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 A B S T R A C T

The energies lost, Δ𝐸1, by the 𝛼-particles from 241Am in Al, Cu, Sn, and Au metallic targets have been 
measured. The films are not thin enough to extract a stopping cross section because they have to withstand the 
independent determination of their mass thickness 𝜌 𝑥0 = Δ𝑚∕Δ𝐴 through their weights Δ𝑚 and surfaces Δ𝐴. 
The systematic uncertainties on Δ𝐸1 (including the ones on 𝜌 𝑥0) are estimated to be 0.6–0.7%. The largest 
contribution of 0.33% comes from the long-term stability of the electronics. The uniformity and purity of 
the targets have smaller impacts. The effect of the former, in particular, is attenuated by the diameter of the 
collimator of 6.5 mm. A correction for the average track inclination of 0.1% is applied. All the runs lasted 
enough to reduce the combined statistical errors to ≈ 0.1%, which becomes irrelevant for the comparison with 
theory. The largest deviation of the experimental Δ𝐸1 from the predictions of ASTAR is −0.3% for Cu. The 
situation is less regular for SRIM with a discrepancy of up to −2.0% also for Cu. First-principles calculations 
without any free parameters have also been carried out within the shellwise local plasma approximation 
(SLPA-LM). This formalism relies exclusively on fundamental atomic properties not directly related to particle 
stopping.
1. Introduction

The investigations about the penetration of 𝛼-particles into matter 
begun at the dawn of the discovery of radioactivity, notably, dat-
ing back to the pioneering works by Curie (1900), by sir William 
Henry Bragg together with Richard Kleeman (Bragg and Kleeman, 
1905, 1904), and by sir Rutherford (1906). The efforts never waned 
up to the present days producing a huge amount of data. A global 
drive, under the auspices of the International Atomic Energy Agency 
(IAEA), has recently taken over the task to produce a comprehensive 
database (Montanari and Dimitriou, 2017; Montanari et al., 2024; 
Montanari, 2025). Our own assessment of the situation after 1990 is 
presented in Section 2. It looks remarkably different from the one 
typical of other areas, see e.g. Fig. 1 of the Particle Data Group (PDG) 
report (Navas et al., 2022). In fact, no real tendency of the results to 
settle around accepted values can be clearly identified. Discrepancies of 
up to several tens of percent are easily encountered amongst different 
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groups of authors. Such a feature is possibly connected to the non-
elementary nature of the process at hand. We try to contribute by 
reporting measurements of the energy 𝛥𝐸1 lost by the most energetic 
𝛼-particles from 241Am (𝐸1 = (5.48556 ± 0.00012) MeV) in Al, Cu, Sn, 
and Au metallic films. A detailed investigation of the statistical and 
systematic uncertainties is a mandatory part of the task. We estimate 
the latter to be dominant and quantify their total impact at 0.7% 
in the worst case. The targets are not thin enough to allow for a 
direct determination of the stopping power. This is the price to pay 
to have absolute values (i.e. not relative to those of other particle 
species) because the films must be robust enough to withstand a direct 
determination of their weight 𝛥𝑚 and area 𝛥𝐴 for finding out their mass 
thickness 𝜌 𝑥0 = 𝛥𝑚∕𝛥𝐴 (with 𝜌 the mass density of the material).

Two of the most widely-spread semi-empirical approaches (AS-
TAR Berger et al., 1993 and SRIM Ziegler et al., 1985; Ziegler, 2004; 
Ziegler et al., 2010) predict well the experimental 𝛥𝐸1 (although the 
former has a more consistent overall performance). However, they 
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both extract their parameters (most notably the mean excitation energy 
𝐼) from stopping power data themselves, albeit for protons. A recent 
improvement (cbethe Salvat et al., 2022; Salvat, 2022) with the shell 
correction evaluated from realistic Dirac–Hartree–Fock–Slater wave 
functions is also analysed. The advancement of theory is, however, 
most appropriately probed by first-principles calculations. Here we 
consider the so-called shellwise local plasma approximation (SLPA-
LM) (Montanari and Miraglia, 2013; Peralta et al., 2022, 2023) in its 
most recent variant employing the Levine–Mermin dielectric response 
function (Mermin, 1970; Levine and Louie, 1982) for the bound elec-
trons (Peralta et al., 2022). It is noteworthy because it relies exclusively 
on the atomic radial wave functions and shell binding energies, which 
are quantities not directly related to the passage of particles through 
matter, supplemented by a damping constant.

The energy loss of 𝛼-particles crossing various materials is an im-
portant topic in many areas of pure and applied sciences like astro-
physics (Moroz et al., 2004), plasma physics (Salonen et al., 2000), 
and materials engineering (Zinkle et al., 2002). We remind, to those 
who may find the present pursuit of precision excessive, that the setup 
and analysis procedures described in the present work were developed 
to validate the determination of the target thicknesses in high-energy 
(500 MeV) bremsstrahlung experiments. The uncertainties have to be 
small enough for the data to be sensitive to the presence of higher-order 
terms in the asymptotic value of the Coulomb correction (Mangiarotti 
et al., 2021a).

It is convenient to spell out here the conventions followed in the 
rest of the exposition. The modulus of the stopping force or stopping 
power is indicated as 𝑆 = −𝑑𝐸∕𝑑𝑥. We avoid, except for making an 
essential point in Section 4.5, recourse to the mass stopping power 𝑆∕𝜌
and prefer instead the stopping cross section (SCS)  = 𝑆∕ , where 
  is the number density of the substance.

The paper is organized as follows. The consistency of the available 
SCS data is assessed in Section 2. The experimental method and the 
data analysis procedures are described in Sections 3 and 4, respectively. 
Particular emphasis is given to the estimation of the systematic uncer-
tainties in Section 4.5. The SLPA-LM model is reviewed in Section 5. 
Theories are confronted with measurements in Section 6. Finally, our 
conclusion is offered in Section 7.

2. Status of the available measurements

The current status of SCS measurements can be assessed by resorting 
to the IAEA database (Montanari and Dimitriou, 2017; Montanari 
et al., 2024; Montanari, 2025), an up-to-date collection of published 
results based on an earlier version initiated by Helmut Paul (2003). 
Experiments with 𝛼-particles penetrating Sn have been reported before 
by 6 works. In all the other cases, many more datasets are available, 
although some are rather old going back to the 1960s. Judging the 
best of them is a well-known problem with essentially no accepted 
solution, actually motivating the very existence of the IAEA database. 
Yet, a diffuse cloud of points will result from accepting all the entries. 
Hence, we adopted a simple chronological criterion, filtering out those 
that appeared before 1990. Although most recent does not necessarily 
means better. The comparisons are displayed in Fig.  1. The energy 
range considered is from 1.0 keV to 1.0 GeV because it is covered by 
both the tables of the ICRU Report 49 (Berger et al., 1993) (ASTAR) 
and the SRIM programs (Ziegler et al., 1985; Ziegler, 2004; Ziegler 
et al., 2010). The former is also available as part of the NIST Standard 
Reference Database Number 124 (Berger et al., 2017). The variation 
of the SCSs spans about two orders of magnitude so that differences 
of several percent can hardly be appreciated on a linear or log scale. 
Thus, we preferred to plot the percentage deviation with respect to the 
ASTAR expectation, anticipating the conclusions of Section 6. The cor-
respondence between the letter key employed in Fig.  1 and the original 
reference is given in Table  1. The dots represent the calculations with 
SRIM version 2013 (Ziegler et al., 2010).
2 
Table 1
References to the original publications in the IAEA database (Montanari and Dimitriou, 
2017; Montanari et al., 2024; Montanari, 2025) for the SCSs of 𝛼-particles in Al, Cu, 
Sn, and Au appeared after 1990 (included). The data are displayed in Fig.  1 according 
to the keys.
 Key Al  
 a Räisänen et al. (1991)  
 b Sakamoto et al. (1991)  
 c Eppacher (1994)  
 d Martínez-Tamayo et al. (1996) 
 e Bianconi et al. (2005)  
 f Hsu et al. (2005)  
 g Hsu et al. (2005)  
 h Primetzhofer et al. (2011)  
 i Diwan and Kumar (2015)  
 j Moussa et al. (2015)  
 k Trzaska et al. (2018)  
 Key Cu  
 a Sakamoto et al. (1991)  
 b Bak et al. (1994)  
 c Sillanpää et al. (1996)  
 d Markin et al. (2009)  
 Key Sn  
 a Räisänen et al. (1991)  
 b Sakamoto et al. (1991)  
 c Eppacher (1994)  
 d Kumar and Diwan (2015)  
 Key Au  
 a Semrad et al. (1990)  
 b Sakamoto et al. (1991)  
 c Eppacher (1994)  
 d Bak et al. (1994)  
 e Martínez-Tamayo et al. (1996) 
 f Trzaska et al. (2002)  
 g Hsu et al. (2004)  
 h Hsu et al. (2004)  
 i Zhang et al. (2005)  
 j Markin (2007)  
 k Markin et al. (2009)  
 l Primetzhofer (2012)  
 m Kumar and Diwan (2018)  
 n Trzaska et al. (2018)  

The discrepancies between different authors increase widely up to 
≈40% below ≈100 keV, as it is visible from Fig.  1. This is certainly due 
to increasing experimental difficulties to work at low energies. Sets j, 
k, and l for Au (see Table  1) deserve to be mentioned explicitly since 
they established the breakdown of the velocity proportionality for very 
slow ions and the H/He anomaly. Both features were explained by 
refined ab initio calculations with the real-time time-dependent density 
functional theory (RT-TDDFT) (Ahsan Zeb et al., 2012; Correa, 2018). 
These experiments are reasonably well reproduced by SRIM but not by 
ASTAR. Unfortunately, the present study is restricted to energies about 
two orders of magnitude higher and we cannot contribute much to such 
an interesting discussion. However, even in the few MeV region here 
contemplated, differences of up to ≈±10% do exist (compare sets a, 
g, and f in Al or f, h, and m in Au). Predictions from the RT-TDDFT 
approach are available up to 3.5 MeV (Ullah et al., 2018) for Ni ions 
in a Ni target suggesting SRIM values are too high by a similar figure 
of ≈10%. It is correspondingly not possible to rely on SCS calculations 
at a level of ≈0.5% without a direct experimental confirmation.

