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Time Dependent Screening in the Photoionization of Doubly Excited Two-Electron Systems

C. Rosen,1 M. Dörr,1,2,3 U. Eichmann,1 and W. Sandner1,2

1Max Born Institut, D-12489 Berlin, Germany
2Technische Universität, FB IV, D-10623 Berlin, Germany

3Université Libre, B-1050 Bruxelles, Belgium
(Received 7 June 1999)

We have investigated the two-electron dynamics of asymmetric doubly highly excited high angular
momentum states in Sr interacting with a laser field. Even down to modest laser intensities the dominant
fragmentation process is the photoionization of the inner electron. Analysis of the final ionic state
reveals that the near-threshold ionization process is compatible with a time dependent screening of the
nuclear charge on a time scale comparable to the orbit time of the outer electron. This is evidence of
long-range dipolar correlation forces during the ionization process.

PACS numbers: 32.80.Fb, 31.70.Hq, 32.80.Rm
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In the classic photoelectric effect the excess ener
E of the photoelectron is related to the photon ener
hn and the binding energyEb through the formulaE �
hn 2 Eb . Deviations from this simple formula occur
at high light intensities when the light-matter interactio
is nonlinear, giving rise to the absorption of additiona
photons by the photoelectron in the continuum (abo
threshold ionization [1]). On the other hand, even at lo
light intensities, the photoelectron may exchange ener
with the remaining multielectron ionic fragment, leavin
the binding energy not uniquely defined. Examples
such multielectronic interaction are single-photon ioniz
tion with core excitation, single-photon double ionizatio
[2], and inner shell photoionization followed by Auge
decay [3]. These processes lead to complicated pho
electron energy distributions, depending on the detail
atomic structure. Finally, both nonlinear light matter in
teraction and electron correlation effects are present in
simultaneous multiple ionization of atoms in strong las
fields [4], a process whose explanation is still under acti
investigation. In all of these cases, the central quest
is: how does the core relax? Typically, for photoioniza
tion of ground state atoms, the relaxation of the remaini
core proceeds diabatically, i.e., with a rapid removal
the photoelectron. This leads to the application of pertu
bation methods (“sudden approximation”) for the calcul
tion of the final state distribution [5].

In the photoionization of excited atoms the same co
siderations apply. In the first experiments [6–9], Rydbe
states of Ba were prepared and exposed to intense p
fs laser pulses. Ionization of theinner valence electron is
observed if the laser pulse duration is short compared
the round-trip time of the outer electron. Assuming an i
stantaneous removal of the inner electron, i.e., that the c
charge seen by the outer electron changes suddenly f
Z � 1 to Z � 2, the final ionic state distribution of the re-
maining electron can be reproduced by a “shake” mod
projecting the initial wave function of the outer Rydber
electron onto final ionic states.
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In this Letter we present the first evidence of nond
abatic phenomena in the photoionization of two electro
systems. We investigate single ionization of doubly e
cited alkaline earth atoms by a laser photon. The resu
allow insights into both the relaxation in time of the re
maining ion and the correlated electron dynamics, i.e., t
energy exchange between the remaining bound Rydb
electron and the escaping photoelectron. These investi
tions are made possible by the observation that for sp
cial doubly excited states with both electrons in high�
states the autoionization rate is very small. Therefore t
laser-induced one-photon photoionization rate of the inn
electron becomes dominant at laser intensities at ab
106 W�cm2. This is almost 5 orders of magnitude lowe
than, e.g., in the experiment of Stapelfeldet al. [6]. At
such low laser intensitites, photoionization of the oute
Rydberg electron is negligible. Our main result come
from the observation of the characteristic distribution o
the final ionic Rydberg states. This distribution revea
a time dependent screening of the core charge for the
maining electron. It arises from the fact that the exce
energy of the escaping electron is only slightly above th
threshold. Thus there is enough time during the ioniz
tion process to allow for energy and angular momentu
exchange between the outgoing electron and the rema
ing, highly excited ion. This leads to a strong polarizatio
of the remaining ionic charge density distribution, whic
gives rise to dipolar (non-Coulombic) interaction in th
continuum. Effects of such a long-range dipolar interele
tronic interaction have previously been observed in th
internal structure of bound two-electron systems [10,11
they are found here also in the fragmentation process, i
in systems in which an electron is escaping. We will sho
that a time dependent picture is needed to describe qu
titatively the observed final ionic state distributions.

