Observation of oscillations between degenerate bound-state configurations
in rapidly autoionizing two-electron atoms
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The oscillation between bound-state configurations in a rapidly autoionizing three-body Coulomb system has
been directly observed. Using a 500-fsec laser pulse, calcium atoms are excited to the pure 4p;,15d two-
electron configuration at an energy greater than 3 eV above the ionization limit. As a result of configuration
interaction, the electrons scatter coherently into multiple bound and continuum configurations. The oscillation
between the degenerate 4p,n'd and 4ps,nd modes as well as autoionization into 4s,,e/, 3dspe/, and
3ds,€e/ continua are observed explicitly using bound-state interferometry. The measured time dependence of
the 4p4;,15d character is in excellent agreement with the Fourier transform of the frequency domain excitation
cross section. To our knowledge, this is the first experimental demonstration of the equivalence of time and
frequency domain spectra in a multiconfigurational system involving bound and continuum channels.

I. INTRODUCTION

Because of its combined conceptual simplicity and inher-
ent complexity, the three-body Coulomb system, two opti-
cally active electrons bound to a doubly charged optically
inactive ion core, has held great interest for decades. Because
of their mutual repulsion, each electron moves in a noncen-
tral potential. Therefore, energy and angular momentum are
conserved quantities for the entire system, but not for each
electron individually. The eigenstates of the system, in both
the discrete and continuous parts of the spectrum, are linear
superpositions of products of different single-electron con-
figurations. The eigenstates are said to exhibit configuration
mixing due to the electron-electron Coulomb repulsion or
‘‘configuration interaction.”” Historically, experimental and
theoretical studies of these three-body Coulomb systems
have concentrated on the recovery of time-independent pa-
rameters to describe the eigenstates of the atom as a function
of energy and angular momentum [1]. The multichannel
guantum defect theory (MQDT) formalism has proved to be
invaluable in this regard [2].

In spite of the success of the frequency domain approach
for describing nominally two-electron atoms, semiclassical
scattering is often invoked to provide a more accessible
physical picture of the electron dynamics [1]. In such a time-
domain description, both classical electrons have a well-
defined energy and angular momentum at any given time.
The electrons exchange energy and angular momentum dur-
ing collisions. The relative orientation and proximity of the
electrons to each other and the nucleus during a collision
determines their new energies and momenta. The amplitude
of the various dielectronic configurations in the frequency-
domain eigenstates is directly related to the amount of time
that a classical electron pair spends in each accessible con-
figuration.

Using coherent short-pulse excitation, it is now possible
to localize a two-electron atom in a single configuration that
is not an eigenstate of the system [3]. The electron configu-

ration in the atom is then a time-dependent quantity that can
be monitored as the system evolves. The transfer of electron
population between different configurations is made possible
through the Coulomb interaction during collisions. There-
fore, using time-domain methods, one can study intra-atomic
electron scattering directly, taking full advantage of semi-
classical insight. Furthermore, these time-domain methods
make it possible to localize quantum probability in one of
many energetically accessible configurations or modes at
specific times. This capability is crucial to the concept of
quantum control [4].

This report describes experiments in which short-pulse
laser excitation is used to produce excited-state atoms in a
single configuration at an energy greater than 3 eV above the
first ionization limit in calcium. At this energy, the configu-
ration interaction rapidly transfers population to many other
bound and unbound dielectronic modes. Bound-state inter-
ferometry [5-7] is used to monitor the electron probability in
the initial bound configuration as a function of time. We
observe autoionization via scattering into unbound channels
as well as coherent scattering between bound modes. Com-
plete depletion and then revival of the initial-state configu-
ration is observed during the autoionization lifetime. The
time-domain observations are compared to a discrete Fourier
transform of the frequency-domain excitation cross section
of the initial nonstationary state. Quantitative agreement be-
tween the two methods for obtaining the temporal-state evo-
lution is achieved. This is the first demonstration of the
equivalence of the time- and frequency-domain approaches
for describing time-dependent configuration interaction in a
complicated system with multiple bound and continuum
channels.

Il. EXPERIMENTAL PROCEDURE

The experiment takes place in a vacuum system with a
background pressure of 1078 Torr. A fraction of the 4s2 1S,
ground-state calcium atoms in an effusive beam are excited
through an intermediate 4s4p P, level to the 4s15d D,
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FIG. 1. Schematic diagram of the experimental apparatus show-
ing the atomic, dye laser, and short-pulse laser beams. The angle
between the propagation directions of the two short pulses is greatly
exaggerated.

