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Autoionization distribution of atomic high doubly excited states:
A “breathing spheres” approach
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By means of a time-dependent method, we have calculated final ionic state distributions after the decay of
laser-prepared atomic high doubly excited, mutually penetratihg! states. The calculation is simplified by
using two nondispersive radial wave-packet wave functions with the initial condjtign, <(r,), at (t
=0). Two decay processes have been investigated. The first is the autoionization of high doubly excited states
(DES with N=n. Within our model it is described by two electrons moving like two “breathing” charge
clouds exchanging energy until one of them escapes. The second decay process is the photoionization of the
inner electron N=2n including Ey=0), which leaves the final ion in a high Rydberg state. Our results are
compared with data from experiments, in which DES are laser-prepared using isolated core excitation.
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Laser excited low-lying autoionizing Rydberg states,of bound or doubly excited Rydberg states in an additional
characterized by one electron in a Rydberg orbit and onéaser field[20—23. In general, a detailed description of the
electron in a first excited orbit, have been studied extensivelputoionization process beyond a qualitative ¢4,23 is
both experimentally and theoreticalft,2]. The structure still missing. ] .
and the decay dynamic of these systems can be qualitatively In this paper we report a time-dependent calculation of
understood in an independent-particle picture using, e.gthe autoionization distribution of atomic DES that results in
perturbation theory(see, for example[1,3,4)). The most quantltfitlve_ pr_ed|ct|ons_, e.g., for the.average energy a_mq the
elaborate and complete theoretical description of autoionizd70SS final ionic state distribution, which reflect the statistical
ing Rydberg states has been achieved within the frameworReNavior of the autoionization decay of the system. The ap-
of the multichannel quantum defect thedfy—7] together proximations used are made within a combined quantum-
with R-matrix [2,8] or hyperspherical close-coupling calcu- mecham(_:al a_nd _c_IassmaI scheme. We deal only with 'ghose
lations[9]. DES having significant mutual overlap of the wave functions

For states where both electrons are highly exditemlibly of EP:' twﬁ elglc:tro.n$mutfualLy pe[?gtsratmg Istat_)es h
excited state§DES)], however, the situation changes dra- e rami tonian of the , neglecting the non-
matically. In contrast to the case of low-lying autoionizing Coulombic |anu_ence of a pqssubl_e extended doubly qharged
Rydberg states, the body of available experimental data igolre ::an dbe er'tten agatomic units are used except in the
small. Owing to largely reduced excitation cross sections ofalculated resu Is
these states, elaborate excitation and detection techniques are H=H,+HoutV, (1)
required. DES are typically excited using an extended ver-
sion of the isolated core excitatighCE) [10], resulting in ~ Where
doubly excited states, where both electrons predominantly

reside in different spatial regiorigtershell states[11-14. Hi=— Evz_ E )
So far the experiments have mainly focused on the investi- 21
gation of the structure of DES. The increasing importance of 1 1
electron correlation can be described in terms of strong po- Hou= — = V2— —, 3
larizing forces exerted from the “outer” electron onto the 2 2 1,

“inner” one leading to a pronounced dipole structure . .

[15,16. Perturbative or multichannel quantum-defect theoryand the electronic correlation

(MQDT) treatments are no longer suitable to obtain quanti- V=1/r 15— 1. (4)

tative predictions, partly because of the enormous number of _ _ i

interacting channels involved in the problem and partly due v ¢an be expanded in terms of the spherical harmonics.

to the conceptual breakdown of the MQDT. The assumptiorBY taking the zeroth-order approximation, we have

that beyond a certain radius a pure Coulomb potential'pre- V=Vy=1/r- — 1/, (5)

vails for one of the two electrons in the resonant states is no

longer fulfilled due to the increasing importance of nonlocalwherer. =max(4,r,). Vy is a pure penetration correlation.

