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Beam-foil excitation of chlorine projectiles has been studied by means of optical spec-
trometry, at projectile energies ranging from 2 to 10 MeV. The relative populations of vari-
ous levels in C1V through ClVIII have been measured as functions of the projectile energy.
1t is concluded that for CIVII and ClVIII, the 3p and 3d terms are populated entirely
through molecular-orbital (MO) electron promotions. High-lying levels of these charge
states are excited by means of pickup of electrons from the valence band of the solid. Inter-
mediate levels are populated through multiple inner-shell processes as well as from
valence-band electron pickup. For C1V and ClVI, most of the levels are excited predom-
inantly by pickup of electrons from the valence band. However, for some of the valence-
shell levels in C1V], fairly strong contributions from MO processes are found at higher pro-
jectile energies. No evidence has been observed for direct Coulomb excitation.

I. INTRODUCTION

This work is a continuation of our systematic
studies of beam-foil excitation processes. For mul-
tiply ionized projectiles, we have recently ob-
served! 3 a fairly selective excitation of levels with
n*~7Z .., n* being the effective quantum number
of the excited level, and Z . is the charge state of
the core. In addition, for Ar viii (Ref. 2) and
Xe viil (Ref. 3) strong excitations were observed for
the valence-shell levels. The results of Refs. 1—3
indicate the presence of two excitation mechanisms.
The high-lying levels are populated by pickup of
electrons from the valence band of the foil when the
projectile leaves the back of the foil, and the low-
lying, valence-shell, levels are populated through
inner-shell, molecular-orbital (MO), electron-
promotion processes.

At the same time as the presence of such two dis-
tinctly different processes became established, new

problems could be formulated.!~* For example, the
two different excitation mechanisms may be active
in populating one level at the same time. For such
cases, it will be worthwhile to study how the rela-
tive degrees of the two processes will change with
the projectile energy as well as with the charge state
of the projectile. Another problem comes up for
levels whose binding energies are so large that pick-
up of electrons from the valence band of the foil is
relatively improbable, due to the large change in
binding energy, at the same time as the levels have
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so high excitation energies that they are not expect-
ed to become excited directly from MO processes.
Will such levels become excited only from pickup
of valence-band electrons, or will they also attain
excitation from two-step, or multiple-step, inner-
shell processes? Also, will Coulomb excitation oc-
cur?

To study such points, we have performed mea-
surements with chlorine projectiles in the projectile
energy range 2— 10 MeV and measured changes in
relative level populations versus the projectile ener-
gy for a number of levels in Clv-Clviil. Some of
the results, namely, excitation of the 3p and 3d lev-
els in ClvIl and ClVIII have already been published
in a preliminary report.*

The studies referred to above! ~ concentrated on
the relative population of excited terms in alkalilike
species as functions of the principal quantum num-
ber n and the orbital angular momentum quantum
number [ of the excited term at a fixed projectile en-

ergy.
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II. EXPERIMENTAL PROCEDURE,
DATA TREATMENT, AND RESULTS

The measurements were done at the 3-MV Pel-
letron tandem accelerator at the Department of
Physics, Lund University. The experimental pro-
cedure as well as the data treatment used here have
been described before,!* and the experimental
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equipment is described in Ref. 5. Therefore, only a
brief description will be given here.

Chlorine projectiles were accelerated to energies
between 2 and 10 MeV and sent through thin (ap-
proximately 5 ug/cm?) carbon foils. Photons emit-
ted from the projectiles were analyzed by a 1-m nor-
mal incidence vacuum monochromator working in
the wavelength region 40— 600 nm. The computer-
controlled® step motor of the monochromator was
advanced from a beam integrator, so that signals
obtained at different wavelengths were normalized
to the same amount of beam charge measured with
a foil in the beam path.

The spectral region from 58 to 83 nm was
scanned with a resolution of 0.1 nm or better at pro-
jectile energies of 2, 4, 5.5, 7, and 10 MeV. At each
projectile energy the beam current was measured in
a Faraday cup located downstream from the foil
with, as well as without a foil in the beam path, so
that signals measured at different projectile energies
could be normalized to the same number of projec-
tiles.

The beam-foil spectrum of chlorine has recently
been studied in our laboratory for spectroscopic pur-
poses.® We have here extracted additional informa-
tion from the previously® recorded spectrograms by
normalizing them to the above-mentioned ones. In
that way, information from other wavelength re-
gions has been obtained. Also, a few scans previ-
ously® carried out at 4.9 and 6.6 MeV have been
used here.

