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Wave-Front Autoionization: Classical Decay of Two-Electron Atoms
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When a rapidly decaying, autoionizing Rydberg series is excited with a short pulse, it may decay in a
series of discrete “stair steps,” separated in time by the classical Rydberg orbit period. A rapid core
transition can generate a Rydberg shock front which itself produces stair-step changes in the core dipole
moment each time the shock front passes. These core excitations significantly reduce the laser power
and bandwidth requirements compared to those used in one-electron-like-atom wave-packet studies,

while many of the same effects may be observed.

PACS numbers: 32.80.Rm, 32.80.Dz

A series of recent theoretical and experimental works
have shown that one-electron atoms can be excited into
wave-packet states, where the Rydberg electron behaves
in a classical fashion, orbiting around the remaining ion
with a period of 2zn*3 atomic units [1-3]. These wave
packets are usually created by a short laser pulse which
excites an electron into a coherent superposition of Ryd-
berg states, and this packet is then detected by photoion-
izing with a second short laser pulse. The total produc-
tion of ions is monitored as a function of the delay be-
tween the excitation and ionization pulses. Since the ex-
citation and ionization processes occur primarily when
the electron is near the ion, these processes are most
efficient whenever the excitation and ionization pulses are
separated by an integer number of Rydberg orbit periods.
The number of detected ions thus oscillates up and down
with increasing delay, just as the Rydberg electron oscil-
lates around the ion. Henle, Ritsch, and Zoller have con-
tinued this approach with two-electron-like atoms, having
the Rydberg wave packet scatter from the valence elec-
tron in the core [4].

However, Rydberg oscillations will usually persist for
only a few periods, because the spacing between Rydberg
states is not equal, as would be required for a coherent
harmonic-oscillator state [5]. This makes the wave pack-
et rather sensitive to the bandwidth of the exciting laser,
and narrows the choices of principal quantum number ap-
propriate for generating wave packets [6]. Even in the
best of cases, the wave packet must eventually collapse,
although one recent experiment has observed its revival
[7]. In an earlier attempt to prevent this collapse,
Stroud’s group coherently excited a Stark manifold of
states, where the states are more evenly spaced, and ob-
served an angular wave packet [8].

Here, we demonstrate that a two-electron atom can
show classical-like timing when one electron is excited to
a Rydberg state, and the other is rapidly excited to a
valence state. Autoionization, localized at the core, gen-
erates a sudden disturbance in the Rydberg wave func-
tion, which then propagates as a shock wave, moving at
the classical orbit velocity. Each time the shock front
passes the core, the core suffers a sudden change in its di-
pole moment. Thus, the dipole moment decays in a series
of “stair steps,” separated by the classical Rydberg orbit

period. These autoionizing Rydberg states have the add-
ed advantages that the excitation and ionization processes
are very efficient and that the atom itself filters the excit-
ing laser so that the effect is relatively insensitive to the
bandwidth and the tuning of the exciting laser. These ad-
vantages significantly reduce the requirements on the ex-
citation laser power and bandwidth, so that these effects
should be easily observable over a wider range of n
values.

Over the last ten years, many autoionizing Rydberg
states have been studied using the isolated core excitation
(ICE) method [9], where a valence electron is first excit-
ed to a Rydberg state, and then a second “core” electron
is excited. The second excitation is close to the ionic
transition, while the Rydberg electron plays the role of a
spectator. The only effects of the Rydberg electron are to
broaden the ionic transition due to the autoionization pro-
cess, and to introduce a small frequency shift, since the
shielding interaction between the Rydberg and core elec-
trons is slightly different when the core electron is excit-
ed. This change in the shielding also allows “‘shakeup”
transitions to occur, where the Rydberg electron changes
its principal quantum number [9-11].

For example, in barium, an ICE excitation might start
from a 65s65g bound Rydberg state, which can be excited
using standard techniques and long-pulse (5 ns) lasers
[12]. Next, a short-pulse 455-nm laser would excite the
6s core electron to a 6p3/; state:

6s65g+hw— 6p3png .

The transition moment for this excitation of the core elec-
tron has been shown to be well described [10,11] by the
product of two factors:

1 sint(n* —n*)
sint(n*+8+iy/2) W,—W,;

T(W) < ,

where n* represents the effective quantum number of the
final 6ps3/,ng autoionizing state, & is the quantum defect
of the 6ps;ng series, y is the scaled autoionization
linewidth of the 6ps/ng series (the linewidth times n*? is
a constant for each state in the series), and n* represents
the effective quantum number of the initial bound state.
The binding energy of a state, W, is related to the ef-
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fective quantum number of the state by

=—1/2n*2. (2)

Since autoionizing states decay so quickly, the uncertain-
ty principle spreads the wave function over a large energy
band, and the effective quantum number n* becomes a
continuous variable. This continuous n* also represents
the phase of the radial wave function in multichannel
quantum-defect analyses [10]. The wave function is larg-
est where n* + 4§ is an integer, and the first factor in the
transition moment of Eq. (1) is thus a resonant denomi-
nator which represents the amount of autoionizing-state
character in an energy region. Each peak has a full width
at half maximum of y (for small y) when plotted versus
n*. Since the energy spacing between Rydberg states is
1/n*3, a specific n state will have an autoionization rate
of y/n*3. This n* dependence can be eliminated by mul-
tiplying the rate times the classical Rydberg orbit period
(27n*3), to identify 27y as the probability of autoioniza-
tion per Rydberg orbit. This is the same for all n values,
since autoionization only occurs when the Rydberg elec-
tron passes near the core electron, and this happens only
once per orbit, regardless of the n state.

