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Abstract 

Cross sections for capture of two to five electrons are found to exceed the cross V 

section for capture of a single electron for close collisions of 47-MeV Ca 17+ ions with 

Ar atoms. Close collisions are selected by coincident detection of a Ca K or Ar K x-ray 

and a Ca ion which has undergone electron capture. Total electron-capture cross 

sections,in which close collisions are not selected, are found to be much larger than 

the x-ray-coincidence cross sections, and to decrease monotonically with increasing 

number of electrons captured. The electron-capture charge-state distribution can be 

fit with a binomial distribution, which is consistent with independent electron capture, 

and suggests an absence of electron correlation in the multiple-electron-capture 

process. 
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We have measured cross sections for capture of one to five electrons by fast 

highly charged calcium ions (47-MeV Ca 17+) in close collisions with Ar atoms, where 

the condition for selecting a close collision is the simultaneous observation of a K x-ray 

emitted by the projectile or the target. We find, for a close collision, that the cross 

"q, section for capturing several electrons exceeds, by a factor of 10, that for capturing 

\.' only one electron. The predominance of multiple-electron capture in close collisions 

selected by x-ray emission has not previously been observed, with the exception of an 

observation of double K-to-K transfer in collisions of 4.5 MeV/u bare Si ions with Ar 

(Andriamonje et al 1984), in which the cross section for two-electron capture was 

observed to exceed that for one-electron capture in coincidence with an Ar target K 

x-ray. The impact-parameter dependence of inner-shell vacancy production has been 

studied for many years (Stein et al 1970), and multiple-electron capture in close 

collisions has been observed in d.ifferential scattering experiments (Rosner and Gur 

1977). The new result in this letter is the observation of multiple electron capture in 

close collisions selected by x-ray emission; the predominance of multiple electron 

capture arises because the projectile velocity was chosen to approximately match the 

velocity of electrons in the L shell of the target. We also show that the inner-shell (K) 

and outer-shell (L and M) electron-capture processes appear to be independent, and 

that the L- and M-shell electron capture can be described by a binomial distribution, 

which is consistent with an absence of correlation in the electron-capture process. 

It is generally found that the total cross section for electron capture in fast 

ion-atom collisions decreases rapidly with the number of electrons captured, and 

multiple electron capture is often negligible. In a few cases, however, the total cross 

section for capturing several electrons has been observed to be non-negligible. For 

example, Macdonald and Martin (1971) observed that the total cross section for 

capture of four electrons by 08+ in Ar for energies up to 25 MeV/u is about 1 % of the 
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cross section for capturing one electron; Macdonald et al (1972) obtained similar 

results. More recently, and at much higher energies, Anholt et al (1987) have 

observed capture of up to five electrons in a single collision for very highly stripped Xe 

and U ions in metal foils at energies in the range 82-220 MeV/u. They found that the 

total cross section for 105-MeV/u U90+ capturing five electrons in a gold target is only 

a factor of 200 less than that for capturing one electron, even for this very fast projectile. 

The usual means to determine impact-parameter dependence in ion-atom 

collisions is observation of the angle through which the projectile is scattered in the 

collision: the projectile is scattered through a larger angle in a close collision than in a 

distant one. Multiple-electron loss has been observed (Fuls et al 1957, Everhart and 

Kessel 1966, Afrosimov et al 1965, Kessel 1970) in close collisions of ions with gas 

targets. Measurements of charge-state distributions for fast ions scattered through 

large angles in gases and foils show that the equilibrium charge-state distribution can 

be obtained in a single collision (Rosner and Gur 1977, Maor and Rosner 1978, Meron 

and Rosner 1984); several electrons can be captured or lost, depending upon whether 

the charge state of the projectile is higher or lower than the equilibrium charge state. 

Similar results have been obtained by Kanai et al (1987). 

An indirect method of selecting close collisions is coincident detection of a highly 

charged target recoil ion. Since the mean charge state of recoil ions increases with 

increasing number of electrons captured by the projectile (Gray et al 1980, Kelbch et al 

1984 and 1985, MOiler et al 1986), observation of a highly charged recoil ion implies 

that a close collision has taken place. 

