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In an Ion-atom collision projectile excitation and charge transfer
(electron capture) may occur together In a single encounter. If the
excitation and capture are correlated then the process Is called resonant
transfer and excitation (RTE); If they are uncorrelated then the process Is
termed nonresonant transfer and excitation (NTE). Experimental work to
date has shown the existence of RTE and provided strong evidence for NTE.
Results presented here provide Information on the relative magnitudes of
RTE and NTE, the charge state dependence of RTE, the effect of the target
momentum distribution on RTE, the magnitude of L-shel I RTE compared to K-
she 11 RTE, and the target Z dependences of RTE and NTE. ^

1. INTRODUCTION

In single collisions between Ions and atoms vacancies may be created by one
of three mechanisms: excitation, lonlzation, and charge transfer. Recent
experimental studies (1,2,3) have shown that two of these processes, excitation
and charge transfer, can occur together In a single encounter with a target
atom resulting In the formation of an Intermediate excited state. This capture
and excitation can be either a correlated or an uncorrelated process.

If the combined process Is correlated then the mechanism tnvolved Is an
electron-electron Interaction between a projectile electron and a (weakly
bound) target electron similar to the Inverse of an Auger transition. Resonant
formation of Intermediate states occurs for Incident Ion energies such that the
target electron energy, In the rest frame of the Ion, equals one of the Auger
electron energies. This process of correlated electron capture and projectile'
excitation followed by photon emission is called resonant-transfer-and-
excitatlon (RTE). RTE Is analogous to dlelectronlc recombination (DR) (4)
except that for DR the captured electron Is initially free Instead of bound.

If the electron capture and projectile.excitation are uncorrelated then the
mechanisms involved are electron-nucleus interactions between the projectile
nucleus and a target electron resulting In electron capture, and between the
target nucleus and a projectile electron resulting in excitation. Such a
combination of excitation 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 non-resonant-transfer-and-excltatlon (NTE).
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A formal theoretical treatment of simultaneous charge transfer and
excitation In single collisions has recently been developed by Feagln, Brlggs,
and Reeves (5), In this work separate amplitudes for the correlated and
uncorrelated contributions to the capture plus excitation process are
formulated. The calculations Indicate that NTE and RTE can occur 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 excitation cross section
and a decreasing single electron capture cross section.

Our recent experimental work with highly stripped sulfur, calcium, and
vanadium Ions colliding with helium (1,2,3) has shown the existence of RTE and
provided evidence for NTE. The RTE results are in good agreement with
calculations (6) using the method of Brandt (7) based on theoretical
dielectronlc recombination cross sections (8). In addition, RTE and NTE have
been Investigated by other groups for hydrogenlike fluorine ions (95 incident
on helium, neon, and argon targets and llthiumllke silicon ions (10) colliding
with these same targets.

New results presented here are for (1) 2 0
C a ia,iy+ + ^ collisions,

(2) 57l-a
40+ + H, collisions, and (3) 16

s13+ + Ne collisions. These results
provide information on the charge state dependence of RTE and the effect of the
target momentum distribution on RTE, the magnitude of L-shel I RTE compared to
K-shel I RTE, and the target 2 dependence of RTE.

2. EXPERIMENTAL PROCEDURE

The experimental measurements were carried out at Lawrence Berkeley
Laboratory using the SuperHILAC and at Brookhaven National Laboratory using the
coupled MP tandem Van de Graaffs. The experimental technique consists of
measuring x rays associated with electron capture events. Projectiles In a
given charge state pass through a differentially pumped gas cell. After
emerging from the cell, the beam is magnetically or 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
projectile ions and x rays are measured with a time-to-amplitude converter.
The non-charge-changed-component of the emerging beam is collected in a Faraday
cup.. Coincidence yields were measured as a function of gas pressure to check
for linearity thereby ensuring that single collision conditions prevailed.

3. RESULTS AND DISCUSSION

A sample of previous experimental studies (1,2,3), taken from Ref. 3, is
shown in Fig. 1 for 15-200 MeV I A S ' 3 + He collisions. This figure shows the
cross section for total projectile K x-ray emission, a« , and the cross
section for projectile K x rays coincident with single electron capture, a ^ .
It is seen that a^~g exhibits a maximum near 130 MeV due to RTE and a maximum
near 30 MeV attributed to NTE. The dashed curve Is the calculated (7) RTE
cross section (multiplied by 0.85) and the solid curve is a calculated NTE
cross section obtained from the product of the K-shelI excitation cross section
and the probability for capture to the L-shelI (11). This product has been
normalized to the data near 30 MeV.

Fig. 1b shows the calculations of Reeves and Feagin (12), for the 1s22s—>
1s2s22p and 1sz2s—> 1s2s2p2 transitions only, which include both the
uncorrelated (NTE) and correlated (RTE) contributions to charge transfer and
excitation. These calculations, in which the lower energy maximum arises from
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Theoretical cross section (Ref. 12)
for charge transfer accompanying K-
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of S 1 3 + + He.

