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Fig. 27.1: Stopping power (= (—dFE/dx)) for positive muons in copper as a
function of By = p/Mc over nine orders of magnitude in momentum (12 orders of
magnitude in kinetic energy). Solid curves indicate the total stopping power. Data
below the break at (v = 0.1 are taken from ICRU 49 [4], and data at higher
energies are from Ref. 5. Vertical bands indicate boundaries between different
approximations discussed in the text. The short dotted lines labeled “x~ 7 illustrate
the “Barkas effect,” the dependence of stopping power on projectile charge at very
low energies [6].

27.2.2. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,
M, /éz, is well-described by the “Bethe” equation,
dE 2Z 1 [1. 2mePPVTmux 52 0(BY)
—(— )= —— |= -3 - —= . 203
<d:v> 3o [2111 2 p 2 il

It deseribes the mean rate of energy loss in the region 0.1 < gy < 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),
and at the upper limit radiative effects begin to be important (Sec. 27.6). Both
limits are Z dependent. Here Tihax is the maximum kinetic energy which can be
imparted to a free electron in a single collision, and the other variables are defined
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Figure 27.10: Fractional energy loss per radiation length in lead as a
function of clectron or positron cnergy. Electron (positron) scattering is
considered as ionization when the energy loss per collision is below 0.255
McV, and as Mgller (Bhabha) scattering when it is above. Adapted from
Fig. 3.2 from Mecssel and Crawford, Electron-Photon Shower Distribution
Function Tables for Lead, Copper, and Air Absorbers, Pergamon Press,
1970. Messel and Crawford use Xo(Pb) = 5.82 g/cm?, but we have modified
the figures to reflect the value given in the Table of Atomic and Nuclear
Properties of Materials (Xo(Pb) = 6.37 g/cm?).

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case”
as [38]

do/dk = (1/k)4ar{(5 — 3y + ¥*)[Z*(Lraa — £(2)) + Z L 4]
+35(1-9)(22 + 2)},

where y = k/E is the fraction of the electron’s energy transfered to the radiated
photon. At small y (the “infrared limit”) the term on the second line ranges from
1.7% (low Z) to 2.5% (high Z) of the total. If it is ignored and the first line
simplified with the definition of Xy given in Eq. (27.22), we have

do A

dk ~ XoNak

This cross section (times k) is shown by the top curve in Fig. 27.11.
This formula is accurate except in near y = 1, where screening may become

(27.26)

(3 —3y+3?) . (27.27)
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Figure 27.5: Mean excitation energies (divided by Z) as adopted by the
ICRU [10]. Those based on experimental measurements are shown by
symbols with error flags; the interpolated values are simply joined. The grey
point is for liquid Hs; the black point at 19.2 ¢V is for Hy gas. The open
circles show more recent determinations by Bichsel [12]. The dotted curve
is from the approximate formula of Barkas [13] used in early editions of this
Review.

Equation 27.2, and therefore Eq. (27.3), are based on a first-order Born
approximation. Higher-order corrections, again important only at lower energy,
are normally included by adding the “Bloch correction” z2Ly(/3) inside the square
brackets (Eq.(2.5) in [4]) .

An additional “Barkas correction” zL;(f) makes the stopping power for a
negative particle somewhat smaller than for a positive particle with the same mass
and velocity. In a 1956 paper, Barkas et al. noted that negative pions had a longer
range than positive pions [6]. The effect has been measured for a number of
negative/positive particle pairs, most recently for antiprotons at the CERN LEAR
facility [14].

A detailed discussion of low-energy corrections to the Bethe formula is given
in ICRU Report 49 [4]. When the corrections are properly included, the Bethe
treatment is accurate to about 1% down to 8 = 0.05, or about 1 MeV for protons.

July 30, 2010 14:36



