PHYSICAL REVIEW A, VOLUME 61, 022716
Dynamic wave-packet scattering in autoionizing two-electron atoms
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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 quasibounchl®ds,nd Rydberg states that are
embedded in the continuum above the first ionization threshold. This two-state autoionizing radial wave packet
interacts strongly with higiv' Rydberg states associated with the adjacehy,b’d 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 numbeg(s): 32.80.Dz, 32.80.Rm

[. INTRODUCTION series not simply isolated resonances, embedded in a com-

mon continuum. In the experiment, a 100-fs laser pulse pro-

The widespread availability of short pulsed lasers withduces an autoionizing wave packet by photoexciting barium

spectral bandwidths larger than energy-level spacings iRtoms from a tightly bound eigenstate into the structured
Rydberg atoms has led to extensive studies of the dynamfgontinuum approximately 0.6 eV above the'R6s) ioniza-

behavior of Rydberg wave packets. Initially much of the ex-1°" threshold. Immediately following the excitation the
perimental research focused on atoms in single configur wave packet can be described as a coherent superposition of

tions [1], but more recently multiconfigurational two- wo bound %l ;nd Rydberg eigenstates. In the absence of

. . any other bound channels, the Rydberg probability distribu-
electron systems have received theoretid@3] and ion would undergo radial oscillations with 160-fs Kepler
experimental4—8] attention as well. When coherently ex- period. However, each time the wave packet nears the

cited by a short pulse, these systems can exhibit temporgly+ (54, ) core, there is a significant probability for scatter-
oscillations between different configurations as a result ofng petween the Rydberg and “core” electrons. These scat-
dynamic electron-electron  scattering2]. This time-  tering events lead to deexcitation of the core to &, or
dependent configuration interaction is analogous to the morgs, , jonic levels with an associated excitation of the Ryd-
complicated process of population transfer between differergerg electron to higher-lying bourtd d states or continuum
rotational and vibrational modes in molecules. Hence, twows levels, respectively. Scattering into the&n'd channel
electron atoms provide relatively simple systems to investiresults in the creation of two additional radial wave packets,
gate processes relevant to the quantum control of chemicalith larger spatial extent and longer Kepler periods. At any
reactiong 9]. given time the three spatially distinct Rydberg wave packets
Previous experiments have investigated the role of timeand their associated core configurations are entangled in the
dependent configuration interaction in systems with varyingwo-electron wave function. We probe the complicated evo-
degrees of complexity. The first time-domain experimentdution of this two-electron wave packet using a second laser
examined the interaction of a single bound doubly excitedPulse to form a bound-state interferomefté2]. Our experi-
valence state with a singly excited Rydberg sefisDirect ~mental results are interpreted theoretically by propagating
excitation of pure Rydberg or pure valence modes resulted if'€ two-electron wave function in the time domain. The
a clear oscillation of wave-packet character between thes&ave functions are calculated using standard multichannel
two nonstationary configurations. Population beating beduantum-defect theofMQDT) [13,14. _
tween degenerate bound modes has also been observed inineTh'S paper is organized as follows. In Sec. Il we describe
case where two configurationally mixed autoionizing state € deta|I§ of the multiconfigurational two.-electron system,
are simultaneously exciteff]. In addition, optical control the experimental method, and the experimental results. In

over the autoionization ra{@&] and branching ratio for decay _S(tec.flll we derive ar}?lytlfr?l exp:gsl,s(iprtls'bfotr' the bgl:nd—statei
in these systems has been demonstrafédMore recently, interierogram, as wetl as the spatial distribution and lempora

the production of a shock-wave packai0] via the rapid evolution of the autoionizing wave packet in terms of MQDT

coupling of a stationary Rydberg state to the continuum in Jarameters. In Sec. IV we show that the experimental data

sudden isolated core excitatighCE) [11] has been studied can be adequately described using two bqund and one con-
nuum channel to calculate the dynamics of the wave

