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description of PIXE spectra is presented and applied to standardless semi-quantitative FixE
analysis. This method was implemented in the sofware PAMPA (Parameter Assessment Meinnd

for PIXE Analysis) and consists in minimizing the quadratic differences between an experin:>n-
tal spectrum and an analytical function proposed to describe it. The first results of PAMPA are
presented for the quantification of synthetic and mineral, thin and bulk samples, and they were
compared with results obtained with a commercial software.

1 Introduction

Particle induced x-ray emission (PIXE) is a powerful non-
destructive analytical technique used in different fields of science
and industry. One of the main advantages of this technique is its
very low detection limit, which allows for trace element charac-
terization.

In PIXE, like in some other spectroscopical techniques, the in-
put information is an x-ray spectrum and the output result is a set
of mass concentrations. Thus, to obtain reliable concentrations,
the main conditions that need to be fulfilled for the input data:
the spectrum must have an energy resolution good enough to dis-
criminate the different peaks involved, and each of these peaks
must have a number of counts leading to statistically significant
results. The procedure to obtain the output information from the
input data, i.e., the mass concentrations from the spectrum, can
be a hard task (even for high quality spectra) that comprises sev-
eral steps in which all the concentrations and other atomic and
instrumental parameters are related among themselves in a com-
plex way.

This work introduces a method to fit the experimental PIXE
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spectrum by means of an analytical function whose fitting va-
rameters can be chosen by the user. The whole set of optin:iz-
able magnitudes involves instrumental parameters, scale factors,
atomical parameters and the mass concentrations. This method
was implemented in a software called "Parameter Assessment
Method for PIXE Analysis" (PAMPA), which is available on inter-
net!. A software analog to PAMPA for electron probe microa..al-
ysis was published before? and several parallel considerativis
can be done. Both programs allows for different tasks depcrnd-
ing on which parameters are set as known and which ones a-e
optimized. For instance, if the sample is perfectly known and the
atomic parameters involved are known with sufficient precissicn,
instrumental parameters, such as those associated with detec.ion
efficiency? or peak asymmetry (related to incomplete charge 2.1-
lection in the detector)® can be assessed. On the other hand,
once the detection system has been properly characterized, \i'f-
ferent atomic parameters can be obtained, such as character stic
energies?, relative transition probabilities®, natural linewidth<®,
or parameters related to satellite lines”-8. Finally, if everythiug
else is known with sufficient accuracy, the mass concentrat’us
can be set as the refinable parameters of the fitting process. In rne
latter case, the software becomes a quantification tool or, at 1 - st,
allows for semi-quantitative standardless assessments®. This sit-
uation is faced in the present work for proton incidence.

Three kinds of samples can be analyzed by PIXE: thick, n'n
and intermediate samples. When samples are thick enougi to
completely stop the particle beam, there is no need to know rne
sample thickness to carry out quantification, since the integ=als
involved in the quantification procedures are computed for th*~k-
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nesses from zero to infinity. This "infinity" thickness, in practice
can be reached at 100 ym. On the other hand, when the sample
is very thin, the absorption of x-rays within the sample in their
way to the detector can be neglected, and all the calculations
are simplified. Nevertheless, in the latter case the sample thick-
10 ness is required, and its value can be obtained iteratively during
11 the quantification procedure, along with the concentrations. Fi-
12 nally, for the analysis of intermediate samples, the integral must
13 be carried out up to the proton exit energy or up to the sample

14 thickness, depending on which of them is known.
15
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Several quantification procedures have been developed and im-
Y - plemented for different kinds of samples in software for obtain-
38 ing the elemental composition by PIXE, for example, GUPIX 10-13,
GeoPIXE!#4, TTPIXAN'®, PIXYKLM!6, PIXEF!7, and SAPIX!®.
S o Some of these software tools were developed and optimized only
gl for local use, whereas other ones are more versatile packages and
22 were open to the users community. The performance of some
&3 of them for peak deconvolution and background subtraction was
&4 faced in an intercomparison study organized by the International
;5 Atomic Energy Agency'®20. From this study, it was concluded
26 that most of the programs obtain peak areas reasonably well.
.g? Nevertheless, even when a precise determination of peak areas
_?8 is one of the most important quantification steps, some effects
29 related to the emitted x-rays, i.e., production, absorption and de-
B0 tection, must also be carefully taken into account to obtain mass
1 concentrations from peak areas. The level of accuracy at which
o 2 these processes are known has a direct impact on the quantifica-
tion results.

'@5 Basically, all the quantification software tools available for PIXE
36 work in the following way: first, the selected peak areas are
%7 obtained from a non-linear least squares minimization proce-
©38 dure. To this purpose, the background must be previously sub-

9 tracted and certain peak profiles must be fitted to the remaining

O spectrum. Regarding the background subtraction, different ap-
21 proaches have been followed, such as the application of mathe-
‘%2 matical filters to the whole spectrum, or the use of empirical or
43 semiempirical background models. For the line shapes, Hyper-
44 met functions are the most used profiles because they account
45 for Gaussian instrumental broadening and peak tailing at the low
energy side, related to incomplete charge collection in the detec-
tor. In addition, step functions are also used to consider absorp-
tion effects. The parameter to minimize in order to get a good
fit is the so called y?; it represents the quadratic difference be-
tween the experimental and the calculated spectrum, weighed by
a statistical factor, which is usually the inverse of the square root
of the number of experimental counts. The peak areas obtained
54 by the fitting process are then corrected by absorption (when fil-
55 ters are used to prevent detector saturation) and detection effects
56 (pile-up and detector efficiency). Finally, the comparison of these
57 corrected areas to the calculated x-ray yields leads to a set of con-
58
59
60

49
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centrations. In this process, a peak (or multiplet) is assigned to
each element to be quantified.

