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Experimental study of single, double, and multiple electron capture in slow15N7¿¿Ne collisions
using recoil-ion momentum spectroscopy
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Single, double, triple, quadruple, and quintuple capture of electrons in15N711Ne collision at the energy of
105 keV have been investigated using recoil-ion momentum spectroscopy. Relative cross sections, stabilization
ratios, ratios between single- and multiple-electron capture, along with the branching ratios of subprocesses
involved in multiple capture, have been obtained and compared with calculations by the extended classical
over-barrier model@A. Niehaus, J. Phys. B19, 2925~1986!# and the semiempirical scaling laws@N. Selberg
et al., Phys. Rev. A54, 4127~1989!#. For single capture,n state relative populations and projectile scattering
angle distributions are given. In the case of double capture, we find the autoionizing double capture dominates
and populates the symmetric N51(3l3l 8) and near-symmetric N51(3l4l 8) state, while the true double capture
mainly gives rise to N51(2lnl 8) (n.2) configurations. The relative cross sections and stabilization ratios for
double electron capture are evaluated. In the more than two-electrons capture, we have obtained stabilization
ratios and branching ratios of different subprocesses. The configurations populated by more than two-electron
captures have been identified. Our results also show that the electron-electron correlation is important in
multiple electron capture.

DOI: 10.1103/PhysRevA.64.012715 PACS number~s!: 34.70.1e, 34.50.Fa
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I. INTRODUCTION

The study of electron capture during ion-atom collisi
has undergone significant advances in recent decades@1#. On
one hand, fast computers and new experimental tools, s
as recoil-ion momentum spectroscopy~RIMS! @2#, have
greatly enhanced the scope of problems that are access
resulting in a level of research activities that is substantia
growing. On the other hand, added incentives are provi
by the importance of electron-capture processes in such
verse areas as plasmas studies, astrophysics, laser tec
ogy, biology, and materials science.

The main reason for all these exciting activities in ele
tron capture lies in the significance of the fundamental pr
lems that are coming within grasp. Hitherto, the understa
ing of single and double electron transfer has been w
established@1,3,4#, but the mechanisms of more than tw
electrons capture have, by no means, been understood
only believe that multiple electron capture may cau
electron-electron correlation effects to become strong.

To the best of our knowledge, multiple electron captu
here, namely more than two electrons transferred from ta
atom to projectile during the collision, is only beginning
be understood. Of those works, Posthumus and Morgens
@5# investigated multiple-electron capture processes in co
sions of Ar91 on Ar by measuring the Auger electrons
coincidence with charge-state analyzed recoil ions. Thro
electron energy spectra, the possible configurations up to

*Present address: Department of Physics and Astronomy,
Chemistry-Physics Building, University of Kentucky, Lexingto
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electrons were first deduced. Aliet al. @6# studied multiple
electron capture in 10 keV Ar91 (5,q,17) on Ar colli-
sions, and they obtained absolute cross sections for t
charge transfer, projectile charge change, and recoil-ion
duction cross sections. Araphaelianet al. @7#, measured mul-
tiple electron capture in the Xe3011Ar system at projectile
velocities between 0.3 and 1.0 a.u. observing up to eig
electron capture. Martinet al. @8# investigated triple electron
capture stabilization ratios in slow ion-atom collisions usi
different projectiles and target atoms. They found that dou
Rydberg states were populated by triple electron captur
collisions of highly charged ions with atoms. Merabetet al.
@9# measured 60 keV O711Ar collision system to study the
possible decay pathways after two- and three-electron c
ture. Hansenet al. @10# measured 28 keV15N711Ar, and
reported evidence for significant target outer-shell excitat
accompanying multiple electron capture. Emons, Hasan,
Ali @11# investigated 70 keV15N711Ar collision by means
of time-of-flight triple coincidence measurements, a
double through quintuple capture were measured. Selb
Bedermann, and Cederquist@12# developed semiempirica
scaling laws for different electronic rearrangement featu
after multiple-electron capture in slow collisions with high
charged ions; This scaling law can well predict the absol
cross section for removing exactlyr electrons from the tar-
get. They also measured multiple-electrons capture for
ferent collision systems@13#.