[6]. All these experiments clearly demonstrate that scatterin . . X ;
between the Rydberg and “core” electron results in dynami acket. The results of our numerical simulation are discussed
in Sec. V and we summarize our findings in Sec. VI.

manipulation of the Rydberg electron probability distribu-
tion.
. IIl. EXPERIMENT
Here we present the results of what to our knowledge is
the first experimental investigation of time-dependent con- The multiconfigurational wave packets are produced by
figuration interaction between two configurationally mixed short-pulse photoexcitation of barium atoms from an inter-
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mediate 56p 1P, state to an energy range above the firstwith a 1-kHz repetition rate. Approximately 30 mW of
Ba' (6s,,) ionization limit but just below the Bé(de) ion-  554-nm laser light is produced by sum frequency mixing the
ization limits [see Fig. 1a)]. In principle, eight bound and 1.80-um idler beam from the OPA with the residual 800-nm
three continuumJ=0,2 channels are optically accessible in pump beam in a BBO crystal.
the experiment. However, in practice direct excitation is lim- A second OPA, pumped by the other half of the output of
ited to the three bound=0 channels. Specifically, we excite the regenerative amplifier, is used to populate the intermedi-
5d;nd;J=0 (j=3/2,5/2) bound configurations embedded inate 5d6p ‘P, launch state from the$bs 'S, ground state.
the 6510€S1,,J=0 continuum. The absence of the®sand  The 1.4um signal beam from this OPA is converted to 1
5dnd J=2 channels is presumably due to small radial andnW of 350-nm laser light by fourth harmonic generation in
angular matrix elements between the intermediatl6®  two stages. A 4-cm-long KDP crystal is used to double the
state and the final channels, respectively. Figui® §hows frequency of the 700-nm doubled signal beam. Due to phase
the theoretical cross section for the excitation over the enmatching in the long crystal, the bandwidth of the 350-nm
ergy range of interest in the experimesee Sec. I). The  pulse is only 10 ¢!, enhancing the population transfer to
spectrum is dominated by two strongl&nds), transitions  the spectrally narrow &p P, state.
with Rydberg electron principal quantum numbers 12 The two laser beams are overlapped and focused by a
and n=13. Although angular selection rules do not favor 50-cm focal-length lens into a beam of ground-state barium
direct excitation of the nearbyda;n’ds, levels, peaks in  atoms that effuse from a resistively heated oven. The inter-
the cross section appear at these resonances due to configtion region is located between two grounded capacitor
rational mixing with the 8l5,nds;, channel. There is essen- plates. Approximately 50 ns after the laser excitation, a
tially zero direct continuum excitation from thedBp inter- ~ 100-V pulse applied to one of the plates pushes the iBas
mediate state, and the autoionization linewidth of tllm8  resulting from autoionization into a microchannel plate de-
states is determined by the coupling strength to tkes6 tector.
continuum. The evolution of the autoionizing wave packet is probed
If we consider the laser excitation in the time domain, aby exposing the barium atoms to a second identical, phase-
wave packet localized in the boundl§, channel is created coherent laser puldd?2]. After some time delay the second
at timet=0. However, after some time, coherent scatteringoulse creates a second wave packet within each atom. De-
into the 5, bound channel or thesg,, continuum channel pending on the phase difference between the two laser
occurs[4,5,7. Population can also be transferred from thepulses, constructive or destructive interference occurs be-
5d4/, channel back into theds,, configuration, but eventu- tween the two wave packets, altering the net ion yield from
ally all the bound population is depleted due to scatteringhe two-pulse excitation. The magnitude of the variation in
into the continuunm5,7]. We monitor the total number of the autoionization yield as a function of the relative pulse
atoms excited to autoinizing states by detecting thedelay is a measure of how much the wave packet at ttme
Ba'(6s,,,) ions or low-energy(0.5 eV) electrons produced resembles its initial spatial distribution and core configura-
via autoionization. tion. In this experiment, the interference signal reflects how
The laser pulse used to create the wave packet has rauch of the first wave packet remains in thésp channel
100-fs duration, a center wavelength of 554 nm, a bandwidtland is close to the Ba core att= 1.
of 180 cm !, and is generated in an optical parametric am- The phase coherent pulse pair is produced by sending the
plifier (OPA). The OPA is pumped by half the output of a 554-nm beam through a Michelson interferometer. The time
2-W Ti:sapphire regenerative amplifier operating at 800 nndelay between the two pulses is scanned by varying the op-
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out of the Hg;, configuration, the radial oscillations of the
5ds,, wave packet remain prominent for many picoseconds
due to “storing” or “shelving” of bound-state amplitude in
the longer lived 8l;, channel. This and other features in Fig.
2(a) will be discussed in more detail in Sec. IV.

