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ABSTRACT. The application of the Particle Induced X-ray Emission (PIXE) 

technique to analyse quantitatively the elemental composition of hair 

specimens brings about some difficulties in the interpretation of the 

data. The present paper proposes a correction factor to account for 

the effects of energy loss of the incident partjcle with penetration 

depth, and x-ray self-absorption when a particular geometrical distribi» 

tion of elements in hair is assumed fox calculational purposes. The 

correction factor has been applied to the analysis of hair contents Zn, 

Cu and Ca as a function of the energy of the incident particle. 

RESUMO. Haste txabaMte—c* proposto um fator de correção para levar em 

consideração os efeitos de perda de energia da partícula incidente e da 

absorção de raios-X quando ê feita a análise elementar de cabelo pelo 

método FIXE (Particle Induced X-ray Emission). A dependência em energia 

do número de raios-X característicos dos elementos Ca, Cu e Zn, produzî  

do quando uma amostra de cabelo é irradiada com protons com energia na 

faixa de 1,5 a 3,5 MeV é determinada, sendo comparada com os resultados 

experimentais obtidos com o acelerador Van de Graaff da PUC/RJ. 

* Work supported by Financiadora dé Estudos e Projetos (FINEP), Cons£ 
lho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) and 
International Atomic Energy Agency (IAEA). 

+ Presented in the IV International Conference on Ion Beam Analysis , 
June 25-29, 1979, Institute of Physics, University of Aarhus, Denmark. 
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I - Introduction 

Hair can play an important role in monitoring the contana 

nation of human beings with environmental pollutants, as 

has been suggested earlier (1-5). There are several accel

erator based techniques currently being used for analysis 

of hair samples, each one presenting advantages and disa-

vantages* A comprehensive review of these techniques can 

be found in reference (1). 

The present paper deals only with problems arising in the 

nondestructive analysis of hair using the Particle Induced 

X-ray Emission (PIXE) technique. 

When PIXE is applied as a tool for nondestructive anal

ysis of hair specimens, difficulties in the interpretation 

of data may arise mainly from the following facts: energy 

loss of the incident particle with penetration depth, x-ray 

self-absorption, and lack knowledge of the distribution of 

elements in hair samples. 

The influence of the effects mentioned above is discussed 

for the quantitative analysis of hair by the PIXE method 

A correction factor is derived from this discussion, and 

then applied to the analysis of a hair sample irradiated 

with proton beams of several energies. 
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II - Theoretical Formulation 

The results of the analysis of transverse distribution of 

elements in hair, as reported by Cookson and Pilling (6) , 

suggest that the elements present in hair are distributed 

nearly with a cylindrical symmetry. Accordingly, the distri 

bution of elements in a transverse section.of a hair spec

imen can be approximately described by a radial function 

Assuming also that hair itself has a cylindrical geometry , 

and is irradiated with an uniform particle beam the number 

N of x-rays detected may be expressed as follows: 

N » JL 1ÜE L (x,y,z)o_U) exp(-pi') dx dy dz (1) 
x • 4w S . > v E 

where: 

N - is the number of characteristic x-rays detected? 

fl - is the solid angle defined by the detection system; 

e - is the intrinsic detector efficiency? 

N - is the number of incident particles; 

S - is the beam cross section defined by the collimator; 

n (x,y,z) dx dy dz - is the number of atoms in the elemen

tal volume dx dy dz of the irradiated 

hair sample; 

0_U) - is the x-ray production cross section for incident 

particles with energy E, after penetrating a depth 

i in the hair sample. 

v - is the overall linear absorption coefficient for hair 

in the energy of the detected x-ray. 



The configuration used for hair irradiation is illustrated 

schematically in figure 1. 

When the cylindrical elemental distribution of hair is 

taken into account» the quantities t and l' which appear in 

equation (1), can be considered independent of z, as repre 

sented in figure 1. Therefore, after integrating over z , 

equation (1) can be written as follows: 

fd/2 
H » JL SSB O_(O) J n <r) G(r) 2wr dr 

ã/2 
(2) 

4ir S 

where: 

r2ir 
G(r) - — • [ 5£jl) exp(-vi') de ; 

2* K °V.{o) (3) 
2ir 

d is the hair diameter, and advantage has been taken of 

the hypothesis of radial distribution of elements in hair , 

which allows to vrite the following: 

nr(r) r dr do = ns(x,y) dx dy - nv(x,y,z) dx dy dz (4) 

With the aid of figure (1) one can promptly show that 
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The angular integration of equation (3) can he re-arranged by 

taking into account the particle bean symmetry relative to 

the y-z plane, as follows: 

