
VOLUME 81, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 28 DECEMBER 1998

2

tion is
ted by
ularly

lation
hibits
work

5772
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 manipula
via the electron-electron correlations between a core electron and the Rydberg electron and media
a strong excitation of the core transition. Striking changes in the wave packet are observed partic
when the Rabi oscillations of the core transition are synchronized with the natural, classical oscil
frequency of the Rydberg wave packet. In that case, the wave packet is shaped into a form that in
decay or autoionization as demonstrated by a coherent probe of the resulting wave packet. This
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
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We have observed the formation of a nondecayin
wave packet. A Rydberg electronic wave packet w
excited in atomic calcium and further manipulated via
strong core excitation into this nondecaying form.

The creation, control, and measurement of wave pack
are central topics in a broad range of research are
Specially designed wave packets have been proposed (
to a lesser extent implemented) to control key processe
atomic [1], molecular [2], and solid state systems [3]. Su
wave packets also play a significant role in understandi
measurement aspects of quantum mechanics [4,5].

Wave packets are nonstationary states that are pha
superpositions of highly excited atomic eigenstate
Among the simplest of these to excite is the radial
localized wave packet. These are routinely created
short pulse excitation in a single-electron atom th
produces a superposition of states with different princip
quantum numbers (n). A typical distribution is Gaussian
with a FWHM of seven states centered on an averagen
of n̄ ­ 50. On a short time scale, these wave packe
demonstrate nearly classical behavior [6]. That is, t
radial wave packet oscillates at the classical perio
tcl ­ 2pn̄3, between the inner and outer turning point o
the classical electron’s orbit. At longer times, quantu
mechanics plays a distinct role and the wave pack
disperses and displays a regular interference pattern
contains both fractional [7] and full revivals [8] of the
wave packet. Recently, radially localized wave packets
two-electron systems have been excited that demonst
nearly identical temporal behavior [9].

In this paper, we control the behavior of a radiall
localized wave packet in a two-electron system by drivin
the remaining, correlated valence electron. One of t
valence electrons is excited by a short pulse to a radia
localized wave packet state. The remaining core electr
is driven so that it oscillates between its ground state a
its first excited state. The states of this core electron a
much like the states of the singly ionized atom or like th
of a single electron atom so that this type of excitation
described as an isolated core excitation (ICE) [10]. Wh
the core electron is in the ground state the two-electr
0031-9007y98y81(26)y5772(4)$15.00
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system is bound. In contrast, if the core electron is exci
the system may autoionize. Thus, the manipulation
the wave packet involves the entanglement of the t
valence electrons and the related autoionization proc
This entanglement can shape the wave packet into
nondecaying form. A related aspect of this work is th
control of the decoherence associated with the decay
an electron to a continuum via autoionization.

Although the alkaline earth atoms are well understo
spectroscopically [11], the above control ideas are qu
recent and are experiencing a tremendous growth. I
has been used to excite and modify Rydberg wa
packets (e.g., enhancement of photoionization) [10,12,1
Recent experiments have explored the variation in
autoionization cross section due to the detuning of
ICE [14]. Dynamics of wave packets in this two-electro
system have also been studied [15]. Some effects
oscillating bound configurations on wave packet behav
have been observed [16]. Quantum measurement stu
have also been performed using a perturbative ICE [17

The experiments studied here are related to the th
retical papers that have explored strong-field ICE p
cesses [18–22]. One of the more dramatic predictions
these works is the shaping of nondispersing or nondec
ing wave packets [18,22]. The shaping effects are strik
when the Rabi frequency,V, for the ICE is equivalent to
and synchronized to the classical orbital frequency,vcl,
of the radial wave packet. Consider the situation in whi
the goal is to suppress decay (autoionization) [18]. T
objective is to time the wave packet’s motion so that
is localized away from the core when the core is in t
excited state. The resulting lack of overlap between
wave packet and the excited core limits the autoioniz
tion. As the evolution of the wave packet progresses
half a period, it will approach the core. However, if th
Rabi and classical oscillations are synchronized the c
electron will have completed its cycle back to the grou
state and again there is little autoionization. This phy
cal picture gives a clear description of the suppression
decay. However, a more complete model is needed
discuss the shaping of the wave packet. It is the chan
© 1998 The American Physical Society
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interaction driving the autoionization process that pro
vides the shaping. The channel interaction provides
coherent coupling, via the continuum, between the sta
making up the wave packet. This allows the amplitude
and the relative phases of these states to be modifi
In the situation described above, this modification resu
in the formation of a nondecaying state. The autoioni
ing Rydberg states are resistant to decay due to the p
cise phasing of the states that allows destructive quant
interference between the decay routes to the continuu
However, the dispersion of the wave packet would disru
this precise phasing, if the synchronization were to be r
moved. The synchronizing field compensates the effe
of dispersion and preserves the nondecaying form of t
wave packet. The physical origin of this compensation
that the wings of the wave packet, that have grown due
dispersion, experience a strong interaction with the co
tinuum [18,22]. This interaction tends to rearrange th
amplitudes and phases of the states into a nondecay
form. Of course, a portion of the population is also los
to the continuum. Note that these nondecaying, mul
level superposition states are analogous to those kno
as “dark” states [23] that have been studied in three-lev
atomic systems.

