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Multiple-electron capture processes in 70-keV°N’* + Ar collisions: A triple-coincidence study
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Double- through quintuple-electron capture processes in the 70tRé% + Ar 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 mode[A. Niehaus, J. Phys. B9, 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 configuratj@i1€050-29479)06112-0

PACS numbd(s): 34.70+e, 34.50.Fa

I. INTRODUCTION volved. In view of that, the simple classical overbarrier
model [60] was extended61,62 to account for multielec-
When a slow highly charged ion collides with a many-tron processes. The extended classical overbatE€&B)

electron neutral gas target, many electrons can play a role imodel by Niehaug62] distinguishes between two parts in
the resulting processes. The dominant process is the transftite collision, the way in and the way out. On the way in, a
of electrons from the target into excited states of the highlynumber of target electrons become molecularized at different
charged ion. The excited ion must then decay either radianternuclear separations in order of increasing ionization po-
tively or through the process of autoionizatidifi two or  tentials. On the way out, the molecularized electrons may be
more electrons are captupear through some combination of captured by the projectile or recaptured by the target. The
both processes. Single- and double-electron capture pranodel describes a single collision event by a stfjngvhose
cesses in such collisions are fairly well understéeee, e.g., elements are either 1 or 0 indicating capture by the projectile
[1-3] and references thergjnbut they still lend themselves or recapture by the target, respectively, and where the posi-
to further investigations using a variety of techniques. In thistions of the elements label the electrons in order of increas-
respect, the new and powerful technique of cold-targeing ionization potentials. For example, the string) (

recoil-ion momentum spectroscogZOLTRIMS) [4-§] is =(011) implies that three electrons are molecularized during
acknowledged for providing new insights into these pro-the collision, out of which the electrons characterized by the
cesses. second and third ionization potentials are captured by the

Although slow collisions involving more than two active projectile while the first is recaptured by the target. In this
electrons, and incident projectile charge stajes3, have fashion, the model predicts electron capture to be accompa-
been investigated for over two decades, our understanding ofied by target excitation whenever initially loosely bound
multi-electron processes is far less than that of one- and twdarget electrons are recaptured by the target. The majority of
electron processes. Experimentally, measurements of projethie above-mentioned experimental measurements have been
tile charge-changE9—18, recoil-ion productiod15-17,19,  used to test the predictions of the ECB mode4,62 on
and total charge-transf¢i5—17 cross sections, as well as cross sections for the removal of target electrons, energy
cross sections differential in both recoil and final projectilegain, angular distribution of scattered projectiles, and Auger-
charge statelsl5—-17,20—2Fhave been reported. In addition, electron spectra. Many of the predictions have been found in
recoil charge state fractions have been measured in coincieasonable agreement with the experimental results. These
dence with final projectile charge statg28—31 and in a models are limited to predicting the capture state distribution
singles’ mode[32,33. A limited number of energy gain on the projectile and possible simultaneous target excitation.
[31,34-4Q and angular distribution and differential cross In order to further account for the final collision products,
section[24,34,39,41—-4pmeasurements involving more than relaxation schemes for the multiply excited states must be
double-electron capture have been carried out. Visible phanvoked. There has been, until recently, a severe lack of the-
ton emission from Rydberg transitions in collisions of highly oretical work on the radiative and nonradiative properties of
charged ions with many-electron targpd®,46—49 has also  multiply excited states, due in part to the large number of
been investigated. Finally, Auger-electron spectroscopy hastates that need to be taken into account and in part to the
been employed in a singles’ mo@®0-52, in coincidence lack of experimental data to which the calculations can be
with target iong53-57, and in time-of-flight(TOF) triple-  directly compared. Therefore, relaxation scheffiés51,57
coincidence with scattered projectile and target iB&59  based on simple arguments, such as autoionization to the
to study such collisions. nearest continuum limits and minimum electron rearrange-

Theoretically, quantum mechanical or semiclassical treatment (two-electron transitions have been invoked. During
ment of collisions involving more than two electrons is pro-the last few years, however, there has been increasing theo-
hibitively difficult due to the large number of channels in- retical interest in the radiative and nonradiative properties of
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B Gas Reservoir source. Next, the ions were guided to the interaction region
N where the ion beam crossed a supersonic Ar gas jet at 90°.
The Ar jet was about 2 mm wide with an internal pressure of
about 0.1 mTorr. Three detectors were used to detect the
collision products. First, a small electric field=(LO V/cm)
extracted the Ar recoil ions perpendicular to the incident ion
beam. They were guided through a time-of-fligfitOF)
spectrometer and were detected by a two-dimensional
position-sensitive microchannel plate deteci@D-PSD.
The position signals were not processed, however, since the

Projectile Detector Recoil Detector spectrometer was optimized_ for TOF measgrements (_)nly.
Second, Auger electrons emitted at 90° relative to the inci-
FIG. 1. A schematic of the experimental setup. dent ion beam traveled through another TOF spectrometer,

located opposite to the recoil-ion spectrometer, and were de-
multiply excited stategsee, e.g.[63-68, and references tected by a microchannel plate detector. The spectrometer
therein. In this respect, the recent investigations of triply accepted electrons emitted at 962.3° with respect to the
excited lithium states using synchrotron radiation facilitiesincident ion beam direction. The electron spectrometer is
(see, e.9.[69-71], and references thergiare acknowledged magnetically shielded and contains a deceleration grid as-
for sﬂm_ulatmg _addltlonal theoretical interest in the propert|essemb|y that is used to obtain higher resolution electron spec-
of multiply excited states. o i d g oy " A TOF spectrometer was used because it cuts down the