The ASTAR and SRIM approaches tend to agree very well at high 
energies while large deviations build-up at low ones. They are both 
similar in general terms, being based on the Bethe–Bloch formula with 
Bloch, Barkas–Andersen, shell, and density-effect corrections (Berger 
et al., 1993) above a few MeV. The needed parameters are extracted 
from a fit to the data: it is, thus, correct to term the method as 
semi-empirical. Approximated expressions, inspired by the Varelas and 
Biersack (1970) one, are adopted in the low-energy region with various 
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Fig. 1. Available SCS measurements of Al, Cu, Sn, and Au for 𝛼-particles (He ions) taken from the IAEA database (Montanari and Dimitriou, 2017; Montanari et al., 2024; 
Montanari, 2025) published from 1990. The keys are associated to the references in Table  1. The smooth behaviour predicted by the ICRU Report 49 (Berger et al., 1993) has 
been subtracted to ease the visualization of the discrepancies through the relative differences, reported on the vertical scale. The results of SRIM version 2013 are plotted as (red) 
dots.
procedures followed to achieve a smooth merge with the Bethe–Bloch 
formula. The latter part is clearly subject to larger difficulties as SRIM 
deviates from ASTAR by up to ≈40%, as mentioned above.

3. Experiment

The experimental setup is rather simple but great care has been 
exercised during each step, as well as in the characterization of the 
targets.

3.1. Preparation of the targets

The Cu, Sn, and Au targets used in the energy-loss measurements 
have been prepared from commercial-grade films manufactured by 
Goodfellow.2 The purchased foils have a nominal area of 25 × 25 mm2

2 Goodfellow Cambridge Ltd., the product catalogue is available from their 
web site at https://www.goodfellow.com.
3 
and a nominal thickness of 2.5 μm.3 They were all of the NLT grade. 
It is our understanding that the LT (light tight) and NLT (not light 
tight) types are essentially from the same production line, the LT 
ones being selected by Goodfellow through visual inspection. The LT 
types are more expensive, not readily available on the shelves to be 
purchased and, more importantly, not guaranteed by Goodfellow to 
have superior thickness uniformity. Therefore, we decided to purchase 
the NLT variant and make our own selection at the moment of choosing 
the part of the film to be employed. A portion amounting approximately 
to one quarter of each foil has been cut to be later glued onto a 
rectangular frame made of stainless steel. This support has dimensions 
of 15 × 30 mm2, a thickness of 0.5 mm, and a circular hole in the 
centre with a diameter of 10 mm. A few very small holes can easily be 

3 The Goodfellow catalogue numbers are CU000120 323-963-95, SN000070 
823-443-15, and AU000080 722-905-05 for the Cu, Sn, and Au foils, 
respectively.

https://www.goodfellow.com
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Fig. 2. Pictures of the Au target employed in the measurements. The upper and lower 
ones have been taken with front and backward illuminations, respectively. Five small 
holes can be easily spotted and then be found (with some patience) in the lower and 
upper panels, respectively.

spotted when the targets are back illuminated with a strong light. We 
have attempted to minimize their number both during the process of 
selecting the quarter of the foil to be cut and the orientation for gluing. 
Moreover, we have tried to position them away from the central region. 
The reader may gain a feeling of the overall results of the full procedure 
by inspecting the pictures of the Au target taken with both front and 
backward illumination. They are reproduced in the upper and lower 
panels of Fig.  2, respectively. The cases of the Sn and Au targets are 
similar, while no hole is visible in the Cu one.

The Al foil was borrowed from the Laboratório de Anlálise de 
Materiais por Feixes Iônicos (LAMFI) of the Institute of Physics of 
the University of São Paulo (IFUSP, Brazil). It is from the same roll 
characterized for the measurements of the SCSs for protons made at 
LAMFI by Moro et al. (2016). No holes could be identified in the Al 
target.

The determination of the foil thickness 𝑥0 (or better the mass 
thickness 𝜌 𝑥0) is of the same importance than that of the energy lost by 
the 𝛼-particles inside the target, since both enter on the same footing 
4 
Table 2
Purity and average areal density  𝑥0 = 𝑁A 𝜌 𝑥0∕ (where 𝑁A and  are the 
Avogadro constant and the molar mass, respectively) of the targets employed in 
the present work. The statistical, estimated as 1 standard deviation, and systematic 
uncertainties on  𝑥0 are also given.
 Target Purity Areal density Stat. unc. Syst. unc. 
 (mass %) (1019 atoms/cm2)

 Al 98.78 3.311 0.002 0.007  
 Cu 99.97 1.941 0.002 0.004  
 Sn 99.76 1.261 0.002 0.003  
 Au 99.90 1.558 0.002 0.003  

when a comparison to theory is attempted, see Section 6. It must be 
carried out before gluing onto the stainless steel frames. We found 𝜌 𝑥0
by measuring separately the area 𝛥𝐴 and the mass 𝛥𝑚 of the flake with 
a method very similar to that by Moro et al. (2016).

The area of the foils has been determined by taking images of 
them with a flatbed scanner model Perfection 610, manufactured by 
Epson®, selecting a resolution of 600 dpi. In this way, parallax errors 
have been avoided as compared to the method of making photos 
described by Moro et al. (2016). Ten images have been acquired of 
each foil in different positions and the ImageJ4 software has been 
employed to extract their area. The necessary calibration of the flatbed 
scanner has been performed by collecting images of a stainless steel 
rule in the horizontal and vertical orientations. The average of the ten 
determinations of the area has a typical standard deviation of the order 
of 0.4–1 mm2 or approximately 0.05%, 0.07%, 0.1%, and 0.1% for Al, 
Cu, Sn, and Au, respectively.

The foils have been weighted with a micro-analytic scale model XP6 
manufactured by Mettler Toledo® and installed at the Laboratório de 
Física Atmosférica (LFA) of IFUSP. The process is delicate and care 
is needed (Reichmuth, 2001). The equipment is seated on a special 
masonry table, which is mechanically insulated from the walls of the 
building to avoid the transmission of vibrations. An air conditioning 
system is present in the room to stabilize the temperature and dry the 
air. The scale has been switched on long before its use to allow to reach 
steady operation (Reichmuth, 2001). The foils to be measured have also 
been left in the room for quite some time to reach equilibrium with 
the air (Reichmuth, 2001). Draft during weighing is reduced when the 
sample has the same temperature of the air (the XP6 has a draft shield 
built-in by the manufacturer as well). A radioactive source is positioned 
close to the scale to ionise the air, which becomes mildly conductive. 
The charge eventually accumulated on the foils during the positioning 
on the weighting pan can then easily disperse. Five measurements 
have been taken for each foil, in different positions on the weighing 
pan, to check the overall reproducibility. This is also important to 
verify the absence of any charging-up effects (Reichmuth, 2001). The 
average has a typical standard deviation of ≈1 μg corresponding to 
approximately 0.003%, 0.01%, 0.02%, and 0.006% in Al, Cu, Sn, and 
Au, respectively. Since these values are smaller than the correction for 
the air buoyancy, we have taken it into account using the nominal mass 
densities (Reichmuth, 2001).

Combining the areas and the weights results in the areal densities 
of Table  2. The statistical uncertainties given in the 4th column (1
standard deviation) are the outcome of the error propagation from the 
measured quantities. The relative contribution of the uncertainty on 
the area is ≈5 to 17 times that of the mass. The correction for the 
air buoyancy becomes, therefore, unimportant for all targets except Al, 
where it changes 3.310⋅1019 to 3.311⋅1019 atoms/cm2 (see Table  2). The 
systematic errors, also listed in Table  2 (5th column), are discussed in 

4 ImageJ is an image processing program, written in Java. It was developed 
jointly by the National Institutes of Health and the Laboratory for Optical 
and Computational Instrumentation of the University of Wisconsin. More 
information can be found at https://imagej.net/ij/index.html.

https://imagej.net/ij/index.html
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Section 4.5. The result for the Al target agrees with that given by Moro 
et al. (2016) within ≈3%, which is ≈10 times the uncertainties estimated 
combining those of Table  2 with the ones by Moro et al. (2016). This 
difference gives an idea of the large-scale uniformity of the roll (as 
a figure of reference, Goodfellow grants a maximum batch to batch 
variation of ±25% for thicknesses below 0.010 mm).

The impurities in the Al foil have been studied employing Ruther-
ford Backscattering Spectrometry (RBS) by Moro et al. (2016) revealing 
the presence of C, O, Fe, Mn, and Zn with atomic percentage abun-
dances of (0.986 ± 0.064)%, (0.687 ± 0.058)%, (0.13013 ± 0.0041)%, 
(0.0341 ± 0.0010)% and (0.0098 ± 0.0021)%, respectively. The corre-
sponding purity is quoted in Table  2 as a percentage by mass, assuming 
it applies to the whole roll. No RBS investigations have been conducted 
for the Cu, Sn, and Au targets. The purities ensured by Goodfellow are 
provided in Table  2. Moreover, the supplier reports a typical analysis 
listing the elemental composition down to 1 ppm in mass. The targets 
have been kept in special vacuum chambers (larger ones for permanent 
storage and smaller ones for transportation), after their production, in 
order to slow down the natural oxidation process in air as well as the 
deposition of contaminants and moisture.

