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. . ABSTRACT

The writef has measured.tl"’le isotopic comi:ositio:n of K

v gadolinium, europium and samé.rium in the Abee meteorite and

in two terrestrial ores. Gd, Eu and Sm have large thermal
neutron capture cross sections; they may therefore be>'used to
reveal aifferenc'es in the irradiation _hisfories of samples cf_mtain— |
ing trace amounts of these elements. It is widéh; ,believed‘t.}.la't

" the contracting i:)rothosun passed through a phase of high e.nergy
particle radiation during fhe early history of the _solé.r system.

The interé.ction of these particles with the material of the s'ol.arj
nebula may have 'produéed a large thermal neutron flgx.

The Abee enstatité chéhdrité is representative of the
most highly reduced class of chondritic meteorites. The chondrites
are stones which are thought to be very primitive material of the
solar system. Mason, Miyashiro and others havé,pr_oposed that
variations in the. oxidation s'taAlte of chondrites result from their
formation in d:ifferent regions of the nebula: the enstatite
chondrites represent material which was defiye,d froﬁu the hot
inner region of the sol;zxr nebula, while the highly oxidized carbona-
ceous cho.ndrivtes had their Qrigin in thé cooler, 6uter region. On
the basis of -this theory, the earth was probably derived from an

intermediate region of the nebula.



iii

Isotopic analyses were performed on microgram quantities
of Gd, Eu- and Sm. A precision of 0.02-0.2% (at the 95% confidence
level) was achieved fo\r all isotopic ratios' of interest. Prior to
1970 the best published isotopic analyses of these elements had a
precision of 1;2‘70. The higher précision reported here was made
- possible through improvements in the mass spectrometer ion optics
and the use of digitallrecording of mass spectra. This work is
comparable to recent m‘eteorilte analyses on Gd by Eugster, Tex_'a,
':]E-?'.urnett and Wasserburg at the California Institute of Technology,
although their lunar analyseé were of superior quality ;nd had a
.precision of 0.01%.

No significant Gd, Eu or Sm isotopic anomalies were

- c_)bsefved for the Abee and terrestrial samples. The GdlS?/Gd158

ratio, which is the most sensitive to neutron irradiation, was
,ide_ntical for the three sa_mp.les studied within 0.1%. -Tilis placgs

an upper limit of 3 x 10 neutrons /‘cr_nZ for thé differential
irradiation of the source material from v;/hich the earth and the

» Abee meteo‘rite were defived. A similar conclusion was reported
by the Caltech group. The aBsence of any anor-na-lies may be
attributed to uniform irradia;tion and dvih.{tion of .thc.e source materiél,
efficient shielding inside large planetary bodies dﬁring the irradia-
tion pha.se, the absenée of an iptense irradiation phase, or a

" common spatial ofigiﬁ within the solar nebula for chdndf‘itic ard |

terrestrial matter.
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CHAPTER 1

INTRODUCTION

" 1.1 Chondrites - Remnants of Primitive Planetary Material

—

Ti’le study of »meteorites has led to a vast amount of
experimentai dafa without much unanifnity of interpretation.
Yet, in many respects, th¢ meteorites contain the best record
available £o us for events which occurred during the history of
the solar syétem.

'Mgteorites consist primarily of silicate, metallic and
sulphide phases;. the three‘ phases often occur toge';her, in
'undifferentiated form. There are fhree main classes of meteor-

ites which are based on the proportions of the silicate and metallic

phases: stones, irons and stony-‘iror-ls. The stonés afe further
subdividéd into chondrites (meteorites containipg round silicate
grains called chondrules in a matrix of silicates and metals)
and achondrites (meteorites lacking chéndrules). ~ The achoﬁ-_
drites resemble'terfes'trial igneous rocké, while.the irons are
thought to be similar to the material of the earth's core. It is

widely believed that the achondrites andvirbns are broken frag-

‘ments of one (or more than one) parent body having a diameter

in excess of 10 km. Since the extent of differentiation in.to metallic
and silicate fractions has not been firmly established, the stony-

irons may represe‘nt either material from the vicinity of a



core-mantle boundary or fragments derived from the contact
surfaces between metallic inclusions of meteoritic size and a stony

matrix. -

The remaining class of meteorites, the chondrites,
cornprises" 85% of ail meteorites, based on the number of recoveréd
meteorités which were observed to fall. Detailed studies of their
mineralogy and chemistry have led most fesearchers to believe
that the chondrites represent the most primitix}e major class of
meteorites (Anders, 1964; Wood, 1968). It is therefore this
class which provides the cruvc'ial test of any theories for the _origin,
of meteorites. The bulk chemical composition of the chondrites
clo.sely resembles thé solar chemical composition, neglecting

volatile elements. (Figure 1-1). This fact, in addition to the

unique chondritic texture, strongly supports the belief that these

are very primitive objects.

1.2 Quantization of the Oxidation State of Chondrites
Although the bulk chemical composition of chondrites is
sﬁrprisingly uniform, there exist marked differences in their.

o:lc_idation‘ states. In fact, the oxidation states based on elemental

and oxidized iron abundances appear to be quantized. Mason

(1962) has plotted weight per cent iron (as metal or as FeS) against

weight per cent oxidized iron (as silicates) for several precise

"~ analyses of chondrites (Figure 1-2). Six distinct groups are
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FIGURE 1-1. ABUNDANCES OF THE METALLIC ELEMENTS
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Ordinary chondrites

Elementai abund%nces in the atmosphére of the sun

(relative to 10® Si atoms) are compared with those in
ordinary (hypersthene and bronzite) chondrites. Elements
with low boiling points have been excluded, Note the
high abundance of Li in chondrites when compared with the
sun., The diagram was reproduced from Meteorites and the

Origin of Planets by John A, Wood, 1968,



evident, ranging from fully reduced enstatite chondrites to fully

oxidized carbonaceous chondrites.

‘Mason ‘(1963) proposed that differences in oxidation
-state arose in the planetary nebula. the enstatite chondrites
represent -highly reauced material from the hot inner regions,
while the carbonaceous chondrites represent more pr'imitive,'
highly oxidized material which accreted ih the cold outer regions

of the nebula.

The quantization of the oxidation states may result from

the accretion of material in tﬁe nebula to form planetarybodies,
each of which poséesse'd physical and chemical properties which
were representative'of the region from which it was derived.

The choﬁdritic meteorites maythen represent a biased sample of
collision fragments from only four or five pl;netary bddies.

The reduction of iron-magnesium: silicates proceeds by

- “

a decrease in the ¥FeO content of the silicates and a correspond-
ing increase in the amount of Fe in the i'net‘allic phase (Anders,v
1964; Ringwood, 1966; Miyashiro, 1968). The MgO in the
silicates _remains esseﬁtially unaltered un'gil extreme reduction
has occurred. Therefore, the mole fré.ction f:FeO/(MgO+ FeO)
in silicates is 4a useful index of the degree of o#idationT éy

" plotting frequency of occurrence against f for chondrites, Miyashiro
(1968) drew attention to the larée hiatus between enstatite chond-

rites and the other groups (Figure 1-3). = He offered two possible



FIGURE 1-2. OXIDIZED AND REDUCED IRON IN CHONDRITES
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Relationship between reduced iron (metal + FeS) and

oxidized iron (Fe0) in chondrites. The diagram was
adapted from Mason (1962) and Anders (1964).

FIGURE 1-3. FREQUENCY OF OCCURRENCE VS OXIDATION STATE
A . B H
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Oxidation state of silicates

The frequency of occurrence is plotted as a function of
the f-value (oxidation state) for chondrites (after

Miyashiro, 1967). See Figure 1-2 for identification of .
the chondrite classes,



exf)lanations for this gap:

- (a) Since carbon and'hydrogén are the principle reducin‘g_
agev:nts,. the large gap between the enstatite chondrites and the
ofdinary chondrites represents a'marked difference in the
reducing power of these two elements. Ca;bon was the
principle reducing agent' at higher temperatures close to the
protosun while Hydrogen reduction dominated in the cooler,

- outer regions.

(b) An alterﬁative explanation is that the gap in the region
f=0.01-0.14 correspondé to the oxidation state of the primitive
material from which the earth accreted. Birch (1964) reported

an FeO content for the mantle of 107 2 weight per cent. This
implies that the amoux;ts of oxidized and reduced‘iron for the>
ea:rth as a whole (assuming the core contains éO% metallic
-ii‘on) are approximately 4% énd 23% respectively.' On this basis,
the oxidation state of the earth is inte?‘mediate between groups
E and B in Figure 1-2. The f-value of the.earth is less certain
Secause of the unknown MgO content of ‘the mantle.
| If>ei'ther of Miyashiro's explanations is valid, then varia-
‘tions in the oxidation state of chondrites result from differences in
the .amount of solar irradiation incident “on the pfimitive material
from which they were férmed. It is generally accepted that the con-

tracting protosun passed through a phase when its luminosity was



several hundred time5 its present-day valﬁé (Hayashi, 1966;
Hoyle et al, 1968). The temperature distribution. in the solar
nebula has not been esrtablished, howeve.r.,

On thé basis of Miyashiro's hypothesis, one woul‘d expect
the e‘nstati.te. chondrites to show other evidénce of their close
proximity to the sun in their early history. Such evidence may be
revealed throﬁgh a comparison of "chve irrédiation histories of meteor-
itic and terrestrial material. The earth provides a convenient

standard of reference against which the orbital positions of other

» planetary bodies might be compared.