The relative population N; of level j is basically
given by’

N =S /[K (i Azev] (1)

where S(Aj;) is the signal at wavelength A of the
optical transition from level j to level k, K (Ay) is
the overall quantum efficiency of the detecting de-
vice, Aj is the transition probability, and v is the
projectile velocity. However, since in this work we
were primarily interested in relative changes of level
populations versus the projectile energy, Eq. (1) was
reduced to

Nj=S(Aj)/v . @

The validity of the application of Egs. (1) and (2)
has been discussed in Refs. 1, 2, and 7.

For most of the transitions studied in Clv, ClVvI,
and Clvi, the transition probabilities are not
known sufficiently well. Therefore, Eq. (1) could
not be applied to the data; only the change of level
population as a function of the projectile energy was
determined, cf. Eq. (2). For Clvil (sodiumlike

chlorine) transition probabilities calculated in the
numerical Coulomb approximation are available.?
The relative population of various levels in ClVvII
was determined as a function of the level binding
energy, by use of Eq. (1). The result was in agree-
ment with what has been observed previously for
other multiply ionized species,!~* namely, that for
Clvi, the 3p and 3d levels are strongly excited, and
also that levels with binding energies of approxi-
mately 8 —10 eV (corresponding to n~8—10) are
strongly populated, whereas there is a minimum in
population for levels with n~4—35. Since the rela-
tive level population feature for Clvil qualitatively
is much like that previously published? for Arviii,
it is not presented here. For ClVIII a similar feature
was observed, especially a strong excitation of some
high-lying levels, but a detailed, quantitative evalua-
tion of the relative level population as a function of
the level excitation energy was impossible, owing to
lack of reliable transition probabilities.

The relative population of various levels in Clv
through Clvi, evaluated by means of Eq. (2), are
in Figs. 1—6 plotted versus the projectile energy.
Data for different levels are on different scales. In
some of the figures are included data obtained at
energies below 2 MeV, taken from Ref. 9. Such
data are represented by smooth curves without data
points, and the curves have been normalized to ours
at 2 MeV.

The relative uncertainty related to each point is
normally between 10% and 20%. As we shall see,
the sometimes fairly large relative uncertainties
shall not prevent us from a detailed discussion of
the results.
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FIG. 1. Relative level populations for some levels in
Clv plotted semilogarithmically vs the projectile energy.
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FIG. 2. Relative level populations for some levels in FIG. 4. Relative level populations for some levels in
ClvI plotted semilogarithmically vs the projectile energy. Cl vl plotted semilogarithmically vs the projectile energy.

In some cases we could observe two transitions
from the same upper level. The two population
curves (i.e., curves showing relative change of level
population versus the projectile energy) agreed nor-
mally, confirming our uncertainty estimates. As an
example, see the two population curves for the
3p23P, level in Clvi, Fig. 2. Also, population
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configuration 2s2p%3p or 2s2p%3d in Clvi plotted semi-
logarithmically vs the projectile energy.
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curves for different levels of the same upper term
were generally found to be proportional, as expect-
ed. For an example, see the data for the 3s 3p22P, ,
and the 3s 3p22P;, levels in Clv, Fig. 1. However,
as is obvious from Figs. 1—6, levels of the same
charge state, but belonging to different configura-
tions may well show quite different population
curves, and the change of slope or shape of the pop-
ulation curves may well exhibit irregular features
(see Figs. 3—6). These are important findings and a
lengthy discussion shall be given in Sec. IIIL

III. DISCUSSION

It has been mentioned repeatedly in the literature
(see, e.g., Refs. 1—3 and 10) that excited projectile
levels, whose mean diameter is comparable to or
larger than the average distance between nearest
neighbor foil atoms, cannot exist as long as the pro-
jectile is inside the foil. The excitation of such lev-
els must take place when the projectile leaves the
foil. On the other hand, levels of small size com-
pared to the distance between foil atoms may sur-
vive over fairly large distances during the passage
through the foil. These facts are of importance for
the following discussion.

