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1 Introduction

In a short review [1] I compared the terms of the B-F and the FVP equations used to calculate
the collision cross section differential in energy loss E (DCCS) for Si. Due to the difference in the
approximation for the GOS shown in Fig. 1, there are large differences in two of the terms in the
equations, but the difference in the total DCCS is smaller. The effect of the differences can be assessed

in the moments of the DCCS. They are given by
M8) = [ B o(E:8) dE (1)

where 3 = v/c is the particle speed, o(E; ) the DCCS [1, 2] and E the energy loss in a collision. It
is customary to call M7 the stopping power, and My the total CCS. The comparison for Si is given in

Table 1.



Table 1. Comparison of My and M; for B-F and FVP [2].

M, M,

By BF FVP diff% BF FVP diff%

0.316 30.32 32.78 8.1 24437 2465.3 0.9

1.000 6.729 7.175 6.6 578.3 581.8 0.6

3.081 3.952 4.189 6.0 386.1 387.9 0.5

10.000 3.842 4.068 5.9 416.9 418.6 0.4
100.000 3.842 4.066 5.8 503.8  505.4 0.3

The difference in My is quite large for accurate work and should be explored further, especially

for gases.
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Figure 1: Generalized oscillator strength GOS for Si for an energy transfer £ = 650 eV to the 2p-
shell electrons [4]. Solid line: calculated with Herman-Skilman potential [5], dashed line: hydrogenic
approximation [6]. The horizontal and vertical line define the GOS approximation used in FVP. See
Figs. 3-8 in [4] for details.

2 Analytic calculation of M, and M,

I have not implemented the B-F method for gases (No tables of GOS were available, but see [2,

3]). Therefore I compare results of My and M; for Ne and Ar with values calculated with analytic



expressions (“Bethe method”) derived in [7, 8, 9, 10]. The Bethe method used to calculate My =
Otot =CCS is
oor = ki [S(=1) (In(2me® 5%/ Ry) — 5 — In(cio) ) (2)

where kg = 2m2%e* Ry/(mc*4?) and

sw) = [ 7B dE g

where f(E,0 is the dipole socillator strength. We calculate In(cyt) with

S(—1) In(ctor) = —2L(-1)+T1 — T2 (4)
where
L) = /(Rﬂy)v F(E,0) 1nR£y dE. (5)

The quantity J; — J> is derived from the generalized oscillator strength (GOS) and for this study
is taken from Table I in [9]. The quantities S(v) and L(v) are calculated in the programs BethNe.for

and BethAr.for, which are also used for the calculations described in [2, 11].

The stopping power My in the Bethe approximation is
M, = kg [S(O) (ln(2m02 #*~4*/Ry) — % —In I)} (6)

where S(0) = Z, and InT = L(0)/S(0) is the logarithm of the I-value. ! It is important to note that
no explicit factor derived from the GOS appears here. This is because a sum-rule for the GOS (Eq.
27 in [12]) can be used to calculate Mj. In the approximation for the GOS described in Fig. 1 the
same sum-rule is used to give the factor for the delta-function [1]. Therefore for this GOS model, M;
is well approximated. For My the quantity J1 — J2 will not be well approximated with this choice

of GOS (but I have not tried to calculate it).
3 Numerical calculation of M; and M,

DCCS o(F; 3) are calculated for protons with kinetic energy T using the computer-analytic method

with the FVP approximation (FORTRAN program NeSax) [1, 4]. The quantities S(v), L(v), the

For 10 MeV protons, (ln(2mc2 5%y?) — 52) = 9.97. With I = 136 eV, the parenthesis is B = 5.06 (this is called
the Bethe stopping number). With I = 150 eV, the parenthesis is B = 4.96, for a change of 2%, while the change in [ is
10%. Thus small changes in I change M7 very little. For present purposes shell corrections etc are negligible.



moments M, and oy of Eq. (2) (notation of [7]) are calculated in the computations. Results of

calculations of My and oy, for Ne are given (without the coeff. 87ngy/mv2) in Table 2, for Ar in

Table 3. The fractional difference between M, and oy, in percent is given as “diff%”.

Table 2. Comparison of M, for Ne calculated with FVP and o4, calculated with Eq.(2) (using

Ji — Jo =2.852).

T(MGV) M(] Otot dlff%
10 13.59 11.89 14.3

30 15.65 13.93 12.3
100 17.81 16.06 11.1
300 19.69 17.87 10.2
500 20.58 18.73 9.9
1000 21.95 20.05 9.5
3000 24.76 22.81 8.5
10000 28.66 26.70 7.3
30000 32.57 30.67 6.2

Table 3. Same as Table 2 for Ar using J1 — J2 = 4.268.

T(MGV) M(] Otot dlff%
10 34.56 31.02 114

30 39.37 35.82 9.9
100 44.40 40.85 8.7
300 48.68 45.13 7.9
500 50.70 47.15 7.5
1000 53.81 50.26 7.1
3000 60.31 56.77 6.2
10000 69.40 65.96 5.2
30000 78.01 75.30 3.6

We see that a similar difference occurs for M, for Ne and Ar as for Si.

The stopping power M; for both gases calculated with FVP differs by less than 1% from ICRU,

or from the value calculated with Eq.(6).



4 Conclusions

Whenever the GOS approximation shown in Fig. 1 is used, e.g. in GEANT 4 or in PENELOPE,
we must expect that My will be inaccurate. Since the important quantity for the estimates given in
Tables 2 and 3 is (J1 — Jo) used in Eq. (4), the differences depend strongly on it. An extensive list
is given in [9]. In principle the same must be said for S(—1), but these values are self-consistent and

based on new experimental data for f(E;0) [13, 14] used in programs BethNe.for and BethAr.for.

Since the difference in M is related to the differences in the CCS seen in Fig. 5 of [2], there is no
simple correction that can be applied to the FVP-CCS. While a correction of My by using Eq. (2)
would correct the straggling function for the number of collisions (Poisson term in Eq. (2) of [2]), it

would not produce the correct shape for the energy loss straggling function, Fig. A.1 in [2].

It must be noted that for electrons the angular distributions of secondary electrons will depend on

the shape of the GOS functions (Seth Hoedl, private communication, Dec. 2008).
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