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ABSTRACT

We have calculated inelastic mean free paths (IMFPs) for 14 organic compounds
(26-n-paraftfin, adenine, B-carotene, diphenyl-hexatriene, guanine, Kapton, polyacetylene,
poly(butene-1-sulfone), polyethylene, polymethylmethacrylate, polystyrene, poly(2-
vinylpridine), thymine, and uracil) and liquid water for electron energies from 50 eV to
200 keV with the relativistic full Pen algorithm including the correction of the bandgap
effect in insulators. These calculations were made with energy-loss functions (ELFs)
obtained from measured optical constants and from calculated atomic scattering factors
for X-ray energies. Our calculated IMFPs could be fitted to a modified form of the

relativistic Bethe equation for inelastic scattering of electrons in matter from 50 eV to
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200 keV. The average root-mean-square (RMS) deviation in these fits was 0.17 %. The
IMFPs were also compared with a relativistic version of our predictive Tanuma-Powell-
Penn (TPP-2M) equation. The average RMS deviation in these comparisons was 7.2 %
for energies between 50 eV and 200 keV. This average RMS deviation is lower than that
found in a similar comparison for our group of 41 elemental solids (11.9 %) and for our
group of 42 inorganic compounds (10.7%) for the same energy range. We found generally
satisfactory agreement between our calculated IMFPs and values from other calculations
for energies between 200 eV and 10 keV. We also found reasonable agreement between
our IMFPs for organic compounds and measured IMFPs for energies between 50 eV and
200 keV. Substantial progress for IMFP measurements for liquid water has been made in
recent years through the invention of liquid-water microjet photoelectron spectroscopy
and droplet photoelectron imaging. We found that the IMFPs from these experiments and
the associated analyses were larger than our IMFPs by factors between two and four for
energies between about 30 eV and 1000 eV. The energy dependences of the measured
IMFPs are, however, similar to that of our IMFPs in the same energy range. Since IMFPs
calculated from the same algorithm for a number of inorganic compounds agree
reasonably well with measured IMFPs for energies between 100 eV and 200 keV, the
large differences between IMFPs for water from recent experiments and our results are

surprising and need to be resolved with additional experiments.
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1. Introduction

Information on the inelastic scattering of electrons in solids is important in
various applications ranging from radiation physics and radiation transport to thin-film
analysis in the transmission electron microscope (TEM) and surface analysis by Auger-
electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS). A key
parameter in these applications is the electron inelastic mean free path (IMFP), A, which
is simply related to the total cross section for inelastic scattering, o, and the number
density of atoms per unit volume in the solid, N: A = (6 N )_1.

We have calculated IMFPs for many solid materials over a wide range of
electron energies.!>3436.7:8 Tnitially, we reported IMFPs for 50 eV to 2,000 eV electrons
for 27 elemental solids,'? 15 inorganic compounds,® and 14 organic compounds.* We
later calculated IMFPs for 41 elemental solids® for energies up to 30 keV due to the
growing interest in XPS and related experiments performed with X-rays of much higher
energies for both scientific and industrial purposes. These IMFPs were calculated from
experimental optical data with the non-relativistic full Penn algorithm (FPA)® for electron
energies under 200 eV and the single-pole approximation or simple Penn algorithm
(SPA)’ for higher energies. We analyzed these calculated IMFPs with the modified Bethe
equation for inelastic scattering of electrons in matter!® to develop an IMFP predictive
formula (designated TPP-2M).* The TPP-2M equation could be used to estimate IMFPs
in other materials for energies between 50 eV and 2,000 eV, the energy range of interest
for many AES and XPS experiments.

We extended our IMFP calculations for electron energies up to 200 keV with a
relativistic version of the FPA for applications of thin-film analysis by TEM.® We first

calculated IMFPs in 41 elemental solids® for energies from 50 eV to 200 keV and then
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calculated IMFPs in 42 inorganic compounds.® In the latter work, we utilized the
approach of Boutboul ef al.!' to include the effect of the bandgap energy for
nonconductors in the IMFP calculation. In addition, we developed a relativistic version
of the TPP-2M equation that provides reasonable IMFP estimates for energies between
50 eV and 200 keV.% The root-mean-square (RMS) deviation between the estimated
IMFPs from the TPP-2M equation and the directly calculated values was 11.9 % for the
group of 41 elemental solids.® This RMS deviation was similar to that found (10.2 %) in
a similar comparison with the original non-relativistic TPP-2M equation for our original
group of 27 elemental solids for the 50 €V to 2 keV energy range.’ In another comparison,
we found a 10.7 % RMS deviation between our calculated IMFPs for 42 inorganic
compounds and the corresponding values from the relativistic TPP-2M equation for
energies between 50 eV and 200 keV.8

In this paper, we extend our previous calculations* of IMFPs for 14 organic
compounds and electron energies between 50 eV and 2,000 eV. We report here new
calculations of IMFPs with the relativistic FPA3 using the Boutboul et al. approach, which
we designate as FPA-BABC, for 14 organic compounds (26-n-paraffin, adenine, B-
carotene, diphenyl-hexatriene (DPHT), guanine, Kapton, polyacetylene (PA),
poly(butene-1-sulfone) (PBS), polyethylene (PE), polymethylmethacrylate (PMMA),
polystyrene (PS), poly(2-vinylpridine) (P2VP), thymine, and uracil) and for liquid water
for energies between 50 eV and 200 keV. The organic compounds were chosen because
experimental optical data were available from the bandgap energy to at least 1 MeV. We
were then able to calculate energy-loss functions (ELFs) for each compound and to show

that the errors in two ELF sum rules were less than about 10 %. We note that similar ELF
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results were obtained by Tahir and Tougaard'? from reflection electron energy-loss
experiments in the survey of optical data available for PMMA and PE.

Two organic compounds that we considered previously*, bovine plasma albumin
and deoxyribonucleic acid, however, were omitted in this study because their ELFs could
not determine for energies over 82 eV. We also report new results of IMFP calculations
for liquid water with the relativistic FPA and the Boutboul ef al. approach for energies
between 50 eV and 200 keV. Our previous IMFP calculations for water for energies
between 50 eV and 30 keV were made with the relativistic FPA but did not consider the

effect of the band-gap energy.’

2. IMFP Calculations with the Relativistic Full Penn Algorithm

We calculated IMFPs for 14 organic compounds for energies in the 50 eV to 200
keV range with the relativistic full Penn algorithm using the Boutboul ef al. approach!!
(FPA-BABC) in order to be consistent with our previous IMFP calculations for elemental
solids® and inorganic compounds.® The IMFPs were calculated at equal energy intervals
on a logarithmic scale corresponding to increments of 10 % from 3 eV to 1 MeV. We will
present IMFPs for energies between 3 eV and 50 eV and between 200 keV and 1 MeV in
Figures but these results are of less accuracy and are shown only to illustrate trends.

The relativistic differential cross section (DCS) for inelastic scattering can be

written using Hartree atomic units (m, = e

= h = 1), where m, is the electron rest mass,
e is the elementary charge, and 7 is the reduced Planck constant) for energies less than
500 keV,!3 as

0
s 1 1+C_2 1 1m< 5. ) (D
dwdQ U2Q<l+2%2> N (0, w)
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where w is the energy loss, c is the speed of light, O is the recoil energy defined by'

0(0 +2¢) = (cq)?, 2)
g 1s the momentum transfer, N is the number of molecules per unit volume, v is the
electron velocity, and Im[ -1/¢ (Q, w)] is the ELF expressed as a function of energy loss
 and recoil energy Q.

We can then write the relativistic DCS as

2 —
o 2 o -1 \L )
dwdq nNU? e(q,w)) q

where Im[-1/¢ (¢q,w)] is the ELF. In the FPA, the dependence of the ELF on @ can be
obtained from the measured ELF for each material (typically from optical experiments)
while the dependence of the ELF on ¢ can be obtained from the Lindhard'> model
dielectric function.

The ELF in Equation 3 can be expressed using the full Penn algorithm as

-1 o0 -1
Im[ ]:/0 da)pg(a)p)lm £L<— 4)

£(q, w) q,a);a)p)

where

W e(w)

2 -1
g(w) =—1Im [—] ; &)
el denotes the Lindhard model dielectric function for a free-electron gas with plasmon
energy a)p<= \/47rn>, n 1s the electron density, g(a)p) is a coefficient introduced to

satisfy the condition Im[-1/¢ (¢ = 0,m)] = Im[-1/¢ ()], and Im[-1/¢ (w)] is the optical
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energy-loss function. The details of the evaluation of Eq. (4) were given in a previous
paper®.

A total inelastic-scattering cross section for a particular electron energy 7 can be
obtained from double integrations of Eq. (3) and use of Egs. (4) and (5). The
corresponding IMFP, A, can then be computed from A~! = No. The IMFP for an electron
energy T > (Ey + Ey), which is measured from the bottom of the valence band for

semiconductors and insulators, can be expressed as:®

T —E,\?
1+—5=%
4 c 1 1 -1
AT = E) alm dgdw (6)
g D

T—-E, =(T- e(w, q)
g 9
1+ Yo

where E; is the bandgap energy (in hartree) and E, is the width of the valence band (in
hartree) for semiconductors and insulators. The integration domain D is determined from
the maximum and minimum energy losses and the largest and smallest kinematically-
allowed momentum transfers for a given energy 7 and w:

D={(@@lE,<o<(T - E,—E,), q_<q<q,}, (7)

where

g, = \/(T —E)(2+ (T - Epic?) + \/(T —E,—0)2+ (T - E, -)/c?] (8

Table 1 shows the material-property data used in our IMFP calculations and in
our analyses of the ELFs and IMFPs. We show values of the molecular weight M, bulk
density p (g cm™), number of valence electrons per molecule (Ny), free-electron plasmon
energy (£p), bandgap energy (E¢) in eV, valence-band width (£y) in eV, and total atomic

number (Z) for each compound.
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The E; values were obtained from our previous papers* for 26-n-paraffin,
adenine, B-carotene, DPHT, guanine, PBS, PMMA, PS, and P2VP. The E; values for
Kapton, PA, and PE were taken from the work of Kumar et al.', Hiifner'’, and Tanaka'8,
respectively. The values of E; for thymine and uracil were estimated from the ELFs
reported by Issacson.!” The E, value for water was the median of literature values.” The
Ey values were estimated from calculations of the valence-band energies with the
GAUSSIAN 09 program 2° for 11 molecules (26-n-paraffin, adenine, B-carotene,
diphenyl-hexatriene, Kapton, poly(butene-1-sulfone) trimer, polymethylmethacrylate,
polystyrene trimer, poly(2-vinylpridine) trimer, thymine, and uracil). For the other three
organic compounds (guanine, polyacetylene, and polyethylene), the valence-band
energies were estimated from measured valence-band spectra in the literatures.'”?!2? In
the use of GAUSSIAN 09, the initial geometric structures of the organic molecules were
optimized with the semiempirical PM7 method.?* Furthermore, we performed a second
optimization of the geometry with the B3LYP/ 6-31 G(d, p) level in the GAUSSIAN 09
program using the Cartesian coordination from the initial optimization of the geometry.

