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Abstract

An approximate - ‘msity-effect correction for determining the stopping
pover and range of h _h-energy charged particles is discussed and evaluated.
For s variety of materials and all particle emergies, using the approximate
density-effect correction, which can be easily computed for both elements
and compounds, overestimates the stopping power by Y 6% and underestimates
the range bty ¥ 4%. This error should be acceptable in many practical prob-
lems that imvolve materials for which the correct demsity effect has not

been evaluated.
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To determine the ionization produced by charged particles at high

'b energies (p/loc: 3 1), *he Bethe-Bloch stopping-power formula! must be
‘, ! modified to account for the reduction in ionization caused by the polari-
i

zation of the medium. This demsity-effect correction has been evaluated

. —

by Sternheimer for various elements and compounds.2?~® Sternheimer fits

the results of his calculations by the expressions

§=0, x < x (1a)
G-lunzocta(xl-x)-, X, <x<x (1v)
§=tanle+cC, x> x (1lec)

vhere § is the demsity-effect correction which enters the stopping-power
formula, x = (1ogl°e) tn n = 0.43429 tn n, n = p/loc. and p is the momentum

and l° is the rest mass of the charged particle. The quantities a, m, x

»

and x‘ are constants vhich must be evaluated for each material, and C is
given by
-

C=.2 l.n(I/hvp) -1, (2)

where I is the mean ionization potential and hvp is the plasma energy of

the material;
hvp = h(nez/'le);’ . (3)

vhere n is the electron density (electrons per cm?’), and =, is the rest
mass and e the charge of an electron.
The density-effect correctior (s often needed for materials nct con-

sidered by Sternheimer.” Although the computation of § for other materials

¥It should be pointed out that although Sternheimer has evaluated the density
effect for many elements these results in general cannot be utilized to
determine the density effect for compounds containing thesc elsments. This
is because the density effect for compounds depends upon the electrom o~

figuration and density of each constituent el ment in such a maomer that
additivity does not hold.
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is, conceptually, rather straightforward, the calculations are rather
lengthy because of the large amount of data needed for the oscillator
strengths, transition emergies, etc. for each material. This is particu-
larly true for some materials of practical interest (e.g., concrete) which
coutain numerous elements.

Essentially all of the effort in determining § is involved in evaln-
ating the quanti<ies a, m, X and x|. However, the asymptotic portion
of & (Eq. 1c) can be easily evaluated since it depends cnly on the mean
ionization poteniial and electron density of the medium. Combining Egs. lc,
2, and 3, the asymptotic form for the demsity-effect correction can be

written as

ta(ann?/12) -1 , (&)

a =n? e’/v-e :

For compounds (or mixtures”) the effective mean ionization potential can
be determined bv"
ur-%{-t a1,

where n, is the electron density for the ith element and Ii is the corre-
sponding atomic ionization potential. Thus the asymptotic form is as easily
evalusted for compounds as for single-element materials.

Sternheimer has suggested that for some practical spplications it may
be adequate to use oanly the asymptotic density-effect correction for ail
charged-particle energies.” To determine the error introduced by this

ﬁounmtuu-ammwmum;mu.
solecular binding effects are assumed neglizivle.

approximation, we have computed the stopping pover and range using both
the correct and asymptotic densit_-effect correctioms for several elements
and compounds for which the material constants (a, m, X, and xl) needed
for the correct demsity effect are available.

The density-effect correction enters the stopping-power formula in the
following way:"

2a2

dE Swe'zin aec .
<x”T

m c? 82 1(1-82)

-82-8/2) ,

vhere - <dE/dx> is the stopping power, e is the charge of an electrom, z is
the charge (in units of e) of the moving particle, and 8 is the particle
speed (in urits of c). As an example of the influence of the demsity effect
on the stopping power, Fig. lnhoutheltq;plmmotpmm in alu-
minum obtained by neglecting the demsity effect (8 = 0), by using the asymp-
totic demsity effect (§ = 6'), and by using the correct demsity effect

{Egs. 1.-1:).’ In obtaining these and subsequent results, the material
constants r«mwuiqmmmmmn_nf. &, and
the electron densities and ionization potentials used to compute - <dE/dx>
and §' are the same as used in ref. &. It is evident “r.2 Pig. 1 that the
mtaMMGMG'mht&wwmm
density effect is small.

¥Since the interest here is for high energies, the shell-correction term,
vhich is important when umicle:peuismlu‘ecmvlnhm
speed of the atomic electroms, has not been included ir the stopping-
power formula.

t
In applying the asymptotic expression at all energies, we set &' wvhen-
ever Eq. L gives a negative value for &°. R - o
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Differences in the stopping pover and range of protons obtained using
§ and &' are shown in Figs. 2 and 3, respectively, for several materials.

For a variety of materials and all energies, using only the asymptotic

g —F—- g - density-effect correction at all energies overestimates the stopping power
{ é}_.:_k»ff' = by)ﬁ’nnduaﬂemu-mm“by)bl. Errors of this magnitude
S—— S
should be acceptable in many practical problems that involve materials for
i
i 1 - mammmuymmmmmaauum.
o
§ p_w ! Although cnly protons have been considered here, the conclusions ob-
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ig. 3. Difference in Proton Range for Various Materials Obtained

7ig. 2. Difference in Proton Stopping Power for Various Materials Using Correct and Asymptotic Density-Effect Correctioms.

Obtained Using Correct and Asymptotic Demsity-Effect Corrections.
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