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Monoelectronic and dielectronic processes producingi-shell vacancies
in slow N&'* + CH, collisions (g=3-9)
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Cross sections for Auger emission following the creation &fshell vacancy in C have been measured in
slow collisions of N&" with CH,(q=3-9). Projectile energies ranging from 30 to 180 keV were investi-
gated. For projectile charges lower than 7, the transfer fedectron from C into the projectile is attributed
to monoelectronic Bo-2p 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 fpr2p7r 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 qfidbl a 2/~ shell of Ne.
[S1050-294{@9)06511-1

PACS numbe(s): 32.80.Hd

I. INTRODUCTION were performed to describe the rotational coupling between
the 2p7r MO and the Do MO [15,16. In general, good
The mechanisms responsible for charge exchange in sloagreement between experimental results and theoretical pre-
ion-atom collisions have received considerable attention durdictions was shown for a large variety of symmetric and
ing the last decaddd—7]. Much experimental and theoreti- near-symmetric collision systems.
cal work has been devoted to collisions involving low- A detailed investigation of the projectile-charge depen-
charged projectileEl,8—13. For such low-charged ion-atom Qenc_e ofK-shell vacancy production in slow collisions of
collisions, the processes that contribute to the production dfght ions and atoms has been done by Forteteal. [8]. For
K-shell vacancies have been extensively studigeg11.  collision systems such as Ne+ CH, with low g values

Since the projectile velocity is smaller than that of the inner-fom 1 to 4, the measured total cross sectiBlsvere found
shell electron involved, the creation of a vacancy in ke to be enhanced when the projectile charge increases. It is

Shell o s neutl gl mey e escrbed using IS0 D31 e expermens st b 1 of ReLle)
molecular-orbital(MO) model [12,13. Within this model, P P

inner-shell vacancy transfer proceeds via coupling of thélﬂ’ in which the probability foi-shell vacancy production
. ey T proce oupiing is assumed to be proportional to the number pf2vacan-
MQO'’s formed during the collision. Figure (left sidg shows L
) - cies initially present.
a schematic MO diagram for the system™NeC. At large
internuclear distances, the MO energies correlate to the or-

bital energies of C and Ne. At internuclear distances signifi- * \\Ne—c— [z ]
cantly smaller than the classical radii of the electronic orbit- 2,

als of the collision partners, the MO energies correspond to 200’ F 2p ZZ:: 3

the orbital energies of the equivalent united atom S. As il- = o \T\ §§

2s

lustrated in Fig. 1 for the collision system NeC, a two-
step process is suggested to explain the productionsof 1
vacancy in C. First, at large internuclear distance, a vacancy
may occupy the gz MO. As smaller internuclear distances
are reached, the vacancy can be transferred from the 2 L. Tso -
MO to the 2p0 MO via a rotational coupling mechanism. It Lo
is noted that this mechanism is a one-electron process. o .
Cross sections for producing a tardgetacancy via rota- 100 w0t 1 et 1wt 10t 10 1
tional coupling have been determined experimentally for internuclear distance (a.v.)
many collision systemg1,14]. The cross sections were  FiG. 1. Schematic MO energy diagrams for NeC and
found to be nearly constant above a projectile energy threste®* +C collisions. The squares indicate the regions where the ro-
old (~150 keV for N& +0O, for exampl¢. Below this energy tational coupling takes place. For XerC collisions, resonance
limit, the cross sections rapidly decrease. These experimentabnditions for dielectronic excitation are visualized using vertical
results confirmed various theoretical calculations, whicharrows.

-2x10' [ F

Orbital energy (a.u.
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Recently, the interaction of highly charged*®Neons with 135 keV Ne® CH
an amorphous C surface was investigated at projectile ener- .| Proiectile ‘
gies as low as 250 eV, using low-resolution electron spec- S0 L-Auger
troscopy[18]. Besides projectilek- and L-Auger maxima, 1o’ - Target
the spectra were observed to contain a structure at the elec- K-Auger
tron energy of~230 eV. This structure was interpreted to 3x10°
follow the creation of &-shell vacancy in the C target. The x 100
corresponding cross sections forkGAuger electron emis- w 2x10° -
sion were found to be significantly larger than 1Bcn?. g
Such large cross sections at very low impact energies are 2 1x10*
unexpected when the rotational coupling is assumed to be the ; . . . "
unique mechanism responsible for thezacancy production. £ 0 120 keV Ne®+ CH

Figure 1(right side describes schematic MO for the sys- 2 &°[ bl
tem N€*+C. It is first seen that the main consequence of 5x10°
changing the charge of the projectile is that the MO curves
are shifted to lower energies. Hence, at internuclear distances 4x10*
of ~1 a.u., in addition to rotational couplifgquares in Fig. .

