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Want wy en konnen den Heer en

maker van het geheel Al, niet meer

verheerlyken, als dat wy in alle

zaken, hoe klein die ook in onse

bloote oogen mogen zyn, als ze

maar leven en wasdom hebben ont-

fangen, zyn al-wysheit en vol-

maaktheit, met de uiterste ver-

wondering sien uit te steken.

For we cannot glorify the Lord

and maker of the All more than by

seeing with the greatest admira-

tion His supreme wisdom and per-

fection revealed in all things,

however small they may be to our

naked eye, if only they have re-

ceived life and growth.

Antoni van Leeuwenhoek

(Alle brieven van Antoni van Leeuwen-

hoek, deel XI, Swets t Zeitlinger,

Amsterdam/Lisse (1981) p. 23(0

Antoni van Leeuwenhoek

(The collected Letters of Antoni van

Leeuwenhoek, Vol. XI, Swets « Zeit-

linger, Amsterdam/Lisse (1983) p.

239)

Voor Marja



VOORWOORD

Dit proefschrift is tot stand gekomen dankzij de inspanning van

velen. Een aantal personen wil ik met name bedanken.

Allereerst mijn promotor, Professor Verheul, Zijn begeleiding

was steeds inspirerend. Ook ben ik hem erkentelijk voor de nauw-

gezette wijze waarop hij, ondanks andere verantwoordelijkheden en

omstandigheden, de resultaten van het onderzoek heeft doorgenomen.

Mijn copromotor, Ronald Vis, wil ik danken voor de altijd

prettige samenwerking en de vele vruchtbare discussies. Zonder

hem zou dit proefschrift er anders uitgezien hebben.

I would like to thank Vlado Valkovic for the cooperation in

the hair investigation, the stimulating discussions and his in-

fectious enthusiasm.

Het ontwerp en de bouw van de microbundel opstelling is voor

een groot deel het werk van Hans den Ouden geweest. Dit proef-

schrift getuigt ervan, dat hij daarmee een zeer knappe prestatie

heeft geleverd.

Mijn collega Chris van der Stap ben ik dank verschuldigd voor

zijn hulp bij het onderzoek. Vooral bij de verwerking van de meet-

gegevens met de Cyber heeft hij mij erg geholpen.

Ook de andere leden van de werkgroep kernahemie, Niels Blomberg,

Alfred Hogenbirk, Frans van Langevelde en Willem Lenglet, wil ik

hartelijk danken voor hun bijdragen en hun inzet (dikwijls

's avonds en in het weekend).

I would like to express my gratitude to Jagoda Makjanic for her

contribution in the tedious data analysis and the pleasant cooper-

ation.

Door de bijdrage van Fons Ullings heeft de opstelling ogen ge-

kregen, waardoor ik af en toe een oogje dicht kon doen.

Dankzij de haarfijne trefplaat preparatietechnieken van Knud

Wieder8pahn kon ik m'n sporen meten èn verdienen.

Veel dank ben ik verschuldigd aan de medewerkers van de instru-

mentmakerij en de electronische ontwikkelingsgroep. Dankzij hun

vakmanschap voldoet de apparatuur nu aan de ontwerpspecificaties.



Een speciaal dankwoord geldt de leden van de cyclotrongroep.

De inzet die zij steeds getoond hebben om de experimenten te doen

slagen was hartverwarmend. Nooit deed ik tevergeefs een beroep op

hen.'

Een onderzoek zoals beschreven in dit proefschrift leidt onver-

mijdelijk tot samenwerking met andere disciplines. De samenwerking

met het Academisch Ziekenhuis van de VU is een vruchtbare gebleken.

Met name wil ik dr. P.L. Oe bedanken. Dr. W.P. de Groot ben ik

erkentelijk voor het kritisch doorlezen van enkele delen van het

manuscript.

Regelmatige contacten zijn er ook geweest met het Interuniver-

sitair Reactor Instituut in Delft. Met name denk ik aan de ple-

zierige samenwerking met dr. C.J.H, van den Hamer en dv. P.S. Tjioe

Met Maarten Prins ben ik enkele malen naar Daresbury in Engeland

geweest om metingen te doen met de synchrotron-stralingsbron aldaar.

Ik wil hem hartelijk darken voor de vruchtbare samenwerking.

I also would like to thank Sam Davies and Keith Brown for their

hospitality and cooperation in the SXRF investigation.

Een onderzoek als dit is niet mogelijk zonder een goede adminis-

tratieve infrastructuur. De wijze waarop m.n. dhr. G. van der Hoeden

vele malen de 'inchworms' door de administratieve warwinkel heeft

weten te wurmen getuigt van evenveel vakmanschap als de wijze waar-

op Fred Kuijper ze, op afstand bestuurd, heeft laten 'wormen'.

Mijn dank geldt ook Andries Pamper en Leo van der Linde, die

de tekeningen verzorgd hebben en dhr. W.C. van Sijpveld voor het

maken van de foto's.

Gerrie Rijnsburger, hartelijk dank voor je hulp gedurende de

laatste tijd in de vorm van het nauwgezet en snel typen van het

manuscript.

Roger Henderson wil ik bedanken voor zijn hulp en inventiviteit

bij het vertalen van het manuscript in het Engels.

Tenslotte, dank aan mijn zus Joke, die op de omslag raak heeft

weten weer te geven dat ook dit onderzoek mensenwerk is.



CONTENTS

INTRODUCTION AND SUMMARY

1 . 1 General introduction

1.2 Aim of the investigation

1.3 Contents of this thesis

THE AMSTERDAM PROTON MICROBEAM SETUP 7

2 . 1 Introduction 7

2.2 Description of the experimental setup 8

2.2.1 Outline of the beam transport system 8

2.2.2 Foundation 10
2.2.3 Slits 10

2.2.4 The quadrupole doublet 12

2.2.5. Scanning system 15

2.2.6 Beam spot and target observation 16

2.2.7 Tuning aids 17

2.3 Testing of the experimental setup 17

2.3.1 Introduation 17

2.3.2 Methods of beam intensity profile and

beam current measurements 21

2.3.3 Results 22
2.4 Discussion 31
Acknowledgments 34

EXPERIMENTAL PROCEDURES AND DATA ANALYSIS 35

3.1 Introduction 35
3.2 X-Ray detection 36
3.3 Data handling 40

3.Z.I Introduction 40

3.3.2 Data acquisition 40
3.3.3 On-line procedures 42
3.3.4 Off-line procedures 43



3.4 Choice of the target thickness

3.4.1 Matrix effects

3.4.2 Heating effects

3.4.3 Absorbed dose

Acknowledgments

46

46

49

52

55

CONCENTRATION CALIBRATION IN MICRO-PIXE 56

4.1 Introduction 56

4.2 Proton energy loss as a measure of

pixel mass 57

4.2.1 Principle 57

4.2.2 Experimental 63

4.3 Backscattered protons as a measure

of pixel mass 6 7

4.3.1 Principle 67

4.3.2 ExperimentaI 69

4.4 Bremsstrahlung as a measure of pixel mass 71

4.4.1 Principle 71

4.4.2 Experimental 72

4.5 The use of a standard 75

4.6 Discussion 76

AN INVESTIGATION INTO THE PRESENCE OF

TRACE ELEMENTS IN HUMAN HAIR

5.1 Outline

5.2 Motives, aim and design of the

invest igat ion

5.2.1 Motives of the investigation

5.2.2 Aim of the investigation

5.2.3 Design of the investigation

81

81

82

82

88

89



5

5

5

5

.3

.4

. 5

. 6

Structure and growth of human hair
5.3.1

5.3.2

5.3.3

The structure of hair
5.3.1.1 The hair fo l l i ce

5.3.1.2 The hair shaft

Hair growth
Some physical properties of hair

Materials and methods
5.4.1

5.4.2

5.4.3

5.4.4

Sample selection
5.4.1.1 Samples, selected for the

sorption behaviour

5.4.1.1.1 Shampoo

5.4.1.1.2 Sweat

5.4.1.2 Other samples

Sample preparation
Experimental procedure

Data analysis
Results and discussion of each element

5.5.1

5.5.2

5.5.3

5.5.4

5.5.5

5.5.6

5.5.7

5.5.8

5.5.9

Sulphur
Chlorine
Zino and copper
Iron
Potassium

Calcium

Lead

Arsenic
Selenium

Conclusions and general discussion
5.6.1
5.6.2

Conclusions
General discussion

Acknowledgments

91

91

91

94
95

96

97

97

97

100

102

103

105

1 0 9

1 1 1

1 1 2

1 1 4

1 1 6

120

127

1 2 9

131

133

137

141

142

142

143

146



EXPERIMENTAL COMPARISON OF DIFFERENT X-RAY

TECHNIQUES WITH EMPHASIS ON SYNCHROTRON

RADIATION 147

6.1 Introduction 147

6.2 Some properties of synchrotron

radiation 150

6.3 The effect of polarization 154

6.4 Experimental 158

6.5 Results and discussion 161

6.6 Synchrotron X-ray microprobe 169

Acknowledgments 170

SAMENVATTING 171

REFERENCES 175



C H A P T E R I

INTRODUCTION AND SUMMARY

1 . 1 GENERAL INTRODUCTION

Trace elements are elements present in the human body

in quantities of less than 0.01 % of the total body

weight. They include those elements which are indis-

pensable for the proper function of the organism (the

essential elements) as well as those which are either

only harmful to the body (the toxic elements) or which

do not interact at all with the metabolism (the indif-

ferent elements) (Ham 82). Until recently the impor-

tance of only a very few trace elements was recognized.

The consequences, for instance, of iron and iodine

deficiencies and the effects of exessive exposure to

metals such as lead and mercury are well known.

During the last quarter of this century six essential

trace elements, whose functions were previously un-

known, have been added to the list of known essential

trace elements (Mer 81). The knowledge of the adverse

effects of toxic elements and effects of a trace ele-

ment deficiency is rapidly increasing (Und 77, Ham 79).

However, much is still unknown about the biological

mechanisms involved in the functioning of the trace

elements.

Methods of analysis of trace elements have played a

crucial role in the recognition of the importance of

trace elements. A new method of analvsis was introduced



by Johnsson et al. (Joh 70) in 1970 and is generally

referred to as PIXE (Particle Induced X-ray Emission).

In this accelerator based technique charged particles

(mostly protons of a few MeV) are used to induce

characteristic X-rays from the specimen. A qualitative

elemental analysis if performed by measuring the ener-

gy of the X-rays. Quantitative analysis is carried out

by a determination of the intensity of the X-rays.

Some specific characteristics of PIXE are a) the multi

element character, b) detection limits of 0.1-1 pg/g

under appropriate conditions, c) small amount of sample

material that is needed. These properties make it a

very attractive method for determining trace elements

in biological material because:

1) trace elements in biological systems are constituents

of compounds which influence each other. Therefore,

it is important to know concentrations of more than

one element;

2) the concentration of many trace elements in biologic-

al material are at the 1 ppm level;

3) in many cases the amount of the specimen available

is limited.

A new dimension to the PIXE analysis method was

given by Cookson et al. (Coo 72). They were able to

focus the proton beam down to a diameter of a few micro-

meters. In scanning the beam across the specimen, it

becomes possible to determine the spatial distribution

of the elements. When used to determine the elemental

distribution on a micrometer scale, PIXE is referred

to as micro-PIXE (Vis 84a). This technique enables one

to correlate elemental distributions with morphological

structure. This may reveal new information about the

biological mechanisms involved in the functioning of

the trace elements.



It should be noted that PIXE analysis is not only

applicable to biological samples. The technique has

found a wide range of application as is witnessed by

the proceedings of four international conferences on

PIXE and its analytical applications (Joh 76, Joh 80,

Dem 81, Mar 83). In this thesis an application of

micro-PIXE in the biomedical field has been carried

out.

1.2 AIM OF THE INVESTIGATION

About nine years ago a PIXE setup was put into one of

the beamlines of the cyclotron of the Vrije Universi-

teit at Amsterdam. Investigations by Vis (Vis 77) have

shown the analytical capabilities of using this ion

accelerator for trace elements analysis. An experimen-

tal setup for focussing charged particle beams to beam

spot sizes of a few micrometer was designed and con-

structed by Den Ouden et al. (Oud 81). The aim of the

work presented in this thesis is to develop the micro-

beam setup further such that small beam spot sizes can

be produced routinely; and to investigate the capabili-

ties of the setup for micro-PIXE analysis.

1.3 CONTENTS OF THIS THESIS

In this thesis the development and performance of the

Amsterdam proton microbeam setup are described. The

capabilities of the setup for micro-PIXE are shown with

an investigation into the presence of trace elements in

human hair.

Chapter II describes the experimental setup. The

setup was tested and proved to meet the design specifi-

I



cations. During test runs a beam spot size of 4.0 x2.1

um2 was measured. Under experimental conditions a beam

spot size of 5.4 x3.4 pm2 with a beam current of 20 pA

can be used. The halo around the beam was found to be

very low.

Chapter III deals with the experimental procedures

and data analysis for micro-PIXE experiments. First the

sensitivity of the X-ray detection system is described.

Then we discuss the data handling. In an experiment,

signals of various detectors and the positions from

where on the target they originate must be stored. To

handle the data flow a dedicated measuring program has

been developed. The on-line analysis, made possible by

this program and the off-line analysis are described.

The chapter ends with a discussion of the choice of the

target thickness: targets must be thin to reduce matrix

effects and radiation damage but thick enough for a

high X-ray yield.

Since micro-PIXE is a rather new analysis method,

there is not yet a standard calibration technique. In

chapter IV we investigate four calibration techniques

to micro-PIXE for thin targets of biological material.

They are similar in that the amount of trace element of

each is derived from the intensity of the characteristic

X-rays. They differ from each other in determining the

target mass under the beam. It is described that this

target mass can be derived from 1) the energy loss of

the beam, 2) the backscattered protons, 3) the back-

ground in the induced X-ray spectrum and 4) a standard.

Which method receives the preference depends on the

kind of target used.

In chapter V the results of an extensive experimen-



tal investigation into the presence of trace elements

in human hair are presented. Trace elements in hair are

considered to reflect the trace element status of the

human body. However, because of possible external con-

tamination etc., it is questioned whether the trace

elements concentrations in hair form a reliable indica-

tor. The proton microbeam (~ 5 um) is an outstanding

tool for measuring the location of trace elements across

the hair diameter (~ 100 ym), not only because the beam

spot size but also because the multi-element character

and the low absolute detection limits of micro-PIXE.

In measuring the elemental distributions across the

hair diameter information is deduced about 1) the sorp-

tion behaviour of trace elements; 2) the natural distri-

bution of trace elements over a cross section; and 3)

the routes along which the trace elements are incorpo-

rated into the hair. From the results it can be conclud-

ed that the behaviour of the various trace elements

differs markedly from element to element. Some elements

are found to be distributed homogeneously over a cross

section of the hair while others are peaked on the

periphery by nature means. Moreover, the results pro-

vide evidence that the incorporation of a number of

trace elements not only takes place along the matrix,

but also along the hair root sheaths. It can be con-

cluded that the amount of trace element being measured

in scalp hair depends on a number of complex factors.

Only for a small number of elements in certain circum-

stances the concentration may be a reliable reflection

of the trace element status of the body.

The last chapter is devoted to a comparison of dif-

ferent X-ray techniques for spatially resolved trace

element analysis. Synchrotron radiation has, compared

to protons, some promising properties. These are

I



treated in chapter VI extensively. Results from experi-

ments performed with the Synchrotron Radiation Source

in Daresbury (U.K.) are compared with those of other

techniques. It appears that generally speaking SXRF

(Synchrotron X-Ray Fluorescence) as a multi element

analysis technique has no distinct advantage as com-

pared with PIXE. However, the possibility of minimizing

the detection limit for a given element makes SXRF,

especially for the low Z elements, a complementary

technique.



C H A P T E R II

THE AMSTERDAM PROTON MICROBEAM SETUP

2.1 INTRODUCTION

The transport of charged particles (Ban 66) from an

accelerator to the experimental setup is realized by

steering magnets and lenses. The magnetic quadrupole

lenses (Smi 70) which are commonly used, are able to

focus ion beams at MeV energies to mm beam spot sizes.

However, if a proton beam has to be focussed into a

spot size of a few micrometers specially designed len-

ses and slits are necessary.

The production of these so-called nuclear microprobes

has been reviewed by Cookson (Coo 79b, Coo 81), Martin

(Mar 80), Legge (Leg 82, Leg 84) and Vis (Vis 84b). The

design of the present microprobes can be divided into

two groups. One line follows a concept developed at

Harwell in 1970 by Cookson et al. (Coo 79a) character-

ized by the use of four (often used as a "Russian

Quadruplet") or three ("triplet") quadrupole lenses.

The other line follows a concept developed by Nobiling

et al. (Nob 75) at Heidelberg. This concept is charac-

terized by a more sophisticated slit profile and the

use of quadrupoles having such a narrow aperture and

consequently high field gradient that one doublet is

sufficient.

We decided to adopt Heidelberg's basic concept. The

technical development of this idea for the Amsterdam

situation was performed by Den Ouden et al. (Oud 81).



Beamtransport calculations showed that with our cyclo-

tron a beam spot size of about 4x4 um2 can be expected

with a beam current of about 25 pA.

This chapter begins with a description of the mechan-

ical part of the microbeam device (section 2.2). The ex-

perimental setup was carefully tested. Results of these

tests together with results of theoretical calculations

of the performance of the setup are presented in section

2.3. A discussion of the characteristics of the micro-

probe closes this chapter.

2.2 DESCRIPTION OF THE EXPERIMENTAL SETUP

2.2.1 Outline of the beam transport system

The experimental setup was built at one of the beam

lines of the 55 inch A.V.P. cyclotron of tl.c Vrije

Universiteit [p, d, 3Hef
 uHe beams; 2.4<E <28 MeV; in

operation since 1966 (Jon 66)]. A sketch of this so-

called 28° beam line is given in Pig. 2-1. The external

CYCLOTRON

CONCRETE

< \ \ . W A L L

I VALVE

— SLIT

a CORRECTION MAGNET

o CORRECTION MAGNET • SLIT

* QUADRUPOLE MAGNET

am PUMPING SET

o TARGET CONCRETE
FOUNDATION

Fiq. 2-1 A schematic view of the 28° beam l ine .
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Fig. 2-2 Side view of the Amsterdam proton microbeam setup.
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beam of the cyclotron is focussed by quadrupoles Q and

Q„ and bent 28 degrees by switching magnet SM onto slit

S28. This slit is imaged onto a specially designed slit

Si by the quadrupoles Qi and Q2. Up to slit Si the beam

line is a commonly used beam transport system. The

slit Si forms the object which is focussed by a specially

designed quadrupole doublet onto a very small spot. This

last part of the beam line is the actual microbeam

device. It is depicted in more detail in Fig. 2-2.

In what follows the different components of this

device are briefly discussed.

2.2.2 Foundation

To avoid vibrations the whole apparatus rests on a rigid

foundation constructed out of concrete blocks packed in

a steel frame, resting on heavy steel rollers. It stands

3 m high and weighs approximately 20 tonsi;. Extensive

vibration measurements (Brüel & Kjaer, Vibration Ana-

lyzer Type 3513, with piezoelectric transducers 4370

and 8306) carried out over a frequency range from 2000

Hz down to 2 Hz showed a vibration level below 0.1 um,

which is satisfactory.

On the concrete rests a rigid frame of stainless

steel bars, on which the different components of the

microbeam device are mounted. The frame can be adjusted

both horizontally and vertically (see Fig. 2-2).

2.2.2 Slits

The beam enters the experimental setup through an en-

trance diaphragm (diameter 1.0 mm), drilled in a tanta-

Because the experimental hall was designed originally to do
neutron scattering experiments, the beam level is at 3.5 m
above the floor. The concrete/ now installed as foundation,
was originally, in a much larger form, used as a neutron
beam stop.
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lum plate. This diaphragm stops those particles of the

beam, which are anyhow not accepted by the object slits

(Si). The tantalum diaphragm is electrically isolated

from the housing to enable measurement of the inter-

cepted beam current.

The slits Si and S2, 120 cm apart, fix the acceptance

of the microbeam device. Slit Si determines the object

size and slit S2 the divergence. Each slit house con-

sists of two pairs of crossed stainless steel jaws,

(each) independently driven by micrometer screws.

Slit system Si is the most elaborate. Its micrometer

screws (Mytoyo Inc., Japan) can be adjusted down to 0.1

vim, while typical settings for the object slit widths

are 20x70 vim2. There is an independent read out of the

slit widths by measuring the capacitance of flat plates

mounted on the same slit drives. With the aid of this

system an alarm is given when the slit opening becomes

too narrow. The slit width can be varied from 5 vim to

3 mm.

The profile of the slit jaw is the same as Heidel-

berg's following their ideas as regards slit scattering

(Nob 75). The jaws made of stainless steel were polished

down to a measured peak-to-valley height of less than

0.1 vim. In front of the first pair of jaws, an auxili-

ary pair of silver jaws is mounted on the same sliders

(see Fig. 2-3). These silver jaws have an aperture of

Fig. 2-3 Side view of the horizontal object defining slit. The Ag jaws

intercept the bulk of the beam to avoid excessive heating of

the stainless steel jaws, which form the actual slit.
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•approx. 40 ym wider than the stainless steel jaws so

that they intercept the major part of the beam,

avoiding excessive heating of the actual object slits.

From these silver jaws heat flows away to the slit

housing through flexible copper leads.

Slit systems S2 and S3 are identical. The slits of

S2 determine the divergence of the incoming beam, while

the slits of S3 act as an anti-scattering collimator.

The slit jaws are driven independently by micrometer

screws, which can be read out with an accuracy of 1 ym.

No facilities for current measurements on these jaws

are realized. The slit widths can be varied from 0 to 5

mm.

With these slits the geometrical acceptance1J e

and e of the microbeam setup can be adjusted from

TT »2.5 ym . 0.005 mrad) to ir(700 ym . 1.0 mrad) respec-

tively. Since the lens is an electromagnetic quadrupole

doublet the imaging is not isomorphic. In order to ob-

tain a symmetric image an a-symmetric object must be

presented. Typical slit widths are shown in Fig. 2-4.

2.2.4 The quadrupole doublet

The lens system consists of two quadrupole magnets.

Details are given in Table 2-1 and Fig. 2-5. The effec-

tive lengths are measured with a Gauss-meter by moving

the Hall probe parallel to the z-axis. Results are

shown in Fig. 2-6. From the measured magnetic induction

it was deduced that the maximum field gradient which

can be obtained without excessive heating of the coils

is 180 T/m. With this field gradient protons with an

e = 7r(xo . (dxo/dz)) and e = Tr(yo . (dyo/dz)) with x, y andx y
z defined in Fig. 2-8.
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200-

tm •

too-

vertical

3 jim

divtratnu
dtlining

•lit! onli-
A* * Ay • , scattering
600 • 370 M»> »ltl ,

Ax • Ay .900.500 urn"

Fig. 2-4 Beam optics of the Amsterdam proton microbeam. The slit widths

indicated are typical settings. Beam envelopes are calculated

with TRANSPORT (Bro 70). I
DETAIL

Fig. 2-5 The cross sectional geometry of a quadrupole lens (left).

The centre is depicted in more detail in the figure on the

right (dimensions in millimeters).
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Table 2-1 Quadrupole doublet specifications.

Aperture diameter

Pole radius

length (effective)

material : Vacoflux (50% iron, 50% cobalt)

Yoke material : good quality cast iron

Driftlength between the quadrupoles (effective)

Coils number of turns

length 4x 117.5 =

cross section : rectangular

electric resistance 4x1.1 =

Qi

Q2

8 mm

4.52 mm

40 mm

Excitation K (K = / 32-)
mv

4 U

470

0 .8x20

4 .4

15.515

19.769

nun
350

m

mm2

fi

m"1

m"1

-40 -30 -20 -10 0 10 20 30 40 50 60-*-Z(mm)

Fig. 2-6 a) Geometric profile parallel to the beam axis of a pole piece

of the lens.

b) Measured magnetic field parallel to the z-axis at 2 mm from

the pole piece, showing an effective length of both magnetic

and drift length of 40 mm.
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energy up to 10 MeV can be focussed, which is quite

sufficient for PIXE analysis.

The power supply of the quadrupoles (Systron Donner,

model SHR70-1A) is used in the constant current mode.

With this supply a magnetic field can be obtained,

which is, measured under experimental circumstances

stabilized to 5 parts in 105.

2.2.5 Soanning system

Target motion is realized by three so-called "inch-

worms" (Burleigh Inc., New York) (see Fig. 2-7). An

inchworm is a precise translation system, in which a

Y-WORM

Fig. 2-7 Target, target wheel and the three inch worms, which perform

the target scanning.
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shaft is translated by a system of piezo electric crys-

tals around the shaft. The minimum step size is 20 nm.

The maximum speed of the target motion in our system is

about 0.5 mm/s and the minimum speed about 0.2 ym/s.

The actual position is read to an accuracy of 2 pm by

optical encoders of which the grid distance is 16 ym.

