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Abstract

We calculated electron inelastic mean free paths (IMFPs) for liquid water from its optical
energy-loss function (ELF) for electron energies from 50 eV to 30 keV. These calculations were
made with the relativistic full Penn algorithm (FPA) that has been used for previous IMFP and
electron stopping-power calculations for many elemental solids. We also calculated IMFPs of
water with three additional algorithms: the relativistic single-pole approximation (SPA), the
relativistic simplified SPA, and the relativistic extended Mermin method. These calculations
were made using the same optical ELF in order to assess any differences of the IMFPs arising
from choice of the algorithm. We found good agreement among the IMFPs from the four
algorithms for energies over 300 eV. For energies less than 100 eV, however, large differences
became apparent. IMFPs from the relativistic TPP-2M equation for predicting IMFPs were in
good agreement with IMFPs from the four algorithms for energies between 300 eV and 30 keV
but there was poorer agreement for lower energies. We calculated values of the static structure
factor as a function of momentum transfer from the FPA. The resulting values were in good
agreement with results from first-principles calculations and with inelastic X-ray scattering
spectroscopy experiments. We made comparisons of our IMFPs with earlier calculations from
authors who had used different algorithms and different ELF data sets. IMFP differences could
then be analyzed in terms of the algorithms and the data sets. Finally, we compared our IMFPs
with measurements of IMFPs and of a related quantity, the effective attenuation length (EAL).

There were large variations in the measured IMFPs and EALs (as well as their dependence on
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electron energy). Further measurements are therefore required to establish consistent data sets

and for more detailed comparisons with calculated IMFPs.
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Introduction

It is important to know details of the interactions of low-energy electrons with liquid water
for many biological applications, especially for investigations of cellular and sub-cellular
dosimetry [l and for investigations of chemical processes at the surfaces of atmospheric aerosols
(21, There have been many calculations of electron inelastic mean free paths (IMFPs) in water
[3456789.10.1L12.13] “typically for energies from several tens of eV to 10 keV, but there are large
variations in the reported IMFP values. These variations are mainly due to the use of different
algorithms in the calculations and to different choices of data for the water energy-loss function
(ELF). There have been some measurements of IMFPs for water and some measurements of a
related quantity, the effective attenuation length (EAL). The EAL has been defined as the
parameter which, when introduced in place of the IMFP into an expression derived on the
assumption that elastic-scattering effects are negligible for a given quantitative application, will
correct that expression for elastic-scattering effects !'4!>. The EAL may have different values
for different quantitative applications. However, the most common application of the EAL is
for describing the near-exponential attenuation of a substrate photoelectron or Auger-electron
signal following deposition of an overlayer film 51, IMFPs [16171 and EALs !!819201 have been
reported for water for energies ranging from several eV to 1 keV but there are also large
numerical differences among these IMFPs and EALs as well as in their dependencies on
electron energy.

We report new calculations of electron IMFPs for liquid water for electron energies
from 50 eV to 30 keV with the relativistic full Penn algorithm (FPA) 2! that has previously
been used for calculations of IMFPs and electron stopping powers for 41 elemental solids 12221,
These calculations are based on an ELF for each solid derived from experimental optical data
(an optical ELF). IMFPs and stopping powers from the FPA agreed satisfactorily with available
experimental measurements of each quantity 2223241,

We previously used a non-relativistic version of the FPA to calculate IMFPs for groups
of elemental solids, inorganic compounds, and organic compounds 24 23 26 27. 281 'These IMFPs
were analyzed to yield a predictive IMFP equation, designated TPP-2M 2!, which has recently
been expressed in a relativistic form ?21. We compare our IMFPs for water with values from the
relativistic version of the TPP-2M equation.

Most previous IMFP calculations for water 1 were performed with a simpler and

more approximate form of the FPA, the simple Penn algorithm or single-pole approximation
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(SPA), 211 or with the extended-Drude model 2. Although the simple Penn algorithm utilizes
a quartic dispersion equation to relate the excitation energy in an inelastic-scattering event to
the momentum transfer, g, most authors utilized a more approximate quadratic dispersion
relation for their IMFP calculation in the single-pole approximation and the extended-Drude
model. The SPA with this latter approach will be referred to as the simplified single-pole
approximation (SSPA). We also performed IMFP calculations for water using the SPA and the
SSPA (and the same optical ELF as for our FPA calculations) to determine the effects of
algorithm choice on the resulting IMFPs. We determined ELFs for g > 0 from the optical ELF
(where g = 0) with the extended Mermin model proposed by Da et al. [3°! to determine
differences between the resulting IMFPs and those obtained with the FPA.

We compare the water IMFPs from the four algorithms and analyze them with Fano
plots. We also make comparisons of the static structure factors as a function of momentum
transfer that were derived from the four algorithms with corresponding first-principles
calculations and results from inelastic X-ray scattering spectroscopy. Finally, we compare our
water IMFPs from the four algorithms with IMFPs from previous calculations 13 and with

measured IMFPs 16171 and EALSs 11819201 for water and ice.

Inelastic mean free path calculations

The relativistic differential cross section (DCS) for inelastic scattering is expressed as
the sum of a longitudinal DCS and a transverse DCS.*!! Because the transverse DCS can be
neglected for electron energies less than about 0.5 MeV,*?! the relativistic inelastic DCS can

then be written as

d’c d20L+d20'T~d20'L 2, ( -1 jl
e(

= =~ = m —_ 1
dwdg dwdq dodg dodg nNV q,a)) q M

where o is the inelastic cross section, w is the energy loss, ¢ is the momentum transfer, N is the

number of molecule per unit volume and v is the velocity of electron and Im[—l/ g(q,a))] is

the energy loss function (ELF). We use Hartree atomic units (m, = e = /1 =1) where me is the
electron rest mass, e is the elementary charge, and 7 is the reduced Planck constant.
The probability p(7,@) for an energy loss @ per unit distance traveled by an electron

with kinetic energy T above the Fermi level can be expressed from Eqn (1) as [221:
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where T =T +E,, E_is the Fermi energy and c is the speed of light. The integration limits in

Eqn (2),

0. =T (2+7/) £ ('~ 0)(2+(r' - 0)/c")

are the kinematically allowed limits of momentum transfer. The IMFP, A(T), can then be

calculated from p(7, w):
wmax 71
Z,(T):UO p(T,w)dw} , 3)

where ®_ =T —E, . Several algorithms have been used to determine the ELF,

max

Im[—l / e(q,a))] , and these will be described in the following subsections.

Full Penn algorithm (FPA)
Penn 2! proposed an algorithm for the calculation of Im[—l/g(q,a))] in Eqn (1)

based on the Lindhard model dielectric function 23 and the use of measured ELF data for g =

0 (i.e., optical data). With this method, referred to as the full Penn algorithm, the ELF for Eqn
(1) 1is

- _N @ m_—l @
Im[g(q,w)}—lg( Bl LL(‘]’Q’?%)} - )

where

o | (o)
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and ¢! denotes the dielectric function from the Lindhard model of a free electron gas with

plasmon energy w, (: ,/4;:,1) and 7 is the electron density. The term g(a)p) inEqn (4)isa

coefficient to satisfy the condition Im[—l/e(q = O,a))] = Im[—l/s(a})], where Im[—l/s(a))]

5
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is the optical ELF derived from experimental data.

The energy-loss function in Eqn (4) can be described as the sum of two contributions,

one associated with the plasmon pole and the other with single-electron excitations:

i el R o]
Im =Im +Im .
£(q,w) €(q.w) |, &(q,m) |,

Details of the calculation procedures for each term in Eqn (6) have been published 221,

Single-pole approximation or simple Penn algorithm (SPA)

(6)

A simple method to reduce the complexity in the calculation of the ELF,

Im[—l/ 8(q,a))], with the FPA is to utilize the single-pole approximation or simple Penn

algorithm. The Lindhard ELF in Eqn (4) is then approximated by a single delta function,

Im _ =t I w’z’ 5(60—(0 (a) ))
sL(q,a);a)p) qu(a)p) ey
where
a)z(wp)=a)12,+l(kF(wp)q)2+£
/
and k. (a)p) _ (%Tﬂ)l 3w;/3.

(7

®)

It is necessary to expand the delta function in Eqn (7) correctly in order to perform the

@, integration in Eqn (4). We define a function h(a) p) as

We then obtain

S(h(a)p)):‘dh(wp) /pr‘ : 5(o,-w,),

)

(10)

where @, is a solution of the equation h(w,)=0. @, can be determined from the following
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cubic equation:

x’ +a(q)x2 +b(q,0)=0,

2\"3 4 (11)
x=w, a(q)z(z—g) 7. b(q,w):%—wz.