Since autoionization is the main decay mode of multiply \oe for scanning to only a few steps. In this particular ex-

excited states, Auger-electron spectroscopy should provid eriment two steps were used. The first was with almost no

i\'gng'ﬁgg tcltr:g?qrr:aet;gtrsoc;rééhesi(ne zti'gﬁsievs\/,hrlrl]%gég;lgsescl);uté% electron deceleration so thiat andM-Auger electrons could
9 P Py 9 Played Se analyzed, and the second was with 315 volts of decelera-

significant role in understanding two-electron procegses, .
e.g., Ref[72], and references thergjrthe situation is dras- fuon S0 th_at hlgh-energ}(-Auger electrons_ could be exam-
ined in higher resolution. Finally, the highly charged ion

tically different when many electrons are involved. The re- - .
sulting spectra consist of superpositions of spectra derive@eam continued forward after the collision and then entered a

from doubly, triply, quadruply, and possibly higher orders of "€9ion w!th a transverse glectrlc f|el_d. The ions were de-
multiply excited states. In the 70-ke¥®N’* + Ar collision ~ flected differently depending on their charge states. They
System in particu|ar’ Auger-electron Spectroscopy has bee?{ruck another 2D-PSD and were detected. The CO||ISIOI”I
used in both a singles’ mode by Benoit-Catinal.[51] and ~ chamber was differentially pumped in order to maintain high
in coincidence with recoil ions by de Nigt al.[55]. Benoit-  ion-beam purity both before entering the chamber and after
Cattinet al. [51] stated that even in the simplest case of thisleaving it. Pressures of about«.0 ° and 1x10° Torr
bare projectile ion, non-coincident spectra were difficult towere maintained before and after the collision chamber, re-
interpret. On the other hand, de N@gs al.[55] obtained par-  spectively, while the collision chamber pressure was about
tial Auger spectra corresponding to the different target ionl X 10"’ Torr during the experiment. Double collisions were
charge states that are easier to interpret. Their measuremergstimated to be less than 0.5%.
however, were limited to electron energies less than 100 eV, The experiment was done in TOF triple-coincidence
and the discussion of three- and four-electron processes wagode. The data acquisition system was triggered by the de-
rather brief. This article reports TOF triple-coincidence mea-ection of an electron or a photon. Since the electron detector
surements of Auger electrons, scattered projectile, and targ¥tews the interaction region, photons with energy higher than
recoil ions in the 70-keV*>N’" + Ar collision system. The 12 eV that are emitted toward the detector will be detected.
measurements provide subpartial Auger-electron spectra cof fast timing signal derived from the electron detector was
responding to specific final projectile and recoil-ion chargeused to start a time-to-digital convert€fDC) which was
states that are easier to interpret. The spectra are discussgi@pped by a signal from the projectile detector. The electron
within the framework of the ECB model by Nieha{2], TOF resolution was less than 2 ns and was dominated by the
and relaxation pathways of multiply excited configurationsl’eSO|uti0n of the detectors and associated electronics. The
are discussed. contributions of the projectile energy gain, and the difference
in acceleration experienced by the different final projectile
Il. EXPERIMENT charge states as they left the recoil-ion extraction field re-
gion, to the TOF resolution were negligible compared to the
A schematic of the experimental apparatus is shown irelectronic resolution. Another TDC was started by a fast sig-
Fig. 1. The experiment was carried out at the University ofnal from the projectile detector and stopped by a recoil sig-
Nevada, Reno, multicharged ion research facility. #’*  nal. The position signals from the projectile detector were
ions were produced by a 14-GHz electron cyclotron resoread by analog-to-digita]ADC) converters. The TOF of the
nance(ECR) ion source[73] and extracted by a 10-kV po- recoil ions provided their charge states while the impact po-
tential. A mass-to-charge analyzing magnet was used tsitions on the projectile 2D-PSD provided the final projectile
separate the nitrogen ions from other contaminants. The is@harge states. The time and position information were stored
tope 1N was used to prevent contamination from bare hein event mode for further processing. The true triple-
lium and oxygen ions, which were also produced by the iorcoincidence rate was about 0.2 Hz for a primary ion-beam
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FIG. 2. A multiparameter representation of the triple-
coincidence measuremeni®) Coincidences between recoil ions
and Auger electrons or photond) Coincidences between projec-
tile and recoil ions.(c) Recoil-ion TOF spectrum(d) Singles’
Auger-electron/photon spectrum. The labéds and y indicate

K-Auger electrons and photons, respectively). Final projectile 0 200 400 600
charge-state distribution. Electron and photon TOF (ns)

FIG. 3. Partial Auger-electron/photon spectra corresponding to
different recoil-ion charge states. The labKlsL, M, and y
indicateK-, L-, and M-Auger electrons and photons, respectively.
The other labels in the Af spectrum correspond to the following
Ill. RESULTS AND DISCUSSION Auger transitionsa: (3,3)—(2); b: (3,4)—(2); ¢ (3,5)—(2); d:

. . ) ) . (4,4)—(2); e (4,5—(3).
Figure 2 is a multiparameter representation of the triple-

coincidence measurements. Coincidences between recaill . . .

ions and Auger electrons or photons are represented by tm{der. F'rSt'_thE_L' andM-Auger-electron lines are consistent
scatter plot of Fig. @), while coincidences between projec- with the_commd_ence measurements of de Nﬂ%‘.l‘ [55].

tile and recoil ions are represented by that of Figp)2Pro- The main configurations that are populated in d_ouble—
jections onto the appropriate axes provide the recoil-ion TO'@Iectron capture are8,3), (3,4), (3,9, (4.4, and(4,5),_ W'.t.h
spectrum([Fig. 2(c)], the equivalent of a singles’ Auger- some (_3n),n>6. Both measurements r_eveal_ significant
electron spectrurfFig. 2(d)], and the final projectile charge- populations of the(3,3) and 34 configurations, in contra-
state distribution[Fig. 2(€)]. It is evident that the singles’ diction with the conclusions of Benoit-Cattgt al. [S1] that
electron spectrum resulted from processes involving frorrjfhese states can be dlsregarded l_Jased on comparisons with
two to five active electrons, and the interpretation of the/*Uger-électron spectra obtained in 70-keV'N-He, Hp
spectrum would be a formidable task. However, partiaiCOllisions. The reaction windows predicted by the ECB
Auger-electron spectra corresponding to the different recoilmode! [62] for doubleielectro.n capture are shown in Fig. 4
ion charge states can be obtained by placing appropriate 2{9" & number of possible s}rmgs. It is clear t'hat all the ex-
windows in Fig. 2a), and projecting the events within each Perimentally observed projectile doubly excited configura-
window onto the horizontal axis. These partial spectra ardlonS can be accounted for by the model. The reaction win-
shown in Fig. 3. Examination of Fig.(8), however, shows dow corresponding to the two-electron string) (011)
that these recoil ions are found in coincidence with projectile®Veriaps the4,4), (4,5), and (3n),n=6, configurations, and
ions that changed their charge states by one or two unitdhat corresponding to the three-electron string=((011)
This implies that the corresponding partial Auger spectra ar@Veriaps the(3,4 and (3,5 configurations, while the3,3)

