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Dynamic wave-packet scattering in autoionizing two-electron atoms

R. van Leeuwen, M. L. Bajema, and R. R. Jones
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

~Received 7 June 1999; published 13 January 2000!

We have studied the propagation of an autoionizing radial Rydberg wave packet in barium. The wave packet
is formed when a short laser pulse directly excites two quasibound low-n 5d5/2nd Rydberg states that are
embedded in the continuum above the first ionization threshold. This two-state autoionizing radial wave packet
interacts strongly with high-n8 Rydberg states associated with the adjacent 5d3/2n8d series. Time-dependent
electron-electron scattering leads to the formation of three distinct bound radial wave packets that oscillate with
very different Kepler periods and periodically decay through autoionization. Experimentally, we have probed
the temporal oscillations between the different wave packets with a second, time-delayed, laser pulse using
bound-state interferometry. Theoretically, we use three-channel quantum-defect theory to construct and propa-
gate the multiconfigurational wave packet to view its spatial distribution as a function of time.

PACS number~s!: 32.80.Dz, 32.80.Rm
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I. INTRODUCTION

The widespread availability of short pulsed lasers w
spectral bandwidths larger than energy-level spacings
Rydberg atoms has led to extensive studies of the dyna
behavior of Rydberg wave packets. Initially much of the e
perimental research focused on atoms in single config
tions @1#, but more recently multiconfigurational two
electron systems have received theoretical@2,3# and
experimental@4–8# attention as well. When coherently ex
cited by a short pulse, these systems can exhibit temp
oscillations between different configurations as a result
dynamic electron-electron scattering@2#. This time-
dependent configuration interaction is analogous to the m
complicated process of population transfer between diffe
rotational and vibrational modes in molecules. Hence, tw
electron atoms provide relatively simple systems to inve
gate processes relevant to the quantum control of chem
reactions@9#.

Previous experiments have investigated the role of tim
dependent configuration interaction in systems with vary
degrees of complexity. The first time-domain experime
examined the interaction of a single bound doubly exci
valence state with a singly excited Rydberg series@4#. Direct
excitation of pure Rydberg or pure valence modes resulte
a clear oscillation of wave-packet character between th
two nonstationary configurations. Population beating
tween degenerate bound modes has also been observed
case where two configurationally mixed autoionizing sta
are simultaneously excited@5#. In addition, optical control
over the autoionization rate@8# and branching ratio for deca
in these systems has been demonstrated@7#. More recently,
the production of a shock-wave packet@10# via the rapid
coupling of a stationary Rydberg state to the continuum i
sudden isolated core excitation~ICE! @11# has been studied
@6#. All these experiments clearly demonstrate that scatte
between the Rydberg and ‘‘core’’ electron results in dynam
manipulation of the Rydberg electron probability distrib
tion.

Here we present the results of what to our knowledge
the first experimental investigation of time-dependent c
figuration interaction between two configurationally mix
1050-2947/2000/61~2!/022716~7!/$15.00 61 0227
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series, not simply isolated resonances, embedded in a c
mon continuum. In the experiment, a 100-fs laser pulse p
duces an autoionizing wave packet by photoexciting bari
atoms from a tightly bound eigenstate into the structu
continuum approximately 0.6 eV above the Ba1(6s) ioniza-
tion threshold. Immediately following the excitation th
wave packet can be described as a coherent superpositio
two bound 5d5/2nd Rydberg eigenstates. In the absence
any other bound channels, the Rydberg probability distri
tion would undergo radial oscillations with 160-fs Kepl
period. However, each time the wave packet nears
Ba1(5d5/2) core, there is a significant probability for scatte
ing between the Rydberg and ‘‘core’’ electrons. These sc
tering events lead to deexcitation of the 5d5/2 core to 5d3/2 or
6s1/2 ionic levels with an associated excitation of the Ry
berg electron to higher-lying boundn8d states or continuum
es levels, respectively. Scattering into the 5d3/2n8d channel
results in the creation of two additional radial wave packe
with larger spatial extent and longer Kepler periods. At a
given time the three spatially distinct Rydberg wave pack
and their associated core configurations are entangled in
two-electron wave function. We probe the complicated e
lution of this two-electron wave packet using a second la
pulse to form a bound-state interferometer@12#. Our experi-
mental results are interpreted theoretically by propaga
the two-electron wave function in the time domain. T
wave functions are calculated using standard multichan
quantum-defect theory~MQDT! @13,14#.

