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Abstract. A new simulation program for Rutherford backscattering spec-
troscopy (RBS) together with an adaptive kernel method in the Bayesian proba-
bility theory framework was applied to the analysis of RBS data. Reconstructed
depth profiles are free from noise-induced ringing, even for strongly overlapping
RBS peaks. This has been achieved by the use of the adaptive kernel method,
which generates the least informative depth profile according to the data and in
addition allows one to calculate the uncertainty of the obtained depth profiles.
The method is applied to erosion measurements of carbon samples.

1. Introduction

Rutherford backscattering is one of the most important and commonly applied techniques in
guantitative surface analysis. Its main advantage is that it is fully quantitative. Moreover, in
favourable cases, the elemental composition of the sample may be determined to precisions as
high as 1% {]. Often the depth-dependent elemental composition of the sample, the depth
profile is at the centre of interest. However, the majority of spectra are complex and do not allow
for a simple interpretation.

During the last decade several computer programs for the forward simulation of RBS spectra
(direct calculation)assuming a depth profilsuch as RUMP J] or SIMNRA [3] have been
developed. These programs are well suited to compare the calculated and measured spectra
from a sample of known composition. But the usual problem is to infer the depth profile from
the measured spectra (inverse calculation). The determination of the depth distribution of sample
constituents remains a matter of trial and error with these programs. The user has to prescribe
depth profiles of all constituents and has to compare the simulated spectrum calculated from
the input profiles with the data. Using repeated adaption the depth profiles are adjusted until
a reasonable agreement of simulated and measured data is obtained. Obviously this evaluation
procedure has several shortcomings. Itis a time consuming and cumbersome task, the accuracy
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of the achieved depth profile is unknown and, in many cases, there is an ambiguity between
various depth profiles which fit the data equally well.

Bayes’ theorem enables us to overcome this trial and error procedure and to determine
the most probable depth profile underlying a measured RBS spectrum. The combination of
the adaptive kernel method in the Bayesian framewdiknfith an RBS simulation program
allows us for the first time to carry out this backward calculation. Together with the ability of
calculating the uncertainty of a determined depth profile, this extends the potential of RBS as a
tool for quantitative surface analysis.

In the following section the basic ideas of the Bayesian probability theory are outlined.
The RBS simulation program is described in sectioand the experimental details are given
in section4. Subsequently, the results obtained with the presented approach are discussed in
section5, and we conclude in sectidh

2. Theory

2.1. Structure of the problem

Depth profile determination from RBS data is an inverse problem which isill-posed due to energy
straggling, noise and limited energy resolution. The general inverse problem can be described
by:

D=0f +n, (1)

where D represents the measured ddia = 1...N,, n the noise and a nonlinear operator
which transforms the unknown quantifywith its N degrees of freedom into the data space.
The operato© includes the model of the Rutherford backscattering process and the apparatus
transfer function. In our case it is convenient to sg@litnto

O = AB. ()

The linear operatod represents the convolution of the unblurred spectrum with the apparatus
function and the nonlinear operatBrthe Rutherford scattering process. The aim is to irffer
from the knowledge oD, O and the noise statistics.

2.2. Bayes inference

Bayesian probability theory provides a self-consistent mathematical tool for such inversion
problems. It allows us to exploit any type of testable information, such as experimental data
disturbed by noise, or additional knowledge such as expectation values or positivity constraints.
In the following we will merely outline the key ideas of the applied adaptive kernel method. The
mathematical and numerical details are explained in more detal) &j.

Statistical inference in the Bayesian formulation is a calculus based on two axioms: the
sum rule

PH|H+PH|I)=1 (3)
and the product rule
P(H,D|I)=P(H|I)P(D |H,I)=P(D |I)P(H |D,I). 4)
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We consider hypothesed, which we might have reason to formulate in the light of some
background informatioh. The sum rule states that the probability of a hypoth&skseing true
plus the probability of7, the negation of/, being true add up to 1. The product rule states that
the probability forH and D being true, given the background informatibrmay be expressed
as either the probability fok being true conditional or times the probability foD given that
H is true or vice versa. Solving equatiof) for P(H | D, I) we arrive at Bayes’ theorem
H|DP(D | HI) 5

P(D|1I) ®)
Bayes’ theorem describes a type of learning: how the probability for a hypotHeslsould
be modified on obtaining new informatioh). The probabilityP(H | I) is called the prior
probability for H, i.e. the probability that we assign b being true before new dafa become
available.P(D | H, I) is the probability for the data given that is true and is normally called
the likelihood. P(D | I) is called evidence and is in our case a normalization constant. Finally
P(H | D,I) is the posterior probability fof being true in the light of the newly acquired data
D.

