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Multiple-electron capture processes in 70-keV15N711Ar collisions: A triple-coincidence study

E. D. Emmons, A. A. Hasan, and R. Ali
Department of Physics, University of Nevada, Reno, Nevada 89557-0058

~Received 11 May 1999; revised manuscript received 19 July 1999!

Double- through quintuple-electron capture processes in the 70-keV15N711Ar collision system have been
investigated by means of time-of-flight triple-coincidence measurements of Auger electrons, scattered projec-
tile, and target recoil ions. Subpartial Auger-electron spectra corresponding to specific pairs of final projectile
and recoil-ion charge states have been obtained and discussed within the framework of the extended classical
overbarrier model@A. Niehaus, J. Phys. B19, 2925 ~1986!#. By allowing for target excitation, the model
accounts reasonably well for the observed initial populations. Possible relaxation pathways of the populated
multiply excited configurations have been identified. Measurements of this type allow a deeper understanding
of the production and relaxation pathways of these configurations.@S1050-2947~99!06112-0#

PACS number~s!: 34.70.1e, 34.50.Fa
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I. INTRODUCTION

When a slow highly charged ion collides with a man
electron neutral gas target, many electrons can play a ro
the resulting processes. The dominant process is the tra
of electrons from the target into excited states of the hig
charged ion. The excited ion must then decay either ra
tively or through the process of autoionization~if two or
more electrons are captured! or through some combination o
both processes. Single- and double-electron capture
cesses in such collisions are fairly well understood~see, e.g.,
@1–3# and references therein!, but they still lend themselve
to further investigations using a variety of techniques. In t
respect, the new and powerful technique of cold-tar
recoil-ion momentum spectroscopy~COLTRIMS! @4–8# is
acknowledged for providing new insights into these p
cesses.

Although slow collisions involving more than two activ
electrons, and incident projectile charge statesq>3, have
been investigated for over two decades, our understandin
multi-electron processes is far less than that of one- and t
electron processes. Experimentally, measurements of pro
tile charge-change@9–18#, recoil-ion production@15–17,19#,
and total charge-transfer@15–17# cross sections, as well a
cross sections differential in both recoil and final project
charge states@15–17,20–27# have been reported. In addition
recoil charge state fractions have been measured in co
dence with final projectile charge states@28–31# and in a
singles’ mode@32,33#. A limited number of energy gain
@31,34–40# and angular distribution and differential cro
section@24,34,39,41–45# measurements involving more tha
double-electron capture have been carried out. Visible p
ton emission from Rydberg transitions in collisions of high
charged ions with many-electron targets@40,46–49# has also
been investigated. Finally, Auger-electron spectroscopy
been employed in a singles’ mode@50–52#, in coincidence
with target ions@53–57#, and in time-of-flight~TOF! triple-
coincidence with scattered projectile and target ions@58,59#
to study such collisions.

Theoretically, quantum mechanical or semiclassical tre
ment of collisions involving more than two electrons is pr
hibitively difficult due to the large number of channels i
PRA 601050-2947/99/60~6!/4616~11!/$15.00
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volved. In view of that, the simple classical overbarri
model @60# was extended@61,62# to account for multielec-
tron processes. The extended classical overbarrier~ECB!
model by Niehaus@62# distinguishes between two parts
the collision, the way in and the way out. On the way in
number of target electrons become molecularized at diffe
internuclear separations in order of increasing ionization
tentials. On the way out, the molecularized electrons may
captured by the projectile or recaptured by the target. T
model describes a single collision event by a string~j! whose
elements are either 1 or 0 indicating capture by the projec
or recapture by the target, respectively, and where the p
tions of the elements label the electrons in order of incre
ing ionization potentials. For example, the string (j )
5(011) implies that three electrons are molecularized dur
the collision, out of which the electrons characterized by
second and third ionization potentials are captured by
projectile while the first is recaptured by the target. In th
fashion, the model predicts electron capture to be accom
nied by target excitation whenever initially loosely boun
target electrons are recaptured by the target. The majorit
the above-mentioned experimental measurements have
used to test the predictions of the ECB models@61,62# on
cross sections for the removal of target electrons, ene
gain, angular distribution of scattered projectiles, and Aug
electron spectra. Many of the predictions have been foun
reasonable agreement with the experimental results. Th
models are limited to predicting the capture state distribut
on the projectile and possible simultaneous target excitat
In order to further account for the final collision product
relaxation schemes for the multiply excited states must
invoked. There has been, until recently, a severe lack of
oretical work on the radiative and nonradiative properties
multiply excited states, due in part to the large number
states that need to be taken into account and in part to
lack of experimental data to which the calculations can
directly compared. Therefore, relaxation schemes@15,51,57#
based on simple arguments, such as autoionization to
nearest continuum limits and minimum electron rearran
ment ~two-electron transitions!, have been invoked. During
the last few years, however, there has been increasing t
retical interest in the radiative and nonradiative properties
4616 ©1999 The American Physical Society
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multiply excited states~see, e.g.,@63–68#, and references
therein!. In this respect, the recent investigations of trip
excited lithium states using synchrotron radiation facilit
~see, e.g.,@69–71#, and references therein! are acknowledged
for stimulating additional theoretical interest in the propert
of multiply excited states.

Since autoionization is the main decay mode of multip
excited states, Auger-electron spectroscopy should pro
significant information on these states. While high resolut
Auger-electron spectroscopy in a singles’ mode has play
significant role in understanding two-electron processes~see,
e.g., Ref.@72#, and references therein!, the situation is dras-
tically different when many electrons are involved. The
sulting spectra consist of superpositions of spectra der
from doubly, triply, quadruply, and possibly higher orders
multiply excited states. In the 70-keV15N711Ar collision
system in particular, Auger-electron spectroscopy has b
used in both a singles’ mode by Benoit-Cattinet al. @51# and
in coincidence with recoil ions by de Nijset al. @55#. Benoit-
Cattin et al. @51# stated that even in the simplest case of t
bare projectile ion, non-coincident spectra were difficult
interpret. On the other hand, de Nijset al. @55# obtained par-
tial Auger spectra corresponding to the different target
charge states that are easier to interpret. Their measurem
however, were limited to electron energies less than 100
and the discussion of three- and four-electron processes
rather brief. This article reports TOF triple-coincidence me
surements of Auger electrons, scattered projectile, and ta
recoil ions in the 70-keV15N711Ar collision system. The
measurements provide subpartial Auger-electron spectra
responding to specific final projectile and recoil-ion char
states that are easier to interpret. The spectra are discu
within the framework of the ECB model by Niehaus@62#,
and relaxation pathways of multiply excited configuratio
are discussed.