two-electron interaction. We note that this term is usually neglected in a perturbative
Only recently, first experiments concentrated on the autodescription of autoionizing Rydberg states, because it is as-

ionization decay channels of DH$7-19 and the behavior sumed that the mutual penetration of the two electrons is
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negligible. This assumption does not hold for the mutuallyother and, thus, exchanging energy until one of them ex-
penetrating DES. The mutual penetration of the two elecpands to infinity. The approximation implies no angular mo-
trons of the DES becomes more and more important witmentum and momentum transfers between the two wave
increasing excitation of the inner electron. packets. Those effects could be included by incorporating
The calculations are focused on DES prepared through thieigher multipole orders. So far, the angular momentum only
ICE scheme, which allows a direct comparison with the ex-enters through the centrifugal part of the radial potential.
perimental results. We use a product of two radial wave Excitation of DES usually proceeds stepwise by exciting

packets as the initial wave function, i.e., one electron into a Rydberg orhithe outer electron fol-
lowed by exciting the isolated inner electron resonantly or
Wy, ro, ) =g (ry O yf(ra,t) (6)  nonresonantly to a highly excited orbit, either bound or un-
. ) bound. The outer electron in the Rydberg orbit remains es-
with the inner wave packet sentially a spectator during the second excitation. To de-
scribe the dynamic process after the excitation in the
PN(ry, )= (E cNe iEitg, L(rl)) (7)  framework outlined above, in Eq. (8) can be set to differ-
ent values. Each value represents a valuérgf at the be-
ginning and therefore a specific autoionization channel. The
and theouter wave packet autoionization distribution can be obtained by integrating
overtg in Eq. (8) except thosey's with (r{)>(r,) att=0
Wy )= 2 d?eiEj(tto)(le(rz)), (8) (this part is neglect_ed in our calculatjorThe possiblie inter-
j ferences among different channels are not considered here

because the general statistic behaviors are concerned. The
wherec{', df are time independent ard;)<(r,) att=0.  Pauli exchange effect, not included in the above discussion,
In this paper, we use capital lettesL to label the central is one of the sources for the possible interferences. However,
principal quantum number and the angular momentum quarthere is a special case when the effect can be neglected, i.e.,
tum number of the inner wave packet and the small lettersvhen the inner electron is photoionized. This case is one of
n,l to label those of the outer wave pacKetith or without  the two typical decay processes that we will discuss in the
subscript or superscriptThe Pauli exchange effect, which is following.
not included in our model, will be discussed later. In our In our calculation we do not follow the quantum-
model we neglect the influence of the wave packet dispersiomechanical time-dependent approach as has been done for
(a “frozen-width” wave packet Therefore, with Eq(5) the  lower doubly excited statel®5]. Instead, we substitute the
wave packets will propagate along the hydrogenlike radialadial wave packets with their classical counterparts, and the
(one-dimensional orbits until (r{)=(r,) (zrf)l)), where influence of the finite distribution of a wave packet over the
the penetration between two wave packets takes place. ffuantum eigenstates is not taken into account in our calcula-
(r1)>(r,), the outer wave packet becomes the inner wavdion. The radial equation of motion for the particles can be
packet and vice versa due to the electronic correla#ipBg.  written as
(5)]. During the process an amount of orbital energ%liﬁs _
transferred between the two wave packets. This is the bound rj2=2EJ-+ZZJ- /rj—lj(lj+1)/rj2, (11
state equivalent of the well-known post-collision interaction
(PCI) between isotropic charge shells in the contin@#l.  where j represents the inner or outer particle;e(t)
The new outer wave packet may propagate to infinity if its>r; ,(t)>0; Zijne=2, Zoue~1; | is the angular mo-
orbital energy is positive, and thus autoionizes. Otherwisenentum; E; is the orbital energy. It should be noted that Eq.
the two wave packets will penetrate each other again unti{11) must be reconstructed after each penetration by varying
eventually one of the wave packets gains enough energy B, according to Eqs(9) and(10), and exchanging the values
autoionize. The orbital energidsyi and E of the new of linner @Nd | oy The treatment not only simplifies the cal-
inner and outer wave packets after ille penetration are culation, but also makes it easier to scale the results with

L/n, I/n, andEy/E,.

