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CHAPTER I INTRODUCTION

The principle of elemental analysis via heavy charged-particle

excitation and measurement of characteristic X-ray radiation has been

known for a couple of decades. For instance, in 1962 Van Loef et al.

(Loe62) presented experimental results on the production of

characteristic X-rays by protons with energies between 100 and 250

keV. The X-ray spectra were detected in a Xe-filled proportional

counter. However, due to the counting equipment characteristics, the

resolution was limited. In 1970 it was experimentally shown by

Johansson et al. (Joh70) that a combination of X-ray production by

protons of a few MeV and X-ray detection by a silicon detector yields

a powerful multi-elemental analysis method. This is especially true

for trace elements, elements occurring in a weight fraction below 100

ppm. This method, generally referred to as PIXE (Particle Induced X-

ray Emission) (Joh76a), was further developed by many research workers

and is now accepted as a semi-quantitative trace-element analysis

method (Dug79).

A typical PIXE spectrum is shown in Fig.I-1. Such a spectrum

consists of characteristic X-ray peaks super-imposed on a continuous

background (Bremsstrahlungs spectrum). A qualitative analysis can be

3 6 9 12
X-ray energy (keV)

Fig.I-1 Speotrum of a fitter onto which amounts of chlorine,
manganese, bromine and ceaiian are deposited.



performed by measurement of the energy of the characteristic X-rays.

Quantitative analysis is carried out by determination of the peak

areas. Normally, K X-rays are used for the elements up to Z - 50,

while for heavier elements L X-rays are used.

Specific characteristics of PIXE are:

- A simultaneous analysis of 10 - 20 elements with Z >_ 11 is possible

with a sensitivity that can be described by a smoothly varying

function of the atomic number of the elements. The sensitivity of

an element is defined here as the number of X-ray quanta detected

per mass unit of an element present in the target;

- The minimum detectable concentration of an element (2 >_ 11) in a

target is of the order of 0.1-1 ppm weight fraction, under

appropriate conditions (Fol74);

- For many applications an irradiation time of 1 - 2 mimutes is

sufficient;

- The amount of material needed is small, which is of advantage for

analysis of e.g. biological tissue;

- In many applications the method may be considered as non-destructive,

of advantage for the analysis of e.g. forensic samples and

antiquities.

Since a proton beam can be focussed to a diameter of a few

microns (Coo72, Nob75, Bos78, Aug78), it is possible to scan a target

with a high lateral resolution. This is for example of interest for

the analysis of the distribution of trace elements in a single hair

(Coo75) and in other biological tissues (Hor75, Wil78). In our

laboratory a microbeam set-up is presently being developed (Pri79).

For a quantitative analysis, systematic errors must be avoided

or corrected for and statistical errors must be minimised. Apart from

sampling, sample storage and transport, these errors may be introduced

during the following steps of the analysis procedure:

- sample treatment - irradiation

- target preparation - data acquisition

- target storage - data analysis.



"'.'••, ] analysis.

The aim of the work presented in this thesis is to develop PIXE

such that a quantitative trace element analysis method is obtained.

At the same time versatility, speed and simplicity are aimed at. The

first four steps mentioned above are treated in this thesis in detail;

less attention has been paid to sophisticated data acquisition and

About five years ago a PIXE project was started at the Eindhoven

University of Technology. This project is an effort of the Cyclotron

Applications Group of the Physics Department. One of the experimental

stations in the cyclotron laboratory was fitted out for PIXE

experiments. The protons for these experiments, with energies between

3 and 7 MeV, are delivered by the A.V.F. cyclotron. A description of

the cyclotron is given in (Sch73). Targets under investigation are

bombarded with proton beam intensities of up to 0.2 yA/cm2.

In Chapter II the experimental set-up is described, with special

attention to analysis speed. In Chapter III the X-ray production

processes are described. Quantitative descriptions are given in order

to correct for systematic deviations. The most important factors taken

into account are incident proton energy, target area density and

matrix composition. The matrix is defined as the target in which the

trace elements are to be determined. In Chapter IV rapid and easy

target preparation techniques for specific types of samples are

described. In Chapter V various applications are presented, involving

the analysis of blood serum, aerosols, biological tissues, chemicals

and waste effluents.

In order to utilise the available cyclotron time most

effectively, an additional experimental set-up for XRF (X-Ray

Fluorescence) measurements was developed to partially relieve the

analysis load. The main advantage of using such an experimental set-

up lies in survey measurements and measurements by which the detection

limit may be a factor 10-100 larger than for PIXE analyses. The

Addendum describes our experimental XRF set-up, which contains as

excitation sources: 241Am (60 keV), 109Cd (22 keV) and 55Fe (6 keV).



CHAPTER II EXPERIMENTAL SET-UP

II.1 Introduction

For the design of the PIXE facility the following objectives were

kept in mind: ease of operation and handling, versatility and high-

speed analysis (i.e. the experimental conditions should allow the

analysis of many samples per hour). The AVF cyclotron of the Eindhoven

University of Technology is used for irradiations (Sch73, Heu76).

A sketch of the experimental set-up is given in Fig.II-1. Protons

leaving the cyclotron at energies of 3.5 or 7 MeV are used. The beam

transport from the cyclotron to the experimental set-up has been

calculated by Mr. Dingeman Beuzekom (Beu77). With the quadrupole

lenses the proton beam is focussed on diaphragm D2. The beam is bent

2 mrad by a set of sweeper plates, which are used for spectrum pile-

up reduction (Section II.6). The energy of the protons is degraded to

a desired value by passing the beam through one or more diffuser

foils (Section II.2). The protons are also scattered in these foils

and a divergent diffuse beam emerges. After passage through diaphragm

D3 a sharp-edged uniform beam strikes the target. The diameter of

diaphragm D3 can be selected from a range of values (2, 6, 12 and

quadrupole
lenses

sweeper
target chamber

l 1

jtotter
printer

Fig.II-1 Schematic outline of the experimental set-up for the PIXE
measurements. The protons from the ayolotron enter the set-
up through the quadrupole lenses. An explanation of the set-
up is given in the text. The diaphragm openings are (mm):
Dl=25; D2=2; 1)3=2,6,12,20; D4=2S.



Fig.II-2
Photograph of the target
chamber. The pvoton beam
enters the target chamber
from the left.

20 mm) without breaking the vacuum. Diaphragm D4 is an anti-scattering

diaphragm. After passage through the target, the beam is collected in

a Faraday cup. The targets are mounted in slide frames, which are

stored in a circular tray of a slide projector (Fig.lI-2).

On their way to the detector the X-rays produced in the target

pass a beryllium absorber and a conical filter (Section II.4). A

Canberra Si(Li)-detector (Section II.5) is used, equipped with a pre-

amplifier giving a resolution of 185 eV at 6 keV. The pre-amplifier

signal is fed into a Canberra 4010 main amplifier, followed by a 4096

channel CAMAC-ADC (Nuclear Enterprise), which is connected to a

PDP-11V03 mini-computer. The pre-amplifier signal also enters a

trigger circuit, via a discriminator. The trigger circuit switches

the high voltage (2-5 kV) for the sweeper plates (Section II.6). In

Section II.7 the effect of the target-chamber pressure on the PIXE

spectra will be discussed. The target damage during irradiation is

discussed in Section II.8.

II.2 Diffuser foils

For the quantitative PIXE analysis of inhomogeneous targets, it

is necessary to have a uniform proton beam. Such beams are also useful

in avoiding hot spots in the targets, which could give rise to extra

target damage. Further, it is attractive to have a simple method for

the variation of proton energy to achieve the best limits of detection

for the whole range of elements. Both features can be fulfilled to a

certain extent by passing the proton bram through a thin foil, which



we will call the diffuser foil. The design parameters of the diffuser

foil are thickness, type of material and position of the diffuser foil

relative to the target.

Important criteria for selection of a diffuser foil are: energy

degradation and straggling, proton scattering, beam uniformity at the

target and loss of beam current between diffuser foil and target.

The energy straggling is calculated using the simple Bohr formula

(Bohl5):

where n = FWHM of energy broadening (keV),

Z = atomic number of diffuser material

A = atomic mass of diffuser material (g/mol),

d = target thickness (g/cm2).

In this formula the dependence of the straggling on the proton energy

is not considered. A theory which accounts for the proton energy

dependence is given by Tschalar (Tsc68a, Tsc68b). Experimental results

of Armitrage and Trehan (Arm75) are in good agreement with Tschalar's

theory. These results also agree with the Bohr formula when foil

thicknesses are less than half the proton zange. Since we are only

interested in rather modest energy degradations, it seems justified to

use the simple Bohr formula.

The proton scattering is calculated according to formulae given

by Marion and Young (Mar68) and Marion and Zimmermann (Mar67). These

formulae are simplified for the use of non-relativistic proton

velocities. The half angle of cone 6. . , where the intensity is

reduced to 1/e of the formward intensity, if a Gaussian angular

distribution is assumed, is represented by:

0, . = x (0.865 + 0.340'b - 8.88«10~3«b2) = Z/E. /d/h
'/e c i

where x 2 = 0.0392 (Z(Z+l)d/AE2),
C , 1

b = In ((Z+l)Z1/3'd/AEi) + 13.91,

E. = initial proton energy (MeV),

d = target thickness (g/cm2).



Table II-l Proton energy straggling and proton scattering in
different materials. Calculations are made assuming an
initial proton energy E-i of 4 MeV and a final energy Ex
of 3 MeV,

z
A (g/mol)

p (g/cm3)

C (MeV7/4

d (mg/cm2

d (vim)

n (keV)

•cm2/g) (1)

(2)

(3)

0 1 / e (mrad) (4)

(1) C = a

(2) d = (I

Be

4

9.

1.

219

11.

63.

67

24

constant, depending

'i V ) 4000/7C

(3) n = 935 /z-d/A (Bohl5).

<4> 0l/e "= half angle

of forward

assumed)

of cone

(9 = 0)

[Mar68, 1

Type of diffuser

Al Cu

11 29

01 26.98 63.54

85 2.70 8.96

184 140

7 13.9 18.3

2 51.5 20.4

70 85

40 79

Ag

47

107

10

114

22

21

92

110

on Z and given by Zaidins

(Zai74).

87

5

4

3

Au

79

196.

19.

87

29.

15.

102

159

(Zai74) .

, where intensity is reduced to 1/e

intensity (Gaussian distribution

4ar67).

97

3

4

2

As an example, we have calculated the diffuser foil thickness,

proton scattering and energy straggling for five different materials

for an initial proton energy of 4 MeV and a final energy of 3 MeV.

The results are given in Table II-I. As can be seen from this Table,

the energy straggling increases with Z. Because of the low density of

low-Z elements, the energy degrading can be carried out with

relatively thick foils, which implies high mechanical strength. We

therefore decided to make our diffuser foils from beryllium. In the

diffuser foil box four Be foils are mounted, with thicknesses of 25,

50, 75 and 200 pm.

To get a sharp-edged target beam, the diffuser foil to target

distance has been chosen as 1.5 m (Beu77), which leads to a 6 . value

of 16 mrad, if 3.5 MeV protons are diffused in 25 ym beryllium (see

Table II-2). In that case, the beam intensity on the target has its

1/e value at a radius of 24 mm. When the 6, 12 or 20 mm diaphragms are



Table II-2 Proton beam uniformity and target current for incident
proton energies of 7 and 3.5 MeV for beryllium diffuser
foils, of varying thickness. The proton energy straggling
and proton scattering are calculated assuming a muah
smaller beam diameter at the diffuser foil than at the
target. The uniformity is expressed as the ratio of
minimum and maximum intensity in the beam at the target.
The current listed is the fraction of the total beam
current striking the target, expressed in per cent.

I
-©•

2m
m

n
•e-

|

It
•e-

d (um)

d (nig/cmz)

E f (MeV)

n (keV)

©l/e (mrad)

uniformity (%)

current (%)

uniformity (%)

current (%)

uniformity (%)

current (%)

25

4

6

42

7

93

6

76

23

47

52

.6

.8

.7

.5

.7

.8

75

13

6

73

14

98

1

93

7

81

18

.9

.3

.5

.9

.3

.9

E = 7

125

23.

5.

95

19.

99

1.

96

4.

89

11.

MeV

1

7

4

1

2

1

200

37.0

4.9

120

25.3

99

0.6

97

2.5

93

6.7

275

50.9

3.9

141

30.3

100

0.4

98

1.7

95

4.7

ti
n-o-

1
-e-

|
CM

•0-

d (urn)

d (mg/cm2)

E f (MeV)

n (keV)

0l/e (n^a*1)

uniformity (%)

current (%)

uniformity {%)

current (%)

uniformity (%)

current (%)

25

4.

3.

42

16.

98

1.

94

5.

84

15.

6

1

0

5

9

5

50

9

2

60

25

99

0

97

2

93

7

.3

.6

.3

.7

.7

.3

E. = 3
l

75

13

2

73

31

100

0

98

1

95

4

.5

.9

.1

.1

.4

.7

.7

MeV

100

18

1

85

37

100

0

99

1

97

3

.5

.4

.8

.3

.2

.4



used, the uniformity is 98, 94 and 84 per cent respectively and the

current is reduced to 1.5, 5.9 and 15.5 per cent respectively. A high

uniformity of the beam at the target corresponds to a highly diffused

beam and a low beam intensity. The uniformity of the beam is expressed

as the ratio of minimum and Maximum intensity of the beam at the

target.

A typical target bombarded with a 3.5 MeV proton beam with a

12 mm diameter, diffused in a 25 urn beryllium foil, is shown in

Fig.II-3. The target shown in Fig.II-3 is prepared with a coloured

solution. The bright area is where the beam has struck the target.

Due co the uniformity (94%), hot spots are absent and risk, of target

damage is reduced.

Fig.II-3
Beam spot (bright area), visualised
on a coloured target.

target frame

na .* ., \ ,<H0.
.08 $ \ it l,,.6

I I ••10.1

detector sensitive
area: 80mm2

conical filter

Fig.II-4
Geometry of X-ray detection.
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II.3 Target chamber

The target chamber consists of an aluminium box with a Perspex

cover. A geometrical sketch is given in Fig.II-4. The circular tray

(Kodak S-AV2000), capacity 80 slides, is mounted inside this chamber

(Fig.II-2) such that the direction of the nor.aal on the slide (target)

is at 30 to the beam axis. Target areas usually have a diameter of

27 mm. The slide frames have an open area of 24 x 36 mm2. The diameter

of diaphragm D3 can be chosen as 2, 6, 12 or 20 mm, and changed

without breaking the vacuum. An anti-scattering diaphragm D4 is used

when diaphragm D3 is 20 mm. In this case, slide frames with 5Ji open

area of 36 x 36 mm2 are used. This diaphragm prevents protons, which

are scattered over a large angle at the edge of D3, from hitting the

target frame, giving rise to an undesired spectral contribution. The

integrated beam current is measured with the Faraday cup.

Between the target and the detector a rotatable wheel containing

seven different filters is mounted. Additionally, a conical filter can

be interposed between this wheel and the detector (Section II.4). The

wheel can be rotated from outside the target chamber. The diameter of

D3, the type of absorber used and the slide number are digitally

indicated in the cyclotron control room. Slide changes are remotely

controlled.

II.4 X-ray absorption filters

Because of .the necessity of high speed analysis (Section II.l),

an as high as possible X-ray counting rate is required. However, this

counting rate is limited, because of the conversion time in the main

amplifier and ADC, which takes about 5t ps per X-ray pulse (Section

II.6) . A second point to be considered it; that the major part of the

X-ray flux is in the low energy region (Section III.4). Thus, if one

wants to detect elements with high X-ray energies, the low energy

X-rays should be absorbed. This can be achieved by inserting a filter

between target and detector, which reduces the counting rate. To

enhance the useful counting ratef the proton beam intensity can then

be raised.

11



Sometimes information is needed about all the elements that can

be detected. The sensitivity curve in the energy region of interest

should then be "flattened". This can be performed by a so called

conical filter. The filters that are used in our experimental set-up

are made of the low-Z element beryllium.

Tks bevy Ilium filter

In the rotatable wheel seven Be-absorption filters are mounted

with thicknesses: 4.7, 9.1, 12.5, 35.3, 58.4, 69.0 and 128 rag/cm2.

The sensitivity for elements with Z < 21 approximates zero when the

128 mg/cin2 filter is used. This filter is very useful when medium-

weight elements (4-8 keV) and heavy elements (>8 keV) are to be

analysed in an abundance of light elements. For specific samples,

additional Be-filters can be mounted, each with a thickness of

96.5 mg/cm2. The thickness of the combined beryllium filters can be

as high as 707 mg/cm2. The transmission of a few filters (12.5, 69

and 385 mg/cm2) is shown in Fig.II-5. For the analysis of blood or

blood serum for instance - with elements of interest Pe, Cu, Zn, Se

and Br - a thick filter is normally used. Insertion of a 385 mg/cm2

Fig. IIS Transmission of X-ray quanta through beryllium filters
of various thicknesses (12.5^ 69 and 385 mg/am2). The
aurve with C.F. represents the transmission through the
the aoniaal filter, which is disaussed in the. text.
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filter reduces the total counting rate by a factor of about 20,

compared to the total counting rate in the case of a 12.5 ing/cm2

filter. This results in an increase of the minimum detectable

concentration obtainable in a given irradiation time. However, for

the elements of interest (Fe, Cu, Zn, Se and Br) the minimum

detectable concentration is diminished if the beam intensity is

raised to an appropriate value. Limits for the proton beam intensity

are often set by target damage in these conditions. See also Sections

II.8 and V.2.

Another advantage of a filter between sample and detector is the

energy-degradation or stopping of protons scattered 90° in the target.

Filter thicknesses of 12.5 and 69 mg/cm2, together with the beryllium

detector window (1.5 mg/cm2) and detector gold layer (1 mg/cm2) are

sufficient to stop protons of 3.05 and 6.8 MeV respectively. We have

observed that when thick targets are analysed, proton scattering is

considerable and the X-ray spectrum seriously disturbed. Our pre-

amplifier can accept a signal rate corresponding with an energy of

1000 MeV energy per second. About 300 protons of 3 MeV per second are

therefore sufficient to overload the pre-amplifier.

The aoniaal filter

This filter is constructed according to an idea of Cahill (Cah75),

who uses a so called "funny filter" for "flattening" the sensitivity

curve. A cylindrical hole was drilled into a disc, the diameter of the

hole being chosen such that a predetermined fraction of light element

X-rays penetrates the detector. The sensitivity of the system can be

tailored somewhat better if instead of a cylindrical hole a conical

hole is used. In Fig.Il-5 the transmission through our conical filter

is shown. The transmission through our conical filter (see Fig.II-4)

can be described as:

5 / ° 5
5/5.-1.04u<V(r-3.26) rdr

T(E ) = 0.418 + 0.582

j rdr
3.26

where the filter thickness d = 2.08 (r-3.26)/(5.26-3.26) mm for
C • F •

13



3.26 mm < r < 5.05 mm, y is the mass absorption coefficient and the

detector diameter is 10.1 mm.

II.5 Detector efficiency

The X-ray spectra are measured using a Canberra Si(Li) X-ray

spectrometer system having an energy resolution of 185 eV (FWHM) at

6 keV and a "sensitive" (detection) area of 80 mm2. The thickness of

the beryllium window in front of the detector is 8 urn. For

quantitative analysis it is important that the detection efficiency

is accurately known as a function of the photon energy. The efficiency

of Si(Li)-detectors as specified by the supplier generally accounts

for the absorption in the cap window only. Apart from absorption in

the beryllium cap window, there also appears to be significant

absorption in the gold layer and dead layer of the silicon crystal

(Xes73, Alf77, Gou77, Cam79). A detailed study of the performance of

a silicon-detector system, with emphasis on the efficiency calibration,

is reported by Keith and Loomis (Kei76). Watson et al. (Wat70)

describe the detector efficiency calibration using calibrated X-ray

sources. Musket and Bauer (Mus73) determined gold-layer and dead-layer

thicknesses by measuring the efficiencies for detection of C K and

O K X-rays. They found for their detectors a mean value of 48 ran for

the gold-layer thickness, and 360 run for the silicon dead-layer

thickness. The transmission for these layers and for a beryllium

window of 8 um is shown as a function of the photon energy in

Fig.ll-6. As can be seen, the effect of the gold layer is of grest

importance. Because of the great variation in reported detector

efficiencies, we had to measure the detector efficiency of our own

system. The efficienc1/ of a Si (Li) X-ray detector can be described

as the product of two factors. The first factor represents the

transmission through the window cap, gold layer and dead layer, and

equals unity for photon energies above 10 keV. The other factor

represents the absorption in the detector, and equals 100 per cent for

photon energies below 10 keV. The detector efficiency e for photons

of energy E , expressed as the ratio of the detected intensity I to

the incoming intensity I is given by:
o

14



100

!W

20-

a - — — •

8jumBe

360 nm Si
—detector efficiency

Ex(keV)

Fig.II-6 Transmission of X-ray quanta through various filters
(a, b and a). Multiplication of the three transmission
curves gives a deteotov effieieney curve (d) for
X-rays with energy below 9 keV, since below 9 keV the
absorption in the sensitive layer is complete.

(
i=3

exp {- - exp (-v

where u, and X are the mass absorption coefficient and the area

density respectively of the layer i, and M . and X are the mass
Si oil

absorption and area density respectively of the sensitive region of

the detector.

Our detector efficiency was determined experimentally using

calibrated low energy photon sources as well as by measuring the

relative X-ray intensities for elements in inorganic substances,

supposing the detector efficiency is 100% for X-rays with energy

between 10 and IS keV.

The photon sources used are point sources containing the radio-

isotopes: 21tlflm (14, 18, 21 and 26 keV), 109Cd (22 and 26 keV), 57Co
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Fig.II-7 Measured detector efficiency. The curve
represents the detector efficiency which
has been used throughout this work.

(6.4 and 14.4 keV) and 5"*Mn (5.4 keV) . For the energy region below

5 keV two tritium sources were used. These sources (with an effective

diameter of 11 mm) consist of tritium, which is absorbed in titanium

metal and zirconium metal, emitting an X-ray energy of 4.5 keV and

2.3 keV respectively. The emitted intensity is given for each photon

energy by the manufacturer. With these sources, a detector efficiency

as shown in Fig.II-7 is found.

For the measurements of the relative X-ray intensities of

different elements, 50 targets were prepared from calibrated aqueous

solutions of inorganic components as described in Section IV.2. The

elements used were: S, Cl, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Rb

and Sr. The experiments were carried out with proton energies of 3.05

and 6.8 MeV. The values of the relative X-ray yield from the targets

are calculated according to Sections III.2 and III.3, using a least-

squares procedure to obtain individual points. These are also

presented in Fig. H - 7 .

II.6 Pile-up rejection

In high-speed PIXE analysis one inevitably is confronted with the

pulse pile-up effect. There are several methods to reduce this effect

(Ree72, Jak72, Cah75), or to correct for it afterwards (Wie76). We
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have followed the idea given by Jaklevic, who used an excitation

source, which in the case of signal detection is immediately turned

off and held off during the pulse-processing time (Jak72, Cah75). An

advantage of this method is that the beam does not strike the target

during the pulse-processing time and target damage will consequently

be minimised. This is contradictory to the method whereby pile-up

pulses are eventually rejected after inspection of its time structure

(Rea?2). Another advantage is that the minimum time between successive

pulses is equal to the pulse-processing time, resulting in less

baseline shift and better energy resolution (Jak72, Sta77).

