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ABSTRACT

We present mass collision electron stopping powers (SPs) for 41 elemental solids (Li, Be, graphite,
diamond, glassy C, Na, Mg, Al, Si, K, Sc, Ti, V, Cr, Fe, Co, Ni, Cu, Ge, Y, Nb, Mo, Ru, Rh, Pd,
Ag, In, Sn, Cs, Gd, Tb, Dy, Hf, Ta, W, Re, Os, Ir, Pt, Au, and Bi) that were calculated from
experimental energy-loss-function data with the full Penn algorithm for electron energies between
50 eV and 30 keV. Improved sets of energy-loss functions were used for 19 solids. Comparisons
were made of these SPs with SPs calculated with the single-pole approximation, previous SP
calculations, and experimental SPs. Generally satisfactory agreement was found with SPs from the
single-pole approximation for energies above 100 eV, with other calculated SPs, and with

measured SPs.
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1. Introduction

In previous papers [1,2], we reported calculations of collision electron stopping powers (SPs)
over the 100 eV to 30 keV energy range in 41 elemental solids from their “optical” energy-loss
functions (ELFs). These ELFs were obtained from experimental optical data representing the
dependence of the inelastic-scattering probability on energy loss and the theoretical Lindhard
dielectric function [3] to represent the dependence of the scattering probability on momentum
transfer. SPs were calculated with Penn’s algorithm that was originally developed for the
calculation of electron inelastic mean free paths (IMFPs) [4]. Our SPs were determined using the
single-pole approximation or so-called simple Penn algorithm (SPA) that was expected to be
satisfactory for electron energies greater than about 100 eV [1,2]. We have extended this earlier
work in two ways. First, we have calculated SPs with the full Penn algorithm (FPA) which should
be valid for electron energies down to about 50 eV [5]. Second, we have adopted better sets of
optical ELF data in recent IMFP calculations with the FPA for 19 of our 41 elemental solids [6],
and we make use of the improved ELF data in the present work.

We report mass collision SPs calculated with the FPA for 41 elemental solids (Li, Be,
graphite, diamond, glassy C, Na, Mg, Al, Si, K, Sc, Ti, V, Cr, Fe, Co, Ni, Cu, Ge, Y, Nb, Mo, Ru,
Rh, Pd, Ag, In, Sn, Cs, Gd, Tb, Dy, Hf, Ta, W, Re, Os, Ir, Pt, Au, and Bi ) over the 50 eV to 30 keV
energy range with the same optical ELF data sets that were used in the IMFP calculations [6]. We
give a brief description of our SP algorithm in the next section. The new SPs are presented in the

following section where we compare SPs from the new ELFs (and the FPA) to SPs from the old
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ELFs (and the SPA) and compare SPs from the FPA to SPs from the SPA. We then make
comparisons of our new SPs with values from previous SP calculations and measurements.

We note that the collision electron SP is an important parameter in radiation dosimetry [7]
and in the modeling of electron transport in matter for many other applications. The SP has been
used in Monte Carlo simulations of electron transport relevant to electron-probe microanalysis
[8,9,10], Auger-electron spectroscopy [11,12], and dimensional metrology in the scanning electron
microscope [13]. The Bethe SP equation [14,15,16] has been used extensively as a predictive tool
for energies where it is expected to be valid (i.e., at energies much larger than the largest K-shell
binding energy in the material of interest), but there is a scarcity of SP data at lower energies,
typically less than 10 keV. SPs calculated from the Bethe equation are available from a National
Institute of Standards and Technology (NIST) database [17] and ICRU Report 37 for electron
energies of 10 keV and above [7]. It is thus important to have SPs available for lower energies in

order to describe electron-solid interactions for a variety of applications.

2. Calculation of electron stopping powers with the full Penn algorithm
Penn developed an algorithm for the calculation of electron IMFPs from a model dielectric

function ¢(¢q,w), a function of momentum transfer ¢ and energy loss @ [4]. The energy

dependence of the energy-loss function (ELF), Im[—l/e(q,a))] , can be obtained from

experimental optical data for the material of interest and the dependence of the ELF on ¢ can be

obtained from the Lindhard model dielectric function [3]. IMFPs were determined from a triple
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integration (the FPA) for energies down to about 50 eV, while a simpler procedure involving a
single integration (the SPA) was judged satisfactory for electron energies larger than about 200 eV
[4-6]. We utilized the SPA in our previous SP calculations, but now use the FPA to extend the
energy range down to 50 eV.

We give here a summary of our implementation of the full Penn algorithm for SP
calculations. We will use Hartree atomic units (m, = e = /i = 1) where me is the electron rest mass,
e 1s the elementary charge, and 7 is the reduced Planck constant.

The relativistic differential cross section (DCS) for inelastic scattering can be expressed as
the sum of a longitudinal DCS and a transverse DCS [42]. For electron energies less than about
0.5 MeV, the transverse DCS can be neglected [18]. The relativistic inelastic DCS can then be

written as [42]:

2 2 2
do _ do, 1 1+0/c 1Im( -1) N

dwdQ ~ dWdQ v Q(1+0/2¢) 2N | £(Q.0)

where Q is the recoil energy given by Q(Q +2c¢”) = (cq)2 [19,42], v is the electron velocity, c is the

speed of light, and N is the number of atoms or molecules per unit volume. The last factor in Eq.
(1) is the ELF expressed here as a function of energy loss w and recoil energy Q. The relativistic

DCS in Eq. (1) can be conveniently written as a function of momentum transfer g:

2 —
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Stopping powers can be calculated with the FPA from the probability p(7,w) for energy

loss @ per unit distance traveled by an electron with relativistic kinetic energy 7. This probability

can be calculated from Eq. (2):

2 pad

_1 ] (1+7/c*)

. dg
s(q, 1+T/(20 )ﬂTf q o m

&l

where g, =\/T(2+T/c2):\/(T—w)(2+(T—a))/c2) . The collision stopping power, S, can be

calculated from the following equation [20]:

S = f Ta) do, 4)

where w,_ =T -E, and Ey is the Fermi energy.

The ELF in the FPA can be expressed as:

(5a)

-1
Im[s(q,a))l fo dw,g(w, )Im[ 7
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where g” denotes the Lindhard model dielectric function of the free electron gas with plasmon

energy w, (= 47'[n) , n 1s the electron density, g(w,) is a coefficient introduced to satisfy the

condition Im[-1/¢(q=0,w)]=Im[-1/&(w)] , and Im[-1/&(w)] is the optical energy-loss

function. The coefficient g(w),) is then given by

g(w) = 2 m [‘_1} . (5b)
0] &(w)

The Lindhard ELF, ¢" = ¢ +ie, , can be written as [3,21]:

-1 er

Im = 2 , 6a
LL(q,w;w,,)} (&) +(e5)’ (©

1 1 1 X X
e (gom ) =1+ —+— F( ——)+F( +—) , 6b
Ha®,) nszz[z SZ{ Tag) g (©)

X for0<x<4z(1-z)
gf(q,w;wp)=8k1 -x{1-(z=(x/42))* for |[4z(1-z)|<x <4z(1+z), (6¢)
FZ .
otherwise

where F(1)=(1-r*)In|(t+1)/(1=1)

,x=w/Ef, z=q/2k, , and kr is the Fermi wave vector

corresponding to a given w, .
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We used the following expressions for the real and imaginary parts of the Lindhard

dielectric function in our numerical calculations to reduce numerical errors at the limiting

conditions of w/gk, (=u)<<1 and u>>z+1. When u<<l1, g/ and ¢} can be written as:

11 1 z 2u’z

efg,wm ) =1+ ——|—+—(1-72 = ) In|—|+ (72" = u? -1 7a
o) =1+ 2o+ ( ) - ( )(Z2_1)2 (7a)

and
L . _ . u 7b
82 (q$w’wp)_ 2k ZZ . ( )

F
When u>>z+1, ¢ and ¢; can be expressed as:
w’ 3) 1

gf(q,w;a)p)=1—w—g{1+(z2+§)y} (8a)

and
& (g.w;0,)=0. (8b)

The energy-loss function in Eq. (5) from the FPA can be described as the sum of two
contributions, one associated with the plasmon pole and the other with single-electron excitations

[3,21,22]. That s,

Im

al }=Im +Im[ ol ] 9)
£(q,) ol &(g,w) |,

£(q,w)
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The plasmon-pole contribution can be expressed as:

Im

O(q (w;wy)-q), (10a)

- ] o)) T
£(q.0)), ’ ‘aef(q,a);a)p)/aa)p‘wﬁwﬂ

where

6£1L(q,a);a)p)= 1 {ln|Y‘+l|+ln

Y, +1| ’ (10b)
v

Y, -1

2
w, 3w ,qz

and Y, =z+x/4z. To reduce calculation errors for z/x<<1 and for z/x>>1, we use the

following equations:

Y++1|z_

ln|Y‘+1|+ln
Y, -1

s

%4za2 {3+48(1+z2)a2 +256(3+z2)(1+3z2)a4} : (10c)

where g=z/x when z/x<<1, and

Y +1

ln|Y‘+l|+ln
¥, -1

=

2
zln(ZJri) +4zb2{1+(1+z2)b2+%(3+zz)(1+3z2)b4}, (10d)
Z_

where b=x/(z(z° -1)) when z/x>>1.

