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The stopping cross section describes the characteristic energy loss of fast propagating ions in matter, knowledge
of which is important for applications like ion implantation, ion beam analysis, or radiation therapy. When the
propagating ions have energies between around 10 keV/u and 10 MeV/u, the energy loss is dominated by the
energy transfer to the electrons in the target. In this work we propose to parametrically describe the electronic

stopping cross section by using the double-Konac (dK) expression. We present parameter sets for this mathe-
matical model that allow the reproduction of the stopping cross sections of the PSTAR and ASTAR tabulations, of
SRIM-2003, and of the ESPNN implementation. In addition, we present parameter sets which account for the
experimental data that are published until 2025. We present a parameter set for targets in the gas phase and one

for targets in the solid phase.

1. Introduction

The study of the energy loss of ions propagating in matter is crucial
for advancing various fields such as ion implantation, ion beam analysis,
nuclear physics, outer space exploration, and radiation therapy [1]. The
rate of energy loss of an ion per unit path length normalized to the
atomic density is called the stopping cross section and may be expressed
in units of 105 eV-cm?. The stopping cross section depends on the ve-
locity or kinetic energy of the moving projectile (Z; and M; denoting the
atomic number and mass of the projectile) and on the type of target
atoms (Zo, My). At projectile kinetic energies below several keV/u, there
is considerable energy loss by the interaction of the moving ion with the
screened nuclei in the target, known as nuclear energy loss [2]. At
projectile energies between 10 keV/u and 100 MeV/u, the energy loss is
dominated by interactions of the moving ion with the electrons in the
target, referred to as electronic energy loss. At energies above 1 GeV/u
and for light projectiles like electrons or positrons, the radiative energy
loss becomes increasingly appreciable [3]. In the present study we
concentrate on the parametrization for the electronic energy loss.

Multiple analytical theoretical studies have addressed the electronic
stopping cross section (¢) of energetic ions in matter. It is found by
Lindhard, Scharff and Schigtt, and by Firsov that at low kinetic energies

(v < v9-Z%"® with v the speed of the particle and v, the Bohr velocity) the

electronic stopping cross section is nearly proportional to the velocity
[4-8]. At intermediate energies, the electronic stopping cross section
reaches to a maximum, which is referred to as the Bragg peak [9,10]. At
higher energies, when the projectiles have velocities higher than the
intrinsic velocities of the electrons in the target, the stopping cross
section decreases with a dependency as formulated by Bethe,

£ ~ Lln (2mev2>
m,v? I

wherein m, is the electron mass and the material is described by a single
parameter, the mean excitation energy I [11,12]. Various refinements to
the Bethe theory are known as the Bloch [13,14], shell [15,16], density
[17], Lindhard-Sgrensen [18], and Barkas correction [19,20]. The high-
energy regime of the electronic energy loss is comprehensibly treated in
various works (see references [12,16,21-23]).

With the increasing availability of computers, also advanced
fundamental computational methods were used to study the electronic
stopping cross section. There are various approaches:

e A first class of methods is the non-empirical computational gener-
alization of Bohr’s classical stopping model, thus evaluating the
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ion-electron interactions as binary collisions. An example for this
approach is the work of Sigmund and Schinner [24,25], distributed
and known as PASS.

A second approach is using the convolution approximation to model
energy-loss processes in matter, as developed by P. Grande et al. in
the software code CasP [26-28]. CasP explicitly treats situations
where the projectile charge state is not fixed, and therefore in-
corporates the mechanism of charge-exchange processes.

