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ABSTRACT. The effects of the degrce of non-uniformity of the pariicle
beam, matrix composition and matrix cthickness in a quantitative
elemental analysis by Particle Induced X-ray Emission (PINE) are
discussed and the criteria to evaluarte the resulting degree of

uncertainty in the mass determination by this methoo is established.

RESUMD. Os efeitos do grau de nac uniformidada de feixe de particulas,
composiqﬁo ¢ espessura da matriz numa analise quantitdtiva de elemen-
tos atravéslzmissio de Raios-X lnduzidajhPnrtiCulas?fPIKE),sie*d&aeutiyu
daﬁ-é,ué cyilgﬁﬁo para avaliar o grau de incerteza na determinagao da
massa wfilizando este nétodgy & catabelecide.

Mork partially suppor.=d by CRPq, FINEP and ALEA.



I. INTRODUCTION

Elemental quantitative anilysis by Particle Induced
X-ray Emission (PIXE) is basad upon the assumption that there
is an unambiguous relatien betsmen the number of character-
istic X-rays of a particular element observed and the amount
of this element present in the target sample. Nevertheless,
the number of characteristic X-rays observed depends upon the
distribution of the element in the sample, the degree of
nonuniformity of the particle beam, and the matrix composition.

The distribution of an element in a samplc is usual-
ly neither known nor modifiakle to become homogeneous. Thus
if the particle beam is nct perfectly uniform the same
number cf X-rays might be observed for appropriate arrange-
ment of different amounts of an element in the sample.

Since a complete uniformity of the pa ticle beam is
not usually achieved under experimental conditions, different
points on the target may be reached by a different number
of incident particles., Thus, if a guantity of a particular
element can be properly arranged to be located In the most
intense region of the beam it may result in a different
number of characteristic X~rays from an arrangement of the
same amount of this element in a less intense region of the
bear..

A similar effect will occur for different arrangement
of an element in the matrix as a result of the lossg of energy
of the incident particle beam and X~-ray absorption in the

sample.



These effects will be discussed and a criteria to
evaluate the resulting degree ¢f uncertainty in the mass

determination by PIXE will be established hence forth.

II. THEORY

The amount of a particular element present in a
sample associated to a number Nx of characteristic X-rays
observed may be different for different arrangements of this
element in the matrix and for different particle heam distri-
bution, as stated above. Therefore ithere are elemental
distributions for which number cf atoms associated to a
definite number of observed characteristic X-rays will be a
maximum or a minimum. These two eXtremes will define the
uncertainty in the amount of the element measured. A
criterium to associate the number of atoms of an element
to a definite number of characteristic X-rays observed may
be established from the knowledge of these two limits.

The starting point to define this criterium is to discuss
the situation in which these limits may occur.

Let us consider that the target sample is arranged
in such a way that the normal to its surface is at an anqgle
7 with respect to the incident particle beam as schemat!cal-
ly shown tn Fiqure 1. The x-y plane of the unprimed frare
of re:crence lies on the surface of the target sample, The
primed frame of reference hus its z'axis colncident with the

direction of the incident pariicle beam, and the origin



and the y axis are common in both frames. The relations be-

tween the coordinates in the two frames are given by:
X'=x cos 9 - 2 8in 3 ;7 y'=y ; 2'=x gin & + 2 cos B

An expression f5r the number Nx of observed charac-
teristics X-rays produced by Np particles irradiating the
target sample and counted within a solid angle 2 by a system

with efficiency ¢, can be written as follows(i}:
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where

Pix!,y"')dx'dy' ts the probability of a particle of the'v. beam
to cross the elemental area dx'dy’ in the
vicinity of the point (x',y'}, and it is
considered constant along the direction of the
incident beam.

nix,y,z)dxdydz is the number of atoms of the particular element
in the elemental volume dxdydz,

4512) is the cross section for X-ray production by particles

with incident energdy £ penetrating a distance

Zz in the target sample.



The above relation irows tnat trie nuamoer oF
opserved characteristic X-ray is not related airestiv o Lhe
nurmber of atoms of a warticular 2lement prescnt ia the
sample, but it will also degenc upon Lue particuiar distri-
bution.