This equation has a single real and non-zero solution when b(g,w)<0 because @, >0,

®>0,and g > 0. If there is no solution for ¢, with a given set of (q, (1)) values, the delta

function vanishes. We can easily obtain

dh(a)p) o, g
do, _a)q(a)p){l+6kF(a)p)} (12)

The expression for the ELF from Eqn (4) is then

bl

The integration over g in Eqn (2) with the ELF from Eqn (13) is difficult because the

measured optical ELF, Im[—l/ 8(600)], has discrete energy steps. Furthermore, most optical

ELFs have relatively small energy steps at small energy losses (e.g., for energy losses less than

30 eV) and larger energy steps for higher energy losses (e.g., energy losses over 100 eV). We

usually have detailed information of the optical ELF, Im[—l/ s(a)o )], for g values near ¢,.On
the other hand, we often find only rough data for Im[—l/ 8(0)0)] at ¢ values near ¢_. We then

have to interpolate Im [— 1/ £ (a)o )] properly in order to perform the g-integration with sufficient
accuracy. We emphasize the form of Eqns (12) and (13) because inappropriate expressions for

Im[—l/ 8(q,a))] from the SPA are given in some papers.

Simplified single-pole approximation (SSPA)
The SPA can be simplified further with what we call the simplified SPA (SSPA) where

the plasmon dispersion in Eqn (8) is reduced to a quadratic equation:
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o,(0,)=0,+. (14)

We then have

- :a)—qz/Zm -1
! [e(q,a))} ® ! [e(w—q2/2):l' (13)

Extended Mermin (EM) model
Da et al. proposed an extended Mermin model for the dielectric function 3%, In their
algorithm, the ELF of a material in the optical limit (¢ = 0) is obtained by a fit to the

experimental ELF with a summation of Mermin-type ELFs,

where ¢, (¢ =0,0;0,,y,) is the Mermin dielectric function **. The parameters a;, wpi, and

y; are the oscillator strength, peak energy, and peak width of the i-th oscillator, respectively, that
are determined in the fit. In the EM method, an unlimited number of Drude oscillators (and
some with negative oscillator strengths) are allowed in order to obtain satisfactory fits with Eqn
(16) to ELFs with a variety of spectral shapes. This flexibility is needed in order to fit well-
defined peaks (e.g., those arising from plasmon excitation), edge structures (e.g., those arising
from the thresholds for inner-shell excitations), and continua (i.e., energy-loss features with

slowly varying intensities). The ELF for finite ¢ is then:

-1 1
I = I .
m[g(qaw)} zi:al m[SM(q,a);a)p“f}/i)] 17)

We used 210 Drude functions to fit the measured ELF (g = 0) of water for energies from 1077
eV to 30 keV.

Material parameters and optical energy-loss function for water
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The material parameters of water that were used in the IMFP calculations and in the
analysis of ELFs and IMFPs are the molecular weight (M = 18.0152), density (0 =0.999973 g
cm?), number of valence electrons per molecule (N, = 8), and band-gap energy (E, =7.9 eV,
the median of literature values that range between 7 eV and 8.9 eV 1353637381) 'In the present
study, we require the ELF for energy losses up to 30 keV.

We determined the water ELF from the measured optical constants of Segelstein 13!
(for energies between 1.24 x 107 eV and 5.9 eV) and of Hayashi et al. ! (for energies between
6.0 eV and 87.0 eV). For energies between 87 eV and 30 keV, we calculated the ELF from the
photoabsorption data of Henke e al. !!. Figure 1 shows the ELF of water on both logarithmic
and linear scales.

We checked the internal consistency of our ELF data for water through use of the
oscillator-strength sum rule (or f-sum rule) and the Kramers-Kronig (KK) sum rule 2542431, The
f-sum rule can be evaluated as the total effective number of electrons per molecule, Z .,
contributing to electronic excitations in the inelastic scattering (in Hartree atomic units):

max

Z,=02/1Q)) jEAE AETm[-1/ e(AE)Id(AE), ()

where AE=w, Q,=(4nn,)"”, n,=N,p/M is the density of molecules, and N is

Avogadro's number. The maximum energy loss in Eqn (18), AE__ , was 30 keV.
The KK sum rule is a limiting form of the Kramers-Kronig integral and can be

expressed as:

Py =@/m)[ " AE" Im[~1/ e(AE)d(AE) +17(0). (19)

where n(0) is the limiting value of the refractive index at low photon energies (below those
where absorption maxima are observed). Inthe limit AE = —eo, Z , — Z,the total number
of electrons in the molecule (10),and P, v — 1

We determined Z,=1051 from Eqn (18) and P, =1.037 from Eqn (19) for our

water ELF. These values were larger than the expected values by 5.1 % for the f-sum rule and
by 3.7 % for the KK-sum rule. These deviations are similar to those found in our similar

analyses of ELFs for a group of 41 elemental solids (a root-mean-square (RMS) deviation

9
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between Z.rand Z values of 4.2 % and a RMS deviation between Py values and unity of 7.7 %)
(22]

Results
Calculated IMFPs from the four algorithms

Table 1 shows our calculated IMFPs for water from the FPA as a function of electron
energy with respect to the Fermi energy between 50 eV and 30 keV. The Fermi energy of water
(= 15 eV) was estimated from the density of states and the difference between the energies of
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) calculated by Cabral do Couto et al. with density functional theory [*4. We also
assumed that the Fermi energy of water was located midway between the HOMO and LUMO
energies.

We also show plots of IMFPs from the FPA, SPA, SSPA, and EM methods as a function
of electron energy in Fig. 2(a). IMFPs are included in these plots for energies less than 50 eV
to illustrate trends but these values are not considered as reliable as those at higher energies

[28,45]

We see good agreement in Fig. 2(a) among the IMFPs from the four algorithms for
energies over 300 eV. For energies less than 100 eV, however, large differences become
apparent. IMFPs from the SSPA (SSPA IMFPs) are largest among IMFPs from the four
algorithms for energies between 10 eV and 30 keV while IMFPs from the EM model (EM
IMFPs) are smallest. IMFPs from the FPA (FPA IMFPs) agree well with IMFPs from the SPA
(SPA IMFPs) for energies over 50 eV. For energies less than 30 eV, the SPA IMFPs become
larger than the FPA IMFPs with decreasing electron energy. The smaller FPA IMFPs in this
energy range must be due to the contributions of single-electron excitations to the ELF, as
shown in Eqn (6), that were neglected in the SPA.

In order to see differences among IMFPs from the four algorithms more clearly, we
plot ratios of IMFPs from the SPA, SSPA, and EM methods to those from the FPA as a function
of electron energy in Fig. 2(b) for energies between 50 eV and 30 keV. The SSPA IMFP to FPA
IMFP ratios are less than 1.05 for energies over 330 eV but increase to 1.24 for an energy of
54.6 eV. The SPA IMFP to FPA IMFP ratios are slightly less than unity (between 0.97 and 1.00)
for the 54.6 eV to 29.7 keV energy range. Finally, the EM to FPA ratios are less than unity in
Fig. 2(b), varying from 0.86 at 54.6 eV to about 0.95 at 492 eV and 0.98 at 29.7 keV. The latter

10
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differences must be mainly due to the different g-dependences of the ELFs from the FPA and
EM methods for ¢ > 0; we will discuss these differences later.
Figure 2(a) also shows IMFPs calculated from the relativistic predictive IMFP

equation that was designated as the relativistic TPP-2M equation 221, This equation is:

a(T)T

A= (nm), (20)
EX{ B, [In(y,a(T)T)]-(C, /T)+(D, /T")}
where
B, =-10+944/(E*+E?)” +069p"  (eV'nm™). @1)
y,.=0.191p™"°  (eV, (22)
C. =19.7-9.1U (nm™), (23)
D, ,=534-208U  (eVnm™'), (24)
N p 2
=E (g /28.816), 25
v="L (i, 25.816) @s)

a(T) =[1+(T/2m,c*)]/[1+(T /m,c*)]*, and mec? is the electron rest energy (510998.9 eV).

The value of E, for water is 19.202 eV.

IMFPs from the TPP-2M equation (TPP-2M IMFPs) are shown in Fig. 2(a) as a solid
line. These IMFPs are generally in good agreement with the IMFPs calculated from the four
algorithms for energies over 300 eV. In particular, the TPP-2M IMFPs agree with the EM IMFPs
within 1 % for energies between 150 eV and 30 keV. RMS differences between TPP-2M IMFPs
and IMFPs from the FPA, SPA, SSPA, and EM algorithms are 7.9 %, 6.9 %, 13.0 %, and 2.4 %,
respectively, for energies between 50 eV and 30 keV. For energies between 200 eV and 30 keV,
the RMS differences are reduced to 4.6 %, 4.0 %, 7.9 %, and 0.4 %, respectively. The TPP-2M
equation thus provides satisfactory estimates of the water IMFPs from the FPA, SPA, and EM
algorithms for energies between 50 eV and 30 keV.