Table 2 shows the sources of optical data for our IMFP calculations. The optical
data used for the low-energy region for 12 organic compounds (26-n-paraffin, adenine,
B-carotene, DPHT, guanine, Kapton, PA, PBS, PE, PMMA, PS, and P2VP) are the same
as for our previous paper.* The ELFs for these 12 compounds at higher energy region,
typically over 50 eV that was different from compound to compound, were calculated
from the atomic scattering factors of Cullen ef al.>* The ELF for water between 6.0 eV
and 87.0 eV is the same as that used in our previous paper.” We used the atomic scattering
factors of Cullen et al.>* for energies between 88 eV and 1.12 MeV to determine the ELF

for water.
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3. Evaluation of the optical energy-loss functions

We checked the internal consistency of our ELF data for each compound with
the oscillator-strength or f-sum rule and a limiting form of the Kramers-Kronig integral
(or KK-sum rule).?” The f-sum can be evaluated as the total effective number of electrons

per molecule, Zesr, contributing to the inelastic scattering:

Zyr = —2 / o Im [— L] d(AE), )
02 ) I, e(AE)

)1/2

where AE = hw, 2, = (4nnae2/m ,n, = N,p/M is the density of atoms, N, is

Avogadro's number, p is the mass density, and M is the molecular weight. The maximum
energy loss in Equation 9, AEmax, was chosen to be 1 MeV. Ideally, the value of Zer should
be equal to (or otherwise close to) the total number of electrons per molecule, Z. The KK-

sum can be expressed as:

p :<2>/AEmaXAE_IIm L 4B + 120 (10)
= \z/ J, e(AE) :

where n(0) is the limiting value of the refractive index at low photon energies. Table 3
lists the errors in the f-sum and KK-sum rules for each compound, that is, the differences
between the computed values of Zerr and Perr and the expected values (the total number of
electrons per molecule and unity, respectively).

The RMS errors in the f-sum and KK-sum rules were 4.5 % and 3.0 %,
respectively, for our sets of ELF data. The resulting f-sum values are generally superior
to the results of our previous work,* especially for 26-n-paraffine and Scarotene. The
main reason for these differences is associated with the atomic scattering factors used for

the ELF calculations in the high-energy region. The atomic scattering factors used here
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were obtained from the database of Cullen ef al.>* and were taken from Henke ef al.2% in
the previous work. The reason for the large differences for 26-n-paraftin and f-carotene
may be due to the relatively large energy gaps (10 eV for 26-n-paraffin and 6 eV for f-
carotene that were missing for photon energies between 40 eV and 50 eV, respectively)
in the ELFs used in the previous paper?, in addition to the above reason. In the present
study, we eliminated the energy gaps in the ELFs by using the atomic scattering factors
of Cullen ef al.** On the other hand, the errors of the KK-sum rules in Table 3 are not
significantly different from our previous results.

The resulting RMS errors (4.5 % for the f-sum error and 3.0 % for the KK-sum
error) are comparable to those found in our ELF data sets for our group of 41 elemental
solids®® (4.2 % for the f-sum error and 7.7 % for the KK-sum error) and our group 42

inorganic compounds® (4.1 % for the f-sum error and 3.5 % for the KK-sum error).

4. Results
4.1 Calculated IMFPs from the relativistic full Penn algorithm with the Boutboul et
al. approach

Table 4 shows our calculated IMFPs for the 14 organic compounds and for water
from the full Penn algorithm with the Boutboul et al.!' approach (FPA-BABC). The
IMFPs in Table 4 are shown as a function of the electron kinetic energy £ with respect to
the bottom of the conduction band between 50 eV and 200 keV; i.e., E=T - E, — E,. Plots
of IMFPs as a function of electron energy are shown as solid circles in Figs. 1 to 4. IMFPs
are included in these plots for energies less than 50 eV and over 200 keV to illustrate
trends. The IMFPs for energies less than 50 eV, however, are not considered as reliable

as those at higher energies> ° while the calculated IMFPs for energies larger than 200 keV

10
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must be slightly larger than the correct values because we neglected the contribution of
the transverse term in the DCS .6

The plots of calculated IMFPs in Figs. 1 to 4 show similar dependences on
electron energy for energies over 100 eV for all of the compounds. For energies less than
30 eV, however, there are appreciable variations in the shapes of the plots that are mainly
due to the different bandgap energies and different shapes of the ELFs for each material.

We will describe these effects in the following two subsections.

4.2 Comparison of new IMFPs with our previous results

Figure 5 shows plots of the ratios of IMFPs in Table 4 for 12 organic compounds
that were obtained with the FPA-BABC algorithm (Aqew) to the corresponding IMFPs that
we published previously* (Aod). The differences from unity in Fig. 5 are due mainly to
differences in the optical ELFs as stated in Section 3 and to differences in the algorithms
used for the IMFP calculations (FPA and FPA-BABC).

The ratios for the 12 compounds in the Fig. 5 are within £ 6 % of unity for
energies between 50 eV and 2000 eV except for polyethylene for which the ratios are
between 1.06 and 1.07 for energies between 50 eV and 90 eV. On the other hand, we see
large increases of the ratios for energies less than 30 eV for polyethylene (E; = 7.35 eV),
26-n-paraffin (E; = 6.0 eV), PBS (E; = 6.0 V), and PMMA (E; = 5.0 eV). We also see a
small decrease of the ratio for energies less than 30 eV for guanine.

The varying magnitudes of the ratios in Fig. 5 for energies less than 30 eV are
mainly associated with our use of the Boutboul et al.!' algorithm for our new IMFP
calculations and specifically to the inclusion of the bandgap energy in Eqns. (6) to (8). In

our previous calculations of IMFPs for organic compounds,* we did not consider the effect

11
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of the bandgap energy. We also assumed that the Fermi energies of each compound were
15 eV but we now find that the valence-band widths of the 14 compounds in Table 1 vary
between 12.9 eV (for thymine) to 18.8 eV (for Kapton). Thus, the maximum excitation
energy (corresponding to the upper limit of the w integral, AEmax in Eq. (6)) was T — Erin
our previous calculations and the minimum excitation energy was zero. In the present
calculations, the upper limit of the w integral ensures that an incident electron will always
have sufficient energy to remain in the conduction band. The upper limit is then given by
AEmax =T —Ey— Eg [= T— Er—(E¢/2)]. The minimum excitation energy or the lower limit
of the w integral corresponds to the E; values. The IMFP values of compounds that have
relatively large bandgap energies (such as polyethylene and 26-n-paraffin) will therefore be
larger than those in our previous paper (as shown in Fig. 5) due to the decrease in the domain

D for the w (or energy) integral as given in Eq. (7).

4.3 Dependence of IMFPs on electron energy

In previous work ¢-78 we analyzed the dependence of the calculated IMFPs for
each material on electron energy with a modified form of the Bethe equation for inelastic-
electron scattering in matter.'® The relativistic form of the modified Bethe equation can

be described approximately as:®

A(E) = — a(E)E ’ (nm) (11)
Ep{ﬂ[ln(ya(E)E)] —(C/E)+ (DIE?)}
where
E
e (2m,c?) I+ 1021%99 8
a(E) = ~ ok (12)
27 (1 + E/510998.9)2
1+
e

12
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£ — 28816 ()" v 13
» =28 i , eV) (13)

and E is the electron kinetic energy (in eV) above the bottom of the conduction band (=
T — Ey — Ey), pis the bulk density (in g cm™), Ny is the number of valence electrons per
atom or molecule, and f, y, C, and D are parameters. Satisfactory fits were made with
Egs. (11)- (13) to the calculated IMFPs for the 14 organic compounds and liquid water
for energies between 50 eV and 200 keV, as shown by the solid lines in Figs. 1 to 4, and
the values of £, y, C, and D from each fit are shown in Table 5.

The quality of each fit was assessed from the root-mean-square percentage
difference, RMS:

0.5

A (B — AED\ 2
RMS = 100 x l < o ) /n] (%) (14)
,Z‘ ACE;)

where n = 83 is the number of electron energies in Table 4. Values of RMS for each solid
are shown in Table 5. These values range from 0.12 % to 0.27 % while the average value
of RMS for the 15 compounds was 0.17%. This average value of RMS is much smaller
than the average values found in similar fits for our group of 41 elemental solids (0.68 %)°
and 42 inorganic compounds (0.60 %).® Equations (11)-(13) are thus convenient
analytical representations of the calculated IMFPs (e.g., for interpolation).

We also see large differences in the energy dependences of IMFPs for each
compound for energies less than 30 eV as shown in Figs. 1 —4. In the previous subsections,
we pointed out that the value of the bandgap energy E; and the shapes of ELFs are
important in determining the magnitudes of IMFPs for nonconductors at energies less
than 30 eV. To obtain more insight, we investigated the effects of different £ values on
the calculated IMFPs of PA, PE, and PS. We chose these compounds as representative

materials because one compound (PE) has a relatively large Eg value (7.35 e¢V) and a

13
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strong energy-loss peak at around 4.5 eV, another (PS) has an intermediate £ value (6.0
eV) and no obvious loss peak less than 10 eV, and the other (PA) has a small E; value
(1.38 V) and a sharp peak at 7 eV. The ELFs of these three compounds are shown in Fig.
6.

Figure 7 shows IMFPs calculated from the optical ELFs of polyacetylene,
polyethylene, and polystyrene with the FPA-BABC algorithm as a function of electron
energy from 3 eV to 100 eV with both the actual £, values for each compound (solid
circles) and with E; set equal to zero (solid lines). Figure 7 indicates that inclusion of the
bandgap energy in the IMFP calculation generally leads to IMFP increases for £ <30 eV.
This increase is due to the decrease in the @ (or energy) integral domain D as given by
Equation 7. The lower limit of the w integral, AE,,,, is set equal to the bandgap energy
for nonconductors. This lower limit corresponds to the minimum excitation energy for
electrons in the material. The maximum excitation energy corresponds to the upper limit
of the w integral, AE,, ..

If we ignore for the moment the effect of £, the magnitudes of the IMFPs for
energies less than 30 eV can be explained by differences in the shapes of the ELFs, in
particular the presence or absence of a peak below 10 eV. For example, we see that the
IMFPs for PA with E; = 0 in Fig. 7 are much smaller than the IMFPs for PE and PS with
E; = 0 especially for energies less than 10 eV. This result must be due to the existence of
the strong energy-loss peak at around 4.5 eV for PA as shown in Fig. 6. On the other hand,
the IMFPs for PE with E; = 0 are generally the same as the IMFPs for PS with £, = 0 for
energies between 20 eV and 100 eV, but we see that the IMFPs of PE are slightly larger
than the IMFPs of PS for energies between 7 eV and 20 eV due to the existence of the

sharp energy-loss peak at about 7 eV for PS (the m — n* transition) in Fig. 6. Nevertheless,
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the energy dependences of the IMFPs for energies less than 30 eV are dominated by the

magnitude of Eg, as shown in Fig. 7.

4.4 Comparison of calculated IMFPs with IMFPs from the relativistic TPP-2M
equation

We developed a relativistic version of our earlier predictive IMFP formula,*
designated as the relativistic TPP-2M equation, to estimate IMFPs in materials for electron
energies between 50 eV and 200 keV.° Our original non-relativistic TPP-2M equation was
developed from an analysis of our calculated IMFPs for a group of 27 elemental solids? and
a group of 14 organic compounds* for electron energies between 50 ¢V and 2 keV. The
relativistic TPP-2M formula is based on Egs. (11) — (13), and the following expressions for

the material-dependent parameters in this equation:®

p=-1.0+ % +0.69p%1 (eV~Inm™) (15a)
(E, + Eg)
y =0.191p7%° eV (15b)
C=19.7-9.1U (nm~1) (15¢)
D = 534 — 208U (eV nm™) (15d)
N E, \?
U=—2f_ P (15¢)
M 28.816

where the bandgap energy E; is in eV. Equations (15) are the same expressions as those
developed earlier for our non-relativistic TPP-2M equation.*
IMFPs calculated from the relativistic TPP-2M equation for our 15 compounds are

shown in Figs. 1 to 4 as dashed lines, and Table 6 shows values of the RMS deviations
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between these IMFPs and the IMFPs calculated from optical data shown in Table 4. The
average RMS deviation for the 15 compounds over the 50 eV to 200 keV range is 7.2 %.
This average deviation is less than those found in similar comparisons for our group of 41
elemental solids (11.9 %)® and for our group of 42 inorganic compounds (10.7 %)? for the
same energy range.