Rydberg eigenstate using two nanosecond dye lasers that
propagate at right angles to the atomic beam (see Figs. 1 and
2). Next, the atoms are exposed to a 200-fsec, 393-nm laser
pulse which drives an isolated core excitation (ICE) [8] of
the 4s electron to produce atoms in a nearly pure 4p55,15d
autoionizing state. This level lies 24866 cm 1~3.1eV
above the first ionization limit of Ca.

In the time domain, the brief duration of the laser pulse
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FIG. 2. Calcium energy-level diagram showing the neutral and
ionic levels of particular interest to this experiment.

ensures that negligible configuration mixing occurs during
the pulse, so that the excited amplitude is in a pure 4p5;,15d
mode. In the frequency domain, the ~75-cm~! coherent
bandwidth of the laser excites the 4p3,15d character over a
range of energies, producing a nonstationary two-electron
wave packet. After the pulse, the wave packet scatters into
many degenerate bound and continuum dielectronic configu-
rations. These modes can be identified as singly and doubly
excited channels whose Rydberg series converge to at least
five different ionic core levels including Ca™ 4sy,,, 3ds,,
3dss, 4pyp, and 4pgy, (see Fig. 2).

Theoretically, one could learn everything about the elec-
tron dynamics by probing the time dependence of the popu-
lation amplitude in each two-electron configuration. Unfor-
tunately, this measurement is not experimentally possible
with current technology. However, a wealth of dynamical
information can be obtained by monitoring the population
remaining in the initial 4p,15d configuration as a function
of time. It is straightforward to make this measurement using
bound-state interferometry or the optical Ramsey method
[5-7]. The method has been described in detail elsewhere
[9], and so only a brief discussion is given here. After the
initial ICE, a second identical 200-fsec laser pulse coherently
excites another bundle of probability amplitude directly into
the 4p,,15d configuration. The excited-state wave packet
produced by the second pulse interferes with that produced
by the first pulse, causing a modulation in the total autoion-
ization yield. The interference level depends on the relative
delay 7 between the two identical pulses and is a direct mea-
sure of the spatial overlap between the two nonstationary
states during the second pulse. Since the second pulse excites
probability amplitude into the 4p3,15d configuration only,
the interference level reflects the 4p5;,15d character of the
first wave packet after a time delay 7. Therefore, the evolu-
tion of the 4p4,15d character can be monitored by measur-
ing the total autoionization yield as a function of the relative
delay 7 between the 200-fsec laser pulses.

Almost invariably, the time scale for motion of Rydberg
wave packets is orders of magnitude longer than the period
of the wave packet interference which occurs at the optical
period of the light field in the short pulses. Consequently, an
enormous amount of data is required if one wishes to record
the changes in the ionization signal at both the optical and
wave packet periods [7]. A variety of different experimental
techniques have been used to reduce the amount of data re-
quired to implement the optical Ramsey method without sig-
nificantly limiting its information content.

First, nonlinear root-mean-square (rms) averaging allows
one to sample interferograms using delay steps that are large
compared to the optical period, but small compared to the
wave packet time scales of interest. In this method, the wave
packet interference appears as signal noise [6]. It is very
effective for picking out temporal features in the true inter-
ferogram, but it can produce relatively large uncertainties in
the relative amplitudes of the various features. Since the in-
terference signal is indistinguishable from other noise
sources, time-dependent variations in the background noise
level and beating between the sample and optical interfer-
ence periods can produce artificial structure in the interfero-
grams.

Second, the two optical pulses can be phased locked so



that the interference signal is only sampled at a well-defined
phase difference between the two optical pulses [5]. This
method eliminates the dominant noise sources that occur in
the rms technique while reducing the amount of data that
must be collected. Unfortunately, the phase-locked technique
requires an additional high-resolution spectrum analyzer or
simultaneous measurement of the phase delay in a cw refer-
ence laser. Therefore, it is rarely used.

Third, a combination of micro- and macrosample steps
can be used to monitor the interference as a function of delay
without sampling the complete interferogram [10]. In this
method, data are first sampled with very fine steps over a few
interference oscillations. Next, the delay between the two
pulses is increased with a macrostep that is large compared
to the optical period, but small compared to the time scale
for electron motion. The data are then sampled with small,
high-resolution, time steps again. This method does not suf-
fer from the limitations of the rms or phase-locked tech-
niques, but it requires that more data be collected than either
of these other options.

In spite of the fact that each of these techniques allows
data to be acquired at an increased rate, the destructive na-
ture of conventional pump-probe techniques limits the infor-
mation obtained with each laser shot to the state of the atom
at a single pump-probe delay. Therefore, the data collection
process is relatively slow and requires negligible equipment
drift during long delay runs. To circumvent this problem, we
have developed a new detector that enables us to acquire
pump-probe data over a range of delays with a single laser
shot [11]. The principle of operation behind the single-shot
detector is similar to that of optical cross-correlators that are
commonly used to measure the temporal profile of ultrashort
laser pulses. In the current experiment, the detector is used to
collect delay data over several optical interference periods
using a single laser shot. It is then possible to implement the
micro- and macrostep technique [10] while only physically
taking macrodelay steps.

