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Comment on "Measurement of the Z. Contribution to the Stopping

Power Using MeV Protons and Antiprotons: The Barkas Effect"

In a recent Letter, Andersen et al. reported measured energy losses of

0.5 - 3.0 MeV protons and antiprotons in silicon and extracted the Z. (or Barkas)

correction to the stopping power. They compared their results to calculations that

are valid for distant collisions and are based on a perturbation expansion for the

excitation of a classical harmonic oscillator. The authors mentioned that there has

been a long-standing discussion about the contribution from close collisions to the

Z, correction, but that no agreement had been reached in view of lacking

quantitative calculations.

In this Comment we report on the results of recent theoretical evaluations

of the Z, correction in two different models, a spherical harmonic oscillator and a
o

static electron gas. The calculations are quanta! and include the effect of both

close and distant collisions.

For the oscillator, the Born series was evaluated up to second order,

leading to the energy loss versus impact parameter and the stopping power up to

third order in Z, . This calculation is the first to preserve shell corrections in the

Z, term. The Barkas correction to the energy loss was found nonzero at zero

impact parameter, and positive for protons except at velocities well below the

stopping maximum.

The calculation for the electron gas was based on a general expression for

the self-consistent polarization field in a dense medium, as derived in Ref. 4,
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where e(k,u) is the dielectric function, and *̂  '(k,w) is the self-consistent polarization

field to first order. The induced charge to second order, p' '($), is determined

by second-order quantal perturbation theory. The gradient of 41 ' determines the

Z, correction to the stopping power.

Equation (1) can be applied to a dilute, random distribution of one-

electron atoms in the Hartree approximation. The resulting stopping power agrees

completely with the one found directly and applied to the harmonic oscillator.

When applied to an electron gas without Fermi motion, Eq. (l) yields a Z,

correction for protons that turns negative at large momentum transfers. However,

the region of negative values is narrow at high velocities, where the contributions

from close and distant collisions become similar in magnitude.

Thus, both models present unambiguous evidence for a sizable contribution

from close collisions to the Barkas correction, as predicted in Ref. 6.

Figure 1 shows the stopping power corrections found from the two

approaches in terms of the quantity L, discussed in Ref. 1. Curve 1 represents L,

for a single oscillator with a resonance frequency I/ft and I = 165 eV. Curve 2

represents the electron gas with a plasma frequency I/ft. The dashed curve is

based on the local density approximation for silicon using the Lenz-Jensen

approximation to the electron density without use of adjustable parameters.

Experimental points show the sum of L, + L, +... for two foil thicknesses.

While questions may be raised about the quantitative accuracy of either model to

characterize the stopping cross section of a silicon atom, two of the models

represent extreme cases with regard to the treatment of electron binding and

polarization for close collisions. In the velocity range covered by the measurements,

the three curves approximate the data very well.
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