This paper is organized as follows. In Sec. II we descr
the details of the multiconfigurational two-electron syste
the experimental method, and the experimental results
Sec. III we derive analytical expressions for the bound-st
interferogram, as well as the spatial distribution and tempo
evolution of the autoionizing wave packet in terms of MQD
parameters. In Sec. IV we show that the experimental d
can be adequately described using two bound and one
tinuum channel to calculate the dynamics of the wa
packet. The results of our numerical simulation are discus
in Sec. V and we summarize our findings in Sec. VI.

II. EXPERIMENT

The multiconfigurational wave packets are produced
short-pulse photoexcitation of barium atoms from an int
©2000 The American Physical Society16-1
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FIG. 1. Barium excitation.~a! Two-step reso-
nant laser excitation scheme.~b! Calculated cross
section for excitation from the intermediat
5d6p1P1 state by a short laser pulse with a fre
quency spectrum identical to that used in the e
periment.
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mediate 5d6p 1P1 state to an energy range above the fi
Ba1(6s1/2) ionization limit but just below the Ba1(5dj ) ion-
ization limits @see Fig. 1~a!#. In principle, eight bound and
three continuumJ50,2 channels are optically accessible
the experiment. However, in practice direct excitation is li
ited to the three boundJ50 channels. Specifically, we excit
5djndjJ50 ( j 53/2,5/2) bound configurations embedded
the 6s1/2es1/2J50 continuum. The absence of the 5dns and
5dnd J52 channels is presumably due to small radial a
angular matrix elements between the intermediate 5d6p
state and the final channels, respectively. Figure 1~b! shows
the theoretical cross section for the excitation over the
ergy range of interest in the experiment~see Sec. III!. The
spectrum is dominated by two strong 5d5/2nd5/2 transitions
with Rydberg electron principal quantum numbersn512
and n513. Although angular selection rules do not fav
direct excitation of the nearby 5d3/2n8d3/2 levels, peaks in
the cross section appear at these resonances due to co
rational mixing with the 5d5/2nd5/2 channel. There is essen
tially zero direct continuum excitation from the 5d6p inter-
mediate state, and the autoionization linewidth of the 5dnd
states is determined by the coupling strength to the 6ses
continuum.

If we consider the laser excitation in the time domain
wave packet localized in the bound 5d5/2 channel is created
at time t50. However, after some time, coherent scatter
into the 5d3/2 bound channel or the 6s1/2 continuum channe
occurs@4,5,7#. Population can also be transferred from t
5d3/2 channel back into the 5d5/2 configuration, but eventu
ally all the bound population is depleted due to scatter
into the continuum@5,7#. We monitor the total number o
atoms excited to autoinizing states by detecting
Ba1(6s1/2) ions or low-energy~0.5 eV! electrons produced
via autoionization.

The laser pulse used to create the wave packet h
100-fs duration, a center wavelength of 554 nm, a bandw
of 180 cm21, and is generated in an optical parametric a
plifier ~OPA!. The OPA is pumped by half the output of
2-W Ti:sapphire regenerative amplifier operating at 800
02271
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with a 1-kHz repetition rate. Approximately 30 mW o
554-nm laser light is produced by sum frequency mixing
1.80-mm idler beam from the OPA with the residual 800-n
pump beam in a BBO crystal.

A second OPA, pumped by the other half of the output
the regenerative amplifier, is used to populate the interm
ate 5d6p 1P1 launch state from the 6s6s 1S0 ground state.
The 1.4-mm signal beam from this OPA is converted to
mW of 350-nm laser light by fourth harmonic generation
two stages. A 4-cm-long KDP crystal is used to double
frequency of the 700-nm doubled signal beam. Due to ph
matching in the long crystal, the bandwidth of the 350-n
pulse is only 10 cm21, enhancing the population transfer
the spectrally narrow 5d6p 1P1 state.