still composite spectra, and therefore can be further reducegPnfiguration can only be accounted for by a four-electron
according to the final projectile charge states. This reductioftring such as j0=(0011). According to the ECB model
will result in subpartial Auger spectra corresponding to spel62]; the population of thé3,3), (3,4), and (3,5 configura-
cific pairs of final projectile and recoil-ion charge states. Ations must then be accompanied by target excitation. de Nijs
figure similar to Fig. 2 can also be made for the higher reso®t @l- [55] argued in favor of this interpretation based on

lution K-Auger-electron measuremer(tsot shown here similar compar_isons yvith the m(_)del. Rece.ntly, Hasdml.
[75] have obtained direct experimental evidence, by means

of simultaneous Auger-electron and COLTRIMS spectro-
scopic techniques, for significant target outer-shell excitation
The partial Auger-electron spectrum in coincidence withaccompanying the population of these configurations in the
Ar?* recoil ions is shown in Fig. 3. The Auger line identifi- 28-keV °N’* + Ar collision system. Their findings are in
cation was carried out using the Hartree-Fock atomic strucsupport of the predictions of the ECB modéPR] regarding
ture code by Cowari74]. A number of comments are in target excitation. Since electron-capture processes in slow

current of 2.5 pA. The data presented in this paper were
collected in 60 h.

A. Double-electron capture
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150 ™ ouble Capture tial spectrum in coincidence with Af recoil ions closely
Go=(11) resembles that obtained by Merabetal. [58] in the
751 |G2)=(110) 60-keVO' ™ + Ar collision system. This indicates that, at least
& (jg)=(011) in the case of double-electron capture, electron capture pro-
= Ua=(0011) cesses in both systems are dominated by the incoming pro-
Triple Capture jectile charge state, an at the projectile core effect is neg-
= o jectile charge stat d that the projectil ffect g
g : ligible in the case of O'.
8 25r P . Ef';:gm) Finally, true double-electron captuf&DC) was seen only
5 v (j‘z)=(0111) in coincidence with photonéspectrum not shown heyeas
8 o oo Gaot expected, since it results from the radiative stabilization of
3 g a vadhipe waphire both captured electrons. TDC #"N’"+ Ar collisions was
R 4 Gy=(1111) studied by Ronciret al.[76,77] at 10.5-keV collision energy
g 82;:2)1::?; using a coincident energy gain technique. The TDC energy
© ° gain profile was found to consist of a narrow peak while that
= 0 a " corresponding to autoionizing double-electron capture
© uintuple Capture .
[0 —(3,3,3,3,3) : (ADC) was much broader. The TDC peak matched well with
@ o5r ' the population of thé4,4) doubly excited configuration. The
() ADC peak was also assumed to be dominantly associated
wi e (4,4 configuration, an ey attribute e muc
0.0 . . th the (4,4 figurat d they attributed th h
2300 -200 -100 0 broader profile to the kinematic broadening caused by auto-
Projectile binding energy (eV) ionization. The radiative stabilization probabilityP(,q),

which is the ratio of the TDC intensity to the total double-

FIG. 4. Reaction windows predicted by the ECB mddl] for electron capture intensity, was about 40%. This value is
representative string$) (see the text for explanatipgiving rise to  much higher than expected, however, since the states belong-
double- through quintuple-electron capture. Other windows that lieng to the (4,4) configuration are expected to dominantly
in between the shown reaction windows are not shown. Also in-autoionize. To explain the higR,,4, the initially populated
cluded are the total projectile binding energies obtained using the4,4) configuration was assumed to undergo a population
Cowan.code[74] for various multiply excited configurations in ni- - transfer to the quasidegenerate, and highly asymmetric, Ry-
trogen ions. dberg series (8>9). This population transfer is thought to

be induced by a postcollision interaction mechanism known

multiply charged ion-atom collisions are only weakly veloc- as the autotransfer to Rydberg statéslR) [77,78. The
ity dependent, we believe that the population of these conhighly asymmetric Rydberg states were believed to have a
figurations at the present collision energy of 0 keV is alsoarge fluorescence yield, thus explaining the high,y. The
accompanied by significant target excitation. This is indirect observation of photon emission from Rydberg transi-
agreement with the conclusion of de Nig al. [55], but  tions following multiple-electron capture collisiofi46—-48
again in disagreement with the conclusion of Benoit-Cattirfurther supported the argument that populating highly asym-
et al.[51] who argued that target excitation is not important. metric Rydberg states plays an important role in realizing
Double-electron capture processes therefore cannot be profadiative stabilization of both electrons. Ron@nal. [77]
erly accounted for, within the framework of the ECB model developed an analytical model for the subsequent decay of
[62], by two-electron processes. At least four-electron prothe Rydberg states. They found that the ATR mechanism can
cesses, where the target recoil-ion may be left in excited@ctually be very efficient, but autoionization of the Rydberg
states depending on which electrons are captured by the prstates is more important than originally assumed. Neverthe-
jectile, are needed to properly account for all the observedess, they found that radiative stabilization was due to the
doubly excited configurations. Assuming four electrons ardarge fluorescence yield of the high-lying Rydberg States.
molecularized during the collisions, the ECB mofi#] pre-  For the 10.5-keV**N’* +Ar collision system, the model
dicts that nearly half the double-electron capture processds,,q Was about 20%, a factor of two below the experimental
are accompanied by target excitation. The Auger-electron inresult. Another improvement came about by incorporating
tensity under the labels “a, b, and c¢” in the Ar partial  the postcollisional increase of the angular momentum of the
spectrum accounts for nearly half the total intensity, in reaRydberg electron into the ATR modgt9]. It was found that
sonable agreement with the prediction. this increase is fast enough to quench the autoionization pro-

