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We present measurements and calculations of the time-dependent behavior of an electron bound
in a Coulomb potential placed in an additional static electrical field. The time-dependent behavior
is studied by means of the evolution of a wave packet. The wave packet is created by coherent su-

perposition of several k states of one Stark manifold. It is pointed out that the oscillation of this
"parabolic" wave packet corresponds to an oscillation of the angular momentum l. In the case of a
hydrogen atom the spacing between the k states is constant, leading to a dispersion-free wave pack-
et. For this situation the parabolic wave packet ~4(x, z)~ is plotted as a function of time. The oscil-
lations of the parabolic wave packet can be measured by photoionization, because the photoioniza-
tion probability is l dependent. The time-dependent photoionization probability is calculated in two
steps. First the I-population coefficients are calculated as a function of time. Then we calculated
the transition probability of each l state to the continuum. Combining these two allows us to calcu-
late the time-dependent ionization probability. Experimentally, a wave packet is created by
coherent superposition of k states of rubidium atoms with a 7-ps laser pulse. The ionization proba-
bility is probed by a second laser pulse, which is delayed with respect to the first one. In this way as
many as ten oscillations of the parabolic wave packet are observed. The calculations (for hydrogen)
agree well with the experimental result of the pump-probe experiment. The ac Stark shift of a k
manifold due to the laser field was measured in a separate experiment; the determined value of 0.01
meV/(GW/cm ) is low enough to ensure that intensity effects can be neglected.

I. INTRODUCTION

Coherent superposition of eigenstates of a quantum
system leads to some kind of localization of the wave
function. The concept of this so-called wave packet is as
old as quantum mechanics itself. ' As a result of new ex-
perimental possibilities, there is a renewed interest in the
theory of wave packets. Radially localized atomic elec-
trons are described by a superposition of Rydberg n
states, ' whereas atomic electrons localized in the angu-
lar directions are described by coherent superposition of
l, m states. Previously, we reported ' on the observation
of a radially localized wave packet created and detected
with ps laser pulses. These radial wave packets spread
out after several oscillations, because of the varying spac-
ing between the energy levels. After about n/6 oscilla-
tions the radial wave packet is fully spread out. The re-
ported wave packet localized in the angular directions
also disperses. In that case the energy splitting of the m
states is not constant. To create a wave packet with less
dispersion a quantum system with a more constant ener-
gy spacing between the energy levels should be used.

If an atom is placed in a static electrical field the ener-

gy levels are split and shifted. For a hydrogen atom in a
small electrical field the energy levels are given by
Enk = —I /2n + ,'Fnk (atom—ic units are used throughout
this paper) where n is the principal quantum number and
k the parabolic quantum number. The spacing between
subsequent energy levels is AE=3Fn. Since the spacing
is k independent there is in principle no dispersion.
Coherent excitation of the k states will lead to the forma-
tion of a wave packet. The oscillation time of this wave
packet is

= 2~
3Fn

Recently we reported on the observation of atomic
electron wave packets in an electrical field. In this paper
we will give a more detailed description of both theory
and experiment. The problem of an atom in an electrical
field has been studied extensively in the frequency domain
(e.g. , Refs. 9 and 10). In this paper we present a time-
resolved spectroscopy study. We like to point out the
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connection with other studies of quantum-beat phenome-
na: In the limit of low principal quantum number our ap-
proach becomes equivalent with the observation of
coherent effects in beam-foil spectroscopy. " With this
technique the observed signal is due to radiative decay,
while in this paper photoionization is used to probe the
population coefficients. The slow radiative decay in the
visible range limits the time resolution to nanoseconds or
longer. In the case of photoionization the resolution is
given by the duration of the laser pulse, which can be on
a femtosecond time scale.

The paper is organized as follows. First we will
present a quantum-mechanical description of the evolu-
tion of the parabolic wave packet (Sec. II); eventually the
time-dependent photoionization is calculated in Sec. III.
The setup used for the experiments is described in Sec.
IV. In Sec. V the experimental results are presented and
compared with the quantum-mechanical calculations. Fi-
nally we come to conclusions in Sec. VI.

