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Abstract

Knowledge of the energy loss of ions in matter is fundamental to many applications dependent on the transport of

ions in matter, particularly ion implantation and ion beam analysis techniques such as Rutherford backscattering

(RBS). We have devised a new method for the experimental determination of these stopping powers: we extract both the

stopping powers and their uncertainties from RBS measurements with a Markov chain Monte Carlo method based on

Bayesian inference. Experimentally the method is simple, requiring only the collection of bulk RBS spectra at different

energies. We have validated the method on a technologically important system in which the stopping powers are already

known to a good accuracy: namely the backscattering of 4He off Si. We have re-analysed previously reported spectra

with incident beam energy between 1 and 3 MeV [Nucl. Instr. and Meth. B 161–163 (2000) 293], and determined the

stopping power of 4He in Si in an energy range 0.5–3 MeV with an absolute accuracy of 2%. We give new recommended

values for the stopping power parameterisation widely used for this system valid for both H and He beams up to energy

of 12 MeV. � 2002 Elsevier Science B.V. All rights reserved.

PACS: 06.20.Fn; 02.50.Ga; 34.50.Bw; 61.18.Bn
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1. Introduction

Knowledge of the energy loss of ions in matter,
commonly described as stopping power, is funda-
mental to many applications dependent on the

transport of ions in matter, particularly ion im-
plantation and ion beam analysis (IBA) techniques
such as Rutherford backscattering (RBS), elastic
recoil detection analysis, and nuclear reaction
analysis [1]. Because the data analysis is very
simple in principle, RBS can be used to obtain
quantitative and traceable information, and it is
used to characterise standards [2,3], including a
new certified standard recently released by IRMM,
Geel [4,5]. We demonstrated 1% accuracy recently
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in the determination of the In content of InGaAs
films [6].
The accuracy of RBS is however limited by the

accuracy with which the stopping powers are
known, which is currently around 5–10% [7,8].
This is a severe limitation on the accuracy of RBS
analysis of complex samples, or even of simpler
multielemental thin films.
The reason behind this accuracy level is two-

fold. On the one hand, the theoretical under-
standing of some critical parameters such as the
charge state of the ions is far from complete [9,10].
On the other hand, the experimental determination
of stopping powers is difficult and has led to
scattered data for the same ion/target pair [10].
Commonly used techniques such as measurement
of energy loss in transmission in thin foils are
technically demanding with foil composition and
thickness being notoriously hard to determine.
We have devised a simple method for the ex-

perimental determination of stopping powers. It
involves measuring the energy spectrum of back-
scattered particles from a known target (that is, the
RBS spectrum), which is experimentally trivial.
We then simulate a theoretical spectrum for the
known experimental parameters. Its shape de-
pends on: (a) the scattering kinematics; (b) the
experimental conditions; (c) the model for the
calculation of the theoretical spectrum, which in-
cludes single scattering, but ought also to include
plural scattering (a few large angle scattering
events) and multiple scattering (many small angle
scattering events); (d) the stopping power values. If
all other quantities are known, we can fit the
stopping powers to obtain a match between the
simulated spectrum and the data.
We use a Bayesian approach to do this sys-

tematically, including a consistent estimate of the
errors, using a modified DataFurnace code [11].
(DataFurnace is a code which uses the simulated
annealing (SA) algorithm [12] to fit, not merely to
simulate, IBA data.) We have previously reported
a similar Bayesian approach to the determination
of the error of the depth profiles extracted from
IBA spectra [13] for high resolution data [14],
RBS/ERD data [15] and optical multilayers [16].
We have also used these methods to analyse the
ambiguity of ellipsometry data [17].

We have selected an important system to work
on, namely backscattering of 4He, commonly used
in RBS analysis, off Si, which is technologically
important. We re-analysed spectra obtained with
beam energy between 0.5 and 3 MeV for an in-
ternational collaboration [18] aimed at using the Si
surface yield for use as a calibration standard. The
results are compared with other literature values,
in particular the recent direct measurements of He
stopping in Si by Konac et al. [7], the careful
measurements of backscattering spectra by Len-
nard et al. [8] and the detailed calculations and
measurements on self-supporting thin Si foils by
Lulli et al. [19].