A single 787-nm, ~1-mJ pulse from an amplified, 150-
fsec Ti:sapphire laser is used to generate the two phase-
locked 200-fsec, 393-nm laser pulses required for the inter-
ferometric measurement. A Michelson interferometer is used
to split the 787-nm pulse into two identical pulses with a
well-defined, but variable delay. The interferometer is
slightly misaligned so that the two pulses leave the interfer-
ometer with a small angle @ between their directions of
propagation. Both  pulses are sent through a
1 mmx10 mmx10 mm KDP crystal producing two 393-nm,
200-fsec laser pulses. The 393-nm pulses enter the vacuum
chamber and propagate through the interaction region anti-
parallel to the atomic beam. The diameters of the atomic and
laser beams are all approximately 1 cm in the interaction
region. Because the 200-fsec pulses are not exactly collinear
(shown greatly exaggerated in Fig. 1), the relative delay be-
tween the two pulses varies linearly along the X axis. The
difference in the relative delay between the pump and probe
pulses, as seen by two atoms separated by a distance d along
the X axis, is Ar=2d sin(6/2)/c, where ¢ is the speed of
light. Therefore, atoms which experience a continuous range
of pump-probe delays are produced with each laser shot, and
the number of ions produced as a function position along the
x axis reflects the 4p,,nd excitation probability as a func-

2.6 fsec

FIG. 3. Raw video image of autoionization signal versus posi-
tion within the interaction region. The relative delay between the
two 200-fsec laser pulses changes by approximately 5 fsec across
the full image.

tion of the relative delay between the two 393-nm pulses.

The laser and atomic beams overlap between two
7.5 cmX7.5 cm parallel capacitor plates that are separated by
1.5 cm. The long dimension of a 0.25 cmXx1.5cm slit is
oriented parallel to the X axis in the upper capacitor plate.
Approximately 20 nsec after the short pulses interact with
the atoms, a~50-V pulse applied to the lower field plate
pushes any ions formed by autoionization through the slit
toward a microchannel plate (MCP) detector. The ions strike
the channel plates with their relative positions along the X
axis preserved. The secondary electrons formed in the chan-
nel plates are accelerated onto a phosphor screen mounted on
the top of the channel plate assembly. The spatial distribu-
tion of ions in the interaction region can be determined after
each laser shot by monitoring the phosphor fluorescence
level with a charged-coupled diode (CCD) camera. The spa-
tial resolution of the combined phosphor and MCP is ap-
proximately 300 um. The angle between the two 393-nm
beams is chosen to give a maximum delay of approximately
5 fsec across the atomic beam with better than 0.05 fsec
resolution. In this geometry, approximately three full Ram-
sey interference oscillations can be seen in the autoionization
signal after a single shot [12]. Figure 3 shows the raw video
image from a single 787-nm laser shot. Three maxima in the
ionization signal can be clearly seen.

After each laser shot, a digital oscilloscope is used to
capture a single line of the video signal corresponding to the
center of the extraction slit. This line image is averaged over
several laser shots to improve the signal-to-noise ratio. The
optical path length in the Michelson interferometer is then
increased by 10 um to produce a macrodelay step of 33 fsec.
Since the electronic interference appears at the optical fre-
quency, the interference period in the line image is a constant
that depends only on the angle 6 between the short-pulse
propagation directions. Therefore, the strength of the sinu-
soidal interference pattern at each macrostep can be obtained
using a discrete Fourier transform of the video line image.
The amount of 4p4,15d character in the wave packet at a
given macrostep delay is proportional to the power within a
narrow frequency window of the transformed image. In this
way, the data are automatically noise filtered, enhancing the
signal-to-noise ratio.

lll. DISCUSSION

Figure 4 shows the Ramsey interference amplitude as a
function of delay for an ICE of the 4p5,,15d level. The data
are averaged over four different macrostep delay scans. If the
4pspnd configuration were the only bound configuration in
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FIG. 4. Time dependence of the 4p,,15d character in the au-
toionizing wave packet. The noisy light solid line is obtained from
a measurement of the Ramsey interference level using bound-state
interferometry. The relatively high noise level for delays less than
200 fsec is due to amplitude modulation of the 787-nm pulse at the
output of the Michelson interferometer. The dashed line is a dis-
crete Fourier transform of the full 4p3,15d ICE spectrum shown in
Fig. 5. The bold solid curve is obtained by Fourier transforming the
product of the ICE spectrum and the 200-fsec laser spectrum shown
in Fig. 5. Note that the finite bandwidth of the 200-fsec pulse only
changes the interference amplitude near t=0.

the problem, an exponential decrease in the interference am-
plitude, corresponding to autoionization into the 4s and 3d;
continua, would be observed. The clear deviation from ex-
ponential decay is due to coherent coupling of the 4ps,nd
channel with the degenerate 4p4,n’d configuration. For the
case n=15, the dominant interference comes from scattering
into states with n’ =19 and 20.