Digital output enables computer control, which is per-

formed by a local microcomputer (HP85). As a result,

programmed motion of the x- and y-worm, acting perpen-

dicular to the beam, performs the scanning of the tar-

get.

2.2.6 Beam spot and target observation

Target observation during positioning and irradiation

is possible by means of a specially designed microscope

with an extended working distance (15 mm) and by a mir-

ror between target and object lens. A "tunnel" of 3 nun

has been drilled through the mirror to allow the beam

to pass through it. The mirror position is such that

objective and mirror do not intersect the solid angles

covered by the detectors.

The magnification of the microscope is, depending on

the eye-piece used, 100, 250 or 400 times, while the

resolving power is 2 pm.

Coupled to the three inchworms a target wheel with

four target positions has been installed (see Pig. 2-7).

A remotely controlled stepping motor enables position-

ing of each of the four targets in front of the beam.

One of the targets consists of a quartz slide. If the

beam hits the quartz, it emits light. This visual ef-

fect is used to focus the beam. The position of the

beam is fixed with respect to the cross wires in the

eye-piece of the microscope. Thus, for an actual target

in another wheel position (where the beam normally

does not show any visual effect on the target) it can
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be precisely determined where the beam hits the target.

2.2.7 Tuning aids

In order to correct small deviations in the direction

of the beam at the position of slit Si a steering mag-

net has been installed behind this slit house. Precise

adjustment of the beam with this magnet in horizontal

and vertical direction along the magnet-.c axis of the

quadrupole doublet compensates also for the bending-of

the beam as a consequence of the earth's magnetic field

(± 0.25 mm over 2 m at E^ = 2 MeV).

The four jaws of the object slits are mounted on

sliders of insulated material (glass ceramic), which

allows measurement of the beam current intercepted by

each jaw independently.

The beam is dumped in a Faraday cup at bhe far end

of the target chamber. The Faraday cup (made of pure

aluminium) is surrounded by a well type Nal (Tl) scin-

tillator crystal. Making use of the high y~yield of the

(P»P'Y) reaction on 2 7A1, this provides an additional

means of beam current monitoring.

Coarse focussing is possible by looking through the

window of the target chamber to the spot size on the

quartz slide. In the fine tuning procedure the spot

size is observed by means of the optical microscope.

2.3 TESTING OF THE EXPERIMENTAL SETUP

2.3.1 Introduction

Testing of the microbeam device includes the measure-

ment of the beam intensity profile, the beam current

and the aberration coefficients on the one hand and

the comparison of these results with calculations on

the other. In the following subsection methods of beam
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profile and beam current measurements are described.

Then the results of measurements and comparison with

calculations are given. For the definitions of the

aberration coefficients the notation of Grime et al.

(Gri 82) has been used. They define a set of cartesian

coordinates with the origin at the object and the

positive z-axis coinciding with the optical axis of the

system (see Fig. 2-8). It is assumed that when perfect-

ly aligned, the axis of the lenses coincides with the

z-axis and their planes of anti-symmetry with the xz

and yz planes. The aim of the calculations is to deter-

mine the coordinates of a particle in the image plane

(xif y±) as a function of the system parameters and the

entrance coordinates. These may be written as:

y0, 90 (2-1)

Fy(x0, / P) (2-2)

jfc '

Qi Qz image

, z

e. e.

Fig. 2-8 Coordinates used in describing the aberration coefficients.
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where suffix "o" denotes object coordinates, 6 is the

percentage momentum shift of the particle from the mean

and P represents parameters such as guadrupole mis-

alignment etc. We write the functions F as polynomials:

x± = Ao + AiXo + A2y0 + A360 + • • • + \vjv2V3 + . . . (2-3)

where v represents a system variable, assuming that

the higher order terms do not contribute significantly.

The A's are called aberration coefficients and the

"order" of a coefficient is given by the sum of the

power of the variables in that term of the expansion.

Thus the order of A R = j + k + 1.

To avoid confusion we will write the coefficients in

the form <x|8(j<t>0> or <y|viV2v3> where the variable on

the LHS is the dependent variable and the expression on

the RHS is the combination of independent variables to

which the coefficient relates.

For a perfectly working focussing system, the image

is a (de)magnified version of the object:

xi = <x|xo> x0 (2-4)

yi = <y|yo> yo (2-5)

for all values of 60 and $0. Some of the other coeffi-

cients are zero if the lenses are perfectly symmetric,

while others contribute very little to the spot size

because the object size is so small. The dominant

coefficients are summarized in Table 2-2. These terms

must be minimized in order to achieve the best perfor-

mance .
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Table 2-2 The dominant aberration coefficients

Order Coefficients Remarks

1st <x|xo>

<y|yo>

<x | e o >

<y|*o>

magnifications : not necessarily

equal

astigmatism terms - zero for a

correctly focussed image

1st V

<y|vn

<y|8n

translation these terms

simply cause a

tilt displacement of

the image

2nd chromatic aberration

2nd

<y|eoPn>

<x|eoen

rotation terms - note the

coupling between x and y

planes

aberration due to excitation

changes (e.g. power supply ripple)

3rd

spherical aberration

a) Ü « x translation of quadrupole n;n
V « y translation of quadrupole n;

an - tilt of quadrupole n in xz plane;

B * tilt of quadrupole n in yz nlane;

p • rotation of quadrupole n about optical axisi

c • percentage deviation from the
n

ean excitation of quadrupole n.



21

2.3.2 Methods of beam intensity profile and beam

current measurements

In observing the beam size by observing the emitted

light when the beam hits the quartz slide one should

realize the following effects.

1. The quartz slide (thickness ± 1 mm) is much thicker

than the range of the protons (76 vm at 3 MeV). Multiple

scattering will blow up the beam along the path, where

the protons are slowed down, while most of the light is

emitted at the end of the range.

2. The light response of the eye is logarithmic i.e. a

weak halo will be observed as being intensified.

On the other hand, the microscope in our system has

a small depth of focus (~ 10 urn for M = 400 x) . Thus,

through optical focussing on the quartz slide surface,

by means of moving the z-worm, the beam spot can be ob-

served as it enters the quartz slide. This method of

beam size observation suffices in finding the optimum

excitation of the quadrupoles. However, another method

is needed to observe the spatial intensity profile.

In order to measure the beam intensity profile one

needs a 'probe' with the following properties:

1) thin with respect to the proton range,

2) small with respect to the beam size and

3) sharply confined, spatially.

In practice such probes are not easy available. Thin

wires of tungsten have been used (Bar 82), but even the

thinnest wire is 2 Mm in diameter. As an alternative we

used a straight gold edge, which fulfils properties 1)

and 3 ) . The edge is moved across the beam and the num-

ber of characteristic X-rays produced at each step is

recorded. The nature of the information gained in such

a way is of an integral type. The be;»-, profile is de-

duced by differentiation with respect to the position.
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The sharp gold edge is obtained in the following way.

An electron microscope grid (200 lines/inch) is mounted

on a thin (7.5 um) kapton ® foil. The grid lines were

alternatingly (55+ 1) um and (35+ 1) urn wide. 300 nm Au

is evaporated on the kapton (with grid) and then the

grid is removed. Examination of the resulting Au mesh

with an electron microscope showed a sharp edging (< 0.1

um) of the gold boundaries. The gold mesh is moved

across the beam with an inchworm (0.2 ym/sec) in both

vertical and horizontal direction. Gold L X-rays are

recorded using a multichannel analyzer (ND 50/50) oper-

ating in the Multi Channel Scaling mode. Beam profiles

are deduced by a second order least square differentia-

tion as described in ref. (Sav 64). The number of chan-

nels in which the X-ray yield increased (decreased)

from 10 till 90 per cent is taken as the number of con-

voluting integers. In this way the beam size in one di-

rection can be measured with a precision of 0.3 um.

The beam charge, as collected by the Faraday cup can

be measured by using a precise current integrator. How-

ever, this cannot be done very accurately because the

beam current is in the pico ampere range. As a more

precise alternative, we have used a monitoring system,

based on measuring the number of particles backscattered

by a thin film of a heavy element. This can be done

very accurately (Vol 83) for instance with the same

target as is used for beam profile measurements.

3.3.3 Results

The characteristics of the microbeam are summarized in

Table 2-3. Measurements of beam intensity profiles and

aberration coefficients are all performed at 3.0 MeV.

For calculation of the aberration (with exception of

the translation aberrations) e0 and $0 need to be known.
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Table 2-3 Characteristics of the Amsterdam proton microbeam

Cyclotron beam emittance horizontal

vertical

beam current

Focussable proton energy

Momentum SDread <S = °
Po >

Acceptance microbeam device Ax0

A6g

Ay

A* b )

Beam spot size Ax

Ay c>

Current density

Halo outside IS |im

Actual

30

15

15

3.0

0.14

20

0.50

70

0.30

5.4

3.2

1

<0.1

Min.

15

15

10

2.4

0.075

15

0.40

40

0.25

4.0

2.1

0.5

Max.

20

10

200

4.8

500

4.8

2

unit

mm.mrad

mm.mrad

PA

MeV

vm

mrad

urn

mrad

pA/um2

*

a) full slit width

b) full divergence

c) F.W.H.M.

These half divergences were set with the slits of slit

system S2 to be:

6 o = 0.5 mrad

4>o = 0.3 mrad.

These angles are adjusted wider than the typical ones

in order to obtain a more pronounced contribution to

the aberrations.

Beamprofiles. Figures 2-9a and 2-10a show under typical

experimental circumstances the Au yield while moving

the gold-squares-on-kapton-target in horizontal and

vertical directions. Deconvolution (Pigs. 2-9b and

2-10b) shows a beam profile of 5.4x3.4 pm2 FWHM. The

beam current was 20 pA. The smallest beam size (2.1 vm)



24

200 «00
CHANNEL NUMBER <0 33 |im/CH >

Fig. 2-9 a) Recorded Au yield while moving the gold shadow of a e/m grid

horizontally through the bean (Full object size 20 gm,

divergence 8 » 0.25 rorad);,

b) Deduced horizontal beam profile.

was measured in the vertical direction with a smaller

object size (Fig. 2-11). From the figures a valley to

plateau ratio of 1 : 900 has been deduced. Since at

least part of the valley counts originates from the

bvem88trahlung produced by the protons on the kapton

foil, the halo intensity may be better than 10~3 of the
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IS 1

8 '

.ai

-16-

VERTICAL

200 '00 600
CHANNEL NUMBER (O 26 ||<HICHI

Fig. 2-10 Same as Pig. 2-9, but in vertical direction (full object size

= 70 vm, divergence 4> « 0.15 mrad) .

beam intensity. This value is to be expected from slit

scattering and residual gas scattering (p= 10~6 mbar)

(Nob 75) and lens aberrations apparently do not con-

tribute significantly to this halo.

Translation aberration. The guadrupole doublet was dis-

placed in the x-direction to measure the translation

aberration. Setting accuracy was~ 5 um. The image dis-
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CHANNEL NUMBER (O.26Mm/CH)

Fig. 2-11 Same as Fig. 2-10 (vertical, full object size = 40 pm,

divergence $ = 0.15 mrad).

placement was measured with the eyepiece micrometer

which allowed displacements in the image plane to be

measured to an accuracy of approximately 2 ym. Results

are shown in Fig. 2-12.

Excitation aberration. The excitation of each quadru-

pole was varied independently. The beam profiles at

different currents were measured with the above
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EFFECT OF DOUBLET TRANSLATION Fig. 2-12 Displacement

of the image against the

horizontal translation

of the doublet.

«0 W 120 160 100

described technique. The deduced beam sizes are plotted

against the percentage change in excitation in Pig.

2-13.

EFFECT OF CHANGE IN EXCITATION

OUADRUPOLE Q,

so

40

20

|

1
S
•

"1

•

QUADRUPOLE Q 2

x s horizontal
o • vertical

1 1 1

Fig. 2-13 Beam size enlargement against percentage change in excitation

current of Qi and Q2.
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Chromatic aberration. Since attempts to change the beam

energy by means of the switching magnet failed, the ef-

fect of change in momentum has been simulated by chang-

ing the current (e.g. the field gradient) of both quad-

rupoles with the same percentage. Beam profiles were

measured and deduced beamsizes plotted against the cor-

responding change of the momentum (Fig. 2-14).

SIMULATED EFFECT OF MOMENTUM CHANGE

X « HMIZONTAL

O • VEftTICAl

6 CM

Fig. 2-14 Effect on

the beam size from

equal percentage change

in current of both

quadrupoles (simulating

a momentum change).

Rotation aberration. The second guadrupole was rotated

about the z-axis by means of a screw, driving a peg

fixed to the circumference of the joke. Displacement

was read with a dial indicator with setting accuracy

of 5 ym corresponding to 37 yrad. The results are shown

in Fig. 2-15.

Rotation of both quadrupoles around the z-axis gives a

minor effect compared to rotation of one with respect

to the other.

Demagnif'icxtion. The demagnification was determined by

measuring the beam size at various object sizes (Fig.

2-16). The object size was adjusted with micrometer

screws (accuracy 0.1 um) and corrected for thermal
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EFFECT OF ROTATION OF Qi

X «HORIZONTAL

O > VERTICAL

Fig. 2-15 Effect on

the beam size of rota-

tion of Q2 .

DEMAGNIFICATION

40

30

20

10

I

ge
 s

iz
e 

(f
u

ll)

i

y

HORIZONTAL

8 « ' 0.5 mrod
• • • 0 3 mrod

f - calcutotlor.

objtct »z« (full)(um)

20

15

K)

S

1

f

VERTtCAL

ft.. 0.5 mrod
• • • 0 3 mrod

#,

jt* m measurement
^ - calculation

object size (fuHHpm)

100 200 300 400 500

Fig. 2-16 Demagnification of the beam size in a) horizontal and

b) vertical direction. The calculated curve is based on

theoretical aberration coefficients (Table 2-4),

p0 = 27 yrad, cj = E 2 = 0.5%and 6 as free parameter.
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expansion of the slit jaws as a consequence of inter-

cepting part of the beam. The correction was deduced

from the simultaneously measured beamcurrsnt. The beam-

current versus the object slit size showed a straight

line, which intersects the x-axis (object size) at + 40

ym. Hence all object sizes were corrected with - 40 um.

Measurement of the current on the stainless steel jaws

yielded for the horizontal jaws 140 nA (each) and for

the vertical ones 20 nA. The horizontal slit width

needed 5 um correction.

The data points in Fig. 2-16 have been fitted with

a calculated curve with 6 as the only free parameter.

In the horizontal direction the value 0.10 % gives the

best fit while in vertical direction this value is

0.13 %.

Current. The current was measured at various spot sizes

by varying the vertical object slit width. The horizon-

tal object size was held constant. Results are shown in

Fig. 2-17. A linear relationship is seen as long as the

aberrations do not dominate. From the linear part and

the horizontal image size a current density of 1.9 pA/

pm2 has been deduced.

A M

m

I M

HO

<

c

-

/

Itmitmm MMfl* «li» • 10 nm
V 0.1 *r>«
%m 0.1 Diral

/

/

/

1 1 1

/

/

vtfHui towtt «M (fuHHitm)

Pig. 2-17 Beam cur-

rent at various spot

sizes.
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Calculations. Aberration coefficients were calculated

with the computer program TRANSPORT (Bro 70, Bro 80).

This is a comprehensive second order program, using

matrix methods, with optimalizing features allowing

the calculation of system parameters for obtaining a

specified performance. The results are shown in Table

2-4. The third order coefficients listed in this table

are taken from Grime et al. (Gri 82).

The experimental values of the aberration coeffi-

cients were derived from Figs. 2-12 till 2-16. It is

seen from those graphs that the beamsize enlargement

at small values of the varying parameter is dominated

by effects of other parameters, so that the slope was

measured at large values where the aberration under

investigation is dominant. We note that precise meas-

urements of the beamspot enlargement was only performed

for small positive changes in the parameter under in-

vestigation. By means of a quartz slide the beamspot

was visually checked to see if the enlargement of the

beamspot was symmetric for positive and negative

changes.

2.4 DISCUSSION

From Table 2-4 it can be seen that there is good agree-

ment between calculated and measured values of the

aberration coefficients. The calculated curve in Fig.

2-16 therefore also fits the data points quite well.

The difference in momentum spread in horizontal and

vertical direction can be explained by the momentum

selection of the switching magnet in the 28° beam line,

which acts only in the horizontal plane. The absolute

value of the momentum spread agrees with 6 = 0.14 %

measured with an analyzing magnet in another beamline.
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Table 2-4 Calculated and measured aberration coefficients

Coefficient

<x|xo>

<y|yo>

<x|x„«>

<x|eos>

<e(xo6>

<e|eoö>

<y|<JI06>

<y|y0S>

<0 j YQS>

< $ | <(>o &~>

<x!80£l>

<x|e O£ 2>

<y1$Q£i>

< y j <J»oË2>

<X|*OPI>

<x|((loP2>

<y|6oPi>

<y!eoP2>

<x 1 V>

<x\el>
<x|82*?

<y|4'o>

<v!e?*>

Calculated

-( 4.72)"1

-(26.4 ) - 1

0.024

39.5

0.00015

0.235

36.9

0.0209

0.00024

0.426

-52.3

12.8

11.7

-49.1

11.8

-11.8

2.0

- 2.0

- 1.2

- 1.1

- 7.9

- 3.1

- 1.6

Measured 1!

( 4.7 + 0.2C1

(25.7+ 0.7)"1

42 ±4

33 ±3

51.5 ± 0.4

12.9 ±0.7

11.9 + 0.6

50 ±2

10.310.6

2.5 + 0.2

1.1 + 0.4

Units

um/ym

ym/ym

ym/ym %

ym/mrad %

mrad/iim *

mrad/mrad *

jjm/mrad %

ym/ym *

mrad/ym %

mrad/mrad %

ym/mrad %

(im/mrad %

ym/mrad *

ym/mrad %

ym/mrad

ym/mrad2

(im/mrad2

ym/rarad2

ym/u*

ym/mrad3

ym/mrad3

ym/mrad3

um/mrad3

field gradient Qi

field gradient Q2

0.616

1) sign not determined
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Table 2-5 Calculated contributions of the aberrations to the beam spot size

Conditions : object slit widths

half divergence

momentum spread

rotation setting accuracy

excitation ripple

Image without aberrations

Image with

Chromatic

Excitation

Spherical

Rotational

aberrations3

aberration

aberration Qi

Q2

aberration

aberration

20x110 um

8 o = 0. 5 mr ad

sx = o.ioo
Po = 37 prad

El = £2 = 0,5

Horizontal

4

6

3

2

0

1

0

.26 um

.52 vim

.95 ym

.62 gm

.64 yra

. 19 urn

.26 um

' sy

''t.

=0.3 mrad

= 0.125

Vertical

4.17

5.23

2.76

0.35

1.47

0.17

0.07

yra

urn

urn

MID

Mm

Wm

um

a) Calculated with theoretical aberration coefficients of Table 2-4, and

assuming that the aberrations add in quadrature.

The various contributions of the aberrations to the

beam size are shown in Table 2-5. It can be concluded

that the main contribution to the beam spot enlarge-

ment originates from the momentum spread. It will be

noted that the important aberrations are proportional

to the entrance divergences 6 0 and <j> o / and hence the

image can always be improved by reducing the slit

widths S2. However, this spot size reduction is

achieved at the expense of beam current. An upper limit

of the current i is determined by the ratio of the

phase space acceptance of the final lens to the total

available phase space:

microbeam
x * Ey microbeam

(e e )x ' y extracted beam
extracted beam

(2-6)
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where e is the emittance. For iextracted beara=15 nA and a

wide object (25x200 vm2) this yields, depending on the

beam emittance, current densities between 1.3 and 2.5

pA/ym2 which is in agreement with the measured value of

1.9 pA/ym2 (Fig. 2-17).

In general, it may be concluded that the experimental

setup, as far as it concerns beam spot size and current,

meets the specifications of the design.
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C H A P T E R I I I

EXPERIMENTAL PROCEDURES AND DATA ANALYSIS

3.1 INTRODUCTION

In a micro-PIXE setup two essential parts can be dis-

tinguished: the beam focussing system (chapter II) and

the data taking system. In the data taking system the

detectors play an essential role. In the second section

of this chapter the detectors, their position in the

setup and the sensitivity of the X-ray detectors in our

system, are described.

Apart from the detector signals, the positions on

the target from where the signals originate must be

registered. The collected signals contain for each de-

tector energy, position and time information. To pre-

serve all this information the data is stored in LIST-

MODE. To keep track to the course of the experiment some

data processing during the experiment is necessary. This

is performed by a suitable measuring program. After the

experiment the stored data must be converted into X-ray

spectra, elemental distributions and so forth. The third

section of this chapter describes the collection method,

the measuring program and the off-line analysis.

One may enquire in how far the ultimate experimental

results, in this case the spatial distribution of ele-

mental concentrations, really reflects the distribution

of the specimen in its natural morphology. In other
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words what the effect of the interaction of the protons

in the target is on the elemental distribution. Possible

effects are described in the last section of this chap-

ter; and next the choice of the target thickness is dis-

cussed.

3.2 X-RAY DETECTION

Energy dispersive spectroscopy of X-rays was performed

with cooled, Li drifted Si detectors. We had two X-ray

detectors with different crystal sizes (and correspond-

ing energy resolutions) at our disposal. In Table 3-1

specifications are given for the X-ray detectors as

well as for the surface barrier detector used for pro-

ton detection.

In the design of the vacuumchamber special attention

was given to achieve a large solid angle for the X-ray

detector with the constraints of detection at a back-

ward angle in order to reduce the background (Ish 77)

and a small quadrupole doublet to target distance. A

small distance of 17 mm from the target to the detector

has been achieved by ordering a detector with an extend-

ed distance from crystal to dewar and by drilling out a

bite from the doublet yoke (see Fig. 3-1).

The sensitivity of the X-ray detection system has

been measured by means of targets with known areal den-

sity. The targets were prepared by evaporating an ele-

ment or compound on a kapton ® substrate (see Table

3-2). The areal density of the elements was determined

with a quartz crystal thickness meter while those of the

compounds were determined by measuring the elemental

mass of a known area with a spectrophotometer with an

accuracy of less than 5 %. Evaporated films were cut

into narrow strips, mounted on a single holder and



Table 3-1 Survey detectors

Detector type

Trademark

Semi-conductor material

Active area (ran2)

Depletion depth

Surface dead layer (ug/cm2 Au)

Energy resolution (PWHM)

Window

Distance target - detector c r y s t a l

Angle beam - detector

X-ray (old)

PGT

Si(Li)

12.5

3 ran

40

X-ray (new)

PGT

Si(Li)

80

5 mm

40

surface barrier

PGT

Si

25

> 300 gin

40

149 eV a t 5 .9 keV 175 eV at 5.9 keV 15 keV a t 5.4 MeV a's

25 vm Be 25 urn Be

17 mm 17 mm 55 mm

125° 125° 135 -165

-4
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CHAMBER WALL

-SURFACE BARRIER DETEKTOR

•TARGET

NSWY

t VIEW PORT

EXTENDED DETECTOR
NOZZLE

5 0 mm

Fig. 3-1 Geometric view of target, proton and X-ray detector. (Note the

small distance from X-ray detector to target). Distances in mm.

scanned through the beam for two hours in order to get

the same proton charge on each film. Correction for

count rate differences were made with the help of a

pulser with constant count rate. The solid angle covered

by the detector was 0.43 sr. The reproducibility of the

positioning of the detector is estimated on 0.01 sr.

Results for the K lines for two different filters are

shown in Fig. 3-2. The absolute precision is better than

20 %. The relative precision (when collected charge and

solid angle are not taken into account) is 10 %.
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Table 3-2 Areal densities of elements (c.q. compounds) used to

determine the detection sensitivity

Element or compound atoms or molecules/cm2

1016

Zn S

Ca F2

Hn

V

Fe

Ni

Ge

90

25

5.5

8.5

4.2

8.4

9.7

13.6

This compound was covered by 50 ran Al to prevent crystallization

'I

m'-

SENSITIVITY
E , . 3.0 M»V

« <lltw . 300 imB*
• flltar : SOOunnB».12.5pm t

olofmc n i m t w

Fig. 3-2 Sensitivity

of the X-ray detection

system for the K-lines.

X-ray yields were meas-

ured from Zn S, Kcl,

CaF2, Mn, V, Cr, Ni and

Ge evaporated on a 7.5

Vim kapton foil.
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3.3 DATA HANDLING

3.3.1 Introduction

In a micro-PIXE experiment signals of various detectors

together with the target position from where the sig-

nals originate are measured. The measured data contain

three kinds of information for each detector: 1) ener-

gy-, 2) position-, and 3) time-information. During the

experiment one would like to have information about the

number of counts in the spectra, the elemental distribu-

tion etc. This means that online sorting of the events

is necessary. Direct sorting causes loss of information

(unless one has a very large memory space at ones dis-

posal) . In order to prevent loss of information the data

is stored on magnetic tape as a series of events each of

which is labelled with 1) detector number, 2) channel

number (i.e. energy), 3) x-position, 4) y-position (4

parameter LISTMODE data storage). To follow the course

of an experiment the data is processed simultaneously

under control of a suitable measuring program.

