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We propose a physical mechanism that leads to the emergence of secondary threshold laws in processes of
multiple ionization of atoms. We argue that the removal ofn electronssn.2d from a many-electron atom may
proceed via intermediate resonant states of the corresponding doubly charged ion. For atoms such as rare gases,
the density of such resonances in the vicinity of subsequent ionization thresholds is high. As a result, the
appearance energies for multiply charged ions are close to these thresholds, while the effective power indices
m in the near-threshold energy dependence of the cross section,s~Em, are lower compared to those from the
Wannier theory. This provides a possible explanation of the recent experimental results of B. Gstiret al. [Nucl.
Instrum. Methods Phys. Res. B205, 413 (2003)].
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I. INTRODUCTION

In this paper, we propose a physical mechanism that may
lead to the emergence of secondary threshold laws in pro-
cesses of multiple ionization of atoms. Among the processes
leading to production of multiply charged fragments, mul-
tiple ionization of an atom by electron impact,

e− + A → An+ + sn + 1de−, s1d

is probably the one most easily accessible experimentally
(see, e.g.,[1]). Another widely studied process is multiple
photoionization. Below we discuss both reactions in parallel,
denoting bysn+1d the number of continuum electrons in the
final state. In general, the near-threshold energy dependence
of the cross sections of such processes is determined by the
so-called Wannier mechanism[2,3].

Originally, Wannier developed a threshold theory for the
simplest case of only two electrons receding from a charged
core sn=1d [2]. His treatment was based on the idea that as
the energy threshold is approached from above, the kinetic
energies of all the electrons tend to zero simultaneously.
Slowelectrons spend a significant time in the region of space
where the influence of thelong-rangeCoulomb interactions
is important. This results in a highly correlated electron mo-
tion. A detailed development of this idea leads to a power-
law energy dependence of the ionization cross sectionsnsEd
near the threshold,

snsEd = C1E
mn, s2d

whereE is the excess energy above the multiple ionization
threshold. The threshold indexmn depends on the basic pa-
rameters of the final state of the system[the number of re-
ceding electronssn+1d and the charge of the residual ionZ],

and bears a signature of strong electron correlation. Evalua-
tion of the constantC1 is usually beyond the threshold theory
[4].

The case of multiple ionization with more than two out-
going electrons in the final state was studied by a number of
authors, starting from Klar and Schlecht[5] and Grujić [6]
sn=2d and Grujić [7] sn=3d. A comprehensive bibliography
on the subject can be found in the paper by Kuchiev and
Ostrovsky [8], where a general threshold theory for the
break-up of a particle into an arbitrary number of fragments
with different masses and charges was developed. Further
references can be found in recent experimental and theoreti-
cal works[9–12].

Wannier himself consideredmultiple ionization sn.1d
neglecting electron correlation[13]. In this approximation,
he obtained a simple estimate,

mn < n, s3d

which follows from a statistical(phase space volume) argu-
ment for then+1 continuum electrons. Wannier remarked
that the actual value of the threshold indexmn was “probably
slightly larger” thann due to electron correlation, although
he did not go further. Equation(3) was obtained indepen-
dently by Geltman[14,15]. It does in fact underestimate the
exact threshold indicesmn obtained when electron correla-
tion is properly accounted for.

Establishing the energy range where the cross section be-
haves according to a threshold law is a difficult question. In
most cases, it is beyond the threshold theory. An attempt to
describe a deviation from Eq.(2) intrinsic to the Wannier
mechanism for the three-particle fragmentationsn=1d was
made in Ref.[16]. Alternatively, the range of validity of the
threshold law can be limited if a different reaction mecha-
nism becomes operational and dominant when the excess
energyE is greater than some finite(albeit small) valueEsec.
In this situation, the mathematically rigorous primary thresh-
old law valid in the limit E→0 can be masked and effec-
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tively replaced by a differentsecondarythreshold law atE
.Esec. In this case, an experimental observation of the pri-
mary threshold law in the range 0,E,Esecmay prove to be
difficult or impossible due to the smallness ofEsec and/or a
weak reaction yield.

