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Experimental evidence for dielectronic excitation producing NeK vacancies
in 35-keV N’*+Ne collisions
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The method of Auger electron spectroscopy was utilized to measure cross sections for the production of
K-Auger electrons in N* +Ne and N* + Ne collisions at an impact energy of 35 keV. In addition to the
K-Auger electrons from the nitrogen projectile following multiple electron captdréduger electrons of the
Ne target are observed for the systei"N Ne. This observation is attributed to dielectronic excitation,
produced by electron-electron interaction, wheri€-aand anL-shell electron of Ne are transferred into the
K shell of N'*. [S1050-294706)50112-5

PACS numbd(s): 32.80.Hd

In the past few years, considerable work has been devotashnce conditions are created for the inverse autoexcitation
to multiple electron capture in slow collisions between aprocess. The two vacancies are simultaneously filled by tran-
multicharged ion and a neutral target. Processes responsitdéions of an electron from a higher-lying orbital and an elec-
for electron capture have been extensively studied expertron from the 2 orbital of Ar. Recently, this process was
mentally [1-3] and theoretically{4,5]. Particular attention confirmed by model calculations by Stolterfolit3] using
has been devoted to dynamic electron-correlation effects thdirst-order perturbation theory in conjunction with the semi-
occur in ion-atom collisiongs,7]. These effects are produced classical approximation.
by mutual interactions of two electrons whose description The study of the Af + Si system has been motivated by
leads beyond the independent particle model. A characteriselated work about ion-solid collisions involving Ar pro-
tic dielectronic process igutoexcitatior{8], where one elec- jectiles on crystalline Si. Recently, new interest in the field
tron is transferred to a deeper level, while another electron isvas created since much attention has been devoted to the
excited to a high Rydberg state. This process can occur iimteraction of slow, highly charged ions with solid surfaces
separated atoms as well as in collisional transient moleculesvhere “hollow” atoms are producefll4,15. These studies
Examples for autoexcitation processes occurring during thlave clearly exhibited the need for conclusive evidence re-
collision are the processes of correlated double capturgarding the process of dielectronic excitation.

[2,6,7] and correlated transfer excitatip]. In the previous study13] the existence of dielectronic

In this paper, we focus our attention on the inverse auexcitation was made evident by comparison with a model
toexcitation process, denotedielectronic excitation[10]. calculation. As this model is relatively simple, a direct ex-
Due to electron-electron interaction, an electron from aperimental proof would be desirable. For the process of di-
higher-lying level is deexcited transferring its excess energylectronic excitation, at least two vacancies are needed in an
to another electron which, in turn, is removed from a deeperinner shell. In singly charged ion-atom collisions, these va-
lying level. Hence, dielectronic excitation involves a mecha-cancies are produced during the collision. In highly charged
nism producing vacancies in a rather deep inner shell. It ison-atom collisions, these vacancies can be prepared prior to
noted that this process can also take place in the transiethe collision. Hence, for a projectile with two vacancies in
molecule that is formed during the collision. The most im-theK shell, the dielectronic excitation process is rather likely
portant feature of dielectronic excitation is its dominance a@nd the related cross sections are expected to be relatively
low collision energies at which other mechanisfexcita- large.
tion, ionization fail to produce inner-shell vacancies. It  In this work, we provide direct experimental evidence
should be emphasized that dielectronic excitation and aufor dielectronic excitation in the case of the multiply charged
toexcitation are rather similar, as both processes are preystem N*+Ne. This is done by comparison with the
duced by dynamic electron correlation. results of the K"+ Ne system. It is noted that for both

The first indication for dielectronic excitation ofkashell  systems the capture of as-Ne electron by means of an
has been provided by Afrosimost al. [11], studying the electron single transition is very unlikely at low projectile
singly charged system N+ Ar. Similar measurements of va- energy. In the case of N+ Ne collisions, only oneK
cancy creation in thé shell of the heavier collision partner vacancy exists in the R projectile and, consequently,
in the collision Ar+Si have been performed by Dubois, the process of dielectronic excitation is expected to fail.
Stolterfoht, and Schneid¢t2]. In the latter example, a pro- On the contrary, in the N + Ne system, twdK vacancies
motion of two L-shell electrons of Si occurs, so that reso-exist in the N'* projectile before the collision. A simulta-
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neous capture of asland a 2 target electron may occur, due o
to dielectronic excitation, populating theslorbital of ax 1042 4___—35’kev N™+Ne

. B B
nitrogen. o
After dielectronic excitation in the system’N+ Ne, the
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target is in a highly excited state with a vacancy in the Ne 5
K shell, which may decay via the emission of Auger elec-
trons. Hence, dielectronic excitation in the systerfii-Mle

can be studied by means of target Auger spectroscopy. In*g
this work, Auger-electron spectra from both projectile and
target were compared for the system®*N-Ne and
N’+Ne. The mechanism of dielectronic excitation is inter- L tes s dnes
preted within the framework of a molecular orbital diagram. 35-keV N™*+Ne
Absolute cross sections for the production of Kleshell va- - A

cancies are deduced from target Auger-electron spectra, B
showing that the mechanism for dielectronic excitation is
important.