The second factor of Eq. (1) arises from the projection
of the initial Rydberg wave function onto the final Ryd-
berg wave function. The two wave functions see different
core potentials, so they will generally have two different
phase shifts arising from their core interactions. When
the core is excited, the Rydberg electron must readjust,
and consequently it can change its principal quantum
number.

Consider the wave packet created when a short-pulse,
broadband laser is used to excite the core. The time
dependence of the wave packet can be determined by con-
structing the Fourier transform of the dipole moment:

7@y = T awin). 3)

But the Fourier transform of this product transition mo-
ment is just the convolution of the Fourier transforms of
each of the two factors. These two factors simplify con-
siderably in the limit of large principal quantum num-
bers, where the energy spacing between Rydberg states is
nearly constant, so that AE = An*. Then the first factor
is similar to that for a Fabry-Pérot interferometer, so that
the Fourierr transform represents a series of decreasing
pulses, separated by the transit time for a single pass
through the interferometer. The second factor is the
Fourier transform of a square pulse. The convolution
thus becomes a series of stair steps, which have an ex-
ponential envelope. This decay is a discretized version in
time of the normal exponential decay. The dipole mo-
ment is constant for a Rydberg orbit period, and then de-
creases sharply to remain constant for yet another Ryd-
berg orbit period.

Thus the square of the core dipole moment measures
the flux of Rydberg-electron wave function incident on

the core. After the initial excitation, a constant flux of
electron enters and somewhat less leaves the core region,
since autoionization reduces the outgoing bound flux.
However, after a complete Rydberg orbit, the wave func-
tion then entering the core region has already passed
through once, and so it must be reduced by the fraction
1 —e ~%*". Thus, although the total autoionization may
occur with a near-exponential decay, the wave-function
density near the core changes classically, in discrete steps.
The initial core excitation creates a wave front which
originates at the core, travels out to the large-r region,
and returns to the core in a classical Rydberg period.
This heuristic understanding is remarkably robust, hold-
ing even when the principal quantum numbers are not
very large, since the second factor in the transition mo-
ment strongly reduces the contributions from states much
removed in energy.

Figure 1 illustrates these functions and their Fourier
transforms in the limit of very large quantum numbers.

.Figure 1(a) shows the overlap function and the magni-

tude of its Fourier transform. Figure 1(b) shows the
magnitude of the state density, and the magnitude of its
Fourier transform. Figure 1(c) shows the product of the
first two functions, and the magnitude of its Fourier
transform.

When the quantum numbers are not extremely large,
the unequal spacing between Rydberg states must be in-
corporated, and the transition moment must also be mul-
tiplied by the frequency spectrum of the exciting laser.
Both of these factors have relatively minor effects, since
the transition moment already restricts the bandwidth
considerably. To illustrate this, we have used a Gaussian
model for a Fourier-transform-limited laser pulse and
Fourier transformed the product of this Gaussian fre-

e
-,
I

FIG. 1. Functions and their Fourier transforms in the limit
of large principal quantum numbers: (a) the overlap function
and the magnitude of its Fourier transform; (b) the magnitude
of the state density, and the magnitude of its Fourier transform;
(c) the product of the first two functions, and the magnitude of
its Fourier transform.
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quency spectrum and the transition moment of Eq. (1).
Figure 2 shows the square of the Fourier transforms
(power spectra) for three different laser pulse lengths
(solid line, 1 ps; short-dashed line, 10 ps; and long-dashed
line, 100 ps), for the transition 6s65g — 6p3/ng in bari-
um. In each of the figures, the zero of time has been
chosen to be at the peak of the incident Gaussian laser
pulse, so that the longer pulse begins considerably earlier
than the short pulses. The 6p3/ng doubly excited states
of barium [12] have quantum defects of approximately
0.015, and an autoionization probability per orbit of
2ry==0.31, while the initial 6565g Rydberg state [13]
has a quantum defect of 0.047. With this choice of initial
state, the classical Rydberg orbit period is 41 ps. Note
that the finite laser bandwidth only causes major changes
when the laser pulse length is longer than a Rydberg or-
bit so that the laser bandwidth becomes more restrictive
than the transition moment. Otherwise, the finite laser
bandwidth merely eliminates very high frequencies to
smooth the time dependence of the dipole moment.