Second, we were able to determine that there are little ogcess, thus increasing, .4, and thatP,,q is strongly velocity
no K-Auger electrons coming from double-electron capturedependent. Large averad®,q values, even larger than the
de Nijset al.[55] could not determine this because they did experimental value, have been obtained.
not look for electrons in this high-energy range. Benoit- In the present measurements, we cannot distinguish the
Cattin et al. [51] could find electrons in this energy range, Rydberg electrons resulting from autoionization of then(3,
but because of the noncoincident nature of their experiment9) configurations from those resulting from tt&4) con-
they could not tell if they came from double-electron capturefiguration due to their substantial energy overlap and to the
or from autoionizing cascades from capture of three or mordéimited resolution. From a separate measurement of the
electrons. This absence of high-energy electrons is consistergcoil-ion charge state fractions in coincidence with the final
with the general rule that autoionization preferentially occursprojectile charge states at 70 keV, however, we have deter-
to the nearest continuum limits. Third, we note that the parmined a value of 20% foP,,4. This value, being smaller
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than that reported by Roncet al.[76,77] at 10.5 keV, is in < Electron energy (eV)

general agreement with the velocity dependencePgfy 200 50 20 10 6

[79]. As mentioned earlier, however, Hasanal. [75] have (Ar3 N6+) X

obtained direct experimental evidence that {B¢3), (3,4, 300 - K ’ z’:n”

and (3,5 configurations are also populated in the 28-keV 50}

N7+ Ar collision system, and that their population is —

accompanied by significant target excitation. The net energy 200 a1 A

gain associated with the population of these configurations b 500_ 400 350
. . . < Electron energy (eV)

significantly overlaps that associated with the pure popula- 100

tion of the (4,4) configuration and contributes to the broad- »

ening of the ADC energy gain profile. Although Hasstral. g 0

[75] performed their measurements at 28 keM~(0.27 a.u) 8 3 . 5+

while Roncinet al. [76,77] at 10.5 keV ¢~0.17 a.u), the i (Ar~ ,N7)

relative population of the different configurations is not ex- 150 1 a1

pected to change significantly. In fact, the partial Auger- %’:‘

electron spectrum in coincidence with %Ar recoil ions ob- 100 c—

tained by Hasaret al. [75] is nearly identical with the one er

obtained in our present measurements at 70 ke @.43 50 1

a.u), and shows little velocity dependence. In our opinion, it

is impossible to accurately obtain the relative population of ol

the different configurations in the coincident energy gain 0 200 400 600

measuremen{y6,77. We therefore believe th#, .4 for the Electron and photon TOF (ns)

initially populated(4,4) configuration, after undergoing ATR _ S
population transfer, is probably twice as large as the value FIG. 5. Subpartial Auger-electron/photon spectra in coincidence
reported by Ronciret al.[76,77] for the 10.5-keV collision ~With the (AP, N°7) (top) and (AP, N°7) (bottom ion pairs.
energy. A similar conclusion has been reached by de élijs Inset: A .moderate#esoflsLithN Auggr -electron spectrum in coinci-
al. [55]. This conclusion favors the model which takes into dence with the (A", N*7) ion pair. The labels correspond to the
account the increase of the angular momentum of the Ry Jollowmg Auger transitionsa: (3,3,3)~(2,3); b: (3,3,4)=(2.4);
berg electror79] C: (3,3,4)-(2,3); d: (3,3,5)~(2,5); & (3,3,5)~(2,3); f: (3.4,4)

- _,(3 3); g (34,5)-(3,3); h: (3,3)=(2); x (2,3)—=(1); y:
(2,4)—(1); z (2,5)—(1). Theelectron TOF ranges, in the main

B. Triple-electron capture spectra, are shown in solid lines for the first autoionization steps

The partial Auger-electron spectrum in coincidence withand in dashed lines for the second autoionization steps.