Several theories for the formation of the solar system

postulate the existence of a period of high energy (~ 500 MeV)

particle irradiation, of solar origin, during the collapse of the
protosun and the transfer of aﬁgular rrl_omentum to the ‘surroundibng
nebula via a magnetic coupling. The high energy parficle flux
would resemble the present-day primary cfosrnic ray flux, although
its intensity was probably several orders of magnitude éreater._
When these particles (mainly protons and other light nuclei Sﬂtllippéd
of their electron‘s) bombard other nuclei they chip, or spall,

nucleons from them, generating a large number of secondary

particles. In particular, the number of neutrons produced by

these spallation reactions would be comparable to the number of

incident primary particles (Fowler et al, 1962). Both the primary



spallation reactions and secondary neutron capture processes are
capable of altering the isotopic composition of theelements .-

in the irradiated material.

1.3 High Energy Particle Irradiation and its Consequences
Gadolinium, samarium and‘europium are known to have
‘ endrmously high thermal neutron capture cross sections which

' may be attributed to a few specific isotopes (Table 1-1). Hence

Isotope - S ) Cross Section

Gald7? - | 242,000 ¥ 4000 barns
Gals5 58,000 * 3000
Sn}49 40,800 ¥ 900

Eul5! o - 17,800 ¥ 200

Eul53 - 450 ¥ 20

TABLE 1-1 Thermal (20° C) neutron capture cross sections

~ for (n,Y) reactions (reported in Cook et al, 1968).

these may serve as highly sensitive neutron flux indicators. An
- éxamination of the isotopic compositions of Gd, Sm and Eu in
meteorites and in terrestrial samples would reveal any significant

differences in their irradiation histories. 1In particular, a study



of these elements in énstatite chondrites might provide a critical
test of the hypothesis of Miyashiro.

‘Prior to 1969, no naturaliyfoccurring isotopic anomalies
‘had beén detected for these elements, either in terrestrial or in
meteoritic samples. No enétatite chondrites had beeninvestigated,
'howéver. Recent advances in instrumentation have made it possible
to measure isotopic ratios for micnrograrr.] samples of Gd, Sm
and Eu within 0.1% standard deviatioﬁ. - Using veryprecise tech-
niques Eugstef et al (1970a, 1970b) were able to detect a deficiency
ovadls'7 in lunar rock and soil samplesl, as We11 as in the Norton
County .achondrit_e. The .deficiency‘of Gdal57 relative to terrestrial
Gd157, and the corrésponding énh.ancement in Gal58 (Figure 1-4)
may clearly be attributed to thé. Gdl57 (n,Y¥ )Gdl58 reacti;n. The
neutrons reéuired for this process were produced by sballation
reactiqns occurring in the surface layers of the IT;\OO;I and .the' parent
meteorite fragment, due to bombardment by cosmic rays.

Cosmic rays ‘]'..’El the 500 MeV range are capable ofpenef

trating approximately 100g/cm?2 of matter. = This is the mean free

path for the primary particles which induce such spallation reactions

as

Feob 4+ Hlos cB6 4+ 1B+ 2HE + He3 + 31 + 4 neutrons

I" Both Eugster et al (1970b) and Lugmair (1970) reported errors of
0.01% (two standard deviations of the mean) for lunar Gd analyses.



10

Theoretical correlation line

1.138 for thermal neutrbn.capture
cal58
. gal 60
1.137)— 4f\\
Norton County/; \\\

1.135—- B o  gal57 I +l‘\

meteorite : tﬁ: Terr. Gd

0.712 0.713 0.71k 0.715 0.716
1 ] 1 l 1 1 ] [l [ 1 L 1 1 l 3 1 2 1J
15 10 ) 5 0

Integratéd thermal neutron flux (lO15 neutrons/cmz)
FIGURE 1—4; THERMAL NEUTRON CAPTURE IN LUNAR GADOLINIUM

- 6al58/cal®0 vs ¢al57/6al0 (normalized to Gal56,/qal60 =
.9361) for several lunar samples from Apollo 11, Lunar
samples include six rocks, one breccia, two core samples
and soil. The G4 isotopic ratios are clearly shifted -
(relative to terrestrial Gd) due to neutron cdpture. -
Neutrons are continuously produced during bombardment of
the lunar surface by cosmic rays. The correlation diagram.
‘and all data were published by Eugster et al (1970b).
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Highenergy neutrons are a product of these reactions.
In the presence of light nuclei such as hydrogen, the neutrons are
readily thermalized. - The thermalization process involves slowing

down h-igh energy particles by multiple collisions with other nuclei,

until energies in the thermal range (& 20° C) have been reached.

Since reaction cross sections are much greater for slow neutrons,

the m_ajori;cy of the neutrons will be captured only after reaching
t_hgrrnal velocities. In low density media, a signifivcant fraction
of the neutrons may undergo radioactive decay into protons and
el_eé'prons, .since ffxe half-life .of é neutron is oﬁly 11 minutes.
Neutron decay will be dominant only in disbérséd media having mean
densities £ 10-7 g/cm3 (Fowler et al, 1962). The neutron thermal -
ization and capture processes occur over a range of approximately
30 g/cm?2. It is therefore evident that the secondary neutrons
stray only a short distance from the primary cosmic ray path and

are confined to the volume irradiated by the high energy particles.

Althoilgh the penetration depth of cosmic rays varies with the energy

" of the primary particles and the composition of the irradiated

material, a range of 1to 4 méters is probéble for ~ 500 MeV
particles penetrating materials comparable to ordinary rock with
a den‘s‘ity of 2 to 4 ‘g/cm3. The surface of the earth itself is
largely shielded from cosmic rays by the 103 g/cmé of air in

its atmosphere.
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Outside the éarth's atmosphére the present-day flux of
primary cosmic rays having energies % 200 MeV is 1 to 10 particles;/ '
cm  sec. The bulk d/f' this flux is of galactic origin and appears‘

. to have been of uniform intensity throughout the previous history of
our solar system. Only a few per cent of the flux is derived from
our sun. This fraction is of variable intensity, with maxima
occurring (;iu-ring periods of intense solar flare activity.

Although the present-day high energy particle flux from the
sun is small relative to the galactic flux, there is cohsiderable
evidence to suggest that this Has not always been the case.

Several theories for the origin of the solar system propose the
exis.tence of an intense high energy particle flux during its early _
‘his’cory (Burbidge et al, 1957; Fowier et al, 1962; Cameron,

1965; Hayashi, 1966). Although the irradiation times are short
(104 to 107 years) the proposed values of the integr‘atec‘l highénergy
particle flux range f.rom 1014 to 1022 p_rotonts/cmZ. This may be
directiy com.pared with the integrated cosmic ray flux of 1017 to
1018 protons/crn2 since Vthe formation of the earth and meteorite
parent bc;dies épproximately 4.5 billion years égo.

If anAintense high energy proton flux was emitted from the
protoéun during the period prior to the formation of the major
planetary bodies, then one would expect varying degrees of irrad-

iation of the material of the nebula depending upon its distance

from the protosun. The high energy particles would induce spallation |
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reactions in the material of the nebula which, 1n turn, would gen-
erate neutrons. Where local condensation ofthe material had

: ) ] _
occurred, a large fraction of the neutrons would be thermalized
and éaﬁtured; the re_arnain.der would decay.

The majority of the ca‘ptured,neutrons would react with

H, O; Fe,Ni, S and Si nuclei whichhave high absolute abundances,
although their cross sections are small (< 5 barns). - These elements
are not ideally suited for subsequent detection of thé irradiation
effects since the resulting changes in isotopic composition are
- small (except for H). The ellvements>which- shéw the largest memory
effect after irradiation are those having isotopes with very high
thermal neutron capture cross sections (e. g. Gd, Srﬁ, Eu) of
those having isotopes of low initial. abundance (e.g. K, V). The
iso.topic abundances of several of the lighter elements (H, He, Li,
B, C) are also very sénéitive to #)article irrédia‘tion, although the
nuclear reactions in which theyvparticipate:are much more difficult

to resolve.

1.4 Delineation of the Present Study

Thevinvestigation of Gd, Sm and Eu in enstatite chondrites
was first p.roposéd to .the writer by Dr. M. Ozima of the Geophysical
Institute, University of Tokyo. Dr. Ozima was visiting professor
in the Department of Geophysics at the University of British

-

Columbia during the period May to October, 1969. He and Dr. Mabuchi
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of the Department of Chemistry, University of Tokyo, initiated
’

resgarch into this problem. The present writer was invited to
assume responsibility for the isotopic analyses of Gd, Sm and Eu
because of his., experience in mass specfrometry. The chemistry
of the rare earth element separétions. was undertaken by Mr. Yanagita
under the direction of Dr: Mabuchi. This research is therefore
a joint project between the University of Tokyo .and our own laboratory.

The previous research of the writer was in the field of
iorlm optics at the University of Toronto. A computer program was
- written to calculate ion trajec.tories through two-dimensiona;l
electrostatic lenses. This »rnetho‘d was sufficiently general to be
applied to any realistic lens configu;ation encountered in mass
spectrofneter ion sources operating at low beam. intensities.
Ion beams were computed for three conventional ion sources which
were shown to have low transmission efficiencies (Loveless, 1967).
The first year of research at t‘he Universit;r of British Columbia
was devoted to the design of a more efficient ion source. This
lgd to a clear definition of the fundamental limitation to the dégree
of focussing which may be achieved in an ion source. In partiéglar,
jt was possible to estimate the maximum transmission efficiency
of an ideal ion. source in terms of basic parameters of the mass
- spectrometer and the ionization process (Loveless and Russell, 1969).

This had not been reported before in the mass spectrometer

literature.



