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Introduction
Electron capture in collisions between fast ionic projectiles with
atomic targets has been a subject of significant interest for decades.
Cross sections for such processes play a crucial role in estimating the
energy losses of ions during their passage through matter of varying
kinds. Cross sections databases find useful applications in both pure
physics areas, such as plasma physics, astrophysics and heavy ion
transport physics, as well as interdisciplinary, such as fusion energy
research and medical physics.

Theory
We consider single-electron capture into all final states Σ in collisions
between fast protons p and helium ions He+ in the ground state:

p + He+(1s)→ H(Σ) + He2+. (1)

We will calculate the state-summed total cross sections in the frame-
work of the boundary-corrected first Born approximation (CB1-3B).
This high energy theory is a fully quantum-mechanical approach,
which strictly preserves the correct boundary conditions in both the
entrance and exit collision channels [1, 2, 3]. The prior form of the
transition amplitude for capture into an arbitrary nlm final state is:

Tif(~η) = ZP

∫ ∫
d~sd~Rϕ∗nlm(~s)

(
1

R
− 1

s

)
× ϕi(~x)ei

~β·~R−i~v·~s(vR + ~v · ~R )iξ, (2)

where ZP = 1 is the projectile charge, ~β = −~η − βz~̂v the momen-
tum transfer (βz = v/2 + ∆E/v), ∆E = Ei − Ef the difference be-
tween the initial and final bound-state energies, ~v the projectile veloc-
ity, ~η = (η cosφη, η sinφη, 0) the transverse momentum transfer vector
(~η · ~v = 0), and ξ = (ZP − ZT )/v. The position vector of the electron
relative to the projectile (target) is ~s (~x), and ~R is the relative posi-
tion vector of the projectile to the target. Finally, ϕi(~x) and ϕnlm(~s)

are the initial and final bound-state wave functions, respectively. The
six-dimensional integral for the transition amplitude matrix elements
Tif from Equation (2) can be reduced to a one-dimensional integral
over a real variable in the interval [0, 1]. The state-resolved total cross
sections become:

Qnml ≡ Qif(a2
0) =

1

2πv2

∫ ∞
0

dηη|Tif(~η)|2. (3)

Numerical integration of the two-dimensional integral in Equation (3)
over the two real variables is performed using Gauss-Legendre quadra-
ture. The state-summed total cross sections for capture into all final
states are obtained by applying the Oppenheimer n−3 scaling law [4]:

Q ≡ QΣ = Q1 + Q2 + Q3 + 2.561Q4, (4)

with the state-resolved cross sections Qn and Qnl being:

Qn =

n−1∑
l=0

Qnl, Qnl =

+l∑
m=−l

Qnlm. (5)

Results
The present CB1-3B results exhibit a very good agreement with all the
available measurements [5, 6, 7], as seen in Figure 1. The discrepan-
cies are very slight, and for the highest energy data point the theory
approaches the experimental cross section value within the measure-
ment error. Since CB1-3B is a high energy theory, and the available

measurements are all in the intermediate energy range, some discrep-
ancy is indeed natural. The agreement is nevertheless satisfactory, and
is expected to improve even further for higher energy values.
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Figure 1: State-summed total cross sections as a function of impact energy E (keV)
in the laboratory frame of reference for single-electron capture into all final bound
states H(Σ) from the ground state of the helium ion He+(1s) by protons. The full
curve is the present result in the CB1-3B method. Experimental data: 4 Peart et al.
1983, • Rinn et al. 1985, ◦Watts et al. 1986.

Conclusion
This work provides us with useful total cross section values for the
process of single-electron capture in collisions between protons p and
helium ions He+, as well as representing a critical test of the validity of
the CB1-3B approximation. After contrasting it with the experimen-
tal data for this genuinely three-body single-electron capture process,
we conclude that the agreement is very satisfactory, and therefore the
validity of the CB1-3B method is strongly confirmed.
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