We have measured projectile and target K x-rays in coincidence with projectiles 

which have captured one or more electrons in order to obtain information about 

electron capture in close ion-atom collisions. The apparatus and methods employed 

are similar to those previously used for measurement of resonant transfer and 
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excitation (Tanis et al 1984), the only sig~ificant change being to increase the number 

of particle detectors utilized. A beam of fast Ca ions from the LBL SuperHILAC 

accelerator passed through a thin foil to increase the mean charge state of the ions; 

Li-like ions (charge state 17+) were selected by a magnet. After suitable collimation 

/) they were passed through a differentially pumped gas cell. Lithium-like ions were 

\.- chosen because they have a filled K shell, a nearly empty L shell, and no long-lived 

metastable states (such as the 1 s2s state of He-like ions). After leaving the gas cell 

the Ca ions were charge-state analyzed in a second magnet. The Ca 17 + ions (no 

charge transfer) were measured with a faraday cup and electrometer, while ions which 

captured one to five electrons were counted with surface-barrier detectors. The gas 

cell was viewed by a Si(Li) x-ray detector. Coincidences between x-rays and 

projectiles which captured electrons were measured by starting, with an x-ray, 

time-to-digital converters (TOC's), one for each particle detector, and stopping the TOC 

with a delayed signal from a particle detector. Data from the x-ray detector were . . 
corrected for absorption of x-rays in the detector window and for the detector solid 

angle. 

Errors (n the measurement of the cross sections reported here could be caused 

by mUlti-step processes and by an admixture of ions in the beam in a lower charge 

state (from collisions with background gas); these potential errors were minimized by 

using a very thin target relative to all relevant electron-capture and -loss cross sections 

and by correcting for background effects. The absolute uncertainty in the value of the 

coincidence cross sections reported here is approximately ± 40%; the total cross 

sections are uncertain by a factor of 2. 

~f Cross sections for electron capture coincident with a Ca K or Ar K x-ray are 

shown in Fig. 1 as a function of the final projectile charge state for 47-MeV Ca 17+ in Ar. 

Also shown are the corresponding total electron-capture cross sections, which 
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decrease monotonically with increasing number of electrons captured. The ratio of 

coincidence to total cross section increases from 0.0056% for one-electron capture to 

1.3% for five-electron capture. The most likely coincidence processes observed are 

capture of four electrons (projectile final charge state 13+) in coincidence with 

emission of an Ar K x-ray, or three electrons (projectile final charge state 14+) in 

coincidence with a Ca K x-ray. We also measured coincidence cross sections at ener

gies higher than 47 MeV, and found that multiple-electron capture in coincidence with 

a projectile or target x-ray decreases relative to single-electron capture with increasing 

energy. For Ca 17+ in Ar at 160 MeV, capture of one electron in coincidence with either 

a Ca K or Ar K x-ray is the most likely process. Additional measurements of multiple 

electron capture in coincidence with x-ray emission for Ca 17 + in Ne (Ca K x-ray 

observed) and Kr (Ca K and Kr L x-rays observed) will be reported separately. 

The 47-MeV Ca 17+ projectile has a velocity (1.5 x 109 cm/s) which is close to the 

velocity of the L-shell electrons of the target (1.0 x 109 cm/s), and is slow relative to the 

K-shell electrons (Carlson et al 1970) of the projectile (4.2 x 109 cm/s) and target (3.4 x 

109 cm/s). K-vacancy production in either partner is therefore most appropriately 

described in the molecular-orbital picture. A schematic MO diagram (relevant states 

only) for the Ca + Ar system is shown in Fig. 2. An Ar K electron (2pcr) can be 

transferred at small impact parameter to the L shell (2p1t) of the Ca 17 + ion, which 

initially has 7 vacancies, by 2pcr-2p1t rotational coupling (Taulberg et al 1976). This 

electron transfer takes place at an internuclear separation of about the K-shell radius, 

which is approximately O.08ao. The resulting vacancy in the Ar K shell can then be 

shared with the Ca ion by subsequent 2pcr-1scr radial coupling (Meyerhof 1973), giving 

rise to a Ca K vacancy. This radial-coupling transfer occurs at a distance of several 

times the K-shell radius (Meyerhof 1973). The transfer of target L- and M-shell 

electrons to the projectile L shell, which may also occur in the collision, takes place 
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over a larger range of internuclear separations, up to several times the L-shell radius 

and is expected to be independent of the K-shell vacancy- production process. Hence, 

in a close collision, the final projectile outer-shell configuration (charge state) is 

essentially independent of the production of Ca or Ar K vacancies. This can be seen in 

Fig. 1 by noting that the charge-state distributions for coincidence with an Ar K x-ray 

and with a Ca K x-ray have essentially the same shape, and in fact, coincide, except for 

magnitude, if the distribution for coincidence with an Ar K x-ray is shifted one charge 

state lower (the dashed CUNe is shifted to the left by one charge state). This shift is 

necessary since an Ar K vacancy results from transfer of an Ar K electron to the Ca L 

shell, thus appearing as a capture event by the Ca ion, with emission of an Ar K x-ray; 

this promoted electron is necessarily present when an Ar K x-ray is obseNed, and is 

not equivalent to an electron which is captured from the target L or M shell. For the 

case of emission of a Ca K x-ray, however, an electron has been returned to the Ar by 

K-vacancy sharing, resulting in no net change of charge, so that no shift in the 

-measured CUNe is needed. Thus, with the Ar K x-ray coincidence data shifted as 

indicated, the two charge-state distributions are compared in terms of capture of target 

L- and M-shell electrons only, independent of K-vacancy production. 

