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Observation of a Nondecaying Wave Packet in a Two-Electron Atom
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We excite and manipulate wave packets in the Rydberg states of atomic calcium. The manipulation is
via the electron-electron correlations between a core electron and the Rydberg electron and mediated by
a strong excitation of the core transition. Striking changes in the wave packet are observed particularly
when the Rabi oscillations of the core transition are synchronized with the natural, classical oscillation
frequency of the Rydberg wave packet. In that case, the wave packet is shaped into a form that inhibits
decay or autoionization as demonstrated by a coherent probe of the resulting wave packet. This work
impacts on both coherent control and quantum measurement studies. [S0031-9007(98)08062-4]

PACS numbers: 32.80.Qk, 32.80.Dz, 32.80.Rm

We have observed the formation of a nondecayingsystem is bound. In contrast, if the core electron is excited
wave packet. A Rydberg electronic wave packet waghe system may autoionize. Thus, the manipulation of
excited in atomic calcium and further manipulated via athe wave packet involves the entanglement of the two
strong core excitation into this nondecaying form. valence electrons and the related autoionization process.

The creation, control, and measurement of wave packefbhis entanglement can shape the wave packet into a
are central topics in a broad range of research areasondecaying form. A related aspect of this work is the
Specially designed wave packets have been proposed (andntrol of the decoherence associated with the decay of
to a lesser extent implemented) to control key processes ian electron to a continuum via autoionization.
atomic [1], molecular [2], and solid state systems [3]. Such Although the alkaline earth atoms are well understood
wave packets also play a significant role in understandingpectroscopically [11], the above control ideas are quite
measurement aspects of quantum mechanics [4,5]. recent and are experiencing a tremendous growth. ICE

Wave packets are nonstationary states that are phaskds been used to excite and modify Rydberg wave
superpositions of highly excited atomic eigenstatespackets (e.g., enhancement of photoionization) [10,12,13].
Among the simplest of these to excite is the radiallyRecent experiments have explored the variation in the
localized wave packet. These are routinely created bwutoionization cross section due to the detuning of the
short pulse excitation in a single-electron atom thatCE [14]. Dynamics of wave packets in this two-electron
produces a superposition of states with different principabystem have also been studied [15]. Some effects of
quantum numbers:j. A typical distribution is Gaussian oscillating bound configurations on wave packet behavior
with a FWHM of seven states centered on an average have been observed [16]. Quantum measurement studies
of 7 = 50. On a short time scale, these wave packethave also been performed using a perturbative ICE [17].
demonstrate nearly classical behavior [6]. That is, the The experiments studied here are related to the theo-
radial wave packet oscillates at the classical periodretical papers that have explored strong-field ICE pro-
T = 23, between the inner and outer turning point of cesses [18—22]. One of the more dramatic predictions of
the classical electron’s orbit. At longer times, quantumthese works is the shaping of nondispersing or nondecay-
mechanics plays a distinct role and the wave packeihg wave packets [18,22]. The shaping effects are striking
disperses and displays a regular interference pattern thathen the Rabi frequency), for the ICE is equivalent to
contains both fractional [7] and full revivals [8] of the and synchronized to the classical orbital frequensy,
wave packet. Recently, radially localized wave packets irof the radial wave packet. Consider the situation in which
two-electron systems have been excited that demonstratiee goal is to suppress decay (autoionization) [18]. The
nearly identical temporal behavior [9]. objective is to time the wave packet's motion so that it

In this paper, we control the behavior of a radiallyis localized away from the core when the core is in the
localized wave packet in a two-electron system by drivingexcited state. The resulting lack of overlap between the
the remaining, correlated valence electron. One of thevave packet and the excited core limits the autoioniza-
valence electrons is excited by a short pulse to a radiallyion. As the evolution of the wave packet progresses by
localized wave packet state. The remaining core electrohalf a period, it will approach the core. However, if the
is driven so that it oscillates between its ground state an&abi and classical oscillations are synchronized the core
its first excited state. The states of this core electron arelectron will have completed its cycle back to the ground
much like the states of the singly ionized atom or like thatstate and again there is little autoionization. This physi-
of a single electron atom so that this type of excitation iscal picture gives a clear description of the suppression of
described as an isolated core excitation (ICE) [10]. Wherlecay. However, a more complete model is needed to
the core electron is in the ground state the two-electromliscuss the shaping of the wave packet. It is the channel
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interaction driving the autoionization process that pro-
vides the shaping. The channel interaction provides a
coherent coupling, via the continuum, between the states
making up the wave packet. This allows the amplitudes
and the relative phases of these states to be modified.
In the situation described above, this modification results
in the formation of a nondecaying state. The autoioniz-
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ing Rydberg states are resistant to decay due to the pre- =8 —rd tdelay
cise phasing of the states that allows destructive quantum ﬁ
interference between the decay routes to the continuum. K SHG

