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Observation of Wave Packet Motion along Quasi-Landau Orbits
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The evolution of wave packets is investigated in crossed magnetic and electric fields. We report
a direct observation of their propagation along classical trajectories in the time domain. Rydberg
states of rubidium are excited with a short laser pulse. We monitor the evolution of the wave packet
using a delayed, ionizing probe pulse. When the wave packet approaches the nucleus, the ionization
signal is enhanced. The first return to the nucleus is observed and is in agreement with semiclassical
predictions. Further evolution of the wave packet is also observed.

PACS numbers: 32.60.+i, 32.30.Jc, 35.10.Di

The most fundamental system of atomic physics is the
hydrogen atom. It is also the most thoroughly studied
and best understood. However, when it is brought into
a strong magnetic field, the properties of this new atom-
field system become quite different. For hydrogenic Ryd-
berg atoms, it is possible to access experimentally the in-
teresting regime, where the Coulomb interaction and the
diamagnetic interaction are comparable. Spectral studies
of this system find significant changes in the structure in
this regime near the ionization threshold. In particular,
Carton and Tornkins [1] discovered a sinusoidal modula-
tion of an extremely dense spectrum. These sinusoidal
oscillations are commonly known as quasi-Landau (QL)
resonances. It was first recognized by Edmonds [2] and
Starace [3] that the QL resonances are associated with
classical closed trajectories of the system. In this paper,
we focus on these classical characteristics and report a
direct observation of the classical dynamics of this atom.

The central subject of classical mechanics is defining
the position of a particle as a function of time. Of par-
ticular interest to our present work is the now estab-
lished ability to produce nonstationary superpositions of
Rydberg states whose wave packets exhibit the proper
classical dynamics. These classical-like atomic states are
similar to the coherent states of the harmonic oscillator.

Experiments have been carried out that produce a va-
riety of classical-like states, e.g. , radially localized [4—7,
angularly localized [8], and Stark state wave packets [9 .
The simplest to describe is the radial wave packet. In
this case, a short optical pulse interacts with the ground
state of a single-electron atom producing a superposition
of Rydberg states with a distribution of the principal
quantum number. However, the superposition state con-
tains only a single value for the angular momentum quan-
tum number and for the Zeeman quantum number. The
resulting excited state wave packet is spatially localized
solely in the radial coordinate and it oscillates between
the nucleus and the classical outer turning point. Subse-
quent interactions with this wave packet are modified by
this temporal evolution. It is only when the wave packet
is near the nucleus that further optical interactions, such
as photoionization of the classical-like state, can take
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FIG. 1. Quasi-Landau spectra in crossed fields. These
spectra are energy averaged to highlight the slow modulations
of the envelope. In (a) the magnetic field strength was 2.14
T and the electric field was 2500 V/rn. At the average radial
value of the dominant orbit, r 2000ao, the diamagnetic
energy is 4 x 10 a.u. , 4 times larger than the Stark term,
and 12 times smaller than the Coulomb term. In (b) the
magnetic field strength is 0.84 T and the electric field strength
was 16000 V/rn. At r = 2000ao, the diamagnetic energy is
6 x 10 a.u. , 10 times smaller than the Stark term, and 80
times smaller than the Coulomb term.

place. The excitation of the other types of classical-like
states requires the application of appropriate additional
fields. The production of wave packets in strong, external
fields has been considered theoretically [10—13]. Here, we
study such classical-like states experimentally.

The QL spectrum mentioned is a member of a larger
class of phenomena. Other types of QL resonances have
been observed in magnetic fields as well as in crossed
electric and magnetic fields [14—17]. These other types
of QL resonances also are related to classical recurring
trajectories. Examples of some typical QL spectra are
shown in Fig. 1. Their envelopes also display periodic
structures. The theoretical treatment of this problem
is extensive ([18—21] and references herein). These semi-
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classical treatments of the problem accurately predict the
structure of the envelope of the observed energy-averaged
spectra. Currently, they do not make predictions about
the detailed structure beneath the envelope.

The studies of the quasi-Landau regime have been con-
fined to the frequency domain. Here, we extend these
studies to the time domain by directly observing the clas-
sical dynamics of wave packets excited in such a system.
Because of the high symmetry of the Coulomb potential,
the wave packets obtained in zero external field corre-
spond to a one- or two-parameter family of classical or-
bits, e.g. , a radial wave packet. A magnetic field alone
does not completely remove the symmetry; it removes
only the symmetry associated with the azimuthal angle.
However, in the case of crossed electric and magnetic
fields, no continuous symmetry is left. In such crossed
fields it is possible to excite a wave packet that is localized
in all spatial dimensions. It is precisely this close classical
analog that is studied in the following experiment. The
results are interpreted classically and compared with a
semiclassical theory.