Ar3* recoil ions is also shown in Fig. 3. This spectrum is
clearly different from that corresponding to#rrecoil ions,  to then=2 continuum limits, thus resulting in the retention
with one distinct difference being the presenceKefuger  of only one electron by the projectile. We should therefore
electrons. We will not attempt, however, to analyze thisexpect to see electrons associated with the §344,5)
spectrum since an examination of Figbpshows that A}* —(3,3) transitions in the subpartial spectrum corresponding
recoil ions are found in coincidence with projectile ions thatto the (AF*, N®*) ion pair. Indeed, such electrons are ob-
changed their charge states by one or two units. This implieserved in that spectrum and are labeledfbtgnd g. Their
that the AP* partial spectrum can be further reduced to sub-intensity, however, is considerably smaller than what would
partial spectra associated with the different final projectilebe expected from the ECB mod&?2]. While the autoioniz-
charge states. Subpartial Auger spectra in coincidence witing (3,4n;=4,5)—(2,nh=3-5) transitions are also pos-
the (A", N®%) and (AP*, N°") ion pairs are shown in sible, the resulting Auger-electron energies are substantially
Fig. 5. The reaction windows predicted by the ECB modellarger than those associated with transitions to(§8 con-
[62] for triple-electron capture are shown in Fig. 4 for atinuum limits. The intensity of these electrons should there-
number of possible strings. Assuming only three electrongore be much smaller than those labefeghd g, since auto-
are molecularized in the collision, triple-electron capture isionization prefers the least change in energy, and will
described by the stringjY=(111) and the model predicts a therefore be disregarded throughout the rest of the discus-
primary population of thé4,4,4 and (3,4n;=4,5) configu-  sion.
rations. It is well known that with increasing number of cap-  Aside from the K-Auger-electron peak in the (Ar,
tured electrons the population shifts toward lower-lying lev-N®") subpartial spectrum, both subpartial spectra are domi-
els on the projectile, and judging from the observed doublenated by electrons associated with the initial population of
electron capture population we believe that 4et,4 is an  the (3,3n;=3—5) triply excited configurations. As shown
unlikely configuration and will therefore be disregarded. Fur-in Fig. 4, the ECB mod€l62] predicts significant population
thermore, all states belonging to the (8£+4,5), configu- of these configurations only via at least four-electron pro-
rations are energetically allowed to autoionize to {Be8)  cesses, such as that represented by the stiijyg (0111),
continuum limits and will preferentially do that. We are ig- where the target is left in excited states. Clearly, the model
noring, here, possible population transfer to the (834) can successfully account for the observed populated configu-
Rydberg series via the ATR mechanism which will be dis-rations; however, the relative intensities are not properly ac-
cussed later. Thé€3,3) configuration in turn will autoionize counted for. The model predicts nearly equal population for
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the (3,4n;=4,5) and the (3,83=3—5) configurations, the restrictions that prevent triplet states from being populated.
latter are accompanied by target excitation while the formeA similar yield cannot be accurately obtained for the com-
are not. This is clearly not the case as can be seen in Fig. bined (2,4) and (2,5) configurations due to the overlap be-
Auger electrons resulting from the autoionizing (833, tween thea, b, d, andh electrons in the (A", N®*) spec-
=3-5)—(2,n=3-5) transitions are common to both sub- trum, and between the, b, andd electrons in the (AY",
partial spectra. Whether an event results in the’{AMN® ™) N°*) spectrum. We can be certain, however, that it is less
ion pair or the (Af*, N°%) ion pair is then determined by than 0.5.
the competition between the radiative and autoionization de- For similar reasons, accurate branching ratios for autoion-
cay modes of the resulting doubly excited stafese, e.g., ization of the (3,313=4,5) configurations to the different
Ref. [80], and references thereginThe (AP, N°") spec-  continuum limits are difficult to obtain. We can, however, try
trum is therefore a pure spectrum involving one autoionizato estimate approximate ratios. The right-hand shoulder of
tion step only, while the (A¥", N°®*) spectrum is still a the electron distribution under the labelsb, andd in the
composite one resulting from the autoionization of the triply(Ar3*, N°") spectrum seems to result from the (3,3,3)
and subsequent doubly excited configurations. While auto--(2,3) transitions. If we assume that the actual contribution
ionization of the (23=3—15) doubly excited configurations of the (3,3,3)~(2,3) transitions is roughly twice the area
involves the emission oK-Auger electrons that are well under the shoulder, and then subtract that contribution from
separated in energy from the autoionization electrons of theach subpartial spectrum, we obtain the contributions of the
triply excited configurations, th€3,3) configuration autoion-  other transitions. Equal (3,3,3)(2,3) contributions can be
izes with the emission of electrons that overlap those fromassumed for both spectra becaage=0.5 for the(2,3) dou-
the (3,3n3=3-5) configurations, thus further complicating bly excited daughter configuration. By then taking the ratio
the analysis of the (&, N®*) spectrumK-Auger electrons  of the remaining intensity under the labélsd, andh in both
are essentially absent in the GAr, N°") spectrum, indicat- subpartial spectra to the remaining intensity unilez, d, e,
ing thatK-Auger electrons are not emitted in the first auto-andh in both spectra, we obtain an autoionization branching
ionization step which is consistent with the assumption of theatio of ~ 0.72 for the (3,3)3=4,5)—(2n=4,5) transi-
dominance of autoionization to the nearest continuum limitstions. This is to be considered as an approximate upper limit
In the first autoionization step, th&,3,3 configuration au- since the electrons associated with the transitishould not
toionizes to the(2,3) continuum limits, while the (3,83  be counted. This value implies an approximate lower limit
=4,5) can autoionize to th€2,3 or the (2n=4,5) con- on the branching ratio for the (3r8=4,5)—(2,3) transi-
tinuum limits. It is clear that autoionization of the (3)3, tions of ~0.28. It is to be stressed here that these approxi-
=4,5) configurations to the associatedn24,5) continuum mate branching ratios are for the combined (13;3;4,5)
limits is more probable than to tH&,3) limits. In autoioniz-  configurations. Vaeck and Hansd63] investigated the
ing to both continuum limits, the (3/8;=4,5) configura- properties of some of the triply excited configurations tH'N
tions give rise to electrons that overlap in energy. Furtherusing the single configuration avera¢®@CA) method. For
more, the (3,313=4,5)—(2,n=4,5) transitions give rise to the 3s3p4d triply excited states, one can extract autoioniz-
electrons that overlap those from the (3,3;3(2,3) transi-  ation branching ratios of 0.29 to the(2,3) continuum limits
tions, thus rendering the relative initial populations impos-and ~0.71 to the(2,4) continuum limits. The apparent ex-
sible to obtain from the (&, N°*) spectrum. Examination cellent agreement is probably fortuitous considering the
of the inset of Fig. 5, which is a moderate resolutioncrudeness of our estimates, and that the data reflect the pos-
K-Auger-electron spectrum obtained in coincidence with thesible population of a large number of states belonging to the
combination (AF*, N°®*), reveals that both th€2,4) and  (3,3n;=4,5) configurations. We would rather say that our
(2,5 configurations have been populated following the firstestimates are in line with their calculations. It is worth men-
autoionization step. However, due to the limited resolutiontioning here that while the absence KfAuger electrons in
and statistical precision, we refrain from attempting to obtainthe (A", N°*) spectrum is consistent with the widely used
the relative initial populations from this spectrum. Instead,assumption of the dominance of autoionization to the nearest
we will discuss the radiative and nonradiative properties otontinuum limits, the data show clear deviations from this
the combined (3,83=4,5), configurations. assumption when several other continuum limits are avail-
We consider first the branching ratios for radiative andable. Figure 6 summarizes our main findings for triple-
autoionizing decays of the doubly excited daughter stateslectron capture in the form of relaxation pathways. The
Taking the ratio of the Auger line intensities under the labelsstarting points are what we believe to be the dominant initial
c ande in the (A", N®") spectrum to the total intensity triply excited configurations. Branching ratios and Auger
under the same labels in both spectra, one obtains an averagelds are noted on the figure whenever possible.
K-Auger yieldayx=~0.5 for the(2,3) doubly excited configu- The previous discussion did not take into account possible
ration. Stolterfohtet al. [81] calculated an average Auger postcollision interactions leading to the population of triply
yield ax=0.66 for the singlet states belonging to the3 excited Rydberg states. In an extension of the ATR mecha-
configuration in ¢*. Applying the scaling laws for radiative nism to triple-electron capture, Rona al.[39] argued that
and autoionization ratef82] we obtain the average yield the initially populated3,4,4 configuration, in the 10.5-keV
ax=0.55 for the same 13|’ configuration in N™. This  '>N’*+ Ar collision system, undergoes population transfer
value is in good agreement with our experimental value conto the (3,3p>4) Rydberg series. The Rydberg states will
sidering that in the present case the doubly excited stateben primarily autoionize to the (2>4) continuum limits.
resulted from the autoionization of triply excited states andThe (2n>4) configurations are then assumed to dominantly
not directly populated in the collisions, and that there are noadiatively stabilize. This scenario has been invokaéd] to
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FIG. 6. Dominant initial populations and subsequent relaxation

pathway following triple-electron capture.

