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Wave Packets in Perturbed Rydberg Systems
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We have excited wave packets in perturbed Rydberg states of barium, an atom with two optically
active electrons, and have observed qualitatively different wave packets from those seen in one-electron
atoms. In particular, we have found that electron-electron scattering quickly leads to excitation of
a doubly excited state and subsequent passage of the population back and forth between different
configurations or channels, the quantum analog of two coupled pendula. The experimental results can
be successfully described by quantum defect theory. [S0031-9007(97)03329-2]

PACS numbers: 32.80.Rm

Wave packets are formed in any system excited by af configuration interaction the energies of the two
short enough pulse, and understanding their dynamics isnperturbed Rydberg series and th&7d perturber are
essential [1]. Wave packets in single configurations, suckhown in Fig. 1(a). When the configuration interaction
as one-electron Rydberg wave packets or molecular vibras included, the5d7d state is inserted into the Rydberg
tional wave packets correspond to a one dimensional claseries with the result that the regularity of the Rydberg
sical oscillatory motion and are well understood [2—4].series is perturbed slightly as shown in Fig. 1(b). Equally
Wave packets in perturbed systems, those exhibiting conmportant, the energy eigenstates become superpositions
figuration interaction, correspond to the classical motiorof singlet, triplet, and perturber, with the mixing most
of two coupled oscillators. Although there have been repronounced near the perturber. Inspecting Fig. 1(b) we
lated investigations [5], such wave packets have receivedan immediately see two of the relevant times for this
little attention, in spite of the fact that they play a cen-problem. The Kepler timerx = 2 ps is equal to the
tral role in several contexts such as zero kinetic energynverse of theAn level spacing, and the singlet-triplet
spectroscopy and proposed methods for coherent contriime 7sr = 9 ps is equal to the inverse of the singlet-
of chemical reactions [6,7]. The latter are based on thériplet splitting. The final relevant time scale comes
molecular analog of the energy transfer between couplefiom the excitation spectrum of these states, shown in
classical oscillators [8]. Fig. 1(c). To obtain this spectrum we used two 9 ns dye

Here we describe the experimental observation of radidaser pulses. The first was set to the 'Sy-6s56p ' P,
wave packets of perturbed Ba Rydberg states, specificaltyansition at 554 nm, and the second was scanned over
the 6snd D, states perturbed by th&d7d 'D, state the 6s6p 'P-6snd 3D, transitions near 421 nm, as
nearn = 26. Although the configuration interaction only shown in Fig. 1(d). Instead of having the expectea?
slightly perturbs the regularity of the Rydberg energyintensity dependence the spectrum has a hole with almost
levels, it alters the oscillator strengths, with the result thavanishing intensity at the perturber. It is an example
the time dependence of the perturbed radial wave packet

bears almost no relation to that of an unperturbed radial 5d7d+6snd

wave packet. This dramatic difference is implied by the 1900 [ T ==

excitation spectrum and can be understood qualitatively .

with a simple picture based on the atomic population’s werreeeee e

passing back and forth between the Rydberg states an« [ - — 421 nm

the doubly excited perturbing level. This picture can be € y1g50f = ——

made quantitative using quantum defect theory (QDT), Z | — —

yielding good agreement with the experimental results. £ F T T 6s6p

Furthermore, time resolved measurements of the doubly § [

excited population show that the population does indeed 41500 1 554 nm

flow back and forth between the Rydberg states and the L T

perturber. I 652
The system we have studied is the three channel (a) (b) () (d)

system shown in Fig. 1. The three channels are th'e:IG L Bari @ E levels without faurati

1 3 1 .1. Barium. (a) Energy levels without configuration
6sr|td tthzSc?;Zd tth’ a?(:ﬁ'dntﬁ_ dDz r::hannlel_s, .althOL,:ght mixing derived from QDT:5d7d 'D, (thick lines), 6snd ' D,
only the . staie o e third channel 1S Important. (thin lines), 6snd 3D, (dotted lines; (b) actual energy levels;
For convenience, we shall refer to these three channels @§ excitation spectrum when exciting via singlet character; (d)

singlet, triplet, and perturber, respectively. In the absencexcitation pathway from the ground state.
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of the Fanog = 0 line shape [9], and the width of the 10
hole is the inverse of the configuration interaction time i
7cr = 0.8 ps. This is the time in which an atom initially
in the 5d7d state converts, or effectively autoionizes,
into the Rydberg states. Note that far from the perturber
only the 6snd 'D, states are excited. More generally,
the excitation is only to thebsnd 'D, states or their
components in perturbed states [10].