The basic concept of the experiment is straightfor-
ward. A short ultraviolet pulse excites a superposition
of states located beneath the envelope of the QL spectra;
the bandwidth of the pulse spans the spectra displayed
in Fig. 1. The resulting wave packet has the period-
icities of the classical trajectories of this system. The
spatial localization of the wave packet increases as more
modulations of the envelope are overlapped. However,
if the excitation pulse is too short, then the frequency
of the modulations and their amplitude can change over
the bandwidth of the pulse producing a wave packet that
disperses rapidly. Ideally the pulsewidth should be ap-
proximately an order of magnitude smaller than the or-
bital period. The wave packet's spatial localization and
temporal evolution modify its interaction with a subse-
quently applied probe laser. As in the case of the radial
wave packet, the ionization process driven by the probe
laser is significant only when the wave packet approaches
the nucleus. By adjusting the delay time between the
pump and probe laser pulses, the temporal evolution of
the wave packet can be mapped out.

It is important to note a significant difference between
the wave packet excited in this crossed field system and
the field-free radial wave packet. The radial wave packet
could be thought of as a superposition of identical classi-
cal orbits with arbitrary direction of the Runge-Lenz vec-
tor. In contrast, the quasi-Landau wave packet can con-
sist of strikingly difFerent types of classical orbits, each
with its own distinct orbital period. Such a wave packet
would evolve as a collection of subwave packets along all
these trajectories simultaneously. However, for certain
parameters of the quasi-Landau system, a single orbit
type does dominate. Experimentally this type of quasi-
Landau wave packet produces the clearest signal.

The experimental setup, which is similar to that de-

scribed in [17], is sketched in Fig. 2. A beam of rubid-
ium atoms effusing from an atomic beam oven (nozzle
diameter = 0.3 mm) enters a field region providing ho-
mogeneous crossed electric and magnetic fields, the latter
being parallel to the atomic beam direction. The super-
conducting magnet produces a maximum magnetic field
strength of 6 T at the excitation point.

The necessary short laser pulses are obtained from a
single 594 nm pulse formed in a synchronously pumped
R6G dye laser. The pump laser is a cw-mode-locked Ar+
laser with an 80 MHz repetition rate. The dye laser is
cavity dumped by an intracavity acousto-optic modula-
tor which selectively extracts every 25th yellow pulse (8
ps FWHM, 10 nJ). The resulting repetition rate of the
dye laser is approximately 3 MHz. An ultraviolet pulse
of 6 ps duration is obtained by second-harmonic gener-
ation in a LiIOs crystal with 10% conversion efFiciency.
This UV pulse is separated from the yellow pulse by a
dichroic mirror. The yellow pulse traverses an adjustable
delay line before being recombined with the UV pulse.
Both pulses are focused into the interaction volume by a
single 30 cm lens. However, an additional pair of lenses
in the delay arm adjusts the divergence of the yellow
beam so that the focal spots (- 50 pm) of the UV pump
and yellow-probe pulses overlap. In the following exper-
iments, both optical fields were polarized parallel to the
electric field.

The combination of the magnetic field and the electric
field electrodes make up a modified Penning trap which
temporarily stores the electrons produced from the pho-
toionization. Eventually all the electrons approach an
auxiliary electrode which extracts them from the trap.
The magnetic stray field images the extraction point onto
the surface of a microchannel plate detector (MCP). This
trapping of the photoelectrons greatly increases our col-
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FIG. 2. Sketch of the experimental setup.
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lection efIiciency.
The Rydberg atoms which are not photoionized by the

yellow pulse leave the excitation Beld region, and are field
ionized in a separate, approximately vertical electric Beld.
The corresponding field ionization point also is imaged by
the magnetic stray Beld onto the MCP detector. Thus, on
the MCP surface there are two well-resolved spots where
electrons impact: one spot corresponding to the field-
ionized Rydberg atoms, and the other spot corresponding
to atoms which have been photoionized already in the
excitation field region. A Hamamatsu position sensitive
detector allows the signals from these two spots to be
recorded separately.

The time delay between the UV pulse and the yellow
pulse is stepwise scanned, and for each step the counts
in the two spots are integrated. The average count in
a 1 ps time bin is 1500. The signal-to-noise ratio is im-
proved by recording a background signal where the yel-
low light is blocked by a shutter. This background signal
is averaged and used to remove long-term variations of
the signal. The signal-to-noise ratio may be further im-
proved by taking advantage of correlations between the
field-ionized signal and the photoionized signal. We are
only interested in the process which photoionizes Ryd-
berg atoms. Such a process leads to an increase in the
photoelectrons at the expense of the Rydberg atom pop-
ulation. The subtraction of the Geld-ionized signal from
the photoionized signal emphasizes this anticorrelation.
At the same time, this procedure reduces short-term fluc-
tuations, since the ions and the stable atoms are counted
simultaneously.