The experiment, described here, explores these non
caying wave packets produced by a strong, synchroniz
ICE. For comparison, wave packets with no ICE are e
cited. Also for comparison, nonsynchronized wave pac
ets for whichV is not equal tovcl are excited.

Figure 1(a) indicates the laser interactions with the C
atom. A cw laser is tuned to the resonance of the isolat
core transition. Note that until the pulsed laser excite
the Rydberg wave packet the cw field is far from an
resonance in the Ca atom. The two-photon process driv
by the pulsed laser (,406 nm) excites a wave packet
with both nd and ns character. Thend dominates the
process described in this paper and therefore only a sin
series is displayed. The simplified energy level diagram
Fig. 1(a) shows that the Rydberg wave packet sees a c
that oscillates atV between a ground state (bound serie
and an excited state configuration (autoionizing series).

Figure 1(b) displays a schematic diagram of the expe
mental apparatus. The short pulse is derived from the o
put of a Ti:sapphire laser (a nearly transform-limited puls
of 5 ps duration and an energy of 10 nJ). This pulse is fr
quency doubled in a BBO crystal and split into a pump an
a variably delayed, probe pulse by the Michelson interfe
ometer setup shown in Fig. 1(b). The interaction of th
pump pulse and the delayed probe pulse can greatly m
ify the population in the Rydberg states [24]. If the wav
packet is near the nucleus when the probe pulse occurs c
structive (coherent increase in the population) or destru
tive interference (zero population) can occur in the tot
Rydberg state population. This variation or fringes in th
population depends upon the optical phase delay betwe
the two pulses. If the wave packet is not near the nucle
-
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FIG. 1. (a) Energy level diagram describing the modificatio
of the wave packet by the core laser interaction. The Ra
oscillations of the core transition cause the wave pack
to oscillate between a bound and autoionizing series. T
superposition of states that comprises the wave packet
depicted by the weighted dots. At the moment shown, the c
transition has gone throughpy2 of a Rabi oscillation. The
wave packet has equal weight in the two series. (b) Opti
and atomic beam layout.

when the probe occurs, the interference does not occur
leads to low visibility fringes. Therefore, the visibility of
these fringes (commonly known as Ramsey fringes) a
function of time reveal the evolution of the wave packet
it approaches and recedes from the nucleus.

The core laser is derived from a Coherent 89
Ti:sapphire laser producing 2W at 794 nm. This outp
is frequency doubled in a stabilized traveling wav
cavity. The design is similar to that described in [25
and produces 200 mW of light at 397 nm. Both las
beams are collimated and are made to travel para
paths (,10 mrad). They are focused by the same len
s f ­ 150 mmd so that their focal spots overlap on th
path of the Ca atomic beam. The focal spot of the co
laser (15 mm) is slightly larger than that of the pulsed
laser (10 mm). This size difference, in conjunction with
the fact that the excitation of the wave packet is the res
of a two-photon process, insures that the majority
excited wave packets see the same core laser inten
After the probe pulse, an electrical pulse (width of5 ns
and a peak field of50 Vycm) synchronized to the lase
pulse is applied to the interaction region. This fie
ionizes a portion of the bound Rydberg states. Thu
the ionization signal is a combination of the autoionize
and field-ionized populations. Note that this type o
pulsed-field ionization has an̄n-dependent efficiency that
increases by a factor of 2 from̄n ­ 50 to n̄ ­ 80.