Using high-resolution recoil-ion momentum spectrosco
~RIMS! @14#, we have measured the 105 keV15N711Ne
collision system concerning single capture~SC!; autoioniz-
ing double capture~ADC!, true double capture~TDC!; triple
capture followed by two-electron autoionization~C3A2!,
one-electron autoionization~C3A1! and true triple capture
~C3A0!; quadruple capture followed by three-~C4A3!, two-
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~C4A2!, and one-electron autoionization~C4A1! and true
quadruple capture~C4A0!; quintuple capture followed by
three-~C5A3!, two- ~C5A2!, and one-electron autoionizatio
~C5A1!.

Due to the fact that neither experimental nor theoreti
data for this system are available to be used to compare
our current experimental results, we will mainly compare o
experimental data with the calculation by the extended ov
the-barrier~EOB! model @15#. We also use Selberg, Biede
mann, and Cederquist@12# semiempirical~SE! scaling laws
to calculate the multiple capture cross section ratios, wh
are also used to compare with our data. The aim of this pa
is to provide the detailed experimental results along with
discussion of SC, ADC, TDC, and multiple capture obtain
by RIMS for the 15N711Ne system at the energy of 10
keV. After a brief description of the experimental setup,
will discuss our results concerning the following process

N711Ne→Ne61* 1Ne1, SC ~1!

N711Ne→N51* 1Ne21→N411Ne211e ADC
~2!

→N51* 1Ne21→N511Ne211hn, TDC

N711Ne→N41* 1Ne31→N611Ne3112e1hn C3A2

→N41* 1Ne31→N511Ne311e1hn C3A1
~3!

→N41* 1Ne31→N411Ne311hn, C3A0

N711Ne→N31* 1Ne41→N611Ne4113e1hn C4A3

→N31* 1Ne41→N511Ne4112e1hn C4A2
~4!

→N31* 1Ne41→N411Ne411e1hn C4A1

→N31* 1Ne41→N311Ne411hn, C4A0

N711Ne→N21* 1Ne51→N511Ne5113e1hn C5A3

→N21* 1Ne51→N411Ne5112e1hn C5A2
~5!

→N21* 1Ne51→N311Ne511e1hn. C5A1

We present the relative cross sections for SC, ADC,
TDC respectively, branching ratios, and stabilization rat
for more than two-electron capture. For quintuple electro
capture, due to the reason that we only recorded three
sible processes, the detailed comparison is not given.

II. EXPERIMENTAL SETUP

The 15N71 projectile is provided by a 14 GHz electro
cyclotron resonance~ECR! ion source of the Grand Acce´l-
érateur National D’Ions Lourds~GANIL, Caen, France! @16#.
The beam is collimated by a 600mm aperture located at th
entrance of the spectrometer and two pairs of slits 3 m
stream. The ion beam crosses the target supersonic jet a
center of the spectrometer. In the first generation of RIM
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uniform electric fields were used, and the geometrical dim
sions of the collision region~the overlap between the io
beam and the supersonic gas jet! @2# limited the resolution of
the spectroscopy. The momentum resolution now has b
improved by using a nonuniform electric field to extract t
recoil ions and focuses ions with the same velocity on
position sensitive detector, whatever the starting point@14#.
A field-free region follows the extraction region in order
ensure the time focusing condition@13#. Finally, the recoil
ions are post accelerated toward the detector, so that
detection efficiency is independent of the charge state of
ion. After the collision, the projectile ions are charge an
lyzed using an electrostatic deflector associated with a
ond position sensitive detector. By coincidence, the scatte
projectile N61, N51, N41, N31, N21 with the time-of-flight
of the recoil ion Ne11, Ne21, Ne31, Ne41, and Ne51, we get
most of the reaction processes. For each capture event
time-of-flight and the impact position of the recoil ion, to
gether with the projectile position, are recorded by a
mode data acquisition. The first two quantities give dire
access to the recoil-ion longitudinalPRi and transversePR'

momentum components.
The principle of RIMS relies on the relationship betwe

the recoil-ion momentum and two important quantities: t
Q value of the reaction and the projectile scattering angleu.