The single-electron-excitation contribution in Eq. (9) is given by:



Author Manuscript:
Published in final edited form as: Nuclear Instruments and Methods in Physics Research B 270 (2012) 75-92.
https://doi.org/10.1016/j.nimb.2011.09.016

_1 . _
I - Im|l—
m[s(q,w)L fo do, g(®,) mLL(q .

g (w;w,)-9)0(q-q (w;w,)), (lla)
W ,)

where

q*(a);a)p)=ikF(a)p)+,/k§(a)p)+2w. (11b)

Finally, when Y ==+1 (corresponding to quadratic curves in the (g,w) plane separating
single-electron excitations), we note that F(x1) is theoretically zero.

Several factors limit the reliability of SPs calculated from our model [2]. First, the Lindhard
dielectric function model used in the FPA is expected to provide a useful approximation for the g-
dependence of valence-electron excitations in free-electron-like materials but may be less reliable
for non-free-electron-like solids. Second, use of the Lindhard model for describing the g-
dependence of core-electron excitations is unlikely to be correct. Third, no account has been taken
of exchange effects in inelastic scattering. Nevertheless, IMFPs calculated from optical ELFs with
the FPA and the SPA are in good agreement with IMFPs determined experimentally by elastic-
peak electron spectroscopy (EPES) in many elemental solids (including non-free-electron-like
solids) for electron energies between 100 eV and 5 keV [23,24,25]. It is difficult to extend these

comparisons to energies less than 100 eV due to limitations of the EPES technique [26].

3. Results

3.1 Stopping powers from the full Penn algorithm
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We calculated values of the mass collision SP, S/ p, where p is the mass density of the
solid. Values of §/p were determined for 41 elemental solids (Li, Be, graphite, diamond, glassy
C, Na, Mg, Al, Si, K, Sc, T1, V, Cr, Fe, Co, Ni, Cu, Ge, Y, Nb, Mo, Ru, Rh, Pd, Ag, In, Sn, Cs, Gd,
Tb, Dy, Hf, Ta, W, Re, Os, Ir, Pt, Au, and Bi) from the FPA. We utilized the same sets of optical
ELFs as those used in our recent calculations of IMFPs for the same solids over the same energy
range [6]. For 19 of our 41 solids (Ti, V, Cr, Fe, Ni, Y, Nb, Mo, Ru, Rh, Pd, Hf, Ta, W, Re, Os, Ir,
Pt, and Au), we adopted improved sets of optical ELF data [6] compared to those used for our
previous SP results [1,2]. We note that the new ELF data sets for Mg and Cu utilized in our recent
IMFP calculations [6] had also been employed in our previous SP calculations for these solids [2].
Although we previously reported SPs for Zr [2], further analysis of its optical ELF data showed
what we considered to be excessive errors in values of the f~sum and KK-sum [6] that we used to
evaluate the internal consistency of a given ELF data set. Our SP values for Zr should therefore be
considered only as rough estimates.

Values of §/p were calculated for relativistic electron kinetic energies between 10 eV and
30 keV (with respect to the Fermi level) at equal intervals on a logarithmic energy scale
corresponding to increases of 10 %. Table 1 shows the S/ p values for our 41 elemental solids at
electron energies between 50 eV and 30 keV. These SPs are given in units of MeVcem?/g. The mass
collision SPs can be converted to collision SPs (e.g., in eV/A or eV/nm units) by multiplying by
the material densities given in Table 1 of Ref. [6].

Plots of calculated mass collision SPs from the FPA as a function of energy are shown as

solid lines in Figs. 1-7. SPs are included in these plots for energies less than 50 eV to illustrate

10
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trends, but these data are not considered as reliable [2]. The solid circles in Figs. 1-7 are SPs
calculated with the SPA [1,2]. The SPs calculated with the FPA and SPA show similar systematic
trends with atomic number. Sometimes, a single maximum is observed in the SP-versus-energy
curves, sometimes secondary structures or multiple maxima are observed, and there are varying
widths of the main maximum that generally occurs at energies between 10 eV and 300 eV. These
trends have been discussed previously and are due the varying contributions of valence-electron
and different inner-shell excitations to the SP [2,27]. We also see in Figs. 1-7 that SPs from the
SPA are larger than those from the FPA at energies in the vicinity of the maximum in each SP-
versus-energy curve. On the other hand, SPs from the SPA are smaller than the corresponding SPs
from the FPA for very low energies (typically less than 30 eV). This result is mainly due to
differences in the ELF models used in each algorithm and will be discussed in more detail later.
The dashed lines in Figs. 1-7 show mass collision SPs calculated from the relativistic Bethe

equation [2,14-16]:

S/p= %[lnq /1) +In(1+7/2)+G(7)] (in MeVem’g™"),  (12a)
my

e

where

G(r)=(1-p)[1+7* /8- +1)In2], (12b)

Z 1s the atomic number of the target, fis the electron velocity divided by the velocity of light, c,

=T /m,” is the ratio of the electron relativistic kinetic energy to its rest energy, and / is the

11
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mean excitation energy (MEE). Equation (12) omits a density-effect correction which has been
assumed here to be zero since its contribution is very small (less than 0.3 % for our energy range
[7]). SPs were calculated from Eq. (12) using MEEs listed in Table 4.3 of Ref. 7 except for the
three carbon allotropes. SPs for glassy C, graphite and diamond were calculated with MEEs from
our previous analysis [2]. SPs from Eq. (12) are shown in Figs. 1-7 from the minimum energies
for which S is positive to 30 keV. As expected, we see generally good agreement between SPs from
the FPA and those from Eq. (12) for energies larger than 10 keV. The root-mean-square (RMS)
relative deviations between these calculated SPs and those from the Bethe equation were 9.1% and
8.7 % at energies of 9.897 keV and 29.733 keV, respectively. These RMS deviations are almost
the same as the corresponding deviations of 9.8 % and 8.5 % found previously between our SPs

from the SPA and those from the Bethe equation [2].

3.2 Comparisons of stopping powers from new and old energy-loss functions

The energy-loss function (ELF) is the critical material-dependent parameter in our SP
calculations. These ELFs were obtained from experimental optical data or ELF measurements for
each solid. Sources of ELF data were given and details of our ELF analyses were described in a
previous paper [6]. We comment now on differences between ELFs for 19 solids (Ti, V, Cr, Fe,
Ni, Y, Nb, Mo, Ru, Rh, Pd, Hf, Ta, W, Re, Os, Ir, Pt, and Au) used here and the ELFs used for our
previous SP calculations [1,2].

We first point out that we utilized photoabsorption data for these 19 solids at photon

energies over 50 eV from Henke ef al. [28] that are more recent than the data used previously [1,2].

12
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For eight of these solids (Cr, Fe, Mo, Hf, Ta, W, Re, and Pt), it was necessary to make
interpolations between two photon-energy (or electron energy-loss) regions, and we were guided
in this process by measured transmission and reflection electron energy-loss spectroscopy (EELS)
data. The resulting ELFs agreed better overall with the energy-loss data and resulted in smaller
sum-rule errors for most of the solids than in our earlier SP and IMFP work [1,2,5,29]. For Ti, we
selected optical data from a recent analysis of reflection EELS data by Werner ef al. [30] for energy
losses up to 54 eV because the resulting ELF was in much better agreement with the reflection
EELS data of Robins and Swan [31]. We also chose a set of optical data from Palik [32] for Au
since this data set gave an ELF in better agreement with reflection EELS experiments [31] than
the data set from Hagemann et al. [33] we used previously [1,2,5,29].

For two solids, Pd and V, there were large gaps in our previous ELFs (between 20 eV and
100 eV for Pd and between 40 eV and 100 eV for V). Our new ELF for Pd between 18 eV and 120
eV was obtained from an interpolation of ELF data [34] with a cubic spline function. The error in
the f-sum for the new ELF was -2.3 %, a value much smaller than that for the previous ELF (-
12 %) [29]. For V, we used a new set of optical data from Palik [32] for photon energies between
42.5 eV and 120 eV. We also chose new ELF data for photon energies less than 24 eV from Ref.
34 because this ELF better resembled transmission and reflection EELS data [30,35] than the
previous ELF data. The resulting error in the f-sum was -0.8 % (compared to the previous value
of -20 %) [29]. As a result, the new SPs for Pd and V are much larger than our previous SPs.

We checked the internal consistency of the new ELF data through use of the oscillator-

strength sum rule (or f-sum rule) and a limiting form of the Kramers—Kronig integral (or KK-sum

13
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rule) [36,37,38,39]. The average root-mean-square (RMS) errors for the ELF data sets of our 41
solids were 4.2 % and 7.7 % based on the f-sum and KK-sum rules, respectively. These values are
superior to the corresponding results for our previous ELFs (about 10 % RMS error in both sum
rules for 27 elemental solids) [5,29]. For over 80 % of our 41 elemental solids, the ELFs satisfied
the f-sum and KK-sum rules to better than 10 %.