1), a one-steiwo-electron transfer may produce a vacancy 310

in theK shell of C. Due to electron-electron interaction,4a 2 2x10° L
electron from C is deexcited, transferring its excess energy to

the 1s target electron, which, in turn, is removed and pro- 1x10°

moted to the P= orbital of the transient molecule. This o 1 ) , /%m
process, referred to as dielectronic excitafib8], provides a 0 50 100 150 200 250 300 850
mechanism producing a vacancy in teshell of the target Auger electron energy (eV)

in the case of highly charged systems.

Recently, experimental evidence for dielectronic excita- F|G. 2. Spectra of Auger electrons produced in 135-keV
tion has been found in slow N+Ne collisions using the Ne®*+CH, and 120-keV N& +CH, collisions at an observation
method of Auger electron spectroscof0,21. It is noted  angle of 150°. The peaks in the range 0—150 eV correspond to the
that, for the N*+Ne system, the targetslorbital is much  decay of multiexcited states of the projectile. The groups of peaks
deeper than the projectile one. Hence, the rotational couplingentered at-240 eV and~275 eV originate fronK-Auger emis-
is excluded for the targé€-vacancy productiof20,21]. On  sion of the C target.
the contrary, for the system Rie+C (Fig. 1), the target &
electron is less bound than the projectile dlectron, allow-  apparatu$22] from the Hahn-Meitner InstitutHMI), Berlin.
ing the rotational coupling to occysee the squares in Fig. lons of Né* (q=3-9) were extracted from the ECR source
1). Therefore, concerning the rotational and dielectronic proand collimated to a diameter ef2 mm, with typical currents
cesses, the question arises as to which process is favoreddh about 10 nA. In the center of the scattering chamber, an
Ne’* +CH, collisions when highly projectiles are used. effusive gas jet was installed to provide a beam of,@tdl-

In this work, we studied &-shell vacancy production in ecules, which was used as the target. In the present experi-
the collision system N€ + CH,. The choice of CHinstead ment, care was taken to ensure single-collision conditions.
of atomic C is justified by the fact that the presence of theThe average target pressure was estimated to be
four protons in CH does not significantly affect thié-shell ~10 “mbar. The fraction of charge states other than the
energy of carbon. After the removal of Keshell electron primary one present in the incident beam was estimated to be
from the carbon atom, the target is in an excited state, which-15%.
may decay by means of the emission of Auger electrons. Auger electrons emitted after the collision were energy
Hence, the N& + CH, collisions can be studied using target analyzed using a single-stage spectrometer, which consists of
Auger spectroscopy. For projectile energies in the range 30an electrostatic parallel-plate analyz2g]. To verify the an-

180 keV, projectile charges from 3 to 9 are investigatedgular dependence of the electron emission, the spectra were
Absolute cross sections for produciKgAuger electrons are collected at several observation angles with respect to the
extracted from Auger-electron measurements. From the conbbeam direction. The intrinsic resolution of the analyzer was
parison with previous experiments involving low-charged5% full width at half maximum(FWHM). Since the spec-
Ne* ions (q=4), it is found that deviations from the ex- trometer efficiency and the gas target pressure were deter-
pected cross sections due to rotational coupling occur fomined from auxiliary measuremer&3], absolute cross sec-
charges larger than 7. Such deviations indicate that the rotdions for Auger-electron emission could be obtained.

tional coupling is not the only mechanism that is responsible

for the pr tion oK-shell vacancies in C.
0 €p oduction oK-shell vacancies c I1l. ANALYSIS OF THE SPECTRA

