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Evidence is presented for a two-step process in ion-atom collisions in which two independent interactions
occur in a single encounter. Measurements for 15-200-MeV S13+ + He collisions indicate that uncorrelated
projectile K -shell excitation and capture of a target electron occur in a single collision with one target atom.
The results are in reasonable qualitative agreement with theoretical predictions of this two-step process.

In single collisions between ions and atoms inner-shell va-
cancies may be created by one of three mechanisms: excita-
tion, ionization, or charge transfer. Recent experimental
studies”? have provided strong evidence that two of these
processes, excitation and charge transfer, can occur together
as a correlated electron-electron process in a single en-
counter resulting in the formation of an intermediate excit-
ed state. The combined process is due to the interaction
between a projectile electron and a (weakly bound) target
electron in a manner analogous to the inverse of an Auger
transition. Hence, resonant formation of intermediate states
is expected for incident ion energies such that the target
electron energy, in the rest frame of the ion, equals one of
the Auger electron energies. Such resonant behavior has,
in fact, been observed"? by measuring x rays (resulting
from the decay of the intermediate state) in coincidence
with single electron capture. This process of correlated elec-
tron capture and projectile excitation followed by photon
emission is called resonant transfer and excitation (RTE).?
RTE is analogous to dielectronic recombination* (DR) ex-
cept that for DR the captured electron is initially free in-
stead of bound in a target.

A related question is whether or not electron capture by
the projectile and projectile excitation can occur in an en-
counter with a single target atom by means of two separate
uncorrelated interactions. The mechanisms involved in this
case are electron-nucleus interactions (1) between the target
nucleus and a projectile electron resulting in excitation and
(2) between the projectile nucleus and a target electron
resulting in electron capture. Such a combination of excita-
tion and capture events is a two-step process which does not
depend resonantly on the incident projectile velocity and
hence has been given the name nonresonant transfer and
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excitation or NTE.>3 Experimentally, it is not possible to
distinguish between an NTE event and an RTE event since
the signature for both is a projectile x ray coincident with an
ion which has captured an electron. In fact, the same inter-
mediate states of the projectile may be formed in both
processes. However, RTE can be distinguished from NTE
and other competing processes since RTE has a resonant
behavior. The existence of NTE is more difficult to deter-
mine since it must be distinguished from background events
which, for example, can result from capture of an electron
by the projectile prior to entering the target interaction re-
gion followed by excitation in the target itself. Experimen-
tally, such background events have the same signature as
RTE and NTE.

A formal theoretical treatment of simultaneous charge
transfer and excitation in single collisions has recently been
developed by Feagin, Briggs, and Reeves.® In this work
separate amplitudes for the correlated and uncorrelated con-
tributions to the capture plus excitation process are formu-
lated. The calculations indicate that NTE and RTE can oc-
cur with comparable probabilities. Furthermore, it is
predicted that the NTE probability exhibits a maximum in
its energy dependence, but at a lower projectile energy than
the RTE maximum. Qualitatively, this NTE maximum may
be viewed as the result of the product of an increasing exci-
tation cross section and a decreasing single electron capture
cross section.

In this Rapid Communication we present evidence for the
two-step process of uncorrelated projectile XK -shell excitation
and single electron capture in single collisions of
16813" +He. Measurements of sulfur K-shell x rays coin-
cident with single capture events were made for energies of
15-200 MeV. The results are found to be in good qualita-
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tive agreement with theoretical predictions. Experimental
evidence for NTE has recently been obtained in 148i!!* + He
collisions.”

This work was performed using the tandem Van de
Graaff facility at Brookhaven National Laboratory. The
accel-decel capability of the two coupled MP tandems was
utilized in order to span the large energy range of S!** ions
required for the measurements. The remainder of the ap-
paratus has been described elsewhere.! Briefly, the experi-
mental technique for measuring x rays associated with elec-
tron capture is as follows. Projectiles in a given charge state
pass through a differentially pumped gas cell. After emerg-
ing from the cell, the beam is electrostatically analyzed into
its charge state components. Ions which undergo capture in
the target gas are detected in a solid-state particle detector
while the x rays are detected with a Si(Li) detector mounted
at 90° to the beam. Coincidences between ions and x rays
are measured with a time-to-amplitude converter (TAC).
The non-charge-changed component of the emerging beam
is collected in a Faraday cup. A capacitance manometer is
used to measure the absolute pressure in the target gas cell.
Data were obtained for 3-5 pressures in the range ~ 0-80
um for each beam energy. The total x-ray yields and the
coincidence yields were found to be linear with gas pressure
in the range studied, indicating that single collision condi-
tions prevailed.

Figure 1(a) shows the cross section for total projectile K
X-Tay emission, o ka.g, and the cross section for prOJectlle K
x rays coincident with single electron capture, o-Kaﬁ Rela-
tive uncertainties in the data are generally less than *3%
for o ke and less than +5% for o-,%;,}. Systematic uncer-
tainties due to x-ray detection efficiency, solid angle, and
gas cell length lead to an overall uncertainty in the absolute
cross section of about +20%. It should be noted that okag
could not be measured for energies < 25 MeV due to back-
ground x rays in the region of interest. On the other hand,
measurements of 01'2;51 could be made at lower energies
since the coincidence requirement provides a selection cri-
terion which virtually eliminates background events in the
measurement of this yield.