The measurements were carried out at the 14-GHz
electron cyclotron resonan¢ECR) ion sources at the Grand
Accdeérateur National d’lons LourdéGANIL) in Caen and
at the lonenstrahl-Labor of the Hahn-Meitner Institdivil) 1 D
in Berlin, using the electron-spectroscopy appardtl§] Q k E
from HMI. lons of N°* and N’* were extracted from the 9 , V) \
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ECR source and collimated to a diameter-e2 mm, with 100 200 300 400 500 600 700 800 900
typical currents of about 30 nA. In the collision chamber, the Electron energy (eV)

beam was colliding with an effusive Ne-gas jet. During the

acquisition, the pressure ef3x 10 ° Torr was maintained FIG. 1. Spectra of Auger electrons produced in 35-keV

. ) - NG - o
in the chamber. This pressure was sufficiently low to avoid\’’ +Ne and N”+Ne at an observation angle of 90°. The peaks
multiple charge-exchange collisions for the incident ions. " the range 0-550 eV correspond to the decay of projectile states
Auger electrons produced in'N + Ne collisions were de- associated with configuration$rl’ (n=2) and 3nl’ (n=3). The
tected at several angles up to 150°, with respect to the incJines in the range 280-550 eV are essentially due to capture into

. . - . _'t'riple excited states 1241,n,l, (n,=n;=2) and 3n4linyl,
dent beam direction, using a single-stage spectrometer whi ,>n,=3). The peaks centered at700 eV in the collision

consists of a parallel-plate analyZe6]. The resolution of N7+ Ne are produced by dielectronic excitation, which simulta-
the analyzer was 5% full width at half maximu@WHM).  neously creates a vacancy in a tareshell and a transfer of a
The lengthl, of the ion beam, seen by the spectrometer atl target electron. It is seen that the collisioi"N-Ne does not
90° with respect to the incident beam, wagt mm. This create & vacancy in the target.

length increases according te-1,/sinf as the observation

We first examine the peaks associated with the projectile
angle decreases.

To evaluate absolute cross sections, we used methods denotedA to E in Fig. D. The emission of these electrons
' llows the capture of two or morel2electrons from the

scribed in detail previous|L6]. Absolute values for the pro- target, at relatively large internuclear distances. Since our

duction of Auger electrons were obtained using a uniforMy, gy s not the detailed analysis of these peaks, a brief com-

gas pressure in the scattering region. This was achieved tb’arison is made of the present systenfs' NNe with the

moving the jet upwards far away from the ion beam andsystem N*+ Ar studied previoush{17]. First, it is likely
flooding the scattering chamber uniformly with the Ne targetinat double capture populates configurations of quasiequiva-
gas. Auger spectra were measured with low resolution botlent electrons B’ and 4nl’ (n=4), which give rise to
with the gas jet and in the uniform-gas mode. L-Auger electrons in the range 0—-100 éine A in Fig. 1).
Figure 1 shows typical Auger-electron spectra for theThe lines in the range 280-550 eV are essentially due to
systems 35-keV R* and N'* +Ne at an observation angle capture into triple excited state$rg,n,l, (n,=n;=2) and
of 90°. Two groups of lines are clearly separated. In the3in,I;n,l, (n,=n;=3), which give rise toK-Auger elec-
range 0-550 eV, the spectra show peaks attributed ttrons. Hence, for both spectra in Fig. 1, we expect that the
electrons emitted by the projectile, whereas the group ofines B and C (D and E) correspond to Auger electrons
lines in the range 600—900 eV follows the deexcitation of thefollowing the capture of threel2electrons into configura-
target. The origin of the Auger electrons from projectile andtions 2n;ln,l, (3In411Nn5l5). It is noted that the Coulomb
target was verified by analyzing the Doppler effect, due tainteraction between the projectile nucleus and target elec-
the velocity of the projectile. The Doppler effect leads to atrons is mainly responsible for the charge-exchange process
shift of the peaks associated with the projectile when changproducing these configurations.
ing the observation angle. On the contrary, the group of We now focus on electrons emitted in the range 600—900
peaks associated with the target is insensitive to the DopplesV (Fig. 1). First, a remark about the width of the target-
effect, because of the low velocity of the target after theAuger peaks is in order. There are several broadening effects
collision. present in N* + Ne collisions. It has been shown previously
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TABLE 1. Auger emission cross sections in the systems

6+ 7+
%0 wl M‘ e rucerk N’*+Ne and N* +Ne. The quantitiesr,, (o) refer to the deex-
P> 2 ¢ z P2 citation of the projectilgtarge} after the collision.
— ) g Ne @) — :
N Ns*(zé) Y N"(30) Auger emission cross section
3 = N%(20) Collision system op (cm?) oy (cm?)
S0t ,
8 ! N7* +Ne (2.3+0.4)x10° ¥  (3+1.5)x10°18
5 ! NE* +Ne (1.5£0.3)x 10" * <1072
= 20| 5 !
= —?-o— N~ (1s) + : .
5 ' —‘;—rN "(19) . . .
© 20 ' 1 : ) tensity between 600 and 900 eV that can be associated with
had i >.< i the NeK-Auger emissior(Fig. 1).
! Ne (1s) Ne (1) The measured Auger spectra were used to evaluate total
40l Auger emission cross sections. Cross sections for Auger
emission attributed to projectile configurations is denoted
o, , Whereaso, refers to Auger emission cross sections as-
-50 L L ' ' L L sociated with the creation ofla-shell target vacancy due to

