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1. Introduction

Experimental ' and theoretical '' studies have established the

existence of resonant transfer and excitation (RTE) in ion-atom colli-

sions. RTE occurs v hen projectile excitation and capture take place

simultaneously in a single encounter with a target atom through the elec-

tron-electron interaction between e projectile electron and a target

electron. Tha intermediate state which is formed in the RTE process can

subsequently decay by photon emission or electron emission (Auger decay).

RTE is analogous to dielectronic recombination (DR), in which the captured

electron is initially free instead of bound. RTE and DR proceed via the

inverse of an Anger transition and, hence, are resonant for projectile

velocities (in the rest frame of the electron) corresponding to allowed

Auger electron energies. RTE is identified experimentally by the observa-

tion of resonant behavior in the energy dependence of (1) the yield of

deexcitation photons coincident with projectiles which have captured an

electron, or (2) the yield of Auger electron emission associated with

capture events.

Having established the existence of RTE and its close relationship to

DR, it is of interest to determine the dependence of RTE on various

collision parameters. The projectile Z dependence of RTE over the range

161Z<.23 has already been investigated. In the following we present a

review of recent experiments which (1) establish the charge-state

dependence of RTE for Ca ions with incident charge states ranging from q =

10 + (neonlike) to q = 19 + (hydrogenl ike), (2) demonstrate the effect of

the target electron m o m e n t u m distribution on RTE, (3) report the

observation of structure in the energy dependence of high energy total

electron-capture cross sections, and (4) investigate RTE involving

excitation of the projectile L-shell for N b 3 1 + .



2. Resultf and Discussion

The work reported here was car r ied out at the Lawrence Berkeley

Laboratory using the SuperHILAC. Details concerning the experimental se t -

2 7 8up are given elsewhere.

Measurements8 were made for Caq+ + B2 (q=10,11,12,16,17,18.19) from

100 to 370 MeV. Fig. 1 shows the cross sec t ions for p r o j e c t i l e K x rays

coincident with s ingle e l ec t ron capture aS i . The strong dependence of

_q-log a on the incident energy and charge s tate is obvious. The two maxima

2
observed for the h i g h e r charge s t a t e s co r r e spond to groups of

intermediate resonance states in the RTE process for which the excited and

captured electrons occupy energy levels with principal quantum numbers n =

2,2 (near 210 MeV) or n = 2.23 (near 270 MeV). For q = 11 and 12 only n =

2,23 s t a t e s are observed while for q = 10 no s t r u c t u r e is ev ident . These

r e s u l t s can be understood in terms of the i n i t i a l number of L-she l l

vacancies present for the different charge s ta tes . For q = 11 the n = 2,2

s t a t e s cannot be formed since t h i s charge s t a t e has only one L-she l l

vacancy. While the q = 12 charge s tate does have two L-shell vacancies,

the probabili ty of forming n - 2,2 s tates for q = 12 is much smaller than

the p r o b a b i l i t y of forming n = 2,23 s t a t e s . Since the q = 10 (neonlike)

charge s tate has no L vacancies, only n = 3,23 s ta tes , which would be very

close in energy to the n = 2,23 s ta tes , could contribute to RTE. However,

c a l c u l a t i o n s ind ica te that the p r o b a b i l i t y of occurrence of n = 3,23

transi t ions is very small.

Fig. 2 shows the dependence of the o$~l maxima on the charge s tate of

the inc ident p r o j e c t i l e . The experimental values were determined by

s u b t r a c t i n g a l i n e a r background, o b t a i n e d by i n t e r p o l a t i n g the

nonresonant yield near ISO and 370 MeV, from the maximum cross sections in

Fig. 1. The e r ro r s shown in Fig. 2 are r e l a t i v e e r r o r s . The absolute



uncertainty in the data is estimated to be + 20%. The lines in Fig. 2 are

theoretical RTE calculations based on the theoretical DR cross sections of

Eahn and co-workers . It is seen that the data agree reasonably well

with the calculations.