explain the high ratio of the (&F, N°%) to the (AFPT, 0 200 400 600

Né*) ion pair yields, which was about 1.8. In their analysis Electron and photon TOF (ns)

they_ assu_med a dominant 'n't"”_ll _populatlon of 84,9 FIG. 7. Subpartial Auger-electron/photon spectra in coincidence
configuration. At the present collision energy _of 70 keV, andith the (AP*, N®*) (top) and (AF*, N5*) (bottom) ion pairs.
from a separate measurement of the recoil-ion charge staige |abels correspond to the following Auger transitiors:
fractions in coincidence with the final projectile charge (333 3)-(2,3,3);b: (3,3,3,4)-(2,3,4);c: (3,3,3,4)-(2,3,3); d:
states, we have determined this ratio to be 1.25. It was shows 3 4.4)(2,4,4): e (3,3,4,4)~(2,3,4):f: (3,3,4,4)>(3,3,3): 9.
earlier that the subpartial Auger-electron spectra in coinci{2,3,3)-(2,2); h: (2,3,4)-(2,2); i: (2,44)—(2,3): j: (3,3,3)
dence with both ion pairs in Fig. 5 are dominated by elec-—(2,3). The electron TOF ranges are shown in solid lines for the
trons associated with the initial population of the (Bg3, first autoionization steps and in dashed lines for the second auto-
=3-5) triply excited configurations. It was also shown that, ionization steps.

following the first autoionization step, retaining one or two

electrons is, for the most part, det.err_nlngd by the competitioyentification of the initially populated configurations and
between the radiative and autoionization decay modes Qfqir relative intensities.

doubly excited daughter configurations of the formn23
—5). It should be stressed here that then23—5) con-
figurations have large average fluorescence yiet8.45).
Furthermore, like double-electron capture, a significant frac- Figure 2b) shows that At* recoil ions are also found in
tion of triple-electron capture is expected to be accompaniedoincidence with both R* and N°* ions, and therefore the

by target excitation. The highly probable target excitation,corresponding partial spectrum in Fig. 3 can be further re-
and the severe limitation on resolution due to kinematicduced to subpartial spectra. These subpartial spectra are
broadening, make it impossible to accurately obtain the relashown in Fig. 7. We note tha{-Auger electrons are now
tive population of the different initial configurations in the observed in both spectra, and that the low-energy electron
coincident energy gain measuremef@8]. In addition, the distributions are nearly similar in both spectra. Kxduger-
measurements of Hasa al. [75] indicate that, even in the electron distributions are quite different, however, as can be
case of triple-electron capture, the subpartial Auger-electroseen in Fig. 8. Thesk-Auger electrons are clearly the result
spectra show little velocity dependence. We therefore do noef autoionizing cascades and not from quadruply excited
expect a significant change in the relative population of thestates. The ECB mod¢b2] predicts that the primary con-
different configurations at 10.5 keV. The conclusion of Ron-figurations initially populated in quadruple-electron capture
cin et al.[39], that retention of two electrons is mainly due to are the(3,3,3,3, (3,3,3,4, and (3,3,4,4 configurations, as
the initial population of th&3,4,4 configuration followed by implied by the reaction windows shown in Fig. 4 for some of
population transfer to the (318>4) Rydberg series, is the possible strings. The two subpartial spectra show two
therefore called into question. In fact, if this were the maindistinct low-energy electron groups in the range 100—-200 ns.
pathway for the retention of two electrons, the $Ar N°*) The more energetic group matches well with the (3,3,3,4)
subpartial spectrum in Fig. 5 should contain only one peak—(2,3,3) and (3,3,4,4)(2,3,4) transitions, labeled and
corresponding to the (3583>4)—(2n>4) transitions. € respectively. The less energetic group matches with the
Clearly, this is not the case. While we do not exclude the(3,3,3,4)—(2,3,4) and (3,3,4,4»(2,4,4) transitions, la-
ATR scenario as a possible pathway for the retention of twdeled b and d, respectively. In addition, the (3,3,3,3)
electrons, we do not believe that it is as important as reportee-(2,3,3) transitions, labelea produce electrons that could
by Roncinet al. [39]. We would like to stress that the dif- contribute to both of these groups. The (3,3,4:48,3,3)
ference in interpretation derives from the difference in thetransitions are also possible giving rise to the electrons la-

C. Quadruple-electron capture
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40 tion emitted aK-Auger-electron the event would not belong
¢hb (Ar™ N*) to this spectrum. The spectrum is dominated by the (2,2)
30 —(1) and (2,3} (1) transitions. There seems to be much
—a weaker (2,4)- (1) transitions as well. We should search for
20} pathways for the production of these i configurations. It
has already been seen that the triply excited configurations
10l (2,3,3, (2,3,9, (2,4,9, and(3,3,3 are produced in the first
autoionization steps. All bu3,3,3 can autoionize to the
% (2,2 continuum limits. Thg2,2) configuration can therefore
a 0 fm be accessed from all the initially populated quadruply ex-
O30 g— (Ar4+,N5+) cited configurations. Interestingly, Benoit-Catin al. [51]
d,ﬂ{ speculated that the(2,2) line should be observed in
204 quadruple-electron capture and not in triple-electron capture.
e We can now definitively confirm this, since thg,2) line
— was not seen in coincidence with triple-electron capture. On
10 - the other hand, thé2,3) doubly excited configuration can
/\/\/\/\ only be produced from the initigB,3,4,4 configuration via
oLl . / the (3,3,4,4»(2,4,4)—(2,3) and (3,3,4,4-(3,3,3)
500 400 350 —(2,3) autoionizing cascades. We are ignoring a possible
< Electron energy (eV) small contribution from the (3,3,3,4)(3,3,3)—(2,3) cas-

