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Abstract: An interactive computer program for the analysis of PIXE ( Particle Tnduced X-ray Emission) spectra
was described in this study. The fitting procedure consists of computing a finction Y (I, a) which approximates
the experimental data at each chanmel I. a 1s a set of fitting parameters (energy and resolution calibratior, X-rays
mtensities, absorption and background). The parameters of fit were determined by using a nonlinear least-
squares fitting based on the Marquardt's algorithm. The program takes into account of low energy tail and
escape peaks. The program was employed for the analysis of PTXE spectra of geological and biological samples.
The peak areas determined by this program are compared to those obtained with AXIL code
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INTRODUCTION

A reliable computer program that gives an accurate
determination of the peak area of characteristic X-rays 1s
of major importance for PIXE analysis. Knowing the
expected X-ray yield of an element in a sample, the peak
area 1s converted to elemental concentration. Therefore,
a good estimation of the peal area is very crucial for the
trace element analysis. PIXE spectra are complicated
because of the existence of following effects:

¢ Interference between I and K lines of heavy and light
elements respectively and between K, and K lines
of neighboring elements;

¢ Distortion of the lower side of the peak from the pure
gaussian shape due to incomplete charge collection;

¢  Pile-up peaks due to high counting rates;

¢+ Various physical sources contribute to the
background,

¢ rays absorption into the sample and in filters and
Si(L1) detector;

¢ Radiative Auger transitions.

This study deals with the description of a computer
program that was developed to perform PTXE spectra
analysis. The modeling method and the performance of
the program were also described.

DESCRIPTION OF THE MATHEMATICATL MODEL

Several approaches of PIXE spectra fitting and peak
modeling are described in the literature!"™. In this program,
the model function Y (I) at channel T is defined as the
superposition of an analytical function B (T) that accounts
for the background and a second term which accounts for
all the element lines that may be present in the spectrum.

HE ML,
Y =B+ ¥P YR, Abs(E,,).
1=l k=l

[G,,(D)+ Tail, (1) + Esc,, (1] (1)

Where, NE and NL; are the number of elements in the
sample and the number of lines of element 1, respectively.
P, i1s a free parameter corresponding to the area of the
element 1 R, ;is the relative intensity of K, line of
elementT. Tts’s correct Abs (F, ;) is a function depending
on x-ray energy which corrects x-rays attenuation in the
different absorbers. The absorption function at energy
E, corresponding to channel I is expressed as:

Abs(E,) = Ab(E,).Ab (E,) (2)
Ab (E)) describes the x-ray absorption into the Si(L.i)

detector and the filters. It is estimated by using the mass
attenuation coefficients from the compilation of data of
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McMaster et al.l'"’. Ab, (E)) represents the sample self-
absorption which is approximated by:

_ _ b2
Ab (E,) = % 3)
blEI ?
where, b,, b, are parameters.
Gy, (I) is an ideal gaussian representing the K, line of
the element 1. Tail, | (I) and Esc, ; (I) describe the low

energy asymmetry and the escape peaks, respectively.

Background model: The background model is expressed
as the sum of three components. Tt is given by the
following formula:

B(I) = BPol(I) + BExp(1) = BRem(I) ()
BPol(T) = I;zm a, (1~ L) (5)

BExp(I) = a,,.exp Tﬁ; a, (1-To)" (6)
BRem(I) = a,, Abs(E, ).exp T);BB a, (I-1)° (7

Where, T, is a fixed reference channel and 1, is the
channel corresponding to the incident energy E,
transferred by incident proton to free electron. E, 1s
approximated by:

* m ° (®)

Where, m,, m, are the mass of electron and proton,
respectively and E, is the incident energy. NB1, NB2 and
NB3 are constants.

The third term in the Eq. 4 accounts for the secondary
electron bremsstrahlung background whereas the first two
terms account for the other types of background, i.e. the
Compton  scattering and the proton bremsstrahlung
background.

Gaussian shape: The ideal gaussian function Gy | (I) is
expressed by:

ZEk,l)z

S lcc
= eXpl—
& s, P 207,

) (9)

1
Where, Oy = my and A = C; + C,E, . A depicts
the Full Width at Half Maximum (FWHM). C, and C,are
the parameters of the linear energy calibration. C,, C, , C,
and C, are handled as free parameters but varied under
some constraints. They are ncluded m the nonlinear

gaussian model m order to achieve the energy calibration
and the energy dependence of FWHM.