15

A simple ion source haviri‘g approxirﬁately one half the
optimum transmission efficiency was then designed and built.
This gave a factor of five increase in sensitivity (compared with
the ion source previously‘ in Lise) when tested on the available
~mass spectrometer (i;'/.'it}ile‘lz.in radius 90 deg sector, single
stage mass analyzer). A further factor of two gain in Sensitivity
was achie\;ed by attaching second order focﬁssing shims to the
ane.lyzer magnet, so that a beam of higher angular divergence
could be transmitted throughrthe analyzer without loss of resolution.
These .fundamentai improvements in instrurnerit sensitivity, combined
with the implementation of digital recording of mass spectra, were
significant contributions by the writer in the field of mass slﬁectro—
meter instrumentation. These modifications substantially increased
the precision of isotopic analyses on the rare earth elements.

A 40 gram sample of the Abee enstatite chondrite was
obtained from Dr. ]jouglas of the .Geologice.l Survey of Canada.
This éample was part ot specimen 13b taken from an equatorial
slice through the meteoi'ite. It was located 9-10 cm from the
neé.rest fusion crust surface. (The meteerite was observed to
.‘fall on June 9, 1952 and was found ﬁve days later in a wheat field,
near Abee, just north of Edmonton, Alberta (Millman; 1953).

It had a recovery mass of 107 kg and a specific gravity of 3. 5.

"The major constituents of the meteorite are enstatite (MgSiO3) -
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48%, kamacite -taenite (nickel-iron allloys)'- 22%, and troilite
(FeS).— 13%. Dawson et al(19 60) report furthel; details of the
miﬁeralogy, chemistr&r and petrology of the Abee meteorite. )

| It is evident that several factors combined favourably

. to make this -research practical. Although our laboratory has
had considerable experience in the isotopic analysis of elements
‘in the high'e‘r mass range (Rb, Sr, Pb, U), the rare earth elements
had never been invesfigated previouslyat this institution. This
challenge, in addition to the significance of the astrophysical
problem it;e,elf, provided the interest and motivation for the writer's
contributions to this study.

The specific contfibﬁtions of the writer to the combined
research project are:

" {(a) Improvements in instrumentation. An order of magnitﬁde
increase in sensitivity was achievedon the a\%ailable mass
speptrometer through'improvernents to-the ion optics. The
instrument was also interfaced with a magnetic tape recérder
for digital recording of mass spectra.

(b) The development of procedures.for analyzing the
isotopic composition of 1 microgram quantities of Gd, Sm and

- Eu within a standard deviation of 0.. 1% or less. This includes
experimental and computational techniquesy for removing the
effects of trace quantities of interfering spe'ctra from neigh-

bouring elements; due to incomplete chemical.separation.
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(c) The precise isotopic analysis of Gd, Sm and Eu in

terrestrial ores derived from two different geographic

locations (USA and Brazil) and in the Abee enstatite chondrite.
~The analysis of the above samples would reveal any‘
isotopic anomalies as small as 0.1 - 0. 3% due tovariations in

previous exposure to thermal neutrons. The two terrestrial ores

were studied to establish the consistency of the terrestrial ratios,

apd to provide a reliable standard against whichthe meteoritic
'rétios could be compared.

The priméry objectivé of this researéh is to search for
an irradiation anomaly in the Abee enstatite chondrite. There is
evidence which s:uggests that the protosun was a strong emitter of
high energy particles during the early history of the solar system,
prior to the formation of the planets and parent meteorite bodies.
The existence of an irradiation'anomaly for Abee would give strong
suppo‘rt t;) the hypotheses.of Mason and Mig'ashiro: tha-t variations

in the oxidation state of chondritic meteorites result from distinct

differences in the mean distance from the sun of the primitive

.material from which the chondrites were derived.
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CHAPTER 2
A REVIEW OF THE EVIDENCE CONCERNING IRRADIATION ANOMALIES

2.1 SyntheAsis of the Elements and High Energy Particle Irradiation

Burbidge, Burbidge, Fowler and Hoyle (1957) successfully

explained the synthesis of most elements on the basis of chains of

~

?

thermal nuclear reactions ocurring in stellar interiors. Their theory
is b’é.éed on the assumption that only hydrogenis primeval. Successive
‘stages of hydrogen burning; helium burning, and more complex nucleaf
'proces‘ses are capable of synthesizing most élements in the interior
of staré. Howeverv, the high temperature and pressu’ré which play
the essential role in their theory would destroy deuteriul;n (D),
. lithium (vLi), beryllium (Be) and boron (>B) rather than synthesizing
thefn. Even at querately low temperatures these elements would
be rapidly converted to helium by proton bombardment.

In order to explain the existence of these élements in
meteorites and the earth (note the I.li é;bundancé in Fig#re 1‘-1)
Fow‘ller, ‘Greenstein and Hoyle (FCH, 1962) proposed that the material
of thé solar nebula Was sub'jectéd to high ei?xefgy particle irradiation
frc;m the protbsun prior to the formation of large planetary bodies.
The most important interactions would be th;)se of high energy (a» 500 Mév)
prdtons and alphé—particles, with abundant nuclei such as 016, Mg24,"

S&ZS and Fe56. The elements D, Li, Be and B would be products



19

of such spallatioﬁ reactions. The isotopic composition of some of

these elements should differ from the terrestrial values, however,

if they were produced by spéllation alone. In particular, the terres-
) 6 7 10,11 ' .

trial values of Li /LLi and B /B = are 0.08 and 0.23 respectively,

whereas the predictedvspalla-tion yields éhould'give ratios close to
unity. . |

'.'Fowler et al (1962) drew attention to the large thermal
neutr_pn cross sections for the reactions Li6(n, x )T3 and Bvlo(n, & jLi7.
They showed quantitatively that a.n infegrated thermal neutron flux of
4 x 102_1 neutrons/cm2 would be éapable of producing the observéd .
‘isotopic ratios for Li and B. The assumption that thermal neutrons
existed is entirely 1ogiéal, since neutrons arevdirect products of
.spallation ¥eactions, and thermalization of neutrops will occur prior
to capture as long as there is a moderate excess of hYdrdgen in the
irradiated material. (Fowler e? al(1962) suggested a composition
for the i.rradiated material of Héoand the oxiées of Mg, Si and Fe
- in the ratio. two to one by volume.)

The terrestrial D'Z/H1 ratio of 1.5 x 10"% was _allSO explaineAd‘
‘_Dy the neutron capture. process,Hl(n, ¥ )DZ, b'y imposing the additional
éondition that only 10% of terreétrial mattel; was exposed to the irradiation.
- Burnett, Fowler vand Hvoyle (1965) later reviséd this estimate to 5%.

The fraction of terrestrial material which was irradiated was not

relevant to the discussion of Li and B, since these elements were
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assumed-to> have negligible abundances prior vt_o irradiation. Their
vproduction was attributed entirely to irradiation processes, whereas
H was ve;ry abundant before irradiation.

-v In o;‘der to shield most éf the terrestrial matter from the.
irradiation,. Fowler et al (1962) proposed that the material of the

‘nebula had condensed into solid planetesimals of dimensions from 1

4

to 50 metres. The high-energy particles ;:ould thep penetrate the
ne_ag—surface material to a depth of about one metre. ~The tempera-
fure of the planetesimals was estimated to be in thé range 130-200° K.

The FGH theory for £he synthesis of D, Li, Be, and
- B is supported by'the obéer{red high Li abundance in ‘young(T Tauri)
sfars.

On the other hand, and contrary to prediction, very few
variations in isotopic composition have yet been obsérvéd, b'etweén
meteorites and the earth, for those nuclides which have very high
neutron capture cross sections, low abundar_;ce ratiosy, or high
sp.allAationvyields. A review of the search for such anomalieél will
" be.given in Section 2. 2. For the m_oment; howevelfv, we.suggest
that one of the foilowing alternatives must be true:

(2) The FGH process was operative but there are no
significant irradiation anorﬁalies between terrestrial and meteoritic"
samples because of uniform irradliation and diiution (Btirnett et -
al, 1965).

N

(k) The FGH process was not operative; D, Li, Be and
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B were not formedlprima.rily by high energy particle irradiation
during the early history of the solar system.
or -(‘c) ‘The search for anomalies has nof been sufficiently
~thorough.
An alternative to the FGH theory for the synthesis of
D, Li, Be ana B has been given by Cameron (1962, 1965). ~ He

suggesté that these elements are pfoducts of galactic nucleosynthesis.
and;were already present in the interstellar medium from which

the solar system was formed. Although Cameron dismisses the
possibility of intense irradiatién of the protoplanetary material

. as required by the FGH theory, he does postulate the existence of a
moderate flux for thé‘production of enough radioactive A126 to melt
bodies of asteroiéal siz.e. (Cameron, 1965). Evidence of 'fossil

Mgzé, from the .72 m.y. decay of A126, has recentiy been reported

for several meteorites by Clarke et al (1970).

2.2 A Review of the Search for Irradiation Anomalies

The search for irradiation anomalies has béen restricted
to .terrestrial and meteoritic _samples, although lunar rocks have
beéome a\}ailable within the pést vyear. 'i‘hé only well-established
anomalies w-hich have been attributed to spallat.ion reactions during
(or prior to) the formation of the solar system were observed in the
noble gases xenon and krypton (e. g. Réynolds, 1963; Merihue, 1963)..

'--Although these anomalies are large in a relative sense (enrichments
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of up to 600%), they a.vré small in an absolute sense (10—6 to 10_2 pob
of the ‘meteorite mass). |

Murthy (1960,’ 1962) reported anomalous isotopic compositions
for silver (2 to 4%) and n’.lolybdenum {(up to 7%) in certain iron meteor-

ites, and an enrichment (< 2%) in the light isotopes of barium was

~/

reported by Umemoto (1962). These apparent anomalies are all
large Ain aﬁ ébsolute sense (0.1 to 170 ppb) but small in a relati\'/e
sense. ‘Recent attempts to verifyi these anomalies have largely
diséljedited the earlier observations on the basis of mass spectro-
.;neter fractionation (Eugster et al, 1969; Chakraburtty et al, 1964).
Anomalies among the lighter elements h.av‘e also been reported
(references are given by Anders, 1964). Their interpretation
is _ambiguous, however, because of t.heir.susceptibilityxto chemical
frgctionation, addition of material from the solar wind, or bulk
transfer in ;/olatile gases.