Fano plots of calculated IMFPs

We analyzed our water IMFPs calculated from the four algorithms using Fano plots

11
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145461 in which a(T)T/A is plotted versus In(o(T)T). From equation (20), which is a modified
form of the relativistic Bethe equation for inelastic electron scattering in matter, the equation

for Fano plots is given by:

o(T)T /A =E.{B,[In(y,a(T)T)|~(C, IT)+(D, I T*)}. (26)

We utilized Eqn (26) to fit IMFPs for a group of 41 elemental solids that were calculated from
the FPA for energies up to 200 keV 22!, These fits were performed with ., y,, C,, and D, as
parameters. Satisfactory fits were made with Eqn (26) to the calculated IMFPs of water
(indicated by the lines in Fig. 3) with RMS differences of 0.13 %, 0.06 %, 0.09 %, and 0.08 %
for IMFPs from the FPA, SPA, SSPA, and EM methods, respectively. Table 2 shows values of
B, 7 C,, and D, from these fits for IMFPs calculated by each of the four algorithms. These
parameter values can be used with Eqn (20) to determine IMFPs for any energy between 50 eV
and 30 keV.

The Fano plots are expected to be linear at sufficiently high energies (the asymptotic

Bethe region), where Eqn (26) then becomes:

o(T)T [A=EX{ B [In(y,o(T)D)]} = E2B, [In(a(T)T)]+ E B, [ In(y,)]. 27)

Figure 3 shows Fano plots of water with IMFPs calculated from the FPA, SPA, SSPA, and EM
methods for energies between 50 eV and 30 keV. We see that these plots are close to linear, as
expected, for energies above about 2 keV.

The slopes of the Fano plots at high energies provide values of the parameter £.. A
useful check of our analysis is to determine the expected slope of the Fano plot in the asymptotic
high-energy region directly from the experimental ELF for water. The corresponding value of

p, designated £,,, can be obtained from the following relations 128!:

B, =M., 12816N,  (eV'nm™), (28)

[ M Iml=1/e(AE)|d(AE)
2 _Jo , (29)
? JTQ;

where M, is the square of the dipole matrix element for all possible inelastic-scattering

12
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processes (with Hartree atomic units). The resulting value of f3,, is 0.144. This value is in

excellent agreement with the 3, values (0.1449 eV-'nm' to 0.1456 eV-'nm' ) obtained from the
fits with Eqn (26) to the IMFPs calculated from the four algorithms as shown in Table 2.

The linear fits with Eqn (27) in the Fano plots also provide values of E; B.[In(y.)]

from which y can be determined. The latter parameter is a complicated function of the g-
dependence of the ELF 7! to be discussed in the next section. Pauly and Tougaard have reported
that the simple quadratic dispersion equation for g used in the SSPA [Eqn (14)] was not
consistent with results from their analyses of reflection electron energy-loss spectra [4849-501,

They utilized the following dispersion equation in their analysis (in Hartree units):

coq(wp):a)p+6%2 (30)

where O is a parameter that was found to be between 0.02 and 0.05 for insulators (with E, greater
than about 3 eV), 0.5 for semiconductors (with E, less than about 2 eV), and 1.0 for metals -
501

Figure 4 shows Fano plots with IMFPs that were calculated with the SSPA and with
Eqn (30) as the dispersion equation instead of Eqn (14) for energies between 100 eV and 30
keV. We chose different values of ¢ in Eqn (30) for the Fano plots in Fig. 4 to determine the
effect of this parameter on the resulting IMFP values. We see that the curves in Fig. 4 shift
downward (i.e., the IMFP increases) as 0 increases from 0.2 to 1.0. We also include Fano plots
with the FPA IMFPs and EM IMFPs in Fig. 4 to examine whether we could match these IMFPs
with IMFPs from the SSPA by changing 6 in Eqn (30). We found that the FPA IMFPs were in
excellent agreement with IMFPs from the SSPA with ¢ = 0.85, as shown in Fig. 4. In this
comparison, the maximum difference between the IMFPs was less than 1 % over the 100 eV to
30 keV range, and the RMS difference was 0.42 %. The resulting O value is in good agreement
with the 0 value (0.84) obtained from an equation *'? that was developed including electron

correlation and avoiding the random-phase approximation:

2
E
é = £ 1= = | [. (31)
2 SE, 4E,
We also found that the EM IMFPs agreed well with IMFPs from the SSPA with 6 = 0.658, as

shown in Fig. 4. In this case, the maximum difference between the IMFPs was less than 1 %

13
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and the RMS difference was 0.25 %. We thus see that the SSPA can agree with IMFPs from
the FPA and the ME method for energies over 100 eV if Eqn (30) is used as the dispersion
relation and J is chosen appropriately (0.85 for the FPA comparison and 0.658 for the ME
method comparison). We note that Ashley has reported that 6 should be approximately unity
for organic solids ®3. Our values of d, however, are appreciably larger than those found by
Pauly and Tougaard for insulators with similar bandgap energies (e.g., = 0.05 for Al,O; with
E,=7.1eV and 6= 0.02 for SiO, with E, = 9.3 eV). Their low values of § probably arise from
the flat energy bands in insulators associated with the band gap.*” For water which has a wide
energy gap (E, = 7.9 eV), one might therefore expect lower values of 0. Our result indicates
that “band-structure” effects (which are neglected in the dielectric models considered in the
present paper) could play a role in the IMFPs of water. While band structures are well-defined
only for crystalline solids, liquid metals can have similar electronic structures and ELFs as the
corresponding solids unless there is a change of the local atomic structure 343561, Further
investigations should be made of the effects of electronic structure on the IMFPs of water and

other liquids (e.g., aqueous solutions 7).

ELFs and the static structure factor of water for ¢ > 0

Garcia-Molina et al. '3 reviewed energy-loss functions of water at non-zero
momentum transfers that were obtained from various extended optical-data models.
Unfortunately, their comparison did not include results from the FPA and simplified Penn
algorithm (SPA). We therefore make comparisons here between ELFs for ¢ > 0 obtained from
the FPA, SPA, SSPA, and EM methods as well as those obtained experimentally by inelastic X-
ray scattering spectroscopy (IXSS).

Figures 5 show plots of water ELFs as a function of energy loss that were calculated
from the optical ELF for ¢ = 0 with the four different algorithms together with those obtained
by IXSS at ¢ = 0.69 atomic units (a.u.), 0.85 a.u., 1.18 a.u., and 3.59 a.u. [>°]. We see
considerable broadening of the ELFs from the FPA and EM methods with increasing g,
particularly in Figs. 5(c) and 5(d). These broadenings are mainly due to the plasmon damping
as g increases. The FPA ELF at g =3.59 a.u. in Fig. 5(d) is in better agreement with the measured
ELF from IXSS compared to the other models. On the other hand, for ¢ = 1.18 a.u. as shown in
Fig 5(c), the EM ELF agrees better with the IXSS data. This result must be due to the improved

ELF for small ¢ values from the Mermin dielectric function, which is the basis of EM model,

14



Author Manuscript:
Published in final edited form as:  Surf. Interface Anal. Volume 49, Issue 4, Pages 238-252, April 2017
https://doi.org/10.1002/sia.6123

compared to the original Lindhard dielectric function [, However, the differences between the
EM ELFs and the FPA ELFs are small for ¢ = 0.69 a.u. (Fig. 5(a)) and for ¢ = 0.85 a.u. (Fig.
5(b)). We also note that the IXSS data for ¢ = 0.69 a.u. and for ¢ = 0.85 a.u. show a double-
peaked structure that is not observed in any of the theoretical model ELFs.

The SPA and SSPA are based on the single-pole approximation and thus do not include
the broadening effects of plasmon decay caused by electron-hole pair excitations at large g. As
a result, the SPA and SSPA ELFs in Figs. 5(c) and 5(d) do not show damping like that seen for
the FPA and EM ELFs. Nevertheless, there is reasonable agreement between the SPA and SSPA
ELFs with the IXSS ELFs for small g values, as shown in Figs. 5(a) and 5(b), as well as with
the FPA and EM ELFs. This result means that the single-pole approximation is a useful method
for small ¢ (i.e., for ¢ < 0.85 a.u.).