II. EXPERIMENT

A schematic of the experimental apparatus is shown
Fig. 1. The experiment was carried out at the University
Nevada, Reno, multicharged ion research facility. The15N71

ions were produced by a 14-GHz electron cyclotron re
nance~ECR! ion source@73# and extracted by a 10-kV po
tential. A mass-to-charge analyzing magnet was used
separate the nitrogen ions from other contaminants. The
tope 15N was used to prevent contamination from bare
lium and oxygen ions, which were also produced by the

FIG. 1. A schematic of the experimental setup.
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source. Next, the ions were guided to the interaction reg
where the ion beam crossed a supersonic Ar gas jet at
The Ar jet was about 2 mm wide with an internal pressure
about 0.1 mTorr. Three detectors were used to detect
collision products. First, a small electric field ('10 V/cm!
extracted the Ar recoil ions perpendicular to the incident
beam. They were guided through a time-of-flight~TOF!
spectrometer and were detected by a two-dimensio
position-sensitive microchannel plate detector~2D-PSD!.
The position signals were not processed, however, since
spectrometer was optimized for TOF measurements o
Second, Auger electrons emitted at 90° relative to the in
dent ion beam traveled through another TOF spectrome
located opposite to the recoil-ion spectrometer, and were
tected by a microchannel plate detector. The spectrom
accepted electrons emitted at 90°62.3° with respect to the
incident ion beam direction. The electron spectrometer
magnetically shielded and contains a deceleration grid
sembly that is used to obtain higher resolution electron sp
tra. A TOF spectrometer was used because it cuts down
need for scanning to only a few steps. In this particular
periment two steps were used. The first was with almost
electron deceleration so thatL- andM-Auger electrons could
be analyzed, and the second was with 315 volts of decel
tion so that high-energyK-Auger electrons could be exam
ined in higher resolution. Finally, the highly charged io
beam continued forward after the collision and then entere
region with a transverse electric field. The ions were d
flected differently depending on their charge states. Th
struck another 2D-PSD and were detected. The collis
chamber was differentially pumped in order to maintain hi
ion-beam purity both before entering the chamber and a
leaving it. Pressures of about 431029 and 131028 Torr
were maintained before and after the collision chamber,
spectively, while the collision chamber pressure was ab
131027 Torr during the experiment. Double collisions we
estimated to be less than 0.5%.

The experiment was done in TOF triple-coinciden
mode. The data acquisition system was triggered by the
tection of an electron or a photon. Since the electron dete
views the interaction region, photons with energy higher th
12 eV that are emitted toward the detector will be detect
A fast timing signal derived from the electron detector w
used to start a time-to-digital converter~TDC! which was
stopped by a signal from the projectile detector. The elect
TOF resolution was less than 2 ns and was dominated by
resolution of the detectors and associated electronics.
contributions of the projectile energy gain, and the differen
in acceleration experienced by the different final projec
charge states as they left the recoil-ion extraction field
gion, to the TOF resolution were negligible compared to
electronic resolution. Another TDC was started by a fast s
nal from the projectile detector and stopped by a recoil s
nal. The position signals from the projectile detector we
read by analog-to-digital~ADC! converters. The TOF of the
recoil ions provided their charge states while the impact
sitions on the projectile 2D-PSD provided the final project
charge states. The time and position information were sto
in event mode for further processing. The true trip
coincidence rate was about 0.2 Hz for a primary ion-be
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current of 2.5 pA. The data presented in this paper w
collected in 60 h.

III. RESULTS AND DISCUSSION

Figure 2 is a multiparameter representation of the trip
coincidence measurements. Coincidences between r
ions and Auger electrons or photons are represented by
scatter plot of Fig. 2~a!, while coincidences between proje
tile and recoil ions are represented by that of Fig. 2~b!. Pro-
jections onto the appropriate axes provide the recoil-ion T
spectrum@Fig. 2~c!#, the equivalent of a singles’ Auger
electron spectrum@Fig. 2~d!#, and the final projectile charge
state distribution@Fig. 2~e!#. It is evident that the singles
electron spectrum resulted from processes involving fr
two to five active electrons, and the interpretation of t
spectrum would be a formidable task. However, par
Auger-electron spectra corresponding to the different rec
ion charge states can be obtained by placing appropriate
windows in Fig. 2~a!, and projecting the events within eac
window onto the horizontal axis. These partial spectra
shown in Fig. 3. Examination of Fig. 2~b!, however, shows
that these recoil ions are found in coincidence with projec
ions that changed their charge states by one or two u
This implies that the corresponding partial Auger spectra
still composite spectra, and therefore can be further redu
according to the final projectile charge states. This reduc
will result in subpartial Auger spectra corresponding to s
cific pairs of final projectile and recoil-ion charge states.
figure similar to Fig. 2 can also be made for the higher re
lution K-Auger-electron measurements~not shown here!.

