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Accurate stopping power data for tungsten is crucial for ion beam analysis (IBA) techniques applied to fusion-
related materials. In this work, we present new experimental measurements of the stopping power of tungsten
for protons and alpha particles, addressing key gaps in fundamental databases. Our results provide a densely
spaced dataset, refining the practical uncertainty limits to approximately 1.8% for protons and 2.0% for alpha

particles. We critically compare our findings with semi-empirical and theoretical models, evaluating their
performance in describing the stopping power of tungsten for light projectiles. By improving the accuracy
and reliability of stopping power data, we contribute to the enhancement of the applicability of ion-beam
methods for characterizing tungsten in fusion-related research. These findings contribute to the refinement of
semi-empirical models and support the ongoing efforts to develop more precise theoretical frameworks for
ion-solid interactions in high-Z materials.

1. Introduction

Stopping power data for protons and helium in tungsten is of critical
importance. Ion beam analysis of fusion-related materials heavily relies
on the accuracy of stopping power models for this material [1,2], with
significant implications for studies of material migration within reactor
interiors and for deuterium and hydrogen profiling in retention and
storage characterization [3,4].

Accurate stopping power data also drive theoretical models. Recent
ab initio calculations of the stopping power for protons in materials
have proven to be an efficient method for providing reasonably accu-
rate data utilizing the electronic structure of constituent elements [5].
Tungsten stands out as a prime candidate for benchmarking these
models since data for such a heavy element can contribute to improving
semi-empirical models.

The scarcity of data in the IAEA database [6,7] poses challenges
for evaluating existing models and limits the accuracy of IBA results in
tungsten-based materials. For instance, only nine experimental datasets
are currently available for each of protons and helium ions, with very
few data available for heavy ions. By contrast, for copper (one of the
most extensively studied materials) there are 47 experimental datasets
for protons, 22 for helium ions, and data for 30 different heavy ions.

To address this issue, the IAEA has launched a coordinated re-
search project (CRP-F11023) aimed at, among other things, increasing
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the availability of high-quality experimental data of stopping cross-
sections of tungsten to protons, helium, copper, and iodine. This ini-
tiative seeks to enhance the applicability of ion beam analysis (IBA)
in tungsten studies, contributing to the advancement of fusion reactor
development.

Some results were recently published by the Uppsala group as part
of this CRP [8]. Here, we present the results obtained by the IBA facility
at the University of Sdo Paulo, also under this CRP, alongside a critical
analysis comparing existing data with semi-empirical and theoretical
models. Our goal is to understand the discrepancies and limitations of
the models and to propose ways to improve semi-empirical approaches.

Our data stand out by providing statistically robust evidence of
high accuracy within an energy range suitable for Nuclear Reaction
Analysis (NRA), the reference technique for profiling light elements in
fusion-related materials research.

2. Methods

Our experiments were conducted in transmission mode to assess
the stopping power to protons and in backscattering mode to assess
the stopping power to helium ions. In the following, we describe the
sample production and characterization, as well as the experimental
procedures.

Received 12 February 2025; Received in revised form 22 September 2025; Accepted 6 October 2025

Available online 15 October 2025

0168-583X/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://www.elsevier.com/locate/nimb
https://www.elsevier.com/locate/nimb
https://orcid.org/0000-0002-7643-2198
https://orcid.org/0000-0002-3249-2113
https://orcid.org/0000-0001-9611-8721
https://orcid.org/0000-0002-1303-2314
https://orcid.org/0000-0002-9339-8286
https://orcid.org/0000-0003-4023-236X
https://orcid.org/0000-0003-4817-5275
mailto:tfsilva@usp.br
https://doi.org/10.1016/j.nimb.2025.165891
https://doi.org/10.1016/j.nimb.2025.165891
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2025.165891&domain=pdf

T.F. Silva et al.
2.1. Sample preparation and characterization

A 3-pm nominal thick foil (commercially available from Goodfel-
low) was used in transmission experiments with the aim of stopping
proton measurements. The average areal density was experimentally
determined as 6.0178(25) mg/cm? by direct mass-area ratio. The mass
was obtained by a high-precision scale (Sartorius balance, model SE2)
and the area was obtained using a calibrated high-resolution optical
scanner. Unfortunately, our results could not take advantage of this
high precision due to foil inhomogeneities. The adopted procedure of
data analysis is detailed in the next section.