A third class of modern computational studies uses the dielectric
formalism to theoretically calculate electronic stopping cross sec-
tions. Fermi [29] and Lindhard [30] established the groundwork for
this formalism. Ziegler demonstrated that Lindhard’s dielectric
formalism in combination with the local density approximation
yields a high-energy behavior in line with the Bethe theory and
agreeing with experiments, but it fails at lower energies [31]. A
better agreement with experiments down to lower energies is ob-
tained when the dielectric formalism is used with the inclusion of the
effects of charge-exchange processes and electron-cloud polarisation
of the projectile; see for example the work of de Vera et al. [32].
Finally, one may use first-principles calculations to calculate the
electronic stopping. Notably, time-dependent density functional
theory allows for a quantitative calculation of the stopping cross
section without assumptions about the dielectric function [33-36].
For now, the application of time-dependent density functional theory
is still limited due to the high computational cost.

It is commonly accepted that the theoretical considerations give a
good account of the physical phenomena that contribute to the elec-
tronic energy loss. However, as concerns the computational approaches
it is still necessary to confront the results with experimental data to learn
about the effect of the chosen approach on the absolute accuracy and
precision. As concerns the analytical theories, they can reproduce the
overall trends, but they need to be adapted to experimental data by
adjusting the model parameters to obtain accurate values. This is the
case in the extremely low energy regime where non-linear screening and
band-structure effects may be present [37-44]. In addition, it is
important to guide the models using experimental data in the transition
between extremely low energies and intermediate energies, and at in-
termediate projectile velocities around the Bragg peak, due to the
complex interactions of the moving ion with the electrons in the target
[15,45-47]. Finally, the mean excitation energy, which is used in the
analytical models to estimate the stopping cross section at high projec-
tile velocities, is often derived from experimental data.

For practical applications one needs a compilation which readily
yields the numerical value of the stopping cross section for a given
projectile and target. A first successful generalizing implementation is
PSTAR/ASTAR, tabulating the stopping cross section for light projectiles
in elementary materials as a function of the projectile energy [46]. It is
based on estimating the exponent at low energies and the mean exci-
tation energy at high energies from experiments, and on implementing a
smooth transition from the low energy to the high energy regime. The
PSTAR and ASTAR tables relate to PASS [24,25,48]. The PSTAR/ASTAR
compilation only covers the combinations of projectiles and target ma-
terials for which experimental data were available at the time of the
development.

A second renown implementation to obtain a numerical estimation
of the stopping cross section is SRIM. At the basis of SRIM is the work of
H.H. Andersen and J.F. Ziegler on the stopping cross section of hydrogen
in all elements [49]. The seminal work describes the fitting of experi-
mental data to find the exponent at low energies (proportional to E%4%)
[50], and on fitting experimental data to find the mean excitation energy
and the shell corrections at high energy. Interpolation was used for el-
ements without experimental data and the smooth transition from the
low energy to the high energy regime was realized with the formula
proposed by Varelas and Biersack [51]. In a subsequent work, J.F. Zie-
gler combined the stopping cross section for hydrogen and helium
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projectiles by invoking the concept of an effective charge for He, which is
dependent on the velocity but not on the target [52]. In 1985, J.F.
Ziegler, J.P. Biersack and U. Littmark presented a unified approach to
calculate the electronic stopping cross section for all projectiles in all
elements [31]. For medium velocity projectiles heavier than helium this
involved a multivariant error minimization of the empirical parameters
‘effective charge’ and ‘screening length’ as a function of the scaled energy.
The concepts behind the empirical correction factors were the same as
those theoretically predicted by Brandt and Kitagawa [53]. SRIM is
recognized for its versatility and ability to produce values that closely
match experimentally measured stopping cross sections. For informa-
tion about the most recent version of SRIM (2003) we refer the reader to
[54-56].

The above-mentioned semi-empirical compilations marked a
considerable progress towards the parametrization of the stopping cross
section. However, due to the absence of recent updates to the parame-
trizations, researchers were hindered to benefit from the many high-
quality experimental data that have been collected in the past decades
[57,58]. The scientific community recognized that the stopping cross
section needs to be known better, as an error on the stopping cross
section adversely affects and often dominates the uncertainty on the
modelling of ion implantation, ion beam analysis and clinical proton
radiotherapy [59-69].

