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Monoelectronic and dielectronic processes producingK-shell vacancies
in slow Neq11CH4 collisions „q53– 9…
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Cross sections for Auger emission following the creation of aK-shell vacancy in C have been measured in
slow collisions of Neq1 with CH4 (q53 – 9). Projectile energies ranging from 30 to 180 keV were investi-
gated. For projectile charges lower than 7, the transfer of aK electron from C into the projectile is attributed
to monoelectronic 2ps-2pp transitions induced by rotational coupling at small internuclear distances. For
higher charge states, the measured cross sections are found to be significantly larger at the lowest projectile
energies than predicted cross sections for 2ps-2pp transitions. It is shown that other mechanisms must be
invoked, such as dielectronic excitation due to electron-electron interaction. Dielectronic excitation gives rise
to a simultaneous transfer of inner- and outer-shell electrons of CH4 into a 2l shell of Ne.
@S1050-2947~99!06511-7#
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I. INTRODUCTION

The mechanisms responsible for charge exchange in s
ion-atom collisions have received considerable attention d
ing the last decades@1–7#. Much experimental and theoret
cal work has been devoted to collisions involving low
charged projectiles@1,8–12#. For such low-charged ion-atom
collisions, the processes that contribute to the production
K-shell vacancies have been extensively studied@8–11#.
Since the projectile velocity is smaller than that of the inn
shell electron involved, the creation of a vacancy in theK
shell of a neutral target may be described using
molecular-orbital~MO! model @12,13#. Within this model,
inner-shell vacancy transfer proceeds via coupling of
MO’s formed during the collision. Figure 1~left side! shows
a schematic MO diagram for the system Ne11C. At large
internuclear distances, the MO energies correlate to the
bital energies of C and Ne. At internuclear distances sign
cantly smaller than the classical radii of the electronic orb
als of the collision partners, the MO energies correspond
the orbital energies of the equivalent united atom S. As
lustrated in Fig. 1 for the collision system Ne11C, a two-
step process is suggested to explain the production os
vacancy in C. First, at large internuclear distance, a vaca
may occupy the 2pp MO. As smaller internuclear distance
are reached, the vacancy can be transferred from thepp
MO to the 2ps MO via a rotational coupling mechanism.
is noted that this mechanism is a one-electron process.

Cross sections for producing a targetK vacancy via rota-
tional coupling have been determined experimentally
many collision systems@1,14#. The cross sections wer
found to be nearly constant above a projectile energy thre
old ~;150 keV for Ne11O, for example!. Below this energy
limit, the cross sections rapidly decrease. These experime
results confirmed various theoretical calculations, wh
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were performed to describe the rotational coupling betw
the 2pp MO and the 2ps MO @15,16#. In general, good
agreement between experimental results and theoretical
dictions was shown for a large variety of symmetric a
near-symmetric collision systems.

A detailed investigation of the projectile-charge depe
dence ofK-shell vacancy production in slow collisions o
light ions and atoms has been done by Fortneret al. @8#. For
collision systems such as Neq11CH4 with low q values
from 1 to 4, the measured total cross sections@8# were found
to be enhanced when the projectile charge increases.
noted that the experimental results~cf. Fig. 1 of Ref. @8#!
were shown to be compatible with the static MO pictu
@17#, in which the probability forK-shell vacancy production
is assumed to be proportional to the number of 2pp vacan-
cies initially present.

FIG. 1. Schematic MO energy diagrams for Ne11C and
Ne911C collisions. The squares indicate the regions where the
tational coupling takes place. For Ne911C collisions, resonance
conditions for dielectronic excitation are visualized using verti
arrows.
3727 ©1999 The American Physical Society
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Recently, the interaction of highly charged Ne91 ions with
an amorphous C surface was investigated at projectile e
gies as low as 250 eV, using low-resolution electron sp
troscopy @18#. Besides projectileK- and L-Auger maxima,
the spectra were observed to contain a structure at the
tron energy of;230 eV. This structure was interpreted
follow the creation of aK-shell vacancy in the C target. Th
corresponding cross sections for CK-Auger electron emis-
sion were found to be significantly larger than 10218cm2.
Such large cross sections at very low impact energies
unexpected when the rotational coupling is assumed to be
unique mechanism responsible for theK-vacancy production.