G(r) - i [ ^ l [exp(-p /(d/2)* - r* airfe' 
ir/2 "E 

cosh(ur cosG)dQ (7) 

For the cases where the hair diameter is larger than the 

range R of the incident particle, the cross section, o £(i), 

will be equal to zero for angles 8 larger than a limit an

gle. Taking into account this fact one may define a limit 

angle 0 , show in figure 1, as follows: 

° k 

where g = — 
d 

í(2e)2 + (2r/d)2 - 1) 
8Br/d j 

. 

for ~ > 26-1 

far j < 2p-l 

(8a) 

(8b) 

(9) 

An expression for G(r) is then obtained as a function of 

© and a parameter a= yd is introduced, so that: 

r°c 
G(r) = i QEU) ££7 iT exp(-~ /l-to/d)5 4 sin^e) cosh(ctr cosO/d) 

-n/2 °E(o) I 2 J 
do (10) 

The function G(r) may be interpreted, in accordance to 

equation (2), as a weighing function to the number of char

acteristic x-rays of a particular element which can be 

detected depending upon the internal distribution of such 

element in hair. 
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Since the x-ray production cross section is a decreasing 

function of «• for incident protons in the range of few MeV, 

the largest contribution for G(r) is expected to occur for 

-TJ/2 < e < 0. The function G(r) is also an increasing func

tion of r, therefore the same number of atoms should pro

duce a larger number of x-rays if distributed near the 

surface of hair. The knowledge of the function G(r) allows 

the evaluation of the effects of x-ray self-absorption , 

and of energy loss with penetration depth of the incident 

particle for a particular elemental distribution in the 

hair. 

Ill - Determination of the Function G(r) 

A numerical evaluation of the function G(r) can be made if 

the cross section oEl£) is known. However, for most prac

tical applications the function G(r) can be simplified by 

using the fact that the derivative G(r) is equal to zero 

for r*0, and evaluating G(r) for r*0 and r=d/2. Accordingly, 

the function G(r) can be approximately described by a sec 

ond degree polynomial as follows: 

G(r) G(d/2) - G(o)| (2r/d)z + G(o) (11) 

The values for G(o) and G(d/2) are obtained by introducing 

further simplifications which allow the analytical integra

tion of equation (10) for these particular values of r. in 

order to facilitate the calculation of G(r) at zero and d/2, the 
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variation of the ratio o_(£)/o (o) for protons in the low 

MeV energy range can be approximately described as a 

straight line: 

OEU) _ 1 -• SL/R 

0 

for «. < R 

for l > R 

(12a) 

(12b) 

Using the above approximation, and the definition of 

given in relation (5), equation (10) becomes: 

G(r)« - f [l - ~ f/1 - (2r/d)z cos^e + — sine]] 
ii '-TT/21- 23 I d >•! 

* exp f-(a/2) /T- (2r/d)* sin* 6' cosh(ar cose/d) d© (13) 

The evaluation of G(r) for r=0 is straightforward and fol

lows immediately from relation 13 where ©o is taken equal 

to w/2. The following result is obtained: 

«., . li1 ' À) exp{-°/2) for 3 > 

for B < j 

(14a) 

(14b) 

The value of the function G(r) for r ad/2 is also obtained 

from equation (13) as follows: 

G(d/2) _1_ 

2ir 

0 
o 

-n/2 2e I 
sin©| + sine 

2Ü l ÍJ 

(l + V > ) <ec 
+ IT/2) - i 

1+ exp(-acosG) d© 

1 - cos 0 

— = - exp(-acos e o) - exp(-a) 

Í 
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2 l * XJ I„(a) sin me + sin mn/2i (15) 
m=l m v > 

s i n " 1 3 
9<, " \ 0 »/2 

fo r 3 

fo r & 

< 1 

> l ; 

where, for the present case 

(16a) 

(16b) 

Ira(a) are the modified Bessel functions, and the remaining 

symbols have the usual meaning. 

In the evaluation of the above integral advantage has been 

taken of the following expansion due to Sonine (7): 

GO 

exp(-acosO) « I (o) + 2 I (-l)m I (a) cos me (17) 
m=l 

Por most cases of interest only few terms in the sum ap

pearing in relation 15 contributes significantly. 

