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Chapter 

Introduction 

1.1 Introduction into activation analysis 

I.l.l General principles 

Al though the first act!vation a.nalys.is ,experimentwBis 

carried out already in 1936 (de �B�e�v�e�8�Y�~ 1936), it was 

not until after the second world war that this t.chni

que became moreextensively used. This can eastly be: 

explained by the fact that since then a large numbe'r 

of reactors and accelerators has become available. �N�o�w�~ 

adays activation �~�n�a�l�y�s�i�s is used in a great variety of 

disciplines, where its special features appear to full 

advantage. 

As a consequence a vast amount of literature on the sub-, 

ject has appeared, including handbooks on the techni

ques �(�B�o�w�e�n�~ 1963; Lyon, 1964; Lenihan, 1985), lilts of 

nuclear data of interest (Kooh, 1960) and bibliographies 

on applications (Euratom, 1964; Lutz, 1970-a, -b, 1971-a). 

Moreover the proceedings of several international confe

rences on the developments in and; the applications of ac

tivation analysis (Texas, 1965; Salzburg, 1965; Amster

dam, 1967; �L�i�e�g�e�~ 1968; �G�a�i�t�h�e�'�t�'�8�b�u�r�g�~ 1.969) provide more 

detailed information as do publications in scientIfic 

magazines. 

The principle of activation analysis is rather si.mple. 

If a sample is irradiated with nuclear particles, nucle

ar reactions can occur, some of which may lead to insta

ble nuclei as reaction products. By determination of the 
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type, the energy and the half-life of the emitted radio

activity, these radioisotopes may be identified. If nec

essary, a �c�h�e�m�~�c�a�l separation is used to isolate the ele

ment of the required radioactive product. From this the 

parent element, which is frequently identical with that 

of the radioisotope, is deduced. Moreover, if the inten

sity of the radiation, emitted by the radioactive pro

duct, can be measured, this quantity constitutes a mea

sure of the amount of parent nuclides present in the sam

ple. 

The first stage in an activation analysis is the activa

tion (sometimes preceded by some special preparation of 

the sample). T'his can be achieved by bombardment with 

neutrons (thermal or fast), charged particles or high

energy photons. The choice of irradiation will depend on 

several circumstances, such as the element to be deter

mined, the matrix, possible interferences, needed sensi

tiVity and accuracy, and of course the available irradia

tion facilities. 

In general most activations are performed with thermal 

neutrons in reactors. The large cross sections for (n,y) 

reactions and the high flux densities make possible de

terminat.ions at very low concentration levels. However, 

this type of activation does not always offer a solution, 

as for some nuclei the cross sections for (n,y) reactions 

are very low (especially for elements with Z < 10), while 

in some other cases the actiVity of the product nuclides 

can not be measured conveniently. 

Fast neutrons, in most cases of 14 MeV produced by T+D 

generators, find wide applications too. As in general 

the cross sections for fast neutron reactions are small 

compared to those for thermal neutrons, and the fluxes 

obtainable are smaller than t.hose of thertna1 neutrons, 

the detection limits will be appr,eciably higher. 
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Charged particles, mostly from cyclotrons or van der 

Graaff-accelerators, offer another possibility. Espe

cially in the determination of light elements their ap

plication has proved very succes;ful, as very low d,etec

tion limits can be reached (e.g. �N�O�B�a�k�i�~ 1970). 

High-energy photons, occurring in the bremsstrahlen pro

duced by electrons from an electron accelerator (lineao, 

betatron or microtron) can be used to induce reactions, 

leading to product nuclides which in some casesa.re the, 

same as those" produced by fast neutron reactions. As the 

flux densities available greatly surpass those of fast 

neutrons, the detection limits, will be lower in those 

cases. Recently a general survey on this technique has 

been published (Lutz, 1971-b). 

Between activation and actiVity measurement a chemical 

treatment of the sample is frequently reqUired to remove 

activities interfering with the analysis. However, in re

cent years the use of high resolution semiconductor 

gammaspectrometers has in many cases provided means to 

avoid these separations. For this technique the name II in

strumentalactivation analysis ll is used. 

The last step, the measurement of the activity, is mostly 

performed by garruna-ray spectrometry. In some cases beta

counting is applied, but, as a chemical separation is 

nearly always reqUired for this purpose to obtain a 

count.ing sample of sufficient radiochemical purity, this 

method is only used if gamma-ray spectrometry is not pos

sible. 

A special kind of activation analysis is the one where 

the number of nuclear reactions is recorded, by rneasur,e

ment of the product particles emitted during the irradia

tion. This technique has not yet found many applications, 

although the introduction of track registration in di

electrics is making'1.t attractive for the determination 

of small amounts of fissile elements or nuclides. 
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Activation analysis has some features which make it a 

very suitable technique for certain special purpos.es. In 

the first plac:e there are the low detection limits,. espe

cially for thermal neutron activatlon analysis. In many 

cases thls provides a means for quantitat1ve debermina

tions at concentration levels where other analytical 

techniques are not applicable. A second feature is the 

possibility of non-destructive analysis, a property 

which it shares with' only a limited number of other tech

nlques (e.g. X-ray fluorescence spectrometry, X-ray dlf

fractometry). This makes activatlon analys1s a powerful 

tool for the investigatlon of very valuable or irreplace

able objects [e.g. products of art, archaeological finds, 

etc.)'. 

1.1.2� Apptications of activation analysis in geochemistry 

and cosmochemistry 

For geochemical and cosmochemical studies activation ana

lysis has become an essential technique, especially for 

the analysis at levels of very low concentrations. This 

could not be illustrated better than by the fact that 

recently a special conference was held on the applica

tions of activation analysis in these disciplines (KjeZ

Ze:r, :19?1) .. 

For the determination of trace elements the thermal neu

tron activation offers the best solution for most ele

ments. Many elements can be determined simultaneously by 

one irradiation when use is made of specially developed 

methods for the chemical separation of elements into 

groups (MO.r'l"l: 80"J 1969), as well as of instrumental ana

lysis (GoJ·don. 19(8). 

Fast neutron activation has been applied extensively too, 

especially for the determination of major constituents 

(e.g. �M�o�r�g�a�n�~ 1971; Kuykendall J 1971), where it provides 
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a fast analysis of several element,s, ofben simultane

ou.sly .. 

The role of other kinds of activation in these disci

plines has been rather limited. Photon activation was 

applied in a few cases, which are listed in the recently 

published survey on photon activation by Luts (1971-b). 

With respect to charged particles, their applications in 

this field are �l�i�m�~�t�e�d to the Russian work with a-sources 

for the determination of Be in ores (Plaksin., 1960),8nd 

the determination of Pb in meteorites with a-particles 

from an accelerator (Cobb., 1960., 19(4). 

1.2 Meteorites 

"A meteorite is a solid body which has arrived on Earth 

from outer space. Its size can range from microscopic to 

a mass of many tons" (Mason, 19(2). 

Between Mars and Jupiter there "is located the asteroid 

belt. Here the asteroids travel along their orbit around 

the sun, and by collisions of one with another, pieces of 

them are thrown out of the orbit. If such a meteoroid 

heads for the Earth and survives the journey through our 

atmosphere, a new meteorite has fallen. 

The main constituents of meteorites are a nickel-iron 

alloy and the silicate minerals olivine and orthopyroxene 

(both Fe-Mg-silicates). According to the contribution of 

these constituents to the total composition, a meteorite 

can be classified in the following scheme (Prior, 1920; 

�M�a�s�o�n�~ .1962): 

1.� Siderites or irons. Meteorites of this class consist 

mainly of nickel-iron. with small amounts of accessory 

minerals. A subdivision is made, reflecting on the crys

tal structure and the Ni content. 

2.� Siderolites or stony-irons. Here the amounts of nickel

iron and of silicate minerals are about equal. Of the 
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subclasses two types are the most, important: 

a. mesosiderites (,or pyrox.en,e-plagioclase stony-irons), 

in which the metallic constitu,ent is pre.sent as small or 

large grains, more or less connected with another, while 

the interstices are filled with silicate minerals; 

b. pallasites (or olivine stony-irons), in which the 

metallic phase forme a definite reticulum, of which the 

meshes are filled �~�i�t�h silicate minerals. 
, 

3. Aerolites or stony meteorites. These meteorites have 

for their main constituent silicates, generally with 

some nickel-iron. Their subclassification is rather com

plicated: 

a. chondrites. Stones of this class contain the so 

called "chondri" or "'chondrulesll , i. e. spheroidal aggre

gates of the silicate minerals olivine and/or pyroxene, 

usually about 1 mm in diameter. According to increasing 

contents of oxydized iron and decreasing free iron con

tents they are subdivided into enstatite, olivine-bron

zits, ivins-hypersthene, olivine-pigeonite and carbona

ceous chondrites. 

b. achondrites. Any stone which is no chondrite be

longs to this class. Therefore they constitute a rather 

inhomogeneous population. 'They are also much less nume

rous than the chondrites. Their subclassification is: 

i. Ca-poor achondrites, subdivided intoenstati

te, hypersthene, olivine and olivine-pigeonite achondri

teSt 

1i. Ca-rich achondrites, subdivided into augite, 

diopside-olivine and pyroxene-plagioclase achondrites. 

With respect to the origin of meteorites, many theories 

exist. They certainly belong to our solar system, and 

therefore it is generally accepted that their original 

material was the same as that from which the rest of our 

solar system was formed. This makes the research on me

teorites so interesting, because the Earth is a geoche
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mically disturbed system, while the meteoritic parent sys

tem has broken up before it coul'd be spoiled. 'The parent 

body and the h.istory leadin'9 '1;:.0 the eventual formation of 

the meteorites is the subject of many the!ories. Some of 

these (e.g. RinglJJood" 19',61) assume a broken up planet as 

par,ent body. Others (U1"eYJ 1959)' suppose two successive 

generations of parent bodi,es, primary and secondary i while 

still others (Fish" 1960)' assume the formation of the me

teorites to have taken place in bodies of asteroidal �s�i�~�e�. 

As far as the results of this work have to dO' with these 

theories, they will be summarized in the discussion 

(chapter IV). A survey of the different theories 1s given 

by Mason (1962)'. 

1.3 Introduction to this work. 

As meteorites axe subj,ects. of great scientific value, non

des.tructive analytical techniques offer advantages in the 

research on this material. Moreover it is possible to per

form different kinds of analysis on the same sample. 

Many kinds of analytical techniques have been applied in 

this field. Conventional wet chemistry has been applied 

in many cases (e,.g. Wiik" 1956). How,ever, instrumental 

techniques, like X-ray fluorescence spectrometry (e.g. 

Niahipopuk" 1967) and, above all, neutron activation ana

lysis, have provided many results, especially on trace 

element concentrations. Most activation analysis results 

were obtained with thermal neutron activation, some with 

fast neutron activation. 

This work deals with the, instrumental, determination of 

some el'sments by activatton with high-energy photons and 

with charged particles. The techniques have been developed 

and applied to a large number of stony meteorites and some 

stony-irons, almost all of which belong to the collection 

present at IKO. 
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Chapter II 

Photo,n activation analysis 

11.1 Principles of bremsstrahlen activation 

Of the various kinds of �i�r�r�a�d�i�a�t�~�o�n�s�, used in activation 

analysis, the one with high-energy photons has a relative

ly short history. This is a consequence of the lack of 

sources of electromagnetic radiation with energies high 

enough to give rise to nuclear reactions, before the con

struction of electron accelerators with particle energies 

in the region above 10 MeV. Till then the only case of 

photon activation analysis was the detection of Be, by 

irrad.iation wi.th gamma-rays from radioactive sources, made 

possible by the rather low threshold energy (1.67 MeV) 

for the photodesintegration of Be. 

However I the availabil.i ty of high-energy electron beams 

has changed the scene thoroughly. Bombardment, with these 

electrons, of thin targets, consisting of metals with high 

atomic number, produces bremsstrahlung, of which the high

er-energy fraction, with energies in the MeV-region, can 

readily be used to produce nuclear reactions. 

The characteristics of bremsstrahlung, with reference to 

spectral distribution, flux density and angular dependence, 

necessitate some precautions when use is made of this type 

of irradiation for activation analysis. In accordance with 

Heitler-theory, a beam of electrons with energy E , . 0 

striking a bremsstrahlen conversion target, will produce 

the emission of photons th a continuous spectral distri

bution. For a very thin target spectral range of pho

tons, EHnl t ted in the forward direction, i.e. the produced 
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part of the beam axis, will extend from 0 till E,o'; for 
other directions the upper edge will be lower with 1n

c.reasing angle with the forward direction. The flux den
sity shows an angular variation too, being strongly peaked 
in the forward di.rection, which preference is larger a,s 
the el,ectron energy is higher. The electron 'energy has 
still another influence on the flux, as the convarsion
,efficiency increases with this energy. Fig. 11.1 shows 
the spectral distributions for photons emitted in the for
ward direction .from a very thin tantalum target, for se
veral electron energies, taken from NBS 1954, Where they 
were calculated with equations derived by Sahiff from the 
Heitler-theory (NBS, 1954; Sahiff, 1951). 

t �f�r�g�:�l�l�o�t�i�l�v�~�' �n�u�m�h�~�r Ii' r , i , , , Ii' I I I , , , I �'�~�"�"�"�"�'�-�~�'�.�r�"�'�-�-�'�-�-�'�-

�~ of p:hotons in thll 
t forward dirczctlon 

r t 
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r 
r� photon czn12rgy (MeV) ---4Ii"I 
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Fig. 11.1� Bremsstrahlenspectra of photons emitted in the 

forward direction for two differ,ent electron 

energies 

In practice the conversion target will not be very thin, 
but will have a definite thickness, which causes the spec..., 
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tra to be shifted somewhat to the lower side, while the 

avera conversion efficiency is increased. Another fac

torwhlch makes the practical photon spectrum different 

from the theoretical, is the fact that the linear accele

rator does not produce monoenergeti.c electrons, but elec

trons with a c,ertain distribution around the mean energy. 

11.2 Irradiation fa9ility at IKO 

Th!S nm linear electron accelerator "EVA" produces elec

trons with variable energies up to 90 MeV . Fig . 11.2 giv,es 

a lay-out of the site. The electrons, leaving the accele

rator, can be deflected by a bending magnet, thus finding 

their way to the rooms for physical experiments, while an 

undefl'ected bea.m reaches the arrangement for experiments 

pf the radiochemistry department. The be.nding magnet is 

also used for the �d�e�t�e�r�m�~�n�a�t�i�o�n of the electron energy, 

as the current through the magnet, needed to bend the beam 

over an angle of 450 into the deflected beam pipe, is a 

measure for the electron energy. 

The targets for radiochemical work can be brought into the 

beam by remote control, and a choice can be made between a 

thin Ta-target for the production of bremsstrahlen and a 

thick Ta-target for neutron production. Both targets are 

water-cooled, while in the brems.'3trahlen-target slices of 

carbon are placed behind the thin tantalum discs, thus 

making Bure that the total thickness of the target assem

bly exceeds the range of 50 MeV electrons. A cross section 

of this conversion-target, which was used for the experi

ments described in this chapter, is shown in fig. 11.3, 

while fig .. 11.4 is an outline of the whole irradiation 

arrangement. 

The properties of bremsstrah n, as mentioned in 11.1, 

determine their application in activation analysis. As a 

sample and standard have to he irradiated by pr,eference 
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Fig. II.3 Cross section of the bremsstrahlen convertor 

under identical circumstances, two experimental arrange

ments are possible: 

I. samp (5) and standard(s) are irradiated one after an

other, with appropriate flux-monitors to correct for 

variations in flux density, in the same position; 

2. samp (s) and standard[s) are irradiated simultaneous

• placed in identical positions. 

The first arrangement is very suitable for short irradia

tion times (especially when a pneumatic transfer system 

can be used, as in this case the accelerator can be opera

ted under steady conditions). 
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For longer irradiations, howev,er, such experiments would 

conemme too much accelerator time, and the second arran

g,ement must be applied. It will be clear that identical 

positions are lying on circles, centered around the beam 

aXis. However, such an arrangement offers some serious 

disadvantages. Samples, placed in this way, will catch 

neither the maximal flux density nor the maximal photon 

energy, as these can be found only in the produced part 

of the beam axis. This' will result in a specific activlty 

much lower than in a sample placed in the beam centre. 

To obtain a quant,itative impression of this effect we per

formed some activations of paper anc1i, teflon �s�h�,�e�~�t�s�, pla

ced perpendicular to the beam directiori, and �m�e�a�s�u�~�e�d the 

distribution of the activities, induced by the·reactions 
12C(y,ri)11C and 19p (y,n)18p . The first reaction has a 

threshold energy of 18.7 MeV �(�S�p�i�a�e�r�~ 1955), while the 

threshold of the latter is much lower, Le. 10.4 MeV (Tay

�Z�o�r�~ 195.). After the irradiation the sheets were divided 

in pieces with an area of 1 cm 2 each, and the activity in 

each piece was counted either under an end-window G.M.

counter or with a NaIlTl) detector, measuring the 6+-ac

tivity directly resp. via the annihilation-radiation. The 

pieces of paper were allowed to cool for 20 minutes, to 

In this wayan of 81 around the beam axis of 

let the 150 activity falloff, while with teflon 3 hours 

was waited to avoid interference from the l1e activity. 

2 area cm 

sheets, irradiated at a distance of 25 em from the tanta

lum discs of the conversion target., was scanned (this cor

responds to an angle of 27°). Within this area we found an 

exponential decrease of the specific actiVity with in

creasing distance from the beam ,axis, and we �w�e�r�e�~ able to 

describe the distrlbution patterns by the exponents of 

these e-powers. Tab 11.1 shows the results of these ex

periments. 

It appears that, for a certain reaction, this value is 
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Table 11,.1� Exponential activity distribution character

ized by the exponent 

ll� 18FElectron energy� e 

15 MeV - 0.045 

20 MeV - 0.040 

21.5 MeV - 0,.058 

25 MeV - 0.048 - 0.040 

30 MeV - 0.046 - 0.039 

40 MeV - 0.045 

fairly independent of the electron beam energy, if this 

energy lies well above the threshold energy of the reaC

tion. It is apparent that two opposite effects keep each 

other in balanc,e: with lower electron energi,es the charac

ter of the bremsstrahlen intensity distribution becomes 

less forward peaked, but at the same time the upper edges 

of the photon spectra in all directions will come down. 