For Clvil and Clvil (sodiumlike and neonlike
chlorine) we observe that the curves for the 3d lev-
els increase at low projectile energies much more
steeply with increasing projectile energy than the 3p
curves (Figs. 4 and 5). This has already been dis-
cussed in a preliminary publication,* the conclusion
being that the 3p and 3d levels in Cl vl and ClvIII
are excited through transfer of a carbon s electron
to the state in question. The transfer process was
described* in terms of the molecular-orbital (MO)
electron-promotion picture.!"!> The starting point
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FIG. 7. Diabatic molecular-orbital diagram for the
chlorine-carbon collision shown schematically. To the
right of the figure is shown the inner-shell terms of the
separated atoms (not to scale), and the united-atoms
inner-shell terms are given to the left (not to scale). The
terms of the separated and the united atoms have been
connected by straight lines to indicate how the levels
correlate during a collision. For a detailed discussion of
the correlation diagram, see Ref. 4.

for such a discussion is the so-called MO correla-
tion diagram,!! which is a schematic representation
of how the various subshells of the free collision
partners correlate to the different subshells of the
united atoms. The correlation diagram for the
carbon-chlorine collision is shown in Fig. 7. The
construction and the validity of the diagram are dis-
cussed in Ref. 4. The detailed discussion* of the 3p
and 3d level excitations in Clvil and ClvIIl shall
not be repeated here, but only the aforementioned
conclusion, namely, that a 1s carbon electron can be
transferred to the 3p term in the projectile through
a MO radial coupling taking place at a finite inter-
nuclear distance (cf. Fig. 7), whereas the 3d term is
populated through a rotational coupling in the unit-
ed atoms limit (Fig. 7). The rotational coupling is
less efficient than the radial coupling at low projec-
tile energies, partly because the relatively short in-
ternuclear distance necessary for the rotational cou-
pling to be active is only reached in rather few col-
lisions with small impact parameters, and partly be-
cause the angular velocity entering the rotational
coupling transition probability'? is reduced at low
projectile velocities. Both factors reduce the 1s-3d
MO process at low projectile energies, making the
3d population curves steeper than the corresponding
3p curves.

It must be mentioned here that the MO mechan-
ism will also populate the 3s levels in Clvil and
Clvii, in addition to the 3p and 3d levels. Howev-
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er, the 3s level in ClVII is the ground state so its
population cannot be measured by optical detection,
and also—unfortunately enough—we were unable
to observe the 2p-3s transitions in ClVvIIl. But, ac-
cording to the correlation diagram (Fig. 7), a 1s car-
bon electron can be transferred to the 3s projectile
level as well as to the 3p or 3d configurations. Also,
the 1s-3s transfer probability will most presumably
be relatively strong, since a radial coupling, located
at a fairly large internuclear separation, is involved.
In Fig. 8 is plotted the ratios between the 3p and
3d level populations for ClVI-VIII in arbitrary units.
The similarity between the ClVviI and Clv1II data is
noteworthy, leading to the conclusion that the same
mechanism (i.e., the MO electron promotion
mechanism) is active for ClviI and Clviil. Howev-
er, the 3p to 3d population ratio for Cl vI, also given
in Fig. 8, differs clearly from those for Clvil and
Clviin. This indicates a change in excitation
mechanism with charge state. Although the MO
mechanism may be responsible ‘in part for the 3s,
3p, and 3d level populations in ClVI, another
mechanism is not only present, but seems to be
dominating for these levels in Cl1vI. This mechan-
sim is undoubtedly pickup of electrons from the foil
valence band. This is supported by another finding,
namely, that the triplets in ClVI are excited with
similar or greater strengths than the corresponding
singlets. Were the MO electron-promotion mechan-
ism responsible for the 3s, 3p, and 3d excitations in
Clvi, then one would expect only singlets in ClVI
to become populated noticeably. This is owing to
the Wigner spin conservation rule.!* If, during the
course of an atomic collision, the spin-orbit interac-
tion is weak, the total electronic spin is conserved.
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FIG. 8. Ratios of 3p to 3d level populations (in arbi-
trary units) in Clvi, Clvil, and Clvil plotted semiloga-
rithmically vs the projectile energy.

Therefore, transfer of both of the 1s carbon elec-
trons can only lead to excitation of singlet levels,
because the 1s? electrons in carbon initially form a
singlet structure. Population of a triplet level in
Clvl would imply the presence of a strong spin-
orbit interaction during the collision, which is un-
likely. The presence of pickup of electrons from the
foil valence band to the 3s, 3p, and 3d configura-
tions in ClIVI is in accordance with a previous
study'* of S V1, in which it was found that the 3p,
3d, and 5f levels have proportional population
curves.*1* Clearly the levels in S VI were populated
by the same mechanism, which, owing to the fairly
large size of approximately 5 a.u. for the mean ra-
dius of the 5f orbital (scaled hydrogenic mean ra-
dius), must be electron pickup from the valence
band of the foil, taking place at the exit of the foil.