2. Rutherford backscattering

2.1. Theory

Rutherford developed his model of the atom
and calculated the scattering cross-section r in the
centre of mass frame of reference using a Coulomb
potential [20],

r ¼ ZmZMe2=4E sin
2 a=2

� �2
; ð1Þ

where Zm and ZM are the atomic numbers of the
incident and target particles with mass m and M
respectively; a, the angle of scattering; E, the in-
cident particle energy; and e, the electron charge.
Deviations from the Rutherford cross-section

exist, at low energies due to electron screening of
the nuclear charge [21], and at high energies due to
nuclear reactions between the two particles. These
can be either elastic or inelastic, but in either case
the cross-sections are determined by the details of
the interactions of the nuclear wave functions
of the particles. Accurate work can be done using
non-Rutherford cross-sections only when the
cross-sections themselves have been accurately
determined. There is now increasing interest in this
type of analysis, for example the extensive work of
Gurbich in evaluating elastic cross-sections [22].
In the collision, the backscattered particles lose

a fraction of their initial energy given by the ki-
nematics, that is, the consideration of the conser-
vation of energy and momentum. The scattering
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does not necessarily occur at the surface of a
sample. As the particles of the incident beam
penetrate the sample, they lose an amount of en-
ergy DEin, mainly through interactions with the
sample electrons. In the nuclear backscattering
event, the particles lose energy (DEK) according to
the kinematics. After scattering, they further lose
energy (DEout) on their way out. The energy of a
particle Edet at the detector after being scattered at
depth t and leaving the sample is then

Edet ¼ E � DEin � DEK � DEout; ð2Þ
where the DEin and DEout are integrals along the
path of the particle of the energy loss function
SðEÞ ¼ dE=dx.
Many measurements of these energy loss func-

tions S have been made, for many incident beams
and targets. Ziegler et al. [23] have prepared a
semi-empirical database of values for all elements
which evaluates all the available data and inter-
polates to elements for which there is poor (or no)
data.
The model used in this work (sketched above)

has some limitations. Firstly, we have considered
only a single large angle scattering event. We dis-
regard the existence of plural scattering, in which
several large angle scattering events take place,
and multiple scattering, in which many small angle
scattering events take place before or after the
backscattering occurs. These effects lead to an
enhanced yield at low energies, that is, a low en-
ergy background, as well as to degradation of
energy resolution [24,25].
Secondly, we have considered only the energy

resolution of the set-up. We have disregarded en-
ergy straggling due to the statistical nature of the
energy loss process, to the energy and angular
spread of the analysing beam, geometric straggling
cause by finite size of the beam spot and detector,
and multiple scattering. The influence of all these

factors can be calculated [26,27], but it is rather
involved and can be time consuming. Straggling is
minimised at normal incidence, and is a very small
effect at small probing depths.

2.2. Stopping power parameterisation

It should be noted that different experiments on
the same incident ion–target nucleus pair did not
always yield consistent results. Several different
methods to measure stopping powers have been
devised and used, but the experiments are nor-
mally hard to perform and even when the same
method has been used, differences up to 10% have
been obtained (Lennard makes this point force-
fully [8]).
Different parameterisations and calculations of

stopping powers have been presented. Parame-
terisations are based on fitting empirical or semi-
empirical formulas to the data available. The most
widely used have been those presented by Ziegler
and co-workers [10,23,28,29]. Other parameteri-
sations have been presented [7,30–33], which in-
clude different amounts of theoretical input and
simple ad hoc formulas. Theoretical calculations
of stopping power have also been formulated [34–
38]. In this work we will use the parameterisation
of [23] for the electronic stopping, which has a
functional form based on eight parameters to be
fitted,

SðEÞ ¼ ðSL� SHÞ=ðSLþ SHÞ; ð3Þ

where

SL � a1V a2 þ a3V a4;

SH � a5=V a6 lnða7=V þ a8V Þ; V � E=m:

The ai parameters determined by Ziegler et al.
are given in Table 1.