The most versatile and used quantification software packages
are GeoPIXE and GUPIX. The first one was optimized for its ap-
plication in the field of geoscience and was extended for map
acquisition and quantification by microPIXE21-24, The second
one has been used to study different kinds of materials2>28,
and from its creation, different modifications were performed,
which are related to the user interface 1113, the physical parame-
ter databases!!4, and the detection efficiency correction proce-
dures 4. The main characteristics of the software packages men-
tioned in this section are very concisely presented in table 1; for
a more detailed description see refs. 10-20.29,

In this work, the main characteristics of PAMPA software pack-
age are presented and its performance is tested when used as
a quantification routine; to this purpose, mass concentrations
obtained by PAMPA are compared to the ones obtained with
GUPIX 12 for several thin and thick samples.

2 Experimental

Proton induced x-ray spectra from thin film samples deposited
on 2.5 um mylar substrates were measured with the NEC 3 MV
Tandem accelerator available at the Centro Nacional de Aceler-
adores, Sevilla, Spain. The samples analyzed were: CaF,, NaCl,
CsBr, Rbl, KCI, BaF, and GdFs, all of them supplied by Micromat-
ter Co., with a nominal 50 pg/cm? thickness certified to + 5%.
All the spectra were induced by 3 MeV proton beams, collecting
a total charge between 0.5 and 1 uC, except for BaF,, where 5
MeV protons were used and the collected charge was 2 uC. The
Si(Li) SSL30150 detector used has a 8-um-thick Be window, a 3-
mm-thick active layer, a 0.1-um-thick dead layer, a 70-nm-thick
Al electric contact and an active area of 30 mm?, according to
the manufacturer. This detector was positioned at 18 mm from
the sample surface, and the x-rays were collected at a 45° take-off
angle.

On the other hand, spectra from thick samples were obtained
at the 1.7 MV Tandem accelerator of the Centro Atémico Bar-
iloche, Argentina. The thick samples studied were: MgO (#1),
muscovite (#2), feldspar (#3), kaolinite (#4), NbO, (#5), Fe;03
99%-Al,03 1% (#6), CoO 5%-Cr,03 95% (#7), BCR (Basalt,
Columbia River) (#8) and GSP (Granodiorite, Silver Plume)
(#9). Spectra were induced by 2 MeV proton beams, collecting a
total charge of 1 uC for each spectrum. The x-ray detector used
was an SDD e2v SiriusSD with ultrathin polymer window, with
a 30 mm? nominal area placed at 15 cm from the sample (solid
angle of 1.33 1073 srad). According to the data provided by the
manufacturer, the ultrathin window Moxtek AP3.3 has a 380-um-
thick silicon support structure with a 77% open area and a 300
nm polymer layer. The detector has an aluminum electric contact
(30 nm thick) and an active thickness of 0.045 cm.

This journal is © The Royal Society of Chemistry [year]
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Table 1 Main features of several PIXE quantification routines.
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GeoPIXE GUPIX PIXAN/ PIXYKLM PIXEF SAPIX
TTPIXAN
Sample Thin, interm., Thin, interm., Thin, thick  Thin, thick Thick Thin, thick
thick, stratified thick, stratified
Developer CSIRO Guelph Univ. ANSTO ATOMKI LLNL NMCC
Australia Canada Australia Hungary USA Japan
K lines 6<7<92 6<7<92 5<7<62 5<7<56 11<Z<56 10<Z<60
L lines 20<Z<92 22<7<92 40<7<92 17<7<92 32<7<94 30<7Z<90
M lines 73<72<92 72<7<83,90-92 No 31<72<92 No for quant. No
Incident  'H,*He: 'H <5 MeV Iy In principle, 'H H, 2H,
particles  2-5 MeV ZH <6 MeV ions of any Z 3He, “He
3He <12 MeV and energy 0.1-40 MeV
“He <12 MeV
'H 20-80 MeV
Back- e SNIP Top-hat filter e EXP + e EXP + e SNIP e EXP
ground o User defined absorption  absorption e Clayton’s e User defined
o Iterative o Iterative method
e Experimental
Peak Gaussian + Voigt + Gaussian + e Gaussian e Gaussian + e Response
shape EXP tail + EXP tail + EXP tail + e Voigt + EXP tail function
Stefan-Boltz. flat step step EXP tail e Hypermet e Gaussian

Thick samples were prepared from powder analytical grade
reagents (except for the certified powder standards #8 and #9);
particularly, samples #6 and #7 were made by weighting and
mixing different compounds. Samples # 1 to #7 were analized
by Wavelength Dispersive X-Ray Fluorescence (WD-XRF). For the
analysis of sample #1, an F8 Tiger (Bruker) spectrometer was
used, while a Magi’X (PANanalytical) spectrometer was used for
samples #2 to #7. For the analysis performed with both spec-
trometers, the excitation was carried out by means of a Rh anode
and the detection was performed in He atmosphere. With the
aim of achieving a lower XRF detection limit, the corresponding
seven samples were fused to form glass discs in a Claisse M4 gas
fluxer using a LiBO; 50%-Li;B4O7 50% mixture as a flux. For
this reason, taking into account that some material can be lost
in the fusion process, the powder samples were calcinated at a
similar temperature (around 700 °C) before preparing the pellets
to be analyzed by PIXE. In the case of samples #8 and #9, the
nominal certified composition (certified by U.S. Geological Sur-
vey Geochemical Reference Materials and Certificates) was taken
for comparison. To obtain the nine pellets, the powders were de-
posited in aluminum 6 mm-diameter cups and compressed with a
hydraulic press.

