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Configuration interaction and Raman redistribution in perturbed Ba Rydberg states

M. L. Bajema, R. van Leeuwen, E. Murgu, and T. F. Gallagher
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

~Received 30 July 1999; published 14 January 2000!

We have experimentally observed the time dependence of the population oscillation between a doubly
excited state and singly excited Rydberg states subsequent to excitation by a short laser pulse. Specifically, we
have examined the case in which the configuration interaction between a doubly excited state and a singly
excited Rydberg series is weak. The data are quantitatively reproduced using a quantum defect theory calcu-
lation, and we contrast simple classical pictures of the population oscillation for weak and strong configuration
interaction. We also observe significant, and unexpected, Raman redistribution by the final laser pulse, and we
are able to demonstrate that it occurs primarily by Raman transitions via a lower state, not via the continuum.

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

Doubly excited valence states imbedded in singly exci
Rydberg series are interesting in part because they cons
one of the simplest systems in which the eigenstates are
tures of ‘‘pure’’ states of different configurations. An anal
gous case which has attracted much attention is a mole
with more than two atoms. Normal vibrational modes a
slightly coupled, which allows population to flow back an
forth between them, and the advent of short laser pulses
led to the notion of coherently controlling this populatio
flow @1,2#, Schumacher and co-workers demonstrated the
lidity of this notion by observing the population oscilla
back and forth between a doubly excited state and degen
singly excited Rydberg states subsequent to excitation b
short laser pulse@3,4#. They studied the limit in which the
characteristic time for the configuration interaction,tCI , was
shorter thantK , the Kepler period of the Rydberg electro
orbit in the singly excited states. In this limit the doub
excited state interacts significantly with many singly excit
Rydberg states, producing eigenstates which are linear su
positions of doubly excited and singly excited states. Wh
they are coherently excited by a short laser pulse a pertu
radial Rydberg wave packet is produced, and it is not p
ticularly surprising that a simple classical description can
developed to describe the subsequent time evolution. H
we complete the picture by considering the opposite li
tCI@tK . In this case the doubly excited state can only int
act appreciably with one singly excited Rydberg state, a
then only if the two states and nearly degenerate. Since t
is only one Rydberg state involved, it is less obvious tha
classical picture is possible, but as we shall show, it is.

Since the states of interest are practically degenerate
behave to some extent like a single Rydberg state. Whe
Rydberg state is exposed to a laser pulse shorter thantK , the
pulse removes population near the core, creating a mo
hole in the wave function, termed a dark wave packet@5,6#,
and subsequent photoionization is suppressed when the
ing hole is at the ion core@6–10#, Quantum mechanically the
hole is created by Raman redistribution to nearby sta
driven by the short, large bandwidth laser pulse. A d
wave packet has been made from a pure Rydberg eigen
1050-2947/2000/61~2!/023414~6!/$15.00 61 0234
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in only one case, and the Raman process proceeded v
lower-lying bound state@11#. In all other cases in which
redistribution was observed, the initial eigenstate was a p
turbed Rydberg state having some doubly excited charac
The difference probably stems from the fact that in a p
Rydberg state there is no clear demarcation between ne
and far from the core, while, in a Rydberg state with so
doubly excited character, there is a clear distinction betw
the doubly excited and singly excited parts of the wave fu
tion. In general it has been unclear whether the Raman
cess proceeds via the continuum or bound states. The pre
work shows that in the case under study the predomin
pathway is through a lower lying bound state.

In the sections that follow we briefly outline classical pi
tures of configuration interaction in the time domain. W
describe the experimental procedure for the time domain
periments and present the results for configuration inte
tion in the time domain and Raman redistribution expe
ments. Finally, we describe frequency domain measurem
which demonstrate that the redistribution occurs by a Ram
process through a lower-lying state.

II. CLASSICAL PICTURE OF CONFIGURATION
INTERACTION FROM tCI@tK TO tCI!tK

For concreteness we shall discuss the Ba states exam
in the work of Schumacher and co-workers@3,4# and in this
work. In Fig. 1~a! we show the pure doubly excited 5d7d
state which is degenerate with the singly excited 6snl
Rydberg series of the same parity and total angular mom
tum. Figure 1 also shows that 1/tK appears in an energy
level diagram as the separation between the Rydberg st
The pure states of Fig. 1~a! interact, as shown by the double
headed arrow.