Eni)=Eni-n—1/r}, €) Figure 1 shows the calculated distributions among the fi-
A nal ionic Rydberg stateN’L’ for two different cases fot
Eni=Eni-v+1/rY, (100  =1=0. In Fig. 1@a) the distributions are shown for initially

_ prepared autoionizing statésLnl with n=N (=40). Ob-
wherei=1, Ey0=E,, Exo=Ey, andr{ is the radial viously, the relative distribution among the lowt'L’
position for the wave packets when tith penetration takes states is nearly independent of This stems from the fact
place. The orbital energies after the final penetration are lathat the penetration, which causes autoionization, takes place
beled by E,, for the remaining wave packet denoted by in the inner region where the classical kinetic energies and
N’L’ and E, for the escaped wave packet, respectively. Inthe potentials of the two electrons are insensitiventdhe
our calculation the initial orbital energl,<0, butEy can  evident influence ofh appears at the cutoff of the distribution
be negative or positive as shown in the following discus-at the highesN’ due to the energy requirement of the auto-
sions. ionization.

In a dynamic picture of the autoionization process the two In Fig. 1(b), final ionic state distributions are shown for
electrons can be regarded as two “breathing” charge cloudsitially prepared states, wheey=En (N=2n). The dis-
(which are isotropic in the approximatippenetrating each tributions are almost independent Nfeven for Ey>0. In
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10 20 30 40 ation of the DESNLnl (L=1=0) for differentEy,E,. The or-
N’ bital energy of(a) the initial inner electrorEy (<0) is fixed; (b)

the initial outer electrork,, (<0) is fixed. The fine oscillating
FIG. 1. Calculated distributions among the ionic Rydberg statestructures aE,~0.6Ey in (a) or Ey~ 1.6E, in (b) reflect the tran-
N’L’ after autoionization of the DESILnl for L=1=0. (a) N sition processes between the autoionization process of the DES with
=40; (b) n=20. Note that in(b) for Ey=E,, (N=2n), the distri-  0>E,=E\/4 and the pure photoionizatiol(=E) processE is
butions are almost the same even g>0. the threshold oEy, for pure photoionization.

Fig. 2@ corresponds t&&y<Eq in Fig. 2(b) andE,<E; in
this case the initial inner electron will escape after the firstrig. 2(a) corresponds to 8 Ey>E+ in Fig. 2(b).
exchang€penetratioi corresponding to the photoionization In Fig. 2a), for n=N (E,=0.25%E,), E, varies slowly
of the inner electron in a bound or lower doubly excitedwith E,,. It corresponds to the slow variation in the distribu-
Rydberg statéthe state before excited by the last laser pho-ion as in Fig. 1a) for n=N. In Fig. 2b), for N=2n (Ey
ton(s)]. Photoionization is possible even f@&y<0 if N =Er=E,), Ey increases in the same way Bg increases.
=2n, which is different from photoinoization described in This means that the averaged energy transferred from the
the independent-electron model. The physical scheme of thigitial outer to the initial inner electron is independenttqf
process again resembles the post-collision interadf®@i)  (the inner will escape and is equal to [E,|. This behavior
in Auger processes, where usualfg>0 at the beginning reflects the fixed distribution in Fig(8) for N=2n. E; can
[24]. It can be regarded as the potential exchange of the twBe regarded as the threshold iy for pure photoionization
electrons in hydrogenlike potentials. The distribution is in-and is determined by the aphelion of the initial outer electron
deed the result of the “dynamic” overlap of the atomic Ry- Orbit. The fine oscillating structures &,~0.6Ey in Fig.
dberg orbit 1) and the ionic Rydberg orbitN'L’). The  2(@ or Ey~1.6E, in Fig. 2(b) reflect the transition processes
distribution on the energy allowed highdst’s may vanish ~Petween the autoionization process of the DES withE

whenEy is high enough. The energy-averaged valubdlbfs =Ey/4 and th_e pure photoionizatiqrE(_,zE_T) Process.
1.15. For DES withL#0 or|+#0, the distribution and the elec-

In the semiclassical scheme, the autoionization can be dér_on average energy curves are similar to Figs. 1 and 2. The

: ) ; .~ nonzero angular momentum causes the cutoff of the distri-
scribed as the penetration of the outer electron into the inner . . .
o S ution curve at the lowest’’s due to the centrifugal poten-
electron orbit, Fig. (a), and the photoionization as the pen-

. . .. tial. For1+#0, the thresholdE in Fig. 2b) shifts to a lower
Eggatllczg)of the inner electron out of the outer electron orb't’[and E, in Fig. 2@ to a highet value,