Figure 2 shows typical Auger spectra for the systems
Ne®*+CH, and Né"+CH, studied at impact energies of

The measurements were carried out at the 14-GHz ECR20 and 135 keV, respectively. The spectra presented in the
ion sources at the Grand Adémteur National d’lons figure were recorded at an observation angle of 150° with
Lourds (GANIL) in Caen, using the electron-spectroscopyrespect to the incident-beam direction. It is noted that no

Il. EXPERIMENTAL METHOD
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amsotrop_y for the Auger lines has been observed in the an- Ne™ + CH,
gular region from 80° to 160°. Two groups of Auger lines
are clearly separated. In the electron energy range from 0 to 5
150 eV, the spectra show peaks attributed to electrons emit- L + + + + +
ted by the projectile, whereas the group of lines in the range ]
from 200 to 320 eV is attributed to the decay of the target.
The origin of the Auger electrons from projectile and target
was verified by analyzing the Doppler effect on the ejected
Auger electrons. The Doppler effect due to the movement of
the projectile leads to a shift of the peaks associated with the
projectile when changing the observation angle. On the con-
trary, the group of peaks associated with the target is insen-
sitive to the Doppler effect, because of the low velocity of
the target after the collision.

The emission of the electrons in the range 0—150 eV fol-
lows the capture of two outer-shell electrons from the target :
into the configurations Bn/"’ (n=3). After the collision, f ’
these configurations decay to the”2/' continuum by f
means of Auger transitions. Also, the capture of more than I ;
two outer-shell electrons leads teAuger emission. More- 10" | i
over, K-Auger transitions following multiple-electron cap- : *
ture are observed in the electron-energy range from 550 to |
850 eV. I ) ! ] ] ] 1 1 1 1 \

Next, we examine the Auger peaks originating from the 0 20 40 60 80 100 120 140 160 180 200
target. The emission of the electrons whose energy is in the Projectile energy (keV)
range 200-260 eV'is due_ _to the capture ¢f-ghell electron FIG. 3. Experimental cross sectiofsquares associated with
from the C atom. In addition, a group of peaks centered dhe production of a carbok- vacancy in N& +CH, and
7280 eV is observed. Thesfe peaks are due to the deexc't?\‘fe‘”+CH4 collisions. Dashed curves represent the cross sections
tion of the target after the S|mglta}neous capture &f-shell o, for Auger-electron emission following the rotational coupling
electron from C and the excitation of a target outer-shellechanisniEg. (1)].
electron.

The single differential cross sectialor/dQ) for K-Auger
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Auger-electron emission following the rotational coupling

electron emission associated with the capture d€-shell oo were measuréti4]. From the results given in
electron from C was determined by integration of the Spectrgpie | of Ref.[14], the experimental cross sectiond, are

with respect to electron energy. The emission of Auger elecfound to be remarkably well fittettlashed curves in Fig.)4
trons was found to be isotropic within the experimental un-hen using the empirical relation '
certainties. Thus, the total Auger electron emission cross sec-

tion of; was derived by multiplyingdo/dQ by 4. The

results are presented in Fig. 3 and Table | for the collision o= NiaIn(bE). (1)