The creation of a 2p vacancy in ClVIII seems to
be caused by a mechanism not related to the MO
processes feeding the n =3 configurations in C1VIII.
This is concluded not only from the similarities be-
tween the 3p to 3d population ratios for ClviI and
Cl v as shown in Fig. 8, but also from the Wigner
spin conservation rule.!* The levels of configura-
tions 2p°3p and 2p33d in ClviI are generally not
described well in the LS-coupling limit. Rather, a
pair coupling is relevant.® This implies that, for
most of the levels of these two configurations, the
total electronic spin cannot be specified. However,
that level of each configuration with the highest
value of the total angular momentum has a pure
triplet nature. This is simply because the highest
possible value of the total angular momentum can
only be reached if both the orbital angular momenta
and the spins of the two unpaired electrons are cou-
pled parallel. But since the complete 2p°® core is a
singlet, the above-mentioned two triplets cannot re-
sult from direct excitation of a 2p electron, due to
the Wigner spin conservation rule. The two levels
of pure triplet nature are excited strongly, and their
population functions are proportional to the popula-
tion functions of the other levels of the same con-
figuration. These findings indicate that direct exci-
tation of a 2p electron is nonimportant. Rather, we
conclude that the 2p electron is transferred to a con-
tinuum state (Coulomb ionization) and a 1s-3p,d
MO process is acting in addition. Whether these
two independent steps take place in the same col-
lision or they result from two adjacent collisions
cannot be said at present.

The conclusion that direct excitation is nonim-
portant is specific for the collision studied here, and
is not of general nature. Direct MO electron-
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promotion from one shell to another in the same
atom can well occur in other collisions, but whether
Coulomb excitation to a final bound state can take
place with an appreciable probability is not so well
established yet.

For excitation of the ClvIl levels of configura-
tion 2s2p®3p or 3d, similar considerations can be
applied for the triplet levels (cf. Fig. 6) with the re-
sult that the population of these levels does not oc-
cur as a direct 2s-3p,d excitation. The 2s vacancy is
created by Coulomb ionization, and a MO process
is responsible for the n =3 level population.

For the C1V1 levels of configuration 3p 3d we ob-
serve for each of the population curves a maximum
at a projectile energy close to 8 MeV. However,
there must be another maximum on each popula-
tion curve, located at an energy below 2 MeV (see
Fig. 3). Such a double-maximum feature is surpris-
ing and has not been observed before. Since the
triplet levels are populated with similar strengths as
the singlet levels, and because the population func-
tions for the different levels of the 3p 3d configura-
tion are rather close to being proportional, it can be
said that both excitation of the 3p and the 3d elec-
trons cannot result from a one-collision MO
electron-promotion process. Again, this is a con-
clusion based on the Wigner spin conservation
rule.!> Neither can the capture of two electrons
from the foil valence band account for both of the
maxima in the population curves given in Fig. 3.
Two electrons transferred from the valence band to
the projectile will be caught essentially independent
of each other.! This is partly because of the fairly
high charge of the projectile core, implying that the
mutual electron-electron repulsions will be relatively
small, and partly because of the abrupt change in
potential experienced by the electrons when leaving
the foil.!° Therefore, capture of two valence-band
electrons will cause not more than one maximum in
a population curve. The occurrence of two maxima
on the population curves given in Fig. 3 can be ex-
plained as resulting from a combination of the two
different excitation mechanisms: (i) capture of
valence-band electrons and (ii) MO electron promo-
tions.