Figure 8 shows ratios of SPs determined from the non-relativistic FPA, which are obtained

from Eq.(3) when T/ ¢ =0, and the new ELF data sets, S, to those calculated previously from

new >

the SPA and the old ELF data sets, S , , [1,2] as a function of non-relativistic kinetic energy for

old >

the 19 elemental solids for which we adopted new ELF data. The largest changes occurred for Pd
(where the SP increased by up to 58 %), V (where the SP increased by up to 52 %), and Re (where
the SP decreased by up to 26 %). These changes are the opposite of those found in similar
comparisons of IMFPs (as shown in Fig. 11 of Ref. [6]). The changes in Fig. 8 result from two
causes: use here of improved sets of ELF data [6] and differences in the SP calculation algorithms

(the FPA and the SPA). The inset in Fig. 8 shows ratios of SPs from the FPA, S, , to those from

FP4°

the SPA, S,,, for the 19 solids that were calculated using the new ELFs for each algorithm. We

SPA °
see that the SP changes are smaller than 10 % and that most of the differences occur for energies

less than 200 eV (as will be discussed further in the following section). Since the ratios S, /S,

in Fig. 8 generally deviate from unity by more than the values of § in the inset, it is clear

FPA /SSPA

that most of the changes inS /S , are due to the differences in the ELFs.

3.3 Comparison of stopping powers from the FPA and SPA

14
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We now make comparisons of RMS differences between SPs calculated from the FPA and
SPA using the same (new) ELF data set for each of our 41 solids. Relative percentage RMS

differences, RMS, were calculated from

41 2 0>
RMS =100 x [E( SSPA(?,- -(%m (T), ) /41] (%) (13)

i=1

as a function of electron energy from 10 eV to 30 keV.

Figure 9 shows plots of RMS as a function of relativistic kinetic energy. We see a steep
decrease from about 50 % for £= 10 eV to less than 10 % for energies above 40 eV. The steep
decrease must be due to the contributions of single-electron excitations to the SP that are neglected
in the SPA (which only considers excitations at the plasmon pole). For energies above 40 eV, RMS
generally decreases with increasing energy, reaching 1 % at 30 keV. Three maxima are observed
in Fig. 9 at energies of about 100 eV, 2 keV, and 10 keV. These maxima are due to the different
energy positions of maxima and structure found in the SP plots from the FPA and SPA as a function

of energy in Figs. 1-7.

3.4 Influence of electron exchange on stopping powers
It is important to know the effect of exchange between projectile and target electrons on
SP calculations with the FPA. There is no consensus, however, on how to incorporate exchange

effects within the dielectric formalism [6]. Nevertheless, we can estimate the influence of exchange

15
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on calculated SPs using the Born-Ochkur exchange correction [40,41].
The non-relativistic DCS with the Born-Ochkur correction can be written as [41]:
d’c C

= ex Im
dqdw nmNE

-1 1
L 14
8(%@](1 (o

where E is the non-relativistic kinetic energy (i.e., E =v*/2) and C,, is the exchange correction

factor given by

2 2\?2
c =1-L 4|9 |, (15)
2E \2E

We calculated SPs of Al, Cu, Ag, and Au with the exchange correction from Egs. (14) and
(15) and compared the results with corresponding SPs calculated without the exchange correction.
Figure 10 shows plots of ratios of SPs with the exchange correction to those without this correction
as a function of non-relativistic kinetic energy. We see that SPs with the exchange correction are
smaller than those without the exchange correction for these four solids and energies between 10
eV and 30 keV. Above 100 eV, SPs with the exchange correction are smaller than those without
the exchange correction by less than about 10 %. The SP ratios generally increase with increasing
electron energy, reaching about 0.95 at 30 keV.
The influence of electron exchange on calculated SPs is almost the same as that found

in IMFP calculations for electron energies between 50 eV and 100 eV [26]. We note, however,

16
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that the Born-Ochkur approximation is essentially a high-energy approximation. It is then not
clear whether this approximation is useful for evaluating the exchange correction for energies less

than 100 eV.

4. Discussion

We will compare our calculated mass collision SPs with SPs from other calculations and
from experiments. Although the FPA is expected only to provide a qualitative guide to SPs for
energies less than about 50 eV, we show SPs calculated from the FPA for energies as low as 3 eV

in Figs. 11-15 in order to make comparisons with available SP data.

4.1 Comparisons with calculated stopping powers

Mao et al. [21] calculated SPs of Al and Cu from 1 eV to 10 keV with the FPA. Figure 11
shows comparisons of our SPs for Al and Cu calculated with the FPA and SPA with those of Mao
et al. There is excellent agreement between our FPA SPs for Al and those of Mao et al., and
satisfactory agreement for Cu. The slight differences for Cu at energies less than about 30 eV are
probably due to the selection of different sets of optical ELF data in each calculation. As discussed
in Section 3.3, the substantial differences in the SPs for Al from the FPA and SPA at energies less
than 20 eV are associated with the contributions of single-electron excitations to the SP that occur
at much lower energy losses than the relatively sharp plasmon peak at about 15 eV in the ELF. In
contrast, there is broad structure in the Cu ELF, and a wide range of excitation energies contribute

to the SP in the SPA calculation for Cu.

17
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Fernandez-Varea et al. [42] calculated SPs for Al, Si, Cu, and Au for electron energies
between 10 eV and 100 MeV. Their calculations were based on a so-called “N-oscillator” model
in which different dispersion relations were applied for valence-electron excitations and inner-
shell excitations. They also included a correction for electron exchange to cross sections for inner-
shell excitations. We compare their SPs with our SPs from the FPA and SPA in Fig. 12. For
energies over 1 keV, the SPs of Fernandez-Varea et al. for Al, Si, Cu, and Au are in excellent
agreement with our values from the FPA. For Al and Si, there are differences in the shapes of the
SP versus energy curves in the vicinity of 100 eV. These differences might be associated with the
“switch energies” of 73 eV and 99 eV for Al and Si, respectively, used by Fernandez-Varea et al.
to represent the demarcation between their models for valence-electron and inner-shell excitations.
For Cu and Au, the switch energies are 74 eV and 54 eV, respectively, but there are no obvious
changes of slope in the SP-versus-energy curves for these solids in Fig. 12. This difference from
the Al and Si behavior occurs because the switch energies for Cu and Au occur in a structureless
region of their ELFs. Tan et al. [43] reported SP calculations for a group of organic compounds
with the SPA and two types of exchange correction [41,44]. They found that inclusion of exchange
reduced their computed SPs by an average of 28 %, 9 %, and 9 % for energies of 100 eV, 1 keV,
and 10 keV, respectively. These differences are in good agreement with our estimates of electron

exchange effect for SPs as shown in Fig. 10 except at 100 eV. Their calculations were done up to

o, =T/2 in Eq. (4). They must then obtain larger SPs at a low energy such as 100 eV if they

used the same w__ (= T-E f) value as we used. We will refer later to this issue in comparison of
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SPs from the FPA and from the Mermin model. Nevertheless, the maximum SPs of Fernandez-
Varea et al. (with an exchange correction) for Cu and Au are larger than our corresponding
maximum SPs from the FPA (without an exchange correction). For Si and Al, however, there is
close agreement in the maximum SPs from Fernandez-Varea ef al. and our calculations with the
FPA. It therefore appears that the exchange correction must be smaller than differences due to
other factors (e.g., differences in optical ELFs and differences in the models). We have also pointed
out in our related IMFP calculations that correlation and exchange should be treated in an
integrated manner together with information on the band structure of the solid [6].

Abril et al. [45] proposed an algorithm for IMFP and SP calculations based largely on a
Mermin-model dielectric function for the ELF (Mermin-ELF model) [46]. The Mermin function
is an improvement over the Lindhard dielectric function used here in that it accounts for the finite
lifetimes of the various excitations. Their model of Mermin energy-loss functions was combined
with generalized oscillator strengths (MELF-GOSs) to fit experimental ELF data. The part of an
experimental ELF ascribed to excitations of outer-shell electrons was fitted with a linear
combination of Mermin-type ELFs, and the part associated with excitations of inner-shell electrons
was fitted with hydrogenic generalized oscillator strengths [47].

We have calculated SPs for Al, Si, N1, Cu, and Au with the Mermin-ELF model using the
parameters for outer-electron excitations given in Table 1 of Ref. [48] for Al, Si, Ni, and Cu and
Table 1 of Ref. [49] for Au; these parameters were determined from fits to optical ELFs for
excitation energies up to about 1 keV and thus include the contributions of several inner shells. In

our calculations we ignored the contributions of GOSs for inner-shell ionization of the K shells of
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Al and Si, of the K and L shells of Ni and Cu, and of the K, L, and M shells of Au. We estimated
their contribution to be less than a few percent for electron energies less than 2 keV for Ni and Cu
and less than 10 keV for Al, Si, and Au.

Figure 13 shows comparisons between SPs from the FPA (solid symbols) and from the
Mermin-ELF model (solid and dashed lines) for Al, Si, Ni, Cu, and Au using two choices for the
upper limit @__ for excitation energy in the latter SP calculations. One value of @, was
o, =min(T/2,T-E;) , as recommended by Denton et al. [50], while the other was
o, =T—-E, as chosen here for evaluation of Eq. (2). Denton et al. chose the former limit to
avoid consideration of secondary electrons having energies larger than inelastically-scattered
primary electrons. Larger energy transfers are possible, however, although secondary electrons
may then be indistinguishable from scattered primary electrons, either in experiments or in model
calculations of electron energy spectra. We believe that the upper limit w_ , =7 -E, is more
appropriate for the SP calculation, as we have chosen here for the results in Figs. 1-7.

