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Configuration interaction and Raman redistribution in perturbed Ba Rydberg states
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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 numbd(s): 32.80.Rm

[. INTRODUCTION in only one case, and the Raman process proceeded via a
lower-lying bound statg11]. In all other cases in which
Doubly excited valence states imbedded in singly excitededistribution was observed, the initial eigenstate was a per-
Rydberg series are interesting in part because they constituterbed Rydberg state having some doubly excited character.
one of the simplest systems in which the eigenstates are mixthe difference probably stems from the fact that in a pure
tures of “pure” states of different configurations. An analo- Rydberg state there is no clear demarcation between near to
gous case which has attracted much attention is a molecurnd far from the core, while, in a Rydberg state with some
with more than two atoms. Normal vibrational modes aredoubly excited character, there is a clear distinction between
slightly coupled, which allows population to flow back and the doubly excited and singly excited parts of the wave func-
forth between them, and the advent of short laser pulses hdi®n. In general it has been unclear whether the Raman pro-
led to the notion of coherently controlling this population CeSS proceeds via the continuum or bound states. The present
flow [1,2], Schumacher and co-workers demonstrated the vawork shows that in the case under study the predominant
lidity of this notion by observing the population oscillate pathway is through a lower lying bound state.
back and forth between a doubly excited state and degenerate In the sections that follow we briefly outline classical pic-
singly excited Rydberg states subsequent to excitation by &res of configuration interaction in the time domain. We
short laser puls¢3,4]. They studied the limit in which the describe the experimental procedure for the time domain ex-
characteristic time for the configuration interactieg,, was  Periments and present the results for configuration interac-
shorter thanr, , the Kepler period of the Rydberg electron tion in the time domain and Raman redistribution experi-
orbit in the singly excited states. In this limit the doubly ments. Finally, we describe frequency domain measurements
excited state interacts significantly with many singly excitedwhich demonstrate that the redistribution occurs by a Raman
Rydberg states, producing eigenstates which are linear supdtrocess through a lower-lying state.
positions of doubly excited and singly excited states. When
they are coherently excited by a short laser puls.e a perturbed || | ASSICAL PICTURE OF CONFEIGURATION
r_adlal Rydber_g_wave pack_et is produ_ced, and it is not par- INTERACTION FROM 7¢> 7y TO 70,< 7¢
ticularly surprising that a simple classical description can be
developed to describe the subsequent time evolution. Here For concreteness we shall discuss the Ba states examined
we complete the picture by considering the opposite limitin the work of Schumacher and co-work¢84] and in this
Tci> 7k - In this case the doubly excited state can only inter-work. In Fig. & we show the pure doubly excitecd3d
act appreciably with one singly excited Rydberg state, andtate which is degenerate with the singly excitednb
then only if the two states and nearly degenerate. Since theRRydberg series of the same parity and total angular momen-
is only one Rydberg state involved, it is less obvious that aum. Figure 1 also shows that7}/ appears in an energy-
classical picture is possible, but as we shall show, itis.  level diagram as the separation between the Rydberg states.
Since the states of interest are practically degenerate theyhe pure states of Fig(d) interact, as shown by the double-
behave to some extent like a single Rydberg state. When laeaded arrow.
Rydberg state is exposed to a laser pulse shorterithaithe When the configuration interaction is taken into account,
pulse removes population near the core, creating a movinthe eigenstates are in general linear superpositions of the
hole in the wave function, termed a dark wave padkes], pure doubly excited and singly excited states, and there are
and subsequent photoionization is suppressed when the motwvo limits, strong and weak configuration interaction, shown
ing hole is at the ion cors—10], Quantum mechanically the in Figs. 1b) and Xc). In the case of strong configuration
hole is created by Raman redistribution to nearby statemteraction,7¢<<7¢, many of the eigenstates have signifi-
driven by the short, large bandwidth laser pulse. A darkcant 5d7d components, as shown in Fig(bl. Figure 1b)
wave packet has been made from a pure Rydberg eigenstadfso shows that tf, appears in the energy-level diagram as
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l - —_— FIG. 2. (a) Classical picture of the electron orbit for strong
configuration interactionyo <7 . On each orbit the electron is
captured and ejected by the Baore, and suffers a time delay in its
T orbit. (b) Classical picture of the orbit for weak configuration inter-
action, < 7¢ . The electron is ejected and recaptured slowly, over
many orbits, so the result is minimal spatial localization of the
FIG. 1. (@) Energy-level diagram showing the puréZd state  €lectron’s position and only a slow sinusoidal variation in the prob-
and the pure 8nl Rydberg states. The energy spacing between th@blility of the electron’s being in the Rydberg orbit.
Rydberg states is the reciprocal of the Kepler orbital peripd The
configuration interaction between the pure states is shown by thenly a sinusoidal oscillation of population in thelBd state
double-headed arrowb) The mixed eigenstates for strong configu- and almost no radial localization of the electron while it is in
ration interaction;/¢;< 7¢ , Wherer, is the configuration interac- the Rydberg state. There should only be small moving steps
tion time. The Hi7d state fractions of the mixed eigenstates arein the radial probability distribution.
shown by bold lines. The pured¥d state is mixed into many In general, describing configuration interaction in the time
Rydberg states over a bandwidth ofrd/. (c) The mixed eigen- domain is best done using quantum defect the@pT)
states for weak configuration interactieg <7 . In this case only  [13-16, However, the casec> 7, in which there are only
two states have appreciablel&d character. two levels, is just a two-level quantum beat problem, and all
approaches are equally good.