The advantages of this data acquisition system are

- sorting out of the data occurs off-line and allows

defining of the pixel size depending on the beam size

used, region of interest and so on;

- the time sequence has been recorded. A complete record

of the experiment can be played back after the expe-

riment and reanalyzed in various ways.

3.3.2 Data acquisition

The x- and y-motion of the target is controlled by a

microcomputer (HP85) by means of a homemade interface.

The processor needs an input of origin and track length

in both directions. Continuously scanning is performed

between the setpoints under program control. The speed

of the two inchworms can be adjusted independently.
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With this scanning system any rectangular region of in-

terest of the target can be scanned through the beam.

The detector signals are amplified (ORTEC, spectro-

scopie amplifier) and digitized (ND, ADC). In case of

firing of one of the detectors the ADC are read out by

CAMAC simultaneously with the x- and y-positions of the

inchworms by another homemade interface (see Fig. 3-3).

The dead time of this data taking system is 15 % at 100

and 25 % at 200 incoming events per second. The count

rate under experimental conditions is 100-300 cps.

Future developments will provide data collection under

DMA (Direct Memory Access). This will speed up the

maximum count rate considerably.

Fig. 3-3 Block scheme of the

data acquisition system. (HVS =

High Voltage Supply, PA=Pre

Amplifier, MA «Main Amplifier,

PM «Photo Multiplier, ADC *

Analog to Digital Converter,

CAMAC «Computer Automated Meas-

urement And Control, numbers

refer to ORTEC modules.)
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3.3.3 On-line procedures

The data collection is controlled by a measuring program

written in VU-Pascal (Tan 83) running on the PDP11/34

under the UNIX operating system1J. This program stores

the data on magnetic tape and performs on-line analyses

under operator control via keyboard and cursor of a

graphic terminal (HP2648A). The main features of this

program are:

- energy calibration of the detectors,

- display of 2 56 channel sum-spectra (display of the

energy spectrum of specified detector added up over

all scanned target positions). The events are stored

on tape in a spectrum of max 8k channels;

- display of a 256 channel energy spectrum of a speci-

fied detector and previously selected target region;

- display of a line scan, that is, a one-dimensional

elemental distribution along a specified (horizontal)

line plotted as histogram. The element is specified

by a previously selected energy window. The software

permits the designation of a set of arbitrary energy

windows up to a total of ten;

- display of a raster scan, that is, a two-dimensional

elemental map across a previously selected target re-

gion plotted as a density figure with a resolution of

32 x32 pixels;

- display of the track, that is, the motion of the tar-

get in the x-y plane. The system keeps track of sample

position so that line scans can be set up with refer-

ence to raster scans and vice versa;

- possibilities of storage of the run conditions, densi-

ty figures etc.
These features enable the operator to follow the course

1J UNIX is a Trademark of Bell Laboratories.
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of the experiment in a detailed way and make it possible

to quickly recognize irregularities, the presence of a

certain element on a certain spot etc. during the exper-

iment .

On initiation the program starts the measurement and

the data acquired is stored automatically on magnetic

tape for off-line analysis. With the present experience

it has run satisfactorily and continuously for 8 h non

stop without intervention by an operator, day after day.

3.3.4 Off-line procedures

The different steps in the off-line data analysis of

micro-PIXE experiments are shown in Fig. 3-4. The sort-

ing of the events is performed with the PDP11/34 com-

puter of the VU by the program SORTUP. The CDC Cyber

OETECTOR EVENTS

I
|~XIRAV SPECTRA

BACKGROUND
PARAMETERS

PEAK CONTENTS

X-RAV COUNTS PER
ELEMENT PER
POSITION

CORUgCTIONS

IZALIBRATICN

ELEMENTAL
MAPS

Fig. 3-4 Different steps in

the off-line analysis of a

micro-PIXE experiment.
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170-750 computer of SARA (Stichting Academisch Reken-

centrum Amsterdam) is used for the analysis of the spec-

tra by the peak search and peak fitting program SPECFIT

(Bio 75). This program fits the background with a first

or second order polynomal. A quadratic background yields

a very good fit for the higher energy part of the X-ray

spectrum (E > 5 keV). However, the background of the

lower part (E < 5 keV) fits better with an empirical

formula:

f (E) =C(1) E +C(3)
C(2)

exp {[c(4-C(2)) +C(3)
C(5)

(3-1)

where C(N), N = l , ...., 5 are fitting parameters. These

parameters are determined with a separated program BACK-

FIT and used as input for the program SPECFIT. In the

latter program the parameters C(N), N=l ..., 5 are

fixed. Only the height of the background and the param-

eters of the peak shape were varied. A result of a fit

is shown in Fig. 3-5.

• MEASURED

- FITTED

Fig. 3-5 Result of a computer f i t of an

X-ray spectrum. The f i t i s a smoothed

curve but represented as a histogram
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The concentration assignment (calibration) is the

subject of the next chapter.

In plotting the concentrations the computer plot

packages DISSPLA (DIS 81) and HPLOT (Bru 79) were used.

As an example the elemental maps across a human artery

are shown in Fig. 3-6.

1000

a. 500

1000

500.

0

; ; ; ; ; ; ; ; ; • , ; ; ; ; ; ; . Fe
' •»<»•• KIIIIIHI

• ftliltl I M t l l « » « * » « •
• 1 • « • « I I . . . . . . . 1 • < < • • « * < • • . . •

• >iiiiMiMHHtNMMflii ' i i iM

• •«••»«•«• • ' 3

>• i.HH

500 1000
X( \im)

1500 500 1000
X(

1500

1000 1000

500.

Br

500 1000

X( urn)
1500 500 1000 1500

X(nm)

Fig. 3-6 Elemental maps of indicated trace elements in a human artery.

The trace elements were measured to obtain insight into the

mechanisms playing a role in the case of hardening of the

arteries.
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3.4 CHOICE OP THE TARGET THICKNESS

In PIXE analysis there are different effects which com-

plicate the relationship between the amount of a speci-

fic element in the target and the spectral peak area

originating from that element. In this section the ef-

fects of the matrix, the heating of the target by the

beam and the consequences of the absorbed dose in the

target are discussed together with the choice of the

target thickness.

3.4.1 Matrix e ffeats

The main matrix effects are a) the slowing down of the

protons in the matrix, with the subsequent decrease of

X-ray cross sections, and b) the absorption of the char-

acteristic X-rays in the matrix. In general, other

matrix effects (enhancement etc.) can be neglected. The

effects of a) and b) can be deduced from the relation

between the number of characteristic X-rays N_ and the

matrix thickness t which can be written as

ap^Ep(x)| e l ̂ Ü B u dx (3-2)

O

a = X-ray production cross section.

E (x) = Proton energy at distance x under the target

surface

Mass abs

Angle between beam and detector.

y E = Mass absorption coefficient at X-ray energy E v.

The X-ray yield has been calculated with the computer

program GRAP (Blo 83) with input data summarized in
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Table 3-3 Data used in the calculation of the X-ray yield

Matrix : human hair : H (7.5 »), C (46 * ) , N (13.7 % ) ,

O (28.4 % ) , S (4.1 % ) , Ca (0.3 %)

: E =3.0 HeV
P

: 300 urn Be + 12.5 urn Al

: 90"

Incident proton energy

x-ray filters

Angle beam-target

Angle beam-detector : 55

X-ray production cross sections from : (Joh 76)

Fluorescence yields from : (Fre 75)

Mass absorption coefficients from : (Vei 73) and fitted with p(E) =a E,-B

8 10 12 14
target thickness <mg/cn

Fig. 3-7 Calculated K X-ray

yield as function of the target

thickness. The yield is expres-

sed in percentage of the yield

of an infinite thick target.

The proton energy as function

of the penetration depth i*

shown as well (conditions ac-

cording to Table 3-3).
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Table 3-3. The calculated K X-ray yield for a number

of elements is shown in Fig. 3-7. It is seen that for

thin targets the yield is linear according to the thick-

ness. For the lighter elements (Z <18) 80 % or more of

the maximal possible yield originates from -j of the

proton range. The reason for this effect is that the

soft X-rays of these elements originating from deeper

layers in the target will be absorbed very easily on

their way to the detector. For heavier elements this ab-

sorption is less because their characteristic X-rays

become more penetrating. However, for these elements the

X-ray yield will decrease as a consequence of the lower

proton energy found deeper in the target. The role of

the different effects is depicted more clearly in Fig.

3-8. For elements with Z <18 the same percentage of the

Ka X-ray yield expressed in percentage of the thick target yield

10

Ep = 3 0 MeV

matrix, human hair
tiller 3O0uroBe *12 5um Al

95 V.

90 V.

80 V.

60'/.

40'/.

2 0 %

atomic number
10 . 15 20 25 30 35

Fig. 3-8 Calculated iso-Ka-X-ray-yield lines. The yield is expressed in

percentage of the yield of infinite thick target. The discon-

tinuity around Z»I6 is caused by the S-content in the matrix.
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maximum possible yield varies strongly but for Z >26 the

iso-K -X-ray-yield-line is almost constant. Evidently

the higher penetration power of the characteristic X-

rays is compensated by the lower X-ray production. The

consequence of this phenomena is that if the target

thickness varies, the matrix effects for all elements

with Z > 26 will vary in the same way.

3.4.2 Heating effeats

Although the beam current of a proton microbeam is rela-

tively low, the current density, because of the small

beam spot size is high. Therefore, special attention has

to be given to posssible changes of the specimen due to

heating and radiation damage. Specimen damage has been

reported by various observers (Val 75, Whi 79, Kiv 80,

Leg 80, Kra 81). However, up till now there has been no

systematic study with quantitative experimental results.

In the following the effects of our microbeam on biolog-

ical material (especially hair) are assessed on the

basis of calculations and measurements.

The energy loss of the protons in the target is al-

most completely converted into heat. The temperature

rise can be calculated from the heat balance. Assuming a

steady state, no beam temperature gradient in the beam

and target geometry as shown in Fig. 3-9, this balance

can be written as (Lan 83):

AE • I = 1-LLA AT + a e TT r2 (Tu - T") (3-4)

where:

I
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t

unit
b<

1

orm
am

J
i 1

R

—specimen

77////////.
•target holder
(heal sine)w Fig. 3-9 Geometric arrangement

for calculation of the temperature
increase.

AE =energy loss (MeV) AT =maximum temperature increase

I =beam current (uA) a =Stefan-Bolzmann const. (W/mK)

A =thermal conductivity (W/mK) e =emissivity

d =target thickness T =maximum targe t temperature

r =beara spot radius To =temperature heat sine

R = target radius

The first term on the right-hand side represents the

heat conduction in the radial direction and the second

term the radiation. The contribution of the radiation

term is relatively low (+ 5 %) because of the small ra-

diative area. Results of calculation for organic mate-

rial (X =2 xlO~2 W/mK) are shown in Pig. 3-10. The heat

conduction can be significantly improved by evaporating

an Al layer on the target (see Fig. 3-10 and ref. (Dik

82)). In our microbeam setup, operating with small beam

sizes, the current will never exceed the 200 pA so that

the temperature increase for biological targets of 30 urn

evaporated with 5 nm Al will never exceed the 60 K tem-

perature increase. If the target is scanned through the

beam the temperature effect will most likely be less.
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1O3

10'

10'

10°

I I II 11

(pm)

Fig. 3-10 Calculated temperature increase in an organic specimen

(A-2xlC 2 W/mK) as function of the beam spot radius, with

the beam current I as parameter. The full lines represent a

target thickness of 30 um. The dotted lines show the effect

of 5 nm evaporated Al. (proton energy loss 300 keV, To «300 K,

specimen radius 1.25 ran, target geometry according to Fig. 3-9).
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3.4.3 Absorbed dose

The upper limit of the absorbed dose D, defined as the

dissipated radiation energy per unit of irradiated mass

(m), can be deduced from

D = AE • I | (3-5)

where t is the irradiation time. For typical experimen-

tal conditions (AE =0.3 MeV, beam density 2 pA/ym2,

t =300 s, beam spot 4 xl6 ymz and target thickness 30

assuming a target density of 1 g/cm3 this yields

D =6 • 109 J/kg (6 -1011 rad). The real absorbed dose

will be less since part of the energy will be dissipated

outside the irradiated volume. The radiation damage de-

pends on this absorbed dose and the repair factor, which

is unknown in most cases. According to Kirz and Sayre

(Kir 80) an absorbed dose of 101* J/kg suffices to kill

the most resistant living cell, while a dose of 107 J/kg

will cause severe structural rearrangements in most or-

ganic materials. This damage can be noticed on irradi-

ated targets in the form of colour change and loss of

mechanical strength. There is no theory that can approx-

imately predict the effect of the absorbed dose on the

presence of trace elements. The expected loss of trace

elements will strongly depend on the chemical form of

the trace element under investigation. Therefore the

loss of trace elements has been investigated experimen-

tally by measuring the X-ray yield with varying length

of irradiation time. A fundamental difficulty in this

approach is that the damage may be introduced before any

statistical significant result can be obtained. During

the first five minutes of the experiment at 30 second

intervals, the induced X-ray spectrum on a hair sample
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was stored. Next, this was done at 5 minute intervals.

In such long measuring times current fluctuations are

unavoidable. Therefore the total number of backscattered

protons were measured as well. By taking the ratio of

X-ray and proton counts the current cancels out1J. In

Fig. 3-11 this ratio has been plotted against the ir-

radiation time. It is seen that during 1 h irradiation

«5.0

I
8
a.
o

«4.5

o
u
i/i
o *=
o
a

S
>-

o

X

r = ioo PA
BEAMSPOT = 5 x 1 5 p m 2

• totol X-ray counts
* ' * • •

Ca

1.0

0 5

. .

Cl inoraldite

• • • • • • * • • •
Zn

i
10 2O 3 0 4 0 5 0 time 6O(m.n)

Fig. 3-11 Number of X-ray counts from a 30 um thick human hair section
divided by the total number of backscattered protons as a
function of the irradiation time. The course of the Cl-yield
in araldite is also shown (stationary beam and target).

This is explained in more detail in section 4.3 of the next
chapter.
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and a current density of 1.4 pA/vm2 the X-ray yield

does not vary significantly. Measurements of changes in

the target thickness on a 0.5 s time scale with the

highest achievable beam current density in our system

(2 pA/ym2) show some evidence of a decrease in the first

3 seconds but the statistics were too low to draw quan-

titative conclusions. From changes in the colour of the

target it can be concluded that some radiation damage

must have been induced but apparently the hair structure

is such that for the beam current densities used this

damage does not lead to serious misreadings of element

concentrations.

In the choice of target thickness different consider-

ations must be taken into account.

- Pixel size. In general the thickness will be chosen

less or equal to the beam diameter. If the target is ,;•

homogeneous along the beam direction, the thickness

can be thicker.

- Specimen damage. In order to limit the temperature in-

crease and the energy dissipation, the target thick-

ness is limited. For thin targets the energy loss is

proportional to the target thickness. This holds also

for the temperature increase. For an infinitely thick

target the dissipated energy will be relatively higher

because most of the energy of the protons is lost at

the end of the range (see Fig. 3-7).

- Detection limit. For every element there is an optimal

target thickness that yields the lowest detection

limit (Bio 83). For the light elements (Z <22) this

thickness will be the proton range but for heavy

elements half of that (assuming conditions of Table

3-3).

- Precision. In general calibration can be done more

precisely for thinner targets than for thicker ones

I
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because the matrix effects are greater for thick tar-

gets.

- Irradiation time. The thicker the target the more

events and the less measuring time for the same amount

of data is needed.

These considerations lead to the choice of a target

thickness for hair samples of 30 ym. This thickness is

too small to cause serious matrix and temperature ef-

fects and thick enough to have acceptable measuring

times.
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C H A P T E R IV

CONCENTRATION CALIBRATION IN MICRO-PIXE

4.1 INTRODUCTION

Using the microbeam setup described in the previous

chapters it is possible to measure the lateral distri-

bution of characteristic X-rays. Although such distri-

bution gives insight into the relative presence of a

certain (trace) element, measuring absolute concentra-

tions promotes the microbeam to a much more powerful

analytical tool. However, concentration calibration

normally used in macro-PIXE cannot be simply adopted

in micro-PIXE for the following reasons.

At first, the beam current used is about two orders of

magnitude lower which makes it very difficult to meas-

ure the collected charge accurately. Secondly, it is

obvious, that in targets where preservation of the

element distribution is necessary, the use of an inter-

nal standard is not possible. Finally, the irradiated

sample mass cannot be determined gravimetrically.

The concentration c of a certain trace element Z is

defined as

where m = the mass of the trace element Z and M = the
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mass of the matrix, that is the bulk material in which

the trace element is found. In determining distributions

of concentrations it is necessary to know M + m of

every picture element (pixel), which we call pixel

mass.

In this chapter four methods of concentration calibration

suitable in micro-PIXE for thin targets of biological

material are described. They are similar in that the

mass of the trace element is derived from the detected

number of characteristic X-rays. They differ from each

other in determining the pixel mass.

The first method described (section 4.2) derives the

pixel mass from the energy loss of the particles in the

target. The energy loss is measured with the aid of the

strong energy dependent excitation function of the

A1(P,P'Y)A1 reaction in an aluminium Faraday cup.

In section 4.3 a method is described in which the number

of protons being backscattered elastically from the target

is used as a measure for the pixel mass. The two other

methods, which make use of the brents strahlung, induced

by the protons in the target and a calibration standard

respectively, are treated in sections 4.4 and 4.5. The

chapter ends with a comparison of the different methods.

I

4.2 PROTON ENERGY LOSS AS A MEASURE OF PIXEL MASS

4.2.1 Principle

When a proton beam traverses a thin target (t<2 mg/cm2)

the particles undergo some energy-degradation and

straggling (see Fig. 4-1). Most of the protons will not

change their direction. The relative number of protons

Rutherford-scattered into a solid angle covering angles
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E0.3LOM«V

ÈL >AE A

Fig. 4-1 Energy loss and (angular and energy) straggling of particles

traversing a thin target.

from 10° with the original direction of motion of the

particles to 180° backward is only 0.1% (t=2 mg/cm2,

Z = 7 , E p= 3 MeV). In the forward direction some par-

ticles will be deflected by multiple scattering. A

simple approximate method given by Easthorn (Eas 80),

based on the theory of Sigmund and Winterbon (Sig 74)

for calculating the scattering, yields a value of 2

mrad for the half-angle of cone where the intensity is

reduced to 50% of the forward direction (t=2 mg/cm2,

Z= 5.1). So it can be concluded that the particles will

only loose some energy but their number in the forward

direction will hardly be changed.

Pig. 4-2 shows the proton energy loss as a function

of the thickness of some Hostaphan ® foils, calculated

according to Zaidins (Zai 74). It follows that if the

thickness t is not too large the energy loss is pro-

oortional to the thickness:

I

El " E° "
_ dE (4-1)

where Ei, Eo = outgoing/ incident beam energy (keV),
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O 5 10 15

• THICKNESS HOSTAPHAN-FOIL ( mg/cm2)

Fig. 4-2 Energy loss of a proton beam (incident energy Eo= 3.0 MeV) vs.

thickness it ) of Hostaphan (CioHsOi.) foil. It is shown that i
M

t u < 4 mg/cm
2 the energy losse is proportional to tu.

H N

dE/dpx = stopping power (average value in the energy

range E l f Eo) [keV/(g/cn>
2) ], t = thickness (correct-

ly speaking surface density) of the matrix (g/cm2).

The bulk of biological samples consists of the same

elements and since the ash-content is rather constant

(Spe 56) the stopping power will also be rather con-

stant (see also Table 4-1). So for thin targets of

biological material we can use the energy loss as a

measure of the target thickness traversed by the beam.

To solve the problem of measuring the energy loss

we make use of the inelastic nuclear scattering of

protons in the Faraday cup (see Fig. 4-4) which is,

for this special reason, made of aluminium. The inten-

sity of the y-rays of the 2 7A1(P,P'Y) 2 7Al reaction is

very intense and strongly dependent on the bombarding

energy. Fig. 4-3 shows the absolute intensity cf the
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Table 4-1 Comparison of stopping powers and average atomic number of

different materials

Material Stopping power [keV/(mg/cm2)]a Z
at E = 3 MeV

Standard Manb 117 7.08

Hairc 114 6.74

Hostaphan <CioHsOi,)n 110 6.46

a Calculation based on known chemical composition and Bragg's additivity

rule. Stopping power of the separate elsmemts from ref. (Wil 66)

Chemical composition from ref. (ICR 75)

c Chemical composition from ref. (Cara 80)

1013 keV y-rays in the energy range 2.6- 3.0 MeV.

(Data from ref. (Dec 72).) Por an infinitely thick

target N is given by:

N = e &Q ƒ JR N (E)o(x) ^f dpx dE (4-2)
Y Y Y J E o

 J
o P Y A

where E = efficiency of the Y-detector, Afî  = solid

angle of the Y-detector, R = range of the protons,

N (E) = number of protons with energy E, a (x) =

inelastic scattering cross section (cm2), (No/A) dpx =

number of Al-atoms in the layer dpx, No is Avogadro's

constant, A is atomic mass of Al.

If the energy of the particle hitting the cup is

between 3.0 and 2.75 MeV the excitation function for

the 1013 keV Y-ray is linear (see Fig. 4-3), hence

fR a (x)(N0/A)dpx = a+bE (4-3)
o y

where a and b are constants (b in keV"1).
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27AI < P.P V "Al

Ey = 1013 kaV

2.6 2.7 2.8 2.9 3.0

• PROTONENERGY ( MeV)

Fig. 4-3 Excitation function of the 1013 keV y-rays emitted under bombard-

ment by protons from a thick target of pure Al. (Data taken from

Deconninck (Dec 72).) Note the high intensity and linearity of

the function for 2.75 < E < 3.0 MeV.

The energy distribution of the protons can be

described by a Gaussian function (Boh 15) normalized

to N , the total number of protons striking the Al cup.

Because a Gaussian function is an even function and

the right-hand side of eg. (4-3) is an odd function,

substitution of eq. (4-3) into eq. (4.2) results in:

N (4-4)

where Ex = energy, where N (E) has its maximum viz.

the average energy of the beam after passing the tar-

get.

From eqs. (4-1) and (4-4) we obtain the difference

between the y-yield if there is no target at all (N )
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and the y-yield if there is a thin target:

AN = N -N (4-5)
Y yo Y

( 4" 6 )

or
AN ~ N o t . (4-7)

The difference in y-ray intensity is proportional

to the number of protons and to the thickness of the

target traversed by the beam. This is also the case for

the production of characteristic X-rays of trace ele-

ments in a thin target:

Nx =

where 11 = number of characteristic X-rays emitted by

a certain trace-elements, N = number of protons

striking the target, (Not„)/A„ = number of trace ele-
Z Z

ment atoms/cm2, t_ = trace-element thickness (g/cm2),
No = Avogadro's constant and A_ = atomic mass of the

z

trace element, av = X-ray production cross section of

the considered X-rays (cm2), e = X-ray detection ef-

ficiency, Aft = X-ray detector solid angle. (The self-

absorption of the X-rays in the target is neglected

here.)

Now the absolute concentration c of trace element Z
t7 z

(c = -r^-) can be deduced from eqs. (4-6) and (4-8):
M

I

where
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b(dE/dpx)e Afl
C = * ï- (4-10)

C is, on the assumption that

- the target is thin (i.e. less than 2 mg/cm2),

- the incident beam energy is about 3 MeV,

a trace-element-dependent, dimensionless apparatus

constant. The ratio of N and AN does not depend

either on the beam current, the thickness of the target

traversed by the beam, or on the unevenness of the tar-

get. In principle C can be determined by known cross

section, stopping power, excitation function and detec-

tor efficiencies, so that with the experimental value

of N /AN the concentration can be calculated from eq.

(4-9). However, the accuracy will be much better if one

jses empirical vali

known composition.

uses empirical values of C deduced from targets with

4.2.2. Experimental

At the time the calibration method was being developed,

the proton microbeam was still under construction

(Oud 81). Therefore and since testing this method

does not need a proton microbeam the macro-PIXS facil-

ity described by Vis (Vis 77) and schematically shown

in Fig. 4-4 was used. All irradic\tions were performed

with 3.0 MeV protons.

The beam current was accurately monitored using a

250 vg/cm2 Ag foil upstream counting a preset number of

Ag K X-rays. In this way all targets were irradiated

with the same proton charge *.;ithin 4%, independent of

the beam current used. The beam stop consisted of a

sheet of pure Al not too far behind the target to avoid

loss of scattered protons. X-ray counting at 130° to

the beam line was done with a 0.7 cm3 Si(Li) detector
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jf- detector

X - ray monitor

proton beam Ag-foil
target

* 2.0mm
collimator

*-Al-absorber AI-Faraday-cup

Si (Li) - detector

Fig. 4-4 Experimental setup for testing the concentration assignment pro-

cedure. The Y-yield of the Faraday cup (proportional to the

target mass per unit area) is recorded simultaneously with the

X-rays from target and Ag-monitor foil (proportional to the proton

charge).