The number of atoms of the element can be deter-
nined by the following relation:

-

N = nix,y,z) dxdydz
1

4

It becomes clear from thnis relation that exists

[+1]}

large number of distribution wijich will leac to a definite
number of atoms in a particular sample.

Let us ther choose a parcicuiar eclemental distri-
bution in tihe matrix and particie hean confifguration in

of opserved characteristic X-ray

L3

wihich a definite number X,

will be associated to a mininum arkninl, of the cliemnent

Nmin'
in the sample. This occurs wacn all tho atomus of the element
are concentrated in the more intense region o Lae Dosn and
the loss of enerqgy of the incident particies and the X-ray
absorption in the matrix ave minimal. Tni= aan ke onhtained
if all the atoms of tha element are locsted at a point on

the surface toward the incident particle bear.. This situa-
tion is shown schematically in Faqure 1. Taking this point
as the origin of che relerance frames we may wrire for the
distributisn of the atoms of the particular element in the

target:

n{x,y,z) = len s(x,v,2)} (23



where 4(x,y,z) is Dirac¢’s delta function.
The probabil+ity dersity {or the particles {rom
the most intense region of the beam to strike a3t tiis point

1S given by:

P(x',y') = P(0,0} = Plax (3

and the cross section for X-ray production for particle with
energy E at this point is written as -_{D}.
Taking the above results into relation (i) we get,

after some manipulations:

X
N = X (4}

min .
S/4-y«N_F G (0
(/47 KT o (0)

max o

For the maximum amount of the ¢lement in the sample
associated to the number Nx of ~haracteristic X-rays chserved,
the elemental distribution wiil be that irradiated Dy the
iess intense region of the particle beam and the loss of
energy of the incident particles and the X-ray absorption in
the sample are maximal. This will be the case if all the
atoms of the elemental are concentrated irn a point {X4.ya.t)
on the surface cpposed to the incident beam. In this situa-
tion, also schematically shown in Figure 1, the distribution
of the atoms of the particular element, in the same frames
of reference as above, can be written as:

ni{x,y,z) = Nmaxﬂ(x - X, ¥Y - Ya, Z - t) {5)

The probability for the particles of the less intense region

nf the particle heam to strike at this pcint i8 give by:



-~

Pix",y'} = Pix,cos 7 - t sin 9, y,) = Pmin {6)

b
Again, taking these results inta (1] one gets for the maximum

number of atoms of the elements Nmax‘ associacted to the

observed number of characteristic X-ray:

N
X
N = ; (1)
max -ut/Ssin 2
Sy, -
!u/.n)sHmeinLE{t/cos 1} e
Thus, Nmin and Nmax are respectively the minimum and

the maximum number of atoms of a particular element present
in the sample that can be associated to a definite number of
observed characteristic X-rays. The true nunber of atoms for
that particular element present in the sample should lie
between these two extremes. The range between this two
limits can be defined as the uncertainty in the determination
of the amount of that particular element in sample.

From the above results we may establish a crite-
rium to associate the number N, of observed characteristic
X-rays to a number N of{ atoms of the particular element

present in the sample, Our choice is

N max min ¥ min (8)

]
I+

A easely interpreting relation is obtained in terms of the

following parameters:

max min (9)



Pmax _ fmin
s e—— {10)
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Substituting the above definitions into (4) and
{7) and bringing the results into (8} one get, after straight

forward algebra:

Teps 4 84 (Pr = SH{L-m) P3P {1~
N = No‘p’: " + -
L 2{p2% = 47){) = n) 2{<p>2 = 15)(1 ~ 1)

(13)