While the comparison of the model ELFs with the measured ELFs for ¢ > 0 in Figs.
5(a) to 5(d) was a useful guide to the relative validity of the models, it is difficult to make a
quantitative assessment of the different g-dependences on the IMFP calculations. We therefore

calculate the static structure factor, S(g), which is known to be a very sensitive quantity for

[61,62 59].

electron-correlation effects 1, from the following equation [

oo

S(q)=], S(q.E)dE. (32)

where S(g,E) is the dynamic structure factor that can be calculated from the ELF 363 and,

using Hartree atomic units, is given by

2

__4 -1
S(q.E)= e Im(g(q’E)j- (33)

We calculated S(g) from the ELFs obtained with the FPA, SPA, SSPA, and EM algorithms for
momentum transfers of ¢ = 0.69 a.u., 0.85 a.u,, 1.18 a.u., 1.5 a.u., 1.96 a.u., 2.52 a.u., 3.02 a.u.,
and 3.59 a.u. These values of S(q) are plotted in Fig. 6 together with results of first-principle
calculations of S(q) (solid line) by Wang et al. ** that were calculated with configuration-
interaction (CI) wave functions and the inclusion of all single and double excitations (SDCI)
1641 We also plot S(g) %1 obtained from IXSS measurements as a function of g. These S(g)
values were corrected for the O 1s contributions with the Thakkar and Smith formula > because

the O 1s contributions were not taken into account in the measurements 51
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Figure 6 shows excellent agreement between S(¢g) values obtained from the FPA (FPA
S(g)) and the calculated S(q) values (SDCI S(g)) for 0.69 a.u. < g < 3.59 a.u.. The RMS
difference between these S(q) values is 4.5 %. The FPA S(g) values are also in excellent
agreement with those from the IXSS experiments (IXSS S(g)); the RMS difference between
them is 2.7 %. The SPA S(q) values also agree reasonably well with the SDCI S(q) and IXSS
S(q) plots for all g values, with RMS differences of 6.2 % and 5.9 %, respectively. However,
the SPA S(g) values are smaller than the SDCI S(g) and IXSS S(q) values by between 7 % and
11 % for g > 2.5 a.u. For ¢ < 1 a.u., we see that S(q) values from the SSPA and the EM method
are also in excellent agreement with the S(g) values from IXSS and the SDCI calculations for
g <1 au. For g > 1 a.u., however, the EM S(¢q) values are always larger than the IXSS and SDCI
values by between 7 % and 20 %. On the other hand, the SSPA S(¢q) values are smaller than the
IXSS and SDCI S(g) values for ¢ > 1 a.u. by between 9 % and 14 %.

The relative magnitudes of the S(g) values from the four theoretical models in Fig. 6
for 0 < g <2 a.u. show a good inverse correlation to the corresponding IMFPs in Fig. 2(a). This
result is reasonable because the IMFP is approximately proportional to the inverse of the

integral of the ELF over w and ¢ [Eqns (2) and (3)].

Discussion

We will now make comparisons of our calculated IMFPs for water with the results of

other IMFP calculations and with measurements of IMFPs and EALs by various techniques.

Comparisons with calculated IMFPs

Figure 7 shows comparisons of our water IMFPs from the FPA, SPA, SSPA, and EM
with IMFPs calculated by Ashley P!, LaVerne and Pimblott ¥/, Tomita et al. 1*', Dingefelder et
al. ', Akkerman and Akkerman ", and Tung et al. ®1. Some of these IMFPs were calculated
with the SSPA and with w,,,, = T'/2 in Eqn (3) rather than our choice of w., = T' — Er that was
used for the FPA, SPA, SSPA and EM method. The former choice of maximum energy loss is
based on the indistinguishability of incident and emerging electrons while the latter choice
allows all energetically permitted excitations to contribute to A(7) with Eqn (3). The choice of
maximum energy 1oss W = T/2 increases IMFP values from the FPA (e.g., by up to 50% at
around 50 eV compared to IMFPs with w,.x = T' — Ef). This change is larger than the effect of

the correction due to electron exchange (neglected so far) that we expect would increase IMFPs
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by between 10 % and 15 % for electron energies between 50 and 100 eV 61, We therefore show
plots of IMFPs calculated from the non-relativistic SSPA with wy,,,= min[7"/2, T"-E¢] in Eqn (3),
designated SSPA*, in order to show the effects of this choice of Wy on the IMFP results.

Ashley P! calculated IMFPs of water in 1988 for energies from 40 eV to 10 keV with
the SSPA and the non-relativistic Mgller cross section ¢7-%81 as an exchange correction. He
determined the water ELF from a fit to the limited data then available for &,(w) between 7.6 eV
and 26 eV 1 an extension to higher energies, and with &,(w) determined by Kramers-Kronig
analysis. He also chose @ = T"/2.

Figure 7(a) shows comparisons of Ashley’s IMFPs with our IMFPs from the FPA, SPA,
SSPA, EM and SSPA*. In spite of the use of different optical ELFs for water in each IMFP
calculations, we see excellent agreement between Ashley’s IMFPs and the SSPA* IMFPs for
energies between 60 eV and 10 keV where the RMS difference between them is only 1.1 %.
The exchange correction based on the Mgller cross section must therefore be negligibly small.
For energies between 500 eV and 10 keV, there is good agreement between Ashley’s IMFPs
and those from the FPA; the RMS difference between these IMFPs is 5.5 %. At lower energies,
however, there are increasing differences between the Ashley and FPA IMFPs, with a difference
of 29 % at 100 eV. These differences are associated with use of the SSPA and the choice of Wp.x
=T"/2 in Eqn (3).

LaVerne et al. ¥ reported water IMFPs for energies from 25 eV to 1 MeV with a
dielectric model similar to our SSPA*. They utilized Ashley’s ELF B! and w,..x = T'/2. Figure
7(b) shows very good agreement between the LaVerne IMFPs and our SSPA* IMFPs for
energies between 100 eV and 20 keV where the RMS difference is 2.6 %. For energies between
500 eV and 20 keV, there is good agreement between the LaVerne IMFPs and our IMFPs from
the FPA where the RMS difference is 5 %.

Tomita et al. ' published a plot of calculated inverse IMFPs of water for energies from
9 eV to 10 keV. They used Ashley’s dielectric model for the ELF ! together with a quadratic
dispersion equation for g and an exchange correction. Tomita et al. fitted 10 Drude functions to
the ¢, values of Heller et al. ! and chose wp.x = T'/2. We compare the IMFPs of Tomita et al.
for energies between 25 eV and 10 keV in Fig. 8(c) with our IMFPs from the FPA, SPA, SSPA,
EM, and SSPA* algorithms. For energies between 47 eV and 990 eV, there is good agreement
between the Tomita er al. IMFPs and our SSPA* IMFPs, with an RMS difference of 4.2 %. We

point out, however, that we could not see any effect of the exchange correction on the Tomita
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IMFPs for this energy range. There is also good agreement between the Tomita IMFPs and our
FPA IMFPs for energies between 200 eV and 990 eV, with an RMS difference of 4.3 %.

Dingfelder et al. ¥ reported calculations of total inelastic-scattering cross sections of
water for energies from 10 eV to 10 keV. They constructed a dielectric-response function based
on optical data and other experimental and theoretical information. Their calculations were
performed with the inclusion of electron-exchange effects and semi-empirical corrections to
account for the expected breakdown of the first Born approximation for energies less than about
100 eV. They fitted &, data ! with modified Drude functions to represent discrete and
continuum excitations, and determined &, from a Kramers-Kronig analysis. Their dispersion
relation for discrete excitations was obtained from the g-dependence of the generalized
oscillator strength given by Hamm et al. 7!,

Figure 7(d) shows a comparison of the Dingfelder et al. IMFPs with our IMFPs from
the FPA, SPA, SSPA, SSPA*, and EM methods. Our SSPA* IMFPs agree well with the
Dingfelder et al. IMFPs for energies between 60 eV and 10 keV with an RMS difference of
10 %. For energies between 400 eV and 10 keV, good agreement was found between the
Dingfelder et al. IMFPs and our FPA IMFPs (with an RMS difference of 6.2 %) and even better
agreement with our IMFPs from the EM method (with an RMS difference of 2.5 %).