In recent years researchers have applied machine-learning algo-
rithms to realize a more up-to-date and comprehensive description of
the stopping cross section. The studies that are known to the authors are:

e The work of Parfitt and Jackman [70]. The authors trained a random
forest regression algorithm using the experimental data of Helmut
Paul’s stopping power database. The authors demonstrated that the
model could make low-error predictions on unseen test data.

The DL-ESP model, developed by Guo et al. [71]. The model is a deep
neural network which is trained using the combination of values
from the IAEA database and of boundary points in the low-energy
regime (Ex/m, = 1 to 10 keV/u) from the Lindhard-Scharff-Schigtt
model [5]. The DL-ESP predictions are available as numerical tabu-
lations in the supplementary material of the publication by Guo et al.
[71].

ESPNN, which refers to the work of Bivort Haiek et al. [72] in which a
neural network is trained using experimental values from the IAEA
database. The trained neural network is available as a software
package.

The work of Akbari et al. [73]. It describes the approach of using five
different machine learning models as a base and meta learners to
construct a “stacking ensemble machine learning” (S EML)
algorithm.

The ESCS database built by Cheng et al. [74]. The authors used an
algorithm to build a machine learning database with a minimum
number of key descriptors which mimic the low- and high-energy
trends. The authors did not use experimental data as input, but
instead used values generated by the existing tabulations of SRIM
[55], PASS [24], and CasP [27,28].

Common to the studies is that no prescribed theory-inspired energy
dependency of the stopping cross section needed to be assumed. The
studies are based on refining a model by exposure to a large collection of
numerical values.

While the trained neural networks can reach to a good accuracy,
their adoption in practical applications is limited. One obstacle to use
the different compilations for the stopping cross section is that each
compilation requires a different implementation. Therefore, we present
a new parametrization for which the coefficients can be traceably
updated while the implementation remains unchanged.
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2. The dK-parametrization

The sought parametrization for the electronic stopping cross section
should be capable of reproducing the existing compilations. There are
already multiple parametrizations presented in the literature: Ziegler et
al. [31,75], Plompen et al. [76], and Konac et al. [77]. However, the
available parametrizations do not have enough degrees of freedom to
faithfully reproduce the various existing tabulations and experimental
trends. Therefore, we propose a new mathematical model, called the
double-Konac (dK) expression, to parametrize the stopping cross sec-
tion. With the energy x = E;/m, in units of MeV/u, we write:

e(x) = f1 o KKK, +f, » KKK) eh)
_ In(e +p e x)
. KKK, =x"o (Go + a1 X% 1 a e x05 + a3 e X119 )
with i
KKK, = x1 o n(e+rex)

(bo + by @ x%%5 + b,  X05 + by @ x(1+9) )

The expression retains the correct asymptotic behavior at low and high
energies, and it also allows to re-use the stopping cross sections of Konac
et al. [78] by setting f; = 1 and f; = 0. It is discussed in [77] how the
various coefficients influence the functional behavior of the electronic
stopping cross section in the different energy regimes.

The double-Konac expression has ample free parameters to flexibly
describe the energy dependence of the stopping cross section [79]. The
inclusion of an additional Konac function may lead to overfitting,
meaning that an unphysical behavior is obtained. We have inspected
most of the optimized curves and rejected the proposed fit if it gave two
maxima. During the presented work, we had to reject the proposed so-
lution only twice. In the two cases, re-doing the fit yielded a curve with a
single maximum. Apart from the two cases no manual intervention was
needed, which reflects the high robustness of the parametrization.

We propose to share the parameters in a json-compatible file in
which the parameters are listed in the following order: f; s, p, ag, a1, ag,
as, fa q, 1, by, by, ba, b3. For each combination of projectile and target
material, the file contains both the parameters as well as the estimated
relative uncertainty per decade. The relative uncertainty is given as a
series wherein the n' value relates to the ' decade, being the interval
between 10D keV/u and 10 keV/u.