A simple consequence of the sum and product rule but nevertheless important ingredient

of Bayesian inference is marginalization, which allows us to eliminate a parameter from our
calculation that is essential but whose particular value is uninteresting by integrating it out

P(D [ H,1) = [ &P(x| H,)P(D | x, H,I). (6)

P(H|D,[):P(

2.3. The likelihood function

In our case, the posterior probabilify(f | D, o, I) for a certain depth profil¢ depends on

the measured RBS dafa, the respective errar, and on further prior knowledgeé Examples

for I are the positivity of the concentration values and the known bulk concentrations. The
probability that a certain depth profile is true given the data, is connected by Bayes’ theorem
to the term we are able to calculate and which describes the probability that we would have
observed the measured spectrum given a certain depth pRifile| f, o, ). The likelihood
function P(D | f, o, I) encodes all the information the data provide about the depth profile. In
the present case of a counting experiment with a large number of counts, the Poisson statistics
can be replaced by a Gaussian likelihood function,

). @)

1
P(D|fo,I)= ———ex <— 2
(D | f,o,1) % aro, P —5X

where

di — >N Ay (Bf), )
S0y Aiy( f>]) | )

g;

Ny
=3 (
i=1

An estimation for the variance is usually givendﬂfr = d;, but for an experimentally determined
apparatus function a modifiedmust be usedd:

Ny
ol =o'l + Y AL(Bf): 9)

k=1
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A is the best estimate of the apparatus function Artle matrix of the pointwise uncertainties
of A. The likelihood variance from the data measurement is increased due to the contribution
from the finite precision of the measurement of the apparatus méitrix

A crucial part of solving an ill-posed inversion problem is the choice of the appropriate
number of free parameterd/(,.), which is usually unknown in advance. If, on the one hand,
the layers the sample is divided in are chosen too small, the reconstruction is done with a
resolution which is at least locally too higki(> N,.). This leads to noise fitting and therefore
to oscillating depth profiles. If, on the other hand, the layer thicknesses are toaVatgé\(, (),
the reconstruction fails in resolving structures which are supported by the measured data.

The adaptive kernel method is a powerful technique for adaptively reducing the effective
number of degrees of freedom (eDOF) of a form-free reconstruction. This multi-resolution
technique provides a local smoothness level depending on the amount of information in the data.
Smoothness of the depth profjfés imposed through a convolution of a hidden (‘pseudo’) profile
h with a smoothing kernek 8,9, 10]:

_ r—y
fla.hb) = [dy K ( ) ) h(y) (10)
with a local kernel widttb(y) depending ory. We use a Gaussian kernel,
coy\_ 1 | Lfr—y\
(i) = Vo [ s (567) ] ' -

If we choose a positivk a positive depth profil¢ is insured, sinc&” > 0. Inthe limitb — 0, the
kernel K approaches &function, resulting inf = h, which allows us to reconstruct arbitrarily
sharp structures. We obtain the conventional result where the depth profile is reconstructed with
N degrees of freedom. If we omit the convolutidn- 0) and maximize equatiorv) with
respect toh we do a usuak?-fit. A measure for the effective number of degrees of freedom
remaining after convolution witlx is given by

eDOF =) \/eigenvaluei(KTK)7 (12)

with eDOFe [1, NV].

2.4. Posterior probability

For the calculation of the posterior probability we need, besides the likelihood, the prior
distribution and the evidence. The prior distributiBif | 1) quantifies our knowledge about
the solutionf prior to the measurement of the dd?a The prior knowledge we include is thft

(the concentrations in the individual layers) is a positive additive distribution function for which
the adequate prior is the entropic aBgf | 1) o exp(a.S) [7], with S being the relative entropy

s:i(fi—mi—fim?f;) (13)

(2

of the depth profilef relative to a default modeh. We use a constamt. S penalizes structure
relative to the default model, depending on the hyperparamet®fe marginalize the parameters
a,h andb using equation), since we are only interested fn
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The posterior probability encodes our complete knowledge about the problem. Therefore
the knowledge ofP(f | D, o, I) allows to determine the expectation valye:

()= [€F [P Do) (14)

and the confidence intervals via the variance Yiar= (f?) — (f;)*>. The boundary conditions

for the concentrations;; ¢;; = 1 andc;; > 0 lead to an asymmetric posterior probability density
function. While the mean of the posterior can still be regarded as giving the best estimate, the
concept of an error-bar does not seem appropriate in this case, as it implicitly entails the idea
of symmetry. So we give as confidence interval the shortest intgfyal;;] that encloses the
correct value with a probability df7%

Pl < fi< fu | Do.1) = [V 4P| Doov) = 06T (15)

Finally we evaluate the multi-dimensional integral with a Markov Chain Monte Carlo integration.