A. Double-electron capture

The partial Auger-electron spectrum in coincidence w
Ar21 recoil ions is shown in Fig. 3. The Auger line identifi
cation was carried out using the Hartree-Fock atomic str
ture code by Cowan@74#. A number of comments are in

FIG. 2. A multiparameter representation of the tripl
coincidence measurements.~a! Coincidences between recoil ion
and Auger electrons or photons.~b! Coincidences between projec
tile and recoil ions.~c! Recoil-ion TOF spectrum.~d! Singles’
Auger-electron/photon spectrum. The labelsK and g indicate
K-Auger electrons and photons, respectively.~e! Final projectile
charge-state distribution.
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order. First, theL- andM-Auger-electron lines are consiste
with the coincidence measurements of de Nijset al. @55#.
The main configurations that are populated in doub
electron capture are~3,3!, ~3,4!, ~3,5!, ~4,4!, and~4,5!, with
some (3,n),n>6. Both measurements reveal significa
populations of the~3,3! and ~3,4! configurations, in contra-
diction with the conclusions of Benoit-Cattinet al. @51# that
these states can be disregarded based on comparisons
Auger-electron spectra obtained in 70-keV N711He, H2
collisions. The reaction windows predicted by the EC
model @62# for double-electron capture are shown in Fig.
for a number of possible strings. It is clear that all the e
perimentally observed projectile doubly excited configu
tions can be accounted for by the model. The reaction w
dow corresponding to the two-electron string (j )5(011)
overlaps the~4,4!, ~4,5!, and (3,n),n>6, configurations, and
that corresponding to the three-electron string (j )5(011)
overlaps the~3,4! and ~3,5! configurations, while the~3,3!
configuration can only be accounted for by a four-electr
string such as (j )5(0011). According to the ECB mode
@62#, the population of the~3,3!, ~3,4!, and ~3,5! configura-
tions must then be accompanied by target excitation. de
et al. @55# argued in favor of this interpretation based o
similar comparisons with the model. Recently, Hasanet al.
@75# have obtained direct experimental evidence, by me
of simultaneous Auger-electron and COLTRIMS spect
scopic techniques, for significant target outer-shell excitat
accompanying the population of these configurations in
28-keV 15N711Ar collision system. Their findings are in
support of the predictions of the ECB model@62# regarding
target excitation. Since electron-capture processes in s

FIG. 3. Partial Auger-electron/photon spectra corresponding
the different recoil-ion charge states. The labelsK, L, M, and g
indicateK-, L-, andM-Auger electrons and photons, respective
The other labels in the Ar21 spectrum correspond to the followin
Auger transitions:a: (3,3)→(2); b: (3,4)→(2); c: (3,5)→(2); d:
(4,4)→(2); e: (4,5)→(3).
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multiply charged ion-atom collisions are only weakly velo
ity dependent, we believe that the population of these c
figurations at the present collision energy of 0 keV is a
accompanied by significant target excitation. This is
agreement with the conclusion of de Nijset al. @55#, but
again in disagreement with the conclusion of Benoit-Ca
et al. @51# who argued that target excitation is not importa
Double-electron capture processes therefore cannot be p
erly accounted for, within the framework of the ECB mod
@62#, by two-electron processes. At least four-electron p
cesses, where the target recoil-ion may be left in exc
states depending on which electrons are captured by the
jectile, are needed to properly account for all the obser
doubly excited configurations. Assuming four electrons
molecularized during the collisions, the ECB model@62# pre-
dicts that nearly half the double-electron capture proces
are accompanied by target excitation. The Auger-electron
tensity under the labels ‘‘a, b, and c’’ in the Ar21 partial
spectrum accounts for nearly half the total intensity, in r
sonable agreement with the prediction.

Second, we were able to determine that there are little
no K-Auger electrons coming from double-electron captu
de Nijs et al. @55# could not determine this because they d
not look for electrons in this high-energy range. Beno
Cattin et al. @51# could find electrons in this energy rang
but because of the noncoincident nature of their experim
they could not tell if they came from double-electron captu
or from autoionizing cascades from capture of three or m
electrons. This absence of high-energy electrons is consis
with the general rule that autoionization preferentially occ
to the nearest continuum limits. Third, we note that the p

FIG. 4. Reaction windows predicted by the ECB model@62# for
representative strings~j! ~see the text for explanation! giving rise to
double- through quintuple-electron capture. Other windows tha
in between the shown reaction windows are not shown. Also
cluded are the total projectile binding energies obtained using
Cowan code@74# for various multiply excited configurations in ni
trogen ions.
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tial spectrum in coincidence with Ar21 recoil ions closely
resembles that obtained by Merabetet al. @58# in the
60-keVO711Ar collision system. This indicates that, at lea
in the case of double-electron capture, electron capture
cesses in both systems are dominated by the incoming
jectile charge state, and that the projectile core effect is n
ligible in the case of O71.

Finally, true double-electron capture~TDC! was seen only
in coincidence with photons~spectrum not shown here!, as
expected, since it results from the radiative stabilization
both captured electrons. TDC in15N711 Ar collisions was
studied by Roncinet al. @76,77# at 10.5-keV collision energy
using a coincident energy gain technique. The TDC ene
gain profile was found to consist of a narrow peak while th
corresponding to autoionizing double-electron capt
~ADC! was much broader. The TDC peak matched well w
the population of the~4,4! doubly excited configuration. The
ADC peak was also assumed to be dominantly associ
with the ~4,4! configuration, and they attributed the muc
broader profile to the kinematic broadening caused by a
ionization. The radiative stabilization probability (Prad),
which is the ratio of the TDC intensity to the total doubl
electron capture intensity, was about 40%. This value
much higher than expected, however, since the states bel
ing to the ~4,4! configuration are expected to dominant
autoionize. To explain the highPrad , the initially populated
~4,4! configuration was assumed to undergo a populat
transfer to the quasidegenerate, and highly asymmetric,
dberg series (3,n.9). This population transfer is thought t
be induced by a postcollision interaction mechanism kno
as the autotransfer to Rydberg states~ATR! @77,78#. The
highly asymmetric Rydberg states were believed to hav
large fluorescence yield, thus explaining the highPrad . The
direct observation of photon emission from Rydberg tran
tions following multiple-electron capture collisions@46–48#
further supported the argument that populating highly asy
metric Rydberg states plays an important role in realiz
radiative stabilization of both electrons. Roncinet al. @77#
developed an analytical model for the subsequent deca
the Rydberg states. They found that the ATR mechanism
actually be very efficient, but autoionization of the Rydbe
states is more important than originally assumed. Never
less, they found that radiative stabilization was due to
large fluorescence yield of the high-lying Rydberg Stat
For the 10.5-keV15N711Ar collision system, the mode
Prad was about 20%, a factor of two below the experimen
result. Another improvement came about by incorporat
the postcollisional increase of the angular momentum of
Rydberg electron into the ATR model@79#. It was found that
this increase is fast enough to quench the autoionization
cess, thus increasingPrad , and thatPrad is strongly velocity
dependent. Large averagePrad values, even larger than th
experimental value, have been obtained.