The parameters of equation (1) can be chosen, for example, to fit an
existing tabulation. Here, we find the parameters to reproduce the
output of PSTAR-ASTAR, of SRIM, and of ESPNN. The optimization is
achieved by using the differential evolution algorithm from the scipy.
optimize library in python [80]. The used cost function is the sum of the
squared residuals (%) between the dataset and the calculated stopping
cross section:

N 2
2 _ § dataset __ _Eq.1
X = i=1 (gi & ) )

where efq'l means the evaluated stopping cross section according to Eq.
(1), and N denotes the number of values in the dataset. The x2 cost
function is selected here as it proved to work well to fit the stopping
cross section around the Bragg peak.

In the context of stopping cross sections one often uses the absolute

Eq1 . .
percentage error |edateset _ g0 | /edataset g 3 metric to compare a compi-

lation to experimental data [70-72,81]. We have also monitored this
metric while investigating the various optimizations, even though it was
not used in the fitting process. The mean absolute percentage error
(MAPE) is defined as:

100 N |8;1ataset _ gfq'1|

MAPE ==23 0 P
1

Besides of the comparison with experimental data, one can also use the
MAPE to compare a double-Konac parametrization with a known data-
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base. To assess the MAPE with respect to a database, in the present work
the value is calculated from an energy eighty times smaller to fifty times
larger than the energy of the Bragg peak.

In the following we present various parameter sets. We first describe
the parametrization of existing compilations. Further, we also present a
parametrization which combines SRIM-2003 with experimental stop-
ping power data that appeared in the literature between the years 2003
and the end of 2024.

3. Parametrization of PSTAR and ASTAR

The PSTAR and ASTAR compilations describe the stopping cross
section in various materials as a function of the energy of proton and
alpha projectiles, respectively. The compilations were developed by the
members of a committee sponsored by the International Commission on
Radiation Units and Measurements (ICRU). The scientific approach
behind the databases is described in reports that are coordinated by
Bichsel [46] and Berger [21]. The ICRU committee has given much
effort to estimate the mean excitation energy which is used in the Bethe
theory for the calculation of the stopping cross section at high energies
[82]. Subsequently, the experimental stopping powers at low energy
together with the estimated values from the Bethe theory at high en-
ergies are fitted by a cubic spline function for the interpolation around
the Bragg peak.

Estimations for the stopping cross section according to PSTAR and
ASTAR are available as a web-service [82]. We have used this web-
service to download tables of stopping cross sections in various
elementary materials. Note that this compilation only covers proton and
alpha particles as projectiles and not the full list of elementary target
materials. We show in Fig. 1 two examples of the stopping cross section
which are derived from PSTAR and ASTAR, namely for H in Cu and for
He in Fe.

The red curves in Fig. 1 represent the best fits to the data, illustrating
that Equation (1) allows one to reproduce the tabulations of PSTAR and
ASTAR faithfully. The red curves are the sum of the two terms in
Equation (1) that are shown explicitly as a green and a blue curve. We
could not recognize any systematic trend in the role of the two terms:
sometimes the two terms are each dominant in either the low- and high-
energy domain, sometimes they contribute comparatively near the
Bragg peak, and for other projectile-target combinations only one term
is significant. Remarkably, for all combinations a good fit was found, as
is also reflected by the low MAPE values. We refer to this as the (SCS-
1993)-parametrization.