Ill. ANALYTICAL FRAMEWORK

RMS(Ba™) (arb. units)

Over the range of energies of interest in the current ex-
periment, the even-parity=0, two-electron eigenstates of
the barium atom are described by a total wave functlén
that is a linear combination of two bound channel wave func-
tions, ¢1=>5ds,,r;d5J=0, and ¢5=5d3,v5d5,J=0 and
one continuum channel wave functi@ff=6s,,,es,,J=0:

PN =ATPI(r) +Az5(r) +Ages(r), @

S(1) (arb. units)

whereA: are the energy-dependent spectral amplitudeseand
is the state energy relative to the B#s,,,) ionization

L0 J) T Y N T [N S VY T T [T WO T S [ Y T

0 1 2 3 4 5 6 threshold. The effective principal quantum numbers of the
7 (ps) bound channels»f are related to the energy through the
Rydberg formulae=1;—R/v{*, where R is the mass-

FIG. 2. (a) Experimental rms ion signal as a function of the N 1
relative delay between the two phase-coherent laser pylyeSal- corrected_ R}’db_erg (_:onstarR— 109736.87 cm” and Ii .
are the ionization limits for the bound channels, i.e.,

culated bound-state rms interferogram obtained from the experi©

mental MQDT parameters using ). Note that they scale in(b)  the Ba+(5d51213,2) levels, 1,=5674.82 cm', and I,
is reversed relative to that if@) for a mirror image effect. =4873.85 cm*, respectively{15]. The channel wave func-

tions can be expressed as
tical path length of one arm of the interferometer using a
piezoelectric controlled translation stage. The variation in the us(r)
Ba' signal is monitored as a function of the time delay be- ¢i(r)= — X, 2
tween the two laser pulses. Approximately 10 data points per

interference cycle are recorded and stored on a personfi‘}hereuf(r)/r are the energy normalized radial wave func-
computer. Th.e t_|me—dela_y scans are cahprated by.s'mu“aﬂons of the least boun¢br “outer”) electron, andy;(r) is a
neously monitoring the intensity fringes in a contmuogs- roduct of the angular part of the outer electron’:sJ wave func-
¥vave I—tleNe_Irr;lfer belabm tt_hat pa}lsses throu?h th? same tlr?t fon and the core electron’s wave function. The radial wave
ferome er. 'St cal r]:a\ 'tcr)]n ahovxt/sl us 1o lre reve tﬁfunctions are, if taken to be Coulombic, linear combinations
requency spectrum of the short faser puise using Neg regular and irregular Coulomb wave functions. Alterna-
electric-field autocor_rel_atlon that is obtal_ned by monltorlngtively they can be calculated numerically by integrating the
the 554-nm transmission through the interferometer. The,o oo ciron Schrdbnger equation in the appropriate pseudo-
short-pulse spectrum is simply the Fourier transform of thepotential

field autocorrelation. Our short laser pulse excites a coherent superposition of a

e o oo o o e o O of sigeniates The resling e paeL.)
y 9 . is therefore given by a continuous sum,