Prior to the main experiment, the core laser resonanc
found by spectroscopic means and the core laser is loc
to a stabilized Fabry-Perot interferometer that holds t
frequency of the laser to the peak of the core transiti
for the duration of the main experiment.
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The time evolution of the resulting two-electron wav
packets (without the ICE) was observed by the Rams
fringe technique, described above, and was similar in ch
acter to those reported in [9]. However, for the purpos
of this paper a variation of that Ramsey method is mo
efficient and appropriate. Here, the Ramsey fringes a
recorded as a function of the detuning of the pulsed las
This method of recording the Ramsey fringe data is ch
sen to emphasize the effect of the synchronization of t
Rabi and classical oscillations. As the central frequen
of the laser pulse is increased, the wave packet created
a largern̄ and a smaller classical frequency (vcl ­ 1yn̄3).
Therefore, as the detuning orn̄ is increased, a smooth tran
sition from nonsynchronized wave packets to a synchr
nized wave packet and back is observed. The probe pu
occurs at a long fixed time delay (long in comparison wi
the autoionization lifetime of a single Rydberg state) th
allows the different effects of synchronized and nonsy
chronized ICE to develop. These effects are observed
the Ramsey fringes produced in the Rydberg atom pop
lation by introducing phase delays ranging from zero
2p (spatial delays of zero to 203 nm) into the probe puls
The Michelson interferometer is locked to a stabilize
helium-neon laser and by locking at various levels of the
helium-neon fringes the necessary delays are created.
resulting modulation in the Rydberg population is ex
tracted by an FFT algorithm yielding the amplitude o
the Ramsey fringes. Thus, as the detuning is scanned
fringe visibility displays both the general nonsynchronize
behavior and the more singular synchronized behavior
the wave packets. For the laser and atomic parame
of this experiment the synchronization should occur in th
vicinity of n̄ ­ 67.
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FIG. 2. Visibility of Ramsey fringes versus the average prin
cipal quantum number of the wave packet. In (a) a theoretic
model is presented for comparison. The experimental resu
are shown in (b). Each peak corresponds to a wave packet
has gone through an integral number of orbits to reach the fix
delay time. The errors are estimates of systematic deviatio
observed during data collection.
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Two sets of data are taken during the main experimen
The visibility is measured with and without the strong
ICE at each detuning step. A theoretical model of th
ICE-off case is shown in Fig. 2(a). This and subseque
theoretical descriptions were developed in detail in [22
Briefly, it assumes that only a single autoionizing serie
exists and that only a single continuum channel plays
significant role. Despite these simplifications, it produce
excellent qualitative agreement with the experimenta
results [Fig. 2(b)]. Note that the peaks correspond t
wave packets that have completed an integral numb
of orbits in the fixed delay time. A wave packet with
a shorttcl will go through many orbits before reaching
that delay time. Thetcl grows as n̄3 so that asn̄
increases the wave packets reach the delay time by go
through a progressively smaller number of orbits. Thi
nonlinear relationship betweentcl and n̄ also leads to the
progressively larger spacing between the peaks.

When the strong ICE is turned on we observe th
signal shown in Fig. 3(b). The theoretical model for this
case is given in Fig. 3(a), for comparison. Again, th
qualitative agreement is excellent. In general, the Ra
oscillations driven by the core laser are not synchronize
with the wide range oftcl’s that appear in this figure.
Without synchronization, the decay due to autoionizatio
destroys much of the coherence and therefore the visibili
of the fringes by the fixed delay time of 86 ps. Tha
is, this delay time is long compared to autoionization
decay time of a single Rydberg state, which for thi
system is approximately one classical period [11]. Th
advantage of this measurement scheme is that it allow
direct comparison of the decay of a synchronized wav
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 hig

FIG. 3. Visibility of Ramsey fringes as modified by core
laser. In (a) a theoretical model is presented for compariso
The experimental results are shown in (b). Note that onl
the synchronized case (n̄ ­ 67) producing a nondecaying wave
packet has significant visibility at the fixed delay time.
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visibility peak remains in Fig. 3(b), i.e., the peak assoc
ated withn̄ ­ 67. This preserved visibility is the signature
of a nondecaying wave packet. It is the synchronization
the ICE process with the classical frequency that enab
the channel interaction to maintain the wave packet in
nondecaying form. The fixed delay time of 86 ps is twic
tcl for this synchronized wave packet. Without this syn
chronization, the visibility of this peak would have bee
greatly reduced. For example, the peak forn̄ ­ 57 is a
factor of 4 smaller than the synchronized peak. This pe
corresponds to a wave packet that has executed three or
to reach the set delay time. The existence of this expe
mentally observed remnant strengthens the agreement w
the theoretical predictions and fits with the experiment
estimates for the autoionization decay time.

We have observed striking modifications of the beha
ior of a wave packet due to the presence of a stro
ICE. In particular, when the Rabi oscillations of the cor
are synchronized to the classical oscillations of the wa
packet, the decay of the visibility of this synchronize
wave packet is markedly less than for a nonsynchroniz
wave packet. This nondecaying aspect of the wave pac
is associated theoretically [22] with a nondispersing cha
acteristic. Explicit verification of this nondispersing char
acter requires following this wave packet for man
classical periods. However, the technical challenges
such an experiment are considerable. Also, for the pres
experimental system, such delay times would approa
the excited state lifetime of the core (,6 ns), and so in-
troduce a new decoherence mechanism to the problem

This and other recent experiments open several int
esting areas of investigation. For example, these expe
ments may also be viewed as a study of the control
decoherence. This work controls or limits the irreversib
decay of an electron to continuum. The preservation
coherence in the presence of a strong decay process (e
autoionization) is of great interest to such fields as qua
tum computing. Also, these electron-electron correlatio
experiments address not only these control and shap
issues, but also offer great promise for pushing the lim
of quantum measurement.