It seems that historically the existence of a secondary
threshold law was inferred for the first time empirically from
experiments on triple photoionization of O and Ne atoms by
Samson and Angel[17]. However, no physical mechanism to
underpin the observation was put forward. A theoretical jus-
tification of this particular law was claimed in Ref.[18] but
no actual theory has ever been published. The assertion of
Ref. [18] that the secondary threshold law arises within the
Wannier mechanism due to a previously unaccounted for un-
stable mode in the configuration of the receding electrons is
disproved by a simple count of the modes[8].

In principle, these developments do not rule out the exis-
tence of secondary threshold laws based on different reaction
mechanisms, as discussed above. The Wannier mechanism
itself is highly universal, in the sense that the threshold index
mn does not depend on either the reaction type and reactants
(e.g., ionization by electron or photon impact) or the initial
state and the structure of residual ionAn+ (a bare atomic
nucleus or a multicharged many-electron ion in the ground or
excited state). However, some of these features may play a
crucial role when secondary threshold laws are concerned.

It seems that the first clear indication of a secondary
threshold law based on a well-defined physical mechanism
was obtained only recently in experiments on triple photo-
ionization of Li atoms[19]. Here the new reaction pathway
arises due to a strong nonequivalence of the electron orbitals
in the ground state of Li. It was described as a two-step
process where a double photoionization of the 1s2 inner shell
is followed by the shake-off of the weakly bound outer 2s
electron. The authors argue that this separation is meaningful
when the excess energy is of the order of, or larger than, the
2s binding energys5.39 eVd which provides a characteristic
value ofEsec [20].

II. RESONANCES AND SECONDARY THRESHOLD LAWS

In this paper, we put forward another mechanism which
leads to secondary threshold laws due to a many-electron
nature of the residual ionAn+. The inspiration comes from
the recent experiments on near-threshold multiple ionization
of rare-gas atoms by electron impact[9–11]. The empirical
threshold indicesmn were extracted by fitting experimental
data forn from 1 to 8. In Table I, the experimental values for

Ar are compared with the predictions of Wannier-type
threshold theories for reaction(1) [21].

The error bars for highn are large and the procedure of
fitting the experimental data to a power law could possibly
be improved[23]. Nevertheless, the trend is clear. There is a
good agreement with the Wannier theory forn=1 and 2, but
starting fromn=3 the experimental values are systematically
lower than the predictions of both the Wannier theory and the
statistical independent-electron model(3) [24]. In contrast
with the monotonic increase of the theoretical values ofmn,
the experimental data exhibit a maximum formn

sexpd at n=5.
This feature looks even more prominent when one examines
the whole sequence of rare-gas atoms from Ne to Xe. This
disagreement cannot be attributed to the structure of the ini-
tial state for the active electrons, since, unlike in Li[19], all
these electrons are in the equivalentp states.

As discussed above, the Wannier-type threshold law is
governed by the long-range Coulomb interaction of the es-
caping electrons. It does not depend on the details of the
interaction in the inner region of configurational space where
the electrons are close to each other and to the ionic residue.
In particular, the effects of resonances in the compound sys-
tem are completely disregarded in the rigorous mathematical
derivation of the threshold law in Wannier-type theories.
However, such resonances may be of importance for a sec-
ondary threshold law, since they provide a different reaction
mechanism with a distinct intermediate state.

Let us first consider the effect of an isolated resonance of
the doubly charged ion,A2+*,

e− + A → A2+*snd + 3e− → An+ + sn + 1de−, s4d

wheren denotes the set of quantum numbers specifying the
resonant state, and we assume thatnù3. Of course, forn
ù4 one can also consider intermediate resonant states of the
triply charged ionA3+ snù4d along the same lines, as well as
a generalization to higher charge states.

In order to discuss energetics of the process, we introduce
some notation. LetI0→n be thenth ionization potential of the
neutral atomA, i.e., the minimum energy required to remove
n electrons from the atom initially in the ground state. Let
I2→n be the minimum energy necessary to removesn−2d
electrons from the ground state of the doubly charged ion
A2+. By virtue of energy conservation, we haveI0→n= I0→2
+ I2→n, which is the energetics of sequentialn-fold ioniza-
tion. Let the energy of the resonance involved in the sequen-
tial process(4) beEn with respect to the ground state ofA++.
For this process to occur, the resonance must lie above the

TABLE I. Theoretical and experimental Wannier threshold indices.