At low projectile energies, any MO process pro-
bability will be relatively small, cf. the 3p and 3d
excitations in ClvIiI and Clvi, Figs. 4 and 5.
Thus, the first maximum (i.e., that located below 2
MeV) shall find its explanation in terms of capture
of two electrons from the foil valence band. How-
ever, at increasing projectile energy there will be an
increasing probability for some of the projectiles in-
itially stripped to charge state 7 + (neonlike) to

have experienced a violent collision inside the foil,
resulting in a 3p (preferentially) or 3d (less probably)
MO electron-transfer process, so that the projectile
occurs as Cl VII excited to the 3p or 3d level when it
enters the foil exit region. Then, when leaving the
back of the foil, it may capture another electron.
Such a combination of the two different population
mechanisms can account for the maximum located
at around 8 MeV. For the 3s3p? configuration in
Clv, a small kink is seen in the fairly steeply de-
creasing sections of the population curves at high
energies, see Fig. 1. This may also reflect a contri-
bution from a MO process at high projectile ener-
gies. The population curves for the 3s3p3d levels
in Cl1Vv are remarkably independent of the projectile
energy from 2 to 7 MeV (Fig. 1). Clearly, for this
configuration, the two different population mechan-
isms counteract each other.

For the excitation of levels with # larger than 3 in
Clvil, we observe that the 4p and 4d population
curves are fairly steeply increasing functions of the
projectile energy (Fig. 4). Then, there is a drastic
change of curve shape when turning to the popula-
tion curve for the 4f level, which has a maximum
slightly below 4 MeV, and flattens out rather much
at higher energies. For the 5d and 5g curves, the lo-
cation of the maximum has shifted to higher projec-
tile energies, and for the higher-lying levels
(n =6—12), a steady increase in population versus
the projectile energy is observed. The 4p, 4d, and 4f
levels have binding energies of 51, 44, and 42 eV,
respectively,® whereas the binding energies for the
5d and 5g terms are 28 and 27 eV, respectively.?
Thus, the drastic change in population curve shape,
occurring by going from the 4d to the 4f level, can-
not be explained in terms of change of the level
binding energy.

The 4f and higher-lying levels in ClVII are un-
doubtedly populated by capture of a foil valence-
band electron at the back of the foil. For electron
capture from a gaseous target atom to a projectile,
it has been observed!® that the maximum in total
capture cross section as a function of the projectile
energy shifts towards higher projectile energy, when
the binding energy of the final level is decreased.
The gradual shifts in shape and location of the
maximum in the population curves for the 4f and
higher-lying levels in ClvIil is clearly the same
feature as that observed in gas collisions.!* The
higher the excitation energy of the final level is, the
higher in projectile energy will the maximum in
electron capture probability be located.

For ClvI (Fig. 2) and for the 5g and higher-lying
levels in Clvit (Fig. 5) very similar systematics are
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observed as those found for the 4/ and higher-lying
levels in ClVII, supporting our explanation. Note
also, that the 4f level in ClVII and the 5g level in
Clvi have rather similar population curves. This
is understandable, because these two levels, in adja-
cent charge states, have very similar binding ener-
gies.®8

The systematic change of the shape of the popu-
lation curves seen in Cl Vil for the 4f and higher-
lying levels (Fig. 4), in ClVvI1 (Fig. 2) and in ClVIII
for the 5g and higher-lying levels (Fig. 5), leaves the
4p and 4d population curves in ClVII as a peculiar
case. If these two levels were populated predom-
inantly through electron capture from the foil
valence band, then one would expect a maximum in
the population curves at a fairly low projectile ener-
gy. However, they are steadily increasing versus the
projectile energy, so this is ruled out in our projec-
tile energy range. On the other hand, the popula-
tion curves must have a shoulder at a projectile en-
ergy below or around 2 MeV, cf. Fig. 4. That indi-
cates the presence of valence-band electron capture
at low energies, in accordance with the systematics
observed for the higher-lying levels in Clvii, but
leaves the steady increase in population unex-
plained. Also, as seen from the MO correlation dia-
gram in Fig. 7, no one-step inner-shell electron-
promotion process can be expected to be active in
populating these two terms, because there are no
curve crossings with electron-carrying curves lead-
ing to the 4p or 4d terms. In addition, long-range
couplings between the molecular potential energy
curves dissociating to the n =3 and the n =4 terms
are unlikely to produce electron promotion to an
n =4 level late in the collision, because the molecu-
lar potential energy curves are well separated in en-
ergy (the 4p,d levels in ClVII are approximately 30
eV above the 3d level).