This journal is © The Royal Society of Chemistry [year]

3 Spectral Analysis

The spectral processing carried out is based in a method of pa-
rameter optimization, which consists in minimizing the funct:~n

=y )

This function represents the squared differences between an ex-
perimental x-ray spectrum J; and an analitycal function I; pro-
posed to describe it2, which depends on atomic and experime..al
parameters and takes into account the continuous backgrou.ud,
the characteristic peaks from the elements present in the samnle,
and the spurious peaks, such as sum peaks and the Si inte.izal
fluorescence peak. The sum in Eq. (1) runs over all the spect.um
channels and the function J; is given by

I;=B(E)+ Y PjHjq(E)+ Y IpHyp(E:), ()
Jd spi
where B is the measured continuum background, H is the pretle
for the detected characteristic lines, and P denotes their intenzity,
the subindices j and ¢ represent the corresponding element =r.d
line, Iy, and Hj, are, respectively, the intensity and profile of e».h
of the spurious peaks, and E; is the energy of channel i.
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3.1 Minimization procedure

The algebraic complexity of the expression for ¥? involving the
predicted intensity I; for every channel requires a numerical pro-
cedure for its minimization. The downhill simplex algorithm 30
was chosen for the present application because it is a robust
10 routine, and requires only function evaluations, not derivatives.
11 This fact is particularly important since it is often necessary to
12 deal with functions whose computed derivatives do not accurately
13 point the way to the minimum, usually because of truncation er-
ror in the method of derivative evaluation.

©CoO~NOUTA,WNPE

Along with the simplex algorithm, a penalty function was im-

-, plemented in the cases for which a constrain is needed to be im-

2 o posed. That is the case, for instance, of mass concentrations,

which are restricted to positive or null values. In this case, the

S 0 function x2 to be minimized is modified so that it takes a large

1 positive value for negative values of the constrained parameters.
22 Thus, the new function to be minimized can be defined as

23
B4 F(fa)) = 12 ({a)) + p(fxed), 3)

g where the penalty function p, depending on the optimized pa-
»7 rameters {x;} takes large positive values when the constrain is
28 not fulfilled and it is zero in the other case. In the particular case
29 of mass concentrations:

30
N

g; p({x}) =LY, min{0,x;}. )
=1

23 ’

In the described example, the N mass concentrations are denoted
4 p
'@5 as x; parameters, which are included in the set of optimized {x}
Shg Parameters; the constant L is a large negative number.

37
38 3.2 Characteristic peaks
9 For thin samples the detected characteristic intensity P;, of the

@™ line ¢ corresponding to a decay to an / shell of the element j, can
50 be expressed as3!

43 BNavj((Eo)wj ebjqe(Ejg) (%) Cjpt

44 Pj’q — A ) (5)
45 jCOSa

46

where f is a constant proportional to the number of protons, Ny,
is Avogadro’s number, o; ¢ is the ¢-shell final vacancy production
cross section of element j, w; , is the corresponding fluorescence
yield, Ey is the energy of the primary beam, b, , is the g-line rela-
tive transition probability, £(E; ) is the detection efficiency at the
characteristic line of interest, Q /4 is the solid angle fraction sub-
53 tended by the detector, C; is the mass concentration of element j,
54 Pt is the mass thickness, A; is the atomic mass of element j and
55 « is the proton impact angle with respect to the direction normal
56 to the sample surface.

57 In the case of transitions to L shells, the final vacancy production
58
59
60

49
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cross-sections are related to the ionization cross sections o; by

o, = O, (6)
oL, = 6, +f126L, @)
oL, = O, +/236L,+(fi3+fi2f23)6L, , ®

where f;; is the probability of a Coster-Kronig transition from an
initial state with a vacancy in the L; subshell to a final state with
a vacancy in the L; subshell.

For thick and homogeneous samples, the detected characteristic
intensity can be expressed as3!

Pjg

_ PNav®jbjqE(Ejq) (%) Cj /0 0BT (B)IE o

Ajcosa Eo S(E)

where S = —dE /dpz is the stopping power (pz being the mass
thickness variable) and 7j , is the photon attenuation given by

u cosa (E dE

T—P{‘(p)eﬁsm} o

where (u/p); 4 is the mass attenuation coefficient for the charac-
teristic line of interest and 6,4 is the angle between the sample
surface and the detector.

3.3 Continuum background

A semi-empirical model is used to predict the continuum back-
ground B, generated in the sample 32, given by

log(B,(E)/d) = a+cE, 11

where a, ¢ and d are constants and E is the photon energy. This
model was developed to predict the continuous background gen-
erated in a carbon sample, but its functional shape also describes
properly the background produced by other materials.

In order to obtain the emitted background B, the model must be
corrected for photon attenuation in the sample. For a thin layer
placed at a mass thickness pz, B. can be related to B, by

B, = exp[—(1/p)(pz)cosec(Byp)| By (12)

For thick samples, the emitted background can be obtained by
integration of Eq.(12) from pz = 0 to the maximum penetration
depth of protons pz,, in the sample. By assumming a step model
for Bg, it is possible to easily calculate the integral, and the emit-
ted bremsstrahlung is

1= expl— (1/P) (Pamar)05ec( )]

B
¢ pcosec(Byop)

By, (13)

This journal is © The Royal Society of Chemistry [year]
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where pzqy is obtained from the sample stopping power, which
depends on all the mass concentrations.