For our purpose we use a sweeper (Fig.II-1) consisting of two

parallel copper plates, 30 mm apart, placed on each side of the proton

beam. For reasons of time of flight and ion optics the sweeper was

situated 2.5 m upstream of the target. One of the plates is grounded.

the other being connected to a voltage V 650 E volts, with E the
P P

proton energy expressed in MeV. When an X-ray quantum is detected, the

pre-amplifier signal passes a fast discriminator. This gives a signal

to a trigger circuit, which is capable of shorting the other sweeper

plate to ground/ too.

Fig.II-8 shows the measured sweeper voltage, as well as the

target current as a function of time. If the voltage on the sweeper

200
Hns)

50 100 150 200 250 300

Fig.II-8 The measured relative sweeper voltage and the target
aurvent, as a function of time. Note that when the sweeper
voltage is at half of its maximum value, the target aurrent
is zero.
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of cyclotron
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beam off
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Fig.IIS Delay time between the arrival of an X-ray quantum
and the beam-off target moment. The upper part
represents the high-frequency structure of the
cyalotron beam at 3.5 MeV.

is at half its maximum value, the beam no longer strikes the target

(Fig.ll-8), but diaphragm D2 (Pig.II-1). The delay time between the

arrival of an X-ray quantum in the detector and the beam-off-target

moment is 360 ns. This 360 ns is built up of several intervals, as

depicted in Fig.II-9. The time of flight indicated between sweeper

and target is valid for 3.5 MeV protons. We note that for this energy

the time interval between successive pulses delivered by the cyclotron

is 125 ns.

In Pig.11-10 two spectra of a copper target are drawn; at the

high energy side, the effect of the sweeper is clearly visible. The

beam entering the sweeper had the same intensity for both spectra. The

counting rate of the stored pulses was about 10,000 s for the

sweeper-off mode and 9,000 s"1 for the sweeper-on mode. The

accumulation periods were taken such that the copper K peaks were of

equal height.
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Fig.11-10 Two spectra of copper plate with a very small
deposit of copper bromide. The full curve is
taken without pulsing the sweeper, the dashed
curve represents the pulsing mode.

The performance of the system is to a large extent determined by

the delay time t* between the generation of an X-ray Quantum and the
P

beara-off-target moment. In this section we will indicate quantities

related to the sweeper-on mode with an asterisk. The number of pile-

up disturbed pulses is in fact proportional to t* or t . In the
P P

sweeper-off mode t represents the time lapse in which the main-

amplifier can accept pulses. For the spectra of Fig.lI-10, t* is not

extremely short (0.85 us) but from a detailed examiniation of the

spectra it follows that by the sweeper on action the total number of

pile-up pulses decreases by a factor of about 16. This is approximately

the value which can be derived from the ratio of the chances of pile-

up for t = 15 ys and t* = 0.85 us.

P P

The on-off effect of the sweeper can also be shown by calculation

of the incoming signal rates {in fact X-ray flux) and stored signal

rates for the same exciting beam in front of the sweeper. Therefore,

the input rates (N. , N*j) as well as the stored rates of those pulses

that did not undergo pile-up (N , N*) have been determined. The

results, normalised to N , are given in Fig.11-11. In the calculation

for the sweeper-off mode an additional dead time of 15 }is has to be
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Fig. 11-11 Sweeper performance. When the pulsing sweeper
mode is switched on, the input rate N{, reduces
to V\ and the output rate of undisturbed pulses
Nn becomes N%.

taken into account. This dead time starts when tp has elapsed and

originates from pulse rejection in the main amplifier and MCA. For

the sweeper-on mode the actual beam-off period follows from Fig.II-8.

This period is about 50 us and is long enough to allow for the

maximum pulse processing time in amplifier and MCA.

Due to the high frequency structure of a cyclotron beam

(Fig.II-9), reduction of t* leads to a stepwise reduction of pile-up.

Minimum pile-up for our cyclotron at 3.5 MeV protons will be found

for t* below 0.125 us. For t* just below 0.125 us, pile-up will be
P P

reduced by a factor of nearly 2 as compared to the case of a

continuous beam of the same mean intensity (Hei79). The latter case

occurs with a Van de Graaff generator.

In our cyclotron laboratory a bunching system was developed which

is capable of suppressing n-1 out every n cyclotron bursts (Heu76).

Using such a system, the duty cycle of the exciting beam can be

optimised by matching with t*. This is illustrated in Fig.il-12. For

t* = 0.36 us, n should be equal to 3. Full advantage of this situation

is obtained only when the charge per burst is also increased by a

factor of 3.
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Fig. 11-12 Pile-up for various high frequency structures of exciting
beams having the same mean intensity. The straight line
represents the pile-up when a continuous beam is applied,
the dashed ourves when a cyclotron beam is used. Note that
out of every n cyclotron bursts n-1 are suppressed.

11.7 Charging of target

In the analysis of thick targets of insulating material an

extra-high continuous background radiation is observed (Sha73, Fol74,

Ahl75). Targets get a positive charge due to protons which are stopped

and electrons leaving the targets. High potentials are built up until

breakdown voltages are reached at which the-targets are discharged.

Electrons that bombard the targets, because of their positive charge,

produce an intense background of Bremsstrahlung, eventually extending

to an energy of 40 keV (Gar77) or 50 keV (Sha73). Garten et al.

(Gar77) state that the electrons that leave the target and return to

it due to the electrical field produce an additional amount of

Bremsstrahlung. However, assuming the same energy distribution as for

the secondary electrons (Section III.4) the X-rays produced by this

effect could not have energies above 10 keV. In our opinion electrons

are also withdrawn from the surrounding of the target, and these can

be accelerated to an energy of 40 keV or more. As will be obvious,

the effect of charge build-up reduces the detection sensitivity.
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There are several methods to overcome the problem of charge

build-up. The conductivity of the targets can be increased by adding

amounts of conducting material, like aluminium or carbon (Jop62). For

targets consisting of a support and sample material, the support may

be aluminlsed Mylar (Rin79). Thick targets may be coated on the back

with a conducting material. However, this is senseless for isolating

targets. To circumvent the problem Jopson et al. placed a guard ring

at a large negative potential (-1000 V) in front of the target (Jop62),

in order to prevent electron emission from the target. Sometimes also

an electron gun is used, spraying the target with electrons (Ahl75).

In our set-up we have avoided charging of the target by increasing

the pressure in the target chamber, because gases may become conductive

when exposed to ionising radiation. Garten et al. (Gar77) state that

for a proton beam of 20 nA and 2.5 MeV, a pressure of 0.7 Pa will be

sufficient to make the target surface conductive. Ahlberg et al.

(Ahl75) describe the case of a 50-nA beam of 2-MeV protons, where the

charge build-up effects ceased when the pressure was raised to at

least 1.5 Pa. They showed spectra obtained with a pressure of 3 Pa,

which were the same as with use of an electron gun. The disadvantage

of raising the pressure is that the gas in the target chamber may be

a source of elemental impurities. For this reason we introduce high-

purity nitrogen gas into the vacuum chamber. With a servo-driven motor

system the pressure may be kept at an adjustable preset value

(1.5 Pa).

In Fig.11-13 two spectra of a granite target are presented both

measured with a 10-nA proton beam of 3.05 MeV, and an 0.1-mm aluminium

absorber in front of the detector. One spectrum is measured at a

pressure of 0.06 Pa, the other at 3 Pa. The drastic decrease in back-

ground is clearly illustrated.

The total counting rate (i.e. the counting rate for the whole

X-ray spectrum) at "high" pressure (3 Pa) varies between 3200 and 3600

cps. The variation observed is explained by the statistical nature of

the generated X-rays. Thus, it does not indicate any substantial

instability of the X-ray counting rate. However, at lower pressure

(0.06 Pa) the situation is completely different. The total counting
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Fig.11-13 Spectra obtained from a granite target with a 10-nA proton
beam of 3. OS MeV, using an X-ray absorption filter of 0.1
mm alunn.ni.um; the upper aurve is taken at a pressure of
0.06 Pa, the lower curve at 3 Pa.

1500

Fig.11-14 Total X-ray counting rate (counts per Lts =0.1 s) of a
granite target, bombarded with a 3-nA proton beam of 3.05
MeV, using an X-ray absorption filter of 0.1 mm aluminium,
the pressure in the target chamber being 0.06 Pa. Note that
the lowest counting rate (110 counts per 0.1 s) results
from normally produaed X-rays.

rate varies between 1100 and 15,000 cps (Fig.11-14). The observed

counting rate behaviour as a function of time suggests successive

charge build-ups, followed by voltage breakdowns. The occurrence of

sparks may also be seen as evidence for the breakdown process, as

described above. Fig.11-14 shows the total counting rate from the
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granite target for a 3-nA proton beam and a pressure of 0.06 Pa. The

lowest counting rate (1100 cps) results from normally produced X-rays.

The voltage increases until a breakdown, represented by the strong

negative slope. At the time of the breakdown many electrons bombard

the target. Since the .detector cannot accept so many X-rays in a short

time (Section II.4), the measured background radiation can never

increase due to this breakdown, as mentioned by others-(Jop62, Ahl75).

In our opinion, the measured background radiation must be scribed to

the Bremsstrahlung generated between the moments of breakdown. A few

simple experiments explain this effect more clearly.

Fig.11-15 shows the counting rate at a pressure of 0.2 Pa. The

proton-beam intensity .was 12 nA. If the pressure is' raised to 0.5 Pa,

no breakdown occurs. The sample potential is built up to a certain

value. The extra total counting rate is more constant and decreases

with higher pressures.

In order to get more information about the charge build-up and

the value of the breakdown voltage, a second experiment was performed.

In this experiment we used, instead of a 0.1-mm aluminium absorber (1%

transmission for 5 keV photons), a 1-mm aluminium absorber (1%

transmission for 12 keV). For this experiment Fig.11-16 shows the

total X-ray counting rate, at a pressure of 0.06 Pa, as a function of

50 100
Used

Fig.Z2-75 Total X-ray counting rate (eounts per &ts = 0,1 s) of a
granite target, bombarded with a 12-nA proton beam of 3.OS
'AeV, using an X-ray absorption filter of 0.1 mm aluminium,
the pressure in the target chamber being 0.2 Pa.



Fig. 11-16 Total X-ray eounting rate (counts per Ats - 0.05 s) of a
granite target, bombarded with a 12-nA proton beam of 3.05
MeV, using an X-ray absorption filter of 1 mm aluminium,
the pressure in the target chamber being 0.06 Pa.

10 20 30

Ex(KeV)

Fig.11-17 Speatrum obtained from a granite target with a 10-nA
proton beam of 3.05 AfeF, using an X-ray absorption filter
of 1 mm aluminium. The pressure in the target chamber
being 0.06 Pa.

time. In the beginning of the charge build-up mainly low energy X-rays

are produced and are absorbed here in the filter, while later on high

energy X-rays are produced and detected. Fig.11-17 shows a PIXE

spectrum of this experiment. It is clearly demonstrated that the break-

down voltage is about 30 kV. This experiment was repeated, only raising

the pressure to 3 Pa; then no Bremsstrahlung intensity was observed.
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II.8 Target damage during irradiation

The target composition may change during irradiation due to

radiation damage and heating damage. For the first effect, the amount

of radiation products is important. This amount per mass unit of

target material is given by: C = G'D. The amount of radiation

fragments per unit of irradiated mass (mol/kg) is represented by C.

Radiation fragments are mostly radicals and will react with each

other. A fragmentated molecule may thus react with other radicals or

be reformed by recombination. The factor G is dependent on the type

of chemical structure of the target. For the calculations we use a

value of 5*10~7 (mol/J), as proposed by Hummel for cellulose acetate

(Hum79). The absorbed dose D, being the dissipated radiation energy

per unit of irradiated mass (J/kg), is approximated by AE 'I*t/m

(I represents the particle beam intensity, AE equals the dissipated

proton energy, t the irradiation time and m the amount of irradiated

mass).

The energy dissipated by the protons is almost completely

converted to kinetic energy in the target electrons. These electrons

cause ionisation of the target constituents and heat the target. As

the mean energy of the free electrons is very low for some matrices,

we neglect, in calculation of the amount of radiation products, the

energy loss due to electrons that leave the target.

An estimation of the amount of radiation products is given for

the following typical experimental conditions: AE =0.5 MeV;

I corresponding to 20 nA; t = 300 s; m = 5-10"6 kg; G = 5-10~7 mol/J.

With C = G»D, it follows that the amount of radiation products per kg

target material is 0.3 mol. This means, for an organic target with

molecular mass of 0.2-1 kg/mol, that on average 0.06 to 0.3 fractures,

either original or newly formed, have occurred per molecule. In

practice, radiation damage is indeed observed, especially for larger

currents and longer irradiation times. Typical phenomena which can be

noticed in the targets are a colour change and loss of mechanical

strength due to embrittlement.
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With respect to the amount of radiation fragments, the use of

the sweeper (Section II.6) is favourable: the same analytical result

is obtained with only 60 percent of the collected charge needed when

the sweeper is not used, with a counting rate of 10,000 cps.

The second effect which may lead to a change in target

composition, by volatilisation, is the target heating. The maximum

temperature in the centre of a target during irradiation can be

estimated for a uniform proton flux distribution from:

AT % (I-AE /ir-R2)/(X'd/R2+8-a-E-T3) ,
P o

where X-d/R2 represents conduction in the radial direction and

8»cj-e'T3 represents the radiation. It is assumed that the temperature

immediately outside the irradiated area equals T . The conduction in

axial direction is neglected. For some organic matrices the conduction

term can be neglected. (This follows from: e = emissivity £ 0.8;

X = 1 W/m-K e.g. for organic compounds like Selectron;

R =• proton beam diameter % 10~ 2 m; d = target thickness % 10"1* m;

T = ambient temperature % 300 K; a = constant of Stefan-Boltzmann

5.7'10-8

S.id4 10"3 5.1CF * T r

R<m>

Fig. 11-18
Target temperature increase for
organic matrices (\=lW/m-K), as a
function of the beam diameter R
and the amount of heat dissipated
in the target (mW); I represents
the proton beam flux, A£V> is the
amount of energy dissipated and
e is the emissivity.
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Hg. 11-19
Temperature increase for Selectron
targets as a function of the proton
beam intensity, the dissipated
energy being 0.5 MeV per proton^
and the emissivity 0.8.

In Fig.11-18 the increase of target temperature is given for

organic matrices (X = 1), as a function of the proton beam diameter,

for several I*AE /e values. For Selectron foils bombarded with 3.05
P

MeV protons, AE is about 0.5 MeV (Section III.2) and e = 0.8. For
P

this case, the temperature increase is given in Fig.11-19. The maximum

temperature in a Selectron foil may be 100 C, thus allowing a beam

intensity of about 250 nA/cm2 (see Section V.App.).

From the foregoing we may conclude that a reduction of the beam

intensity leads to a lower target temperature and less radiation

damage. Reduction of the irradiation time only results in less

radiation damage. The radiation damage and heating damage may lead to

losses of analytes as reported by various authors (Val74, Ish75,

Joh75b, Whi78, Kin79). The volatilisation of analytes during

irradiation and the prevention of these losses will be treated in

Section IV.4.
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CHAPTER III X-RAY PRODUCTION AND MATRIX EFFECTS

III.l Introduction

In PIXE analysis, matrix effects complicate the relation between

the amount of a specific element in a target and the spectral peak

area originating from that element. For thin targets the number of

characteristic X-rays Al _ emanated from an element Z can be
* p,Z

approximated by:

Al = N «n -a (E )-Ah (1)
p,Z p Z X,ZV p'

where N = number of protons,

n = number of element-Z atoms per unit weight of targetz
material,

X-ray emi

proton bombardment,

proton energy,

Ah = path length in the thin target

a (E ) = X-ray emission cross section of element-Z atoms for
x,z p

E = proton energy,

For targets used in practice this relation must be revised,

because of the following phenomena:

- X-ray exciting projectiles may be slowed down considerably and are

eventually stopped (Section III.2);

- Self-absorption of low-energy X-rays (Section III.3);

- Secondary production of characteristic X-rays due to excitation by

secondary electrons (Section III.4);

- Secondary production of characteristic X-rays due to excitation by

primary induced X-rays (Section III.5).

The effects of the first three phenomena can be calculated in a

straightforward way if the composition and area density of the matrix

are known. These phenomena are especially of interest for biological,

medical and environmental samples, where the major part of the sample

material (e.g. water, proteins, cellulose) consists of low-Z

elements (H, C, 0, N). Also, target-supporting materials used to be

made of low-Z elements. The fourth effect can be calculated

"'? iteratively.
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III.2 The effect of the proton-energy decrease in the matrix

For thick homogeneous targets the number of excited X-rays I

follows from integration of Eqn.(l) over the target thickness

dE
h bf -*» --1

\,z = v z I °x,2
(yx))dx

.<*;B
(2)

where x = penetration depth in the target,

h = path length in the target,

(dE /dx)E = stopping power for protons with energy E ,

E. = incident proton energy,

E = final proton energy.

We calculated the proton energy as a function of the penetration

depth in a number of materials for which experimental stopping-power

values are available. We have used the approximation formula of

Zaidins (Zai74). The calculated proton energies were compared with

tabulated values of Northcliffe and Schilling (Nor70) and Williamson

et al. (Wil66), as well as with measured values of Porter et al.

(Por78). In Table III-l a comparison is given for a carbon matrix and

a polystyrene matrix. Measurements of Marshall and others (Mar78,

Whi69, Val72, A1153) show that if the proton energy drops below 0.5

MeV, Zaidins1 formula is no longer valid (Tables 111-1,2). The proton

energy as a function of the penetration depth into a Mylar matrix is

given in Fig.lil-1. The matrix thicknesses generally used in our

experiments range from 1-10 mg/cm2, which for an incident proton

energy of 3 MeV corresponds to 2.9-1.9 MeV for the final proton

energy. When targets with these thicknesses are analysed, we may

therefore use Zaidins1 formula.

Ionisation cross sections as a function of the proton energy are

calculated by Birks et al. (Bir64) as well as by Akselsson and

Johansson (Aks74). These authors used the binary-encounter

approximation developed by Garcia (Gar70). For the calculation of the

ionisation cross section, we used the polynomial expression given by

Akelsson and Johansson (Aks74), which is useful for the range

-3.0<ln(E /U)<0.8 (E is the proton energy in MeV, U is the electron
P P
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Table III-l Stopping power of carbon and polystyrene for protons
with energies ranging from 0,1-7.0 MeV. The aalaulated
values are obtained by using the approximation formula
given by Zaidins (Zai74).

Stopping power in MeV cm2/g

E
P

(MeV)

7.0

6.5

6.0

5.5

5.0

4.6

4.5

4.0

3.6

3.5

3.2

3.0

2.6

2.5

2.0

1.6

1.2

1.0

0.8

0.6

0.4

0.2

0.1

(Wil66)

53.90

57.18

60.94

65.29

70.39

75.16

83.83

90.98

99.64

104.7

116.8

120.3

142.2

167.6

184.6

206.1

272.5

328.6

419.7

593.5

745.2

carbon

(Nor70)

54

61

71

84

100

121

144

171

253

302

373

478

614

628

calculated

53.0

56.0

59.5

63.5

68.2

72.6

73.8

80.6

87.2

89.1

95.3

100.0

111.4

114.7

135.6

160.3

198.9

228.0

269.5

334.4

453.3

762.4

1282

polystyrene

(Por78)

69

74

80

86

96

108

123

144

calculated

68.6

73.2

78.6

85.1

93.0

102.8

115.4

132.3

binding energy in keV). The results of this polynomial approximation

are in good agreement with experimental values (Table III-3).

Emission cross sections are found by multiplying ionisation

cross sections by fluorescence yield values u or to taken from the
K L

literature (Hag59, Bam72, Bai67, Ber75b, Fre75, Esp78). Recently, an
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Table III-2 Stopping power of nickel, aopper and germanium
for 0,1 MeV protons. Stopping power in 10~ls eV.
am2/atom.

element

Ni

Cu

Ge

(Mar78)

23.1

23.7

29.8

measured

(Whi69)

22.9

21.7

(Val72)

27.7

24.8

(A1153)

23.5

calculated

81.2

83.1

88.8

Table III-3 K-shell ionisation aross-seotion (10~2k cm2)
for various proton energies and elements.

element E p (MeV)

Ca

Ti

Fe

Zn

Ag

2.25

602

151

258

43.6
28.8
54.7

11.7
13.5

1932
195O±25O
1965

1300±160
960

216

249

78.9
72

0.81
0.88

2288

744
1278

1148

187
311

93

1.24

3066

3290±420
3107

1178
2003
2t70±270
1666

410
317
503

162
163

2.6
2.7

(Gar70a)
(Bis70)
calc. a

(Bea73) b
(Gar70a)
(Bis70)
calc. a

(Kha77)
(Bea73) b
calc. a

(Kha~7)
calc. a

(Bis72)
calc. a

a - our values, calculated using the polynomial expression of
Akselsson and Johansson (Ask74);

b - values derived from experimental X-ray yields (not corrected
for self-absorption);

c - here the polynomial approximation of Akselsson and Johansson
(Aks74) is not valid.
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4 8
penetration in Mylar

16

Fig.III-1 The proton energy as a function of the penetration in a
Mylar matrix, the initial energy beinj 3.05 MeV. Relative
Ka emission cross sections are also shown, as a function
of the penetration depth. Real values are obtained by
dividing by the scale factors: 0.08, 0.47 and IS for
aluminium, manganese and molybdenum, respectively.

extensive compilation of fluorescence yield values became available

(Lan79). The fluorescence yield for K X-rays is found by multiplying

to by the relative intensity of K : I K /(I K + I KJ . Branching

ratios, I K^/i K , are derived from (Dec77, Sco69, Nel70, Sli72,

Smi74, Zie71, Edm72, Kei78). Results for the K emission cross sections

of aluminium, manganese and molybdenum as a function of the penetration

depth in Mylar are shown in Fig.Ill-1.

III.3 Matrix absorption of characteristic X-rays

For the calculation of the matrix absorption of characteristic

X-rays in the target ("self-absorption") we have used mass absorption

coefficients given in (Sto70, Vei73, Dzi78, Sea79). The self-
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Fig.II1-2
Transmission factor of some
K X-ray lines in a Mylar
matrix.

8 12
area density (mg/cnv)

16

absorption can be accounted for by introduction of a transmission

factor T in the integrand of formula (2). The number of characteristic

X-rays emanated from an element Z, transmitted in the direction of the

detector is given by:

E _ j

I „ = N n / a 7(E > h-2. T{x(E ) ,D,E )dE (3)
D.^ P " A. . it P ! QX f P A , it P

i P

The transmission factor T depends on the path length y = x/J which the

photons have to pass in the target on their way to the detector D and

on the photon energy E of element Z. (Note that the angle between
X, Z

the normal of the target and the beam is 30°, see also Fig.II-4.) The

value of x is a function of the proton energy E . The transmission T

is represented by exp(-u(E )y), where \i is the mass absorption
X . it

coefficient. The transmission factor in a Mylar

given in Fig.III-2 for the K X-ray

potassium, manganese and molybdenum.

matrix is

given in Fig.III-2 for the K X-ray lines of the elements aluminium,

III.4 Secondary characteristic X-ray production due to secondary

electron excitation

In this section, the secondary production of characteristic X-

rays due to excitation by secondary electrons will be treated. In the
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literature there is a considerable disagreement about the importance

of this effect. For instance, Akselsson and Johansson (Aks74) showed

that there is no significant enhancement due to secondary electrons.