Experimental K-K vacancy-sharing probabilities, wexp ' can be calculated from 

the obseNed x-ray cross sections, corrected by neutral-atom fluorescence yields. The 

experimental values for wexp ' obtained for one to four L or M ~Iectrons transferred, 

range from 0.28 to 0.31. The mean value wexp = 0.29 is in excellent agreement with 

the theoretical value Wth = 0.30, calculated from the relation given by Meyerhof (1973) 

and obtained using neutral-atom K binding energies. 

The observation that wexp is essentially independent of the number of electrons 

transferred is evidence that the K-vacancy production mechanism is independent of 

the electron-capture mechanism for target L- and M-shell electrons. If we assume 
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that the L- and M-shell electrons are captured due to electron-nucleus interactions 

and that electron-electron interactions can be neglected, i.e., the electrons are 

captured without correlation, it is expected that the electron-capture charge-state 

distribution can be described by a binomial distribution (Kauffman et al 1973). The 

binomial distribution is written 

where n is the number of electrons captured in one collision, t is the number of 

electrons available for capture (or the number of places into which they may be 

captured) with a probability p for each electron captured, and (~) is the binomial 

coefficient. The measured relative probability distributions for electron capture in 

coincidence with an Ar K x-ray (shifted one charge state lower) or with a Ca K x-ray 

are shown in Fig. 3, along with a binomial distribution which has been fit to the 

experimental data for t=8, giving an electron-capture probability of 0.41. For a choice 

of t=7 (7 L electrons available), the resulting fit is similar, with p=0.45. The good 

agreement of the measured charge-state distribution with a binomial distribution is 

consistent with independent electron-capture events, and argues against significant 

electron correlation effects. A similar analysis could be done for x-ray-coincidence 

cross sections for higher projectile energies; we expect a small electron-capture 

probability, as single-electron capture will dominate for projectile velocities which are 

far from matching the velocity of target electrons. 

The capture probability for an Ar L-shell electron is appreciable out to a distance 

of several times the Ar L-shell radius. The x-ray coincidence cross sections reported 

here are for collisions in which the impact parameter is within the Ar K-shell radius, 

thus, multiple electron capture dominates single electron capture for these collisions. 
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(non-coincident) electron capture includes distant collisions, for which the capture 

probability is small, and thus the total cross section for capturing electrons decreases 

monotonically with increasing number of electrons captured. 

Additional information about the collision process might be obtained by 

measurement of the target recoil-ion charge-state distribution in coincidence with 

electron capture and with x-ray production, which would show the number of electrons 

liberated from the target atom by direct ionization, by Auger processes, or by electron 

capture. We are investigating the feasibility of these measurements. We also plan 

future experiments with Ca projectiles having a filled or nearly filled L shell, to observe 

the effect on vacancy production and on multiple capture of L-shell electrons. 

The possibility of multi-electron resonant transfer and excitation (RTE) has been 

raised (Warczak et al 1986, Liesen et al 1987) as a possible interpretation of structure 

observed in the impact-parameter dependence of x-ray yields for cl~se collisions of 
l 
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fast highly charged ions in heavy targets. These authors postulate the simultaneous 

capture of three quasi-free electrons into the L shell, accompanied by resonant 

excitation of a K-shell electron. It is unlikely that we have observed this phenomenon, 

as we do not find any resonance behavior of the multiple-electron capture cross 

sections with projectile energy, and, furthermore, our results are consistent with 

independent electron capture as manifested by the agreement of the measured 

charge-state distributions with the binomial distribution. 

In summary, we have, observed multiple L- and M-shell electron capture in close 

collisions in which a K vacancy in the target atom is produced by rotational coupling at 

small internuclear distance, and in the projectile by subsequent radial coupling 

(K-vacancy sharing). For close collisions of 47-MeV Ca 17 + ions with Ar, where the 

projectile velocity is approximately equal to the projectile and target L-shell electron 

velocities, a large number of L- and M-shell electrons can be transferred from the 
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target to the projectile in a single collision, and the cross section for capture of three or 

four electrons is shown to greatly exceed that for capture of one electron. The results 

are consistent with K-vacancy production and l- and M-shell electron capture being 

independent. Furthermore, the electron-capture charge-state distribution can be fit 

with a binomial distribution, suggesting the absence of correlation in the 

multiple-electron- capture process. 

We would like to thank Professor H. Schmidt-Bocking for pointing out that the 

K-vacancy production process can be separated from the outer-shell electron-capture 

process, which was instrumental in the interpretation of the experimental results, and 

for many useful conversations. We would also like to thank Professors R. E. Olson and 

W. Meyerhof for very helpful and interesting discussions concerning these results. 

Afrosimov VV. Go.rdeev Yu S. Panov M and Fedorenko NV 1965 Zh. Eksp. Teor. Fiz. 
Pisma Red . .2 291 [JETP lett . .2 185]. . 