Figure 8 shows plots of ratios of IMFPs calculated from the relativistic TPP-2M
equation [Eqgs. (11), (12), (13) and (15)] to IMFPs calculated from optical data for the 14
organic compounds and for liquid water (shown in red) as a function of electron energy in
order to assess visually the reliability of the TPP-2M equation for energies up to 200 keV.
Ideally, these ratios should not change with energy and should be close to unity. The ratios
in Fig. 8 for each compound are nearly constant for energies between about 300 eV and 200
keV (the relative deviations are less than 3 %) but there are often substantial changes at
lower energies (typically for energies less than about 200 eV).

We see relatively large values of the ratios in Fig. 8 for polyacetylene (ratios > 1.1
for energies over 300 eV) and relatively small values for diphenyl-hexatriene (ratios < 0.9
for all energies). For energies over 300 eV, the ratios for each compound do not vary
appreciably with electron energy. Except for PA and DPHT, the ratios are within about
10 % from unity for energies between 300 eV and 200 keV. The averages of the ratios are
0.99+0.07 and 1.00 + 0.07 for maximum energies of 992.3 eV and 9897.1 eV, respectively.
We conclude that the relativistic TPP-2M formula is useful for estimating IMFPs in solid
materials for energies between 50 eV and 200 keV although the accuracy of these estimates

is likely to be poorer for energies less than about 200 eV.

4.5 Effect of damping on IMFP calculations with the full Penn algorithm
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The Lindhard dielectric function provides the g-dependence for the ELF
[£(g,w)] in IMFP calculations with the full Penn algorithm. However, the Lindhard ELF
does not have a damping term. Several authors have pointed out the importance of
including a damping factor in calculations of IMFPs since damping must be necessary
due to the finite plasmon lifetime in real materials.?”-?%2° We will therefore compare our
IMFPs at electron energies between 5 eV or 10 eV and 2000 eV to the IMFPs that were
calculated with the Mermin-Penn algorithm?® ,which includes the plasmon damping term,
using the approach of Boutboul ef al. (same as our FPA-BABC calculations).

In the Mermin-Penn algorithm, the ELF in Equation 3 must be replaced by

-1 * -1
I = do,G Im | ——], 16
" L(q,a))] /o “p (a)p) " LM(q,a}; a)p)] (16)

where

. 2 -1 o) 2 2 2 _
ST =

¥p is the damping coefficient, and € is the Mermin dielectric function that is given by

(1 +1iyplw) [sL(q,a) +1iyp) — 1]
1+ (iy pl)[eL(q, @ + iyp) — 1]/[eL(g,0) = 1]

Mg w)=1+ (18)

We investigated the influence of the damping coefficient on the calculated IMFPs
for two selected compounds, guanine, and water. IMFPs for these compounds were
calculated using the non-relativistic Mermin-Penn-BABC approach with selected values of
the damping coefficient (0.2 eV, 1 eV, 1.5eV,2 eV, and 5 eV) for electron energies between

5 eV and 2000 eV. We wished to determine how the calculated IMFPs varied with damping
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coefficient over a plausible range of this parameter. We also note that damping coefficients
of 1.5 eV for Al and 2 eV for Au improved the agreement between calculated and measured
IMFPs for electron energies between 5 eV and 10 ¢V.?°

Figures 9A and 9C show IMFPs calculated from optical ELFs by the Mermin-
Penn-BABC (M-P-BABC) approach for guanine and water using the chosen values of the
damping coefficient as a function of electron energy from 5 eV to 2 keV for guanine in Fig.
9A and from 10 eV to 2 keV in Fig. 9C for water. The solid lines in Figs. 9A and 9C are
our calculated IMFPs from the FPA-BABC algorithm shown in Table 4. Figures 9B and
9D shows ratios of IMFPs from the M-P approach to those from the FPA algorithm for
guanine (Fig. 9B) and water (Fig. 9D) as a function of electron energy.

Figure 9A and 9C show that IMFPs from the Mermin-Penn-BABC approach for
guanine and water are generally in good agreement with the FPA-BABC IMFPs for electron
energies between 50 eV and 2 keV. We also see the IMFP ratios in Figs. 9B and 9D increase
as the value of jp increases for energies above about 50 eV. For energies below 50 eV, the
opposite trend is observed.

When the value of yp 15 0.2 eV, the M-P IMFPs in Fig. 9 are in excellent agreement
with the FPA IMFPs. The maximum difference between the M-P and FPA IMFPs are less
than 1 % when yp= 0.2 eV. The average differences are less than 3 % when yp < 2.0 eV for
both materials. For yp = 5.0 eV, the IMFP ratios for guanine and water increase to 1.07 and
1.08 at 2 keV, respectively. On the other hand, for energies less than 50 eV, the IMFP ratios
in Figs. 9B and 9D decrease rapidly as the value of yp increases. For example, the ratio
decreases to 0.7 for water at an energy of 50 eV. Since our FPA IMFPs are less reliable at
energies below 50 eV, as mentioned in Section 4.1, compared to the IMFPs for higher

energies, the IMFP ratios shown in Figs. 9B and 9D should be considered only as guides.
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We also point out that the effect of E; is large on the IMFPs calculated from the FPA for
energies less than 50 eV, as shown in Fig. 7. That is, uncertainty in the bandgap energy can
have a large effect on the IMFP. The electron exchange effect is also important in this
energy region, as will be discussed in the next Section.

We conclude that the effect of plasmon damping on IMFPs calculations with the
FPA-BABC algorithm is generally small (< 3 %) for energies over 50 eV even for the

materials that have damping coefficients as large as for Au (y»p = 2.0 eV).

5. Discussion

We will now make comparisons of our calculated IMFPs for organic compounds
and water with other IMFP calculations and with IMFP measurements from elastic-peak
electron spectroscopy (EPES), from photoemission experiments, and from experiments
in which electrons were transmitted through thin films or nanoparticles. We will mainly
make comparisons with calculated and measured IMFP values that had not been
published at the time of our previous works.*” Although IMFP calculations from the
present relativistic FPA-BABC algorithm are expected to provide only a qualitative guide
for energies less than 50 eV, we show our calculated IMFPs for these low energies in

Figs. 10 and 11 to make comparisons with other IMFP results.

5.1 Comparison of our inelastic mean free paths with other calculated inelastic mean
free paths
Figure 10 shows comparisons of our calculated IMFPs for 14 organic

compounds and water with other calculated IMFPs for energies between 5 eV and 10 keV.
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We have plotted the literature IMFP data in Fig. 10 without any energy-scaling
corrections. That is, our IMFPs are shown as a function of energy above the bottom of
the conduction band and the literature IMFPs are shown as they were reported. We have
thus assumed that these IMFPs were also determined as a function of energy above the
bottom of the conduction band even if this was not stated in the original papers.
Akkerman and Akkerman?? calculated IMFPs for 10 organic compounds (26-n-
paraffin, B-carotene, diphenyl-hexatriene or DHT, guanine, polyacetylene, poly(butene-
1-sulfone) or PBS, polyethylene, PMMA, polystyrene, poly(2-vinylpridine) or P2VP) for
energies from 20 eV to 10 keV using a dielectric model with a quadratic dispersion
equation. They fitted Drude functions to the optical ELFs for valence-electron excitations
and made separate IMFP calculations for core-electron excitations using an atomic model.
Total IMFPs for their 10 organic compounds were reported with and without a correction
for the effects of electron exchange (XC) that was based on Ashley’s expression.’!
Figures 10(A) to 10(F) show comparisons of our IMFPs with the IMFPs of
Akkerman et al. for their 10 compounds. The IMFPs of Akkerman et al. both with and
without XC for 26-n-paraffin in Fig. 10(A) are in good agreement with our IMFPs for
energies between 100 eV and 10 keV, with RMS differences of 6.6 % and 5.1 %,
respectively. At lower energies, however, there are increasing differences between their
IMFPs and our IMFPs. Our smaller IMFPs in this energy region compared to the IMFPs
of Akkerman et al. without XC are likely due to the contributions of single-electron
excitation to the ELF, which were neglected in their algorithm. The IMFPs of Akkerman
et al. with XC, are even larger typically for energies under 100 eV because of the
indistinguishability between incident and scattered electrons which reduces the energy

range in the integral for energy loss. Similar trends were found in the comparison with
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the Akkerman et al. IMFPs for PMMA in Fig. 10(E). Their IMFPs with and without XC
are in good agreement with our IMFPs for energies between 100 eV and 10 keV, with
RMS differences of 8.7 % and 6.2 %, respectively. For f~carotene, DMHT, guanine, PBS,
polyethylene, polystyrene and P2VP, we see excellent agreements between the Akkerman
et al. IMFPs without XC and our IMFPs for energies over 100 eV with RMS differences
of less than 6 % for energies between 100 eV and 10 keV for seven compounds: -
carotene: 2.8 %; DMHT: 3.4 %; guanine: 5.4 %; PBS: 5.5%; polyethylene: 4.3 %;
polystyrene: 3.2 %; and P2VP: 3.1 %. On the other hand, the Akkerman et al. IMFPs with
XC are larger than our IMFPs by about 10 % between 100 eV and 10 keV. This difference
is mainly due to electron exchange effect especially for energies over 300 eV rather than
the reduction of the integrated energy range for energy loss that attributed to the electron
indistinguishability.

We note that the comparisons of IMFPs with and without exchange correction
and with the choice of wg,,,, for energy loss were already discussed in our previous
papers >’ for elemental solids and water. Powell and Jablonski3? also reported the effect
of electron exchange correction on IMFPs. In general, exchange of energetic electron
would increase IMFPs by between about 10 and 15% for election energies between 50
and 100 eV.?? The choice of maximum energy loss wg,,,, = T/2 increases IMFP values
from the FPA by up to about 50% to around 50 eV compared with IMFPs with wg,,,. =
T—-E f.7

For polyacetylene, the IMFPs of Akkerman et al. with and without XC are
clearly larger than our IMFPs for energies between 20 eV and 10 keV. Our IMFPs at 100
eV and 1000 eV are smaller than the Akkerman et al. IMFPs without XC by 12 % and

18 %, respectively, while the differences at these energies for the Akkerman et al. IMFPs
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with XC are 35 % and 24 %, respectively. The main reason for these differences is that
different ELFs were used in the IMFP calculations for polyacetylene. The value of Zefr
for the Akkerman et al. ELF was 13.7, which is smaller than our Zsr value of 15.26, as
shown in Table 3.

Tan et al*3 reported total cross sections for inelastic scattering of electrons in five
bases: guanine, adenine, thymine, cytosine, and uracil for energies between 20 eV and 10
keV using dielectric response theory and the Penn simplified single-pole approximation
(with a quadratic dispersion equation for g) and the Born-Ochkur electron-exchange
correction. **-3% They also used an empirical approach to obtain ELFs for organic
compounds without available optical data. They assumed that the optical ELFs could be
represented by a single Drude function with parameters described by the mean atomic
number.