3.2. Radioactive sources

The 241Am source (model AMR.22 manufactured by Amersham®) 
was produced by chemical deposition on a copper disk. The layer of 
radioactive isotope is very thin to avoid any energy loss of the emitted 
𝛼-particles but, for the same reason, the activity ends up being low: it 
was ≈525 Bq during the measurements. The minimization of the energy 
lost by the 𝛼-particles inside the source is, however, of paramount 
importance for the success of the measurements because it directly 
competes with the energy lost in the target foils.

The 232Th source is actually a natural thorium target left over from 
a previous experiment. It was manufactured by electrodeposition on an 
aluminium film fixed on a rigid frame.

3.3. Experimental setup

The energy of the 𝛼-particles is measured with a Passivated Im-
planted Planar Silicon (PIPS®) detector model PD100-14-300AM man-
ufactured by Canberra®. It is of the partially-depleted type, meaning 
that the Si wafer is thicker than the depletion zone, with the connector 
mounted axially. The active area is 100 mm2. The manufacturer states 
a depletion region thickness of 300 μm, at the nominal reverse bias 
voltage of 40 V, and a nominal energy resolution of 14 keV (FWHM) 
for the 𝛼-particles from 241Am.

The setup consists essentially of a radioactive source, a collimation 
system, a target insertion device, and the detector, see Fig.  3. The 
241Am and 232Th sources have a low activity, as mentioned, and 
some care has to be exercised to avoid a too narrow beam that may 
decrease the counting rate excessively. The collimator is made by two 
holes, drilled in two aluminium plates, with a diameter of 6.5 mm
separated by a distance of 43 mm, see again Fig.  3. The two plates 
are actually connected on two opposite ends to form a box-shaped 
structure. The source is suspended quite close to the entrance of the 
collimator. The 241Am deposition, see Section 3.2, has the shape of a 
disk whose diameter is ≈7 mm, matching that of the hole. The target 
is held immediately behind the exit of the collimator, and the detector 
closely above the target so as to avoid any unnecessary geometrical loss 
of 𝛼-particles (Monte Carlo estimates are introduced in Section 4.4). 
Moreover, the use of as-open-as-possible apertures in the collimator 
allows to average the measured lost energy over a large fraction of the 
target reducing the impact of non-uniformities (see Section 4.5). The 
mean track inclination is still small in the current setup and is corrected 
for (see Section 4.4). The complete system is mounted inside a vacuum 
chamber connected to a turbomolecular pump. The air pressure has 
been maintained below ≈7 mPa during the measurements.
5 
Fig. 3. Cut view of the experimental setup. The source-collimator-detector axis belongs 
to the plane of the figure, which is also perpendicular to the aluminium lids forming 
the collimator.

The electronics read-out chain consists of a 142IH preamplifier, 
a 572 shaping amplifier, and a 927 Aspec peak sensing ADC, all 
manufactured by Ortec®. The PD100-14-300AM is reverse biased at 
40 V by a 710 power supply, also manufactured by Ortec®. The cable 
connecting the PIPS detector with the 142IH has been kept as short as 
possible with a total length of ≈30 cm and a vacuum feedthrough more 
or less in the middle. The gain of the 572 amplifier has been set to 
30 and the shaping time to 2 μs. All acquisitions have been made with 
8192 channels. Typical runs lasted between one and two days.

4. Data analysis

A precise energy calibration is of foremost importance to obtain 
accurate energy-loss values. The response function (RF) of the PIPS 
detector is not well approximated by a simple Gaussian for monoen-
ergetic 𝛼-emission lines in absence of any target. Therefore, a better 
fitting model had to be devised. When the analysis is implemented well, 
only the slope of the energy calibration enters into the determination 
of the lost energy 𝛥𝐸1, i.e. the displacement of the most intense peak 
from 241Am when the target is inserted with respect to the no-target 
condition. The calibration process must cover, to ensure reliable results, 
both the energy of the direct 241Am peaks as well as the lower ones 
reached after the 𝛼-particles cross the targets. We have decided to 
employ the 232Th source because it was readily available and well 
suited to the task.

4.1. Detector response function

The RF of a planar silicon detector to monoenergetic 𝛼-particles 
is rather complex. This has been widely known for the older silicon 
barrier devices since the pioneering studies by L’Hoir (1984) (see also 
the other references given by him to his prior publications). It is also 
the case for the modern PIPS ones relied upon in the present work. 
In particular, the RF has an asymmetric tail towards lower detected 
energies mostly due to energy-loss straggling in the thin passive en-
trance layer and incomplete charge collection. L’Hoir (1984) proposed 
to model such a skewed peak using the convolution (Brandt, 2014) 
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deviation of the Gaussian, 𝛩 the Heaviside unit-step function, and 𝑑
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collection and energy-loss straggling in the entrance passive layer). The 
convolution of Eq. (1) with the expression of Eq. (2) can be carried out 
analytically arriving at 

ℎLH(𝐸,𝐸0) =
1
2 𝑑

exp
(

𝐸 − 𝐸0
𝑑

+ 𝜎2

2 𝑑2

)

× erfc

(

1
√

2

(

𝐸 − 𝐸0
𝜎

+ 𝜎
𝑑

)

)

,
(3)

where erfc is the complementary error function (Abramowitz and 
Stegun, 1972).

Note that the extension of the lower limit of integration in Eq. (1) 
down to −∞, as well as the normalization of the exponential in Eq. (2) 
in the interval (−∞, 𝐸0), is not fully consistent because, in reality, a 
deposited negative energy has no meaning. The expressions consistently 
considering the range (0, 𝐸0) are given by Mangiarotti et al. (2021b). 
Nevertheless, as justified there, the use of this more correct approach 
is relevant only if it is desired to describe the RF down to a lowest 
recorded energy threshold which is close to zero. Here, we are rather 
interested in the region of the spectrum close to the 𝛼-particle emission 
lines and, therefore, this further simplification is acceptable.

The non-dimensional quantity 𝜏 = 𝑑∕𝜎 is useful, as found by L’Hoir 
(1984), to characterize the distribution from Eq. (3). In particular, 
when 𝜏 ≪ 1, Eq. (3) is well approximated by a Gaussian. On the other 
hand, Eq. (3) is quite close to an exponential when 𝜏 ≫ 1.

It has, however, also been well known that Eq. (3) is not fully 
adequate to describe the RF of a planar silicon detector to monoen-
ergetic 𝛼-particles especially when using very thin sources: Bortels and 
Collares (1987) proposed to adopt the convolution with a Gaussian of 
two (or three) one-sided exponentials plus a constant. Our experience 
is, indeed, that Eq. (3) is not fully satisfactory for the thin 241Am 
source employed (see Section 3.2). Moreover, it is necessary to pay 
attention to the value of 𝜏 for each exponential introduced. When the fit 
results in a short-range exponential (i. e. 𝜏 ≪ 1), it becomes unstable 
due to the reduced sensitivity to 𝑑. We attempted to simplify the RF 
proposed by Bortels and Collares (1987) considering the convolution 
with a Gaussian of a Dirac 𝛿-function plus two one-sided exponentials 
𝑓sBC(𝐸,𝐸0) = (1 −𝑤1 −𝑤2) 𝛿(𝐸 − 𝐸0)

+ 𝑤1
1
𝑑1

exp
(

𝐸0 − 𝐸
𝑑1

)

𝛩(𝐸0 − 𝐸)

+ 𝑤2
1
𝑑2

exp
(

𝐸0 − 𝐸
𝑑2

)

𝛩(𝐸0 − 𝐸) ,

(4)

where 𝑑1 and 𝑑2 are the characteristic energy scales of the exponential 
tails, while 𝑤1 and 𝑤2 are the relative areas of their contributions. We 
refer to Eq. (4) as ‘‘sBC’’ standing for simplified Bortels and Collares. 
The proposed Eq. (4) is also based on our previous experience with 
electrons (Mangiarotti et al., 2021b). The convolution of a Gaussian, 
see Eq. (1), with the expression of Eq. (4) can be done analytically, 
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Fig. 4. Spectrum from the 241Am source. The fit (red curve) relied on the RF from 
Eq. (5), as described in the text. The contribution from each of the three 𝛼-lines are 
also plotted (green, cyan, and blue curves). The lower panel provides the ratio of the 
deviation from the fitted function to the statistical error for each bin.

yielding 

ℎsBC(𝐸,𝐸0) =(1 −𝑤1 −𝑤2)
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(5)

We have adopted Eq. (5) for the very thin 241Am source, Eq. (3) 
for the thicker 232Th source, and a simple Gaussian when the target 
is inserted. Each is, of course, multiplied by an overall normaliza-
tion factor before executing the fits described in the next subsections. 
They have been made with the C++ reimplementation of the MINUIT 
package (James and Roos, 1975) contained in the ROOT data analysis 
framework (Brun and Rademakers, 1997) by searching for the mini-
mum of the Pearson-𝜒2 (Baker and Cousins, 1984). Such a choice of a 
merit function avoids any difficulties with empty channels because the 
uncertainty in the content of each histogram bin is estimated from the 
square root of the fitted function.

4.2. Energy calibration

The calibration process relies on the accepted energies and branch-
ing ratios of 𝛼-emission lines. In fact, they are known with a precision 
far greater than the uncertainties associated with the present setup, 
being the subject of metrological publications (Bé et al., 2004).

The energy spectrum collected with the 241Am source is reproduced 
in Fig.  4. We have first-hand experienced the inadequacy of Eq. (3) 
to describe the data, as is well recognised in the published litera-
ture (Bortels and Collares, 1987). The fit has, afterwards, been made 
applying Eq. (5). It is shown as well in Fig.  4. Indeed, the source is 
thin resulting in small energy losses of the escaping 𝛼-particles and, 
consequently, the low-energy tails of the full-energy peaks are well 
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Fig. 5. Spectrum from the thorium source. The portion where the two lines from 228Th 
(cyan and blue curves on the left) and the one from 224Ra (green curve on the right) 
are located is singled out. The fit (red curve) has been performed with the RF from 
Eq. (3), as described in the text. The lower panel shows the ratio of the deviation from 
the fitted function to the statistical uncertainty for each bin.

preserved. The parameters 𝜎, 𝑑1, 𝑤1, 𝑑2, and 𝑤2 are common to the 
three lines; moreover, only one overall normalization factor is free 
because the relative intensities have been fixed to the branching ratios 
tabulated by Bé et al. (2004). The values from the fit are 𝜏1 = 1.41±0.08, 
𝜏2 = 7.3 ± 1.0, 𝑤1 = 0.050 ± 0.009, and 𝑤2 = 0.38 ± 0.02. The Gaussian 
component in Eq. (5) is thus necessary since it accounts for the majority 
of the RF area.