When the configuration interaction is taken into accou
the eigenstates are in general linear superpositions of
pure doubly excited and singly excited states, and there
two limits, strong and weak configuration interaction, sho
in Figs. 1~b! and 1~c!. In the case of strong configuratio
interaction,tCI!tK , many of the eigenstates have signi
cant 5d7d components, as shown in Fig. 1~b!. Figure 1~b!
also shows that 1/tCI appears in the energy-level diagram
©2000 The American Physical Society14-1
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the width of the band of states containing 5d7d character. In
the limit of weak configuration interaction,tCI@tK , the
5d7d state can only be significantly coupled to a sing
Rydberg state, and then only if the two pure states are ne
degenerate. This limit is shown in Fig. 1~c!.

To develop a classical picture of configuration interact
in the time domain, we consider the case in which the at
is excited to the pure 5d7d state att50 by a short laser
pulse. For the casetCI!tK , strong configuration interaction
the initially populated 5d7d state ‘‘autoionizes’’ into the
band of 6snl Rydberg states in the timetCI . The ejected
electron departs from the Ba1 6s ion core but does not hav
enough energy to escape from the Coulomb potential, an
instead reflected back to the Ba1 core, returningtK later, as
shown by Fig. 2~a!. The electron then reexcites the core a
is itself captured, and the whole process repeats. The p
ability of finding an atom in the doubly excited 5d7d state is
a series of spikestCI wide separated bytK @3,4#. When the
atom is in the Rydberg states the electron is radially w
localized, so an alternative way of thinking of the atom is
an electron in a classical orbit in which it experiences a ti
delay as it goes past the ion core@12#.

Let us now consider the limit of weak configuration,tCI
@tK . Again we assume that att50 the pure 5d7d state is
populated. SincetCI is much longer thantK an atom initially
in the 5d7d state autoionizes into the 6snl states over many
Kepler periods. Correspondingly, the probability of t
Rydberg electron’s reexciting the core on any given orbi
small, and once the electron is ejected from the 5d7d state it
is likely to make many Rydberg orbits before being reca
tured, as shown in Fig. 2~b!. Since the time constanttCI for
autoionization is much longer than the Kepler time, there

FIG. 1. ~a! Energy-level diagram showing the pure 5d7d state
and the pure 6snl Rydberg states. The energy spacing between
Rydberg states is the reciprocal of the Kepler orbital periodtK . The
configuration interaction between the pure states is shown by
double-headed arrow.~b! The mixed eigenstates for strong config
ration interaction,tCI!tK , wheretCI is the configuration interac
tion time. The 5d7d state fractions of the mixed eigenstates a
shown by bold lines. The pure 5d7d state is mixed into many
Rydberg states over a bandwidth of 1/tCI . ~c! The mixed eigen-
states for weak configuration interactiontCI!tK . In this case only
two states have appreciable 5d7d character.
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only a sinusoidal oscillation of population in the 5d7d state
and almost no radial localization of the electron while it is
the Rydberg state. There should only be small moving st
in the radial probability distribution.

In general, describing configuration interaction in the tim
domain is best done using quantum defect theory~QDT!
@13–16#, However, the casetCI@tK , in which there are only
two levels, is just a two-level quantum beat problem, and
approaches are equally good.

III. EXPERIMENTAL APPROACH

One of our goals is to observe the population oscill
between the pure 5d7d state and the singly excited 6sns
Rydberg series. The approach we have used can be un
stood with the help of the energy-level diagram of Fig. 3.

e

he

FIG. 2. ~a! Classical picture of the electron orbit for stron
configuration interaction,tCI!tK . On each orbit the electron is
captured and ejected by the Ba1 core, and suffers a time delay in it
orbit. ~b! Classical picture of the orbit for weak configuration inte
action,tCI!tK . The electron is ejected and recaptured slowly, o
many orbits, so the result is minimal spatial localization of t
electron’s position and only a slow sinusoidal variation in the pro
ability of the electron’s being in the Rydberg orbit.