systems N& +CH, and N&" +CH,. Two different tenden-

cies_ fo_r the cross s_ections are clearly observed vyhen the, this expression, the quantitiesand b are fitting param-
projectile cfarge varies from 6 to 9. E|rst_, we conslder theaters ancE is the energy of the projectile. The quanthty is
system NE"+CH,. At the highest projectile energies, the {he probability that the g orbital will contain one vacancy.
total Aijger electron emission cross sectighis of the order |t \as shown previously that for asymmetric collision sys-
of 10" *®cn?. As the projectile energy decreases, it is seenems,N, is close to 1/314]. For the projectiles with atomic
that o significantly decreases. For instance, at the loweshymberz=4 to 7, b was found to be constant, while
energy (i.e., 30 keVf the cross sectiorry is less than depends o (Table Il). Thus, the same value forthan that
10" ¥cn?. On the contrary, for the system Kle+CH,, the  obtained forZ=4 to 7 was used to fit the experimental data
cross sectiowf is found to remain constant as the projectile for the collision system Ne+CH, (solid line in Fig. 4.
energy decreases down to 30 keV. Hence, the quantity could be determined for this system
To proceed with the analysis of our experimental results(Table II).
the present cross sections are compared with the previous Since higher projectile charges are involved in the system
data from Ref[14]. In that work, collisions involving singly Ne%* -+ CH,, the quantityN,; must be replaced bM, , which
charged projectiles (B C",N*) and the CH target were depends on the charge of the projecfis, i.e., the number
investigated in the same projectile-energy range as that presf vacancies present in the projectile prior to the collision.
ently studied(Fig. 4). The Ne"+CH, collision system was For chargesj=2-4 the ratiop,=N4/N; was found to be
also analyzed. However, for the latter collision system onlyequal to the chargeg of the projectile[8]. This result is
projectile energies in the range 200-500 kéhig. 4), i.e.,  compatible with the static MO picture, in which teshell
significantly larger than the present energies, were exploredacancy production is proportional to the number qf72
[14]. For the A"+ CH, collisions, total cross sectionrsy,, for ~ vacancies initially present. However, for charges larger than
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TABLE |. Auger emission cross sections; (10~ *°cn?) after the creation of & vacancy in C in
Ne“* + CH, collisions. The projectile chargg ranges from 3 to 9.

Projectile

Cross sectionrg (10~ cn?)

energy(keV) gq=3

q=5

q=6 q=7

q=8 =9

25
30
35
40
45
50
55
60
70
75
80
90
100
120
135
140
160
180

0.24-0.07
1.0:0.4

2.5-0.8

3.6:1.2

0.36:0.06
1.6£0.3
1.8-0.4
4.5-0.9
5.8£1.2

10.2£2.0
8.5:1.7

13.4£2.6

9.2-1.8

0.84£0.16
4.2:0.8

3.8£0.8 12.6:2.4

57.5-11.5

5.8£1.2
16.0-3.2
8.8:1.8 62.3t12.4

17.6£3.6

24.8-5.0
16.4-3.2 48.0-9.6
24.0-4.8
20.6:4.2 36.8-7.4
54.5+11.0
34.4£6.8
37.0:7.4

44.8+9.0

4, the quantityN is expected to be equal to 4, since them2

orbital contains only four vacancies.

For charges|<6, the cross sectionsy, derived from Eq.

(1) using the aboveéN, values are found to agree well with

Auger emission cross section (cm’)
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our experimental results. For example, tpr 6, the differ-
ence betweews, (dashed curves of Fig.)&nd our data do
not exceed a factor of 1.5. Hence, it is likely that for charges
up to q=6, the creation of &-shell vacancy in C is gov-
erned by the mechanism of rotational coupling. For charges
larger than 6, Eq(1) can no longer fit our experimental
results. As shown in Fig. 3 for the system ®NeCH,, our
results are found to be significantly larger at low impact en-
ergies than the evaluated cross sectdy. To explain the
deviations that occur for projectiles whose charges are larger
than 6, calculations were performed within the framework of
the molecular-orbitalMO) picture. Hence, contributions due
to the rotational coupling process as well as to the dielec-
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 described
[24], so that a brief analysis is given here. The MO calcula-

TABLE IlI. Values of the fitting parametera andb for Auger
emission cross sectiors;, [Eq. (1)] after theK-vacancy creation in
C via a rotational coupling mechanism for*B C*, N*, and
Ne*+CH, collisions (cf. Fig. 4. The experimental cross sections
are taken from Ref.14]. The uncertainties foa andb result from
the standard deviation of the fitting procedure. In the case of
Ne* +CH, collisions, an average value of 0.034 was takenbfor

FIG. 4. Experimental cross sections associated with the produc- Fitting
tion of a carborK vacancy in collisions of singly charged ions*(B
C*, N*, and N¢&) and CH, (from Ref.[14]). The uncertainties for

the cross sections are about 15%4]. Dashed curves are the result a (10719

of the fitting procedure using relatiofl). The solid line extrapo-

lates experiment for Ne+ CH, collisions.