Kinetically, the capture process may be viewed as an
elastic two-body collision@2#. It is thus we can get simple
relations for small scattering angles:

Q52PRiVp2
ncVp

2

2
, ~6!

u5
PR'

P0
. ~7!

PRi(PR') is the recoil-ion longitudinal~transverse! mo-
mentum.P0 is the projectile longitudinal momentum,Vp is
the velocity of projectile, andnc is the number of captured
electrons. TheQ value corresponds to the potential ener
released as kinetic energy and thus contains information
the state populated on the projectile by the capture proc
In the particular case of N71 on Ne, the resolution is high
enough to separate different configurations in SC, ADC, a
TDC, but it is not sufficiently high enough to separate t
configurations involved in more than two-electron capture
reached resolutions full width at half maximum~FWHM! of
10.3 eV for single capture and 14.6 eV for double captur

Similar to our previous works@3,4#, the calibration of the
Q-value spectra is deduced first through the calculation
sults by the Landau-Zener model@17#, which allows us to
identify the main configurations formed in the single captu
Then, since theQ-value spectrum of single capture is ma
of well-separated peaks, the calibration and identification
refined using the state energies calculated by the cod
Cowan @18#. The Q-value calibration for more than two
electrons capture can be easily obtained through the ele
static relation between different recoil-ion charges, wh
correspond to different capture processes@2#.
5-2
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III. RESULTS AND DISCUSSION

In this part, we report experimental relative different
cross sections and partial projectile scattering angle distr
tions for all the recorded processes, which are single cap
double capture, and multiple captures. The relative cross
tions are derived from theQ-value spectra after a fitting pro
cedure, in which the peak shape is approximately assume
be the Gaussian for simplicity. The errors of data in t
paper originate from the fitting, efficiency correction, stat
tics, and background estimation@14#.

A. Single-electron capture„SC…

From the SCQ-value spectrum~Fig. 1!, for the different
configurations~listed in Table I!, the relative cross section
populated during the collision were extracted~Fig. 2!. The
SCQ-value spectrum and relative cross section clearly sh
that RIMS is able to give information not only on the co
figurations, but also on the relative population intensities
the terms involved in the capture process~Figs. 1,2!.

In Fig. 2, we have found that the vast majority of S
events~more than 87%! take place in the N61 N shell (n
54). M shell (n53), andO shell (n55) take the second
and third priority, respectively.

These characteristics can be well understood from the
abatic potential curves~Fig. 3!. SinceN shell has a crossing
with the entrance channel at the intermediate internuc
distance, whileM shell has a crossing at a smaller inte
nucleus distance, andO shell has no crossing at the interm

FIG. 1. Experimental single-captureQ-value spectra for the
15N71-Ne system. The different configurations (n53,4,5, . . . ,)
and correspondingQ values are given in Table I.

TABLE I. Q values of single electron capture for the15N711Ne
collision.

States~n! Q ~eV!

2 145.18
3 52.54
4 20.12
5 5.40
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diate internuclear distance, it would be easier to capture
electron toN shell than to capture to other shells.

We have used the EOB@15# model to calculate the SC
total cross section, as well as multiple-capture total cr
sections. The ratios have been used to compare with cur
experimental results. The results and discussion will be gi
in Sec. III D.