4, Parametrization of SRIM-2003

SRIM has a vast history related to describing the stopping cross
section of energetic ions in matter. The stopping cross section is based on
the near-velocity proportional behavior at low energy and the Bethe
behavior at high energy. In addition, it foresees in a smooth transition by
interpolation from the low energy to the high energy regime [51,83]. A
unique feature of SRIM is that it contains a scaling formalism to calculate
the electronic energy loss cross section of heavier projectiles based on
the behavior for light ions in the same medium [31]. The first consid-
eration for this is that the Bethe formula contains a factor which is
proportional to the square of the atomic number of the projectile, Z2.
The second consideration is the assumption that a heavy projectile loses
part of its electrons which are moving slower than the relative velocity
between the ion and the target, and it is implemented through the
concept of a fractional effective charge. The effective charge of a heavy
ion is assumed to be velocity-dependent, though not target-dependent.
For details and practical examples, we refer to the works of Ziegler
and Manoyan [84], and to Rauhala and Ziegler [85]. The implementa-
tions in SRIM-1995 and SRIM-1998 are known and are adopted in
various other software packages (see for example SIMNRA [86], IBA-
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Fig. 1. Comparison between PSTAR-ASTAR and the dK-parametrization for the examples of (a) hydrogen projectiles in copper and (b) helium projectiles in iron. Left:
the stopping cross section. The black symbols are from PSTAR and ASTAR, the red curve shows the SCS-parametrization. The horizontal axis is the kinetic energy of
the projectile divided by its atomic mass. The two terms of Equation (1) are shown as the green and blue lines. Right: the absolute percentage error as a function of

the scaled kinetic energy. The mean absolute percentage error is indicated.

DataFurnace [87], Ruthelde [63], and MC-ERD [88]).

In later releases of SRIM the implementation was further improved to
reproduce the experimental results more closely. The calculated stop-
ping cross section differs between SRIM-1998 and SRIM-2003, espe-
cially for projectile-target combinations that had received attention at
the time. Thus, the parametrization of SRIM-2003 implied a significant
improvement in the accuracy in relation to the experimentally measured
stopping cross sections [55,56]. On the other hand, the developers of
SRIM-2003 have chosen to modify the underlying parametrization, and
the implementation is not publicly disclosed. Thus, to use the stopping
cross sections of SRIM-2003 one necessarily must run the SRModule.exe
of SRIM on a Windows machine and generate a collection of files that
contain the stopping power as a function of energy. Also note that we
found no difference in the stopping cross sections between SRIM-2003
and the more recent releases of SRIM, like SRIM-2013.

The results reported here are based on the stopping cross sections of
SRIM-2013.00 [89]. The stopping cross section as a function of energy
for the interval between 0.001 MeV and 5000 MeV for the 92 x 92
combinations of projectiles and targets are extracted from SRIM and
saved in separate text files. Since SRIM gives a different output for
certain elementary targets depending on whether the target is indicated
to be either a gas or a solid, we have saved the outputs for the gas and the
solid state separately.

The output of SRIM for a selection of projectiles and targets is shown
as datapoints in Fig. 2. Fig. 2 also shows the best fit using Eq. (1). It is
seen that the proposed analytical expression reproduces the electronic
stopping cross section well, while the fitting with a single Konac function
led to notable deficiencies especially at low energies. The panels on the

right in Fig. 2 visualize the absolute percentage error between the SRIM
output and the dK-parametrization. One notices that the percentage
error tends to be larger at both low and high energies. This behavior is as
expected, since the squared residuals were minimized, and a comparable
squared residual will lead to a larger percentage error when the value is
smaller.

The performance of the fitting for the different projectile-target
combinations and a statistical analysis of the fit quality is shown in
Fig. 3. The fit quality for the stopping cross section for H- and He-
projectiles is particularly good and comparable with the quality of the
(SCS-1993)-parametrization. The average MAPE for the 92 x 92 com-
binations is 0.83%, which is still much smaller than the uncertainty on
the SRIM parametrization. For those cases where the MAPE is larger
than 1% it is associated with unexpected, peculiar features of the stop-
ping cross section at low or at high energy obtained from SRIM.

For SRIM-2003, Ziegler et al. [90] obtained a mean absolute per-
centage error of 4.6% while considering over 25 000 points, whereas
Helmut Paul reported a mean absolute percentage error A,ps + 6 of (5.3
+ 7.1) % with 22 000 experimental points [81]. Thus, the deviation of
the current parametrization from SRIM is approximately five times
smaller than the uncertainty on SRIM, and the contribution to the un-
certainty of the new parametrization is negligible. Considering that the
dK-parametrization does not significantly add to the uncertainty, we
pragmatically estimate the uncertainty related to this parametrization
for all energy intervals as 5%.