Among the non-volatile elements, the isotopic ratios
LiT/Li6, K20/, v3O/v5Y, Gal5T/Gals8, GalS5/Galsé, sml49/smls0
and Eul®l/Eul53 are particglavrly sensitive to irradiationv. The isotopes
of i, Kand V are direct products of spallation reactions;, although
their abundances are significantly altered byj thermal neutron capture
aslwell. Fo:zl the rare earth elements (Gd, Sm and Eu) the isotopic
ébundanc.es are much more strongly influenced by thermal neutrons |

than by direct spallation. Since these elements are of primary
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interest in the presenﬁ research, the Aresults of investigations on

Li, K and V will be interpreted in terms of the thermal neutron flux,

rather than the primary high energy particle flux. This interpreté-

.tiAon is based on the assumption of apprqximately a one to one corres-
borfdence between the thermal neutron flux and the primary flux

% 200 Mev (after Fowler et al, 1962). .

Figure 2-1 shows the relative sensitivity of the Gd, Sm and
Eu_ i_sotopi;: ratios to differential irradiation of meteoritic and
terrestrial material. In this diagram YnM and VHE represent
the integrated thermal neu.tron'flux irradiating fneteoritic and terres-

. trial material respectively. The curves illustrate the range of
values Ofl(VnM‘-VnE?/ nE!anleE for which a 0.1% anomaly
Qould be observed in the relevant isotopic ratio. The area abox}e
each of these curves represents an anomaly > 0.1%. (The pfo;:edure
for computing the curves is outlined.i.n Appendix I.) Figure 2-2
is a similar diagram except that onlyAthe mg)st se-nsitive ratio,
Gd157/Gd158, has beenillustrated.

Figure 2-1 illustrates a model for which only 5% of the
primitive Vmate.rial was irradiated, while th'e remainder was shielded
in the interior of planetesimals several meters in radius. ThisA
model is consistent with the FGH hypo'thesis when }VnE =4x10 21
neutrons'/cmZ; It does not assume that all planetesimals had the

- same dimensions, but rather that the distribution of planetesimal
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FIGURE 2-1. MODEL FOR WHICH 5% OF PRIMITIVE MATERIAL

Differential . WAS IRRADIATED
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Time-integrated neutron flux which irradiated prlmo”
- dial materlal from which the earth was formed (n/cm ).

Curves show the sensitivities of the Gd, Eu and Sm isotopic
" ratios to a difference in the thermal neutron fluxes which

irradiated primitive meteoritic (M) and. terrestrial (E)

matter prior to the formation of large planetary bodies.

The area above each curve represents >0,1% isotopic anomaly,.
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" FIGURE 2-2. UNIFORM IRRADIATION MODEL
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Tlme integrated neutron flux which irradiated prlmor-
dial material from which the earth was formed (n/cm )

The region above the solid line represents a Gdl57/Gd158
~ anomaly 70.1% due to differential irradiation of primitive
-meteoritic (M) and terrestrial (E) matter. The other ratios
are less sensitive to neutron capture (see Figure 2-1),
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sizes and shapes was the same for both the pfe—meteoritic and
pre-terrestrial material. Presumably, the planetesimals later
accretgd to form larger planetary bodies in which mixing of the
. i'rrad‘iafed and non-irradiéted fractions could occ‘ur.

The second model (Figure 2-2) assumes uniform irrad-
iation of primitive material. This corresponds to planetesimals
havi;lg a maximum radius of approximately éne metre. For this
quel an .1.1pper limit for VnE‘ of 2 x 1018 neutrovns/'cm2 can be set
on the basis of the presen’c—day.Crc1157/Gcl158 ratio, A higher‘ flux
would imply a nega'tive Gal>8 ébundance initialiy.

Figures 2-1 and 2-2 are representativ‘e of several possible
models; another important possibility is that the fraction irfadiated
was different for primordial méteéritic and terrestrial material.

On the basis of the FGH hypothesis, Burnett et al (1965)
estimated that a given pércentage variation in the integrated neutron
flux would produce approximately the sa-rne’_\percen‘ta}ge variation in
Li7/Li6. The fact that Krankowsky et al (1964, 1967) observed
no variations in this ratio in several meteorites (including the Abee
enstatite chondrite) within an experimental‘ uncertainty of 2% was
therefore interpret;ed as placing an upper limit of 2% on the value
. A'Of I(Yi’lM - VnE)/VnE ‘ This is-only true, however, if most
of the terrestrial Li was produ-ced by spallation within the solar

system, and W'{nE =4x 1021 neutrons/cm2
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"The limits on the differential irradiation history based ona 5%
irradiation model (Figure 2-1) and a uniform irradiation model
(Figure 2-2) are given in Table 2-1.

SO/VS1 ratio in several meteor-

An invéstigation of the V
ites, including the Ai)ee enstatite chondrite, revealed noanomalies
within an experimental uncertainty of 2% (Balsiger et al, 1969).

Burnett et al (1966) searched for an anomaly in the
.K40/K4_1 ratio in many classes of meteorites, again including Abee,
'I:hey observed no anomalies, within an experimental uncertainty
of 0.5%,which could be attributed to anomalous irradiation during
the early history of the solar system. Small anomalies in the
Norton County meteorite (a highly reduced achondrite), an iron
meteorite, and a stony-iron, were attributed to recent cosmic
ray exposure prior 'tocapture by the earth. Estirﬁates of the
upper limit to the differential particle flux associated with' a 0.5%
anomaly for K40/k4! are given in Table 2;1 (aft‘er Burnett et él, 1969).

The absence of an irradiation anomaly for K in the
Abee enstatite chondrite places an upper limit on the differential
~irradiation IunM - VnE‘ of ~1x10%0 neut?ons /cm? fof the

5% irradiation model and ~ 5 x 1018

neutrons/cm? for the uniform
irradiation model. These are order of magnitude estimates. only.

The shaded regions on the right side of Figures 2-1 and 2-2 indicate

unreasonable values of aM and VnE based on the above limits for



TABLE 2-1. MAXIMUM DIFFERENTIAL IRRADIATION-OF-PRE-

TERRESTRIAL AND PRE-METEORITIC MATERIAL

28

de157/Gd158 e 1%

cal57/cals8 #f 0,17

Thermal neut.

Thermal neut,

Uncertainty
in published Uniform
: experimental Energy range 5% irrad,
Isotopic abundance of particle model
ratio measurements flux (part/cm?) Lpart/cmz)
1i’/1i6 *@ 2% > 75 Mev 2 x 1019 1018
#1 .
KOk 0.5.1%2  » 500 Mev 6 x 1017 1018
Thermal neut. 1 x 1020 1018
2-20 Mev neut. 6 x 1019 1018
v50,/y51 *cd 2% 7 50 Mev 8 x 1018 1017

1016

1015

* Including Abee enstatite chondrite. .

# Excluding all enstatite chondrites.

a Krankowsky et al (1964),

b Burnett et al.(l966).

¢ Balsiger et al (1969).

d Albee et al (1970).

Ve Murthy et al (1963).

f Eugster et al (1970a).
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l]( - V l and, in the case of the uniform irradiation model,
nM nk }

on the maximum value of VE consistent with the present-day
: n v

Gd157 d158

/G ratio.
‘Murthy and Schmitt (1963) investigated Gd, Sm and Eu
isotopic ratios for a recent Hawaiin basalt, three ordinary chondrites

(i.e. hypersthene and bronzite chondrites), and one carbonaceous

.chondrite. They found no significant variation in the isotopic ratios

within an experimental uncertainty of 1%. Although their observations
suggest the absence of any large anomalies among the chondrites,
they do not rule out the possibility of finding a significant anomaly

for the Abee enstatite chondrite, since this class of chondrites was

not inve stigated.

More recently, Eugster et al (1970) have measured the
isotopic composition of Gd in several meteorites with a precision

of 0.1%. Their results show agreement with terrestrial Gd within

N
N

the experimental uncertainty, except for the Norton Coﬁrity achondrite

157

: ) :
which showed a decrease in the Gd /Gd 58 ratio of (0.27 ¥ .04)%

They attributed this anomaly to the very large (230 m.y.) cosmic
ray exposure age (Begemann et al, 1957) of the Norton County
meteorite. Again, it is of significance to the present study that no

enstatite chondrites were included in their investigations.

2.3 The Effect of Recent Cosmic Irradiation

Any interpretation of irradiation anomalies in meteorites -
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requiresAa khowledge of the extent of recent e#posure to cosmic

fays, prior to capture by the earth. Se\}eral methods have been
developed'for determining the cosmic ray exposure age of meteor-
ites. Most methodsﬁ’émp.loy two cosmogef_lic nuclides, one radiocactive
and one stabie {e.g. AI39—A38, C136—N€21, A126-Ne21 and K4O—K41).
Spallafion reaétions ge’nerafe the nuclides at relative rates which

can be estimated from controlled experiments with cyclotron beams.

Assuming a constant cosmic ray flux, the rate of production of the

radioactive nuclide will approach its decay rate aftera few half-

lives of exposure. If this stead).r state had been reached prior to
capture by the earth, then the present-day abundances of the nuclides
prbvide an estimate of vthe total exposure age. A comparison of the
apparent exposure ages uéing différént nuclide pairs provides a
check on the accuracy of the method and the long term uniformity of -
the Cosmic ray flux.