3.4 Peak shape

Any characteristic line ¢ of an element j registered by a Si(Li)
or an SD detector can be roughly described by a Gaussian profile
Gj4(E;) of width o; , given by

Cjg="V I’lz~|>€0FE,‘7 14

where 7 is related to the electronic noise associated with the am-
plification process, F is the Fano factor, which is related to fluc-
tuations in the electric charge collected by the detector, & is the
energy required to create an ion-electron pair in the detector crys-
tal and E; is the photon energy.

A more careful description must take into account the asym-
metric tail at the low energy side of the peak due to incomplete
charge collection. The peak profile used in PAMPA accounts for
this effect by means of an exponential tail convoluted with a
3. The asymmetric shape is characterized by
two parameters: the amplitude 7;, and the width B;,, and it is
given by

Gaussian function

2

1 o5 (Ei—Ejq)
Q;q(Ei) = =tjqexp S exp :
Ja\Fi) = Fljq Zﬁjz,q Big
(15)
cerfe | 04 4 )4
( V2054 V2Big
Thus, the characteristic peak profile can be expressed as
Hjq(Ei) = M(Gjq(Ei) +Qjq(Ei)), (16)

where M is a normalization factor defined so that the integral of
H; ,(E;) be equal to one.

3.5 Efficiency

In order to determine the detector efficiency, for both detectors
used here (Si(Li) and SDD), it must be born in mind that to ac-
tually count a photon, it must arrive to the detector active region
passing through a supporting grid (only present in the SDD used)
and several layers: the window, the metallic ohmic contact and
the so-called dead layer, where detection is not possible. Taking
into account the different layers of the detector, the intrinsic effi-
ciency &, of the detector open area, i.e., the detector region not
hidden behind the silicon supporting grid, is given by:

EoA. :ei(.u/p PX)win e*(,u/P Px)Al

17
e~ W/PPxpLl| _ o= (H/P PY)ax]

where (i/p px); is the product of the mass absorption coefficient,

This journal is © The Royal Society of Chemistry [year]
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the mass density and the thickness of the i-th detector layer. The
first factor is related to the attenuation of the incident photons
in the detector window, the second one accounts for the photon
losses in the aluminium ohmic contact, the third one takes into
account the absorption in the dead layer and the last one is the
probability that a photon be absorbed in the detector active re-
gion.

The Si(Li) detector used for the analysis of thin samples lack. of
a supporting grid, thus, the expression given in Eq.(17) represcuts
the intrinsic efficiency. In the case of the SD detector, instead. a
silicon grid that acts as a supporting structure for the wirdow
must be taken into account. Considering this fact, the follo..ing
expression is obtained for the intrinsic efficiency:

€ =0.7T €, +0.23 €5, ¢ (H/P)si:Psiveria &8)

where xg.4q is the supporting grid thickness, (1/p)s; and pg; >ce
the mass absorption coefficient and density of the grid mate-
rial (silicon in this case), respectively. The first term of Eq.(i3)
takes into account the arrival of photons to the detector opcn
area, which represents a 77% of the total detector area, wher~2s
the second one accounts for the fraction that previously passed
through the grid.

The efficiency of an energy dispersive spectrometer is very von-
sitive to the thickness values involved in Eq.(17), which usually
are known with low accuracy because of uncertainties relate:! to
the manufacturing process and also due to variations in the crig-
inal values produced over time. These modifications can eiise
from window contamination and from changes in the dead lzver.
In order to face this problem, the nominal thickness values ct 01e
Si(Li) detector, used in this work for the quantification of thin
samples, were recalculated. These thicknesses were obtained by
using Eq.(17) and imposing that quantification performed 1.ith
both softwares (GUPIX and PAMPA) leads to the nominal niass
concentrations for each sample. The mean values of each paiain-
eter were calculated producing two thickness sets: one for e.ch
software. The thicknesses obtained with each software are shuwn
in Table 2 along with the nominal values. The active layer was
kept fixed as its nominal value of 3 mm, because this is a more z2-
liable parameter than the other thicknesses and it is not expectad
to change over time.

Table 2 Characteristic thicknesses obtained for the Si(Li) detector uzzd.

Nominal GUPIX PAMPA

Be window (um) 8 16.0 12.9
Al contact (nm) 70 10 10
Dead layer (um) 0.1 0.18 0.39

Regarding the detector efficiency of the SDD used for rne
analysis of thick samples, it was previously studied for erer-
gies between 0.27 and 25 keV33 by comparing experimo=tal

Journal Name, [year], [vol.], 1-13 |5
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intensities produced under 2-MeV proton impact on samples of
known stoichiometry, with values of the involved x-ray yields.
The intrinsic efficiency values at different energies obtained in
that article were used for the quantification performed here
using both software packages. It must be emphazised that this
10 efficiency determination was based on x-ray yields calculated
11 using the GUYLS software included in GUPIX package, thus, it
12 was optimized for the quantification models implemented in this
13 software.
14
15
16
47
gs Several parameters can be optimized by PAMPA; some are related
M 9 to instrumental magnitudes like the zero and gain calibration pa-
S 0 rameters, the noise n and Fano factor F involved in peak broaden-
1 ing, the amplitude ¢;; and width B; ; related to peak asymmetry,
%2 and the thicknesses characteristic of the detector window. Other
D3 refinable parameters are the three constants needed to describe
4 the continuum spectrum and a scale factor for the characteris-
S tic peaks; some atomic magnitudes can also be optimized like
‘@6 characteristic energies and relative transition probabilities (RTP).
g7 When PAMPA is used as a quantification tool, the optimizable pa-
= 8 rameters of interest are the mass concentrations and most of the
other magnitudes are kept fixed, as explained in the following
subsection.