Index n=1 n=2 n=3 n=4 n=5 n=6 n=7

mn
a 1.12689 2.27043 3.41938 4.62066 5.80400 7.05504 8.31522

mn
sexptdb 1.127±0.05 2.11±0.2 2.75±0.5 3.15±0.9 4.01±1.4 3.89±1.4

aWannier-type theory forn=1 [2], n=2 [5,6,8], n=3 [7,8], n=4 [8], and n=5–7 [22]. Note that for an
unknown reason, some theoretical values cited in the experimental papers[9–11] differ somewhat from those
provided in the original publications.
bExperimental values for Ar[9] are typical for all rare-gas atoms.
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nth ionization threshold. A secondary threshold law is likely
to be observed if the differenceDEn;En− I2→n is small, i.e.,
the resonance lies only slightly above the threshold ofsn
−2d-fold ionization ofA2+. The energy of the resonance with
respect to the ground state of the neutral atom isEn8=En

+ I0→2. Hence, one can also defineDEn as the resonance
energy excess above thenth ionization threshold,DEn=En8
− I0→n.

Let « be the kinetic energy of an incident electron in the
multiple ionization process(1). The excess energy is then
defined asE=«− I0→n. If E.DEn, then the resonance state
might be excited and the pathway(4) is energetically al-
lowed.

If we neglect the unstable nature of the resonance(i.e.,
assume that its widthGn is small), the process of double
ionization by electron impact leading to the “final” state
A2+*snd,

e− + A → A2+*snd + 3e−, s5d

will be well defined. Its threshold behavior is described by
the Wannier-type power law,

s2nsEd ~ sE − DEndm2usE − DEnd. s6d

Here usxd is the step function:usxd=0 for x,0, andusxd
=1 for x.1. Since the resonance state eventually decays,
A2+*snd→An++sn−2de−, its excitation cross section cannot
be defined completely rigorously. Instead one may say that
s2nsEd provides a contribution of the resonance to the ob-
servable yield of multicharged ionsAn+. Bearing in mind that
the direct contribution is given by Eq.(2), we conclude that
the observable yield will have the following energy depen-
dence close to the threshold:

snsEd = C1E
mn + C2nsE − DEndm2usE − DEnd. s7d

The constantsC1 andC2n determine the weights of the two
contributions and are governed by details of the ionization
dynamics. Sincemn.m2 for nù3, the first term is heavily
suppressed close to threshold and the second term can
quickly overtake it atE.DEn.

In Eq. (7), we neglect the interference between the two
physically distinct pathways since only one of them domi-
nates at any given energyE. Another reason which allows
one to neglect interference is that the final states correspond-
ing to the two mechanism are sufficiently different. The di-
rect mechanisms assumes a simultaneous strongly correlated
recession of allsn+1d electrons, while in the resonant
mechanism the emission of then−2 electrons is delayed.
Therefore, Eq.(7) displays a secondary threshold behavior,
with the secondary threshold atEsec=DEn. The primary
Wannier-type threshold behavior is operational only in the
excess energy interval 0,E,DEn.

In a realistic experimental situation, one has to account
for the energy spread of the electron beam, which introduces
an uncertainty into the excess energyE. As a result, the
Wannier-type law may be completely masked by the second-
ary threshold law. This is likely to happen if a resonance is
available just above thesn−2d-fold ionization threshold of
A2+, i.e., the value ofDEn for a given atom is small.

Because of the closed-shell structure, the excitation spec-
tra of neutral rare-gas atoms near the ionization threshold are
relatively simple. In contrast, their doubly charged ions pos-
sess an opennp4 shell. The energies of the excited-state or-
bitals of the ion are lowered due to the higher charge of the
core, reducing the relative size of the gaps in the single-
particle excitation spectrum. Due to both of these factors, the
spectrum of multiple excitations of the ion becomes quite
complex and dense(see below). This means that the occur-
rence of a single or even several resonances in the immediate
vicinity of the higher ionization thresholds is almost un-
avoidable, leading to a multitude of densely spaced second-
ary thresholds.