From Fig. 1(a) it is seen that O Kkag Varies monotonically
with beam energy while O'Kap exhibits two widely separated
maxima in its energy dependence. The maximum near 130
MeV is attributed to RTE while the low energy maximum
near 30 MeV provides evidence for the two-step NTE pro-
cess as discussed below. The dashed curve in Fig. 1(a) is
the calculated® RTE cross section (multiplied by 0.85) which
is seen to be in good agreement with o ,%;Bl in the RTE reso-
nance region. This agreement between theory and experi-
ment is consistent with other RTE results? for calcium and
vanadium ions.

In order to determme the origin of the events giving rise
to the max1mum in o-K,,,, at low energies, the contribution
to oka,, due to background events must be considered. The
primary source of these background events is expected to
result from ions which capture an electron in the beam line
prior to entering the target region followed by excitation of
these ions in the target cell itself. The yield of these back-
ground events can be expressed in terms of an effective
cross section ouxg=Pl;oxag Where PPL, is the capture
probability in the beamline and oxag is the total K -shell x-
ray emission cross section of the charged-changed ions in
the helium target. PZl; is given: by the measured fraction
of ions which capture an electron with no helium present in
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FIG. 1. (a) Projectile K x-ray cross sections for 15-200-MeV
S13+ 4+ He collisions. "KorB 1s the cross section for the total sulfur
K x-ray production and G'Kap is the cross section for sulfur K x
rays coincident with single electron capture. The maximum in
cr,‘};,,l near 130 MeV is due to RTE and the maximum near 30 MeV
is attributed to NTE. The dashed curve is the calculated (Ref. 3)
RTE cross section multiplied by 0.85. The solid curve is the calcu-
lated (Refs. 8 and 9) NTE cross section normalized to the data. (b)
Theoretical cross section (Ref. 10) for charge transfer accompanying
K -shell excitation in single collisions of 13+ +He. The calculations
include only the transitions 1s22s — 1s52s22p and 15225 — 152s52p2.

the target gas cell. These capture events are due to interac-
tions with the background gas in the beam line. With heli-
um present in the cell we observed no significant rise in the
average beam line pressure for the range of target gas pres-
sures used. P}‘.l varies from 1.5% at 20 MeV to 0.07% at
80 MeV. For oke Wwe use the measured values for
S13+ + He. Actually, values of ok.s for g=12+ ions
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should be used, but these values will not be much different
than those for. g¢g=13+ ions. Calculation  of
o-bkg=Pq”llo-K s over the energy range of interest shows
that oyg /o fap varies from about 2% to 5%. Hence, it is
concluded that at most 5% of the observed cr,‘é;pl events can
be accounted for from background events.

A qualitative theoretical prediction for the energy depen-
dence of the two-step NTE process can be obtained from
the product of the K-shell excitation cross section® and the
probability for capture® to the L shell over impact parame-
ters for which K-shell excitation is significant. The result-
ing product, labeled onrg in Fig. 1(a), has been normalized
to the data near 30 MeV. The reasonable agreement of this
calculation with the energy dependence of o-,%;,g] in the
range 20-70 MeV provides support for attributing the max-
imum near 30 MeV to NTE.

Figure 1(b) shows the calculations of Reeves and Feagin!®
based on the ab initio formulation of Ref. 6. These results,
for the 1522s — 1s25%2p and 1s%2s — 1s2s2p? transitions
only, include both the uncorrelated (NTE) and correlated
(RTE) contributions to charge transfer and excitation in sin-
gle collisions, and, hence, provide a theoretical prediction
for O'z';pl for all energies. In the theory, the lower energy
maximum arises from the uncorrelated amplitude (NTE)
and the higher energy maximum arises from the correlated
amplitude (RTE). There is substantial qualitative agree-
ment between the theory and the measured a-,'%;,gl for the
positions of the two maxima and their relative heights. Ow-
ing to the difficulty of the theoretical calculations, reliable
absolute cross section values are not yet available. Also, it
is seen that the width of the RTE maximum in Fig. 1(b) is
considerably narrower than the corresponding o—,‘é;ﬁl width in
Fig. 1(a). This is expected since the two transitions men-
tioned above, involving solely the L shell, are the only ones
which have been included in the calculations.!® Inclusion of
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transitions to intermediate states involving the M and higher
shells would broaden the theoretical peak and move it
slightly higher in energy.

On the basis of the comparison of the measured o-,‘é;pl
with the two theoretical predictions it is concluded that the
maximum near 30 MeV is due to uncorrelated electron cap-
ture and K-shell excitation in single collisions. Further-
more, the results indicate that the nonresonant contribution
to zr,%,,_,ﬁl is small in the resonance region near 130 MeV.
This is in contrast with previous results' for S** + Ar in
which the nonresonant part of o-,‘é;pl was about equal to the
resonant part in the resonance region. In the work of Ref.
5 for F8* + He, Ne, and Ar, the NTE contribution to 01‘2;,}
was apparently so large that no resonant behavior due to
RTE could be observed. For ,Cal’* and ,3V¥®* ions in-
cident on He it is predicted!® that the NTE contribution to"
o ,‘%;31 is small ( < 0.1) in the resonance region. This is con-
sistent with the experimental results for these ions.?

In summary, experimental evidence for a two-step process
involving electron capture and K -shell excitation (NTE) in
single collisions of ions and atoms has been presented.
Furthermore, the present results indicate this process can
account for as much as 15% of all the K-shell excitation
events at certain energies, thereby requiring that NTE be in-
cluded in a complete description of K -shell excitation.
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