©CoO~NOUTA,WNPE

3.6 Databases

Additional physical magnitudes necessary to peform the calcu-
S 3 lations implemented in PAMPA to relate the experimental inten-
(4 sities to the searched mass concentrations are not refinable pa-
'@5 rameters but they were taken from the literature. The K fluores-
236 cence yields correspond to data published by Krause 34, whereas
%7 for L shell fluorescence yield, values tabulated by Perkins et al. 3°
oB8 are considered. Coster-Kronig transition f>3 probabilities were
9 taken from the values recommended by Krause34 for 28<Z<35,
0 while for 36<Z<92 the values recommended by Campbell were
21 used®®. Regarding f,, and f;3, for 22<Z<24, the data pub-
2 lished by McGuire were used®’; for fi, in the range 25<Z<59,
43 the values calculated by Campbell in the Dirac-Hartree-Slater ap-
44 proximation were considered, while the values recommended by
this author were used for higher atomic number elements3®. Fi-
6 nally, for f;3 data recommended by Krause for 25<Z<38 and
by Campbell for the remainder elements were used. Regarding
K- and L-x-ray production cross sections, results obtained from
the theoretical ECPSSR model (Energy-Loss Coulomb-Repulsion-
Perturbed Stationary State Relativistic) by Brandt and Lapicki>8
5o are used from the data base available in the software package
53 Geant4 39, Stopping power values for each element are assessed
by means of SRIM sofware (Stopping and Range of Ions in Mat-
55 ter) 40, The mean stopping power of the sample is assessed using
56 the Bragg’s rule. Finally, mass atenuation coefficients are calcu-
57 lated with the model proposed by Heinrich 41,
58
59
60
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3.7 Software specifications and fitting methodology

The software package PAMPA was written in Object Pascal; it runs
under Linux (Ubuntu) or Windows operative systems. The menu
environment was developed with the open-source cross platform
IDE Lazarus and the graphical output is generated with the Gnu-
Plot function and data plotting program. Figure 1 shows some of
the menus available.

o x Global parameters
File Edit Help
: incidence energy (kev): 2000
ER
Number of parameters to refine: 5 | eset a

Rerations: 0 Chit=0 Refine @

0502268088 @ Noise: [0.030663774245

A
@ [0373032057 @ Feno: (011198709438
C  [ozaasssarar Calibration

0.02467139484

Detector thickness Gain:

ge: 0.00003 zero: 193840555066

i (386

nes Edg ergy TP
Kkzs ke 63995 08795017 0.048831

5

K
189 0.00001a114

KkM23 | (KK 7.0579%8 0.1203983 0073618 pete
1:Porto Alegre Si(Li)

[ECERE 06152 0.187062 1.654 2:sevilla si(Li)

e |2
mas | 13 0.705 0812938 1.5085
c  [oozzszerts

1.4873 ® 3:Bariloche DD
4File Coag o

o N7
G

s | 2 07185 07201538

02798462 1.6328

umas | (Lt 0752 1 1375 00i3 | o

2

R

Fig. 1 PAMPA environment. Different menus available.

The analyzable elements range from B to U, including up to 30
elements for analysis. The present version of the program permits
to include up to 30 K and L lines for each element in the input file,
although an extension to M lines would be straightforward, pro-
vided reliable databases are available for x-ray production cross
sections.

Regarding the ionization source, PAMPA can be applied to pro-
tons in all the energy range of interest in PIXE, since the databases
used for both ionization cross section and stopping power are, in
principle, available for the very wide range between 10 keV and
10 GeV. An extension to alpha particles would only require the
implementation of the corresponding databases.

The software displays the predicted and experimental spectra,
in addition to their differences, each time certain pre-established
criterion of convergence is fulfilled. Thus, by means of a visual
examination of the intermediate results it is possible to make an
appropriate decision for the subsequent strategy. For an easy vi-
sualization of the spectral output, different colors are assigned to
the whole spectrum fitting, the characteristic peaks, the continu-
ous background, sum peaks, asymmetric peak tails and residuals.

All the minimization methods can lead to a local minimum in-
stead of the searched global minimum. To face this problem it is
helpful to start from reasonable initial values for the parameters
to be optimized. A way to confirm that the minimum found is
the global one is by changing the set of initial values used. Usu-
ally, it is recommended to carry out the procedure by choosing
few parameters at a time; once their values have been achieved,
they may be set fixed so that other reduced group of parameters
is allowed to vary. When all the chosen parameters are refined,

This journal is © The Royal Society of Chemistry [year]

Page 6 of 13


http://dx.doi.org/10.1039/c7ja00068e

Page 7 of 13

P OO~NOUILAWNPE

the procedure may be restarted with the obtained values as initial
guesses, varying all of them simultaneously.

For the quantification performed here, the characteristic en-
ergies and relative transition probabilities were set as fixed pa-
rameters, and their values were taken from the data published
by Bearden? for characteristic energies, by Scofield4® for K-line
RTPs and by Campbell and Wang** for L-line RTPs. On the other
hand, the efficiency parameters were determined and kept fixed
as detailed in Sec. 3.5.