The energy distributions of the free electron after autoion- EN( / I(1+1)
ization can be easily obtained from those in Fig. 1, from Et=7 1+ 1——2
which we can evaluate the average energy of the free elec- n
tron E,. Figure 2 shows the results of the DER&.nl(L=I

=0) for fixed Ey or E,,. For EN<O0, Figs. Za) and 2Zb) are E;=2E, /
equivalent except using different units, so thatB,>E; in

» En<0; (12

[(1+1)
2

1+ 1-

), E,<0. (13
n
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dentally almost the same as that of the “static” overlap ob-
tained in the “sudden” approximation model where the in-
ner electron is assumed to be removed instantaneously
without influencing the wave function of the outer electron.
Thus it can be understood why the saMg is obtained in

T [21].

We note that there are still some discrepancies between
the calculated and measured distributions. The calculated
] distributions are narrower than the measured ones. Further-
more, the measured distributions are shifted towards lower
energies as a whole, compared to the calculated distributions.
The discrepancies may arise from two aspects. One may be
" 60 the neglect of higher-order terms in the expansion of the

electronic correlation in our calculation, which are known to
be the reason for the energy shift and distribution broadening

FIG. 3. Average energy of the free electrBp after autoioniz- in PCI [26]. The terms may cause the angular momentum
ation of the DESNLnl (N=40, n=89) for differentL,l (E, and the momentum transfers between the wave packets and

E (units of |E|)

=0.0%Ey). the double escape féy+ E,>0. Calculations including the
. terms show evidence of better agreement for the photoion-
For the highest(=n—1), we haveE;~2E, (N=~+2n). ization proces$20]. Furthermore, we note that up to now the

Figure 3 shows the dependencekgfon L andl for the  measured distributions rely on the saddle point model of the
autoionization of DES wittN=40 andn=89. IfL,I<N and field-ionization method. Possible influences of magnetic
N<n, the distributions oN’ show only subtle differences quantum numbem neglected in the measurements might
when L or/fand| are slightly changed. Fot#I, L' may cause the measurdtl slightly lower than the actual’. For
have two value$ andl that indicate the escape probabilities high L or high | states[20], the effect may become more
of the initial outer electroml and the initial inner electron important. Electron spectroscopg7] may avoid the diffi-

NL, respectively. culty.

For states with the same,| and total energyEy+E,), One additional influence arises from the dispersion of the
the distributions are nearly the same for differéhn if n wave packets, especially fdf<n, where the wave packet
>N. Eq. (7) will almost lose the localized property when the pen-

In the case of pure photoionizatioR, does not depend etration takes place. In that case a form of the inner wave
onlL andl, i.e.,E,.=EN—2E,,. packet like Eq.(8) can be used. But the final distribution is

The calculated results show good agreement with the exalmost the same as the above result.
perimental results. For autoionization of DE8.nl(N<n) In conclusion, we have studied the dynamic decay process

in calcium, the calculation giveN/ ~=0.82N compared to in atomic DES via a time-dependent, “breathing spheres”
~0.7M obtained in the experimeri.8]. For photoioniza- approach. The method aims to interpret the statistical char-
tion of the inner electron in £l states in strontium, the acter of the final ionic state population. It may also be ap-
calculation givesN},.~=1.15 compared to~n in the ex- Plied to slow electron collisions with Rydberg ions, ionic

periment[20]. HereN_,, is the value averaged over energy. DES, as well as other multiple excitation processes, espe-

ooyl ially th d to ultrashort | |
In another experiment where the inner electronsmbstates ~ C'a!ly (NOS€ €XPOSEd 10 ultrashort laser puise.

in barium is photoionized using a strong laser fig2d], the The authors acknowledge fruitful discussions with J. Z.
highest detected final ionic stateNg,~1.321 in good agree-  Tang. W.H. acknowledges support from the Alexander von
ment with our calculated valul;,=1.41n. It is interesting Humboldt Foundation and also partial support from the Na-
that for the photoionization of the inner electron, the finaltional Natural Sciences Foundation of China. This work was
ionic state distribution of our “dynamic” overlap is coinci- supported by the Deutsche Forschungsgemeinschaft.
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