The césmic ray exposure ages of méteorites are short
(< 109 yearvs) compared to the solidification aﬁd gas retention ages of
the metéorite;parent bodies. Most stone meteorites have cosmic
ray exposure ages less than 60 m.y. (Anders', 1964). Evidently,
the meteorites have spent most of their existence (after cod'ling,‘
but before exposure to cosmic radiation) inside cold, inert bodies,
or sizeable collision fragments qf these bodies.

The Abee enstatite chondrite has a cosmic ray exposure
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age of 13 m.y. (Begemann et al, 1959). If we assume a meanthermal
neutr?m production rate of one neutron/cmzsec (after Eugster

et al, 1970a, 1970b) then the integrated thermal neutron iflux

‘ gener.atéd in Abee during 1"e-cent exposure tocosmic radiation is

~ 4 x 1014 neutrons/cmZ. This flux would induce {(n, () reactions

in meteoritic material which would be indistinguishable from irrad-
iation effects during the early history of the sblag system. Since

the earth itself is shielded from such processes, we may conclude

that a differential 1?rad1at1on l V aM " ‘}an

: neutrons/cmz, between the Abee meteorite and the earth could

less than 4 x 1014

not be interpreted in terms of the.hypotheses of Mason and Miyas.hiro.

This limitation is illustrated in Figures 2-1'and 2-2.
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CHAPTER 3

INSTRUMENTATION

~

The aim of the present research is to precisely determine
. the isotopic composition of Gd, Sm, and Eu in a few selected samples.

Particular attention will be focussed on those isotopes whose abund-

v 155
ances would be changed by neutron irradiation: Gd , Gd156

3

G.d.157' Gd158, Sm149" Sn,1150 151 153.

7, Eu , Eu

31 Operational Principles of a Mass Spectrometer

The most common method of determining the isotopic
composition of the metallic elements in general employs a solid-
‘'source mass spectrometer. The basic operational p;inciples of
this instrument are:

(a) The element to be studied is concent'rated into a few
drops of solution and deppsit;e:d on one or two ribbon filaments,

‘ depending upon whether a sililgle or trip‘le filament configuration
is to bAeb used. The filaments aretypically rﬁadg of high wo;'k—
function metals such as tungsten, rhenium, tantalum orAplatinum.
The dr'ops‘ are 'evapora‘.ced to drynessb;r passing a current tﬁrough
each filament whil¢ exposed to the atmosphere. This leaves

a salt, containing the element of interest, on the surface of

the filament(s).

(b) The filament(s) are then positioned in a masé
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spectrometer and the system is evacuated to a low pressure

-7

(‘.‘.‘ 107" torr ).

(c) The sample is slowly evaporated and partially ionized .
at high filament temperatures. If a single filament is used,
both processes occur on the same surface. In the case ofthe

triple filament configuration (after Inghram et al, 1953) the

sample is evaporated from two side filaments and ionized

_ m‘ainly by a third (center) filament which is at a much higher

temperature. The type of ibns produced, and their relative
abundances, will depend ﬁpon the composition of the salt,
the filament temperatures (and work function) ; . the ionization
potentials of the 'components_and the total geometry.

(d) An elec't‘fostatic lens -is used to accelera;ce the
resulting positive ions through a potential difference, ‘which is
typically a few kilovolts. The lens also focusses and
collimates the beam into a ribbon:shap{éd stream of monoenergetic
ions.- The combined ;ilament assembly and electrostatic lens
is commonly referred to as an ion source.

(e) The monoenergetic ion beam is transmitted thArough

a magnetic field which separates the beam into several components
with diffefént charge-to-mass ratios. For a suitable value of

the magnetic field each component beam can be focussed indep-

endently onto a current sensing device (e. g. aFaraday cup or

- electron multiplier).
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(f) By slowly v;rying the accelerating voltage or the
magnetic field intensity, 'thve relative intensities of the component
ion beams can be rﬁonitored. Figure 3-1 shows a sample spectrum
for Gd¥ ions (omitting the mass 152 peak). In the absence

i nof mass discrimination effects, or interferénce by other spéc'tra,
the relative peak heights are directly related to the relative.
isotopié. abundancé values in the original sample. ‘It is often

. -necessary to appiy a correction for the grow;ch(or( decay) of
the ion beam intensity as a function of time. Th-ié is sometimes
accomélished by using a polynomial representation of the total
beam intensity and transforming é.ll measured peak heights
to their effective values at 2 common point in time.

The above discu.ssion outlines the basic operational
principles of a single-stage mass spectrometer. As with any
experimental technique there are many practical difficulties
associated with each new ?pﬁlication. There are also fundamental
limitations of the instrument itself regardless of the problerﬁ under
investigation. | Some of the problems which received particular

‘attention during the present research will now be reviewed.

3.2 Jon Optics
~"The ion source is clearly the 'heart' of the (mass)

spectrometer and is, as might be expected, the part exhibiting

the greatest complexity of action.'" (Barnard, 1953, p.47)
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Prior to investigating the rare earth elements, the
writer's interests were directed toward the ion optical properties

of ion sources, i.e. their ability to focus and transmit ions.

¥

To éfudy this problem, ic;n trajectories were calcula‘ted through
seve.ral two-diméns:ional ion sources. Laplace's equation was
solved by a finite -difference method and ion paths were .com_puted
by nu_merical integration of the trajectory equation (Loveless, 1967).
. These investigations led to the design of tﬁ_e lens system
shown in Fvigure 3-2. The trajectories illustrated \\'/ere calculated
assvur‘ning an initiai ion er.lerggr kT = .015 eV (c.oi-reSponding to
T = 1750° K on the center ionizing filament - .Obl x .030 inch
ribbon) and angles of inclination to the lens axis from 0 to ¥ ;?5 deg.
Th‘is lens 'was shown to be capable of transmitting 70% of the ions
produced at the center filament (for the most critical focussing
plane illustrated in Figﬁre 3-2). Loveless and Russell (1969)
compared the proper;cies of this 1ens with ti1ose of anideal lens,
using the c;)ncepts of beam emmittance and instrument acceptance
which had not been ;pplied before to mass spectrometer ion sources.
Through the‘.use of these concepts it was possible to clearly defiﬁe
thg limitation to beam focuséing and transmission e‘fficiency in
terms of basic instrument parameters. An understanding of this
lli.mitation will be of considerable value in the future design of méss

spectrometers, and will avoid wasted effort in attempting to achieve

what is theoretically impossible.
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FIGURE 3-2, ION BEAM PRODUCED BY NEW ION SOURCE
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The ion source in Figure >3—2 is a simple Idesign, with
strong‘ focussihg proﬁerties, (because of the use of thick electrodes)
which has proved its effectiveness in p_ractic'e and has consistently
provided satisfactory peak sha}ge an‘d‘resolution when the focussing
electrodes are tunedbto give maximum beam intensity. I‘t replaces
a complex stack of thin slits which were acting essentially as a
collimating éystem, with minimal focussing capability. The new '
source gave a factor of five increase in_sensitivity, with compar-

able resolution.

This achievement was coupled with a factor of two increase
in sensitivity through the use of second order focussing shims which
enabled a beam of higher angular divergence to be used. ’fhis method
of achieving second order focussing is attractive because it uses
only a .single pair of shims on one side of the analyzer magnet, and
requires no modification of the basic;magnet. It is discussed in
Appendix II. h

The increased sensitivity resulting from fundamental
improvements in the ion optics of the available mass spectrometer
represents a significant contribution by the preéent writer.,
Although the analysis of the rare earth elements would still have

been possible without these modifications, the precision of the

results would have been somewhat poorer.

'3.3 The Ionization Proéess
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The most inefficient process occurring in the mass
spectrometer was the conversion of neutral atoms into positively-

charged jons which can’ be accelerated and injected into the
N :

analyzer magnet. With the triple (rhenium) filament arrange-
ment, only. about 15% of the evaporated atoms succeeded in hitting
the 1-'101:. ionizing filament. Of these, onlyAl‘% or less were
emitted ffom the center filament as Gdt ions. The ionization
-efficiency was greéter for Sm anci Eu.

Thfee possible ways of improving the ioni>zation efficiency
will be b-ri'efly reviewed.

(a2) The single filément technique has been shown, at léast
in certain configuratio.n‘s, to produce an ion beam which is an
order of magnitude more intense than that producedby the
triple filament method (Eugster et a;l, 1970a). Both Eugster
et al (1970a, 1970b) and Lugmair (1é70) have 'exter;sively used
single, zone-refined (high purity) rhenium filaments for the
isotopic analysis of Gd. Since their work has been publlished,
i:he presenf writer-ha_s used the single filament method for
several Gd analyses, -including Abee., Although comparable
s>ensitivity was achieve.d for both the single and triple filament
techniques, the former did not aépeal; to be significantly better,

even when zone-refined rhenium filaments were used. Since

very few single filament analyses were performed, however,
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this may reflect a lack of experience with this technique.
“Alternatively; the poor triple filament sensitivity observed

by Eugster et al {1970) may result from low transmission -

bl

efficiency in their ion source When' using this filament confi~ .
guration.

One minor complicatioﬁ with the single filament technique
is the fact that GdO" ions are much fnore abundant than Ga*t
ions. For this reason the Gdo* spectrum was analyzed,
and a correction was made for the isotopic corrfposition of
oxygen. This actually éroved to be an advantage in the analysis
of the Abee sample which prodiuced interfering LaOt ions in
the Gd* spectrum but no significant interference in the Gdo*t
spectrum.