The two laser beams are overlapped and focused b
50-cm focal-length lens into a beam of ground-state bari
atoms that effuse from a resistively heated oven. The in
action region is located between two grounded capac
plates. Approximately 50 ns after the laser excitation
100-V pulse applied to one of the plates pushes the Ba1 ions
resulting from autoionization into a microchannel plate d
tector.

The evolution of the autoionizing wave packet is prob
by exposing the barium atoms to a second identical, pha
coherent laser pulse@12#. After some time delayt the second
pulse creates a second wave packet within each atom.
pending on the phase difference between the two la
pulses, constructive or destructive interference occurs
tween the two wave packets, altering the net ion yield fro
the two-pulse excitation. The magnitude of the variation
the autoionization yield as a function of the relative pu
delay is a measure of how much the wave packet at timt
resembles its initial spatial distribution and core configu
tion. In this experiment, the interference signal reflects h
much of the first wave packet remains in the 5d5/2 channel
and is close to the Ba1 core att5t.

The phase coherent pulse pair is produced by sending
554-nm beam through a Michelson interferometer. The ti
delay between the two pulses is scanned by varying the
6-2
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DYNAMIC WAVE-PACKET SCATTERING IN . . . PHYSICAL REVIEW A61 022716
tical path length of one arm of the interferometer using
piezoelectric controlled translation stage. The variation in
Ba1 signal is monitored as a function of the time delay b
tween the two laser pulses. Approximately 10 data points
interference cycle are recorded and stored on a pers
computer. The time-delay scans are calibrated by simu
neously monitoring the intensity fringes in a continuou
wave HeNe laser beam that passes through the same
ferometer. This calibration allows us to retrieve t
frequency spectrum of the short laser pulse using
electric-field autocorrelation that is obtained by monitori
the 554-nm transmission through the interferometer. T
short-pulse spectrum is simply the Fourier transform of
field autocorrelation.

The magnitude of the variation in the ion signal is o
tained by taking the root-mean-square~rms! of the autoion-
ization yield over ten optical frequency interference oscil
tions. Figure 2~a! shows the rms Ba1 signal as a function of
the time delayt. The 160-fs modulation in the rms signal
due to the radial motion of the wave packet localized in
5d5/2 channel as it oscillates back and forth with a 160
Kepler period. In the absence of bound channel interac
we would simply observe this beating with an exponentia
decreasing amplitude. However, each time the Rydberg e
tron passes the core, some electron amplitude scatters
the 5d3/2 channel, forming two additional Rydberg wav
packets that orbit the core with distinctly different Kepl
periods of 0.95 and 2.5 ps, respectively. Since electr
electron scattering is restricted to a small volume around
ion core, probability launched as a 5d3/2 wave packet re-
quires at least 1 ps before it can return to the core and co
back into the 5d5/2 channel. In spite of rapid autoionizatio

FIG. 2. ~a! Experimental rms ion signal as a function of th
relative delay between the two phase-coherent laser pulses.~b! Cal-
culated bound-state rms interferogram obtained from the exp
mental MQDT parameters using Eq.~9!. Note that they scale in~b!
is reversed relative to that in~a! for a mirror image effect.
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out of the 5d5/2 configuration, the radial oscillations of th
5d5/2 wave packet remain prominent for many picosecon
due to ‘‘storing’’ or ‘‘shelving’’ of bound-state amplitude in
the longer lived 5d3/2 channel. This and other features in Fi
2~a! will be discussed in more detail in Sec. IV.