In the present measurements, we cannot distinguish
Rydberg electrons resulting from autoionization of the (3n
.9) configurations from those resulting from the~4,4! con-
figuration due to their substantial energy overlap and to
limited resolution. From a separate measurement of
recoil-ion charge state fractions in coincidence with the fi
projectile charge states at 70 keV, however, we have de
mined a value of 20% forPrad . This value, being smalle
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-
e
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than that reported by Roncinet al. @76,77# at 10.5 keV, is in
general agreement with the velocity dependence ofPrad

@79#. As mentioned earlier, however, Hasanet al. @75# have
obtained direct experimental evidence that the~3,3!, ~3,4!,
and ~3,5! configurations are also populated in the 28-k
15N711 Ar collision system, and that their population
accompanied by significant target excitation. The net ene
gain associated with the population of these configurati
significantly overlaps that associated with the pure popu
tion of the ~4,4! configuration and contributes to the broa
ening of the ADC energy gain profile. Although Hasanet al.
@75# performed their measurements at 28 keV (v'0.27 a.u.!
while Roncinet al. @76,77# at 10.5 keV (v'0.17 a.u.!, the
relative population of the different configurations is not e
pected to change significantly. In fact, the partial Aug
electron spectrum in coincidence with Ar21 recoil ions ob-
tained by Hasanet al. @75# is nearly identical with the one
obtained in our present measurements at 70 keV (v'0.43
a.u.!, and shows little velocity dependence. In our opinion
is impossible to accurately obtain the relative population
the different configurations in the coincident energy g
measurements@76,77#. We therefore believe thatPrad for the
initially populated~4,4! configuration, after undergoing ATR
population transfer, is probably twice as large as the va
reported by Roncinet al. @76,77# for the 10.5-keV collision
energy. A similar conclusion has been reached by de Nijet
al. @55#. This conclusion favors the model which takes in
account the increase of the angular momentum of the R
berg electron@79#.

B. Triple-electron capture

The partial Auger-electron spectrum in coincidence w
Ar31 recoil ions is also shown in Fig. 3. This spectrum
clearly different from that corresponding to Ar21 recoil ions,
with one distinct difference being the presence ofK-Auger
electrons. We will not attempt, however, to analyze t
spectrum since an examination of Fig. 2~b! shows that Ar31

recoil ions are found in coincidence with projectile ions th
changed their charge states by one or two units. This imp
that the Ar31 partial spectrum can be further reduced to su
partial spectra associated with the different final projec
charge states. Subpartial Auger spectra in coincidence
the (Ar31, N61) and (Ar31, N51) ion pairs are shown in
Fig. 5. The reaction windows predicted by the ECB mo
@62# for triple-electron capture are shown in Fig. 4 for
number of possible strings. Assuming only three electr
are molecularized in the collision, triple-electron capture
described by the string (j )5(111) and the model predicts
primary population of the~4,4,4! and (3,4,n354,5) configu-
rations. It is well known that with increasing number of ca
tured electrons the population shifts toward lower-lying le
els on the projectile, and judging from the observed doub
electron capture population we believe that the~4,4,4! is an
unlikely configuration and will therefore be disregarded. F
thermore, all states belonging to the (3,4,n354,5), configu-
rations are energetically allowed to autoionize to the~3,3!
continuum limits and will preferentially do that. We are ig
noring, here, possible population transfer to the (3,3,n@4)
Rydberg series via the ATR mechanism which will be d
cussed later. The~3,3! configuration in turn will autoionize
y
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to then52 continuum limits, thus resulting in the retentio
of only one electron by the projectile. We should therefo
expect to see electrons associated with the (3,4,n354,5)
→(3,3) transitions in the subpartial spectrum correspond
to the (Ar31, N61) ion pair. Indeed, such electrons are o
served in that spectrum and are labeled byf and g. Their
intensity, however, is considerably smaller than what wo
be expected from the ECB model@62#. While the autoioniz-
ing (3,4,n354,5)→(2,n5325) transitions are also pos
sible, the resulting Auger-electron energies are substant
larger than those associated with transitions to the~3,3! con-
tinuum limits. The intensity of these electrons should the
fore be much smaller than those labeledf andg, since auto-
ionization prefers the least change in energy, and w
therefore be disregarded throughout the rest of the dis
sion.

Aside from the K-Auger-electron peak in the (Ar31,
N61) subpartial spectrum, both subpartial spectra are do
nated by electrons associated with the initial population
the (3,3,n35325) triply excited configurations. As show
in Fig. 4, the ECB model@62# predicts significant population
of these configurations only via at least four-electron p
cesses, such as that represented by the string (j )5(0111),
where the target is left in excited states. Clearly, the mo
can successfully account for the observed populated confi
rations; however, the relative intensities are not properly
counted for. The model predicts nearly equal population

FIG. 5. Subpartial Auger-electron/photon spectra in coincide
with the (Ar31, N61) ~top! and (Ar31, N51) ~bottom! ion pairs.
Inset: A moderate resolutionK-Auger-electron spectrum in coinci
dence with the (Ar31, N61) ion pair. The labels correspond to th
following Auger transitions:a: (3,3,3)→(2,3); b: (3,3,4)→(2,4);
c: (3,3,4)→(2,3); d: (3,3,5)→(2,5); e: (3,3,5)→(2,3); f: (3,4,4)
→(3,3); g: (3,4,5)→(3,3); h: (3,3)→(2); x: (2,3)→(1); y:
(2,4)→(1); z: (2,5)→(1). Theelectron TOF ranges, in the mai
spectra, are shown in solid lines for the first autoionization st
and in dashed lines for the second autoionization steps.
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the (3,4,n354,5) and the (3,3,n35325) configurations, the
latter are accompanied by target excitation while the form
are not. This is clearly not the case as can be seen in Fi

