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Observation of Radially Localized Atomic Electron Wave Packets
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We have observed a radially localized electron wave packet in a direct pump-probe experiment with

6-ps laser pulses. Use is made of the fact that both excitation and ionization take place predominantly
close to the atomic core. A wave packet is created by coherently exciting Rydberg states of rubidium
atoms around n 41 with a pump pulse, and detected through ionization with a delayed probe pulse.
The wave packet is observed to return to the core twice before the spreading becomes too large.

PACS numbers: 32.80.Rm, 31.50.+w

When an atomic electron is brought into a highly ex-
cited state with a short laser pulse, a radial wave packet
can be formed. To this end the pulse duration must be
shorter than the time scale on which the wave function of
the excited state becomes stationary. This wave packet
is a coherent superposition of Rydberg states, and de-
scribes a radially localized electron which oscillates be-
tween the classical turning points. It offers an interest-
ing example of quantum beats. Various calculations
concerning Rydberg wave packets have been presented in

the last few years. ' In a recent paper we report evi-

dence for the return of the radial electronic wave func-
tion to the core, in a single-pulse multiphoton ionization
experiment. Localization in other than the radial coordi-
nate is also possible; e.g., angular wave packets have
been reported recently. In this Letter we report the first
observation, to our knowledge, of a radially localized
wave packet.

The wave packet is created by coherent excitation of a
rubidium atom to high-lying Rydberg states with a 6-ps
laser pulse. An advantage of rubidium is that the atom
is a quasi one-electron atom. Furthermore, the binding

energy of the outermost electron is 4.18 eV, so that Ryd-
berg states can be excited with two photons having a
wavelength around 600 nm. This is convenient for the
experiment because the dye rhodamine 6G can be used.
Coherent excitation can take place if the frequency
bandwidth of the exciting pulse is larger than the spacing
between the eigenstates. If this pulse is transform limit-
ed a wave packet is formed, which starts to oscillate in

the radial direction, roughly between the classical turn-

ing points. The period of the oscillation is given by the
energy spacing between the excited Rydberg levels. In
the limit for hn«n the spacing becomes uniform, and
the corresponding period is equal to the classical orbit
time (in atomic units):

n 2' n

where n denotes the effective principal quantum number.
With picosecond pulses, Rydberg states with n values

somewhere between 20 and 100 could be excited. The
remaining variation in the spacing between the levels
(3/n in a.u. ) causes a spreading of the wave packet.
The spreading per orbit depends on the number of excit-
ed n states and therefore on the bandwidth of the excit-
ing pulse. In the case of N photon excitation, the corn-
bined bandwidth of the exciting photons should be con-
sidered, rather than the bandwidth of the pulse itself.
For a Gaussian profile the initial width of the wave pack-
et is a factor of JN shorter than the duration 7p of the
exciting pulse. The number of excited levels, given by
the ratio of the classical orbit time and the initial width,
results in a broadening of the wave packet after one orbit
of (in a.u. )

5
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For a given pulse duration rp of the ionizing pulse, the
time resolution in a pump-probe experiment is optimal if
this broadening is equal to ip: This determines an op-
timal value for n (see Ref. 5).

In the present experiment, a wave packet is created
near the core of the atom through absorption of two pho-
tons. Because the two photons are linearly polarized, the
wave function contains s and d character. It is to be ex-
pected that the d character is dominant. The presence of
wave packet close to the core can be detected by the ap-
plication of a probe pulse which is delayed with respect
to the pump pulse. If the timing of the probe pulse coin-
cides with a return of the wave packet, the atom can be
ionized much more efficiently (see, e.g. , Refs. 6 and 7).
Measuring the ionization signal as a function of the time
difference between the exciting pump and the ionizing
probe pulse directly shows the returns of the wave pack-
et.

A schematic drawing of the experimental setup is
shown in Fig. 1. A mode-locked Ar+ laser (0.6-W out-

put, 80-MHz repetition rate, and 120-ps pulse duration)
synchronously pumps a linear dye laser (wavelength 594
nm, 60-mW output). The pulses coming out of the dye
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FIG. 1. Schematic drawing of the experimental setup.

laser have a duration of 5 ps. They are amplified in
three stages in a dye amplifier by the second harmonic of
a Q-switched Nd-doped yttrium-aluminum-garnet laser
(200-mJ pulse energy, 20-Hz repetition rate). The ener-