Figure 13 indicates that SPs from the FPA are smaller than those from the Mermin-ELF
model with the same upper limit w_, =7 -E, for Si, Ni, Cu, and Au. These differences are
generally less than 20 % for energies over 50 eV and may be associated with different g-
dependences of the ELF in the two models. For Al, SPs from the Mermin-ELF model (with
o, =T-E,) and from the FPA are in good agreement for energies less than 200 eV. This
agreement, in contrast to the results for Si, Ni, Cu, and Au, may be fortuitous because of the
relatively poorer fit for Al of the Mermin-ELF to the optical ELF (particularly around the volume-

plasmon energy-loss peak between 12 eV and 17 eV) than for the other four solids.
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Figure 13 also shows that calculated SPs from the FPA are larger by up to about 250 % than
those from the Mermin-ELF model with @__ = min(T/2,T - E ) for energies between 20 eV and
1 keV. For energies above 1 keV, there is generally good agreement between SPs from the two
approaches. In contrast, we previously found much better agreement between IMFPs calculated
with the FPA for Al and Au [6] and those reported by Denton ef al. [50] who used the Mermin-
ELF model with the same parameters as those given in Refs. [48] and [49]. This observation
suggests that choice of the upper limit @__ is more significant in SP calculations than in IMFP
calculations because of the greater relative contributions of possible large-energy-loss excitations
to the SP [the factor @ in Eq. (4)] than to the IMFP. Figure 13 indicates that the choice of the upper
limit is most important for electron energies between about 20 eV and about 1 keV.

Gumus et al. [51] calculated SPs for Al, Si, Cr, Ni, Cu, Ge, Pd, Ag, Pt, and Au for
electron energies between 10 eV and 100 MeV. Their calculations were performed using a
modified Bethe-Bloch SP expression and analytical expressions for the effective atomic number
and the effective mean excitation energy of each material. We show their SPs in Figs. 14 and 15
together with our SPs (and the experimental SPs discussed in the next section). For energies over
200 eV, the SPs of Gumus et al. for Al, Si, Cr, Cu, Ge, and Pt, are in good agreement with our
values from the FPA and SPA. We also see that the SPs of Gumus et al. for the other solids are
smaller than our SPs from the FPA for energies above 200 eV. For energies between 10 eV and
200 eV, the SPs of Gumus et al. for Al, Si, and Ge are smaller than our SPs while they obtain
larger SPs for the other solids. Except for Ag, there is generally good agreement between the

Gumus et al. SPs and our SPs from the FPA and SPA for energies over 200 eV. Since their
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calculations were made with a modified Bethe formula that is usually applied for much higher
energies, 200 eV must be an effective low-energy limit for their approach.

For Ag, there are larger differences between our SPs from the FPA and those of Gumus ef
al. at energies above 200 eV, as stated above. Since the SPs of Ag for Gumus et al. are in good
agreement with SPs from the relativistic Bethe formula [Eq. (12)] for energies above 5 keV, the
differences with our SPs might be due to uncertainties in the experimental ELF data for Ag (despite

relatively small errors in the f-sum and KK-sum rules [6]).

4.2 Comparison with experimental stopping powers

We compare calculated SPs from the FPA for graphite, Al, Si, Cr, Ni, Cu, Ge, Pd, Ag, Pt,
and Au in Figs. 14 and 15 with experimental SP data that were mostly obtained from Joy's database
[52]. We previously made similar comparisons of SPs from the SPA for Al, Si, Cr, Ni, Cu, Ge, Pd,
Ag, Pt, and Au and for electron energies between 100 eV and 30 keV [1]. We will therefore
emphasize comparisons here between SPs from the FPA and measured SPs as well as comparisons
for energies less than 100 eV. Comparisons will also be made with SPs from the relativistic Bethe
equation [Eq. (12)] using MEE:s listed in Table 4.3 of Ref. 7 except graphite. The MEE value for
graphite was obtained from our previous work [2]. We also show SPs from the SPA in Figs. 13 and
14 so that similarities and differences with the FPA results are visible.

The experimental SPs in Figs. 14 and 15 can be classified into two groups. Almost all of
the experimental SPs for energies less than 1 keV were reported by Luo et al. [53], Luo [54], and

Hovington et al. [55,56]. These SPs are based on measurements of transmission electron energy-
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loss spectra of 100 keV or 200 keV electrons transmitted through thin specimen films. The energy-
loss spectra for energy losses up to 1 keV and for the angular acceptance of their spectrometer
were analyzed to obtain the single-scattering ELF. These ELFs were extended to larger energy
losses using atomic x-ray absorption data. Checks were made to ensure that the ELFs satisfied the
expected sum rules. SPs were then calculated from the experimental ELFs without consideration
of any g-dependence other than that expected from the scattering kinematics. Their SP calculation,
although derived from experimental ELFs, is very similar in principle to our SP calculation from
optical ELFs. The other group of measured SPs in Figs. 14 and 15 was obtained from calorimetric
methods for Al, Ni, Cu, Ag, and Au [57,58], from a novel thin-film method in which currents to
electrodes at the top and bottom surfaces of a film were measured (and with the electrodes
separated from the film by thin insulating layers) for Al [59], from analyses of energy distributions
of electrons transmitted through a thin Al film with a retarding-field analyzer [60], and from
analyses of energy distributions of electrons transmitted through a thin Al film at various scattering
angles [61].

We see generally excellent agreement between our SPs from the FPA and the Joy SPs for
energies larger than about 10 eV and in some cases (Cu, Pd, and Pt) for lower energies. However,
the excellent agreement at energies near 10 eV is very likely fortuitous because our SP calculations
with the FPA ignored the effects of electron exchange and correlation that must be important at
such low energies. Some small but systematic differences are found at energies between 10 eV and
100 eV for graphite, Al, Si, and Ge, and similar differences can be seen for larger energies for Cr,

Pd, Pt, and Au. Generally good agreement is found between our SPs from the FPA and the SPs
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measured by calorimetry for Al, Ni, Cu, Ag, and Au for energies between about 4 keV and 30 keV,
but there are disagreements between our SPs and those of Al-Ahmad and Watt [58] for Al, Ag, and
Au at lower energies.

The comparisons in Fig. 14 for Al show a wide spread in measured SPs for the same
material as measured by different methods. The measured SPs at a given energy can differ by a
factor of more than two, and the energy dependence of the SPs reported by Garber et al. [59] differs
from those obtained by other methods (including the FPA). Given this disparity in SP results for a
single material, we believe that there is satisfactory agreement between SPs from the FPA and the
measured SPs. Definitive experimental tests are still required, however, to determine whether and
how any exchange correction should be included in the SP calculation, as discussed in Section 2.
Further experimental tests are also required to distinguish differences in SPs corresponding to

different choices of the upper limit @__

X

in Eq. (4), as discussed in Section 4.1.

We note that there is good agreement between SPs from the FPA and SPA in Figs. 14 and
15 for all solids except Al, Si, and Ge at energies less than 20 eV. These solids have strong and
narrow plasmon peaks in their energy-loss spectra. As discussed in Sections 3.3 and 4.1, substantial
differences can occur for such solids between SPs determined from the FPA and SPA because SPs
from the SPA do not have contributions from single-electron excitations.

Finally, we see satisfactory agreement in Figs. 14 and 15 between SPs from the relativistic
Bethe equation [Eq. (12)], SPs calculated from the FPA, and most measured SPs for energies larger
than about 5 keV for low-Z and most medium-Z elements (graphite, Al, Si, Cr, Ni, Cu, Ge, and Pd)

and for energies larger than about 10 keV for high-Z elements (Pt and Au). For Ag, however, there
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are larger differences between SPs from the FPA and those from Eq. (12) at energies above 5 keV
than for the other solids. These differences might be due to uncertainties in the experimental ELF

data for Ag [6].

5. SUMMARY

We have reported mass collision electron SPs for Li, Be, graphite, diamond, glassy C,
Na, Mg, Al, Si, K, Sc, Ti, V, Cr, Fe, Co, Ni, Cu, Ge, Y, Nb, Mo, Ru, Rh, Pd, Ag, In, Sn, Cs, Gd,
Tb, Dy, Hf, Ta, W, Re, Os, Ir, Pt, Au, and Bi over the 50 eV to 30 keV energy range. These SPs
were calculated from ELFs determined from experimental optical data or ELF measurements [6]
with the full Penn algorithm [4]. For 19 of our 41 solids, we adopted improved sets of optical ELF
data [6] over those used for our previous SP calculations with the single-pole approximation or
simple Penn algorithm [1,2]. The largest changes occurred for Pd (where the SP increased by up
to 58 %), V (where the SP increased by up to 52 %), and Re (where the SP decreased by up to
26 %).

We made comparisons of RMS differences between SPs calculated from the FPA and
SPA using the same ELF data sets for the calculations with each algorithm. For energies above 50
eV, the RMS relative differences were less than 10 % and generally decreased with increasing
energy, reaching 1 % at 30 keV.

We compared our calculated SPs with results from other calculations. Mao et al. [21]
calculated SPs of Al and Cu from 1 eV to 3 keV with the FPA. There was excellent agreement

between our SPs from the FPA for Al and those of Mao et al. and satisfactory agreement for Cu.
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Fernandez-Varea et al. [42] calculated SPs of Al, Si, Cu, and Au for electron energies between 10
eV and 100 MeV with their N-oscillator model. For energies over 1 keV, the SPs of Fernandez-
Varea et al. for Al, Si, Cu, and Au were in excellent agreement with our values from the FPA. For
Al and Si, there were differences in the shapes of the SP-versus-energy curves in the vicinity of
100 eV. These differences might be associated with the “switch energies” of 73 eV and 99 eV for
Al and Si, respectively, used by Fernandez-Varea et al. to represent the demarcation between their
models for valence-electron and inner-shell excitations. Their maximum values of the SPs for Al
and Si were in reasonable agreement with our maximum values, but their maximum values for Cu
and Au were larger than our maximum values.