The magnitude of mass fractionation is ge'ner.ally greater
for single filament analyses, making this method less precise
for the determination of absolute isot;pic abundances. (Mass
fra;:tionation, or discrimination, Commonly occurs on hot.
filament surfaces due to preferenfial evaporation of the

1ighter isotopes of an element.)

S~

(b) The use of a pbrous filament surface (e.g. Goris,
1962) or the retention of the sample in a silica gel (Cameron
et al, 1969) are promising ways of increasing the yield of

positive ions from a single filament. The writer has not



41

investigated these techﬁiques because of the highly specialized
filament treatment or sam-ple preparation required.

(c) A ;chird po.ssible improvement involves the usé of two
paftiélly—closed (canoe-sha;)ed) sample filaments with slit
openingé aimed directly at the centre ionizing filament. This
method should greatly increase the probability that an evaporated
atom will strike the centre filament. Several attempts were
made by the writer to use this technique, but no §ignificant
improverhent was evident. Apparently, this me;,thod has promise
but reéuires close control during each stage of prepara;cion:
making a V-shaped crease along the length of the filament,
shaping and mounting it on posts, outgassing it without loss of
ductility, depositing and evaporating the sample iﬁside the
'canoe', closing the filament sides Without loss of sample,
and. carefu}ly alligning them with respect to the céntre filament.
It is believed that fractionation would not be enhanced by this
techniquLe.

Although the ionization process is recqgnized as being
‘the least efficient process occurring in the instrument, the writer
has not made significant prdgress on this problem. The triple
filament technique was used for most 'analyses because an elemental

Gd+ ion beam of sufficient intensity could be produced by this

method, and mass discrimination effects were expected to be less.
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3.4 Digital Recording of Mass Spectra

No modifications were made to the existing collector system
of the mass spvectrometer. The electfonic _cir,cuitry and the elec-
trode conﬁgurations were. desig:led by other workers in our lab-
oratory (R.D. Russéil, J. Blenkinsop, J.S. Stacey, and J. M. Ozard)

The entrance slit of the collector had a width of 0.020 ‘
inch. A standard Faraday cup and 101! ohm resistor served as an
ion detector. The voltage dei/eloped across the re.sistor was -
,Aamplified by an adjustable gain (5 ranges), hybrid d; c. amplifier,
ana fed both to a chart recorcier and.to a digital f/'oltmeter. The
chart regorder provided a visual display of the beam intensity at
the collector while the digital voltmeter was used p'rimarily to
butput data in a digital (binary-coded decimal) format.

Aninterfacing device was designed and built by the writer
to enable contjnuou; récording of spectra on a seven trackmagnetic

tape recorder. The data could then be processed by computer

(see Section 3.5 and Chapter 5).
‘The output from the mass spectrometer measuring
system was integrated over & 1—1 second intervals by the digital

voltmeter and transferred to...magnetic tape at.the rate of 7

data/sec. FEach datum consisted of 6 charaéters: 3% binary-

7

[

coded decimal digits from the digital voltmeter, 1 control character
giving shunt information and scan direction (up, down or stationary),

and an end—of-word character.
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The Gd+ spectrum of Figure 3-1 waé taken by continuous
magnetic séénning over the mass ranges 160-154 and 154-160 in
succession. Howevef, because of the steady decay of the Ga'
'bea.rr.l as a function of tim‘e, thi; does not répresent an efficient
way of utilizing the available vb‘eam. Little time is spent measur-
ing the peak intensities, while much time is lost betweén the peaks
measuring baselines which are relatively sfable.

) More efficient use of the ion beam is illustrated in
Figure 3-3. In this case the Baselines are measured for compu-

tational purposes at positions —;— mass above and 1 mass below the

highest and lowest masses respectively. This is done for both

the down-mass and up-mass portions of the scan. Between peaks
the magnet current is advanced manually. Slow continuous scan-
ning may then be employed over the peaks only. This scanning

technique, hereafter referre»d to as discontinuous slow scanning,
was used for all analyses reported here. .‘
Eaﬁch scan comprises the followihg rebcords:
(a) Measurement of baselines on each shunt fof a minimum
o.f 5 seconds at a position a 1 mass apove the high-mass peak
in the spectrum to bé recorded. (Scan direction: stationary).
(b) Discontinuous slow scan down the spectrum to a position
1 .

#/ 3 mass below the low-mass peak. (Scan direction: down).

(c) Measurement of baselines on each shunt for a minimum
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_ FIGURE 3-3.. DISCONTINUOUS SCANNING OVER THE GADOLINIUM

SPECTRUM

‘The diagram represents one scan of the gdt spectrum dn

this  thesis a scan is defined as one down-mass sweep

of the spectrum plus one up-mass sweep. Baselines are
. measured above the high-mass peak of the Spectrum and
- below the low mass peak - . . : :
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of 5 seconds. (Scan direction: stationary).
(d) Discontinuous slow scan up the spectrum to a position

~r £ mass above the high-mass peak. (Scan direction: up).

T
(e) Same as (a).
During subsequent reduction of the data, baselines were
recognized by the fact that the scan direction was stationary.

The effective peak intensity and the time of measurement could

readily be deduced from the recorded data (see Chapter V).

3.5 Noise Rejection Using a Low-Pass Filter

It is evident from Figure 3-3 that high frequency noise ié
‘superimposed on the mass spectrum. Since we are interested in
computing peak heights, rather than the area under each peak, it
is particularly importanf to smooth out the effect o_f noise by using
a suitable filter. The local maxima of the filtered spectrum will
then be a truer representation of the signal intensity of the spectral
peaks.

A low-pass filter was designed for this spécific application
By R.D. Russell and J. Blenkin_sop.‘ The frequency responée
fﬁnction of the filter is illu‘sAtrated in Figu‘ré 3-4. The data window
has a width of 2.4 sec, which is consistent with the minimum width
of peak-tops of 3 sec. The filtered data consists of’Z data points/séc.
The filtering process was only the first stage in the reduction

of the recorded data. All processing was performed on an IBM

360 computer through the facilities of the Computing Centre at §J. B. C.
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- : o : Filtering sequence

(a) Convolve with 7-point box-car filter..
(.5 1.0 1.0 1.0 1.0 1.0 .5)

(b) Reject every second point,

(c) Convolve with 3-point box-car filter.
(.5 1.0 .5)

(d) Convolve with 5-point box-car filter.
(.5 1.0 1.0 1.0 .5)

(e) Reject 2 out of 3 points.

Width of data window 2.4 sec.v

. : ’Nyquist frequency 3.5 cps.
) Al...AL--AAAYJ-- i o ol -lLAg.L..'.'f'J.nL‘\r

0 . ' 0.7 : 1.4 2.1 : ‘ 2.8 3.5
' Frequency (cps) '

FIGURE 3-4. FREQUENCY RESPONSE OF DIGITAL FILTER

The filter was designed by R, D. Russell and J. B, Blenkinsop to reject high frequency noise
from the recorded data,

9v
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CHAPTER 4

. PREPARATION OF SAMPLES

2
<

Terrestrial»qre samples were obtained in the form of
reagent Gdzd3, Sm2©3; and Eu203 from Matheéon Coleman and
Bell, Gincinnati, Ohio, and the Shinetsu Kagaku Co., Tokyo,

. Japan. All reagents had a specified purity of 99.9%. A sample
name was assigned té eachvof the reagents for co_nven‘ieIAlc.e of
reference (see Table 4-1),

A basalt sample from Kitamatsu-ura, Japan (JB1l) was
used to gain experience in the chemical separation and mass 'spe‘c-
‘trometry pf the rare earth elements. . Although the experimental
techniques were te>sted on this sample, no precise ana-lyses were .
performed to determine its isotopic comi)osition.

The concentration of the rare earihs was an order of
mégnitude g;‘eater in the basalt than in.the -Abee meteorite. In’
ordef to consistently use microgram samples of Gd in all mé.ss
spectromete(ri analyses épproxima’cely 10 grams o‘f' the meteori.te‘

‘were processed for analysis, whereas only 1 gram samples of the

basalt were used.

4.1 Separation of the Rare Earth Elements
The ext'ra‘ction of Gd, Sm and Eu from the basalt and

meteorite samples was performed by S. Yanagida and Dr. ‘H. Mabluchi
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TABLE 4-1. DESCRIPTION OF SAMPLES STUDIED

Sample Specifications Source
Ga-US  Gdp04% ) . Matheson Coleman & Bell, U.S.A.
Eu-US Eu203a , - derived from Humphrey's Mine,
Sm-US Sm203a Folkston, Georgia, U.S.A. .
Gd-J Gd203a - Shinetsu Kagaku Co., Japan
Eu-J Eu203a - derived from a mine near
Sm-J Smy0,% * Rio de Janeiro, Brazil.

4b'ppm Gd
JBl lb ppm Eu . Kitamatsu-ura, Japan

5b ppm Sm -

0.3° ppm Gd

c Geological Survey of Canada
Abee 0.06  ppm Eu

’ c - part of specimen 13b
0.2 ppm Sm .7

a All terrestrial samples were in the form of reagents
having a specified purity of 99. 9%.

b Abundances correspond to terrestrlal mean values for
diabases.

¢ Based on analyses of the Abee meteorlte by Shima and
Honda (1967).
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of the Department ofr Chemistry; Univervsity 6f Tokyo. The mass
spectrometry was undertaken by the present writer ip the Department
of Geophysics, University of British Columbia.