ization yield over ten optical frequency interference oscilla-
tions. Figure 2a) shows the rms Basignal as a function of o
the time delayr. The 160-fs modulation in the rms signal is \If(r,t)=J ce(t)ye(r)e 't de, 3
due to the radial motion of the wave packet localized in the *
5ds/, channel as it oscillates back and forth with a 160-fs . L
Kepler period. In the absence of bound channel interactiot/n€re thec(t) depend on the excitation process. The prob-
we would simply observe this beating with an exponentially@Pility for finding the wave packet in chanrjedt a particular
decreasing amplitude. However, each time the Rydberg ele(ﬁad'al p(2)5|t|0n at a specific time is obtained by integrating
tron passes the core, some electron amplitude scatters int ("-1)|* over all angles,

the 55, channel, forming two additional Rydberg wave e 2

packets that orbit the core with distinctly different Kepler Pi(r't):‘J Ce(t)Ajsuje(r)e—ietdé _ (4)
periods of 0.95 and 2.5 ps, respectively. Since electron- —o

electron scattering is restricted to a small volume around the

ion core, probability launched as al§, wave packet re- Here we used the fact that the wave functiopr) for
quires at least 1 ps before it can return to the core and coupHifferent channels are orthogonal due to different core con-
back into the 8ls;, channel. In spite of rapid autoionization figurationsy;(r). The probability that the wave packet is, at
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some timet, localized in channglis obtained by integrating
Eq. (4) with respect to the radial position,
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S(T)z‘ f:r:afe_i”ds . (10)

The rms interferograng(7) in Eq. (9) depends on the
frequencyspectrumof the laser pulse, not its temporal pro-
file [16]. Therefore to reproduce the experimental data of

At any given time the electron must be in one of the threeFig. 2(a) we need only know the MQDT coefficien®; and

available channels so thatP;(t)=1.

To calculate the probabilities given by E¢4) and(5) we
need to derive an expression for the spectral amplitudes
and coefficientscé(t). This can be done using the phase-
shifted R-matrix formulation of MQDT as developed by
Cooke and CromefrL4]. In this formalism, shifted principal
quantum numbers are defined g$=vj+ 6;, whered; are
single-channel quantum defects. Téecan be viewed as the

guantum defects of the bound channels in the absence Q
interseries interactions. The spectral amplitudes are obtaine

by solving the MQDT equation

tanmv;© R, Ris Ajcosmv;©
R, tanmry® Ry AScosmvy© | =0,
Ris Rs —tanr€ A5 cosre
(6)

where Ri’j are the phase-shifted parameters describing th
channel interactions angf is the continuum phase. Solving

d;, the dipole moment®;, and the experimentally mea-
sured laser spectruiisee Sec. )l

IV. RESULTS

Rather than performing a seven-parameter fiSff) to
our experimental data in Fig(®, we have used five MQDT
parameters obtained from autoionization linewidth measure-
ents by Neukammeet al. in a high-resolution cw laser
perimentR;,= —0.230, Rj;= —0.170, Rj)3= —0.139, &;
0.435, ands,=0.485[17]. This leaves only the ratio of
the dipole moment®,/D, and an overall normalization
constant to be adjusted to fit the experimental interferogram.
We calculated the excitation cross sectighfrom Eq.(8)
in the energy range of interest; i.e., from 4290 ¢mto
4840 cm't, on a grid with 0.1-cm? energy spacing for
various values oD /D,. The best agreement betwesfr)
and the experimental data is obtained f@5=0.4D,, and
¢ghis result is shown in Fig.(®). Except for small discrepan-
cies betweehn=3 andt=4 ps the overall agreement is good,

Eq. (6) for a set of approximately energy-independentparticularly during the first 2 ps. The corresponding cross

MQDT parametersRi’j and ¢;, yields 7 as a function of

energy. Combining this relation with the energy normaliza-

tion condition,A5?=1, the spectral amplitudes$ and A$
can be determined.