Figure 1~right side! describes schematic MO for the sy
tem Ne911C. It is first seen that the main consequence
changing the charge of the projectile is that the MO cur
are shifted to lower energies. Hence, at internuclear dista
of ;1 a.u., in addition to rotational coupling~squares in Fig.
1!, a one-steptwo-electron transfer may produce a vacan
in theK shell of C. Due to electron-electron interaction, a 2l
electron from C is deexcited, transferring its excess energ
the 1s target electron, which, in turn, is removed and pr
moted to the 2pp orbital of the transient molecule. Thi
process, referred to as dielectronic excitation@19#, provides a
mechanism producing a vacancy in theK shell of the target
in the case of highly charged systems.

Recently, experimental evidence for dielectronic exci
tion has been found in slow N711Ne collisions using the
method of Auger electron spectroscopy@20,21#. It is noted
that, for the N711Ne system, the target 1s orbital is much
deeper than the projectile one. Hence, the rotational coup
is excluded for the targetK-vacancy production@20,21#. On
the contrary, for the system Ne911C ~Fig. 1!, the target 1s
electron is less bound than the projectile 1s electron, allow-
ing the rotational coupling to occur~see the squares in Fig
1!. Therefore, concerning the rotational and dielectronic p
cesses, the question arises as to which process is favor
Neq11CH4 collisions when highly projectiles are used.

In this work, we studied CK-shell vacancy production in
the collision system Neq11CH4. The choice of CH4 instead
of atomic C is justified by the fact that the presence of
four protons in CH4 does not significantly affect theK-shell
energy of carbon. After the removal of aK-shell electron
from the carbon atom, the target is in an excited state, wh
may decay by means of the emission of Auger electro
Hence, the Neq11CH4 collisions can be studied using targ
Auger spectroscopy. For projectile energies in the range
180 keV, projectile charges from 3 to 9 are investigat
Absolute cross sections for producingK-Auger electrons are
extracted from Auger-electron measurements. From the c
parison with previous experiments involving low-charg
Neq1 ions (q<4), it is found that deviations from the ex
pected cross sections due to rotational coupling occur
charges larger than 7. Such deviations indicate that the r
tional coupling is not the only mechanism that is respons
for the production ofK-shell vacancies in C.

II. EXPERIMENTAL METHOD

The measurements were carried out at the 14-GHz E
ion sources at the Grand Acce´lérateur National d’Ions
Lourds ~GANIL ! in Caen, using the electron-spectrosco
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apparatus@22# from the Hahn-Meitner Institut~HMI !, Berlin.
Ions of Neq1 (q53 – 9) were extracted from the ECR sour
and collimated to a diameter of;2 mm, with typical currents
of about 10 nA. In the center of the scattering chamber,
effusive gas jet was installed to provide a beam of CH4 mol-
ecules, which was used as the target. In the present ex
ment, care was taken to ensure single-collision conditio
The average target pressure was estimated to
;1024 mbar. The fraction of charge states other than
primary one present in the incident beam was estimated t
;15%.

Auger electrons emitted after the collision were ener
analyzed using a single-stage spectrometer, which consis
an electrostatic parallel-plate analyzer@22#. To verify the an-
gular dependence of the electron emission, the spectra w
collected at several observation angles with respect to
beam direction. The intrinsic resolution of the analyzer w
5% full width at half maximum~FWHM!. Since the spec-
trometer efficiency and the gas target pressure were de
mined from auxiliary measurements@23#, absolute cross sec
tions for Auger-electron emission could be obtained.