At t=0, the wave packet is in a pure 4p3,15d state. How-
ever, scattering between the two electrons rapidly spreads the
character among other bound and continuum channels. The
coherent scattering is complete after only 1.2 psec when zero
population remains in the initial configuration [13]. In a con-
tinuum configuration one electron rapidly leaves the vicinity
of the atom, and so no rescattering into bound modes can
occur. However, the bound 4p,,nd population that survives
the continued autoionization loss can be transferred back into
the 4p3,»15d state. A 20% revival in the initial configuration
is observed near 1.8 psec. Further bound-state oscillations
are suppressed by autoionization, which is nearly complete
after only 3.0 psec or so.

As discussed in the Introduction, both time-domain and
frequency-domain descriptions of the atom should be cor-
rect. Figure 4 gives a clear, relatively simple view of the
effects of the time-dependent configuration interaction dur-
ing the wave packet’s evolution. Can a simple picture be
obtained in the frequency domain? Figure 5 shows the cross
section for ICE of the 4p5;,15d level using a 393-nm pulse
with a duration of 5 nsec and a bandwidth of ~1 cm™* [14].
The excitation line shape is not Lorentzian and indicates in-
terference between multiple bound Rydberg channels con-
verging to the 4p;, and 4p5, ionic levels. Although ab ini-
tio R-matrix calculations could be used to reproduce this
spectrum, neither the spectrum nor the R-matrix elements
supply the same instantaneous information regarding the dy-
namic electron-electron scattering.

However, it has been shown experimentally and theoreti-
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FIG. 5. Frequency dependence for ICE of the 4p,,15d autoion-
izing state as a function of the frequency of a narrow-band 5-nsec
laser pulse. The smooth dashed curve is a Gaussian that approxi-
mates the spectrum of the 200-fsec laser pulses used in the time-
domain experiments.

cally that the Fourier transform of the frequency-domain ex-
citation spectrum is equivalent to the time-domain bound-
state interferogram [15]. The theoretical formulation of that
equivalence does not restrict the excitation to pure bound
states. Nevertheless, to the best of our knowledge, no experi-
mental verification of this equivalence has been successfully
demonstrated for multiconfigurational autoionizing states.
Because of the relatively high signal to noise in the
frequency-domain spectrum and time-domain interferogram
presented here, we are in a unique position to quantitatively
test that prediction.

The dashed curve in Fig. 4 is obtained by taking a discrete
Fourier transform of the frequency domain spectrum from
Fig. 5. Note that this line does not agree perfectly with the
interferogram at short delays near t=0. This small discrep-
ancy is due to a breakdown in the fundamental assumption of
our time-domain study. Namely, we assumed that the inter-
ferogram gave the time-dependent 4p4,15d character in the
wave packet. However, this assumption is only perfectly cor-
rect if pulses with infinitely short duration are used. The
finite, 200-fsec duration of our pulses means that the charac-
ter of other channels can be found in the wave packet at
t=0 due to configuration interaction during the pulse. The
true time dependence of the 4p5,15d character is given by
the Fourier transform of the frequency-domain spectrum,
which, for all practical purposes, has an infinite bandwidth.
We can simulate the effect of finite pulse duration on the
interferogram by multiplying the frequency-domain excita-
tion spectrum by the spectrum of the 200-fsec laser pulses
(see the dashed line in Fig. 5) and then Fourier transforming.
The resulting dark curve shown in Fig. 4 is in excellent
agreement with the time-domain measurement.

IV. SUMMARY

We have used bound-state interferometry and a new
single-shot detector to monitor the dielectronic configuration
interaction in doubly excited states of calcium. The interfero-
gram clearly shows scattering into continuum and bound
channels. The coherent bound-state mixing produces a pro-



nounced oscillation in the bound-state character. This is the
first observation of beating between bound-state configura-
tions due to electron-electron scattering in a system that is
strongly damped by autoionization. The observation of com-
plete population inversion from one mode to another in the
presence of damping is an important step in proposed
schemes for quantum control in multiconfigurational systems
[4]. In addition, our time-domain data are compared to the
Fourier transform of the frequency-domain excitation spec-
trum. The results of this experiment show quantitative agree-
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