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Cross sections for the pickup of electrons in a variety of 
targets have been measured with beams of 1 2C (150, 250, 
400 MeV/n), 20Ne (250, 400, 1050, 2100 MeV/n) and 40Ar 
(400, 1050 MeV/n) from the Bevalac accelerator. The inter-
pretation of the results in terms of radiative and non-
radiative capture, and the implications for cosmic ray 
propagation studies are discussed. 

1. Introduction 
Unstable nuclei which can decay only by the capture of an atomic electron 

form a unique component of the cosmic rays. Because, at high energy, these 
nuclei have a small probability of pocessing an electron, a study of their 
survival or decay can reveal important information on their conditions of 
formation or propagation. For example, secondary spallation products of this 
type can give information on the density of the propagation medium (1-4) and 
on solar modulation effects (3, 5) . " Primary " nuclei of this type can be 
used to probe the time between formation and acceleration of cosmic rays (6-9). 

An important limitation of these investigations until now, has been the 
lack of experimental values for the atomic charge exchange cross sections for 
very high energy nuclei. The anergy region of interest is one in which the 
non-radiative process for electron pickup, which is the dominating mechanism 
at the lower energies usually studied, becomes comparable to radiative 
capture. In fact, most treatments of this problem have assumed(explicitely or 
implicitely)that radiative capture was the dominating process (2-9). However, 
because of the absence of a firm theoretical basis for non-radiative cross 
sections in the high energy limit, and in particular of possible relativistic 
effects, such assumptions have remained uncertain. The only previous experimen-
tal work in this area was restricted to charge one projectiles( 10). We report 
i ere on measurements with relativistic heavy ions which are directly appli-
cable to the cosmic ray problem. 

In addition to the subject outlined above, these cross sections can also 
have applications to other cosmic ray questions, such as permitting estimates 
of the " effective " charge of such particles in emulsion or plastic detec-
tors (11), or the penetration of the earth's magnetic field by incompletely 
stripped ions. 

2. Experiment 
12 

Experu nts were carried out using relativistic ion beams of C (150, 
250 and 400 MeV/n), 20Ne (250, 400, 1050 and 2100 MeV/n) and 1 8 A r (400 and 
1050 MeV/n) from the Bevalac accelerator. The electron capture and loss cross 
sections were determined by measuring with a spectrometer the fraction of the 
ions which picked up an electron in traversing a thin non-equilibrium target. 
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compared to the ratio at equilibrium in the same material. The solid targets 
studied included Be, C, Al, Cu and Au. A few measurements were also made 
with qas targets of He, Ar and air. More complete experimental details will be 
published elsewhere. Because the purpose of this experiment was to make 
measurements over as broad a range of conditions as possible, some precision 
was sacrificedin order to cover as many combinations of projectile, target 
and energy as feasible with a limited available amount of beam tima. 

3. Results and discussion 
A few examples of the results are shown in Figs 1 and 2, which give an 

idea of the dependence on projectile charge (Zp), target charge (Zc) and 
projectile energy (Ep). Because the data are still being analyzed, these 
preliminary results are subject to uncertainties of perhaps a factor of 2. 
The (Z_)^ dependence, fig. 1(a), which is expected for either radiative or 
non-radiative capture (10), is confirmed. Thus the present results can be 
extrapolated with some confidence to other nuclei of cosmic ray interest. The 
linear dependence on Zc, illustrated in Fig. 1(b) shows the domination of 
radiative capture (at least up to Z c ^ 30 for the energy chosen) indicating 
a constant cross section per electron in the target. Thus one is ensured that 
the results can also be confidently applied to the interstellar medium where 
Z c is one or two (or even to an ionized medium). We have also made some 
attempts to measure directly the cross sections in hydrogen, by comparing 
targets of plastic and carbon, while only upper limits could be obtained, they 
are perfectly consistant with the above picture. 

An initial attempt has been made to compare the results with those expec-
ted on the basis of available theory. Most of the data can be well accounted 
for by the predictions of radiative capture (for ex. Fig. 2(a) ). These cross 
sections have been calculated by using detailed balance (10) and cross sections 
for the inverse process, the photoelectric effect, for which a fully relati-
vistic treatment exists. To our knowledge, no similar relativistic treatment 
exists for non-radiative capture. We show (as OBK-I) in Fig. 2, a " straight-
forward " application of the Brinkman-Kramers formalism, (i.e. letting v=f3c) . 
The experimental results are in strong disagreement with such predictions. 
However, by recognizing that it is kinetic energy, and not just velocity 
which must be transferred to the electron being captured, we can try substi-
tuting S = (E/E0)1/2 (rather than v/vQ) in the OBK expression (where E is the 
final kinetic energy of the captured electron in the rest frame of the target, 
in units of E0, the energy of the K electron in hydrogen) . The results (OBK 
II in Fig. 2) are in surprisingly good agreement with the data. We are still 
trying to determine whether there is any justification for such a crude 
approach. 

For the cosmic ray application} however, the important point is that the 
light target data are adequately described by the expression for radiative 
capture in the energy region of interest . While we are still making some 
refinements to this expression, the effects will be of negligible significance 

* The one exeption to this is the nuclide ^Be. Here decay becomes important 
only at energies low enough that non-radiative capture is predicted to 
dominate. However, this energy is sufficiently low that the " classical " 
Brinkman-Kramers predictions are expected to be valid (1). 
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Figure 1 - Capture cross sections for : (a) 400 MeV/n, C, Ne and Ar ions in 
carbon. The solid line indicates a (Zp)"' dependence ; (b) 1050 
MeV/n Ar ions in Be, C, Al. Cu and Au. The solid line indicates a 
linear dependence on target charge (Z ) . 

Figure 2 - Capture cross sections as a function of projectile energy for : 
(a) Ne ions in Al. ; (b) Ar ions in Au. The solid lines indicate 
theoretical estimates for radiative and non-radiative capture, 
as discussed in text. 
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to the cosmic ray problem. Thus previous propagation calculations which 
have been made on the basis of such predictions (4, 5), will be unaltered. 

Some examples of these calculated cross sections for several isotopes 
of cosmic ray interest in a medium of interstellar composition are given in 
Fig. 3. They are seen to be in strong disagreement with those of Tamahane et 
al. (12), who considered only non-radiative capture. 

4. Conclusions 
Experiments have been carried out on the pickup of electrons by relativis-

tic nuclei. The results put the estimate of cross sections for the similar 
pickup of electrons in the interstellar medium by cosmic ray nuclei on a firm 
basis. Together with the relevant nuclear cross sections, such data permit a 
reliable and quantitative use of pure electron capture nuclei in cosmic rays 
as important probes of their production, propagation and modulation conditions. 
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Figure 3 - Calculated effective " electron pickup cross sections for 
55 51 a 44 . . . Fe, Cr and Tx in interstellar medium. 