III. ANALYSIS OF THE SPECTRA

Figure 2 shows typical Auger spectra for the syste
Ne611CH4 and Ne911CH4 studied at impact energies o
120 and 135 keV, respectively. The spectra presented in
figure were recorded at an observation angle of 150° w
respect to the incident-beam direction. It is noted that

FIG. 2. Spectra of Auger electrons produced in 135-k
Ne911CH4 and 120-keV Ne611CH4 collisions at an observation
angle of 150°. The peaks in the range 0–150 eV correspond to
decay of multiexcited states of the projectile. The groups of pe
centered at;240 eV and;275 eV originate fromK-Auger emis-
sion of the C target.
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anisotropy for the Auger lines has been observed in the
gular region from 80° to 160°. Two groups of Auger line
are clearly separated. In the electron energy range from
150 eV, the spectra show peaks attributed to electrons e
ted by the projectile, whereas the group of lines in the ra
from 200 to 320 eV is attributed to the decay of the targ
The origin of the Auger electrons from projectile and targ
was verified by analyzing the Doppler effect on the ejec
Auger electrons. The Doppler effect due to the movemen
the projectile leads to a shift of the peaks associated with
projectile when changing the observation angle. On the c
trary, the group of peaks associated with the target is ins
sitive to the Doppler effect, because of the low velocity
the target after the collision.

The emission of the electrons in the range 0–150 eV
lows the capture of two outer-shell electrons from the tar
into the configurations 3l nl 8 (n>3). After the collision,
these configurations decay to the 2l «l 8 continuum by
means of Auger transitions. Also, the capture of more th
two outer-shell electrons leads toL-Auger emission. More-
over, K-Auger transitions following multiple-electron cap
ture are observed in the electron-energy range from 55
850 eV.

Next, we examine the Auger peaks originating from t
target. The emission of the electrons whose energy is in
range 200–260 eV is due to the capture of aK-shell electron
from the C atom. In addition, a group of peaks centered
;280 eV is observed. These peaks are due to the deex
tion of the target after the simultaneous capture of aK-shell
electron from C and the excitation of a target outer-sh
electron.

The single differential cross sectiondsK
a /dV for K-Auger

electron emission associated with the capture of aK-shell
electron from C was determined by integration of the spe
with respect to electron energy. The emission of Auger e
trons was found to be isotropic within the experimental u
certainties. Thus, the total Auger electron emission cross
tion sK

a was derived by multiplyingdsK
a /dV by 4p. The

results are presented in Fig. 3 and Table I for the collis
systems Ne611CH4 and Ne911CH4. Two different tenden-
cies for the cross sections are clearly observed when
projectile charge varies from 6 to 9. First, we consider
system Ne611CH4. At the highest projectile energies, th
total Auger electron emission cross sectionsK

a is of the order
of 10218cm2. As the projectile energy decreases, it is se
that sK

a significantly decreases. For instance, at the low
energy ~i.e., 30 keV! the cross sectionsK

a is less than
10219cm2. On the contrary, for the system Ne911CH4, the
cross sectionsK

a is found to remain constant as the project
energy decreases down to 30 keV.

To proceed with the analysis of our experimental resu
the present cross sections are compared with the prev
data from Ref.@14#. In that work, collisions involving singly
charged projectiles (B1, C1, N1) and the CH4 target were
investigated in the same projectile-energy range as that p
ently studied~Fig. 4!. The Ne11CH4 collision system was
also analyzed. However, for the latter collision system o
projectile energies in the range 200–500 keV~Fig. 4!, i.e.,
significantly larger than the present energies, were explo
@14#. For the A11CH4 collisions, total cross sectionss rot
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Auger-electron emission following the rotational couplin
mechanism were measured@14#. From the results given in
Table I of Ref.@14#, the experimental cross sectionss rot

a are
found to be remarkably well fitted~dashed curves in Fig. 4!
when using the empirical relation

s rot
a 5N1a ln~bE!. ~1!

In this expression, the quantitiesa and b are fitting param-
eters andE is the energy of the projectile. The quantityN1 is
the probability that the 2pp orbital will contain one vacancy
It was shown previously that for asymmetric collision sy
tems,N1 is close to 1/3@14#. For the projectiles with atomic
number Z54 to 7, b was found to be constant, whilea
depends onZ ~Table II!. Thus, the same value forb than that
obtained forZ54 to 7 was used to fit the experimental da
for the collision system Ne11CH4 ~solid line in Fig. 4!.
Hence, the quantitya could be determined for this system
~Table II!.