The foil purity was evaluated as 95(1) at.%. with a 5 at.% carbon
contamination detected using resonant proton scattering. See the next
section for more details on this analysis that confirmed the nominal
specification.

A sputter-deposited thin film of tungsten was used in backscatter-
ing experiments to determine the stopping to helium. The nominal
thickness was 70 nm, with the experimentally determined areal atomic
density at 483(5) x 10'% at./cm? by proton scattering (148(2) pg/cm?
or 76.5(8) nm). The low energy loss of 2.18 MeV protons (below ten
keV) in this film allowed for the density determination using a thin
film approximation (independent of energy-loss models). No carbon or
oxygen contamination was observed in proton scattering experiments
at their respective resonant energies. No inhomogeneities were detected
in sequenced measurements.

Particle-induced X-ray emission (PIXE) measurements revealed no
contaminants above the sensitivity of tens of parts per million in
both samples. Thus, no other contaminant correction was considered
necessary.

2.2. Experimental procedures and data processing

Data processing for the transmission experiment followed the stan-
dards defined in a previous work [9]. The procedure consists of par-
tially shadowing the detector’s field of view, and thus protons backscat-
tered by a thin gold foil are recorded with a fraction of the protons
going directly to the detector while the complementary fraction passes
through the foil. The energy loss in the foil is then measured by the
energy shift of both signals in the spectra.

A Gaussian curve is adjusted for both the direct and transmitted
peaks. Firstly, we used a peak detection algorithm to obtain the initial
value of the Gaussian center. Then, a fine curve fit adjusts the centroid
position and the width of the peaks. See Fig. 1. Due to foil roughness,
the transmitted peak presents a broader and asymmetric peak. To
determine the peak position, only part of the data was used in the
Gaussian fit. The data interval considered in the Gaussian peak is shown
by the shaded regions in Fig. 1. This procedure, inspired by other
works [10,11], is justified in terms of the determination of the most
probable energy loss.

The difference between the average energy loss and the mode of the
distribution was obtained by simulation with SIMNRA7 [12] and added
quadratically to the final uncertainty.

To address the inhomogeneities in the foil, we measured proton
scattering spectra at the same position where the stopping cross-
section measurements were performed (alignment precision better than
0.1 mm). A broad proton beam, covering an area comparable to that
used in the stopping measurements (selected as approximately 1 mm?),
ensured that both measurements probed the same region of the sample,
allowing for consistent comparison. Proton scattering measurements
were conducted using a 3600 keV beam, and the detector placed at
170° scattering angle. The data are shown in Fig. 2.

The data analysis followed an iterative approach. Starting from the
areal density determined in the previous section, we calculated the
stopping cross-section based on the measured energy loss, and then
used this information as input for SIMNRA [12] simulations of the
scattering spectra (Fig. 2). The foil thickness was iteratively adjusted
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(and stopping cross-section updated accordingly) to achieve agreement
between the experimental and the simulated scattering data.

This procedure converged to a foil areal density of 17.48(18) x 10'8
atoms/cm?, corresponding to a thickness of 2.77(3) pm, which is
slightly less than the nominal. The associated uncertainties were eval-
uated as 1% using the MultiSIMNRA method, as described in [13].
The carbon contamination in the foil was obtained consistently in this
iterative process.

In backscattering experiments, the stopping information is extracted
from the width of the tungsten peak in the spectra. For that, the sample
was measured with a fixed detector at the 120° scattering angle under
two incidence angle conditions, first at 0° and then at 60° referred to
the normal vector to the surface.

Thus, computing the energy losses in the way-in and way-out of the
film, assuming the surface approximation in both conditions, provides
us with a system equation that reduces to:

2. AE, — AE,
=3 W
and

2-AE, - AE,
[e]out = # (2)

with AE, = AE(0°,60°) and AE, = AE(60°,0°). These values are
attributed to the average energies in the entrance and exit path of the
ion in the film, calculated here as:

_ 1 -
Ey = Ey— 7AE 3

EouI:K'EO_(#
with AE = (AE,+A4E,)/2. This method is described in detail in Ref. [14]
(see Fig. 3).

Systematic uncertainties were estimated by propagating the film
thickness and contaminant fraction uncertainties, while statistical un-
certainties were estimated by propagating calibration and fit uncer-
tainties together with a Monte Carlo approach using resampling of
the spectra with Poisson statistics to propagate uncertainties related to
counting statistics, as described in [9]. The latter is used to evaluate the
robustness for peak centroid and edges determination in transmission
and backscattering experiments, respectively.