To verify this picture, we have carried out a calculation of
spectra of multiply excited states of rare-gas atoms and their
ions (see the Appendix). The typical results for Ar2+ are
shown in Fig. 1. The main conclusion that one can immedi-
ately draw from the graph is that there are plenty of multiply
excited states of Ar2+ in the vicinity of each subsequent
threshold. Thus, near the Ar3+ threshold the density of mul-
tiply excited states is about 104 levels per a.u. After account-
ing for the 2J+1 degeneracy of the levels with angular mo-
mentaJ (with typical J,3), we estimate that the spacing
between neighboring resonances is of the order of 20 meV.

This means that as the energyE increases, not one but
manyautoionizing resonances will contribute to the second-
ary threshold law term. Their total contribution to the ioniza-
tion cross section,sn

s2d, can be estimated as follows:

sn
s2dsEd = o

DEn,E

C2nsE − DEndm2

< C2E
0

E

sE − DEndm2rsEnddsDEnd s8d

FIG. 1. The cumulative level number[Eq. (A4)] and density of
multiply excited states of Ar2+, as functions of energy above the Ar
ground state. Dashed curve, smoothed level density; solid curve,
NsEd; dotted curve,NsEd obtained by integrating the smoothed level
density. Vertical bars show successive ionization thresholds, as ob-
tained from our calculations(long solid lines) and spectroscopic
data (shorter solid lines), together with experimental appearance
energies(dotted lines) [9–11].
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.
C2r

m2 + 1
Em2+1, s9d

where in Eq.(8) we replacedC2n by its mean valueC2 and
converted the sum into an integral, withr;rsI2→nd being
the density of resonant states at the threshold.

Equation(9) gives a power threshold law with an effec-
tive index

mseffd = m2 + 1 = 3.27. s10d

This is the key quantitative result of the present study. The
value of mseffd is universal since it does not depend onn sn
ù3d or on the atomic species, as long asA2+ supports a
dense spectrum of autoionizing states at higher ionization
thresholds. Figure 2 shows that almost all experimental data
listed in Ref. [11] agree with this result(Ref. [11] reports
apparently more realistic error bars, compared to the previ-
ous publications[9,10] from the same group).

In a more general case, when multiple ionization proceeds
via the near-threshold resonant states of the Aq+ ion, the
secondary threshold law would readsn

sqd~Emq+1. Compari-
son with experiment suggests thatq=2 charge states play a
major role. What could be the dynamical reason for this? In
the context of the present work, it seems important that the
doubly ionized rare-gas atoms have a sufficiently open-shell
structure which promotes dense excitation spectra(Fig. 1). A
paradigmatic example of open-shell systems with complex
spectra is given byd elements, such as Fe and its ions. Rare-
earth atoms exhibit an even greater degree of complexity
related to the presence of several open shells and strong rela-
tivistic effects.(Thanks to the latter, neither the total spin nor
the total orbital angular momentum is conserved, and the
eigenstates can only be classified by their energy and total
angular momentum.) Numerical studies in Ce indicate that
configuration mixing in such systems reaches the extent de-
scribed asmany-body quantum chaos[25]. More recently,
the effect of a dense spectrum of strongly mixed multiply
excited states was invoked to explain huge enhancement of

the low-energy electron recombination rates in Au25+, which
has a 4f8 ground state[26–28]. In this system, the reso-
nances cannot be resolved experimentally due to extremely
small level spacings between them. However, their energy-
averaged contribution exceeds that of direct radiative recom-
bination by a factor of 150.

In the above, we have neglected the effect of resonance
widths on the threshold law. Owing to a finite resonance
width Gn, the transition to the secondary threshold law in Eq.
(6) becomes smoother as the threshold energyDEn is
smeared. Strictly speaking, the unstable nature of the reso-
nance makes it impossible to separate the formation of the
resonance from its final break-up. A similar physics mani-
fests itself in the problem of the threshold behavior of a cross
section for the formation of an unstable particle. In the case
of short-range interactions, the latter was established by Baz’
[29] and appeared recently in the problem of positron anni-
hilation in positron-atom collision near the positronium for-
mation threshold[30]. In the context of multiple ionization,
it is worth mentioning the works on the post-collision inter-
action (PCI) between the receding Wannier pair and the au-
toionizing decay of a resonance in the ionic residue[31].
They show that PCI may change the shape and position of
the autoionizing electron line. However, the total intensity of
the process remains unchanged(provided the width is suffi-
ciently small) and the cross section follows the Wannier law
as if the residual ion were stable.