The reduction of the activity will be the more serious the 

lower the upper edge of the bremsstrahlen spect.rum, i.e. 

the more the direction of the photon deviates from that of 

the electron beam. As the beam energy drops closer to the 

reaction threshold, the latter effect will predominate, 

which results in the steeper decrease of activity shown 

in our experiments. 

It is clear, of course, that for a reaction with a lower 

threshold energy the distribution will be broader, which 

is shown by comparison of lB F and lle activity distribu

tion patterns. 

As can be calculated from table 11.1, the specific acti

Vity of lie at a distanc'e of about 15 rmn from the beam 

axis amounts up to half the specific activity generated 

in the beam� centre. This means that it will be very curn
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bersome to irradiate several samples placed in a eirel,e 

around the beam axis. 

A much better solution to the problem of how to irradiate 

several samples at one time is the use of a target rotat

ing device. With such an arrangement all samples can, one 

after another, be rotated repeatedly through the beam 

centre,, while the rotation velocity should be suited to 

the total irradiation time in such a way, that a large 

number of revolutions is made during the total irradia

tion, which smoothes eventual fluctuations in beam inten

sity, -shape, -position or -energy. 

An arrangement in which several samples are irradiated 

simUltaneously, but in different positions, is reported 

by Schmitt and co-workers (1970). In their target assem

bly several samples are placed head to tail one after an

other in a rod-like arrangement, centered along the beam 

axis. As a relative flux monitor they use copper discs, 

of which the activity, induced by the reaction 

65cu (y,n)64cu , is used as a measure of the integrated 

flux in situ. A difficulty is, of course, that not only 

the ineensity, but also the spectral distribution of the 

photons changes here from one sample to another. The au

thors expect that this effect is counteracted by a simi

larity of the excitation curves of the monitoring- and 

theactivation-reactions .. However, for some activation

reactions they meet serious troubles and it must be feared 

that this type of target assembly, which would offer the 

a,.dvantage of continuous ir.radiation of all samples, and 

thus would economize on accelerator time, will not be 

applicable in every case. 
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II. 3 Experiments 

II.3.1 Introduction 

In general, two main types of interference occur in acti�

vation analysis.� 

a.interfering reactions, caused by other elements pre�

sent in the sample leading to the same radioisotope as 

the element to be determined; 

b.� interfering activities, which hamper the, mostly spec

trometric, determination of the said isotope. 

Generally this latt,er type of interference is only impor

tant in cases of instrumental analysis, as it is usually 

eliminated by chemical separations. Instrumentally this 

problem can be attacked by the use of high-resolution de

tectors ,I measurements after appropriate cooling periods, 

spectrum stripping and decay curve analysis. 

Interfering reactions, however, are much more difficult to 

deal with. A correction for the contribution to the forma

tion of the measur,ed isotope from elements other than the 

one under study can only be made if the amounts of these 

elements are determined as well, and if standards of these 

elements are irradiated under the same circumstances dur

ing the activation for analysis. In the case of thermal 

neutron activation this is almost the only solution to the 

problem. 

It is here that a great advantage of the use of accelera

tors in activation analysis comes to the fore. If the 

threshold of an interfering reaction is higher than the 

threshold of the desired reaction, bombarding particles, 

accelerated up to energies between these two thresholds, 

will only give rise to the reaction in which the analyst 

is interested. This possibility of elimination of inter

ference holds sometimes also for the prevention of reac

tions leading to the formation of interfering activities. 
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Interference can be brought about not only by reactions, 

induced by the bombarding particles, but also by those in

duced by secondary particles. If a secondary particle 

gives rise to a reaction, leading to the radioisotope 

which is used for the analysis, a difference in flux den

sity of secondary particles in samples and standards, due 

to different composition, can cause disparities in speci

fic activities (relCited to the amount of analysed ele

ment). It should be' pointed out that this holds not only 

for reactions leading to the measured radioisotope from 

other elements than the one to be determined, but also for 

reactions from this element itself, and even for the reac

tion used for analysis. An analysis using a (y,n) reaction 

for instance can be interfered with seriously by the 

(n,2n) reaction, resulting from secondary neutrons; an 

activation using fast neutron reactions like (n,2n); 

In,a); etc., can be interfered with by the same reac

tions induced by secondary neutrons. 

It will be very cumbersome to apply corrections for these 

contributions, but, in the case of secondary reactions 

from the element under study, errors in the analysis due 

to these effects can be avoided rather easily. If stan

dards and samples have about the same composition, mass 

and shape, the flux density of secondary particles will 

only depend on that of the primary particles, and so the 

contribution by secondary reactions will not give a false 

ratio of activity in samples and standards. Of course this 

solution is not valid in cases where the secondary parti

cles produce the required reaction product from other ele

ments than the one under study, and in those cases labo

rious corrections must be perfarmed. Later we shall men

tion some more advantages of the use of standards with 

a composition close to that of the sample. 

When the analyst has chosen for bremsstrahlen activation, 

and has decided upon the nuclear reactions to be used, he 
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must select the energy of the electrons which will supply 

the bremsstra.hlen. This choice depends on several circum

stances: 

1. the threshold energy of �t�h�~ observed reaction. The en

ergy of the electrons will have to be appreciably high

er than this threshold energy, in order that photons with 

energies in the range over which the excitation curve eX
tends, are sufficiently present in the bremsstrahlen spec

trum. 

2. elimination of interferences. As mentioned above, an 

appropriate choic,e of the energy of bomba.rding parti

cles can often eliminate interferences by other reactions. 

As the upper edge of the photon spectrum lies slightly 

below the electron energy, variation of this beam energy 

offers the opportunity of interference elimination. 

3. if more than one element 113 determined in one irradia

tion, a compromise must be found in which, if possible, 

for each element and for the reactions used for its deter

mination these conditions are met as well as possible. 

From these considerations it will be clear that literatu

re regarding reaction data, like threshold energies and 

excitation functions, is of the greatest importance to 

the analyst. Bibliographies on these subjects, like the 

one by Koah (1960) offer a fast survey of these factors. 

Unfortunately detailed information on photonuclear reac

tions is still rather scarce, and therefore the choice 

of the beam energy must often be made on a semi-empiri

cal basis. 

II.3.2 Standards 

As was pointed out in the preVious paragraph, a possible 

interference with bremsstrahlen activation consists in the 

contribution to the activity, from processes by secondary 

particles, e.g. secondary neutrons giVing rise to (n,2n) 
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reactions, leadin,g to the same isotope as the I(y,n) reac

tion intended for the analysis. It was mentioned that in 

su.ch cases a way out of the difficulties is the use of 

standards wi thsimilar composition as the sampl,es. 

How,ever, such standards offer other advantages too. If in 

these cases a quantity of standard, about equal to the 

quantity of the sample, is taken, the geometry of samples 

and standards is the same, not only during irradiation, 

but also during the' measurement, while no corrections for 

differences in self-absorption have to be made. 

In this work, where the samples consisted of powdered me

teoritic matter, standards were taken from large quanti

ties of mixtures of oxides and sulphates, with a composi

tion rather similar to the averag,e composition of chondri

tic matter, prepared by thoroughly �m�~�x�i�n�g in an agate ball

mill and an electrical laboratory-mixer. Constituents of 

lower abundance �t�h�a�~ one percent were not added unless 

necessary for their analysis. 

The compounds from which the mixtures were composed had 

to be dried overnlght at rather high temperatures (up 

till 10000 C), to remove absorbed water from these, p.a. 

grade, reagents. Other investigators (Morgan J 1971) have 

observed the same. 

The homogeneity was checked by the drawing of several 

samples from the stock, irradiating under identical cir

cUIDstances, and measuring the specific activities of var

ious radioisotopes corresponding to the different ele

ments. Differences determined this way, were taken into 

account when the accuracy of the analysis was calculated. 

11.3.3 Activations 

In 11.2 attention was given to the problem of simulta

neous irradia'tlon of standards and samples under identi
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cal oircumstances, and as a solution to this problem the 

use of a target rotating device was proposed. For our in

vestigations a device was constructed, which is shown in 

fig. 11.5,. The targets are att'ached to a wheel, which is 

placed perpendicular to the beam direction, in such a way 

that every target in turn is rotated through the centre 

of the beam, when the wheel, driven by a small electro

mot.or, is turned around with a veloc of 10.3 rpm. 

Not only identical irradiation conditions with respect to 

the photon activation are created in this way, but also 

Fig. 11.5 Rotating device for bremsstrahlen activation of 

several samples at the same time 
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the integrated flux of neutrons, liberated from the sur

roundings, will be equal for all targets. This irradia

tion arrangement was used for the activation of meteori

tic matter, in which the elements Ni, Mg, Fe, ea and Cr 

were dete.rmined by means of the reactions discussed below 

and listed in table 11.2. 

a. Nickel. 

Nickel can be determined by the 58Ni (y,n)57Ni reac

tion. Already with t.he bremsstrahlen from a 25 MeV elec

tron beam enough activity of the product nuclide was gene

rated to obtain satisfactory statistics in the gamma-spec

trometry measurement. When the energy of the electrons is 

raised, higher specific activities are obtained, while no 

interfering reactions appear. Secondary neutrons will 

giv,e rise to the SSNi (n, 2n) 57Nireaction, but as samples 

and.standards have about equal compositions, this effect 

will be equal in both, and thus no false ratio of speci

fic activities will be obtained. Neutrons from the sur

roundings will not give rise to any error either, because 

the target rotating device guarantees identical conditions 

for samples and standards. The complexity of the gamma 

spectrum of a meteorite sample, irradiated with bremsstrah

len, a.t the time of the 57Ni measurement (which will be 

discussed below), demands the use of a semiconductor spec

trometer for the measurement of the 57Ni activity. Some 

nuclear properties of this product nuclide are given in 

table II.2. It will be seen that the 1378 keV gamma-ray 

is the most suitable one for the activity measurement. 

However, the peak area determination for this gamma-ray 

1s seriously interfered with by the 1369 keV photopeak of 
24 .Na (generated by the ,25 24react10ns Mg(y,p) Na and 
26 24Mg(y,pn) Na), because even the Ge(Li) detector does not 

fUlly separate these peaks. The second best choice is the 

1910 keV photopeak. Due to lower abundance and lower de

tector efficiency, the count-rate under this photopeak 

amounts up to only 13% of the one under the 1378 keV 
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Table 11.2 Nuclear reactions used for photon activation analysis, and some 

properties of the product nuclides 

Element Nuclear �t�~ product Main �g�a�m�r�n�a�~�r�a�y�s from 

determined reaction nuclide * product nuclides * 

N1 58N1 (y,n)57Ni 36.0 h 0.127 MeV (12.5%); 1.38 MeV (76 %) ; 

1.75 MeV (8 %); 1.91 MeV (16 %) 

Fe 57 56Fe(y,p) Mn 2.58 h 0.846 MeV (98.9%); 1.811 MeV (29.3%); 
58- (Fe.y,pn)56·Mn 2 •12 MeV (15 . 5%); others ( <5 %) 

Cr 52 51Cr(y,n)Cr 27.8 d 0.320 MeV (9 %) 

Ca 44ca (y,p)43K 22.4 h 0.374 MeV (85 %); 0.394 MeV (11 %) 1 

0.590 MeV (13 %)i 0.619 MeV (81 %) ; 

others «5 %) 

Mg 25Mg (y,p)24Na 15.0 h 1.369 MeV (100 %); 2.754 MeV (99.9%) 

>I< Half-lives and gamma-ray energies taken from Lederer (196B)1 
IV intensities taken from or calculated with data from ibid. 
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photopeak. Therefor,e a spectrum-stripping technique was 

applied. Of a� pure 24Na source the ratio of count-rates 

of the 2754 keY and 1369 keY gamma-rays was determined on 

the detector and in the geometry used throughout all mea

surements of 57Ni activities. This ratio, together with 
24thea:r,ea of the 2754 keY Na photopeak in a sample-spec

trum, gave the contribution from 24Na to the total peak 

area of the 1369 keY 24Na and the 1378 keY 57Ni g.amma
.� 57 

rays. 'The peak area for the 1910 keY ganurna-ray of Ni 

was determined as well, and Ni contents, calculated from 

these two gamma-ray.s, were in good agreement with each 

other (some examples are given in table 11.3). 

It is clear that, to keep the statistical error in the 

determination of the 1378 keY ganurna-ray intensity as small 

as possible, the 24Na correction should be as small as 

possible. As the half-life of 24Na (15.0 hr.) is apprecia

bly smaller than that of 57Ni (36.0 hr.), a cooling period 

reducei'Q the 24Na activity more strongly than the 57Ni ac

tivity; however, too long a cooling period leaves too 

little 57Ni activity, and then the statistical error in

creases again. It was found experimentally that a cooling 

period of 3 - 4 days was the most suitable. 

b. Magnesium. 

It� was mention,ed already that 24 Na is formed from Mg 
25 24 26 24by the reactions Mg(y,p) Na and Mg(y,pn) Na. As Mg 

is one of the main elements in stony meteorites, a great 

deal of 24 Na activity is always generated, even at the 

lowest electron beam energy used in our experiments, .i.e . 

.20 M.,eV .• 

Interfering reactions are the following: 

1. 24Mg (n,p)24Na , by secondary neutrons, liberated in the 

targets or in the surroundings. Because of the similar 

composition of samples and standards and of the target ro

tating device no error in the analysis results from this 

contribution. 
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'.'l'abl'e II.3, Some Nt contents calculated with the count

rates for the 

1378 keV and 1910 keV gamma-ray.s 

Meteorite 

Earwise 2.02 % 1.99 % 

Ceresetto 2.14 % 2.14% 

Jelica 0.89 % 0.93 % 

L,eoville 1.14 % 1.16% 

Mern L 60 % 1. 59 % 

Potter 1.24 % 1.28 % 

Utrecht 1.39 % 1. 41% 

27. 24 . . . .2. Al(nfa) Na, by seoondary neutrons. Das and Zonder
huis (1971) �d�e�t�e�r�m�~�n�e�d the ratio of 24Na activities 

generated in Mg and Al under the same circumstances as 

those under which the irradiations for this investigation 

w,ere performed, i. e. with the same accelerator, the same 

energy (40 MeV) and the same position. T'hey found that in 

equal amounts of Mg andA.l the 24Na activities were in the 

proportions of 59 : 1. As in chondritic matter the �r�a�t�~�o 

of the concentrations of Mg and Al is in the order of 20, 

an analysis using a pure Mg standaLd would have an error 

of about 0.1% due to the! Al interference in the sample .. 

As, however, in our standard the Mg/AI ratio is about the 

same as in average chondritic matber, the ,error by Al in

terference becomes still less, and can be neglected. 
,23 2·43. Na(n,y)' Na, by secondary neutrons from the surround

ings, moderated by the concrete walls and floor of the 

irradiation-vault. The ratio of 24Na activities in equal 

amounts of Mg and Na, under the conditions of this work, 

was �d�e�t�e�r�m�~�n�e�d to be 113. As the ratio of average concen

trations of Mg and Na in chondritic matter is about 
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30 - 40,. this interference will not give rise toa serious 

error in the analysis. The 24i Na activity was determined 

on the 2754 keY gamma-ray, the intensity of which had to 

be measured anyway during the 57Ni activity determination. 
24At� that time still enough Na activity was left to ob

tain satisfactory counting statistics. However, even mor,e 

accurate results may be obtained by measuring the 24Ma 

activity one day after the irradiation, as was done in 

some experiments. , 

c.� Iron. 

The reactions, used for the activation of iron, are 
57. 56 58Fe(y,p) Mn and Fe(y,pn) 56Mn. 

Interferences can be expected from the following e1e

ments: 
56 561.� Iron: Fe(n,p) Mn. As already argued before, such a 

reaction will not give any error under the conditions 

of our experiments. Interference in the spectrometry mea

surements, if the 56Mn activity is measured by the 847 keY 

ga.:mma-ray ona Nal (TIl detector, can be ,expected from the 

835 keVgamma-ray of 54Mn , formed by the reaction 

56Fe (y,pn)54Mn . However, as this nuclide is formed by a 

photonuclear reaction on iron, and thus the activity is 

proportional to the iron content, no error in the analysis 

results from this contribution. Semiconductor-spectro

metry showed the 54Mn contribution to the count-rate to 

be about 1.4%, five hours after irradiation with brems

Itrablen from a 40 MeV electron beam. 

2.� Cobalt: an interfering reaction from this element can 

be 59co (n,a)56Mn . Also an interference in the spectro

metrical� determination can be expected f.rom the 810 keY 
58 f d' b h ,59 I ) SSegamma-ray f rom Co,orme y t.e reactloon Co\y,n o. 

Therefore we determined on a NaI(Tl) detector, about five 

hours after simultaneous irradiation of about equal amounts 

of Co Few'ith bremsstrahlen from a 40 MeV electron 

beam, the ratio of the count-rates 
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�~�h 

in + 810 keV 
�~�l�:�; h 

in + 835 keV 

(five hours after simultaneous irradiation of about equal 

amounts of Mn and Fe, with bremsst.rahlen from a40 MeV 

electron beam). The ratio of abundances of Hn and Fe in 

chondritic matter is about 0.01, so an error of about 

1.5% will be made due to Mn contributions. Some nuclear 

properties of 56Mn are listed in table 11.2. As can be 

seen from these data, the 847 keV gamma-ray is very suit

able for spectrometrical determination of the 56Mn activi

ty formed. The half-life (2.56 hr.) allows for a cooling 

period of some hours, and it was found that measurements 

about 5 hours after the end of the irradiation gave satis

factory results. As the errors, introduced by the inter

ferences discussed above, were not expected to affect the 

estimated accuracy of the analysis, it was decided to de

termine the count-rate of the 847 keV gamma-rayon a 

NaI(Tl) detector. As a check, iron contents for some sam

ples were determined both from the count-rates of the 

,847 keV and 1811 keV gamma-rays on a Ge(Li) detector, and 

the count-rate of the 847 keV gamma-rayon a NaI(Tl) de

tector. The results were in good mutual agreement 

( tab1e I I . 4) • 
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Table 11.4 Some Fe contents, calculated with the count-rates of the 

847 keV gamma-ray 847 keV gamma-ray 1910 keV gamma-ray * 

on a Na1(Tl}detector on the Ge(Li)detector on the Ge(Li)detector 

Meteorite 

Beardsley 31. 9 % 31. 6 % 31. 2 % 

Ergheo 18.0 % 17.5 % 16.8 % 

Holbrook 22.3 % 22.6 % 21.1 % 

Khairpur 29.0 % 28.7 % 31.1 % 

Leoville 24.4 % 24.2 % 24.4 % 

..� 
the determination with the count-rate of the 1910 keV gamma-ray 

is less accurate, because of the much lower count-rate 



d. C,a.lcium. 