Regarding the parameters related to peak asymmetry, they
were assessed as follows: 1. in a wide region of the spectrum
involving all the peaks, the calibration (zero and gain) and detec-
tor response (n and F) parameters were optimized along with the
background factors (a, ¢ and d); 2. In a narrow region around
each well defined peak, the peak scale factor 8 together with the
electronic noise n were refined keeping fixed the other param-
eters; 3. The asymmetry parameters 8; , and ¢; , were added to
the refinable parameters in the same narrow region; 4. The values
obtained for ;, and ¢; ; were used to calculate the asymmetric
area given by

Ajg= L ZMQj,q(E)dE; (19)

5. The values obtained for A; ; and 7; , were fitted as a function of
photon energy, averaging values when more than one spectrum
was available for the same characteristic energy. The curve cor-
responding to A; , is shown in Fig. 2, whereas ¢; ;, exhibits a sim-
ilar behavior with the characteristic energy. These fitting curves
were used to obtain the asymmetry parameters f3; , and ¢; , of all
the peaks involved in the analysis of thick samples (no asymmet-
ric correction was necessary for the analysis of the thin samples,
characterized with a different spectrometer). The first parameter
was calculated using Egs.(15) and (19) from the value obtained
for A; ,, because the latter is more stable than [5_,-7(13.

0.08-

0.074
<= 0.06-
0.05-

0.04 =

Tailing area

0.03 1

0.02

0.01+

o 1 2 3 4 5 & 7
Energy (keV)

Fig. 2 Values obtained for areas A , as a function of characteristic
energy.
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It is interesting to note the similarity between the energy de-
pendence of the area A;; and the Si mass absorption coefficient.
This fact corroborates that the detector crystal region of highest
concentration of trapping sites, which are responsable for incom-
plete charge collection, is the closest to detector surface, betrw
the dead layer.

Notice that certain tasks, like the characterization of pcuk
shape profiles, or the determination of the detector efficieiiy,
should be performed only for the first analyses carried out wiin a
particular spectrometer, and eventually, the obtained paramerers
should be updated periodically.

Once the asymmetry parameters were estimated, the proce-
dure for obtaining the mass concentrations was carried out n
two steps. Firstly, the parameters n and F related to the pouk
width, the calibration zero and gain, the continuum a, ¢ ard d
constants and the peak scale factor § were refined. The iniiial
guesses for the concentrations were assessed as the ratio betwetn
each peak maximum intensity and the sum of all these intensii<s.
When the best spectral fit was obtained, the mass concentra.:c ns
C; were added to the set of optmized parameters.

4 Results and discussion

In the present section, the concentrations obtained by means of
PAMPA and GUPIX are presented and compared for both thin 2nd
thick samples. The results obtained using both methods and the
nominal values (or those obtained by XRF analysis) were norinal-
ized to unity.

In order to show the discrepancies between the calculated cuva-
centrations C; and the nominal values C', a parameter € is de’i'wd
as a weighted average of the relative errors of all the elements
analyzed in the sample, multiplied by 100, the weight factors re-
ing the respective concentrations. In this way, the most abunc'zat
elements in the sample are considered as the most important c.on-
tributors of €. Thus, the parameter € can be expressed as

n
E:Z‘l%%c_,?c"'xloo. (21)
The sum in the denominator is a normalization factor closz ‘o
unity; it runs over all the elements simultaneously present in the
reference composition, and in GUPIX and PAMPA quantificatiuus.

Figures 3 and 4 show some examples of spectral fitting vr:th
PAMPA for thin and thick samples, respectively. Several c2ses
of overlapped, weak and sum peaks can be seen properly fitted
along with the contribution of the continuum background, whzcse
adequate description is necessary to determine the neat peak in-
tensities. The Si internal fluorescence peak can also be seen {or
the CaF, spectrum.

It must be mentioned here that the quantification with GU+1X
must be performed choosing particular lines or line groups. *'n-
fortunately the concentration obtained may vary noticeably “e-

Journal Name, [year], [vol.], 1-13 |7
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pending on the selection made. In all the cases when more than
one group of lines (K or L) was available, the one which pro-
duced the concentrations closer to the nominal values was se-
lected. PAMPA, instead, performs quantification with all the spec-
trum or, at least, with the spectral region selected by the user.

©CoO~NOUTA,WNPE

10
11 41 Thin samples

Mass concentrations of 14 elements corresponding to 7 differ-
ent samples deposited on mylar substrates: CaF,, NaCl, CsBr,
15 RbI, KCl, BaF, and GdF3, were determined. The values obtained
g6 are shown in Table 3, where they are also compared with nomi-
~ 7 nal concentrations and with the quantifications performed using
gs GUPIX. For 5 of the 7 thin samples studied, PAMPA produced bet-
™49 ter results than GUPIX, i.e., from the 14 elements studied, the
S 0 values obtained with PAMPA are closer to the nominal concentra-
1 tions for 10 elements, while GUPIX produced closer concentra-
%2 tions in 4 cases.
23
‘&4 Table 3 Mass concentrations obtained for thin samples.
%g Sample Element Nominal GUPIX PAMPA

_g7 CaF, F 0.4870 0.5612 0.537
28 Ca 0.5130 0.4408 0.463
'%9 € 14.6 10.1
30 NaCl Na 0.3934 0.3770 0.373
1 Cl 0.6066 0.6300 0.627
5 € 4.7 4.0
%3 CsBr Br 0.3755 0.3777 0.349
= Cs 0.6245 0.6223  0.650
'@5 € 0.4 5.1
%6 RbI Rb 0.4024  0.4809 0.428
37 I 0.5976  0.5191 0.572
%8 € 15.7 5.1
9 KcCl Cl 0.4756 0.4781 0.471
go K 0.5244  0.5219 0.526
A1 € 0.5 0.3
%2 BaF, F 0.2170 0.1784 0.195
43 Ba 0.7830 0.8216 0.805
a4 € 7.7 4.4
45 GdF; F 0.2660 0.2285 0.216
46 Gd 0.7340 0.7741 0.784
47 £ 7.8 10.1
48
49

50 4.2 Thick samples

52 For these samples, mass concentrations of 70 elements corre-
53 sponding to 9 different samples detailed in Sec. 2 were deter-