FIG. 3. Energy-level diagram showing the excitation to the p
turbed Rydberg states by 389- and 635-nm pulses, and the su
quent removal of population by the 778-nm pulse. The 778-
pulse both photoionizes the initially populated Rydberg states
redistributes the population to other 6sns states by Raman pro
cesses through higher- and lower-lying states.
4-2
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CONFIGURATION INTERACTION AND RAMAN . . . PHYSICAL REVIEW A61 023414
atoms are excited by a 389-nm pulse to the 5d6p 3P1 state
and then a 0.3-ps, 635-nm pulse to the even-parityJ50
eigenstates which lie near term energy 41 450 cm21. Since
the 5d6p 3P1 state is not optically connected to the pu
6sns Rydberg states, the 635-nm pulse in effect excites
pure 5d7d state, which is a coherent superposition of seve
eigenstates. In Fig. 3 we show the amount of the 5d7d char-
acter in the eigenstates by the bold lines. As shown in Fig
only two states, the nominal 5d7d state and the 6s18s state,
have appreciable doubly excited character, and we there
expect to see an approximately sinusoidal oscillation in
population. To observe the population oscillation betwe
the pure 5d7d state and the 6sns Rydberg states we use
third 100-fs laser pulse, at 778 nm to photoionize the ato
excited by the first two pulses. Light at this wavelength do
not photoionize the 6sns Rydberg states, but readily photo
ionizes the 5d7d state. Consequently, by observing the ph
toelectron production as a function of the time delay betw
the second and third laser pulses, we can monitor the t
dependence of the population in the pure 5d7d state.

In the experiment Ba atoms effuse from a resistiv
heated oven, are collimated, and pass between a pair of
zontal field plates 0.46 cm apart, where they are excited
the three laser pulses. All the laser pulses are derived fro
titanium:sapphire laser system consisting of a mode-loc
oscillator operating at 778 nm and a 1-kHz regenerative
plifier which produces 2-mJ, 100-fs pulses at 778 nm. H
of this light is doubled to produce 389-nm light, and half
used to drive a white light continuum generator and an o
cal parametric amplifier to produce light at 1.27mm, which
is doubled to 635 nm. The residual 778-nm beam from
doubling passes through a variable delay line. All thr
beams have diameters of 5 mm before being focused at
crossing with the atomic beam by a 50-cm focal length le

The laser beams cross the atomic beam below a hol
the upper field plate. Subsequent to the laser pulses we a
a 6-kV, 1.3-ms rise time pulse to the lower plate. Early in th
pulse photoelectrons are expelled through the hole in
upper plate, and later bound Rydberg states are field ion
and expelled at times determined by their binding energ
In either case the resulting electron is detected with a mic
channel plate detector above the field plates. With gated
tegrators we can record either the photoelectron signal or
field ionization signal from a selected Rydberg state
states. These data are stored in a computer for later ana

IV. OBSERVATIONS AND COMPARISON
TO SIMULATIONS

By delaying the third laser pulse and recording the pho
ionization signal, we can determine the time dependenc
the population in the pure 5d7d state. A typical recording of
the photoionization signal is shown in Fig. 4~a!. While it is
plausible that the data represent the expected cosine de
dence, the presence of so much background photoioniza
of the intermediate 5d6p 3P1 state by the 778-nm light ren
ders them less than convincing. A better approach is to m
tor the population remaining in the 5d7d or 6s18s states,
and in Fig. 4~b! we show the population remaining in th
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6s18s state. The population remaining in the 5d7d state
exhibits an identical delay time dependence. The signa
Fig. 4~b! clearly shows the expected cosine dependence w
a period of 1.25 ps, and it is 180° out of phase with t
photoionization signal of Fig. 4~a!. The cosine population
oscillation of Figs. 4~a! and 4~b! is exactly what one expect
for a two-level quantum beat problem, but it is less obvio
that the same result will emerge from QDT. Accordingly, w
have simulated the observed signal using the method
lined by Lyonset al. @14#. Briefly, using QDT we construc
wave functions of the form