3. RBS simulation

For RBS the operatoB includes the relationship between a given depth praofiland the
corresponding ideal RBS spectrumg.

3.1. Sample Description

The first step in spectrum synthesis is to subdivide the sample normal to the surface. The sample
is divided into layersl;, i = 1...Ny, with thicknesseg\z;. The Az; have to be sufficiently

small to achieve the resolution supported by the data. For eachilélyerconcentrations;;,

j = 1...N,, (with V. the number of constituents in the sample) on the layer boundaries have to be
assigned. Since the rear side of a layer coincides with the front side of the next layer, one obtains
for N layers(Ny + 1) - N. concentration values. This correspond$ite= (N, +1) - (N, — 1)

degrees of freedom, because the concentrations in each layer add .upnide a layer the
concentration profile is linearly interpolated. The spectibgis composed of the contributions

of scattering processes of the constituents in all layers of the sample (figure

3.2. Energy loss

The ion beam traverses the layers of the sample before and after the backscattering process. The
two dominant processes of beam ion energy loss are the interaction with bound or free electrons
in the target (‘electronic stopping’), and the interactions of the beam ions with the screened or
unscreened nuclei of the target atoms. The electronic stopping power data are taken from Ziegler
et al[11]. The nuclear stopping power for helium is calculated with the formula givefhdh [

dE(x)

With the stopping powe(T) _of constitueny inside layer: and concentratios;;, the total
j

stopping powet; in layeri can be approximated by Bragg’s rule:

dE dE
(@) 2o (%), “o

New Journal of Physics 1 (1999) 11.1-11.13 (http://www.njp.org/)


http://www.njp.org/

11.6 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT
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Figure 1. Schematic view of the sample composition (a) and the spectrum
contribution of one layer (b).

The equation for the enerdy(x) inside of layet, given a linear dependence of the concentrations

¢j(x) = a;;x + by; and for the stopping powetf; = — (%)ij = — (d;;E + f;j), is a linear
inhomogeneous differential equation with non-constant coefficients,
dE e
<dx> == (ayz +by) (di E + fi) (17)
i j

which is solved analytically. The energy loss inside a layer is calculated by a self-consistent
iterative algorithm, because the stopping power at the back side of the layer depends on the
energy of the ions there and vice versa. First the stopping powscalculated with the known
composition of the layer and the given enefgyat the front of the layer. With this; the energy

E, and the stopping powey, is then calculated at the back of the layer. Now we make use of
equation {7) and calculate successively better approximationgf@nde, until a self-consistent

value for F, is achieved. The calculated energy at the back side is the new entrance energy

E; for the next layer. In most cases only 3 to 4 steps are needed for a relative accur@cy. of

This procedure replaces the usually used stepwise approximation of concentration profiles with
a continuous one. Consequently, fewer layers are needed for an accurate description of a smooth
profile. Since the computational cost for calculating a depth profile is proportionsf fd.

the corresponding reduction of computation time allows to implement an interactive simulation
on contemporary hardware. Another advantage is the simple use of tabulated stopping-power
data because derivatives of the stopping power are not needed. In contrast, the well established
algorithm of Doolittle ] used in many computer codes requires the second derivative. Since
different codes take different ways (spline approximation, second difference etc) to calculate the
second derivative, they derive different stopping powers from the same data, leading to difficulties
in comparing the respective results.

3.3. Kinematics

The energy of the ions at the detector depends in addition to the energy loss due to the stopping-
power on the scattering kinematics. lons undergoing elastic Coulomb collisions with sample
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atoms are recorded in a detector which is positioned at a fixed amnglative to the incident ion
beam. The energ¥’ of the backscattered ions depends on the initial enérgyn the mass of
the incident ionsn,, on the mass of their colliding partnéf; and the deflection anglegiven
in the laboratory system and is given by:

2
2
m -2 m
\/1—(M‘;_> sin 9+ﬁ3C089
1+ m

E=FE (18)

According to this equation, ions undergoing a collision with a heavy target atom lose less energy
than ions colliding with a target atom of lower atomic mass.