1) ———— T

the width of the band of states containindl character. In
the limit of weak configuration interaction;o>7¢, the
5d7d state can only be significantly coupled to a single
Rydberg state, and then only if the two pure states are nearly One of our goals is to observe the population oscillate
degenerate. This limit is shown in Fig(clL between the pure &/d state and the singly exciteds@s

To develop a classical picture of configuration interactionRydberg series. The approach we have used can be under-
in the time domain, we consider the case in which the atonstood with the help of the energy-level diagram of Fig. 3. Ba
is excited to the pure &r7d state att=0 by a short laser
pulse. For the case; < 7« , strong configuration interaction,
the initially populated 87d state “autoionizes” into the
band of &nl Rydberg states in the time;,. The ejected l

Ill. EXPERIMENTAL APPROACH

electron departs from the B&bs ion core but does not have 6s2\s
enough energy to escape from the Coulomb potential, and is 6s20
instead reflected back to the Baore, returningr later, as 6s18s Boés
shown by Fig. 2a). The electron then reexcites the core and 5d7d <
is itself captured, and the whole process repeats. The prob-
ability of finding an atom in the doubly excitedi3d state is 635 nm T
a series of spikesc, wide separated by [3,4]. When the 778nm
atom is in the Rydberg states the electron is radially well 5d6p 1P
localized, so an alternative way of thinking of the atom is as 5d6p 3P, :
an electron in a classical orbit in which it experiences a time
delay as it goes past the ion cdr?].

Let us now consider the limit of weak configuratiory,
> 1. Again we assume that &=0 the pure 87d state is
populated. Sincec, is much longer thamg an atom initially
in the 5d7d state autoionizes into thes@l| states over many Gs6s

Kepler periods. Correspondingly, the probability of the g 3. Energy-level diagram showing the excitation to the per-
Rydberg electron’s reexciting the core on any given orbit isyrhed Rydberg states by 389- and 635-nm pulses, and the subse-
small, and once the electron is ejected from thdg& state it quent removal of population by the 778-nm pulse. The 778-nm
is likely to make many Rydberg orbits before being recap-pulse both photoionizes the initially populated Rydberg states and
tured, as shown in Fig.(B). Since the time constant, for redistributes the population to othes®s states by Raman pro-
autoionization is much longer than the Kepler time, there isesses through higher- and lower-lying states.
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atoms are excited by a 389-nm pulse to t6p 3P, state 2.0
and then a 0.3-ps, 635-nm pulse to the even-paliy0 I
eigenstates which lie near term energy 41450 tnSince