For their calculations they used theoretically and experimentally

determined cross sections (Fol74, Gas73, Aks74) and they concluded

that the contribution due to excitation by secondary electrons is

5 percent at most. On the other hand, Van der Kara et al. (Kam77) and

Vis (Vis77) stated that the enhancement of X-ray emission by electrons

is substantial, sometimes contributing more than 50 percent.

For a good estimation of the enhancement effect, the energy

distribution of the secondary electrons dn/dE must be known. This

distribution depends upon the proton energy E and the binding energy
P

U of the electrons which are to be ejected. Theoretical values for the

differential cross section da /dE for the production of secondary

electrons with kinetic energy E are derived by Gerjuoy (Ger66) using

the binary-encounter approximation.

We have used a more simple derivation of these cross sections as

given by Garcia (Gar70a), Vriens (Vri67) and Rudd et al. (Rud71).

Vriens calculated the differential cross section as a function of the

energy transfer E between protons and bounded electrons with a

velocity distribution f(v). This velocity distribution depends upon

the binding energy U of the electrons. According to suggestions made

by Rudd et al. (Rud71) the velocity distribution for electrons in any

atom can be described using the formula of Fock (Foc36) derived for

hydrogen atoms:

32 v 5 v 2

f ( v ) = ^

where v = (2 CJ/m) and m represents the electron mass. This leads to

° _
an average velocity, via v = / v f (v) #dv, of v = 0.85 v . As an

o o _

approximation we have taken for f(v) a delta function at v. Some

authors, e.g. Garcia (Gar70a), take for f(v) a delta function at v .

As stated by Toburen (Tob71), the values calculated with a formalism
in which v = v are too high for higher electron energies. We have

o
obtained fairly good agreement with the experimental results of
Toburen and Wilson by using v = 0.85 v .

o
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E e (keV)

Hg.III-Z Differential cross sections for different electron binding
energies as a function of the electron kinetic energy after
ionisation, the proton energy being 3 MeV.

I io5

3

?
10

a nickel
• calcium
i titanium
x aluminium
o magnesium
• oxygen
o carbon

103
Ep /U k

2103 310J

Fig.III.4 Relation between the K-shell ionisation cross sections (aJ,
the proton energy (Ep) and electron binding energy (U%), The
solid line represents the cross sections calculated in the
present study. The separate points are experimental values
of Garcia (Gar70b),
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For various electron binding energies U and a proton energy of

3 MeV the calculated differential cross sections do/dE are plotted

in Fig.III-3 as a function of the electron kinetic energy E = E - U.

The total differential cross section per atom is obtained by summation

over all electrons in an atom using the proper binding energies U.

Integration of (da /dE ) over the electron energy E , gives the K-
K Q Ep e

shell ionisation cross section a . This is shown in Fig.III-4. The
K

calculated results are in good agreement with the experimental values

of Garcia (Gar70b).

We have also compared our calculated results with experimental

data of Wilson and Toburen (W1175) and Toburen (Tob71). For this

purpose we calculated the differential cross sections for the

production of secondary electrons in benzene and nitrogen, at proton

energies of 2.0 and 1.7 MeV respectively. These proton energies are

used by Wilson and Toburen and are nearest to our values of 3.05 MeV

and less. In the literature we could not find differential cross

sections measured at higher proton energies for low-Z matrices. The

comparison is shown in Fig.III-5.

The production of characteristic K X-rays from element Z

generated by secondary electrons, I equals:
e,z

where

and N = number of protons,
P
Z = atom which gives secondary characteristic X-ray

radiation,

Z1 = all matrix atoms leading to the production of

secondary electrons,

n and n , = number of element-Z and Z' atoms respectively perz z
mass unit,

dn(E ) = number of electrons with energy between E and

E + dE ,
e e

U = K-electron binding-energy of element Z,
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Ee(KeV)

Fig.III-5 Differential aross-seations for the production of secondary
electrons in benzene and nitrogen. The solid lines are
cross sections as calculated in the present study. The
dashed tines are experimental curves given by Toburen
(Tob71) for nitrogen and by Wilson and Toburen (WH75)
for benzene.

<J _(E ) = X-ray emission cross section for element-2 atoms bv

electrons,

^ e i "' = ionisation cross section for eleraent-Z' atoms by

protons,

(dEe/dx)E = stopping power for electrons with energy E ,

g. z, = number of electrons in shell j of element z1,

Dj z ,

s

x

= electron binding energy of shell j of element Z'f

= number of shells of element Z',

= penetration depth of protons in the target (Fig.II-4),

For the stopping power of the electrons we have used two

descriptions. One is based on the Bethe-Bloch equation (Bet53, Bir58).

The mean ionisation potential used in this equation, which is in the

order of 13-Z eV (Fel60, Eve71), can be approximated with an empirical

relation as described by Skyrme (Sky67). The other description for the

stopping power is based on the range-energy relation (Kat52, Var59). A
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simple expression for the range of electrons in the energy region of

interest, given by Ehrenberg and King (Ehr63), is R = a"Eg, where a and

b are coefficients depending upon the matrix composition. For low

electron energies (E < 10 keV) these coefficients are almost Z-
6

independent (Hol59, Kan61). The results of the formula agree well

with the experimental results of Katz and Penfold (Kat52), Lane and

Zaffarano (Lan54) (for aluminium, collodion and Formvar) and Ehrenberg

and Franks (Ehr53) (for Csl and "plastic"). Both descriptions lead to:
(-dE /dx) p = C 'E~

m. If the relation of Bethe-Bloch is used,
e ^e e e .

m = 0.6-0.7 and C = 100-200 (keV™ 'crn^ing"1). If the range-energy

relation is used m = 0.4-0.5 and C = 50-70 (keV™* •cm2<mg~1).

Fig.ITI-Sa

Fig.III~6b

U(keV)

Fig.III-6 The ratio of characteristic X-ray intensities produoed by
sacondary electrons to those produced by protons (S MeV)t
ae a function of the electron binding energy in carbon,
iron and gold (Fig.III-6a). In Fig.III-6b the scales are
being enlarged for U > 5 keV,
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40 50
Zmatrix

80

Fig. III-7 The ratio of characteristic X-rays produced by secondary
electrons to those produced by protons (3 MeV) as a function
of the matrix Z value} for the elements sodium, aluminium
and calcium.

Our program SEKEL, developed by Mr. Jaap Duininck (Dui78),

calculates the ratio of characteristic X-ray quanta produced by

secondary electrons to those produced by protons (Eqn.(4)/Eqn.(2)).

In the program SEKEL the integration over the target thickness is

simulated by a summation over thin slices. The slice thickness was

chosen in such a way that the thickness is much greater than the range

of the electrons, buth within a slice the proton energy may be assumed

to be constant within 5%. For example, in a biological sample of

5 mg/cm2 (major components C, H, O, N ) , a suitable slice thickness,

for E. =3.05 MeV, appears to be 0.5 mg/cm2.

Figs.III-6a and III-6b show I /I as a function of the K-
e p

absorption edges of the elements to be detected, for the matrices

carbon, iron and gold. These results are in good agreement with

Akselsson and Johanssons' upper limits of the enhancement due to

secondary electrons (Aks71). Fig.lii-7 shows I /I for sodium,
e p

aluminium and calcium as a function of the Z-value of the matrix.

We notice (see Eqn.(4)) that for low values of E the ionisation
e

cross section and range of the electrons are small (dE /dx being

large). On the other hand, the number of secondary electrons with

high E values is small (Fig.III-3). This suggests that only a
S
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Fig.III-8
The yield of characteristic: X-ray
quanta per electron energy interval as
a function of the el&ctron energy, for
different trace elements in a carbon
matrix, the proton energy being S MeV.

limited range of E values contributes significantly to I . To show

this the quantity dl /dE is drawn in Fig.III-8 for the light
e f z e

elements Al, Si and Ca in a C-matrix. The upper energy limit appears

to be independent of the Z-value of the element in the carbon matrix.

III.5 Secondary production of characteristic X-rays by primary

excited X-rays

Characteristic X-rays excited by primary induced X-rays may

result in a peak area enhancement. Under certain conditions this

effect may amount to about 50 percent (Kam77, Ahl77). For this reason

we calculated the enhancement effect for various matrix compositions

and thicknesses. In addition, we also measured the enhancement effect

in various kinds of targets.

In literature two approaches are presented to handle this problem

of secondary fluorescence. The first is the calculation of the

concentrations and matrix corrections via the "empirical coefficient

method" (Cri68, Fra72, Fra76, Leo77, Ste71). The other approach in-

volves concentrations and matrix corrections calculated via the

"fundamental parameter method" (Ahl77, Kam77, She55, Reu75, Hul78,
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Knu78). Basic assumptions for both methods are homogeneity and

uniformity of the target.

The "empirical coefficient method" uses empirical coefficients

a ,. These coefficients give the relation between the intensity of a

characteristic X-ray from an element i and the concentration of an

element j. The concentrations are then determined by solving a set of

similar equations. For this purpose it is necessary to use various

standards to measure the a.. values. The standards should encompass

the range of compositions expected in the samples to be analysed. The

"empirical coefficient method" is most adequate when applied to the

analysis of specimens of similar composition. Coefficients obtained

for one type of composition cannot usually be applied in analysis of

another.

The "fundamental parameter method" is based on physical data of

the elements in the target. The method requires knowledge of the

energy of the exciting particles within the target, the cross section

as a function of the energy, the fluorescence yield values and the

mass absorption coefficients. Moreover, instrumental parameters such

as beam intensity and absorption filter should also be known. The

concentrations and matrix corrections in the target are calculated

by iteration.

The "fundamental parameter method" is more complex them the

"empirical coefficient method". On the other hand, neither inter-

mediate standards nor empirical coefficients are needed. The samples

to be analysed by our PIXE-group are often of different types and

composition. Generally they are abundant in light elements, while most

targets have high-Z elements only as traces. We have chosen to use the

"fundamental parameter method", since this method is more flexible

with respect to variations in sample composition.

In the fluorescence effect the intensity of lower-energy X-rays

is enhanced due to extra absorption of higher-energy X-rays by atoms

emitting the lower-energy X-rays. For the calculation of the

enhancement the formalisms presented by Sherman (She55), Reuter et al.

(Reu75) and Ahlberg (Ahl77) are generally used. The extra absorption
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is calculated as an additional contribution to the mass absorption

of the matrix.

For these calculations, the following assumptions are made:

1. Isotropic emission of primary and secondary X-rays;

2. Absorption of X-rays merely by the photo-electric effect,

negligible Compton and Rayleigh scattering (Aks74);

3. A large diameter D with respect to the target thickness d:

D/d > 200.

For experimentally determined spectra, the enhancement of

secondary K X-rays due to primary K X-rays is calculated with our

program FOTO (Dam79).

According to Formula (3), the primary X-ray yield of element B

per target into the detector direction is:

E f fdE • ) "
1

V B = V B I 0X,B(V felE T(X(Ep)'D'EX,B) dEp (5)

i

The secondary X-ray yield of element-B due to excitation from element-

A photons is:

(3^I
d E

P
d V

The transmission of the K X-ray of element-A to point r, where

the X-ray is absorbed is given by T(x(E ),r,E ), and V represents
p - A,A

the volume of the target. The cross section for the production of

element-B X-rays induced by element-A X-rays is represented by
cr (E ). The numerical calculation of the enhancement effect is
X,B X,A
achieved by dividing the target into thin slices.

For the calculation of the enhancement due to fluorescence in an

experimental spectrum, Mr. Henk van Dam developed the program FOTO

(Dam79). The concentration of all elements is calculated using formula

j (5); a first approximation of the enhancement is determined with

* formula (6) (this results in a first order estimation of the target
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composition); new mass absorption coefficients are calculated via

formula (7). This procedure is worked out iteratively.

In the program FOTO we use the emission cross section for protons

o _(E ) and the proton energy E as a function of the penetration
x,z p p

depth as mentioned in Section III.2. From the mass absorption

coefficients u a photo-ionisatlon cross section ff „(£„) tabulated by
1,2 X

Storm and Israel (Sto70) and Veigele (Vei73) polynomials are derived

for several elements. This results in:

s s

ln(u) = I an (ln(Ex))
n and ln{ai Z(EX))= J bfl (ln(Ex))

n (7)
n=o ' n=o

where a , b and s are constants depending on the element. For the

elements with Z = 22-30 we found that a first-order polynomial (s = 1)

fitted well within 1% with the tabulated values (Table III-4). For low-

Z elements a higher order polynomial (s up to 5) has to be used (Table

III-5) . The mass absorption coefficient per target is Z v.x., where a;.

is the weight fraction of element i, and m the number of elements

present in the target.

Experiments

In order to check the numerical calculations on the fluorescence

effect, a number of experiments was performed. For these experiments

we used targets consisting of a liquid, an alloy or a series of metal

foils.

For the metal foil experiments, the target consists of several

layers of known composition and thickness. In all cases the first foil

was 0.70 tag/cm aluminium. The intensity of the characteristic

radiation of the elements studied (Z = 22-30) was normalised to the

Al K X-ray intensity. Aluminium was chosen because the enhancement of

the Al K X-ray radiation due to excitation by photons from elements

with Z = 22-30 is negligible (<1%) in our experiments. The experiments

were performed in two different ways, viz. with multifoils (series of

foils) and with foils of alloys. In the first approach, the targets

are built from different foils as shown in Fig.III-9. The foils A and

B are such that Z > Z^. The ratio of ((I B K )/(I Al K)) , to
A B <x ' case j

{(I B K )/(I Al K)} . gives the enhancement of the B K intensity
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Table III-4 Coefficients of linear polynomials of ln(\i)
and ln(ax) for mediwn-Z elements.
l() = a0 + a\ln(Ex) u in amz/g

= bo b\ln(Ex)
in keV

22

23

24

25

26

27

28

29

30

22

23

24

25

26

27

28

29

30

Z

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

1

1

1

1

1

1

1

1

1

4

5

5

6

7

7

8.

8.

9.

energy range

(keV)

.000

.000

.000

.000

.000

.000

.008

.097

.194

.966

.465

989

539

112

709

333

979

659

- 4

- 5

- 5

- 6

- 7

- 7

- 8

- 8

- 9

- 20

- 20

- 20

- 20

- 20

- 20

- 30

- 30

- 30

.966

.465

.989

.539

.112

.709

.333

.979

.659

8

8

9

9

9

9

9

9

9

11

11

11

11.

11.

11.

11.

11.

11.

ao

.7652

.8688

.0148

.1340

.2891

.3751

.5284

5897

6513

0208

1664

3147

4089

4873

6580

6749

7360

8832

2

2

2

2

2

2

2

2

2

2

2

2

2.

2.

2.

2.

2.

2.

ai

.6797

.6865

.6746

.6824

.6916

.6843

.6922

.6860

6595

7499

7684

7667

7710

7503

7773

7446

7460

7595

15

15

15

15

15

16

16

16

16

bo

.3048

.5206

.6786

.8300

.9124

.1399

.1831

.3247

.4930

2.

2.

2.

2.

2.

2.

2.

2.

2.

*>1

7692

7920

7864

7922

7662

7956

7758

7781

7880

Table III-S Coefficients of polynomials of ln(\x) for
H, C and 0.
ln(v) - T. a (ln(Ex))

n v in am2/g
Ex in keV

1

6

8

Z

H

C

O

energy
range
(keV)

1 - 20

1 - 20

1 - 20

1

7

8

ao

.9802

.7125

.4550

-3

-2

-2

•1

.1820

.9370

.5730

-0.

-0.

-0.

a2

0381

1364

2649

1

-0

0

a3

.2677

.1754

.0547

-0.

0.

ai+ £15

5503 0.0710

0466
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Fig.III-9 Sketah of the various experimental conditions used for

the measurements and calculations of the secondary
fluorescence effect.

due to foil A. From the ratio of ((I A KV)/(I Al

((I A Ka)/(I Al K))(

to~et" ;case 3

, . the extra absorption from the A K X-ray

intensity due to the presence of the B foil can be determined. Table

III-6 shows, for various foil combinations, the results from the

measurements and from the calculations using the FOTO program.

In the second approach, the target consists of the aluminium foil

together with an alloy foil. The measured K and K. intensities of the
a P

alloy elements are again normalised to the Al K intensity. To compare

the normalised measured intensities with the results of the

calculations, the calculated intensities are multiplied by tha

Table III-6 Calaulated and measured enhanaement and absorption
effects for various foil combinations, the proton
energy being 3.06 MeV.

z

2

2

2

3

3

4

4

4

low

26

27

28

26

27

22

23

26

Zhigh

28

29

30

29

30

26

27

30

area density

(mg/cm2)

low

0.77

0.68

0.84

0.77

0.68

1.03

2.19

0.77

Zhigh

3.13

3.23

3.40

3.23

3.40

2.93

3.37

3.40

zlow
enhancement

(%)

exp.

20.9

14.8

12.7

10.7

14.0

3.1

4.6

9.7

calc.

12.6

13.9

13.3

8.8

10.2

4.0

3.1

6.5

zhigh
absorption

(%)

exp.

44.2

40.0

38.8

37.2

33.7

53.7

76.6

34.8

calc.

46.6

40.1

43.6

40.9

34.7

55.3

79.0

35.1
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Table III-7 Calculated and measured enhancement and absorption
effects for two types of alloys, the proton energy
being 3.05 MeV.

area

density
(mg/cm2)

88% Mn-12%

13.15

1.47

0.54

16% Cr-84%

1.85

0.80

Ni

Fe

neasurement

8.

2.

0.

0.

0.

Mn

57

41

98

Cr

704

320

calculation

without with
enhancement

K /Al K

8.47

2.43

0.98

K /Al K

0.587

0.287

8.95

2.45

0.98

0.658

0.302

measurement

Ni

0.24

0.15

0.08

Fe

2.180

1.075

calculation

without with
absorption

K /Al K

0

0

0

c

2

1

23

14

07

/Al K

173

095

0.23

0.14

0.07

2,173

1.095

detector efficiency. Table III-7 shows the results of the calculations

and of the measurements on two alloys: 88 wt % Mn + 12 ait % Ni and

16 eot % Cr + 84 ait % Fe. From Table III-7 it follows that the

calculated enhancement for the Cr K intensity is 5.2% for a

0.80 mg/cm2 foil and 12.1% for a 1.85 mg/cm2 foil. For the Mn/Ni alloy

the enhancement of the Mn peak will be of minor interest, because of

the low concentration of nickel in the alloy.

The significance of secondary fluorescence can also be shown by

calculation of the effect on targets made of a high Z matrix with

lower-Z trace elements. As an example, the enhancement was calculated

for an alloy foil of thickness 10 mg/cm , containing 99.99 per cent

iron and 0.01 per cent of a trace element Z, for an initial proton

energy of 3.05 MeV. The results are shown in Table III-8. The

enhancement is higher for the Ko X-rays than for the K X-rays because
p oi

the former are less readily absorbed in a 10 mg/cm2 target. The

calculations by Ahlberg (Ahl77) shown in Table III-8 are in good

agreement with our results, although they were not calculated under

quite the same conditions. Ahlberg used a proton energy of 2.5 MeV

and an infinitely thick pure iron target at 45° to the beam direction.

The enhancement of the Cr K X-ray intensity has also been

calculated as a function of the chromium percentage in an iron-
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Table III-8 Calculated enhancement in % of the Ka and K$ X-rays
from different elements due to the Fe Ka and Fe K$
X-rays, Calculations are given for a proton energy
of 3.OS MeV and a target (99.99% iron, 0.01% Z) of
thickness 10 mg/cm2-.

exciting
X-ray

enhancement
percentage
of:

Z

22 Ti

23 V

24 Cr

25 Mn

this

14

26

48

0

Fe

z

study

.0

.6

.5

K
a

K
a

(Ahl77)

14

24

41

0

this

1

2

5

8

Fe

Z

study

.5

.8

.0

.7

K6

K
a

(Ahl77)

1.6

2.8

4.7

7.8

Fe K
a

Z K 6

this study

16.3

30.3

54.0

0

Fe

Z

this

1

3

5

9

KB

Ks

study

.7

.1

.6

.4

chromium alloy and as a function of the matrix thickness. The thick-

ness of the alloy foils was taken to be 1, 5 and 10 mg/cm2,

respectively. The results of these calculations are shown in Fig.

111-10. For a 10 mg/cm2 target, this enhancement is 53.5% under the

given conditions. From Fig.III-10 it will be clear that if the target

thickness is less than 10 mg/cm2, the enhancement is also less. As an

example, the enhancement for Cr K X-rays due to iron is negligible

(< 1%) when the amount of iron is less than 100 pg/cm2.

In Table III-8 it is shown that chromium has the highest

enhancement due to iron K X-rays. As is shown in Table III-4, the

coefficients b and bj in the formula for a. (E ) are not strongly
O 1 f £* X

0.4 0.6 OB
fraction Cr in Cr-Fe alloy

Fig.III-10
Enhancement of the Cr Ka X-ray
intensity as a funotion of the
chromium percentage in an iron-
chromium alloy for different
target thicknesses.
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dependent on Z. The iron-chromium combination is thus typical for

other combinations in the medium-Z range, for Z, . . - Z. = 2.
nigh low

It is important to know the maximum concentration of an element

in a liquid sample due to which the enhancement is negligible. If

liquids are brought onto a supporting material as described in

Section IV.2, according to standard preparation methods I or II

(filter thickness 5 mg/cm2, amount of liquid deposit 50 yl, wetted

area about 5 cm2) the enhancement correction is less than 1% for an

iron concentration of less than 10 g/1. For blood, for instance, with

an iron concentration of about 0.45 g/1 (Iye78) the enhancement thus

will be negligible.

III.6 The Bremsstrahlungs spectrum as an internal standard

Concentration calibration in PIXE is mostly achieved by means of

an internal standard, consisting of an element not present in the

sample. In separate experiments or calculations, the signal from the

internal standard is then compared with that of the elements of

interest. The application of an internal standard involves the

following problems:

- The standard has to be distributed homogeneously in the target.

For real solutions this is no problem. Many problems may arise,

however, when suspensions, such as blood, are to be analysed

(e.g. precipitation). In the case of solid samples, such as

aerosol-loaded filters, such mixing is infeasible.

- The addition of the standard is an additional preparation step,

increasing the risk of contamination or loss.

- Since, for reasons of accuracy, rather high concentrations of the

internal standard need be taken, the error due to counting

statistics for the elements of interest increases. Moreover, the

effects of absorption and secondary fluorescence (Sections 111.3,5)

will increase.

Another mode of concentration calibration is to relate the

elemental X-ray yield to the collected charge. However, charge

measurements are questionable, for instance because of scattering in
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the target and the need for targets that are transparent to the

proton beam.