Table 1

Parameter values of the stopping power parameterisation used

a1 a2 a3 a4 a5 a6 a7 a8

ZBL 2.0720 0.0044516 3.5585 0.53933 1515.2 0.93161 1790.3 0.035198

This work 0.6286 0.0422970 3.3416 0.54056 1499.7 0.93180 2042.1 0.033552

Both the original tabulated values (ZBL) and the values fitted in this work are shown.
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2.3. Experimental details

Amorphous Si samples were produced by mul-
tiple implantations of Si into (1 0 0) crystalline Si,
producing an amorphous layer 3.7 lm thick [39].
The RBS measurements were conducted in Jena
at normal incidence using a 4Heþ beam at ener-
gies 1, 1.5, 2, 2.5 and 3 MeV. The data analysed
here are the same as those presented by Bianconi
et al. [18]. The energy calibration was through the
12C(p,p)12C resonance at 1.741 MeV and the
16Oð4He; 4HeÞ16O resonance at 3.032 MeV at an
accuracy of about 0.1%. The scattering angle was
170.2�, measured using a laser beam, which comes
through the whole beamline after the magnet and
is aligned with the ion beam. The accuracy of this
measurement is <0.1%.
The accuracy of the beam fluence measurement

was tested by comparing the spectra collected with
both a Heþ and a Heþþ beam at 2 MeV. They
agreed to better than 1%. The current integrator
was calibrated against a Keithley 220 Program-
mable Current Source (<0.1% certification). The
error in the determination of the solid angle of
the detector depends on the determination of the
physical dimensions of the system, and was 0.4%.
We have taken the total error on the fluence–solid
angle product of 1%. The energy calibration of the
electronics gain was determined from the surface
edge positions of Au, In, Si, O and C, with an
error of around 0.5%. All these sources of error
influence the error with which the stopping powers
are determined, and were taken into account in the
analysis.

3. Bayesian inference with the Markov chain Monte

Carlo method

Suppose that the result of an RBS analysis of
a sample gives a spectrum which we denote by
X ¼ ðX1; . . . ;Xk) where k is the number of channels
in the spectrum. This spectrum can be viewed as a
stochastic vector, at least in the sense that it has
been contaminated with noise and/or modelling
errors. However we assume an underlying deter-
ministic model which depends on a set of quanti-
ties H ¼ ðh1; . . . ; hnÞ. These parameters include

some over which we have some degree of experi-
mental control, such as the initial beam energy,
incident angle, and detector solid angle. It contains
known elements such as the sample composition
(pure Si in this case). It also contains parameters
about which we would like to learn, in this case the
stopping power curve. By combining the standard
theory of RBS and statistical models of the error
mechanisms we can connect X and H into a single
statistical model, which we denote by pðX jHÞ
where p is a probability density function for
the observations X given the parameters H. The
Bayesian inference problem is to infer information
about the parameters H given a statistical model
and the observed X. There is an exact mathemat-
ical answer to this problem given by Bayes’ The-
orem [40] which states

p HjXð Þ ¼ p X jHð Þp HÞ=pðXð Þ: ð4Þ

Using a standard theory of RBS we have a deter-
ministic model which takes the parameter H to an
expected spectrum. We call this the forward model.
Let us denote the forward model by the function
lðHÞ ¼ ðl1; . . . ; lkÞ where li is the expected signal
in channel i of the spectrum. Assuming for sim-
plicity independent Poisson noise on the channels
gives

pðX jHÞ ¼
Y

i

exp ð � liðHÞÞliðHÞXi=Xi! ð5Þ

This is very time consuming to calculate, and we
therefore use Gaussian noise instead in this work:
Gaussian noise is an excellent approximation for
the relatively high yields in normal RBS spectra.
The second factor we need, the so called prior
distribution we calculate by conditioning the
stopping power curve shape on the parameterisa-
tion given by Eq. (3),