Doubly excited states close to the double ionizatio
continuum are ideally suited to observe correlated tw
electron dynamics in external laser fields. In Ref. [12
e.g., Cohenet al. reported first evidence of a direct
© 1999 The American Physical Society



VOLUME 83, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 29 NOVEMBER 1999
one-photon double ionization of planetary states. Here,
we investigate doubly excited Rydberg states in the vicin-
ity of the N � 5 threshold of Sr1, approximately 2 eV
below the double ionization continuum. The prepara-
tion of these states follows the well-established sequential
resonant multiphoton excitation scheme [10,13].

The strontium atoms are first excited with two excimer
laser pumped dye lasers from the Sr�5s2� ground state
via an intermediate resonance to a Sr�5sn2�2� Rydberg
state in the presence of a “Stark switching” fi eld, which
allows one to select a high angular momentum �2 for
the first (outer) electron [14]. About 1.5 ms after the
excitation of the first (outer) electron (giving enough
time for adiabatic switch-off of the Stark field to zero),
three more dye lasers, pumped by a second excimer laser,
intersect the Sr� beam. Lasers three and four excite the
second (inner) valence electron via the 5p3�2n2�2 to the
5d5�2n2�2 resonances. The strongest fifth laser (1 mJ
pulse energy, much larger than the approximately 10 mJ
pulse energy of the first four lasers) excites the atom
further to the 5fn��5gn0�0 series. Thus, the fifth laser
is used both to prepare the autoionizing state and to
photoionize it. Approximately 200 ns after the fifth laser,
a detection field pulse (20 ns rise time, up to 12 kV�cm)
is applied to the interaction region. Depending on its
amplitude, it may field ionize the ionic Rydberg states to
Sr21, and it pushes them towards a time-of-flight detector.

Figure 1(a) shows an absorption spectrum taken in the
vicinity of the N � 5 ionic threshold, starting from the
5d5�2n2 � 16, �2 � 10 state, at a high detection field
strength. The Sr21 yield as a function of the photon
energy of the fifth laser is shown. Above the Sr1

5f threshold, indicated by the vertical dashed line, the
unperturbed 5gn0�0 series with n0 . 19 is visible. Below
the Sr1 5f threshold, resonances of both the 5fn� and
the 5gn0�0 series are excited. Figure 1(b) shows the same
spectrum at a detection field strength of 0.2 kV�cm. The
figure clearly shows that the detection of the resonances
below the Sr1 5f threshold strongly depends on the

FIG. 1. Absorption spectra of planetary resonances, excited
from the 5d5�2n2 � 18, �2 � 10 double Rydberg state. The
detection field strength is (a) 12 kV�cm and (b) 0.2 kV�cm.
applied field strength, whereas the signal for resonances
above this threshold is unchanged.

To explain this behavior we must compare the rates for
autoionization and for photoionization by the fifth laser.

(i) If the doubly excited atom autoionizes, the ion is
left in a low excited state which cannot be efficiently
photoionized with the present lasers or field ionized with
accessible detection field strength. This holds for initial
states below the Sr1 5f threshold. For the 5gn0�0 reso-
nances above the Sr1 5f limit, however, the autoioniza-
tion process leaves the ion to a large amount in the Sr1

5f state which can be photoionized with a single photon
to yield Sr21. This process therefore dominates for the
5gn0�0 resonances above the Sr1 5f threshold.

(ii) If the doubly excited atom absorbs a photon before
autoionization takes place, most likely the inner electron
photoionizes, while the outer electron remains in a highly
excited Rydberg state. In contrast to similar experiments
[8,12], the inner electron in our case is photoionized by a
single photon since it is already in an excited state. Since
the autoionization rate scales with the principal quantum
number as n23, preferentially the higher Rydberg states
of the 5fn� series are sufficiently long lived to absorb
an additional photon. This photoionization process can
be unambiguously detected for resonances below the Sr1

5f continuum by field ionizing the remaining ionic state.
The competing autoionization process, discussed in the
previous paragraph, leads to more deeply bound singly
charged states, which are not detected in our experiment.