Figure 10 show comparison of our IMFPs with the IMFPs of Tan et al. for
adenine (in Fig. 10(A)), guanine (in Fig. 10(C)), thymine (in Fig. 10(G)), and uracil (in
Fig. 10(Q)). Their IMFPs for these compounds are substantially larger than our IMFPs
for energies less than 50 eV. These differences are similar to those found in the
comparisons of our IMFPs with the IMFPs of Akkerman ef al. with XC. The fact that our
IMFPs in this energy region are less than those of Tan ef al. is likely due to the
contribution of single-electron excitations to the ELF that were neglected in the single-
pole approximation used by Tan et al. As discussed above, Tan et al. included exchange
in their calculations which reduces the integration range for energy loss due to the
indistinguishability of incident and scattered electrons. The IMFPs of Tan et al. for
adenine, guanine, and thymine are in good agreement with our IMFPs for energies

between 200 eV and 10 keV where the RMS differences are 3.4 %, 2.2 %, and 4.8 %,
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respectively. For uracil in Fig. 9(G), we see that the IMFPs of Tan et al. are larger than
our IMFPs by about 10 % in the same energy range. Although the cause of this difference
is unknown, we believe it is probably due to differences in the ELFs used for each IMFP
calculation.

In 2011, de Vera et al.’® reported IMFPs and stopping powers for electrons,
protons and a-particles for four organic polymers : PMMA, Kapton, polyacetylene, and
P2VP for electron energies between 10 eV and 10 keV. They used the dielectric
formalism for the calculations of electron IMFPs together with the Mermin energy-loss
function — generalized oscillator strength (MELF-GOS) method. They also applied the
Born-Ochkur approximation to take account of electron exchange between the incident
electron and the target electrons.

Figure 10 shows comparisons of our IMFPs with the IMFPs of de Vera et al. for
Kapton (in Fig. 10(C)), polyacetylene (in Fig. 10(D)), PMMA (in Fig. 10(E)), and P2VP
(in Fig. 10(F)). For Kapton, polyacetylene, and P2VP, our IMFPs are in excellent
agreement with the IMFPs of de Vera et al. for energies between 100 eV and 10 keV,
where the RMS differences are 6%, 2 %, and 4%, respectively. Their IMFPs are larger
than our IMFPs between 20 eV and 100 eV due to the contribution of exchange in their
algorithm. For energies between 10 and 20 eV, we see good agreements between our
IMFPs and their IMFPs. This agreement is probably due to the fact that, in this energy
range, the upper limit of the de Vera ef al. energy integral is roughly the same as the upper
limit of the energy integral in our FPA-BABC algorithm.

On the other hand, the IMFPs of de Vera et al. for PMMA are about 20 % smaller
than our IMFPs for energies between 100 eV and 10 keV. We also see larger differences

between our PMMA IMFPs and the de Vera et al. IMFPs for energies less than 20 eV
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compared to the results for the three other polymers. The reason for these results is that
the ELFs used in the two IMFP calculations must have been different. The details are
unclear, but the IMFP differences may be due to the fact that, below about 100 eV, de
Vera et al. approximated the ELF with Drude functions while above 100 eV the ELF was
calculated with a hydrogenic GOS model. In our work with the FPA-BABC algorithm,
we used measured ELFs for direct calculations without approximating them with
functions as shown in Eqgs. (4) and (5).

Garcia-Molina et al.?” reported IMFP calculations for DNA, protein, lipid,
carotene, sugar as well as liquid water and ice for electron energies between 10 eV and
10 keV. These IMFPs were calculated using the dielectric formalism with a Mermin
energy loss function and a generalized oscillator strength model to determine the ELFs
of these materials for arbitrary energy and momentum transfers using electron energy-
loss spectroscopy data as input. The ELFs for the organic compounds at zero momentum
transfer were obtained from measured electron energy-loss spectra in the transmission
electron microscope (TEM) for energy losses up to 30 eV.*3

Figure 10(B) shows comparisons of our IMFPs with the IMFPs of Garcia-Molina
et al. for f-carotene for energies between 10 eV and 10 keV. We see similar differences
between the Garcia-Molina ef al. IMFPs and our IMFPs for energies between 20 eV and
100 eV as the differences found between the IMFPs of de Vera et al.’¢ and our IMFPs for
Kapton (Fig. 10(C)), PA (Fig. 10(D)), and P2VP (Fig. 10(F)) because similar algorithms
were used for both IMFP calculations. However, the IMFPs of Garcia-Molina et al. are
larger than our IMFPs by about 15 % for energies over 200 eV. These IMFP differences

must be due to the use of different ELFs in each calculation.
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Figure 10(H) shows comparison of our IMFPs for water with IMFPs calculated
by Garcia-Molina et al.’’, Emfietzoglou et al.’°, Nguyen-Truong,*® and Flores-Mancera
et al.*! together with the IMFPs calculated from the FPA with E; = 0 €V for energies
between 10 eV and 10 keV. We see that our IMFPs are in generally good agreement with
the other IMFPs for energies between 300 eV and 10 keV. For energies less than 30 eV,
the energy dependence of our IMFPs is similar to the other results in Fig. 10(H) except
for the energy dependence of the IMFPs of Nguyen-Truong. As we pointed out
previously,? the value of E; has a significant effect on IMFPs from the FPA algorithm in
this low-energy region. As shown in Fig. 10(H), IMFPs from the FPA-BABC algorithm
with E, = 7.9 eV (solid line) are systematically larger than those from the FPA algorithm
with £, = 0 (dashed line) for energies less than about 70 eV due to the decrease in the @
integral domain (Eq. (7)). However, it is hard to compare the differences IMFPs from
different publications in more detail for energies less than 30 eV because of likely
differences in the energy scales, i.e., the positions of zero on each energy scale, which
would have a large impact in this energy region. For energies between 30 eV and 300 eV,
the IMFPs from different groups are different. These different energy dependences must
be due mainly due to differences in the algorithms for each calculation and to the choice
of whether or not to include a correction for electron exchange. We will now make more
detailed comparisons for each set of calculated IMFPs.

Garcia-Molina et al.’’ published IMFPs for liquid water, ice, and several
biological materials in 2017 for energies between 10 eV and 10 keV. The ELF for water
at zero momentum transfer was obtained from the experimental data of Hayashi et al.*?
and was fitted with three Drude functions to represent valence-electron excitations. They

calculated IMFPs for water from this optical ELF with the MELF-GOS model and
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included the Born-Ochkur electron-exchange correction.*? Their energy integration range
was from 0 to Min[ (T + Eg)/2, T — Ey] for outer-shell electron excitations. They used E;
=7 eV and Er=4 eV. Figure 10(H) shows excellent agreement of their IMFPs with our
IMFPs for energies between 200 eV and 10 keV with an RMS difference of 1.6 %. For
energies between 14 eV and 200 eV, the Garcia-Molina et al. IMFPs are larger than our
IMFPs by between 1 % and 34 %. This result is mainly due to the decrease in their
integration range for energy loss [0 = @ = (T + E,)/2] due to electron indistinguishability
used in the Born-Ochkur electron-exchange approximation compared to our integration
range for energy loss shown in Eq. (7). We also point out that their value for the Fermi
energy (4 eV) is appreciably smaller than our value (14 eV). This difference probably
affects the energy dependence of the IMFP for energies less than 40 eV. If we use Er=4
eV in the calculations of IMFPs with the FPA-BABC approach, the ratios of the Garcia-
Molina et al. IMFPs to the IMFPs found with Er= 4 eV are between 0.93 and 1.84 for
energies between 12 eV and 40 eV. The RMS difference between them is 31 %, which
is smaller than the RMS value of 47 % found from our calculations with Er=14 eV.
Emfietzoglou et al.* reported calculations of inelastic cross sections or IMFPs
for liquid water for energies from 10 eV to 10 keV in 2017 that were calculated with the
Emfietzoglou-Cucinotta-Nikjoo (ECN) model and with the ECN model modified by
corrections to the first-Born approximation. For their calculations with the ECN model,
Emfietzoglou et al. fitted the imaginary part of the dielectric function &> (instead of the
ELF) from the experimental data of Hayashi et al.*> These fits were made with four Drude
functions and five derivative Drude functions to represent outer-shell electronic
transitions. They also used empirical dispersion equations at g # 0 for energy and

lifetime broadening that were deduced from their fit to the inelastic-scattering X-ray
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spectroscopy (IXSS) data of Hayashi et al. We show the calculated IMFPs from the ECN
model in Fig. 10 (H) as solid triangles. These IMFPs are in excellent agreement with our
IMFPs for energies between 100 eV and 10 keV, with an RMS difference of about 4 %.
In our previous paper’ that reported IMFPs for water, we pointed out that values of the
static structure factor S(g)** that was calculated from the optical ELF with FPA were in
excellent agreement with those derived from the IXSS experiments of Hayashi et al.
between g = 0.69 atomic units and ¢ = 3.59 atomic units. Since Emfietzoglou et al.
determined empirical dispersion relations from the same IXSS data, the ECN model must
give essentially the same S(g) values that were calculated from the FPA. This result means
that the g-dependence of the ELFs in each algorithm should be in reasonable agreement
with each other in the range 0.69 < ¢ < 3.59 in atomic units. We therefore expect that
the IMFPs from the FPA and ECN approaches should be in generally good agreement for
energies over 100 eV, as seen in Fig. 10(H). We also see that the ECN IMFPs are larger
than the FPA IMFPs by between 6 % and 10 % for energies between 30 eV and 80 eV.
This result must be due mainly to the different values for the maximum energy loss used
in each IMFP calculation.

In the corrected ECN model of Emfietzoglou et al.,* the total inelastic-scattering
cross section was the sum of three terms; the first order Born-approximation term, the
second-order correction term from Ashley’s soft-collision approximation,* and the
exchange term that was calculated from the non-relativistic Moller formula.*® Figure
10(H) shows the IMFPs obtained from this corrected ECN approach. These IMFPs are
larger than our IMFPs for energies between 20 eV and 10 keV. For energies over 500 eV,
the corrected-ECN IMFPs are larger than our IMFPs by between 5 % and 10 %, and the

RMS difference is 6 %. On the other hand, the corrected-ECN IMFPs are larger than our
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IMFPs by between 15 % and 67 % for energies between 30 eV and 300 eV. We believe
that this difference is mainly due to the inclusion of the electron-exchange term in the
corrected-ECN approach.

Nguyen-Truong* calculated IMFPs for water and energies between 1 eV and 10
keV with the Mermin-Penn algorithm (MPA) and the Mermin form of the Levine-Louie
dielectric function that included the correction for the band-gap effect on the Lindhard
ELF. He also adopted the Born-Ochkur exchange correction. The maximum energy loss

is then given by ®,,,,

= (T + Eg)/2 due to the indistinguishability between the primary
and secondary electrons. His calculated IMFPs are shown in Fig. 10(H) as solid squares.
These IMFPs are in excellent agreement with our IMFPs for energies between 300 eV
and 10 keV, with an RMS difference of about 2 %. On the other hand, the Nguyen-Truong
IMFPs are larger than our IMFPs for energies between 40 eV and 270 eV by between
7 % and 20 %. These differences are mainly due to the Born-Ochkur exchange correction
max

and to the maximum energy loss for his model (®,,,, = (T + E,)/2) being smaller than

our maximum energy loss (@, =T — E, — E,) in this energy region. We also see a

max
quite different energy dependence of his IMFPs for energies less than 40 eV compared to
our IMFPs. This result must be mainly due to the fact that the maximum energy loss in
this energy range in his work is larger than our maximum energy loss for energies less
than 40 eV (= 3E, + 2E,). Therefore, as shown in Figure 10(H), the Nguyen-Truong
IMFPs are smaller than our IMFPs for energies less than 30 eV.