Calcium was determined by m,eans of the 44ca (y ,p) 43K 

reaction. The only interference could be by secondary neu

trons: 43Ca {n,p)43K • However, ,as mentioned befor,e, inter

fering reactions of this kind cause no errors under the 

conditions of our experiments. It is seen from table 11.2 

that two gallIDla-rays are useful for the determination of 

theactivi ty by gamma-ray spectrometry" i. e. the 374 keV 

and the .619 keV gamma-rays. After a cooling period of 

about 24 hours this measurement can be performed on a 

semioonductor-spectrometer. A high resolution of the de

tector is required to obtain a satisfactory peak to 

compton ratio, necess,ary for an accurate photopeak area 

determination. 

e. Chrorniurn '. 
The yield of 51cr , formed by the reaction 52Cr (y,n)51cr 

can serve as a measure of the chromium conbent. In this 

case serious trouble may be caused by the interfering 
56 51 54 51 .reactions Fe(y,an) Cr and Fe(n,a) Cr. The react10n 

52cr (n,2n)51Cr will cause no error, as discussed already 

before for such reactions. To obtain a correction for the 

contribution by iron to the 51cr activity, we determined 

the ratio of specific 5lcr activities in Fe and Cr after 

an irradiation with bremsstrahlen from a 40 MeV electron 

beam. This ratio was found to be 0.0020. As the ratio of 

the average concentrations of Fe and Cr in chondritic 

matter is about 80., a chromium analysis, us1nga pure Cr 

standard, would have an error of about 16%. However, as 

in our standard the Fe!er ratio is of the same order as 

in the meteorite samples, the corrections applied are� 

very small.� 

In 11.3.1 it ;"laS mentioned how in activation analy.sis� 

with accelerator produced particles, sometimes an inter�

fering reaction can be eliminated by an appropriate beam� 

energy. The threshold energies for the reactions� 
52 51 . 56· 51Cr(y,n) Cr and Fe(y,an) Cr were calculated to be 
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respectively about 12.0 and 19.7 MeV �(�E�V�e�l�'�~�i�n�g ,et aL" 

1S'61). In fact an iron sample, irradiated with bremsstrah

len from a 2S MeV el'ectron beam" showed no detectable 51cr 

activity. Therefore, irradiations were performed not only 

at 40 MeV, but for some samples the Cr contents were also 

determined by activationsw.ith bremsstrahlen from 25 MeV 

and 20 MeV electron beams. As however the generated 51cr 

activities became rather low, thus introducing largeer

rors due to counting statistics, it was decided that irra

diations at 40 MeV, with corr,ections for iron contribution, 

were to be prefered. 

As can bessen from table 11.2, the only gamma-ray of 51cr 

is the 320 keY one. With a semiconductor-spectrometer the 

count-rate of this gamma-ray can be determined after some 

days. This may well be done in combination with the measu

rements for the Ni determination. However, as the ratio 

peak area/background is rather small, better accuracy 

should be obtained by a longer cooling period. After 

about one month the 51cractivity can be measured by a 

NaI(Tl) detector, without any interference from other ra

dioactive products, as was shown by semiconductor-spect.ro

matry. 

II. J. 4: oedure 

Cylindrical polythene boxes (internal dimensions �~� 

19 rom x 7.5 mm)were fill,ed eitherwith powdered met,eo�

ritic matter or with standard mixture. The weight of sam�

ples and standards was about 3 grams each. The boxes were� 

mounted on an Ai disc, in a circle around the centre. The� 

disc was fixed to the end of a rotating axis and the whole� 

assembly was plac,ed behind the bremsstrahlen conversion� 

target in such a way, that each box in turn rotated� 

through the be,am centre. One such target assembly con�

tained several samples as well as standards.� 
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The irradiation, �w�~�t�h bremBstrahlen from a 40 MeV �e�l�e�c�~ 

tron beam. (current 40- 60 jJAj, lasted for two hours. After 

the end of the irradiation the targets were allm'l'ed to 

cool for some hours" after which the contents of the boxes 

were transferred to cylindrical polythene vials for measu

r'ements. 

About five hours after the end of the irradiation the 

56Mn activi ty was measured in e,ach sample by determination 

3 11 3 11of the count-rate of the 847 keY ga:mroa-ray on a x 

NaI(Tlj crystal, connected to an Intertechnique SA40 - B 

multichannel pulse height analyzer. Each sample was count

ed in this arrangement during 5 minutes. The position of 

the samples with respect. to the detector was chosen in 

such a way, that the dead time of the p.h.a. did not ex

ceed 25% for any sample. 

About 24 hours after irradiation measurements on a 38 cc. 

coaxial GeeLi) detector (Philips), were started. This de

tector was connected either to a T'ennelec TC135 preampli

fier, a Tennelec TC200 amplifier and a N.D.-lSI 1024 chan

nels p.h.a., or to a Canberra C-1 preamplifier model 

1408 C, amplifier model 1417, a Laben ADC FC 60/4096, and 

a PDP8 computer. The photopeak areas of the 374 keY and 

619 keY gamma-rays of 43K were summed, and from these com

bined counts the Ca contents were calculated. The measu

rement on a sample lasted 30 to 40 minutes. 

The same measuring arrangement was used 3 - 4 days after 

the irradiation, when the activities of 57Ni and 24Na had 

to be determined. The spectrum was recorded during 40 to 

60 minutes. The count-rates of the 1378 keY and 1910 keY 

ga.rn.rna-rays of 57Ni , and of the 2754 keY gamma-ray of 

24 Na , were used to calculate the Ni and Mg contents. The 

count-rate of the 320 keY gamma-ray of SlCr was deter

mined to calculate the Cr content. 

After 4 weeks the NaI(Tl) spectrometer was used to deter

31 



mine the count-rate of the 320 keV gamma-ray of 51cr • 

from the spectrum obtained from a sample, the background 
spectru,m was subtracted. 

Fig .. II.6.a, b, c, d shows the spectrum of achondrite 
sample, measured with the semiconductor-spectrometer, at 
5 hours, 24 hours, 4 days and 30 days after irradiation. 

II.3.li Results 

Table 11.5 shows the results, obtained by the procedur,e 
described abov,e, for the contents of the different e1e
m,ents in a number of meteorite samples. In those cases 
where more than one analysis was performed in a meteorite, 
the standard deviations are given. 

A discussion of the results will be given in chapter IV. 

Fig. 11.6 Spect.rum of a chondrite sample, measured with 

a Ge{Li) detector at various intervals after 
the irradiation with bremsstrahlen from a 40 MeV electron 
beam, 
a, after 5 hours 
hi after 24 hours 
c ,aft,er4 days 

d, after 30 days 
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Name Class 1) 

Table II.5 

Results of photon activation analysis 

Fe (%) Ni (%) Mg (%) Ca (%) Cr (%) 

C.110NlJRITES 

CARBONACEOUS & OLIVINE-PIGEONITE CHONDRITES 2) 

Fa'l 'l B : 

Lance 

Vigarano 

C3 

C3 

26.2 

23.8 

± 

± 

0.1 

0.7 

1.59 

1.45 

± 

± 

0.02 

0.05 

17.1 

14.7 

± 

± 

2.0 

0.5 

1.54 

1.65 

1.0.04 

± 0.12 

0.35 

0.34 ± 0.02 

OLIVINE-HYPERSTHENE CHONDRITES 2) 

Falls: 

Alfianello 

Barwell 

Bjurbole 

Chantonnay 

Dhurmsala 

Ergheo (1) 

( 2 ) 

Farmington 

Hedjaz 

Holbrook 

Homestead 

L6 

L4 

L6 

LL6 

L5 

L5 

L3 

L6 

L5 

24.9 

23.1 

21.7 

23.1 

20.0 

17.3 

18.8 

26.5 

25.0 

23.1 

21.6 

± 

± 

± 

0.3 

1.0 

1.1 

1. 43 

1. 23 

1.19 

1. 34 

1.12 

1.19 

1.10 

1. 56 

1.54 

1.28 

1.30 

± 

± 

± 

± 

± 

± 

0.13 

0.12 

0.07 

0.08 

0.29 

0.01 

16.6 

15.0 

18.2 

16.2 

16.2 

14.6 

13.2 

16.5 

15.5 

15.5 

15.6 

± 

± 

± 

0.2 

0.8 

0.9 

1. 20 

1. 79 

1. 38 

1. 35 

1. 50 

1.67 

1. 75 

0.97 

1.25 

1.20 

1. 35 

± 

± 

± 

0.09 

0.10 

0.05 

0.44 

0.44 

0.38 

0.43 

0.38 

0.37 

0.38 

0.41 

0.43 

0.41 

0.34 

± 

± 

± 

± 

0.05 

0.02 

0.02 

0.04 



Name Class 
1) Fe (%) Ni (%) Kg (%) Ca (%) Cr (%) 

Jelica LL6 19.9 ± 1.0 0.90 ± 0.05 16.4 ± 1.1 1.49 ± 0.19 0.36 

Knyahinya LS 22.2 1.10 ± 0.10 16.6 1.11 ± 0.13 0.37 

I'Aigie 1.6 �2�1�~�2 1.40 14.0 0.97 0.37 

Lanzenkirchen 27.0 1.57 ± 0.07 17.1 1.53 0.44 

Leedey 1.6 21.1 1.32 ± 0.02 15.9 1.27 0.40 ± 0.05 

Mern 1.6 23.4 ± 0.2 1.55 ± 0.05 15.1 1.19 ± 0.05 0.41 ± 0.03 

Hoes 1.6 23.7 1: .1.2 1.42 ± 0.07 15.9 ± 0.2 1.22 ± 0.01 0.38 ± 0.05 

New Concord L6 26.7 ± 0.3 1.58 ± 0.18 15.2 ± 0.4 1. 31 ± 0.07 0.37 ± 0.06 

Pavloqrad 1.6 22.6 1.39 ± 0.05 16.2 1.34 0.38 ± 0.02 

Ramsdorf 22.4 1. 34 15.7 1.35 0.37 

Tennasi1m 1.4 25.8 1.54 ± 0.02 15.1 1.00 

Utrecht L6 22.6 ± 0.6 1.42 ± 0.11 15.4 ! 0.3 1.25 ± 0.10 0.35 ± 0.02 

Finds.: 

Akron 23.3 1. 27 14.8 1..53 0.40 

Atwood 1.6 23.7 1.43 15.8 1.46 0.39 

Bluff 1.5 24.1 1.41 ± 0.05 16.6 1.60 0.43 

Bowesmont 23.5 ± 0.7 0.74 ± 0.04 13.7 ± 0.3 1.57 ± 0.10 0.39 

Brewster 1.6 19.3 1.01 ± 0.08 14.3 0.90 0.38 

Calliham 21.6 1.27 ± 0.01 17.1 1.21 0.48 

Densmore 1.6 20.7 ± 0.7 1.27 ± 0.07 15.1 ± 0.4 L 32 ± 0.17 0.41 ±0.02 

Finney 21.6 ± l.0 1.03 ± 0.7 12.7 ± 1.0 1.08 ± 0.05 0.41 ± 0.04 

w Fremont Butte 1.4 20.4 1.26 ± 0.11 14.6 1.18 0.39 
IJI 

Grassland 23.7 0.92 ± 0.12 13.9 1.13 �0�~�3�8 ± 0.04 



1)
'Name Class Fe (%) Hi +%) �~�M�g (i) ca (%) Cr (%) 

Harrisonville L6 22.6 ± 1.6 1.17 ± 0.02 15.1 1.32 0.48 ±O.O8 
w 
m Ladder Creek L6 22.1 ± 0 . .2 1.07 ± 0.10 15.3 1.28 ± 0.01 0.38 ± 0.01 

Lon9 Island L6 21.0 ± 1.0 L03 ± 0.05 14.1 ± 0.6 1.07 ± 0.03 0.37 ± 0.01 

McKinney L4 22.2 ± 1.1 1.27 ± 0.14 16.5 ± 0.7 1.29 ± 0.05 0.38 ± 0.08 

Plains 28.8 ± 0.8 1.14 ± 0.15 14.1 ± 0.1 1.09 ± 0.06 0.41 ± 0.09 

Potter L6 16.0 ± 0.5 1.20 ± 0.06 14.8 ± 0.11 1. 29 ± 0.15 �0�~�4�4 ± 0.03 

Roy L5 22.2 1.34 ± 0.04 14.7 1.20 ± 0.02 0.40 

Salla 23.3 ± 1.3 1. 39 ± 0.11 14.7 ± 0.8 1.27 ± 0.06 0.38 ± 0.06 

Shaw L6 18.6 ± 0.9 0.85 ± 0.06 17.9 ± 0.4 1;21 ± 0.05 0.44 ± 0.02 

Tell 26.9 ± 0.4 1.69 ± 0.22 13.5 ± 1.2 1.08 ± 0.05 0.34 ± 0 .. 07 

Temple 21.6 ± 0.6 1.27 ±: 0 .. 44 15.4 1.02 ± 0.27 0.32 ± 0.05 

Waconda L6 18.4 l.13± 0.03 15.5 1.27 0.40 

OLIVINE-BRONZITE CHONDRITES 2) 

FaLl.B: 

Beardsley H5 34.5 ± 3.0 2.48 ± 0.14 14.1 ± 1.3 1.25 ± 0.09 0.37 ± 0.05 

Ceresetto H5 30. 8± 1. 1 2.09 ± 0.06 14.0 ± 0.1 1.04 ± 0.02 0.38 ± 0.05 

Djati-Pengilon H6 29.5 ± 2.5 1.92 ± 0.21 14.2 ± 1.2 1.19 ± 0.07 0.36 ± 0.02 

Forest, City H5 27.4 1. 87 13.5 1. 30 0.33 

Hess Ie H5 31.8 2.12 14.4 L.15 ±O .12 0.36 ± 0.03 

Kesen H4 26.4 ± 0.6 1. 82 ± o. a1 14.7 ± 0.8 0.75 0.34 

Macao HS 26.7 1. 64 13.7 1.13 0.34 

Miller H5 32.0 1.95 ± 0.09 15.4 1.14 0.34 

Nulles 21.7 1. 35 15.4 1.45 0.35 



Name Class 
1 j

/ Fe ( %) Ni (%) Mg (%) Ca (%) Cr (%) 

Ochansk H4 29.4 1.86 ± 0.07 13.4 1. 28 0.38 

Pultusk - I H5 25.4 1. 88 ± 0.13 14.0 1.09 0.43 

II 28.8 ± 0.8 1. 93 ± 0.08 14.4 ± 0.4 1.18 ± 0.03 0.39 ±0.09 

Richardton HS 26.4 1. 98 ± 0.18 13.7 ± 0.4 L09 ± 0.05 0.38 

Stalldahlen H5 29.8 1. 77 14.4 1.25 0.41 

St. Germain 31.0 2.07 15.3 1.16 0.41 

Fi-naB: 

Aohilles 26.D 1. 64 13.5 '0.99 ± 0.07 0.42 ± (LO? 

Brownfield H3 26.0 ± 1.8 1.60 ± 0.15 14.9 ± 0.2 1.08 ± 0.06 0 .. 37 1; 0.01 

Dimmitt H3,4 23.9 ± L 5 1.57 ± 0.22 13.3 ± 0.3 0.99 ± 0.01 0.38 ± (LOS 

Farley H5 25.3 ± 1.7 1. 40 ± 0.10 12.9 ± 1.2 0.91 ± 0.05 0.35 ± 0.03 

Gilgoin Station H5 23.4 1. 57± 0.10 12.1 0.94 0.28 ± 0.04 

Gruver 84 25.8 1.75 ± 0.09 11.3 1.15 0.35 

Hugoton H5 23.3 1.64 ± 0.11 13.2 0.94 0.51 

Jerome (Kansas) 25.B 1.47 ± 0.11 14.2 1.18 0.37 

Loop 25.4 1.19 ± 0.12 16.1 1.30 0.40 ± 0.07 

Ovid 24.9 1.56 ± 0.08 13.2 ± 0.6 0.94 ± 0.08 0.39 ± 0.03 

Pipe Creek H6 29.9± 0.1 1.93 ± 0.06 13.7 ± 0.2 1.08 ± 0.14 0.34 ± 0.03 

Plainview H5 28.3 ± 2.1 1.83 ± 0.17 14.3 ± 1.5 1. 10 ± 0.12 0.38 ± 0.03 

Saline Township 85 2B.7 ± 1.1 1.87 ± 0.02 14.4 ± 0.3 1.20 ± 0 .• 10 0.41 ± 0.04 

Selma 84 25.3 ± 0.8 1.59 ± 0.09 13.7 ± 0.5 1.01 ± 0.16 0.41 ± 0.08 
w 
--l 

Seminole H4 28.5 ± 2.0 1. BO± 0.19 14 .• 7 ± 0.6 LOS ± 0.29 0.37 ± 0.01 

Tomhannock Creek H5 27.2 1.82 ± 0.02 13.4 0.98 0.34 



Name Class 1) Fe (%) Ni ( %), Mg (i) Ca (%) Cr e%) 

w 
co 

Wellman - 1 

- 3 

- 4 

Willowdale 

28.3 

31.5 

27.0 ± L8 

1.71 

2.1,6 

1.85 

1.09 

± 

± 

0.16 

0.02 

14.1 

17.9 

1.5 .2 

12.2 ± 0.4 

l.12 

1.31 

1.17 

0.89 ± 0.0,2 

0.44 

0.43 

0.27 

0.38 ± 0.02 

E1'4STAT ITE CHONDRITES 2) 

PaZ l.-

Khairpur E6 30.6 ± 1. 7 1.68 ± 0.07 12.8 ± 0.6 1<08 ± 0.20 '0.60 ± 0.06 

UNCLASSIFIED CHONDRITES 2) 

Finds. 

Barwise 

Burdett 

Ceevee'" 

Kyle. 