Now, the question we address is to what extent the
two electrons exchange energy and angular momentum
during the photoionization process of the inner electron.
By analyzing the final ionic state distribution, for a
well-defined initial Rydberg state, we obtain a sensitive
quantitative probe of the energy exchange.

We tune the laser to a particular 5fn� resonance with
25 , n , 48 and measure the Sr21 yield as a function of
the detection field pulse strength. We use the classical
field ionization formula F � Z3�16N4 (in a.u.), where
Z � 2 is the charge of the Sr21 core, to deduce the
principal quantum number N of the final ionic Rydberg
state from the detection field strength F [15].

Figure 2 shows the final ionic state distributions for
three different initial states 5fn�. As a first attempt
to interpret the data we recall the diabatic model. The
probability jcN�j

2 of finding the ion in a specific N�
state is given by the square of the overlap integral
j�n� jN��j2 of the initial and final wave function for the
residual valence electron [16]. The maximum probability
is obtained for those initial and final wave functions
having similar radial expectation values. This is fulfilled
for the final ionic principal quantum number N �

p
2 n.

In our experiment, the ionic signal is composed of all
ionic Rydberg states field ionized down to a lower limit
for N given by the field strength of our detection field
pulse. To compare with theory we have to sum up all
4515
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FIG. 2. Final ionic state distribution after photoionization
of the 5fn� resonances with (a) n � 48, (b) n � 36, and
(c) n � 28. The dashed-dotted curves give the theoretical
diabatic results, the solid curves give the theoretical adiabatic
results for tf � tn � 2pn3, the dotted curve is tf � 2tn, and
the solid squares with the error bars give the experimental
data. In (b) additional theoretical data for tf � 0.6tn are shown
(short dashed curve).

allowed contributions

S�N� �
X̀

N 0�N

j�n� jN 0��j2 (1)

to obtain the ion yield signal. The results are displayed
in Fig. 2 (dashed-dotted curves). We see that they are
clearly not in accord with the experimental data points.
The diabatic theoretical curves predict distributions cen-
tered around a too high N , and the shape of the threshold
does not reflect the experimentally measured distribution,
indicating the breakdown of the diabatic approximation.

In order to explain the final ionic state distribution
observed, we solve a time dependent radial Schrödinger
equation [17] for the outer electron. We model the energy
exchange by a time dependent effective core charge
Z � Z�t� seen by the outer electron. We change Z�t�
linearly from 1 to 2 between t � 0 and t � tf . In the
figures, we give the switch time tf in units of the classical
orbital period of the electron in the initial Rydberg state
tn � 2pn3 a.u. We do not consider the feedback of
the outer electron on the escaping photoelectron. Our
initial state is a Rydberg eigenstate with quantum numbers
n and � for the outer electron with Z � 1, as it is
prepared in the experiment. We solve the Schrödinger
equation for different tf and obtain the coefficients of
the final ionic �Z � 2� state distribution by projecting the
calculated final wave packet onto the ionic eigenstates.
4516
An example of the final radial wave function and the ionic
state distribution, for tf � tn � 3 3 105 a.u., is shown in
Figs. 3(b) and 3(c). The initial wave function, chosen
as n � 36, � � 0, is shown in Fig. 3(a). The results
can be safely scaled between the large Rydberg quantum
numbers, as shown by the results for n � 20, superposed
in Fig. 3(c): The envelope of the probability distribution
is unchanged. Summing over the distribution shown in
Fig. 3(c) as in Eq. (1), the results of the calculation can
be directly compared to the experimental data. Figure 2
shows that excellent agreement is achieved when we
assume the core charge to change on a time scale of the
orbital period of the outer electron. The ratio N�n is
roughly 1 for the most likely final ionic N state, indicating
that the remaining electron is more tightly bound than
expected from the diabatic shake model [18].