A comparison between the behavior of G(r) given in an ap

proximated form by relations 11, 14 and 15, and in its com 

plete form given by relation 10 can be made with the aid of 

figure 2 for Zn in a hair sample with 37ym diameter. The 

overall mass attenuation coefficient, stopping power and 

ionization cross-section were evaluated using tabulated va_l 

ues from references (8), (9) and (10), respectively, and 

considering the following partial composition of the hair 

matrix C(49.0%); N(14,5%) and 0(30.0%) (11). 
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IV - Determination of the Correction Factor' 

The distribution of trace elements in a hair specimen is 

usually not known. Consequently, to evaluate the effects of 

x-ray self absorption and loss of energy with penetration 

depth in a nondestructive quantitative analysis is neces

sary to assume a form for the elemental distribution. As

suming uniform distribution of trace elements in hair, the 

number of characteristic x-rays detected resulting from 

hair irradiation, can be expressed, in accordance to equa

tion (2), as follows: 

H JL £NP°E(°*N F (18) 
X 4* S 

where, N is total number of irradiated atoms of a particu

lar element, and the correction factor F is defined as 

follows: 

, (à/2 
F = x 

n(d/2) ? 
G(r) 2irr dr (19.) 

o 

Substituting in the above relation the function G(r) given 

by relation 11, the following result is obtained after inte 

gration 

F = G(d/2) + G(o) ( 2 0 ) 

The product c?E(o)F, which appears in equation (18), ,, con

tains the dependence in energy of the incident particles. 
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The experiment described in the following section permits 

to illustrate this dependence. 

V - Experiment 

Hair sample collected from one individual was washed follow 

ing the procedures recommended in the IAEA report (2) and 

was dried in a dust free atmosphere. Eight hair strands 

with approximately the same diameter were selected with tne 

aid of a microscope» and were arranged with regular spac

ing in an Al frame. A square hole of 4mm side was made in 

a Ta foil to be used as a collimator during irradiation 

which permitted to define the lenght of the hair bombarded . 

The collimator was placed about 2cm appart from the target. 

To avoid positive charge build up in the hair strands an 

Al film was placed on the collimator to produce an elétron 

•pray on the target. The overall experimental arrangement 

used for elemental analysis by the PIXE method in our labo

ratory is described elsewhere (12). 

The same hair specimen was irradiated with proton beams 

with energies in the range of 1.5 to 3.5 MeV, and the same 

geometry was used during all irradiations. This range of 

energies permits an evaluation of the effects of energy 

loss of the incident particle with penetration depth in the 

hair sample. The points in figure 3 represent the experi 

mental results for Ca, Pe and Zn. Also in Figure 3, the 

• 



u 

dashed lines represent the variation of the x-ray . produc

tion cross section as a function of energy taken front refer 

enoe (10), and the full curves are the results obtained 

introducing the correction factor given by relation 20. All 

values presented are normalized to the values obtained for 

the 3,5 NeV incident protons. 

VI - Conclusions 

The results presented in this paper give a clear account of 

the difficulties of the nondestructive analysis of trace ele 

sents in hair using PIXE technique. The theory developed to 

include, in the analysis of data, only those effects due 

to x-ray self-absorption and energy loss of the incident 

particle with penetration depth Illustrates the complexity 

of the problem. 

A reliable expression was obtained to account for the cor

rections due to the effects mentioned above by introducing 

simplifying approximations. The results presented in figure 

3 offer an useful insight of the importance of this correc

tion, showing that the variation with the energy of the 

cross section for x-ray production is not sufficient to 

account for the larger variation of the number of X-ray de

tected with decreasing energy. Accordingly, it can be ex

pected that the lower the energy values of the incident 

particles, the larger the correction will be. This fact is 

illustred in figure 4 where the correction factor is pre»-
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ented as a function of energy. The results shown in figure 

4 are for the K line of Zn, Cu and Ca. For increasing en

ergy values of the incident particles the correction factor 

tends to a constant value due to the decreasing importance 

of the effects of the energy loss of the particles in the 

target. For very large values of this energy, i.e., when 

the range of the incident particle in hair is much larger 

than the hair diameter, the correction factor will be due 

essentially to the x-ray self-absorption, and will become 

constant for a particular x-ray energy. 
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Figure Captions 

Figure 1 - Scheme of the experimental configuration used 

for irradiating hair. 

Figure 2 - Behavior of the function G(r) for Zn in hair 

with diameter d = 37ym: (—r-) numerical inte

gration of equation (10); { ) approximated 

form given by equation (11). 

Figure 3 - Normalized values of the number of x-ray pro

duced per incident proton for Ca, Cu and Zn in 

80ym diameter hair. Open and full circles repre 

sent experimental data taken in two different 

irradiations. Both relative x-ray production 

cross sections, without correction ( ) and 

multiplied by the correction factor F ( ) , 

are also represented. 

Figure 4 - Correction factor F as a function of the energy 

of the incident proton beam, for K lines of 

Zn, Cu, and Ca in hair of 80pm diameter. 
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