The measurements for Ca + BL provide a direct comparison with our

earlier results2 '7 for Ca17+ + He. It is expected that the widths of the

RTE maxima wi l l be less for I^. due to the smaller electron momentum

distr ibut ion of H2 compared with He. As seen in Fig. 3 each of the c£aa

peaks for the H2 target is narrower than the corresponding peak for the He

target, and the minimum between the peaks is considerably more pronounced
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for the EL target, in agreement with the theoretical RTE calculations

shown. To f a c i l i t a t e comparison between theory and experiment, and

between the two data sets, all experimental and theoretical results have

bees normalized to the same value at the energy posi t ion of the lower

energy peak. The calculated position of the lower-energy maximum agrees

reasonably well with the data for both Ĥ  and He, while the agreement with

the calculated high-energy maximum is not as good. This same high-?*:, rgy
13 +discrepancy has been observed in STE measurements for igS + Be

coll isions. The origin of the discrepancy is not understood at present.

It should be noted that the re lat ive peak heights of the calculated RTE

cross sections in Fig. 3 for the n=2,2 and n=2,̂ .3 transitions are not the

same as those shown in Fig. 2 for q=17 + . This difference is apparently
p

due to the approximate manner in which the calculated RTE maxima were

obtained from the theoretical DR cross sect ions. The RTE calculat ions

shown in Fig. 3, which are based on the method of Brandt , represent a

more accurate method of accounting for the energy distribution of the DR

transitions and the effect of the target electron momentum distribution.

Structure in the energy dependence of single-electron-capture cross



sections in fast ion-atom collisions was observed11 for c a
l 6 ' 1 7 ' 1 8 > 1 9 + +

Hj. This nonmonotonic energy dependence is attributed to substantial

contributions to electron capture from RTE. For all four charge states the

structure occurs at the same energies as the maxima in o^~o and has the

same general shape as 0cfan- However, the magnitude of the structure in

the capture cross sections is somewhat larger than that expected by simply

adding the RTE contribution to the interpolated nonresonant capture cross

sections. While this discrepancy may reflect an underestimate in the

absolute uncertainties in the measured cross sections, another possibility

maybe that the RTE and electron-capture processes interfere, thereby

resulting in cross sections which are not simply additive. The present

data are insufficient to determine the origin of the discrepancy.

RTE involving exc i ta t ion of the project i le L-shell has been

measured12 for 455-710 MeV 57La40+ ions incident on H2- While there are

presently no detailed theoretical calculations to compare with these

results, the energy position at which the maximum occurs in the observed

cress section for L x-ray emission coincident with projecti le electron

capture can be related to specific Auger transitions. In another experi-

13ment measurements were made of the total La x-ray production, without

coincidence requirements, for A range of charge states for 3.6 MeV/u

+ Xe collisions. A maximum observed in tlie x-ray emission cross section

for charge states with 46 i q 1 52 was attributed to L-shell RTE and was

found to be consistent with RTE calculations.

More recently we have investigated14 L-shell RTE for 230-610 MeV

31+Nb (neonlike) ions incident on IL̂ . The closed L-shel.l configuration for

the projectile was chosen to simplify the theoretical analysis in order to

fac i l i ta te a comparision between experiment and theory. The measured

cross sections, ffjJaB* ^ o r ProJect*l« Lap x-ray emission coincident with



s i n g l e e l e c t r o n c a p t u r e a r e shown in F i g , 4 . R e l a t i v e u n c e r t a i n t i e s i n

t h e d a t a p o i n t s a r e i n d i c a t e d by t h e e r r o r b a r s . A b s o l u t e u n c e r t a i n t i e s

a r e e s t i m a t e d t o be + 20*?b. The maximum in c?J p n e a r 350 MeV i s a t t r i b u t e d

31 +

to RTE i n v o l v i n g L - s h e l l e x c i t a t i o n of ,.«Nb . The c r o s s s e c t i o n a t the

RTE p e a k i s n e a r l y an o r d e r of m a g n i t u d e l a r g e r t h a n t h e l a r g e s t peak

v a l u e s obse rved to d a t e fo r K - s h e l l RTE.