Akkerman and Akkerman ! calculated water IMFPs for energies from 40 eV to 10
keV using a dielectric model with a quadratic dispersion equation. They fitted Drude functions
to an optical ELF ¥ for valence-electron excitations "?!. They also made a separate IMFP
calculation for O K-shell excitations using an atomic model. Total IMFPs were reported with
and without a correction for the effects of electron exchange that was based on Ashley’s
expression [731,

Figure 7(e) shows the IMFPs of Akkerman and Akkerman, with and without their
exchange correction, together with our IMFPs from the FPA, SPA, SSPA, and SSPA*. We see
that there is good agreement of the Akkerman and Akkerman IMFPs that include the exchange
correction with our SSPA* results for energies between 40 eV and 10 keV; the RMS difference
between them is 5.3 %. For energies over 300 eV, there is also good agreement between the
Akkerman and Akkerman IMFPs both with and without the exchange correction and our IMFPs
from the FPA; the RMS deviations between each data set are 3.7 % and 4.2 %, respectively. For
energies between 40 eV and 200 eV, the Akkerman and Akkerman IMFPs without the exchange

correction show a different energy dependence compared to our IMFPs from the FPA and SSPA.
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Tung et al. ¥ reported IMFPs of water for energies between 10 eV and 10 keV. They
calculated IMFPs with an extended-Drude model and a quadratic dispersion relation using an
optical ELF (from data tabulated in Ref. 74) that was fitted with seven Drude functions to
represent valence-electron excitations. They included an exchange correction for the IMFP
based on the Mgller formula -6 and used an atomic model to represent O K-shell excitations.
The minimum and maximum energy transfers were W, and (T" + W, )/2, respectively, where W,
is the ionization energy of liquid water.

Figure 7(f) shows comparisons of the Tung et al. IMFPs (Tung IMFPs) with our IMFPs.
For energies between 60 eV and 200 eV, the Tung IMFPs are similar to our SSPA* IMFPs (the
differences between them are less 10%) but each data set shows a different energy dependence
under 200 eV. This result must be due to differences between the ELFs used in each calculation
or to the effects of the exchange correction used by Tung et al. For energies less than 100 eV,
the Tung IMFPs are larger than our IMFPs from the FPA, SSPA, and EM methods. For energies
between 200 eV and 10 keV, the Tung IMFPs are in good agreement with those from the FPA,
SSPA, and EM methods, with RMS differences of 5.7 %, 8.7 %, and 4.1%, respectively.
Nevertheless, the Tung IMFPs are generally smaller than our IMFPs.

We turn now to comparisons of our water IMFPs with those published by Emfietzoglou
and various coworkers in a series of papers 101112131 Tn their earlier papers - %1 they made
fits to available &, data for water with Drude functions. In later papers 213!, they fitted optical
ELF data for water with Drude functions. Fits to &, data rather than ELF data may give different
IMFPs, even if one uses the same set of optical constants to derive &, and the ELF 1. The IMFP
differences are small (about 1 %) for energies above 100 eV but could become up to 15 % at
50 eV and larger at lower energies /. We will therefore make separate comparisons of our
IMFPs with those in the earlier ! and later [!>!3 papers of Emfietzoglou et al.

In 2002, Emfietzoglou et al. ! calculated IMFPs of water for energies from 20 eV to
10 keV using a dielectric model and a fit to the Oak Ridge &, data ! with nine Drude transitions.
In 2005, they investigated the use of two different optical-data sets (Oak Ridge, data (¢! and the
&, &, and ELF data of Hayashi er al. ), different dispersion algorithms, and different
corrections for correlation and exchange effects on the calculated IMFPs 9. In 2007, they
reported water IMFPs using a new empirical dispersion relation deduced from an analysis of

the Hayashi &, data at both zero and non-zero g !'!).
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Figure 8(a) shows water IMFPs calculated by Emfietzoglou et al. in 2002 !, 2005 101,
and 2007 ! for energies between 10 eV and 10 keV together with our IMFPs from the FPA,
SPA, SSPA, SSPA*, and EM methods. The 2002 IMFPs of Emfietzoglou et al. are in good
agreement with our FPA and SPA IMFPs for energies over 100 eV, with RMS differences of
6.4 % and 5.3 %, respectively. For energies under 100 eV, however, the Emfietzoglou et al.
IMFPs are larger than our IMFPs from the FPA and SSPA. These differences are due to the use
of different optical-data sets in the IMFP calculations as well as to fits of the &, data by
Emfietzoglou et al.rather than to the direct use of the optical ELF in our work.

The 2005 IMFPs of Emfietzoglou et al."” in Fig. 8(a) are in good agreement with our
IMFPs from the SSPA for energies between 50 eV and 10 keV (with an RMS deviation of 4.3 %)
and are in better agreement with our IMFPs from the FPA for energies between 100 eV and 10
keV (with an RMS deviation of 2.7 %).

The 2007 IMFPs of Emfietzoglou et al. !'!! for energies over 100 eV in Fig. 8(a) are
larger than our IMFPs from the FPA, SPA, SSPA, SSPA*, and EM methods. At 200 eV, the
Emfietzoglou et al. IMFP is larger than those from the FPA and SSPA* by 24 % and 10 %,
respectively. For energies between 500 eV and 10 keV, the Emfietzoglou et al. IMFPs remain
larger than those from the SSPA* algorithm but the RMS difference between them is only 2.7 %.

Figure 8(b) shows comparisons of the water IMFPs of Emfietzoglou et al. that were
published in 2012 2! and 2013 13 with our IMFPs from the FPA, SPA, SSPA, SSPA*, and EM
methods. In their 2012 paper, Emfietzoglou et al. reported total inelastic-scattering cross
sections based on an empirical extension algorithm that was chosen to match the g-dependence
of IXSS data ¥ and Fig. 8(b) shows the corresponding IMFPs. We see that our IMFPs from the
SSPA are in excellent agreement with those of Emfietzoglou et al. for energies between 40 eV
and 10 keV, with an RMS difference of 3.6 %. Our IMFPs from the FPA in Fig. 8(b) are smaller
than those of Emfietzoglou et al. although these authors reported that their IMFPs were smaller
than those obtained from their use of the Penn algorithm, possibly as a result of choosing @i.x

= T2 as in their earlier work P!l 'We could obtain better agreement between the
Emfietzoglou et al. IMFPs and IMFPs from the FPA by choosing @ = min[T' / 2 ,(T' -k, )}

the RMS differences between these sets of IMFPs were 5.1 % for energies between 40 eV and
10 keV and 3.6 % for energies between 40 eV and 1 keV. The slightly larger RMS difference

for the wider energy range is probably due to the fact that our IMFP calculations were made
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with a relativistic framework and those of Emfietzoglou ef al. ''! were based on nonrelativistic
energies.

In 2013, Emfietzoglou er al. "3 reported total inelastic-scattering cross sections in
water from an optical-data model that included corrections due to exchange and correlation
effects. The corresponding IMFPs are shown in Fig. 8(b) (indicated as 2013). We see that these
IMFPs are appreciably larger than our IMFPs from the FPA, with differences by factors of 2.6,
1.8, and 1.3 for energies of 50 eV, 100 eV, and 10 keV, respectively. These large differences
must be mainly due to the effects of the electron exchange and correlation. We also see that the
Emfietzoglou et al. IMFPs are larger than those from the SSPA* by between 20 % and 40 %
for energies over 50 eV. We analyzed the Emfietzoglou et al. IMFPs in Fig. 8(b) using non-
relativistic Fano plots in which 7/4 is plotted versus In(7) from 50 eV to 10 keV. We show these
Fano plots in Fig. 9 together with fits using Eqn (26) in which a(7) is unity for non-relativistic

electrons. The non-relativistic Fano plot is given by
T/A=E{B.[In(y,1)]-(C,/T)+(D,/T?)} (eV/nm). (34)

We see satisfactory fits with Eqn (34) in Fig. 9 using the 2012 and 2013 IMFPs of Emfietzoglou
et al. with RMS differences of 0.22 % and 0.37 %, respectively. The resulting parameter values
are f3,=0.135eV'inm!, y,=0.152 eV, C, =165 nm', and D, = 392 eVnm'! for the 2012
IMFPs, and 3,= 0.134 ¢eV'nm™', ¥, =0.059 eV"', C, = 11.7 nm™!, and D, = 354 eVnm for the
2013 IMFPs. These 3, values are slightly smaller than our values that are listed in Table 2 (by
less than 10 %). Each (3, value corresponds to an integral of the ELF used for the particular

IMFP calculation through Af?

tot

as shown by Eqns (28) and (29). The relatively close

agreement between our value of £. and the values of £ from the 2012 and 2013 IMFPs of
Emfietzoglou et al. is reasonable because the main part of the optical ELF in Fig. 1 (between 6
eV and 87 eV) comes from the IXSS data of Hayashi ez al. 14! that were used for the three IMFP
calculations.

On the other hand, we see a large difference (a factor of more than two) in the y, values
from the Fano plots with the 2012 and 2013 IMFPs of Emfietzoglou et al. The y, value from
the 2012 IMFPs (0.152 eV™!) is in good agreement (within 3 %) with the value from the SPA
(0.1476 eV'). Since the v, value is a complicated function of the g-dependence of the ELF 47,
the g-dispersion equation used by Emfietzoglou et al. in 2012 must resemble that of the SPA.
However, the y, value (0.059 eV-!) for the 2013 IMFPs is substantially smaller than the value
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from the 2012 IMFPs (7, =0.152 eV!) and those found from our results in Table 2 (between
0.1234 eV-'and 0.1828 eV-! for the four algorithms we employed). These large differences must
be mainly due to the effects of electron exchange and correlation that were introduced using the
concept of a many-body local-field correction 3.