Lakewood 

St. Lawrence 

29.5 

25.5 

24.5 

22.5 

27.1 

24.0 

± 

± 

± 

1.5 

1.4 

0.4 

1. 77 

1.71 

1.50 

1.17 

1.63 

1.208 

± 0.28 

±O.04 

± 0.23 

± 0.13 

:!: 0.13 

± 0.17 

13.9 

13.1 

12.8 

15.1 

13.8 

14.8 

± 

± 

± 

0.7 

0.8 

0.1 

1.15 
1.04 

1 .0-5 

1.15 

1.17 

LOS 

± °'004 

± O. 1.3 

± 0.10 

o.35 ±O .°0.2 

0.;33 

0,,),8 .± �(�0�·�.�~�·�O�2 

0.40 ± 0.04 

0.34 ± 0.02 

0 .. 33 ± 0.01 

BRECCIA OF CHONDRITE AND ACHONDRITE 3) 

Find: 

L<30vi 11e 25.1 ± 0.8 1.11 ± 0.05 12.0 ± 0.9 1.25 ± 0.02 0.31 



Name Fe ( %) Ni {%) Mg (%) Ca (%) Cr (%) 

ACHONDRITES 

D10GENITE 

Pa Zl: 

Ellemeet 

2) 

15.7 ± 0.5 0.02 17.0 ± 0.2 0.52 ± 0.05 1.69 

AUBRITE 2) 

FaZ �~�: 

Norton County 1.47 ± n.13 0.03 26.6 ± 1.1 0.87 ± 0.09 O.D4 ± 0.03 

EUCRITE 2) 

FaZ Z: 

Stannern 15.9 ± 0.7 <0.01 4.3 ± 0.1 8.74 :!: 1.16 0.19 

MESOSIDERITES 

Finds: 

Bondoc 

Dalgaranga 

Z.Hncy 

2) 

29.5 

28.0 

47.9 ± 5.0 

2.54 

2.57 

3.77 

± 

± 

0.26 

0.54 

8.0 

3.9 

6.2 ± 0.2 

2.02 

1.82 

1.66 ± 0.10 

0.40 

0.41 

w 
\0 



Name Fe (%) Ni (%) Mg (i) Ca (%) Cr ti) 

�~ 
o 

PALLASITES 

Finds: 

2) 

�P�~�d�m�i�r�e 

Brenham Township 

Huckitta 

24.8 

15.9 

44.9 

1.94 

0.69 

2.52 

1. 73 

21.9 

9.5 

STANDARD ROCKS 

AGV 

HeR 

,OTS 

pee 

- 1 

�~ 1 

- 1 

- 1 

4.82 

9.22 

6.24 

6.06 

± 0.07 

± 0.80 

± 0.80 

O.245±O.013 

0.228 

0.93 

32.5 

�3�~�5�2 

4.91 

0.11 

0.43 

± 0.09 

0.37 

0.27 

1) 

2) 

3) 

Classification by van 

Classification by Bey 

�K�~�'�L 1968et.. .I - --

SohmuB 

(1966) 

and Wood (1967) 



Chapter III 

Proton activation analysis 

III. 1 Introduction 

Activation analysis with charged particles exhibits some 

very specific problems, which arise from the limited ran

ge of charged particles in matter, and the progressive 

loss of energy along their path. Curing the last years 

much work, theoretical as well as experimental, has been 

published on these subjects, and here only a. brief summa

ry of these considerations will be given. 

III.l.l Theoretical considerations 

Along its way through matter, a charged particle loses e

nergy, mainly by inelastic collisions with the electrons 

of the target atoms. The rate of energy loss increases 

with decreasing particle energy, and so varies along the 

path. This rate is characterized by the Iistopping power" 

i.e. the change in energy with penetration depth: - dE/dx. 

This process of progressive energy loss means that the 

particle travels only a limited path length through mat

ter: the range R. 

For a certain nuclear reaction between the target nuclei 

and the charged particles, the continuous energy loss of 

the particles will mean that the cross section for the 

reaction varies along the particleUs path, according to 

the excitation function. 

For the yield of the nuclear reaction in a layer, suffi

ciently thin to make the energy change of the particle 
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negligible, the cross section may be taken as a constant. 

However, for thicker targets the change of the cross sec

tion must be taken into account, and for targets thicker 

than the range the yield may be written as: 

RY = F.n 0 f a(x) .dx, where 

Y = number of product nuclides produced per second 

F = number of charged particles per second 
, ' i 2 ·h' ka(x) = cross sectlonn ern at tlC ness x 

x :; thickness in mg/cm2 

n := number of parent atoms per mg of target 

R - range of the charged particles in the target in 

mg/cm2 . 

The upper limit of this integral is taken to be R, be

cause beyond the range no nuclear event can happen. In 

fact already as soon as the particles have reached the 

threshold energy for the observed reaction no more pro

duct nuclides will be formed. 

The integral R0 f a(x).dx, called the "integral cross sec

tion", depends both on the properties oithe target mate

rial and on the nuclear reaction. As in activation analy

sis the yields of reaction products in sample and standard 

have to be compared, 'this integral cross s,ection would 

have to be calculated for every target material, using the 

excitation function of the reaction involved in the analy

sis and the depth-energy relation of the different mate

rials for the charged particle in question. However, 

whereas stopping pow;er values,. calculated theoretically, 

but sufficiently accurate in the energy region of inte

rest, are available from literature data (e.g. William

Son et al., 1966), excitation functions are often un

known. 

Rioci and Hahn (1966) suggested the use of a so called 
R " I) d _ 0 J G\X .X 

II average cross section": 0= �-�~�R�-�-�-

o f dx 
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By applying the relation between range and stopping po

wer, and the equation for stopping power for non-relati

vistic particles, they arriv'ed, after introducing some 

approximations, at the conclusion that with a good appro

ximation the average cross section is independent of the 

target material properties. In other words: the average 

cross section is constant for a certain nuclear reaction 

within the energy limit EO and O. 

However, as Meyers t1968-a J -b) pointed out, the basic 

assumptions used in Ricai and Hahn's considerations are 

not correct. Meyers replaced their starting �~�q�u�a�t�i�a�n by 

a more accurate one, and showed that this treatment leads 

to the same conclusion. The result is that the yield of 

a reaction product in a target thicker than the range may 

be written as: Y �~ �F�.�n�.�~�.�R�. 

This means that for activation analysis the yields in 

standards and samples can be compared after a correction 

for the different ranges is applied. It would be better 

to correct for the different layer thicknesses needed to 

reach the threshold energy, but the difference between 

these correction factors is negligibly small, and often 

the threshold energy is not known. 

It is evident from Meyers's treatment that �~ is a constant 

only in first apprOXimation. For targets of very different 

compositions it should be checked that a has about the 

same value (Meyers, 1968-a, -h; de Goeij,19?O). 

III.l.2 Practical consequences 

It is clear that, because of the finite range of charged 

particles, only a layer of limited thickness is analysed 

by activation with these particles. 

This does not mean, as is often suggested as an objec

tion against this method, that only a surface analysis is 

performed. It is qUite possible, by irradiation with par
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ticles of much lower energy" to perform an analysis of 

surface layers only. This can be very useful, especially 

in cases wher,e X-ray fluorescence spectrometry does not 

supply a solution, e.g. in the determination of oxygen in 

surface layers (e.g. �B�a�r�r�a�n�d�o�n�~ 1970; de Goeij, 1970). 

On the other hand, when particles of higher energies are 

applied, an analysis of layers of some thickness below 

the surface is performed �(�M�e�y�e�r�8�~ 1968-a) ,.' 

However, a sample will not be activated throughout the 

whole bulk, but as, with the particles losing ene.rgy along 

their path, the cross section for the activation reaction 

changes according to the excitation function, reaching a 

maximum, most of the activity will be generated within a 

certain distance from the surface. Quite generally, the 

higher the initial particle energy will be, the deeper the 

activated layer will reach. 

"rhis situat:ton is very important in the case of inhomoge

neous samples. It can even be used advantageously to ob

tain a profile of concentration versus depth, by using 

irradiations with varying energies. On the other hand 

this also means a serious complication. If the abundance 

ratios of several elements are wanted, and the yield

thickness curves for the different reactions involved do 

not show maxima and �~�h�r�e�s�h�o�l�d�s at about the same depths, 

the concentrations of these elements will be determined 

at depths which are different for one element from an

other. This may have serious consequences in the case of 

inhomogeneous samples" 

In our work, "'\There powdered meteorite samples were ana

lysed, the samples are a priori homogeneous, due to the 

thoroughly mixing during the grinding. However, during 

the taking of an aliquot from the powder, demixing due to 

different grain sizes can give rise to slight inhomoge

neities. The effect on our analysis will be discussed later. 
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111.2� Irradiation facilities at IKO and experimental 

set-up 

III.2.1� The IKO aynohrooyolotron 

The IKO synchrocyclotron produces d,suterons with energies 

up to 26 MeV, protons and 4He++ ions with energies up to 

52 MeV and 3He++ ions with energies up to 70 MeV. A lay

out of the situation is given in fig. 111.1. 

Internal irradiations can be performed at different par

ticle energies by moving the target in and out between 

the poles. As only targets of small sizes can be irradia

ted under these conditions, activation analysis is in most 

cases only possible with the extracted beam, even though 

the flux density for internal irradiations is higher by 

several orders of magnitude than for external irradiations. 

However, high flux densities are not always desired, or 

even desirable, for activation analysis. 

One of the beam pipes, shown in fig. 111.1, is reserved 

for experiments of the radiochemistry department. At the 

end of this beam pipe different types of flanges can be 

mounted, which enable us to perform various kinds of irra

diations. One flange contains a disc of beryllium, placed 

on the inside of an Al beam stopper. In this flange fast 
9 .� 10neutrons can be produced by the reactions Be(d,n) B or 

9Be (p,n)9B. If neutrons with other spectral distributions 

are wanted, the Be disc can be replaced by other materials 

e.g. tantalum. For· charged particle activation another 

flange is used, which contains a thin steel exit window. 

The beam pipe is provided with a set of focussing quadru

pole magnets. When these magnets are switched off, and 

the focussing magnets before the bending magnet are tuned 

for optimal focussing at the end of the beam pipe, about 
250% of the intensity is found within 15 cm and 95% with

in 60 cm2 at the irradiation position �(�M�e�y�e�P�B�~ 1968-a). 
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Such a large beam di.ameter is very handy when several sam

ples are irradiated simultanequsly,and therefore the fo

cussing magnets around the deflected beam pipe were opera

ted at very low magnet currents during our experiments. 

As the particles in the extracted beam have the maximum 

energy, particl,es of lower energy can only be obtained by 

placing absorbers of appropriate thickness in the beam. 

III.2.2 Experimental set-up 

As was mentioned already in the previous section, the ad

vantage of a broad heam is the possibility ofsimultane

ous irradiation of several samples and standards. Compa

rison of activities generated in several sampVes requ.ires 

identical irradiation conditions for each of them. 

In the first place the bombarding particles must have the 

same energy for all samples. Clearly this condition is met 

as all particles in the extracted beam leave the cyclotron 

with the maximum energy (with a certain spread which is 

not important for our purpose). When the energy is degraded 

by an absorber, placed in the beam, it may be that small 

variations in thickness cause small variations in energy_ 

This effect must be recognised, and its possible consequen

ces on our analysis will be discussed later. 

Another condition concerns the flux for the different sam

ples. When several samples are irradiated simultaneously 

in a broad beam, the flux densities for the different sam

ples will not be equal, due to an inhomogeneous flux dis

tribution over the beam cross section. Therefore it is re

quired that the ratio of the integrated fluxes at the sur

face of the different samples is known. Meyers (1968-a) de

veloped a target arrangement, in which several targets were 

irradiated simultaneously while the ratios of integrated 

fluxes were determined. In this arrangement a lead plate, 

thick enough to stop the bombarding particles, is placed 
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into the beam. In this plate holes are drilled, through 

which the particles can pass, to meet a thin monitor foil. 

As they pass through this foil,. they will give .rise to ac

tivities in the different pieces of the foil immediately 

behind each of the holes. The intensities of these activi

ties are a measure for the total number of particles which 

have passed through the holes. Behind the foiL, and in 

line with the holes, the samples are placed. Such an ar

rangement was also used in our experiments. A lead plate 

of 2 rom thickness was used, in which 4 holes, each with a 

diameter of 1.2 em, were situated on a circle of 2 em ra

dius. As monitor gold foil of 0.01 mm thickness was used. 

111.3 Experiments and results 

111.3.1 Introduction 

The use of charged particles in activation analysis offers 

one advantage which it has in common with all activations 

with accelerator produced particles, i.e. the possibility 

of e11mination of interferences by an appropriate particle 

energy choice. Some other features and consequences of the 

properties of charged particles were already discussed in 

111.1.2. 

In this work, proton activation was applied for the deter

mination of the elements Ni, Fe, Cr, Ti and Ca in stony 

meteoritic matter. Table 111.1 lists the reactions invol

ved, which will be discussed later in III.3.3. Apart from 

the reactions also the threshold energies and, if known, 

the energy for which the excitation function reaches its 

maximum, are listed. Moreover, the half-lives of the pro

duct nuclides and their most ,abundant gamma-rays are given. 

All these reactions are of the (Pin) type and therefore 

have rather low threshold energies, whereas possible inter

fer reactions, which will be discussed later, can be ex
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Table III.1� Some properties of the nuclear reactions used for proton activation analysis and 

of the product nuclides 

Element Nuclear E (thresh.) E(peak) �t�~ product Main gamma-rays from 

determined reaction nuclide '" product nuclides '" 

Ni 60N· , ( ) GOc1. p,n u 7. °MeV (1 ) 21 m 0.83 MeV ( 15%); 1.33 MeV ( 80%); 

1. 76 MeV ( 52%); others « 10 %) 

Fe 56Fe(p,n) 56Co 5.5 Mev(2) �~�1�2�.�3 Mev(4) 77 d 0.846 MeV (l00%); 1.03 MeV (15%); 

1. 24 MeV ( 66%); 1.76 MeV ( 14%); 

2.02 MeV ( 10%); 2.60 MeV ( 18%); 

3.26 MeV ( 14%); others «10%) 

Cr 52c ( .) 52M mr p,n n 5.4 MeV(3) �~�1�2�.�5 �M�e�v�(�5�~�B�) 21 m 1. 43 MeV ( 95%), others « 5%) 

Ti 48T 1.
· ( p,n) 48V 4.9 Mev(2) �~�1�2�.�0 MeV(4) 16 d 0.986 MeV (100%); 1.314 MeV ( 98%); 

others « 5%) 

44 44Ca Ca(p,n) Sc 4.4 Mev(J)� 3.92 h 1.16 MeV(99.81); others « 1%) 

'"� Half-lives and gamma-ray energies taken from Lederer (1968); intensities taken from or 

calculated with data from ibid. 

(1) M' 66 (2) N �~ 1'2 (3) , h . 1955 (4).m k 1959· (5) W·· 19IP 2· (6) L" d 1959,ar1-on,19.; et...sonJ 96.; {, 0 . e n J ..,; '1 a n a .a, ..; . 1-ng J _ u; 1-n e l' ,J.. . .• 



pected to have much higher threshold energies. 'This m,eans 

that the proton energy must be chosen as low as possible .. 

All the activating reactions have thresholds 1.n the order 

of 4 - 6 MeV and the maxima of �~�h�e�i�r excitation functions, 

as far as they are known, lie around 12 - 13 MeV. It may 

be expected then, that their excitation functions will 

have come down again to rather low values for energi,es 

above 20 MeV. In 111.2.2 it was mentioned that the energy 

degradation by an absorber may cause small variations in 

the energy, due to small variations in the absorber thick

ness. The �c�o�n�s�e�q�u�e�n�c�e�~ of this effect can be kept very 

low by bombarding with particles of an energy, sufficiently 

high to make certain that the excitation function has 

reached rather low values, which means that the integrated 

cross section will not change very much with small energy 

variations. In our case this means that the protons must 

have an energy of at least rv 20 MeV. A higher energy would 

do excellent too, the only difference would be activation 

of a deeper lying layer. However, it was found that for 

30 MeV protons the yields of interfering reactions could 

not be neglected, whereas 20 MeV protons did not produce 

disturbing activities of this kind. Therefore this energy 

was chosen for our experiments. 

As mentioned in III.l.2 the excitation functions of the 

activating reactions for the different elements may have 

their thresholds and peak values at different energies, 

and thus the concentrations of the various elements may 

be determined at different places. As we are concerned 

with concentration ratios this effect has to be considered. 

Due to demixing some minor inhomogeneities may occur . 

.Mostly th,e dimensions of this inhomogeneities will be 

small compared to the diameter and thickness of the acti-· 

vated layer. n so the consequences were considered for 

occasions, where this is not valid. Therefore the excita

tion functions of three activating reactlons, known from 
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pUblisned experimental data, were c9mbined with the depth

�~�n�e�r�g�y relation for 2:0 MeV protons in average chondritic 

matter, calculated with data from the tables of Wi l tiam80n 

et al. {1966}. The �c�~�o�s�s sectipn versus penetration depth 

curves obtained in this way are shown in fig. III. 2. From 
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Fig. IIL.2� Cross section - penetration depth curves for 

some activation reactions 

this figure it can be seen that for these three reactions 

the maxima and thresholds lie at about the same energy. As 
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fo;" the �o�t�h�e�r�r�e�a�c�~�i�o�n�s tbe threshQ'ldsener'gies �a�r�e�a�b�C�)�~�t 

equal to those ot the three reactionsll'tentionec,l, it may 
be assumed that their curves will al,l$o slhpw maxima at , 
about the same ene.:E;'gy, and ao the main region 'o,f act.:l�v�a�~ 

tion fo'rall elements determined will be about the same. 

As in our meteorite samples inhomogeneities will occur 
by demixing of the metallic and silicate phases, the ra
tiosof concentrations for lithophile elements will still 
appro.ximately represent the correct value and th'e same 
holds for the siderophile elements. However, neither the 
absolute values for the concentratioris, nor the ratios of 
concentrations betwe,en a l.ithophileand a siq,erophile ele
ment, will be correct in the case of larger inhomogenei
ties. 

III.3.2 Standards 

As mentioned in 111.1.1, for charged particle activation 
analysis samples and standard,s do not need to be similar 
in composition provided that a does not differ too much 
for the different matrices. So, if this condition is ful
filled, pur'e elements or their compounds may be used as 
standards. 