In these realistic profiles, two effects can be seen. The
overall envelope is a series of stair-step decays as in the
limiting case, and there is also clear evidence of the beat-
ing of waves, as in the one-electron-atom studies. The
striking, nonexponential decay closely parallels the ex-
pected classical decay for an equivalent planetary system,
where collisions between the two electrons could only
occur at those times when the Rydberg electron passes
the perihelion of its orbit. In the one-electron studies this
decay is absent because the states live for many, many
Rydberg orbit periods. Instead, the disappearance of the
one-electron transition moment arises from a dephasing
of the Rydberg states constructing the wave packet. Our
profiles also show this dephasing; after several decay cy-
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FIG. 2. The square of the Fourier transforms of the dipole
moment for three different laser pulse lengths for the transition
6565g — 6p3/ang in barium. The solid line corresponds to 1 ps,
the short-dashed line corresponds to 10 ps, and the long-dashed
line corresponds to 100 ps.
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cles, the interference between the various Rydberg states
(which are not equally spaced) tends to wash out the
steps, and the system returns to an exponential decay.

However, we can easily show the difference between
the effects of dephasing of the dipole moment due to Ryd-
berg wave interference from those of decay due to au-
toionization, by using an excitation laser which is tuned
off resonance. In the wings, the overlap envelope
[sin(zAn*)/AW] has a much slower rate of change from
one state to the next, so the excitation approaches that
obtained in the one-electron studies. In Fig. 3, we show
three time profiles, calculated using 10-ps laser pulses.
The short-dashed line represents the dipole magnitude
when the laser is on line center as in Fig. 2. The solid
line represents the dipole magnitude enhanced by a factor
of 14, when the laser is tuned five states to the red. The
long-dashed line represents the dipole magnitude en-
hanced by a factor of 10, when the laser is tuned five
states to the blue. Each of these detunings corresponds to
approximately two laser linewidths. Note that the un-
equal spacing of Rydberg states is clearly discernible in
the different frequency oscillations for the two detuned
cases. For the excitations in the wings, the unbalanced
frequency mix causes a rapid dephasing of the dipole mo-
ment so that it disappears much more rapidly. However,
it reappears after a Rydberg orbit as the excited states
beat. This reappearance is like the one-electron cases,
since the square wave envelope has been effectively re-
moved, and the positions and heights of these secondary
peaks will strongly depend on the laser bandwidth and
precise tuning.

The excitation in these transitions is not an excitation
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FIG. 3. Three time profiles, calculated using 10-ps laser
pulses. The short-dashed line represents the dipole magnitude
when the laser is on line center. The solid line represents the di-
pole magnitude enhanced by a factor of 14, when the laser is
tuned five states to the red. The long-dashed line represents the
dipole magnitude enhanced by a factor of 10, when the laser is
tuned five states to the blue.
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of the Rydberg electron, but rather an excitation of the
ion core, near its resonance transition. Consequently,
very little laser power is required to make these transi-
tions, and it will even be possible to saturate such a tran-
sition with current lasers. For example, the 6s— 6p3/;
barium-ion transition can be saturated in 10 ps with a
laser power of 10 MW/cm? [11], in contrast to the
powers of 400 MW/cm? or 3.5 GW/cm? used in the one-
electron experiments [7]. Such a low laser power corre-
sponds to a laser fluence of only 0.1 mJ/cm? Conse-
quently, it should be possible to excite the core electron
with a = pulse [14] to achieve complete inversion, and
then to measure the dipole-moment evolution by deexcit-
ing with a second, delayed = pulse.

However, n pulsing the core is not the only way to
study the core-dipole-moment evolution, because the al-
kaline earth ions have an entire series of alkalilike transi-
tions. Consequently, the core electron can be further ex-
cited to produce yet a higher doubly excited state [15], as
long as its incident dipole moment is intact. Several
groups have already studied the 7sn/ states of barium by
using two-photon, stepwise excitation to drive transitions
such as 6snl— 6pnl— 7snl [16]. Typically, the two-
photon excitations are detected by analyzing the energy
spectra of the electrons ejected by autoionization, after
the two-photon core transition is completed, to separate
the one-photon and two-photon ionization processes. The
second step of this excitation also requires relatively low
laser power, since the 6p— 7s transition moment is ap-
proximately half as large as that for the 6s— 6p transi-
tion.

In conclusion, we have shown that two-electron-like
atoms can be excited to wave-packet states showing clas-
sical behavior in their core-dipole-moment decay, which
changes at specific times separated by the Rydberg orbit
period. This discretizes the decay process, showing
another example of how a fundamental quantum system
can naturally evolve into classical time behavior. These
two-electron-like atoms can also show wave-packet be-
havior similar to that of one-electron-like atoms when
off-resonance excitation is used. With these two-elec-

tron-like Rydberg wave-packet states, excitation and de-
tection will be easier, opening several new avenues for
time-resolved atomic state studies.
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