A straightforward calibration could be carried out with the three 
lines from 241Am visible in Fig.  4; unfortunately, the result would be 
too coarse to be of any use in the current context. We determined 
that a thorium source serves the purpose quite suitably because it 
delivers concurrently the lines from all the daughter isotopes in secular 
equilibrium. Namely, considering only the 𝛼 emitting species: 232Th, 
228Th,224Ra, 220Rn, 216Po, 212Bi, and 212Po (in order of appearance 
along the decay chain). They populate the energy range from ≈8.8 MeV
to ≈3.9 MeV and have all been included in the calibration for two main 
reasons. (i) The positions of the peaks from 241Am are still covered, 
without any need for an extrapolation, even after crossing the targets. 
(ii) The span is comfortably large to allow an accurate determination 
of the slope of the calibration (which is the only parameter needed 
here). We found out that Eq. (3) is fully adequate to fit the spectra and 
recourse to Eq. (5) is not necessary. Moreover, two strongly overlapping 
𝛼-lines are present in 232Th,228Th, and 212Bi with sufficient yields to 
deserve being independently accounted for in the fits (their relative 
intensities have been fixed, again, to the branching ratios tabulated 
by Bé et al. (2004)). As an example, the two lines from 228Th and the 
partially superimposed one from 224Ra are shown in Fig.  5.

The overall consistency of the different fits must be inspected since 
they have been carried out separately. We discuss the two most im-
portant variables. The values of 𝜎, converted to full-width at half 
maximum (FWHM), are plotted in the upper panel of Fig.  6. The error 
bars are those returned by the fit itself. It is important to mind that 
all the lines from the same isotope are adjusted with the same 𝜎: 
namely, the three from241Am, the two from 232Th, the two from 228Th 
and, finally, the two from 212Bi. The pair of dashed horizontal lines, 
visible in Fig.  6, encompasses an interval of ±1 standard deviation 
around the resolution of 10.5 keV (FWHM) obtained with a pulser 
(which generates a Gaussian peak). Only the case of 241Am at ≈13 keV 
7 
Fig. 6. Values of the parameters 𝜎 (converted to FWHM) and 𝜏 for the fits to the 
spectra used in the energy calibration (upper and lower panels, respectively). The error 
bars correspond to 1 standard deviation. The 𝛼-lines used are indicated in the legend of 
the upper panel. The horizontal dashed lines in the upper panel encompass the value 
obtained with a pulser with its statistical uncertainty (1 standard deviation). The lower 
panel contemplates the thorium decay sequence alone because a single value of 𝜏 is 
defined only for its fitting model, see Eq. (3).

(FWHM) comes close to the limit set by the electronic chain, actually 
somewhat below the declared expectation from the manufacturer (see 
Section 3.3). We attribute this difference to the thorium source not 
being as thin as the 241Am one (see Section 3.2): some energy-loss strag-
gling introduced additional broadening. This conclusion is in agreement 
with the mentioned observation that Eq. (5) is necessary for 241Am, 
while Eq. (3) is fully adequate for the lines from the thorium decay 
sequence. Bortels and Collares (1987) linked, as well, the need to adopt 
a RF with an higher number of one-sided exponential components to 
the use of thinner sources.

The results for 𝜏 from the lines of the thorium decay sequence, 
ensuing from the same fits with Eq. (3), are reported in the lower 
panel of Fig.  6. The error bars have been attributed like in the upper 
panel. Here too, the constraint to have equal RF parameters was applied 
on the lines from the same isotopes. The values of 𝜏 are intermediate 
between those of 𝜏1 and 𝜏2 for 241Am from Eq. (4) mentioned above 
(actually closer to 𝜏2 as implied by 𝑤2 being ≈8 times 𝑤1). The decrease 
of 𝜏 with energy is possibly linked to an improvement in charge 
collection (corresponding to faster dropping tails) for longer particle 
tracks (smaller chance of columnar recombination).

The reduced Pearson-𝜒2 is plotted in the upper panel of Fig.  7, once 
more, for the same fits. It is important to pay attention that some groups 
of lines are adjusted together (because they partially superimpose, see 
e.g. Fig.  5) and only one global value of 𝜒2 is defined: namely, the three 
from 241Am, the two from232Th, the two from 228Th along with the one 
from224Ra, and, finally, the two from 212Bi together with the one from 
220Rn. All values are reasonable, the worst case being that of 241Am, 
despite the use of the more complete Eq. (5) instead of Eq. (3).

A linear fit to the position of all the 13 lines, as a function of 
the nominal energies tabulated by Bé et al. (2004), has, finally, been 
undertaken to obtain the channel to energy conversion factor. The slope 
of the calibration is (628.8 ± 0.3) channels/MeV. The reliability of the 
final outcome can be judged by inspecting the residuals displayed in 
the lower panel of Fig.  7. Two main comments are in order. Firstly, 
the points from 241Am are indeed systematically above the others by a 
slight amount. It is possible that the energy losses, suffered inside the 
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Fig. 7. Values of 𝜒2∕ndf for the spectra used in the energy calibration (upper panel) 
and residuals from a linear energy to channel conversion (lower panel). The error bars 
in the lower panel correspond to 1 standard deviation. The 𝛼-lines used are indicated 
in the legend of the upper panel.

source, by all the lines from the thorium decay chain are systematically 
higher, as discussed above in connection with the consistently larger 
values of 𝜎. However, such an effect is, at most, of ≈0.2%. Secondly, a 
linear calibration is working quite well: beyond the three 241Am lines 
(affected by the first comment), the two others from 232Th are too low 
by ≈0.2%. Note, however, that these are a pair of close ones and the fit 
may give inaccurate results, as it happens also in the case of228Th (see 
Fig.  7). Thus, attributing all the deviation by ≈0.2% to a non-linearity 
in the RF of the PIPS sensor is possibly an overestimation. We did 
not consider necessary to: (1) introduce a non-linear calibration; or (2) 
account, separately, for the energy lost in the entrance dead layer and 
for the nuclear energy loss in the active detector volume, as it was done 
by Moro et al. (2016) following a recommendation from Pascual-Izarra 
and Barradas (2008).

4.3. Determination of the energy lost in the targets

The spectra of the 𝛼-particles from the 241Am source, transmitted 
through the Al, Cu, Sn, and Au targets, are plotted in Fig.  8. The most 
striking difference with respect to the direct one, see Fig.  4, is the 
spread introduced by energy straggling in the target: the three 𝛼-lines 
are not separable anymore and only one broad distribution is present.

It is possible to get a feeling about the general conditions to be 
met by the RF from Eq. (5) with a simple argument: the parameters 
𝑑1 and 𝑑2 can be assumed to remain more or less unaltered being 
related to the intrinsic properties of the detector and to the energy of 
the 𝛼-particles. One can, then, anticipate that the value of 𝜏2 would 
drop to 1.2 and to even smaller values for the Cu and other targets, 
respectively (that of 𝜏1 would be about at least five times smaller). 
The influence of the asymmetric tail of the RF becomes, thus, small 
and an approximation with a single Gaussian is both adequate and 
necessary to ensure the convergence of the fit when the sensitivity 
to 𝜏 gets reduced (see also the comments made in Section 4.1). Any 
residual asymmetry visible in Fig.  8 is rather the consequence of the 
underlying three decay lines, which cannot be well separated. This 
last observation explains, as well, the root of another difficulty to be 
faced: the broadening described by the 𝜎 of the Gaussian (having only 
one common value for each target) is correlated with the separations 
8 
Table 3
Values of Pearson-𝜒2∕ndf for the fits to the spectra measured with the 241Am source 
and the Al, Cu, Sn, and Au targets. The energy lost 𝛥𝐸1 by the 𝛼-particles from the 
most intense decay line of 241Am (𝐸1 = (5.48556 ± 0.00012) MeV Bé et al., 2004), 
its statistical, estimated as 1 standard deviation, and systematic uncertainties are also 
given.
 Target 𝜒2∕ndf 𝛥𝐸1 Stat. unc. Syst. unc. 
 MeV MeV MeV

 Al 1.08 0.89449 0.00013 0.004  
 Cu 1.10 0.8816 0.0004 0.003  
 Sn 1.30 0.8074 0.0004 0.004  
 Au 1.25 1.2021 0.0006 0.006  

between the lines and no convergence of the fit is possible if they are 
simultaneously left free. Therefore, both the relative intensities and the 
energy separation between the three lines have been fixed with the 
help of the tabulations published by Bé et al. (2004). Let us define, 
to streamline the exposition, 𝛥𝐸12 = 𝐸1 − 𝐸2 and 𝛥𝐸13 = 𝐸1 − 𝐸3 with 
𝐸1 = (5.48556 ± 0.00012) MeV the energy of the most intense peak (Bé 
et al., 2004) and 𝐸3 < 𝐸2 < 𝐸1. A first fit has been carried out assuming 
the nominal 𝛥𝐸(0)

12  and 𝛥𝐸(0)
23  by Bé et al. (2004) (which are converted 

to 𝛥𝑛(0)12  and 𝛥𝑛
(0)
13  in channels using the gain from the calibration). This 

initial step gives a displacement in channels 𝛥𝑛(0)1  of the position of the 
line at 𝐸1 with respect to the absence of target, which is converted 
into an estimate of the energy lost 𝛥𝐸(0)