A simple semiclassical theory can be formulated to
model our experiment. %'e are interested in the two-
photon process where a UV photon excites the Rydberg
state and after a suitable delay a yellow photon ionizes it.
The theoretical study of Rydberg atom wave packets in
strong fields [10—13j provides a semiclassical approxima-
tion to the two-photon transition matrix element needed
to determine the ionization probability. A semiclassical
Green's function is utilized for this process which is valid
outside a sphere of about 50ao. An ensemble of electron
trajectories provides the propagation away from and back
to this surface. The sensitivity of a particular trajectory
to its starting angles determines the amplitude of the as-
sociated recurring wave. As the sensitivity increases the
amplitude decreases. Within this sphere the wave func-
tion is described by a sum of Coulomb waves, the ampli-
tudes of which are found by matching with the returning
semiclassical waves at the surface. The total two-photon
matrix element is written as a sum of the contributions
from diferent recurring trajectories. The photoioniza-
tion probability as a function of the delay time gets large
if the delay time coincides with the time of traversal of
a strongly modulating orbit. Last, the laser polarization
plays a significant role in determining the type of trajec-
tories that may be excited. Here, a polarization parallel
to the static electric field is used to enhance the excita-
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tion of stable orbits, i.e. , those which are most insensitive
to the initial angles.

The present form of the semiclassical model correctly
identifies the dominant orbits which produce the Brst re-
currence. However, we find that these orbits sufFer a
strong collision with the nucleus at the end of one or-
bit. Here our experiment divers from one using hydro-
gen. Beyond the first recurrence, the scattering produced
by the rubidium core makes further predictions of the
evolution nontrivial. Our current model also does not
include dispersion of the wave packet (the action is lin-
early approximated in the energy). Finally, interference
efFects between diferent types of orbits which have sim-
ilar times of traversal are not taken into account. The
goal of this simple model is the accurate description of
the first recurrence.

In Fig. 3(a), the delay time signal is displayed in a
regime where the magnetic field is dominant. The wave
packet is excited for the same parameters as the spec-
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FIG. 3. The di8'erence between the photoionized signal
and the field-ionized signal vs delay time. Also shown is the
semiclassical prediction of the transition probability for the
two-photon ionization process that consists of an ultraviolet
pump pulse exciting the Rydberg states and delayed, yellow
pulse ionizing these states. The trajectories of the dominant
orbits are shown in the insets. The parameters are the same
as in Fig. 1: (a) the strong magnetic field case; (b) the strong
electric field case. In (b), two orbits dominate the behav-
ior. The D type starts in the direction of the electric field
ionization saddle point and the B type starts in the opposite
direction.
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trum shown in Fig. 1(a). Also shown on the plot are
the predictions of the ionization probability derived from
the semiclassical analysis. The peak at zero delay time
is due to the simultaneous presence of both pump and
probe pulses. Another large peak occurs when the wave
packet has completed an orbital cycle and is again near
the nucleus (at 62 ps). This first return to the nucleus
is in excellent agreement with the predicted classical or-
bital period of the dominant orbit for this range of pa-
rameters [shown in the inset of Fig. 3(a)]. That is, the
semiclassical transition probability is peaked at the same
time as the experimental signal. Further oscillations of
the experimental signal are evident after the first return.
The general broadening of the signal and the appearance
of higher frequency oscillations are characteristics consis-
tent with dispersion and scattering of the wave packet. A
Fourier transform of the spectrum displayed in Fig. 1(a)
finds a major peak at the orbital periods of 62 ps and two
subsidiary peaks at 97 ps and 18 ps. These results are
in agreement with this time domai'n study. The error is
estimated by the variation of the signal upon repetition
of the experiment.

In Fig. 3(b) the delay time signal is now shown in a
regime where the electric field is dominant. The experi-
mental parameters correspond to the spectrum shown in
Fig. 1(b). Here, again the first return of the wave packet
is seen clearly as a double-peaked structure at 58 ps and
67 ps. This double-peaked structure is also evident in the
semiclassical transition probability. Classically, these two
peaks are attributed to similar type orbits with slightly
different orbital periods. The analogous wave packet then
consists primarily of two subwave packets following these
orbits. The Fourier transform of the energy spectrum
is consistent with this delay-time signal. It displays two
equally strong peaks at 58 and 67 ps. Following the first
recurrence we again see a rapid broadening of the oscil-
lations and a growth of higher frequency oscillations.

The observation of the evolution of the wave packet
establishes a connection between the time domain and
the previous frequency domain studies of quasi-Landau
systems. The trajectories corresponding to the observed
times of traversal of the wave packets coincide with the
orbits which lead to the dominating quasi-Landau reso-
nances. Similarly, the behavior in the time domain can be
predicted, at least up to the first recurrence, by semiclas-
sical arguments. Further evolution is complicated by the
scattering of the wave packet off the core potential, and

by dispersion and quantum interference effects. Neither
of these effects is included in our model. The develop-
ment of a more complete theory lies outside the scope of
this paper. It should be noted that many of the experi-

mental peaks following the first recurrence occur at times
which are sums of the dominant orbital periods. This is
particularly clear in the high magnetic field regime. Scat-
tering is expected to be strong in this case and this sug-
gests that these sum periods are due to subsequent prop-
agation along two (or more) primitive recurring orbits,
whereby successive orbits are connected via intermediate
scattering at the core potential.

The wave packet created in this system is somewhat
unique. The lack of continuous symmetry in the system
requires that the wave packet be localized in three dimen-
sions. This would be the first experimental excitation of
such a particlelike atomic wave packet. Unfortunately, a
direct measure of this spatial localization is difIicult to
obtain.
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