Flores-Mancera et al.*' calculated IMFPs for water and energies between 10 eV
and 433 keV with the relativistic FPA-BABC algorithm (the same algorithm that we used

for our calculations). Their resulting IMFPs are shown in Fig. 10(H) as solid diamonds.

The Flores-Mancera et al. IMFPs are in excellent agreement with our IMFPs for energies
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between 20 eV and 10 keV, with an RMS difference of about 2 %. For energies over 200
eV, the Flores-Mancera et al. IMFPs are always larger than our IMFPs by between 2 %
and 3 %. This result must be due mainly to differences in the ELFs for each calculation.*!
On the other hand, we see that the Flores-Mancera et al. IMFPs are smaller than our
IMFPs for energies between 10 eV and 20 eV. A similar result occurs with IMFPs
calculated from the FPA with E; = 0, as shown by the dashed line in Fig. 10(H). The
differences between their IMFPs and our IMFP at low energies must be due to the
different minimum energy-loss values used in each calculation. They set @min as the first
energy loss above mid-gap where the ELF exceeds a threshold of 107 instead of E; in

order to include excitonic excitations.

5.2 Comparison of our inelastic mean free paths with measured inelastic mean free
paths

There are few IMFP measurements for organic compounds. Use of the EPES
technique is generally difficult due to the likelihood of sample damage caused by the
incident electron beam. Measurements of effective attenuation lengths (EALs) by X-ray
photoelectron spectroscopy are also difficult*’ although we did report some EAL
measurements for water in a previous paper.” There are predictive formulas for
determining EALs from IMFPs, as described in the above reference 47. These predictive
formulas [e.g., Eq. (20)*7] can be used “in reverse” to estimate IMFPs from EALSs if one
can make an initial estimate of the IMFP in order to determine the single-scattering albedo.

Substantial progress in determining IMFPs for liquid water has been made in
recent years through the development of photoelectron spectroscopy of water microjets*®

and droplet photoelectron imaging.** We will make comparisons in this Section of our
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calculated IMFPs with values that have been obtained from a number of experimental
techniques. The comparisons for water will supplement those presented in our previous
paper.’

Figure 11(A) shows a comparison of our IMFPs for PA with IMFPs from EPES
experiments for energies between 200 eV and 5 keV.3%°! The measured density of PA in
the Lesiak et al.>° experiments was 1.36 g cm™ which is appreciably higher than our value
(1.13 g cm™). This density difference could affect the IMFP values. In addition, XPS
measurements showed appreciable amounts of contamination in their PA samples
(mainly O and Si) resulting from their synthesis of PA. There is also the possibility of a
density distribution with depth in their PA samples that could affect the energy
dependence of the measured IMFPs.>°

Gergely et al®' also reported IMFPs for PA and for energies between 400 eV
and 2000 eV from EPES experiments with the same PA samples as those used by Lesiak
et al. They applied a surface-excitation correction (SEC) to the measured elastic-peak
intensities using the Chen formula®? but this correction did not make an appreciable
change to their IMFP values, as shown in Fig. 11(A). It is, however, difficult to make
surface-effect corrections for materials with different electronic properties (PA and their
reference materials, Ni and Ag)

While the IMFPs of Lesiak ef al. and Gergely ef al. in Fig. 11(A) are of similar
magnitude to our calculated IMFPs, they show a much stronger dependence on electron
energy. For energies less than about 400 eV, the IMFPs of Lesiak et al. are smaller than
our calculated IMFPs while for energies above about 1.5 keV, the IMFPs of Lesiak et al.
and Gergely et al. are larger than our IMFPs. These differences are believed to be due to

density and composition differences with depth in the PA samples associated with sample
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preparation and/or to chemical changes induced by electron bombardment in the EPES
experiments.>?

Figure 11(B) shows a comparison of our IMFPs for PS with IMFPs measured by
transmission electron energy-loss spectroscopy and by TEM for energies at 20 keV, 120
keV, and 200 keV.3** Swanson and Powell reported IMFPs and inelastic-scattering cross
sections associated with the dominant 21 eV energy loss of 20 keV electrons transmitted
thorough 120 nm and 162 nm films of polystyrene in 1966.%* These IMFPs were
determined using a comparison method in which intensities of the 21 eV loss in a PS film
and of the 15 eV loss in an Al film at zero scattering angle were compared in consecutive
measurements. The IMFP for the 15 eV energy loss in Al had been determined in separate
experiments and a model calculation was used to account for the angular distributions of
loss intensities that were not measured in the comparison experiments. The average value
of the IMFP for the 21 eV loss in PS was then found to be 41 + 8 nm. We see that this
IMFP is in excellent agreement with our calculated IMFP and that the relative difference
between them is only 8 %. We note that the total IMFP for inelastic scattering in PS at 20
keV should be smaller than the experimental value due to the contributions of the 7 eV
loss (about 3 %)>* and of energy losses greater than about 40 eV (estimated to be about
10 %).

Chou and Libera measured IMFPs for polystyrene at energies of 120 keV and
200 keV using off-axis electron holography in a field-emission TEM in 2003 The
holographic images could be analyzed to yield energy-filtered wave-amplitude
information from which Chou and Libera obtained two-dimensional images of the ratio
of sample thickness to the IMFP. They used spherical polystyrene nanoparticles as

samples and could calculate the sample thickness, ¢, at any point in a two-dimensional
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image knowing the center and radius of the projected nanosphere. The thickness
contribution to #/4 was removed to obtain quantitative IMFP values. Figure 11(B) shows
their IMFPs for PS as solid circles together with our IMFPs. The Chou and Libera IMFPs
are smaller than our IMFPs by 44 % and 48 % at 120 keV and 200 keV, respectively. The
authors comment that their IMFP values could be systematically smaller than expected
from an empirical formula because these IMFPs include the contributions of phonon
excitations and because there could be some reduction in the intensity of elastically
scattered electrons in their experiments.>

Before discussing the comparisons in Figs. 11(C) and 11(D), we need to point
out that the IMFP results shown in these Figures were obtained from experiments with
relatively low electron energies where the experimental energy scales were referenced to
the vacuum level. For comparisons with our calculated IMFPs where the energy scale is
referenced to the bottom of the conduction band, we make use of the escape barrier of 1.0
eV estimated by Signorell.>® We have therefore increased the electron energies shown in
Refs. 57 and 58 by 1 eV.

Figure 11(C) shows a comparison of our IMFPs for 26-n-paraftin to the IMFPs
for squalene, C3oHso that were measured by Kostko et al.>” using XPS with velocity map
imaging. We make this comparison since squalene is chemically similar to 26-n-paraffin
(Ca6Hsa). Kostko et al. measured C 1s photoelectron spectra and secondary-electron
spectra from unsupported squalene nanoparticles excited by X-rays with energies
between 280 eV and 345 eV. They determined relative IMFPs for energies between 13
eV and 53 eV from ratios of the C 1s intensity to the secondary-electron intensity. These
relative IMFPs were converted to absolute IMFPs by normalization to our previously

calculated IMFP for 26-n-paraffin of 0.7 nm at 50 eV.* Our calculated IMFPs for 26-n-
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paraffin agree well with the squalene IMFPs for energies between 33 eV and 53 eV, and
the relative difference between them is less than 6 %. For energies less than 28 eV, the
IMFPs of Kostko et al. are smaller than our IMFPs. This difference must be due to the
contributions of phonon excitations to the measured IMFPs. Our calculated IMFPs with
the FPA-BABC algorithm include only electronic excitations, as indicated by Eqn. (6).
Schild et al.*® reported IMFPs for water and electron energies between 11 eV
and 301 eV. These IMFPs were obtained from ab initio calculations of electron scattering
in water clusters of varying size, photoelectron angular distribution (PAD) data measured
by Thiirmer et al.,’® EAL data measured by Suzuki et al.,°®and Monte Carlo (MC)
electron-trajectory calculations. Both sets of measured data were obtained from XPS
measurements of the O 1s orbital of liquid water in microjets. In their approach, the IMFP
and the elastic mean free path are parameters to be determined from comparisons of the
two sets of experimental data and the corresponding results from MC calculations. The
resulting IMFPs for water are shown in Fig 11(D) as solid red circles. These IMFPs are
larger than our calculated IMFPs by factors between 2.4 and 2.8 for energies between
about 31 eV and 301 eV. The energy dependence of their IMFPs is, however, similar to
that of our IMFPs in this energy range. The large difference between our IMFPs and those
of Schild et al. must be due mainly to their use of the EAL data of Suzuki et a/*° We have
previously shown that these EALs are larger than expected from a predictive EAL
formula by factors between 2.0 and 2.4 for energies between 50 eV and 600 eV.” A more
detailed analysis by Jablonski and Powell*” also indicated that the EALs of Suzuki ef al.
were much larger than expected. In addition, they pointed out that the EALs of Suzuki et
al. are actually EALs for quantitative analysis rather than EALs for measurement of thin-

film thicknesses on planar substrates, and that systematic differences between the two
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types of EALSs are to be expected. On the other hands, we see that the Schild et al. IMFP
at 11 eV is smaller than our calculated IMFP at the same energy. This result must be due
to the effects of phonon excitations, as discussed for 26-n-paraffin.

Signorell reported elastic and inelastic electron-scattering cross sections for
liquid water between 1 eV and 1098 eV from photoelectron spectroscopy of liquid water
microjets and water droplets and from detailed simulations of electron scattering using
ice cross sections.’® She compared the experimentally determined effective attenuation
lengths (EALSs) of Suzuki et al.,%° values of the photoionization anisotropy parameter /3
obtained by Thiirmer et al.,’® Nishitani et al.,' and Hartweg et al.,®> and the photoelectron
velocity map images (VMISs) of Signorell ef al.%* with the corresponding predictions from
a detailed electron-scattering model based upon a Monte Carlo solution of the transport
equation using scattering cross sections (CSs) for amorphous ice for energies between 1
eV and 100 eV.%4% She extended the latter cross sections to higher energies using the
energy dependence of the IMFPs for water published by Shinotsuka et al.” Signorell
concluded that the ice cross sections of Michaud et al.%% ®° with her extensions to higher
energies provided the most reliable cross sections for liquid water, with maximum
uncertainties on the order of a factor of two. She reported IMFPs for electronic excitations
in water as well as total IMFPs that also included excitations for phonon and vibrational
excitations for electron energies between 1 eV and 1098 eV.

The Signorell IMFPs are shown in Fig.11 (D) as solid squares (total IMFPs) and
triangles (electronic IMFPs). This figure shows that for energies between 20 eV and 1000
eV, the energy dependence of the Signorell electronic IMFPs is in reasonable agreement
with that of our IMFPs. However, her IMFPs are much larger than ours, by a factor of

between three and four. In the energy range of 7 eV to 100 eV, she used the CS data of
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Michaud et al.®* for amorphous ice. However, the IMFPs of Michaud et al. for water for
energies between 25 eV and 100 eV are larger than IMFPs calculated from the FPA by a
factor between two and three, as reported in Fig. 10 of our previous paper.” The CS data
used by Signorell are probably the main reason for the difference in Fig. 11(D) between
our IMFPs and her inelastic IMFPs for energies between 20 eV and 100 eV. For higher
energies, Signorell extrapolated the CS results of Michaud et al. using the energy
dependence of our IMFPs from the FPA.” It is therefore expected that there would be a
constant factor of three between her electronic IMFPs and our IMFPs. For energies below
50 ¢V, Signorell’s total IMFPs show a different energy dependence to our IMFPs because
she includes the contributions of phonon and vibrational excitations.