Andriamonje S. Chemin JF. Roturier J, Saboya B, Scheurer IN, Gayet R, Salin A, 
laurent H, Aguer P, and Thibaud JP 1984 Z. Phys. A ill 251. 

Anholt R, Meyerhof WE, Xu XV, Gould H, Feinberg B, McDonald RJ, Wegner HE, and 
Thieberger P 1987 Phys. Rev. A ~ 1586. 

Carlson TA, Nestor CW Jr., Wasserman N, and McDowell JD 1970 Atomic Data 263. 

Everhart E, and Kessel ac 1966 Phys. Rev . .He. 16. 

Fuls E N, Jones PR, Ziemba FP, Everhart E 1957 Phys. Rev. ill 704. 

Gray T J, Cocke Cl. and Justiniano E 1980 Phys. Rev. A 22 849. 

Kanai Y, Awaya V, Kambara T, Kase M, Kumagai H, Liu B, Mizogawa T, and Shima K 
1987 Intern. Conf. on Phys. of Electronic and Atomic Collisions (Brighton, 1987, Ed. by 
Geddes et al), p.525. 

Kauffman Rl, McGuire JH, Richard P, and Moore CF 1973 Phys. Rev. Aa 1233. 

10 

v 
I ' 



V 
I I 

\.; 

I~ 

\,) 

Kelbch S, Schmidt-Bocking H, Ullrich J, Schuich R, Justiniano E, Ingwersen H, and 
Cocke CL 1984 Z. Phys. A ill 9. 

Kelbch S, Ullrich J, Mann R, Richard P, and Schmidt-Bocking H 1985 J. Phys. B .1.§. 
323. 

Kessel ac 1970 Phys. Rev. A 2 1881. 

Liesen D, Warczak A, Armbruster P, Bosch F, Kozhuharov C, and Liu B 1987 Z. Phys. 
D~49. 

Macdonald JR and Martin FW 1971 Phys. Rev. A ~ 1965. 

Macdonald JR, Ferguson SM, Chiao T, Ellsworth LD, and Savoy SA 1972 Phys. Rev. A 
~ 1188. 

Maar D and Rosner B 1978 Phys. Lett. ~ 100. 

Meron M and Rosner B 1984 Phys. Rev. A ~132: 1 

Meyerhof WE 1973 Phys. Rev. Lett . .3.11341. 

MOiler A, Schuch B, Groh W, Salzborn E, Beyer HF, Mokler PH, and Olson RE 1986 
Phys. Rev. A ~ 3010. 

Olson RE, Ullrich J, and Schmidt-Bocking H 1987 J. Phys. B. 2Q. L809. 

Rosner Band Gur D 1977 Phys. Rev. A ~ 70. 

Stein HJ, Lutz HO, Mokler PH, Sistemich K, and Armbruster P 1970 Phys. Rev. Letters 
24 701. 

Tanis JA, Bernstein EM, Stockli MP, Graham WG, Berkner KH, Markevich OJ, 
McFarland RH, Pyle RV, Stearns JW, and Willis JE 1984 Phys. Rev. A 2.9. 2232. 

Taulbjerg K, Briggs JS and Vaaban J 1976 J. Phys. B .9. 1351. 

Warczak A, Liesen D, and Liu B 1986 J. Phys. B 1.9. 3975. 

1 1 



FIGURE CAPTIONS 

Figure 1. Electron-capture cross sections for 47-MeV Ca 17+ in Ar, as a function of the 
final charge state of the projectile and of the number of electrons captured. 
Lower curves show electron capture coincident with an Ar or Ca K x-ray; 
upper curve shows total (non-coincidence) electron capture. Dashed curve 
shows the Ar K x-ray coincidence data shifted one charge state to the left 
(see text). 

Figure 2. Schematic correlation diagram for Ca+Ar system (relevant levels only). 
Rotational coupling creates an Ar K vacancy at small internuclear 
separations; radial coupling (vacancy sharing) at larger internuclear 
separations can lead to a Ca K vacancy. L-L transfer occurs over a still 
larger range of internuclear separations (indicated schematically by cross 
hatching). 

Figure 3. Relative electron-capture probabilities for 47-MeV Ca 17+ in Ar, as a func
tion of the number of L- and M:-shell electrons transferred, . for coincidence 
with a Ca K or Ar K x-ray. The distribution for coincidence with an Ar K 
x-ray is shifted to the left by one charge state (see text). Solid bars show the 
experimental results; shaded bars show the binomial distribution for an 
electron-capture probability of 0.41 (assuming 8 L-electrons are available). 
The experimental probabilities have been normalized by a factor 
determined by the fit to the binomial distribution. 
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