The projectile scattering angle distributions for SC a
given in Fig. 4.M-shell SC has a larger scattering angle~0.2
mrad! than n.4 complex terms~0.1 mrad!. They can be
well understood from Fig. 3, since the crossing ofM shell is
closer to the nucleus thanN shell, the scattering angle from
M shell should be larger.

B. Double-electron capture„DC…

For double-electron capture, the processes can be s
rated into autoionizing double capture~ADC! and true
double capture~TDC!.

FIG. 2. Relative cross sections of SC for the15Ne71-Ne system
Sni5100.

FIG. 3. Diabatic potential curves of SC and DC for th
15N71-He system. EC is Entrance Channel; 3 is the N61(3l ) SC
channel;~3,3! is the N61(3l3l 8) DC channel.
5-3
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TheQ-value spectra for ADC and TDC are shown on F
5. The calculatedQ values corresponding to the measur
states on Fig. 5 are given in Table II.

The ADC Q-value spectrum shows that the doub
capture events mainly populate on (3l3l 8) symmetry states
~43.69%!, or (3l4l 8) near-symmetry states~25.81%!. The
contribution from asymmetric states~3lnl 8, n.4! is about
18.69% of total ADC. (2lnl 8) (n.2) states only amount to

FIG. 4. Projectile scattering angle distribution of the S
N61(3l ) and N61(nl, n>4! channel.

FIG. 5. Measured TDC and ADCQ value spectra for the
15N71-Ne system. Different configurations and correspondingQ
values are given in Table II.
01271
.

1.8%. The similar configurations were also found by A.
Haasanet al. @10# in the 28 keV15N711Ar collision.

From the TDCQ-value spectrum, we have observed ve
similar configurations populated as ADC. Of all the stat
(3l3l 8) amount to 24.92% of total TDC events, (3l4l 8)
amount to 27.64%, (3lnl 8) (n.4) amount to 24.98%, and
(2lnl 8) (n.2) amount to 22.46%. Therefore, the asymm
ric states have larger stabilization probability than symme
states. In all the state groups, the asymmetric state serie
(2lnl 8) (n.3) has the largest stabilization ratio~52.21%!.
The stabilization ratios, along with the relative cross sectio
of ADC and TDC obtained in this experiment, are given
Table III.

Two processes may be responsible for the double cap
into (3l3l 8) configurations: a two-step process viaN-shell
(n54) SC channel at internuclear distance of about 8.4
2.0 a.u. ~circles!, or a one-step process at about 3.6 a
~squares! ~Fig. 3!. In the two-step process, one electron
first captured on theN shell (n54) at large internuclear
distance, then this electron is excited to theM shell (n53)
while the second electron is captured inM shell at smaller
internuclear distance ending as bound (3l3l 8) states. The
process due to dielectronic interaction is usually called c
related transfer excitation~CTE! @19–20#. In the one-step
process, the two electrons are simultaneously captured
theM shell at about 3.6 a.u. It is noted that this two-electr
transfer, correlated double capture~CDC! is also governed
by dielectronic interaction or electron-electron correlati
@19#. An alternative explanation has also been proposed
Laurentet al. @21#. They invoked a mechanism involving
virtual transition to the SC channel at the crossing follow

TABLE II. Q values of double electron capture for th
17N711Ne collision.

Configurations Q ~eV!

2,2 242.92
2,3 162.01
2,4 135.91
2,5 124.09
2,6 117.89
3,3 74.14
3,4 44.47
3,5 31.97
3,6 25.48
4,4 13.73
4,5 0.41
4,6 26.58

TABLE III. Measured relative cross sections and stabilizati
ratios of double capture for 105 keV15N711Ne collision ~%!.