Since higher projectile charges are involved in the syst
Neq11CH4, the quantityN1 must be replaced byNq , which
depends on the charge of the projectile@8#, i.e., the number
of vacancies present in the projectile prior to the collisio
For chargesq52 – 4 the ratiopq5Nq /N1 was found to be
equal to the chargeq of the projectile@8#. This result is
compatible with the static MO picture, in which theK-shell
vacancy production is proportional to the number of 2pp
vacancies initially present. However, for charges larger th

FIG. 3. Experimental cross sections~squares! associated with
the production of a carbon-K vacancy in Ne911CH4 and
Ne611CH4 collisions. Dashed curves represent the cross sect
s rot

a for Auger-electron emission following the rotational couplin
mechanism@Eq. ~1!#.
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TABLE I. Auger emission cross sectionssK
a (10219 cm2) after the creation of aK vacancy in C in

Neq11CH4 collisions. The projectile chargeq ranges from 3 to 9.

Projectile
energy~keV!

Cross sectionsK
a (10219 cm2)

q53 q54 q55 q56 q57 q58 q59

25 9.261.8
30 0.2460.07 0.3060.06 0.8460.16
35 1.060.4 1.660.3 4.260.8
40 1.860.4 3.860.8 12.062.4
45 2.560.8 57.5611.5
50 4.560.9 5.861.2
55 16.063.2
60 3.661.2 5.861.2 8.861.8 62.3612.4
70 17.663.6
75 10.262.0
80 8.561.7 24.865.0
90 16.463.2 48.069.6

100 13.462.6 24.064.8
120 20.664.2 36.867.4
135 54.5611.0
140 34.466.8
160 37.067.4
180 44.869.0
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4, the quantityNq is expected to be equal to 4, since the 2pp
orbital contains only four vacancies.

For chargesq<6, the cross sectionss rot
a derived from Eq.

~1! using the aboveNq values are found to agree well wit

FIG. 4. Experimental cross sections associated with the pro
tion of a carbon-K vacancy in collisions of singly charged ions (B1,
C1, N1, and Ne1! and CH4 ~from Ref. @14#!. The uncertainties for
the cross sections are about 15%@14#. Dashed curves are the resu
of the fitting procedure using relation~1!. The solid line extrapo-
lates experiment for Ne11CH4 collisions.
our experimental results. For example, forq56, the differ-
ence betweens rot

a ~dashed curves of Fig. 3! and our data do
not exceed a factor of 1.5. Hence, it is likely that for charg
up to q56, the creation of aK-shell vacancy in C is gov-
erned by the mechanism of rotational coupling. For char
larger than 6, Eq.~1! can no longer fit our experimenta
results. As shown in Fig. 3 for the system Ne911CH4, our
results are found to be significantly larger at low impact e
ergies than the evaluated cross sections rot

a . To explain the
deviations that occur for projectiles whose charges are la
than 6, calculations were performed within the framework
the molecular-orbital~MO! picture. Hence, contributions du
to the rotational coupling process as well as to the diel
tronic excitation process were evaluated.

IV. CROSS SECTIONS FOR K-SHELL VACANCY
PRODUCTION

A. Molecular orbitals and potential curves

The evaluation of the MO’s has previously been describ
@24#, so that a brief analysis is given here. The MO calcu

c-

TABLE II. Values of the fitting parametersa and b for Auger
emission cross sectionss rot

a @Eq. ~1!# after theK-vacancy creation in
C via a rotational coupling mechanism for B1, C1, N1, and
Ne11CH4 collisions ~cf. Fig. 4!. The experimental cross section
are taken from Ref.@14#. The uncertainties fora andb result from
the standard deviation of the fitting procedure. In the case
Ne11CH4 collisions, an average value of 0.034 was taken forb.