Auger electrons resulting from the autoionizing (3,3,n3
5325)→(2,n5325) transitions are common to both su
partial spectra. Whether an event results in the (Ar31, N61)
ion pair or the (Ar31, N51) ion pair is then determined b
the competition between the radiative and autoionization
cay modes of the resulting doubly excited states~see, e.g.,
Ref. @80#, and references therein!. The (Ar31, N51) spec-
trum is therefore a pure spectrum involving one autoioni
tion step only, while the (Ar31, N61) spectrum is still a
composite one resulting from the autoionization of the trip
and subsequent doubly excited configurations. While au
ionization of the (2,n5325) doubly excited configuration
involves the emission ofK-Auger electrons that are we
separated in energy from the autoionization electrons of
triply excited configurations, the~3,3! configuration autoion-
izes with the emission of electrons that overlap those fr
the (3,3,n35325) configurations, thus further complicatin
the analysis of the (Ar31, N61) spectrum.K-Auger electrons
are essentially absent in the (Ar31, N51) spectrum, indicat-
ing thatK-Auger electrons are not emitted in the first au
ionization step which is consistent with the assumption of
dominance of autoionization to the nearest continuum lim
In the first autoionization step, the~3,3,3! configuration au-
toionizes to the~2,3! continuum limits, while the (3,3,n3
54,5) can autoionize to the~2,3! or the (2,n54,5) con-
tinuum limits. It is clear that autoionization of the (3,3,n3
54,5) configurations to the associated (2,n54,5) continuum
limits is more probable than to the~2,3! limits. In autoioniz-
ing to both continuum limits, the (3,3,n354,5) configura-
tions give rise to electrons that overlap in energy. Furth
more, the (3,3,n354,5)→(2,n54,5) transitions give rise to
electrons that overlap those from the (3,3,3)→(2,3) transi-
tions, thus rendering the relative initial populations impo
sible to obtain from the (Ar31, N51) spectrum. Examination
of the inset of Fig. 5, which is a moderate resoluti
K-Auger-electron spectrum obtained in coincidence with
combination (Ar31, N61), reveals that both the~2,4! and
~2,5! configurations have been populated following the fi
autoionization step. However, due to the limited resolut
and statistical precision, we refrain from attempting to obt
the relative initial populations from this spectrum. Instea
we will discuss the radiative and nonradiative properties
the combined (3,3,n354,5), configurations.

We consider first the branching ratios for radiative a
autoionizing decays of the doubly excited daughter sta
Taking the ratio of the Auger line intensities under the lab
c and e in the (Ar31, N61) spectrum to the total intensit
under the same labels in both spectra, one obtains an ave
K-Auger yieldaK'0.5 for the~2,3! doubly excited configu-
ration. Stolterfohtet al. @81# calculated an average Auge
yield aK50.66 for the singlet states belonging to the 2l3l 8
configuration in C41. Applying the scaling laws for radiative
and autoionization rates@82# we obtain the average yiel
aK50.55 for the same 2l3l 8 configuration in N51. This
value is in good agreement with our experimental value c
sidering that in the present case the doubly excited st
resulted from the autoionization of triply excited states a
not directly populated in the collisions, and that there are
r
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restrictions that prevent triplet states from being populat
A similar yield cannot be accurately obtained for the co
bined (2,4) and (2,5) configurations due to the overlap
tween thea, b, d, andh electrons in the (Ar31, N61) spec-
trum, and between thea, b, and d electrons in the (Ar31,
N51) spectrum. We can be certain, however, that it is le
than 0.5.

For similar reasons, accurate branching ratios for autoi
ization of the (3,3,n354,5) configurations to the differen
continuum limits are difficult to obtain. We can, however, t
to estimate approximate ratios. The right-hand shoulde
the electron distribution under the labelsa, b, andd in the
(Ar31, N51) spectrum seems to result from the (3,3,
→(2,3) transitions. If we assume that the actual contribut
of the (3,3,3)→(2,3) transitions is roughly twice the are
under the shoulder, and then subtract that contribution fr
each subpartial spectrum, we obtain the contributions of
other transitions. Equal (3,3,3)→(2,3) contributions can be
assumed for both spectra becauseaK'0.5 for the~2,3! dou-
bly excited daughter configuration. By then taking the ra
of the remaining intensity under the labelsb, d, andh in both
subpartial spectra to the remaining intensity underb, c, d, e,
andh in both spectra, we obtain an autoionization branch
ratio of ' 0.72 for the (3,3,n354,5)→(2,n54,5) transi-
tions. This is to be considered as an approximate upper l
since the electrons associated with the transitionh should not
be counted. This value implies an approximate lower lim
on the branching ratio for the (3,3,n354,5)→(2,3) transi-
tions of '0.28. It is to be stressed here that these appro
mate branching ratios are for the combined (3,3,n354,5)
configurations. Vaeck and Hansen@63# investigated the
properties of some of the triply excited configurations in N41

using the single configuration average~SCA! method. For
the 3s3p4d triply excited states, one can extract autoion
ation branching ratios of'0.29 to the~2,3! continuum limits
and '0.71 to the~2,4! continuum limits. The apparent ex
cellent agreement is probably fortuitous considering
crudeness of our estimates, and that the data reflect the
sible population of a large number of states belonging to
(3,3,n354,5) configurations. We would rather say that o
estimates are in line with their calculations. It is worth me
tioning here that while the absence ofK-Auger electrons in
the (Ar31, N51) spectrum is consistent with the widely use
assumption of the dominance of autoionization to the nea
continuum limits, the data show clear deviations from th
assumption when several other continuum limits are av
able. Figure 6 summarizes our main findings for trip
electron capture in the form of relaxation pathways. T
starting points are what we believe to be the dominant ini
triply excited configurations. Branching ratios and Aug
yields are noted on the figure whenever possible.