In Chapter II some reasons were mentioned in favour of us
inCJ standa.rds and samples of similar composition. Some of 
these reasons are also valid for charged particle activa
tion, i.e. the �e�l�i�m�~�n�a�t�i�o�n of selfabsorption corrections 
and the comparable conditions during the activity measure
ments. Moreover the corrections for differences in the 
range R become v'ery small to negligible. 

As for the interference by secondary particles, this effect 
Is in �~�o�s�t cases of charged particle activation eliminated 
too. Thus a (n,2n) reaction leading to the satne product nu
clide as the mai.n (p, pn) reaction may be neglected if sam
ple and standard hav,e roughly the s,ame composition. In 
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this work a mixture of oxides and sulphat;es, already des

cribed �~�n II,S.S, was used as standard. 

However, as this mixture did not contain Ti, and as more

over it is not to be expected that such small quantities, 

as would be requil;,ed of this element (average Ti concen

tration in stony meteorites 'V 600 ppm), can easily be di

vided homogeneously over the stock of mixture, it was de
cidedto use pur,eTi metal as a standard for the. analysis 

of this element. In this case it was necessary to check 

for deviations in ;. With the excitation function for the 

48T'iCp,n)48v'reaction, known .from literature (Tan.aka" 19·59) 

and the stopping power values from the tables of Williamson 

eta2.. (1 [l66), the average cross section '0 was calculated 

for 0, Ti and Ni, as 0 and Ni are the lightest and heaviest 

'elements occurring in reasonable amounts (> 1 %) in chondri

tic matter. The variation of �~ for these elements was less 

than 1%. Therefore it may be assumed that no err,O"ts a;re 

introduced by standardisation on Ti-metal. 

III.3.3 Activations 

In the introduction to this chapter it was mentioned that 

this work deals with the proton activation analysis of Ni, 

Fe, Cr, Ti and Ca, using the reactions listed in table 111.1. 

In this paragraph these reactions, and considerations with 

respect to interferences, activity measurements etc., will 

be discussed. 

a. Nickel. 

Nickel was determined by means of the reaction 

60NiCp,nl60cu. No interfering reactions occur; the only 

possible one, 64zn (p,an)60cu , has too high a threshold and 

too small a cross section to give much yield at our experi

mental energy �~ 11.0 MeV). Apart from this the Zn/Ni(Ethr 
ratio in chondritic matter has an average value of about 

0.0003. 
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80me nuclear data of the product nuclide are giv,en in 

table 111,.1. From these data it can be seen that the ac

tivity measurement on the 1332 keV gamma-ray is the most 

promising. Howev,er, this gamma-ray occurs also in the de

cay of 60co , which can be formed by the rea,ctions 
61� '( 2) 60 62, ( 2 )60 . d "h d�N�~ p, P Co, �N�~ p,.pn Co an , Wlt secon ary neu

trons, 60Ni (n,p)60co • To check whether this is a serious 

source of interference, the Ni contents were calculated 

both from the count rates of the 1332 keV gamma-ray and 
·� . . .. 60f rom that of the 1760 keV gamma-ray of Cu. As no syste

matic differences were observed, it may be concluded that 

this interference may. be neglected. The measurement of the 

60cu activity is best performed with a semiconductor spec

trometer as soon as possible after the irradiation. 

The irradiation time is influenced by the need for ob

taining as much 60cu activity as possible, and to keep the 

longer lived activities, formed from other elements pre

sent (which would hamper the measurement by increasing the 

dead time corrections) as low as possible. It was found 

that with an irradiation of 20 min. satisfactory results 

could be obtained. 

h.� Iron 

�I�~"or '18 Iron de ,ermlna. t "th t' 56Fe (p,n 0th" t lon-.e reaC"IOn ) 56c 

was used. 

As iron a main element in meteoritic matter, it would 

also be possible to use the 54Fe (p,n)54Co reaction, which 

would have the advantage that no interfering reactions are 

possible, even though the 54pe isotope has a much lower a

bundance (5.82%) than 56pe (91.66%). However, in our expe

rimental set-up, the use of this reaction is impossible, 

because of the half-life of the product nuclide (1.5 min.) 

which is not long compared to the time necessary to trans

fer the targets from the assembly in the irradiation vault 

to the spectrometer. It would also be difficult to measure 

four s les, irradiated simultaneously, one after another 

with a s �1�(�~ de tect_or . 
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Wi t.h the reaction used by us interference can be expec

ted from the reaction 58Ni (p,2pn)S6co. The degree to which 

this reaction interf'eres with our analysis was determined 

by irradiation of discs of purer Fe and Ni. While the ra

tio of 56co activities in Ni and Fe aft'er bombardment with 

equal integrated fluxes of 30 MeV protons was found to be 

0.65, it appeared to be only 0.0015 at the energy used for 

our activation analyses (20 MeV). As the Ni/Fe ratio in 

chondritic matter varies between 0.10 and 0.05, the con

tribution of Ni to the 56co activity will be about 0.01%. 

Moreover our standard has a Ni/Fe ratio of the same order, 

so no corrections were needed for this interference. 

Table 111.1 lists some data of 56Co . It can be seen that 
56the 846 keV and the 1240 keV gamma-rays of Co are the 

most suitable ones for the activity measurement. Fe con

tents calculated from the count-rabes of these two gamma

rays showed good agreement. 

'rhe irradiation time need not be taken. very long, because 

of the large quantities of iron, notwithstanding the rath

er long half-life of the product nuclide �(�t�~ = 77 d.). It 

will, however, be seen below, that for the analysis of some 

other elements, the determination of which was made by the 

same activation, longer irradiation times were needed. 

c. Chromium. 

This element was analysed by means of the reaction 
52 5,2 mcr(p,n) Mn. 

As this reaction involves the most abundant Cr-isotope 

(83.76%J, and as Cr is a rather rare element in meteori

tic matter (average concentration in chondrites �~ 0.35%), 

this reaction is the most suitable choice. Moreover the 

only other reaction, 50cr (p,n)50Mn , leads to a nuclide with 

such a short half-life (1.7 min.) that it can not be used 

for our purpose, as discussed already for a similar case 

under b. 

The 52cr(p,nJ52Mnm reaction can be interfered with by the 
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reaction 54Fe (p, 2pn) 52MnID., To investigate this compli
52 m�cation the Mn activities raised in pure Fe and Cr were 

dete,rmined after bombardment with equal numbers of ,20M,eV 

protons. The ratio of the activities was found to be about 
-41.2 x 10 • The average concentrations of Fe and Cr in 

chondritic matter have a proportion of about 80: 1, so the 

contribution of iron to the 52Mnm activity in a sample will 

be of the order of 1%. As the Fe/Cr ratio in standards and 

samples does not differ very much, ,errors due to this con

tribution will be small compared to errors from other 

sources. No correction was required. 

The (p,n) reaction on 52cr produces also the groundstate 

of 52Mn • However, the xesulting activity appeared to be 

too low for this reaction to be able to compete with the 

formation of the isomeric state for analytical purposes. 

The nuclear data of 52Mnm, listed in table III. 1, show 

tha"t the 1435 keV gamma-ray seems very suitable for the 

gamma-spectrometrical activity determination. This gamma

ray is emitted in the decay of 52Mng too, but if one waits 

for the isomeric state to die off �(�t�~ = 21 min. against 

5.7 d. for the groundstate), the photopeak of this ogamma

ray 1s almost invisible in the spectrum. It may be con

cluded therefore that only a negligible amount of the 

count-rate under the 1435 keY photopeak of 52Mnm, is due 
.,� 52 9 .
coMo • 

The measurement has to be performed on a semiconductor 

spectrometer and as soon as possible after the irradia

tion. 

Astbe half-life is of the same order as that of 60cu , the 

same considerations regarding the irradiation time are 

valid as in the case of the Ni determination. 

d.� Titanium. 

For the ton activation of titanium only one reaction 
'd'1 s� warth cons1.". e r 1.ng : 48.,( p, n . )48V.' '. '..� Tl . 
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Not only is 48Ti the most abundant isotope by far . (73. '94%) 

(which is important in the analysis of an ,element occurr

ing only in concentrations of· about 600 ppm), but also the 

(Pin) reactions on other Ti-isotopes and even the (p,pn) 

reaction on 48Ti itself, do not lead to radioisotopes 

which can be used for instrumental analysis, as they do 

not emit gamma-rays. 

The only possible interfering reaction could be 
50 .' 48Cr(p,2pn) V. However, 21 days after irradiation (1 hour 

with 20 MeV protons) of pure Cr, no 48Ti actiVity could be 

observed in the spectrum of this target. 

The nuclear data of the product nuclide, shown in table 

III. 1, show that t\i>lO gamma-rays can be considered for the 

activity measurement, i.e. the 986 keY and the 1314 keY 

ones. As in the spectra, obtained from our samples with 

a semiconductor spectrometer, the ratio of peak area to 

background is much less favourable for the 986 keV photo

peak than for the 1314 keY one, the latter was chosen for 

use in analysis. 

An appropriate cooling period has to be applied, in order 

to let shorter lived activities falloff. Satisfactory re

sults were obtained with measurements after a cooling pe

riod of 3 weeks (after an irradiation of 1 to 1.5 hours). 

e. Calcium. 

As� can be seen from table III.l, calcium was debermined 
. 44 44by the reactl0n Ca(p,n) Sc. 

'The 44ca isotope is the most attractive choice, notwith

standing its rather low abundance (2.06%), as the only 

isotope with higher abundance, 40ca 196.97%), does not 

produce an activity useful for analytical purposes. 

Interfering reactions originate from Ti and Sc.Titanium 
46 , th d' t b' t· "1' 2 ,)44 S Th t"g.lves '. ,e 18· ur 'lng reac 10n Tl.' p" pn 'c. .• e ra J.O 

of 44Sc activities, induced by bombardments with equal in

tegrated fluxes of 20 MeV protons in Ti and Ca, was deter
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mined to be 'V 0.13. As the ratio of averag,e concentrations 

of '1'i and Ca in stony met,eoriti.c matter is about o. OS, 

corrections for the '1'i contribution to the 44Sc activity 

in a sample will not exceed 0.6 - 0.7 %. Nevertheless these 

corrections were applied, as they could be easily calcula

ted from the 44 8c activity in the Ti standard, which had 

to be irradiated anyway for the '1'1 determination. The in
. 45 44berference from Sc, by the react10ns Sc(p,pn) Sc and, 

with secondary neutrons, 45Sc (n,2n,44Sc , was neglected 

because of the very low Sc concentration in meteoritic 

matter (average in chondrites 'V 9 ppm (MaBon" 1962)). 

44'fable III. 1 shows that only the 1159 keV gamma--ray of Sc 

is useful for the activity measurement. This is performed 

by measuring the count-rate under the photopeak of this 

9amma-ray on the semiconductor spectrometer. The half-life 

of 3.92 hours allows for some cooling; satisfactory results 

were obtained with measurements starting 4 hours after the 

end of the irradiation. 

The analysis of Ca can be performed with short irradiations 

('\i 20 min) as well as with longer ones (1 - 1.5 hours). The 

longer irradiations are to be preferred because of the 

higher count-rates produced. 

111.3.4 Proaedurss 

Samples of pOWdered meteorite matter or of standard mix

ture, with average weights around 2.5 - 3 grams, were 

packed into cylindrical polythene boxes (internal dimen

sions �~ 19 mm x 7.5 mm), provided with a thin Al entrance 
2window (1.44 mg/cm , diameter 1.7 em). Fig. III.3 shows 

the construction of these Vials. 

These target.s, together with discs of T i metal, thickness 

2 mm, which discs were covered with a layer of the sameAl 

foil, were irradiated, four at a time, in the arrangement 

described in 111.2.2, with 20 MeV protons, obtained by de
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Fig. III. 3 Construction of vials for proton irradiation 

stage 1 The cup is filled to the rim with sample powder, 

and the aluminium foil is placed on top 

stage 2 The lid, in which the entrance window is drill

ed, is pressed onto the cup, after which the 

exc,ess of aluminium is removed. 

grading the 52 MeV protons from the cyclotron in energy 

with a copper absorber of 3.76 gr/cm2 . Several of these 

sets were irradiated, one after the other, for the same 

time, which could vary between 1 and 1.5 hours. 

The measurements on the targets of each set were started 

4 hours after the end of the irradiation. The targets were 

placed with the irradiation side towards the entrance win

dow of the 38 cc coaxial Ge(Li) detector, mentioned already 

in chapter II. Of each sample the spectrum was recorded 

during 10 to 15 min., and the count-rates observed under 

the 1159 keV photopeak of 448c were used for the calcula

tion of the Ca contents. 

Then the targets were put aside to cool for about 3 weeks. 

Again the semiconductor spectrometer was used, this time 

to record the spectra during 100 to 200 min •. The count
48rates of the 1314 keV photopeak of V and of the 847 keV 

56and 1240 keV photopeaks of Co were observed, to be used 

in the calculation of the titanium and iron contents. 
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To obtain a measure of the integra.ted fluxes for ea'Ch sam

ple, the pie'Ces of gold foil in the target �a�s�s�e�m�b�~�y�, si

tuated right behind the holes, were cut out and �t�r�~�n�s�~ 

ferred to glass tubes, where 2 ml of aqua regia was added 

to bring them into solution. Starting about 40 hours after 

the irradiation, the decay of the activity of 197H9 
. 197 197

�(�t�~ = 64 hr), formed by the react10n Au(p,n) 8g, 'Con

tained in these solutions, was followed by means of measu

ments in a NaI(Tl) well-type crystal connected to a discri

minator and scaler and equipped with a sample changing de

vice (Philips PW 4003). This way of flux monitoring has 

been developed by Meyers (lSBS-a). 

The same targets were:- then mounted again on an irradia

tion assembly, and irradiated for 20 min. with 20 MeV pro

tons. 

As soon as possible after the end of the irradiation each 

target was measured on the �s�e�m�~�c�o�n�d�u�c�t�o�r spectrometer, as 

described above, for 5 min. each. By these measurements 
52 m .. 60the activities of Mn and Cu, reqUired for the calcu

lations of the Cr and Ni contents, were determined. 

After 4 hours the spectra were recorded again to determine 

the 44Sc actiVity. 

The flux was monitored in the same way as described above; 

Spectra, as they have been obtained in the analysis of a 

chondrite at the different stages of the analysis mentioned 

in this paragraph, are shown in fig. 111.4. 

I.Lf. 3. 5 RGJOU l t'3 

The results, obtained for some chondrites, achondrites, 

stony irons and standard rocks, by the methods described 

in th1s chapter, are shown in table 111.2. 

A discuss 11 given in the next chapter. 
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Fig. II1.4� Spectra of a chondrite sample, recorded with 
the Ge (Li)' ,spect.rometer 

a. 5 min after a 20 min irradiation with 20 MeV protons 

b. 4 hours after a 100 min irradiation with 20 MeV protons 
c. 20 days after a 100 �m�~�n irradiation with 20 MeV protons 

61 



IV 
en Table II!.2 Results of proton activation analysis 

Meteorite Classification Fe Ni Ca Cr Ti 

Holbrook olivo hypo chondrite 19.1 1.58 1.10 0.39 0.042 

Homestead oliv. hypo chondrite 21.6 1.24 1. 39 0.45 0.051 

Macao ali'll. bronze chondrite 23.8 1. 23 1.19 0.34 0.047 

New Concord olivo hypo chondrite 26.2 n.d. 1. 52 n.d. 0.069 

Utrecht olivo hypo chondrite 24.3 1. 51 1. 24 �0�~�4�1 0.062 

Leoville breccia - "'". n.d. 1. 26'" n.d. 0.088'" 

Ellemeet diogenite (Ca poor-achondrite) 14.0 <0:05 0.42 1. 52 0.020 

Norton County aubrite (Ca poor-achondrite) 1. 21 0.05 0.75 0.05 0.034 

Stannern eucrite (Ca-rich achondrite) - '" n.d. 8.8 '" n.d. 0.70 '" 

BODdoc mesosiderite .. * 29.1 2.16 2.54 0.59 0.076 

Dalgaranga mesosiderite •• 26.7 2.41 1. 76 0.13 0.083 

Mincymesosiderite *'" 56.2 2.72 3.00 0.21 0.134 

Admire pallasite ... 27.7 1. 91 <0.02 0.34 '. <0.010 

Brenham Township pallasite·· 20.0 0.59 <0.02 0.12 ,;0.034 

Huckitta pallasite •• 50.1 n.d. ;;0.10 n.d. <0.004 

St,andard rocks 

BCR-l 8.8 <0.02 5.15 <0.01 1. 6.1� 

PCC-l 8.3 0.267 0.33 0.255 <0.01� 

• Fe used as internal standard, referred to the Fe-contents determined by photon activation analysis 

•• Samples selected to contain much silicate phase 



Chapter ilV 

Discussions 

IV.1� Analytical aspects 

IV.l.1� Accuracy and precision of photon activation 
anaZysis 

Table IV.l shows some of the results of this work, com

pared to the results of analyses on the same meteorites by 
other investigators. While in some cases rather good agree

ment is obtained, almost as frequently serious differences 

occur. However, these differences do not mean that either 

analysis is infe.rior. A meteorite is a rather inhomogene

ous system, and often analyses performed on different sam

ples of the same meteorite do not agree. 