Zl for 20
q=12,16,17,18, and 19. The solid
curves are drawn to guide the eye.



the uncorreIated amplitude (NTE) and the higher energy maximum artses from the
correlated amplitude (RTE), provide substantial qualitative agreement with the
measured energy dependence of ojfeh The narrower RTE width In Fig. 1b
compared to the corresponding a j O width In Fig. la Is due to the fact that
only the two transitions mentioned above have been Included the calculations.

In more recent work at LBL, RTE was Investigated for 100-370 HeV

2 0Ca
1 2» 1 6' t 7' 1 8' 1 9 + + H 2 collisions. The results, shown in Fig. 2, are

consistent with previous measurements (2) for 20^aC'+ and 2 3 ^ * + He In wnIcn

two maxima were also observed In the energy dependence of o£~1g> These maxima
correspond to groups of intermediate resonance states in the RTE process for
which both the excited and the captured electrons occupy energy levels with
quantum numbers n=2,2 and n = 2, >. 3 (see Fig. 1b of Ref. 2). The present
results for Ca'9+ are the first observation of RTE for a hydrogenlike ion. The
large rise in a$~l as the beam energy is decreased below 200 MeV Is due to
electron capture, without accompanying excitation, to an excited state (n£2)
followed by deexcitatlon via photon emission. For Ca1* the transitions giving
rise to the first maximum, I.e. those Involving quantum numbers n*2,2,
apparently occur with a small probability compared to the transitions with
n«2,>.3 and so only the second maximum Is observed. Calculations (13) which
have just become available Indicate that these results for C a z + are consistent
with theory.

The measurements for Ca ' ' + H 2 provide a direct comparison with
earlier results (2) for these same Ions incident on He. Due to the smaller
electron momentum distribution for H 2 compared to He, it Is expected that the
widths of the RTE maxima will be less ior Ho. The results indicate that this
Is the case as shown in Fig. 3 for Ca' . ft Is noted that the discrepancy
between theory and experiment for energies >.26O MeV Is similar for H 2 and He
targets. This same discrepancy has been observed In RTE measurements for
jgS + + He collisions (3). The origin of the discrepancy Is not understood at
present.

We have also conducted a preliminary Investigation of PTE involving
excitation of the projectile L-shell for 455-710 MeV 5 7La

4 0 + Ions colliding
with H 2 as shown In Fig. 4. Although there are no theoretical calculations at
present with which to compare these results, the position of the observed
maximum In a£~g Is consistent with the calculated energies of three of the
most probable Auger transitions as shown. Evidence for L-shell RTE has also
been obtained In the observation of anomalous variations in the L x-ray
production cross sections as a function of charge state for Swfl+ + Xe
collisions (14). In a future study we plan to examine the L-shell RTE
resonance region more closely to look for structure (as observed for the K-
shell) In o^ag an<* +o determine the relative participation of the L subshelIs
(I.e. Lj, L2, or L*) In the RTE process.

The target Z dependence of RTE has not been established. The only published
result In which the measurements span the resonance region for a target other
than H 2 or He Is that for S

1 5 + Ar reported In Ref. 1. In our most recent BNL
work we have measured projectile K x rays coincident with single capture for
40-160 MeV igS 1 3 + + Ne collisions as shown In Fig. 5. Since the RTE maximum
occurs near 120 MeV for sulfur Ions, It Is seen that there Is no measureable
evidence for RTE In these data while there may be a considerable contribution
due to NTE as evidenced by the apparent peak near 60 MeV. These results are
similar to results previously obtained for Ar' 5 + + Ne collisions (15). At
present we have no explanation for these results with neon targets.
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FIGURE 3
Comparison between the measured o9"l
for Ca l / + Ions on H 2 and He. Also
shown are the predicted RTE cross
sections (Re*. 6) for these collision
systems. The lower energy maximum
has been normalized to the same value
In each case.

FIGURE 4
40+L x-ray cross sections for 5 7La
4 D + H 2

collisions; c L agis the cross section
for total projectile L x-ray emission
and aLa8 ls +ne cross section for
projectile L x rays coincident with
single electron capture. The solid
curves are drawn to guide the eye. The
vertical lines denoted by UMgMc, etc.
give the energy positions of selected
Auger transitions.
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FIGURE 5
Cross sections for projectile K x
rays coincident with single electron

for 13S;13+ + Necapture, a$

collisions. The solid curve Is drawn
to guide the eye.



4. CONCLUSIONS

New measurements of projectile x-ray emission coincident with single
electron capture have provided significant new Information on (a) the charge
state dependence of RTE, (b) the effect of the target momentum distribution on
RTE, (c) the magnitude and width of L-shelI RTE compared to K-shelI RTE, and
(d) the target Z dependence of RTE and NTE (neon target compared to H£ and He).
Preliminary results Indicate that the charge state dependence of RTE and the
effect of the target momentum distribution on RTE are consistent with theory.
For L-shel I RTE, no calculations yet exist to compare with the measurements.
The neon target results are anomalous Jn that the expected RTE maximum Is not
observed; no NTE calculations for neon are currently available.
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