II. CREATION AND EVOLUTION
OF THE WAVE PACKET

If a hydrogen atom in an electrical field is excited with
a short laser pulse, the resulting wave packet is a
coherent superposition of the so-called parabolic states. '

These states are the eigenstates of an atom in an electrical
field, and they are labeled with the quantum numbers n „
n2, the parabolic quantum numbers, and m, the azimu-
thal quantum number. The electronic motion is separ-
able in the parabolic coordinates, g=r+z, Tl=r —z, and

The eigenfunctions are analytically known. If only
parabolic states within one n manifold are excited, we can
use n, k, and m as quantum numbers, where k =n, —n 2.
So in an electrical field the angular momentum l is not
conserved but the electrical dipole moment connected to
the quantum number k is. We study the time dependence
of an atomic electron in an electrical field by the evolu-
tion of the wave packet. This wave packet can be written
in terms of k states, but since a movement of the wave
packet corresponds to an oscillation of the angular
momentum, the I basis can also be useful:

where'

b,„=(1~k&

(n —1)/2 (n —1)/2 1
=( —1) &21+1

(m —k)/2 (rn +k)/2 —m (4)

where lo is the l state populated from the ground state
(located at co ) as a result of the selection rules without
electrical field. Using Eq. (3) we can now calculate the
time evolution of the I populations. All the calculations
in this section have been done for n =8, F=300 V/cm,
~ =10.9 ps. A low n value was chosen to keep the num-
ber of nodes in a picture of the wave function reasonable
(as in Fig. 2). Assumed is that I =0 is populated from the
ground state, and the central laser frequency coincides
with the center of the manifold. In Fig. 1 the mean I
value and the width (2o ) are plotted for the same calcu-
lation from t =0 to t = 1.2~. The pulse duration has been
chosen in such a way that the width of the packet
remains as constant as possible during the oscillation. At
the same time the mean I value changes from 1=0.2
(t =0) to 1 =6.5 (t =0.5r), which are almost the
minimum and maximum possible value. Directly after
the pulse 92% of the population is in 1 =0. The leftover
8% is in I =2; since the pulse has a finite duration, some I
mixing occurred already during the pulse. We see that in
the quantum-mechanical calculations the electrical field
induces indeed a beat in the I populations with a pe-
riod of Aco =cok —cok 2. Note that if we had ne-
glected the finite pulse duration of the laser pulse we
would have obtained the known analytical

are the transformation matrix elements, which are the
Clebsch-Gordan coefficients. The large brackets indicate
the 3J symbols. The unitarian matrix is real. If we excite
the k states with a Gaussian pulse of duration ~ and cen-
tral laser frequency cuL, the population coefficients of the
k states after the exciting pulse take the values

—(co —
co~+coL ) r /(21n2)

ak=bk ( e

'k(r, t) = g ake " k ) = g c&(t)~l ),
k 1

where ak are the population coefficients of the k states,
col, = —1/2n + ,'Fnk the energ—y levels, and

~
k ) the para-

bolic eigenstates, while cr(t) are the time-dependent am-
plitudes of the 1 states and ~l ) the eigenstates of the an-
gular momentum 1. Since the functions

~
k ) are the

eigenfunctions of the Hamiltonian, in the k basis the time
dependence is fully described by the phase factor
exp(ico&t ), while the population coefficients are constant
in time. In the I basis, this is no longer the case: the fact
that the angular momentum I is not a conserved quantity
in an electrical field is reflected in the time-dependent
populations of the different l states. We can write down
an expression for this time dependence as follows:

E
4—

3

bQ 2
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FICx. 1. Mean value of the l distribution (solid line) and the
width (2o. ) of the l distribution (dotted line) of the parabolic
wave packet as a function of time. The calculation is done for
n =8, F=300 V/cm, and a pulse duration of 10.9 ps.
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result I =—' n —1result I =
—, n —1)sin (stot /2) that can be derived, e.g.,

y writing the wave function on a b h h
and the

a asis w ere the sum
an t e difference of the angular momentum and the
Runge-Lenz vector are diagonal.