[ W—

This relation will give the number of atoms present in a
salple associated to a definite number of observed
characteristic X-ravs. The second term into the sguare
brackets is related to the uncertainty due o the non-
uniformity of the particle beam and the lack of knowledye »f
the elemental distribution in the matrix, For mnst of che
practical applications thys exoression may hbe sinplified and
for this purpose will explore the meaning of the parametors
and rn defined above., Let us consider an idealized sgitua-
tion by assuming a completely uniferm particls beam and
that the loss of energyy for the incident particles and the
X-ray absorption in tre matrix are negligible. Taking these

assumptions into account, & and r, given in relations (10}



and {11}, wil! be egual tc zerc. Substltuting this results
into relation (13} we came to the conclusion that N = X
ard tne rnumber cf atoms of a particular element can be
urnambiguously determined. However those assumed conditions
can net e achievable in practice, thu. we should establish
cxperimental conditicons to be as near as possiple from the
hypothetical situation discussed. 1In these cases ! and
can be made small enough to aliow neglectinyg terms of order
s“, $n and 374 in expression (13). The simplifyed expres-
sion obtained is therefore:

r - : =

o= KA + ' + ' R4 (14}
F2(1 - ) s (L = a)  2{1L - a).}

~ - P

or

N o= N:F(L % T} (15)

where we marle

" 1 . .
F o i = — & eut/s;n a (16)
2{1 - ) 2 2uE{t/cos T}
£ = (rf + 1}(£t + 1) -1 (17
& P - P .
e = » LPEX__ man (18)
<P 2P
i F -1
¢ = = (19)
t 2 - n F

The correction factor F is assoclated to the loss of

encrgy of the particles of the beam and the characteristic



10

X~rays absorption in the target sample. g is the error
introduced by the lack of knowledge of the elemental distri-

bution in the matrix.

III. DISCUSSION

The effects of the nonuniformity of the particle
beam, the elemental distribution, and the characteristics of
the matrix for a quantitative analysis by PIXE were expressed
in terms of the parameter 5§ and r defined by equations 10 and
11 in thc development of the theory.

The parameter & may be understood as x measure of
the degree of nonuniformity of the particle beam. Its value
will permit the evaluation of the error introduced by the
“eqree of nonuniformity of the particle beam in guantitative
elemental determination using the PIXE method. The error in
the measurement will increase for increasing values of 5-wh1ch
corresponds to an increase in the degree of nonuniformity of
the particle beam. Therefore, in an experimental analys.s,
the particle beam should be adjusted to be as uniform as
possible. An improvement in the uniformitvy of the beam can
be achieved by passing it through a diffuser. In this case
the degree of nonuniformity of the particle beam will depend
on the characteristics of the diffusing system and the
parameter 8§ can be estimated from these characteristics. Tiais
discussion is presented elsewhere.(?)

The effectgs of the elemental distribution and matrix

characteristics in the mags determination are contained in
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the parameter -. The depesdence orn che particular clement
appears ir its definition through the X-ray production cross
section; the dependcnce on the elementa% distritution is
expressed in terms Of the layer traversed in tie tarqget
matrix by the incident particle and by the ami‘ted
characteristic X-rays. The dependence ¢n the matrix compo-
sition is introduced though rhe X~ray absorption coeffi-
cient and the stopping power. For most of practical appli-
cations the matrix composition and the elemental distribution
are not controlable and the minimization of the error
introduced by the effects discussed above #i.l he constrained
to the choice of the appropriate tarage: thickness. riqure 2
illustrate che variation with - of the nunber of atoms that
can be associated with a definite number of ohserved
characteristic X-rays. The upper and lower curvas cor.le-
spoid reizpectively to the maximum and ninimus number of atoms
that can be associated with that definite number of
characteristic X-ravs. The range between the two curves
defines the uncertainty in the determination of the

number of atoms of the particular element for each value of
n. It hecames clear that the uncertainty will decrease for

decreasing values of n.

IV. CONCLUSION

The theory developed in this article offers o

useful insight into several aspects of the PIXE method for
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elemental guantitative analysis. The results obtained permit
one to establish the experimental conditions for a more
precise elemcntal trace analysls. The uniformity of the
particle beam can be partizlly controlled as welil the
thickness of the target sample. 'The improvement in the
particle beam unifoimity and the utiliration of thin samples
will minimize the uncertainty in the amount of the element
measured. Howevar the elemental distribution in the matrix is
in general unknown for most of the cases of interest and

this lack of knowledge will introduce an intrinsic uncertainty
in the guantitative elemental deternmination setting a limit

te the precision of the PIXE method.
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