The rare earth }\elements in the lanthanide series (La,
Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu)
have similar chemical prdperties, making the separation of one
element, from the reméinder of the element‘s in the seriés, difficult.
In prder to assess whether separation of these eleinents Was
essential, the first analyses on Gd, Eu and Sm were performed on
samples containing the compléte lanthanide sefies of elements
(.samples JB1l-1 and JB1-2). Although Gd, Sm aAnd Euion beams
were suc‘cessfully prt;duced in the mass spectrometer, the abundance
of interfering ion spectra inhibited reliable interpretation of the
isotopic composition of these elements. Tables 4-2 and 4—3 indicate
some of the ions which were ideﬁtified during the mass spectro-
meter Aanalyses. Apart from the rare ear}h elements and their
oxides, the most critical contaminant was barium which produced
Ba™ ’ BaF+ and BaCl+ ion beams. The abundance of these ions
was attributed té thé low ionizat;on potential of barium and its
compounds. Even small traces of barium were sufficientto generate

intense ion beams.

Several modifications were made to the separation techniques’

until a three-stage jon exchange process was adopted. Thistechnique
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lTABLE L-2, INTERFERING TONS NEAR GD, EU AND SM SPECTRA

Mass Ions

T143 0 Nd(12.17)
1Lk "~ sm(3.09),Nd(23.85)

145 Nd(8.20)
146 NA(17.22),Ba0(.11)
o 147‘ Sm(14,97)
148 sSm(11.24),Nd(5.73),B20(.10)
149 ©  Sm(13.83),BaF(.11)
150 Sm(7.44),NA(5.62),Ba0(2.41)
151 - Eu(47.82),8a0(6.58),BaF(.10)
152 sm(26.72),04(.20),Ce0(.19),8a0(7.84)
153 Eu(52.18),Ba0(1l.22),BaF(2.42)
154 | Sm(22;71),Gd(2.15),Lao(.09),0eo(;25),Bao(71.55).BaF(6,59)* ﬁ
155 . Gd(14.73),120(99.67),Ba0(.05),BaF(7.85) |
156 Gd(20.47),Dy(.os),050(88.27),Lao(.64),Bao(.15),BaF(11g23) -
157 Gd&15;68);Pro(99.76),Ceo(.oj),Lao(.zo),BaF(?l.?O)
158 Gd(24.87),Dy(.09),Ce0(11.23),Nd0(27.04),Pro(.0k)
159 T6(100.00),Nd0(12.15), Pro(.20) |
160  ©d(21.90),Dy(2.29),Nd0(23.85),5m0(3.08),Ce0(.02)
161 Dy(18.88),Nd0(8.31) |

© Each type of jon is listed with its percentage abundanée

.. as given in the Handbook of Chemistry and Physics (1970).

Barium abundances were taken from Eugster et al (1969).
All oxygen isotopes were considered when calculating the
abundances of the oxide ions. Some of the abundances may
be in error by as much as 1-2%, S :



Sample & Fil,

p o+ Lt + + L+ 4 + |

Filament Current Ba BaF LaO CeO Eu Sm ~ Gd _
. Configuration (amps) 138 157 155 156 153 152 . 158 Other

JBl-la 2.1 4.0 .05 2 -5 .04 002 <.005 GdOT(174)= .07
tantalum 3.0 .05 .05 .
closed canoe :

JB1-1b 1.4 2.0 £.003 .02 .04 , -
tantalum 2.6 %10. 1 .08 10. 02 .02  «.003 NdT(144)=.01
 flat 2.8 ' . ' 1 .08

JB1-2a 1.3 .3 » . .001
tantalum 2.6 _ o : .04 01 +

" part. closed 3.0 .02 - .2 .06 03 <1 Tb (159) < .001

JB1-2b . 1.1 2 .001 008 .02 : cst(133)= .05

rhenium 1.5 .2 ., €.0005 .01 .1 1 <,0005 GdOT(174)=.01

flat . 1.8 .2 ' - ‘ "~ Dyt162)=.03
1.9 , . ' <.003 GdO1(174) < .005:
2.2 Ylo. »10. 1. 4,

TABLE 4-3. Examples of beam intensities observed (using variations of the triple filament
technique) when Gd, Eu and Sm were not separated from the other rare earth elements,
Beam intensities are specified in units of 10711 amps. Filament currents cannot be directly

- compared between analyses because of different configurations and sample histories. Blank
entries in the table do not imply the absence of an ion beam.

IS
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attempted complete separation of Gd, Eu and Sm into three different
fractions for indepbendent analysis in the mass spectrometer. The
analytical scheme is summarized in Table 4-4.

The 9.5 gram Abee sample was completely dissolved iﬁ :
HF ;nd HCIO3, evaporated to dryness, and redissolved in 0.5 N HCI.
The solutior; was loaded onto a cation exchange column containing
Diaion SK#1 résin. Most of the rare earths were separated from
all. major constituents by elution with 2 N HCI1 followed by 6 N HCI.

A second column was then used to separate Gd, Eu and Sm
from the other rare earths using 0.5 M 2-methyl lactic acid.
The rare earth elements were elutec{ in order of decre‘asing atomic
number (or increasing ionic radius). Calibration of the exchange
column was perforrn‘ed using a solution containing artificially-
produced radioactive isotopes of the rare earth elements. The
activity of the eluate was monitored to yield the elution curves in
Figure 4—1.

After separation of Gd, Eu ana Sm into three separate
fractions, a third ion exchange’Aprocess (similar to the first one)
was used to further reduce the concentration of alkalis and alkaline
earths in the individual fractions. The separated Gd, Eu and Sm
fractions were then converted ‘into perchlorate salts in preparation

for loading in the mass spectrometer.

Although the separation technique succeeded, the elution
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TABLE 4-4. EXTRACTION OF GD, EU AND SM FROM ABEE

12.

13.
14.

15.

16.

17.

Dissolve 9.5 gram Abee sample in 300 ml HF and ZO ml HCIO4
and evaporate to dryness. :

Dissolve in 20 ml 6 N HCI and evaporate to dryness.

Dissolve in 400 ml 0.5 N HCl and store in polyethylene bottle.

"~ Pack resin in 45 x 1.6 cm column and precondition with 1500 ml

6 N HC1 and 1500 ml H_O to a height of 43 cm.

Load 400 ml solution (containing sample) onto column.

Elute with 840 ml 2 N HCI1 to remove major constituents.

Elute with 150 ml 6 N HC1 and collect eluate containing all rare
earth elements. ' _

Evaporate to dryness and dissolve in a few drops of HNOj.
Repeai »»srocedure 8. :

Dissolve in 2.5 ml H;O in preparation for loading on second ion

- -exchange column.

Precondition resin to remove traces of rare earth elements and
barium. Wash with approximately 1000 ml 6 N HCI and then
remove acid with 3x distilled H,O. Convert resin to NH4+ form
by adding 500 ml 7.5 N NH4OH. Wash with H,O. Precond1t10n1ng
gives a resin height of 22 cm.

The sample solution (from 10 above) was loaded onto the second
(25 x 0.4 cm) cation exchange column.

Elute with 0.5 M 2-methyl lactic acid (pH of 3.20).

Collect the Gd, Eu and Sm fractions from the eluate as specified
in Figure 4-1.

Add 1 N HCl1 to each fraction to 10wer the pH to 2.5 ; then dilute
(by a factor of two) by adding an equal volume of HZO.

Load each fraction onto a third column to remove the 2-methyl
lactate from the solutions. For each fr_action in turn, precondi-
tion resin with 100 ml 6 N HCIl and 50 m1 H,0 to a resinheight

of 10 cm in a 15 x 0.4 cm cation exchange column. Load the
fraction onto the column and wash with 5 ml 2 N HCl. Elute

with 10 ml 6 N HCI to release the rare earth content of the column.
Evaporate each fraction to dryness and redissolve ina drop of
HClO4. Evaporate to dryness in a teflon beaker.

Gadolinium, europium and samarium were separated from the Abee
sample by ion exchange, using athree column operation. Diaion
.SK#1, 100-200 mesh resin was used in all columns; the cation

exchange columns were made of acril.

The separation was performed

by S. Yanagita, Department of Chemistry, University of Tokyo.
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FIGURE 4-1. ELUTION CURVES FOR TB, GD, EU AND SM

Artificially-produced radioactive isotopes were used to
calibrate the second ion exchange process (see Table 4-4),
The elution curves were determined by monitoring the
activity of the eluate and identifying individual radio-
active isotopes of Tb, Gd, Eu and Sm., During the subsequent
Abee separation, the Gd-AB, Eu-AB and Sm-AB fractions
correspond to the 40-70, 70-140 and 140-240 ml fractions

of the eluate., The calibration was performed by S. Yanagita,
Department of Chemistry, University of Tokyo.
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Pl

curves for the meteorite sample and thé éalibration run were not
identical, possibly because of different concentrati_on‘s of the rare
earth elefnents in the two solutions. Th_e three fractiéns Gd-AB,
'Eu—AB and Sm-AB were selected from the eluate to ;:oincide with
the c.alibrated elution curves for Gd, Euand Sm respectively
(see Figure 4-1). Howevér, subsequent analyses in the mass
spe-ctrometer showed that most of the Gd from the meteorite was -
collgcted in the fraction Eu-AB, and alarge portion of the Eu wés
in the fraction Sm-AB. The Gd-AB fraction containéd some Gd
(estimated to be « .1 rg) as wellas Tb.

Small quantities of Eu, Srn,‘ Nd, Ce, La and Ba were
observed in all three fractions. Special care was required during
the mass spectrometer analyses to minimize the effect of inter-

’

fering elements on the spectra of Gd, Eu and Sm.

4. 2 Preparation of Filaments

Although tantalum filaments were ;15ed for some of the
preliminary analyses listed in Table 4-3, all other analyses wefe
pérformed with rhenium filaments. Th¢ rhenium metal had a
sp'ecified purity of 99.9%. Two single ﬁla;’nent analyses (Gd-JZi
‘and GE-AB) made use of zone—réfined rhenium of very high purity.
For these two analyses, GdOT ions Were ébser\fed in the rﬁass spec-
frometer at much lower températures ‘( ~ 1350° C>) than> was observed

when the other (99.9% purity) rhenium was used (~ 1700°C).
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—

The most critical impﬁrities in the rhenium metal

- were Ba, La and Ce. These were reduced to tolerajale levels by
outgassing all filaments at 2000° C for bne hour. This eliminated .