The previous discussion did not take into account poss
postcollision interactions leading to the population of trip
excited Rydberg states. In an extension of the ATR mec
nism to triple-electron capture, Roncinet al. @39# argued that
the initially populated~3,4,4! configuration, in the 10.5-keV
15N711 Ar collision system, undergoes population trans
to the (3,3,n@4) Rydberg series. The Rydberg states w
then primarily autoionize to the (2,n@4) continuum limits.
The (2,n@4) configurations are then assumed to dominan
radiatively stabilize. This scenario has been invoked@39# to
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explain the high ratio of the (Ar31, N51) to the (Ar31,
N61) ion pair yields, which was about 1.8. In their analys
they assumed a dominant initial population of the~3,4,4!
configuration. At the present collision energy of 70 keV, a
from a separate measurement of the recoil-ion charge s
fractions in coincidence with the final projectile char
states, we have determined this ratio to be 1.25. It was sh
earlier that the subpartial Auger-electron spectra in coin
dence with both ion pairs in Fig. 5 are dominated by el
trons associated with the initial population of the (3,3,n3
5325) triply excited configurations. It was also shown th
following the first autoionization step, retaining one or tw
electrons is, for the most part, determined by the competi
between the radiative and autoionization decay modes
doubly excited daughter configurations of the form (2,n53
25). It should be stressed here that the (2,n5325) con-
figurations have large average fluorescence yields (>0.45).
Furthermore, like double-electron capture, a significant fr
tion of triple-electron capture is expected to be accompan
by target excitation. The highly probable target excitatio
and the severe limitation on resolution due to kinema
broadening, make it impossible to accurately obtain the r
tive population of the different initial configurations in th
coincident energy gain measurements@39#. In addition, the
measurements of Hasanet al. @75# indicate that, even in the
case of triple-electron capture, the subpartial Auger-elec
spectra show little velocity dependence. We therefore do
expect a significant change in the relative population of
different configurations at 10.5 keV. The conclusion of Ro
cin et al. @39#, that retention of two electrons is mainly due
the initial population of the~3,4,4! configuration followed by
population transfer to the (3,3,n@4) Rydberg series, is
therefore called into question. In fact, if this were the ma
pathway for the retention of two electrons, the (Ar31, N51)
subpartial spectrum in Fig. 5 should contain only one pe
corresponding to the (3,3,n@4)→(2,n@4) transitions.
Clearly, this is not the case. While we do not exclude
ATR scenario as a possible pathway for the retention of
electrons, we do not believe that it is as important as repo
by Roncinet al. @39#. We would like to stress that the dif
ference in interpretation derives from the difference in

FIG. 6. Dominant initial populations and subsequent relaxat
pathway following triple-electron capture.
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identification of the initially populated configurations an
their relative intensities.

C. Quadruple-electron capture

Figure 2~b! shows that Ar41 recoil ions are also found in
coincidence with both N61 and N51 ions, and therefore the
corresponding partial spectrum in Fig. 3 can be further
duced to subpartial spectra. These subpartial spectra
shown in Fig. 7. We note thatK-Auger electrons are now
observed in both spectra, and that the low-energy elec
distributions are nearly similar in both spectra. TheK-Auger-
electron distributions are quite different, however, as can
seen in Fig. 8. TheseK-Auger electrons are clearly the resu
of autoionizing cascades and not from quadruply exci
states. The ECB model@62# predicts that the primary con
figurations initially populated in quadruple-electron captu
are the~3,3,3,3!, ~3,3,3,4!, and ~3,3,4,4! configurations, as
implied by the reaction windows shown in Fig. 4 for some
the possible strings. The two subpartial spectra show
distinct low-energy electron groups in the range 100–200
The more energetic group matches well with the (3,3,3
→(2,3,3) and (3,3,4,4)→(2,3,4) transitions, labeledc and
e, respectively. The less energetic group matches with
(3,3,3,4)→(2,3,4) and (3,3,4,4)→(2,4,4) transitions, la-
beled b and d, respectively. In addition, the (3,3,3,3
→(2,3,3) transitions, labeleda, produce electrons that coul
contribute to both of these groups. The (3,3,4,4)→(3,3,3)
transitions are also possible giving rise to the electrons

n

FIG. 7. Subpartial Auger-electron/photon spectra in coincide
with the (Ar41, N61) ~top! and (Ar41, N51) ~bottom! ion pairs.
The labels correspond to the following Auger transitions:a:
(3,3,3,3)→(2,3,3);b: (3,3,3,4)→(2,3,4);c: (3,3,3,4)→(2,3,3);d:
(3,3,4,4)→(2,4,4); e: (3,3,4,4)→(2,3,4); f: (3,3,4,4)→(3,3,3); g:
(2,3,3)→(2,2); h: (2,3,4)→(2,2); i: (2,4,4)→(2,3); j: (3,3,3)
→(2,3). The electron TOF ranges are shown in solid lines for
first autoionization steps and in dashed lines for the second a
ionization steps.
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beled f. Coster-Kronig-type transitions such as (3,3,3
→(3,3,3) are also possible for some of the initially pop
lated quadruply excited states. Most of these Coster-Kro
electrons have very low energies (,5 eV! and cannot be
detected in our experiment. It should be mentioned, howe
that only a small fraction of the states belonging to the q
druply excited configurations can undergo Coster-Kro
transitions, and therefore such transitions will be dis
garded. The subpartial spectra are further complicated
electrons from the autoionization of the triply excited daug
ter configurations. The transitions labeledg, h, i, andj are the
most important transitions originating in the triply excite
configurations that are consistent with the initially popula
quadruply excited configurations. While the transitionsg and
i, together withf, account for the low-energy electron distr
butions, beyond 230 ns, the transitionsh and j clearly pro-
duce electrons that overlap in energy with those from
initially quadruply excited configurations.