cade which is initiated by a first step Coster-Kronig transi-
tion. The observe(?,3) population therefore constitutes evi-
dence for the initial population of, at least, tti&,3,4,9
configuration since configurations of lesser excitation cannot
significantly feed th&2,3) configuration. This conclusion is
further supported by the observed electrons under laliel
the subpartial spectra of Fig. 7.
beled f. Coster-Kronig-type transitions such as (3,3,3,4) _The K-Auger spectrum in coincidence with the (AT,
—(3,3,3) are also possible for some of the initially popu-N>") ion pair in Fig. 8 has one distinct group of electrons.
lated quadruply excited states. Most of these Coster-Kronighese electrons could be identified with the (2,3,3)
electrons have very low energies<6 eV) and cannot be —(1,3), (2,3,4)>(1,3), and (2,3,4)>(1,4) transitions, or
detected in our experiment. It should be mentioned, howevetyith the (2,2,3}>(1,2) transitions. The former transitions
that only a small fraction of the states belonging to the quaare consistent with the initial population of the quadruply
druply excited configurations can undergo Coster-KronigeXcited configurations discussed earlier, while the latter re-
transitions, and therefore such transitions will be disre-quire initial populations of the form (8;,n3,n,) with
garded. The subpartial spectra are further complicated b§z,ns,n;=3. Judging from the close similarity of the low-
electrons from the autoionization of the triply excited daugh-energy electron distributions in the two subpartial spectra of
ter configurations. The transitions labelgd, i, andj are the ~ Fig. 7, however, we believe that the initial quadruply excited
most important transitions originating in the triply excited configurations giving rise to both spectra are the same for the
configurations that are consistent with the initially populatedmost part. Furthermore, if indeed the (2,2,3) triply excited
quadruply excited configurations. While the transitigrend ~ configuration is dominantly responsible for the observed
i, together withf, account for the low-energy electron distri- K-Auger electrons, we should expect to see even more elec-
butions, beyond 230 ns, the transitionsndj clearly pro-  trons resulting from the (2,2,3}(1,3) transitions as will be
duce electrons that overlap in energy with those from theclearly shown when discussing quintuple-electron capture.
initially quadruply excited configurations. There are a few electrons that can be ascribed to the
Assuming that our identification of the dominant initial (2,2,3)—(1,3) transitions; however, their intensity is less
population of the(3,3,3,3, (3,3,3,4, and(3,3,4,9 configu- than what would be expected. While we cannot exclude the
rations is indeed correct, we should not expect any contributnitial population of the (2),,n3,n4) configurations, we be-
tion to the low-energy electron distributions from “third lieve that it is weak, and that a significant fraction of the
generation” doubly excited configurations. These configura-observedK-Auger electrons is derived from the initial con-
tions will either autoionize emitting a high-enertfyAuger  figurations discussed earlier via autoionizing cascades. The
electron or radiatively stabilize in which case no electronsprevious argument also finds support in the ECB m¢62]
will be emitted. This does not mean, however, tkafuger  predictions. Reasonable values for, nsz, andn, that are
electrons come only from doubly excited configurations, butn line with the observed initial populations for double-,
may also be produced in the autoionization of triply excitedtriple-, and the majority of quadruple-electron capture result
configurations. In fact, the tw&-Auger electron spectra in in configurations that can be only weakly populated accord-
Fig. 8 provide further insights into the relaxation pathways.ing to the model. For example, th#2,3,3,4 configuration is
The K-Auger electrons corresponding to the {Ar N°%) nearly completely outside the reaction window correspond-
ion pair in Fig. 8 result from only the last step in the auto-ing to the string {)=(01111), which is a five-electron
ionization cascade starting from the initially populated qua-string, as can be seen in Fig. 4. This makes direct population
druply excited configurations. If a triply excited configura- of n=2 in quadruple-electron capture rather a weak process.

FIG. 8. Moderate resolutiod-Auger-electron spectra in coinci-
dence with the (At", N®T) (top) and (A*", N°") (bottom ion
pairs. The labels correspond to the following Auger transiti@ns:
(2,2)—(1); b: (2,3)—(1); ¢ (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).



4624 E. D. EMMONS, A. A. HASAN, AND R. ALI PRA 60

The previous discussion leads us to tentatively assign a sig- < Electron energy (eV)
nificant fraction of the observel-Auger electrons to the 120 200 50 20 10 6
(2,3,3)-(1,3), (2,3,4>-(1,3), and (2,3,4)+(1,4) transi- K (Ar5+ N5+) . y

tions. If that is indeed the case, these transitions would rep- ’ o I
resent significant deviations from the criterion of autoioniz- solk 10r

ation to the nearest continuum limits. Theoretical 2

investigations of the radiative and nonradiative properties of 3 a 050 260 30
the (2,3,3) and (2,3,4) triply excited configurations would O 4ol T 1 < Electron energy (V)

definitely help elucidate this issue. Answers may also be ¥ ' b
found by simultaneously measuring tQevalue of these col- n l M!MMN MMM% “” MH !
lisions. Y

. . . 0 200 400 600

As a final remark we note tha}t, at variance with the case Electron and photon TOF (ns)
of triple-electron capture, retention of two electrons by the
projectile following quadruple-electron capture is realized FIG. 9. A partial Auger-electron/photon spectrum in coinci-
following two main pathways. The first involves the radia- dence with the (At", N°*) ion pair. Inset: A moderate resolution
tive stabilization of “third generation” doubly excited con- K-Auger-electron spectrum in coincidence with the same ion pair.
figurations of the form (=2—4). The second pathway The labels correspond to the following Auger transitiorzs:
involves the filling of ak-shell vacancy in the autoionization (3,3,3,3,3)-(2,3,3,3):b: (2,3,3,3)>(2,2,3);x (2,2,3)=(1,2); y:
process of triply excited daughter configurations of the form(2,2,3)—(1,3). The electron TOF ranges, in the main spectrum, are
(2,3n=3,4). Of course, the second pathway involves theshown in solid lines for the first autoionization steps and in dashed
emission of &-Auger electron, and the™ projectile ion is  lines for the second autoionization steps.

may lead to the population of Rydberg states, and indeedpectra are accounted for starting with 33,3,3,3 con-
visible photons from Rydberg electron transitions have beefigyration.