C5a~ t !C5d7d1b~ t !C6sns ~1!

for each of the perturbed states using the spectroscopic
@17#. Heren is the effective quantum number relative to th
Ba1 6s1/2 limit. We adopt the convention thata(0).0, so
b(0) changes sign from below to above the pure 6d7d state,
in a manner analogous to thep phase shift in a continuum a
a resonance. We assume that the second laser pulse att50
excites a perturbed Rydberg state in proportion to@a(0)#2,
its 5d7d character, and the intensity of the laser pulse at
state’s energy. The initially excited eigenstates are allow
to evolve until timet, when the third laser pulse photoionize
the atoms in proportion toa(t) summed over the states ex
cited and squared. In Fig. 4~c! we show the calculated photo
ionization signal, which is also a cosine with a 1.25-ps p
riod. This simple result is a consequence of only two sta
having significant 5d7d character. The calculated signal is
phase with the photoionization signal and 180° out of ph
with the signal from the population remaining in the 6s18s
state.

Due to the weakness of the configuration interaction
this case, the second laser excites principally two sta
which are quite closely spaced, 26.6 cm21, and the third laser
has a short enough pulse width that it redistributes the po
lation over other Rydberg states, which we detect by sta
selective field ionization. As shown in Fig. 5, when tim
dependent field ionization traces are taken with and with

FIG. 4. ~a! Photoionization signal,~b! remaining population in
the 6s18s state, and~c! photoionization signal computed by QD
using known spectroscopic parameters.
4-3
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BAJEMA, van LEEUWEN, MURGU, AND GALLAGHER PHYSICAL REVIEW A61 023414
the third pulse, the redistribution produced by the third pu
is quite evident. We expected to see a 1.25-ps oscillatio
the signal from any of the 6sns, nÞ18 states, correspondin
to the 26.6-cm21 separation of the states predominantly e
cited. However, we saw oscillations at other frequencies
well. Figure 6 shows recordings of the field ionization sign
from the 6snsstates as a function of time delay between
second and third laser pulses. It is clear from Fig. 6 that th
are oscillations with periods other than 1.25 ps. In Fig. 7
show the Fourier transforms of the data of Fig. 6. By co

FIG. 5. Time-resolved field ionization traces obtained~a! with-
out and~b! with the 778-nm laser. In the former the higher-lyin
6sns n.18 states are not apparent, but they are quite evident in
latter.

FIG. 6. Field ionization signals from~a! 6s17s, ~b! 6s18s, ~c!
6s19s, and ~d! 6s20s states vs time delay between the 635- a
778-nm laser pulses. Only in~b! is the expected 1.25-ps beat perio
apparent. In the other frames higher frequencies obscure it.
02341
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paring the observed features to the known intervals, give
Table I, it is apparent that prominent features are observe
the frequencies corresponding to the interval between
5d7d state and the state under observation.

The high-frequency oscillations in the populations
states other than the 5d7d and 6s18s states arise from the
fact that they are populated via two interfering pathwa
The first pathway is direct excitation by the second laser. T
second laser pulse produces a wave packet of Rydberg e
states which are excited with amplitudes in proportion to
square roots of their perturber character, as shown in Fig
Thus, the 6s17s and 6s19s states, which have;1% per-
turber character, are excited with;15% of the amplitudes of
the 6s18s and 5d7d states. If the optical pulse saturates t
transition, the relative amplitudes of states other than
6s18s and 5d7d states are enhanced. The second pathwa
excitation by the second laser to the 5d7d state followed by
a Raman transition to the 6snsstates ofnÞ18 driven by the

e

FIG. 7. Fourier transforms of the data of~a! 6s17s, ~b! 6s18s,
~c! 6s19s, and~d! 6s20s. In all but ~b! frequencies other than 26.
cm21 are visible. All but one of these frequencies correspond to
intervals between the state being observed and the 5d7d state, as
listed in Table I.