Assuming there is no direct excitation of the continuum,
the coefficientc(t) long after the laser pulse can be written

+ o0 o,
CE(OO): _ilu‘ej F(t/)eflwt dt', (7)
where
wué=DA] cosmv;“+D,AS cosmrs©, 8

F(t) is the oscillating electric field of a single laser pulse
with frequencyw = e— €;, andeg is the energy of the inter-

section is shown in Fig.(b). We also numerically solved an
eight-dimensional eigenvalue equation similar to Ej.us-
ing phase-shifted MQDT parameters from Hé®] to repro-
duce aJ=2 excitation spectrum, but we found no improve-
ment in the fit to the interferogram by including ady- 2
channels.

The radial wave functions; are not used explicitly in the
interferogram calculation. Rather, the atomic structure has
been incorporated implicitly in the energy-independent parts
of the dipole moment®;. However, to actually view the
evolution of the Rydberg wave packet, we need explicit ex-
pressions for the radial wave functions. Tlifeare calculated
by numerically integrating the one-electron Sainger
equation using a Numerov algorithf9]. Since the bound
channels are embedded in the continuum the radial wave
functions are energy normalized by requirifigs® dr= v

mediate Bi6p state.D; represents the energy-independentfor j=1,2. We then calculate the wave packet's spatial dis-
parts of the dipole moments that connect the intermediat&ibution and temporal evolution by evaluating E¢B—(5).

state to the bound channel(r). The energy-dependent

parts of the dipole moments are given by the cosine terms i
Eq. (7b), describing the variation of the dipole amplitude
with the radial phase of the channel wave function.

The explicit time dependence of the laser fi€lds ignored,
Rut the temporal resolution is determined implicitly by the
frequency bandwidth of the laser pulse.

Figures 3 and 4 summarize the theoretical results. Figure

The frequency spectrum of the excited wave packet i3 shows the probabilitie®;(t) and P,(t) for finding the

given by the cross section

©)

o =4r’aw|c|?=4m’ a0 u®|F4|?,

wave packet in the bounddg, and 55, channels, respec-
tively, and the total probability for being in a bound channel
[P4(t)+P,(t)=1—P5(t)]. Figures 4a) and 4c) show den-
sity plots of the spatial distribution and temporal evolution of

where « is the fine-structure constant. The variation in thethe bound 85/, and 55/, wave packets. Figure(d) shows a
autoionization yield as a function of the time delay betweendensity plot of the time-dependensf, continuum electron
two identical laser pulses is related to the Fourier transforndensity near =0, which is a measure of the instantaneous

of the cross section [16]:

autoionization rate.
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1.0 pr 1T frequency spectra of two-electron system very wel0].
However, since the experimental data are adequately de-
scribed within the framework of MQDT, we are confident
that numerical simulation gives an accurate representation of
the spatial distribution and temporal evolution of the au-
toionizing radial wave packet. As a result, we can use the
simulation pictures to obtain a better understanding of chan-
nel interactions in the time domain. Furthermore, because
only two bound and one continuurd=0 channels are
needed in the MQDT analysis, we can describe the complex
evolution of the autoionizing wave packet using the rela-
tively simple physical picture provided below.

R During the laser excitation at=0, a radial Rydberg wave
packet is formed that is localized near the nucleus predomi-

0.8

0.6

P;(t)

0.4

0.2

Y] I I I A BT SR nantly in the %5, channel, as is clearly seen in Fig. 3.
0 1 2 3 4 5 6 Greater than 80% of the wave-packet probability resides in
t (ps) the 5dg;,12d5,, and 55,,13d5,, Rydberg levels. TkE packet

has an average effective principal quantum numifer 10

and oscillates with a 160-fs Kepler periodK(=27rF* 3).
When the Rydberg electron passes thé Ba/, core during