parameters B C N Ne

1.42+0.09 0.88:0.08 1.1*0.06 0.26:0.02
b 0.034-0.004 0.0320.006 0.0340.003 0.034
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FIG. 5. MO curves(a), (b) and potential-energy curves), (d) for the collision systems Né+CH, and N&"+CH, evaluated by
diagonalization of model matrix elemerj5]. The arrows represent the crossing at which the dielectronic excitation occurs. The quantity
R. refers to the internuclear distance at which the transition due to electron-electron interaction occurs.

tions are based on analytic matrix elements that have beawrlate to the orbitals of 28] and Ne. In the entrance chan-
evaluated within a screened hydrogenic mo@&HM) [25]. nel, the electrons occupy thesland 2 orbitals of C. In
The matrix elements depend on the binding energies of thaddition to the MO curves, the potential curjésgs. 5c)
electrons on each atomic center. The binding energiesof 1and 5d)] obtained by addition of the MO curves of the as-
and 2 orbitals of Ne were obtained, using the Hartree-Focksociated active electrons were used for a quantitative deter-
code by Cowari26]. For the specific case of C in GHthe  mination of the internuclear distan& at which a transition
results by Vaeck and Zitane were uded]. may occur.

From the matrix elements, the corresponding MO ener- In the diagram that refers to the collision system
gies were evaluated for each systenfiNe CH,(q=4) by = Ne®'+CH, no crossing appeaf&ig. 5c)] between the en-
means of numerical diagonalization. The resultsdasrbit-  trance channdllabeled C(%2p)] and the 2°2/”" orbitals of
als are presented in Fig. 5, which refers to the systemsle. Hence, a simultaneous two-electron transition due to
Ne®"+CH, and Né€"+CH, [Figs. 5a and Fb), respec- electron-electron interaction is unlikely. Moreover, no cross-
tively]. At large internuclear distances, the MO energies coring is visible between the entrance channel and the channels
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C(2/)+Ne(2/). Thus, a transfer of K-shell electron from 10
C into orbitals of Ne is also unlikely to occur by means of - Ne® + CH,
radial coupling. Therefore, the unique process that is respon- -
sible for aK-shell vacancy in C is the rotational coupling 7t { {

mechanism, which occurs at internuclear distances of the or-
der of 0.01 a.u(not shown in Fig. 5 At small internuclear
distances, a shift in energy induced by the increase of the
projectile charge is seen in the system®NeCH, [Fig. 4l
5(b)], as mentioned in the Introduction. Consequently, reso-
nance conditions are created for a dielectronic excitation pro-
cess leading to & vacancy in the C atorfarrows in Figs.
5(b) and §d)], where an electron from a high-lying level is
deexcited, transferring its excess energy to saelectron, P
which, in turn, is transferred into the/2orbital of Ne. | AN

Cross section (cm?)
7/
\

B. Cross sections p dielectronic

For N&'+CH, collisions, the potential energigdsig. /
5(d)] were used to calculate probabilities for the transfer of 10 F ;
two 1s and 27 electrons from C into thé& shell of the Ne . ‘
projectile. Depending on the mechanisms involved, two Lo
models were used in the analysis. First, cross sectigs e s
for producing aK vacancy in the C atom by means of the 0% 3°Pro}§2ﬁIe‘gﬂer;;“;kel,? 180 200
dielectronic excitation process were determined applying the
Landau-Zener mod€l29] at curve crossings with internu- FIG. 6. Experimental cross sectiofisquares and calculated
clear distancesR.. Second, the theoreticak-excitation  total cross sectiondull curves associated with the production of a
probabilities by Taulbjercet al. [16] were utilized to de- carbonK vacancy in N& +CH,. The contributionso o and oy
scribe the rotational coupling mechanism and to evaluate th@lashed curvgsdue to the rotational coupling mechanism and di-
corresponding cross sections;. eIeptronic expitatiqn, respectively, are obtained from model calcu-

At an internuclear distancB, the probabilityp, for a  ations described in Sec. IV.
transition between initial statel) and final statg2) due to
dielectronic excitation, is given by P giel= Pdiel( 1 — Pdiel) (2= Prot) s (4b)

) where the labelérot) and(diel) refer to the rotational mecha-
nism and the dielectronic excitation, respectively.
Finally the cross sections,,; and oy are given by