1  in the target itself (still using 
the gain from the calibration). We assume that the SCS (𝐸) in the 
target is well described by ASTAR, because indeed it will turn out to 
be the case (see Section 6), and integrate 1∕(𝐸) to convert 𝛥𝐸(0)

1  into 
a mass thickness 𝜌 𝑥0. Once a first estimate of 𝜌 𝑥0 has been reached, it 
is possible to calculate, by integrating (𝐸), improved values of 𝛥𝐸(1)

12
and 𝛥𝐸(1)

13 , which take into account the crossing through the target. 
The new 𝛥𝐸(1)

12  and 𝛥𝐸(1)
13  are converted back to 𝛥𝑛(1)12  and 𝛥𝑛

(1)
13  (once 

more using the gain from the calibration). A final fit is performed to 
determine a more accurate 𝛥𝑛(1)1  exploiting 𝛥𝑛(1)12  and 𝛥𝑛

(1)
13 . The latter 

is, finally, used to arrive at our best estimate of 𝛥𝐸(1)
1 = 𝛥𝐸1, see 

Table  3. The 𝛼-decay lines get approximately 10% closer after crossing 
the targets than they are without them (i. e. 𝛥𝐸(1)

12 ≈ 0.9𝛥𝐸(0)
12  and 

𝛥𝐸(1)
13 ≈ 0.9𝛥𝐸(0)

13 ). Nevertheless, the effect on 𝛥𝐸1 is much smaller, 
remaining below 0.1% (i. e. |𝛥𝐸(1)

1 − 𝛥𝐸(0)
1 | ≈ 0.1%) even in the worst 

case of Al: no further iteration of the procedure is needed. Care has 
been exercised to program all these operations in such a way that 
only the gain is used; thus, any uncertainty on the intercept of the 
calibration does not concern 𝛥𝐸1. The targets are not thin enough to 
assume that the SCS is constant along the 𝛼-particle path: accordingly, 
they are sliced up into many layers during the numerical evaluation of 
the above mentioned integrals. The values of the Pearson-𝜒2 divided 
by the number of degrees of freedom ndf for the final fits are listed in 
Table  3 as well.

The statistical uncertainty on 𝛥𝐸1 is the outcome of the propagation 
of those on the positions of the most intense 𝛼-line at 𝐸1 (without and 
with target) and on the gain from the calibration (see Section 4.2). All 
three are returned by the respective fits. The systematic uncertainties, 
also collected in Table  3, deserve a more detailed explanation provided 
in Section 4.5.

The values reported in Table  3 for the Al target have been treated in 
a somewhat different manner than for all the others. The Pearson-𝜒2∕ndf
belongs to the fit of Fig.  8. However, 11 such spectra have been acquired 
to study the reproducibility with time and target position. They are 
used to estimate the contribution of these variables to the systematic 
uncertainties in Section 4.5. We do not have any reason to prefer any 
one of such measurements and, therefore, we supply in Table  3 their 
average weighted with their statistical uncertainties (Brandt, 2014). 
The corresponding statistical uncertainty quoted in Table  3 is, likewise, 
the standard uncertainty of the weighted average (Brandt, 2014).
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Fig. 8. Spectra measured with the 241Am source and the Al, Cu, Sn, and Au targets. The fit (red curve) with the sum of three Gaussians, representing the three 𝛼-lines, is plotted 
together with each contribution (green, cyan, and blue curves). See the text for more details on how it is carried out. The lower parts show the ratio of the deviation from the 
adjusted function to the statistical uncertainty for each bin in the region where the fit has been performed.
Note that Table  3 already includes the correction for the average 
track length increase due to inclination (𝛥⟨𝑐tr⟩ discussed in Section 4.4), 
for all targets, and that for the presence of impurities (explained in 
Section 4.5), for Al alone.

The 𝜎 of the Gaussian, one for each target, also contains interesting 
information. It is related to the spread of the histograms shown in 
Fig.  8, once due care is exercised for the presence of the three lines 
from 241Am through the fitting model, as detailed above. The 𝜎0 of the 
Gaussian convolved with the RF model adopted for the direct spectrum 
of 241Am (see Section 4.2) must also be subtracted quadratically to 
bring out the contribution from the target alone 𝜎𝛥𝐸1

= (𝜎2 − 𝜎20 )
1∕2. 

The final values are 𝜎𝛥𝐸1
= (62.9 ± 0.3), (33.5 ± 0.001), (107.6 

± 0.2), and (75.1 ± 0.2) keV for Al, Cu, Sn, and Au, respectively 
(the uncertainties are statistical only, representing 1 standard devi-
ation). The corresponding ratios to the energy straggling calculated 
with the Bohr high-energy non-relativistic limit (Bohr, 1915, 1948) 
𝜎B are 𝜎𝛥𝐸1

∕𝜎B = 3.0, 1.4, 4.2, and 2.1. The predictions for 𝜎TRIM
from TRIM version 2013 (Ziegler et al., 2010) are close to 𝜎B so that 
𝜎𝛥𝐸1

∕𝜎TRIM ≈ 𝜎𝛥𝐸1
∕𝜎B not explaining the measured discrepancies. The 

results for 𝜎𝛥𝐸1
∕𝜎B are an indication of the presence of microscopic 

(sub-millimeter) inhomogeneities of the foils: Sn being the worst one, 
in agreement with a larger observed number of holes (see Section 3.1), 
while Cu is the best. By the way, we searched for 𝛼-particles passing 
through the holes and, thus, appearing with the full energy in the 
9 
Sn and Au spectra, finding nothing statistically relevant above the 
expected background. The probability for a decay happening in the 
region of the surface belonging to the 241Am source just below the hole 
and producing an 𝛼-particle in the direction of the hole itself is too 
small to be observed. It is also important to remark that such small-
scale fluctuations in the thickness average out over the aperture of the 
collimators (6 mm in diameter, see Section 3.3) and do not affect 𝛥𝐸1
(related to the first moment of the histograms displayed in Fig.  8). 
The situation is different for the large-scale (millimetre) variations that 
contribute to the systematic uncertainty in 𝛥𝐸1 (see Section 4.5). The 
typical size of the former is more than one order of magnitude bigger 
than that of the latter (compare 𝜎𝛥𝐸1

∕𝛥𝐸1 with the 2nd column of Table 
4).

4.4. Track-length correction

The 𝛼-particles do not always hit the target perpendicularly. In 
general, their tracks form an angle 𝜃 with the normal to the surface of 
the source. An estimate of the largest inclination, 𝜃max, can directly be 
made from Fig.  3 by considering a line that grazes the borders of the 
lower and upper collimator holes on opposite sides: it is 𝜃max ≈ 7.2◦. 
The track length inside the target, 𝑐tr , can, correspondingly, suffer 
an extension of 𝛥𝑐tr ≈ 1% in the worst scenario. The measured lost 
energy is proportionally increased undergoing a change larger than 
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the statistical uncertainties compiled in Table  3 or the systematic ones 
discussed in Section 4.5 and must, therefore, be better studied.

A simple Monte Carlo program has been written in Fortran to 
simulate decays uniformly spread over the source (assumed to be a disc 
with a diameter of 7 mm, see Section 3.3) and emitting isotropically into 
the forward hemisphere. The 𝛼-particles are, afterwards, propagated 
along a straight line checking if they pass the collimation system and if 
they finally reach the active surface of the detector. Approximately 43% 
and 3.0% of the forward-moving 𝛼-particles go through the entrance 
and exit holes, respectively, with the dimensions given in Fig.  3. The 
same 3.0% hits the PIPS sensor without additional reductions. The 
average relative increase of the target thickness is 𝛥⟨𝑐tr⟩ = (0.10577 ±
0.00002 ± 0.00005)% for this particular subclass of tracks connecting 
the source and the detector. The first and second uncertainties are 
statistical and systematic, respectively. The latter has been estimated 
by using a larger source disk radius of 8 mm. It is the least known 
parameter of the geometry and it furnishes a somewhat exaggerated 
upper limit.

The result found for 𝛥⟨𝑐tr⟩ indicates that the simple argument 
presented at the beginning of this Section is a large overestimate disre-
garding the portion of the source disk visible under each inclination 
𝜃. The correction ⟨𝑐tr⟩ has already been applied in Table  3; but the 
corresponding uncertainties are not taken into account due to their 
smallness when compared to the others, see Section 4.5.

4.5. Budget of the systematic uncertainties

The systematic uncertainties need to be discussed separately for 
the two fundamental quantities relevant in the current work: the mass 
thicknesses of the targets, 𝜌 𝑥0, (see Table  2) and the energies lost in 
them by the 𝛼-particles, 𝛥𝐸1 (see Table  3).

The systematic effects on 𝜌 𝑥0 = 𝛥𝑚∕𝛥𝐴 originate from the determi-
nation of the area 𝛥𝐴 and of the mass 𝛥𝑚, see Section 3.1. The largest 
difficulty in settling the surface of the foil 𝛥𝐴 is its delimitation on 
the scanned image due to the irregularities of the borders. A manual 
procedure has been actually found to be superior to the automatic 
one implemented in the ImageJ code. The associated fluctuations are 
already accounted for by the standard deviation listed in Table  2 
because the ten images have been taken with different orientations (see 
Section 3.1) repeating the manual identification of the edges. However, 
the calibration of the scanner with the ruler is not free of problems. A 
portion of approximately 50.0 mm with finer marks every 0.5 mm has 
actually been employed with an accuracy essentially arising from their 
width. We estimate it as being 0.05 mm or 0.1% for each dimension. 
The final impact on the thickness can be found in Table  2.