Abril et al. [45] developed an algorithm for IMFP and SP calculations based on a
Mermin-model dielectric function (Mermin-ELF model) [46]. We calculated SPs for Al, Si, Ni,
Cu, and Au with the Mermin-ELF model using the parameters for outer-electron excitations
adopted by the Abril group [48,49]. These calculations were performed with two choices for the
upper limit @__for excitation energy, one being w_ =min(7/2,T -E ), as recommended by
Denton et al. [50], while the other was @, =T -E , as chosen here for our SP calculations. The
differences between SPs with the latter choice of @_  and our SPs from the FPA were generally
less 20 % for Si, Ni, Cu, and Au at energies above 50 eV and for Al at energies above 200 eV. In
similar comparisons of SPs with the former choice of @__ , our SPs were larger than those from
the Mermin-ELF model by up to 250 % for energies between 20 eV and 1 keV. There was, however,

good agreement for energies less than 20 eV for Al, Si, Cu, and Au or less than 10 eV for Ni and

greater than 1 keV for the five solids. We believe that w,_, =T - E, is the more appropriate choice
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for the upper limit.

We compared our SPs calculated from the FPA for graphite, Al, Si, Cr, Ni, Cu, Ge, Pd,
Ag, Pt, and Au with values derived from available experimental data. Most of these comparisons
were made with SPs derived by Joy ef al. [52-56] from ELFs obtained from analyses of energy-
loss spectra measured by transmission of 100 keV or 200 keV electrons through thin specimen
films. We found generally excellent agreement between SPs derived in this way and our SPs from
the FPA for energies larger than about 10 eV, although there were small but systematic differences
for some solids between 10 eV and 100 eV. There was satisfactory agreement between our
calculated SPs and values determined from calorimetry experiments for Al, Ni, Cu, Ag, and Au
[57,58] at energies between 4 keV and 30 keV, but there were disagreements with the experimental
SPs for Al, Ag, and Au [58] at lower energies. SPs have been measured by other methods for only
one material (Al) [59-61], but the reported SPs at a particular energy can differ by a factor of more
than two.

Finally, we compared our calculated SPs with values from the relativistic Bethe equation
with recommended mean excitation energies derived from a wide variety of experimental data [7]
and from our previous analysis for the three carbon allotropes [2]. The RMS relative deviations
between our calculated SPs and values from the Bethe equation were 9.1 % and 8.7 % for energies
of 9.897 keV and 29.733 keV, respectively. Satisfactory agreement was found between SPs from
the Bethe equation, our SPs, and most measured SPs for energies larger than about 5 keV for low-
Z and most medium-Z elements (graphite, Al, Si, Cr, Ni, Cu, Ge, and Pd) and for energies larger

than about 10 keV for high-Z elements (Pt and Au). Larger differences between SPs from the Bethe
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equation and from the FPA were found for Ag at energies above 5 keV, presumably due to

uncertainties in the experimental ELF data set for Ag.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Energy dependence of calculated mass collision stopping powers (or collision stopping
powers divided by density) for Li, Be, glassy carbon, graphite, diamond, and Na. The solid
lines show stopping powers calculated for each solid with the full Penn algorithm as a
function of electron relativistic kinetic energy 7. The solid circles show stopping powers
calculated with the single-pole approximation. The dashed lines show stopping powers
calculated from the relativistic Bethe equation [Eq. (12)].

Energy dependence of calculated mass collision stopping powers for Mg Al, Si, K, Sc, and
Ti. See caption to Fig.1.

Energy dependence of calculated mass collision stopping powers for V, Cr, Fe, Co, Ni, and
Cu. See caption to Fig.1.

Energy dependence of calculated mass collision stopping powers for Ge, Y, Nb, Mo, Ru,
and Rh. See caption to Fig.1.

Energy dependence of calculated mass collision stopping powers for Pd, Ag, In, Sn, Cs,
and Gd. See caption to Fig.1.

Energy dependence of calculated mass collision stopping powers for Tb, Dy, Hf, Ta, W,
and Re. See caption to Fig.1.

Energy dependence of calculated mass collision stopping powers for Os, Ir, Pt, Au, and Bi.
See caption to Fig.1.

Plots of ratios of SPs determined from the FPA and the new ELF data sets, S,  , to those

calculated previously from the SPA and the old ELF data sets, S ., [1,2] as a function of

old >
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Fig.9.

Fig.10.

Fig.11.

Fig.12.

Fig.13.

electron non-relativistic kinetic energy (i.e., E =v*/2) for the 19 elemental solids for

which we adopted new ELF data. The inset shows ratios of SPs from the FPA, § ., , to

those from the SPA, S, , for the same 19 solids. These SPs were calculated with the new

SPA >
ELFs for each algorithm.
The root-mean-square relative differences, RMS, of stopping powers calculated with the
full Penn algorithm from stopping powers calculated with the single-pole approximation
for the 41 elemental solids as a function of electron relativistic kinetic energy. The RMS
differences were calculated from Eq. (13).

Ratios of SPs calculated from the FPA with and without an exchange correction for Al, Cu,
Ag, and Au as a function of non-relativistic electron kinetic energy (i.e., E =v*/2).
Comparison of mass collision SPs calculated from optical data for (a) Al and (b) Cu with
the full Penn algorithm by Mao et al. [21] (solid lines) as a function of electron relativistic
kinetic energy with our SPs calculated with the single-pole approximation (long-dashed
line) and the full Penn algorithm (solid circles).

Comparison of mass collision SPs calculated from optical data for (a) Al, (b) Si, (c) Cu,
and (d) Au by Fernandez-Varea et al. [42] (solid lines) as a function of electron relativistic
kinetic energy with our SPs that were obtained with the single-pole approximation (long-
dashed line) and the full Penn algorithm (solid circles).

Comparison of our mass collision SPs obtained from the full Penn algorithm (solid circles)

as a function of relativistic kinetic energy for (a) Al, (b) Si, (c) Ni, (d) Cu, and (e) Au with

SPs calculated from the Mermin-ELF model with o, = min(E /2,E-FE f) (solid lines)
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Fig.14.

Fig.15.

and with o = E-E, (long-dashed lines).

Mass collision stopping powers for (a) graphite, (b) Al, (c) Si, (d) Cr, (e) Ni, and (f) Cu as
a function of electron relativistic kinetic energy. The dotted lines show SPs from the
relativistic Bethe formula [Eq. (12)], and the solid and long-dashed lines show our SPs
from the full Penn algorithm and the single-pole approximation, respectively. The long-
short dashed lines show SPs calculated from a modified Bethe-Bloch SP equation and
expressions for the effective atomic electron number and the effective mean excitation
energies [51]. The symbols indicated SPs derived from the experiments of Luo ef al. [53]
(for Si, Cr, and Cu), Luo [54] (for graphite), Hovington et. al. [55] (for graphite, Al, and
Cu), Kalil et al. [57] (for Al), Al-Ahmad and Watt [58] (for Al, Ni, and Cu), Garber ef al.
[59] (for Al), Fitting [60] (for Al), and Ishigure ef al. [61] (for Al).

Mass collision stopping powers for (a) Ge, (b) Pd, (c) Ag, (d) Pt, and (e) Au as a function
of electron relativistic kinetic energy. The dotted lines shows SPs from the relativistic Bethe
formula [Eq. (12)], and the solid and long-dashed lines show our SPs from the full Penn
algorithm and the single-pole approximation, respectively. The long-short dashed lines
show SPs calculated from a modified Bethe-Bloch SP equation and expressions for the
effective atomic electron number and the effective mean excitation energies [S51]. The
symbols indicated SPs derived from the experiments of Luo et al. [53] (for Ge), Luo [54]
(for Pd, Pt, and Au), Hovington et al. [55] (for Pt), and Al-Ahmad and Watt [58] for Ag

and Au).
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Table 1. Calculated mass collision SPs (i.e, collision SPs divided by density) for the 41

elemental solids as a function of electron relativistic kinetic energy 7.