_ ;{ 2m|Hyg?
Pgiel(b) ~exp — m) ,

whereb is the impact parametevg(b) is the radial velocity,

andAF(R,) is the measure for the relative inclination of the Re

potential curves at the crossing radi@s. The nondiagonal Trot= fo 27bPy(b)db, (53
matrix element ;(R.) describes the dielectronic interaction
atR;. Itis noted that only little is known about this quantity.
However, previous evaluations have shown that a value of
the order of 0.05 a.u. fdd 15(R.) is quite reasonablel9,21].
Hence, this value was retained in the present calculations.

To account for the rotational coupling mechanism, an g regylts of the calculations are reported in Fig. 6 for
analytic expression of the probabilifyo(b) for K-shell ex- ¢ cojlision system Ne +CH, as a function of the projec-
citation was derived from calculationsf. Fig. 3 of Ref. e energy. First, it is seen that the total calculated cross
[16]). With good accuracyp,y(b) is given by sections(full line) are in rather good agreement with our

) ) experimental values since they are found to be nearly con-

Prot(b) =A(v)b* exp( — ab?), (3 stant in the projectile energy range investigated here. The

differences between calculation and experiment do not ex-

where A(v) and « are fitting parameters. In the case of ceed a factor of 2. At the highest energies, the major contri-
Ne’* +CH, collisions, the quantityr was found to be con- pution is found to originate from the rotational coupling

stant(~454) in the energy range explored, whifedepends mechanism. Nevertheless, it has to be noted that the relative
on the projectile velocitw. The quantityA(v) was deter-  contributiono g of dielectronic excitation is not negligible,
mined using the cross sections deduced from(Epfor the  since it represents-30% of the total cross section. As the

RC
O diel= Jo 2mbPgie(b)db. (5b)

system Né +CH,. N projectile energy decreases, the contribution cQfe in-
~ The total probabilities® o and Py for the transfer of an  creases and becomes dominant below projectile energies of
inner-shell electron from C are about 80 keV. Hence, dielectronic excitation plays an essen-

tial role when high projectile charges are involved. This find-
P o= (1= Pgie) Prot 1 = Prot) » (4a) ing is consistent with our previous resull], showing that
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the dielectronic excitation process is responsible for the crebased on molecular-orbital diagrams that show that for
ation of aK-shell vacancy in Ne when bare’Nions are  charges larger than 6 resonance conditions are created for the
used. transfer of two active electrons via the process of dielec-
tronic excitation.

Applying the Landau-Zener mod¢R9] for the specific
caseq=29, it is first seen that calculated total cross sections

In the present work, mechanisms responsible for the cred"® in good agreement with experiment. The rotational cou-
ation of aK vacancy in C following collisions between fle  Pling mechanism is found to be dominant at projectile ener-
ions (q=3-9) and the Clitarget are studied. Projectile 9i€s larger than 120 keV. On the contrary, as the projectile
energies ranging from 30 to 200 keV are investigated. FoENergy decreases, the co_ntrlbutlon of the dielectronic excita-
projectile charges up tg= 6, the strong velocity dependence tion process is fo.und to increase. Hgnce, the present work
of the Auger emission cross section and a comparison witRrovides clear evidence that when highly charged ions are
previous experimentf21] clearly show that the rotational mvolved,_ the role of the (_j|electr_on|c excitation process is
coupling is the essential mechanism that is responsible fopubstantial for the production of inner-shell vacancies in at-
the production of &-shell vacancy in C. oms.

For higher projectile charges, it is found that the cross
sections noticeably deviate from the expected cross section
assuming only the rotational coupling mechanism. For the
extreme case ofj=9, the experimental cross sections are We thank D. Lecler, J.-Y. Paquet, R. Leroy, and A. Lep-
found to be nearly constant in the whole range of projectileoutre for their generous assistance during the experiments.
energies studied. The mechanisms for the creation Kf a This study was supported by the Program d’Actions -Inte
vacancy in the target are discussed under the perspective gfees Franco-Allemand PROCOPE under Contract No.
dynamic electron-electron interaction. The discussion i98089.

V. CONCLUSION
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