4 mined. Tables 4 and 5 present the results obtained with PAMPA,
55 and they are also compared with nominal concentrations and
56 with the quantifications performed using GUPIX. From the 70
57 cases studied, the values obtained with PAMPA are closer to the
58
59
60
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Fig. 3 Experimental (dots) and fitted (solid black line) spectrum for (a)
CaF2 and (b) Rbl. The fitted background is also shown (dashed line).
"FP-Si" denotes the silicon internal fluorescence peak, and "EP", the

escape peak.
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nominal concentrations for 33 elements, while GUPIX produced
closer concentrations in 29 cases. For the remainder 8 elements,
both programs produced indistinguishable results. On the other
hand, if the global parameter ¢ is analized, PAMPA gave better re-
sults in 4 samples and GUPIX produced better analysis for 5 sam-
ples. In addition, special attention was paid to low concentration
elements. If only the 30 analytes in concentrations lower than
1% are considered, PAMPA produced better results than GUPIX in
14 cases; GUPIX gave better values than PAMPA for 8 analytes,
and in the remainder 8 cases the same results were obtained with
both programs.

The relative differences of concentrations obtained with PAMPA
and GUPIX with respect to the nominal values, AC/C, are shown
in the histograms of Fig. 5. It can be seen that both histograms
have a similar shape.

4.3 Error estimation

The program PAMPA estimates the uncertainties in the obtained
concentrations by propagating the errors associated with count-
ing statistics, given by the square root of the number of counts,
through the function /; that describes the X-ray spectrum. A more
detailed explanation of this subject is given in a previous publica-
tion about a similar software designed for electron probe micro-
analysis which uses the same routine for error estimation*®. The
algorithm of error propagation, roughly assumes that the analyt-
ical models used are free of error. To take these sources of error
into account, the relative error determined by the program should
be summed in quadrature with the relative uncertainty estimated
for the detector efficiency and for certain atomic parameters.

It is difficult to give a realistic estimation of the uncertainties
associated with the detector efficiency. The method implemented
by Limandri et al. 33 to obtain the efficiency used here involves the
determination of x-ray yields, which in turn, depend on several
atomic magnitudes (e. g. ionization cross sections, fluorescence
yields and relative transition probabilities) that are also included
in the quantification procedure. A conventional error propagation
of these magnitudes would consider three times their errors: two
times for the x-ray yield ratio necessary to obtain the efficiency,
and an additional contribution related to the quantification itself.
This error estimation would lead to unrealistically large values,
because eventual error cancellations would not be taken into ac-
count.

Regarding the errors in the atomic parameters, the most influ-
ential ones for the K shell are three: 1. X-ray production cross sec-
tions (involving ionization cross sections and fluorescence yields),
which for 2 MeV protons contribute with around 15% for O, 5%
for 11 <Z <15, 3% for S, and 1% for 19 < Z < 27, according
to Paul and Sacher?®; 2. Stopping power, whose uncertainty is
about 3%3! and 3. Relative transition probabilities, with errors
ranging from 1% for 8 < Z < 203! and 2% for 22 < Z < 2747,

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Experimental (dots) and fitted (solid black line) spectrum for (a)
muscovite, (b) feldspar, and ¢) BCR. The fitted background is also
shown (dashed line). "SP" denotes sum peaks.
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[19 Fig. 5 Histograms of the differences of concentrations relative to the

nominal values obtained by means of PAMPA (black hollow bars) and
g GUPIX (gray full bars). Two cases below -150% were excluded for each
:2- > software.

23

1&4 These error values are too conservative; particularly for oxygen,
; they would lead to uncertainties in the concentrations between
15% and 20%, depending on the errors assigned to detector effi-
-QS ciency.
B9 A more reliable estimation of errors arise from considering the
30 quantification of several different known samples. A statistical
1 approach to the problem would jointly account for all the con-
2 tributions to the final error. To this end, the relative differences
g 3 of concentrations obtained with PAMPA with respect to the nom-
34 inal values, AC/C were considered. Since the error estimated by
'@,5 PAMPA involves the propagation of errors associated with the ex-
%6 perimental intensities I;, and bearing in mind that they are im-
37 portant only for minor and trace elements, the error sources can
B8 be groupped in two parts: on the one hand, the contributions
9 related to I;, and on the other hand, all the other contributions.
#0 To estimate the latter, the histogram of AC/C for concentrations
21 greater than 5%, in principle free of errors due to counting statis-
%2 tics, was taken into account. The half width of this histogram was
assessed by considering the region including 66% of the values
around the centroid. The obtained value was 7%, thus, the errors
in the concentrations shown in Tables 4 and 5 were estimated by
summing in quadrature this number with the error assessed by
the software, due only to counting statistics.
The uncertainties related to the concentrations calculated for
50 thin samples could not be estimated because the number of stud-
51 ied cases is not enough to perform reliable statistics.

43

48

525 Conclusion
53

54 The software package PAMPA for spectral analysis in the field of
55 PIXE was presented. This software minimizes the quadratic differ-
56 ences between the experimental spectrum and an analytical func-
57 tion proposed to describe it. The program has different possible
58
59
60
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applications depending on the parameters to optimize (character-
ization of detection efficiency, determination of transition proba-
bilities, etc.). Particularly, when the parameters to be refined are
the mass concentrations, PAMPA becomes a standardless quantifi-
cation tool.

The performance of this quantification method was investi-
gated by analizing x-ray spectra induced by proton impact in 7
thin layers and 9 thick samples. Mass concentrations were deter-
mined for 14 elements in the former materials and 70 elements
in the latter. The results obtained were compared with quantifi-
cations carried out with the well-known commercial GUPIX pack-
age.