Fitting
parameters B C N Ne

a (10218) 1.4260.09 0.8860.08 1.1160.06 0.2660.02
b 0.03460.004 0.03260.006 0.03460.003 0.034
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FIG. 5. MO curves~a!, ~b! and potential-energy curves~c!, ~d! for the collision systems Ne611CH4 and Ne911CH4 evaluated by
diagonalization of model matrix elements@25#. The arrows represent the crossing at which the dielectronic excitation occurs. The qu
Rc refers to the internuclear distance at which the transition due to electron-electron interaction occurs.
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tions are based on analytic matrix elements that have b
evaluated within a screened hydrogenic model~SHM! @25#.
The matrix elements depend on the binding energies of
electrons on each atomic center. The binding energies os
and 2l orbitals of Ne were obtained, using the Hartree-Fo
code by Cowan@26#. For the specific case of C in CH4, the
results by Vaeck and Zitane were used@27#.

From the matrix elements, the corresponding MO en
gies were evaluated for each system Neq11CH4 (q>4) by
means of numerical diagonalization. The results fors orbit-
als are presented in Fig. 5, which refers to the syste
Ne611CH4 and Ne911CH4 @Figs. 5~a! and 5~b!, respec-
tively#. At large internuclear distances, the MO energies c
en

e

k

r-

s

r-

relate to the orbitals of C@28# and Ne. In the entrance chan
nel, the electrons occupy the 1s and 2l orbitals of C. In
addition to the MO curves, the potential curves@Figs. 5~c!
and 5~d!# obtained by addition of the MO curves of the a
sociated active electrons were used for a quantitative de
mination of the internuclear distanceRc at which a transition
may occur.

In the diagram that refers to the collision syste
Ne611CH4 no crossing appears@Fig. 5~c!# between the en-
trance channel@labeled C(1s2p)# and the 2l 2l 8 orbitals of
Ne. Hence, a simultaneous two-electron transition due
electron-electron interaction is unlikely. Moreover, no cro
ing is visible between the entrance channel and the chan



of
o
g
o

th

so
r

is

o

w

e
th
-

th

e

n
y.

s.
a

of

-

for
-
oss
ur
on-
The
ex-
tri-
g
tive
,
e

s of
en-
d-

a

di-
lcu-

3732 PRA 60F. FRÉMONT et al.
C(2l )1Ne(2l ). Thus, a transfer of aK-shell electron from
C into orbitals of Ne is also unlikely to occur by means
radial coupling. Therefore, the unique process that is resp
sible for a K-shell vacancy in C is the rotational couplin
mechanism, which occurs at internuclear distances of the
der of 0.01 a.u.~not shown in Fig. 5!. At small internuclear
distances, a shift in energy induced by the increase of
projectile charge is seen in the system Ne911CH4 @Fig.
5~b!#, as mentioned in the Introduction. Consequently, re
nance conditions are created for a dielectronic excitation p
cess leading to aK vacancy in the C atom@arrows in Figs.
5~b! and 5~d!#, where an electron from a high-lying level
deexcited, transferring its excess energy to a 1s electron,
which, in turn, is transferred into the 2l orbital of Ne.

B. Cross sections

For Ne911CH4 collisions, the potential energies@Fig.
5~d!# were used to calculate probabilities for the transfer
two 1s and 2l electrons from C into theL shell of the Ne
projectile. Depending on the mechanisms involved, t
models were used in the analysis. First, cross sectionssdiel
for producing aK vacancy in the C atom by means of th
dielectronic excitation process were determined applying
Landau-Zener model@29# at curve crossings with internu
clear distancesRc . Second, the theoreticalK-excitation
probabilities by Taulbjerget al. @16# were utilized to de-
scribe the rotational coupling mechanism and to evaluate
corresponding cross sectionss rot .