pðHÞ ¼
X

p Hjaið ÞpðaiÞ; ð6Þ

where H are the parameters when there are exactly
n layers. We use a uniform distribution for the
prior on ai. We finally define the prior on H con-
ditional on a fixed ai. In general we have as a
starting point the ‘‘ZBL’’ stopping values given in
[23], but these do not represent the best values for
the case being studied, hence we will also assume a
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uniform distribution. Finally, pðXÞ does not de-
pend on H and can be treated as a constant.
Having found the mathematical form of the

distribution pðHjXÞ the following algorithm
makes computation possible. It is an example of a
so-called Markov chain Monte Carlo (MCMC)
algorithm, in which we construct a sequence of
parameter estimates H0;H1; . . . ;Hn. We proceed
from Hi to Hiþ1 by considering a candidate w
generated from some random distribution
qðHi;wÞ. Note that the candidate position depends
only on the current value of the sequence. Thus we
are in fact constructing a Markov chain. The
candidate w is then accepted (i.e. Hiþ1 is set to wÞ
with probability aðHi, wÞ according to the gener-
alised Metropolis–Hastings criterion,

aðHi;wÞ ¼ min p X jwð Þq w;Hið Þ½ 
= p X jHið Þq Hi;wð Þ½ 
; 1f g;

ð7Þ
General theory [41] tells us that the sequence
produced from such an algorithm will be a Mar-
kov chain, and that its equilibrium distribution
will be the required posterior distribution pðHjXÞ,
which contains all the information about the
sample given the data. With it, it is possible to
calculate the mean solution hHi as well as confi-
dence intervals given by the standard deviation
rðHÞ. In this case we take theHi to be the stopping
power curve, and the random distribution qðHi;wÞ
(chosen to be symmetrical for simplicity) acts on
the parameters ai.
This formalism has been discussed in more de-

tail previously [13,42]: we only need to point out
here that here we use a simple v2 function as an
approximate implementation of the probabilities
pðwjXÞ and pðHijXÞ, that is,

v2ðw;XÞ ¼
X

i

li wð Þð � XiÞ2: ð8Þ

4. Results

We have previously presented a code based on
the SA algorithm [12], the IBA DataFurnace,
which can analyse automatically RBS [11] and
other IBA data, determining depth profiles of the
measured samples. It also implemented the BI/

MCMC formalism to determine confidence limits
on the depth profiles obtained [13–16]. We have
now expanded the algorithm to include the possi-
bility of applying BI/MCMC to the stopping
power values, according to the formalism given
above.
The data are shown in Fig. 1, together with the

simulations obtained with the nominal experi-
mental parameters and the tabulated (ZBL85 [23])
stopping power values. First of all, it is seen that
the measured yield increases with decreasing en-
ergy (channel number) much faster than the sim-
ulation. This is due to plural and multiple
scattering as discussed in Section 2; other effects
such as slit scattering can also contribute. We
hence only used, for each spectrum, the higher
energy portion that is unaffected by plural and
multiple scattering. Also shown in Fig. 1 are the
final simulations using the new stopping powers
determined in this work.
It is clear that for the data collected for the

1 MeV beam there is a large discrepancy between
the data and the spectrum simulated with the ZBL
stopping power values even in the high energy
region where no plural and multiple scattering
exists. The discrepancy becomes smaller for larger
beam energy. It cannot be accounted for by the
small errors in the beam fluence and solid angle of
the detector, which are a normalisation factor on
the simulation. It must then be due to the stopping
power values.
We constructed a Markov chain with 112,000

elements, that is, 112,000 stopping power data sets
in the energy range up to 3 MeV. Each of these
data sets leads to RBS spectra that fit the five ex-
perimental spectra well, as defined by the v2 value.
As this is a simultaneous fit to all the spectra, we
ensure that the stopping power values determined
are consistent with the entire energy range probed.
To test for convergence, plots of moving aver-