However, the dispersion of the wave packet would disrupt cavity]

this precise phasing, if the synchronization were to be re- I BBO
moved. The synchronizing field compensates the effects cw | | rulsed

of dispersion and preserves the nondecaying form of the 4s (@) Laser| | Laser| (b)

wave packet. The physical origin of this compensation is
that the wings of the wave packet, that have grown due t@IG. 1. (a) Energy level diagram describing the modification
dispersion, experience a strong interaction with the conof the wave packet by the core laser interaction. The Rabi
tinuum [18,22]. This interaction tends to rearrange thePscillations of the core transition cause the wave packet

. . . 1o oscillate between a bound and autoionizing series. The
amplitudes and phases of the states into a nondecay"i%perposition of states that comprises the wave packet is

form. Of course, a portion of the population is also loStgepicted by the weighted dots. At the moment shown, the core
to the continuum. Note that these nondecaying, multitransition has gone through/2 of a Rabi oscillation. The

level superposition states are analogous to those knowsave packet has equal weight in the two series. (b) Optical
as “dark” states [23] that have been studied in three-levetnd atomic beam layout.
atomic systems.

The experiment, described here, explores these nondeshen the probe occurs, the interference does not occur and
caying wave packets produced by a strong, synchronizel@ads to low visibility fringes. Therefore, the visibility of
ICE. For comparison, wave packets with no ICE are exthese fringes (commonly known as Ramsey fringes) as a
cited. Also for comparison, nonsynchronized wave packfunction of time reveal the evolution of the wave packet as
ets for whichQ is not equal taw.; are excited. it approaches and recedes from the nucleus.

Figure 1(a) indicates the laser interactions with the Ca The core laser is derived from a Coherent 899
atom. A cw laser is tuned to the resonance of the isolatedi:sapphire laser producing 2W at 794nm. This output
core transition. Note that until the pulsed laser excitess frequency doubled in a stabilized traveling wave
the Rydberg wave packet the cw field is far from anycavity. The design is similar to that described in [25]
resonance in the Ca atom. The two-photon process driveand produces 200 mW of light at 397 nm. Both laser
by the pulsed laser~406 nm) excites a wave packet beams are collimated and are made to travel parallel
with both nd and ns character. Theid dominates the paths 10 urad). They are focused by the same lens
process described in this paper and therefore only a singlef = 150 mm) so that their focal spots overlap on the
series is displayed. The simplified energy level diagram opath of the Ca atomic beam. The focal spot of the core
Fig. 1(a) shows that the Rydberg wave packet sees a cotaser (5 um) is slightly larger than that of the pulsed
that oscillates af) between a ground state (bound series)aser (0 wm). This size difference, in conjunction with
and an excited state configuration (autoionizing series). the fact that the excitation of the wave packet is the result