In a recent review, Emfietzoglou et al. " described the several theoretical approached
used in calculations of IMFPs for liquid water. They showed comparisons in which water
IMFPs from the SSPA, SPA (identified as the Ritchie-Howie model ), FPA, and EM method
were plotted as a function of energy from 10 eV to 10 keV. Their results are similar to our
comparisons in Fig. 2. They also showed that inclusion of correlation and exchange effects 3!
increased IMFPs by between about 15 % (at 10 keV) and about 45 % (at around 100 eV). These
increases were much larger than those predicted by the Mott-like correction of Ashley P! (a
maximum of about 25 % at 100 eV) and the Ochkur correction of Fernandez-Varea et al. " (a
maximum of about 14 % at 20 eV). The large exchange and correlation corrections found by
Emfietzoglou ef al. 37 are surprising since detailed comparisons of calculated IMFPs from
the FPA for many elemental solids agree reasonably with IMFPs determined by elastic-peak
electron spectroscopy 2861, The latter comparisons were made for energies between 100 eV and
5 keV, and the average RMS difference was 12 % for one data set with 11 elemental solids
while the average RMS difference for another data set with 17 elemental solids was 15 % 281,
We also mention that Bourke and Chantler 3-8 have derived IMFPs of Cu and Mo for
energies between 5 eV and 120 eV from detailed analyses of near-edge X-ray absorption spectra.
Their IMFPs, however, were smaller than those expected from the FPA. We finally mention
that the Cu IMFPs of Bourke and Chantler [”®! are roughly consistent with the “lower bounds”
of IMFPs that were calculated based on an exchange hole in a fermionic many-body system for
energies between 5 eV and about 75 eV BU. Nevertheless, the Cu IMFPs of Bourke and Chantler
appear to be inconsistent with Cu IMFPs from the FPA that enabled good agreement between

calculated and measured intensity-voltage profiles in low-energy electron diffraction #2.

Comparison of calculated IMFPs with measured IMFPs and EALSs
We now make comparisons of our IMFPs for liquid water that were calculated from
the FPA with available measurements of IMFPs [!6171 and EALs [18192% These measurements

were made for condensed films of amorphous ice on a substrate [1®18] or for a liquid-water jet

[17,19,20]
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As mentioned in the Introduction, the EAL can be conveniently used as a replacement
for the IMFP in an algorithm that describes the effects of elastic scattering in a particular
quantitative measurement ['%), There are, however, different possible applications of EALs. One
common application is the measurement of film thicknesses from the attenuation of a
photoelectron signal from a substrate by an overlayer film. The EAL can be derived from the
change in photoelectron intensities if the film thickness is known, and we will refer to this as
an EAL from Method 1. We note here a complication in that different EALSs can result from the
use of different algorithms for the determination of film thicknesses and different instrumental
configurations 83, Tt is also possible to define a second type of EAL. Jablonski and Powell
defined an EAL for quantitative analysis that is based on the expected changes in photoelectron
intensities from a homogeneous sample due to elastic scattering 34#], and we will refer to this
as an EAL from Method 2.

Jablonski and Powell B¢ developed an empirical equation to determine EALs from

Method 1, Li:

A
 =A(1-0.7350,,) /1[ 0.7 S(M/I,,H 35)

where wy, is the single-scattering albedo and 4, is the transport mean free path. Equation (35)
was obtained from a fit to calculations of L, for a group of 16 photoelectron lines and 9 Auger-
electron lines of five elemental solids (Si, Cu, Ag, W, and Au) and four inorganic compounds
(ZxO,, ZrSi04, HfO,, and HfSi10,). These calculations were made for electron energies between
61 eV and 2016 eV.

Jablonski and Powell 8485871 derived an expression for the EAL from Method 2, L,,
based on an analysis of calculated photoelectron intensities from a semi-infinite material using

unpolarized X-rays:

O-(ﬁeff"//)

L,= AQX G(ﬁ»ll/) )

(36)

where Q, and S, are correction parameters, o (f3,y) is the photoionization cross section, S is
the photoionization asymmetry parameter,and y is the angle between the X-ray direction and

the photoelectron emission direction. Analytical expressions are available for Q, and for

R, =B, /B based on extensive Monte Carlo simulations for four elemental solids (Al, Cu,
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Ag, and Au) and for Mg Ka, Al Ka, Zr La, and Ti Ka X-rays 88, Unfortunately, similar
expressions are not yet available for polarized X-rays from synchrotron sources, and we
therefore utilize EALSs from Eqn (35) in our comments on water EALs from Method 2.

The dashed line in Figure 10 shows a plot of L, for water versus electron energy from
Eqn (35) for energies between 50 eV and 2 keV. We used our FPA IMFPs (indicated by the solid
line in Fig. 10) and values of A, were obtained from the empirical equation proposed by
Jablonski and Powell #1. Values of @, ranged from 0.270 at 54.6 eV to 0.0145 at 1998.2 eV.
We thus see that L, is 20 % less than our IMFP at 54.6 eV and 1.1% less than the IMFP at 1998.2
eV.

Kurtz et al. '"* reported EALs for condensed films of water ice using Method 1. The
films were deposited on a Cu(100) substrate cooled to approximately 90 K with a calibrated
microcapillary-array H,O gas doser, and film thicknesses were determined using a literature
value for the ice density (0.94 g cm™). EALs were determined from the attenuation of Cu 3d
photoelectrons (excited by X-rays from a synchrotron source) as a function of film thickness.
These EALSs (between 1.36 nm and 1.82 nm, as plotted in Fig. 10) did not vary appreciably for
photoelectron energies between 18 eV and 68 eV. The EALSs had estimated total uncertainties
of about 35 % *°! but are about a factor of two larger than the EAL from Eqn (35) at 55 eV (0.8
nm) based on the FPA IMFP at this energy. This disagreement might be due to porosity in the
ice films and to photon-induced dissociation of the water molecules ! or possibly to thickness
non-uniformities.

Michaud et al. 9 reported cross sections for elastic and inelastic scattering in
amorphous ice condensed on a substrate at 14 K for electron energies between 1 eV and 100
eV using high-resolution electron energy-loss spectroscopy. These cross sections were
determined using a multiple-scattering analysis of the electron energy distributions as a function
of film thickness. They used the same ice density (0.94 g cm?) as Kurtz et al. and reported a
total systematic uncertainty of + 25 % for their cross-section scale and an uncertainty of their
molecular coverage of + 15 %. Figure 10 shows their IMFPs for energies between 10 eV and
100 eV. These IMFPs are larger than our FPA IMFPs by a factor of over two for energies
between 50 eV and 100 eV. We also see that the energy dependence of the Michaud et al. IMFPs
is noticeably different from that of the plot of FPA IMFPs. We will comment later on these

different energy dependences.
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We now describe EALs determined from O 1s photoelectron intensities using Method
2. Ottosson et al. ! reported EALS for liquid water for photoelectron energies between 25 eV
and 900 eV using a liquid micro-jet in combination with soft X-ray synchrotron radiation. They
determined relative yields of O 1s photoelectrons to give relative EALs as a function of
photoelectron energy; these relative EALs were later converted to an absolute scale using
measurements of Na and I photoelectron intensities from Nal solutions and results of molecular
dynamics simulations. These EALs were later corrected in the paper of Thiirmer et al. !'"! for
photoionization-anisotropy effects. Figure 10 shows the corrected EALs of Ottosson et al.
These EALs are larger than those from Eqn (35) by factors between 1.1 and 1.8 for energies
between 70 eV and 900 eV; the average factor is 1.3. For lower energies, however, the Ottosson
et al. EALs are less than those from Eqn (35).

Thiirmer et al. ' also reported an analysis of measured O 1s photoelectron angular
distributions of liquid water for photoelectron energies between 10 eV and 450 eV. They found
that values of the photoionization asymmetry parameter, £, for liquid water were between 20 %
and 70 % less than the corresponding values for gas-phase water (that were derived from
concurrent measurements of O 1s photoelectron angular distributions from the H,O vapor
around the micro-jet). These changes in S were analyzed with a simple model of elastic
scattering to yield effective IMFPs (labeled IMFP* in their paper !'"!) for energies between 10
eV and 100 eV. These IMFP values are plotted in Fig. 10 where we see that they are essentially
constant for energies between 50 eV and 100 eV, and larger than our IMFPs from the FPA by
up to 30 %.