III. SUMMARY AND DISCUSSION

The present work indicates that non-Wannier threshold
law indices observed in multiple ionization of rare-gas atoms
can be a consequence of “invisible” unresolved resonances
underpinning the two-step ionization process. The key ele-
ment of this picture is the assumption of a strong interaction
between several electrons in the open valence shells and
excited-state orbitals, which allows such resonances to be
populated.

It is customary to consider various processes in an ap-
proximation where only few electrons are treated as active,
while all the rest play the role of spectators. Such an ap-
proach proved to be extremely fruitful in many cases. How-
ever, it may fail when a large amount of energy is deposited
into an atomic system. In multiple fragmentation processes,
the energy is brought in by the incident electron or photon. It
is expended on ejecting two electrons, leaving a doubly
charged ion in an autoionizing state lying high in the multi-
electron continuum. The high density of such states is essen-
tially a many-body effect emerging due to a large number of
ways in which the excitation energy can be distributed
among the remaining electrons. In this compound state, no
valence or subvalence electron remains a spectator.

Thus the nature of the present secondary threshold mecha-
nism is of a statistical origin, but it differs substantially from
earlier statistical approaches. Within the proposed mecha-
nism, all the electrons are active electrons while previously
only n atomic electrons were included in an analysis[32,33]
within a statistical energy deposition model[34]. It also dif-
fers from the most recent classical trajectories Monte Carlo

FIG. 2. Empirical threshold indicesmn
sexptd with error-bars for

various degrees of ionizationn of rare-gas atoms[11]. The horizon-
tal dashed line shows the value ofmseffd, Eq. (10), predicted by the
present theory.
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calculations[35], where only single and double electron im-
pact ionization was considered and multielectron effects
were included only within a rather crude two-electron model.
In contrast to the previous schemes, the present resonant
mechanism cannot operate at all if the atom has onlyn elec-
trons. It requires the number of valence and subvalence elec-
trons(which can participate in the formation of resonances),
nval, to be greater thann. Moreover, for a small number of
residual electrons,nval−n, the resonant mechanism is ex-
pected to give only a minor correction, while for multielec-
tron atoms with largenval−n, the resonance contribution may
become overwhelming.

Compare this situation with that in multiple ionization in
a laser field, where a discussion of sequential and nonsequen-
tial mechanisms has continued for more than a decade. The
present study suggests that in near-threshold multiple ioniza-
tion by an electron or single-photon impact, the sequential
mechanism dominates in many-electron processes(n-fold
ionization with large n and nval−n). A similar resonant
mechanism may be important in other processes, such as
collisional multiple ionization by particles other than elec-
trons (e.g., positrons or ions). Finally, we should mention
that Koslowskiet al. [24] detected the presence of metastable
excited states of Ar2+ formed in near-threshold electron-
impact ionization. This is an experimental indication that a
similar process whereautoionizingstates of Ar2+ are popu-
lated can be behind the production of higher charged ions.
The role of this mechanism could be verified by a careful
measurement of the ejected electron spectrum.
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APPENDIX

Ar2+ has 16 electrons and its ground state belongs to the
1s2

¯3p4 configuration. To determine its ionization poten-
tial, we start from a Dirac-Fock calculation of Ar2+3p4. A
configuration interaction(CI) calculation which includes all
relativistic 4p4 configurations shows that the ground state is
characterized by the total angular momentumJ=0 and total
energy Etot=−527.175 a.u. A similar calculation for theJ
= 3

2 ground state of Ar3+3p3 givesEtot=−525.733 a.u., yield-
ing the ionization potential of Ar2+, I2→3=1.442 a.u.
=39.3 eV. Similar calculations have also been performed for
other ions of Ar.