(196 eV fwhm at 6.4 keV) and the y-rays were counted

at 90° with a 100 cm3 Ge(Li) closed-end coaxial detec-

tor (2.5 keV at 1333 keV). Both the X-ray and the y-

ray signals were amplified (Ortec 472) , the former sig-

nal corrected for pile-up (Canberra). The number of X-

ray monitor and y-ray counts, selected by energy vith

single channel analyzers (Ortec 455) , was counted while

corrected for dead time effects in the X-ray signal

amplification and ADC.

In order to check the linearity of AN with target

mass per unit area, Hostaphan ® and Kapton <s> foils of

various thicknesses (0.30-2.40 mg/cm2, ± 5%) were ir-

radiated. As an illustration a y-spectrum is shown in

Fig. 4-5. The y-yield of the 1013 keV y-ray as a func-

tion of the target thickness is shown in Fig. 4-6. It

is confirmed that this y-yield is proportional to the

thickness of the target traversed by the beam up to
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Fig. 4-6 Intensity of

the 1013 keV Y-ray vs

target thickness.

The outgoing beam

energy is also shown.
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t„ = 2 mq/cm2. The deviation from linearity for

t„ > 2 mq/cm2 is a result of a chanqe in the excitation

function (see Fig. 4-3).

To test eq. (4-9) increasing Cu concentrations in

blood plasma were used, obtained by adding a constant

volume (0.5 ml) of an aqueous solution of Cu in 6 con-

centrations to 1 ml of blood plasma. Blood plasma was

chosen because it is a good example of biological ma-

terial. The diluted plasma samples were freeze-dried,

pulverized, clamped between thin (2.2 urn) Mylar® foils

and irradiated with 3.0 MeV protons (6.5 yC). The X-ray

spectra were stored on magnetic tape and analysed off-

line with the computer code SPECFIT described else-

where (Bio 75). The y-yield was recorded and corrected

for the thickness of the backing. The sample thickness

ranged from 0.68 to 1.3 mg/cm2. The results are shown

in Fig. 4-7 where N /AN has been plotted versus the I

500 1000 1500

• Cut |ig/g DRY WEIGHT)

2000

Fig. 4-7 Calibration curve of copper achieved by the use of standard

addition. The straight line fitted through the experimental points

does not pass the origin because the plasma used in the addition

procedure contains traces of Cu. The large error bar at C =458

ppm is caused by the relatively small (compared to backing) target

thickness.
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concentration in ug/g dry weight. A good fit of the

straight line is obtained with the data points, indi-

cating that eq. (4-9) holds. The line does not pass

the origin since the plasma used in the addition pro-

cedure contains traces of copper. With this calibra-

tion we determined Cu concentrations of two reference

materials, and compared them with analysis using an

internal standard and, as far as available, the certi-

fied value.

The agreement of the values, shown in Table 4-2, is

very good.

Table 4-2 Comparison of Cu-concentrations in pg/g dry weight.

Sample

NBS Bovine Livera

IAEA Hairb

Blood plasma

Internal

204

9.7

9

standard

1 9C

t 1.0

± 1

Present

187

10

11

method

± 28

± 2

± 2

Certified

192 ±

10.2 ±

value

10

3.2

Ref. (SRM 22), b Ref. (IAE 81), c From ref. (Vis 78)

4.3 BACKSCATTERED PROTONS AS A MEASURE OF PIXEL MASS

4.3.1 Principle

Another way of determining the pixel mass in a thin

target is to measure the number of elastically back

scattered protons e.g. with a surface barrier detector

placed at a backward angle e.

For the measured number of protons N ,, elastically

backscattered from a thin target in a solid angle Afi

(sr), a similar expression as eq. (4-8) holds:

V • V N ° V V 5 ( V e ) ePAfi
P
 (4"11)
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where N = number of incident protons, (Not„/A„) =
p MM

number of matrix atoms/cm2, t,, = matrix thickness
M

(g/cm2), No = Avogadro constant, A = the average
atomic mass of the matrix, 5(E , e)An = ƒ T ? ( E ,e')dfi

P P A£ïo
 d n P

Ei
w i t h dö(E , e ' ) / d f i = S c i ƒ a i ( E , e ' ) d E , c ± = c o n c e n t r a -

p * 1 Eo

tion fraction of matrix element i, o. = scattering

cross section of element i <cm2/sr), e = detection

efficiency.

A linear dependance of N , with the pixel mass is

only guaranteed if the scattering cross section of the

matrix constituents i are free of resonances within

the enerqy interval (E0,Ei), which the protons pass

through by the slowing down. For biological material

with main constituents 1 2C, lllN and 160 the cross sec-

tions at 6 = 135° are nearly constant in the energy

interval 2.7 < E < 3.0 MeV (Fel 77). The proton scat-

tering on 160 shows a resonance of 2.68 MeV. This

limits the target thickness to ~ 3 mg/cm2 if Eo = 3.0

MeV. For thin biological specimen the trace element

concentration follows from eqs. (4-8) and (4-11):

vs (412)

A a (E ,6)e Aïï
w i t h C = rr- (4-13)

MA XX

= c o n s t a n t f o r E =3 MeV and 8 = 1 3 5 ° .
p

So the concentration can be deduced from the measured

quantities N and N ,. It is worthwhile to note, that

absolute values for the collected charge and the pixel

mass are not needed for the concentration determination.

'\
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4.3.2 Experimental

The microbeam setup has been used to investigate the

applicability of this calibration method. In order to

test eq. (4-11), the total number of backscattered

protons has been measured by using different araldite ®

(AYlOl) strips (0.5 mm wide) of various thickness, made

by cutting with a microtome, and mounted on a single

target frame. Measured proton spectra are shown in Fig.

4-8. By scanning the target through the beam (spot size

50 x50 ym2) for about 1 h at a speed of 80 ym/s, the

total number of incident protons is the same for every

strip. Pig. 4-9 shows the relation between the

total number of backscattered protons and the thick-

ness of araldite slices. It has been confirmed that

oo

t

500 -

250_

500^

250 _

500_

250_

1.0

/

50
—1

— • ENERGY (MeV )
1.5 2.0 25
• j |

3.0

^ r v V ^ " ^ , C ( P , P )

IT
/ 1

n
100

• CHANNEL NUMBER

P)
30|im

20 Jim

IO|im

150

Fig. 4-8 Proton spectra of araldite slices of various

thickness <E0 • 3.0 MeV, 6 = 135°).
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10 20
THICKNESS (urn)

Fig. 4-9 Total number of backscattered protons vs. the

thickness of different araldite slices.

for t < 30 um (3.5 mg/cm2) the relation is linear. The

validity of eq. (4-12) has been checked in a similar

way with strips of various thicknesses and different

known concentrations of vanadium by measuring both the

total number of backscattered protons and the V-K X-

rays. Known V-concentrations have been obtained by

mixing calculated amounts of bis (1-phenyl butan

dionato-(1,3) oxovanadium (IV) into the hardener before

mixing it with the araldite. The V-Ka X-rays were meas-

ured with a Si (Li) detector (12,5 mm2, FWHM = 155 eV at

6.4 keV at a distance of 17 mm from the target. In Fig.

4-10 the experimental results are given. The least

squares fit gives a value for the slope of (7.0 + 0.1)

10~" which agrees well with the calculated value de-

duced from eq. (4-13): (8 ± 2) lO"". The fit can be

used as a calibration curve for V in biological samples

because the bulk composition of araldite is comparable

with that of biological material.

Assignment of the concentrations of other elements can
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V
t

(cts/cts)
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• V-CONCENTRATION ( ppm )

ï
Fig. 4-10 The ratio of the number of V-Ka X-rays and the total number

of backscatterecl protons of 8 strips with different V-con-

centrations and thicknesses. The straight line is a least

squares fit. (Two points marked with A coincide.)

be performed with the aid of the known sensitivity

relative to vanadium (see section 3.2)

4.4 Bremsatrahlung AS A MEASURE OF PIXEL MASS

4.4.1 Principle

When a target is bombarded with protons of a few MeV,

besides- the characteristic X-rays of the target atoms

a continuum of. X-rays is produced. The background has
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been used as a measure for the irradiated target mass.

On the assumptions that:

a) the background originates entirely from the brems-

strahlung of the secondary electrons,

b) the stopping power of the secondary electrons does

not depend on the target material,

c) the binding energy of the electrons can be neglected,

d) all secondary electrons are stopped in the target,

e) the target is thin (i.e. projectile energy loss in

the target is negligibly small compared with the

incident energy) and
f) AM " 2 V
Uemura et al. (Uem 78) have shown that the concentra-

tion of element Z can be written (in our notation) as:

where

N.
= C

bg N

Az
2

bg

da S E B/dE

(4-14)

(4-15)

I
SI. = the number of background counts per eV under the
bg ' SEB

thedcharacteristic X-ray peak of element Z, =-=-==

cross section for bremsstrahlung from the secondary

electrons per energy interval (cm2/eV) and E = energy

of the emitted bremsstrahlungs photon. C. is a constant

for every trace element Z, but it is E r dependent.

4.4.2 Experimental

The same experimental results described in section

4.3.2 could be used to test this calibration method.

Instead of normalizing by means of the number of pro-

tons, the background under the vanadium peak was now

used. The result is shown in Pig. 4-11
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Fig. 4-11 Peak to background ratio of vanadium K X-rays for 8 strips with

different V concentrations and thickness. The straight line is a

least squares fit.

A least squares fit yields a slope of the straight line

of (4.95 ± 0.09) 10~7 ppm/eV. The theoretical value

according to eq. (4-15) with X-ray production cross

section from ref. (Joh 76) and background cross sec-

tions from ref. (Guy 77) (see Fig. 4-12) yields

(5.3 ± 0.8) 10~7 ppm/eV. The agreement is remarkable.

However, the dispersion of the data-points around
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Fig. 4-12 Theoretical background cross sections

(from ref. (Guy 77)).

the line is wider than it is in the case of protons as

a measure of the pixel mass (Pig. 4-10). Moreover,

there are a number of other objections.

The assumptions that the bremsstrahlung is produced

mainly by the secondary electrons is only true for

E -< T (Tm = maximum energy that a proton can transfer

to a free electron) (see Fig. 4-12). In this energy

region the theory gives a good agreement with the ex-

perimental results (Ogi 66, Fol 74a, Pol 74b, Ish 76).

For E > T other processes play a more dominant role

(Guy 77, Yam 81, Ish 84) and there is still a discrep-

ancy between theory and experiment.
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The second objection is due to the fact that if

electrical conductivity is not ensured the target can

become charged. The discharge after reaching the break-

down voltage will accelerate electrons, which will be

accompanied by the emission of photons, which can cause

a drastic increase in the background. This well-known

phenomenon (Ahl 75) can be avoided by evaporating a

thin layer of carbon or aluminium on the target. How-

ever, this effect cannot always be avoided completely.

The third objection is concerned with the determina-

tion of the background. This is very difficult to do

accurately in cases where there are many peaks in a

small energy region (especially in the region E < T ).

Incomplete charge collection in the detector causes a

low energy tail in the peakshape. This tail (the

strength of which depends on the quality of the detec-

tor) can also cause problems in the background deter-

mination.

Finally, a wrong determination of the background

leads automatically to a wrong number of counts in the

peak. Through this coupling of N with N. a small

deviation in the background determination will be am-

plified in the concentration assignment.

4.5 THE USE OF A STANDARD

In micro-PIXE, the use of an internal standard is a

well-known calibration technique. A suitable chemical

compound is mixed homogeneously with the sample in a

well-known concentration. The advantage of using an

internal standard is that no beam current measurement

is necessary. The standard serves as a flux monitor,

I
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in fact normalizing the number of protons (Vis 75).

In micro-PIXE it is often necessary in trying to

achieve an appropriate target to embed the specimen in

an epoxyresin. By spiking the resin and hardener with

a well-known amount of a certain element, one gets a

sample embedded in a surrounding with well-known con-

centration of that element. By continuous scanning of

the beam across the specimen and the embedding material,

the number of protons prr pixel will be on the average

the same after some time. On the assumptions that:

- the pixel mass in specimen and embedding material is

the same,

- the matrices of the specimen and embedding material

are similar in main composition,

- the target is thin,

the concentration is given by:

Nx
cz - cs ir < 4~ 1 6 )

A„ o e
where C = ~ — - — - . c = constant (4-17)

s s °x ex s

N , A , a and c are the number of characteristic X-s s s s
ray counts, the atomic mass, the production cross sec-

tion, the X-ray detection efficiency and the concentra-

tion of the standard respectivily.

4.6 DISCUSSION

The calibration methods discussed in the previous sec-

tions each have their own advantages and disadvantages.

The calibration formulas are summarized in Table 4-3.
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Table 4-3 Survey of different calibration formules

Method Formula Calibration constant

Y-method

p-method

bg-method

CZ ° Cy AN

V

"9 Nh

b(dE/dpx) CyAf!

Y (N0 /Az) .

V

A, d oSEB/dE
Z r

T * 2 Ov

s-method
A o e

C = Z S S . C
s As°xex s

All methods are similar in that the amount of trace

element is derived from the number of characteristic

X-rays (N ). They differ according to the way they
A

determined the pixel mass irradiated by the beam.

I
In principle the pixel mass can be measured very

accurately in the calibration method where the pixel

mass is derived from the energy loss of the beam in

the target, measured from the y-yield of the
2 7 A 1 ( P , P ' Y ) 2 7 A 1 reaction (y-method). This is a conse-

quence of the high y-ray yield. Unfortunately the

pixel mass is proportional to a difference in y-

yields (see eq. 4-7). This means that the number of

protons does not cancel out. Scanning a specimen

with a hole in the scanned area is not a serious draw-

back because one may assume that every pixel (in-

cluding the hole) is hit by the same number of protons.

But in other cases beam current measurements,
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which are very difficult to perform accurately, are

necessary. Another disadvantage of the y-method is the

limited matrix thickness range (t < 2 mg/cm2). To

limit the measuring time one generally tends to prefer

slightly thicker targets (see section 3.4).

Calibration with the aid of the backscattered pro-

tons (p-method) is possible up to 3.5 mg/cm2. The yield

of the elastically scattered protons versus the matrix

mass up to this thickness of araldite strips can be

fitted very well with a straight line. In contrast to

this, Whitehead (Whi 79) found no evidence of correla-

tion and Campbell et al. (Cam 80, Rus 81) found a non-

linear relation between the backscattered protons and

the matrix mass. The explanation of this difference

must be found in the much thicker targets, the lower

bombarding energy (resonances in the cross sections)

and the surface structure of the specimen, they used.

The sensitivity of the total number of backscattered

protons for the roughness of the specimen surface is a

disadvantage but it is counterbalanced by the advantage

of being independent of an extra beam current measure-

ment.

The method described in section 4.4 (background

method) can be used as» an absolute calibration method.

Furthermore, it has the advantage that the background

is measured anyway. No extra detection is needed and

hence the method is less sensitive to the geometry of

the experimental setup. The peak to background ratio

depends neither on the beam current, the solid angle,

the thickness of the target traversed by the beam nor

on the shape of the target, since the peak and back-

ground have the same dependence on these factors.

For concentrations assignment using this method, no
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knowledge of the detector efficiency is necessary.

Finally, it holds that the method can be modified for

thick targets (Che 81).

However, at the moment the method is not yet devel-

oped to a very accurate level, partly due to the faulty

theoretical descriptions of the background, and partly

due to problems discussed in section 4.4.2. Improve-

ments can be expected if 1) the method is used as a

relative calibration method i.e. by determining C,

with the aid of a standard; 2) the background is deter-

mined not by taking the area under the peak, but by

taking the total number of background counts, deduced

from a fit through the background of the total spec-

trum-

Concentration assignment with the aid of a standard

outside the region of interest has the same advantage

of using only one detector. It is also applicable fox-

thick targets. The possibility to fulfill the assump-

tions of equal matrix mass depends on the specimen.

Measurements of the matrix mass distributions with the

backscattered protons has shown (see Pig. 5-8a, section

5.5) that sometimes there are considerable differences.

Moreover, many specimens (especially tissue material)

do not permit embedding.

In measurements on human hair (see chapter V) the
protons are used for concentration calibration for the
following reasons:

1) There is a need to use targets with t ~ 3 mg/cm2.
This excludes the y-method.

2) The accuracy of this method is better than the bg-
method (compare Figs. 4-10 and 4-11).

3) This method gives an independent signal proportional
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to the pixel mass.

Only sulphur was determined with the use of a standard

(Cl) because the absorber limits the accuracy of both

the p- and bg-method.
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C H A P T E R V

AN INVESTIGATION INTO THE PRESENCE

OF TRACE ELEMENTS IN HUMAN HAIR

5.1 OUTLINE

This chapter deals with the use of a proton microbeam

in measuring trace element distributions over a cross

section of human hair. It is argued why the presence

of trace elements in human hair is interesting and

what valuable information can be deduced from measuring •'1

trace element distributions. In this study we discuss

whether or not a determination of trace element concen-

tration in human hair offers a monitor for the trace

element status of the body and/or a monitor for the

impact of environmental pollutants upon the body.

In order to interpret the results, some knowledge of

hair structure and growth is necessary. Section 3 sum-

marizes this knowledge. The materials and methods used

for this investigation have been described in section

4, while the results are presented in section 5. It

will appear that the behaviour of the various trace

elements differs markedly from element to element. For

this reason the results are discussed for each measured

element separately. The conclusions are drawn in the

last section and discussed in the light of the question

of the utility of hair as a monitor.

f
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5.2 MOTIVES, AIM AND DESIGN OF THE INVESTIGATION

5.2.1. Motives of the investigation

Trace elements in human hair have been, and continue

to be, the subject of many investigations. Several

reviews of the results of such studies have been

published in recent years: (Kij 77, Val, 77, Pan 79,

Ank 79, Gib 80, Chi 80). In addition, a number of

topical symposia (Bro 74, Kob 76, Bro 80, Cop 82) has

been organized.

Interest in the trace element content in hair occurs

in various contexts:

a. Forensic studies

The oldest application of hair analysis for its

trace element content is the detection of subject's

ingestion of poisonous substance. Within certain limits

hair analysis apparently can be a reliable indication

of abnormal ingestion of some toxic elements. Arsenic

is a well-known example (Pan 79, p. 191). Another ap-

plication of hair analysis in this field is the iden-

tification of the subject via the trace element content

of human hair, found at the scene of a crime. The abso-

lute concentration and/or the mutual ratios of the

trace elements is assumed to characterize the individ-

ual.

b. Environmental studies

It is expected, that the exposure of men to pollu-

tants will also be reflected in the concentration of

the trace elements in their hair. Therefore, measure-

ments of trace element concentrations in the hair of a

group of persons might give an indication of environ-

mental pollutants.
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c. Biomedical studies

More recently,hair has been considered to be a moni-

tor for the trace element status of the individual. So

the trace element content in hair is considered to be

a reliable reflection of the total body content or a

metabolic pool1-1. Hair analysis in this context is seen

as a diagnostic tool, that provides insight into human

health and disease (assessment of nutrition, deficien-

cies, etc.). Interest in hair for biomedical studies is

understandable because there are some potential advan-

tages in hair analysis over the analysis of other tis-

sues:

1. Sample collection can be done quickly, is simple and

atraumatic. Specimens do not deteriorate and may be

kept indefinitely, without the need of special stor-

age conditions. Moreover, transportation is easy.

2. The concentrations of most trace elements in hair

are relatively high compared to the rest of the body,

especially blood. The average concentration of Zn in

plasma for example is 1 yg/ml, while the average con-

centration in hair is about 180 pg/g.

3. After its formation, the hair strand is metabolicly

inert. So, the rate of growth provides a record of

past as well as present trace element levels. So

hair provides some 'historical' information.

4. Trace element concentrations in hair are not control-

led by some homeostatic mechanism as,for instance,

happens in the case of blood in relatively short

time.

It must be noted that the importance of trace ele-

ments is becoming increasingly clear (Mer 81) and

1-' The term 'metabolic pool' is rather vaguely defined in the
literature. It concerns a compartment of the body which has a
metabolic interaction with other compartments and functions as
a trace element supply.

'I
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therefore there is a need for adequate methods for

monitoring the trace element status of individuals

(Hop 81). Other indicators of trace element status

(blood, urine, enzymes, whole body retention, teeth,

etc.) have distinct disadvantages compared to the very

easily obtainable hair specimen. This justifies re-

search into the reliability of hair as a monitor for

the trace element status.

Controversies

Up to now about 60 trace elements have been measured

in human scalp hair by a variety of techniques (see

Fig. 5-1). The amount of a given trace element is found

to be a function of many factors, which have been sum-

marized in Table 5-1. The relative importance of the

various factors has been the subject of many contro-

versial discussions as can be seen from the following:

- The influence of hair colour was found by Eads and

Lambolin (Ead 73) to be related to copper and zinc con-

centrations. Bland (Bla 82) on the other hand states

that the natural colour has only little influence. Only

gray hair deviates in Cu and Ca content significantly.

- The possibility of differentiating between exogenous

and endogenous sources is another point of disagreement.

Gibson (Gib 83) points out that by employing careful,

standardized washing procedures the effect of exogenous

material can be minimized, if not completely eliminated.

Chittleborough (Chi 80), in evaluating 24 representative

pretreatments supports no wash policy to obtain valid

information concerning endogenous trace elements. Ac-

cording to Houtman (Hou 82b), there exists no technique

for cleaning hair completely and selectively from ex-

ternal contaminations.

- The possibility of identification via trace element

content in hair was discussed on the Second Internation-
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Table 5-1 Factors, influencing trace element content In human hair

Factor Reference

genetic

race

sex

age

colour

rate of growth

stage of growth

Gibson 19B0

Kollmer 1980

endogenous

exogenous

dietary intake

body stores

(contraceptive) drugs

disease

pregnancy

- geographic location (dust,
aerosols, tapwater, etc.)

- detergent (shampoo, etc.)

- cosmetics (laquers, dyes,
cold waving, bleaching, etc.)

- physical trauma (brushing,
combing)

Klinger 1981

Kat± 1980

Vir 1981, Shapott 1980,
Saner 1981

Chat 1980 I
body fluids

collection
and
preparing
procedures

sebum

perspiration (eccrine and

apocrine sweat)

sampling - place of the body

- position along the
shaft

washing procedure

Toriba 1982

Chittleborough 1980

11 Only recent literature has been mentioned. For so far not mentioned,

references can be found in review articles (Val 77, Pan 79, Ank 79)
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al Forensic Activation Analysis Conference (Glasgow,

1972). Opinions ranged from confidence that hair bun-

dels could be matched, to complete denial of this pos-

sibility (Pan 79, p. 189).

- The use of hair as a biopsy material has raised the

question of a necessary correlation of trace element

concentrations in hair with corresponding concentra-

tions in other compartments (especially blood). Accord-

ing to Laker (Lak 82) it would be surprising if there

were clear correlations between the concentrations in

blood and hair since the timescales reflected by blood

and hair are different. Based on tests with radionu-

clides, which show an immediate surging of the radioac-

tive compounds through the hair after injection,

Valkovifi (Val 77, p. 134) on the contrary, suggests

that hair levels reflect the rise and fall of some

trace element levels in blood. He stated that most of

the reported studies (about correlations between hair

and blood levels) are characterized by sampling errors,

improper sample preparation, and faulty statistical

treatment. For example, without checking the distance

of the sample from the scalp, these studies showed

great variance in trace element levels and a very poor

correlation with circulating trace element levels.

The final problem is the absence of a clear defini-

tion of normal ranges of concentrations in hair that

have some health-related significance. In this context

it is worthwhile mentioning a result of an IAEA research

project on hair as a possible indicator of the contami-

nation of men by trace elements from environmental pol-

lutants (Rya 80, IAEA RL/50). The concentration of 40

elements in hair was determined. Samples were collected

in 15 different countries around the world. For the ma-

jority of these elements the standard deviations were
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approximately equal to or exceeded the arithmetic
means. The obvious exception was zinc. In that case the
median was close to the arithmetic mean and not to the
geometric one. For the other elements the median is ty-
pically close to the geometric mean. However, it must
be noted that the procedure for hair collection, its
preanalytical treatment and the statistical treatment
of the primary set of data were far from uniform.

5.2.2 Aim of the investigation

The above mentioned problems have inspired us to begin

investigating the location of (trace) elements in hair

by means of a proton microbeam. The proton microbeam is

an outstanding tool for measuring the site of the trace

elements in hair since:

a) PIXE is a quantitative technique with low absolute

detection limits, and

b) the size of the microbeam (~ 5 um) is small compared

to the hairdiameter (~ 100 ym).

Other techniques are not able to measure trace element

distributions on a micrometer scale. The electron micro-

probe for instance, can measure concentration distribu-

tions (Set 79, Har 80), but this technique is limited

to the elements present on a high level (see also sec-

tion 6.1). The aim of the present investigation is to

get information which may help answer the following

questions.

- What are the natural distributions of the (trace)

elements across the hairdiameter and how are they in-

fluenced by endogenous and exogenous sources?

- What are the routes along which the trace elements

are incorporated into human hair?