) AE @

2.3. Comparing models

We used for comparison two types of models. The semi-empirical
ones, which are widely adopted for data processing in IBA, and theoreti-
cal models, mostly used to study ion-solid interactions. Each theoretical
model has its own approach, and comparison with experimental data is
always useful to constrain the models and provide feedback of model
tailoring.

2.3.1. Semi-empirical models

The semi-empirical approaches are based on the adjustment of a
theory-guided function to a selection of experimental data. Due to
its wide acceptance in practical applications, comparisons with new
and accurate experimental data are highly desirable. One key factor
is that semi-empirical approaches tend to be accurate when reliable
experimental data are available. For the case of tungsten, only nine
experimental data sets are available in the IAEA database [6] for each
proton and helium.

In this work, we compared our results with the model contained in
the ICRU Report 49 [15], which is adopted in the PSTAR and ASTAR
databases hosted by NIST [16] and used as a reference in the Geant4
framework [17-19]. We also compared with SRIM in its 2013 software
version (whose last update of its database was reported in [20]) since
this is the most used database for ion implantation and simulations of
defects creation on materials. Neither database has received updates
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Fig. 1. Typical data obtained in the transmission experiment. Shaded areas denotes the channels included in the Gaussian fit for the direct (right) and transmitted
(left) peaks. Differences in the peak height is due to the restriction of assessed area in the stopping cross-section measurements.
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Fig. 2. Proton scattering data used as constraint in the data processing method. This approach was used to compensate for sample inhomogeneities. The normally
incident proton beam had 3600 keV kinetic energy and the detector was placed at 170° scattering angle. Carbon signal in the foil appear near the channel 500

and the small surface oxidation close to channel 600 was neglected.

for at least 10 years, but comparisons with new experimental data may
provide insights into their quality, guiding improvements in practical
applications.

We also compared our results with the compilation of experimental
data provided by the IAEA [7]. Only a few experimental data of
stopping cross sections of tungsten to protons are contained in the
database, with data from the 1970s and 1980s. For the He ions, the
number of experimental results in the database is higher but far from
abundant. In this case, the data are from the 1960s and early 1970s. In
both cases, the Uppsala group added new experimental data in 2021.
Data from this group were obtained in a wide energy range, signif-
icantly contributing to the characterization of the H and He energy
loss processes in this material. However, additional data are needed
to better assess systematic errors, and our work helps fill some gaps in
the energy range covered by the Uppsala group.

2.3.2. Theoretical models

Theoretical models used in the comparison are: CasP [21], DPASS
[22] and CBETHE [23,24].

CasP (Convolution Approximation for Swift Particles) is based on a
Unitary Convolution Approximation (UCA) [25], where the energy loss
of a swift ion is calculated by integrating the individual contributions of
electrons. This method efficiently provides stopping power predictions
over a broad energy range and for diverse ion-target combinations.
CasP allows the replacement of UCA calculations for valence electrons
by calculations based on the free-electron-gas approximations IDA (In-
duced Density Approximation) and TCS (Transport Cross-Section), as
described in [26,27]. Important information is that in this work calcu-
lations were performed with the option for scanning charge states of
the ion, with the recombination, shell and Barkas corrections included
in the model, and the number of valence electrons as 6. The stopping
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Fig. 3. Typical data obtained in the scattering experiment. Differences in the tungsten peak width are due to different configuration of incidence and exit angles

to the helium ions. The incidence energy was 2770 keV. Data obtained with incidence angle of 0° were scaled by a factor 2 so the tungsten peak presents the
same height in the plot.
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Fig. 4. The experimental results for the stopping cross-section of tungsten for protons, obtained in this study using the transmission method, are compared with
semi-empirical and theoretical models. Experimental data from the IAEA database [6] are also included in the comparison, with particular emphasis on recent
measurements by the Uppsala group [8]. 1 TFU = 1 x 10~!° atoms/cm?. Residuals (bottom) are calculated using SRIM-2013 as a reference. Painted region
corresponds to 5% variation in the mean excitation energy parameter in the Bethe formula.
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Table 1
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Uncertainty sources and their respective average contributions to the final uncertainty of the stopping cross-section measurements

presented in this work.