From the tables mentioned a selection is made of those ana

lyses performed on samples, which were donated to the IKO

collection by Dr. H.B. Wiik, and in table IV.2 his results 

are cornparedwith our values. This comparison shows rather 

good agre'ement for Mg and Ca contents. However, for Fe and 

Ni some rather large discrepancies still occur. An expla

nation can be found in the fa,ct that our samples are not 

the same as Dr. Wiik used, performing wet chemical analy

sis, but probably were taken from each others neighbour

hood. Then the lithophile elements (Mg, Ca and Cr in this 

case) will not show very large variations in concentration, 

but as Ni and a large amount of Fe are present in the me

tallic phase, which oonstitutes only a small fraction of 

the total composition, those elements can be distributed 

quite inhomogeneously, and the concentrations do not have 
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Table IV.l� Comparison of our results obtained by photon activation analysis on meteorites 

with those from other authors 

Meteorite Fe� Ni Mg Ca Cr 

this others this others this others this others this others 
work work work work work 

Alfianello 24.9� 22.1(9) 1. 43 1.26(9) 16.6 14.8(15) 1.20 1.31(9) 0.44 0.3:/9 ) 

21.7(15) 1. 38 ( 15) 1.09(15) 0.42(15) 

Beardsley 34.5 27.3(9) 2.48 1.71(9) 1.25 1.21(9) 0.37� 0.23(1) 

0.30(9) 

0.38(12) 

19.4(9)� 1.01(9) 15.0(13) 1.28(9) 0.34(9)Bjurbole 21.7 1.19 18.2 1. 38 0.38 

20.7(13) 0.75(l3) 15.0(15) 1. 26( 13) 0.31(4) 

20.0(4) 1.02(4) 1.27(15) 0.31(14) 

20.0(14) 1.03(15) 0.23(15) 

20.3US ) 

22.1(14) 1.12(14) 14.5(14) 1.90(14) 0.38(14)Bluff 24.1 1. 41� 16.6 1.60 0.43 

22.1 (5) 1.35(15) 14.9 (9 ) 1.03(15) 0.36(15) 



Meteorite 

this 
work 

Fe 

others this 
work 

Ni 

others this 
work 

Mg 

others this 
work 

Ca 

others this 
work 

Cr 

others 

Ohurmsala 20.0 20,1(9) 

18.3(14) 

23.0(15) 

1.12 0.93(9) 

1.27(15) 

16.2 14.7(15) 1.50 1.31(9) 

1.17(15) 
0.38 0.32,( 9) 

0.34(14) 

0.43(15) 

Dimmitt 0.38 0.33(12) 

Farmington 26.5 21.5(9) 

21.2(14) 

22.7(4) 

19.8(15) 

1.56 1.10(9) 

1.06 ( 14) 

1.28(4) 

1. 00 (15) 

16.5 15.0(14) 

16.1(15) 
0.97 1.31(9) 

1.36(14) 

1.15(15) 

0.41 0.32(9) 

0.37(14) 

0,27(4) 

0.3S(25) 

Forest City 27.4 27.0([}) 

27 .l( 1<1) 

26.9(14) 

1. 87 1.67(9) 

1.65(14) 

1.73(14) 

13.5 14.2(14) 1. 30 l.l0 (9) 
1.24(14) 

1.99(14) 

0.33 0.33(9) 

. O. 37( 14) 

I). 34( 14) 

a,20 Cl ) 

Gilgoin Station 23.4 28.4(9) 1. 57 1,81(9) 0.94 
(fJ)

1.18 0.28 D. 33(9) 

Holbrook 

Cf\ 

23.1 22.1 (9) 

21.0(4) 

21.6;(14) 

1.28 1.28(9) 

1.22(4) 

1.09 (14) 

15.5 15.:2 (14) 1.20 I.2St !}) 
1.24(14) 

0.41 0.32(9) 

O.3S;(4) 

0.31(14) 

O. lltl) 



CI'> 
0'\ .Meteorite Fe Ni !Mg Ca Cr 

this others thi.s others this othe,TS this others this others 
work work work work work 

Homestead 2JL. 6 22.a(4) 

22.7(1$ ) 

1.30 1.33/') 
1.])(liJ 

15.6 14.a(Hi) L 35 1.27(;J. S J 0.340.19(4J 

:0 .3;0(15) 

Hugoton 23.3 21.0(11) 1..64 1.45(9) 0.94 '(,. 9-4 ('9J :0 •.51 O. 28 ( 9 ) 

Jelica 19 • 9 20 •.2 un 
22.9(8) 

19. 2( 1:5) 

O. 9,0 0 • 82f '9 ) 

a.83'S) 
1.IS{!l'S) 

16.4 is.3!') 
�1�5�.�1�f�l�~�) 

1.49 1.2eo(9' 

iO .• BSlB) 
1.34,(1.$ J 

o.360.32(9) 

0.34 C8} 

0.35(15) 

Kesen 26.4 27.4(9) 1 .82 1.76(9) o•75 1 .• 24le ) o.34Il.'3S(9} 

Khairpur 3n.6 23.5(11) 

24.5(4) 
1.68 1.29121 ] 

1.5114) 

12.813.9(11) 1 .08 1. 24(1;1) 0.60 0.28(11) 

0 .. 32(4 ) 

Knyahinya 22.2 2 ([I • .2 ( 104 ) L 10 1 .04( 14 ) 16.615.1(1') '1.11 1 .. 12(1.4} 0.37 O.4S f14 } 

Ladder Creek 22.1 2L4 (9) 1.07 l.10 un 1.2.8 1.14{9) 0.38 O. 28(Q ) 

i" AlgIe 21.2 22.7(16) 1.40 L49 0 ;59 14.0 14.5(1/6) 0.971.. 34(16) <:)..37>0. 31 f1bJ 



Meteorite 

this 
work 

Fe 

others this 
work 

Ni 

others this 
work 

Mg 

others this 
work 

Co. 

others this 
work 

er 

others 

Lance 26.2 24.5(4) 

25.6(14) 

1. 59 1.51(4) 

1.50(14) 
17.1 14.2(14) 1.54 1.87(14) 0.35 0.32(4,) 

0.33(2'4) 

O.32f1 e) 
Leedey 21.1 22.3(9) 

22.1(5) 

22.6(14) 

22.5(7) 

1. 32 1.22(9) 

1.21(5) 

1.05(14) 

1.21(7) 

15.9 15.0(5) 

15.0(14) 

14.5(7) 

13.7(18) 

1.27 1.35(9) 

1. 30(5) 

1.42(]4) 

1. 27(7} 

0.40 0.35(9) 

o.3·6 (5) 

0.37(14) 

0.29 (?J 

Long Island 21.0 23.1(9) 

21.7(14) 
1. 03 1.16(9) 1.07 1. 22(9) 0.37 0.35(9 ) 

McKinney 22.2 21.9(14) 16.5 14.4(14) 1. 29 1.27(14) 0.38 0.34(14) 

Mern 23.4 21.1(14) 1. 55 1.09 (4) 15.1 15.6(14) 1.19 1.43(14) 0.41 0.10(14) 

Miller 32.0 29.4(9) 

27.0(1'1) 
1. 95 1.87(9) 

1.60(14) 

15.4 14.3(14) 1.14 L 15 ( 9 ) 

1.15(14) 
0.34 O.30(9} 

O.22(14) 

Mocs 

Ci\ 
-..J 

23.7 22.7(9) 

�2�2�.�1�(�~�U 

21.8(J4) 

1. 42 1.29{9J 

1.44(4) 

1.25(14) 

15.9 15.1(14) 1. 22 1.26(9) 

1.29(14) 
0.38 0.32(9) 

0.39(4) 

0.41(14) 
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Meteorite 

this 
work 

Fe 
others this 

work 

Ni 

others this 
work 

Mg 

others this 
work 

Co. 

others this 
work 

Cr 

others 

He\-i Concord 26.7 23.6(9) 

21.6(14) 

1.58 1. 36 (9) 

1.26(14) 
15.2 1" 2(14)

�~�:�>�. 1.31 1.31(9) 

1.23(14) 
0.37 0.34(9) 

o.:iia Li .4 ) 

Ochansk 29.4 28.6(9) 

27.9(14) 

32.4(15) 

27.2(16) 

1.86 1. 79(9) 

1.Sa(]-l) 

1.15(15 ) 

1.85(16) 

13.4 13.9(14) 

13.2(15) 
1.28 1.11 (fn 

�1�.�1�3�(�~�.�4�) 

1.04(15) 

1.23(;46) 

0 •. 38 Q.33(9) 

O.34(12) 

�O�~�l�O�(�1�4�) 

�{�r�.�4�9�(�J�~�) 
0·ii3S(·1··(JJ 

Pipe Creek 29.9 26.2(15) 1. 93 1.59(15) 13.7 14.4(15) 1.08 1.17(15) 0.34 o .3'l(1 is) 

Plainview 28.3 26.5(9) L83 1.71(9) 1.10 1.17(9) 0.38 0.34(9c) 

Potter 16.0 18.1(9) 1. 20 0.84(9) 1.29 1.07(9 ) 0.44 0.'39(9) 

�P�u�l�t�u�s�k�~�I 25.4 25.4(15) 1. 88 1.36(15) 14.0 14.5(15) 1.09 1.11(15) 0.43 0.35(12) 

0.43 q5) 

Richardton 26.4 26.7(9) 

22.8(14) 
1. 98 1. 72(9) 

1.57(14) 
13.7 13.4(14) 1.09 1 .. 15(9) 

11.00(14) 
0.38 0.32(9) 

0.38 �(�l�~�) 

0.24(1) 

Saline Township 28.7 27.0(14) 0.41 0.06(14) 



Meteorite 

this 
work 

Fe 

others this 
work 

Ni 

others this 
work 

Mg 

others this 
work 

Ca 

others this 
work 

Cr 

others 

Salla 23.3 21.6(14) 1. 39 1.10(14) 14.7 14.7(14) 1. 27 1.24(4) 

Selma 25.3 22.1(14) 1. 59 1.59(14) 13.7 13.3(14) . 1.01 0.86(14) 0.41 0.31(14) 

Shaw 18.6 17.2(9) 

,16.8(3) 
0.85 0.67(9) 

0.80(3) 
17.9 16.5(3) 1. 21 1.06(9) 

1.28(3) 
0.44 0.28(9) 

0.19(3) 

Tennasilm �2�5�~�8 21. 7(14) 1. 54 1.13(14) 15.1 14.9(14) 1.00 1.42(14) 

Tomhannock Creek 27.2 26.3(14) 1. 82 1.69(14) 14.7 14.4(14) 1.05 0.99(14) 0.37 0.21(14) 

Vigarano 23.8 24.1(9) 

24 .7(14) 

1. 45 1.36(9) 

1.32(14) 
14.7 14.2(14) 1.65 1. 78(B) 

1. 84 (14) 
0.34 0.34(9) 

0.45(6) 

0.35(14) 

Norton County 1. 47 0.96(9) 

1.60(J.4) 

1.51(16) 

0.03 0.026(9) 

0.04(14) 

0.036(16) 

26.6 24.6(14) 0.87 1.31(9) 

0.69(14) 

1.75(16) 

0.04 0.04(9) 
. . (14)
0.05 
0.103(16 

Stannern 15.9 13.7(9) 4.3 3.9(2) 8.7 8.0(9) 

7.6(2) 
0.19 0.125(9) 

0"1 
1..0 

Bondoe 29.5 48.4(10) 2.54 3.24(10) 8.0 6.2(10) 2.02 1.16(10) 
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(of; ) 
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( 8) 
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(10) 

(11) 

(12) 

(13) 

(1 4 ) 

(15) 

(16) 

Bate" 196:0� 

von �E�n�g�.�l�h�a�r�d�t�~ 1983� 

�p�p�e�d�e�r�i�k�s�8�o�n�~ 1967� 

GreenZand.,1965� 

Jaro8ewitch., 1967� 

�K�i�e�s�l�~ 1968� 

lUJnig., 1964� 

Losanitsch., 1892� 

NichipOI'uk., 1967� 

PoweZl., 1971� 

Prior'., 1916� 

Rieder., 1968� 

WaLter., 1968� 

Wi i k., 196 8� 

Seitner., 1971� 

�S�c�h�m�i�t�t�~ 1970� 



Table IV. 2 Comparison of some results with those 

Meteorite Fe Ni 

this Wiik this Wiik 
work work 

McKinney 22.2 21.9 

Miller 32.0 27.0 1.95 1. 60 

Salla 23.3 21.6 1. 39 1.10 

Selma 25.3 22.1 1. 59 1. 59 

Tomhannock Creek 27.2 26.3 1.82 1.69 

Norton County 1. 47 1. 60 0.03 0.04 

ofD!'. Ii. B. Wiik 

this 
work 

Mg 

Wiik this 
work 

Ca 

wiik 

�1�6�~�5 

15.4 

14.7 

13.7 

14.7 

26.,6 

14.4 

14.3 

14.7 

13.3 

14.4 

24.6 

1. 29 

1.14 

1.27 

1.01 

L05 

- 0.87 

1.27 

1.15 

1. 24 

0.86 

0.99 

0.69 

this 
work 

wiik 
Cr 

O.3a 

0.34 

�O�~�3�4 

0.20 

0.41 

�0�~�3�7 

0.04 

0 .. 31 

0.21 

0.05 

....:l 
I-' 



to agree even in �t�h�e�s�~ �c�~�s�(�i�i�!�S�. Howevei',itshould then be 

possilJle to calculate a normalization of the t,otal Fe oon

teAt ,on, the bali!5is ,of the Fe/Ni ratiQ in the metallic 

�P�h�~�s�e ali!5 determined by WilK, alld the difference inNi con" 
tents ;oun,d in his and our analyses. Table IV. 3 shows how, 

after this correction., the agreement becomes very reason

able thus ,conforming the accuracy of the method f,or the 

determination of Ni and F'e. 

Another test ,on the accuracy ifil comparis,on of our r,eli!5,ults 

OJ'): standard roel< samples with those obtained by others. 

Here the sampl'E;!s are well homogeneized' and the results 

have to agree. Table tV.4 shows this compa.rison. The lite

rature values are taken from the compilation by FLanagan 

(l.fUJB). It should be noted that OUI:" prec:is1.on in these de

terminations .is not the same as for meteor!te samples, due 

to different matrix composition. This is a dual effect: 

a.� difference .in matrix composition between samples and 

standard 

b.� influence of the different matrix on the counting sta

tistics. 

From table IY.l it appears that other investigators often 

find Cr values which ar,e much too, low, and show a very 

large scatter. In fact the Cr content is rather constant 

throughout all classes of meteorites: for bronzites the 

average is 0.37%, for hypersthenes it is 0.39%. The stan

dard deViations for the populations are 0.03; for the a

verages they are 0.005. 

Forsorne otth. resulta, oi ted in table II. 4" an error 11

m1t was given if more th,an one analys1s was performed. 

These errors do not only reflect the �p�~�e�c�i�s�1�0�n of an in

dividual analysis, but are also strongly influenced by er

r'ors introduced by sample.t,aking from a stock of powd,ered 

meteorite. ThElerror of one individual analysis can be 

thought to he �c�o�m�p�o�~�l�e�d by the following contributions: 

1.� errors int.roduced by countin'9 statistics and by :small 

differenc,es in georn;etry and ,absorption thickness during 

12 



Table IV.3 

1)Meteorite Fe(met); lINi 2) c
Fe 

3) Fe (corr) 4} Fe (Wiik) 
Ni 

Miller 12.44 0.35 4.4 27.6 27.0 

Salla 2.94 0.29 0.9 22.4 21.6 

Tomhannock Creek 6.72 0.13 0.9 26.3 26.3 

i) ratio of metallic iron- and nickel content according to Wiik 

2) difference of nickel contents (in percents) according to Wiik and this work 

3} correction on iron content obtained by multiplication of 1) and 2) 

4) iron content according to this work after correction 3) is applied 

W 
-..l 
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Table IV.4� C01I\parison of our photon activation analysis results on standard rocks 

with literature values 

Standard rock Fe Ni� Kg Ca Cr 

1 2 I 2 1 2 1 2 1 2 

AGV-1 4.82 4.75 n.d. 0.93 0.90 3.52 3.56 n.d. 

BCR-l 9.22 9.44 n.d. n.d. 4.91 4.96 n.,"d. 

DTS-l 6.24 6.19 0.245 0.233 32.5 30.0 0.11 0.11 0.37 0.42 

PCC-l 6.06 5.96 0.228 0.243 ·n .0.. 0.43 0.38 0.27 0.31 

1 this work 

2 Flanagan, 1969 

n.d. not determined 



the activity measurem,ent. 

2.� errors introduced by inhottlogeneous distribution of the 

elements in the stock of standard powd,er. 

Moreover some systematical errors playa role: 

3.� systematical errors caused by interferences. The most 

probable sources of this kind of errors were discussed 

already in chapter II. 

4i. a systemat.ical error, if the stock of standard powder 

should exhibit a slow demixing prOC(-;l5S, thus ohanging 

in composition over a longer period of time. 

TO check the possible occurrence of effect 4, used stan

dard samples were put aside, and after a certain period an 
activation,to compare these old standard sampleis with new

ly taken ones, was performed. No significant change in the 

various specific activities could be observed. In each ir

radiation several standard samples were included. In this 

way large errors of type 2 were prevented, while the stan

dard deviation of the specific activities of a certain ra

dioisotope, generated in these standard samples, reflects 

the error caused by the effects 1 and 2 in the results for 

the corresponding element. 

These standard deviations may serve as error limits for 

the results obtained in the meteorite sample, as standards 

and meteorite samples have about equal composition, weights 

and geometry. For each irradiation these deviations will, 

of course, be somewhat different (principally because of 

the varying contribution of counting statistics, due to 

the differ·ences in intensities of the generated activities), 

but as an overall estimate we can take the following value 

for the standard error as a fraction of the concentration 

of the element in a sample: 

Fe: 2%; Ni: 2.5%; Mg: 2%; Ca: 5%; Cr:5%. 

To check these estimates a series of duplicate analyses on 

lthe same samples were performed. Only the Cr determination 

wa.s excluded, because of the long cooling time needed be
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fore a new Cr analysis can beperforrned. The results are 

shown in table IV.5. It is seen/thaftheaverage relative 

deviations are in rather good agt'eementwith the above 

given estimates. 

For our results on meteorites the contribution by sampl

ing errors can cause larger inaccuracies. However, the er

ror �l�i�m�~�t�s �d�i�s�c�u�~�s�e�d in the �p�r�e�c�e�d�~�n�g�~�x�p�e�r�i�m�e�n�t reflect 

the reliability of the ratio of concentrations of diffe

rent elements in one single analysis. A judgement of the 

possibilities and advantages of the analytical method 

should be based on these errors only. 

IV.l.a Accuracy and precision of proton activation analysis 

A discussion of the accuracy and precision of our results, 

obtained by proton activation analysis, is rendered �s�l�i�g�h�t�~ 

ly difficult by the large number of possible error sources, 

some of which were already mentioned in chapter II. 