3.4. Cross section data

The actual cross sectiendeviates from the Rutherford cross section
ZoZ; ) [\/ — 22sin” 0 + cos 9}
ElkeV] sin*0v1 — 22sin26

with = = 72 for both low and high energies as well as at small scattering angfgsand

Z; are the nuclear charges of the projectile and the target atom, respectively. The low-energy
dlscrepancy is caused by partial screening of the nuclear charges through the electronic shells
[13]. This screening is taken into account by a correction factor from LEcuy@rq'(E):

0.049Z02,"
ECM [ke\/] ’

Ec\ is the energy in the center of mass system. At high energies the cross sections deviate
from the Rutherford cross section due to the influence of the nuclear fagevhich is,
however, of minor importance in the present case. Deviations from the angular dependence of
the Rutherford cross section are negligible for Rutherford backscattering spectroscopy, because
of the large scattering angles.

orlb/sr] = 5.18 x 103-< (19)

oc=o0r-C(E) withC(E)=1 (20)

3.5. Energy loss straggling

The energy loss of charged patrticles penetrating the material is accompanied by a spread of
the beam energy due to statistical fluctuations of the energy transfer in the various energy loss
channels. Since the number of interactions is high, the energy broadening can be approximated
by a Gaussian. The program uses the correction of Lindhard and Sdienff Eonjunction with
Bohr’s theory of electronic stragglind.7]. This correction gives electronic straggling values
k. Which are considerably lower than those given by Bohr's theory. For high precision Chu’s
corrections 18] may be included. For the nuclear energy loss straggling of constijuaside
layeri x;;, Bohr's theory of nuclear straggling is used:

2
PnlkeV?] = 0262527 ( ) Ax;[10"*atoms/cr]. (21)

zjn

m0+Mj

Usually the nuclear energy loss straggling is much smaller than the electronic energy loss
straggling. Since we are dealing with Gaussian distributions, the total straggling of a constituent
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j inside layeri is given by quadratically adding the two independent contributions of electronic
and nuclear straggling:

= ’%?je + H?jn' (22)

For compounds, a simple addition rule, similar to Bragg’s rule, for energy loss straggling is
used [L9]. The straggling in the composite layeis the quadratic sum of the straggling of each
constituent weighted with the concentratign

lf?c = Z Cijli?j. (23)
J

2

Kij

The energy dependence of the stopping power inside a layer results further in a non-stochastic
broadening (or squeezing) of the energy distribution of the ion beam. This effect is calculated
analytically under the used linear approximation and leads to a correction acidre standard
deviationx; of an ion beam with the initial standard deviationf ; after passing layer is

given by

k; = (g; - /fi—l)Q + K. (24)

The contribution of geometrical straggling due to finite beam size and width of the detector
aperture is negligible in the RBS geometry, unlike in ERDA experimeitis [

3.6. Plural and multiple scattering

A principal assumption used in the simulation of RBS spectrais that the incoming particles suffer
only one significant angular deflection, i.e. the Rutherford backscattering event. A particular
fraction of the beam, however, undergoes further significant deflections along the incoming or
outgoing trajectories. This is called plural scattering. Furthermore, the particles are multiply
scattered at small scattering angles. It is possible to calculate plural scattering effects, which is,
however, extremely time consuming. Hence the calculation of dual scattering is usually only
used to check if plural scattering has a significant influence on the calculated spectrum. Multiple
scattering and the resulting energy spread has been recently reviewedany $21], but is not
included in the program.

4. Experiment

The interpretation of RBS data is required for the analysis of erosion measurements of plasma
facing materials in the ASDEX Upgrade fusion experime?®][ The solid inner walls
surrounding the plasma are exposed to an intense bombardment by plasma particles because
the confinement of the plasma by the magnetic field is not perfect. The surfaces of the inner
walls are mainly modified by ion implantation, erosion and by deposition of material from other
wall areas.

The importance of this problem for planned fusion power plants is emphasized by an
erosion analysis for ITER2B]. The modeled gross erosion yield of a carbon divertor could
reach a maximum dfm/burning-year, which is reduced by redeposition to albdirh/burning-
year according to the simulation. The modeling, however, faces exceptional difficulties due
to complex hydrocarbon transport phenomena and the lack of input data (e.g. for low energy
sputtering). Therefore, experimental determination of erosion and redeposition rates is necessary
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Figure 2. Apparatus transfer function measured on a 0.7 nm thick Co layer on
Si.

to validate the modeling and to improve the quantitative knowledge of the fundamental erosion
processes.