the 5d6p 3P, state is not optically connected to the pure
6snsRydberg states, the 635-nm pulse in effect excites the
pure 5d7d state, which is a coherent superposition of several
eigenstates. In Fig. 3 we show the amount of td&& char-
acter in the eigenstates by the bold lines. As shown in Fig. 3,
only two states, the nominaldyd state and the €18s state,
have appreciable doubly excited character, and we therefore &,
expect to see an approximately sinusoidal oscillation in the & 93
population. To observe the population oscillation between
the pure ©7d state and the $ns Rydberg states we use a [
third 100-fs laser pulse, at 778 nm to photoionize the atoms 0.0 — I— é e 1'0 .
excited by the first two pulses. Light at this wavelength does Time (ps)

not photoionize the $ns Rydberg states, but readily photo-

ionizes the 8l7d state. Consequently, by observing the pho-  FIG. 4. (a) Photoionization signalb) remaining population in
toelectron production as a function of the time delay betweethe 6s18s state, andc) photoionization signal computed by QDT
the second and third laser pulses, we can monitor the timasing known spectroscopic parameters.

dependence of the population in the pui/8 state.

In the experiment Ba atoms effuse from a resistively6s18s state. The population remaining in thel&d state
heated oven, are collimated, and pass between a pair of hoexhibits an identical delay time dependence. The signal of
zontal field plates 0.46 cm apart, where they are excited b¥ig. 4(b) clearly shows the expected cosine dependence with
the three laser pulses. All the laser pulses are derived from a period of 1.25 ps, and it is 180° out of phase with the
titanium:sapphire laser system consisting of a mode-locke@hotoionization signal of Fig. (4). The cosine population
oscillator operating at 778 nm and a 1-kHz regenerative amescillation of Figs. 4a) and 4b) is exactly what one expects
plifier which produces 2-mJ, 100-fs pulses at 778 nm. Halffor a two-level quantum beat problem, but it is less obvious
of this light is doubled to produce 389-nm light, and half is that the same result will emerge from QDT. Accordingly, we
used to drive a white light continuum generator and an optihave simulated the observed signal using the method out-
cal parametric amplifier to produce light at 1.2, which  lined by Lyonset al.[14]. Briefly, using QDT we construct
is doubled to 635 nm. The residual 778-nm beam from thavave functions of the form
doubling passes through a variable delay line. All three
beams have diameters of 5 mm before being focused at their V=a(t)Vs547q+b(t)Wgs,s @
crossing with the atomic beam by a 50-cm focal length lens.

The laser beams cross the atomic beam below a hole ifor each of the perturbed states using the spectroscopic data
the upper field plate. Subsequent to the laser pulses we appl§7]. Herev is the effective quantum number relative to the
a 6-kV, 1.3us rise time pulse to the lower plate. Early in the Ba* 6s,,, limit. We adopt the convention tha(0)>0, so
pulse photoelectrons are expelled through the hole in the(0) changes sign from below to above the pud¥ 6 state,
upper plate, and later bound Rydberg states are field ionizeih a manner analogous to thephase shift in a continuum at
and expelled at times determined by their binding energiesa resonance. We assume that the second laser pulseOat
In either case the resulting electron is detected with a microexcites a perturbed Rydberg state in proportiofia¢0)]?,
channel plate detector above the field plates. With gated ints 5d7d character, and the intensity of the laser pulse at the
tegrators we can record either the photoelectron signal or thetate’s energy. The initially excited eigenstates are allowed
field ionization signal from a selected Rydberg state oro evolve until timet, when the third laser pulse photoionizes
states. These data are stored in a computer for later analysipe atoms in proportion ta(t) summed over the states ex-
cited and squared. In Fig(& we show the calculated photo-
ionization signal, which is also a cosine with a 1.25-ps pe-
riod. This simple result is a consequence of only two states
having significant 87d character. The calculated signal is in