Suzuki et al. * measured EALSs of liquid water using soft X-ray O 1s photoemission
spectroscopy of a water beam. They compared photoelectron intensities from liquid-phase and
gas-phase water to obtain EALSs for energies between 5 eV and 600 eV. These EALSs are shown
in Fig. 10 where we see that they are larger than our EALs from Eqn (35) by factors between
2.0 and 2 4 for energies between 50 eV and 600 eV. Their EALSs are in good agreement with the
EALs of Kurtz et al. ' for energies between 18 eV and 60 eV.

We now show Fano plots in Fig. 11 of the measured EALs and IMFPs for water
together with our IMFPs from the FPA and EALs from Eqn (35). Powell has previously shown
that measured EALs for Al, Si, Ge, Au, ALLO;, SiO,, NaF, NaCl, and KI display linear Fano
plots for energy ranges that were different for each solid; the overall energy range was between

50 eV and about 3.5 keV P!, This result not only indicates that these measured EALSs are
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consistent with the Bethe equation for inelastic scattering in matter but, like cross-section data
for a variety of inelastic-scattering processes, shows that Fano plots provide a useful test of self-
consistency for data from a particular source . Figure 11 shows that the EALs of Ottosson et
al. (corrected by Thiirmer et al.) and the IMFP* values of Thiirmer et al. are approximately
linear for energies between about 70 eV and 300 eV but that there are significant deviations for
higher energies. We note that the slope of the Fano plot for energies between 70 eV and 300 eV
is very similar to the slopes of the Fano plots for our IMFPs from the FPA and for the EALs
from Eqn (35). This result and the relatively close agreement of the calculated IMFPs and EALs
with the EALs of Ottoson et al. and the IMFP* values of Thiirmer et al. in Fig. 10 suggest that
the correlation and exchange effects on the IMFPs calculated by Emfietzoglou et al. '3 (as
shown in Fig. 8(b)) have been over-estimated. The Fano plots of the EALSs of Suzuki et al. show
satisfactory linearity in Fig. 11 for energies between 55 eV and 600 eV, but the slope of this
Fano plot is much less than those of the Fano plots with the Ottosson et al. and Thiirmer et al.
results. The Suzuki et al. EALSs therefore appear to be less reliable than the results of Ottosson
et al. and Thiirmer et al. for energies between 70 eV and 300 eV. Finally, the Fano plot of the

Michaud et al. IMFP results does not show satisfactory linearity.

Summary

We calculated IMFPs for liquid water from its optical ELF for electron energies from
50 eV to 30 keV with the relativistic FPA. Our optical ELF was obtained from optical constants
of Segelstein ! for energies between 1.24 x 107 eV and 5.9 eV, the IXSS measurements of
Hayashi et al. *" for energies between 6.0 eV and 87.0 eV, and the photoabsorption data of
Henke et al. *! for energies between 87 eV and 30 keV.

We also calculated water IMFPs with three other algorithms (the relativistic SPA,
SSPA, and EM method) using the same optical ELF. We found good agreement among the
IMFPs from the four algorithms for energies over 300 eV. For energies less than 100 eV,
however, large differences became apparent. The SSPA IMFPs were largest among IMFPs from
the four algorithms for energies between 10 eV and 30 keV while IMFPs from the EM model
were smallest. The FPA IMFPs agreed well with the SPA IMFPs for energies over 50 eV. For
energies less than 30 eV, the SPA IMFPs became larger than the FPA IMFPs with decreasing
electron energy. The differences between the FPA and SPA IMFPs must be due to the

contributions of single-electron excitations to the ELF used in the FPA calculations, as shown
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in Eqn (6), which were neglected in the SPA.

IMFPs from the relativistic TPP-2M equation [Eqns (20) - (25)] for predicting IMFPs
were generally in good agreement with IMFPs calculated from the FPA, SPA, SSPA, and EM
method for energies over 300 eV. In particular, the TPP-2M IMFPs agreed with the EM IMFPs
within 1 % for energies between 150 eV and 30 keV. RMS differences between the TPP-2M
IMFPs and IMFPs from the FPA, SPA, SSPA, and EM algorithms were 7.9 %, 6.9 %, 13.0 %,
and 2.4 %, respectively, for energies between 50 eV and 30 keV.

We have previously used the FPA in calculations of IMFPs for a group of 41 elemental
solids for electron energies between 50 eV and 200 keV 221, These IMFPs agreed satisfactorily
not only with measured IMFPs for energies of 100 keV and 200 keV 2% but also with measured
IMFPs for energies between 100 eV and 5 keV 28], In the latter comparisons, there are some
sources of uncertainty in IMFP measurements by elastic-peak electron spectroscopy ?#! and in
IMFP calculations with the FPA U3 that indicate that the FPA IMFPs in Table 1 have
uncertainties of about 10 % ['>], Numerical evaluations of IMFPs for other electron energies can
be found using the fit parameters shown in Table 2 for Eqn (26) or the TPP-2M equation.
Numerical values of IMFPs from the SPA, SSPA, and EM algorithms can be readily found by
interpolation with Eqn (26) and the fit parameters in Table 2.

We calculated values of the static structure factors, S(q), from the optical ELF (for g =
0) using the FPA, SPA, SSPA, and EM algorithms for 0.69 a.u. < g <3.59 a.u. and compared
the resulting values with those from experiment and from theoretical calculations. We found
excellent agreement between the FPA S(q) values and the theoretical S(q) values that were
calculated from first-principle SDCI calculations for 0.69 a.u. < g < 3.59 a.u.. The RMS
difference between these S(g) values was 4.5 %. The FPA S(g) values were also in excellent
agreement with those from IXSS experiments, with an RMS difference of 2.7 %. For ¢ <1 a.u.,
we found that S(g) values from the SPA, SSPA, and EM method were also in excellent
agreement with S(g) values from IXSS experiments and from SDCI calculations. For ¢ > 1 a.u.,
however, the EM S(g) values were always larger than those from the IXSS and SDCI values by
between 7 % and 20 %. On the other hand, the SSPA S(¢q) values were smaller than those of the
IXSS and SDCI values for g > 1 a.u. by between 9 % and 14 %.

We made comparisons of our calculated IMFPs for water from the four algorithms with
IMFPs from the calculations of Ashley *!, LaVerne and Pimblott ¥/, Tomita et al. ™!, Dingefelder

et al. ', Akkerman and Akkerman "', and Tung et al. ¥ who used different algorithms for their
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calculations as well as different optical ELFs. We found that our FPA IMFPs were in good
agreement with the other IMFPs for energies over 300 eV. For lower energies, we found large
variations of IMFP values that must be due to the different ELFs used and to the different
algorithms chosen to represent the g-dependence of the ELF.

We also made comparisons of the IMFPs for water published by Emfietzoglou et al.
in 2002 ©1, 2005 10,2007 11,2012 U2 and 2013 13! with our IMFPs for energies between 10 eV
and 10 keV. Our FPA IMFPs were in good agreement with the IMFPs of Emfietzoglou et al.
published in 2002, 2005, 2007, and 2012 for energies between 200 eV and 10 keV. For lower
energies, the FPA IMFPs were smaller than those of Emfietzoglou et al. The 2007 IMFPs of
Emfietzoglou et al. '!! for energies over 100 eV were larger than our IMFPs. For energies
between 500 eV and 10 keV, the IMFPs of Emfietzoglou et al. published in 2007 are larger than
our IMFPs, but the RMS difference between our SSPA* IMFPs and those of Emfietzoglou et
al. was only 2.7 %. We also found that their IMFPs published in 2013 were appreciably larger
than our FPA IMFPs, with differences by factors of 2.6, 1.8, and 1.3 for energies of 50 eV, 100
eV, and 10 keV, respectively. These large differences must be due mainly to the effects of the
electron exchange and correlation in the algorithm used by Emfietzoglou et al. in their 2013
report 3],

We also made comparisons of our FPA IMFPs and of EALs calculated with the
Jablonski-Powell equation, Eqn (35), with available measurements of IMFPs [!6!7] and EALSs

[18,19.201 These measurements were made for condensed films of amorphous ice on a substrate

[16,18 17,19,20

1 or for a liquid-water jet [ 1. We found a large variation among the measured EALs
and IMFPs. In addition, our EALs and IMFPs were smaller than the experimental values for
energies between 50 eV and 1000 eV. We also analyzed the measured IMFPs and EALs with
Fano plots. We found that the EALs of Ottosson et al. (corrected by Thiirmer et al.) and the
IMFP* values of Thiirmer et al. were approximately linear for energies between about 70 eV
and 300 eV but that there were significant deviations for higher energies. We note that the slope
of the Fano plot for energies between 70 eV and 300 eV is very similar to the slopes of the Fano
plots for our IMFPs from the FPA and for the EALs from Eqn (35). The EALs of Suzuki et al.
showed satisfactory linearity in Fig. 11 for energies between 55 eV and 600 eV, but the slope
of this Fano plot was much less than that of the Fano plots with the Ottosson et al. and Thiirmer

et al. results. We found the Fano plot of the Michaud et al. IMFP results did not show

satisfactory linearity. Further measurements of IMFPs and EALs are therefore required to
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establish consistent sets of experimental values and for more detailed comparisons with our

IMFP calculations from the FPA.
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Table 1. IMFPs for water, A, calculated with the relativistic full Penn algorithm as a function

of electron kinetic energy, 7, with respect to the Fermi level Er.