The answers to these questions may give insight into:

- the possibilities of differentiating between endoge-

nous and exogenous origins;

I
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•- possible correlations between hair and metabolic

pools.

These insights may contribute to the discussion of

whether or not hair can be used as a monitor for the

trace element status and/or as a monitor for the en-

vironmental exposure.

5.2.3 Design of the investigation

Measurement of trace element distributions across a

hair diameter is a time-consuming experiment. Thus the

number of samples that can be investigated in a reason-

able time is limited. So limited in comparison to,for

instance,the number of scalp hairs of one person

(± 100.000) that no statistically justified conclusions

can be drawn. However, in choosing the samples select-

ively, important information can be deduced.

Easy perturbation of the natural distribution of the

trace elements in hair may be induced by the liquids

contacting the scalp hair (e.g. sweat, water, shampoo).

The behaviour of trace elements under the influence of

these liquids may reveal information about uptake, mo-

bility, etc. of the trace elements. This sorption1J be-

haviour of trace elements in human hair has been studied

by many researchers (Bat 66, Ber 67, Ber 68, Tok 76,

Ass 77, Chi 80, Sal 81, Das 81), but their techniques

involved bulk analysis. Such techniques are not able to

measure possible redistributions of the trace elements

in the hair.

The difficulty in studying the influences of differ-

ent hair treatments is that one needs to begin with

identical samples. Use of segments of the hair and seg-

11 The term 'sorption' includes adsorption as well as absorption.
The nature of the binding can be both physical and chemical.
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ments of adjacent hairs are possibilities,

However, the trace element content of individual hairs

from different areas on the scalp show some dispersion

for most elements, indicating a heterogenous distribu-

tion over the head (Cor 73). On the other hand varia-

tion of the concentration of many elements along the

shaft has been shown also (Val 73, Mae 75, Jak 78, Tor

82). The latter are small (for most elements) if the

distance between the adjacent segments along the shaft

is taken small. Moreover, the morphology between two

adjacent hairs may differ greatly. For these reasons

short segments of the same hair are chosen. These seg-

ments are given different treatments in order to study

the sorption behaviour.

The origin (endogenous, exogenous) of a certain ele-

ment in an arbitrarily chosen hair is a priori unknown.

When the endogenous sources vary in strength while the

endogenous sources are kept constant, changes in the

hair concentration must be in all probability of endo-

genous origin. Changes in the human body, under un-

changed external circumstances occur for instance in

pregnancy. For that reason, hair segments before, during

and after the gestation have been sampled and studied.

The possible influence of endogenous sources have

also been investigated by studying hairs of dialyzed

nephritic patients. Those patients are known to have a

disturbed trace element status (Alf 83). The Zn plasma

level for instance is approximately 25 % below the nor-

mal value. Oe et al. (Oe 83) have tried to restore the

level by a Zn supplementation. In their study several

indicators (plasma, testosteron, taste, hairs) were in-

volved. The hair samples are studied in this investiga-

tion.

The influence of an exogenous source has been investi-

gated by studying hair samples of a person in a heavily Pb-
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polluted environment.

The different routes by which the trace elements

are incorporated are reconstructed by measuring at

different levels in the root of a hair in the growing

phase. Hair roots of both a healthy person and two per-

sons with a disturbed trace element status were studied.

5.3 STRUCTURE AND GROWTH OF HUMAN HAIR

General information on hair is described in many text-

books of histology (e.g. Gre 66, Bloo 75, Wei 77). More

detailed studies are described by Ryder (Ryd 76),

Orfanas (Orf 79) and Hook et al. (Roo 82). The important

process in the formation of hair, the hardening or kera-

tinization is treated by Mercer (Mer 61). The available

information on the trace elements in hair has been sum-

marized by ValkoviÈ (Val 77) and Pankhurst et al. (Pan

79). This section summarizes the most important informa-

tion, described in the literature mentioned above, which

one needs to know in order to understand the histogenis

of the human hair and to interprete the results obtained

with the proton microbeam.

S.3.1 The structure of hair

Hairs are solid structures composed of compactly cemented

keratinized cells, produced by sac-like epidermal folli-

cles, which grow into the dermis to varying depths (Pee

82). The external part of the hair is called the hair

shaft

5.3.1.1 The hair follicle

A schematic view of a hair follicle is shown in Pig. 5-2

The neck of the follicle joins the epidermis and its
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I qlord

\ V „ . ; * connective tissue
papilla

Fig. 5-2 Diagram of a hair

follicle (from Ham's histol-

ogy, J.B. Lippincott Co.,

Philadelphia).
I

bottom (the bulb)is invaginated and filled with a dermal

papilla rich in blood vessels. The lower portion of the

bulb called the matrix is the germanition centre of the

hair. The proliferation of the matrix cells results in

an outward displacement of overlying matrix cells,

which differentiate progressively to form the elongate,

spindle shaped cells of the hair shaft. The hair shaft

thus grows outward as a result of proliferation. More-

over, there is differentiation of hair matrix cells.

The hardening or keratinization of the hair takes

place in a distinct region, which is different from the

soft cellular root bulb and the hard horny part above
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(see Fig. 5-2). Keratin is a highly stable fibrous pro-

tein (or group of proteins) which is remarkably resist-

ant to enzymatic disgestion. Of the several types of

bonds that stabilize the keratine molecule, the most

important is the S-S bond formed by oxidation of cys-

teine to cystine, according to:

H2C-SH

H2N-C

I
HOO-C

HS-CH2
I
C-NH2

I
COOH

cysteine

H2C-S-S-CH2

H2N-C O N H 2

I I
HOOC COOH

cystine

For the incorporation of trace elements (especially

heavy metals) into hair it is important to realize that

cysteine can form metal complexes which can have very

high stability constants.

Above the matrix the emerging hair and concentric

sheath appear. The external root sheath is an extension

of the epidermis. Deeper in the follicle, the external

root sheath thins out and terminates as a single layer

when it reaches the matrix of the follicle. The folli-

cles internal root sheath, on the other hand, is a pro-

duct of the hair matrix in the bulb and is intimately

associated with the hair for approximately 2/3 of the

distance from the bulb to the skin surface. It ends at

the orifices of the sebaceous gland. The prime function

of the root sheath is presumed to facilitate the move-

ment of the growing hair. It effects this by hardening

at a lower level than the cells which form the shaft.

Since the cuticle of the hair and inner sheaths are

closely apposed, in health, the fully keratinized fibre

takes the shape of the root sheath.
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5.3.2.1 The hair shaft

The hair shaft consists of a cuticle, cortex and some-

times a medulla (Fig. 5-3) .

Fig. 5-3 The main parts of a hair shaft.

(The thickness of the cuticle is considerably

exaggerated in the cross section shown above.)

(From H.C. Hoops (Hop 77).)

The cuticle, which covers the hair surface is made

of six to ten layers of flat cells (0.2-0.5 ym thick)

and known as scales, because they overlap one another

like the scales of a fish. The thickness of the cuticle

depends on the degree of overlap of the scales. Coarser

hairs tend to have a thicker cuticle. The minimum num-

ber of overlapping scales found to encircle a hair is

two, even for the finest hair. The cuticle cells are

the most heavily keratinized and their imbrication pre-

vents matting of the erupted hairs.

The main part of the hair shaft is the cortex. Cor-

tical cells are closely packed and orientated to the

axis of the hair. They are approximately 3-6 pn in

diameter, up to 100 urn long and carry most of the pig-

ment of the hair.

In general only thicker hairs show a distinct cen-

tral part of the shaft, the medulla. The cells are

large and vacuoleted but are not keratinized in the same
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way as the cortex cells. This keratin is soft, like

that of the inner root sheath. The thicker the hair,

the greater is the width of the medulla. Medullary

cells differ from those of the cortex at all levels.

The cells do not elongate like those of the cortex but

shrink on keratinization to leave spaces between

each other. The structure is therefore an open mesh-

work and since a medulla usually is formed during vig-

orous growth of coarse hairs its function can be re-

garded as the maintenance of diameter with the use of a

minimum of material and without producing excess weight.

The shape of the hair shaft cross section varies from

circular to elliptical and triangular (with flattened

angles). The average diameter varies considerably with

the region of the body. There is also quite a variation

among hairs from the same region taken from different

individuals and to a lesser extent within the same re-

gion of the same individual. The average diameter of

scalp hair vary from 50 to 125 ym (median 90 urn).

Scalp hair from Mongoloid races show the greatest diam-

eter while hair from white races are relatively fine.

5.3.3 Uaiv growth.

The hair is not a continuously growing organ but has a

limited growth period. The structure of the hair folli-

cle varies markedly according to the stage of hair

growth (Fig. 5-4).

The physiological process due to the regular metabolism

of the epidermis, embraces three distinct phases:

1. anagen, or the growing phase, during which the dermic

papilla maintain an optimal metabolism; 2. catagen or

the transitional phase of an evolutive nature;

3. telogen or the resting phase in which the hair is

ready to moult and be replaced by the new hair beneath

(Fig. 5-4). The average lifetime of growth and rest for
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DEVELOPMENT
OF ANAGEN

Fig. 5-4 The growth cycle of a human hair.

a scalp hair is approximately 9 00 days growth, some

weeks catagen and 100 days during the resting stage. On

the chest the growth period of several weeks is matched

or even exceeded by the length of the rest period.

The rate of hair growth for humans varies from 0.2

to 0.5 mm per day depending on age and the region of

the body (adult, scalp: 0.35 mm/day). At this rate, the

period during' which the developing scalp hair is exposed

to the metabolic milieu of the follicles is only several

days. The rate of growth and the duration of the anagen

phase sets a limit to the maximal hair length that can

be obtained without cutting.

5.3.4 Some physical properties of hair

Hair follows Hook's law when stretched up to 130 % of

its original length (170 % it wet) (Roo 82). The force
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to pull a hair in the anagen phase out of the follicle

will be less than needed to induce irreversible chan-

ges.

The average density of some hair samples was found

by v.d. Berg et al. (Ber 67) to be 1.09 g/cm3 if the

hairs were completely dry. If measured with pycnometric

methods they found a value of 1.37 g/cm3. Consequently,

the porosity of their samples was about 20 %. When im-

pregnated with water the weight of their samples in-

creases by 12-18 %. The process is very rapid: 75 % of

the maximum possible amount of water is absorbed within

4 minutes. At a relative humidity of 60 % the density

was found approximately 1.32 g/cm3. A relation between

moisture content y (in %) and relative humidity RH (in

%) at 20°C was found by Das et al. (Das 81) for their

in-house standard hair:

y = -1.7 + 0.23 RH (20 % < RH < 70 %) (5-1)

5.4 MATERIALS AND METHODS

5.4.1 Sample seteotion

The selected hair samples have been described in Table 5-2,

5.4.1.1 Samples, selected for the sorption behaviour

Selected were two hairs (samples 6 and 19) in the anagen

phase and without damaged cuticle. They were used for

studying the influence of shampoo, sweat and wash treat-

ments by giving several segments of the same strand of

hair different treatments (see Table 5-3).

\
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Table 5-2 Selected hair samples

Sample Origin Sex Age at
sampling
date
(years)

Sampling Grouring Part of
date phase the body

6

19

a) U.S.A. F 23 1-20-82 anagen head

Yugoslavia F 24 2- 5-82 anagen head

11 Yugoslavia 22 2- 1-82 anagen head

24A

24B

25A

25B

26A

26B

J5

The Netherlands

The Netherlands

The Netherlands

The Netherlands

The Netherlands

The Netherlands

Yugoslavia

62

42

61

24

3-30-82
11-16-82

4- 8-82

11-15-82

4- 8-82

11-15-82

anagen
anagen

anagen

anagen

anagen

anagen

head
head

head

head

head

head

3- 5-82 anagen head
Ï

20 The Netherlands 51 anagen head

27b)

cc)

U.K.

O.K.

The Netherlands H 37

Dc> The Netherlands H 37

E C ) The Netherlands « 37

telogen

head

head

Oct. 78 anagen head

Oct. 78 anagen axillary

Oct. 78 anagen leg

a) We are indebted to V. Vla, Dept. Foods and Nutrition, Stone Hall,

West Lafayette, IN, i;SA, for supplying these hair samples.

b) Frora Dr. J.M.A. I>nniham, Glasgow and put to our disposal with kind help

of Dr. P.S. TjAoe, IRI, Delft, The Netherlands.

c) Measured with the Harwell proton microbeams all other samples were

measured with the Amsterdam proton microbeam.
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Sections at
(distance from root)

Washing
procedure

Details

8 different positions see Table V-3 see Table V-3

10 different positions see Table V-3 see Table V-3

0, 1.5, 3.0, 4.5, 6.5, 7.0,

8.0, 9.5, 11.0, 12.5, 20.0 and none

21.0 cm

0.2 cm none

0.2 cm none

0.2 cm none

0.2 cm none

0.2 cm none

0.2 cm none

different positions in the root none

rootbulb and 1 cm from root none

rootbulb (Ii); lcm <I2>; 2 cm (I3> IAEA

in root (a,b) just above skin (c) none

rootbulb Ci: 1 cm (C2); 2 cm (C3) IAEA

rootbulb Di: 1 cm <D2); IAEA

rootbulb Ei: 1 cm (E2) ; 2 cm (E3) IAEA

Healthy person, sampled 128
days post partum first child
rate of hair growth: 1.3 cm/
month

Before Zn suppl.

After Zn suppl.

Before Zn suppl.

After Zn suppl.

Before Zn suppl.

After Zn suppl.

samples

of 3

nephritic

patients

Healthy person: rate of growth
1.7 cm/month

Person with low Zn plasma
level (0.6 ug/ml)

Patient administered with 56
rag As/day during 80 days
(see Ber 68)

samples of one person
(lead meltex)
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Table 5-3 Hair

Sample

6E

6F

6-proximal
6G

6H

6P

6-distal 6 Q

6R

6S

19D0

19A2

19D2

I9D1

19C0

19 1 9 B 0

19B1

19B2

19C1

19C2

samples and

Distance
from root

(cm)

0.1

1.0

2.0

3.0

12.0

13.0

14.0

15.0

17.90

15.65

18.25

18.35

17.10

16.20

16.45

16.55

17.35

17.45

treatments

Treatment

none

8 h shampoo immersion

24 h shampoo immersion

48 h shampoo immersion

none

8 h shampoo immersion

24 h shampoo immersion

48 h shampoo immersion

none

90 h sweat immersion

203 h sweat immersion

203 h sweat immersion
plus wash proc. 2

none

boiling water wash

IAEA wash

EDTA wash

5 days shampoo immersion

5 days shampoo immersion
plus IAEA wash

Remarks

shampoo comp.,
see Table 5-5

cavity in the hair

sweat comp.,
see Table 5-6

see Table 5-7

see Table 5-7

see Table 5-7

5.4.1.1.1 Shampoo

The composition of commercial available shampoos differ

markedly. The ingredients are shown in Table 5-4. In

our experiments we used a shampoo-mix obtained by mixing

eight different liquid shampoos in the same amount of

weight (in-house shampoo, Table 5-5). The mix is assumed

to contain all of the frequently occurring ingredients.

The elemental composition was determined with macro-PIXE
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Table 5-4 Ingredients of shampoos (from Ish 76)

Ingredient
Percentage
by weight

Details

Purified water

Perfumes

60 - 80

0.2- 0.6

Detergents

Foam builders

10 -25

5 - 15

Sequesting agents 0.1 - 2

anionic
sodium lauryl sulfate
trifithanolamine P.O.E. laurylether
sulfate

sodium P.O.E. laurylether sulfate
N-lauroyl or N-coconut fatty acid
acyl-L-glutamic acid monotriethano-
lamine

triethanolamine liuryl sulfate
linear alkyl sulfanote etc.

amphoteric
imidazole derivatives etc.

fatty acid alkanolamide
fatty acid alkylolamide

EDTA salts (0.1 -0.2 %)
tetrasodium pyrophosphate etc.

(1.0 - 2.0 %)

I
Conditioning agents 0.5- 10

lanolin and its derivatives (0.5-1 %)
protein and its derivatives (0.5 - I t )
glycols etc. (2-10 » in liquid type)
stearyl alcohol etc. (5-8 in gel type)

Preservatives 0.2- 0.5 paraoxybencoic acid esters
benzoic acid e t c .

Antidandruff agents 0 . 1 - 8

TCC (0.1-0.3 %)
undecylenic ecid ethanolamide (3-8 %)
zinc 2-pyridinethiol 1-oxide (1-2 %)
alkylisoquinolium bromide
selenium disul,"ide

using an yttrium internal standard. The result is shown

in Table 5-5. The pH was found to be 6.5.
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Table 5-5 Elemental composition in-house shampoo

Elemental

Eleinert

S

Cl

Ca

Fe

Zn

Se

composition

15 %

1 %

460 ug/g

440 ug/g

640 ug/g

2800 ug/g

Used shampoos.

of weight

1. Palmolive

2. Schwartzkopl

3. AndreIon

4. Selsun

5. Andrélon

mixed in the sane amounts

(family flacon for greasy hair)

: (normal hair)

(for dry hair)

(anti-dandruff)

(anti-dandruff)

6. Head and Shoulders

7. Klorane

8. Elsève

(greasy hair)

5.4.1.1.2 Sweat

Sweat was collected from the forehead, nose and cheeks

of two male volunteers1J after vigorous physical exer-

cise. The sweat was collected in polyethylene vials by

scraping over the head regions mentioned above.

Sweat of both volunteers (average 0.9 and 1.3 ml

respectively after the weekly exercise) was pooled and

centrifuged in order to sediment the dermal dotritus.

The cell-free solution of sweat was removed and stored

at 4°C. In total 10 ml was gained. Macro-PIXE, using a

Mo internal standard was performed for elemental analy-

sis. The results, together with some literature values

are shown in Table 5-6. The error in the trace elements

Fe, Cu and Zn are rather large, because of the presence

of contaminants of the same elements in the backing foil

used to make the target.

11 We are indebted especially to drs.mr. H. Bij de Vaate for his

exertion and for supplying his sweat.
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Table 5-6 Elemental composition of eccrine sweat

Reference

Region of
collection

Sex (number)

Element

Na

Cl

K

Cu

Mn

Fe

Ni

Cu

Zn

Pb

this work

face

male (1)

pg/g +SD

3380+760

1790+360

-

-

0.58+0.24

-

0.47+0.15

0.90+0.30

-

Klevey 70

-

-

yg/mi

1500

-

700

40

-

0.27

-

0.06

-

-

Hopps 77

-

-

Ug/ml

-

-

-

-

0.06

0.02-0.45

-

0.06

0.93±0.26

-

Hohnadel 73

arm

male (33)

pg/ml+SD

-

-

-

-

-

-

0.052+0.036

0.550*0.250

0.500+0.410

0.051+0.042

female (15)

pg/ml+SD

-

-

-

-

-

-

0.131 +0.065

0.148 ±0.620

1.250 ±0.770

0.118 +0.072 I
11 Chittleborough (Chi 80) cited a cl range of 158-5190 ug/g

5.4.1.2 Other samples

Hair sample 11 was plucked from a young mother 128 days

post partum of the first child. The rate of hair growth

was determined by shaving a small area adjacent to the

plucked hair and measuring the length of the newly

grown hair after 3 months. From the rate of hair growth

the period of gestation in hair 11 can be indicated

along the hair shaft (assuming a constant rate of

growth) and hair sections before, during and after the

gestation were studied.

Hair samples 24, 25 and 26 were plucked from patients

on chronic haemodialysis with low concentrations of
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serum zinc. In order to remove this Zn deficiency, Zn1J

was added to dialysate during 28 weeks (Oe 83). Hairs

of three patients were plucked before (A) and 4 weeks

after (B) the Zn supplementation. Hair sections were

cut at 2.0 mm from the root and in order to avoid on

one hand the characteristic concentration in the root

bulb (see results samples 15, 20 and C) and on the

other hand contamination of exogenous sources.

The root ends of hair samples 15 and 20 were selected

on account of radial symmetry, firmly present root

sheaths and no angulation of the hair at the level of

the bulb and/or keratigenous zone. These morphological

properties are characteristic for the growing phase of

the hair (Pee 82).

The donor of sample 15 was a healthy person, while

the donor of sample 20 was found to have a low Zn

plasma level: 0.6 yg/ml (normal range 0.8-1.2 pg/ml),

but no health complaints.

Hair samples I and 27 were both of the same patient

who was treated with a drug containing As. Earlier

neutron activation analysis of bulk hair (Ber 68) of

this patient has shown that a strongly increased As

content (70 - 80 ppm) was present in the first 3 cm.

Only a few hairs of this donor were left. Unfortunately

none of them were unequivocal in the anagen phase. The

growing stage of sample I has not been recovered.

Sample 27 was probably in the telogen phase (anagen

could be excluded, but catagen not fully).

Hair samples C, D and E were taken from a profes-

sional lead melter, working in an open lead melting

unit of a small battery manufacturing firm. The rele-

vant physiological data on the person at the time of

Zinc was added in the form of ZnCl2 in a concentration of 6.1
pmoll Zn/1.
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hair sampling were: <5-aminolevuline acid (ALA) in urine

8.5 mg/1 (normal 0 - 5 . 4 ) , haemoglobin in blood 8.8 m

mol/1 (normal 9.5- 10.5) indicating only a minor lead

intoxication in accordance with weak health complaints.

5.4.2 Sample preparation

The samples measured with the Amsterdam proton microbeam

(see Table 5-1) were prepared in the following way1-1.

The selected hair was stretched on a sheet of graph

paper and cut using a scalpel blade at a distance of

1.0 mm before and 9 mm after the desired position. This

1 cm hair segment was put in a little hole (diameter

0.3 mm, depth 5.0 mm) in the centre of a cylindrical

shaped piece of plastic and fixed with a little stabil-

ite (see Fig. Z -5a). The free end of the hair was closed

I en HAIR
SEGMENT

STAilUTE

PLASTIC

ARALDITE

(0) (c)

• 2.S
* !

, 0

U>

AI-FRAME !

X

( t )

+
HAIR
SECTION

Fig. 5-5 Different phases in the hair sample preparation, a. Fixing the

hair segment in a block of plastic, b. Impregnation (only for

samples 6 and 19). c. Embedding the hair in araldite. d. Machining

the hardened araldite on a lathe to level (1) just above the hair

and cutting sections (thickness 30 urn) with a microtome at the

desired level (2). e. Gluing of a section on an Al-frame with a

hole (diam. 2.5 mm).

The sample preparation technique described here has been
developed by K.J. Wiederspahn, V.U., Amsterdam.
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with a drop (« 0.75 mm) of araldite in order to prevent

a longitudinal input during impregnation.

Shampoo and sweat impregnation experiments were per-

formed by placing the hair segment in a polyethylene

vial filled with the impregnation liquid. The plastic

block was fit into the vessel (see Fig. 5-5b). After a

certain immersion time the hair was rinsed with D.I.

water and dried at 30° overnight.

Washing procedures, described in Table 5-7, were

performed in a similar way, using the plastic block as

a handle.

Note, that most of the samples did not receive any

washing procedure at all (see Table 5-2, p. 98-99).

Table 5-7 Hair washing procedures

No

1

Name Description Ref.

Boiling water One wash with boiling water (30 Hil 74
wash min.) then rinse with D.I. water

3 tines (each for 30 min.)

IAEA wash Hair is washed with aceton, IAEA/RL/41H
water, water, water and aceton. Vienna, 1978
Bach with 25 .nl for 10 minutes.
Then hair is air-dried at room
temperature in a '.lean area

EDTA wash Soak in 10g/10J ml ethylene Hil 74
dinitrilo £etra-acetic acid
solution for 5 minutes, stir
occasionally, rinse with D.I.
water 3 times (each 30 minutes)

Subsequently, the cylindrical block was covered with

a PVC-mantle and filled with an araldite ® resin mix-

ture AY103 with hardener HY956 (Fig. 5-5c). This resin

contains 0.24 % Cl and a small amount of Br, but no

other detectable concentrations of trace elements. The
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resin was hardened at 40°C overnight. The hardened

araldite block, with inserted hair along its axis, can

easily be stripped of the PVC-mantle (Fig. 5-5d) and

plastic block, which can be used again. After machining

the embedded hair on a lathe to a level just above the

desired position, a section of 30 nm thickness was cut

at the desired level, using a microtome (Jung) with a

tungsten carbide knife. For samples 15 and 27 transver-

sal sections were subsequently cut, numbered and stored.

Because the section thickness is reproducible, the num-

bering of the subsequent sections was used as a precise

scale along the hair. Araldite sections were stretched

with a drop of aqua bidest on a warm glass plate, air

dried and glued with a glucose solution on an Al-frame

with a hole (diam. 2.5 mm). Gluing was performed in such

a way, that the longest axis of the mostly elliptical

shaped cross section of the hair was positioned along a

fixed direction of the frame (Fig. 5-5e). Microscopical

examining showed one surface of the hair section flat

within 5 um. Microphotographs were made befora and after

sample irradiation of about half of the samples.

Finally, to prevent charging up of the target and to

achieve a better heat conduction on the front side of

the hair section 10 nm Al was evaporated.