Note that the dK-parametrization also allows the reproduction of
detailed features which have been studied. For example, in certain cases
the most probable method of energy loss is not ionization or excitation,
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Fig. 3. Distribution of the absolute percentage error for the (SCS-2003-solid)-parametrization compared to SRIM.

but charge exchange. For H — He, this leads to a deviation from linear
dependency of the stopping cross section on the projectile velocity
around the threshold energy of approximately 20 keV [91,92]. The
threshold is implemented in the SRIM-2013 code and is properly
reproduced here in the present parametrization with Equation (1). The
non-linearities for the stopping of low-velocity projectiles in solids
caused by charge-exchange and density of states as discussed in the
introduction were reported after the release of SRIM-2003 [37-44].
Thus, these features are not reflected in SRIM and therefore also not in
the present parametrization.

A separate note goes to the difference between materials in the solid
and in the gas phase. Indeed, there is experimental evidence that the
stopping cross section differs depending on the state of matter. We refer
the reader to the works of Ziegler et al. [93] and of H. Paul [81]. To
illustrate the importance with an example, notice that the stopping cross
section in an oxygen target is conventionally determined in the gas state,
while the oxygen in a silicon-oxide sample should be considered as in the
solid state. In SRIM a different stopping cross section for the gas and the
condensed phase is implemented for the following elemental targets: H,
N, O, F, Cl, Br, and Iodine. We have fitted Equation (1) to the energy
dependent stopping cross section of any projectile-target combination
and for both the gas- and solid- phases as derived from SRIM. The results
are referred to as the (SCS-2003-gas)-parametrization and the (SCS-
2003-solid)-parametrization, respectively.

5. Parametrization of ESPNN

As was indicated in the introduction of this article, studies have been
published in recent years in which machine learning methods are used to
describe the multi-dimensional dependency of the stopping cross
section.

ESPNN refers to a recent effort to develop a computational frame-
work for describing the stopping cross section using a neural-network
code as realized by Bivort Haiek et al. [72]. The authors applied unsu-
pervised machine learning methods to clean the data of the IAEA
database (2021) from suspicious outliers and old isolated values in an
automated manner before training a deep neural network. The neural
network accurately reproduces the training data, comparable to alter-
native implementations. The ESPNN forward propagation code is
available from a public repository [94].

Machine-learning methods are attractive and have complementary
value compared to the theory-inspired approaches. We worked with the
ESPNN because it is based on the largest number of experimental values,
and it is developed without the adoption of a theoretical presumption. In

addition, the ESPNN work involved an advanced unbiased density based
spatial clustering and filtering of the experimental data. Unfortunately,
the package is only functional in the python environment in which it was
developed. Therefore, a parametrization with the present framework
may secure the work for future usage and facilitate the intercomparison
with other databases.

The output of ESPNN for a selection of projectiles and targets,
together with the best fit using Eq. (1) is shown in Fig. 4. It is again seen
that Equation (1) reproduces the electronic stopping cross section well.
We refer to the results as the (SCS-2022)-parametrization.

The MAPE between the ESPNN output and the best fits is mostly
between 1% and 2%, which is worse than for SRIM but still better than
the difference between ESPNN and the experimental data of around 5%.
Therefore, the (SCS-2022)-parametrization may be used as a proxy for
ESPNN.

6. The (SCS-2025-gas)-parametrization

In the past, the SRIM software has been the most intensely used
approach by researchers to estimate the stopping cross section. Sub-
stantial improvements have been implemented in the various releases
until SRIM-2003. However, past SRIM-2003, the electronic stopping
cross section implementation has remained unchanged; only the binary
collision module and the graphical user interface have received updates.
The lack of recent updates detracts from the high-quality experimental
data that have been collected in the past decades. In the present section
we develop a parametrization which accounts for the new experimental
data if they are published after 2003 and before 2025. SRIM-2003 is
reproduced when no new experimental data are published in this period.