The calculation of the time evolution of the wave ack-
et is done for h done or ydrogen. In the experiment we used rubi-

no e wavepac-

dium. The low t states of rubidium h 1ave a arge quantum
defect, giving rise to deviations of the h dro en

o a e position of the energy levels is affected by
the states with a large quantum defect (s — —d). The
spacing between neighboring states is not constant
anymore, leading to some dispersion of th

urt ermore the amplitudes of the different k states differ
from the hydrogen case [Eq. (5}], since the states of the
Stark map couple for rubidium. This will influence the
time-dependent behavior of the wave packet.

Since Eq. (3} gives the population of the I states as a
unction of time, the time evolution f tho e wave packet in

space can be calculated using Eq. (2). If tht e exciting
pu se is inearly polarized in the direction parallel to the
electric field (z axis), the selection rule is b, m =0 so only

m =0 is excited from the ground state. In the absence of
P dependence we calculated the probability distribution
~% x,z)

~
for a given n, m =0 as a function of time Fi s.

the wave function has almost a pure s
character which is strongly localized near r =0. At

p —, ', , the wave function has split up in two

peaks which move along the z axis away from the atomic
core. Also, the formation of nodes in the 0 direction is
a ready visible. At t =54.3 ps ( —,'r) th h he ig est mean l
value has been reached. The wave packet is localized in
two peaks centered at x =0, z =kn, with 2n —4 small
side lobes at r=es at r=n which are equally spaced in the 8

irection, indicating that a wave function has the charac-
ter o a wave function with high angular momentum.

III. PHOTOIONIZATION
OF THE WAVE PACKET

In the case of a radially localized wave packet h
ionizatiation was used as a tool to observe the oscillations of

(a)

~ssa v~

'J Q I ~

(e)

FICx. 2. The ccalculated probability distribution ~V(x, z) ~' of the parabolic wavep p
n e xz p ane the values of x and z lie between —2.2n and 2

e with a 10.9-ps pulse in an electrical 6eld of E=3~
e ween —. n and 2.2n . The wave packet(n =8) is creat-

t =Oj~ th—', the I =0 character dominates: there is hardl 8
e o = 00 V/cm. The function is s mmetric ary ric around the z axis (m =0). Initially [(a)

number of nodes in the 8 direction increa f l
e is ar y any dependence and the wave func

'
ction is strongly localized near the core. Th

'ncreases or onger times [(b) t= —'rand ( ) t= 'r. The- e. e

core, indicating that the ionization b b'l . =—7pro a i ityis low. At t= —'~ —n — ' t ion
ere is almost no wave function near th

=
2 ~, the wave packet has almost an I =n —1 d' t ion.

e
istri ution.
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IV. EXPERIMENTAL SETUP

For the measurement of the time dependence of the
ionization of atoms placed in an electrical field, we used a
setup consisting of a laser system and a vacuum system.
In order to generate the light pulses we used in fact two
laser systems; one with a small bandwidth for spectro-
scopic information, and another with a large bandwidth
for the creation and detection of the wave packet. Both
the laser and the vacuum system will be described in this
section.

The vacuum system consists of a vessel with a back-
ground pressure of 2 X 10 mbar, in which a lens (f= 16
cm) focuses the beam in a metal box. The box (see also
Fig. 4) contains two condenser plates creating a homo-
geneous electrical field. The free electrons formed in the
focus are extracted by the electrical field in the direction
of the upper plate. In this plate a grid is placed through
which all the electrons can reach a set of channel plates.
The signal of the channel plates is amplified and averaged
on a digital scope. After averaging (typical 500 shots) the
signal is sent to a personal computer. In order to mini-
mize the detection of electrons created after the pulse se-
quence by slow processes like collisions, we used a small
time gate of 30 ns. Near the focus region the light
crosses a diverging beam of rubidium coming out of a
tube connected to an oven.

For the frequency-resolved experiments, we used a ns

dye laser (bandwidth 0.08 cm ') pumped by the frequen-
cy doubled output of a Q-switched Nd:YAG (yttrium
aluminum garnet) laser (10-Hz repetition rate). The out-
put of the dye laser is 10 mJ ( —600 nm) of which only a
small part was used.