Using the well characterized [11] system of Fig. 1 we
have used the optical Ramsey method [12] (ORM) to
observe perturbed radial wave packets in Ba. The level
scheme is shown in Fig. 1(d). Using a 9 ns, 554 nm 00
laser pulse Ba atoms in a thermal beam are excited to Delay (ps)

the 6s6p 'P; state. From this state they are excited o )

to the perturbed Rydberg states by two 421 nm pulse§/C; 2 (@) ORM and (b) ionization signals from a wave
. . acket made of states excited via their singlet character.

derived from the second harmonic of an 842 nm, 200 f#he data are plotted using solid lines with representative

Ti: Sapphire laser pulse. The bandwidth of the 421 nmuncertainties. The model results are shown as dotted lines.

light matches the excitation spectrum of Fig. 1(c). The

principle of ORM is to use two identical 421 nm pulses

with a variable time delay between them to obtain ajaser pulse. The electron is in the singlet Rydberg states
wave packet signal which is related to the excitationnear the core. Half the electrons are incoming and half
spectrum of Fig. 1(c) by a Fourier transform. In the are outgoing, leading to the creation of two wave pack-
frequency domain, changing the time delay betweersts, To show this, in Fig. 3(a) the atoms are assumed
the pulses alters how well the optical power spectrumg circulate counter clockwise around the Rydberg orbit.
matches the absorbing atomic states of Fig. 1(c). Theor simplicity, we label the initially outgoing electrons the
time domain provides a more physical picture. In thefirst wave packet and the initially incoming electrons the
limit of minimal depopulation of the6sép state each second wave packet. While the first wave packet moves
pulse creates @snd ' D, wave packet near the core. If, oyt to large radius the second wave packet immediately
when the second pulse arrives, the wave packet from thgycites the core and is captured into thé7d state, as
first pulse has returned to the core and is in the singlefjystrated in Fig. 3(b). Then it is ejectee; later, at
states, the two wave packets interfere, constructively of ~ (.8 ps, resulting in the double wave packet shown in
destructively depending on the optical phase, modulatingig. 3(c) atr ~ 1.0 ps. The first wave packet returns to
t_he total number _of Rydberg atoms produc_:ed. If thethe core at the Kepler time, at=~ 2 ps [Fig. 3(d)]. It
first wave packet is elsewhere, there is no interferencenen is captured into the core and again ejected after the

We detect the total population of the Rydberg states byonfiguration interaction time, and the cycle repeats.
field ionization. By measuring the rms amplitude of the

interference in the signal as a function of the time delay,

we measure the probability of the atoms’ being in the

singlet Rydberg states near the core as a function of time. (a) (b) ()
Since the perturbed energy levels of Fig. 1(b) are .

quite similar to the unperturbed levels of Fig. 1(a), one @

might expect something like normal radial wave packet 5

behavior with its regular series of fractional revivals [3,4].

However, because of the Fago= 0 excitation spectrum,

we observe the result shown by the solid line of Fig. 2(a), () (d)
which looks nothing like a normal radial wave packet.

Furthermore, the three time scales mentioned previously .
are not particularly evident. @ @

As shown by the dotted line of Fig. 2(a), the major fea- L s
tures of the observations are reasonable well reproduced o2 s
by a QDT model. Before discussing the QDT model it
is useful to consider a simple pictorial description. WhileFIG. 3. Schematic of the early evolution of the two-electron
crude, it does convey the essential notions of the scattef{@ve Ppacket at four consecutive times (a)-(d). Darkened

S . . regions on the ellipse represent the locations of singlet wave
Ing .Ideas behind the QD,T model apd describes the bq’unction. A small, dark ellipse near the nucleus) represents
havior, at least for short times. In Fig. 3(a) we show thethe perturber wave function. (e) Expected ORM signal. (f) Ex-

configuration of the atom just after excitation by a shortpected 5d7d ionization signal.

(e_}) ]

ORM signal
(Arb. Units)

=
I=15)

Tonization
(Arb. Units)

)

ORM
Units

(Arb

®

lonization
(Arb. Units.)

o

Time (ps)

4360



VOLUME 78, NUMBER 23 PHYSICAL REVIEW LETTERS 9 UNE 1997

We expect an ORM signal when the wave packet is irposition of singlet, triplet, and perturber wave-functions.
the singlet Rydberg states near the core. This requirememaxplicitly,
is met atr = 0 by both the first and second wave packets A g e e
and again atr = 0.8 ps by the second wave packet. Vi = Asidsi + A’_’(ﬁ” - A.’”(ﬁ’”’ @
One Kepler time later the first wave packet and thenWheres, 7, and p denote singlet, triplet, and perturber.
a configuration time later, the second wave packet ardhe ¢;; are the constituent two-electron wave functions,
again at the core in a singlet state. The expected sign&nd 4;; are their amplitudes. The amplitudes; are
is shown graphically in Fig. 3(e). Comparing Fig. 3(e) toderived from the energy levels given in Fig. 1(a) using
the experimental signal of Fig. 2(a) we can see that ther@DT [17]. All quantities are in atomic units, and we as-
is qualitative agreement for roughly two Kepler times, Sume state normallzanon, although energy normalization
after which point the simplicity of our model takes its toll. IS more common in QDT treatments. N