Kepler periods for the 8ng,nd, the lown 5d,nd, and the high- each radial oscillation, a fraction of the probability amplitude

n 5dg,nd wave packets are 0.16 ps, 0.95 ps, and 2.5 ps, respe(,s-Catters into the &, bound channe(33% probability or
tively. into the 6, continuum channe(7% probability. Every

time the 5, wave packet returns to the core its population
V. DISCUSSION decrease;. After seven Kepler periods1(1 ps) t.he Bl
channel is almost completely depleted. While a non-
Of course it is not spectacularly surprising that even thenegligible amount of population has been lost to autoioniza-
very complex experimental interferogram in FigaPcan be  tion, most of the 85, amplitude has been “shelved” in the
reproduced by Eq(9) since MQDT is known to reproduce 5ds, configuration.

FIG. 3. ProbabilitiesP(t) for finding the wave packet in the
5ds;, channel(thin solid curve, in the 55, channel(dotted curve
and their sum(thick solid curve, calculated using Eq(5). The

(a) (b) (c)

I e aer e e e 1 b F " recides et T =
a.5¢ 4 o F .
8‘ ' 7 M B r i.-“ 7
3.0 4 b= I —C n
[0} sseas O
£ L 4 |— N
- L 4 L = = o
) i . ImE i
B , : 1 - ‘T T
1.5F 4 F 4 F .
== = | SLLLLTLY ]
_i::., | = [ ]
LB - -

0.0 =.-l-."l'. T e i i A S Sk Tl S S S S S SRR R
16 8 0 0 10 O 8 16 24T 32 T 40

1/2 1/2 1/2 1/2

r a.u.
R ( ) R, R;

FIG. 4. Density plots of the probabilitieB;(r,t) for finding the wave packet ifa) the bound 85, channel,(b) the continuum 8,
channel, andc) the bound 85, channel, calculated using E@). Note that the density plots are linear in time but that the spatial coordinate
is the square root of the radial positionThe density plots clearly show three distinct wave packets with very different outer turning points
R, Ry, andR3. The gray scale is linear in intensity and ddlight) shading corresponds to a higlow) probability.
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When population is transferred to thelH, channel only =1 ps, has been repopulated through rescattering from the
5d;ndy, states in the vicinity of the &;,12ds, and low-n 5d3, wave packet. However, the low-part of the
5dg,13ds), levels are likely to be excitefbee Fig. 1b)]. As  5dsz population is composed entirely ofd§.nd statesin

a result, two distinct 8s,nd radial wave packets are formed the vicinity of thesds;12d level The dynamic 8s,nd wave
packet is not reconstructed until the highbds;, wave

with average effective principal quantum numbens packet returns to the core after 2.5 ps. The absence of any
~18.5 andn* ~25.5. These packets orbit the Baore with  spatial modulation in the &, wave function results in the
much longer Kepler periods;x~0.95 ps andrc=~2.5 ps, small modulation depth of the rms signal for 1.6<ds
respectively. When the Rydberg population “shelved” in <2.4 ps in Fig. 2. Because theal§, part of the wave func-
these wave packets returns to the'Bads,) core, popula- tion does not move, there is essentially no change in the
tion can scatter into the 6, continuum or back into the Overlap between the initial wave packet and its configuration
5ds, bound configuration. Theds,, population “shelving” during this time interval. It is interesting that the two-
is equivalent to autoionization into a discrete quasiconE/ECTON dynamics conspire to create a quakjLeigenstate
tinuum. Unlike autoionization into a flat continuum, popula- from the laser-excited two-state wave packet.