Source of uncertainty Average Cumulative
(transmission measurements) value contribution
Energy loss measurement 0.57 0.57

(peak fit, energy and detector calibrations)

Thickness determination 1.0 1.15

Purity of the foil 1.0 1.44

SRIM data for impurities 2.0 1.5

Mode to average difference 1.0 1.8

Source of uncertainty Average Cumulative
(backscattering measurements) value contribution
Energy loss measurement 1.72 1.72

(edge fit, energy and detector calibrations)

Thickness determination 1 2.0

Purity of the film - 2.0

SRIM data for impurities - 2.0

contribution due to projectile-electron loss (target-induced projectile
ionization and excitation) and electron capture for charge exchange at
charge-equilibrium conditions was also included in the model.

In contrast, DPASS [28] is an extension of the PASS code (Particle
Stopping Simulation), which is based on binary stopping theory - a
refinement of Bohr’s classical model [29,30]. This approach describes
the interaction of a fast moving ion with target electrons, incorporating
screening effects, charge-state evolution, and shell corrections [28].
The latest version of DPASS significantly expands its applicability,
covering 92 ion species in 92 elemental targets over an energy range
from 1 keV/u to 1 GeV/u, with direct comparisons to experimental data
from the IAEA database. Additionally, DPASS allows for stopping power
calculations in compound materials via Bragg additivity and accounts
for deviations from this rule in selected cases.

CBETHE [23] is a recent implementation of the Bethe stopping
power formula and its corrections. It includes the most recent advances
in the calculations of the various corrections with an extended range
of applicability. It is worth mentioning that while all our data for H lie
within the CBETHE validity range (E > 750 keV), only a few He data
lie within the validity range (E > 5000 keV).

3. Results and discussion

The uncertainty sources considered in this work are summarized
in Table 1, where average values of uncertainties and their respective
cumulative contributions to the final uncertainty are presented.

Other sources of uncertainty, such as geometrical, pulse height
defect, and energy calibration, were not considered in this work since
they were characterized in previous work and shown to be negligible
in our setup.

Fig. 4 presents the experimental values of tungsten stopping power
for protons obtained in this work, compared to the values available
in the IAEA database, with particular emphasis on recent results from
the Uppsala group. The contribution of carbon impurity to stopping
was accounted for using SRIM data. The top panel shows the general
agreement of the stopping power values together with some model
predictions, while the bottom panel provides a closer look at the data by
displaying the residuals with respect to the SRIM data. This approach
allows for a clearer visualization of fine discrepancies.

Our data and the Uppsala results agree excellently, with our data
providing complementary information by filling energy gaps, such as
the range between 1000 up to 1500 keV and 2500 up to 3400 keV.
Although the stopping power curve in this energy range is expected
to be smooth, our more densely spaced data points help refine the
practical uncertainty limits in this region, which we estimate to be
approximately 1.5% root mean square (rms). There are methodological
differences between the experimental techniques, and the Uppsala data
exhibit slightly higher dispersion.

Regarding the semi-empirical models, we observe that SRIM shows
the best agreement with the most recent data above 500 keV (in-
cluding ours), while ICRU data tend to lie near the lower uncertainty
limits in the same energy range. The systematic difference of ap-
proximately 2.5% between SRIM and ICRU for energies greater than
500 keV directly affects the range calculations, with range discrep-
ancies increasing as the energy increases. Experimental data suggest
that calculations based on SRIM data tend to be more accurate, with
ICRU-based calculations underestimating the range.

CBETHE calculations also show good agreement with the experi-
mental data in the explored energy range, though the expected devi-
ations at lower energies are observed. The validity limit of CBETHE
appears to be between 750 and 1000 keV. The shaded band around
the CBETHE curve in the residuals plot represents variations in the
CBETHE output with a +5% variation in the mean excitation energy
(in the CBETHE database as 727 eV). The most recent data suggest that
this parameter can be better constrained at 709(7) eV.

DPASS also shows good agreement above 1000 keV. Notably, DPASS
was expected to align with data within the full energy range, but this
agreement was not observed in lower energies within the spread of the
experimental data. The CasP exhibits reasonable agreement to energies
above 750 keV, with better results obtained with TCS calculation. In
energies below 750 keV the agreement is good for the IDA model.

Fig. 5 presents similar comparisons for the obtained values of tung-
sten stopping power for alpha particles. Once again, we observe the
agreement between our data and the Uppsala results. Ours contributes
with more densely spaced values, allowing for a refinement of the
practical uncertainty limits to approximately 2% rms.