Mass Collision Stopping Power (MeVem®g™)

T (eV) Li Be (glascsy) (graghite) (diargond) Na Mg

54.6 439.6 361.6 217.0 259.7 141.7 187.2 240.0
60.3 4223 366.0 227.8 286.5 166.1 180.9 2352
66.7 404.6 366.8 236.6 307.7 192.0 175.0 229.5
73.7 387.1 364.3 2433 3234 2164 169.8 223.4
81.5 369.8 359.1 2479 3343 236.7 165.6 217.0
90.0 3533 351.8 250.5 340.8 251.6 163.0 210.5
99.5 337.3 342.7 251.3 343.4 261.8 161.6 204.1
109.9 3224 3323 250.5 342.8 267.8 160.9 198.0
121.5 308.3 320.8 248.2 3394 270.3 160.7 192.2
134.3 2954 308.6 2444 333.8 270.0 160.7 187.4
148.4 284.8 296.0 239.4 326.3 267.4 160.9 183.6
164.0 276.7 283.2 2334 317.3 2629 160.9 180.5
181.3 270.0 270.2 226.4 307.0 256.8 160.8 177.9
200.3 263.4 257.6 218.7 295.9 2494 160.4 175.9
221.4 256.6 245.1 210.5 284.1 241.1 159.6 173.8
244.7 249.4 233.0 201.9 271.8 232.1 1582 171.5
270.4 241.9 221.4 193.2 259.3 222.6 156.3 169.0
298.9 233.7 2104 184.2 246.7 212.8 153.8 166.0
330.3 2249 200.2 175.3 2342 202.8 150.7 162.5
365.0 215.7 191.2 166.4 221.7 192.7 147.1 158.6
403.4 206.2 182.9 157.7 209.6 182.8 142.9 154.1
445.9 196.5 174.8 149.2 197.7 173.0 1383 149.3
492.7 186.7 166.9 140.9 186.2 163.4 1334 144.0
544.6 177.0 159.0 133.0 175.2 154.1 128.1 138.6
601.8 167.3 151.2 125.3 164.6 1452 122.7 132.9
665.1 157.8 143.5 118.1 154.5 136.6 117.2 127.1
735.1 148.6 135.9 111.2 145.0 1284 111.5 121.3
812.4 139.6 128.4 104.7 135.9 120.7 105.9 115.5
897.8 130.9 121.1 98.6 127.4 113.4 100.3 109.7
992.3 122.6 114.0 92.9 119.5 106.6  94.8 103.9
1096.6  114.6 107.2 87.8 112.2 100.3  89.4 98.3




1212.0
1339.4
1480.3
1636.0
1808.0
1998.2
2208.3
2440.6
2697.3
2981.0
3294.5
3640.9
4023.9
4447.1
4914.8
5431.7
6002.9
6634.2
7332.0
8103.1
8955.3
9897.1
10938.0
12088.4
13359.7
14764.8
16317.6
18033.7
19930.4
22026.5
24343.0
26903.2
29732.6

107.1
99.9
93.0
86.6
80.5
74.8
69.4
64.4
59.7
553
51.2
47.4
43.8
40.5
37.5
34.6
32.0
29.5
27.3
25.2
23.2
21.4
19.8
18.3
16.9
15.6
14.4
133
12.2
11.3
10.4
9.65
8.92

100.6
94.2
88.2
82.4
76.9
71.7
66.7
62.1
57.7
53.6
49.7
46.1
42.7
39.6
36.7
33.9
31.4
29.0
26.8
24.8
22.9
21.2
19.6
18.1
16.7
15.4
14.2
13.1
12.1
11.2
10.4
9.60
8.88

83.2
78.8
74.5
70.3
66.3
62.4
58.6
55.0
51.6
483
45.1
42.1
393
36.6
34.0
31.7
29.4
27.3
253
235
21.8
20.2
18.7
17.3
16.0
14.9
13.7
12.7
11.8
10.9
10.1
9.36
8.67

105.4
99.0
92.9
87.1
81.5
76.3
71.3
66.5
62.0
57.8
53.8
50.0
46.5
43.2
40.0
37.1
344
31.9
29.5
273
253
23.4
21.6
20.0
18.5
17.1
15.8
14.6
13.5
12.5
11.6
10.7
9.91

94.5
88.9
83.6
78.6
73.7
69.1
64.7
60.5
56.5
52.7
49.1
45.7
425
39.5
36.7
34.1
31.6
293
27.2
25.2
233
21.6
20.0
18.5
17.1
15.8
14.6
13.5
12.5
11.6
10.7
9.92
9.18

84.1
79.1
74.2
69.5
65.0
60.7
56.7
52.9
493
459
42.7
39.7
36.9
343
31.9
29.7
27.6
25.7
23.9
222
20.6
19.1
17.7
16.5
15.3
14.2
13.1
12.2
11.3
10.5

9.7
9.01
8.36

92.8
87.4
82.2
77.2
72.4
67.8
63.4
59.3
553
51.5
48.0
44.7
41.5
38.6
35.9
333
31.0
28.8
26.7
24.8
23.1
21.4
19.9
18.5
17.1
15.9
14.7
13.7
12.7
11.8
10.9
10.1
9.39




Table 1. (Continued.)

Mass Collision Stopping Power (MeVem’g™)

7 (eV) Al Si K Sc Ti \ Cr
54.6 220.1 227.7 156.8 152.7 119.4 79.9 73.6
60.3 216.9 226.1 163.6 161.8 1254 84.5 79.8
66.7 212.6 2229 170.4 170.6 130.4 88.6 85.1
73.7 207.3 2184 175.9 179.1 134.6 92.2 89.5
81.5 201.2 212.8 180.7 187.3 138.4 95.2 92.9
90.0 194.8 206.6 186.3 195.5 142.5 98.0 95.5
99.5 188.0 199.7 189.8 204.0 147.4 100.9 97.4
109.9 181.1 192.6 190.1 212.6 153.5 104.1 98.8
121.5 174.0 185.1 187.7 219.3 159.5 107.7 100.2
134.3 167.1 177.6 183.1 221.5 163.3 111.5 101.7
148.4 160.4 170.1 177.2 220.2 163.5 114.8 103.0
164.0 154.1 162.7 170.5 216.2 161.4 117.3 104.0
181.3 148.1 155.6 163.3 210.6 157.9 118.7 104.4
200.3 142.7 148.8 156.1 203.9 153.7 119.0 104.1
2214 138.1 142.3 148.8 196.4 148.9 118.4 103.1
244.7 134.0 136.3 141.6 188.5 143.8 116.9 101.5
270.4 130.5 130.7 134.6 180.3 138.4 114.9 99.5
298.9 127.2 125.9 127.7 172.0 132.8 112.2 97.0
330.3 124.1 122.1 121.0 163.7 127.2 109.1 943
365.0 121.0 118.7 114.6 155.5 121.4 105.6 91.3
403.4 117.9 115.6 108.3 147.4 115.7 101.7 88.2
445.9 114.6 112.6 102.3 139.5 110.0 97.6 84.9
492.7 111.2 109.7 96.6 131.8 104.4 93.5 81.5
544.6 107.7 106.6 91.1 124.3 98.9 89.2 78.1
601.8 104.0 103.5 86.0 117.1 93.6 85.0 74.6
665.1 100.2 100.1 81.1 110.2 88.4 80.8 71.1
735.1 96.3 96.5 76.4 103.7 83.4 76.6 67.7
812.4 923 92.8 72.1 97.4 78.6 72.6 64.2
897.8 88.3 89.0 68.1 914 74.0 68.6 60.9
992.3 84.2 85.1 64.4 85.8 69.6 64.8 57.6

1096.6 80.1 81.1 61.1 80.5 65.4 61.1 54.5

1212.0 76.0 77.1 58.1 75.5 61.5 57.6 514

1339.4 72.0 73.1 554 70.8 57.7 54.2 48.5

1480.3 68.0 69.1 52.7 66.5 54.2 51.0 45.7
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2208.3
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2697.3
2981.0
3294.5
3640.9
4023.9
4447.1
4914.8
5431.7
6002.9
6634.2
7332.0
8103.1
8955.3
9897.1
10938.0
12088.4
13359.7
14764.8
16317.6
18033.7
19930.4
22026.5
24343.0
26903.2
29732.6

64.1
60.4
56.7
53.2
49.9
46.6
43.6
40.7
37.9
353
329
30.6
28.5
26.4
24.6
22.8
21.2
19.7
18.3
17.1
15.8
14.7
13.7
12.7
11.8
10.9
10.2
9.44
8.76
8.14

65.3
61.5
57.8
54.3
50.9
47.6
44.5
41.6
38.8
36.2
33.7
313
29.1
27.1
25.2
234
21.7
20.1
18.7
17.4
16.1
15.0
13.9
12.9
12.0

10.3
9.60
8.92
8.28

50.2
47.7
45.2
42.8
40.5
38.2
35.9
33.8
31.7
29.7
27.8
26.0
243
22.7
21.1
19.7
18.3
17.1
15.9
14.7
13.7
12.7
11.8
11.0
10.2

9.4

8.8
8.15
7.58
7.05

62.5
58.9
55.5
522
49.2
46.2
434
40.7
38.1
35.6
333
31.1
29.0
27.0
25.2
234
21.8
20.2
18.8
17.4
16.2
15.0
13.9
12.9
12.0
11.1
10.3
9.57
8.88
8.25

51.0
479
45.2
42.6
40.2
37.9
35.7
33.6
31.5
29.6
27.7
25.9
243
22.7
21.1
19.7
18.4
17.1
15.9
14.8
13.7
12.8
11.9
11.0
10.2
9.48
8.80
8.17
7.59
7.05

48.0
45.1
425
40.0
37.8
35.7
33.7
31.7
29.8
28.1
26.3
24.7
23.1
21.6
20.2
18.9
17.6
16.4
15.3
14.2
13.2
12.3
11.4
10.6
9.87
9.17
8.52
7.91
7.35
6.83

43.0
40.5
38.1
35.9
33.9
32.0
30.3
28.6
27.0
254
23.9
22.5
21.1
19.8
18.5
17.3
16.2
15.1
14.1
13.2
12.3
11.4
10.6
9.87
9.18
8.53
7.93
7.37
6.86
6.38




Table 1. (Continued.)