T (eV) A (nm) T (eV) A (nm)
54.6 0.986 13394 4.80
60.3 0.967 1480.3 5.19
66.7 0.956 1636.0 5.62
73.7 0.954 1808.0 6.09
81.5 0.958 1998.2 6.60
90.0 0.969 2208.3 7.16
99.5 0.986 2440.6 7.77

109.9 1.01 2697.3 8.43
121.5 1.04 2981.0 9.15
1343 1.07 32945 9.93
1484 1.12 3640.9 10.78
164.0 1.17 4023.9 11.71
181.3 1.22 4447.1 12.72
200.3 1.28 4914 .8 13.83
2214 1.35 5431.7 15.03
2447 1.43 6002.9 16.33
2704 1.52 6634 .2 17.75
298.9 1.61 73320 19.30
330.3 1.72 8103.1 20.99
365.0 1.84 8955.3 22.82
403 4 1.96 9897.1 24 81
4459 2.10 10938.0 26.97
492.7 2.26 12088 .4 29.32
544.6 242 13359.7 31.87
601.8 2.60 14764 .8 34.64
665.1 2.80 16317.6 37.65
735.1 3.02 18033.7 40.90
8124 3.26 199304 44 .42
897.8 3.51 22026.5 48.23
992.3 3.79 243430 52.35
1096.6 4.10 26903.2 56.80
1212.0 443 29732.6 61.60
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Table 2. Values of the parameters £, y,, Cr and D, found in the fits of Eqn (26) to the IMFPs
for liquid water calculated with the full Penn algorithm (FPA), simple Penn algorithm (SPA),
simplified single-pole approximation (SSPA), and extended Mermin (EM) model for energies
between 50 eV and 30 keV. The final column shows the average root-mean-square deviation,

RMS, in the fits.

Br(eV-'nm™) v (€VY) C, (nm™) D, (eVnm') RMS (%)
FPA 0.1456 0.1439 15.07 378.2 0.13
SPA 0.1455 0.1476 13.94 311.0 0.06
SSPA 0.1449 0.1234 14.99 356.1 0.09
EM 0.1450 0.1828 14.73 334.1 0.08
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Fig. 1  Plot of the optical electron energy-loss function of liquid water, Im[—1/¢&(g =0, ®)]
as a function of energy loss #aw that was calculated from the optical constants of
Segelstein 3% (for energies between 1.24 x 107 eV and 5.9 eV) and of Hayashi et al. 4%
(for energies between 6.0 eV and 87.0 eV). For energies between 87 eV and 30 keV,

optical constants of water were calculated from the photoabsorption data of Henke et al.

[41]
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version of the TPP-2M equation [Eqns (20) - (25)]. (b) Plots of ratios of IMFPs for liquid
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Fig. 3 Fano plots of IMFPs for liquid water based on Eqn (26) for energies between 50 eV and
30 keV. The solid circles, open squares, solid diamonds, and solid triangles show plots
with IMFPs calculated with the FPA, SPA, SSPA and EM methods, respectively. The
solid, long-dashed, and short-dashed lines show results of fits with Eqn (26) using
IMFPs obtained from the FPA, SSPA and EM methods, respectively. The fit with IMFPs

from the SPA is essentially identical to the fit with the FPA IMFPs.
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Fig. 4 Fano plots of IMFPs calculated from the SSPA using the dispersion equation of Eqn (30)

instead of Eqn (14) for electron energies between 100 eV and 30 keV. The dotted lines
indicate IMFPs calculated using 6 = 0.2,0.4,0.658,0.85, 1 in Eqn (30). The symbols
show Fano plots with IMFPs from the FPA (solid circles) and the EM method (solid

squares).
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Fig.5 Comparison of the experimental ELFs of liquid water for ¢ = 0.069 a.u., g = 0.85 a.u.,
qg=1.18a.u.,and g =3.59 a.u. with ELFs calculated from the optical ELF (g = 0) using
four different extension algorithms for ¢ > 0. The solid circles represent ELFs measured
with inelastic X-ray scattering spectroscopy (IXSS) by Watanabe et al. 1**). The solid
line, short- and long-dashed line, long-dashed line, and dotted line show the ELFs for ¢
> 0 obtained from the FPA, EM, SPA , and SSPA algorithms, respectively.
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Fig. 6  Plots of the static structure factor S(g) of water as a function of momentum transfer q.
The solid line shows results of first-principle calculations with configuration iteration
(CI) wave functions including all single and double excitations (SDCI) 4. The solid
squares, diamonds, downward triangles, and upward triangles show S(g) values
calculated with Eqns (32) and (33) from ELFs (g > 0) obtained with the FPA, SPA, SSPA,
and EM methods, respectively. The solid circles represent S(g) values obtained with Eqn
(32) from measured dynamic structure factors as a function of g by IXSS ! with the

corrections described in the text.
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Fig.7 Comparison of IMFPs for water calculated from optical data by various authors with
our IMFPs from the FPA (solid line) as shown in Table 1, the SPA (long- and short-
dashed line), SSPA (long-dashed line), EM (short-dashed line) and the SSPA* (dotted
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line) models for energies between 10 eV and 10 keV. (a) The solid circles show the
IMFPs calculated by Ashley et al. ! for energies from 40 eV to 10 keV. (b) The solid
squares show the IMFPs calculated by Laverne et al. ¥ for energies from 25 eV to 10
keV. (c) The solid diamonds show the IMFPs of Tomita et al. '*' for energies from 25 eV
to 10 keV. (d) The solid diamonds show the IMFPs of Dingfelder et al. ¢! for energies
from 10 eV to 10 keV. (e) The downward triangles and half-solid squares show the
IMFPs of Akkerman and Akkerman ! for energies from 40 eV to 10 keV with and
without an exchange correction, respectively. (f) The half-solid squares show the IMFPs

of Tung et al. ™ for energies from 10 eV to 10 keV.
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Fig. 8 Comparison of IMFPs for water calculated from optical data by Emfietzoglou et al. with
our IMFPs from the FPA (solid line, Table 1), the SPA (long- and short-dashed line),
SSPA (long-dashed line), EM (short-dashed line) and the SSPA* (dotted line) models
for energies between 10 eV and 10 keV. (a) The solid circles, squares, triangles show
the IMFPs of Emfietzoglou er al. published in 2002 1, 2005 !9 and 2007 U,
respectively. (b) The solid triangles and downwards triangles show the IMFPs of
Emfietzoglou et al. published in 2012 ['2 and 2013 131, respectively.
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Fig.9 Fano plots, T/A vs. T, with the IMFPs of Emfietzoglou et al. '>'3 shown in Fig. 8 (b)
(diamonds and downward triangles) for liquid water and energies between 50 eV and
10 keV together with relativistic Fano plots of IMFPs, a(T)T/A vs. a(T)T, with our
IMFPs from the FPA (solid line) and SSPA (long-dashed line). The dotted lines show
curve-fit results with Eqn (34) to the IMFPs of Emfietzoglou et. al. 2131
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Fig. 10 Plots of measured EALs and IMFPs for liquid water and ice together with our IMFPs
from the FPA (solid line) and EALs calculated from these IMFPs using Eqn (35) (dashed
line) as a function of electron energy between 10 eV and 2 keV. We show the measured
EALSs of Suzuki et al. 2" (solid diamonds), Ottoson et al. [ (solid circles) as corrected
by Thiirmer et al. ['), and Kurtz et al. '® (half-solid squares) and the IMFPs from the

(171 (solid squares) and Michaud et al. 1'% (downward

triangles). The solid line shows our IMFPs from the FPA (Table 1) and the dashed line

shows EALSs calculated from Eqn (35) using these IMFPs.

experiments of Thiirmer et al.
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Fig. 11 Fano plots of measured EALs and IMFPs for liquid water shown in Fig. 10 and Fano
plots of our IMFPs from the FPA (solid line) and of EALs calculated from Eqn (35) with

N4 0 H ¢
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these IMFPs (dashed line). See caption of Fig. 10 for symbols.

48