Figure 1(b) displays a schematic diagram of the experiof a two-photon process, insures that the majority of
mental apparatus. The short pulse is derived from the ouexcited wave packets see the same core laser intensity.
put of a Ti:sapphire laser (a nearly transform-limited pulseAfter the probe pulse, an electrical pulse (width3ohs
of 5 ps duration and an energy of 10nJ). This pulse is freand a peak field o650 V/cm) synchronized to the laser
quency doubled in a BBO crystal and splitinto a pump ancpulse is applied to the interaction region. This field
a variably delayed, probe pulse by the Michelson interferionizes a portion of the bound Rydberg states. Thus,
ometer setup shown in Fig. 1(b). The interaction of thisthe ionization signal is a combination of the autoionized
pump pulse and the delayed probe pulse can greatly mo@nd field-ionized populations. Note that this type of
ify the population in the Rydberg states [24]. If the wavepulsed-field ionization has a@rdependent efficiency that
packet is near the nucleus when the probe pulse occurs coimcreases by a factor of 2 from= 50 ton = 80.
structive (coherent increase in the population) or destruc- Prior to the main experiment, the core laser resonance is
tive interference (zero population) can occur in the totaffound by spectroscopic means and the core laser is locked
Rydberg state population. This variation or fringes in theto a stabilized Fabry-Perot interferometer that holds the
population depends upon the optical phase delay betwedrequency of the laser to the peak of the core transition
the two pulses. If the wave packet is not near the nucleutor the duration of the main experiment.
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The time evolution of the resulting two-electron wave Two sets of data are taken during the main experiment.
packets (without the ICE) was observed by the Ramseyhe visibility is measured with and without the strong
fringe technique, described above, and was similar in chalCE at each detuning step. A theoretical model of the
acter to those reported in [9]. However, for the purpose$CE-off case is shown in Fig. 2(a). This and subsequent
of this paper a variation of that Ramsey method is morgheoretical descriptions were developed in detail in [22].
efficient and appropriate. Here, the Ramsey fringes ar8riefly, it assumes that only a single autoionizing series
recorded as a function of the detuning of the pulsed laseexists and that only a single continuum channel plays a
This method of recording the Ramsey fringe data is chosignificant role. Despite these simplifications, it produces
sen to emphasize the effect of the synchronization of thexcellent qualitative agreement with the experimental
Rabi and classical oscillations. As the central frequencyesults [Fig. 2(b)]. Note that the peaks correspond to
of the laser pulse is increased, the wave packet created hamve packets that have completed an integral number
alargeri and a smaller classical frequenaey.( = 1/7).  of orbits in the fixed delay time. A wave packet with
Therefore, as the detuning @iis increased, a smooth tran- a shortr, will go through many orbits before reaching
sition from nonsynchronized wave packets to a synchrothat delay time. Ther, grows as7’® so that asin
nized wave packet and back is observed. The probe pulsecreases the wave packets reach the delay time by going
occurs at a long fixed time delay (long in comparison withthrough a progressively smaller number of orbits. This
the autoionization lifetime of a single Rydberg state) thatonlinear relationship between;, and# also leads to the
allows the different effects of synchronized and nonsynprogressively larger spacing between the peaks.
chronized ICE to develop. These effects are observed in When the strong ICE is turned on we observe the
the Ramsey fringes produced in the Rydberg atom popusignal shown in Fig. 3(b). The theoretical model for this
lation by introducing phase delays ranging from zero tocase is given in Fig. 3(a), for comparison. Again, the
27 (spatial delays of zero to 203 nm) into the probe pulsequalitative agreement is excellent. In general, the Rabi
The Michelson interferometer is locked to a stabilizedoscillations driven by the core laser are not synchronized
helium-neon laser and by locking at various levels of thesavith the wide range ofr,’'s that appear in this figure.
helium-neon fringes the necessary delays are created. TN®ithout synchronization, the decay due to autoionization
resulting modulation in the Rydberg population is ex-destroys much of the coherence and therefore the visibility
tracted by an FFT algorithm yielding the amplitude of of the fringes by the fixed delay time of 86 ps. That
the Ramsey fringes. Thus, as the detuning is scanned th& this delay time is long compared to autoionization
fringe visibility displays both the general nonsynchronizeddecay time of a single Rydberg state, which for this
behavior and the more singular synchronized behavior afystem is approximately one classical period [11]. The
the wave packets. For the laser and atomic parameteeslvantage of this measurement scheme is that it allows
of this experiment the synchronization should occur in thedirect comparison of the decay of a synchronized wave
vicinity of 7 = 67. packet with that of nonsynchronized wave packets.

In Fig. 2(b), three high visibility peaks of compar-
able height were observed. In contrast, only a single high
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FIG. 2. Visibility of Ramsey fringes versus the average prin- average principal quantum number

cipal quantum number of the wave packet. In (a) a theoretical

model is presented for comparison. The experimental resultsIG. 3. Visibility of Ramsey fringes as modified by core
are shown in (b). Each peak corresponds to a wave packet thiser. In (a) a theoretical model is presented for comparison.
has gone through an integral number of orbits to reach the fixedhe experimental results are shown in (b). Note that only
delay time. The errors are estimates of systematic deviationthe synchronized casé & 67) producing a nondecaying wave
observed during data collection. packet has significant visibility at the fixed delay time.
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