ages of sample moments against the number of
accepted states were used. These plots converge to
a constant as equilibrium is reached. To calculate
the average and standard deviation of the ai and of
the stopping power curve, we used only the last
100,000 elements of the Markov chain.
We show in Fig. 2 the v2 values and some of the

stopping power parameterisation parameters for
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the accepted states in the Markov chain con-
structed. Initially there is a strong decrease in the
v2 value, corresponding to a rapid change in the
stopping power values to obtain a better agree-
ment between fit and data. Notice that, in the first
5000 accepted states, the experimental parameters
(charge and energy calibration) were kept fixed, in
order to get the best possible fit only by adjusting
the stopping power values. Hence the sharp de-
crease in v2 after accepted state 5000, which is
mainly due to small adjustments in the energy
calibration leading to a better fit of the Si edge.
Notice that, although equilibrium in the v2 value is
then reached almost immediately, we allowed for
7000 more accepted states before starting to cal-
culate the average and standard deviation of the ai
and of the stopping power curve.
The results obtained for the stopping powers

are shown in Fig. 3. They reproduce what was
expected: the largest difference between the tabu-
lated and determined values is for energies below 1
MeV. On the figure are also shown the energy

regions accessed with each initial beam energy. For
each beam energy two discontinuous energy re-
gions are accessed, one corresponding to the en-
ergy lost by the beam on its way into the sample,
and the other to the energy lost by the beam on the
way out to the detector. The discontinuity is due to
the energy lost in the elastic scattering event.
One should notice that the confidence limits are

narrower where the density of data available is
larger, that is, approximately in the energy range
1000–1700 keV. Above this value there are fewer
energy regions accessed, and the width of the error
bars increases. Finally, the minimum energy ac-
cessed is 482 keV. This means that energies below
that value are not probed at all, and consequently
the confidence limits are much broader.
Finally, we calculated a second Markov chain,

where the charge-solid angle product and the en-
ergy calibration factor were kept constant at their
nominal values. Only the value of the electronic
calibration offset was allowed to vary. In this way
the error bars obtained reflect only the yield sta-

Fig. 1. Experimental data (dots) and simulations obtained with the nominal experimental parameters and the tabulated (ZBL)

stopping power values (dashed lines). Simulations obtained with the final stopping power parameterisation shown in Table 1 are also

shown (solid lines).
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tistics in the data and do not include the uncer-
tainty in the experimental parameters.

5. Discussion

Bianconi et al. have measured the Si surface
yield at ascatt ¼ 170� in a round robin exercise, for
use as a calibration standard [18] (the data pre-
sented here are a subset of that work). This surface
yield depends critically on the stopping power
values. We show in Fig. 4 the surface yield as
calculated for all the stopping power values that
constitute the Markov chain constructed. The av-
erage for the last 100,000 accepted states is shown
in Table 2, together with the values derived by
Bianconi et al. The errors quoted for Bianconi
et al. include not only those due to the precisions
but also the standard deviation of the values ob-
tained by the different labs participating in the
round robin. Also shown are the values calcu-
lated by using the stopping powers determined by
Konac et al. (KKKNS) [7] and Lulli et al. [19] and

Fig. 2. (a) v2, (b) a3 and (c) a7 for the accepted states consti-
tuting the Markov chain constructed.

Fig. 3. Confidence limits (�1r) obtained for the stopping

power values (dashed curves). The energy ranges probed with

each initial beam energy are shown. ZBL (original tabulated

stopping power curve used as initial guess) is Ziegler et al. [23],

KKKNS is Konac et al. [7] and Lulli et al. is [19].