III. ANALYTICAL FRAMEWORK

Over the range of energies of interest in the current
periment, the even-parityJ50, two-electron eigenstates o
the barium atom are described by a total wave functionce

that is a linear combination of two bound channel wave fu
tions, f1

e55d5/2n1
ed5/2J50, and f2

e55d3/2n2
ed3/2J50 and

one continuum channel wave functionf3
e56s1/2es1/2J50:

ce~r !5A1
ef1

e~r !1A2
ef2

e~r !1A3
ef3

e~r !, ~1!

whereAj
e are the energy-dependent spectral amplitudes ane

is the state energy relative to the Ba1(6s1/2) ionization
threshold. The effective principal quantum numbers of
bound channelsn j

e are related to the energye through the
Rydberg formula e5I j2R/n j

e2 , where R is the mass-
corrected Rydberg constantR5109 736.87 cm21 and I j
are the ionization limits for the bound channels, i.
the Ba1(5d5/2,3/2) levels, I 155674.82 cm21, and I 2
54873.85 cm21, respectively@15#. The channel wave func
tions can be expressed as

f j
e~r !5

uj
e~r !

r
x j~r !, ~2!

whereuj
e(r )/r are the energy normalized radial wave fun

tions of the least bound~or ‘‘outer’’ ! electron, andx j (r ) is a
product of the angular part of the outer electron’s wave fu
tion and the core electron’s wave function. The radial wa
functions are, if taken to be Coulombic, linear combinatio
of regular and irregular Coulomb wave functions. Altern
tively they can be calculated numerically by integrating t
one-electron Schro¨dinger equation in the appropriate pseud
potential.

Our short laser pulse excites a coherent superposition
continuum of eigenstates. The resulting wave packetC(r ,t)
is therefore given by a continuous sum,

C~r ,t !5E
2`

1`

ce~ t !ce~r !e2 i et de, ~3!

where thece(t) depend on the excitation process. The pro
ability for finding the wave packet in channelj at a particular
radial position at a specific time is obtained by integrati
uC(r ,t)u2 over all angles,

Pj~r ,t !5U E
2`

1`

ce~ t !Aj
euj

e~r !e2 i etdeU2

. ~4!

Here we used the fact that the wave functionsf j
e(r ) for

different channels are orthogonal due to different core c
figurationsx j (r ). The probability that the wave packet is,

ri-
6-3
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R. van LEEUWEN, M. L. BAJEMA, AND R. R. JONES PHYSICAL REVIEW A61 022716
some timet, localized in channelj is obtained by integrating
Eq. ~4! with respect to the radial position,

Pj~ t !5E
0

`

Pj~r ,t !dr. ~5!

At any given time the electron must be in one of the th
available channels so that( j Pj (t)51.

To calculate the probabilities given by Eqs.~4! and~5! we
need to derive an expression for the spectral amplitudesAj

e

and coefficientsce(t). This can be done using the phas
shifted R-matrix formulation of MQDT as developed b
Cooke and Cromer@14#. In this formalism, shifted principa
quantum numbers are defined asn j8

e5n j
e1d j , whered j are

single-channel quantum defects. Thed i can be viewed as the
quantum defects of the bound channels in the absenc
interseries interactions. The spectral amplitudes are obta
by solving the MQDT equation

S tanpn18
e R128 R138

R128 tanpn28
e R238

R138 R238 2tante
D S A1

e cospn18
e

A2
e cospn28

e

A3
e coste

D 50,

~6!

where Ri j8 are the phase-shifted parameters describing
channel interactions andte is the continuum phase. Solvin
Eq. ~6! for a set of approximately energy-independe
MQDT parameters,Ri j8 and d j , yields te as a function of
energy. Combining this relation with the energy normaliz
tion condition,A3

e251, the spectral amplitudesA1
e and A2

e

can be determined.
Assuming there is no direct excitation of the continuu

the coefficientce(t) long after the laser pulse can be writte

ce~`!52 imeE
2`

1`

F~ t8!e2 ivt8dt8, ~7!

where

me5D1A1
e cospn18

e1D2A2
e cospn28

e , ~8!

F(t) is the oscillating electric field of a single laser pul
with frequencyv5e2e0, ande0 is the energy of the inter
mediate 5d6p state.D j represents the energy-independe
parts of the dipole moments that connect the intermed
state to the bound channelsf j

e(r ). The energy-dependen
parts of the dipole moments are given by the cosine term
Eq. ~7b!, describing the variation of the dipole amplitud
with the radial phase of the channel wave function.