gy of the amplified pulses is 600 p J: Only 5% of this en-

ergy was needed for the experiment. The pulse duration
has been measured with a scanning autocorrelator to be
6 ps. The measured field correlation time is about 4 ps,
so that the amplified pulses are nearly transform limited.
Each pulse is divided by a beam splitter. Both pulses are
reflected by a mirror, and the beams are reunited with
the same beam splitter. One of the mirrors is mounted
on a translational stage in order to vary the time
difference between the two pulses by changing the opti-
cal path length. The delay is tunable over a large range
with a precision of 1 pm, corresponding to about 7 fs.
Since the two pulses are identical, a negative delay
means that the roles of pump and probe pulses have been
reversed. After the beam splitter the pulses are focused
with a 16-cm lens in a vacuum vessel with a background
pressure of 2&10 mbar. The laser beam crosses a
diverging beam of atomic rubidium coming out of an
orifice in a tube, which is connected to an oven. To mini-
mize external electrical fields the excitation and ioniza-
tion take place in a metal box. Our signal consists of the
photoelectrons resulting from three-photon ionization:
These electrons have an energy of 2 eV. Outside the box
the electrons are decelerated by a grid at —0.1 V. In
this way electrons with energies of =0 eV, which are
created after the pulse sequence by slow processes like
collisions, are stopped. The remaining electrons are ac-
celerated in the direction of a set of channel plates. The
signal of the channel plates is amplified, and the electron
peak in the resulting time-of-flight spectrum is averaged
over 500 laser shots, integrated, and monitored with a di-
gital scope with a personal computer. With this experi-
mental setup, the three-photon ionization signal can be
measured as a function of the time difference between
the two pulses.
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FIG. 2. The pump-probe photoionization signal as a func-
tion of the time difference between the two pulses. The num-
bers along the vertical axis are only for comparison with Fig. 3.
For zero delay, the probe pulse directly ionizes the atoms excit-
ed by the pump pulse. At —9 and 9 ps the return of the wave

packet is clearly observed.

By varying the laser wavelength, different Rydberg
states can be excited. Both the classical orbit time,
determined by the spacing between the levels, and the
dispersion of the electron wave packet, determined by
the number of excited states, can be varied in this way.
In the case of two-photon excitation with a pulse dura-
tion of 6 ps and a coherence time of 4 ps, the spreading
after one orbit is equal to the effective pulse duration for
n 40.7 [see Eq. (2)]. In the experiment the central
laser wavelength was 594.8 nm, corresponding to the 42d
state of rubidium (Bi 1.3 for I 2). The pulse energy
was 30 pJ, and the beam diameter before focusing was 3
mm. The light intensity in the focus has been deter-
mined directly from the ineasured ac Stark shift for
low-n states: 0.4x10" W/cm . This value agrees with
the upper limit based on the following calculation: A 3-
mm beam diameter and a 16-cm lens lead to a dif-
fraction-limited focal radius of 40 pm and therefore to
an estimated intensity of 1.5x10" W/cm .

The experimental results are given in Figs. 2 and 3.
First, in Fig. 2 the ionization signal excluding direct ion-
ization by the separate pulses is given. We see three
peaks in the ionization yield, roughly at —9, 0, and 9 ps.
These peaks correspond to a large amount of wave func-
tion near the core, ionized by the probe pulse. For zero
delay, the wave packet has not left the core yet; the cen-
tral peak is the result of direct ionization with photons
from both pulses. For delays —9 and 9 ps, the wave
packet has returned to the core; the experimentally ob-
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FIG. 3. The photoionization signal including direct photo-
ionization by the pump and probe pulses separately. The sum
of the measured contributions of the individual pulses has been
given at 25-ps delay. The contributions are independent of the
delay and lead to a constant level of ionization, as indicated by
the two arrows. The large modulations around zero delay are
the result of the coherent spike in the light intensity. Two re-
turns of the wave packet are observed before the spreading be-
comes too large.

served classical orbit time is 9.4 1 ps. This agrees well

with the theoretical value of 10.2 ps for the 42d state,
the dominant state in the wave packet.

Figure 3 gives the observed data including direct ion-
ization by the individual pulses. The sum of the mea-
sured contributions of both pulses separately is given at
25-ps delay. Evidently, this signal is independent of the
delay and gives rise to a constant level of ionization, as
indicated by the two arrows. Around zero delay we see
that the central peak has a high maximum but also an
absolute minimum. This large modulation is the result
of the so-called coherent spike in the light intensity. For
small time differences, the pulses overlap spatially as
well as temporally, giving rise to interference. In the
case of perfect spatial overlap, this leads to an increase
of the light intensity with a factor of 4 in the case of
complete constructive interference, and a total quenching
if the interference is fully destructive. The large modu-
lation in the electron yield indicates that the spatial over-

lap of the two beams remains stable on a scale of less
than k/2 during the signal averaging. At —9 and 9 ps

we see the peaks resulting from the first return of the
wave packet. At the minima for delays —14, —6, 5,
and 14 ps the wave packet has left the atomic core.
After 18 ps, the wave packet returns to the core for the
second time, but is not observed to leave the core
anymore. This can be explained by the spreading of the
wave packet: An initial width of 4.3 ps together with a
broadening of 2.8 ps per orbit leads to a width of 6 ps
after two orbits. In combination with the pulse duration
of the probe pulse, which is also 6 ps, the total observed
width is about 8.4 ps, which comes so close to the classi-
cal orbit time that the wave packet cannot be resolved
anymore. Also, for longer delay times the ionization sig-
nal could be slowly modulated as a result of other beat
phenomena.

In conclusion, a radially localized electronic wave

packet is created with a picosecond dye-laser pulse. By
means of photoionization we have observed the return of
the wave packet to the core. As a result of the velocity
difference of the various coherently excited Rydberg
states, the wave packet spreads. After a second return to
the core, the spreading of the wave packet is of the order
of the classical orbit time: The returns cannot be
resolved by the probe pulse anymore. The electronic
wave packet may be used to study the behavior of atomic
electrons on an ultrashort time scale.
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