In this work, we are interested in the spectra of multiply
excited states of Ar ions(in particular, Ar2+). A set of excited
single-electron orbitalsnlj (3d3/2, 3d5/2, 4s1/2, etc., up to
6g9/2) was obtained from the Dirac-Fock calculation in the
field of the Ar+3p5 residue. For the purpose of the present
study, we consider Ar2+ as a system of six active electrons
above the frozen Ne-like core. Excited-state configurations
are obtained by distributing these six electrons among the 30
orbitals from 3s1/2 to 6g9/2. The basic structure of the spec-
trum of multiply excited states of Ar2+ is found by calculat-
ing the energies of the configurations in the mean-field ap-
proximation,

Ec = Ecore+ o
a

eana + o
a,b

nasnb − dabd
1 + dab

Uab, sA1d

and evaluating the numbers of many-electron statesNc in
each configuration(multiplicity),

Nc = p
a

ga!

na!sga − nad!
, sA2d

wherena are the orbital occupation numbers of the relativis-
tic orbitals in a given configuration. In the equations above,
ea=kauHcoreual is the single-particle energy of orbitala in the
field of the core,ga=2ja+1, andUab is the average Coulomb
matrix element for the electrons in orbitalsa andb (see Refs.
[26,28] where similar calculations were performed to esti-
mate the level density in Au24+).

Using this procedure, we have generated a list of about
80 000 configurations within 38 a.u. of the Ar2+ ground state,
and calculated their energies and multiplicities. They can be
used to evaluate the level density,

rsEd = o
c

NcdsE − Ecd, sA3d

and the cumulative level number,

NsEd =E
−`

E
rsE8ddE8. sA4d

To obtain a smooth level density we simply replace the
d functions in Eq. (A3) with unit-area Gaussians,
expf−x2/ s2s2dg /Î2ps2, using s=0.1 a.u. Good agreement
between the result of numerical integration of the smoothed
density and “raw”NsEd in Fig. 1 confirms the validity of the
smoothing procedure. Note that the level density has a char-
acteristic expsaÎEexcd energy dependence on the excitation
energyEexc above the Ar2+ ground state, wherea is constant
related to the single-particle spectrum density[36].

[1] H. Tawara and V. P. Shevelko, Int. J. Mass. Spectrom.192, 75
(1999).

[2] G. H. Wannier, Phys. Rev.90, 817 (1953).
[3] An alternative dipole theory was suggested by Temkin[A.

Temkin and Y. Hahn, Phys. Rev. A9, 708 (1974); A. Temkin,

Phys. Rev. Lett.49, 365 (1982); 30, 2737(1984)]. The inter-
est in this theory was recently renewed in connection with
experiments by R. Wehlitz, J. B. Bluett, and S. B. Whitfield,
Phys. Rev. Lett.89, 093002(2002) and D. Lukić, J. B. Bluett,
and R. Wehlitz,ibid. 93, 023003(2004). It is in fact possible

SECONDARY THRESHOLD LAWS FOR MULTIPLE… PHYSICAL REVIEW A 70, 062717(2004)

062717-5



that the dipole mechanism provides asecondarythreshold law
in the sense discussed below. This conjecture is supported by
the fact that the experimental data are well described by the
Wannier threshold law at low excess energiesE, while for
higherE some deviations are observed.

[4] To determine this constant, one needs to extend the wave func-
tion of the Wannier electrons towards small distances, see, e.g.,
D. S. F. Crothers, J. Phys. B19, 463(1986); N. C. Deb and D.
S. F. Crothers, J. Phys. B35, L85 (2002).

[5] H. Klar and W. Schlecht, J. Phys. B10, 1699(1976).
[6] P. Grujić, J. Phys. B16, 2567(1983).
[7] P. Grujić, Phys. Lett. A 96, 233 (1983); 122, 494 (1987).
[8] M. Yu. Kuchiev and V. N. Ostrovsky, Phys. Rev. A58, 321

(1998).
[9] B. Gstir, S. Denifl, G. Hanel, M. Rümmele, T. Fiegele, P. Cic-

man, M. Stano, S. Matejcik, P. Scheier, K. Becker, A. Stama-
tovic, and T. D. Märk, J. Phys. B35, 2993(2002).

[10] S. Denifl, B. Gstir, G. Hanel, L. Feketova, S. Matejcik, K.
Becker, A. Stamatovic, P. Scheier, and T. D. Märk, J. Phys. B
35, 4685(2002).