Low energy tail: A low energy tail is added to the pure
gaussian. It takes into account the asymmetry of the lower
side of the peak. In some cases, this tail may be neglected
since more than 95% of the detected pulses are contained
in a gaussian peak. However, when a weak peak is
superposed to the tail of an intense neighboring peak, the
relative area can be over or under estimated. In the
program, we have used the method described by
Marageter et al."). The tail function Tail,, (T} is given by:

Tail, (1) =(4+E_)exp(«l-C -C,E ).

oxp (-4(1-C, -C,E, ¥ (10
20,
Tail, ;= 0if 1> C, + CE, (1D

Escape peaks: The escape peaks are included in the
program. They are ftreated as pure gaussians. The
inclusion of the escape peaks tends to correct the Si-K,
secondary X-rays escaping from the sensitive volume of
the crystal during the photon absorption. Their relative
intensities are estimated by Clayton™:

1
[ =0.226(1-0.0141E}" log{l+ ————— 12
= 02260 logQl o) (2

The energy of the escape peak 1s related to the

energy B, of its parent element by:

B =E, -1739  (InkeV) (13)

1.739 keV 1s the 51-K, energy.
The FWHM of the escape peak is chosen to be the
same as for a characteristic X-ray peak at the energy E™,,

NONLINEAR LEAST-SQUARES FIT

The experimental data are fitted by using the least-
squares method. The parameters in the Eq. 1 are
determined by minimizing the %* function. The %’ function
is defined as follows:

E(YaDh-v)
Y,

i=l

¥’ (a1 = +£(C,,....C,.b.b,) (14

17732
I

Where, Y (T) is the model function, Y; is the yield at
chammel I and NC 1s the number of channels in the
spectrumn. f, 1s the constramt function and a 1s a set of
fitting parameters (Table 1). We have based the nonlinear
fitting on Marquardt’s algorithm!'? which combines both
the linearisation of ¥* function and the use of the gradient
search in order to assure the convergence.
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Table 1: List of fitting parameters (NP)

A5 1, -es 1 1B Polynomial background parameters

a1, .. & 1E2 Exponential background parameters

a1, ..., B HE3 Bremstrahlung parameters

ChL. Gy Energy and resolution calibration parameters
b, by Sample absorption parameters

P, ... Px Element areas

Table 2: Comparison of K, peak areas obtained with AXIL code and our
program for a prawn sample PIXE spectrum

1645-1649, 2005
THE COMPUTER PROGRAM

The program is designed for a fast interactive
operator control during off-line PTXE spectra analysis.
The expermmental data, the modeled specttum and the
modeled background may be visualized on a graphic
terminal. The program is flexible and easy to use. All the
input data are stored m one sequential file. The flow chart
of the program is depicted on the Fig. 1. An additional

Peak area ; e ; .
option is included in the program which allows the
Elements AXIL code This program determmation of the background prior to the fitting. In
Fe 194 186 this case, the background is modeled using a non
g” ?224 i’g IO polynomial approximation™ and stripped off from the
1n P . - .
As 134 145 orlgmal spectrum befc.)re. its fitting. We have found this
Se 17 24 option very useful for fitting large region, small peaks and
Br 717 689 complex spectrum. The peak areas which are evaluated in
1;b ;gg ;23 the fittng process are converted to element
= concentrations using a separate program.
- Read experimental PIXE spectrum Y, for (I = 1,..,NC)
- Input energy and resolation calibration
- Input the region to fit
- Input detector and filter absorption data
- Read energies E,,; and relative intensities R,,; of x-rays
contributing to PTXE spectrum (k=1,....NE, I=1,....NL)
- Initialize parameters : initial vector a,
- Initialize A =10, starting interation : t =0
- Define convergence criteria : €
- Define maximum number of iterations : max_iter
!
Evaluation the X* gradient: V X*(Y,a)
1 NC
ox® - Y
@) _, 3 (Y@ g, O 5 9% g e
da, i1 Y: da, da,
Evaluation the hesienne matrix: H(a,)
a:xr _ N¢ 9y . ¥.-¥@n . oY o,
H,- =—=—=2%, L Ix (aD]+ mn=1,. NP
da,da, i1 9a, Y, da, da,da,
:
Solve the linear system
e =- H+ALD . VX (a)
T=1+1
A=A +1 X’ (a,+e)<x"(a) A=A*10°
a,=a,te
convergence No
Yes

Convergence not
successful

Fig. 1: Flow chart of the computer program
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Fig. 2: Fits to the soil PIXE spectrum. Dots: experimental
data, solid line: modeled spectrum, dashed line:
modeled background
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Fig. 3. Fits to the prawn PIXE spectrum. Dots:

experimental data, solid line: modeled spectrum,
dashed line: modeled background

APPLICATION

The computer program used to 1s analyze PIXE spectra
of geological and biclogical samples. The spectra were
measured using 2.5 MeV protons of 10 nA beam current
delivered by 3.75 MV Van de Graaff accelerator at Algiers.
Two examples of fitted spectra are showninFig. 2
(¥*=16) and 3 (y’=15)" The experimental spectrum
is well reproduced by the fit and a good estimation of the
background is noted (Fig. 2). The same spectrum was also
analyzed by using AXIL code'. The fit is obtained with
(¥* =1.2). In Table 2, we compare the K, peak areas of
different elements evaluated with our program and AXIT,
code?. One can notice that the values of peak areas are
very similar. The observed deviations are due mainly to
the statistical errors.

CONCLUSIONS

The described computer program is widely used in the
laboratory to perform PIXE spectra analysis. The
inclusion of escape peaks and the low energy tail leads
toa more accurate evaluation of peak areas. The peak
areas determined by this program are siunilar to those
obtained with AXIT, code. The program will be improved
by the treatment of pile-up peaks stemming from high
counting rates.
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