The hair samples, measured with the Harwell proton

microprobe1-1 were embedded in another type resin (MY753

with hardener HY951) spiked by 100 ppm V in the form of

bit [1-phenyl butan dionato-(1,3)J oxovanadium (IV).

This chemical compound appears dissolvable both in this

araldite and the hardener. The resin contains more Cl

(0.5 %) and small amounts (ppm level) of Fe, K and Br.

Moreover, the cuticles of these samples were covered

with a thin silver layer (»» 0.1 um) . Samples were

^ These samples were prepared by Dr. P.S. Tjioe, I.R.I., Delft.
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100 jum

Fig. 5-5f Microphotographs of the cross section of a hair, embedded in

araldite. The l.h.s. shows the cross section in the rootbulb

(sample 20). The rings around the centre are the root sheaths.

The r.h.s. shows a section at 2.0 cm from the root of the

same strand of hair.

obtained by cutting the hair at the desired position by

machining on a lathe with an ordinary cutting tool. No

thin sections were sliced, but slices of a few milli-

meters. In these thick samples the beam stops complete-

ly. Charging up was prevented by applying alcoholdag ® 1}

on the araldite surface around the hair with connections

to the metal sample holder. However, this DAG was found

to contain appreciable amounts of nickel and iron be-

tween 100 and 400 ppm Sn, Ti, Zn, Al and Br, which

could contaminate the hair or could contribute to the

colloidal graphite dispersion in isopropyl alcohol
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spectrum in case of relatively high halos of the beam.

5.4.3 Experimental procedure

The first experiments were performed with the Harwell

proton microprobe, described by Cookson et al. (Coo 75,

Coo 79) in January 1980 (samples C, D, E and I). All

other samples were measured with the Amsterdam proton

microbeam (in operation since January 1981). The experi-

mental procedure followed in the Harwell experiments

have been reported extensively by Houtman, Bos, Vis,

Cookson and Tjioe (see (Hou 82a) and (Hou 81)). Only the

data analysis (which was done in Amsterdam) and some

results of these experiments will be discussed here.

The experiments in Amsterdam were performed with 3.0

MeV protons. The beam sizes normally used were between

(5x15) ym2 and (8x20) ym2 (depending on the sample

size). Beam currents varied between 0.1 and 0.5 pA/ym2.

The hair samples were scanned along one line through

the middle of the hair with the smallest beam size in

the scan direction (see Fig. 5-6). If the shape of the

hair cross section was not circular, the line scan was

made along the longest axis. Continuously scanning

(typical speed 80 ym/s) between setpoints was performed

by means of an inchworm under computer control (HP85).

Track lengths were between 140 and 260 ym and measuring

times between 2 and 3 hours per line scan. After such

time interval the beamsize was checked and found to be

stable.

Track positioning was performed using the cross wires

in the eye-piece of the microscope and the z-inchworm

for moving the target into the (optical) focus plane.

It was estimated to be within 6 ym precision in both x,

y and z direction. The main contribution to this error

was the resolving power of the microscope. Once posi-

tioned the read out accuracy was determined by the read
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Fig. 5-6 Schematic geometrical arrangement of detectors and specimen for

measurement of distributions of concentrations across a hair-

diameter.

I

out system (± 2 ym).

The induced X-rays and backscattered protons were

detected with the detectors described in chapter III.

Only sample 11 was measured with the old X-ray detec-

tor. Because hair has a sulphur content of about 4.5 %

a strong sulphur X-ray signal can be expected. In order to

reduce this strong signal, a 12.5 iim Al absorber was

used. A diafragma (diam. 1.35 mm) was placed in front

of the proton detector ate =135°, to get a balanced

distribution of the count rates over both detectors.

Data acquisition was performed by event-by-event

storage i.e. events of both detectors labelled with the
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actual position of the sample were stored on magnetic

tape.

5.4.4 Data analysis

At first, off-line data sorting was done at 4 or 8 um

step size. For all elements with Z < 29 peak fittings

and peak area determination of the X-ray spectra for

every step was performed with the computer program

SPECFIT, as described in chapter III. For elements with

Z>30 with isolated peaks, peak area determination was

performed by adding up the channel contents in a cer-

tain window and corrected for the background. All peak

areas were corrected for target unevenness and other

events, which effect the X-ray detector and proton de-

tector in the same way (e.g. scanning irregularities,

dead time, etc.), with the aid of the number of back-

scattered protons per pixel.

Concentration assignment was performed according to

the calibration method described in section 4.3, with

the exception of the elements Cl and S, which were

Table 5-8 Estimation of the accuracy and precision in micro-PIXE hair

analysis (in percent)

statistical error

systematic error

X-ray peak area

backscattered protons 3

external standard 7

relative sensitivity

calibration constant 4

self-absorption

radiation damage <2

element interference

reproducibility
detector geometry 3

S K Ca Fe Cu Zn As

3 5 7 20 18 7 25

15 10 8 7 7 7 6

15 10 9 5 4 3 3

10 10
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calibrated with the aid of the known Cl concentration

in the embedding resin (see section 4.4.2). Likewise,

the Harwell measurements were calibrated with the aid

of the vanadium in the embedding resin.

Contributions to the error in the ultimate concen-

tration are shown in Table 5-8.

5.5 RESULTS AND DISCUSSION OF EACH ELEMENT

The results of the measurements i.e. X-ray spectra and

concentration distributions across the hair diameter

are shown in Figs. 5-7 up to 5-21. Most of the concen-

tration distributions are represented in isometric

plots. Data on different samples, given in such a plot

are normalized to the same sample thickness and proton

charge with the aid of the measured backscattered pro-

tons. The error bar shown in some points represents ± 1

t

Fig. 5-7 x-ray spectra of hair

samples 6P, 62, 6R and 6S. Each

spectrum is the sum of the 32

spectra belonging to the differ-

ent positions along the track.

The vertical scale is logarithmic

and the same for all spectra.

CHANNEL NUMBER
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standard deviation of the statistical error.

The role of the measured protons is illustrated in

Fig. 5-8a. The figures show the total number of the

backscattered protons per pixel from the four proximal

and four distal segments of sample 6. The average num-

ber of counts over the whole track is a measure of the

total charge collected in the measurement of that par-

ticular distribution. The number of counts per position

is a measure of the sample thickness in that position.

It can be seen that sample 6Q has a (natural) cavity

and other samples show some space between the boundary

of the hair and the embedding resin.

The samples C, D, E and I were measured with the

Harwell proton microprobe. The Harwell data were nor-

malized on a total number of counts of 230 for Vanadium

in the resin. The 32 radial scan positions (in Harwell

at that time corresponding with 32 ADCs) are calibrated
I

PROTONS

O 90 100 0 50 WO

RADIAL DISTANCE ( urn)

Fig. S-8a Distributions of the backscattered protons across the hair

diameter of sample 6.
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in micrometers1-'.

In the following the results for each element are

discussed separately.

5.5.1 Sulphur

In all measured hair samples, with exception of the

root ends, sulphur was found to be distributed homoge-

neously across the hairdiameter. Even those sections of

hair sample 11, which showed a medulla (11 g and 11 h

for instance, Fig. 5-14, p. 12 3) did not show deviations

in the S-concentration2 •• . The homogeneous S-distribu-

tion agrees with investigations of Cookson and Pilling

(Coo 79). From calculations, based on the amino acid

compositions of scalp hair Wolfram et al. (Wol 71) de-

duced that the sulphur concentration in the hair cuti-

cle should be a little higher than in the cortex. We

found no indication for this effect. The lower S-con-

tent in the medulla found by Seta et al. (Set 79) and

Hart (Har 80) must be caused by the lower matrix densi-

ty, which was not compensated for.

Both the shape and height of the concentration did

not change by sweat impregnation. There is some evi-

dence of S-uptake from the shampoo after a long impreg-

nation time, especially in the samples 6R and 6S (Fig.

5-8b, p. 115).

Deep down in the root the sulphur distribution shows

two peaks at positions, which coincide with the internal

root sheath (see Fig. 5-15, section (a), p. 124). In

1^ The different normalization plus the use of a different
analyzing technique explains the differences between the
results presented here and those in ref. (Hou 82a).

z-' S-distributions of hair sample 11 are not presented. They
look similar to the Zn distributions.

I
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Fig. 5-8b Distributions of S, Cu «id Zn across the hairdiameter in

different stgswnts of the fue «trand of hair (sample 6).

Two Mgatnts (6E, 6P) did not get any treatment. The others

were impregnated with an in-house shanpoo for different times.
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the other root sections the S-distribution is singly

peaked with a maximum in the middle. This is also seen

in sections of the root ends of sample 20 and 27 (Figs.

5-17, p. 130 and 5-18, p. 132). The increase of the S-

concentration in the central part of the hair (going

from section (a) to section (f) in Fig. 5-15, p. 124)

is illustrated separately in Fig. 5-16, p. 125.

The average concentration after formation of the

hair was found (4.9+1.1) 10~2 g/g. Bascö (Bas 78)

measured the sulphur content of bulk hair from 204 per-

sons and showed that the contents fluctuate between

(5x10"M and (7x10~2) g/g. Knutner set limits between

4.51 and 5.25 10~2 g/g for individuals with normal hair

(see Val 77). It may be concluded that for this element

there is a reasonable agreement between the available

experimental data.

5.S.2 Chlorine

In most of the hair samples Cl could not be detected

i.e. the concentration is lower than the high detection

limit for this element (100 ppm) in our experimental

conditions. However, Cl was shown in the hair sample

immersed (90 h) with sweat (Fig. 5-10, p. 118). The im-

mersion time of 90 h was chosen because in nature at

most 1.3 mm of the hair (half above, half below the epi-

dermis) is in close contact with sweat (assuming a rate

of growth of 0.35 mm/day). After this treatment the con-

centration of Cl is relatively high, even higher than

in the sweat. With a longer immersion time the Cl con-

centration of the hair boundaries further increases.

However, the concentration decreases in the middle of

the hair. These phenomena indicate that the sorption

process is not a simple diffusion process under influ-

ence of a concentration gradient.

The only other element present in sweat in a higher
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Pig. 5-9 Distributions of Se, Fe, Ca and Pb across the hairdiameter in different segments of the same strand of
hair (sample 6). One segment did not get any treatment. The others were impregnated with an in-house
shampoo for different times.
The Se-distributions of hair segments 19C1 and 19C2 impregnated with the same shampoo are shown as well.
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Fig, 5-10 Distributions of Cl, s. Ca, Fe and Zn across the hairdiameter

in different segments of the same strand of hair (sample 19).

One segment did not get any treatment. The others were impreg-

nated with sweat for 90 h (treatment 1), 203 h (treatment 2}

and 203 h plus washed (IAEA).
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Fig. 5-11 Distributions of S, Ca, Fe and Zn across the hairdiaroeter in

different segments of the same strand of hair (sample 19).

One segment did not get any treatment. The others were washed

according procedures described in Table 5-7.

19B2

concentration was potassium (Table 5-6). From the fact

that this element has not been found in the hair after

the treatment, it is reasonable to assume that the

binding of chlorine is an ion-association.

The range of the Cl concentration found in human

hair is 158-5190 pg/g (Chi 80). The upper value agrees
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with the average value found by us in the middle of the

impregnated hair samples. The values found in this work

may therefore be considered as an upper limit. Note

that the absorbed Cl does not go away after an IAEA

wash (Fig. 5-10, p. 118).

Considering all of these results it is plausible to

conclude that the greater part of chlorine found in hu-

man scalp hair may originate from sweat. Variation

with age and sex (Tak 82) can be explained by the well-

known decrease of the number of glands with age and the

much lower perspiration rate of women compared to that

of men.

5.5.3 Zino and copper

The distributions of zinc and copper are in general

rather similar. Therefore we will discuss them together.

In the root end (Fig. 5-15, p. 124, section (a)) the

concentration in the external root sheath of both ele-

ments is high compared to the concentration in the

central part. Moreover, the increase in the central

part (going along the axis of the hair) is less than

for sulphur (Fig. 5-16, p. 125). Sulphur reaches its

ultimate value at a more proximal position than Cu and

Zn. This is also seen for the average concentration

levels for S and Zn in the hair bulb and 1 cm from the

root end of sample 20 (Fig. 5-18, p. 132). Finally, the

Zn distributions of sample C (Fig. 5-20, p. 135) shows

a similar pattern. These phenomena indicate that for Zn

and Cu there is an extra input via the root sheaths.

Given that the external root sheath is a product, not

of the hair matrix in the bulb, but of the epidermis,

this means that at least part of the Zn and Cu content

is contributed via a multi step process (blood •+ epi-

dermis •* external root sheath •*• internal root sheath •»•
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Fig. 5-12 X-ray spectra of

hair samples of nephritic pa-

tients (samples 25 and 26).

Each spectrum is the sum of

the 32 spectra belonging to

different positions along

the track. The vertical

scale is a square root scale

and the same for all spec-

tra. Vanadium originate from

the embedding material.

cuticle •*• cortex). If this contribution via the sheaths

exists, the input route must be transcellular. This

means that a simple, for instance linear relation be-

tween concentrations in blood and hair, is very improb-

able.

In most cases the distributions of Zn and Cu outside

the skin are homogeneous. Sharp peaking at the edges of

the hair was only seen at positions far from the proxi-

mal end. The peaks are less pronounced after the sham-

poo treatment (Fig. 5-8b). Easy uptake of Cu from tap

water is known from the literature. Gordus (Gor 73) re-

ported abnormally high copper (bulk) contents in the

hairs of students, who swim extensively in water which

presumably contains high amounts of copper salts.

Schroeder et al. (Mck 78) found 425-480 ug/g (normal
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Fig. 5-13 Distributions of S, K and Zn across the hairdiameter. The hair

donors were three nephrictic patients (samples 24, 25 and 261.

The distributions were measured at 2.0 no distance from the

root in six hairs, plucked before (A) and after (B) Zn supple-

mentation .
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Fig. 5-14 Distribution of Zn, Cu and Ca across the hairdiameter at differ-

ent positions along a single hair strand. The hair donor was a

young mother (sample t1). The hair was plucked 12B days after

delivery of the first child (ra=medulla).
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Fig. 5-15 Distributions of S, Zn, Ca, Fe, Cu and K in different hair root sections. The hair was plucked from a

healthy person (sample 15). The sections were cut at a level indicated in the upper left corner. Each

distribution is the average over 30 \im section thickness. Only section (f) does not contain a root sheath.

The boundary between sample and embedding resin is indicated with a curve in the horizontal plane, giving

the contour of the hair root.
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Fig. 5-16 The relative con-

centration of s, Zn and Cu as

a function of the longitudinal

distance in the central part

of the hair root (sample IS).

The concentrations are nor-

malized to the value of the

section (f). (See also Fig.

5-15.)

range 0.30-70 ug/g) in (bulk) hair of a man, who show-

ered in very soft spring water, containing 64 ug Cu/

liter; his gray hair had a greenish colour. Cookson

(Coo 75) measured with a microbeam very high Cu concen-

trations (290 ug/g) on the periphery of a hair section

1 cm from the distal end, while in hairs 1 cm from the

proximal end the distributions were homogeneous and

with an average value of 10 ug/g. Experimental studies

of normal unaffected hair fibers, performed by Roomans

et al. (Roo 80) showed that treatment with a copper

salt alone could result in the binding of copper to the

hair cuticle, but the extent of the copper binding

could be increased greatly by damaging the cuticle with

chlorinated water.

All these data make it very plausible, that the Cu

and Zn peaks on the edges, as for instance was seen in

sample 6E (Fig. 5-8b, p. 115), sample 19D0 (Fig. 5-10,

p. 118) and sample 12 (Fig. 5-21, p. 138) are of exoge-

nous origin. The Cu peaks on the edges are much more

pronounced than the Zn peaks. Evidently, the Cu-uptake

in hair is easier than the Zn-uptake. It is remarkable

\
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that the shampoo treatment effects the average Zn-level

only after a very long immersion time (Fig. 5-8b,

p. 115). The binding of the endogenous zinc is apparant-

ly stronger than for Cu. Because of the big error bars

in the Zn-distribution of sample 19B1 (Fig. 5-11,

p. 119)i it is not clear whether the IAEA-wash removes

the exogenous Zn or not. But from the Zn-distributions

in Fig. 5-10, p. 118/ it is very plausible that the

IAEA-wash works.

No significant change in the Zn-concentration was

found for the samples of the nephritic patients, though

Zn-concentrations in the serum of the same patients

changed significantly (Table 5-9). The unchanged hair

Zn concentrations stands in contrast to the effect of a

Table 5-9 Some data of three nephritic patients before and after

Zn supplementation (Oe 83)

Patient Zn concentration Zn concentration Electro gusto Testosteron
in scalphair

ug/g
in plasma

umol/100 ml
meter
pA n mol/1

24

25

26

before

after

before

after

before

after

176 ± 21

178 t 14

139 ± 13

121 ± 8.5

112 ± 11

119 ± 13

10.3

13.8

8.9

11.1

7.0

13.0

88

10

>300

10

>300

>300

9

15

7

12

6

6

I

a) normal 12.3 - 18.5 pmol/100 ml

b) normal 20 - 50 pA

c) normal 8 - 25
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Zn acetate therapy in the hair Zn concentration in

hemodialysis patients found by Mahajan et al. (Mah 82).

The differences in administering (50 mg Zn/day oral,

6.1 pmol Zn/1 via dialysate respectively) are probably

responsible for the discrepancy.

The Zn-concentration during the time of gestation

was found to be constant {Fig. 5-14, p. 123). Changes

of Zn-contents in bulk hair have been reported (Ham 74,

Vir 80a, Vir 80b). The established differences are too

small to be verified by us (see Table 5-8, p. Ill and

5-10, p. 128).

Neither was any significant change during pregnancy

found for copper (Fig. 5-14, p. 123). However, the much

lower Cu-concentration and consequently lower accuracy

made it difficult to see small fluctuations. In order

to find a more accurate method for measuring any pos-

sible change, the Cu/Zn concentration ratio has been

calculated. To avoid contribution of exogenous origin

(peaks on the boundaries) only the concentrations in

the inner part of the hair have been taken into account.

No significant change in Cu/Zn concentration ratio was

found before (0.0715 10.0086), during the third tri-

mester (0.0680 + 0.0039) nor after (0.0715 + 0.0073) the

gestation.

5.5.4 Ivon

The iron distributions in the root (Fig. 5-15, p. 124,

Fig. 5.18, p. 132 and Fig. 5-20, p. 135) show, compared

to the cortex, a striking high concentration in the

root sheaths. A clear longitudinal input is absent. The

little peaks at the edges of section (f) (Fig. 5-15,

p. 124) provide evidence for some radial input. It is

possible that the secretion of the sebaceous gland

:l
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Table 5-10 Copper and zinc levels (mean 1 S.O.) in serum (plasma) and hair in control (non pregnant)

and experimental (pregnant) groups

Cu

Zn

group

control (non pregnant)

exp. (post partum)

control

38 weck of gestation

control (non pregnant)

exp. (post partua)

control

38 week of gestation

number1'

28

29

20

20

28

29

20

20

serum
ug/100 al

981 19

1771 16

92 ± 12

56123

plasma
ug/100 ml

107.4 IS.I

192 15.4

87.912.6

56.012.1

hair
ug/g

14.316.2

14.11 5.5

12 il.3!J

11 il.O2'

178125

1651 29

1701 ISJ;

1551 202J

reference

Vir 81a

Vir 81a

Ham 74

Ham 74

Vir 81b

Vir 81b

Ham 74

Ham 74

1) nunber indicates tota l number of subjects In each group
2) number read from figure
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stimulates the iron intake. Outside the scalp, iron is

mainly seen on the periphery of the hair (see sample 6,

(Fig. 5-9, p. 117), sample 19, (Fig. 5-10, p. 118 and

Fig. 5-11, p. 119), sample 20, (Fig. 5-18, p. 132) and

samples C, D and E (Fig. 5-20, p. 135)). There is no

significant influence on the Fe-distributions caused by

the shampoo (Fig. 5-9, p. 117) or sweat treatment (Fig.

5-10, p. 118). Neither did the IAEA and EDTA washing

procedures seem to have any influence. These results

show that iron in the hair shaft is mainly concentrated

in the cuticle and very strongly bound. The peaking on

the periphery by nature makes the Fe hair content in

bulk measurements extremely sensitive to cuticle damage

and partly explains why the concentrations of iron re-

ported in literature diverge so greatly in comparison

with for instance Zn. It also explains the strong Fe

deviations along a single hair strand (Val 73, Tor 82).

S.S.5 Potassium

In the root of sample 15 (Fig. 5-15, p. 124) the pres-

ence of potassium is mainly confined to the hair bulb

and the zone of keratinization. This agrees with the

fact that the presence of potassium indicates the pres-

ence of metabolic activity. Note that in the centre of

sections (a) and (b) the K concentration is higher than

in the centre of section (f). A similar effect is seen

in sample 27 (Fig. 5-17, p. 130). This suggests a trans-

port of potassium from the centre into the sheaths. The

difference between absolute concentrations between the

two hair roots is striking. This is probably the conse-

quence of the difference in the growing phase (Sample

15: anagen, sample 27: telogen).

High potassium levels were also found in the roots

of sample 11 and C (no distribution presented), while

the levels outside the skin were not detectable.
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Distributions of S, Se, Zn, Br, As and K in different hair sections. The donor was a patient administered

with a As containing drug (sample 27). The sections were cut at a level indicated in the upper lef t corner.

Each distribution i s the average over 30 um section thickness. The boundary between sanple and embedding

resin i s indicated with a curve in the horizontal plane giving the contour of the hair root .
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High potassium levels in hair root ends are also re-

ported by Henley et al. (Hen 77), and Legge et al. (Leg

79). Grodzins et al. (Gro 76) found a high potassium

level in the root end of a hair of a victim of the

so-called Legionnaires disease. The level falls off

sharply at positions outside the skin and shows some

peaking at 0.5 cm from the root corresponding to the

onset of the disease. It is possible that only the peak

at 0.5 cm from the root has something to do with the

disease, but it is more likely that the high potassium

level in the root is just normal.

S.S.3 Calcium

The Ca distributions1J in the root (Fig. 5-15, p. 124)

differ again from the elements described earlier. The

concentration in the central part of the bulb section

(b) (Fig. 5-15, p. 124) is about the same as in section

(f). The higher concentration at section (a) and two

maxima in the internal root sheath (like the S-distri-

bution) make an input via matrix and connective papilla

(longitudinal input) very likely. The high concentration

in the external root sheath at section (e) (also seen

in sample 20 (Fig. 5-17, p. 130)) might indicate a

radial input via the root sheaths as well.

The concentration after the keratinization (section

(f)) is homogeneously distributed over the hair diameter.

This is also seen in the sections which are close to

the scalp (sample 11 (Fig. 3-14, p. 123) and to some

extent in sample 20 (Fig. 5-18, p. 132). But far away

from the root end the Ca concentration is higher and

peaked on the edges of the hair (sample 11 (Fig. 5-14,

1^ Due to the K -Ca interference the statistical error of the
KS a

Ca concentration is somewhat higher.

I
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Fig. 5-18 Distributions of S, Ca, Zn and Fe across the hair diameter in

the hairbulb (lower figures) and 1 en from the root end

(upper figures). The hair donor was a person with a low Zn

serum level (sample 20).

p. 123), sample 6P (Fig. 5-9, p. 117) and sample 19C0

(Fig. 5-11, p. 119)1 J .

Shampooing (Fig. 5-9) as well as treatment with

boiling water (Fig. 5-11, p. 119) have a dramatic ef-

fect on the Ca content. I t is remarkable that the IAEA

and EDTA washes influence the Ca concentration less

dramatic (Fig. 5-10, p. 118 and Fig. 5-11, p. 119).

P. drast ic increase in the Ca content along the hair shaft (going
from root to t i p end) was also found by Valkovid e t a l . (Val 73),
Jaklevic et a l . (Jak 78) and Varga e t a l . (Var 84).
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The binding is probably a weak chemical bond, which it;

easily broken down at higher temperatures, i.e. a boil-

ing water wash is much more effective to remove exoge-

nous calcium.

The results mentioned above make it very unlikely,

that the Ca decrease in course of time in the hair of

the young mother (sample 11, Fig. 5-14, p. 123) has

anything to do with her pregnancy. It is rather a con-

sequence of the tap water used. A correlation between

the hardness of the water and the Ca content of the

hair has been found by others (Kij 77, p. 92).

5.5.7 Lead

In Fig. 5-20, p.135 the results of Pb concentration

measurements in hair samples (C, D and E) taken from a

person working in an open lead melting unit are given.

In the X-ray spectra (Fig. 5-19, p. 134) clear Pb peaks

can be recognized, especially in the samples Cz and C3.