@2, n (n.2)] ~3, 3! ~3, 4! @3, n (n.4)]

ADC 1.8060.78 43.6961.48 35.8161.69 18.6962.41
TDC 22.4762.79 24.9161.27 27.6461.40 24.9862.73
Stab. 52.2164.62 4.7762.74 6.3463.07 10.5065.17
5-4
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EXPERIMENTAL STUDY OF SINGLE, DOUBLE, AND . . . PHYSICAL REVIEW A64 012715
by a transition in the DC channel. Such a mechanism may
active when the SC channel is in the neighborhood of
crossing between the DC channel and the entrance chan

Very similar to the above discussion for (3l ,3l 8),
(3l ,nl8) (n.3) and (2,n) (n.2) may also be formed by
one-step orN-shell intermediated two-step processes.

C. Triple-electron capture „C3…

With more than two active electrons, the number of ch
nels leading to multiple capture becomes too large to
treated theoretically within the quasimolecular descript
using close coupling standard codes. Only the barrier mo
@15# and semiempirical model@12# can be used to describ
these processes. Experimentally, the resolution of our s
troscopy is not high enough to separate different multip
capture channels; Only the configurations formed by the
lated multiple capture could be identified.

For triple-electron capture, we have obtained the fi
complete set ofQ-value spectra, which are true triple captu
~C3A0!, triple capture followed one-electron autoionizatio
~C3A1!, and triple capture followed two-electron autoioni
ation ~C3A2!, respectively.Q values corresponding to th
states of triple-electron capture on the spectra~Fig. 6! are
given in Table IV. Because we are not able to separate
different configurations due to the limited resolution for th
process, we only obtain the relative branching ratios c
cerning different subprocesses. Unfortunately, we have
found any theoretical results or methods for C3A0, C3A
and C3A2, respectively, except for the total triple-captu
cross section made by us using the EOB and SE models.
experimental results of relative branching ratios show t

FIG. 6. Measured triple-captureQ-value spectra for the
15N71-Ne system. Different configurations and correspondingQ
values are given in Table IV.
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C3A0 is about 3.65%, C3A1 about 54.86%, and C3A2 ab
41.49% of the total triple-electron capture. Therefore,
stabilization ratio of triple capture, here namely C3A0,
very small~3.65%!.

From Fig. 6, we find that the C3A1 is the strongest su
process in the whole C3 process. It indicates that the
electrons are most stabilized after capturing three electr
This is because, in our observed configurations, one of th
electrons is captured into either then52 or on n53 shell,
and the other two electrons~n and n8! are captured into
shells far away from this shell. So, the de-excitation of o
of (n,n8) can easily lead to the ionization of another ele
tron. Of course, the de-excitation of electron onn52 ~or n
53! may lead to the ionization of two (n,n8) electrons. This
could explain why the branching ratio of C3A2 also is big

Second, we find that triple capture mostly popula
double Rydberg series (2,n,n8) or (3,n,n8) ~n8.n, n.4!.
The feature that electrons could be captured into double
dberg states in triple capture at slow ion-atom collisions w
also reported by Martinet al. @8#.

According to the EOB model, three electrons were ca
tured successively. But, as we will see in Sec. III D t
electron-electron correlation might be a very important p
cess in multiple capture. So, except for the three-step pro
in the light of the independent electron model, multielectr
CTE may also be responsible for producing triple-capt
states: first, one electron was captured inN-shell (n54),

TABLE IV. Q values of triple electron capture for the N711Ne
collision.

Configurations Q ~eV!

2,2,3 220.6085
2,2,4 200.3199
2,2,5 191.6527
2,2,6 187.2106
2,2,7 184.5219
2,2,8 182.8655
2,2,9 181.6835
2,3,3 142.2106
2,3,4 119.4353
2,3,5 110.5012
2,3,6 105.4136
2,4,4 94.8251
2,4,5 84.6748
2,4,6 79.4993
2,5,5 74.1609
2,5,6 68.3116
2,6,6 62.6528
3,3,3 55.0515
3,3,4 31.5700
3,3,5 21.8232
3,3,6 16.9977
3,3,7 13.8513
3,4,4 4.3506
3,4,5 26.9235
3,4,6 211.6621
5-5
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HUALIN ZHANG et al. PHYSICAL REVIEW A 64 012715
then it was excited to theL-shell (n52) or M-shell (n
53), while the second and third electron were simul
neously captured into Rydberg statesn andn8.