Finally, we would like to mention results of a novel analysis of an XPS
experiment by Olivieri ef al.® to evaluate the IMFP for water from the TPP-2M equation
[Eqgns. (11) to (13) and (15)] at an energy of 86.5 eV with respect to the vacuum level (or
87.5 eV with respect to the bottom of the conduction band). They determined the spatial
distributions of Na* ions and halide ions with respect to depth near the air-water interface
(AWI) of dilute (< 1 mol/l) aqueous solutions of NaCl, NaBr, and Nal from molecular
dynamics (MD) simulations with a non-polarizable force field. These distributions showed
different density distributions of the Na* and halide ions over a depth of 1.5 nm from the
solution surface. Olivieri et al. performed XPS experiments with a liquid-jet source at an
X-ray energy of 122 eV. At this energy, the information depth for the Na 2p photoelectrons
(for 95 % of the total signal) was about 1.6 nm. The XPS measurements were thus sensitive
to the calculated Na" and halide density profiles with respect to depth near the AWI.

The measured relative intensities of the Na 2p photoelectrons from the three halide

solutions closely matched those from simulations with the NIST Database for the
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Simulation of Electron Spectra (SESSA)%7-8 within the experimental uncertainties. These
simulations were performed with IMFPs for each solution from the TPP-2M equation. We
note that the solutions were dilute so that their IMFPs were essentially the same as for water.
Olivieri et al. found that these IMFPs would have to be increased by 150 % to be outside
their experimental uncertainties. They also concluded that acceptable IMFPs at an energy
of about 80 eV would have to be between 0.7 nm and 1.6 nm. This result suggests that the
electronic IMFPs of Signorell and the IMFPs of Schild ef al. at about 80 eV in Fig. 11(D)
are too large. While the experimental IMFPs of Thiirmer et a/° are within the IMFP limits
of Olivieri et al., those of Michaud et al.%* are not. Olivieri et al. also concluded that the
effective attenuation lengths reported by Suzuki et al.%° were likely too high, a conclusion
also reached recently by Jablonski and Powell*’. It is important to note, however, that the
conclusions of Olivieri et al. depend on the reliability of their MD simulations and on the
reliability of their SESSA simulations.

It is, of course, difficult to make IMFP and other electron-spectroscopic
measurements with liquid water, and it is not surprising that substantial differences exist
among the experimental values shown in Fig. 11(D) and those we discussed previously.’
There are also large differences among the calculated IMFPs shown in Fig. 10(H) and
earlier results.”-%* While there could be systematic uncertainties in our calculated IMFPs for
water, particularly for energies less than 100 eV, we point out that IMFPs from the same
FPA-BABC algorithm have been calculated for Al,Os3, AlAs, A-BN, GaAs, InP, MgO, and
Si0; and generally good agreement has been found with the corresponding measured

IMFPs for energies between 100 eV and 200 keV.?
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Reliable IMFPs for liquid water are required for important applications in radiation
biology,%*’" and atmospheric chemistry’! We hope that it will soon be possible to obtain

consistency between calculated IMFPs and IMFPs obtained from experiments.

6. Summary

We report new calculations of IMFPs with the relativistic full Penn algorithm
together with the correction of the bandgap-energy effect for insulators by using the
Boutboul et al. approach!! (relativistic FPA-BABC approach) for 14 organic compounds
(26-n-paraftfin, adenine, B-carotene, diphenyl-hexatriene, guanine, Kapton, polyacetylene,
poly(butene-1-sulfone), polyethylene, polymethylmethacrylate, polystyrene, poly(2-
vinylpridine), thymine, and uracil) and liquid water for electron energies from 50 eV to
200 keV. These calculations were made with ELFs obtained from measured optical
constants and from calculated atomic scattering factors for X-ray energies.*

We made a comparison of the new IMFPs with our previous IMFPs for 12
organic compounds.* The ratios of the new IMFPs to the earlier IMFPs for 12 compounds
in Fig. 5 are within £ 6 % of unity for energies between 50 eV and 2000 eV except for
polyethylene between 50 eV and 90 eV. On the other hand, we see large increases of the
ratios for energies less than 30 eV for polyethylene, 26-n-paraffin, PBS, and PMMA that
are due to the bandgap correction from use of the FPA-BABC algorithm, as shown by
Eqns (6) to (8).

Our calculated IMFPs could be fitted to a modified form of the relativistic Bethe
equation for inelastic scattering of electrons in matter for energies between 50 eV and 200
keV. The values of the RMS differences between the fitted IMFPs and the calculated IMFPs

range from 0.12 % to 0.27 %, while the average value of the RMS differences for the 15
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compounds was 0.17 %. This average RMS difference is smaller than the average RMS
differences found in similar fits for our group of 41 elemental solids® (0.68 %) and 42
inorganic compounds® (0.60 %). Equations (11) to (13) are thus convenient analytical
representations of the calculated IMFPs (e.g., for interpolation).

The calculated IMFPs were also compared with IMFPs from the relativistic version
of our predictive Tanuma-Powell-Penn (TPP-2M) equation.® The average RMS deviation
between the predicted IMFPs and the calculated IMFPs for the 15 compounds over the 50
eV to 200 keV energy range was 7.2 %. This average RMS deviation is less than that found
in similar comparisons for our group of 41 elemental solids (11.9 %)® and for our group of
42 inorganic compounds (10.7%)® for the same energy range. We conclude that the
relativistic TPP-2M formula is useful for estimating IMFPs in solid materials for energies
between 50 eV and 200 keV although the accuracy of these estimates is likely to be poorer
for energies less than about 200 eV.

We compared our IMFPs for guanine and water at electron energies between 5 eV
(for guanine) or 10 eV (for water) and 2000 eV to the IMFPs that were calculated with the
Mermin-Penn algorithm.?® This algorithm includes the plasmon damping factor and is
useful for determining the effect of plasmon damping on IMFP calculations with the FPA-
BABC approach. We conclude that the effect of plasmon damping on IMFPs calculations
with the FPA-BABC approach are generally small (< 3%) for energies over 50 eV even for
a material with a damping coefficient as large as that estimated for Au (2.0 eV).%.

We also made a comparison of our IMFPs for 15 compounds with results from
other calculations for energies typically between 10 eV and 10 keV. There was generally
satisfactory agreement for energies between 200 eV and 10 keV. For energies less than 200

eV, our IMFPs were generally smaller than other calculated values. This difference could
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be attributed to the presence or absence of an exchange correction, to single-electron
excitations, to the use of different ELFs, or to other features of the chosen algorithms.

We compared our IMFPs for polyacetylene (PA), polystyrene, and 26-n-paraffin
with the corresponding measured IMFPs that were determined from elastic-peak electron
spectroscopy, transmission electron energy-loss experiments, TEM measurements, and
velocity map imaging soft X-ray photoelectron spectroscopy. We found reasonable
agreement between our IMFPs for PA and the IMFPs of Lesiak et al.’° and Gergely et
al.>! for energies between 200 eV and 1600 V. However, the energy dependence of their
IMFPs was different from ours. For energies over 2000 eV, the IMFPs of Lesiak et al
were clearly larger than our IMFPs. These differences could be due to density and
composition differences with depth and/or to chemical changes induced by electron
bombardment during the measurements. We found excellent agreement between our
IMFPs for polystyrene and the measured IMFPs at 20 keV of Swanson and Powell>* for
which the relative difference was only 8 %. The IMFPs of Chou and Libera® for PS,
however, were smaller than our IMFPs by 44 % and 48 % at 120 keV and 200 keV,
respectively.

We compared our IMFPs for water with the experimental IMFPs that were
determined from the photoelectron angular distribution (PAD) and EAL data together with
Monte Carlo electron-trajectory calculations and from experimental information available
from photoelectron spectroscopy of liquid water microjets and water droplets with detailed
electron-scattering simulations using ice cross sections. We found that the experimental
IMFPs of Schild et al.’® and the electronic IMFPs of Signorell>® for water were larger than
our IMFPs by factors between two and four for energies between about 30 eV and 1000 eV.

The energy dependences of their IMFPs, however, were similar to the energy dependence

39



This is the pre-peer reviewed version of the following article: [Shinotsuka H, Tanuma S, Powell CJ. Calculations of electron
inelastic mean free paths. XII1. Data for 14 organic compounds and water over the 50 eV to 200 keV range with the relativistic
full Penn algorithm. Surf Interface Anal. 54, 534 - 560(2022).], which has been published in final form at [doi:10.1002/sia.7064].
This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived
Versions

of our IMFPs in this energy range. The large differences between their IMFPs and our
values are mainly due to use of the EAL data of Suzuki ef al.®° by Schild ef al. and to use
of the ice IMFP data of Michaud et al.%* by Signorell. We have shown that the EALs of
Suzuki et al. and the IMFPs of Michaud ef al. are systematically larger than our previously
calculated EALs and IMFPs for water by factors of over two.” In addition, Jablonski and
Powell*’ have recently pointed out that the EAL values of Suzuki et al. are actually EALs
for quantitative analysis rather than EALs for measurement of thin-film thicknesses on
planar substrates, and that systematic differences between the two types of EALs are to be
expected. The EALs of Suzuki ef al. were also found to be systematically too high in an
analysis by Olivieri et al.%® who compared measured relative intensities of Na 2p
photoelectrons from three dilute halide solutions at about 80 eV with values expected from
SESSA simulations based on Na® distributions with depth expected from molecular
dynamics calculations. In addition, Olivieri et al. concluded that IMFPs for water from the

TPP-2M equation at an energy of 82 eV were consistent with their results.
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Table 1. Values of the material parameters used in the IMFP calculations and in the analysis of

IMFP results for the 14 organic compounds and liquid water.

Chemical

formula for
Compound compound M p(gem?) Ny Ey,(eV) Eg (eV) E,(eV) Z

I(’)TTOHOmCT
26-n-paraffin Co6Hss 366.6920 0.994 158 18.82 6.0 14.5 210
Adenine CsHsNs 135.14 1.34577 50 20.33 3.8 14.8 70
B-Carotene CyoHsg 536.85 0.993 4 216 18.21 0.0 18.7 296
Diphenyl-hexatriene CisHis 2323 0.986 4 88 17.61 0.0 18.3 124
Guanine CsHsNsO 151.13 1.58 78 56 22.05 2.5 14.5 78
Kapton CnHioN2Os  382.32 1.427 138 20.63 2.04 18.8 196
Polyacetylene CHy 26.036 1.13¢ 10 18.98 1.4 17.7 14
Poly(butene-1-sulfone)  C4HsSO; 120.17 1.39 81 42 20.08 6.0 18.0 64
polyethylene CoHy 28.0538 0927 12 18.08 7.35 15.5 16
Polymethylmethacrylate  CsHsO, 100.114  1.18874 40 19.85 5.0 15.8 54
Polystyrene CsHs 104.1440 1.05% 40 18.30 45 170 56
Poly(2-vinylpridine) C;H/N 105.136  1.14° 40 18.98 4.0 16.1 40
Thymine CsNoHeO,  125.11 1.36% 48 20.82 3.6 12.9 66
Uracil CiNHi0,  112.092 1403 42 20.87 3.4 14.9 58
Water H,O 18.0152  0.9999737 8 19.20 7.9 10.0 10

a: calculated from unit cell constants taken from Ref. 75

b: Estimated by assuming that the f-sum rule [Eq. (9)] was satisfied.
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Table 2. Sources of optical data used in the IMFP calculations for the 14 organic compounds and

for liquid water.

Compound Photon energy range (eV)

Source of data

6.12 eV to0 32.54 eV

26-n-paraffin 3339 eV to 1.12 MeV

Okabe et al. 7¢
Cullen et al.**

4.48 eV t0 55.08 eV

Arakawa ef al.”’