In sample Ci a lower Pb concentration was found. From

the distribution in Fig. 5-20, p. 135) it can be con-

cluded that this Pb concentration is localized in the

root sheath. The distribution suggests that there is a

similar input route for Pb as there is for iron (com-

pare the Fe distributions of sample 15 (Figo 5-15,

p. 124). However, the increase of the Pb concentration

along the hair shaft (compare the Pb distributions at 1

and 2 cm from the root) indicates that the major contri-

bution is due to a exogenous source. Note that at 2 cm

from the root, lead is found even in the middle of the

scalp and leg hair. The distribution in the axillary

hair however, is broadly peaked around the centre. This

probably has to do with the much higher perspiration

production in the armpit, where the secretions of

apocrine glands (which are not found in the scalp and
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Ep*3.0MeV
obs: 3.5 Mm Mo

I '
1OO 200

CHANNEL NUMBER

Fig. 5-19 X-ray spectra of hair samples Ci, Ci and Cj. The hair donor

was a professional lead melter. Each sample is the sura of the

32 spectra belonging to the different positions along the track.

The silver lines are from the Ag evaporated on the cuticle,

while the vanadium peaks originate from the vanadium in the

embedding material.

leg) cause a different distribution of the lead1-1.

Washing experiments (Hou 82a) on hairs of the same

person indicate that at least part of the lead is super-

ficially bound. Because scalp hair is exposed to more

physical and chemical trauma than axillary and leg hair,

l> The iron distribution also differs since i t is also found in
the middle of the hair, while in all other cases i t is only
seen on the periphery.
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Fig. 5-20 Distributions of Pb, Fe and Zn across the hairdiameter. The hair

donor was a professional lead nelter working in a small battery

firm (samples C, D and E). Distributions are shown at different

positions along a scalp, axillary and leg hair. (Note the differ-

ent scales between the lead concentrations of sample C on the one

hand and those of samples O and E on the other.)
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the disappearance of deposited lead from the scalp hair

is more likely than from the other types of hair. This

may explain the difference in the average concentration

in the scalp hair on the one hand and those in the axil-

lary and leg hair on the other.

The lead concentration in bulk hair has been studied

by many investigators. Earlier microbeam measurements

(Coo 75, Hou 82a) show similar results: peaking of Pb

in the outer region of the hair even for samples in

which exogenous contamination was very unlikely.

An increase of lead along the hair shaft (with in-

creasing hair length) was also measured by Renshaw et

al. (Ren 72), Valkovifi et al. (Val 75) and Rendic et al.

(Ren 76). This agrees with the suggestion of this work

that the major part of the lead concentration has enter-

ed the hair by being deposited on its surface followed

by diffusion into the hair structure.

Clayton and Wooller (Cla 83a) measured the relation-

ship of lead concentration in hair and blood. For 38

male workers in a lead acid battery plant they found a

significant correlation. However, they measured hair

strands up to 10 cm. Thus most of the observed Pb could

be of exogenous origin and the found correlation could

be just a correlation between the blood lead concentra-

tion and the exposure.

Very interesting results concerning the correlation

between Pb in hair and blood was obtained by Rabinowitz

et al. (Rab 76). In their study three adult men were

fed with 201tPb daily for about 100 days. Although the

blood showed an immediate response to the intake of the

tracer, the (facial) hair showed a more gradual response

and a delay of approximately 35 days. The pattern of

appearance of lead in hair does not appear to represent

a simple time delay of the blood lead concentration.

This phenomena becomes explainable with the results of
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our work: the Pb transport to the hair proceeds along

the root sheaths. This causes a delay in time. Because

the radial input route is transcellular, it is not only

a simple time delay but there is some filtering action

as well.

Finally, we mention the work of Aalbers (Aal 83),

who measured Pb in scalp hair and bone1J and found no

correlation.

In conclusion it can be said that in general the

origin (exogenous/endogenous) of the Pb content in scalp

hair cannot be recovered. In Pb contaminated environ-

ments it seems that most of the Pb content originates

from exogenous sources.

5.5.8 Arsenic

The distribution of As in the root of sample 27 (Fig.

5-17, p. 130) shows the highest As concentration in

section (a). The distribution in this section shows a

similarity with that of S i.e. the maximum value is

found in the middle and not on the edges as in the Se,

Zn and Br distributions. This makes an arsenic incor-

poration by metabolic processes into the proteins

(-S As S-; -AsH2) very likely. Introduction of As by

sweat cannot be excluded but the lower average level in

section (b) compared to the same level in section (a)

makes it very unlikely. Calculations of the total As

content of the three sections show that they are the

same within the range of experimental error. This indi-

cates that the matrix is the unique source for As.

However, the natural distribution of endogenous As can-

not be derived from these results because this hair was

l) The skeleton contains most of ths lead in the body.
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I
Fig. 5-21 Distributions

of Zn, Se and As across the

hairdiaroeter. The hair

donor was a patient admin-

istered with an As con-

taining drug (sample I).

not in the actual growth period.

Results of measurements in the hair shaft of hair

samples of the same person are given in Fig. 5-21,

p. 138. The As concentration 1 cm from the root is

strikingly high compared to the concentration 2 cm from

the root.
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Cookson and Pilling (Coo 75) measured on five "high

As" hairs from the head of a person receiving therapeu-

tic arsenic doses. The distributions across the diame-

ter (1 cm proximal) were found to have a constant level

(average 69+16 g/g) in the middle and peaks on the

surface (average 204 + 42 g/g)• These distributions are

quite similar to the distributions we measured at 1 cm

from the root (Pig. 5-21, p. 138). Van den Berg et al.

(Ber 68) measured the As in segments of hair originating

from the same person with NAA. The length of the seg-

ments varied from 0.5 till 1.7 cm (Fig. 5-22b, p. 140).

A more detailed study of the As distribution along a

hair strand of an As poisened patient was made by Grod-

zins et al. (Gro 76) using a proton microbeam. Their

results are shown in Figs. 5-22a1 and 5-22a2, p. 140).

The arsenic peak is about 0.15 cm wide (corresponding

to 5.1 days). The time needed for the As level to re-

turn to normal is given in the literature (Pan 79) as

three weeks to a year. If we assume a quick As release

and an impaired rate of hair growth it is likely that

the cross sections at 2 cm from the root end and in the

root (Fig. 5-21, p. 138) take place at two points of

time respectively before and after the As administration.

In this way the much lower As levels (in the root and

2 cm proximal) might be explained.

In an industrial accident in the Netherlands (July

1976) a mixture of arsenic trioxide and sodium arsenite

was released. Study of scalp hairs (Hou 79) from resi-

dents living nearby the factory indicates that the resi-

dents have been subjected mainly to external contamina-

tion. Proton microbeam measurements across the hair dia-

meter show that arsenic was mainly concentrated in the

middle of the hair, although in a few cases some peaking

on the edqes was seen.

\
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Pig. 5-22 Longitudinal

distributions of As along

hair strands from two

arsenic poisoned patients.

a-1 Distributions along a

single hair strand

about two weeks after

inhalation.

a-2 Distribution 183 days

after the inhalation

(note the different

length scale).

b Distribution averaged

over a few single

hairs of another pa-

tient (sample I).

Data of the upper two figures

are measured with a proton

microbeam (beam spot diam.

100 urn) by Grodzins et al.

(Gro 76). Data of the lower

figure are measured with

NAA by Van den Berg et al.

(Ber 68).

• DISTANCE ALONG THE HAIR
STRAND (cm )

Summarizing all the data the following hypotheses

can be derived:

1. The main route by which endogenous As becomes incor-

porated is by metabolic processes comparable with

those of the element sulphur. This leads to a more

or less homogeneous distribution.

2. If there is a strong endogenous input, the route

along the root sheaths is more pronounced leading to



141

strong peaking on the edges of the hair.

5.5.9 Selenium

The intake of Se from the shampoo (Fig. 5-9, p. 117) is

obvious. The difference between the Se intake of the

samples 6P, 6Q, 6R and 6S on the one hand, compared

with the intake of the samples 6E, 6F, 6G and 6H on the

other, is remarkable. All the samples mentioned were of

the same strand of hair. Only the position along the

hair shaft differs (see Table 5-3, p. 100). The distal

segments (6P, 6Q, 6R and 6S) are exposed longer to all

sorts of normal treatments during the hair life time.

The cuticular scale pattern of the distal segments

might therefore be more damaged than the cuticle of the

proximal segments. This might explain the noticed dif-

ference. The undamaged cuticle of the proximal segments

(samples 6E, 6F, 6G and 6H) functions as a natural bar-

rier. Only after an extreme long impregnation time Se

penetrates into the cortex. For the distal ends this

barrier is lower. The washing procedure on a strong

shampooed hair (sample 19C, Fig. 5-9, p. 117) shows

that the exogenous Se can only be washed off in small

part.

Selenium is also found in hair sample 27 (Fig. 5-17,

p. 130) and sample I (Fig. 5-21, p. 138). The reason

for its presence is unknown. Neither was the hair donor

mentioned as having received Se-containing drugs. Con-

tamination from shampoo is unlikely too, since Se is

found deep down in the root. One possibility might be

that the Se-excretion is stimulated by As-intake.
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5.6 CONCLUSIONS AND GENERAL DISCUSSION

5.6.2 Conclusions

It is obvious that no general conclusions can be drawn

from the investigation on 13 different hair samples

among which some special cases were found. However, the

results appear to contribute to the explanation of often

contradictory results of bulk hair analyses. More re-

search is needed to confirm the following general con-

clusions.

The routes through which sulphur (minor element) is

incorporated into hair in the measured samples differ

markedly from those of the incorporation of the trace

elements Zn, Cu, Pe, Pb and the (minor) elements K and

Ca. There is some evidence that this also holds for As.

As a consequence of the different ways of incorpora-

tion the natural distribution across the hair diameter

differs from element to element. The elements Zn, Cu

and Ca are found to be distributed homogeneously after

the formation of the hair. It is likely that these ele-

ments are bound by the abundant S-H groups in the folli-

cular proteins.

The distributions of the elements Fe, Pb and to some

extent As, as far as originating from endogenous sources

seem to be peaked on the periphery by natural means.

This means, that the idea that at any rate the central

part of the hair provides endogenous information is,

generally speaking, wrong. Exogenous elements are also

expected at the outer region of the hair. Therefore it

is impossible, on account of the position where the ele-

ment is found, to differentiate between endogenous and

exogenous sources.

Another consequence of the presence of some elements

in the outer regions of the hair is that the concentra-
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tion of those elements in bulk measurements are extreme-

ly sensitive to previous treatments. Selective washing

procedures will only be successful if the binding of

the exo- and endogenous element differ.

The results of the three performed washing procedures

show that their influence differ according to the ele-

ment. The IAEA wash, for instance, seems useful for re-

moving exogenous Zn, but does not remove exogenous Ca

and Se. A boiling water wash, on the other hand seems

very effective in removing exogenous Ca but does not

effect exogenous Zn.

The distributions of potassium in the measured sam-

ples indicates that this element is very much involved

in the hair formation. The concentrations in the roots

were much higher than in the shaft for the measured

samples. Hence it is likely that in general the K-level

found in hair is determined by the stage of growth of

the hair follicle.

In the measured hair samples no significant influence

of sebum on the elements Zn, Cu, Ca, K and As has been

found; however, the iron intake might be influenced by

this secretion.

Impregnation with eccrine sweat does not influence

the distributions of S, Ca, Fe and Zn across the hair

diameter.

5.6.2 General discussion

At the end of this chapter we will again discuss the

question of whether or not hair can be used as a moni-

tor for the trace element status of the body. A com-

plete answer to this question is beyond the design of

this investigation. It would have to involve measure-

ments not only of,more individual hairs but also of
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organs, tissues, etc. from the body1J. Nevertheless,

some very important information has been gained.

1. The results of this work show that the natural

distribution of the endogenous trace elements is not

always homogeneously spread over a cross section of the

hair. Moreover, the sorption behaviour differs stri-

kingly for the various elements. Consequently, no uni-

form washing procedure can be used to differentiate

between endogenous and exogenous origin of the elements.

For the endogenous elements which are found to be

concentrated on the periphery of the hair, it is even

impossible to clean the hair in a reliable way complete-

ly and selectively from external contamination. For

those endogenous elements which are found to be distri-

buted homogeneously over the cross section, the effects

of exogenous material can be sometimes decreased by ap-

plying a certain, element dependent, washing procedure.

2. Up to now, five sources of trace elements found

in human scalp hair were given: 1. the matrix, 2. sebum,

3. sweat, 4. epidermis and 5. exogenous material (Hop

77). This investigation provides evidence for an extra

supply: namely via the root sheaths (see Fig. 5-23).

This route must be transcellular. The existence of this

radial input route for a number of elements implies

that no strong correlation between blood and hair for

those elements can be expected. Moreover, it makes the

relation between the trace element concentration in

hair and other compartments more complex. It is to be

1^ The International Atomic Energy Agency has started a Coordi-
nated Research Program on the Significance of Hair Analysis
as a Means for Assessing Internal Body Burdens of Environmental
Mineral Pollutants. Studies of people, using autopsy cases, of
mineral distributions in selected internal organs and hair will
be part of this program.

'-.
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Fig. 5-23 Schematic view

of the different input

routes of trace elements in

human scalp hair.

expected that an element in a special chemical form can

pass through this route while the same element in anoth-

er chemical form cannot. Moreover, the time scale in

which the elements exchange via the radial input route

will differ from that of the longitudinal input route

(supply via blood in the matrix). The complex character

of this incorporation of the trace elements into the

hair makes it very unlikely that measurement of the to-

tal concentration of essential trace elements in hair

can be used as a reliable monitor for mild deficiencies

or surfeits.

'I

3. It is shown (Ham 71, Cha 80) that hair analyses

can be used for detection of (excessive) exposure of

toxic elements. Significant differences between toxic
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element concentration in scalp hair of rural and urban

residents are found.

The results of this work show strong evidence then

in case of Pb, most of the Pb is of exogenous origin.

Moreover, the endogenous Pb seems to be concen-

trated in the outer region of the hair. Whether or not

these findings reflect general phenomena of toxic ele-

ments needs more research, especially for the same ele-

ments in other chemical forms. However, if confirmation

is found, the choice of taking scalp hair as an assess-

ment of the individual with suspected heavy metal tox-

city from environmental exposure is not self-evident

anymore, because the measured concentration does not

reflect the internal body content in a reliable way.

Scalp hair as a monitor of community exposure to envi-

ronmental pollutants in research where different popu-

lation groups are compared is valuable in so far as the

results refer to the whole group. But for the individu-

al the concentrations found in hair cannot be inter-

preted in terms of bodily intake only.
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C H A P T E R VI

EXPERIMENTAL COMPARISON OF DIFFERENT X-RAY

TECHNIQUES WITH EMPHASIS ON SYNCHROTRON RADIATION

6.1 INTRODUCTION

The importance of the 'proton microprobe can be shown

by comparing this probe with other analytical methods

for spatially resolved trace element analysis. There

are many analytical techniques capable of determining

distributions of element concentrations across the

surface of a specimen (see Table 6-1). Compared with

the other techniques the proton microprobe is charac-

terized by the following properties: 1. relatively low

detection limits (detection of trace elements is pos-

sible) ; 2. the analysis can be made quantitative with

a relative accuracy and precision of about 15%; 3.

the lateral resolution is in the order of a few micro-

meters. The combination of these three properties makes

the proton microprobe in special cases into an unique

tool. Laser microprobe mass analysis (LAMMA) for in-

stance, has a better lateral resolution and for many

elements a greater sensitivity, but the quantitative

analysis has an accuracy and precision which is limited

with errors up to a factor of 5 (Sur 82). In con-

trast to this, quantitative X-ray analysis with the

electron microprobe (EMPA) is well established (Gol 77)

but the sensitivity is poor (see Fig. 6-1 and (Gar 79)).

Recently, good cross-comparisons have been given of
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Fig. 6-1 x-ray spectra of the same human hair (sample 9A) induced with

20 KeV electrons and 3.0 MeV protons. Note that for EMPA the

trace elements Pe, Cu and Zn are below de detection limit.

1
the various analytical techniques (Wer 80, Bra 81,

Coo 82), so that it is justified to focus attention on

those new developments, which are as good or better.

The application of synchrotron radiation is seen as a

possible competing technique (Spa 80) both as a micro

technique and in the future also as a micro technique.

The distinctive features of the synchrotron source

compared to ordinary X-ray tubes make it acceptable to

use a suitable acronym for it, namely SXRF, for Syn-

chrotron X-Ray Fluorescence.

In this chapter some properties of synchrotron

radiation are first described (section 6.2). The effect

of the polarization of the synchrotron radiation on the

background of the induced X-ray spectra is then discus-



Table 6-1 Nuclear microprobe analysis compared with other techniques

method detectable
elements

lateral
resolution

depth
resolution

(U»>)

depth
range
(pm)

bulk detection
limit (ppm)

Proton microprobe used for:

Nuclear reaction analysis (NRA)

Rutherford backscattering (RBS)

High energy ion scattering (HEIS)

Particle induced X-ray
emission (PIXE)

Other techniques:

Secondary ion mass spect. (SIMS)

Ion microprobe (IMP)

Auger electron spect. (AES)

X-ray photoelec. spect. (XPS)

Elect, spect. for chem. anal. (ESCA)

Glow discharge opt. spect. (GDOS)

Low energy ion scattering (LEIS)

Ion scattering spect. (ISS)

Electron microprobe analysis (EHPA)

X-ray fluorescence (XRF)

Laser aicroprobe mass
analysis (LAMM)

a l l of low z

} a l l

all

0.005

>0.01

5

0.5 0.1 0.1

>0.01

} a l l

Z > 2

} Z>2

Z > 5

} Z>2

} Z>3

0.3-1

0 . 1

1000

1000

100

0.5-1

0.0005

0.001

0.001

0.003

0.0003

0.0003

0.001

0 . 5

2°

2 a

2 a

2 a

2 a

2 a

0.001-10

1000

1000

1000

1000

10-1000

0.07-20

a Successive analyses as new surface is exposed by erosion
b Fro» J.A. Cookson (Coo 82)
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sed in more detail (section 6.3). The next section

describes experiments performed with the Synchrotron

Radiation Source (SRS) at Daresbury (United Kingdom)

together with experiments done with 3.0 MeV protons

accelerated with the AVF cyclotron of the Vrije Uni-

versiteit in Amsterdam (The Netherlands) and with

17.5 keV protons of an X-ray tube at Institute 'Ruder

Boskovic' in Zagreb (Yugoslavia). Section 6.5 gives

the experimental results and compares the detection

limits of the various excitation modes. The capability

of a synchrotron X-ray microprobe is discussed briefly

in the last section and some conclusions are drawn.

6.2 SOME PROPERTIES OF SYNCHROTRON PADIATION

Synchrotron radiation is electro-magnetic radiation

produced by electrons travelling in circular orbits.

The electrons radiate because of their acceleration

towards the centre of the orbit. For a slow electron

this radiation is isotropic. For a fast particle

(velocity near to c) the radiation is peaked strongly

forward. The cone of this radiation has in the rela-

tivistic limit an average opening half-angle in the

order of y"1 (y = —%• the electron energy in units of
me

the electron's rest energy). The emission pattern per-

pendicular to the plane of the electron orbit is even

more strongly peaked than in the orbit plane (see

Fig. 6-2).

The natural collimation is very pronounced for ener-

gies above approximately 1 GeV. For 2 GeV electrons

for instance, the opening half-angle is approximately

0.25 mrad i.e. a divergence better than a common laser

beam (0.5 mrad) (see also Fig. 6-4).

The power radiated by an electron with mass m and

I



151

Fig. 6-2 Radiation emission patterns of reiativistic electrons in

circular motion (schematic).

velocity v sw c and energy E , in circular motion

(radius of curvature R) is:

(6-1)

From this equation, it is seen that heavy particles

such as protons produce negligible synchrotron radia-

tion power compared to electrons. In practical units

(E in GeV, R in meters, B in Tesla, I in ampere) we

obtain P(kW) = 88.47 E* I/R = 26.54 B E3 I. The Syn-
e e

chrotron Radiation Source at Daresbury for example

operating at 2 GeV, 1.0 A could radiate 255 kW at beam-

line 7 (B = 1.2 T). About half of this power can be

used for SXRF. This must be compared with a high power

X-ray tube (~ 3 kW) from which only 1% or less is con-

verted into radiation energy.

Because of the strongly forward peaking of the beam

and the occurring Doppler shift, the spectrum seen by

an observer in the laboratory, extends to very high

energies. Without further discussion (see ref. (Win 80))

!l
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SRS 2GeV, 1.2 T

• PHOTON ENERGY ( keV )

Fig. 6-3 Synchrotron radiation spectrum from normal bending magnet (1.2T)

for a 2 GeV, 1 A stored electron beam in the Synchrotron

Radiation Source (SRS) at Daresbury (from ref. (Lea 80)}.

the spectral distribution of synchrotron radiation

from the SRS at Daresbury is shown in Fig. 6-3. The

photon intensity is given in units of photons s"1 for

a horizontal angular aperture of 1 mrad, 1 A beam cur-

rent, 0.1% spectral bandwidth after performing a ver-

tical integration over the full angular divergence of

the radiation above and below the orbital plane. E
c

indicates the critical photon energy given by:

he 1
4757 RE =

c
me'

(6-2)

Half the total power is radiated above the critical

energy and half below. Note that only about 10% of the

photons have energies higher than E , although they

contain half of the radiated power.
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Apart from the high flux the linear polarization of

the synchrotron radiation is an important property.

The radiation is predominantly linearly polarized with

the electric vector parallel to the acceleration vec-

tor. In the electron's direction of motion the radia-

tion is 100% polarized with the electric vector in the

orbital plane. However, when many electrons are present,

the incoherent vertical and radial betatron oscillations

result in a range of angles for the electron beam at

each point in the orbit. This angular divergence reduces

the degree of polarization. Fig. 6-4 summarizes the in-

tensities of parallel and perpendicular components for

a single electron as function of the out-of-plane

angle if) for different photon energies.

8

Fig. 6-4 Vertical intensity distribution of parallel ana perpendicular

polarization component!

of orbit plane angle.)

polarization components (E • photon energy, yE /me2, i> • out
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It can be deduced that the degree of polarization

p = (I..-I.) / (I..+I ) decreases rapidly with increasing

i/>, especially for photon energies higher than E . But

because of the simultaneous decrease of intensity, p

remains high. Integration over all angles and energies

yields p > 75%. It can also be seen from Fig. 6-4 that

the opening angle is approximately y"1 only for E=E .

6.3 THE EFFECT OF POLARIZATION

In this section the influence of polarization on the

background of a XRF-spectrum induced with synchrotron

radiation is described.

The irfluence of polarization of the primary radia-

tion can be deduced from the differential cross sections

of the cohsrent and incoherent scattering of the photons

on the electrons of the target. The coherent differen-

tial scattering cross section for an incident plane

wave with polarization vector t0 on a free particle of

charge e and mass m, in the nonrelativistic limit, is

given by Jackson (Jac75, p680)

"An = ro e* . GO • (o-o)
ds2

Here i-0 = e
2/mc2 is the classical electron radius and

e* the complex conjugate of the polarization vector of

the scattered radiation. This is the Thomson scattering

cross section. If the incident radiation is fully po-

larized eq. (6-3) can be written as

]
-\ = r2 sin2 * (6-4)
•* p o l

where <|> is the angle between the direction of polariza-

tion and the direction of observation. If the incident
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radiation is fully unpolarized eg. (6-3) becomes:

(da '
U j i = i r j j d +cos2 8) (6-5)
*• unpol

where 6 is the scattering angle between the direction

of propagation and the direction of observation. From

eqs. (6-3) and (6-4) it follows that the coherent

scattering becomes zero if the observation is made in

the direction of the polarization, that is in the or-

bital plane of the accelerated electrons perpendicular

to the propagation direction (see Fig. 6-5). According

to eq.(6-5) unpolarized radiation shows a minimum in

this direction.

The differential cross section for the incoherent

scattering, i.e. Compton scattering, is given by the

Klein-Nishina formula:

where k/k0 is the ratio of the outgoing to the incident

wave numbers given by the Compton formula:

Fig. 6-5 Schematic of the polarization and propagation vectors.

Synchrotron radiation is linearly polarized in the orbital

plane of the accelerated electrons.
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1
a(1-cos 8) (6"7)

where a = E0/mc
2, the incident photon energy in units

of the electron rest energy. If the primary radiation

is linear polarized eq. (6-6) becomes (Hei 57, p.217)

d<Tc1 - * *i [fpol *• °

where 5 is the angle between the polarization directions

of the incident and scattered protons. From eqs. (6-7)

and (6-8) it is seen that if the energy of the incident

radiation becomes zero, the cross section 'tends to zero

and further that the cross section shows a minimum at

C = 90°.

Hence, both coherent and incoherent radiation scat-

tered from the sample is minimized by placing the detec-

tor in the orbital plane at 90° to the incident beam

direction. When the incident radiation is unpolarized

the differential cross section is obtained by calculat-

ing the mean value of eq. (6-8) averaged over all

angles £. In terms of the scattering angle 9, this

yields:

•«»

In Fig. 6-6 the ratio of the differential Compton cross

section of polarized to unpolarized incident radiation

is plotted against the energy up to 20 keV. It shows

the great reduction on the background as a consequence

of the polarization of the incident radiation.

Experimental values will strongly deviate from these

theoretical predictions because:
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Fig. 6-6 Ratio of differential cross sections of Compton scattering

on free electrons of fully .-olarized to fully unpolarized

radiation at two scattering angles.