A third mode of concentration calibration is to use the

Bremsstrahlungs spectrum as an "internal standard". Most of our

targets consist of a support on which a small amount of analyte i3

deposited. For such targets the Bremsstrahlungs spectrum is almost

completely determined by the support. It was for this reason that

this spectrum was considered as a useful mode of calibration; this

was later also suggested by Uemura et al. (Uem78). In fact, the

support can be considered as an added foreign element. However, the

Bremsstrahlungs spectrum is only useful as "internal standard" if the

total mass of analyte and support per unit area is well known. As will

be described in Chapter IV, our targets prepared from liquid samples

meet the requirements mentioned.

A proper use of the Bremsstrahlungs continuum as an internal

standard requires a good mathematical formalism of the Bremsstrahlungs

spectrum. This can be found by integration of the Bremsstrahlungs

spectrum produced by mono-energetic electrons over the secondary

electron spectrum. Thus, we have to consider three processes, viz.:

the production of secondary electrons by protons (Section III.4), the

slowing down of the electrons (Section III.4) and the production of

the Bremsstrahlungs continuum.

For non-relativistic energies the differential cross section for

the production of Bremsstrahlung photons of energy E by electrons

with kinetic energy E can be described as (Eva55, Fol74, Lee76,
S

Uem78):

da C Z2

dTT <Ee'V - i V ' (8)

r e r

where a = Bremsstrahlungs production cross section (m2);

C = 1.6-10"28 m2«keV;

Z = atomic number of matrix material.

In a poly element target, the differential cross section must be

calculated for each target element separately. From the relatively
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weak dependency of da /dE on E and the sharp decrease of dcr /dE
r r e e e

with E (Fig.lll--3), it is apparent that the Bremsstrahlungs spectrum

is similar to tht> secondary electron spectrum.

In Eqn.(8) no angular dependence of the Bremsstrahlungs cross

section is taken into account (Dys73); for this reason Folkmann et al.

(Fol74) modified the factor C . This appears to be a satisfactory

modification as In practice X-ray detection always takes place under

the same angle.

The Bremsstrahlungs intensity I between E and E +dE is given

in Eqn.(9). The electrons with energy E , which create the

Bremsstrahlung, are generated by protons with energy E as already

described in Eqn.(4).

dif ( W - n:

Fig. III-ll gives an experimental and a calculated Bremsstrahlungs

spectrum, as should be measured with our Si(Li) detector. The target

was 5 mg/cm2 Selectron, the proton energy 3.05 MeV, and an X-ray

absorber of 69 mg/an2 beryllium was used. The calculated spectrum has

Hg.III-11
Calculated and measured
Bvem88tvah.lv.ngs epectvum of a
Seleotvon filter (5 mg/cm2 ) ,
irradiated with 3.05-MeV
protons and an X-ray
beryllium absorption filtev
of 69 mg/cm2.
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been fitted to the experimental points between 4 and 5 keV. The

discrepancy at the high-energy side is probably a residual charge

build-up effect {Section II.7), but certainly not caused by proton

Bremsstrahlung (Fol74).

In order to obtain an idea of the behaviour of the Bremsstrahlung

as a function of different parameters, various situations have been

computed. The results are shown in Figs.IIl-12, 111-13 and 111-14.

We experimentally established the accuracy of •'he concentration

calibration. For this purpose, targets were prepared by depositing

50 Vl of an aqueous manganese nitrate solution on Selectron as

described in Section IV.2. Table III-9 compares the amount of

manganese determined by applying the background-calibration method

to a measured spectrum with the amount actually deposited. As can be

seen from Table III-9, the measured amount of manganese agrees well

with the deposited amount. The lowest manganese concentration (10 ppm)

shows a greater inaccuracy because of the uncertainty in peak-area
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Fig. I I 1-12
Calaulated Bremsstrahlungs
spectra for a 5-mg/am2

Selectron target, irradiated
with 1, Z, 5 and 10 MeV
protons, respectivelys the
X-ray absorption filter being
13 mg/am2 beryllium.
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Hg.III-13
Calculated BvemestrahVungs
speatva for Seleatron targets
irradiated with 3-MeV protons
for different target
thioknesse8. The X-ray
absorption filter was 13 mg/em1

beryllium. The X-ray intensity
per unit of target thickness
is shown.

Ex (keV)

Fig.III-14
Calculated Bremsstrahlungs
speetra for 5-mg/cm* targets
of different composition,
irradiated with 3-MeV protons,
the X-ray absorption filter
being 13 mg/am2 beryllium.
The targets presented are
(1) Formvar (CSB7O2),
(2) Mylar i0
(3) Seleatron
(4) copper.
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Table III-9 The amount of Mn (vg/am2) measured and deposited onto
a Seleatron support.
Note that 1 \ig/am2 manganese corresponds with about
200 ppm in the target. The measurement data are worked
out using the Bremsstrahlungs spectrum as internal
standard.

manganese deposited
(ug/cm2)

0.045

0.090

0.45

0.90

1.80

4.5

9.0

45

manganese measured
(ug/cm2)

0.043

0.092

0.45

0.90

1.80

4.5

9.1

40

determination. The highest manganese concentration measured (1%) is

inaccurate, because of an i .crease in Bremsstrahlungs continuum at the

high-energy side due to the high manganese concentration and due to

the fact that a 69-mg/cm2 bery-lium absorption filter was used. See

also Fig.lii-14.

III.7 Data acquisition and handling

X-rays detected in the Si(Li) detector give rise to pulses of

various heights. Pulse-height selection takes place in an ADC (Section

II-l). The usual number of channels for pulse height selection is 1024.

Most targets are analysed with counting rates of about 5000 cps, in

100 to 1000 seconds. After inspection by the operator, an accumulated

spectrum is written on a floppy disk in the PDP-11V03 mini-computer,

together with a code and a comment. The code contains 9 characters,

indicating as a rule the data, the position number of the circular

tray (Section II-3) and the slide number. In the comment the operator

can give remarks such as proton energy, target thickness, beam current,

diaphragm opening, absorber thickness, etc.. A floppy disk has a

capacity of about 100 spectra of 1024 channels. The spectra are first

analysed with the KRAK program in the PDP-11 computer. At a later
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stage an accurate peak-area determination can be carried out with the

PROFANAL program (Vae79) in the E.U.T. Burroughs-7700 computer.

KRAK

In KRAK, routines are available for peak search and rough peak-

area determination, energy calibration, spectrum smoothing and

calculation of the relative intensities of the various characteristic

lines. An outline is given below:

- Peak search: a peak search subroutine developed by DEC (DEC78) is

used.

- Energy calibration: targets of Al, Ti, Cr, Fe, Cu, Mo and Ag are

measured regularly. A least-squares fitting routine then calculates

the channel numbers for 180 X-ray lines.

- Spectrum smoothing: 3, 5 and 7 points smoothing procedures are

available.

- Peak-area determination: the area between two channel numbers is

calculated and the background subtracted.

- Relative sensitivity: the relative sensitivity (for Mn K set equal

to 1) of the 180 characteristic lines is calculated (see Sections

11.4,5 and III.2,3,4).

The following quantities must be given:

- incident proton energy,

- energy-degradation coefficients of the matrix material,

- target thickness,

- enhancement due to secondary electrons,

- mass-absorption coefficients of the target,

- absorber thickness and material,

- whether or not the conical filter is used,

- detector efficiency,

With this routine the concentration ratios of the elements in the

target are obtained. The total accuracy depends mainly on the accuracy

of peak-area determination. The FOTO program (Section III.5), for the

calculation of the enhancement and reduction due to fluorescence, may

optionally be incorporated in the KRAK program, or in PROFANAL.
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Peak height, peak position and PWHM, calculated with KRAK, are

the input parameters for the PROFANAL program (Vae79). This program

determines peak areas more accurately and is described below.

PROFANAL

The PROFANAL program is based upon the TRACE program, developed

by Willis and Walter (Wil77b). TRACE includes Gaussian fits to spectral

peaks. A PIXE spectrum has to be divided into sections and each section

fitted separately. This approach yields a better background

determination and results in less spectrum-fitting time (Wil77). For

a particularly section the background is assumed to be represented by

the local minima in this section. The logarithms of the counts in these

channels are least squares fitted to a polynomial P(k) for which the

order (<_ 4) is chosen by the operator. The background fit at channel

k is then calculated as:

BKGD (k,P.) = exp(Po + Pik + P2k
i + P3k3 + Pi»kH) (10)

Because the local minima in a spectral section do not always

represent the background intensity, especially in regions with many

overlapping peaks, we decided to adjust TRACE. This adjustment

resulted in our PROFANAL program.

Most of our targets are very homogeneous and uniform; identically

prepared targets yield very reproducible spectra (Section IV-2). As

was already shown in Section III-6 the area of the background continuum

can be used as an internal calibration standard. Therefore in PROFANAL

a measured spectrum (A) is fitted to a stored background (B) (measured

with a blank target), and a set of gaussian peaks. The stored back-

ground B is fitted with a function as given in Eqn(lO). This gives

values for P o to v^. As a first approximation, the background spectrum

of A is represented by this function. Because the total amount of

counts in the two spectra is not necessarily equal, the first value

for P o is approximated by P o + In (counts of A/2.counts of B ) . The

peaks are described as h. exp(- (k-k. )/sj-) . The background spectrum is

now optimised together with the gaussian peaks. This is for instance

important if the concentration of the trace elements is high: the
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Bremsstrahlungs continuum may then deviate significantly from the

blank spectrum (Section III.6, Fig.III-14). The function to be

optimised now reads:

f (k) = exp(Po + Pj + P2k
2 + P3k

3 + Pijk4) + £ h. exp -
i=n fk-k.

(11)
s.
1

The parameter vector s = (Po, Pj, P2, P3, P4, h., k., s.) is varied

such that £ (f(k)-y(k))2 is minimised, y(k) being the measured number

of counts in channel k. Both f (k) and y(k) are presented on a display

for inspection. If the operator is not content about the result, he

can add more gaussian peaks to the spectrum, for instance in order to

account for K peaks corresponding to small K peaks.
p OL
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CHAPTER IV TARGET PREPARATION OF LIQUID AND SOLID SAMPLES

IV.1 introduction

A major problem in quantitative PIXE analysis is the target

preparation: as already mentioned, the positive characteristics of

PIXE may be spoiled by inadequate target preparation. In this context

it should be noted that PIXE is a surface analysis technique. For

instance, the range of 3-MeV protons in organic material is less than

20 rag/cm2 (Section III.2).

If targets thicker than the proton range ("infinitely" thick)

are analysed for their "bulk" composition, the surface under

irradiation should be representative for the whole target. This means

that such targets should be homogeneous, implying constant target

composition throughout the target volume to be irradiated. Because of

the homogeneity, matrix corrections can then be applied when a

quantitative analysis is required.

For thin targets (< 1 mg/cmz) PIXE may be considered as a

quantitative trace element analysis method, since matrix corrections

are small (Section III.2, 3). Thick targets (> 1 mg/cm2) should meet

the requirement of uniformity, implying a constant area density over

the target area to be analysed. For thin targets uniformity is not a

strict requirement, because variation in thickness has only a slight

effect.

Thick targets have the following disadvantages:

- data analysis is complicated and uncertainties are relatively large

due to the varying cross sections for the X-ray production by

protons which are slowed down in the target (Section III.2) as well

as due to absorption and enhancement effects (Sections 111.3,5);

- charge build-up in the target may cause an increased Bremsstrahlungs

continuum (Section II.7), especially if the protons are stopped in

the target;

- target damage may occur by heating, even at low beam intensities

(e.g. 10 nA/cm2);
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- the amount of material needed for analysis may be a problem in

some cases.

For homogeneous thick targets, the disadvantage of inaccuracy

can be overcome, to a certain extent, by calculation of the matrix

corrections. The effect of charge build-up may be reduced by using

targets with thicknesses less than the proton range. Special

additions may allow targets to withstand heat generation (Ber77), at

the expense of loss of sensitivity and the risk of contamination,

however.

On the other hand the use of thick targets also has advantages.

Thick targets are generally less complicated and faster to prepare

than thin targets, and involve less risk of contamination (Wil77a)

and loss of elements to be analysed. With respect to a bulk analysis,

the preparation of thick targets is less dependent on sample

inhomogeneity.

Because the analytical results of a target of thickness less

than the proton range are more representative for target composition,

we decided to develop preparation techniques for targets thinner than

10 ing/cm2. Another advantage of these targets is that the intensity

of the proton beam, striking the target, can be measured.

It is thus attractive to prepare from homogeneous samples,

homogeneous and uniform thick targets (> 1, < 10 mg/cm2), the

technique being simpler. Because liquid samples are homogeneous, we

decided to prepare thick targets (about 5 mg/cm2), as described in

Section IV.2.

Targets prepared from aliquots of solid samples will not generally

give a quantitative result for the bulk composition because:

- the analysed target volume may be not representative of the bulk

composition, because most solid materials are inhomogeneous;

- reproducibility of solid targets is in many cases questionable, with

respect to surface texture, uniformity and composition;

- an analytical method involving an addition (e.g. internal standard)

is not generally feasible;
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- chemical concentration or separation of the trace elements is very

difficult.

It will be clear that, for inhomogeneous solid samples, uniform

and homogeneous target preparation is not in general an easy matter.

We have therefore developed a fast technique for thin target

preparation for solid samples (Section IV.3), where the requirements

of uniformity and homogeneity are less stringent. For Z >_ 13, the

relative matrix corrections are less than 6 per cent (Section III.2,

3, 4 ) .

Pretreatmenta

Depending on the as-received state of the samples, the target

preparation technique to be applied and the analytical results

required, pretreatment of the samples may be necessary in order to

obtain suitable targets. Pretreatments should in general be avoided

as far as possible, as it is time consuming and may lead to

contamination or loss of analytes. Pretreatments may be necessary for:

- homogenisation of the sample material (e.g. by reduction of the

particle size)j

- concentration of trace elements by removing matrix constituents

(e.g. freeze-drying or ashing)(

- selective concentration of the elements of interest (e.g. by ion

exchange);

- selective removal of non-relevant interfering elements (e.g.

selective extraction or removal via ion exchange of iron from

blood);

- selection of a certain chemical form of an element (e.g. Cr(VI) -

versus Cr(lll) - in water);

- selection of a specific constituent of the sample (e.g. the serum

fraction of blood).

Remarks

Finally, for accurate quantitative analysis, attention should be

given to problems of contamination and loss of analytes, during

sampling, sample storage, transport and treatment. In the literature
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some attention has been paid to these problems; a review is given in

(San78).

Target preparation and sample pretreatment are usually the most

time-consuming steps in PIXE analysis, and determine the sample

throughput rate. PIXE analysis is very rapid indeed if the sample as

received can serve as target without any additional pretreatment. As

will be obvious from the above, in many cases some kind of pretreatment

will be necessary, however.

In this chapter we will describe fast target preparation

techniques for liquid and solid samples. In target preparation, for

both liquids and solids, we have considered contamination and loss of

analytes during ion bombardment (see Section IV.4).

IV.2 Target preparation of liquid samples

For PIXE and XRF, various target preparation techniques for

liquid samples have been described in literature. A review is given

in (Ber78, Cam74). These techniques are based either on the use of

liquid-specimen cells or on depositing the liquid on a supporting

material and drying.

VI.2.1 Introduction

For liquid-specimen cells it is fairly easy to produce

reproducible targets, but there are some practical problems, viz.:

1. the cell window must be uniform in thickness and impervious to

the constituents of the solution;

2. the cell window must be thin enough to transmit both the incident

particles or photons and the induced X-rays without appreciable

attenuation?

3. some liquid cells are difficult to fill properly or are leaky and

easily become messy;

4. some solutions are volatile and must be contained in closed cells;

5. liquids may be heated under irradiation causing expansion and in

closed cells distension of the cell window;

6. some specimens may undergo radiolysis with possible precipitation.
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Liquid-specimen cells are easy to use and attractive for volatile

analytes (e.g. Hg in water). However, the method is not useful for

detecting low-Z elements, because of the absorption of X-rays by the

cell window. The rather large amount of Bremsstrahlung due to the

liquid will also result in higher detection limits, especially for

low-Z elements. Since PIXE is especially attractive for low-

concentration measurements, liquid-specimen cells do not seem to be

appropriate for the purpose of our study.

A second method is based on depositing the liquid on a thin

support. This has the advantage of a better peak-to-background ratio

and will be discussed below. However, it is more complex. Important

criteria in the selection of a support are:

1. homogeneity;

2. uniformity and low area density to minimise X-ray scatter and

absorption;

3. low concentration of elements with atomic number Z >_ 11;

4. resistant to chemicals, mechanical stress and radiation damage;

5. retention of the material to be analysed during the entire

procedure of preparation and irradiation, to prevent losses;

6. wettable by liquids.

The most commonly used support materials, in order of decreasing

thickness (mg/cm2) are: filter paper (^10); Millipore (5); Nuclepore

(1); Mylar (0.5-1); collodion (0.02) and Formvar (0.02).

In literature, several techniques for depositing a liquid onto

a support are described. A multi-drop technique is described by Camp

et al. (Cam74). A quantity of 220 vl is deposited in drops of 10-15

Ml on a support, just enough to wet the entire surface. The reported

standard deviation of the composition over the wetted area i& 3% when

measured with PIXE using a 5-mm diameter proton beam. In our experience

it is difficult to obtain reproducible results with this preparation

technique. This is probably due to fractional crystallisation or

different migration speeds of the elements in the supporting material

(cf. paper chromatography).

The preparation method of dropping a solution on a Mylar foil of

10-ym thickness and drying in the open air at room temperature tends

to give non-uniform targets, as was shown by Ishii et al. (Ish75).
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Baum et al. (Bau77) describe a method using a device consisting

of 37 capillary tubes of equal and known volume. When dipped into a

solution, the tubes fill by capillary action. The device is then

placed on a filter, and the capillaries drain, simultaneously wetting

the entire filter area. Freeze drying is necessary because otherwise

the composition of different elements along a radius will not be

constant due to different migration speeds, as is mentioned by the

author. Targets prepared according to this method are reported to be

highly reproducible. However, besides the drawback of the need for

freeze drying there is another disadvantage: viz. the curling of the

filter paper after the wetting-drying process. This implies a

deterioration of the target geometry with inherent variable X-ray

attenuation, especially for low-Z elements. Practical disadvantages

are the fragility and the rather complex cleaning of the capillary

device. For fast preparation of targets from real solutions we have

developed a technique which will be described in Section IV.2.2.

In addition to real solutions, one is often dealing with systems

containing two phases, e.g. suspensions (solid-liquid) or emulsions

(liquid-liquid). In general it is difficult to prepare homogeneous and

uniform targets from these samples, due to their complex physical

behaviour. In the case of suspensions, the volume fraction or weight

fraction of the solid material and its particle size distribution may

be critical parameters in target preparation.

Jolly et al. (Jol71) describe a method for preparing uniform film

deposits (10-1000 ug/cm2) from solutions or colloidal suspensions of

micron-size particles. The suspended or dissolved material is placed

in a container of a nebuliser (Col76). A compressed gas forces the

liquid through a small hole to form a spray which in turn impinges

with high speed on an obstruction and thus breaks up into droplets of

various sizes. The resulting mist is then allowed to deposit on a

rotating substrate. The particle size of the suspended material in the

original suspension and the microscopic size of the droplets is crucial

to the success of this method in obtaining a thin uniform deposit.

Valcovic (Val75) reports that the reproducibility of these targets

will be questionable because the finest droplets are swept along by

the gas stream and do not impinge on the obstruction. From the results
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of Wilkniss and Bressan (WH71) it may be concluded that the trace-

element composition may not be constant for all droplet sizes.

Because of the variety of two-phase systems to be analysed, we

preferred not to use a target preparation technique which is dependent

on so many critical parameters as the method described above and which

is rather time-consuming (about 30 min.). We will present a fast

target preparation technique for one type of application, namely blood

(Section IV.2.3). The method is based on the change of the physical

behaviour of the suspension into that of a real solution, by a

destruction of the cellular particles.

IV.2.2 Target preparation for real solutions

For target preparation of aqueous samples based on the use of a

support we chose Selectron OE67 foils (Schleicher and Schull, Dassel,

F.R.G.) as supporting material. This support fulfills the requirements

mentioned in Section IV.2.1. The area density of Selectron is about

5 mg/cm2, and elemental analysis gave an overall composition of

(Edi78) .

By rapidly depositing the liquid on a rapidly rotating Selectron

foil we achieve uniform distribution of the solution over a constant

area. We found experimentally that the solution was uniformly spread

over the entire wetted volume of the target. Besides the Selectron

support, we also investigated thinner supporting materials such as

Nuclepore and Formvar. These supports proved to be inappropriate for

the rotating-foil technique, because they are not easily wettable.

The apparatus developed for the preparation of the targets is

shown in Fig.IV-1. A microdispenser is centered above a rotating table

on which a ring can be mounted. The outer part of the Selectron foil

is clamped into the ring. The inner part of the foil which is also the

area to be wetted, does not touch any part of the device. Air drying

is applied before removal of the foil from the ring and is found to ;

be very effective in preventing curling of the foil. j
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Fig. IV-1
Apparatus for target preparation
from liquid samples.
(1) Miorodispenser,
(2) height adjuster,
(3) centering column,
(4) tip of dispenser,
(5) target (frame),
(6) rotating table,
(7) Perspex house,
(8) motor.

Parameters that can be adjusted in order to obtain maximum

uniformity and homogeneity are the speed of rotation, the distance

between the tip of the dispenser and the Selectron foil and the speed

of depositing the liquid. Moreover, the parameters of the liquid (e.g.

the viscosity and surface tension) can be changed by the addition of

certain chemicals.

We investigated aqueous samples of copper nitrate (1 gram copper

per litre) . Aliquots of 50 \x\ were deposited on Selectron foils; in

order to visualize the distribution of the liquid, methyl red was

added. Fig.IV-2k shows a target prepared with a rotation speed of

15,000 rpm. The distribution of the liquid is neither uniform nor

reproducible. Moreover, part of the sample was lost by sliding over

the foil with a high speed and was found back on the edge of the

apparatus. To investigate the influence of the surface tension,

different kinds of synthetic detergents and aliphatic alcohols were
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Kg. IV-2
Targets prepared with the Micro-
dispenser set-up. Horizontally the
effect of increased ethanol
concentration is shown (K-A-C).
Ethanol concentration in per cent:
K 0; A 50; C 100. Vertically (H-F-
A-B) the effect of increased
rotation speed is shown. Rotation
speed in rpm: H 9,500; F 11,500;
A 15,000; B 18,000. Target B is
prepared according to METHOD I.

added. The addition of ethanol proved to be most successful. Although

addition of propanol decreases the surface tension more than ethanol,

we opted for the latter, to avoid problems with precipitation of ionic

constituents. The influence of increased ethanol concentration is

shown in Fig.IV-2K-A-C. Fig.IV-2H-F-A-B shows the influence of

increased rotational speed. Under our working conditions a volume of

ethanol equal to the volume of the aqueous solution gave, on visual

examination, sufficiently reproducible uniform distribution with

18,000 rpm. Another parameter investigated is the rate of dispension.

The best results are obtained by rapid dispensing (< 0.2 s); slow

dispensing results in ring-shaped distribution.