Fig. 4. Surface yield for the accepted states constituting the

Markov chain constructed.
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also those obtained from the ZBL85 stopping
powers [23].
The error bars obtained for fixed experimental

parameters are, as expected, smaller than those
obtained when the uncertainty in the experimental
parameters is included in the calculation. In both
cases, however, the results obtained compare well
within error bars.
The results obtained by us for the Si surface

yield are consistently smaller than those obtained
by Bianconi et al., however, they agree within the
error bars (see Table 2). One could say that the
methods used by Bianconi et al. and by us are
equivalent, as in both cases it is the height of the
spectra that is being used. However, while there
is no direct way of determining stopping power
values from surface yields, the inverse is trivial.
Furthermore, with our method we obtain directly
the whole stopping power curve up to the high-
est beam energy used, and, more importantly,
we obtain confidence limits on the values deter-
mined.
Both the data of Lennard et al., which constrain

the stopping power values at 0.5, 1, 2 and 3 MeV
[8], and those of Lulli et al., which determine the
stopping power values at 1.16, 1.5, 2, 3 and 3.7
MeV [19], agree with Konac et al.’s stopping
power values within 2%. Lulli et al. obtain a better
agreement by scaling Konac et al.’s values up by a
uniform factor of 2%., while Lennard et al. find a
slightly different energy dependence, correspond-
ing to spectral heights 1–1.5% smaller than those
calculated from Konac et al.’s data in most of the
energy range.
Hoshino et al. [43] have determined corrections

to the ZBL85 [23] stopping power values for beam

energies of 1.1, 1.6, 2.1 and 2.6 MeV. Their pro-
cedure was to fit the height of the theoretical
spectra to the data, in a small region slightly below
the surface. This procedure, while superficially
similar to ours, ignores the fact that the height of
the spectrum depends not only on the stopping
power at the energy of the incoming beam, but
also on the stopping power at the energy of the
outgoing beam. Hence there are many combina-
tions of these two values that lead to the same
signal height at any given channel, and their as-
signment of a correction factor for the incoming
beam energy is ambiguous. With our process of
analysing simultaneously all the data, we avoid
this problem. Furthermore, they relied on the
height of the signal of a Au thin film on top of
the Si for charge normalisation, not only accepting
the ZBL85 4He in Au stopping power as accurate,
but also, more importantly, not describing how
they have corrected for the low energy tail of the
Au signal. All in all, they quote a 3% statistical
uncertainty on their values but do not give an es-
timate of their systematic errors. Their values
range from 5% smaller to 4% larger than the data
of Konac et al.
We show the 4He in Si electronic stopping

power values obtained by us, by Lulli et al., and by
Hoshino et al. in Table 3 (Lennard et al. do not
quote Se values directly). In our case, we obtain
values which are between 2% and 4.5% larger than
those of Konac et al. It should be noted that the
data we analysed are those measured in Jena that
were included in the round robin exercise by
Bianconi et al. [18], and that from all the partici-
pating labs it was Jena that obtained the smallest
surface yields H0 in the energy range 1.5–3 MeV,

Table 2

Surface yield of 1500 keV 4He in Si at ascatt ¼ 170� (the errors given are of one standard deviation)
E0 (MeV) H0 (counts/ lCmsr keV)

1 1.5 2 2.5 3

This work 58:2� 1:5 28:45� 18 17:58� 8 12:33� 7 9:34� 8
This worka 59:1� 7 28:44� 14 17:55� 4 12:34� 4 9:38� 5
Bianconi et al. [18] 58:5� 9 28:8� 5 18:3� 3 12:7� 4 9:47� 17
Lennard et al. [8] 60:7� 1:2 – 18:1� 4 – 9:55� 19
ZBL85 [23] 57.2 27.7 17.1 12.0 9.06

KKKNS [7] 60.5 29.5 18.3 12.8 9.69

a The charge-solid angle product and the energy calibration factor were kept constant at their nominal values.
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corresponding to the largest stopping power val-
ues. We suggest that, by analysing simultaneously
the whole set of data collected by Bianconi et al. as
well as those collected by Lennard et al., we would
obtain stopping power values closer to those cited
by those groups, i.e. around 2% larger than the
values given by Konac et al., together with larger
error bars reflecting the dispersion in the different
data sets.
Several energy intervals (e.g. [2500, 2754] or