By delaying the third laser pulse and recording the photophase with the photoionization signal and 180° out of phase
ionization signal, we can determine the time dependence ofith the signal from the population remaining in thel@s
the population in the pured¥d state. A typical recording of state.
the photoionization signal is shown in Fig@t While it is Due to the weakness of the configuration interaction in
plausible that the data represent the expected cosine depehis case, the second laser excites principally two states,
dence, the presence of so much background photoionizatiomhich are quite closely spaced, 26.6 ¢inand the third laser
of the intermediate 86p 3P, state by the 778-nm light ren- has a short enough pulse width that it redistributes the popu-
ders them less than convincing. A better approach is to moniation over other Rydberg states, which we detect by state-
tor the population remaining in thedZd or 6s18s states, selective field ionization. As shown in Fig. 5, when time-
and in Fig. 4b) we show the population remaining in the dependent field ionization traces are taken with and without
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IV. OBSERVATIONS AND COMPARISON
TO SIMULATIONS
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FIG. 5. Time-resolved field ionization traces obtaifadwith-
out and(b) with the 778-nm laser. In the former the higher-lying wof h
6sns n>18 states are not apparent, but they are quite evident in the
latter. 0
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the third pulse, the redistribution produced by the third pulse FIG. 7. Fourier transforms of the data @ 6s17s, (b) 6s18s,

is quite evident. We expected to see a 1.25-ps oscillation ifc) 6s19s, and(d) 6s20s. In all but (b) frequencies other than 26.6
the signal from any of thegns n+ 18 states, corresponding cm™* are visible. All but one of these frequencies correspond to the
to the 26.6-cm? separation of the states predominantly ex-intervals between the state being observed and tigdSstate, as
cited. However, we saw oscillations at other frequencies alsted in Table I.

well. Figure 6 shows recordings of the field ionization signal

from the Gnsstates as a function of time delay between theparing the observed features to the known intervals, given in
second and third laser pulses. It is clear from Fig. 6 that ther&able I, it is apparent that prominent features are observed at
are oscillations with periods other than 1.25 ps. In Fig. 7 wethe frequencies corresponding to the interval between the
show the Fourier transforms of the data of Fig. 6. By com-5d7d state and the state under observation.

The high-frequency oscillations in the populations of
states other than thed3d and 618s states arise from the
fact that they are populated via two interfering pathways.
The first pathway is direct excitation by the second laser. The
second laser pulse produces a wave packet of Rydberg eigen-
states which are excited with amplitudes in proportion to the
square roots of their perturber character, as shown in Fig. 3.
Thus, the 817s and 6s19s states, which have-1% per-
turber character, are excited withl5% of the amplitudes of
the 6s18s and 5d7d states. If the optical pulse saturates the
i transition, the relative amplitudes of states other than the

6s18s and H7d states are enhanced. The second pathway is
8 GEREARRRRRRE AR excitation by the second laser to thd&Al state followed by
a Raman transition to thessstates o+ 18 driven by the
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TABLE I. 5d7d-6snsand 618s-6snsintervals.

Signal (Arb. Units)
Signal (Arb. Units)
o
w

N a 1 | ‘ Interval Frequencycm™1)
‘ | 5d7d-6517s 78.8
1.0 atf 5d7d-6s18s 26.6
z ; s 5 0 z ; s s 10 5d7d-6s19s 94.1
Relative Delay (ps) Relative Delay (ps) 5d7d-6520s 154.1
FIG. 6. Field ionization signals frorta) 6s17s, (b) 6s18s, (c) 6s18s-6s17s 105.4
6s19s, and (d) 6s20s states vs time delay between the 635- and 6s18s-6s19s 67.5
778-nm laser pulses. Only iib) is the expected 1.25-ps beat period 6518s-6520s 1275

apparent. In the other frames higher frequencies obscure it.