Some information about the transport mechanism of the solution

on the Selectron foil was obtained from the following experiment:

25 Ul of red coloured solution was sucked into a 50-yl pipet followed

by 25 yl of a yellow solution. The resulting 50-pl volume was

immediately dispensed on a foil in order to prevent the solution being

mixed up. The result displayed in Fig.IV-3 shows the yellow colour in

the inner-circle surrounded by a red ring, with a sharp borderline

between the two areas. Moreover, good rotational symmetry is clearly

demonstrated. This phenomenon suggests a mechanism in which the first

fraction of the dispensed solution is absorbed in the centre part of

the foil, subsequent liquid fractions each time sliding over the

previous fraction.
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Fig.IV-3
Target prepared from 25 vl of a yellow
and 25 yl of a red solution. The red
solution was brought first into the
miaropipet. The yellow solution is first
absorbed by the foil, the red solution
rolling over it.

Measurements of the coloured area of 50-ul targets (methyl red

is used as dye) gave an average wetted area of 570 mm2 with a standard

deviation of 20 mm2. Moreover, addition of a dye has another advantage:

after irradiation, the proton-beam-exposed area can be determined

accurately due to a change in colour. This may, for instance, be help-

ful in outlining the proton beam (see also Fig.II-3).

Because of the constant amount of liquid deposited (50 vX), the

reproducible wetted area (570 mm 2), the constant porosity of the

Selectron foil and its low area density (5 mg/cm2), good analytical

results are ensured.

Based on the results described above, we have adopted the

following standard preparation procedure for real solutions.

METHOD I

a. Selectron is employed as a supporting material;

b. the aqueous sample is diluted with ethanol 1:1 (v/v) and coloured

by methyl red;

c. Selectron filter is rotated at 18,000 rpm;

d. 50 yl of the solution is dispensed as quickly as possible (< 0.2 s),

yielding a wetted area of 570 mm2;

e. the target is air dried at room temperature.

We also checked by PIXE analysis the retentivity of the target for

volatile elements such as Cl and Br in different inorganic compounds
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(CUCI2, CuBr2, RbBr, RbCl). Storing the target at room temperature

in the open air for one week did not influence the amount of analyte

in the target; neither did vacuum pretreatment of 12 hours at 30° C.

From these experiments we conclude that the targets are well retained.

The retentivity for CuBr2 targets was also checked in a radio-

active tracer experiment. CuBr2 was activated via neutron irradiation

in the nuclear reactor of the I.R.I, in Delft. The intensities of the

61*Cu and 82Br y-rays were measured in aliquots of 50 ul CuBr2 solution

and in targets onto which 50 Ml was deposited. No significant

differences were found. From this experiment we conclude that the

whole aliquot is retained by the support, either in the dispensing

step or in the drying step.

The retentivity of the targets prepared with this radioactive

CuBr2 solution was also checked for a prolonged storage time. Targets

were kept at 30 C in vacuum for 24 hours and some targets were kept

at 57 C in the open air for the same period. Both treatments gave

no significant losses.

Target uniformity and homogeneity

We tested the uniformity and homogeneity of targets prepared

according to METHOD I, using a solution consisting of Mn, Cu and Y

(as nitrates) each 5 g/1. For testing we used a 2-mm diameter 3.05-MeV

proton beam, scanning along a diameter of the target. Since rotational

symmetry may be assumed, this scanning gives the radial distribution

of the elements over the target. Results are given in Table IV-1. The

normalised X-ray peak intensities of the three elements show standard

deviations of about 6%. In calculation of the mean value, the position

at r = -13.4 mm is not taken into account because this spot is just at

the edge of the wetted area, as was observed after irradiation on the

basis of the colour change. The areas normally analysed with PIXE have

diameters ranging from 5 to 15 mm; for such large areas we claim a

non-uniformity of lower considerably than 6%. Inhomogeneity, i.e.

deviation from a constant composition of elements, is clearly

demonstrated in the last two columns of Table IV-1. The standard

deviations for the ratios Cu/Mn and Y/Cu are 2.3% and 3.3% respectively,

including the spot at -13.14 mm.
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Table IV-1 Results of scanning the target across a diameter (27 mm)
with a photon b&am of 2-mm diameter. The left-hand side
shows a uniformity test. The values at r = -13.4 mm are
not included here, because the spot -is right on the edge
of the wetted area. On the right-hand side, a homogeneity
teat is shown.

ri

(mm)

11.8

7.6

3.8

0.0

-8.4

-13.4

Uniformity

CMn K

Mn K

1.10

0.92

0.98

0.98

1.02

0.84

1.00

+0.07

CCu K,

Cu K

1.05

0.93

1.01

0.97

1.04

0.83

1.00

+0.05

test

C

C

1

0

1

1

1

0

1

±0

Y K

.02

.89

.04

.02

.03

.84

.00

.06

Homogeneity test

C_Cu_K

CMn K

0.335

0.349

0.358

0.347

0.356

0.345

0.348

±0.008

C

CCu K

0.352

0.349

0.373

0.380

0.359

0.370

0.364

±0.012

Overall reproducibility

We tested the overall reproducibility of the targets by XRF

measurement. We used an annular 6 mCi 109Cd source which was prepared

in our group by irradiation of silver with protons (see Addendum).

This source irradiates the entire wetted area. The solution

investigated consisted of yttrium (as nitrate), at a concentration of

5 g/1. The yttrium L X-ray quanta with energy of 1.95 keV were

detected. Seven targets were prepared according to METHOD I.

Results are given in Table IV-2. From this table we find a standard

deviation in the counting rate of 1.3%; the statistical errors are

negligible.

Three targets (1, 2, 3) were also measured on their reverse sides.

As may be seen from Table IV-2, the X-ray yield is about 99% of the

yield obtained from the front side. Furthermore, Table IV-2 indicates

the same good reproducibility for targets prepared from 25 or 100 yl

solutions (dispensed as 50 pi on both sides). We note that the

detection of X-rays produced in the centre of the target is higher

because of the detection geometry.
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Table IV-2 Overall reprodueibility measurements of
(a) 50 vl, (b) 25 vl, (a) 100 vl sample.

(a) 50 Ml deposited

on front side

(b) 25 ul deposited

on front side

(c) 50 ul deposited

on both sides

No. of
target

1

2

3

4

5

6

7

8

9

4'

5'

61

7'

Counting rate
measured on
front side

100.6

97.7

99.0

98.1

102.1

101.3

98.9

53.58

53.60

186.7

191.5

192.1

187.8

Counting rate
measured on
reverse side

99.6

98.1

98.5

Conclusion and discussion

The technique of METHOD I involves a rotational speed of 18,000

rpm, a dispensing time of < 0.2 s, a dispensing volume of 50 ul and

addition of ethanol to the aqueous sample in equal ratio by volume.

At the concentration investigated (5 g metal per litre), targets

prepared according to METHOD I show a non-uniformity of less than 6%

and a non-homogeneity of less than 2%. Since the composition is nearly

constant along the radius, there appears to be no migration problem

such as arises with the method described by Baum et al. (Bau77). The

overall irreproducibllity of our method is less than 1.3%. Thus, our

technique appears to be adequate in respect of homogeneity, uniformity

and reproducibility. Moreover, the technique is fast (about 1 minute

per target), simple and cheap and the apparatus can easily be carried

to a sampling location.

Since dilute solutions will mainly be analysed with PIXE, addition

of ethanol will cause no problems. It should, however, always be

checked that no precipation occurs: if suspensions or emulsions like
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milk and blood are analysed, specific problems may arise, as will be

outlined in the next section.

Loss of volatile elements during target preparation and storage

seems to be negligible. However, in the case of notorious volatile

compounds this should be checked. We have checked the loss of selenium

in human serum (Section V.2).

Losses of volatile elements during target irradiation may occur.

This aspect will be treated in Section IV.4.

Because of the good reproducibility and uniformity of the targets

(for areas up to 500 mm 2), METHOD I is appropriate for calibration of

the characteristic X-ray intensities to the Bremsstrahlungs spectrum,

as described in Section III.6.

IV.2.3 Target preparation for blood

Blood consists of a liquid (serum) and cellular particles (e.g.

erythrocytes,leucocytes). The target preparation technique we

developed for blood is based on the destruction of the cellular

particles, allowing blood to be treated as if it were a real solution.

For this purpose, addition of 0.25 ml 1M NaOH per ml blood gives a

good solution, as could be microscopically observed.

To test the targets for their reproducibility and uniformity the

amount of iron is measured per unit area by PIXE. For the preparation

of blood-serum targets,the serum can be treated as a real solution

without addition of NaOH, and will receive no further attention in

the following section.

IV.2.3.1 Target preparation using a Selectron support

As mentioned in Section IV.2.2, parameters of the liquid that can

be adjusted are the surface tension and the viscosity. Both decrease

with the addition of an alcohol. Instead of ethanol (Section IV.2.2)

we here use propanol for target preparation of blood, since the

solubility of organic material is higher in propanol than in ethanol.

Further, the addition of propanol decreases the surface tension more

than the addition of ethanol.
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Hg.IV-4
Target prepared from whole human blood
aooording to METHOD II.

Visual examiniation showed the method described below to be the

most successful:

METHOD II

a. to the blood sample, NaOH is added (1 ml blood:0.25 ml 1M NaOH);

b. propanol is added, such that the ratio of pretreated sample to

propanol is 5:1 (v/v);

c. a Selectron filter is rotated at 18,000 rpm;

d. 50 \il of the solution is dispensed as quickly as possible,

yielding a wetted area of about 10 cm2;

e. the target is air-dried at room temperature.

A photograph of a target prepared according to this method is

shown in Fig.IV-4; this target contains about 2 mg/cm2 blood

constituents.

Overall reproduaibility

To test the reproducibility, ten targets were prepared from the

blood of one person. The number of Fe K^ X-rays detected per second

and per nA was 4.01*0.07. The relative standard deviation in the

detected Fe K™ X-rays due to statistical errors alone would be about

0.8%. Thus, the irreproducibility of the target preparation amounts

to about 1.6%.

IV.2.3.2 Target preparation using a Formvar support

Because of the low trace-element concentrations in blood, it

could be favourable to use a thinner supporting material. The peak-

to-background ratio in a PIXE spectrum will increase, for the same

amount deposited per cm2, resulting in a lower detection limit and
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more accurate peak-area determination. The quantity of blood on a

Selectron foil of 5 mg/cm2 is about 2 mg/cm2. The support contributes

to the Bremsstrahlungs continuum for about 7n per cent. If Formvar

(0.2 mg/cm2) were used as support, this contribution would decrease

to about 10%, provided the wetted area is equal to that for Selectron.

Since attempts to prepare reproducible targets with blood solutions

showed rather good prospects with Formvar supports, we developed a

technique based on their use.

Preparation of a Formvar support

Formvar foils are prepared by the users themselves. This is

usually done by a technique similar to that described in Section

IV.3.1. However, since this technique is rather time-consuming and

may introduce severe comtamination, we developed a faster technique.

The apparatus used is the same as that for the production of

Selectron-supported targets (Fig.iv-l). In order to obtain thin foils

(< 1 mg/cm2) with adequate mechanical strength, we adopted the

following procedure:

a. a solution of 5 grams Formvar (1595E Merck Darmstadt FRG) in

100 ml dioxane (p.A. Merck) is prepared;

b. a Selectron filter is rotated at 3,000 rpm and saturated with

0.5 ml water;

c. immediately after wetting of the filter, 0.2 ml of the Formvar-

dioxane solution is dispensed;

d. the resulting Formvar foil is removed from the Selectron filter.

The foils have an area density of 0.29+0.03 mg/cm2, measured with

an a-particle absorption set-up. The described preparation technique

takes only a few minutes; the fraction of failures is less than 10 per

cent.

Preparation of a blood target

For the preparation of a blood target, the rotational speed is

an important parameter in addition to the surface tension and the

viscosity. The pore diameter of Formvar foils is much smaller than

that of a Selectron filter (0.45 um). Thus the blood solution will

not be as easily absorbed in the Formvar pores, but will rather be

adsorbed at the outer surface. For this reason the viscosity of the

blood solution should be high. The surface tension is here of minor

74



importance, it may however increase the rate of adsorption. A speed

of 5,500 rpm proved to be optimum. A lower rotational speed gives

irreproducible targets, a higher speed results in a high spin-out of

the dispensed material. This results in:

METHOD III

a. to the blood sample, NaOH is added (1 ml blood:0.25 ml 1M NaOH);

b. propanol is added, such that the ratio of pretreated sample to

propanol is 25:1 (v/v);

o. a Formvar filter is rotated at 5,500 rpm;

<3. 50 yl of the solution is dispensed as quickly as possible,

yielding a wetted area of about 10 cm2;

e. the target is air-dried at room temperature.

Overall veproduoibility and uniformity

To test the reproducibility of targets prepared according to

METHOD III, nine targets were made from the blood of one person. The

wetted area of these nine targets was 970±30 mm2. The number of

Fe K X-rays detected per second and per nA was 3.07±0.24, the

statistical errors being about 1.8%. Hence, the irreproducibility of

the target preparation is about 7.7%.

To test the uniformity, one target was scanned across the dia-

meter with a proton beam of 2-mm diameter at six spots. The numbers

of Fe K X-rays detected per second and per nA were (in brackets, the

position along the radius in mm): 2.31 (r = 11.0); 2.50 (r = 6.0);

2.70 (r = 1.0); 2,59 (r = -4.0); 2.44 (r = -9.0); 2.46 (r = -14.0).

This leads to a mean value and standard deviation of 2.50+0.13.

IV.2.3.3 Conclusions

For comparison of blood targets prepared with Selectron and Formvar

supports, we considered the amount of blood deposited, the reproducibi-

lity of target preparation and the peak-to-background-square-root ratio

in a PIXE spectrum. The ratio of the number of Fe Ka X-ray quanta to

the square root of the number of background quanta under the Fe Ka

peak was determined for analysis with 3.05-MeV protons. The total

charge for both experiments was 50 JJC. The bombarded area was in both

cases 5.2 cm . In Table IV-3 this comparison is given. It is shown
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Table IV-3 Results for blood targets prepared with Seieetvon and
Formvar as supports.

Selectron

Formvar

rotational
speed
rpm

18,000

5,500

amount of Fe K«
X-rays/nA•s•cm2

4.01

3.07

irreprodu-
cibility

1.6

7.7

peak/Vbackground
Fe Ka

350

625

that a greater amount of blood per unit area can be deposited onto a

Selectron filter, in a more reproducible way. The peak-to-background-

square root ratio is smaller for a St-lectron filter.

IV.3 Target preparation for solid samples

IV.3.1 Introduction

Solid samples may be analysed as such, or may be reduced to

slices, powders or solutions. The principal disadvantages with respect

to target preparation for solid samples have already been described in

Section IV.1. If the material can be analysed in the as-received state,

the analyses are usually very rapid and convenient. However, analysis

in the as-received state involves many problems.

It has been shown that thin targets (< 1 mg/cra2) are most

favourable, and solid samples may therefore be divided into slices.

This is for instance useful for analysis as a function of depth. One

should take into account that surface treatment may result in unwanted

contamination and/or in selective removal of certain constituents. Any

surface treatment involving movement of a cutting tool across the

surface may result in smearing of soft constituents. This causes a

spectral enhancement for the smeared constituents and attenuation for

the covered constituents. The latter effect is more severe the higher

the absorption coefficient of the smeared material and the lower the

X-ray energy of the covered material.

For an analysis of the bulk of a sample, the problems due to

inhomogeneous solids must still be solved (Section IV.1). These may
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be overcome by powdering the solids, in order to obtain a homogeneous

sample and to reduce the particle size. Targets prepaxed from homo-

geneous powders of small particle size are expected to be representative

for the original sample. Addition of an internal standard in the sample

is then also feasible. A disadvantage of powdering a sample is that

such pretreatment is time-consuming and may be an extra source of

contamination. However, we think that this pretreatment is necessary

for most solid samples.

Powdered samples can be presented as thick or thin targets.

Because of the drawbacks of a thick target, as mentioned in Section

IV.1, we prepared thin targets for powdered samples. Powders may be

spread into thin layers, dry or as slurries.

"Dry teahniques"

in the "dry technique" the powder can be dusted onto an adhesive

surface (e.g. Scotch tape), or can be spread out over a support,

adding a fixative later. Rudolph et al. (Rud72) placed 0.3-0.5 mg of

powder in a 4-mra diameter circle on a Formvar foil. Adherence is

effected with polysterene doped in toluene. Barnes et al. (Bar75)

ashed whole blood and mounted it on Kapton backings with 5 pi of

albumin fixative.

Sometimes a measured amount of powder is placed on a Mylar film

and distributed as uniformly as possible. A second Mylar film is then

stretched over the powder and the first film, thus enclosing the

powder layer (Rin77).

In practice it seems to be very difficult to obtain a uniform or

thin layer of the powder by the "dry techniques" described.

"Slurry teahniques"
In the "slurry technique" used by Valcovic, powdered material is ;

suspended in water (Val74). He reported analytical results that were

not very reproducible (Cam77). In a more commonly used slurry

technique, a small amount of powder and bonding material is slurried

in an appropriate solvent. The slurry is spread over a "scrupulously" .'

clean microscope slide. The film is floated off on water, then scooped i

up and supported in some other way (Fin62). Suggested solvents are: ;-i

amyl acetate, chloroform, dioxane and dichloroethane. Bonding materials '!
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recommended are: nitro-cellulose, ethyl-cellulose and polystyrene.

The techniques described above involve many manipulations, which

may introduce sources of analytical errors, such as contamination and

loss of elements to be analysed. Furthermore, the techniques do not

fulfil the requirement of short target preparation time mentioned in

the introduction. Therefore, we developed a slurry technique requiring

less manipulations and therefore less time.

IV.3.2 Target preparation for powdered material

For the preparation of thin targets, the powdered samples should

have particle sizes below about 10 um. For samples received as non-

fine powders a pulverising technique is needed, which will be des-

cribed first.

Pulverising of solids
A "brittle fracture technique" (Iye77) is used to homogenise

solid samples and to reduce their particle size. Particle size

reduction is needed to obtain homogeneous and thin targets.

The method is performed with the apparatus shown in Fig.IV-5.

Use is made of a ball in a vibrating Teflon vessel. Dry sample

material is brought into this vessel. The vessel is cooled in liquid

nitrogen for a few minutes and then vibrated for 1 minute at 3000

cycles per minute with a mechanical shaker, constructed in our work-

shop. If necessary, the cooling-shaking process may be repeated.

Quantities of up to 50 grams can be pulverised and homogenised as one

batch. Soft tissues (human tissue, hair) can be pulverised and homo-

genised using a Teflon ball or a high-purity quartz ball. Hard samples

Fig.IV-5
Mechanical shaker used for
hamogenisation and particle
size reduction of solid
materials.
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Table IV-4
Particle size distribution of
pulverised pork ahop tissue.

particle size
(yra)

0

5

10

15

20

25

30

35

- 5

- 10

- 15

- 20

- 25

- 30

- 35

- 40

> 40

fraction of
particles (%)

86.4 (est.)

10.8

1.8

0.5

0.2

0.1

0.1

0.1

< 0.1

(teeth, bone, nails) are treated using a Teflon ball with a metal

core or a tungsten carbide ball. Wet samples such as human tissue are

better pulverised after previous lyophilisation.

In order to gain some insight in the performance of our apparatus,

we determined the particle size distribution of pork chop tissue. We

pulverised one batch of 10 grams of tissue three times. The resulting

particle-size distribution was measured with a Coulter counter (Cou75).

The results are given in Table IV-4. Microscopic examination showed

the particles to be mainly wire like. Due to the target preparation

method applied, the orientation of these wires is in the plane of the

target. The target thickness will therefore be in the order of the

smallest dimension of the particles from which the target is made.

Target preparation

The target preparation technique for powders is based on the

preparation of a Formvar support, as described in Section IV.2.3.

In order to obtain thin foils, of adequate mechanical strength, we

adopted the following technique:

METHOD IV

a. a solution of 5 grams Formvar in 100 ml dloxane is prepared;

b. powdered solid sample is mixed with this solution (sample weight

fraction about 10%) with the aid of a whirlimixer;

c. a Selectron filter is rotated at 3,000 rpm and saturated with

0.5 ml water;
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d. 0.2 ml of the powder-Formvar-dioxane mixture prepared is

immediately dispensed on the wetted rotating filter;

e. the resulting Formvar foil, in which the solid sample is

embedded, is pulled from the Selectron filter.

The resulting foils have an area density of less than 1 mg/cm2,

as determined with an a-particle absorption set-up. The target-

preparation technique takes only a few minutes; the fraction of

failures is less than 10 per cent.

Target preparation reproduoibility and representativity

To test the reproducibility of METHOD IV, 10 targets were

prepared from homogenised fish meal. For this purpose 1 gram was

introduced into a 10 ml Formvar-dioxane solution. The average number

of X-rays per second and per nA, with attendant relative standard

deviation, was determined for some elements (P, S, Cl, K, Ca, Fe):

for P K 26.8+5.3%; for S K 25.8±9.2%; Cl K 29.2±5.1%; K K 28.6+9.7%;

Ca K 59.5±4.7%; Fe K 2.1±11.3%. Statistical errors are negligible.
a a

This means that the irreproducibility over the ten targets in the

amounts of material irradiated is at most about 5%, assuming that the

elements phosphorus, chlorine and calcium are homogeneously distributed

over the sample. The high relative standard deviation for the other

elements is largely due to the inhomogeneity of the original sample.

The contribution of sample inhomogeneity to the P, Cl and Ca

concentration is shown by the relative standard deviation of the

intensity ratio between the K X-rays of an element and those of calcium

in each target: P K/Ca K = 0.45+5.4% and Cl K/Ca K = 0.49+5.5%. The

relative standard deviation observed indicates for these elements a

certain sample inhomogeneity, too. This implies that the irreproducibility

of the amount of material irradiated is substantially less than 5 per

cent.

IV.4 Occurrence and prevention of losses of target constituents

during irradiation

Important parameters for losses of elements during irradiation

are the volatility and the thermal and radiation stability of the
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analytes. Other parameters are the volatility of the radiolytic and

thermolytic products of the analytes. With respect to the thermal

stability and radiation stability, the beam intensity and irradiation

time are important parameters. We investigated losses of some elements

in targets under irradiation, prepared according to METHOD I (Section

IV.2.2). The effect of the several parameters was investigated by

repeated bombardment of the same target. The elemental concentrations

were determined for each of these measurements,

IV.4.1 Volatilisation of elements during irradiation

To get an idea of the effect of volatilisation losses in inorganic

compounds, we investigated the behaviour of inorganic chlorides and

bromides. For these experiments the beam intensity was kept constant

at 50 nA/cm2. The initial concentration of the halogenides was taken

as 7.5 ug/cm2. Table IV-5 shows the losses after 15 minutes irradiation

for various chlorides and bromides. There are considerable differences

in percentage loss between the halogenides; these losses occur usually

in the first 8 minutes of bombardment. Two typical curves showing the

time-dependent behaviour are shown in Fig.IV-6. In these cases, the

amount of copper and rubidium remained constant (+ 2%) during

irradiation. The losses of halogenides observed in our experiments are

of the same order as those observed by Ishii et al. (Ish75) under

comparable conditions.