observed in multiple-electron capture collisidd®,46—49,
the role played by such states in the retention of two elec-
trons in this case does not seem to be significant. This con-
clusion is justified by the very close similarity of the two
subpartial spectra in coincidence with the {Ar N®*) and
(Ar**, N°*) jon pairs, and by the success in accounting for
their main features starting with the aforementioned initial Double-electron capture mainly populates thenE33
populations. —5) and (4n=4,5) configurations. The ECB modgb2]
accounts for all the observed configurations provided four-
D. Quintuple-electron capture electron strings are used, and the relative intensities of the
different configurations are reasonably accounted for. The
Ropulation of the (3y=3—-5) configurations is accompa-
nied by significant target excitation in support of the predic-
Yions of the ECB model. Nd<-Auger electrons have been

IV. SUMMARY

A. Double-electron capture

Electrons were also observed in coincidence witR*Ar
recoil ions as can be seen in Fig. 2. The intensity was muc
lower than for other recoil-ion charge states, however. The

were found in coincidence with only N projectile ions. . :
. : D observed following double-electron capture. There is a
Benoit-Cattinet al.[51] stated that they found nothing in the strong reason to believe th4 for the (3n>9) Rydberg

singles’ electron spectrum_concerning quintuple-electronseries at a given collision energy, following population trans-
capture, and de Nijet al. [55] did not discuss these pro- 9 9y, g pop

cesses either. For convenience, the partial Auger spectrum fﬁr from the(4,4) configuration via the ATR mechanism, is
coincidence with A% recoil ions is sphown a gin ioni 9 lérger than reported in the literature at that enelspe, e.g.,

- . ) 9 9- [76,77)). This is in favor of the ATR model that takes into
together with a higher resolutioK-Auger spectrum. The

ECB model[62] predicts a reaction window for the string sgfoﬂé (':[?rirl{;gaease of the angular momentum of the Ryd-
(j)=(11111) that overlaps the,3,3,3,3 quintuply excited 9 '

configuration as can be seen in Fig. 4. Low-energy electrons .

are then expected from the (3,3,3,3:302,3,3,3)~(2,2,3) B. Triple-electron capture

autoionizing cascades. Indeed, these transitions match well Triple-electron capture is found to mainly populate the
with the majority of the low-energy electrons as can be seelf3,3n=3-5) and (3,49=4,5) configurations. The former

in Fig. 9. K-Auger electrons are then expected from theare believed to be accompanied by target excitation. These
(2,2,3)~(1,3) and (2,2,3)+(1,2) transitions. Such elec- configurations can be accounted for by the ECB model, but
trons are indeed the dominant ones as can be seen in the ingle¢ relative intensities are not well accounted for. No
of Fig. 9. The relative intensities of thé-Auger electrons K-Auger electrons are found in coincidence with the {Ar

are consistent with what one would expect. There are slightlN°*) ion pair, indicating that they are not emitted in the first
more electrons resulting from the (2,2;3)1,3) than from autoionization step. It is found that retention of one or two
the (2,2,3}>(1,2) transitions. This was not the case in electrons by the projectile is mainly determined by the com-
qguadruple-electron capture, which further supports our prepetition between the radiative and autoionization decay
vious discussion of quadruple-electron capture. We did nomodes of doubly excited daughter configurations of the form
consider other strings or other quintuply excited configura{2,n=3—-5). These configurations are found to have large



PRA 60 MULTIPLE-ELECTRON CAPTURE PROCESSES IN 70. . 4625

average fluorescence yields. The role played by the ATRhe 70-keV!*N’" + Ar collision system. The measurements
mechanism in retaining two electrons is not found to be agrovided subpartial Auger-electron spectra corresponding to
important as reported by Roncét al. [39]. Clear deviations  specific pairs of final projectile and recoil-ion charge states.
from the criterion of autoionization to the nearest continuumype spectra were discussed within the framework of the ex-
limits have been observed for the ($8;,4,5) configura-  (ended classical overbarrier model by Niehd6€]. The
tions. Their combined autoionization branching ratio t0 they el accounted reasonably well for the initial populations
(2n=4.5) continuum limits is about 0.72 while that to the ¢, 4o hle- through quintuple-electron capture, assuming si-
(2,3) limits is about 0.28. multaneous target excitation in many cases. Relaxation path-
ways for the multiply excited configurations have been sug-
gested with the aid of the experimental data and simple
Quadruple-electron capture mainly populates thearguments. For this collision systeid;Auger electrons are
(3,3,3n=3,4) and (3,3,4,9 configurations, in agreement generally emitted in the second or third step of an autoion-
with the predictions of the ECB modeK-Auger electrons izing cascade and not in the first step. Deviations from the
are found in coincidence with both the (Ar, N®*) and the  widely adopted criterion of autoionization to the nearest con-
(Ar**, N°*) ion pairs. Retention of two electrons by the tinuum limits have been observed. In some cases, it was
projectile is realized following two main pathways; by the possible to estimate Auger yields and branching ratios for
radiative stabilization of “third generation” dOUb'y excited autoionization to different continuum limits. The ATR
configurations of the form (8=2-4), and by the filling of  mechanism plays an important role in the stabilization of
aK-shell vacancy in the autoionization process of triply ex-poth electrons following double-electron capture into the
cited daughter configurations of the form (28,3,4). The (4 4) configuration. It does not seem, however, to be as im-
latter pathway represents significant deviations from the Crci'@ortant in triple- through quintuple-electron capture pro-

terion of autoionization to the nearest continuum limits, anduesses Further theoretical investigations of the radiative and
calls for theoretical investigations of the radiative and non-

C. Quadruple-electron capture

. ) . . nonradiative properties of multiply excited states are clearly
radiative properties of the (2/8=3,4) configurations. needed if some of the experimental observations are to be

better understood.

D. Quintuple-electron capture Note added in proofSince the submission of this article,

Quintuple-electron capture dominantly populates theanother coincident Auger-electron spectroscopy study of the
(3,3,3,3,3 configuration, in agreement with the prediction of same collision system studied in this work, using a technique
the ECB model. It results in the retention of only two elec-similar to that used in[53-57, has been reported by
trons by the projectile. The majority of the low-energy andMoretto-Capelleet al. [83].

K-Auger electrons can indeed be traced to this initial con-

figuration.

V. CONCLUSIONS
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