Implicit in this simple picture is the notion that the A wave packet¥ is simply a superposition of the
atomic population is passing back and forth between th¥arious eigenstates with amplitudes determined by the
5d7d state and thessnd Rydberg states, and we can €Xxcitation
use the same picture to predict when population should
be in the 54d7d state. There should be a peak in V(1) = C 3 Sidsi codmrs + )W (2)
the 5d7d population from the second wave packet at ) ! o )
~0.8 ps and a double peak spaced by 0.8 ps every Kemé—,ler_e, S; is the laser electric field .amplltude at the
time thereafter. This double peak should occur betweef*citation frequency for state and C is a constant of
the triple peak of the ORM signal, with the expectedprOPF’rt'O”_a“ty- The facthsi is present because we are
signal shown in Fig. 3(f). exciting via the state’s singlet cha_rac'Fer, and th_e cosine

To test experimentally that the population is passing€'™m describes thg = 0 Fano profile in the excitation
back and forth we have taken advantage of the facProbability caused by the presence of the pertyrber. With
that, due to its proximity to the Basd-6p transiton 7 =.0.2 the calculated spectrum fits the expepmental one
at 650 nm, theSd7d state is far more efficiently pho- of Fig. 1(c)._ None of the results presgnted in '[hIS' work
toionized than thésnd states by the 842 nm fundamental dépend critically ony. In Eq. (2) v is the effective
Ti:Sapphire light [9]. Light at 495 nm would preferen- guantum ”Uleef relative to the ionic bariua limit
tially ionize the6snd states, especially when the Rydberg (42035.04 cm™") and, for a state Wlthzenerggi,- relative
electron is at its outer turning point [13]. Such a time re-to theés limit, is given by E; = —1/2v;;. The square of
solved projection is central to the notion of coherent conthe factorAy; cosm v, + ) is proportional to the cross
trol [8], and its application to ionization was suggested bySection for exciting staté The model is valid only in the
Seel and Domcke [14]. We use a 421 nm second har\[\{ea!(_ﬂeld regime in which thés6p launch state is not
monic pulse to create the perturbed wave packet and $ignificantly depleted, so we are free to cho@seo that
delayed 842 nm pulse to provide a time resolved probé[ml’ is normalized to unity. Finally, we can extract the
of population in theSd7d state. In this case we collect tlme-dgperjdent variation in the wave packet's character
the photoelectrons using3V /cm static field as we scan PY Projecting out a given character from Eq. (2). We
the delay of the 842 nm laser pulse. This field has no effind the probability,P;, that the wave packet will have
fect on the wave packet’s dynamics over the time duratiod character, wherg¢ = s, , p, to be
studied, about 15 ps. 5

The result of this experiment is shown in Fig. 2(b), Pi() = ZaiA.,-i + 2'Z_aiaﬁAjiA.iB<¢ji|¢j/3>
as well the results of the QDT model. The double ! LB<i
peak structure predicted by our simple model is clearly X COSwipt . (3)
visible for two Kepler times, supporting the validity of Here,a; = CS;A,; codwv,; + ) contains the excitation
the model. An unexpected observation is that in bottterms from Eqg. (2), andw;sz is the energy difference
the experimental results and the QDT model the doubldetween eigenstates. The cosine terms are the sole
peak coalesces into a single peak at about 10 ps. Th®ource of time variation, and they contribute only insofar
self focusing of the wave packet into the perturber by theas the overlap integral§s;i|¢;g) are nonzero. In a
configuration interaction could turn out to be very usefulnonperturbed system, or in this system, but further from
in coherent control applications. the perturber, the effective quantum numbers of nearby

We now describe a QDT model of wave packet evo-eigenstates differ by unity, the overlap integrals are all
lution in a perturbed system. Henlet al.have ex- zero, and there is no character variation in time. In a
amined this problem using a different formulation of QDT perturbed system, the nearby energy levels are shifted, the
[15], Vrijen et al. have used a discrete state approacteffective quantum numbers differ by noninteger values,
[16], and Wang and Cooke have examined the relatednd the overlap integrals are nonzero. A simple analytical
problem of notched wave packets using QDT [17]. Weexpression exists for the overlap integral for most cases of
describe theth eigenstate of our wave packet as a superinterest, alternatively it can be evaluated numerically [13].
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effect on wave packet propagation because the population
passes back and forth between configurations. The ensu-
ing dynamics can be explained in a very physical way by
a QDT model which describes the interaction of the vari-

Perturber

0.00

1.0 ous possible configurations, or channels. This approach
5 should prove to be not only useful, but mandatory, as
o | ] more complicated systems are explored.
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FIG. 4. QDT calculation of perturber (a), singlet (b), and
triplet (c) characters versus time after excitation.
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