The synchrotron radiation is only fully polarized in

the orbit plane of the accelerated electron. With

increasing azimuthal (out of orbit plane) angle,

starting from zero, the polarization changes from

linear to elliptical. Although the intensity of the

radiation falls off equally, the finite angle cov-

ered by the detector in the plane perpendicular to

the orbital plane means that t. (see Fig. 6-5) will

contribute considerably to the background. If a de-

gree of polarization of 95% is assumed one can expect

a reduction of only ~50/5 =10 times, compared with

unpolarized radiation.
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- The differential incoherent cross section is very

sensitive to the scattering angle 6 in the orbital

plane (see Pig. 6-6). So again the finite angle cov-

ered by the detector (now in the orbital plane)

will cause an increase in the ratio.

- Multiple scattering in the target will produce a

higher background.

- The electrons in a target cannot be considered as

free i.e. the scattering is Rayleigh scattering by

bound electrons instead of Thomson scattering. This

means that atomic form factors have to be taken into

account for correct predictions. Moreover, other

scattering processes (in particular inelastic reso-

nance scattering (Spa 74)) contribute to a higher

background.

From the considerations given above it is clear that

the ratio in Fig. 6-6 is the minimum value that can be

obtained. Moreover, it follows that a detector has to

be installed in the orbital plane at 90° to the beam

direction. The distance from detector to sample must

be a compromise between a big solid angle (small dis-

tance) and a small contribution of Compton scattering

originating from the radiation, scattered at e / 90°.

6.4 EXPERIMENTAL

Sample excitaties with a conventional X-ray tube was

performed at the 'Ruder Boskovic Institute1 in Zagreb

with a Philips röntgenapparatus Model PW 1010/30 and a

Mo anode with the direct Mo beam passing through Zr,

Mo and Ti filters.

Irradiation with protons were done at the Vrije

Universiteit in Amsterdam using the AVF cyclotron, with

the experimental setup described by Vis (Vis 75) . The

I
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Fig. 6-7 Schematic layout (not to scale) of the experimental setup of

the SXRF trace element analysis with the Synchrotron Radiation

Source (SRS) at Daresbury. (Distance Be-window to crystal » lm,

distance crystal to sample » 43.0 cm).

X-ray fluorescence with synchrotron radiation was per-

formed with the Synchrotron Radiation Source (SRS) at

Daresbury with the experimental setup (Fig. 6-7) at

beamline 7 located 66 m from the storage ring. The lay-

out of the beamlines and the source characteristics

have been described by Lea et al. (Lea 80) . A hot pres-

sed pyrolytic graphite crystal (2d=0.671 nm) with 0.5°

(FWHM) mosaic spread was used as monochroraator to

select an excitation energy band width (=— < 0.08) of

the polychromatic incident radiation. The energy selec-

tion was achieved by rotating the graphite crystal over

an angle e and the; vacuum chamber over 26. A 10 cm

long perspex collimator (inner diameter 12.0 mm) between

crystal and sample was used to avoid contamination in

the spectra from the sample surroundings. The position-

ing of the target was checked with a polaroid photo-

graph. The solid state detector was positioned at 90°

with respect to incident radiation in the horizontal

plane. For details of the experimental circumstances
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Table 6-2 Survey of the experimental circumstances

o
10

BEAM

DETECTOR

SAMPLES
OF

STANDARD
REFERENCE
MATERIALS

excitation mode

produced by

current

selected energy

type
resolution

(FWHM at 6.4 keV)
window

absorbers

crystal area

distance crystal-sample

irradiated area

thickness

preparation

angle to beam

angle to detector

environment

XRF

Ruder Boskovic Zagreb

Ho K photons

X-ray tube

26 kV, 12 mA

17.5 keV

Si (Li)

180 ev

25 urn Be

none

30 mm2

35 mm

27 mm2

v 1 mg/cmz

clamped between formvar

45°

45"

air

PIXE

VU Amsterdam

3 MeV protons

AVF cyclotron

< 40 mA

Si (Li)

150 ev

50 urn Be

250 un> Be + 200 urn teflon

12.5 mm2

30 mm

3 mm2

< 0.5 mg/cm2

sticked with formvar-
dioxane solution on

7.5 u>n kapton

90°

37°

vacuum 10"1* torr

SXRF

SRS Daresbury

synchrotron radiation
2 GeV electron
storage ring
< 260 mA

E o= 16.5, 13.6, 9.1 keV

Si (Li)

150 eV

8 iim Be

none

12.5 mm2

35 mm

80 mm2

~ 5 mg/cm2

claused between 7.5 gn
kapton foils

45°

45°

vacuum ~10~1 torr
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see Table 6.2.

6.5 RESULTS AND DISCUSSION

The results of the measurements are shown in Figs.

(6-8) - (6-10). Fig. (6-8) shows X-ray spectra from a

25 um backing foil excited with protons, unpolarized

17.5 keV protons filtered from a X-ray tube with Mo

anode and with synchrotron radiation monochromated to

13.6 and 9.1 keV. Only the fluorescence peaks of an

iron impurity in the film (according to Russell

(Rus 81) present at a level of 2.2 ygg"1 or 7.7 ng/cm2)

and of Ar (from air and bad vacuum) are seen. It is

seen that the Rayleigh scattering of the synchrotron

radiation is, as a consequence of its polarization,

strongly reduced and in fact indistinguishable from

the Compton scattering. Moreover, the low energy tail

of the Compton scattering is absent. By using the Fe

Ka peak content as a flux monitor, bringing into ac-

count the effect of the different incident energies

on the cross section, a reduction of a factor 10 + 2 in

the total Compton and Reyleigh scattering has been

calculated. This agrees with a polarization of 95%.

The extent to which the energy width in which the

synchrotron radiation is Compton scattered is, within

the experimental error, completely due to the mosaic

spread of the graphite crystal. It decreases with in-

creasing Bragg angle 6 (~ about 1/sin2e).

X-ray spectra of two standard reference materials

(SRM) are shown in Figs. 6-9 and 6-10. The peak con-

tents of the K X-rays and background levels from the

spectra were determined with a computer code described

elsewhere (Bio 75).

The results were used to calculate the relative
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Fig. 6-8 X-ray spectra of a polyimide film (Kapton, type H film 25 ym,

p= 1.42 g/cm2, Du Pont) excited by a) protons, b) unpolarized

17.5 keV photons and c) synchrotron radiation monochromated

to 13.6 and 9.1 keV. Fe is present as an impurity in the film

at a 2 ppm level. Note the reduced Rayleigh scattering and the

reduced low energy tail of the Compton scattering. Experimental

conditions as indicated and given in detail in Table 6-2.



163

z
oo
u.
O

I
Z

t

103-

102-

1 ° 4 -
10%

1O2J

i

j

o

\o

1 «I

II
[ 9C

| &

5

a )

Vu-'

b)

§ |

f

Ca

È

o
w>

o
r* **
•> w Ft

Tl / \ [ 1 A

•1

Cu

o

i

§
+

Cu

ORCHARD

r-l
+1

Zn

5"-
=s
i> :

AS
** 1 J"1

Pt>. B

LEAVES

w

n

i Pbl»
b K a S

S'

Sr

• . ; ;

"«.1

(NBS1571)

«a

•vi.

Ep • 3.0 MeV
I . 42 nA
t •2350 s
Absorber: 200 >jm

tel Ion

PI XE

x-ray tube
E o . 175 iwv
26 kV. 12 mA
t = 2048 5

XRF

1 0 %

102:

1 0 %

103-

102-

Co

rf iluu IV |'

^ L /il
c)

5: j *

d)

Hn

yï
N .

1

M /l A"A/

1

Complon

j

V

Compton

K 5|R« /V» . 0 "" '^

\

—•ENERGY (keV)

2GeV, 313 mA
Eo = 16.5 keV
t = 1431 s

SXRF

2GeV. 110 m A
Eo > 9.1 keV
t • 274 s

SXRF

Fig. 6-9

5 10 15 20

X-ray fluorescence spectra of SRH Orchard Leaves (NBS 1571)

excited by a) 3 MeV protons, b) 17.5 kev photons of a conventional

X-ray tube with a Mo anode, c) synchrotron radiation oonochromated
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units of wgg"1 from Gladney (Gla 80). Experimental conditions as

indicated and given in detail in Table 6-2.
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detection limit L . The relative detection limit com-

mensurates with the mentioned quantities in the fol-

lowing way (Cur 68):

L D

where f is a correction factor for low background

counts (1 <f </2) , c is the mass fraction in parts per

million, N is the net number of counts in the peak

after background subtraction and N the number of

background counts. For the latter, the number of counts

presents in an area 1.2 times the FWHM of the peak was

taken. The proportionallity constant is determined by

the measuring time, incident flux, target thickness,

energy resolution of the detector, detection efficiency

and a constant determined by the definition of L .

For the latter, the value 3.29 uses chosen, correspond-

ing with a 95% confidence level.

All data were normalized to 1000 s irradiation time

and for the SXRF case to 200 mA stored beam. No cor-

rection has been made for differences in solid angle,

incident photon fluxes and differences in target thick-

ness. The accuracy of the calculated L 's varies from

8% to more than 100% dependent on the number of counts

in peak and background and the given accuracy of the

concentration of the particular element. The precision

of the LD's for elements present at a high concentra-

tion must be considered as poor.

The detection limits derived from the measured spec-

tra are shown in Figs. 6-11 and 6-12. The differences

between the figures are mainly due to differences in

target thickness. However, the trends are similars the
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Fig. 6-11 Detection

limits of several

elements in NBS Orchard

Leaves for different

excitation modes de-

rived from spectra

shown in Fig. 6-9. The

full lines are smoothed

curves to guide the

eye. (Thin target,

1000 s irradiation/

2 GeV, 200 mA, see also

Table 6-2.)

Fig. 6-12 Detection

limits of several

elements in IAEA Human

Hair for different

excitation modes de-

rived from spectra

shown in Fig. 6-10. The

full lines are smoothed

curves to guide the

eye. (Thin target,

1000 s irradiation,

2 GeV, 200 mA, see also

fable 6-2.)
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lowest detection limits are achieved with SXRF

(Eo = 9.1 keV) , while XRP gives the highest values. It

is seen in Fig. 6-11 that LD increases for the XRF

method for Z<30. On the contrary as a consequence of

the disappearing of the low energy tail of the Compton

scattering, L (SXRF= 16.5 keV) initially decreases and

keeps more or less constant.

In human hair PIXE gives a better result than SXRF

(Eo = 16.5 keV) while for orchard leaves the reverse is

the case.

Folkmann (Fol 74b, Fol 76) presented calculations of

detection limits in PIXE according to the criterium

signal - to - noise ratio > 1. Taken into account his

different approach to the definition of the detection

limit, the L presented in Fig. 6-12 agrees well with

his calculations. The values given in Fig. 6-11 are

somewhat higher. Theoretical calculations for SXRF are

given by Gordon (Gor 82), using the beam intensity

parameter of the NSLS at Brookhaven (i.e. 2.5 GeV, 500

mA, 1 min irradiation at 20 m from the source). Making

compensations for the differences in the photon fluxes,

measuring time etc., the experimental values presented

in Fig. 6-12 are in agreement (within 20%) with Gordon's

calculations. The L 's derived from orchard leaves

spectra for E0 = 9.1 keV (Fig. 6-11) are higher, but for

Eo = 16.5 keV they are in accordance with his predicted

values (within 20%). Preliminary experimental results

of other research groups (Han 83, Knö 83) are very hard

to compare accurately because of the different experi-

mental circumstances. They agree within a factor four.

The absolute, detection limits can be deduced from the

relative ones (Fig. 6-11 and Fig. 6-12) and the target

thickness (Table 6-2). It follows that the lowest abso-
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lute detection limits are those measured with PIXE.

Apart from detection limits, other criteria such as

accuracy and precision have to be considered by compar-

ing the different analytical techniques. However, the

physical processes in producing characteristics X-rays

for the methods in question are all similar. For the

background production of XRF and SXRF this is also true.

Therefore great differences of accuracy and precision

between the previously mentioned techniques are not to

be expected.

In conclusion, it can be asserted, generally speaking,

that as a multi element analysis technique SXRF has no

distinct advantage compared with PIXE. If the sample

mass is small, PIXE is even preferable. Improvement of

SXRF can be achieved by optimizing the photon flux

(Wiggler, He path from the end of the beamline to the

vacuum chamber). By using a wavelength dispersive detec-

tor system, the relative detection limit will be lower,

but at the expense of loosing the multi element charac-

ter.

The specific properties of synchrotron radiation for

trace element analysis finds its best expression in

special applications and combinations. By using the

tunability of the incident photon flux, for instance,

it becomes possible to detect light trace elements in a

heavy matrix in cases where PIXE and XRF are not able to

do this. The spatial resolution, the high brightness and

the low energy deposition on the sample, makes synchro-

tron radiation suitable for making it into a microbeam

(see next section). As a last example, it is expected

that by combining SXRF with EXAFS (Extended X-ray Ab-

sorption Fine Structure) techniques, new unique informa-
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tion can be gained.

6.6 SYNCHROTRON X-RAY MICROPROBE

Because synchrotron radiation is confined into a small

solid angle the beam is, in principle, appropriate for

the production of a (photon) microbeam. Collimated syn-

chrotron radiation (diameter 2 pm) has been used by

Horowitz and Howells (Hor 72) to construct a scanning

X-ray microprobe suitable for the measuring of trace

element distributions in the same way done with a proton

microbeam. A synchrotron microprobe, achieved in this

way, has a low incident photon flux. As a consequence

the detection limits are relatively high. Synchrotron

microprobes making use of bend mirrors for focussing

the continuum spectrum are under construction at Brook-

haven (How 83) and Daresbury (Pri 84). The designed

microprobe at Brookhaven is expected to provide about

5.8 108 photons /s at an energy of 8 keV in a 30 urn2

square spot (Jon 84). A number of 5.8 108 photons /s

gives the same fluorescent signal - to - background ratio

as approximately 1 nA protons. These fluxes are adequate

for trace element measurements in the concentration

range of 0.1-10 ppm.

Apart from these detection limits the use of syn-

chrotron radiation has some other advantages. At first

the energy loss of the incident beam in the target is

much less. Kirz (Kir 78) calculated that for X-ray

energies 10% above the energy of the absorption edge,

the energy deposited for each fluorescence event is a

factor 5x10~ 2 at Z=6 to 5x10"" at Z = 20 smaller than

that deposited by protons (E = 5 MeV). Secondly, SXRF

has the possibility of minimizing the detection limit

for a given element by selecting an incident photon

I
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energy just above the absorption edge of that element.

Thirdly, there is no charge build-up on the target.

Finally, in principle no vacuum environment of the

sample is needed.

A disadvantage, compared to a proton microbeam is

the much higher penetrative power of the synchrotron

radiation (about 100 times for 20 keV incident radia-

tion compared to 3.0 MeV protons). The consequent lower

depth resolution can only be compensated for by using

thin targets and a higher incident photon flux.

It can be concluded that the synchrotron microprobe

has some promising features but at the moment beamspot

and beam intensity are a long way from being able to

compete with the present proton microbeams in operation.
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S A M E N V A T T I N G

Spoorelementen zijn elementen die in het menselijk

lichaam voorkomen in hoeveelheden minder dan 0.01 %

van het lichaamsgewicht. Sommige spoorelementen zijn

onmisbaar voor het juiste functioneren van het lichaam.

Zij worden essentiële spoorelementen genoemd. Andere

spoorelementen zijn toxisch (giftig); weer andere zijn

indifferent (onschadelijk) omdat ze niet meedoen aan

het metabolisme (stofwisseling). De laatste 25 jaar

zijn er zes essentiële spoorelementen, waarvan de func-

ties eerder onbekend waren, toegevoegd aan de lijst van

bekende essentiële spoorelementen. In totaal zijn er nu

zo'n 14 spoorelementen als essentieel onderkend. De

kennis van de schadelijke effecten van toxische elemen-

ten en die van effecten van een deficiënte spoorelement-

status (toestand van een tekort aan essentiële spoor-

elementen) vermeerdert zich snel. Veel van het biolo-

gische mechanisme dat bij het functioneren van de

spoorelementen betrokken is, is echter onbekend.

Micro-PIXE is een analysetechniek met behulp waarvan

de verdeling van spoorelementen naar plaats zichtbaar

gemaakt kan worden. PIXE staat voor 'Proton Induced

X-ray Emission. Met deze techniek is het mogelijk niet

alleen te zeggen welke elementen maar ook waar de

elementen aanwezig zijn. De verdelingen kunnen zicht-

baar gemaakt worden op een micrometerschaal (1 micro-

meter = 0.001 millimeter). Deze schaalgrootte is van

dezelfde orde van grootte als de biologische cel. Door

de verdeling van een element te vergelijken met de mor-
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fologische struktuur (de zichtbare vormen van het mon-

ster) kan er informatie verkregen worden over de rol

die de spoorelementen in de stofwisseling spelen.

In dit proefschrift wordt een experimentele opstel-

ling beschreven met behulp waarvan een protonenbundel

kan worden gefocusseerd tot een grootte van de bundel-

doorsnede van een tiental vierkante micrometers. Met

deze opstelling kunnen verdelingen van spoorelementen

gemeten worden. Dit is aangetoond met een onderzoek naar

de aanwezigheid van spoorelementen in menselijk haar.

In hoofdstuk II is de experimentele opstelling be-

schreven. Uit testmetingen is gebleken dat de opstelling

voldoet aan de ontwerpspecificaties. Onder testomstan-

digheden werd een bundelspotgrootte van 4.0 x2.1 pm2

gemeten, terwijl onder experimentele condities gemeten

kan worden met een spotgrootte van 5.4 x 3.4 vm2 en een

stroom van 20 pA. De intensiteit van de halo om de bun-

del bleek erg klein te zijn.

In hoofdstuk III worden de experimentele procedures

en gegevensverwerking in micro-PIXE experimenten' behan-

deld. Vier methoden van concentratietoekenning (calibra-

tiemethoden) worden beschreven in hoofdstuk IV.

In hoofdstuk V worden de resultaten van een uitge-

breid experimenteel onderzoek naar de aanwezigheid van

spoorelementen in menselijk haar weergegeven. De concen-

traties van spoorelementen in m.n. hoofdhaar worden be-

schouwd de spoorelementstatus van het menselijk lichaam

te weerspiegelen. De vraag is echter in hoeverre de

spoorelement concentraties in haar een betrouwbare in-

dicator van de status van het lichaam is. De protonen

microbundel (~ 5 yin) is bij uitstek een middel om de
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plaats van de spooreiementen over een haardiameter

(~ 100 vm) te meten, niet alleen vanwege de afmetingen

van de bundeldoorsnede maar ook vanwege het multi-element

karakter en de lage absolute detectie grenzen van

micro-PIXE. Door de elementverdelingen over een haar-

diameter te meten kan informatie worden afgeleid over

1) het sorptie ('aanklevings') gedrag van spooreiementen

in haar, 2) de natuurlijke verdeling van spooreiementen

over een haardoorsnede en 3) de routes waarlangs de

spooreiementen in de haar worden geïncorporeerd (inge-

bouwd) . Uit de resultaten kan worden geconcludeerd, dat

het gedrag per spoorelement opmerkelijk verschilt. Som-

mige elementen zijn homogeen verdeeld over de doorsnede

van een haar, terwijl andere van nature geconcentreerd

zijn aan de randen. De resultaten geven verder aanwij-

zingen dat de inbouw van een aantal spooreiementen niet

(alleen) geschiedt via de haarvaatjes in het dikke deel

van de haarwortel maar ook via de haarwortelscheden

('vliesjes' om de wortel). Concluderend kan worden ge-

zegd dat de hoeveelheid spoorelement, die men in hoofd-

haar meet, afhangt van een aantal complexe faktoren.

Voor slechts een beperkt aantal elementen in bepaalde

omstandigheden, zal de concentratie een betrouwbare af-

spiegeling kunnen zijn van de spoorelementstatus in het

lichaam.

Het laatste hoofdstuk is gewijd aan een vergelijking

van verschillende röntgentechnieken met behulp waarvan

plaatsafhankelijke analyse van spooreiementen kan worden

verricht. Synchrotron straling heeft,in vergelijking met

protonen, enkele veelbelovende eigenschappen. Deze wor-

den in hoofdstuk VI uitvoerig behandeld. Resultaten van

experimenten, verricht met de synchrotronstralingsbron

in Daresbury (U.K.) worden vergeleken met die van andere

technieken. Het blijkt, dat in het algemeen gesproken
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SXRF (Synchrotron X-Ray Fluorescence) als multi-element

analyse techniek geen uitgesproken voordelen biedt in

vergelijking met PIXE. De mogelijkheid echter om de

detectiegrens voor een bepaald element te minimalizeren

maakt SXRF, in het bijzonder voor lichte elementen, een

aanvullende techniek.

I
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STELLINGEN

1. De grotere emittantie van een cyclotron ten opzichte van een
electrostatische versneller is geen belemmering voor de productie van
gefocusseerde protonbundels voor het doen van micro-PIXE experi-
menten.

Dit proefschrift, hoofdstuk 2.

2. Gezien de stand van zaken in het onderzoek naar de diagnostische
waarde van de spoorelementanalyse in menselijk hoofdhaar, moeten
de mogelijke interpretaties van de op commerciële basis verrichte
bepalingen als potentieel verwarrend, misleidend en soms zelfs als
onbetrouwbaar worden gekenschetst.

Dit proefschrift, hoofdstuk 5.

3. Ten onrechte gebruiken veel PIXE-groepen het begrip gevoeligheid
('sensitivity') daar waar ze detecterend vermogen ('detection power')
bedoelen.

4. Er is een anomalie in het 3d niveau van pionische atomen van
elementen met Z — 82 die zich uit in zowel een kleinere verbreding als
een kleinere verschuiving van het niveau dan theoretisch voorspeld.
Een theoretische beschrijving van deze anomalie zal dan pas bevredi-
gend zijn wanneer beide genoemde effecten verklaard worden.

1. J.F.M. d'Achard van Enschut, J.B.R. Berkhout, W. Duinker, C.W.E.
van Eijk, W.H.A. Hesselink, T. Johansson, T.J. Ketel, J.H. Koch, J.
Konijn, C.T.A.M. de Laat, W. Lourens, G. van Middelkoop and W.
Poeser, accepted by Phys. Lett. B.

2. R. Seki, Phys. Rev. C , to be published.

5. Een (gesimuleerd) spectrum van een cascade van gamma overgangen
in een energie-gebied van 100 keV tot 1.5 MeV geeft veel meer
informatie over de kwaliteit van een Compton onderdrukkings-
systeem bestemd voor "in-beam" gamma-spectroscopie dan de ge-
bruikelijke opgave van de onderdrukkingsfactoren voor een 60Co
ijkpreparaat.



6. Het in ICRP 26' genoemde ALARA principe2, gebruikt voor de
vaststelling van de toelaatbare stralingsbelasting van radiologische
medewerkers, doet een beroep op een stralingsdeskundige om onver-
gelijkbare grootheden tegen elkaar af te wegen. Het vraagt daarmee
van de deskundige meer, dan verwacht kan worden op grond van het
wettelijk voorgeschreven diploma, nodig om de vereiste deskundig-
heid aan te tonen.

1. Recommendations of the International Commission on Radiological
Protection, Pub. 26, Pergamon Press, Oxford, 1977.

2. Het principe de stralingsdoses te beperken tot "As Low As Reasonable
Achievable, economie and social factors taken into account'.

7. Het is opmerkelijk dat de minister van Sociale Zaken en Werk-
gelegenheid, die in maart 1983 het rekenen met inverdieneffecten op
het terrein van belastingen en uitkeringen 'vloeken in de kerk'
noemde' in december van hetzelfde jaar zonder opgaaf van redenen
wel instemt met een experimenteel terugploegprogramma2.

1. Handelingen Tweede Kamer, zitting 82-83, 15-17 maart p. 313S.
2. Brief Nr. 18100 van de minister van Sociale Zaken en Werkgelegenheid

aan de Tweede Kamer der Staten Generaal, 12 december 1983.

8. Het verdient aanbeveling in plaats van "College van Gedeputeerde
Staten" als één van de organen van de provincie, te spreken van
"College van Commissaris van de Koningin en Gedeputeerde Sta-
ten" kortweg "College van C en G", zoals ook één van de organen
van de gemeente "College van Burgemeester en Wethouders" wordt
genoemd en niet "College van Wethouders".

C.W. Pot, Handboek van het Nederlands staatsrecht. W.E.J. Tjeenk
Willink, Zwolle 1977, 10e druk bewerkt door A.M. Donner, pp 527-530, pp
542-547.

9. De grootste bijdrage tot de vermindering van de kosten van de
gezondheidszorg wordt verkregen door (samen) gezonder te leven.

10. Een soortgelijke waarschuwing als 'Roken bedreigt de gezondheid'
op tabaksartikelen, dient ook te verschijnen wanneer computer-
gebruikers spelletjes als "Rogue" en "Dungeon" gaan spelen.