Five possible sources of biases on 𝛥𝑚 can disturb the weighing 
process, according to the manufacturer of the microanalytical scale (Re-
ichmuth, 2001): (i) readability, (ii) repeatability, (iii) corner load devia-
tion, (iv) non-linearity, and (v) sensitivity drifts due to temperature and 
time. The first three are actually included in the statistical uncertainty 
given in Table  2 due to the way the measurements have been repeated 
(see Section 3.1). Mettler Toledo® grants a maximum non-linearity 
deviation of 4 μg for the XP6. It is, possibly, a large overestimation of 
the systematic error because it does not necessarily apply to the masses 
being measured. The thermal and time sensitivity drifts declared for 
the XP6 are 0.0001% per degree and per year, respectively. They are 
not expected to play a major role. We have been able to confirm such a 
conclusion by weighting the Al foil with two other different scales (also 
manufactured by Mettler Toledo®, models MX5 and UMX2) installed at 
the Laboratório de Anlálise de Processos Atmosféricos (LAPAt) of the 
Institute of Astronomy and Geophysics of the University of São Paulo 
(IAG-USP, Brazil) with similar cares to those described for the LFA (see 
Section 3.1). The maximum deviation found has been 0.0016%, which 
we regard as a reasonable estimate of the residual systematic error on 
the mass determination deriving from items (iv) and (v). It can safely 
be ignored, being much smaller than that on the area.
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Table 4
Contributions to the systematic uncertainties in the determination of the energy 𝛥𝐸1
lost in the four targets.
 Target Time stab. Uniformity Impurities Total  
 Al 0.33% 0.05% 0.04% 0.42% 
 Cu 0.33% 0.05% 0.001% 0.38% 
 Sn 0.33% 0.05% 0.10% 0.48% 
 Au 0.33% 0.13% 0.07% 0.53% 

The measurement of the lost energy 𝛥𝐸1 is subject to three main 
sources of systematic uncertainties: (i) time drift of the energy calibra-
tion between the relatively long measurements (days), (ii) large-scale 
(millimetre size) target non-uniformities over dimensions comparable 
to those of the collimator holes, and (iii) impurities present in the foils.

A series of 11 acquisitions has been repeated with the Al target 
over a period of approximately one month. The deviations in the 
reconstructed 𝛥𝐸1 over the full time span of the runs have been used to 
quantify the impact of (i). The maximum discrepancy found has been 
0.33% (see Table  4).

The setup allows to displace the target to the left and to the right, 
with respect to the nominal position, by 1 mm. Larger shifts are not 
warrant if the exit hole of the collimator has to remain completely 
covered by the foil. They have been repeated separately for the Al, 
Cu, Sn, and Au targets to gauge item (ii) above. Two acquisitions 
with the target in the nominal position have been made before and 
after the dislocations to monitor the time stability. The estimated non-
uniformities are collected in Table  4. The observed variations for Al, 
Cu, and Sn are below the sensitivity of the procedure given by the drift 
between the first and last spectra in the nominal position. Therefore, to 
be conservative, the latter is entered into Table  4. The non-uniformity 
of an Al target made from the same roll (see Section 3.1) was found 
to be 0.46% by Moro et al. (2016), employing the LAMFI proton beam 
with energies between 0.9 and 3.6 MeV and a size of ≈2 mm, much 
smaller than that of the holes of our collimator (see Section 3.3). It is, 
thus, generally consistent that a larger averaging area gives a smaller 
value.

The effect of the impurities (contribution (iii) above) has been stud-
ied with ASTAR, anticipating the conclusion of Section 6. The additivity 
rule by Bragg and Kleeman (1904) has been assumed, which is a good 
approximation for metallic films and the atomic numbers involved. The 
measured area 𝛥𝐴 and mass 𝛥𝑚, see Section 3.1, directly fix the mass 
thickness of each target 𝜌 𝑥0 = 𝛥𝐴∕𝛥𝑚, independently from the presence 
of contaminants, so that the appropriate quantity to be studied is the 
variation in the mass stopping power 𝑆∕𝜌 and not in the SCS  . The case 
of the Al target must be specifically handled because direct information 
on the type and abundance of the trace elements is available from 
the RBS analysis made on another item fabricated from the same roll 
by Moro et al. (2016), as recalled above. The cumulative effect of 
all of them is to increase the measured 𝛥𝐸1 by (0.14 ± 0.04)%, where 
the error has been assessed conservatively considering the discrepancy 
between the ASTAR and SRIM 2013 predictions. The most unfavourable 
combination of the uncertainty intervals attributed to C, O, Fe, Mn, 
and Zn by Moro et al. (2016) (see Section 3.1) yield a lower estimate 
of 0.02%. We have adjusted the measured 𝛥𝐸1 given in Table  3, as it 
was also done by Moro et al. (2016). Accordingly, the sole error on 
such a correction has to enter into Table  4. No RBS has been made for 
the Cu, Sn, and Au foils. Only the results of typical analyses, as stated 
by Goodfellow, are available. The ensuing percentage change of 𝛥𝐸1 is 
reported in Table  4. We did not alter 𝛥𝐸1 since the actual composition 
of our targets may differ somewhat from the average case and left all 
the effect as a cautious estimate of the systematic uncertainty associated 
to impurities.
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Fig. 9. Theoretical binding energies of the occupied (sub)shells for Al, Cu, Sn, and Au. The relativistic predictions ensuing from the HULLAC package by Bar-Shalom et al. (2001) 
are shown for Sn and Au (red circles and curve). Moreover, the relativistic FAC code by Gu (2008) has also been considered for Sn (green squares and curve). The values by Bunge 
et al. (1993), obtained within a non-relativistic Hartree–Fock approach, are plotted for Al, Cu, and Sn (blue triangles and curve). The non-relativistic ICSTO package by Badnell 
(2011) has been run for Au (blue triangles and curve). The experimental binding energies in solids by Williams (2015) are plotted for comparison (black stars). Dotted horizontal 
lines correspond to the Fermi energy of the DEG, 𝐸F.
5. First-principles calculation

The measurements offered in the present work represent a good 
tool to probe first-principles calculations. The shellwise local plasma 
approximation (SLPA-LM) by Montanari and Miraglia (2013), as im-
proved by Peralta et al. (2022, 2023), has been selected to predict theo-
retical SCSs of 𝛼-particles in metals. This model describes the electronic 
stopping considering the contributions of each atomic (sub)shell within 
the quantum dielectric formalism. It employs the Levine–Mermin (see 
below) 𝜀LM and the Mermin (1970) 𝜀M dielectric response functions for 
the bound and the valence or conduction electrons (Peralta et al., 2022, 
2023) of the metal, respectively.

5.1. General considerations and inputs

The SLPA describes the inelastic response of the target electrons 
to the ion perturbation (ionisation, energy loss, and energy-loss strag-
gling). It considers the electrons of similar binding energies as one 
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single electron cloud, characterized by their local density around the 
target nucleus, that responds collectively to the external action, in-
cluding binary collisions (single-electron and electron–hole pair) as 
well as collective excitations, screening among electrons, and electron–
electron correlations in the final state. Furthermore, it assumes the 
independent response of electrons with different binding energies. The 
model relies on the electronic structure of the target, namely the 
theoretical (sub)shell wave functions and the corresponding binding 
energies, supplemented by a damping constant.

The metals investigated here differ significantly, with their atomic 
numbers ranging from 13 to 79. We employ two theoretical approaches 
to describe their electronic structure. We rely on the non-relativistic 
Hartree–Fock results by Bunge et al. (1993) for Al and Cu. On the 
other hand, in the case of Sn and Au, we solve the many-electron 
Dirac Hamiltonian using the perturbative parametric potential model 
included in the HULLAC package by Bar-Shalom et al. (2001) and the 
self-consistent method with an effective potential implemented in the 
FAC code by Gu (2008).
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The theoretical binding energies for the (sub)shells of Al, Cu, Sn, 
and Au are displayed in Fig.  9. The importance of performing relativis-
tic calculations, with the above mentioned HULLAC and FAC packages, 
is assessed by confronting the predicted binding energies with the 
non-relativistic ones. The latter were taken from the work by Bunge 
et al. (1993) (based on Roothaan–Hartree–Fock wave functions) and 
from calculations with Autostructure by Badnell (2011) (based on 
Intermediate Coupling Slater Type Orbitals (ICSTO)) for Sn and Au, 
respectively. Although the differences between the non-relativistic and 
relativistic results are visible for all (sub)shells, the discrepancies are 
larger for the outer ones. A comparison with experimental values for 
solid targets (Williams, 2015) is displayed as well in Fig.  9. It is worth 
stating explicitly that the aforementioned atomic-structure calculations 
pertain to isolated atoms. No experimental binding energy is available 
for the electrons belonging to the conduction band, or the degenerate 
electron gas (DEG), of metals, as expected. The corresponding Fermi 
energy, 𝐸F, is highlighted by the horizontal lines introduced in Fig.  9. 
The improvement brought about by the relativistic treatment is evident, 
in the case of Sn and Au, for the N and higher subshells. More details 
about the relativistic calculations and the results for Zr, Nb, Pd, Er, Gd, 
Hf, Ta, Os, and Pt were given by Mendez et al. (2019).