The peculiarity of the population curves for the
4p and 4d terms in ClVII can plausibly be explained
in terms of multiple collisions. An electron can be
transferred to an n =3 state through a MO electron
promotion taking place somewhere inside the foil
during a violent collision. Then, in a later collision,
the electron can be promoted further, from the
n =3 to an n =4 level. The first collision will, on
the average, favor the population of the 3s level,
leaving the 3d level least populated. In the second
collision, the 3s level will be disturbed most easily
and the 3d level will receive the least disturbance,
because of the sizes of the mean radii of these orbi-
tals. Thus, excitation in the second collision will, in
most cases, start from the 3s state, with smaller
probability from the 3p level, and with least proba-

bility from the 3d term. If, during the second col-
lision, the number of nodes in the radial part of the
wave function (equal to n —I —1) is conserved—and
this is a corner stone in the theory for molecular
correlation diagrams'"!>1__then the 4f level will
not become nearly as excited through multiple col-
lisions as the 4p and 4d levels will. This is in agree-
ment with the abrupt change in population curve
shape between the 4d and the 4f levels (Fig. 4).
From a detailed inspection of the 4f and 5g popula-
tion curves in Cl VII it can be seen that the 4f curve
flattens out at high projectile energies. A similar
hesitation to decrease is not found in the 5g curve
and may be caused by a contribution from multiple
excitations for the 4f term, which will be relatively
more active at high projectile energies.

The structure seen in the population curves for
the 3d configurations in Clvil and Clvi (Figs. 4
and 5) cannot be explained as resulting from
valence-band electron pickup and MO electron pro-
motions, respectively. The 3d levels in Clvil and
Clvill have such large binding energies that elec-
tron pickup from the valence band to these levels is
very improbable. Also, the 3p to 3d population ra-
tios are very similar for Clvii and Clvi, as
demonstrated in Fig. 8. Were the levels fed from
pickup of a valence-band electron, larger differences
would have been expected, because valence-band
electron pickup will peak at a lower projectile ener-
gy for Clvil than for Clviir.

A possible explanation of the structures seen in
the 3d population. curves for Clvit and ClvIiI is
that the foils contained some impurity, e.g., nitro-
gen or oxygen. The MO correlation diagrams for
chlorine-nitrogen or chlorine-oxygen collisions will
be similar to that for the chlorine-carbon collision
(Fig. 7). Promotion of the 1s electrons from nitro-
gen or oxygen will peak at higher projectile energies
than for carbon due to the increased binding energy
of the ls electrons. Thus, one might interpret the
maxima seen at the higher projectile energy as being
caused by presence of such impurities. However,
one would expect the impurity to create a similar,
second maximum in the 3p population curves in
Clvi and ClvIil, and that is not observed, cf. Figs.
4 and 5. Thus, an explanation in terms of presence
of some impurity seems to be ruled out.

Possibly, but unlikely, the 3d population curve
structure can be explained in terms of the Rosenthal
model,!”'® which has been very successful in ex-
plaining oscillatory structure in total Rydberg-state
excitation cross sections in several ion-atom col-
lision systems (see, e.g., Ref. 19 and references given
therein). The Rosenthal model'”!® assumes that
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two exit channels of the temporary molecular com-
plex are coherently excited from the initial channel,
usually, but not necessarily, by curve crossings.
Also, a rotational coupling in the united atoms limit
may be involved. Then, at a late stage in the col-
lision, or, in other words, at a fairly large internu-
clear separation, the two coherently excited terms
mix either through term approach or through a
crossing with a third term. This can cause oscilla-
tions in the total cross sections versus the projectile
energy, for the terms involved. Such a phenomenon
is well established to occur for outer-shell excita-
tions in ion-atom collisions (see, e.g., Ref. 19). In
addition, basically the same feature has been ob-
served in ion yields of He™" scattered on solid sur-
faces.’’~22 However, such an explanation seems to
be unlikely for our results, because, although the 3s,
3p, and 3d terms can become coherently excited ac-
cording to the MO correlation diagram (Fig. 7),
there will be no interaction among these terms at a
large internuclear separation, neither will the terms
cross another common term late in the collision.
Furthermore, the most likely candidate to interfere
with the 3d potential energy curve will be the 3p

curve, but no structure is observed in the 3p excita-
tions (cf. Figs. 4 and 5). Therefore, an explanation
in terms of the Rosenthal model is not plausible.

A much more reasonable explanation of the 3d
population curve structures is in terms of multiple
collisions. One of the maxima reflects the one-step
1s-3d MO electron promotion, and the other one re-
flects a contribution from a two-step collision pro-
cess, in the first of which an electron is promoted
from the carbon K shell to the 3s or 3p level in the
projectile. Then, in the second collision, the elec-
tron is promoted further to the 3d level.
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