameter, enters the interaction
region. The optical excitation occurs at the center of this
region where the rf antenna has produced a circularly

ionization signal (arb. units)

0.0 1.0 2.0
time (psec)

FIG. 2. The ionization signals from three angular wave
packets (20° FWHM) as functions of time. The time depen-
dence of the ionization signal depends on the orientation of the
wave packet with respect to the ionizing field. The origin of
the time axis is 50 usec after the ionization pulse (the transit
time to the detector has been suppressed). The hash marks in-
dicate the widths and positions of the boxcar window for the
results shown in Figs. 4 and 5.

polarized field with an amplitude of 0.3 V/cm and fre-
quency of 65 MHz. The optical pulse is produced by an
excimer-pumped dye laser (coumarin 480, 4837 A). The
excimer laser (XeCl) produces a pump pulse that is 3
nsec in duration and has ar cnergy of 60 mJ. This drives
the dye oscillator far above threshold, resulting in a
shorter pulse than usual for a Hénsch type of laser
(FWHM = 500 psec). The frequency bandwidth of this
pulse is 0.05 cm !, which is approximately 1.5 times the
transform limit for this pulse shape. The bandwidth
should overlap about ten dressed states. The optical field
is converted to circular polarization before entering the
interaction region. Following the optical excitation, the
rf field is turned off adiabatically over a span of 5 usec.
A transient digitizer (Tektronics 7912AD) is triggered
by the optical pulse in order to obtain a measurement of

oven laser field
circular polarization

FIG. 3. Scheme of the experimental setup.
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the phase of the rf field relative to the optical pulse. This
is necessary to determine the direction of localization of
the wave packet. The excited atoms leave the interaction
region and enter the region in which they will be ionized.
A short electrical pulse (10 nsec, 200 V/cm), synchron-
ized to the optical pulse, is applied to the ionization
plates. After the ionization pulse, the ions travel in a
field-free region which spreads out the ion signal in time.
The ions are then accelerated into an electron multiplier
and the output signal is fed to a boxcar integrator. The
boxcar window examines only a small portion (= 55 ) of
the time-resolved ion signal. The result of each laser
shot must be correlated with the phase of the rf field, so
that no averaging takes place within the boxcar. The
output of the boxcar is recorded by a microcomputer and
combined with the phase information, so that data with
the same relative phase are averaged.

The ionization signal depends on both the position of
the boxcar window (time) and the direction in which the
wave packet is localized. The beginning of the ion signal
is obscured by photoions produced by direct three-photon
ionization from the ground state. However, by move-
ment of the window more toward the center of the ion
signal, the photoion-induced noise disappears. Here, the
ion yield exhibits a double peak spaced symmetrically
about the electric field axis (Fig. 4). For this window
position (the first set of dashed lines in Fig. 2), the
peaks correspond to ions from wave packets localized
about axes near +45° from the direction of the ionizing
field. Most of the ions from wave packets lying closer to
the direction of the electric field axis (0°) arrived before
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FIG. 4. The ion yield from the angularly localized wave
packet as a function of the direction in which it is localized.
The window of the boxcar (width = 100 nsec) was delayed by
0.7 pusec from the front edge of the ionization signal. The ori-
gin of the x axis (0°) corresponds to the direction of the ioniz-
ing electric field. The solid line indicates the results of the
classical analysis of the process.
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the boxcar window was open, and those further from the
axis than 45°, after it was closed. The solid line indi-
cates the theoretical prediction for such a window posi-
tion and the agreement is excellent. The asymmetry in
the peak heights results from the “handedness™ of the
wave packet. This is, the wave packet is made up of
eigenstates that have only positive values of m (the Zee-
man quantum number). For a classical model, this cor-
responds to the handedness of the orbital motion (e.g.,
clockwise or counterclockwise). An even later time win-
dow position (the second set of dashed lines in Fig. 2),
splits the peaks further and again we find good agree-
ment with theory (Fig. 5). From these results, the wave
packet is found to be 20° +5° wide (FWHM), which
agrees with the theoretical prediction for these experi-
mental conditions [Fig. 1(a)].

In summary, we have excited and observed an angu-
larly localized wave packet. This wave packet is nearly a
minimum-uncertainty state, and it follows a classical tra-
jectory determined by the potential due to the core polar-
ization. And further, the behavior of this wave packet
remains classical under the influence of an ionizing field.
It should be noted that the precession and dispersion of
the wave packet were too slow to be observed by this ex-
periment. This is not surprising since they are driven by
a small potential due to the quantum defect of sodium.
In fact, if this wave packet were formed in hydrogen,
which has no quantum defect, the precession and disper-
sion would not occur. The wave packet would remain in-
tact, with a fixed orientation in space, until an incoherent
process (collisions, spontaneous emission) destroyed the
coherence. Also, the results of this experiment suggest
that it should be possible to form a wave packet localized
in all dimensions, whose motion would correspond to an
electron moving in a Kepler orbit. Work in this direction,
both theoretical and experimental, is under way.

normalized ion yield

-180 -90 0 90 180

phase of the rf field (degrees)

FIG. 5. Same as Fig. 4, but the window (width 100 nsec)
was delayed by 1.5 usec.
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FIG. 1. (a) The probability distribution of the angularly lo-
calized wave packet, in the x-y plane, in the form of a 3D plot.
Since the wave packet is formed from high-angular-momen-
tum states (n =50, 29 <[ <37, m=1), the probability of the
wave packet being found outside of the x-y plane is small. The
orientation of the wave packet is along the direction of the rf
field vector. The peak of the distribution occurs at 5000 Bohr
radii. The parameters used in the numerical model agree with
the experimental conditions. (b) The probability distribution
of an eigenstate (n =50, [ =32, m =32) for comparison.