1 10 100 1 10 100

X dielectronic excitation. Differential cross sectiod&p/dQ
Internuclear Distance (a.u.)

anddo,/dQ for Auger electron emission were obtained by
integration of the spectra with respect to electron energy. The
FIG. 2. Diagram of orbital energies for the system&'MNe  emission of Auger electrons was found to be isotropic,
and N'* +Ne. In N°* + Ne (left diagram), Ne K-shell excitation is  within the experimental uncertainties. Thus, total Auger-
unexpected, since the probability for single-electron transfer can bgjectron emission cross sectiogs and o, were derived by

neglected in slow collisions. In N +Ne collisions, resonant en- mu|t|p|y|ng the Corresponding differential cross sections by
ergy conditions lead to a simultaneous transfer ofsaahd a 2 A

target electron by means of dielectronic_excitgt(wft diagrarr). The results are given in Table I. The capture bft@rget
This process produces target configurations decaying byjectrons due to nucleus-electron interaction leads to a
K-Auger-electron emissiofdashed lines value of about 10 cm? for both systems Ri, N7* + Ne.

This value is consistent with cross sections
[18] that, at low collision energies, line broadening of a fewestimated for the system ‘N+Ar [17]. For the peaks
10 eV is expected for each peak. Consequently, since thassociated with the deexcitation of the Ne target in the sys-
group of lines associated with the target is composed of &&m N'*+ Ne, the Auger emission cross section was found
large number of individual lines, it is impossible to performto be 3x10 '8 cm?. The same order of magnitude was
high-resolution studies of the Auger electrons. Therefore, théound in collisions in which electron correlation plays an
present study is performed with low resolution. important role. For example, cross sections for the produc-
A group of lines due to the deexcitation of the target istion of configurations I’ (n=3) in the collision
observed for the system’N+Ne, whereas the lines which C°*+He[7] are of the order of 10 cm®. Hence, the di-
are in the same range are missing for the Systé"fh.".\Ne_ e|7ectl’0nIC excitation pI’OCESS IS S|gn|f|ca..nt n the SyStem
This is attributed to the occurrence of dielectronic excitationN’* +Ne. For the system & +Ne, we estimated an upper

in the N'*+Ne system. The mechanism of dielectronic ex-limit of ~10"2% cm?, which corresponds to the electron
citation leading to the capture of @ Iarget electron is illus- Packground. Hence, th¢-vacancy production is very small

- 6+ . .
trated in Fig. 2, which shows approximate orbital electroni™ N°" +Ne collisions. _ o _
In conclusion, the dielectronic excitation process involv-

energies for the collisional systems ®N+Ne and . v
N7*+Ne. In the incident channel, two electrons occupy thell9 the capture oK-shell electrons has been clearly identi-

Ne-1s orbital and eight electrons fill the Ne-2rbital. In fied in the present experiment, by+Compariso_n of the colli-
both systems, the Neslorbital does not cross the orbitals of Sional systems R +Ne and N"+Ne. This process
the projectile. Thus, the capture of @ larget electron by Provides a mechanism producing a vacancy in a deep inner
means of a single-electron transition is expected to be ur]s_hell in slow collisions. The correspondlng Cross section was
likely in both collisional systems. found to be_ large. Further experiments are sugge_sted to s@udy
In the case of the system’N+ Ne (right side of Fig. 2, the projectile energy depen_dence of dielectronic excitation
it is seen that at internuclear distances-af a.u. resonance POCESSEs. IF has been pr.eV|0ust shqwn that th? |mp0rtanf:e
conditions are created for dielectronic excitation process irﬁﬁ"'c d|e_Iectron|c PrOCESSES InCreases with d_ecrea§|ng projectile
which one 2 target electron is transferred into the pro- velocity [19]. Furthermore, the dielectronic excitation pro-

jectile orbital, giving its excess energy to & Electron of cess is of great interest for collisions of multiply charged

neon. This electron, in turn, is excited and transferred intd®"® with solids, which have often been studied at very low

the 1s shell of the projectile. It is important to note that the ?rgirgIgs{cz‘gi'gr?r'r:hceoﬁﬁsrgggzqsénvé? pclazns:\cw)asirg:j{hg]netﬁ:aeloe:é
presence of two 4 vacancies initially in the projectile is ICc excitation | ISl 9l

essential for the dielectronic excitation process. It is clealusecj in this work.

that the dielectronic excitation process is impossible for the We thank the staff of the ECR sources in Caen and Berlin
collision system K"+ Ne (left side of Fig. 2 because the for their generous assistance. This experiment was supported
1s projectile orbital is already occupied by one electron. In-by the Programme d'Actions Imgeees Franco-Allemand
deed, the R" + Ne system does not indicate measurable infPROCOPE.
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