The v e r t i c a l b a r s shown on t h e e n e r g y s c a l e i n F i g . 4 i n d i c a t e t h e
30 +

positions of the strongest Auger transitions ia Nb involving 2p
excitations. Using theoretical DM cross sections obtained from a

15 3

preliminary calculation by Hahm et al., we have calculated the

theoretical RTE cross section. This calculated RTE cross section

(normalized by a factor of 0.75) with the 2s excitation included is shown

as the solid curve in Fig. 4. The strong maximum predicted near 160 MeV

corresponds to the formation of intermediate states where both the excited

and captured electrons have n=3. Unfortunately, we were not able to

investigate this region sine© a Nb beam was not available from the

SuperHILAC at these energies. In the region covered by the measurements

the agreement between theory and experiment is reasonable, although the

theory overestimates the measurements by about 25% at the maximum near 350

MeV. More precise measurements are needed to determine if the structure

predicted near 350 MeV by the calculations is real. However, it should be

noted that the minimum in the calculated curve near 350 MeV may arise, at

least ia part, as an artifact of the present calculation since the DR

cross sections from a group of aearby states are concentrated at a single

Dean energy. Thus, more detailed calculations of the energies and DR

cross sections for individual states are needed. At the higher energies

the theory falls more rapidly than the data. This difference between

experiment and theory is similar to previous results obtained for E-shell



STE as seem in Fig. 3.

3. €ossL@luoioms

In oumEiary, recent investigations of RTE (1) establish the projectile

charge-state dependence of K-shell KTE and provide a rather detailed test

of the theory, (2) demonstrate directly the effect of the target electron

DODsatin distribution oa STE, (3) show that RTE can make an important

contribution to total single-electron-capture cross sections, end (4)

provide inforaatioa cQEcermiag WE iEvolving excitation of the projectile

L-she 11. , The measurements are in reasonable agreement with RTE

ealselatioao based OH theoretical cross sections for DR although some

significant discrepancies remain.

T&© authors would like to thank Professor Y. Hahn for providing his

oalctnlatioac prior to publication.
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FIGURE CAPTIONS

FIG. 1. Cross s e c t i o n s for p r o j e c t i l e K x rays co inc ident with s i n g l e

electron capture, <*£„!' f ° r co l l i s i ons of 20Ca^+ i o n s w * t D ^ 2 (q

= 1 0 , 1 1 , 1 2 , 1 6 , 1 7 , 1 8 , and 19) . The s o l i d c u r v e s are drawn

to guide the eye. Note the sca le change for the Ca ' '

data. Re la t ive u n c e r t a i n t i e s in the data are t y p i c a l l y 5-A0%,

and the absolute uncertainty is estimated to be + 20%.

FIG. 2. Maximum v a l u e s l e s s background ( s e e t e x t ) of the a ^ »

cross s e c t i o n s shown in Fig. 1 p l o t t e d as a funct ion of the

inc ident charge s t a t e of the p r o j e c t i l e . The error bars show

r e l a t i v e u n c e r t a i n t i e s in the data. The s o l i d and dashed curves

are calculated maxima obtained from Refs. 4 and 9.

FIG. 3 . Comparison of the <*£QQ cross s e c t i o n s for Ca ions in Hj and

He. Sol id c i r c l e s are for I^, and the open c i r c l e s are for He.

Also shown are predicted RTE cross s e c t i o n s . Both c a l c u l a t e d

c u r v e s and the data for He have been n o r m a l i z e d to the

lower-energy maximum of the H2 measurements. Normal izat ion

fac tors for the He data, H2 theory, and He theory are 1.51, 0.87,

and 1.16, respectively.

Fig. 4 Cross sections for projectile L-shell x rays coincident with

single-electron capture, <*fak> for collisions of ^Nb with Hj.

The vertical bars along the energy axis give the theoretical

positions and relative intensities of the strongest Auger trans-

itions involving 2p excitations. The configurations of the

excited and captureu electrons in the intermediate state are

indicated. The solid curve is a theoretical RTE calculation based

on the DR cross section calculations from Ref. 15 (see text).
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