Assuming that our identification of the dominant initi
population of the~3,3,3,3!, ~3,3,3,4!, and ~3,3,4,4! configu-
rations is indeed correct, we should not expect any contr
tion to the low-energy electron distributions from ‘‘thir
generation’’ doubly excited configurations. These configu
tions will either autoionize emitting a high-energyK-Auger
electron or radiatively stabilize in which case no electro
will be emitted. This does not mean, however, thatK-Auger
electrons come only from doubly excited configurations,
may also be produced in the autoionization of triply excit
configurations. In fact, the twoK-Auger electron spectra in
Fig. 8 provide further insights into the relaxation pathwa
The K-Auger electrons corresponding to the (Ar41, N61)
ion pair in Fig. 8 result from only the last step in the aut
ionization cascade starting from the initially populated qu
druply excited configurations. If a triply excited configur

FIG. 8. Moderate resolutionK-Auger-electron spectra in coinci
dence with the (Ar41, N61) ~top! and (Ar41, N51) ~bottom! ion
pairs. The labels correspond to the following Auger transitionsa:
(2,2)→(1); b: (2,3)→(1); c: (2,4)→(1); d: (2,2,3)→(1,2); e:
(2,2,3)→(1,3); f: (2,3,4)→(1,3); g: (2,3,3)→(1,3); h: (2,3,4)
→(1,4).
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tion emitted aK-Auger-electron the event would not belon
to this spectrum. The spectrum is dominated by the (2
→(1) and (2,3)→(1) transitions. There seems to be mu
weaker (2,4)→(1) transitions as well. We should search f
pathways for the production of these (2,n) configurations. It
has already been seen that the triply excited configurat
~2,3,3!, ~2,3,4!, ~2,4,4!, and ~3,3,3! are produced in the firs
autoionization steps. All but~3,3,3! can autoionize to the
~2,2! continuum limits. The~2,2! configuration can therefore
be accessed from all the initially populated quadruply e
cited configurations. Interestingly, Benoit-Cattinet al. @51#
speculated that the~2,2! line should be observed in
quadruple-electron capture and not in triple-electron capt
We can now definitively confirm this, since the~2,2! line
was not seen in coincidence with triple-electron capture.
the other hand, the~2,3! doubly excited configuration can
only be produced from the initial~3,3,4,4! configuration via
the (3,3,4,4)→(2,4,4)→(2,3) and (3,3,4,4)→(3,3,3)
→(2,3) autoionizing cascades. We are ignoring a poss
small contribution from the (3,3,3,4)→(3,3,3)→(2,3) cas-
cade which is initiated by a first step Coster-Kronig tran
tion. The observed~2,3! population therefore constitutes ev
dence for the initial population of, at least, the~3,3,4,4!
configuration since configurations of lesser excitation can
significantly feed the~2,3! configuration. This conclusion is
further supported by the observed electrons under labele in
the subpartial spectra of Fig. 7.

The K-Auger spectrum in coincidence with the (Ar41,
N51) ion pair in Fig. 8 has one distinct group of electron
These electrons could be identified with the (2,3,
→(1,3), (2,3,4)→(1,3), and (2,3,4)→(1,4) transitions, or
with the (2,2,3)→(1,2) transitions. The former transition
are consistent with the initial population of the quadrup
excited configurations discussed earlier, while the latter
quire initial populations of the form (2,n2 ,n3 ,n4) with
n2 ,n3 ,n4>3. Judging from the close similarity of the low
energy electron distributions in the two subpartial spectra
Fig. 7, however, we believe that the initial quadruply excit
configurations giving rise to both spectra are the same for
most part. Furthermore, if indeed the (2,2,3) triply excit
configuration is dominantly responsible for the observ
K-Auger electrons, we should expect to see even more e
trons resulting from the (2,2,3)→(1,3) transitions as will be
clearly shown when discussing quintuple-electron captu
There are a few electrons that can be ascribed to
(2,2,3)→(1,3) transitions; however, their intensity is le
than what would be expected. While we cannot exclude
initial population of the (2,n2 ,n3 ,n4) configurations, we be-
lieve that it is weak, and that a significant fraction of th
observedK-Auger electrons is derived from the initial con
figurations discussed earlier via autoionizing cascades.
previous argument also finds support in the ECB model@62#
predictions. Reasonable values forn2 , n3 , andn4 that are
in line with the observed initial populations for double
triple-, and the majority of quadruple-electron capture res
in configurations that can be only weakly populated acco
ing to the model. For example, the~2,3,3,4! configuration is
nearly completely outside the reaction window correspo
ing to the string (j )5(01111), which is a five-electron
string, as can be seen in Fig. 4. This makes direct popula
of n52 in quadruple-electron capture rather a weak proce
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The previous discussion leads us to tentatively assign a
nificant fraction of the observedK-Auger electrons to the
(2,3,3)→(1,3), (2,3,4)→(1,3), and (2,3,4)→(1,4) transi-
tions. If that is indeed the case, these transitions would
resent significant deviations from the criterion of autoion
ation to the nearest continuum limits. Theoretic
investigations of the radiative and nonradiative properties
the (2,3,3) and (2,3,4) triply excited configurations wou
definitely help elucidate this issue. Answers may also
found by simultaneously measuring theQ value of these col-
lisions.

As a final remark we note that, at variance with the ca
of triple-electron capture, retention of two electrons by t
projectile following quadruple-electron capture is realiz
following two main pathways. The first involves the radi
tive stabilization of ‘‘third generation’’ doubly excited con
figurations of the form (2,n5224). The second pathwa
involves the filling of aK-shell vacancy in the autoionizatio
process of triply excited daughter configurations of the fo
(2,3,n53,4). Of course, the second pathway involves
emission of aK-Auger electron, and the N51 projectile ion is
left in a singly excited state. Although the ATR mechanis
may lead to the population of Rydberg states, and ind
visible photons from Rydberg electron transitions have b
observed in multiple-electron capture collisions@40,46–49#,
the role played by such states in the retention of two e
trons in this case does not seem to be significant. This c
clusion is justified by the very close similarity of the tw
subpartial spectra in coincidence with the (Ar41, N61) and
(Ar41, N51) ion pairs, and by the success in accounting
their main features starting with the aforementioned ini
populations.