In addition, from the experiment, we obtain the ratios
C3/SC and C3/DC, which are 0.18 and 0.26, respectiv
They are smaller than the ratios obtained by EOB~0.31,
0.44! and by SE~0.29, 0.60!. As discussed in the next sec
tion, we think that both EOB and SE models may overe
mate the C3 process.

D. Quadruple-electron capture „C4…

We have separated quadruple-electron capture from o
stronger processes by using the coincidence technique. S
lar to triple-electron capture, we also have a complete se
data for quadruple-electron capture: They are true quadru
electron capture~C4/A0!, quadruple capture followed b
one-electron autoionization~C4A1!, quadruple capture fol-
lowed by two-electron autoionization~C4A2!, and quadruple
capture followed by three-electron autoionization~C4A3!.
We giveQ-value spectra~Fig. 7! and relative intensities~Fig.
8! according to how many electrons were autoionized a
capturing four electrons by the projectile15N71. TheQ val-
ues of different configurations of Fig. 7 are given in Table

From theQ-value spectra~Fig. 7!, we again find a very
similar feature as that observed in the triple capture. T
group of double-electron stabilization~C4A2! is the stron-
gest one in all four groups. It shows that, in our case, one
two-electron de-excitation after quadruple-electron capt
may cause other two electrons populated on the highen
shells to be ionized. Like the triple capture, two electrons
likely to be stabilized. We also have found that the dou

FIG. 7. Measured quadruple-captureQ-value spectra for the
15N71-Ne system. Different configurations and correspondingQ
values are given in Table V.
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Rydberg series of (2,2,n,n8) (n,n8@2) and (2,3,n,n8)
(n,n8@3) are formed whichever decay path is taken af
four-electron capture. Those features are very similar to
findings obtained in triple electron capture.

Comparing with triple electron capture, we have fou
that the quadruple capture is stronger than triple capt
(C4/C3)51.33. The ratio is much greater than SE~0.66! and
EOB ~0.13!. This result implies that the multiple electron
are very likely to be captured in a group, unlike as describ
by the EOB model, they were captured successively.

According to the N. Selberg, C. Biedermann, and H. Ce
erquist, semiempirical~SE! scaling laws@12#, we have cal-
culated the ratios of between removing two, three and fo
and one electron, which are shown in Table VI, along w
calculation by EOB. Our measured ratios are also given
Table VI. A qualitatively good agreement has been obser

FIG. 8. Measured branching ratios of different subprocesses
ter quadruple-electron capture for the15N711Ne system.

TABLE V. Q values of quadruple electron capture for th
N711Ne collision.

Configurations Q ~eV!

2;2;2;2 274.7038
2;2;2;3 225.0508
2;2;2;4 210.5705
2;2;2;5 204.4368
2;2;2;6 201.7131
2;2;3;3 157.9082
2;2;3;4 140.7303
2;2;4;4 123.6844
2;2;5;5 107.8659
2;3;3;3 81.1171
2;4;4;4 21.2563
3;3;3;3 20.1588
3;3;4;4 241.6776
4;4;4;4 297.4598
5-6
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between our measurement and theoretical data. It seems
SE overestimates C3 and underestimates C4, since we k
using SE to estimate SC is not very appropriate, and bec
at our collision energy, direct single ionization might be
some importance. Therefore, we can only conclude that C
very likely to be overestimated by SE. The calculation
EOB also gives a smaller value on~C4/SC!, and a larger
value on ~C3/SC! than our experimental data, but a goo
agreement on~DC/SC!. So, EOB also overestimates C3 a
underestimates C4. The difference between our experime
data and EOB may be due to the fact that EOB is an in
pendent electron model: This model has not conside
electron-electron correlation, in other words, it ignores
possibility of capturing simultaneously two or more electro
at the same inter-nuclear distance. Of course, the o
simplified description implied in the EOB model could al
contribute to the deviation of the prediction from experime
tal results. In order to explore electron-electron correlation
multiple-electron capture, a further theoretical calculat
other than the independent electron model, as well as m
sophisticated experiments, are required.