The frequency spectrum of the excited wave packe
given by the cross section

se54p2avuceu254p2avm2uFeu2, ~9!

wherea is the fine-structure constant. The variation in t
autoionization yield as a function of the time delay betwe
two identical laser pulses is related to the Fourier transfo
of the cross sectionse @16#:
02271
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S~t!5U E
2`

1`

see2 i et deU. ~10!

The rms interferogramS(t) in Eq. ~9! depends on the
frequencyspectrumof the laser pulse, not its temporal pro
file @16#. Therefore to reproduce the experimental data
Fig. 2~a! we need only know the MQDT coefficientsRi j8 and
d j , the dipole momentsD j , and the experimentally mea
sured laser spectrum~see Sec. II!.

IV. RESULTS

Rather than performing a seven-parameter fit ofS(t) to
our experimental data in Fig. 2~a!, we have used five MQDT
parameters obtained from autoionization linewidth measu
ments by Neukammeret al. in a high-resolution cw lase
experiment,R128 520.230, R138 520.170, R238 520.139, d1

50.435, andd250.485 @17#. This leaves only the ratio o
the dipole momentsD1 /D2 and an overall normalization
constant to be adjusted to fit the experimental interferogr

We calculated the excitation cross sectionse from Eq.~8!
in the energy range of interest; i.e., from 4290 cm21 to
4840 cm21, on a grid with 0.1-cm21 energy spacing for
various values ofD1 /D2. The best agreement betweenS(t)
and the experimental data is obtained forD250.4D1, and
this result is shown in Fig. 2~b!. Except for small discrepan
cies betweent53 andt54 ps the overall agreement is goo
particularly during the first 2 ps. The corresponding cro
section is shown in Fig. 1~b!. We also numerically solved an
eight-dimensional eigenvalue equation similar to Eq.~6! us-
ing phase-shifted MQDT parameters from Ref.@18# to repro-
duce aJ52 excitation spectrum, but we found no improv
ment in the fit to the interferogram by including anyJ52
channels.

The radial wave functionsuj
e are not used explicitly in the

interferogram calculation. Rather, the atomic structure
been incorporated implicitly in the energy-independent pa
of the dipole momentsD j . However, to actually view the
evolution of the Rydberg wave packet, we need explicit e
pressions for the radial wave functions. Theuj

e are calculated
by numerically integrating the one-electron Schro¨dinger
equation using a Numerov algorithm@19#. Since the bound
channels are embedded in the continuum the radial w
functions are energy normalized by requiring*uj

e2 dr5n j
e3

for j 51,2. We then calculate the wave packet’s spatial d
tribution and temporal evolution by evaluating Eqs.~1!–~5!.
The explicit time dependence of the laser fieldF is ignored,
but the temporal resolution is determined implicitly by th
frequency bandwidth of the laser pulse.

Figures 3 and 4 summarize the theoretical results. Fig
3 shows the probabilitiesP1(t) and P2(t) for finding the
wave packet in the bound 5d5/2 and 5d3/2 channels, respec
tively, and the total probability for being in a bound chann
@P1(t)1P2(t)512P3(t)#. Figures 4~a! and 4~c! show den-
sity plots of the spatial distribution and temporal evolution
the bound 5d5/2 and 5d3/2 wave packets. Figure 4~b! shows a
density plot of the time-dependent 6s1/2 continuum electron
density nearr 50, which is a measure of the instantaneo
autoionization rate.
6-4
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V. DISCUSSION

Of course it is not spectacularly surprising that even
very complex experimental interferogram in Fig. 2~a! can be
reproduced by Eq.~9! since MQDT is known to reproduc