Firstly there are those error sources which all charged 

particle activations have in common. Beside the difficul

ties arising from differences in stopping power (chap

ter II), the (relative) flux measurement is an error sour

ce inherent to the method. If sa.rnplesand standards are 

irradiated in turn with a stable, homogeneous beam, the 

measurement with a Faraday cup gives good precision. With 

the arrangement used in our work however, all samples will 

be irradiated with beams of different qualities. To mini

mize the ef cts due to an inhomogeneous beam, a broad 

blown-up beam is used, as homogeneous as possible, since 

in this case it may assumed that the small beams taken 

from the broad one 11 be rather homogen,eous each. For 

this purpose the beam monitoring system described elsewhere 

�M�e�y�.�r�8�~ 1968-0) was used. This arrangement introduces 

some other error sources: variations in the thickness of 

the monitor foils and counting statistics of the measure

mentof the induced I1l1oni toractivity. These errors will 

76 



Table IV.S Duplicate analyses on the same samples 

Meteorite Fe Ni Mg Ca 

I II III I II III I II III I II 

Long Island 21.9 21.4 1. 2% 1. 06 1. 04 1. 0% 14.7 13.8 3.2% 1.09 1.09 0.0% 

Mern 23.2 23.6 0.9% 1. 51 1. 60 2.9% 15.1 15.1 0.0% 1. 23 1.14 3.8% 

New Concord 26.4 26.9 0.9% 1. 65 1. 76 3.2% 14.8 15.6 2.6% 1. 24 1.37 5.0% 

Pipe Creek 29.8 29.9 0.2% 1. 99 1. 87 3.1% 13.9 13.5 1.5% 1.13 0.92 10.2% 

Plains 28.0 29.6 2.8% 1. 88 1. 8S 0.8% 14.0 14.1 0.4% l.15 1.03 5.5% 

Saline Township 27.4 29.3 3.4% 1. 85 1. 88 0.8% 14.1 14.6 1. 7% 1.11 1. 30 7.9% 

Salla 22.4 24.2 3.9% 1. 42 1. 42 0.0% 14.4 15.6 4.0% 1.22 1. 33 4.3% 

Selma 24.7 26.3 3.1% 1.55 1. 70 4.6% 13.2 14.2 3.7% 0.96 1.19 10.7% 

Shaw 18.8 19.3 1. 3% 0.78 0.84 3.7% 17.5 18.3 2.2% 1.24 1.23 0.4% 

Utrecht 22.5 23.2 1. 5% 1. 34 1. 44 3.6% 15.4 15.6 0.7% 1.29 1.33 1.5% 

Average deviation 1. 9% 2.4% 2.0% 4.9% 

I 1st analysis 

II 2nd analysis 

III relative deviation from average 

--.J 
--.J 



not exceed 1 - 2% (Meyel'B, 1968-a). Moreover, large fluc
tuations in beamintE!:nsity migitt cause" seriouse'rrors in 
those cases �~�h�e�r�e�t�h�e irtadlation time �i�~�' of" �t�h�~�' order o,f 

the half-life of t;.he-radj.onyclide useq for �~�p�.�a�l�y�\�s�i�s�, whil,e 
the monitor activity has a much lOl1gel- �h�a�]�L�f�"�'�;�l�i�f�.�~�'�.�T�h�i�i 

might be the case in the determinations of Ni, Cr and Ca. 
However, in our ca.se the beam is of agocj:(j, s,tabllity, and 

this effect can be neglected. 

In chapter II it was.ment;.ioIled ..j:ha;f; tbe protgns.from the 
cyclotron, with an energy of 52 MeV, had to be degraded

( j 

to 
,,-, "';'" 

20 MeV by means of a eu absorber. Small variations in ab:'" 

sorber thickness can cause errors in two ways: the protons 
a.ctivating the different sampl,es will have a somewhat dif
ferent initial energy, which varies the II integral cross 

section", and the same difference in energy causes diff,e

rences in crOBS section for the monitor reaction in the 

foils. This effe'et was kept in mind, however, when the 
particle energy was chosen, and so it can be neglected as 

a serious source of errors. 

The nature of the samples is another sourc,e of possible 

trOUbles: errors caused byvariationa in density, and �i�n�~ 

hQmogeneities. The latter effect was discussed already in 
chapter II. Density variations from one sample to another 
will cause differences in depth (in rom) of the mean region 
of actiyation, which will produce differences in measuriIl:9 

geometry .. However, the minimum distance from the bottom 
of the sample vials to the detector hood was 11 mm, which 
make'. the shifts in geometry, where differences in depth 
of at most'" 0.8 nJlirn occur, n,egligible. 

All errors discussed above are more or less consequences 
of the use of charged particle activation. However, to
gether with the influence of inhomogeneities, the most im

portanterror source will be the counting statistics. 'The 

influence of is effect depends upon the measured peak 
area of the garmna.-ray from the �l�~�a�d�i�o�n�u�c�l�i�d�e used for a,na
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lysis, and on the hackground to be sUbtracted. For chon

drites counting statistics give the following �u�n�c�e�r�t�a�L�n�~ 

ties in the activity measur,ement: Fe (56co): s.d. '\, 1%; 

Ni (60cu): s.d. �~ 5%; Ca (445'O ): �s�.�d�.�~ 5%1 Cr (52Mnm): 

s.d. '\, 5%1 Ti (48vl : s.d. �~ 15%. For other matrices (a

chondrites and stony irons) thesle' values can be somewhat 

different, especially when one of the elements studied has 

a very low or high abundance. 

The effect of inhomogeneity is very difficult to estimate. 

In our 'Ohondrite and achondrite samples, which are more 

homogeneous since this material is easiest to grind down 

to small sized particles, the effect will be smaller than 

in the case of stony irons, where the material contains 

much more of the metallic phase. 

A comparison of the results obtained in this work with 

proton activation" with values obtained by others on the 

same meteorite, is given in table IV. ,6. However I as dis

cussed already in IV.l.l, such a comparison has only a 

limited value as a means for judging the method, and bet

ter insight can be obtained by comparing the values for 

standard rocks, where influence of inhomogeneous sampling 

can he neglected. These values are included in table IV.6. 

As no bulk analysis is performed, demixing within the sam

ple can cause errors, and the same holds for 'the standard 

used. This may well constitute the most serious source of 

errors in our proton activations. 

From table IV.6 it may be concluded that Fe, Ni, Ca and 

er can be determined with average accura,cies of about 10%, 

while for Ti, as a consequence of less favourable count

ing statistics, the error can amount up to about 20%. 

IV.l.3 Comparison of methods 

In the first place it must be noted that bremsstrahlen ac

tivation analysis constitutes a much less elaborate proce
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T'able IV. 6 Comparison of proton activation analysis results with values from other authors 

Mebeorite or 
rock sample 

Fe{%) 

this others 
work 

Ni(%) 

this others 
work 

Ca (%) 

this others 
work 

er(%) 

this others 
work 

Ti(%) 

this others 
wo.rk 

Holbrook 19.1 22.1 

21.0 

21.6 

(1) 

(2) 

(3) 

1.58 1. 28 

1. 22 

1. 09 

(1) 

(2) 

(3) 

1.10 1.25(1) 

1.24(3) 
0.39 0.32 (1) 

0.38 (2) 

0.31 {3) 

0.21 (4) 

0.042 0.08 (3) 

0.066(5) 

O.OSSU?; 

Homestead 21.6 22.8 
22.7 

(2) 

(6) 
1. 24 1.33 

1.33 

(2) 

(6) 
1.39 1.27(6) 0.45 0.19 

0.30 

(2) 

(6) 
0.051 

New Concord 26.2 23.6 

21.6 

(1) 

(3) 
1. 52 1.31(1) 

1.23(.3) 
0.069 0.102(3) 

0.064(5) 

Norton County 1. 21 0.96(1) 

1.60(3) 

1.51 (7) 

0.05 0.026(1) 

0.04 (3) 

0.036,(7) 

0.75 1.31(1) 

0.69(3) 

1.75(7) 

0.05 0.04 (1) 

0.05 (3) 

0.103(7) 

0.034 0.04(3) 

0.03(5) 

Stannern 8.8 

130ndoc 29.1 48.4 un 2.16 3.24 (9) 2.54 0 .. 076 



Meteorite or Fe(%) Ni(%) Ca(l) Cr(%) Ti(%)rock sample 
this 
work 

3CR-l 8.8 

)'CC-l 8.3 

(1) 

(1U 

(3) 

(4) 

(0) 

(6) 

(n 

(8) 

(,fJ) 

(l 0) 

others this others this others this others this others 
work work work work 

9.4(10) <0.02 0.0015(10) 5.15 4.96(10) �~�O�.�O�I 0.0016(10) 1.61 1.34(10) 

6.0(10) 0.267 0.243 (10) 0.33 0.38(10) 0.255 0.309 (10)<0.01 �~�0�.�O�l�(�1�0�) 

Niahipof'uk, 19,6? 

Greenland" 1965 

Wiik, 1968 

Bate, 1960 

Moore, 1962 

Seitner, 1971 

Sohmitt, 1970 

von Engelhardt" 

POlUS ll" 1 [;I? 1 

Ftanagan" 1959 

1963� 

'IJO ..... 



dure than proton activation analysis. Therefore the former 

method is to be preferred in �t�~�o�s�e�c�a�s�e�s where no other 

reasons influence the choice. 

Table IV. 7 lists averag,e error limits and �d�e�t�e�c�~�t�i�o�n lim

its, for both methods, in chondritic matrix. For those el

ements where both methods are applicable, bremsstrahlen ac

tivation provides a better precision. On the other hand 

the detection limits for Fe and Ca with proton activation 

ar'e lower, though it must be kept in mind that the preci

sionsat such low concentration levels will be much worse. 

For normal chondritic material bremsstrahlen activation is 

to be p.referred for all element,s except 'Ti, which element 

was not determined in this way.. In fact it is not impossi

ble to apply photon �~�c�t�i�v�a�t�i�o�n for the analysis of this el

ement �(�D�a�8�~ 1970). However, in his work analyses were per

formed on rock samples, where Ti concentrations are much 

higher and Cal'l'i ratios much lower (see also table IV .12) • 

The latter is important sinc,e Ca is an interfering element 

in this analysis, Ti being determined by the reaction 
4,8 . 47 .

Ti(y,p) Se, and Ca interfering by the react10n 

48ca (y,n)47Ca §- 47sc.Daa showed that it is possible to 

correct for this interference, but in meteorites, with their 

much lower Ti abundance and higher Ca/Ti ratio, the cor

rection will become too large to give a reasonable accu

racy. 

A Mg determination using proton activation was impossible, 

as only radionuclides with very short half-lives can be 
24 23produced ( AI, �t�~ �~ 2.1 sec. and Mg, �t�~ = 12 sec.). 

A special purpos'e should also be mentioned, for which pro

ton activation is the most suitable tool: this technique 

offers the opportunity of localised activations on a slice 

o:f meteorite, with small collimated beams, thus enabling 

the non-destructive determination of distribution patterns 

for some el'E,nnents. 

Table tV.a shows a final comparison, of values obtained in 
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Table IV.?� Estimated detection limits in stony meteorites, 

and error limits as in aveI;'agechondritic mate

rial, for photon and proton a,ctivation analysis 

Element Photon activation Proton activation� 

det.limit reI. s.d. det.limit reI. s.d.� 

Fe 0.2 % 2 % 0.007 % 10 %� 

Ni 0.02 % 2.5 % 0.02 % 10 %� 

Ca 0.06 �~ 5 % 0.02 % 10 %� 

1Cr 0.01 % 5 % 0.01 % 10 %� 

Mg 0.01% '" 2 %� 

Ti 0.005 % 15-20 %� 

iii� Interference by Al is neglected; however, at this con�

centration level for Mg and normal Al concentration,� 

about half o.f the 24Na activi ty is due to AI.� 

this work by proton and photon activations. It illustrates 

the considerations given above. 

The large discrepancies between the analyses of the Mincy 

.mesosiderite must be explained by the very inhomogen,eous 

sample used, which affects the proton activation analysis 

results. 

IV.l.4 Other possible activation techniques 

It is of interest to compare the activation techniques used 

in our work with others, like thermal and fast neutron ac

tivation, with the restriction that only instrumental ana

lysis on meteoritic matter is taken into consideration. 

Charged particle activations which lead to the same radio

isotopes as those formed by the (p,n) reactions applied in 

our work (e.g. (d,2n) reactions) are not considered. 
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Table IV.8 

Comparison of results obtained by proton- and photon activation analysisCD 
J:>, 

Meteorite or 
rock sample 

Holbrook 

Homestead 

Macao 

New Concord 

Otrecht 

Lecv!lle 

Ellemeet 

Norton County 

Stannern 

Bondoe 

Dalgarang3 
Mincy" ) 

Admire 

Brenham Township 

Huckitta 

BCR-l 

PCC-1 

Fe 

proton photon 
act. act. 

19.1 23.1 

21.6 21.6 

23.8 26.7 

26.2 26.7 

24.3 22.6 

14.0 15.7 

1.21 1. 47 

29.1 29.5 

26.7 28.0 

52.1 47.9 

27.7 24.8 

20.0 15.9 

50.1 44.9 

8.8 9.2 

8.3 6.1 

Ni 

proton photon 
act. act. 

1.58 1.28 

1.24 1. 30 

1.23 i.64 

L51 1. 42 

<0.05 0.02 

0.05 0.03 

2.16 2.54 

2.41 2.57 

2.72 3.77 

1.91 1. 94 

0.59 0.69 

0.267 0.228 

Ca 

proton photon 
act. act. 

1.10 1.20 

1.39 1.35 

1.19 1.13 

1.52 1.31 

1. 24 1.25 

1.26 1.25 

0.42 0.52 

0.75 0.87 

8.8 8.7 

2.54 2.02 

1. 76 1.82 

3.00 1.66 

5.15 4.91 

0.33 0.43 

er� 
proton photon 
act. act. 

0.39 0.41 

0.45 0.34 

0.34 0.34 

0.41 0.35 

1.52 1.69 

0.05 0.04 

0.59 0.40 

0.21 0.41 

0.255 0.27� 

,. ) 
due to a very inhomogeneous sample the proton activation results for Mincy are 

not representative for the real composition 



a. Iron. 

For the analysis of this element fast neutron activa

tion is a very useful tool. The activating reaction is 
56 . 56 .Fe(n,p) Mn, wh1.ch offers the advantage over photon ac

tivation that the parent isotope has a much larger abun

dance (56Fe : 91. 66%.1 57Fe : 2.19% l. However, the flux densi

ty of photons obtained with the linear electron accelera

tor exceeds by far that of neutrons obtained by bombarding 

a Be target with the deuterons in the external beam of the 

cyclotron. Therefore both techniques are about equally 

suitable with the accelerators available in our institute. 

If, however, a cyclotron with beam intensities s,everal or

ders of magnitude higher can be uS1ed, presumably fast 

neutron activation would be preferable. 

Thermal neutron activation of iron can be performed by the 

reaction 58Fe (n,y}59Fe . Here the low abundance of the par

ent isotope (S8Fe : 0.33%) is counteracted by the very high 

flux densities of thermal neutrons obtainable in a reac

tor. However, as the radionuclide formed has a rather long 

half-life (45 d), fast neutron or photon activation will 

provide a much faster analysis. 

For the same reason a deuteron activation by the reaction 

58Fe (d,p)59Fe does not seem very attractive. With protons 

of higher energy than those applied in our work, an acti

vation by the reaction �5�6�F�e�(�p�,�~�n�)�5�5�c�o can be used. 

b. Nickel. 

Nickel is a difficult element for instrumental thermal 

neutron activation, by means of the reaction 64Ni (n,y)65Ni . 

The abundance of 64Ni is 1.'08%, the cross section for the 

reaction amounts to 1.52 b, while the most abundant gamma

ray from the product �n�u�~�l�i�d�e�, of 1480 keY, occurs in only 

25% of the disintegrations. 

The deuteron reaction 64Ni (d,p)65Ni does not seem favour

able for instrumental analysis either. 

Fast neutrons can be applied to induce the reaction 
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S8Ni (n, 2n) 57Ni , starting from and leading to the same i;80

t,opes aethe activating photonreacti(Jn. In this case the 

lC3,rger flux densities �m�a�~�e photon activation preferable. 
c.� Magnesium. 

The Mg determination by means of thermal neutron acti
". . . 26 27vation has serious drawbacks. For the Mg(n,y) Mg reac

tion the cross section amounts to only 0.034 h, which, 
27combined with the rather short half-life of M,g 

(9'.46 min), renders instrumental analy,sis rather cumber

Borne. 

However, with a deuteron activation, using the reaction 
26 27

Mgr (d ,p)" Mg" magnesium can be determined instrumentally. 

F'ast neutron activation can be performed on the basis of 
the reaction 24Mg (n,p)24Na . This offers the advantage of 

a parent isotope with larger abundance than in the case of 
photon activation (24Mg : 78.70%; 25Mg : 10.13%), but on the 

other hand a serious interference is due to Al, by the 
27 24 .reaction Al(n,a) Na, and the necess1ty to correct for 

this contribution, renders the analysis more elaborate. 
d.� Calcium. 

Instrumental thermal neutron activation analysis of 
calcium is very cumbersome, as the cross seetionsar,e not 

high, and the abundances of the parent isotopes low 
46 .I Ca. '.0.0033%, o(n,y) = .0.25 hi 48Ca: 0.185%, o(n,y) -

1.1 b). 

Fast neutrons can perhaps be used to produce the reaction 
44ca (n,p)44K �(�t�~ ;;; 22 min). It is very uncertain however, 

how useful this reaction Is for instrumental analysis of 

m'eteoritic material. 

Protons can be used also to induce the reaction 
44 43 ... .Calp,2n) Se (t, ;:; 3.9 hr). However, thus does not offer 
an improvement compared to the proton activation used in 

our work, as the energy of the gamma-ray from 43'Sc 
(370 keV) is much laWler than in the case of 448c , thus mak

ing instrumental analysis only more cumbersome. 
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Photon activation remains in our opinion the most favour

able choice. 

e.� Chromium. 

Chromium determinations are doubtlessly best performed 

by thermal neutron activations, using the reaction 

�5�~�c�r�(�n�,�y�)�5�1�c�r�. The high cross section for this reaction 

(15.9 b) and the high flux densities obtainable, make this 

method� superior, notwithstanding the rather low abundance 
50of Cr (4.31%). 

f.� Titanium. 

Instrumental Ti analysis in stony meteorites is perhaps 

an occasion where proton activation is preferabl,e. 

The thermal neutron activation can be expected to provide 

difficulties for an instrumental analysis, due to low 

cross section (0.14 b), lower abundance of the parent nu

clide (50Ti : 5.34%), the short half-life and the unfavour

able gamma-ray energy of the product nuclide (tJ.:i =: 5.8 min, 

E =: 320 keV) .. 
y 

Fast neutron activation can perhaps be applied, using the 

reaction 4BTi (n,p)48Sc �(�t�~ =: 1.8 d). However, at such low 

concentration levels this technique will not give better 

accuracy than that obtained with proton activation. 