The experimental stopping cross sections are obtained from the IAEA
database and filtered on the criterium of whether they were published
before or after 2003. Advantageously, the values in the database are
linked to the publication in which they appeared, and there is also an
uncertainty associated with the various stopping cross section values.
The values that appear in the same publication are said to belong to the
same dataset. For fitting we use the IAEA datapoints together with the
uncertainty published after 2003. The IAEA datapoints are com-
plemented with datapoints generated using the dK-formalism and the
(SCS-2003-gas) parameter set. The estimated percentage error for the
self-generated datapoints is 5%.

The parameters for the best fit function are found by minimizing the
sum of the weighted squared differences between the datapoints and the
predictions. The weight (w;;) for a datapoint (j) in a dataset (i) is based
on the uncertainty (estimated percentage error) scaled by the square
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root of the number of datapoints in a specific decade for that dataset.
This is done to compensate the weight of a dataset with less points
compared to one with more points. With this the fitting entails finding
the optimal parameter values by minimizing the sum of weighted
squared residuals (S):

S= ;[Ww o (e —en) ]

If no new experimental stopping cross sections since 2003 are reported
in the database, then the parametrization returns the trend which was
given by (SCS-2003-gas). Otherwise, the curves are refined. This is
illustrated in Fig. 5. The literature values published before 2003 are
plotted in grey squares, whereas recent experimental values are plotted
as blue-coloured diamond symbols. The examples in Fig. 5 illustrate the
effect of the new experimental values on the parametrization. For
example, the stopping cross section for H projectiles in nitrogen gas is
significantly adjusted due to the additional datapoints which were
published by Jedrejcic et al. [91]. The stopping cross section for He
projectiles in Si remains unchanged at energies above the Bragg peak
[95] but is slightly modified at medium energies due to the results of
Tran et al. [96]. The position of the Bragg peak for argon projectiles in
silicon is shifted towards higher energies, in accordance with recent
experimental results of Javanainen et al. [97]. And the stopping cross
section for He in Au is enhanced both at medium energies as well as at
the Bragg peak.

Not only the values of the stopping cross section are modified, but
also updated are the associated estimated uncertainties. The estimated
percentage error in each decade is calculated as [98]:

whereby for each dataset (i) only one value for the estimated percentage
error is considered. If there are for a specific projectile/target/energy-
decade combination in the IAEA no new datapoints since 2003, then
the self-generated dataset is the only one remaining and the resulting
uncertainty is the same as in (SCS-2003-gas).

The effectiveness of the followed approach is illustrated in Fig. 6. It
shows the frequency of occurrence of mean absolute percentage error
when comparing a given parametrization with the IAEA database. On
the left we show the proximity of the parametrization to the data pub-
lished before and until 2003, while on the right the comparison is made
for data that are published after 2003. The histograms on the left (top
versus bottom) illustrate that the new parametrization (SCS-2025-gas)
has an equivalent performance as compared to (SCS-2003-gas) to the
data before 2003. Yet, one concludes from the comparison on the right
(top versus bottom) that the new parametrization reflects the experi-
mental stopping cross sections much better than the original one.

7. The (SCS-2025-solid)-parametrization

In the previous sections we mentioned that the stopping cross section
in SRIM is treated differently depending on the target being in the
gaseous or the solid state. Indeed, the subject was intensely studied
experimentally and reviewed by David Thwaites [99] and by Helmut
Paul [81]. There appears to be much experimental evidence for a lower
stopping cross section in H, N, O, F, Cl, Br, and Iodine targets in the
(compound) solid state compared to when the targets are in the gas
phase. Note that this appears not to be the case for noble gas targets. For
example, no difference in the stopping is found between gaseous and
solid argon. The explanation given is that solid argon is a weakly bound
van der Waals solid. Instead, the negative effect in other cases is un-
derstood as a difference in mean ionization potential between the
gaseous and the condensed state. Detailed studies and convincing
experimental results were published for oxides and nitrides of metals
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and for other organic compounds like pentane, hexane, or alcohol [81].
Similar effects of a reduced stopping cross section were also obtained
with real-time density functional theory calculations for protons in
various polymers like polyethylene and poly-(methyl methacrylate)
[68] and for water in the distinct phases [100].