FIG. 3. ProbabilitiesPj (t) for finding the wave packet in the
5d5/2 channel~thin solid curve!, in the 5d3/2 channel~dotted curve!,
and their sum~thick solid curve!, calculated using Eq.~5!. The
Kepler periods for the 5dn5/2nd, the low-n 5d3/2nd, and the high-
n 5d3/2nd wave packets are 0.16 ps, 0.95 ps, and 2.5 ps, res
tively.
02271
e

frequency spectra of two-electron system very well@20#.
However, since the experimental data are adequately
scribed within the framework of MQDT, we are confide
that numerical simulation gives an accurate representatio
the spatial distribution and temporal evolution of the a
toionizing radial wave packet. As a result, we can use
simulation pictures to obtain a better understanding of ch
nel interactions in the time domain. Furthermore, beca
only two bound and one continuumJ50 channels are
needed in the MQDT analysis, we can describe the comp
evolution of the autoionizing wave packet using the re
tively simple physical picture provided below.

During the laser excitation att50, a radial Rydberg wave
packet is formed that is localized near the nucleus predo
nantly in the 5d5/2 channel, as is clearly seen in Fig.
Greater than 80% of the wave-packet probability resides
the 5d5/212d5/2 and 5d5/213d5/2 Rydberg levels. The packe
has an average effective principal quantum numbern̄* 510
and oscillates with a 160-fs Kepler period (tK52pn̄* 3).
When the Rydberg electron passes the Ba15d5/2 core during
each radial oscillation, a fraction of the probability amplitu
scatters into the 5d3/2 bound channel~33% probability! or
into the 6s1/2 continuum channel~7% probability!. Every
time the 5d5/2 wave packet returns to the core its populati
decreases. After seven Kepler periods ('1.1 ps) the 5d5/2
channel is almost completely depleted. While a no
negligible amount of population has been lost to autoioni
tion, most of the 5d5/2 amplitude has been ‘‘shelved’’ in the
5d3/2 configuration.

c-
nate
oints
FIG. 4. Density plots of the probabilitiesPj (r ,t) for finding the wave packet in~a! the bound 5d5/2 channel,~b! the continuum 6s1/2

channel, and~c! the bound 5d3/2 channel, calculated using Eq.~4!. Note that the density plots are linear in time but that the spatial coordi
is the square root of the radial positionr. The density plots clearly show three distinct wave packets with very different outer turning p
R1 , R2, andR3. The gray scale is linear in intensity and dark~light! shading corresponds to a high~low! probability.
6-5
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When population is transferred to the 5d3/2 channel only
5d3/2nd3/2 states in the vicinity of the 5d5/212d5/2 and
5d5/213d5/2 levels are likely to be excited@see Fig. 1~b!#. As
a result, two distinct 5d3/2nd radial wave packets are forme

with average effective principal quantum numbersn̄*

'18.5 andn̄* '25.5. These packets orbit the Ba1 core with
much longer Kepler periods,tK'0.95 ps andtK'2.5 ps,
respectively. When the Rydberg population ‘‘shelved’’
these wave packets returns to the Ba1(5d3/2) core, popula-
tion can scatter into the 6s1/2 continuum or back into the
5d5/2 bound configuration. The 5d3/2 population ‘‘shelving’’
is equivalent to autoionization into a discrete quasic
tinuum. Unlike autoionization into a flat continuum, popul
tion in the 5d3/2nd wave packets eventually returns to the i
core where rescattering into the 5d5/2n8d configurations is
likely.

Rydberg population that was shelved in the low-n part of
the 5d3/2 channel first returns to the core after 1 ps. Howev
due to interferences between the 5d3/2 and 5d5/2 channels
during this return, little net transfer between these two bou
configurations occurs. In contrast, nearly all of the popu
tion that is shelved in the low-n 5d3/2 wave packet rescatter
into the 5d5/2 channel during its second return to the ion co
near t51.9 ps. Nevertheless, inspection of Fig. 3 indica
that only 50% of the total bound character resides in
5d5/2 configuration att51.9 ps. The other 50% remain
shelved in the high-n 5d3/2 wave packet, which does not t
return to the core for another 0.6 ps.