To determine carbon erosion rates in the divertor of ASDEX Upgrade, graphite probes
covered with al50 nm layer of*C were exposed to single plasma dischargé€ was used
because chemical erosion is unaffected by isotope substitution and to allow the measurement
of redeposited?C eroded at other plasma facing components. Furthermore, the electronic
stopping power in*C and!2C is the same and so the limited accuracy of the stopping power in
the simulation is cancelled. The sample was exposed in the outer divertor of ASDEX Upgrade at
the strike point region, which is the point where the outermost closed magnetic flux line touches
the plate surface with a corresponding maximum of the power load.

The samples were analysed using RBS with MeV “He ions before and after plasma
exposure with a total plasma exposure time of approximately 4 seconds. The backscattered
particles were detected at a scattering angl® of 165°. The apparatus transfer functioh
in equation @) is given pointwise by the RBS spectrum of a thin7(nm) Co film on top of a
Si sample (see figur®. The statistical uncertainty of the measured apparatus transfer function
modifieso; of equations{) and @) via equation 9). Notice the deviation from the Gaussian
shape at the high energy side (channelnd)). The apparatus function is energy dependent, but
its shape varies only slowly with the energy. For simplicity we use the same apparatus function
for all energies.

Figure3 shows typical spectra before and after plasma exposure. Before plasma exposure
the signal from thé3C layer at 430-580 keV is separated by a gap from the part of the spectrum
corresponding to th€C bulk material beneath théC layer. After plasma exposure the high
energy edge of th&C signal has shifted towards lower energigdi(keV). This indicates that
there is no longel*C at the surface of the sample. The peak at 430 keV is caus&€lst the
sample surface and by tHéC fraction below the surface. The difference of the RBS spectra
before and after exposure contains the information about the erosion and redeposition yields.
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Figure 3. Typical RBS spectra before and after plasma exposure. The shift of
the high energy edge tC is clearly visible.
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Figure 4. Depth profile calculated with a constraingd-Fit (¢ > 0 and
>, cij = 1) using the RBS data shown as dashed line in figurdhe sample
was divided in 23 layers with a thicknessiai x 10°atoms/cm.

5. Results

For determining the depth profiles from the measured RBS data a sjtyfieis insufficient

and results in depth profiles with negative concentration values. Even a constyaifiedith

the boundary conditions> 0 respectivelyh > 0 and)_; ¢;; = 1 leads to pointwise oscillating

depth profiles as shown in figure This is due to the ill-conditioned nature of the inversion
problem which results from the spectral broadening by energy straggling, the finite apparatus
energy resolution and the counting statistics. Under these circumstances, the data don’t contain
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Figure 5. '2C and'3C distribution before (a) and after (b) plasma exposure with
asymmetric confidence intervals using the data shown in figuréhe sample
was divided in 23 layers with a thicknessiai x 10'°atoms/cm.

enough information for a stable inversion, even in the present dase 48 < N,; = 221.

For this kind of problems the adaptive kernel method is well suited. The concept of adaptive
kernels provides local smoothness which makes the result robust against noise corruption. The
statistically significant information content in the data is optimally preserved by the local varying
kernel widths.

Figure5(a) shows the reconstructétC and*3C depth profiles of a sample before plasma
exposure with the depth expressed in terms of the areal atom density. The underlying RBS data
are given in figure8 as a solid line. The concentrations in each of the 23 layers add up to one.
The surface concentration 6fC (on the left-hand side) is above 90% and decreases slightly to
a depth corresponding @00 x 10'® atoms/cm. The remaining 10%—20% fraction 6fC is
caused by impurities in the coating process. The broad transition betwe&tlager and the
12C bulk can be explained by the interface roughness of the virgin sample.

After 4 seconds of plasma exposure the depth profiles have changed dramatically, as shown
in figure 5(b), calculated with the RBS data given as a dashed line in figufEhere is a>C
layer with a thickness of approximatelj0 x 10'°atoms/cri on top of thet*C. The maximum
concentration of>C has decreased, however, the thickness of‘idayer is nearly unchanged
corresponding to approximate#p00 x 10'° atoms/cm. Furthermore, there is a continuous
fraction of 12C in the whole sample with a minimum concentration of 20%. The soft transition
of the '2C concentration at the surface to th€ concentration inside théC layer can be inter-
preted by'2C atoms deposited into the pores of the EK98 graphite used as base material. This
conjecture is supported by the small (about 5%) but significant amount (note the very small con-
fidence intervals of°O in figure5(b) of 1°0 inside the wholé3C layer after exposure, because
oxygen forms, apart from carbon, the second largest impurity fraction of the ASDEX Upgrade
plasma. Inside the deposited layer'd€ at the surface of the sample tH® concentration
decreases from 20% at the surface to 5%. A detailed report of the erosion and redeposition in
fusion experiments will be presented elsewh@4.[ Notice the smaller size of the confidence
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Figure 6. RBS data (dots) together with selected error bars and calculated
spectrum (solid line) from the depth profile shown in fig&¢e).