This work was supported by the National Scienc
Foundation under Grant No. PHY-9733643.

[1] I. Sh. Averbukh, M. J. J. Vrakking, D. M. Villeneuve, and
Albert Stolow, Phys. Rev. Lett.77, 3518 (1996).

[2] B. Kohler, V. V. Yakovlev, J. Che, J. L. Krause, M.
Messina, K. R. Wilson, N. Schwentner, R. M. Whitnell
and Y. Yan, Phys. Rev. Lett.74, 3360 (1995).

[3] A. P. Heberle, J. J. Baumberg, and K. Kohler, Phys. Re
Lett. 75, 2598 (1995).
i-

of
les
a

e
-

n

ak
bits
ri-
ith

al

v-
ng
e
ve
d
ed
ket
r-
-
y
of
ent
ch

.
er-
ri-
of
le
of
.g.,

n-
ns
ing
its

e

,

v.

[4] Xin Chen and John A. Yeazell, Phys. Rev. A56, 2316
(1997).

[5] T. C. Weinacht, J. Ahn, and P. H. Bucksbaum, Phys. Re
Lett. 80, 5508 (1998).

[6] A. ten Wolde, L. D. Noordam, A. Lagendijk, and H. B.
van Linden van den Heuvell, Phys. Rev. Lett.61, 2099
(1988); John A. Yeazell, Mark Mallalieu, Jonathan Parker
and C. R. Stroud, Jr., Phys. Rev. A40, 5040 (1989).

[7] John A. Yeazell and C. R. Stroud, Jr., Phys. Rev. A43,
5153 (1991).

[8] John A. Yeazell, Mark Mallalieu, and C. R. Stroud, Jr.,
Phys. Rev. Lett.64, 2007 (1990).

[9] M. Strehle, U. Weichmann, and G. Gerber, Phys. Rev. A
58, 450 (1998).

[10] W. E. Cooke, T. F. Gallagher, S. A. Edelstein, and R. M
Hill, Phys. Rev. Lett.40, 178 (1978).

[11] U. Fano, Phys. Rev.124, 1866 (1961); P. Lambropoulos
and P. Zoller, Phys. Rev. A24, 379 (1981); E. Luc-
Koenig, A. Bolovinos, M. Aymar, S. Assimopoulos,
A. Jimoyiannis, and P. Tsekeris, Z. Phys. D32, 49 (1995);
A. Bolovinos, E. Luc-Koenig, S. Assimopoulos, A. Lyras,
N. Karapangioti, D. Charalambidis, and M. Aymar, Z.
Phys. D 38, 265 (1996); R. R. Jones, Phys. Rev. A58,
2608 (1998).

[12] X. Wang and W. E. Cooke, Phys. Rev. Lett.67, 976
(1991); Phys. Rev. A46, 4347 (1992); 46, R2201
(1992).

[13] R. R. Jones and P. H. Bucksbaum, Phys. Rev. Lett.67,
3215 (1991); H. Stapelfeldt, D. G. Papaioannou, L. D
Noordam, and T. F. Gallagher, Phys. Rev. Lett.67, 3223
(1991); N. J. Druten and H. G. Muller, J. Phys. B29, 15
(1996).

[14] J. G. Story, D. I. Duncan, and T. F. Gallagher, Phys. Rev
Lett. 71, 3431 (1993).

[15] B. J. Lyons, D. W. Schumacher, D. I. Duncan, R. R. Jone
and T. F. Gallagher, Phys. Rev. A57, 3712 (1998).

[16] M. B. Campbell, T. J. Bensky, and R. R. Jones, Phys. Re
A 57, 4616 (1998).

[17] R. R. Jones, Phys. Rev. A57, 446 (1998).
[18] Lars G. Hanson and P. Lambropoulos, Phys. Rev. Le

74, 5009 (1995).
[19] N. J. van Druten and H. G. Muller, Phys. Rev. A52, 3047

(1995).
[20] F. Robicheaux and W. T. Hill III, Phys. Rev. A54, 3276

(1996).
[21] O. Zobay and G. Alber, Phys. Rev. A54, 5361 (1996).
[22] Xin Chen and John A. Yeazell, Phys. Rev. A58, 1267

(1998).
[23] E. Arimondo, inProceedings of Progress in Optics XXXV,

edited by E. Wolf (Elsevier Science B.V., New York,
1996), p. 257.

[24] L. D. Noordam, D. I. Duncan, and T. F. Gallagher, Phys
Rev. A 45, 4734 (1992).

[25] S. Bourzeix, M. D. Plimmer, F. Nez, L. Julien, and F.
Biraben, Opt. Commun.99, 89 (1993).
5775