In the present work we follow the approach of SRIM to reduce the
stopping cross section in the solid state in comparison with the gas state.
We determined a functional relationship between stopping in gasses and
solids by comparing the output of SRIM-2013 for both states. By fitting
the ratio of the outputs of SRIM, we found that the reduction factor (r)
can be modelled as:

r=1+0.087/2-{1 — erf((x — 1.05)/0.033)} for hydrogen projectiles,

and

r=1+0.087/2-{1 — erf((x — 0.44)/0.280)} for other projectiles,

with the kinetic energy x being the dimensionless value of Ex/m, when
expressed in units of MeV/u and with erf(x) denoting the error function.
The correction amounts to 8.7% at low energy and vanishes above a
characteristic energy which is 1050 keV/u for hydrogen projectiles and
400 keV/u for the other projectiles.

To implement the reduction in the present framework, we have
produced numerical output tables for the above-mentioned gasses from
the (SCS-2025-gas)-parametrization which we divided by the gas-to-
solid reduction factor. These tables are then again fitted to Equation

(1) and the result is illustrated in Fig. 7. From Fig. 7 it can be observed
that the characteristic energy below which the stopping cross section is
reduced for the solid state is different between protons and heavier
projectiles, in accordance with the implementation in SRIM-2003. The
parameters that reproduce the stopping cross section are saved as (SCS-
2025-solid). The uncertainties are taken as identical to the ones for the
(SCS-2025-gas)-parametrization.

8. Conclusion

We introduced the double-Konac expression to flexibly model the
electronic stopping cross section as a function of energy. The parame-
trization is shown to be able to reproduce multiple existing tabulations
and thereby proves to be a robust framework.

We generated various parameter files that correspond to pre-existing
parametrizations. Besides, we developed a parametrization which ac-
counts for the latest experimental stopping cross section measurements.
All the parametrizations are publicly available for downloading from
https://johan.meersschaut.net/scs/files. The following parameter files
are currently available:

e SCS-1993 - reproducing the stopping cross section of ASTAR/PSTAR,
e SCS-2003-gas — corresponding to SRIM-2003 for materials in the gas
phase,
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reduced stopping cross section are referred to as (SCS-2025-solid).

e SCS-2003-solid — corresponding to SRIM-2003 for materials in the
solid phase,

e SCS-2020 - reproducing the stopping cross section of ESPNN,

e SCS-2025-gas — based on (SCS-2003-gas) but including IAEA data
until 2025,

e SCS-2025-solid — based on (SCS-2025-gas) but for materials in the
solid state.

Given that the various works are now represented in a uniform
manner, they are easier to be intercompared. A tool to intercompare the
various parametrizations is available at https://johan.meersschaut.net
/scs/plot.

It is hoped that continued research will yield additional high-quality
experimental values for the stopping cross section [101] which in the
future may be used to update the parametrizations. Special attention and
detailed studies should aim to clarify the predictive power of the existing
parameter sets for the stopping cross section of heavy ions [59] and for
light projectiles at extremely low velocities [102]. Also, in-depth studies
may focus on a specific projectile-target combination to yield a more
accurate parameter set and uncertainty evaluation using the proposed
representation. An advantage of the proposed construction is that the
parametrization for one specific projectile-target combination can be
updated without affecting the other projectile-target combinations.

It is expected that future research will result in new parameter files
and, therefore, systematically mentioning the used parameter file when
stopping cross sections affect the results will advance the traceability of
the research.
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