At an internuclear distanceRc the probabilitypdiel for a
transition between initial state~1! and final state~2! due to
dielectronic excitation, is given by

pdiel~b!'expS 2
2puH12u2

vR~b!DF~Rc!
D , ~2!

whereb is the impact parameter,vR(b) is the radial velocity,
andDF(Rc) is the measure for the relative inclination of th
potential curves at the crossing radiusRc . The nondiagonal
matrix elementH12(Rc) describes the dielectronic interactio
at Rc . It is noted that only little is known about this quantit
However, previous evaluations have shown that a value
the order of 0.05 a.u. forH12(Rc) is quite reasonable@19,21#.
Hence, this value was retained in the present calculation

To account for the rotational coupling mechanism,
analytic expression of the probabilityprot(b) for K-shell ex-
citation was derived from calculations~cf. Fig. 3 of Ref.
@16#!. With good accuracy,prot(b) is given by

prot~b!5A~v !b2 exp~2ab2!, ~3!

where A(v) and a are fitting parameters. In the case
Ne911CH4 collisions, the quantitya was found to be con-
stant~;454! in the energy range explored, whileA depends
on the projectile velocityv. The quantityA(v) was deter-
mined using the cross sections deduced from Eq.~1! for the
system Ne11CH4.

The total probabilitiesProt andPdiel for the transfer of an
inner-shell electron from C are

Prot5~12pdiel!prot~12prot!, ~4a!
n-

r-

e

-
o-

f

o

e

e

of

n

Pdiel5pdiel~12pdiel!~22prot!, ~4b!

where the labels~rot! and~diel! refer to the rotational mecha
nism and the dielectronic excitation, respectively.

Finally the cross sectionss rot andsdiel are given by

s rot5E
0

Rc
2pbProt~b!db, ~5a!

sdiel5E
0

Rc
2pbPdiel~b!db. ~5b!

The results of the calculations are reported in Fig. 6
the collision system Ne911CH4 as a function of the projec
tile energy. First, it is seen that the total calculated cr
sections~full line! are in rather good agreement with o
experimental values since they are found to be nearly c
stant in the projectile energy range investigated here.
differences between calculation and experiment do not
ceed a factor of 2. At the highest energies, the major con
bution is found to originate from the rotational couplin
mechanism. Nevertheless, it has to be noted that the rela
contributionsdiel of dielectronic excitation is not negligible
since it represents;30% of the total cross section. As th
projectile energy decreases, the contribution ofsdiel in-
creases and becomes dominant below projectile energie
about 80 keV. Hence, dielectronic excitation plays an ess
tial role when high projectile charges are involved. This fin
ing is consistent with our previous results@21#, showing that

FIG. 6. Experimental cross sections~squares! and calculated
total cross sections~full curves! associated with the production of
carbon-K vacancy in Ne911CH4. The contributionss rot and sdiel

~dashed curves! due to the rotational coupling mechanism and
electronic excitation, respectively, are obtained from model ca
lations described in Sec. IV.
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the dielectronic excitation process is responsible for the
ation of a K-shell vacancy in Ne when bare N71 ions are
used.

V. CONCLUSION

In the present work, mechanisms responsible for the
ation of aK vacancy in C following collisions between Neq1

ions (q53 – 9) and the CH4 target are studied. Projectil
energies ranging from 30 to 200 keV are investigated.
projectile charges up toq56, the strong velocity dependenc
of the Auger emission cross section and a comparison w
previous experiments@21# clearly show that the rotationa
coupling is the essential mechanism that is responsible
the production of aK-shell vacancy in C.

For higher projectile charges, it is found that the cro
sections noticeably deviate from the expected cross sec
assuming only the rotational coupling mechanism. For
extreme case ofq59, the experimental cross sections a
found to be nearly constant in the whole range of projec
energies studied. The mechanisms for the creation ofK
vacancy in the target are discussed under the perspectiv
dynamic electron-electron interaction. The discussion
on

a
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v
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based on molecular-orbital diagrams that show that
charges larger than 6 resonance conditions are created fo
transfer of two active electrons via the process of diel
tronic excitation.

Applying the Landau-Zener model@29# for the specific
caseq59, it is first seen that calculated total cross sectio
are in good agreement with experiment. The rotational c
pling mechanism is found to be dominant at projectile en
gies larger than 120 keV. On the contrary, as the projec
energy decreases, the contribution of the dielectronic exc
tion process is found to increase. Hence, the present w
provides clear evidence that when highly charged ions
involved, the role of the dielectronic excitation process
substantial for the production of inner-shell vacancies in
oms.
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