Adenine 59.05 eV to 1.12 MeV Cullen et al®*
b-carotene 0.77 eV to 37.51 eV Okabe et al.’®
38.28 eV to 1.12 MeV Cullen et al.**
0.77 eV to 38.28 eV Okabe et al.’®

Diphenyl-hexatriene 39.92 eV to 1.12 MeV

Cullen et al.®*

2.89 eV t049.16 eV

Emerson et al.”®

Guanine 49.16 eV to 1.12 MeV Cullen et al.®*
Kapton 2.26 eV to 64.86 eV Arakawa et al.”’
67.88 eV to 1.121MeV Cullen et al.**
1.21eVto 58.87 eV Ritsko et al. ¥
Polyacetylene

59.05 eV to 1.12 MeV

Cullen et al.®*

5.6eVt039.0eV

Poly(butene-1-sulfone) 39.92 eV to 1.12 MeV

Williams?!
Cullen et al.®*

5.0eV to 60.0 eV

polyethylene 61.75 eV to 1.12 eV

Palik®?
Cullen et al.**

3.42 eV t0 69.69 eV

Polymethylmethacrylate ;¢ o0 v/ 1 15 Mev

Ritsko et al.”
Cullen et al.®*

4.42 eV t0 60.63 eV

Polystyrene 61.75eV to 1.12 eV

Inagaki et al. %
Cullen et al **

4.10 eV t0 32.83 ¢V

Poly(@-vinylpridine) 3 13 oV 10 1.12 MeV

Ritsko et al.?*
Cullen et al.®*

3.53 eV t032.67 eV

Isaacson ef al. %

Thymine 3339 ¢V to 1.12 MeV Cullen ef al?
. 2.85¢eV to33.34 eV Isaacson et al. 8
Uracil
36.13 eV to 1.12 MeV Cullen et al.?*
6.0 eV to 87.0 eV Hayashi et al.#
Water

88.79 eV to 1.12 MeV

Cullen et al.®*
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Table 3. Values of the number of electrons per molecules, Z, Zerr from Eqn (9), errors in
the f-sum rule, values of Pesr from Eqn (10), and errors in the KK-sum rule for the 14
organic compounds and liquid water. The values of Zs and Pesr were determined with
AEmax = 1 MeV.

Error in Error in

Compound Z Zefr fsum rule (%) L eff KK-sum rule (%)
26-n-paraffin 210 196.78 -6.3 1.035 3.5
Adenine 70 70.92 1.3 1.049 4.9
-Carotene 296 297.54 0.5 1.034 3.4
Diphenyl-hexatriene 124 130.50 5.2 1.037 3.7
Guanine 78 80.34 3.0 1.056 5.6
Kapton 196 211.79 8.1 0.989 -1.1
Polyacetylene 14 15.26 9.0 0.983 -1.7
Poly(butene-1-sulfone) 64 64.24 0.4 1.012 1.2
polyethylene 16 16.37 2.3 1.000 0.0
Polymethylmethacrylate 54 51.71 4.2 0.974 -2.6
Polystyrene 56 56.73 1.3 1.003 0.3
Poly(2-vinylpridine) 56 56.04 0.1 1.006 0.6
Thymine 66 67.57 2.4 1.011 1.1
Uracil 58 60.38 4.1 1.041 4.1
Water 10 10.60 6.0 1.037 3.7
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Table 4. Calculated IMFPs for the 14 organic compounds and for liquid water as a

function of electron energy E with respect to the bottom of the conduction band.

Inelastic mean free path (nm)

E(eV) f)gr':;ﬁn Adenine B ?g:ﬁ?@’r}e Guanine Kapton Polyacetylene ??Slzl(fl;‘;fee)“e'
54.6 0.699 0.639 0.645 0.645 0.619 0.703 0.539 0.716
60.3 0.690 0.628 0.641 0.641 0.605 0.687 0.536 0.703
66.7 0.689  0.625 0.643 0.643 0.597 0.678 0.538 0.698
73.7 0.696 0.629 0.651 0.651 0.597 0.676 0.543 0.701
81.5 0.708 0.638 0.664 0.664 0.601 0.680 0.553 0.710
90.0 0.726  0.652 0.683 0.682 0.611 0.688 0.566 0.724
99.5 0.749 0.671 0.706 0.706 0.625 0.702 0.583 0.743
109.9 0.776  0.694 0.733 0.733 0.644 0.721 0.602 0.767
121.5 0.809 0.721 0.765 0.765 0.667 0.745 0.626 0.795
134.3 0.847 0.753 0.801 0.801 0.694 0.773 0.653 0.829
148.4 0.889 0.789 0.842 0.842 0.725 0.806 0.685 0.867
164.0 0.937 0.829 0.887 0.888 0.760 0.844 0.721 0.910
181.3 0.991 0.875 0.938 0.939 0.800 0.887 0.761 0.958
200.3 1.05 0.925 0.994 0.995 0.845 0.935 0.806 1.01
221.4 1.12 0.981 1.06 1.06 0.894  0.988 0.856 1.07
2447 1.19 1.04 1.12 1.13 0.949 1.05 0.910 1.14
270.4 1.27 1.11 1.20 1.20 1.01 1.11 0.971 1.21
298.9 1.35 1.18 1.28 1.28 1.08 1.18 1.04 1.29
330.3 1.45 1.27 1.37 1.37 1.15 1.26 1.11 1.38
365.0 1.55 1.36 1.47 1.47 1.23 1.35 1.19 1.47
403.4 1.66 1.45 1.58 1.58 1.32 1.45 1.27 1.57
445.9 1.79 1.56 1.69 1.70 1.41 1.55 1.37 1.69
492.7 1.92 1.68 1.82 1.82 1.52 1.66 1.47 1.81
544.6 2.07 1.80 1.96 1.96 1.63 1.79 1.58 1.95
601.8 2.23 1.94 2.11 2.11 1.75 1.92 1.71 2.09
665.1 2.40 2.09 2.28 2.28 1.89 2.07 1.84 2.25
735.1 2.60 2.26 2.46 2.46 2.04 2.23 1.98 2.43
812.4 2.80 2.43 2.65 2.66 2.20 2.40 2.14 2.62
897.8 3.03 2.63 2.87 2.87 2.37 2.59 2.32 2.83
992.3 3.27 2.84 3.10 3.10 2.56 2.80 2.50 3.05
1096.6  3.54 3.07 3.35 3.36 2.77 3.02 2.71 3.30
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12120  3.83 3.32 3.63 3.63 3.00 327 293 3.56
13394  4.15 3.60 3.93 3.93 3.24 353  3.17 3.85
1480.3  4.49 3.90 4.25 4.26 3.51 3.82 344 4.17
1636.0  4.87 4.22 4.61 4.62 3.80 4.14 3.73 4.52
1808.0  5.28 4.58 5.00 5.01 4.12 449 4.04 4.89
19982 5.72 4.96 5.42 543 4.47 486 438 5.30
22083  6.21 5.38 5.88 5.89 4.84 527 475 5.75
2440.6 6.74 5.84 6.39 6.40 5.25 572  5.16 6.23
26973 732 6.34 6.93 6.94 5.70 6.20  5.60 6.76
2981.0 795 6.88 7.53 7.54 6.19 6.73  6.09 7.34
32945  8.63 7.47 8.18 8.19 6.72 731  6.61 7.97
3641.0  9.38 8.12 8.89 8.91 7.30 794  7.19 8.65
40239 102 8.82 9.67 9.68 7.93 8.62 781 9.40
44471 11.1 9.58 10.5 10.5 8.62 936  8.49 10.2
49148  12.0 10.4 11.4 11.4 9.36 102 9.23 11.1
54317  13.1 11.3 12.4 12.4 10.2 11.1 10.0 12.1
60029 142 12.3 13.5 13.5 11.1 12.0 109 13.1
66342 155 13.4 14.7 14.7 12.0 13.1 11.9 14.2
7332.0 169 14.6 16.0 16.0 13.1 142 129 15.5
8103.1 18.3 15.8 17.4 17.4 14.2 154 14.1 16.8
89553 199 17.2 18.9 18.9 15.5 16.8 153 18.3
9897.1  21.7 18.7 20.6 20.6 16.8 183  16.6 19.9
10938.0 23.6 20.4 22.4 22.4 18.3 199 181 21.7
12088.4 25.6 22.1 243 24.4 19.9 21.6  19.7 23.5
13359.7 279 24.1 26.5 26.5 21.6 235 214 25.6
14764.8 303 26.2 28.8 28.8 23.5 255 233 27.8
16317.6  33.0 28.5 313 313 25.5 277 253 30.2
18033.7 35.8 30.9 34.0 34.1 27.8 30.1 275 32.8
199304 389 33.6 37.0 37.0 30.1 327 299 35.7
22026.5 423 36.5 40.2 40.2 32.7 355 324 38.7
24343.0 459 39.6 43.6 43.7 355 38.6 352 42.0
26903.2  49.8 43.0 47.3 47.4 38.6 41.8 382 45.6
29732.6  54.0 46.6 51.3 51.4 41.8 454 415 49.5
32859.6  58.6 50.5 55.7 55.7 453 49.2 450 53.6
36315.5 63.5 54.7 60.3 60.4 49.1 533  48.7 58.1
40134.8 68.7 59.3 65.3 65.4 53.1 57.7 527 62.9
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443559 74.3 64.1 70.7 70.7 57.5 624 57.1 68.0
49020.8  80.3 69.3 76.4 76.5 62.1 674 617 73.5
541764 86.8 74.8 82.5 82.6 67.1 72.8  66.6 79.4
59874.1 93.6 80.7 89.0 89.1 72.4 78.5 719 85.6
66171.2 101 87.0 95.9 96.0 78.0 84.6 775 92.2
731304 109 93.6 103.2 103 83.9 91.0 834 99.3
80821.6 117 101 111 111 90.2 97.8  89.6 107
89321.7 125 108 119 119 96.8 105 96.2 114
98715.8 134 116 128 128 104 112 103 123
109097.8 144 124 137 137 111 120 110 131
120571.7 153 132 146 146 119 129 118 140
133252.4 164 141 156 156 126 137 126 149
147266.6 174 150 166 166 134 146 134 159
162754.8 185 159 176 176 143 155 142 169
179871.9 196 169 186 186 151 164 150 179
198789.2 207 178 197 197 160 173 159 189
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Table 4. continued

Inelastic mean free path (nm)