Mass Collision Stopping Power (MeVem’g™)

T (eV) Fe Co Ni Cu Ge Y
54.6 66.9 56.8 53.3 49.6 96.0 83.4
60.3 70.5 62.1 57.7 533 95.8 88.7
66.7 73.5 67.2 62.1 57.0 95.3 94.2
73.7 75.9 71.7 66.4 60.3 94.5 99.9
81.5 77.7 75.6 70.4 63.2 934 106.1
90.0 79.2 79.0 74.0 65.7 92.0 112.1
99.5 80.4 81.9 77.2 68.0 90.5 117.0
109.9 81.3 84.4 80.0 70.0 88.8 120.0
121.5 82.0 86.6 82.4 71.7 87.1 121.0
134.3 82.5 88.6 84.5 73.1 85.5 120.2
148.4 83.5 90.7 86.3 74.3 83.8 118.0
164.0 84.8 93.7 87.7 75.2 82.2 114.9
181.3 85.8 96.2 89.0 75.9 80.7 111.0
200.3 86.2 97.7 90.3 76.4 79.3 106.7
2214 86.2 98.3 91.3 76.7 77.9 102.2
244.7 85.8 98.3 91.9 76.9 76.5 97.5
270.4 84.9 97.6 92.0 76.9 75.1 92.8
298.9 83.8 96.4 91.6 76.5 73.8 88.2
330.3 82.3 94.8 90.6 75.8 72.4 83.7
365.0 80.5 92.9 89.2 74.9 71.1 79.4
403.4 78.6 90.6 87.4 73.8 69.7 75.2
445.9 76.4 88.0 85.4 72.5 68.2 71.3
492.7 74.0 85.2 83.0 70.9 66.7 67.6
544.6 71.5 82.2 80.4 69.2 65.1 64.2
601.8 68.9 79.0 77.7 67.3 63.5 61.0
665.1 66.2 75.8 74.8 65.2 61.7 58.1
735.1 63.4 72.5 71.8 63.0 59.9 55.5
812.4 60.6 69.2 68.7 60.6 57.9 53.0
897.8 57.8 65.8 65.6 58.2 55.9 50.8
992.3 55.0 62.5 62.5 55.7 53.8 48.6
1096.6 52.2 59.3 59.4 53.2 51.7 46.5
1212.0 49.5 56.1 56.3 50.6 49.5 44.6
1339.4 46.8 52.9 53.2 48.1 47.2 42.6
1480.3 44.2 49.9 50.3 45.6 45.0 40.8




1636.0
1808.0
1998.2
2208.3
2440.6
2697.3
2981.0
3294.5
3640.9
4023.9
4447.1
4914.8
5431.7
6002.9
6634.2
7332.0
8103.1
8955.3
9897.1
10938.0
12088.4
13359.7
14764.8
16317.6
18033.7
19930.4
22026.5
24343.0
26903.2
29732.6

41.7
39.3
37.0
34.8
32.8
30.8
29.0
27.3
25.8
243
22.9
21.6
20.3
19.0
17.9
16.7
15.7
14.6
13.7
12.8
11.9
11.1
10.3
9.62
8.96
8.33
7.75
7.21
6.71
6.24

47.0
44.2
41.5
39.0
36.6
343
32.2
30.2
28.4
26.7
25.0
235
22.1
20.7
19.4
18.2
17.0
15.9
14.8
13.8
12.9
12.0
11.2
10.4
9.65
8.98
8.35
7.76
7.22
6.72

47.4
44.7
42.0
39.5
37.1
34.8
32.6
30.6
28.7
26.9
253
23.8
223
20.9
19.6
18.4
17.2
16.1
15.0
14.0
13.1
12.2
11.4
10.6
9.84
9.16
8.52
7.92
7.37
6.86

43.2
40.8
38.5
36.2
34.1
32.1
30.1
28.3
26.6
24.9
234
22.0
20.7
19.5
18.3
17.1
16.0
15.0
14.0
13.1
12.3
11.4
10.7
9.94
9.25
8.62
8.02
7.47
6.95
6.47

42.8
40.6
38.4
36.3
34.2
32.2
30.3
28.5
26.7
25.0
235
22.0
20.6
19.3
18.1
16.9
15.9
14.9
13.9
13.0
12.1
11.3
10.6
9.87
9.20
8.58
7.99
7.44
6.93
6.45

38.9
37.1
35.2
335
31.7
30.0
28.3
26.7
25.1
23.6
22.1
20.7
19.4
18.2
17.0
15.8
14.8
13.8
12.9
12.0
11.2
10.5
9.77
9.12
8.51
7.94
7.40
6.90
6.44
6.00




Table 1. (Continued.)

Mass Collision Stopping Power (MeVem’g™)

T (eV) Nb Mo Ru Rh Pd Ag In
54.6 48.0  48.6 39.8 409 407 364 539
60.3 519  54.1 44.7 456 453 408  55.1
66.7 555 59.0 50.1 506 503 456 563
73.7 590 632 55.5 558 553 507 576
81.5 625 669 60.6 61.0 604 560  59.1
90.0 663 704 64.9 658 652 613 607
99.5 706 739 68.8 699 696 666 625
109.9 753 776 72.1 733 735 717 644
121.5 80.0 813 75.0 763 7710 766 663
1343 84.1 8438 77.7 79.1 802 813 683
148.4 86.7 872 80.1 817 829 8.5 702
164.0 87.8 884 82.1 840 853 892 720
181.3 87.6 883 83.5 859 871 924 735
200.3 86.2  87.1 83.9 870 883 949 747
221.4 84.1  85.1 83.2 872 884 967 756
244.7 814 825 81.7 864 875 975  76.1
270.4 784 795 79.4 846 855 971  76.1
298.9 752 763 76.7 821 89 956 754
330.3 719 729 73.7 792 798 932 740
365.0 68.6  69.6 70.5 76.0 764 902 720
403.4 653 662 67.3 726 730 867 695
445.9 620 629 64.1 692 695 830 667
492.7 589 597 60.9 658 660 793 638
544.6 559 566 57.8 625 626 755 608
601.8 531 537 54.8 593 593 718 578
665.1 504 509 51.9 561 561 681 548
735.1 48.0 483 49.1 531 531 646 519
812.4 457 459 46.5 503 502 612  49.1
897.8 43.6 437 44.1 476 474 580 465
992.3 417 417 41.8 45.1 448 549 439

1096.6 399 398 39.6 427 424 521 415

1212.0 382  38.1 37.7 404 400 493 392

1339.4 36.6 365 36.0 384 379 468 370

1480.3 350 350 34.3 36.6 360 445 349




1636.0
1808.0
1998.2
2208.3
2440.6
2697.3
2981.0
3294.5
3640.9
4023.9
4447.1
4914.8
5431.7
6002.9
6634.2
7332.0
8103.1
8955.3
9897.1
10938.0
12088.4
13359.7
14764.8
16317.6
18033.7
19930.4
22026.5
24343.0
26903.2
29732.6

335
32.0
30.5
29.1
27.7
26.3
249
23.6
223
21.0
19.8
18.6
17.5
16.4
15.4
14.4
13.4
12.6
11.7
11.0
10.2
9.56
8.93
8.35
7.80
7.29
6.81
6.36
5.94
5.54

335
32.0
30.6
29.2
27.8
26.5
25.1
23.8
22.5
213
20.0
18.8
17.7
16.6
15.6
14.6
13.6
12.8
11.9
11.1
10.4
9.70
9.05
8.45
7.90
7.38
6.89
6.43
6.01
5.61

32.8
313
29.9
28.5
27.2
259
24.6
233
22.1
20.9
19.7
18.6
17.5
16.4
15.4
14.4
13.5
12.6
11.8
11.0
10.3
9.62
8.97
8.37
7.81
7.30
6.81
6.36
5.94
5.55

34.8
33.2
31.7
30.2
28.8
27.4
26.0
24.6
233
22.0
20.8
19.6
18.4
17.3
16.2
15.2
14.3
133
12.5
11.6
10.9
10.1
9.45
8.82
8.23
7.68
7.17
6.69
6.25
5.83

34.2
325
31.0
29.5
28.1
26.7
25.4
24.1
22.8
21.5
20.3
19.2
18.1
17.0
15.9
14.9
14.0
13.1
12.2
11.4
10.7
9.96
9.30
8.67
8.09
7.55
7.04
6.57
6.14
5.73

425
40.5
38.5
36.6
34.8
33.0
31.2
29.4
27.7
26.1
24.6
23.1
21.6
20.3
19.0
17.7
16.5
15.4
14.4
13.4
12.5
11.6
10.8
10.1
9.38
8.73
8.13
7.57
7.06
6.58

33.0
31.2
29.6
28.1
26.6
253
24.0
22.8
21.6
20.5
19.4
18.3
17.2
16.2
15.3
14.3
13.4
12.6
11.8
11.0
10.3
9.62
8.98
8.38
7.81
7.29
6.80
6.34
5.92
5.53




Table 1. (Continued.)