Table TVS
Percentage loss of Cl and Br for
several compounds. Beam intensity
SO nA/om2-, halogenide
concentration 7.S \ig/am2, proton
energy 3.05 MeV and irradiation
time IS minutes.

Compound

CuBr2

NaBr

RbBr

CsBr

ZnCl2

CuCl2

KC1

BaCl2

Binding
energy
(eV/atom)

3.4

3.7

3.9

4.2

2.4

3.9

4.4

5.0

Percentage
loss

14

6

6-9

20

5

20

5

10-12
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12 16
t(mml

Fig.IV-6 Percentage loss of bromine for rubidium bromide
and aopper bromide on Selectron filters, as a
function of the irradiation time. The beam
intensity was SO nA/am1, the bromine concentration
7.5 vg/am2.

t(min)

Fig. IV-7 Percentage loss of chlorine for copper chloride
on Selectron filters (7.5 vg/am2 chlorine), as
a function of irradiation time for beam
intensities of 100 and 50 nA/arri2.

The second parameter we investigated is the concentration of the

volatile element. The experiments, as shown in Fig.IV-6, were repeated

for CuBrj, with concentrations ranging from 5 to 20 ug/cm2 bromine. All

curves had a similar shape, showing a plateau after about 10 minutes.

The plateau corresponds to a bromine decrease of 13±2%, independent of

the initial concentration. The effect of beam intensity on losses was

checked for CuCl2 (7.5 )jg/cm2 chlorine), as is shown in Fig.IV-7 for

50 and 100 nA/cm2 beam intensities.
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As can be concluded from the results given above, substantial

volatilisation may occur, which is not predictable in terras of binding

energy and irradiation time. We therefore opted for target pretreatment

to prevent or reduce the losses.

IV.4.2 Prevention of volatilisation of elements

Surface treatment of the target was considered as a possible method

to prevent or reduce element losses. Addition of a fixative agent or

introduction of a shielding layer was considered feasible.

We used dioxane as a fixative; this partly dissolves the Selectron

support, resulting in a collapse of the pore structure, with inherent

inclusion of the elements. A shielding layer of Formvar may be introduced

on both sides, by dispensing a solution of Formvar-dioxane onto a target.

The Formvar layer was expected to prevent volatilisation of the elements

due to its low permeability (Section IV.2.2). The effect of different

target treatments on the volatilisation of chlorine from a CUCI2 target

is shown in Fig.IV-8, with a beam intensity of 40 nA/cm2. Similar

results were obtained for beam intensities of 25, 50 and 100 nA/cm2.

The beam intensity usually used by us is less than 100 nA/cm2. As can

be seen from Fig.IV-8, the surface treatment is most effective for short

2 U 6
total number of X-rays detected (10°counts)

Fig.IV-8
The effect of different tax-get
treatments on the loss of
chlorine for copper ahloride
(7,5 vg/am2) on Seleatron
filters, the beam intensity
being_ 40 nA/amz. The Cl K X-
ray intensity is shown per
amount of 5-10s X-rays
detected.
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analysis times (< 5 min). For a beam intensity of 40 nA/cm2, the

collection of 106 counts takes about 500 seconds.

Fig.IV-8 shows the volatilisation of chlorine for several cases.

The results were about the same using dioxane or Formvar-dioxane. The

peak-to-background-square-root ratio for chlorine is higher in the

case of dioxane, because it evaporates for the greater part. The extra

Formvar layer contributes partly to the Bremsstrahlungs spectrum,

resulting in a lower chlorine peak intensity. Therefore we decided to

treat our targets with dioxane, in cases where losses of relevant

trace elements are to be expected.

Treatment to prevent volatilisation can be applied in the target

preparation techniques (METHODS I, II and III) mentioned earlier in

this chapter.

Because treatments with dioxane or a Formvar-dioxane solution

may detoriate the original uniformity and homogeneity of the target,

these were checked in the following experiment. Targets consisting

of Mn, Cu and Y, each 5 ug/cm2, as nitrates, were sealed with a

Table IV-S Results for> scanning of the sealed target across a dia-
meter with a proton beam of 2-nvn diameter. On the left a
uniformity test: the values at v =-14,0rm are not here
included, because the spot is right on the edge of the
wetted area. On the right, results of a homogeneity test.

r.
i

(mm)

11.

6.

1.

-4.

-9.

-14.

0

0

0

0

0

0

I

CMn K

Sin K

0.

1.

1.

1.

0.

0.

1.

±0.

96

02

03

01

98

95

00

03

Jniformity

C

C

0

1

1

1

0

0

1

±0

Cu K

Cu K

.99

.01

.01

.02

.99

.93

.00

.01

C

C

0

1

1

1

0

0

1

±0

test

y K

y K

.97

.02

.00

.02

.98

.93

.00

.02

C

C

0

1

0

1

1

0

1

±0

y L

y r,

.96

.00

.99

.04

.01

.92

.00

.03

C

C

0

0

0

0

0

0

0

±0

Homogeneity

Cu K

Mn K

.313

.301

.297

.306

.304

.299

.303

.006

c y K

CMn K

0.346

0.359

0.352

0.355

0.353

0.356

0.354

+0.004

test

c
c

0

0

0

0

0

0

0

±0

y L

Mn K

.189

.185

.182

.192

.192

.183

.187

.004
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Formvar-dioxane solution or were treated with dioxane. The rotational

speed during sealing was 3,000 rpm. The targets were scanned along a

diameter with a 2-mm proton beam, Results on the uniformity and

homogeneity of the sealed targets are presented in Table IV-6. The

non-uniformity was less than 3%. The standard deviation for the

Cu K/Mn K ratio was 2%, including the spot at -14.0 mm, the Y K/Mn K

and Y L/Mn K ratios were respectively 1% and 2%. For the target

treated with dioxane alone, similar homogeneity and uniformity were

obtained.
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CHAPTER V SOME APPLICATIONS OF PIXE

V. 1 Relevancy of trace-element analysis

Interest in trace elements, especially in biological and

environmental systems, has been steadily increasing during the last

few decades. Important fields of interest are animal, human and plant

biology, food production, medicine and environmental pollution. The

interest in trace elements covers toxic elements as well as essential

elements, some of which may also occur in toxic concentrations.

Another important aspect of trace elements in both organic and non-

organic matrices is that they sometimes display a specific pattern

(often called "fingerprint"), which may be typical for the origin or

the history of a sample.

If the effects of trace elements on health and environmental

systems are to be accurately understood, it is necessary that their

concentrations will be monitored and their origin and transport

investigated. Their monitoring may be required in analytical (e.g.

clinical) chemistry, process control and enforcement of environ-

mental agulations. Generally, multi-trace element determination is

needed. In cases where the concentration of only one element has to

be known, multi-trace element determination may still be desirable,

since trace elements may interact. It will be obvious that for the

above-mentioned applications large series of samples have to be

analysed.

In this chapter we will demonstrate the applicability of PIXE

for (trace) element analysis of a variety of samples, including

samples other than biological or environmental. For the analysis of

a particular series of samples target preparation and measurement

conditions must sometimes be adjusted. It should be noted that some

of the applications described in this chapter concern only initial

measurements in longterm studies currently being carried out, in

cooperation with other scientific and medical institutes.
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V.2 Selenium levels in human serum

Introduction

For a long time selenium was considered purely as a toxic

element. In 1957 it was demonstrated by Schwarz and Foltz (Sch57) that

selenium is also an essential trace element for animal and human life.

Since that time many reports have revealed the biological significance

of this element. For instance, selenium has been shown to play a role

in enzyme systems (particularly in glutathion peroxidase) in mammals

and to potentiate the action of vitamine E. Selenium exhibits inter-

action with various trace elements and plays a role in the

detoxification of some, such as (methyl) mercury and cadmium. Further,

selenium is involved in protecting certain biologically active organic

compounds against oxidation. Reviews of the biological role of selenium

are given by Underwood (Und77) and Vernie (Ver79).

Results of measurements of selenium in blood in regional

population studies generally show little variation of the level in

total blood or serum. It is therefore assumed that selenium is homeo-

statically regulated. However, nutritional factors, including selenium-

deficient food (Rea79) and the degree of fasting, may influence the

selenium level in blood (Beh72, Sch77a). Also, certain diseases are

reported to be associated with altered selenium levels in blood.

Epidemiological studies have for example revealed a negative correlation

between selenium levels in human blood and mortality due to certain

types of cancers (Sha69, Sha71; Sha73b, Sha76, McC75, Lom75, Sch77a,

Sch77b, Sch78, Und77).

It is clear that the measurement of selenium in blood or serum

may be of great medical interest, both clinically and epidemiologically.

In general such measurements will involve large series of samples. A

precise analytical technique is required, since even small deviations

from an average value may be of medical significance. A compilation of

serum selenium levels for various population groups is given by Iyengar

et al. (Iye78). It should be kept in mind, that differences may occur

due to geographical location, analysis technique used and serum pre-

paration involved. The authors suggest an average value of 0.122 ppm.
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For the analysis of selenium in biological materials, a wide

variety of techniques have been employed, including spectrophotometry,

fluorometry, neutron activation analysis and XRF (Hos55, Kas77b, Tji76,

Lom75, Bro76, Ver75, Ver77, Hol77). Bearse et al. (Bea74) and Berti et

al. !Ber77) demonstrated the potential of PIXE for determination of

selenium in serum. We will describe an assay of selenium in serum,

using one of our preparation techniques and our experimental set-up,

that takes much less time than the methods described in literature.

The correlation between selenium levels in human sera and the

occurrence of certain types of carcinoma is also investigated.

Selenium losses in human blood and serum during PIXE analysis

For accurate determination of the selenium concentration in whole

blood or serum, it is essential to know whether any selenium is lost

in the course of the analysis procedure. We investigated losses for

blood from three rats, each injected intravenously with 90 uCi 75Se-

methionine. This labelled amino-acid was used, because it is rapidly

incorporated by plasma proteins (Ste67), resulting in naturally bound

75Se. After 2, 24 and 48 hours, the blood was taken from the rats, in

order to check whether differences in the metabolised state of 75Se

could have an effect on the losses to be determined (Imb67). Not only

whole blood was analysed, but also serum and erythrocytes.

In an initial experiment, the Y~raY yield of an aliquot of 50 yl

blood (or serum) was compared with that of a target prepared according

to METHOD II (Section IV.2.3.1). No significant differences in the

measured y-ray yield were observed, implying the absence of significant

losses during target preparation, including drying and target storage.

Selenium losses during irradiation were determined by comparing

the y-ray yield of the target before and after irradiation for various

beam intensities (0.04, 0.1, 0.2 and 0.3 yA/cm2). Since we found no

differences between the blood from the three rats, we pooled these

data. The same was done for serum. However, the loss of Se from the

erythrocytes was a function of the incubation time and was maximum for

the rat killed first; for the highest beam intensities used, the

maximum loss amounted to about 40 per cent. For beam intensities less
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than 0.1 UA/cm and irradiation times of 15 minutes, the losses were

less than 1 per cent, for all three matrices. For the higher beam

intensities, the loss of selenium in whole blood was up to 10% and was

mainly due to the loss of selenium from the erythrocytes. The loss

from plasma was about 5% and was found to be fairly constant with a

variation of 2% absolute. Thus, with respect to an accurate selenium

determination, it appeared to be justified to measure the selenium

concentration in serum or plasma without pretreatment of the targets.

In this context it should be kept in mind that the losses mentioned

are systematic errors and can be accounted for. The variations in the

losses are more important, however, because they contribute to the

imprecision.

Selenium in human serum

A target prepared from a serum sample according to METHOD I

contains about 0.2 ppm selenium, a concentration that cannot be

quantitatively determined with the experimental set-up and standard

working conditions (Chapters II, IV). The preparation and analysis

conditions were therefore optimised for this particular application,

adjustment being as per the scheme given in Section V.App.

The resulting procedure is as follows; an amount of 0.5 ml serum

is mixed with 0.1 ml propanol. Prom this mixture aliquots of 200 yl are

dispensed on rotating (18,000 rpm) Selectron foils (5 mg/cm2). The re-

sulting wetted area is 11±1 cm2. From the resulting targets (6.3 mg/cm2),

a wetted area of 5.6 cm2 is irradiated with a 1.5-IJA 3.05-MeV proton

beam. The solid angle of X-ray detection is 2-10"3'4 IT sr and an 0.10-mm

aluminium filter is used. A spectrum obtained under these conditions is

shown in Fig.V-1, together with the fitting obtained with PROFANAL. The

calibration was performed via serum samples of which duplicates were

measured with neutron activation analysis at the I.R.I, in Delft (Goe80).

The serum used in this study was supplied by the clinical laboratory

of the Eindhoven Saint Joseph Hospital. In this study Mr. Jos Hemelaar

measured selenium concentrations from a normal (control) group of 50

subjects. The mean concentration was found to be O.12±0.O2 ppm (Fig.V-2).

This value is in agreement with Iyengar's average value, being 0.122 ppm
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Fig. V. 1 Part of spectrum obtained from human serum. Experimental
conditions were: a 1.2-\iA 3.05-MeV proton beam, an irradiated
area of S.6 cm2, an X-ray absorption filter of 27 mg/cm2

aluminium and a measuring time of 924 seaonds. The Se Ka peak
intensity contains 2790±160 counts. The individual points are
measuring points. The solid lines represent the baakground
and speatrum fit with PROFANAL. We note that the arsenic
originates from the glass tubes used.

(Iye78). The selenium concentration in serum of 15 patients with certain

types of carcinomas is also shown in Fig.V-2. The selenium concentration

was found to be 0.08±0.02 ppm, being about 35 per cent lower than the

mean value of the control group (Hem80). In literature this negative

correlation is also reported for serum and blood. For blood, Shamberger

et al. found 22,9 ug selenium per 100 ml blood (about 0.229 ppm) in

normal subjects. For patients with colonic cancer this concentration

was about 31% lower, for gastric cancer 33% and for pancreatic cancer

42% (Sha72c). Blood selenium levels were normal in patients with rectal

cancer. For serum, McConnell et al. (McC75) and Broghamer et al.

(Bro75) found that the mean selenium level in patients with a carcinoma

was 15% lower than the mean level of a control group. The mean serum

selenium level of gastric cancer patients was found to be 23% lower.

We only determined selenium levels in human sera, because under

the above-mentioned experimental conditions the elemental impurities
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Se concentration (ppm)

0.16

Fig.V-2 Selenium levels in sera of healthy persons (n = 50) and
persons suffering from a certain type of cancer (n = IS).
The cumulative frequency gives the percentage of people
having a serum selenium concentration below the value
indicated by the line. The average values and standard
deviations are represented by \i,t y and by o, and a .
respectively.

of the support (e.g. Fe, Cu, Zn) are also measured. If one is

interested in determination of selenium together with iron, copper

and zinc, a "cleaner" support is required (the elemental impurities

of our support were found to be irreproducible).

V.3 Various biological tissues

PIXE has already been applied for determination of trace elemental

concentrations in a number of biological tissues (Bor75, Has77, Rin77,
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Val77, Vis77b, Mei79, Koy79). We have performed analysis on a human

eye lens, aorta tissue and Bowen's kale (Bow75).

Human lenses

A spectrum obtained from an eye lens of a person suffering from

a special type of cataractogenesis (Kei79) is shown in Fig.V-3. In

order to obtain good accuracy, part of this lens (16 mg) was freeze-

dried and wet digested in 0.5 ml HNO3. Onto a Selectron filter, 50 ul

of the solution was deposited, according to the methods described in

Chapter IV; however, no alcohol was added in order to avoid a reaction

with nitric acid. The measured wetted area was about 5 cm2.

8000-

200 300
channel number

Fig.V-3

Spectrum of a human catavaatous
eye lens, obtained with a 500-
nA 3.05 MeV proton beam, an
irradiated area of 5. 6 cm1,

__ an X-ray absorption filter of
400 27 mg/am2 aluminium and a

measuring time of 20 minutes.

Table V-l Trace element concentrations in human eye lenses. The
concentrations are given in miorograms per gram dry weight.
The patient whose lens was analysed in this study suffered
from a special type of posterior subaapsular cataractogenesis.

clear lens (Lak78)

posterior subcapsular
cataract (Lak78)

present study

Fe

22.

38.

40

7±14

5±19

.6

.7

Cu

0.9+ 0

7.0±ll

170

.7

.3

Zn

24.

22.

130

1± 5

6+10

.3

.0

Rb

13.

7.

8

0±2

8+3

.5

.7
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The analysis showed that the copper and zinc concentrations were

significantly higher than the mean copper and zinc concentrations for

clear and posterior cataract lenses (Kei79). Table V-l shows the iron,

copper, zinc and rubidium concentrations we determined and the mean

values given by Lakomaa and Eklund,who used atomic absorption and

neutron activation analysis.

Aorta tissue

The analysis of trace elements in aorta tissue may be of interest

in relation to the occurrence of arteriosclerosis. This topic is

currently being studied at the Interuniversity Reactor Institute in

Delft by Mr. Th.G. Aalbers. For this study we used PIXE to gain

information about the elemental concentrations along the radius of the

aortic wall. For analysis, the aortic tissue was divided into slices

of 20 vim containing parts of either intima, media or adventitia

tissue. The sample preparation was performed in cooperation with SSDZ

(Foundation Cooperation Delft Hospitals).

U000 -

10000-

6000-

2000-

200 300
channel number

-8000

-6000

-4000

-2000

400

Fig. V-4 Spectrum of a 20-vm slice of human aortic tissue. The proton
energy was 3.05 MeV and the irradiated area 1.1 am2. The left
part of the speatrum (channel 40-120) was analysed with a
beam intensity of 20 nk} a measuring time of 285 s, using an
X-ray absorption filter of 69 mg/om2- beryllium. For the
right part (channel 140-400) these values were 500 nA3 185 8
and 2? mg/amz aluminium, respectively.
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A spectrum obtained from a 20 um slice is shown in Fig.V-4.

Although the study is not yet completed, it may be stated that some

elements are not homogeneously distributed along the radius; for

instance, the calcium and strontium concentration is sometimes lower

in the adventitia (outer side) than in the other parts. The results

of the completed study will be published in due course (Aal80).

Kale powder of Bowen
The performance of trace-element analytical methods for biological

matrices may be tested via analysis of reference materials and standard

reference materials. These materials cover a variety of plant and

animal matter, with large ranges of trace-element concentrations. For

each material, information is available on the concentration of one or

more trace elements, expressed as "recommended" values (reference

materials) and "certified" values (standard reference materials). We

used Bowen's Kale (Bow75), because its trace-element levels are typical

for many plant and animal materials.

After homogenisation of the sample with the mechanical shaker

(Fig.IV-5), we analysed this material for the trace elements in the

region 21 <_ Z <_ 40. METHOD III (Section IV.3.2) was used as target-

preparation technique, resulting in an area density of about 1 mg/cm2.

From the target, an area of 1.1 cm2 was irradiated with a 100-nA 3.05-

MeV proton beam. The absorption filter used was 0.11-mm aluminium.

From the 20 elements in the region of interest, seven could be

determined quantitatively, viz. Mn, Fe, Cu, Zn, Br, Rb and Sr.

According to Bowen1s specification, the concentrations of all other

elements in the Z-range considered lie below 1 ppm. From the peak

areas of the seven trace elements determined, it may be concluded that

under the working conditions used, the minimum limit of detection lies

in the order of 1 ppm.

The averaged results of eight replicate measurements are presented

in Table V-2, together with the "recommended" values and corresponding

uncertainty margins listed by Bowen (Bow75). As may be seen, there is

good agreement between both sets of data. This indicates that, within

the uncertainty margins concerned, there is no substantial systematic

error in our calibration procedure (Section III-6). The imprecision,

expressed as relative standard deviation for one measurement, ranges

from 8 per cent for iron to 29 per cent for manganese. In this it
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Table V-2 Traae-element levels in Bowen's Kale, in ppm3
dry weight basis.

z

25

26

29

30

35

37

38

element

manganese

iron

copper

zinc

bromine

rubidium

strontium

average value and 95%
confidence interval
(this study)

16

H7

4.

35

24

55

86

+ 4

+ 8

2+ 0.8

+ 4

± 6

±13

±10

Bowen's "grand mean"
with corresponding
uncertainty margins

14.6+ 1.3

117 + 6

4.7+ 0.6

32 ± 2

2 5 + 2

5 3 + 4

84 +21

should be noted that the variation in the trace-element concentrations

over the eight targets are not correlated. Statistical errors are

negligible. This implies that the variations are due to the inhomo-

geneity of the powder, rather than to incorrect analysis as a result

of variations in the amount of kale powder introduced in the target.

This observation stresses again the great importance of proper homo-

genisation procedures for solids, in order to give representative

analytical results.

V.4 Aerosols

Introduction

The interest in (trace-)element concentrations in aerosols is

generally twofold. First, knowledge of the levels of toxic elements

- like beryllium, vanadium, arsenic, cadmium, antimony, mercury and

lead - in aerosols is necessary for the assessment of the impact of

aerosols on human health and environmental quality. Secondly, trace-

element patterns may be used in the localisation and identification

of aerosol sources, both natural and anthropogenic.

The elemental composition of non-urban continental and marine

aerosols shows dispersed soil dust and dispersed sea water respectively

as the probable origin of the elements (Joh74, Vat79). Special chemical

96



processes at or near the sea surface are suspected to cause the

observed anomalous atmospheric trace-element enrichments in certain

cases, e.g. for iodine (Kom62, Duc65), bromine (Sad78) and strontium

(Kom62). These enrichment processes are currently also under study by

the Aerosol Research Group of the Netherlands Energy Research

Foundation ECN in Petten by Mr, R. Mallant, Mr. G. Kos and Mr. J. van

de Vate. The elemental composition of marine aerosols is being studied

in relation to the history of the air parcels from which the aerosol

sample is taken. The history is determined by trajectory analysis

(Fig.V-5). The enrichment of elements over the entire Z-range is of

interest. Since elemental enrichment in marine aerosols is supposed

to be a function of the particle size, the aerosol samples are taken

with a multistage single-hole impactor, in which the aerosol fractions

are deposited on Suprathen foils (Mal80).

PIXE is an appropriate elemental analysis technique for aerosol

samples, because generally only a small amount of material is available

and due to the demand for fast multi-elemental analysis, over a wide

range of Z-values (Cah71, Ada75, Gri76, Dzu77, Lan77, Win77).

Aerosol analyses

A quantitative analysis can be obtained with one or two

irradiations. One analysis is carried out specially for the low-Z

elements {13 <_ Z <_ 20) , the other for the medium-Z and high-Z elements

(Z >_ 20). The calcium concentration is used to correlate the results

of both analyses. An additional (third) irradiation has to be performed

if sodium and magnesium are also to be detected quantitatively.

Table V-3 Experimental conditions for the analysis of aerosol
samples with our experimental set-up.

z
E

d

I

F

(MeV)

(mg/cm2)

(nA/cm2)

(mg/cm2 beryllium)

11-12

.5

.1

600

4.7

13-20

1.4

1

600

12.5

>_ 20

3

3

600

707
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Fig.V-S
Trajectory analysis of an
air parcel, the elemental
oomposition of whioh is
shown in Fig. V-6.