5.2. SLPA-LM calculation

The SLPA-LM approximation implies that the dielectric formalism 
is applied to all atomic electrons. The SCS for a bare ion with charge 
𝑍1 moving with velocity 𝑣 is obtained by adding the independent 
contributions 

 𝑖 =
2𝑍2

1

𝜋𝑣2 ∫

∞

0

𝑑𝑘
𝑘 ∫

𝑘𝑣

0
𝜔 Im

[

−1
𝜀𝑖(𝑘, 𝜔)

]

𝑑𝜔 , (6)

where the subindex 𝑖 refers to a bound atomic (sub)shell or the DEG 
that models the valence electrons. The energy-loss function of each 
bound (sub)shell is expressed as 

Im
[

−1
𝜀𝑖(𝑘, 𝜔)

]

=  ∫ Im

[

−1
𝜀LM

(

𝑘, 𝜔; 𝜌𝑖(𝑟), 𝐸𝑖, 𝛾𝑖(𝑟)
)

]

𝑑3𝐫 . (7)

The dielectric response function 𝜀LM corresponds to the Levine–Mermin 
(Mermin, 1970; Levine and Louie, 1982) (LM) formulation by Peralta 
et al. (2022), which explicitly includes the binding energies 𝐸𝑖 and 
local electron densities 𝜌𝑖(𝑟) of the 𝑖th (sub)shell as well as a phe-
nomenological local damping 𝛾𝑖(𝑟) =

√

𝜋𝜌𝑖(𝑟). In turn, the contribution 
of the DEG to the SCS takes the form of Eq. (6) with the energy-loss 
function Im[

−1∕𝜀M(𝑘, 𝜔)
]

, whose parameters are the Fermi energy (or 
the one-electron radius 𝑟s) and the damping constant of the DEG, see 
below.

The theoretical number of electrons in the valence shell, necessary 
for applying Eq. (6), is clear for Al ([Ne]  3𝑠2 3𝑝1) and Sn ([Kr]  4𝑑10
5𝑠2 5𝑝2), namely 𝑁Al

e = 3 (𝑟s = 2.07, 𝐸F = 0.428 in atomic units) 
and 𝑁Sn

e = 4 (𝑟s = 2.22, 𝐸F = 0.373). The distinction is less sharp for 
transition metals, i. e. Cu ([Ar]  3𝑑10 4𝑠1) and Au ([Xe]  5𝑑10 6𝑠1): some 
𝑑 electrons are promoted to the DEG while others remain bound. We 
decided to take 𝑁Cu

e = 3 (𝑟s = 1.85, 𝐸F = 0.537), and 𝑁Au
e = 7 (𝑟s =

1.57, 𝐸F = 0.742), after examining the experimental optical energy-loss 
functions compiled by Werner et al. (2009). The damping constant of 
the DEG is also inferred from the work by Werner et al. (2009), namely 
𝛾 = 0.037, 0.29, 0.046, and 0.12 for Al, Cu, Sn, and Au, respectively. 
The value chosen for Sn is actually that of Te because Werner et al. did 
not report the optical energy-loss function of the former. The number of 
electrons assigned to the DEG is a crucial parameter for calculations at 
energies around and below the maximum of the SCS. However, in the 
energy interval analysed here, the overall SCS is nearly independent 
from the number of electrons in the DEG and first sub-valence shell, as 
long as their total amount stays correct.
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Fig. 10. Experimental SCSs of Sn for He-ions and protons from the IAEA 
database (Montanari and Dimitriou, 2017; Montanari et al., 2024; Montanari, 2025) 
after 1990 (included). The smooth behaviour, predicted by the ICRU Report 49 (Berger 
et al., 1993) for He-ions, has been subtracted from the SCSs (black letter keys, see Table 
1) to ease the visualization, as in Fig.  1. The proton SCSs have been scaled with 𝑍2

1
at the same velocity (red letter keys: a Sakamoto et al. (1991), b Bichsel and Hiraoka 
(1992), c Eppacher and Semrad (1992), and d Shiomi-Tsuda et al. (1994)).

5.3. The equilibrium charge state of He ions in Al, Cu, Sn, and Au

The dielectric formalism assumes a linear response because it is 
based on first-order perturbation theory. Correspondingly, a depen-
dence with the square of the ion charge 𝑍1 appears in Eq. (6). However, 
𝑍1 need not be that of the bare 𝛼-particle. The He ion interacts with 
the electrons of the atoms in the traversed medium, which gives rise to 
a sequence of capture and ionisation processes. The multiple electron 
transfers inside the solid make the projectile reach an equilibrium 
charge state that depends on its velocity. The electronic capture be-
comes negligible, at high ones, and the equilibrium charge state tends 
to be +2. We estimated the energy range where the charge state is +2
by assessing the validity of the 𝑍2

1 -scaling (for the same velocity). A 
comparison of the experimental SCSs for H and He ions crossing the 
materials of our targets has been carried out exploiting, once more, 
the IAEA database (Montanari and Dimitriou, 2017; Montanari et al., 
2024; Montanari, 2025). The case of Sn is displayed, as an example, in 
Fig.  10. The common behaviour, expected for He-ions according to the 
ICRU Report 49 (Berger et al., 1993) (ASTAR), has been subtracted to 
render deviations easily identifiable, as in Fig.  1. We have, thus, verified 
that the charge state of He is +2 for impact energies above ≈1.2, ≈2.0, 
≈2.0, and ≈1.6 MeV for Al, Cu, Sn, and Au, respectively. Thus, in the 
energy range of present concern, we calculated the SCSs for He2+ ions 
assuming the 𝑍2

1 -scaling. Stronger arguments can be made for Al and 
Au, see Section 6. They reach much better accuracies than those of the 
available data (see Figs.  1 and 10).

6. Results and discussion

The Al, Cu, Sn, and Au targets of the current work are not thin 
enough to warrant the assumption that the energy loss or, equivalently, 
the SCS, is constant along the path of the 𝛼-particles inside them. It 
is hardly possible to avoid such a limitation if a direct measurement 
of the mass thickness, 𝜌 𝑥 = 𝛥𝑚∕𝛥𝐴, by the mass, 𝛥𝑚, and the area, 
0
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Table 5
Comparison of the measured energy 𝛥𝐸1 lost in the Al, Cu, Sn, and Au targets, see Table  3, with the theoretical expectations 
from ASTAR, SRIM version 2013, cbethe, and the SLPA-LM approach. The quoted statistical and systematic uncertainties 
on the data are a quadratic and linear sums, respectively, of the contributions from 𝛥𝐸1 itself, see Table  3, and the target 
thickness, see Table  2. The signs of the differences between measurements and calculations are given assuming the former as 
reference.
 Target Exp ASTAR SRIM cbethe SLPA-LM

 𝛥𝐸1 stat. syst. 𝛥𝐸1 diff. 𝛥𝐸1 diff. 𝛥𝐸1 diff. MeV %
 MeV % % MeV % MeV % MeV %  
 Al 0.8945 0.05 0.6 0.8935 −0.1 0.8909 −0.4 0.8738 −2.3 0.8533 −4.6 
 Cu 0.8816 0.09 0.6 0.8790 −0.3 0.8643 −2.0 0.8427 −4.4 0.9152 3.8 
 Sn 0.8074 0.14 0.7 0.8088 0.2 0.8075 0.0 0.7790 −3.5 0.7937 −1.7 
 Au 1.2021 0.11 0.7 1.2038 0.1 1.2156 1.1 1.1655 −3.0 1.2872 7.1 
𝛥𝐴, is desired. Thus, the theoretical prediction for the lost energy, 𝛥𝐸1, 
must be determined by the condition that 𝜌 𝑥0 equals the mass range 
difference 𝜌 𝑥 in the continuous-slowing-down approximation 

𝜌 𝑥(𝐸i → 𝐸f ) =

𝑁A ∫

𝐸i

𝐸f

𝑑𝐸
(𝐸)

(8)

where , 𝑁A, and (𝐸) are the molar mass of the target species, the 
Avogadro constant, and the SCS for an 𝛼-particle with kinetic energy 
𝐸 in the considered material, respectively. The kinetic energies of the 
𝛼-particles entering and exiting the target are 𝐸i and 𝐸f , respectively, 
so that 𝛥𝐸1 = 𝐸i − 𝐸f . The integral in Eq. (8) is evaluated with a 
Gaussian adaptive quadrature from Quadpack by Piessens et al. (1983) 
and the condition 𝜌 𝑥(𝐸i → 𝐸f = 𝐸i − 𝛥𝐸1) = 𝜌 𝑥0 sought iteratively 
with the Brent method (Press et al., 1992). The expectations for the 
SCSs from ASTAR, SRIM version 2013, cbethe, and the SLPA-LM 
approach are confronted with the data from Section 4.3 in Table  5. The 
statistical and systematic uncertainties on the experimental 𝛥𝐸1 arise 
from the combination with quadratic and linear sums, respectively, of 
the corresponding relative contributions on 𝜌 𝑥0 and 𝛥𝐸1 from Tables  2
and 3, respectively. In fact, 𝜌 𝑥0 enters into the theoretical calculation 
through the constraint 𝜌 𝑥(𝐸i → 𝐸f = 𝐸i − 𝛥𝐸1) = 𝜌 𝑥0 enforced upon 
Eq. (8). The relative accuracy in the Gaussian quadrature has been set 
to 10−6. The original Fortran code supplied by NIST is exploited to 
calculate the SCSs from ASTAR at an arbitrary energy. It internally 
implements a spline interpolation of the tables from the ICRU Report 
49 (Berger et al., 1993). The energy grid for the output of the SRIM 
program cannot be easily changed: a linear interpolation on a log–log 
scale has been carried out on the default one. The differences in 𝛥𝐸1, 
when a spline (Press et al., 1992) is chosen instead, are at most of 
0.02% for all the four targets. The default sampling of cbethe has 
a step size of 25 keV while the SLPA-LM calculations have been run on 
a mesh of 150 equally-spaced points between 4.0 and 5.5 MeV. A spline 
interpolation has been relied upon in both cases.

The Al target employed by Moro et al. (2016) and the present one 
were both fabricated from portions of the same roll, as mentioned in 
Section 4.4. The former was used to obtain SCSs for protons between 
0.9 and 3.6 MeV. Moro et al. (2016) fitted the parameters of the original 
expression by Varelas and Biersack (1970) (see their Eq. (7)) to the 
available proton data between 0.5 and 4.0 MeV (i.e. by Moro et al. 
(2016) and from all previous publications listed in the IAEA database 
at that time). The numerical values are given towards the end of the 
right column on page 9 of the publication by Moro et al. (2016). 
We have evaluated numerically Eq. (8) with  from the Varelas–
Biersack expression, with the parameters by Moro et al. (2016), taking, 
of course, the due provision for the 𝑍2

1 -scaling and for the kinetic 
energy correspondence between protons and 𝛼-particles with the same 
velocity. The match to the 𝛥𝐸1 from Table  5 is within 0.5%. Such an 
agreement, beyond lending support to the estimates of the systematic 
uncertainties quoted in Table  5, confirms as well that the charge state 
of the He-ions (at least in Al) is indeed 𝑍1 = +2.