It has already been discussed above that for this matrix 

photon activation is an unfavourable technique. 

IV.2 Cosmochemical aspects 

IV.2.1 The peZation between Ni, Fe and the silicate phase 

In all theories about the origin and evolution of the me

teoritic parent body, or bodies, observations on chondrites 

playa very important role. This is a logical consequence 

of the rather constant composition of chondrites of all 

classes, together with the fact that chondrites form by 

far the most abundant type of meteorites. 
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It is clear then that the differences between the ,chon

dri tes of various classes are highly inte.resting.. The most 

important differences are the following: 

a.� t.he difference!=! in state of oxydation and reduction of 

themetall1c phase 

b.� the differ,ence in total iron and nickel content between 

the hypersthenes and the other classes. 

Pl'iol' was the first to establish the diff,erences in oxyda

tion states �(�P�l�'�i�o�l�'�~ 1916-bJ. He drew the conclusion that 

the enstatite chondritic material was primordial, and that 

all the other chondrites were formed by oxydation of this 

material. His ideas were in accordance with the theories 

about the origin of the planets valid at that time. Planets 

would have been formed from hot solar matter, which would 

have been highly reduced. 

However, since then the hypothesis that planetary matter 

has accreted from cold stellar dust in a highly oxydated 

state has been accepted widely. Also on geochemical consi

derations it seems more probable that the carbonaceous 

chondritic material was primordial, and that other chon

drites were formed by sequential reduction. Achondrites 

are then believed to represent secondary �m�a�t�~�r�i�a�l�, formed 

by chemical and physical processes in the parent body. Iron 

mete,oritea would have been formed by melting and segrega

tion of a metallic core. 

Not.wi.thstanding the fact that this hypothesis is now accep

ted by many scientists, the parent body itself is still a 

subject of extensive discussions, as are the processes in

volved in the formation of this parent bOdy, or bodies, 

and of the different types of meteorites. 

A very different view is held by Urey (1959). His theory 

postulates that achondritic material and the metal, from 

whiclh iron meteorites originated, were primordial, and 

that the chondrites ",rere formed in secondary bodi,es, form,ed 

by collisions of primary objects (achondritic and metal 
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bodies). This theory has been critisized severely by those 

who hold an opposite view, and an objection which is easi

ly understood is the statistical improbability that such a 

random process would give �r�i�s�~ to such a vast population 

of such remarkably constant compo.sition. 

The existence of two groups of chondrites with different 

total iron and nickel contents was first established by 

Ul'ey and Craig (1953). Their L (== low iron) group appeared 

to contain the olivine-hypersthene chondrites, while all 

other class,es fitted i.nto their H (= high iron)' group. 

About the origin of this difference not many theories have 

been published. Greenland postulated a genetical relation

ship between the two groups, supposing a transfer of metal

lic phase �(�G�r�e�e�n�L�a�n�d�~ 1965). As will be shown now the re

sults of our investigation tend bo support this theory. 

Figure IV. 1 shows a graphiqal repr,esentation of iron ver

sus nickel contents as �d�e�t�e�r�m�~�n�e�d in this work. It is ea

sily seen that all chondrites, lie scattered around a 

straight line, corresponding t¢ the equation 

[Fe] == 10.7 [Nil� + 0.085. The slope and cut-off of the 

[Fel-axis were calculated by least square analysis of the 

results for "falls". 

For the siderolites this relation holds too, be it that, 

with their high contents of nickel-iron, deViations for 

the "rest-iron" from the 8.5% will not look very conspi

ciously. 

If a migration of metallic phase is supposed to be the e

vent which brought about the difference between H- and L

type chondrites, and it is assumed that the silicate phase 

did not change in composition during this migration, the 

following equation can be deduced: 

[Fe] == [Ni] x {p - p(p + 1) [Fe
O

]} + [Fea] 

in which [Fe] ==� the total iron content of any chondrite 

(L- or H-type) 
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[Nil = the nickel content of the same chondrite 

[Fea] = the iron content of the silicate phase at 

the time of the migration 

p = the ratio of the iron and nickel contents 

in the metallic phase at that time. 

If this equation is compared with the experimentally found 

one, we may take [Fea] = 8.5%, and calculate p �~ 11.8 •. 

It is striking that this ratio corresponds to the average 

FeIN! ratio in siderites �(�L�o�v�e�r�i�n�g�~ 19S?; Reedl J965; 

Meyers l �1�9�6�8�-�a�~ 1969), and the metallic phase in mesoside

rites (PoweZl J 1971). Obviously the H- and L-type chondri

tes differ by the presence of a quantity of metal with an 

iron-nickel ratio equal to that in siderites and the metal

lic phase of mesosiderites. 

It was cited before that Greenland suggested a migration 

of metal as origin of the difference between the H- and L

groups. It is then obvious to suppose that L-type chondri

tes were formed from H-type chondrites by loss of metal. 

The alternative process, formation of the H-type chondri

tic material from the L-type by the addition of metal, 

seems less probable for several reasons: 

1. Statistically it is improbable that a random process 

like the addition of an amount of metal would render 

such a vast and homogeneous population as the H-type chon

drites form. 

2. If carbonaceous material is assumed to be primo.rdial, 

L-type material must have been formed by loss of iron 

and nickel from this original material. Then, during the 

supposed addition process, again about the same quantity 

should have been added, since the total Fe and Ni contents 

are about equal for carbonaceous and olivine-bronzite 

chondrites. 

3. If on the other hand carbonaceous material is not sup

posed to be primordial, but to be formed from the mate

rial which originated in the metal addition process, this 
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last material should have undergone as well an oxydat1on 

process to furnish the carbonaceous chondritic material, 

as a reduction process to provide the olivine-bronzite 

chondritic material. (Olivine-bronzite chondrites have a 

hlgher degree of reduction than the olivlne-hypersthene 

chondrites, from which they then would have originated.) 

Greenland assumed that the migration of metal has occurred 

very early, i.e. soon afber the formation of the carbona

ceous material, because this metal should have been enrich

ed in Co relative to Ni. However, it is very clear that 

first enough iron had to be reduced before enough met,al 

could be segregated to account for the difference. The 

degree of reduction of bronzites is such that their me

tallic phase has a high enough Fe/Ni ratio, indeed in the 

order of 10 - 12 (Wiik, 1968), that they could furnish a 

metal with the required composition (Fe/Ni = 11.8). More

over it is rather satisfying that then one of the two most 

abundant classes of chondrites is involved in the genesis 

of the other. 

Such a genetic relationship between bronzites and hyper

sthenes means that the composition of both groups must be 

equal aft'er corrections for the lost metal. Table IV.9 

gives the average concentrations of some elements deter

mined in this work, together with the average of the Si 

cont.ents determined by Agudo (1968) in the same samples, 

for bronzites, hypersthene., and bronzites after a correc

tion for extra metal, calculated with the difference in Ni 

content and the relation Fe/Nt = 11.8. Also the signifi

cancies for the differences are given. From these data it 

may be concluded that indeed compositions of bronzites,· 

after a loss of metal, and hypersthenes are about equal. 

After the formation of the hypersthene chondrltic material 

an oxydation process must have started in it, because the 

degreiB of reduction for hypersthene is much lower than for 

bronzites. This could be in accordance with the idea that 
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Table IV.9 

Element 

Hyperst. Bronzites 

Average concentration Difference 

Hyp.-Bronz. 

adiff Bronzites Difference 
after 

correction Hyp.-Bronz. 

adiff 

Fe 

Ni 

Mg 

Ca 

Cr 

8i 

22.8 

1. 34 

15.7 

1. 32 

0.39 

18.1 

28.8 

1. 92 

14.3 

1.16 

0.37 

16.3 

6.0 

0.58 

1.4 

0.16 

0.02 

1.8 

0.97 

0.07 

0.27 

0.06 

0.01 

0.34 

22.5 

1.34 

15.7 

1. 27 

0.41 

17.9 

0.0 

0.05 

0.02 

0.2 

0.3 

0.28 

0.06 

0.01 

0.36 

1.05 

\0 
W 



the metallic phase enhanced the reduction of the chondri

tes, and so a loss of metal could have produced a system 

which was not stable at the degree of reduction which its 

paxent system, with its higher metal content, possessed. 

MaBon suggested that siderites, siderolites and achondri

tes were formed by the differentiation of molten metal 

from chondritic material (Mason, 1960). EVidently this 

hypothesis can be matched with the here presented ideas, 

but the formation of achondritic materials from chondritic 

matter does not only involve the loss of all metal, but 

also many other fractionations, which perhaps could have 

happened in molten silicates, under the influence of high 

pressures and temperaf:.ures in the inside of the parent 

body, which circumstances are indicated by the presence of 

diamond in some achondrites (Ringwood, 1960; Urey, 1958). 

Free metal together with achondritic material then formed 

the sidero11tes. For mesos1derites Ca-rich achondritic ma

terial was involved (Powell, 1971), for the pallasites on 

the other hand Ca-poor material (indeed no Ca « 0.02%) 

could be detected by proton activation analysis in palla

site material) . 

IV.B.2 The Ca/Ti patio 

Table IV"lQ gives the contents of Ca and Ti, determined 

simultaneously by proton activation analysis, and the cor

responding Ca/Ti ratios, for several meteorites of diffe

rent types. It appears that both elements, although not 

very similar in their chemical behaviour, are strongly 

correlated, the ratio of their contents being remarkably 

const.ant. 

A srnall enrichment in 'Ti can be seen in Ca-rich achondri

tic material. This is evident in the case of the pyroxene

plagioclase achondrite Stannern. Though it does not appear 

from our few analyses on mesos1derites, perhaps this class 

of meteorites shows the same tendency, as might be oon
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Table IV.10 

Meteorite 

Holbrook 

Homestead 

New Concord 

Utrecht 

Macao 

Leoville 

Ellemeet 

Norton County 

Stannern 

Bondoc 

Dalgaranga 

Mincy 

Admire 

Classification 

oliv.-hyp.chondr. 

oliv.-hyp.chondr. 

oliv.-hyp.chondr. 

oliv.-hyp.chondr. 

oliv.-bronz.chondr. 

breccia of carbo 

chondr.+achondr. 

diogenite 

(Ca-poor achondr.) 

aubrite 

(Ca-poor achondr.) 

eucrite 

(Ca-rich achondr.) 

mesosiderite 

mesosiderite 

mesosiderite 

pallasite 

Brenham Township pallasite 

Huckitta pallasite 

Ca (%) Ti (%) Ca/Ti 

1.10 0.042 26.2 

L39 0.051 27.2 

1.52 0.069 22.1 

1. 24 0.062 20.0 

1.19 0.047 25.3 

1. 26 0.088 14.3 

0.42 0.020 21 .. 0 

0.75 0.034 22.1 

8.8 0.70 12.6 

2.54 0.076 33.4 

L 76 0.083 21.2 

3.00 0.134 22.4 

<0.02 <0.010 

<0.02 <0.034 

:so.10 <0.0'04 

eluded from the results of P01iJelZ, which are cited in 

table IV.ll �(�P�o�1�i�J�e�l�Z�~ 1971). A rather peculiar case is the 

Leoville stone, a breccia of carbonaceous chondritic and 

Ca-rich achondritic material �(�K�e�i�Z�~ 1968). As seen from 

our results, the Ca/Ti ratio is somewhat lowered, which is 

in accordance with the presence of Ca-rich achondritic ma
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Table IV.ll� Ca andTi contents in mesosiderites as deter

mined by PoweZl, (1971) using X-ray fluores

cencespectromet.ry. 

Meteorite Ca (% J Ti ('td Ca/T! 

Crab Orchard 4.72 0.312 15.1 

Vaca Miuerta 5.64 0.252 22.4 

Patwar 5.29 0.204 25.9 

Esthervll1,e 4.02 0.258 15.6 

Hainholz 4.11 0.240 17.1 

Veramin 2.69 0.132 20.4 

Lewicz 3.15 0.653 '" 4.8 '" 

Bendoc 2.09 0.138 15.1 

Average 4.05 0.235 18.2 

'"� These values for Lowicz appear exceptional and are not 

included in the averages for this reason. 

terial. 

In thr'eie pallasit.es (Admir,e, Brenham Township and Huckitta) 

we could detect neither Ca nor Ti. 

Table IV.12 gives average Ca and Ti contents, together with 

the ratios, for chondritic material, which can be thought 

to be representative for primordial meteoritic matter, as 

determined in this work, for the earth's crust �(�T�a�y�t�o�~�~ 

1964) and for the surface of the moon as determined in 

stones collected during the Apollo-II and 12 flights (Mor

rison. 1971). 

The average abundances in granitic and basaltic rocks show 
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Tabl,e IV.12 Ca- and Ti-concentrations with their ratios, 

for various parts of our solar system 

ea Ti Ca/Ti 

Average for chondrites 1. 28 % cr.OS8 '% '22.1 

Average for 

earth's crust a. basalt 6.72 % 0.90 % 7.5 
b. granite 1. 58 % 0.23 % . 6.9 

c. total crust ,4.15 % 0.57 % 7.3 

Lunar surface: 

ApollO XJ (igneous rOcks) 8.03 % 6.01 % 1.3 

Ap61lo �~�I�X�t�i�g�n�e�o�u�s�'�i�o�c�k�s�) 7.83 % 1.93 % 4.1 

that also in terrestrial material the Ca/Ti �~�a�t�i�o remains 
fairly constant, while large variations in Ca content oc

cur. 

However, the Ca/Tiratios for these three systems in our 
< 

solar system are very different. These facts might perhaps 

be interpreted to suggest an identical origin of all meteo

�~�i�t�i�c material,' and different genetic histories of diffe

rent parts of our solar system. A more 4etailed discussion 

on this subject would go beyond the scope of this work. 
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Sumi'imary� 

This thesis deals with the application of two instrumental 

activation analysis techniqu'Bs to stony meteorites '. 

In chapter I a survey is given of the principles of acti

vation analysis, of the different types of activations and 

of procedures for the determination of the induced activi

ties. This chapter also contains a brief introduction into 

"'meteoritics'll. 

In chapter II the �d�e�t�e�r�m�~�n�a�t�i�o�n by photon activation of Fe, 

Ni, Mg, Ca and er in stony meteorites is dealt with. After 

a treatment of the general properties of bremsstrahlen and 

their consequences with respect to photon activation analy

sis, the techniques applied in this work are discussed. Fi

nally results on a large number of meteorite sampl,es are 

reported. 

Chapter III starts with a treatment of charged particle 

activation analysis. After a discussion of the specific 

problems which arise in the application of this technique 

on meteorite samples, the activation procedur,es used to 

determine Fe, Ni, Ca, Ti and Cr by proton irradiation are 

described, and some results are reported. 

The first part of chapter IV is devoted to the discussion 

of the analytical techniques. Error sources not yet dis

cussed in the two previous chapters, error limits and li

mits of detection are dealt with and the advantages and 

disadvantages of both techniques are discussed. Moreover 

a comparison is given with other possible kinds of ac,ti

vation. 

107 



In the second part cosmochemical conclusions from the re
sults obtained in this work are discussed. A correlation is 
established between the Ni content and the amount of Fe ex.
ceeding 7%. Some theories on the origin and evolution of 
meteorites are summarized and it is tried to fit our results 
into these theories. 
11\. correlation is e:stablished between the Ca and Ti contents. 

A nearly constant ratio of these contents is found for all 
classes of stony m,eteorite material. This ratio is compared 
with those found on earth and in the stones collected from 

the lunar :surface. 
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$,a.menvatting 

nit proefscllrift handelt over de toepassing van twee in�

strumenteleakt.:i.veringsanalyse technieken op ateenmeteo'"� 

ri'eten.� 

In hoofdstuk I wordt een overzicht gegeven van de grand

slagen van aktiveringsanalyse, van de verschillende types 

van aktivering en van procedures ter bepaling van de Opge

wekte radioaktiviteiten. nit hoofdstuk bevat ook een korte 

inLeiding in de kennis der meteoristen. 

In hoofdstuk II wordt de bepaling van Fe, Ni, Mg, Ca en Cr 

in steenmeteorieten door �m�~�d�d�e�l van fotonenaktivering be

handeld. Na een beschouwing van de algemeoe eigenschappen 

van rernstraling en van hun gevolgen met betrekking tot 

fotonenaktiveringsanalyse, worden de in dit onderzoek toe

gepaste technieken besproken. Tenslotte worden de resulta

ten, verkregep voor een groot aantal meteorieten, vermeld. 

Hoofdstuk III begint met een v,erhandeling over aktiverings

analyse met geladen deeltjes. Na een beschouwing van de 

specifieke problemen die zich voordoen bij de toepassing 

van deze techniek op meteoriet monsters, worden de aktive

ringen en procedures, gebruikt bij de bepaling van Fe, Ni, 

Ca, Ti en Cr door middel van protonenbestraling, beschre

ven en enige resultaten worden vermeld. 

Het eerste deel van hoofdstuk IV is gewijd aan de beschou

wing van de analytische technieken. Foutenbronnen, voor 

zover nog niet besproken in de twee vorige hoofdstukken, 

foutengrenzen en detektiegrenz,en word,en beschouwd en er 

wordt ingegaan op de voor- en nadelen van beide techniek'en. 

Daarnaast wordt een vergelijking getrokken met andere mo
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ge1ijke types van aktivering. 

In het tweede deel worden kosmochem;i.sche gevolgtrekkingen 

uit de r,esu1taten van het onderzoek besproken. �E�~�n k.orre

1a1:ie wordt aangetoond tussen het Ni gehalte en de,. hoev'E:le1

heidFe boven 7%. Enige theori,een over de oorsprongenqe 

ontwikke1ingsprocessen van meteorieten worden samengevat 

en een paging wordt �g�e�d�~�a�n om de verkregen resultaten in 

daze theorieen te passen. Ook €len korrelatie tussen de Ca 

en Ti gehaltes wordt aangetoond. In alle klass'en van me

teorleten materiaal van steenachtlgeaard W'ordt eem bij.na 

konstante verhouding van deze gehaltes gevonden. Dit ver

houdingsgeta.l word,t vergeleken met de overeenkomstigege

t.all'en vaar de aarde en voar van het maapoppervlak verza

meide stenan. 
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