20000-
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200
channel number

300

10000

6000

2000

Fig.V-6 Aerosol analysis of an air parcel, the trajectory of which is
shown in Fig. V-S. The analysis was carried out under two sets
of oonditions. The left part (channel 20-130) was obtained in
325 seconds, using a 20-nA 1.43-MeV proton beam, the irradiated
area being 0.3 am2 and the X-ray absorption filter 12.5 mg/omz.
For the right part (channel 140-400) these values wer>e:180 s,
300 nA, 3.05 MeV3 0.3 am

2 and 27 mg/am2 aluminium, respectively.
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The best experimental conditions for each element are derived in

the Appendix. For the irradiations of aerosol targets we took the

experimental conditions given in Table V-3 as a compromise. Spectra

obtained from an aerosol sample obtained from an air parcel, the

trajectory of which is given in Fig.V-5, are shown in Fig.V-6.

V.5 Metal-hydroxide sludges

Effluents of galvanic and related industries contain substantial

amounts of dissolved metal ions. The ions of iron, copper, zinc,

chromium and nickel are the main components of these wastes (Cop76).

Effluents that contain heavy-metal ions are often neutralised, leading to

the precipitation of metal hydroxides. These metal hydroxide sludges

are either disposed off or used for recovery of valuable metals.

In the Waste Materials Recycling Group of the E.U.T. Department

of Chemistry, investigations are underway on the recovery of metals

from waste materials. The metal-hydroxide sludges are first leached

selectively with acid at pH = 3 and the leached ions (Cu, Zn, Cr, Ni)

then extracted and separated from each other by extraction with an

organic compound (solvent extraction) (Lot78a,b).

In order to determine the efficiency of the leaching and the

solvent-extraction processes, the concentrations of the metal ions

must be determined as a function of various parameters (e.g. time, pH

value, temperature). Because of the great variety in parameters many

samples have to be analysed, to optimise the efficiency considered.

PIXE was chosen as analysis technique because of its speed, multi-

element character, simplicity and precision. Moreover, some other

analytical techniques showed to be very sensitive for interferences

due to the presence of either organic contaminants (extraction) (Kiv76)

or solid particles (leaching) (Jan77).

V.6 Chemical composition of ferrites

In the Oxidic Materials Group of the E.U.T. Department of Physics,

investigations are being made on the electrical transport mechanism of
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Fig. V-7
Zinc-iron ratio of zine ferro-
ferrites as determined with PIXE,
compared to the composition of
the mixture from which they were
made (m) and the determined
composition of reference
samples (o).

zinc ferroferrites (ZnxFe3_xOj(). For such processes, important para-

meters are the atomic distances (lattice constant) and the composition.

The zinc ferroferrites are produced by sintering known amounts of ZnO

with Fe2O3. The composition of a range of ferrites (i.e. the Zn/Pe

ratio) is determined with PIXE, in order to check if the composition

of a ferrite corresponds with the composition of the mixture from which

it originates. From solutions of such ferrites (2.5 grams in 5 ml HNO3)

targets were prepared according to METHOD I (Section IV.2.2). Reference

samples consisting of ZnO/Fe2O3 mixtures were also analysed, results

are shown in Fig.V-7. Horizontally, the value of x/(3-x) is given as

determined by the ratio of the weights for the ZnO/Fe2O3 mixtures and

the composition of the mixtures from which the zinc ferroferrites are

prepared. Vertically, the value of x/(3-x) is given as determined with

PIXE. The results of the reference measurements show that our

calibration procedure is adequate (slope of line is 0.98). Analytical

results for the ferrites are also shown in this figure. The results

for all samples are corrected for the enhancement of Fe K X-rays and

the reduction of Zn Ka X-rays due to secondary fluorescence (Section

III.5). The value at (x/(3""x0pTXE = °*49' f o r instance, is obtained

after a correction of nearly 2% for the uncorrected value.

The PIXE results of the ferrites correspond with the weighted

amounts of ZnO and Fe2C>3 used for preparation. Obviously, the Zn/Fe

ratio does not change, by evaporation of ZnO, during the ferrite

production process.
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V.7 White lead in paintings, for age determination

The characterisation and authentication of paintings can be

performed in various ways. One method is to determine the lead isotope

ratios in the white lead of the paintings (Kei76b). Another way is to

determine the trace-elemental composition in white lead (Hou65,

Lux66). Houtman and Turkstra (Hou65) have determined trace elements in

white lead from Flemish and Dutch paintings. Their principal

observations were: a noticeable decrease of chromium in the middle of

the 17th century (225-500 ppm prior to about 1650; 0-35 ppm sub-

sequently) and a noticeable decrease of other trace elements (Mn, Cu,

Ag, Hg) in the middle of the 19th century. White lead from the last

few decades often contains high amounts of zinc. Lux et al. (Lux68)

showed that there was no significant difference between the chromium

concentration of Flemish and Dutch masters from the 16th and 17th

Fig.V-8 The penitent Mavy Magdalene, supposed to be painted
by Guido Reni (1575-1642); the white lead of which was
analysed for the chromium concentration to enable age
determination.
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century, viz, Rubens and Vermeer, and Venetian masters from the 16th

century, viz. Titian and Tintoretto.

In an authentication study we were asked to contribute by

determination of the chromium level in a small piece of white lead.

The painting concerned represents the penitent Mary Magdalene (Fig.

V-8) and is supposed to be painted by the Italian master Guido Reni,

living from 1575 to 1642. For the chromium determination via PIXE we

used 3 mg of white lead, which we processed according to METHOD III.

An area of 1.1 cm2 of the target was irradiated with a 20-nA 3.05-Mev

proton beam for 20 minutes. From the ratio Cr K X-rays/Pb L a X-rays

we calculated that the chromium level amounted to at least 190 ppm

(95 per cent confidence interval). This observation supports the pre-

sumption that the analysed paint dates from a period prior to about

1650.

V.Appendix Optimisation of analysis conditions

In some situations quantitative determination will be required

of an element whose concentration lies near the detection limit. A

typical example is the determination of selenium in human serum

(Section V.2). In these determinations the elements considered should

be analysed with a peak-to-background-square-root ratio (PSRB) as high

as possible, in order to ensure a more accurate peak determination with

PROFANAL (Section III.7). The PSRB is defined as the ratio betwaen the

number of counts in a peak and the square root of the background counts

the interval around the peak centre and with a width of twice its FWHM.

For uniform, homogeneous targets and beam sizes smaller than the

wetted area, the PSRB may be improved by increasing the solid angle of

detection and the target area to be irradiated, provided that the

proton-beam intensity is kept constant. This leads to a solid angle of

2«10~3»4ir sr and an irradiated area of 5.6 cm2. These values are the

maximum we can reach without changing our experimental set-up

drastically. However, all slide frames must have an open area of

36 x 36 mm2, and the flexibility of the experimental set-up is

diminished (e.g. X-ray absorption filter exchange).
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Other parameters that may be adjusted to improve the PSRB are:

the initial proton energy E ; the proton-beam intensity I; the target

thickness d and the X-ray absorption filter F. However, in adjusting

these parameters, a few restrictions should be taken into account: the

maximum admissible target temperature (e.g. for Selectron targets

bombarded with 3.05-MeV protons the corresponding beam intensity is

270 nA/cm2 (Section II.8)); the maximum admissible beam intensity,

viz. 600 nA/cm2 due to radiation protection at the given shielding

conditions; the maximum admissible total detection counting rate

(Section 11.4,6), set at 5000 cpsj the irradiation time, which is to

a certain extent flexible, but which should be kept short because of

cyclotron-time costs.

For the maximisation of the PSRB, first the PSRB is maximised as

a function of the initial proton energy and target thickness, for low

beam intensities I . The restrictions mentioned above, except the
o

irradiation time, will then not be of interest. The target is supposed

to be made of a low-Z matrix in which the concentration of the elements
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Fig. V-9 Peak-to-baakground-square-root ratio (PSRB) per unit of
collected charge normalised to the highest one, as a function
of the initial proton energy, for five target thicknesses.
The target is supposed to be made of a low-Z matrix in which
the concentration of Ti and Se are constant. The beam
intensity is equal to Io.
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X-ray absorption
filter thickness

(mg/cm2

beryll turn

X-ray absorption
filter thickness
mg/cm2 beryllium
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Ep(MeV)
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Pig.V-10
Square root of the beam intensity
as a function of the proton energy
for three different matrices:
Formvar (Fig ,10a),
Nualepore (Fig.10b),
Seleatron (Fig.10a).
The area above the dashed curves
is a forbidden area beaause of the
restrictions of maximum temperature
and radiation protection. The area
to the right of the solid curves
is a forbidden area because of the
counting-rate restriction.
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considered is constant. For two Z-values (Ti and Se) the PSR3 is shown

as a function of E and d. (Fig.V-9). Next, the PSRB is maximised by

raising the proton-beam intensity I, taking the restrictions into

account, the PSRB being increased by /l. In Fig.V-10, /i" is shown as

a function of E , for three absorption filters (4.7, 69 and 200-
p

mg/cm beryllium) and three matrices, viz. Formvar, Nuclepore and

Selectron with target thicknesses of 0.1, 1 and 5 mg/cm2, respectively.

The area above the dashed curves is a forbidden area because of the

restrictions of temperature or radiation protection. The area to the

right of the solid curves is a forbidden area because of the counting-

rate restriction. The maximum admissible proton beam intensity is

calculated as a function of I, d and F, for the three matrices. As can

be seen from Fig.V-lOc for E between 0.5 and 1.5 MeV the heat

dissipated in the target will be proportional to E , because the

protons are stopped. If E is above 1.5 MeV, the protons pass through
P

the target; the heat dissipated in the target will then decrease with

E (due to the behaviour of the stopping power), leading to a higher

admissible proton-beam intensity. The maximum values of the PSRB are

Table V-4 Relative maximum PSRB values for several elements, the
proton-beam intensity showed to be 600 nA/am2 for all Z-
values listed. For selenium the rel. PSRB is also shown
for some other parameter values.

element

sodium

aluminium

sulphur

potassium

titanium

iron

zinc

selenium

selenium

selenium

selenium

selenium

Z

11

13

16

19

22

26

30

34

34

34

34

34

EP
(MeV)

0.6

0.7

0.8

1.1

1.4

1.9

2.4

3.0

3.0

2.0

3.0

4.0

d
(mg/cm2)

0.1

0.3

0.8

1.2

1.8

2.4

3.0

3.6

6.0

2.5

3.6

9.0

F
(mg/cm2 Be)

5

20

30

40

90

320

700

1400

1400

400

1400

2800

rel.
PSRB

0.1

0.2

0.4

0.6

0.8

1.0

1.0

0.8

0.8

0.4

0.8

0.6
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found by multiplying Jx/JT (/T from e.g. Fig.V-10) by the

corresponding PSRB values (from e.g. Fig.V-9) and are shown in Table

V-4 for various elements. It is shown that the maximum PSRB values

are not equal for all elements. For selenium the effect of E on the

relative PSRB is demonstrated. Also is shown that for the optimal

proton energy, for selenium being 3.0 MeV, increase of the target

thickness has little influence on the relative PSRB.
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CHAPTER VI CONCLUDING REMARKS

The PIXE method developed in this study is a sufficiently

adequate, accurate, precise, sensitive and fast multi (trace-)element

analysis method. It has proved to be a fast, versatile analytical tool

for a wide variety of elements, matrices and concentrations. The

applications described in Chapter V demonstrate that PIXE has several

special features that render it particularly useful for certain

specific analytical applications:

- when only a small quantity of material is available (aerosol samples,

biological tissue and paintings white lead);

- when there is little time available for analysis, or when large

series of samples have to be analysed (aerosols, metal-hydroxide

sludges, serum);

- when non-destructive analysis is required (forensic samples and

aerosols);

- when substances are present which interfere with other (trace-)

element analyses methods (organic substances in metal-hydroxide

sludges).

The success of PIXE in these applications is due to the fact that

an accurate, quantitative description for matrix corrections can easily

be applied for homogeneous and uniform targets. The matrix corrections,

as described in Chapter III, relate to all the relevant physical

processes occurring in the target: proton-energy decrease and X-ray

absorption in the matrix; secondary characteristic X-ray production by

secondary electrons and primary excited X-rays. It should be emphasised

that for inhomogeneous thick targets (> 1 mg/cm2), PIXE can only be a

semi-quantitative technique.

Several fast and simple preparation techniques are feasible for

liquid and solid samples, using supports of various materials. Element

losses during irradiation can be prevented by adequate sealing

procedures. For liquids, uniform and homogeneous targets with a thick-

ness of about 5 mg/cm2 seem to be most favourable, because of the

simplicity and high reproducibility of the preparation method. For

powdered solid samples, a thin-target (< 1 mg/cm2) preparation
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technique seems to be most favourable, since the requirements of homo-

geneity and uniformity are less stringent. However, for individual PIXE

applications minor departures from the standard preparation technique

will often be necessary.

The reproducible preparation of adequate targets, together with

the possibility of calculating matrix corrections accurately, enables

the Bremsstrahlungs spectrum to be used as an internal standard. A

substantial reduction of preparation time and of inaccuracy is achieved,

compared with addition of an internal standard. It should, however, be

emphasised that calibration by means of the Bremsstrahlungs spectrum

can only be applied when at least 98 per cent by weight of the target

consists of elements with Z < 11.

The parameters determining optimum analysis of a single element

are initial proton energy, target thickness, beam intensity and X-ray

absorption filter thickness and material. However, since PIXE will

generally be used as a multi-element analysis technique over a wide

range of Z-values, a compromise will have to be made in the values

these parameters take.

Depending on the parameters used and the trace elements (Z >_ 11)

considered, a minimum detectable concentration of 1-10 ppm is obtained

within 3-10 minutes of irradiation. However, if only a small Z-range

is of interest, the detection limit can be sustantially lowered with

some rearrangements; the resulting improvement may be tenfold or even

more.

The XRF facility developed in this study, and described in the

Addendum, proves to be very useful, especially due to its feature of

a simple excitation-source change. This facility is appropriate for

screening of the samples to be analysed with PIXE, since the PIXE

parameters can now be better decided a priori. Moreover, the XRF set-

up can be used for calibrating one or a few of the elements to be

determined with PIXE.

108



ADDENDUM THE XRF APPARATUS

A.I Experimental design

For the reasons mentioned in Chapter I, supplementary apparatus

was set up for element analysis based on XRF. For excitation, we used

photons from radio-nuclides. Fig.A-1 shows how efficient excitation of

all elements (Z >_ 11) can be achieved using 55Fe, 109Cd and 21tlAm,

either by excitation of K X-rays or of L X-rays. The experimental set-

up is designed for high sensitivity and high peak-to-background ratio.

As already mentioned in Chapter I, the sensitivity of an element is

defined as the number of X-rays detected per unit mass of an element

present in the target. In the development of the apparatus the

following points were taken into account:

- primary photons from the sources as well as fluorescent photons

Z Laexcitation

70 30

1000

_ . - - i l a excitation
" " " Cd-109 (22.1 keV)

Ka excitation

Am-2£K59.5keVI

Ba
I

30 £0

Z KQexcitation

50 60

Fig.A-1 Relative detected X-ray intensity per mCi for thin targets;
for the radio-nualides 55Fe, l0SCd and 2hlAm. The targets
are so thin that they do not absorb a substantial part of
the primary photon flux.
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emitted from material surrounding the target material should not

reach the detectors

- a uniform photon flux should be obtained at the target;

- transmission of fluorescent photons (E ) from target to detector

should be high;

- with respect to Compton scattering, it is convenient to keep the

scatter angle between excitation source and detector at about 100°;

the inelastic energy shift will then not be minimal, however (XES73).

Based on these considerations, a fixed geometry was applied for each

of the three excitation sources, as sketched in Fig.A-2. The photon

source and detector are placed on the same side of the target. The

function of the collimator is to absorb primary photons from the

sources and fluorescent photons emitted from material surrounding the

target. Parts of the construction, surrounding the target and the

detector are made from low-Z material. In the geometry chosen (target

and detector surface parallel), those photons which reach the detector

have a minimum path length in the target. To reduce absorption of low-

energy X-rays in the air, the pressure in the experimental set-up can

be lowered (e.g. to 100 Pa). The scatter angle between the photon

source and detector is at least 90 , because of the requirement that

they should both be placed on the same side of the target. The

experimental set-up is constructed such that a high sensitivity can

still be obtained for targets that do not absorb a major part of the

primary photon flux. To obtain a uniform flux at the target, three semi-

annular sources were designed. Moreover, the normal of the surface of

each photon source passes through the target centre, in order to reduce

the effects of differences in source activity. The construction is

designed for targets with diameters up to 30 mm.

Fig.A-2
Geometrical sketoh of the XRF
set-up.
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In the optimisation of distances and angles,the following para-

meters were taken into account (see Fig.A-2):

- primary photon flux on the target ^ / dfi ;
target area

- absorption of primary photons (Ep^) in a target, with mass ab-

sorption coefficient y. Absorption "v {1 - exp - (u(E ) «t/cosiji) },

t representing the depth in the target;

- transmission of emitted photons (E ) from the target in the detector

direction. Transmission ^ exp - (u{E )-t);

- solid angle of detection ^ Ar.

The sensitivity is proportional to: / dR'&F/cos^i.
target area

We have introduced new variables (see Fig.A-2) : u = cosij>;

A = ( a 2 + c 2 ) 2 - 2b 2(c 2-a 2) + bk; B = 2 b z ( c 2 - a 2 - b 2 ) ; C = b1* and <h is

the maximum value of <k, viz. 52.5° (limitation because of target

radius). The relative sensitivity is then given by

COS(f>l ?
r L u^
I — du .
O /A'U4 + B'U2 + C

To find the highest sensitivity the following parameters were varied:

- the distance between target and detector b;

- the angle between target and collimator a;

- the distance between source centre and target centre d = /a2 + c2.

The quantities a and b were calculated for the three sources. However,

since the geometry is fixed, values were taken for a and b which gave

the best compromise in terms of optimum sensitivity for each of the

three sources. The distance between the source centre and target centre

(d) may be changed in order to obtain reduced transmission (< 10"1") of

primary photons through the collimator. Fig.A-3 shows the experimental

set-up developed by Mr. Gerd Wijnhoven for this study (Wijn80). The

values of the optimised parameters are: b = 11.5 mm and a = 10 . The

distance (d) between the source centre and target centre is 16.9,

22.7 and 21.8 mm for iron, cadmium and americium, respectively. Pro-

visions were made to adjust these distances by varying the striking

distances of the plunger. To obtain a high throughput rate, eight

targets can be placed in a rotating circular tray. The activity of the
55Fe, 109Cd and 2klRm sources is 20, 6 and 90 mCi, respectively, each

source being distributed over six annular elements.
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Fig.AS XRF set-up. The excitation sources are shown in the non-active
position. 1) aluminium vacuum chamber; 2) six aompressed-air
cylinders; 3) source selector (-20°:55FeJ 0°.A03CdJ
+20°';21tlAm); 4) rotatable holder with 18 sources; S) eighteen
source plungers; 6) radioactive sources; ?) target selector
(1-8); 8) target inlet; 9) eight position target holder;
10) X-ray absorption ring (Delrin, Alt Fe, Cu, Pb); 11) X-ray
absorption collimator (Delrin} Al, Fe3 Cu, Pb); 12) Perspex
cap.

The iron and cadmium radio isotopes can be produced with our

cyclotron by the following reactions: 109Ag(p,n)109Cd and 55Mn(p,n)55Fe.

For these reactions we determined the excitation function (Sections A.3

and A.4). The cadmium source was produced in our laboratory, mainly for

reasons of economy. Its production is described in Section A.5. We did

not produce 5 5Fe, because it is cheaper to purchase; it can also be

produced in a nuclear reactor by way of: 54Fe(n,y)55Fe (Wil66). In

Section A.2 some specific analysis results are shown.

A.2 XRF analyses

Before measuring the sensitivity, the uniformity of the photon

fluxes at the target was measured. It was found that targets with a

diameter of less than 20 mm are irradiated with a uniform photon flux

(non-uniformity of less than 10 per cent). The detection sensitivity

was calculated and measured for various elements. The calculations

were performed analog to the calculations of Chapter III. The detection

sensitivities were determined experimentally with targets prepared

according to METHOD I (Section IV.2.2), with elemental concentrations

ranging from 0.5 to 10 ug/cm2. In this range, the peak area of the X-

ray lines is linearly related to the concentration of the elements.
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Fig.A-4 Spectrum of a Vitallium pin (Cr, Co, Mo), used in bone
surgery, obtained by 3 minutes irradiation with aadmium-lOS.
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Fig.AS Spectrum of a piece of voak, obtained by 3 hours irradiation
with aadmium-109.
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The detection limit is expressed as 2̂ 1", where B is the number of

background counts in the interval of twice the FWHM of the peak, in

a 30-minutes measuring period, these limits were found to be: 3-800 ppm

(Ti-Al), 20-500 ppm (Mo-Ti) and 100-300 ppm (Ce-Mo) for iron, cadmium

and americium, respectively.

Fig.A-4 shows the spectrum obtained from a pin made of Vitallium

(Cr, Co, Mo), used in bone surgery. The spectrum was obtained with the

aid of the cadmium-109 source, the analysis time being 3 minutes. Fig.

A-5 shows the spectrum obtained from a piece of rock. This spectrum was

also obtained with the aid of the cadmium-109 source, the analysis

time being 3 hours.

A.3 Cross sections of the 109Ag(p,n)109Cd and 107Ag(p,n)107Cd

reactions

The isotopic composition of natural silver is: 48.65 per cent
109Ag and 51.35 per cent 107Ag. If natural silver is bombarded with

protons having energies up to 15 MeV, the main reactions that occur

Table A-l Maximum aross sections for the reaations Ag(p}n)
and lo7Ag(p,n)l07Cd determined in the present study
compared to the data of Wing and Huizenga (Win62).

proton energy for
maximum cross section
(MeV)

emission probability
of 88 and 93 keV,
respectively

maximum cross section
in 10"27 cm2

maximum cross section
(with emission proba-
bilities as used by us)
in 10"27 cm2

109Ag(p,

present
work

9.5±0.2

0.0389
(Leu65,
NDS78)

436+50

436±50

n ) ^ C d

(Win62)

8.9±0.2

0.0426
(Str58)

360+40

400+40

107Ag(p

present
work

10.7±0.2

0.048
(Lar62,
NDS72)

580±70

580+70

,n)l°7Cd

(Win62)

10.4±0.2

0.047
(Str58)

590+60

578+60
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are 109Ag(p,n)109Cd and 107Ag(p,n)107Cd. In literature measured data

on thp cross sections of these reactions are found only up to about

11 MeV, reported by Wing and Huizenga (Win62). We determined the cross

sections for these two reactions as a function of the proton energy

in the range 5-15 MeV, using more recent values for the emission

probabilities and range/energy relations.

The bombardments were carried out using the A.V.F. cyclotron of

the E.U.T. Incident proton energies were 14.8 and 14.0 MeV. The inte-

grated beam current was measured with a Faraday cup. The targets were

100-um silver foils, four of which were stacked together for each

bombardment. The (p,n) cross sections were determined after bombardment

by measuring the activities of the radio-nuclides formed. For 109Cd,

the 88-keV yray intensity was measured and for 107Cd, the 93-keV y-

ray intensity. The mean reaction cross section in a foil is determined

by measurement of the y-ray count rates on both sides of the foil,

properly corrected for the mass absorption.