In order to create pulses with a large bandwidth the
following system was used. A mode-locked Ar+ laser
(0.6-W output, 80-MHz repetition rate) synchronously
pumps a linear dye laser. The dye laser is tunable around
A, =600 nm. The duration of the pulses is measured with
a real-time scanning autocorrelator to be 5 ps. These
pulses are amplified in a three-stage dye amplifier,
pumped by the second harmonic of a Q-switched
Nd:YAG laser (20-Hz repetition rate). The duration of
the 500-pJ amplified pulses was measured to be 7 ps.

Two kinds of experiments were performed: frequency
scans for the determination of the positions of the eigen-
states of the rubidium atom in the electrical field, and
pump-probe scans to measure the time-dependent ioniza-
tion probability. For the frequency scans a small part of
the ns-dye-laser beam was led into the vacuum system.
The measured photoelectron yield as function of the
wavelength gives the eigenstates of the atom. For the
pump-probe experiments the beam of the ps-laser system

was led into a Michelson-like setup. Each pulse was di-
vided by a beamsplitter (50-50), reflected on a mirror, and
sent back to the beamsplitter. In order to create a vari-
able delay between the two pulses, one of the mirrors was
placed on a translation stage. The interference fringes of
the two pulses continued over 4 ps, indicating that the
pulse was about two times bandwidth limited. The pulse
sequence coming out of the Michelson setup was led into
the vacuum system. In this way the ionization probabili-
ty can be measured as a function of the time delay be-
tween the pump and the probe pulse.

V. RESULTS

In this section we will present the experimental results:
the frequency scans over the Stark map; the influence of
ac Stark shift; the pump probe experiment in which the
wave packet is measured, and the experimental results
with the theoretical calculations.

In Sec. I we used AE=3Fn for the spacing between
neighboring k states in hydrogen. For rubidium, which
was used in the experiments, this is not fully correct,
since the spin-orbit coupling and the quantum defect are
missing. More accurate calculations on the positions of
the energy levels of rubidium have been made by Zim-
merman et al. In these calculations the spin-orbit cou-
pling and the quantum defect are incorporated. We mea-
sured the resonances of the k states within one manifold
by (2+1)-photon ionization. A wavelength scan was
made over the n =14 manifold of rubidium. The applied
electrical field was 2120 V/cm. From the results (Fig. 5)
we find a spacing of 4.7X 10 eV, which is in reasonable
agreement with the 3Fn value of 5.3 X 10 eV. Al-
though the spacing of neighboring states differs from the
3Fn value, the deviation is small and the approximation
is good.

We are interested in the behavior of an atom placed in
a dc electrical field, but there may be also some effects
due to the ac electrical field of the laser. In an intense
laser field high-lying Rydberg states shift as the thresh-
old' if the photon energy is large compared to the spac-
ing between the resonances. In first order a high intensi-

c5

rf)

CO

c5

o
CO

O

C5

FICx. 4. Part of the experimental setup: (a) f= 16 cm lens; (b)
box in which the laser beam is focused; (c) condenser plates; (d)
channel plates; and (e) electron signal.

v s0
603. 15 603.35 603.55 603.75 603.95 604. 15

wavelength (nrn)

FIG. 5. Measurement of the resonances by a wavelength scan
of the n = 14 manifold with an electrical field of 2120 V/cm.
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ty would lead to a shift of the whole manifold, keeping
the individual k members on the same relative position.
In the case of a constant spacing this shift will not
inAuence the oscillation time of the parabolic wave pack-
et. This is in contrast to the radial wave packet, where
the spacing is not constant and a shift would lead to
another oscillation time. We can estimate the shift of a
manifold by measuring the shift of the threshold. This is
done by measuring the photoelectron yield of the two-
photon ionization of rubidium as a function of the wave-
length for different light intensities. The applied static
field strength was 1238 V/cm leading to a classical
threshold around n =23. A homogeneous part of the
laser beam is selected by a pinhole. Due to the large f /D
ratio of 50 used, the spherical aberration is small and the
spatial intensity distribution in the focus can easily be
calculated. As a result of the smooth temporal structure
(measured by the autocorrelation function) and the
known spatial structure of the laser beam, we can calcu-
late the maximum intensity in the focus rather accurate-
ly. For the lowest intensity we see (Fig. 6) a sharp in-
crease of the ionization probability for wavelengths short-
er than the classical threshold wavelength of A, =597.45
nm. By increasing the intensity the threshold shifts to-
wards lower energies. For the three high-intensity mea-
surements we calculated a decrease in energy difference
in rubidium between the ground state and the threshold
of 1.0 meV/(10'' W/cm ). The threshold shifts with the
quiver energy E /4' towards higher energies. Ap-
parently, the ground state shifts upwards with a larger
amount to realize an overall decrease of the binding ener-
gy. The shift of the ground state (Ss) is dominated by the
interaction at the one-photon level with the 5p state.