Let us now turn to a discussion of the comparison with theory. The 
semi-empirical ASTAR model behaves extremely well with a maximum 
deviation from the data for Cu of −0.3%, which is half the anticipated 
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systematic uncertainty. It is based on the Bethe–Bloch formula with 
the Bloch, Barkas–Andersen, shell, and density-effect corrections, as 
mentioned, above a kinetic energy threshold, 𝑇2, of 4.0, 6.0, 5.0, and 
2.0 MeV for Al, Cu, Sn, and Au, respectively (see Table 3.7 by Berger 
et al. (1993)), where the He-ions can be assumed to have a charge 
state of 𝑍1 = +2. The merge with a fully empirical expression fitted 
to measurements, employed below an energy cut-off, 𝑇1, of 1.0, 2.0, 
2.0, and 1.0 MeV, respectively, was made with a spline by Berger et al. 
(1993). The present experiment reaches down to 𝐸 < 𝑇2, towards 
the end of path inside the target, for Cu and Sn, where, apparently, 
discrepancies are larger. The ASTAR shell corrections for Al, Cu, and 
Sn are the same as those of the ICRU Report 37 (Berger et al., 1984) 
for electrons (ESTAR). It is called Model 1 by Berger et al. (1993). 
A new Model 2 was introduced for seven high-𝑍 elements including 
Au by Berger et al. (1993). The former approximated the atomic wave 
functions of the K and L shells with hydrogenic ones, while the latter 
extended the same procedure to the M ones as well. The remaining 
electrons (if any) are described with empirical modifications of the 
expressions for the L or M shells depending on whether Model 1 
or 2 is being applied. Model 1 and 2 work very well for Al and Au, 
respectively, judging from Table  5. Their parameters (as well as the 
mean excitation energy 𝐼) were adjusted to selected proton data (Berger 
et al., 1984, 1993), so that the present study furnishes an independent 
validation with 𝛼-particles. Moreover, it also confirms that 𝑍1 = +2
with high accuracy, at least for Al and Au, where the kinetic energy 
after leaving the foil is still above 𝑇2.

The general philosophy behind SRIM is quite similar to ASTAR. 
However, SRIM (for all versions released after 1985) is distributed only 
as a Windows® executable, preventing full knowledge of its physical 
content. It is included here due to its wide popularity in many areas 
of applied physics, mostly because it covers all pure elements (ASTAR 
accounts for about half of them) and many common compounds, as 
targets, beyond all ionic species, as projectiles. The 1985 source code 
was fully documented in the book by Ziegler et al. (1985). The SCSs 
for 𝛼-particles were based on those of protons with a description of 
the equilibrium charge state. This was apparently still the case in the 
1995 version (Ziegler, 2004). However, the handling of the protons 
was altered between 1985 and 1995. An empirical parameterisation of 
the type introduced by Varelas and Biersack (1970) was adjusted to 
data in the former. A Bethe–Bloch-like expression with Bloch, Barkas–
Andersen, shell, and density-effect corrections was preferred above 
10.0 MeV in the latter. If this remained true in the 2013 version (undoc-
umented), the present experiment probed the empirical part. Beyond 
the expressions adopted in ASTAR and SRIM, the set of measure-
ments fitted to extract the needed parameters are certainly different. 
It seems that the choices made by the authors of SRIM are worse than 
those by the ones of ASTAR, except for Sn (where, remarkably, fewer 
publications were released, see Table  1).

A recent attempt by Salvat et al. (2022) and Salvat (2022) to 
improve the shell correction in the semi-empirical methods relying on 
the Bethe–Bloch formula has also been analysed. Its main advantage 
is to profit from much more realistic Dirac–Hartree–Fock–Slater wave 
functions for all (sub)shells. The energy ranges relevant for our data, 
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unfortunately, reach below the validity limit of 5.0 MeV stated for 
𝛼-particles by Salvat (2022). Salvat (2022), however, sets the same 
threshold for protons to 0.75 MeV, corresponding to 3.0 MeV for 𝛼-
particles, which covers the needs of the present work. We interpret the 
discrepancy as arising from concerns about the possible equilibrium 
charge state. We are rather sure that for Al and Au the issue is not 
relevant, as explained above, and attempted to apply the SCSs for 
protons by Salvat et al. (2022) and Salvat (2022) with the appropriate 
scaling for 𝑍1 = +2 and the projectile velocity.5 The discrepancies 
ended up to be −2.3% and −3.0% for Al and Au, respectively, see Table 
5.

The SLPA-LM values displayed in Table  5 agree to the measurements 
within few percent, except for the Au target, where the mismatch 
reaches up to 7%. This is within the expectations for such a model. The 
SLPA-LM approach adds contributions from the conduction band and 
the bound (sub)shells, with the theoretical atomic wave functions and 
binding energies being the main inputs for the latter, as mentioned in 
Section 5. Different factors limit the precision of a model, depending on 
the approximations introduced. One can highlight the following aspects 
for the SLPA-LM one: the number of subshells explicitly accounted 
for (including the 4f-shell of Au), the calculated binding energies (the 
disagreement between theory and experiment for the 2𝑝-shell of Al 
is around 20%, see Fig.  9), and the uncertainty on the number of 𝑑-
electrons promoted to the conduction band (this affects the Cu and Au 
results, although, in the energy range of the present data, it should 
be negligible, see Section 5), beyond the approximations intrinsic to 
the dielectric formalism itself or the proposed phenomenological local 
damping for the response of the bound electrons. We checked the pos-
sible impact of the uncertainties on the input parameters by computing 
again 𝛥𝐸1 for the Al target with the experimental binding energies. The 
−4.6% of Table  1 gets reduced to −3.0%. On the other hand, the results 
for Sn, with a difference of less than 2% from the measured values, are 
promising because it is the first time the energy loss is calculated by 
the SLPA-LM method for such a material. Thus, no compelling reason 
appears, at the moment, to question its basic assumptions.

7. Conclusion

The 𝛼-particles from 241Am have been made to cross metallic foils 
of Al, Cu, Sn, and Au. The energy lost, 𝛥𝐸1, by those corresponding 
to the most intense line (𝐸1 = (5.48556 ± 0.00012) MeV) has been 
measured with a solid state detector. The gain calibration has been 
carried out with the 241Am source and a natural thorium deposition, 
covering the energy range from ≈8.8 MeV to ≈3.9 MeV. They are both 
thin to avoid as much as possible any additional contribution to 𝛥𝐸1
(one important aspect of the present work). The mass thickness 𝜌 𝑥0 =
𝛥𝑚∕𝛥𝐴 of the targets has been directly determined by finding out their 
mass 𝛥𝑚 and surface area 𝛥𝐴. This avoids any reference to the stopping 
powers of other particle species. Unfortunately, the films must endure 
the procedure and cannot be as thin as needed to yield a SCS.

The final impact of the statistical errors is negligible, being around 
0.1%. The measurements are rather limited by the systematic uncer-
tainties estimated to be 0.6 to 0.7%, combining those on 𝛥𝐸1 itself and 
on 𝜌 𝑥0 (since both enter when a comparison with theory is attempted). 
The largest part of 0.33% ensues from the long-term stability of the 
electronics. The non-uniformities of the films and their impurities have 
smaller influences. The aperture of the collimator of the 𝛼-particles 
is 6.5 mm, much wider than typical accelerators beams. This helps to 
explain why small-scale (sub-millimeter) point-to-point variations in 

5 The reader wishing to reproduce our calculations should run the cbethe 
program. The Fortran source code and the support libraries for atomic 
properties are available in the supplemental material by Salvat (2022). The 
default options have been always accepted and the SCSs for protons requested. 
They are supplied in the cbethe.dat file.
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the thickness of the targets were smeared out on 𝛥𝐸1. The average track 
inclination increased 𝛥𝐸1 by ≈0.1% and has been corrected for.

A comparison to the tables from the ICRU Report 49 (Berger et al., 
1993) (ASTAR) has revealed an excellent agreement for all the ma-
terials covered by the present experiment, the worst difference on 
𝛥𝐸1 being −0.3% for Cu. The SRIM program (version 2013) has a 
less uniform overall performance: it works better than ASTAR for 
Sn, behaves similarly for Al, but reaches discrepancies of 1.1% to 
−2.0% for 𝛥𝐸1 in Au and Cu (the normalization target of Mangiarotti 
et al. (2021b)), respectively. Both ASTAR and SRIM are based on 
semi-empirical approaches, where the needed parameters have to be 
extracted from stopping power measurements themselves on a material-
by-material basis. We attribute the worse reliability of the latter to their 
choice. Shell corrections from realistic Dirac–Hartree–Fock–Slater wave 
functions end up deteriorating the quality of the agreement up to 4.4%.

The shellwise local plasma approximation (SLPA-LM) represents a 
modern first-principles calculation exploiting exclusively the theoreti-
cal (sub)shell wave functions and binding energies, supplemented by 
a damping constant. It makes, at variance of both ASTAR and SRIM, 
no use of the experimental stopping powers themselves. The mismatch 
with the present measurements is at most of a few percent for Cu and 
Sn. The 𝛥𝐸1 for the latter (never calculated with such an approach in 
the published literature) is predicted with an accuracy of −1.7%. The 
situation is less favourable for Al (−4.6%) and Au (7%). The quality of 
the input parameters (most notably the binding energies for Al and the 
complex shell structure of Au) are currently limiting the precision of 
the model.
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