[2000, 2341]) are not accessed in the experiment.
That the confidence limits are not significantly
broader on these energy ranges is due to the fact
that, given results in only a certain energy region,
the parameterisation used effectively constrains the
stopping power values in the whole energy range.
This should pose no problem as long as the pa-
rameterisation can effectively describe all the pos-
sible shapes of the stopping power function
reasonably well. As it has been used by the vast
majority of IBA practitioners in the analysis of
countless experimental spectra, this condition is in
practice fulfilled.
Finally, we determined ai parameters consistent

with the data available, by performing a least-
squares fit of the ZBL parameterisation to the
stopping power values available. Below 1 MeV, we
used the KKKNS values [7], normalised by a
constant 1.02 factor in agreement with the findings
of Lennard et al. and Lulli et al. We considered in
the fit a 2% error in these data, which is the ac-
curacy mentioned by both groups. Between 1 and
3 MeV we used the values determined in this work,
together with the corresponding error bars, given
in Table 3. Between 3 and 4 MeV we again used
the KKKNS values with a 1.02 normalisation
factor and with 2% error bars. The 4 MeV limit is
that of the KKKNS measurements. Above 4 MeV
and up to 12 MeV, we used the original ZBL
values, but normalised at 3 MeV to the value
found in this work (37.65 eV/1015 at/cm2). We took
the errors in these values to be 10%. Furthermore,
we constrained the proton stopping powers that
result from the fitted parameterisation to the
original ZBL proton stopping power values. We
did this by simultaneously fitting the 4He and
proton stopping power to the ZBL values. We
considered a 5% error on the proton ZBL values.T
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The fitted stopping power curve is shown (up to
6 and 1.5 MeV only for 4He and protons respec-
tively) in Fig. 5. A perfect fit to all the 4He data is
not possible to obtain: for instance, at 1 MeV there
is a discontinuity between our data and the nor-
malised KKKNS values. However, this disconti-
nuity is covered by the error bars, and the best fit
obtained is always within error bars, with a v2

smaller than 1. The fitted ai parameters are given
in Table 1. As for the proton stopping powers, the
fitted values match the original ZBL data within
the error bars, although the peak is slightly smaller
in the fitted values.
Finally, we would like to comment that Bou-

dreault et al. [44] have very recently demonstrated
that this parameterisation is consistent with the
new Sb implanted certified standard [5] at the 2%
level. This new standard is now certified at 0.6%
(1r) and therefore further work will be able to
refine this parameterisation at unprecedented ac-
curacy.

6. Summary

We have devised an experimentally simple
method to determine the stopping power of ions in
matter. The method is general and experimentally
involves only measuring simple RBS energy spec-
tra. The data analysis is involved, and requires
using Bayesian inference with the MCMC algo-
rithm. As traditionally the problems in measuring
stopping powers have been associated with diffi-
culties in the experimental methods used, the al-
ternative we present could become extremely
useful.
The method employed uses Bayesian inference

with the MCMC algorithm not only to determine
the most likely stopping power curve in the whole
energy range up to the highest beam energy used
but also to provide one with confidence limits on
the results obtained, reflecting the uncertainty in
the experimental parameters and in the data col-
lection statistics.
We applied the method presented to one im-

portant particular case, namely backscattering
of 4He off Si, in the energy range up to 3 MeV.
The results were compared with critically evalu-
ated literature values and the agreement found was
good. We give recommended parameter values,
consistent with all the data examined, to be used
with the ZBL parameterisation. The validity of the
revised parameterisation has been checked for
both H and He beams up to 12 MeV. Users can
input these new values into their own energy loss
databases. Users should note, however, that we
have accepted the correction by Bianconi et al. [18]
and others of the KKKNS [7] values, and there-
fore that our recommended parameterisation give
values about 2% higher on average than KKKNS.
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Fig. 5. Fitted stopping power curve (dashed line) to the avail-

able values (solid line and error bars), for a) 4He and (b) protons.
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