In the actual pump-probe experiments the intensity
never exceeded 10 W/cm leading to a shift of 0.01 meV.

O

CO

O

0 q

596.5 597 0 597.5 598.0 598.5 599.0 599.5 600.0

wavelength (nm)

FIG. 6. The measured ac Stark shift of the classical ioniza-
tion threshold for diff'erent intensities. At low intensities [(a)
I ( 1.0X 10' W/cm ] the ionization probability drops for wave-

lengths larger than the classical threshold for rubidium:
X=597.45 nm, The wavelength corresponding to the threshold
increases with increasing intensity: the binding energy de-
creases for higher intensities. The lines are measured with the
following peak intensities: (b) I=9.8 X 10' W/cm; (c)
I=2.8X 10'' W/cm'; (d) I=4.2X ]0"W/cm .

This shift is small compared with the spacing of the
coherently excited states (larger than 0.10 meV) and with
the laser bandwidth (

—0.50 meV). Therefore we can
neglect efIects due to the intensity of the laser field.

The time dependence of the ionization was measured
with the pump-probe setup described in Sec. IV. Both
the applied field and the excited Rydberg manifold have
to be chosen. In order to avoid superposition of different
n states (as in the radial wave packet) the selected n state
cannot be too high: n &35 for the used pulse duration.
Furthermore, we must avoid mixing of neighboring n

manifolds, so the electrical field should be smaller than
the n-mixing value: F„=—,

'n'. A complicating factor is

the quantum defect of rubidium. Starting from the
ground state (Ss), two-photon absorption leads mainly to
population of the d state. Due to the quantum defect
(5& =-1.347) the d state lies at —,

' between two succeeding
manifolds in the zero field situation. In order to mix the
population from the d state into the manifold, the electri-
cal Geld must be larger than about half of the n-mixing
value. The population of the manifold vas checked by
frequency scans over the manifold with the narrow-
bandwidth laser.

We will present three experiments with different select-
ed manifolds and applied fields (Fig. 7). For all the re-
sults the signal caused by direct three-photon ionization
of both individual pulses has been subtracted. The polar-
ization of the laser was chosen to be parallel with the dc
electrical field, leading to the selection rule Am =0.
Since m of the ground state is zero, m is zero for all the
states.

In the first [Fig. 7(a)] experiment the n =21 manifold
was excited while the applied field was 390 V/cm
(F, =420 V/cm). Enhancement of the ionization can
clearly be seen at At =32, 64, and 93 ps, in good agree-
ment with the value predicted by Eq. (1): 31.8 ps. This
measurement shows the periodic oscillations of a parabol-
ic wave packet. Around zero delay there is a large peak
in the ionization signal. This is the result of the so-called
coherent spike in the light intensity, due to the interfer-
ence between the two beams of the Michelson interferom-
eter. For a third-order process the signal in the coherent
spike can be 32 times higher than the sum of the signal of
the individual beams. This enhancement is not realized
in the experiments due to fluctuations of the length of the
arms of order A, , and because the spatial overlap of the
foci was not perfect.

In the second experiment the n = 19 manifold was
selected while the applied field was 645 V/cm (F„=692
V/cm). Again the peaks in the ionization yield are in
good agreement with the predicted value of 21.3 ps. An
important feature of Fig. 7(b) is the large number of ob-
served oscillations of the wave packet, indicating that the
dispersion is indeed much smaller than in the case of the
radial wave packet. Nevertheless, for longer delay times
the signal decreases and the modulation becomes weaker.
The decrease in signal is due to decrease of the laser in-
tensity during the scan (2 h). The decrease in modulation
shows that there is some dispersion of the wave packet:
the spacing of the different k states is not exactly con-
stant.
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