E. Quintuple-electron capture „C5…

For quintuple-electron capture, we only have three p
cesses, which are quintuple-electron capture followed
three-electron autoionization~C5A3!, quintuple-electron
capture followed by two-electron autoionization~C5A2!, and
quintuple-electron capture followed by one-electron autoi
ization ~C5A1!. We giveQ-value spectra and populated co
figurations for these processes in Fig. 9. The correspon
Q values of configurations in Fig. 9 are given in Table V

From these limited spectra, we find a similar feature
that observed in triple and quadruple capture: two-elect
stabilization is easier than three- and four-electron stabil
tion. The feature that two electrons are most likely to
stabilized has been shown by this experiment through th
to five-electron capture processes. We think the main rea
is that, one or two, even three electrons, populate on
Rydberg states after capturing multiple electrons, these
dberg states could be easily ionized through the de-excita
of one or two electrons.

IV. CONCLUSION

In conclusion, experimental relative cross sections
single-, double-, and multiple-electron capture fro
15N711Ne system at 108 keV have been obtained. T
single-electron capture results show that an electron coul

TABLE VI. Branching ratios between multiple and single ca
ture for 105 keV15N711Ne collision.

DC/SC C3/SC C4/SC

SEa 0.49 0.29 0.19
EOBb 0.71 0.31 0.04
This work 0.6960.28 0.1860.07 0.2460.09

aSemiempirical.
bExtended over the barrier model.
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FIG. 9. Measured quintuple-captureQ-value spectra for the
15N71-Ne system. Different configurations and correspondingQ
values are given in Table VII.

TABLE VII. Q values of quintuple electron capture for th
N711Ne collision.

Configurations Q ~eV!

2,2,2,2,2 206.5169
2,2,2,2,3 170.5886
2,2,2,2,4 158.9355
2,2,2,2,5 154.7074
2,2,2,2,6 142.4282
2,2,2,2,7 141.2432
2,2,2,3,3 108,2600
2,2,2,4,4 85,9526
2,2,2,5,5 76,0680
2,2,2,6,6 70,8195
2,2,3,3,3 55.8681
2,2,3,3,4 46.3137
2,2,3,3,5 41.0713
2,2,3,3,6 38.6518
2,2,3,3,7 37.3184
2,2,3,3,8 33.6546
2,2,3,4,4 26.5185
2,2,3,4,5 21.9317
2,2,3,5,5 16.2195
2,2,4,4,4 11,5836
2,2,4,4,5 5.5503
2,2,4,4,6 3.9212
2,2,4,4,7 2.3851
2,2,5,5,5 28.3029
2,3,3,3,3 29.0887
5-7
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easily captured into the N shell; M shell and O shell take
next priority. Double capture shows that (3,nl) (n>3) con-
figurations are mostly populated. However, (2,nl) (n>2)
have the largest stabilization ratio. Triple-, quadruple-, a
quintuple-electron capture show that electrons can popu
double Rydberg states and prefer to be doubly stabilized
ter multiple-electron capture. The result that the quadru
capture is stronger than triple capture, which is differe
from the prediction of the independent electron model, i
plies that multiple capture may have strong electron-elec
ai

t,
e,

ea

T.

s
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correlation. The over-the-barrier model could still be used
describe multiple-capture processes, however, due to the
that it ignores the electron-electron correlation and overs
plifies the electron-transfer processes, it could not give p
cise description for multiple capture.
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