Mass Collision Stopping Power (MeVem’g™)

T (eV) Sn Cs Gd Tb Dy Hf Ta
54.6 48.8 86.0 57.6 60.9 53.5 29.8 31.1
60.3 50.2 86.8 60.9 64.8 57.3 31.7 33.5
66.7 51.6 86.7 64.3 68.8 61.0 33.7 35.6
73.7 52.8 85.9 67.3 72.8 64.7 35.8 37.6
81.5 53.9 84.5 69.6 77.1 68.4 37.9 39.5
90.0 55.0 82.7 71.2 81.4 72.1 40.2 41.3
99.5 56.2 80.4 72.1 85.2 75.5 42.5 43.2
109.9 57.6 77.9 72.4 88.1 78.3 44.7 45.1
121.5 59.1 75.3 72.3 89.8 80.2 46.8 46.9
134.3 60.9 72.6 71.8 90.3 81.3 48.6 48.7
148.4 62.8 70.1 70.8 89.9 81.4 49.9 50.2
164.0 64.8 67.7 69.6 88.8 80.9 50.8 51.2
181.3 66.8 65.4 68.2 87.2 79.8 51.1 51.8
200.3 68.5 63.4 66.5 85.2 78.4 51.0 51.8
2214 70.0 61.8 64.7 83.0 76.6 50.6 51.5
244.7 71.1 60.5 62.9 80.5 74.7 49.9 50.9
270.4 71.6 59.8 61.0 77.9 72.6 49.1 50.0
298.9 71.5 59.6 59.0 75.2 70.4 48.1 49.0
330.3 70.7 59.4 57.1 72.4 68.1 47.0 47.9
365.0 69.3 59.0 55.1 69.7 65.8 45.8 46.6
403.4 67.4 58.0 53.2 66.9 63.4 44.6 453
4459 65.0 56.4 51.4 64.2 61.1 433 44.0
492.7 62.4 54.4 50.0 61.8 58.9 42.1 42.7
544.6 59.6 52.1 48.5 59.5 56.9 40.8 41.3
601.8 56.8 49.7 46.9 57.2 54.8 39.5 40.0
665.1 54.0 47.2 45.2 54.8 52.7 38.2 38.6
735.1 51.3 44.8 43.4 524 50.5 36.9 373
812.4 48.6 42.4 41.6 50.0 48.3 35.6 35.9
897.8 46.0 40.1 39.8 47.6 46.2 343 34.6
992.3 43.5 37.9 37.9 453 44.0 33.0 333
1096.6 41.1 35.8 36.1 43.0 41.9 31.7 32.0
1212.0 38.8 33.8 343 40.8 39.8 30.4 30.7
1339.4 36.7 31.9 32.6 38.6 37.8 29.1 29.4
1480.3 34.6 30.0 30.9 36.6 35.8 27.8 28.1




1636.0
1808.0
1998.2
2208.3
2440.6
2697.3
2981.0
3294.5
3640.9
4023.9
4447.1
4914.8
5431.7
6002.9
6634.2
7332.0
8103.1
8955.3
9897.1
10938.0
12088.4
13359.7
14764.8
16317.6
18033.7
19930.4
22026.5
24343.0
26903.2
29732.6

32.7
30.9
29.2
27.6
26.2
249
23.6
22.4
213
20.1
19.1
18.0
17.0
16.0
15.1
14.1
13.3
12.4
11.6
10.9
10.2
9.52
8.88
8.29
7.74
7.22
6.73
6.28
5.86
5.47

28.3
26.7
25.1
23.7
223
21.0
19.8
18.8
17.8
16.8
15.9
15.1
14.3
13.5
12.7
12.0
11.3
10.6
10.0
9.35
8.77
8.21
7.68
7.18
6.71
6.27
5.86
5.47
5.11
4.77

293
27.7
26.2
24.7
233
22.0
20.7
19.5
18.3
17.2
16.2
15.2
14.3
13.5
12.7
12.0
11.3
10.6
10.0
943
8.87
8.33
7.82
7.33
6.87
6.43
6.02
5.63
5.27
4.92

34.5
32.6
30.8
29.0
27.3
25.6
24.1
22.6
21.2
19.9
18.7
17.5
16.4
15.4
14.5
13.6
12.8
12.0
11.3
10.55
9.89
9.27
8.67
8.11
7.58
7.09
6.62
6.18
5.77
5.39

33.9
32.1
30.3
28.6
26.9
254
239
22.4
21.1
19.8
18.5
17.4
16.3
15.3
14.3
13.5
12.7
11.9
11.2
10.46
9.81
9.19
8.61
8.05
7.53
7.04
6.57
6.14
5.73
5.35

26.6
25.4
24.2
23.0
21.8
20.7
19.6
18.6
17.5
16.5
15.6
14.7
13.8
13.0
12.2
11.5
10.8
10.1
9.54
8.98
8.45
7.94
7.46
7.01
6.58
6.17
5.78
5.41
5.07
4.75

26.9
25.7
245
233
22.1
21.0
19.9
18.8
17.8
16.8
15.8
14.9
14.0
13.2
12.4
11.6
10.9
10.3
9.64
9.06
8.52
8.01
7.52
7.06
6.62
6.21
5.82
5.45
5.11
4.78
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Table 1. (Continued.)

Mass Collision Stopping Power (MeVem’g™)

T (eV) \ Re Os Ir Pt Au Bi
54.6 27.0 24.4 21.1 21.7 23.7 243 40.8
60.3 30.3 28.1 23.9 24.6 26.4 26.9 42.1
66.7 333 32.0 26.9 27.8 29.4 29.7 43.2
73.7 36.0 353 29.9 31.0 32.5 32.6 443
81.5 38.2 38.0 32.6 34.2 35.5 35.7 45.4
90.0 39.9 40.3 35.0 36.9 38.1 38.7 46.5
99.5 414 423 36.8 39.1 40.3 41.6 47.8
109.9 429 44.0 38.3 41.0 42.1 44.2 49.0
121.5 443 45.6 39.7 42.6 43.6 46.5 50.4
1343 45.8 47.1 41.1 44.0 449 48.4 51.9
148.4 473 48.4 42.5 45.1 45.9 49.9 534
164.0 48.4 49.5 43.7 46.0 46.6 51.0 54.8
181.3 49.1 50.2 44.5 46.6 47.0 51.8 56.0
200.3 493 50.5 449 47.0 47.1 52.1 56.9
221.4 49.1 50.3 449 46.9 46.9 52.0 57.3
244.7 48.5 49.7 44.6 46.4 46.5 51.5 57.4
270.4 47.7 48.8 43.9 45.7 45.8 50.7 57.0
298.9 46.8 47.7 43.0 44.7 448 49.7 56.1
330.3 45.6 46.5 42.0 43.5 43.7 48.4 54.9
365.0 44.5 45.2 40.9 42.2 42.5 47.0 535
403.4 43.2 43.8 39.7 40.8 41.1 45.4 51.7
4459 41.9 42.5 38.5 394 39.7 43.7 49.8
492.7 40.7 41.1 373 38.1 38.3 42.0 47.8
544.6 39.4 39.7 36.1 36.7 37.0 40.3 45.8
601.8 38.1 38.3 34.9 354 35.6 38.6 43.7
665.1 36.8 37.0 33.7 34.1 343 37.0 41.7
735.1 35.6 35.6 32.5 32.9 33.1 354 39.7
812.4 343 343 314 31.7 31.9 34.0 37.8
897.8 33.1 33.0 30.3 30.6 30.7 32.5 36.0
992.3 31.9 31.8 29.2 29.4 29.5 31.2 343
1096.6 30.7 30.5 28.1 28.4 28.4 29.8 32.7
1212.0 29.5 293 27.0 27.3 27.3 28.6 31.2
1339.4 28.3 28.1 26.0 26.2 26.2 27.3 29.8
1480.3 27.1 26.9 24.9 25.2 25.2 26.1 28.4
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1636.0
1808.0
1998.2
2208.3
2440.6
2697.3
2981.0
3294.5
3640.9
4023.9
4447.1
4914.8
5431.7
6002.9
6634.2
7332.0
8103.1
8955.3
9897.1
10938.0
12088.4
13359.7
14764.8
16317.6
18033.7
19930.4
22026.5
24343.0
26903.2
29732.6

25.9
24.8
23.7
22.6
21.5
20.4
19.4
18.4
17.4
16.4
15.5
14.6
13.7
12.9
12.2
11.4
10.7
10.1
9.46
8.89
8.36
7.86
7.38
6.93
6.51
6.10
5.72
5.36
5.02
4.70

25.8
24.6
235
22.4
21.4
20.3
19.3
18.3
17.3
16.3
15.4
14.5
13.7
12.9
12.1
11.4
10.7
10.0
9.42
8.84
8.31
7.81
7.34
6.89
6.47
6.07
5.69
533
5.00
4.68

239
22.9
21.9
20.9
19.9
19.0
18.0
17.1
16.2
15.4
14.5
13.7
12.9
12.2
11.5
10.8
10.1
9.52
8.94
8.40
7.89
7.42
6.98
6.56
6.16
5.78
542
5.09
4.77
4.47

24.2
23.2
22.2
21.2
20.3
19.3
18.4
17.4
16.6
15.7
14.8
14.0
13.2
12.4
11.7
11.0
10.3
9.72
9.13
8.57
8.05
7.57
7.11
6.68
6.27
5.89
5.53
5.18
4.86
4.55

24.2
23.1
22.2
21.2
20.2
19.3
18.3
17.4
16.5
15.7
14.8
14.0
13.2
12.5
11.7
11.0
10.4
9.74
9.14
8.58
8.06
7.57
7.11
6.68
6.28
5.89
5.53
5.19
4.86
4.56

25.0
239
22.8
21.8
20.7
19.7
18.7
17.8
16.8
16.0
15.1
14.2
13.4
12.7
11.9
11.2
10.5
9.88
9.27
8.69
8.16
7.65
7.19
6.75
6.34
5.95
5.58
5.24
4.91
4.61

27.1
25.9
24.7
235
22.4
213
20.3
19.2
18.3
17.3
16.4
15.5
14.6
13.8
12.9
12.2
11.4
10.7
10.0
9.41
8.82
8.25
7.73
7.24
6.78
6.36
5.95
5.58
523
4.90
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