intervals in figure5(b) compared to the initial measurement (figa)). This is due to the
better counting statistics (about 10 times higher ion beam fluence) which is also visible by the
lower noise in the underlying spectrum (figuBedashed line). Figuré shows the RBS data

as black dots and the calculated RBS spectrum (solid line) based on the depth profile shown in
figure5(b). The agreement is within the counting statistics. The effective number of degrees of
freedom of the depth profiles before and after exposur& areN = 24) and15.3 (N = 48),
respectively. This indicates a strong correlation of the concentrations between adjacent layers.

6. Conclusions

By combining an RBS simulation program with the adaptive kernel method the potential of depth
profile reconstruction from RBS spectra has been considerably extended. Itis a powerful method
for obtaining information from measurements with limited resolution and/or overlapping RBS
peaks. The unique property of depth profile reconstructions and simultaneous determination of
confidence intervals allows a reliable estimation of the quality of achieved depth profiles.

References

[1] Jeynes C, Jafri Z H, Webb R P, Kimba C and Ashwin M J 1997Surf. Interf. Anal25 254

[2] Doolittle L R 1985Nucl. Instrum. MethodB 9 291

[3] Mayer M 1997Technical Report Max-Planck-Institut fir Plasmaphysik 113

[4] Fischer R, Mayer M, von der Linden W and Dose V 1931ys. ReVE 556667

[5] von der Linden W 199%\ppl. PhysA 60 155

[6] Dose V, Fischer R and von der Linden W 1998 Deconvolution based on experimentally determined apparatus
functionsMaximum Entropy and Bayesian Methcoel$ J Rychert, G Erickson and R Smith (Dordrecht:
Kluwer)

New Journal of Physics 1 (1999) 11.1-11.13 (http://www.njp.org/)


http://www.njp.org/

11.13 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

[7] Skilling J 1990Maximum Entropy and Bayesian MethaasP F Fougre (Dordrecht: Kluwer)
[8] Silverman B W 1986Density Estimation for Statistics and Data Analy@disndon: Chapman and Hall)
[9] Skilling J 1991 Fundamentals of maxent in data analj$&imum Entropy in Actiored B Buck and V
Macaulay (Oxford: Clarendon) p 19
[10] Puette R C 1995Int. J. Image Syst. Techn@.314
[11] Ziegler J, Biersack J and Littmark U 198%e Stopping and Ranges of lons in Mattet | (New York:
Pergamon)
[12] Rauhala E 199%1andbook of Modern lon Beam Analysd by J Tesmer and M Nastasi (Pittsburgh, PA:
Materials Research Society)
[13] Anderson H, Besenbacher F, Loftager P and Moeller W 1218@s. RevA 211891
[14] L'Ecuyer J, Davis J A and Matsunami N 1979ucl. Instrum. Method$60337
[15] Bozoin M 1995Handbook of Modern lon Beam Analysid by J Tesmer and M Nastasi (Pittsburgh, PA:
Materials Research Society)
[16] Lindhard J and Scharff M 1958lat. Fys. Medd. Dan. Vid. Selsk7 15
[17] Bohr N 1948Mat. Fys. Medd. Dan. Vid. Selsk8 8
[18] Chu W 1976Phys. Rev132057
[19] Mayer J W and Rimini E 197Ton Handbook for Material Analysi€New York: Academic)
[20] Mayer M 1998SIMNRA User’s Guiddax-Planck-Institut fir Plasmaphysik
[21] Szilagy E, Rszti F and Amsel G 1998ucl. Instrum. MethodB 100103
[22] Krieger K, Roth Jet al 1997J. Nucl. Mat.241-243684
[23] Brooks J N, Alman D, Federici G, RuzD N and Whie D G 1998Proc. 13th Int. Conf. on Plasma Surface
Interactions in Controlled Fusion Devices, San Diego, CA
[24] Krieger K 1999 to be published

New Journal of Physics 1 (1999) 11.1-11.13 (http://www.njp.org/)


http://www.njp.org/