Since the final ionic state distribution reflects directly
the energy transferred to the escaping electron, we can
alternately analyze our results in terms of an energy
budget for the electrons. Let us first consider a classical
isotropic (s-wave) model, where the charge of the electron
is located on a spherical surface at a given radius. The
potential for the escaping electron with radial coordinate
r1 is

V �r1� �

Ω
22�r1 for r1 , r0 ,
21�r1 for r1 . r0 , (2)

while the outer electron is fixed at a given r0. Solving
the classical equation of motion for the inner electron,
we obtain the energy transferred from the remaining elec-
tron (at r � r0) to the photoelectron. We note that in this
case the screening changes completely diabatically. In the
calculation the inner electron starts at r1 � 25 a.u., the

FIG. 3. (a) Initial n � 36 wave function. (b) Real part of
the final ionic wave packet. (c) Final ionic state probability
distribution from the projection of the final wave packet onto
the ionic Rydberg eigenstates. Dashed boxes: results for
n � 20, scaled to n � 36.
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outer classical turning point of the Sr1 5f state, with an
initial velocity yi of about 0.40 a.u. as given by the ex-
perimental condition E � y

2
i �2m � Eb 1 hn 1 V �r1�,

where Eb is the binding energy of the inner electron (ig-
noring the outer electron) and hn is the photon energy
of the ionizing laser. The energy transfer to the photo-
electron, at the expense of an increased binding energy of
the remaining ionic Rydberg electron, can be expressed
in terms of the ratio N�n, which can be compared to the
experimental results. For r0 � 1.5n2, which is the ra-
dial expectation value for low � states, we find the ratio
N�n � 1.32, while for r0 � 2n2, the classical outer turn-
ing point, we find N�n � 1.42, corresponding to the most
likely energy transfer associated with the shake model.
However, in the experiment, as discussed above, we find
the adiabatic ratio N�n � 1. As a first step beyond the
isotropic s-wave model we add a dipole interaction term
r0 cos�q ��r2

1 to the potential V �r1� for r1 . r0, where
q is the angle between the position vectors of the two
electrons. We obtain N�n � 1 if we set q � 0 in the
dipole term and neglect any further angular dependence.
This result implies that the angular interaction is necessary
to explain the experimental observations. The escaping
electron polarizes the remaining electron-ion subsystem
forming an extreme Stark state. The resulting dipole is
oriented with both electrons on the same side of the nu-
cleus to account for the large energy transfer. Such con-
figurations are known to exist as a special class of doubly
excited states [19].

We note that the time it takes for the inner electron
to pass the outer at its radial expectation value, based on
a classical calculation, is a factor of 10 shorter than the
orbital period of the outer electron. However, the critical
radius rc, beyond which the long-range correlations can
no longer mix the ionic N states, is given by rc �p

3N5�8 [20]. This increases the effective interaction
time up to a factor of 5, thus restoring the adiabatic nature
of the ionization process. Thus, the adiabatic screening
is the result of a long-range correlation acting during the
escape of the ionizing inner electron.

In summary, we have analyzed the fragmentation dy-
namics of doubly excited states in a weak laser field. Di-
rect autoionization decay is strongly reduced over a wide
range of initial states and therefore, even at modest laser in-
tensities, the dominant process is the photoionization of the
“ inner” electron, followed by a readjustment of the outer
electron in highly excited ionic states. We have obtained
the ionic final state distribution from field ionization. The
high density of Rydberg states allows a detailed analysis of
the energy redistribution due to the interelectronic interac-
tion between the outgoing photoelectron and the highly po-
larizable wave function of the remaining Rydberg electron
during the ionization process. The process can be quan-
titatively explained with a time dependent model, where
the energy exchange between the electrons is reduced to
a time dependent effective core charge experienced by
the remaining electron. This provides evidence for long-
range time dependent correlation forces during the ioniza-
tion process which may be explained through a mechanism
similar to “postcollision interaction” [21,22], but with the
additional inclusion of long-range dipolar interactions (an-
gular momentum exchange) in the continuum.
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