The concentrations obtained with the software presented here
for thin samples are closer to the nominal values for 10 elements,
while GUPIX produces closer concentrations in 4 cases. Regarding
thick targets, PAMPA produces a better agreement with respect to
the nominal concentrations for 33 elements, while GUPIX-s per-
formance is better in 29 cases. From this comparison it can be
stated that PAMPA produces concentrations with the same level
of accuracy or slightly better than GUPIX. Particularly, PAMPA
achieved a better performance for trace elements.

These first results suggest that PAMPA can be considered as an
alternative quantification tool. The good performance showed in
its initial application encourage the authors to make some im-
provements in the software; for instance, it will be necessary to
make an effort for optimizing the databases used, as well as the
computing time needed to carry out quantification. In addition,
the analysis using x-ray filters could be included soon in the soft-
ware. Finally, the possibility of performing wavelength disper-
sive analysis implies an easy extension of the program that could
lead to the analysis of structures non-resolvable by energy disper-
sive spectrometry, such as satellite lines. This application would
also markedly improve the precission of PAMPA as a quantifica-
tion tool.
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Table 4 Mass concentrations obtained for thick samples. Numbers in

parentheses are the estimated uncertainties in the last digits.

Sample Element Nominal GUPIX PAMPA
Muscovite O 0.4623  0.4530 0.461(30)
Na 0.0050 0.0089  0.0066(5)
Mg 0.0060 0.0069 0.0063(4)
Al 0.1788 0.1921 0.187(10)
Si 0.2338  0.2321  0.232(20)
K 0.0829  0.0849 0.0836(60)
Ti 0.0026  0.0003  0.0024(2)
Mn 0.0005 0.0003  0.0003(1)
Fe 0.0282  0.0216 0.0219(10)
€ 4.0 2.1
Feldspar 0] 0.4788  0.4315 0.431(30)
Na 0.0218 0.0186 0.0188(10)
Al 0.0972  0.1580 0.155(10)
Si 0.3001 0.3060 0.307(20)
P 0.0003  0.0002 0.0003(1)
K 0.1018 0.0857 0.0872(60)
€ 13.3 13.1
Kaolinite O 0.5093  0.4969  0.498(40)
Na 0.0005 0.0017 0.0018(1)
Mg 0.0011  0.0031 0.0065(5)
Al 0.1595 0.1720 0.170(10)
Si 0.2974  0.2977  0.296(20)
K 0.0086  0.0098  0.0095(7)
Ca 0.0039  0.0035 0.0034(2)
Ti 0.0038 0.0037  0.0038(3)
Fe 0.0158 0.0118 0.0122(9)
€ 3.4 3.6
MgO 0] 0.3953  0.4487 0.456(30)
Na 0.0112  0.0031 0.0022(2)
Mg 0.5842  0.5371 0.530(40)
Si 0.0028 0.0058 0.0061(4)
S 0.0010  0.0004 0.0004(1)
Ca 0.0054 0.0050 0.0053(4)
£ 11.1 12.7
NbO, 0} 0.2563  0.2795  0.252(20)
Nb 0.7437  0.7205  0.749(50)
€ 4.6 1.0
BCR (0] 0.4514  0.4437 0.468(30)
Na 0.0234  0.0342 0.0300(20)
Mg 0.0216  0.0179 0.0156(10)
Al 0.0714 0.0854 0.0829(60)
Si 0.2532  0.2728 0.263(20)
P 0.0015 0.0013 0.0014(2)
K 0.0149 0.0143 0.0135(10)
Ca 0.0509  0.0415 0.0403(30)
Ti 0.0135 0.0107 0.0105(8)
Mn 0.0015 0.0011  0.0009(2)
Fe 0.0966  0.0771 0.0735(50)
€ 8.9 9.0
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Table 5 Mass concentrations obtained for thick samples. Numbers ii:
parentheses are the estimated uncertainties in the last digits.

Sample Element Nominal GUPIX PAMPA
GSP 6] 0.4844  0.4723  0.480(30)
Na 0.0206  0.0249 0.0242(20)
Mg 0.0058 0.0069  0.0069(5)
Al 0.0788 0.0829 0.0815(60)
Si 0.3110 0.3213  0.317(20)
P 0.0013 0.0011 0.0013(1)
K 0.0448 0.0432 0.0419(30)
Ca 0.0150 0.0139  0.0131(9)
Ti 0.0040 0.0038 0.0035(2)
Fe 0.0343  0.0297 0.0298(20)
£ 4.0 2.7
Fe,03 99% O 0.3095 0.2805  0.348(20)
Al,03 1% Mg 0.0016  0.0015 0.0007(1)
Al 0.0078  0.0091  0.0078(5)
Si 0.0093  0.0105 0.0099(7)
S 0.0024  0.0034 0.0033(2)
K 0.0002  0.0001  0.0001(1)
Ca 0.0023  0.0022  0.0019(1)
Mn 0.0016 0.0014 0.0014(1)
Fe 0.6656  0.6914  0.627(40)
£ 5.9 8.0
CoO 5% o 0.3106  0.3492  0.358(30)
Cr,03 95%  Si 0.0006  0.0009  0.0009(1)
S 0.0007  0.0003  0.0003(1)
Ca 0.0004 0.0003 0.0002(1)
\Y 0.0008 0.0006 0.0006(1)
Cr 0.6379 0.6141  0.609(40)
Fe 0.0011 0.0016  0.0008(1)
Co 0.0479  0.0331 0.0295(20)
€ 7.9 9.6 :
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