First-step benchmark of collision cross-sections for heavy ions
using charge-state evolutions after target penetration
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Synopsis A new method for assessment and evaluation of sets of calculated collision cross-sections using very accurate
experimental data for charge-state evolutions after target penetration is presented with some examples.

Both accuracy and completeness are strongly
required when applying atomic collision data to
the related fields like astrophysics, plasma
physics, and so on. Although the number of
studies devoted to collision cross-section
measurements has been notably decreased
recently, immense improvements in computer
power have brought new developments in
theoretical
procedures,
which
have
synergistically realized calculations for more
complicated collision systems in more details,
and a number of calculated collision crosssections have become available. As for the
accuracy of these theoretical cross-sections,
there still is no established technique to evaluate
those diverse cross-sections other than
comparing them with measured cross-sections
for limited collision systems, in spite of
continuous attempts to such uncertainty
assessments [1]. It is also true that available
measured cross-sections include not-a-small
error especially for gas-target collisions.
We propose to make use of measured
charge-state evolutions after foil penetration,
which has very high accuracy of 0.3%, as a first
order benchmark of the validity of a set of
theoretical cross-sections. In penetrating
through targets, ions change their charge-states
until they establish the equilibrium charge-state
distribution, in which increases and decreases in
population of each charge-state balance each
other and the population seems to remain
unchanged. Before establishing the charge
equilibrium, fractions for each nl-substate in all
possible charge-states dynamically evolve
according to a set of rate-equations
dFi ( x )
dx

= ∑ Fj ( x ) σ ji − ∑ Fi ( x ) σ ij ,
j

j

∑ Fi ( x ) = 1 ,
i

where Fi ( x ) denotes the fraction of specific isubstate at the penetration depth x , and
σ ij denotes collision cross-sections or transition
rates from substate i to j, i.e., those for
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excitation, collisional and radiative deexcitations, ionization, and partial charge
transfer processes.
As an example, four sets of calculated crosssections for 2.0 MeV/u Cq+ (q = 2−6) and Sq+ (q
= 6−16) ions through C-foil targets were used to
derive the charge-state evolutions and the
reproducibility of the measured evolutions [2]
were checked for non-equilibrium evolutions
and for equilibrium charge-state distributions by
keeping scores. The ETACHA code [3] solves
these nl-substate oriented rate equations,
through calculating the set of collision crosssections inside the code, which were rather
satisfactory. Better reproducibility was achieved
for a set of calculated cross-sections which was
obtained by taking the density effect into
account but only n-state oriented transfers were
accounted for.
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Figure 1. Full curves: Charge-state evolution for 2.0
MeV/u C2+ projectile ions through C-foil targets.
Dashed curves: Calculated evolutions that best
reproduced the measured evolutions.
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