Due to the wider spread of the experimental data and the larger
uncertainty bars, SRIM and ICRU exhibit a similar level of agree-
ment, with ICRU slightly better capturing the fine structure of the
experimental data in the residuals plot.

For theoretical models, the overall agreement is not as good as in the
proton case. As mentioned above, CBETHE presents good agreement in
its limited range of applicability. DPASS, on the other hand, deviates
by up to 20% from the experimental data at the peak of the stopping
power curve. CasP shows convergence to the data only at the range
limit of higher energies, however, with the adopted option of input
parameters, the agreement with the data is similar to DPASS in the
energy range of the study. The IDA calculations corrects the TCS
towards the experimental data.

4. Conclusions

In this work, we present experimental data on the stopping power
of tungsten for protons and alpha particles, with the aim of enhancing
the accuracy of ion beam analysis techniques applied to fusion-related
materials. Tungsten is widely used in the inner components of fusion
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Fig. 5. The experimental results for the stopping cross-section of tungsten for helium ions, obtained in this study using the transmission method, are compared
with semi-empirical and theoretical models. Experimental data from the IAEA database [6] are also included in the comparison, with particular emphasis on
recent measurements by the Uppsala group [8]. 1 TFU = 1 x 10~ atoms/cm?. Residuals (bottom) are calculated using SRIM-2013 as a reference.

5000
—— SRIM stopping
—— ICRU stopping
4000 -
3000 -
a
c
3
S
2000 -
1000 A

0 T T T T T T T
2000 2200 2400 2600 2800 3000 3200 3400
Energy [keV]

Fig. 6. Comparison of RBS simulated spectra of a 630 nm thick tungsten film with SRIM and ICRU stopping cross-section databases. Simulation of 3500 keV
helium scattering at 165° scattering angle, with 1 msr solid angle detector and accumulated charge of 10.0 xC. Noise added artificially with Poisson distribution.
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reactors, and many studies on light isotope storage and material deposi-
tion for this application require greater precision from ion beam-based
material characterization methods. The achievement of this improve-
ment depends on increasing confidence in fundamental databases such
as those providing stopping power values for tungsten.

Our experimental results and those recently published by the Upp-
sala group show excellent agreement. In addition to mutual corrobora-
tion, our measurements provide a more densely spaced dataset, helping
to refine the practical uncertainty limits to approximately 1.8% for
protons and 2% for alpha particles within the energy range of 1000
and 5000 keV, approximately.

Our work also contributes to the evaluation of the current status
of theoretical models to calculate the stopping power of tungsten for
light projectiles. For protons, comparisons with experimental data show
good agreement in energies above 750 keV, approximately. For alpha
particles, we identified divergence between the experimental data and
the theoretical models, with theories converging to the Bethe formula.
This is supported by the strong agreement between DPASS, CasP and
CBETHE above 5000 keV. It is worth mentioning that CasP offers many
options for corrections and calculation parameters. In this work, our
choice was to keep the model input as homogeneous as possible to the
two projectiles under study.

The semi-empirical models show excellent agreement with the ex-
perimental data, remaining within the region defined by data disper-
sion. SRIM presents better results for protons with the ICRU data lying
on the statistical limits of the experiment. However, ICRU data appear
to better capture fine differences in the residual analysis. For helium,
the situation is the opposite, with SRIM in the statistical limit and ICRU
data showing better agreement.

To illustrate the impact of the observed difference between SRIM
and ICRU in the energy interval of 2000 and 3500 keV on a Rutherford
backscattering analysis (RBS) for the helium projectile case, we used
SIMNRAY to calculate the RBS spectra of a 630 nm thick tungsten film.
The code was fed with both stopping cross sections, and the calculation
was performed to a helium particle impinging the film perpendicularly
to the surface. The scattering angle was 165°, the detector solid angle
was 1.0 msr and the accumulated charge was 10.0 uC. Noise was added
adopting a Poisson distribution. The incident energy was 3500 keV. The
results are presented in Fig. 6.

The differences in the two spectra are visible, with the peak width in
the calculation that adopts the SRIM database being 3% larger than the
peak in the calculation that adopts the ICRU database (approximately
18 nm in film thickness). Height differences are observable even with
the introduction of statistical noise, possibly affecting the determina-
tion of relative concentrations. This result illustrates how the depth
scale is affected in an NRA or RBS analysis in the region with the largest
differences observed in this study.
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