[11] B. Gstir, S. Denifl, G. Hanel, M. Rümmele, T. Fiegele, M.
Stano, L. Feketova, S. Matejcik, K. Becker, P. Scheier, and T.
D. Märk, Nucl. Instrum. Methods Phys. Res. B205, 413
(2003).

[12] V. N. Ostrovsky Phys. Rev. A64, 022715(2001); Few-Body
Syst. 31, 113(2002); Hyperfine Interact.146/147, 171(2003).

[13] G. H. Wannier, Phys. Rev.100, 1180(1955).
[14] S. Geltman, Phys. Rev.102, 171 (1956).
[15] S. Geltman,Topics in Atomic Collision Theory(Academic

Press, New York, 1969).
[16] A. K. Kazansky and V. N. Ostrovsky, J. Phys. B25, 2121

(1992); A. K. Kazansky, V. N. Ostrovsky, and L. Yu. Sergeeva,
Z. Phys. D: At., Mol. Clusters33, 181 (1995).

[17] J. A. R. Samson and G. C. Angel, Phys. Rev. Lett.61, 1584
(1988).

[18] J. M. Feagin and R. D. Filipczyk, Phys. Rev. Lett.64, 384
(1990).

[19] R. Wehlitz, T. Pattard, M.-T. Huang, I. A. Sellin, J. Burgdörfer,
and Y. Azuma, Phys. Rev. A61, 030704(2000).

[20] For a detailed theoretical treatment of this mechanism, see T.
Pattard and J. Burgdörfer, Phys. Rev. A63, 020701(2001);
64, 042720 (2001). Note a similarity with a rescattering
mechanism of double photoionization proposed by J. A. R.
Samson[Phys. Rev. Lett.65, 2861 (1990)] where, however,
the nonequivalence of the orbitals was not invoked.

[21] In general, the charge of the residual ionZ and the number of
electronssn+1d are independent parameters. For the reaction
(1) they are related byZ=n.

[22] V. N. Ostrovsky, J. Phys. B37, 4657(2004).
[23] S. Geltman, J. Phys. B37, 2221(2004).
[24] A similar conclusion was made earlier by Koslowski et al. in

H. R. Koslowski, J. Binder, B. A. Huber, and K. Wiesemann,
J. Phys. B20, 5903(1987).

[25] V. V. Flambaum, A. A. Gribakina, G. F. Gribakin, and M. G.
Kozlov, Phys. Rev. A50, 267 (1994).

[26] G. F. Gribakin, A. A. Gribakina, and V. V. Flambaum, Aust. J.
Phys. 52, 443 (1999).

[27] V. V. Flambaum, A. A. Gribakina, G. F. Gribakin, and C. Hara-
bati, Phys. Rev. A66, 012713(2002).

[28] G. F. Gribakin and S. Sahoo, J. Phys. B36, 3349(2003).
[29] A. I. Baz’, Zh. Eksp. Teor. Fiz.40, 1511 (1961) [Sov. Phys.

JETP 13, 1058(1961)].
[30] G. F. Gribakin and J. Ludlow, Phys. Rev. Lett.88, 163202

(2002).
[31] A. K. Kazansky and V. N. Ostrovsky, inThe 5th International

Workshop “Autoionization Phenomena in Atoms,” edited by V.
V. Balashov, A. A. Grum-Grzhimailo, and E. A. Romanovsky
(Moscow University Press, Moscow, 1996), pp. 67–71; M. Yu.
Kuchiev, J. Phys. B30, 3499(1997).

[32] H. Lebius, B. A. Huber, H. R. Koslowski, and K. Wiesemann,
J. Phys.(Paris), Colloq. 50, 399 (1989).

[33] H. Lebius, H. R. Koslowski, K. Wiesemann, and B. A. Huber,
Ann. Phys.(Leipzig) 48, 103 (1991).

[34] A. Russek, Phys. Rev.132, 246 (1963).
[35] F. Sattin and K. Katsonis, J. Phys. B36, L63 (2003).
[36] A. Bohr and B. Mottelson,Nuclear Structure(Benjamin, New

York, 1969), Vol. 1.

GRIBAKIN, SAHOO, AND OSTROVSKY PHYSICAL REVIEW A70, 062717(2004)

062717-6