TABLE I. 5d7d-6snsand 6s18s-6sns intervals.

Interval Frequency~cm21!

5d7d-6s17s 78.8
5d7d-6s18s 26.6
5d7d-6s19s 94.1
5d7d-6s20s 154.1
6s18s-6s17s 105.4
6s18s-6s19s 67.5
6s18s-6s20s 127.5
4-4
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CONFIGURATION INTERACTION AND RAMAN . . . PHYSICAL REVIEW A61 023414
third laser. Varying the time delay between the second
third lasers leads to the observed interference oscillation

Following the above line of reasoning we would expect
see both the 5d7d-6sns and 6s18s-6sns frequencies, not
just the former, but the Raman redistribution evidently o
curs from only the 5d7d state, not from the 6s18s state.
Since we see a 26.6-cm21 oscillation in the photoionization
signal, it is apparent that both the 6s18s and 5d7d states are
well coupled to the continuum, which suggests that the
man redistribution probably occurs via a lower-lying inte
mediate state. In fact, the 5d6p 1P1 state lies one 778-nm
photon below the 5d7d and 6s18s states, and is a reasonab

FIG. 8. ~a! Excitation spectra with 5-ns-long dye laser pulses~a!
from the 5d6p 1P1 state, and~b! from the 5d6p 3P1 state. In~a!
and ~b! the bandwidths of the 635- and 778-nm lasers in the ti
domain experiment, respectively, are shown by broken lines. In~a!
it is apparent that primarily the 5d7d and 6s18s states are excited
by the 635-nm laser. In~b! the 6s18s state is conspicuously absen
and Raman redistribution via the 5d6p 3P1 state cannot occur from
the initially populated 6s18s state.
il,

er
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candidate for the intermediate state. To explain the obser
redistribution it would have to be optically connected to t
5d7d state but not the 6s18s state.

We had initially assumed, based on the observations
Ref. @18#, that any low-lying 5d6p state would be optically
connected to the 5d7d states but not to the 6sns Rydberg
states. However, the redistribution data remind us that
assumption is not always valid. To clarify both the excitati
by the second laser and the redistribution, we have recor
the frequency domain excitation spectra from both
5d6p 3P1 and 5d6p 1P1 states to the region around 41 45
cm21. Briefly, we used one 5-ns dye laser at 389~350! nm to
prepare the 5d6p 3P1 (1P1) state and a second dye las
near 635~776! nm to reach theJ50 states near 41 450
cm21. To detect the Rydberg atoms we used a third lase
455 nm to excite atoms in the 6snsstates to the autoionizing
6p3/2ns states. Since it is possible to saturate the last tra
tion by orders of magnitude, it provides a detection e
ciency of one. Scanning the wavelength of the second la
while detecting the ions resulting from autoionization giv
us the desired excitation spectra. In Fig. 8~a! we show the
spectrum obtained from the 5d6p 3P1 state. As we had ini-
tially assumed, there are two strong transitions, to the 5d7d
and 6s18s states.

Using the 5d6p 1P1 state as an intermediate state, w
observed the spectrum of Fig. 8~b!, in which we observe the
5d7d state and all the 6snsstates but 6s18s. The spectrum
of Fig. 8~b! is exactly what is required to explain our Rama
redistribution data, i.e. there is a Raman coupling
5d6p 1P1 state to the 6sns nÞ18 states from the 5d7d
state, but not from the 6s18s state. As a consequence, we a
confident that in this case the Raman redistribution occ
entirely through the bound states. The reason it does not
through the continuum is probably as follows. The coupli
of both the 5d7d and 6s18s states to the continuum i
strong, due to their high perturber content, but the coupl
of the continuum to 6sns nÞ18 states is weak, since the
are pure Rydberg states.

V. CONCLUSION

These data and those of Schumacher and co-workers@3,4#
span the range fromtCI@tK to tCI!tK . We have shown
that, over the entire range, the time dependence of the
figuration interaction can be quantitatively represented us
QDT and that simple classical pictures can be developed
addition, we have clearly shown that Raman redistribut
occurs by way of a lower-lying state, not through the co
tinuum.
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