Scattering between the bound channels continues,
with decreasing amplitude due to autoionization losses.
though the discussion thus far has concentrated on bo
bound coupling, scattering into the unbound 6s1/2 continuum
also occurs every time the Rydberg electron passes nea
5dj ion core. The slope of the bound-state population cu
~the thick line in Fig. 3! is equal to the negative of the auto
ionization rate. Inspection of the total population curve in
cates that autoionization occurs in bursts as the wave pac
pass the nucleus. The instantaneous autoionization ra
also proportional to the probability of finding both electro
near the ion core in the 6s1/2 continuum configuration@see
Fig. 4~b!#.

Further insight into the wave-packet dynamics is gain
by looking directly at the probability distributions in th
threeJ50 configurations. Figure 4~a! shows a density plo
of the time-dependent 5d5/2 probability distribution. The
analogous distribution for the 5d3/2 configuration is shown in
Fig. 4~c!. Initially, the ion core is likely to be found in the
5d5/2 configuration, with the Rydberg electron close to t
nucleusr 502250a0. In only 80 fs (0.5tK) the Rydberg
electron is localized near its classical outer turning poin
R15175a0. It returns to the ion core after 160 fs. As on
would expect for a two-state wave packet, the radial osci
tions remain strong during the entire time the wave packe
monitored, except neart52 ps. In fact, betweent51.8 and
t52.4 ps the 5d5/2 part of the total wave function shows n
temporal evolution at all and strongly resembles the stat
ary 5d5/212d wave function. During this time interval, th
5d5/2 channel, which was almost completely depleted at
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51 ps, has been repopulated through rescattering from
low-n 5d3/2 wave packet. However, the low-n part of the
5d3/2 population is composed entirely of 5d3/2nd statesin
the vicinity of the5d5/212d level. The dynamic 5d5/2nd wave
packet is not reconstructed until the high-n 5d3/2 wave
packet returns to the core after 2.5 ps. The absence of
spatial modulation in the 5d5/2 wave function results in the
small modulation depth of the rms signal for 1.6 ps,t
,2.4 ps in Fig. 2. Because the 5d5/2 part of the wave func-
tion does not move, there is essentially no change in
overlap between the initial wave packet and its configurat
during this time interval. It is interesting that the two
electron dynamics conspire to create a quasi-5d5/2 eigenstate
from the laser-excited two-state wave packet.

Turning to Fig. 4~c!, it is clear that att50 approximately
20% of the excited-state population travels away from
nucleus in a 5d3/2 radial wave packet. Every time the 5d5/2
packet passes the core~i.e., every 160 fs! probability ampli-
tude scatters into the 5d3/2 channel, launching additiona
long-range wave packets. The interaction between the
valence electrons results in kinetic-energy exchange an
spin-flip of both electrons. Because the Rydberg electron
greater kinetic energy in the new spin-orbit potential,
moves much further away from the Ba1 core. When the
5d3/2 wave packet reachesR25680a0, it splits into two
parts: one that reverses its direction and begins traveling
wards with a Kepler period of 0.95 ps, and another that c
tinues to move away from the nucleus until it reaches
outer turning point atR351300a0 and returns to the core
after a corresponding Kepler period of 2.5 ps.

It is interesting that the spatial separation of the highn
and low-n 5d3/2 wave packets removes the 160-fs spatiote
poral modulation in the 5d3/2 probability distribution. Recall
that this rapid modulation is produced by the periodic dum
ing of population into the 5d3/2 channel by the oscillating
5d5/2 wave packet. The rapid 160-fs beating is characteri
of two interfering waves with different energies, and on
occurs if the two 5d3/2 packets overlap in space.

VI. CONCLUSION

We have studied the dynamics of radial Rydberg wa
packets in an autoionizing two-electron system. We obser
temporal oscillation of population between two, strong
coupled, bound Rydbergseriesembedded in a continuum
The complex evolution of the autoionizing wave packet w
probed by bound-state interferometry and was well descri
by three-channel quantum-defect theory, enabling us to
culate the temporal evolution and spatial distribution of t
wave packet in each of the three dielectronic configuratio
Observations include the coherent beating of three dist
radial Rydberg wave packets, the shelving of population
long-lived states, and the creation of qua
eigenstates through electron scattering within the las
excited two-electron wave packets.
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