023414-4



CONFIGURATION INTERACTION AND RAMAN . .. PHYSICAL REVIEW A61 023414

a candidate for the intermediate state. To explain the observed

Y Y e S S redistribution it would have to be optically connected to the
5d7d state but not the €18s state.

We had initially assumed, based on the observations of
Ref.[18], that any low-lying %i6p state would be optically
connected to the &7d states but not to theghs Rydberg
states. However, the redistribution data remind us that this
assumption is not always valid. To clarify both the excitation
by the second laser and the redistribution, we have recorded
the frequency domain excitation spectra from both the
5d6p 3P, and 56p P, states to the region around 41450
cm 1. Briefly, we used one 5-ns dye laser at 3880) nm to
prepare the 86p %P, (*P,) state and a second dye laser
near 635(776) nm to reach thel=0 states near 41450
cm L. To detect the Rydberg atoms we used a third laser at
455 nm to excite atoms in thes@sstates to the autoionizing
6p3Nns states. Since it is possible to saturate the last transi-
tion by orders of magnitude, it provides a detection effi-
ciency of one. Scanning the wavelength of the second laser
while detecting the ions resulting from autoionization gives
us the desired excitation spectra. In Figa)Bwe show the
spectrum obtained from thedBp 3P, state. As we had ini-
tially assumed, there are two strong transitions, to t@db
and 6518s states.

Using the §6p P, state as an intermediate state, we
observed the spectrum of Fig(8, in which we observe the
5d7d state and all the $nsstates but 618s. The spectrum
of Fig. 8b) is exactly what is required to explain our Raman
redistribution data, i.e. there is a Raman coupling via

0053 414 4.15 416 5d6p 1P, state to the 6ns n#18 states from the &7d
Energy (cm—1) xot state, but not from the€i.8s state. As a consequence, we are
o ) confident that in this case the Raman redistribution occurs

FIG. 8. (a) Excitation spectra with 5-ns-long dye laser pule®s  gnjrely through the bound states. The reason it does not pass

from the 5i6p “P, state, andb) from the 6p °P; state. In(& o9k the continuum is probably as follows. The coupling

and (b_) the ba_ndwidths of th_e 635- and 778-nm lasers i_n the timeof both the H7d and 618s stafes to the continuum is
domain experiment, respectively, are shown by broken line&)In

it is apparent that primarily thed¥d and 618s states are excited S:,rct)r:' 9. dLlf](tEir:O trr:]eltr hé?]h Fr’;riusrb?r tconiter\]:l’ bllit thiﬁ COtJhpllng
by the 635-nm laser. Itb) the 6s18s state is conspicuously absent, ot the co uum to N states 1S weak, since they

and Raman redistribution via thel6p 3P, state cannot occur from are pure Rydberg states.
the initially populated 618s state.

Signal (Arb. Units)

o

Signal (Arb. Units)

V. CONCLUSION

third laser. Varying the time delay between the second and 'nese data and those of Schumacher and co-wofRBets

third lasers leads to the observed interference oscillations. SPan the range fromc,> 7y to 7¢;<7. We have shown
Following the above line of reasoning we would expect tothat, over the entire range, the time dependence of the con-

see both the 87d-6sns and 618s-6sns frequencies, not figuration interaction can be quantitatively represented using
just the former, but the Raman redistribution evidently oc-QPT and that simple classical pictures can be developed. In
curs from only the 87d state, not from the €18s state. addition, we have clearly shown that Raman redistribution
Since we see a 26.6-cthoscillation in the photoionization 0¢Curs by way of a lower-lying state, not through the con-

signal, it is apparent that both theB8s and 5d7d states are ~ tnuum.
well coupled to the continuum, which suggests that the Ra-

man redistribution probably occurs via a lower-lying inter-
mediate state. In fact, thed6p P, state lies one 778-nm It is a pleasure to acknowledge useful discussions with R.
photon below the 87d and 618s states, and is a reasonable R. Jones and the support of the National Science Foundation.
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