D. Quintuple-electron capture

Electrons were also observed in coincidence with Ar51

recoil ions as can be seen in Fig. 2. The intensity was m
lower than for other recoil-ion charge states, however. T
were found in coincidence with only N51 projectile ions.
Benoit-Cattinet al. @51# stated that they found nothing in th
singles’ electron spectrum concerning quintuple-elect
capture, and de Nijset al. @55# did not discuss these pro
cesses either. For convenience, the partial Auger spectru
coincidence with Ar51 recoil ions is shown again in Fig. 9
together with a higher resolutionK-Auger spectrum. The
ECB model@62# predicts a reaction window for the strin
( j )5(11111) that overlaps the~3,3,3,3,3! quintuply excited
configuration as can be seen in Fig. 4. Low-energy electr
are then expected from the (3,3,3,3,3)→(2,3,3,3)→(2,2,3)
autoionizing cascades. Indeed, these transitions match
with the majority of the low-energy electrons as can be s
in Fig. 9. K-Auger electrons are then expected from t
(2,2,3)→(1,3) and (2,2,3)→(1,2) transitions. Such elec
trons are indeed the dominant ones as can be seen in the
of Fig. 9. The relative intensities of theK-Auger electrons
are consistent with what one would expect. There are slig
more electrons resulting from the (2,2,3)→(1,3) than from
the (2,2,3)→(1,2) transitions. This was not the case
quadruple-electron capture, which further supports our p
vious discussion of quadruple-electron capture. We did
consider other strings or other quintuply excited configu
ig-
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tions since the major features of the low-energy andK-Auger
spectra are accounted for starting with the~3,3,3,3,3! con-
figuration.

IV. SUMMARY

A. Double-electron capture

Double-electron capture mainly populates the (3,n53
25) and (4,n54,5) configurations. The ECB model@62#
accounts for all the observed configurations provided fo
electron strings are used, and the relative intensities of
different configurations are reasonably accounted for. T
population of the (3,n5325) configurations is accompa
nied by significant target excitation in support of the pred
tions of the ECB model. NoK-Auger electrons have bee
observed following double-electron capture. There is
strong reason to believe thatPrad for the (3,n.9) Rydberg
series at a given collision energy, following population tran
fer from the~4,4! configuration via the ATR mechanism, i
larger than reported in the literature at that energy~see, e.g.,
@76,77#!. This is in favor of the ATR model that takes int
account the increase of the angular momentum of the R
berg electron@79#.

B. Triple-electron capture

Triple-electron capture is found to mainly populate t
(3,3,n5325) and (3,4,n54,5) configurations. The forme
are believed to be accompanied by target excitation. Th
configurations can be accounted for by the ECB model,
the relative intensities are not well accounted for. N
K-Auger electrons are found in coincidence with the (Ar31,
N51) ion pair, indicating that they are not emitted in the fir
autoionization step. It is found that retention of one or tw
electrons by the projectile is mainly determined by the co
petition between the radiative and autoionization dec
modes of doubly excited daughter configurations of the fo
(2,n5325). These configurations are found to have lar

FIG. 9. A partial Auger-electron/photon spectrum in coinc
dence with the (Ar51, N51) ion pair. Inset: A moderate resolutio
K-Auger-electron spectrum in coincidence with the same ion p
The labels correspond to the following Auger transitions:a:
(3,3,3,3,3)→(2,3,3,3);b: (2,3,3,3)→(2,2,3);x: (2,2,3)→(1,2); y:
(2,2,3)→(1,3). The electron TOF ranges, in the main spectrum,
shown in solid lines for the first autoionization steps and in das
lines for the second autoionization steps.
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average fluorescence yields. The role played by the A
mechanism in retaining two electrons is not found to be
important as reported by Roncinel al. @39#. Clear deviations
from the criterion of autoionization to the nearest continu
limits have been observed for the (3,3,n54,5) configura-
tions. Their combined autoionization branching ratio to t
(2,n54,5) continuum limits is about 0.72 while that to th
(2,3) limits is about 0.28.

C. Quadruple-electron capture

Quadruple-electron capture mainly populates
(3,3,3,n53,4) and ~3,3,4,4! configurations, in agreemen
with the predictions of the ECB model.K-Auger electrons
are found in coincidence with both the (Ar41, N61) and the
(Ar41, N51) ion pairs. Retention of two electrons by th
projectile is realized following two main pathways; by th
radiative stabilization of ‘‘third generation’’ doubly excite
configurations of the form (2,n5224), and by the filling of
a K-shell vacancy in the autoionization process of triply e
cited daughter configurations of the form (2,3,n53,4). The
latter pathway represents significant deviations from the
terion of autoionization to the nearest continuum limits, a
calls for theoretical investigations of the radiative and no
radiative properties of the (2,3,n53,4) configurations.

D. Quintuple-electron capture

Quintuple-electron capture dominantly populates
~3,3,3,3,3! configuration, in agreement with the prediction
the ECB model. It results in the retention of only two ele
trons by the projectile. The majority of the low-energy a
K-Auger electrons can indeed be traced to this initial c
figuration.

V. CONCLUSIONS

We have presented triple-coincidence measurement
Auger electrons, scattered projectile, and target recoil ion
li
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s

e

e

-

i-
d
-

e

-

-

of
in

the 70-keV15N711 Ar collision system. The measuremen
provided subpartial Auger-electron spectra correspondin
specific pairs of final projectile and recoil-ion charge stat
The spectra were discussed within the framework of the
tended classical overbarrier model by Niehaus@62#. The
model accounted reasonably well for the initial populatio
for double- through quintuple-electron capture, assuming
multaneous target excitation in many cases. Relaxation p
ways for the multiply excited configurations have been s
gested with the aid of the experimental data and sim
arguments. For this collision system,K-Auger electrons are
generally emitted in the second or third step of an autoi
izing cascade and not in the first step. Deviations from
widely adopted criterion of autoionization to the nearest c
tinuum limits have been observed. In some cases, it
possible to estimate Auger yields and branching ratios
autoionization to different continuum limits. The ATR
mechanism plays an important role in the stabilization
both electrons following double-electron capture into t
~4,4! configuration. It does not seem, however, to be as
portant in triple- through quintuple-electron capture pr
cesses. Further theoretical investigations of the radiative
nonradiative properties of multiply excited states are clea
needed if some of the experimental observations are to
better understood.

Note added in proof. Since the submission of this article
another coincident Auger-electron spectroscopy study of
same collision system studied in this work, using a techniq
similar to that used in@53–57#, has been reported b
Moretto-Capelleet al. @83#.
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