oo . Turning to Fig. 4c), it is clear that at=0 approximately
tion in the &dy,nd wave packets event,ually returns to the ion 20% of the excited-state population travels away from the
core where rescattering into thel5n’d configurations is

likely nucleus in a 85, radial wave packet. Every time thel§,
' . . packet passes the cofiee., every 160 fsprobability ampli-
Rydberg population that was shelved in the lowpart of 4o scatters into the sy, channel, launching additional

the 5d3,2_ channel first returns to the core after 1 ps. Howeveriong-range wave packets. The interaction between the two
due to interferences between thelsh and s, channels  yjence electrons results in kinetic-energy exchange and a
during this return, little net transfer between these two boundin-fiip of both electrons. Because the Rydberg electron has
configurations occurs. In contrast, nearly all of the poF’U'a'greater kinetic energy in the new spin-orbit potential, it
tion that is shelved in the low-5d3, wave packet rescatters moves much further away from the Bacore. When the
into the 55, channel during its second return to the ion Corésq,, wave packet reacheR,=680a,, it splits into two
neart=1.9 ps. Nevertheless, inspection of Fig. 3 indicatesyarts: one that reverses its direction and begins traveling in-
that only 50% of the total bound character resides in th&ya,ds with a Kepler period of 0.95 ps, and another that con-
5ds/; configuration att=1.9 ps. The other 50% remains tinyes to move away from the nucleus until it reaches an
shelved in the highn 5d3, wave packet, which does not to gyter turning point aR;=1300, and returns to the core
return to the core for another 0.6 ps. _ after a corresponding Kepler period of 2.5 ps.

_Scattering between the bound channels continues, but |t is interesting that the spatial separation of the high-
with decreasing amplitude due to autoionization losses. Alyng jown 5d/, wave packets removes the 160-fs spatiotem-
though the discussion thus far has concentrated on bounﬁ'oral modulation in the 8, probability distribution. Recall
bound coupling, scattering into the unbourg} §continuum  that this rapid modulation is produced by the periodic dump-
also_ occurs every time the Rydberg electron passes near t% of population into the 84, channel by the oscillating
5d; ion core. The slope of the bound-state population curvesq ., wave packet. The rapid 160-fs beating is characteristic
(the thick line in Fig. 3 is equal to the negative of the auto- of two interfering waves with different energies, and only

ionization rate. Inspection of the total population curve indi-5ccurs if the two 8l,, packets overlap in space.
cates that autoionization occurs in bursts as the wave packets

pass the nucleus. The instantaneous autoionization rate is VI. CONCLUSION

also proportional to the probability of finding both electrons . ] ]

near the ion core in thes;, continuum configuratiofsee We have studied the dynamics of radial Rydberg wave

Fig. 4b)]. packets in an autoionizing two-electron system. We observed
Further insight into the wave-packet dynamics is gainedémporal oscillation of population between two, strongly

by looking directly at the probability distributions in the coupled, bound Rydbergeriesembedded in a continuum.

threeJ=0 configurations. Figure(d) shows a density plot 1he complex evolution of the autoionizing wave packet was

of the time-dependent i, probability distribution. The probed by bound-state interferometry and was well described

analogous distribution for theds,, configuration is shown in  PY three-channel quantum-defect theory, enabling us to cal-
Fig. 4(c). Initially, the ion core is likely to be found in the culate the temporal evolution and spatial distribution of the

5ds, configuration, with the Rydberg electron close to theWave packet in each of the three dielectronic configurations.
nucleusr =0—250a,. In only 80 fs (0.5y) the Rydberg Observations include the coherent beating of three distinct

electron is localized near its classical outer turning point af2dial Rydberg wave packets, the shelving of population in

R,=175,. It returns to the ion core after 160 fs. As one ong-lived  states, ~and the creation of quasi-
would expect for a two-state wave packet, the radial oscilla€i9enstates through electron scattering within the laser-
tions remain strong during the entire time the wave packet igxcited two-electron wave packets.

monitored, except nedr=2 ps. In fact, betweeti=1.8 and
t=2.4 ps the 85, part of the total wave function shows no
temporal evolution at all and strongly resembles the station- We gratefully acknowledge stimulating discussions with
ary 5ds,,12d wave function. During this time interval, the T.F. Gallagher and the financial support of the NSF, the
5ds, channel, which was almost completely depleted at UVA AEP, and the Packard Foundation.
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