The values for the maximum cross sections are given in Table A-l.

The difference in corresponding proton energies, measured by us and by

Wing and Huizenga (Win62), may be explained by the uncertainty in

400

i i i i i

o Wing and Huizenga
• present study

i i i i i i i i
10

proton energy (MeV)

Fig.A-6 Excitation function of lo'iAg(pJn)
lo9Cd as experimentally

determined in this study and by Wing and Huizenga (Win62).
The data of these authors are corrected with the emission
probabilities used by us.
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proton energies (in both cases about 0.2 MeV) and by the use of

different range/energy relations. Wing and Huizenga used the relation

of Sternheimer (Ste59), while we used the Nuclear Data Tables (NDT70).

The difference in maximum cross section values can be partly explained

by the values for the emission probabilities used. As can be seen from

Table A-l, good agreement between our values and those of Wing and

Huizenga is obtained when the same emission probabilities are used.

The excitation function of the reaction 1 0 9Ag(p,n) J" 9Cd is given in

Fig.A-6. In this figure the data of Wing and Huizenga are corrected

with the emission probability used by us. There still remains a dis-

crepancy at the low-energy side.

A.4 Cross section of the 5 5Mn(p,n) 5 sFe reaction

We determined the cross section for the reaction 5 5Mn(p,n) S 5Fe

as a function of the proton energy in the range 5-16 MeV, because no

cross section data could be found for proton energies above 6.75 MeV.

Manganese-nickel foils (18% Ni) with a thickness of 16-19 ym were used

as targets, since pure manganese foils were not commercially available.

The isotopic composition of natural manganese is 100 per cent 5 5 M n .
1250

1000

750

500

250-

• present study

• Albert Rib 59]

o Dell et al [Del 65]

10 12
proton energy (MeV)

Hg.A-7
Excitation funetion
of 55Mn(p.,«;55Fe as
experimentally detev-

T6mined in this study.
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Bombardments were performed with the cyclotron of the E.U.T.

Incident proton energies were 16.0, 13.0 and 9.5 MeV. Thirteen, twelve

and ten foils, respectively, were stacked together. The integrated

beam current was measured with a Faraday cup. The energy degradation

was calculated using Nuclear Data Tables (NDT70). The (p,n) cross

sections were determined by measuring the Mn K X-ray intensity (5.9

keV) on both sides of each foil, taking into account a mass absorption

coefficient of 80.1 cm2/g.

The cross section is given as a function of the proton energy in

Fig.A-7. The maximum cross section is found at 11.3±0.2 MeV and is

equal to 1.24 10" 2 4 (±13%) cm2. This figure also gives data reported

by Albert (Alb59) and Dell et al. (Del65) for their maximum proton

energies, being 5.5 and 6.75 MeV, respectively. We may conclude from

Fig.A-7 that the results we obtained agree quite well with the data

reported for the lower energy region.

A.5 Production of 109Cd with the Eindhoven cyclotron

As is described in Section A.3, the proton energy at maximum

cross section is 9.5 MeV for the reaction 109Ag(p,n)109ca. Our pro-

duction set-up consists of two silver targets, stacked together. The

protons should have the energy of 9.5 MeV just between the two silver

targets. For safety reasons a tantalum foil was placed in front of the

first silver target, separating the production set-up from the

cyclotron beam-guiding system. Fig.A-8 shows the proton energy as a

function of the position in the production set-up. The production set-

up is outlined in Fig.A-9.

In several preliminary experiments we found that the nominal

activity of 109Cd was 2.5 uCi/yAh. This is in good agreement with that

calculated using Fig.A-6. Beam intensities of about 50 pA were used,

the total amount of heat dissipated in the production set-up then being

about 700 Watt. The heat dissipated in the tantalum foil (25 Watt) can

be carried off by radiation (melting point Ta = 3000° C). In the first

silver target, about 200 Watt must be carried off. This silver target

is cooled by a ring, as is shown in Fig.A-9. Taking only heat
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Proton energy as a function of the
position in the l03Cd production
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Fig.A-9 The losCd production set-up.

conduction to the cooled ring into account, the estimated maximum

temperature in this foil at a beam intensity of 50 yA will be about

500 C (melting point Ag = 960 C ) . The second silver target is cooled

over its entire reverse side. Because of the excellent heat conductivity

of silver, the temperature of this target will increase by not more than

about 30° C.

Features of the production set-up include the following:

- The total current on the targets is measured.

- The temperature of the second silver target is measured by a

chromel-alumel thermocouple.

- With a telescope, a lamp and several mirrors, the behaviour of the

first silver target can be permanently observed during irradiation;

deformations and sputtering are immediately visible.

118



10 0 10 20
distance from target centre (mm)

Fig.A-10 The 109Ctf activity as a function of the position in the
first silver target. The ourves represent the activity
distribution in two orthogonal directions.

- The two silver targets do not touch one other, to prevent surface

deterioration e.g. due to sputtering.

- The first silver target is polished to decrease the amount of heat

carried off by radiation, thus to protect the surrounding from

damage by heating up.

- Because of the low emissivity of silver, the heat radiated from the

back of the first silver target will only be absorbed to a slight

extend in the second; the front of the second silver target is

therefore sooted, thus increasing the emissivity by a factor of

about 40.

The total charge collected in the targets was 2350 uAh. The nominal

activity of 109Cd produced was 6 mCi. In Fig.A-10 the activity is

given as a function of the position in the first silver target. This

activity distribution was measured with our Si(Li) detector and a

slit collimator, which could be moved along two orthogonal axes. A

similar activity distribution was observed in the second silver

target. From these two silver targets, 6 pieces measuring 5 x 10 mm2

were cut: in this way more than 90 per cent of the activity produced

could be used in the XRF set-up.
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SUMMARY

Development of a multi-elemental trace analysis technique using

PIXE (Particle Induced X-ray Emission), was started almost five years

ago at the Eindhoven University of Technology, in the Cyclotron

Applications Group of the Physics Department. The aim of the work

presented in this study is to improve the quantitative aspects of

trace-element analysis with PIXE, as well as versatility, speed and

simplicity.

The protons for these experiments were delivered by the A.V.F.

cyclotron. The experimental set-up is described in Chapter II. For

speed and simplicity of irradiation, we developed a target chamber

with a remote-controlled, eighty-position target changer and various

X-ray absorption filters and beam diaphragms. Beam-diffusing foils are

also mounted to allow the proton energy to be rapidly varied, leading

also to a uniform proton-beam intensity at the target.

Chapter III gives a quantitative description of all relevant

processes occurring in the target during irradiation: proton-energy

decrease and X-ray absorption in the matrix; secondary characteristic

X-ray production by secondary electrons and primary excited X-rays and

generation of the Bremsstrahlungs spectrum. It is shown that the

enhancement of the X-ray yield due to secondary electrons is at most

5 per cent. The Bremsstrahlungs spectrum was studied for calibration

purpose: it proved suitable for homogeneous and uniform targets that

are abundant in light elements (Z < 11). A data-acquisition and data-

handling program was developed, that takes into account the processes

mentioned.

Chapter IV treats the preparation of liquid and solid samples.

For liquid samples fast and simple target-preparation techniques were

developed, using supports of various materials, yielding very homo-

geneous, uniform and reproducible targets. For pulverised solid

samples a fast and simple target-preparation technique was developed,

yielding thin targets. It is shown that (trace-)element losses occur

during irradiation. These losses can, however, be prevented by

129



adequate sealing procedures which do not adversely affect the

characteristics of homogeneity, uniformity and reproducibility.

Several applications of PIXE are presented in Chapter V, covering

a wide variety of elements and concentrations (down to 0.1 ppm). The

matrices cover samples of medical, biological and environmental

interest, viz. human serum, human eye lenses and aorta tissue, Kale

Powder and aerosols. Inorganic samples such as paint, metal-hydroxide

sludges and ferrites were also analysed. The aim of the (trace-)

element determinations is indicated in each case.

In the Appendix an outline is given for the maximisation of the

detection sensitivity as a function of the trace-element Z-value.

General, "compromise" values for irradiation parameters are: an

initial proton energy of 1.43, 3.05 or 6.8 MeV; a beam intensity of

20, 200 or 2000 nA; an irradiated area of 0.3, 1.1, 3.1 or 5.6 cm2;

an X-ray absorption filter of 12.5 mg/cm2 beryllium (1 keV < E < 7 keV)

or 69 mg/cm2 beryllium (3 keV < E < 12 keV) or 27 mg/cm2 aluminium

(E > 6 keV).

The development and usefulness of an additional XRF apparatus

involving the excitation sources iron-55, cadmium-109 and americium-

241, are described in the Addendum. The production of cadmium-109

with our cyclotron is also described.
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SAMENVATTING

Ongeveer vijf jaar geleden startte in de onderwerpgroep

"Cyclotron Toepassingen" van de Afdeling der Technische Natuurkunde

van de T.H. Eindhoven de ontwikkeling van een sporenelementenanalyse-

techniek: PIXE (Particle Induced X-ray Emission). Het doel van het

werk, dat beschreven wordt in dit proefschrift, is het verbeteren van

de kwantitatieve eigenschappen van sporenelementenanalyse met PIXE.

Daarnaast wordt beoogd een grote verscheidenheid van monsters te

kunnen analyseren, het bereiken van een hoge analysesnelheid en

eenvoud van uitvoering.

De protonen, nodig voor deze experimenten, werden geleverd door

het A.V.F.-cyclotron. De experimentele opstelling wordt beschreven in

hoofdstuk II. Terwille van snelheid en eenvoud van uitvoering werd een

bestralingskamer gebouwd die o.a. voorzien werd van een op afstand

bedienbare monsterwisselaar alsmede van verschillende röntgenabsorptie-

filters en bundeldiafragma's. Tevens werden folies in de bundel ge-

plaatst, zodat niet alleen een diffuse bundel op de trefplaat verzekerd

is, maar ook een gemakkelijke instelling en variatie van de protonen-

energie mogelijk is.

Hoofdstuk III geeft een kwantitatieve beschrijving van alle rele-

vante fysische processen die in de trefplaat tijdens bestraling op

kunnen treden zoals: variatie van protonenenergie en röntgenabsorptie

in de matrix; de karakteristieke röntgenproductie door secundaire

elektronen en primaire fotonen alsmede de vorming van het Brems-

strahlungs-spectrum. Aangetoond is dat de toename van de röntgenop-

brengst door secundaire elektronen minder dan 5 procent bedraagt. Ge-

tracht is het remstralings-spectrum voor calibratiedoeleinden te

gebruiken. Voor homogene, uniforme trefplaten met voornamelijk lage-Z-

componenten bleek dit een eenvoudige en nauwkeurige oplossing. Een

meet- en verwerkingsprogramma werd ontwikkeld waarin de genoemde

processen verwerkt zijn.

Hoofdstuk IV behandelt de trefplaatbereiding van vaste- en vloei-

bare monsters. Voor vloeistoffen is een eenvoudige en snelle trefplaat-

bereidingsmethode ontwikkeld, waarbij van verschillende drager-
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materialen uitgegaan is. Het blijkt dat op een reproduceerbare wijze

zeer homogene en uniforme trefplaten gemaakt kunnen worden. Voor

poeders is een methode ontwikkeld, die op snelle en eenvoudige wijze

resulteert in dunne trefplaten. Het optreden van verliezen van sommige

spore-elementen tijdens bestraling werd aangetoond. Deze verliezen

kunnen tegengegaan worden door de trefplaten af te dekken (sealen).

De2e afdekking tast de homogeniteit, uniformiteit en reproduceerbaar-

heid van de trefplaten niet aan en voorkomt in belangrijke mate de

genoemde verliezen.

De toepassingen die in hoofdstuk V worden beschreven vertegen-

woordigen een grote verscheidenheid aan elementen en concentraties

(tot 0.1 ppm). Veel monsters zijn van medische, biologische en milieu-

hygiënische origine. Analyses worden beschreven van menselijke sera,

ooglenzen en aorta's, alsmede van gepoederde bladeren en van aerosolen.

Voorts wordt de bepaling van elementen in anorganische materialen,

zoals verf, metaalhydroxideslibben en ferrieten, vermeld. Van elk der

genoemde toepassingen is ook het doel waarvoor de analyses verricht

zijn, nader toegelicht.

In de appendix wordt uitgelegd hoe de detectiegevoeligheid als

functie van Z gemaximaliseerd kan worden, tn het algemeen nemen we als

compromiswaarden voor de protonenenrgie 1.43, 3.05 of 6.8 MeV, voor

de bundelintensiteit 20, 200 of 2000 nÄ, voor het te bestralen opper-

vlak 0.3, 1.1, 3.1 of 5.6 cm2 en voor het röntgenabsorptiefilter

12.5 of 69 mg/cm2 beryllium of 27 mg/cm2 aluminium.

In het Addendum wordt het nut en de ontwikkeling van een opstel-

ling voor XRF (X-Ray Fluorescence) beschreven, die als aanvullende

analysefaciliteit gebouwd werd. Voor de excitatie wordt hierin gebruik

gemaakt van de radio-nucliden: ijzer-55, cadmium-109 en americium-241.

De productie van het cadmium-109, met het eigen cyclotron, wordt

eveneens beschreven.
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NAWOORD

Het onderzoek, in dit proefschrift beschreven en verricht in de onder-

werpgroep "Cyclotron Toepassingen", is tot stand gekomen met de hulp

en de inzet van velen. Allereerst wil ik de grote groep van "PIXE

vanaten" bedanken die op een ongekend enthousiaste en fanatieke wijze

gewerkt heeft. De vele avonden, nachten en weekenden die wij tesamen

gewerkt hebben zal ik, en ook Marja, niet vlug vergeten. Tesamen hebben

wij voor het totstandkomen van dit boekje, de 6 afstudeerverslagen en

de 25 stages ongeveer 55.000 PIXE manuren nodig gehad. Er zijn in deze

periode 1100 cyclotron-bundeluren gebruikt. Tijdens de meetavonden

werd ongeveer 250 kilo Chinees voedsel verorberd.

Op de eerste plaats wil ik Frans de Rooij bedanken die zich, via TAP-

en halfjaarlijkse contracten, meer dan 2 jaar volledig ingezet heeft.

Vooral dank ik hem voor het mede begeleiden van de stagiaires, en het

helpen schrijven van de publicaties.

Een essentiële "PIXE vanaten" groep vormden de afstudeerders. Zij

hebben ieder op hun eigen onderwerp een zeer belangrijke bijdrage ge-

leverd. Dingeman Beuzekom: meetopstelling; Jaap Duininck: secundaire

elektronen; Henk van Dam: secundaire fluorescentie; Gerd Wijnhoven: XRF

bron; Jos Hemelaar: seleniumbepalingen; en Hans van Zon: optimalisering

en aerosols.

Peter Vaessen dank ik voor het schrijven van het programma PROFANAL en

vooral voor het feit dat hij na zijn vertrek nog altijd bereid is ge-

bleken ons te helpen. Onze student assistent Kees Casteleijns dank ik

voor zijn grote toewijding bij de vele metingen die hij verricht en

uitgewerkt heeft.

Een andere groep "PIXE vanaten" vormden de stagiaires: Gerd Wijnhoven

i.2x)( Jos Hemelaar (2x), Hans van Zon (2x), Dingeman Beuzekom, Henk van

Dam, Kees Casteleijns, Paul Moonen, Peter van Doremalen, Ward Cottaar,

Rob Dolmans, Bert Tuyt (2x), Rob van Ommering (2x), Ruud van der Linden,

Leon Hoffman, Tom de Groot, Geert Hellings, Paul Neuray, Henny Heynen,

Jacques Geraets en Wil van de Putte.

Johan van der Heide, met wie ik de eerste jaren de kamer gedeeld heb,

ben ik erkentelijk voor mijn inwerkperiode in de groep en voor de dis-

cussies over het PlXE-gebeuren. Met veel genoegen denk ik terug aan onze

reis naar Amerika. Met Kaarten Prins heb ik de laatste tijd mijn kamer

gedeeld en zo hebben we PIXE en SPIXE tot elkaar gebracht.
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De bedrijfsgroep ben ik dankbaar voor de vele bundeluren waarvoor zij

gezorgd hebben. Ook 's nachts en in de weekenden konden we steeds een

beroep op hen doen. Rinus Queens, Frits van Hirtum, Carel Soethout/

Paul Aersens, Wim Verseijden en Adri Platje wil ik hier graag ver-

melden.

De leden van de Stralingsbeschermingsdienst ben ik zeer erkentelijk.

Piet Thijssen, Wim Kok, Harrie Theelen, Chris Huiskens, Henk Meulman

en Jack Vermeulen dank ik voor hun steun, vooral bij de cadmiumpro-

ducties.

De heren van de bewakingsdienst, met name L. Swinkels en A. Scheepers

hebben ons vele malen in- en uitgelaten, ook op tijden dat dat "niet"

kon. Voor hun vriendelijke hulp mijn hartelijke dank.

De leden van de afdelingswerkplaats dienen apart vermeld te worden,

daar zij vele apparaten zo goed gebouwd hebben dat niet alleen

vele instituten er jaloers op zijn, doch deze ook (willen) imiteren.

Speciaal wil ik Harry Habraken, Henk Heller, Marius Bogers, Gerard

Wijers, Frank van Hoof, Dick Beekman en Frank van Tuijl bedanken.

Gerard Pasmans, Johan Meulensteen en alle anderen van het afdelings-

bureau wil ik graag bedanken voor de soepele behandeling van onze pro-

blemen. Frits Hoogwoud en Piet Beetz ben ik erkentelijk voor de manier

waarop zij ons van "van alles" voorzagen.

De samenwerking met het IRI uit Delft was bijzonder prettig. Met name

Prof.Dr. A. Hummel, Dr. C. van de Hamer en Mevr. C. Zegers wil ik be-

danken .

De vele serum- en bloedanalyses die zijn verricht, zouden onmogelijk

geweest zijn zonder de hulp van het klinisch-chemisch laboratorium

van het St. Joseph Ziekenhuis in Eindhoven. Met name wil ik Dr.Ir.

H. Vader, W. Schuurman en Mevr. E. van den Honert bedanken voor hun

bereidwillige medewerking. Indien we zeer snel bloed- of serummonsters

wilden hebben, zorgde Mevr. E. Stavast van de Bedrijfsgeneeskundige

dienst van onze TH hiervoor.

Ruth Gruyters dank ik hartelijk voor het vervaardigen van de tekeningen,

die ze, ook als ze eens opnieuw moesten, altijd snel en opgewekt ver-

zorgde .

Jack Guns dank ik voor het vervaardigen van de foto op de omslag van

dit boekje.

Marijke Schilstra, Rian Teurlings en Maria van den Nieuwenhuizen hebben

met veel zorg en vriendelijkheid het typewerk verricht.
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Tot slot wil ik al diegenen die niet met name genoemd zijn, en van

wie wij de afgelopen jaren steun en belangstelling mochten krijgen,

oprecht bedanken.

LEVENSLOOP

Op 15 juli 1953 werd ik geboren te Harderwijk. Mijn middelbare school-

opleiding begon ik aan de Newman hbs te Breda. Aan het Titus Brandsma

Lyceum te Oss behaalde ik in 1971 mijn hbs-b diploma. Daarna begon ik

mijn studie Scheikundige Technologie aan de TH te Eindhoven. Marja en

ik trouwden op 22 augustus 1975. Op 24 juni 1976 studeerde ik af op

het onderwerp "extractie van metalen uit afval slibben" bij de vakgroep

Fysische Technologie. Sinds augustus 1976 ben ik in dienst bij de groep

Cyclotron Toepassingen van de Afdeling der Technische Natuurkunde.

Koen werd op 4 augustus 1977 geboren en Bart op 17 juli 1979. Vanaf

15 december 1979 ben ik als directeur verbonden aan het adviesbureau

Intercai B.V.

Henk Kivits
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STELLINGEN

behorende bij het proefschrift van

H.P.M. Kivits

Eindhoven, 27 juni 1980



1

De bewering van Garten e.a. dat bij PIXE een verhoogd

remstralingsspectrum tot energieën boven 40 keV (overeen-

komende met een doorslagspanning van 40 kV tussen trefplaat

en omgeving) een gevolg is van een terugkeren naar de

trefplaat van uitgestoten secundaire elektronen, moet zeer

betwijfeld worden.

R.P.H. Garten, K.O. Groeneveld, K.H. König,

Fresenius Z.Anal.Chem. 238 (1977) 171

Dit proefschrift, Hoofdstuk II

2

Bij gebruik van een röntgenfluorescentie-opstelling waarbij

radionucliden de exciterende fotonen leveren, verdient het

aanbeveling de aanstraalhoek zo klein mogelijk te maken.

Dit proefschrift, Addendum

3

Voor een kwantitatieve analyse met behulp van een compacte

röntgenfluorescentie-opstelling behoeft de fotonenflux niet

uniform over het te onderzoeken monster verdeeld te zijn.

Dit proefschrift, Addendum

4

PIXE zou nog meer toepassingen krijgen als er dragermateri-

alen van grotere zuiverheid beschikbaar zouden zijn.

Dit proefschrift, Hoofdstuk V

5

Aangezien een verlaging van de seleniumconcentratie in het

serum van kankerpatiënten aangetoond is, zou deze concen-

tratie kunnen dienen als een diagnostische parameter. PIXE

is een geschikte analysetechniek om grote aantallen serum-

monsters nauwkeurig te analyseren op hun seleniumconcen-

tratie.

R.J. Shamberger, E. Rukenova, E. Longfield, A.K. Tytko,

S.A. Peodhar, CE. Willis, J.Nat.Caneer Inst.

50 (1973) 883

Dit proefschrift, Hoofdstuk V



6

Het ontwikkelen van sporenelementenanalysetechnieken met

lage detectielimieten is zinvol. Ondermeer zou daardoor de

invloed van nog meer elementen op de fysiologie aangetoond

kunnen worden.

7

Een tekort aan bepaalde sporenelementen kan zeker zo nadelig

voor de gezondheid zijn als een teveel. Het is daarom

noodzakelijk naast een bovengrens voor de concentratie van

sporenelementen in het milieu tevens een ondergrens aan te

geven.

K. Kasperek, 'Zink, ein essentielles Spurenelement',

intern rapport Kernforschung s anlag e Jttlieh GmbH (1977)

8

Verouderde veiligheidsvoorschriften vertragen vaak de

invoering van nieuwe analysetechnieken.

9

De aanduiding van de energiekosten per jaar bij elk energie-

verbruikend apparaat stimuleert een beter energiebewustzijn

bij de consument.

10

Het argument dat de voorzitter van de NOS aanvoert voor

uitbreiding van televisiezendtijd, namelijk dat vanaf 1 uur

's middags met name kinderen en werklozen thuis zijn, is

uit pedagogisch en sociaal oogpunt hoogst ongelukkig.

E. Jürgens, Symposium over Omroepsatellieten

10 april 1980 Utreaht

11

In de huidige tijd van betrekkelijk hoge werkloosheid is

het meestal financieel aantrekkelijk zo lang mogelijk over

het promotieonderzoek te doen.

12

Wie het laatst lacht, lacht alleen.