Polymethyl- Poly(2-

E(V)  polyethylene 000 e Polystyrene 0 iy Thymine  Uracil Water
54.6 0.723 0.783 0.697 0.695 0.635 0.598 1.035
60.3 0.710 0.767 0.689 0.684 0.624 0.592 1.007
66.7 0.707 0.761 0.688 0.681 0.619 0.591 0.989
73.7 0.711 0.763 0.694 0.685 0.622 0.596 0.981
81.5 0.721 0.772 0.706 0.696 0.630 0.605 0.981
90.0 0.737 0.788 0.723 0.712 0.642 0.618 0.988
99.5 0.758 0.809 0.745 0.733 0.659 0.636 1.00
109.9 0.785 0.835 0.771 0.758 0.681 0.657 1.02
121.5 0.816 0.867 0.803 0.789 0.707 0.682 1.05
134.3 0.853 0.903 0.839 0.824 0.737 0.712 1.09
148.4 0.894 0.945 0.881 0.864 0.771 0.745 1.13
164.0 0.941 0.993 0.927 0.910 0.810 0.783 1.18
181.3 0.994 1.05 0.979 0.960 0.854 0.825 1.23
200.3 1.05 1.10 1.04 1.02 0.903 0.872 1.30
221.4 1.12 1.17 1.10 1.08 0.957 0.925 1.37
244.7 1.19 1.24 1.17 1.15 1.02 0.982 1.44
270.4 1.27 1.32 1.25 1.22 1.08 1.05 1.53
298.9 1.35 1.41 1.33 1.30 1.16 1.12 1.63
330.3 1.45 1.50 1.42 1.39 1.23 1.19 1.74
365.0 1.55 1.61 1.53 1.49 1.32 1.28 1.86
403.4 1.66 1.72 1.64 1.60 1.42 1.37 1.99
445.9 1.78 1.85 1.76 1.72 1.52 1.47 2.13
492.7 1.92 1.99 1.89 1.85 1.63 1.58 2.28
544.6 2.06 2.14 2.03 1.99 1.76 1.70 2.45
601.8 222 2.30 2.19 2.14 1.89 1.83 2.64
665.1 2.39 2.48 2.36 2.31 2.04 1.97 2.84
735.1 2.58 2.67 2.54 2.49 2.20 2.12 3.06
8124 2.79 2.88 2.75 2.69 2.37 2.29 3.30
897.8 3.01 3.11 2.97 2.90 2.57 247 3.56
992.3 3.26 3.36 3.21 3.14 2.717 2.67 3.85
1096.6  3.52 3.63 3.47 3.39 3.00 2.89 4.16
1212.0  3.81 3.93 3.75 3.67 3.24 3.13 4.49
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13394 4.12 4.25 4.06 3.97 3.51 3.38 4.86
1480.3  4.47 4.60 4.40 4.30 3.80 3.67 5.26
1636.0 4.84 4.98 4.76 4.66 4.12 3.97 5.70
1808.0  5.25 5.40 5.16 5.05 4.46 4.30 6.18
1998.2  5.69 5.85 5.60 5.47 4.84 4.67 6.70
2208.3  6.17 6.35 6.07 5.94 5.25 5.06 7.26
2440.6  6.70 6.88 6.59 6.44 5.70 5.49 7.88
26973  7.27 7.47 7.15 6.99 6.18 5.96 8.55
2981.0 7.89 8.11 7.77 7.59 6.71 6.47 9.28
32945 857 8.81 8.44 8.24 7.29 7.03 10.1
3641.0 9.32 9.57 9.17 8.96 7.92 7.64 10.9
40239  10.1 10.4 9.96 9.73 8.61 8.30 11.9
4447.1 11.0 11.3 10.8 10.6 9.35 9.02 12.9
49148 12.0 12.3 11.8 11.5 10.2 9.80 14.0
54317 13.0 13.3 12.8 12.5 11.1 10.7 15.2
60029 14.1 14.5 13.9 13.6 12.0 11.6 16.6
66342 154 15.8 15.1 14.8 13.1 12.6 18.0
7332.0 16.7 17.1 16.5 16.1 14.2 13.7 19.6
8103.1 18.2 18.6 17.9 17.5 15.5 14.9 21.3
89553  19.8 20.3 19.5 19.0 16.8 16.2 23.1
9897.1 215 22.0 21.2 20.7 18.3 17.6 25.1
10938.0 234 24.0 23.0 22.5 19.9 19.2 27.3
120884 254 26.1 25.0 24.5 21.6 20.8 29.7
13359.7  27.7 28.3 27.2 26.6 23.5 22.7 323
14764.8  30.1 30.8 29.6 28.9 25.5 24.6 35.1
16317.6  32.7 335 322 314 27.8 26.8 38.1
18033.7 35.5 36.4 35.0 34.2 30.2 29.1 41.4
199304 38.6 39.5 38.0 37.1 32.8 31.6 45.0
22026.5 419 429 41.3 40.3 35.6 343 48.9
24343.0 455 46.6 44.8 43.7 38.6 373 53.0
26903.2 494 50.5 48.6 47.5 41.9 40.4 57.5
29732.6  53.6 54.8 52.7 51.5 45.5 43.9 62.4
32859.6  58.1 59.4 57.2 55.8 49.3 47.6 67.6
36315.5 629 64.4 61.9 60.5 534 51.5 73.2
40134.8 68.1 69.7 67.1 65.5 57.8 55.8 79.3
443559  73.7 75.4 72.5 70.8 62.5 60.3 85.7
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49020.8  79.6 81.5 78.4 76.6 67.6 65.2 92.7
54176.4 86.0 88.0 84.7 82.7 73.0 70.4 100
59874.1 92.8 94.9 914 89.2 78.7 76.0 108
66171.2 100 102 98.4 96.1 84.8 81.9 116
731304 108 110 106 103 91.3 88.1 125
80821.6 116 118 114 111 98.1 94.7 134
89321.7 124 127 122 119 105 102 144
98715.8 133 136 131 128 113 109 155
109097.8 142 146 140 137 121 117 165
120571.7 152 155 150 146 129 124 177
133252.4 162 166 160 156 137 133 188
147266.6 172 176 170 166 146 141 200
162754.8 183 187 180 176 155 150 212
179871.9 194 198 191 186 165 159 225
198789.2 205 209 202 197 174 168 238
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Table 5. Values of the parameters B y, C, D found in the fits of Equation (11) to the

calculated IMFPs for each organic compound and liquid water for electron energies

between 50 eV and 200 keV and values of RMS calculated from Eqn (14).

Compound B eV'nm!) y (ev?h) C (nm™) D (eVnm') RMS (%)
26-n-paraffin 0.1696 0.1664 12.15 207.3 0.15
Adenine 0.1699 0.1557 13.22 257.8 0.17
f -Carotene 0.1895 0.1749 14.41 271.5 0.22
Diphenyl-hexatriene 0.2025 0.1739 15.16 285.8 0.22
Guanine 0.1619 0.1484 13.54 271.7 0.13
Kapton 0.1716 0.1398 15.31 341.7 0.17
Polyacetylene 0.2150 0.1813 18.57 383.6 0.12
Poly(butene-1-sulfone)  0.1670 0.1338 12.79 275.4 0.27
polyethylene 0.1862 0.1609 13.92 245.1 0.15
Polymethylmethacrylate  0.1525 0.1465 12.11 245.8 0.20
Polystyrene 0.1846 0.1604 13.89 264.5 0.19
Poly(2-vinylpridine) 0.1762 0.1576 13.24 245.5 0.18
Thymine 0.1657 0.1581 13.40 260.1 0.12
Uracil 0.1707 0.1597 14.30 306.1 0.14
Water 0.1431 0.1474 15.00 356.6 0.10
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Table 6. Root-mean-square (RMS) deviations between IMFPs from the relativistic TPP-
2M equation [Eqn (15)] and IMFPs calculated from optical data for energies between 50

eV and 200 keV.

Compound

RMS deviation (%)

26-n-paraffin

Adenine

B-Carotene
Diphenyl-hexatriene
Guanine

Kapton

Polyacetylene
Poly(butene-1-sulfone)
polyethylene
Polymethylmethacrylate
Polystyrene
Poly(2-vinylpridine)
Thymine

Uracil

Water

1.9
1.8
11.4
13.0
9.2
4.9
10.1
2.7
7.1
10.1
8.7
8.3
4.2

6.5
8.3
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Figure Captions

Figure 1. Plots of our calculated inelastic mean free paths as a function of electron kinetic
energy for 26-n-paraffine, adenine, B-carotene, and diphenyl-hexatriene. The
solid circles show calculated IMFPs from the relativistic full Penn algorithm
using the Boutboul ef al. approach (Table 4). The solid lines show fits to these
IMFPs with the relativistic modified Bethe equation [Eqns. (11) to (13)] and the
derived parameters are listed in Table 5. The long-dashed lines indicate IMFPs

calculated from the relativistic TPP-2M equation [Eqgs. (11) to (13) and (15)].

Figure 2. Plots of our calculated inelastic mean free paths as a function of electron kinetic
energy for guanine, Kapton, polyacetylene, and poly(butone-1-sulfone). See

caption to Fig. 1.
Figure 3. Plots of our calculated inelastic mean free paths as a function of electron kinetic
energy for polyethylene, PMMA, polystyrene, and poly(2-vinylpyridine). See

caption to Fig. 1.

Figure 4. Plots of our calculated inelastic mean free paths as a function of electron kinetic

energy for thymine, uracil and water. See caption to Figure 1.

Figure 5. Plots of ratios of IMFPs for 12 organic compounds calculated from the

relativistic FPA-BABC algorithm to the previous IMFPs.*
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Figure 6. Plots of the optical energy loss functions for polyacetylene, polyethylene, and

polystyrene in the energy range between 0 eV and 100 eV.

Figure 7. Plots of calculated IMFPs from the relativistic FPA-BABC approach (solid
circles) and the relativistic FPA with Eg assumed to be zero for polyacetylene
(solid line), polyethylene (dashed line), and polystyrene (dotted line) as a

function of electron kinetic energy between 3 eV and 100 eV.

Figure 8. Ratio of IMFPs calculated from the relativistic TPP-2M equation [Eqns. (11),
(12), (13) and (15)] to IMFPs calculated from optical data with the relativistic
FPA-BABC approach as a function of electron energy for our 14 inorganic

compounds (solid squares) and liquid water (solid circles).

Figure 9. (A), (B) Plots of calculated electron IMFPs from the Mermin-Penn-BABC
approach with damping factor yp =0.2 eV, 1.0 eV, 1.5 eV, and 2.0 eV [in Eqns.
(17) and (18)] and from FPA-BABC approach for guanine (A) and water (C) as
a function of electron kinetic energy between 5 eV (guanine) or 10 eV (water)
and 10 keV. (B), (D) Ratios of IMFPs calculated from the Mermin-Penn-BABC

approach to our IMFPs as a function of electron energy for guanine (B) and water

(D).

Figure 10. Comparison of our calculated IMFPs with IMFPs from other calculations for

(A) 26-n-paraffin and adenine, (B) pB-carotene and DHT, (C) guanine and

Kapton, (D) polyacetylene and poly(butone-1-sulfone), (E) polyethene and
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PMMA, (F) polystyrene and poly(2-vinylpyridine), (G) thymine and uracil,
and (H) liquid water for energies between 5 eV or 10 eV (for water) and 10
keV. The solid lines show our IMFPs that were calculated from optical ELFs
with the relativistic FPA-BABC algorithm. The dashed line shows the IMFPs
for liquid water that were calculated from optical ELFs with the relativistic
FPA. The symbols indicate IMFPs calculated by Akkerman et al.*° (for 26-n-
paraffin, [-carotene, diphenyl-hexatriene (DHT), guanine, polyacetylene,
poly(butone-1-sulfone), polyethylene, PMMA, polystyrene, and poly(2-
vinylpyridine), Tan et al.** (for adenine, guanine, thymine and uracil), Garcia-
Molina et al.’” (for B-carotene and liquid water), de Vera et al.>® (for Kapton,
polyacetylene, PMMA, and poly(2-vinylpyridine)), Emfietzoglou et al.*® (for

water), Nguyen-Troung*® (for water), and Flores-Mancera et al.*!

(for water).

Figure 11. Comparison of our calculated IMFPs with measured IMFPs for (A)
polyacetylene, (B) polystyrene, (C) 26-n-paraffin, and (D) water. The solid
lines show our IMFPs that were calculated from optical ELFs with the
relativistic FPA-BABC approach. The symbols indicate IMFPs measured by
Gergely et al.’' and Lesiak et al.>® (for polyacetylene), by Chou and Libera®’
and Swanson and Powell** (for polystyrene), by Kostko et al.>” (for squalene),

and by Schild et al.*® and Signorell (for water)>.
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