La aﬁd Ce completely while Ba was reduced to a contamination

level which was ohly a small fraction of the Ba contamination in

the _sarnples’ themselves. The purity of allfilaments used for analyses
on the Abee meteorite was checked in the mass spectrometer, at
temperatures well above operéting conditions, prior- to loading the
éamples.

All reagent analyses were performed with microgram
quantities of Gd, Sm or Eu. The elements were studied sep arat'ely,
except fqr Sm and Eu which were occasionally analyzed together
because of the lack of isobars for these elements. The samples
were deposited on outgassed filaments as chlorides, ‘and then con-
verted to perchlorate sélts on the filamenfs. For Gd s.ingle filament
preparations, the ﬁlame;nts were subsequently heated in air to a
dull red glow (in a dark room) to convert the salt to the oxide form,
thereby increasipg the production of GdO™ ions in the mass spec-

‘trometer.

"The Abee fractions were taken up in a drop of 3x

distilled water, deposited on outgassed filaments, and evaporated
to dryness. The complete, Sm-AB fraction was loaded for one triple
filament analysis of Sm. = Most of the Eu-AB fraction was loaded

for one triple filament analysis of Eu (at low side filament temperatures),
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followed by an analysis of Gd in the same fraf:tion (at higher temperatures).
Approxifnately one half of the Gd-AB fraction was loaded for one

Atriple‘ filament analysis of Gd. The remainder of fractions Eu—AB

rand Gd-AB was combined for one single filament analfsis of Gd.

This latter analysis will be referred to as GE-AB.

4.3 Production of Ion Spectra with Minimum Interference

Operating pressures of 10~7 torr were maintained for all
mass spectrometer analyses. Pressures approaching 2 x 10-8
torr were achieved for mény analyses on the Abee fractions by
thoroughly oﬁtgassing the in‘strument., and by allowing severalhoursA
for barium and other contaminants to be driven out of each sample
at low filament temperatures. There was no substitute for slow
heating -of the filaments to increase the purity of th'e_ Gd, Sm and
Eu in each sémple.

None of the contaminants in the reagent samples caused
significant 'spectral interfe reﬁce Which cpula not be‘eliminated by
carefﬁl heating of the sample filaments in the mass speétrometer. »

For the meteorite analyses, however, it was not always
po‘ssible to eliminate all inte.rfering ions in this way. La0+ and.,
Nd+ ions in'terfe_red with the measurement of the Sm™ spectrum
during fahalysis Sm-AB, and LaO" ions interfered with the Gat
spectrum during analyses Eu-AB and Gd;AB._ Fortunately, it was

- +
- possible to monitor the intensity of the Nd and LaOt ion beams



58

at masses 146 and 155 respectively, so that a correction couldbe
made to separate these spectra from the sm’ spectrum computa-
tionally. The method of applying these corrections is discussed
"-in Chapter 5. A similar correction for LaO%t interference

. _ N s
(at mass 155) with the Gd spectrum could not be made because of

the similar mass ranges for both ions. The only way in which the

155

Gd isotopic abundance could be determined for the meteorite

sample was by using the GElEO+ spectrum produced during the

single filament analysis GE- AB.
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"CHAPTER 5

COMPUTER REDUCTION OF COMPLEX SPECTRA

5.1 Evaluation of Peak Heights

.The methed of recording spectra, and the definition
of a scan (the unit record on magnetic tape) were discussed in
Section 3.4. A representative scan of tﬁe Gat spectrum was shown
iﬂn_»Figure_3—3. A combined Eu+ and Sm+ spectrum is illustrated
in Figure 5-1.

Data was recorded i1-’1 digital form and a low-pass filter
was used to remove high fi‘_eqﬁency noise from the spectr;lm (see
.Section 3.5). Aftef filtering the data, a moving 5-point average
was computed for the purpose bf .locating the time coordinates of
the various peaks. At a position where the 5-point avérage was a
mvaximum, the associated peak height (without the baseline removed)
was chosen to be the largest value of the fi;/e points compriSing
the moving average. The true peak he-ight was then computed by
subtracting the recorded baseline which Was “.represented, for
each shunt in turn, by the best least-squares straight line fitting
all (baséline) data (within a single scan) which was recorded while
the scan direction was stationary. The c.orre‘cted peak height and
its associated time coordinate were éubse‘quenfly used to répresen’c

the intensity and time of measurement of the component ion beam
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at a particular mass number. T
The }'eduction of data from a single scan gave two
measurements of the‘intensity of each peak in the spectrum.
By rétaining a running time c_oordinét,e it was possible to combine
measurements dérived from a set of several successive scans and

apply a correction for the continuous growth or decay of each type

of ion during the set of scans.

5.2 Least Squares Reduction of a Set of Scans

Past experience in our mass spectrometer laboratory
has shown that a third order polynomial provides a fairly good

representation of the intensity of a single peak as a function of time

t, 1. e.

2 3 ' ‘
t)=a, + a_t+ a_t + a t (5-1)

1 2 3 4

In order to mihimize the errors introduced bythis type of approx-
imation it is desirable to make use of the fact that the isotopic
composition of each type of ion remains essentially constant during
a set of scans at fixed filament temperatures. As an example,

151 . 153 ‘

the intensities Il and I2 of the Eu and Eu component ion beams

may be represented in the form
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‘ 2 3-
I(t)=r(b +bt+b t +bt)
1 11 2 3 4
(5-2)
3

2
t ‘+b4t ,

IL(t)= r (b +b,t + by

where rl and rz are proportional tothe relative isotopic abund-

ance values (one of which must be arbitrarily fixed, e. g.

ri = 1. O).‘b These parameters are constant for the duration of

a set of scans at fixed filament tempéra»tures, except for minimal
fractionation effects which are generally small ( € 0.05% per unit
mass différence) compared with statistical errors. The term in
brackets is a polynomial representation of the growth or decay
characteristics of both the Eu151 and Eu153 ion beams. Repres-
entation (5-2) requires the determination of only 5 pafameters whereas
8 parameters would have been requiredvif the constancy of the
isotopic ratio had notbeen used as a constraint.:

A suitable rﬁethod for determining the optimum values of(
the paravmeters rz, bl’ bZ’ b3, b4 is one which minimizes the

variance between the measured peak heights and their polynomial

- representation in equations {(5-2). If plk'and tlk are the peak

151 th
height and time of measurement of the Eu peak during the k

measurement of that peak, and ka,’ t are similar quantities for
2k
153

the Eu peak,. then the function tobe minimized inay be represented

in the form
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bbbb_i | -r(b. +b t. +
g(rZ’“ 4) k_lzn{[plk Pt Pt

2
3
b, +b4tlk)] [ka e (b, )] |

§ 5 [ " b‘ tw-l] : (5-3)

k=1,2n j= -14 Wk

where n is the number of scans in the set.

There are several.possibles.ources of error when
experimentally measuring any single peak intensity on the mass
spectrometer: ox}ershooting'a peak when maﬁually advancing the
magnet current., making an error in shunt selection, sudden line
transients, etc. These can readily be recognized on the chart
record during an analysis. Provision Has therefore been male for
glimihating faulty peak measurements from the right hand side of
equation (5-3). Such errors wére, however, infrequent in practice.

The conditions which must be satisfied in order for

g(rz,bl,bz,b3,b4) to be a minimum are:

ig

ar
gQ

!

_iL_E—-o ' -4
b b b b (5)

1

o
4/

These give rise to five non-linear equations in the variables
r_, bl, bz, b b4. A solution is possible by a perturbation

method provided a good first approximation may be obtained.
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This is possible since the-isotopic ratio rllr is known to within

a few per cent. If rZ is initially treated as a constant = ;2,

then four linear equations may be obtained in the variables

1 b, b3, b4. These can easily be solved direétly to give good

estimates Qf bl,vbz, b3, b4.

At this stage,'equations (5-4) may be linearized using

the new variables Arz, Abl, A_bz, Ab3, Ab4 where
r2= r, + Arz b3.-.-. b3 + Abg
bI:bl + Abl_ b4: b4+ Ab4 (5-5)

The linearized equations (5-4) may be solved to get an improved

estimate of r_, b., b b b

2 ¥ Pz P by Several iterations may be

perfo‘rmed in this way until rZ, bl,‘ bZ’ b3~, b4 are all known with

sufficient precision ( < .01% was considered more than adequate).

Figure 5-2 shows a direct comparison between the measured

peak heights and the solution polynomials Il(t) and Iz(t) for a set of

+ - '
scans of the Eu spectrum. The quality of the polynomial fit is

quite good, even when the beam intensity shows strong growth

~and/or decay characteristics. In practice, however, the beam

" intensity usually changed ménotonically during a set of scans,

with a total variation of 20% or less.
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and Eul®3jon beams have been represented by polynomials of degree 3 for a set of scans.
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The above example illustrates the basic numerical proce- |
dure ’.employed in this research to compute the least squares poly-
nomial ?epresentation. of the various peak intensities associated
with ions of a single glement. For the fnajority of analyses it
was not necéssary to apply a. correction for the effect of interfering
ion spectra. Hox&)ever, whenever spectrai interference was
observed,'.care was taken to record additional péaks if possible, so
that the growth or décay characterisfics'of each additionalion
species could be determined and subsequently removed. -

Where several ion spe'ctra occur ina set of scans fhe equations
to be solved are more complex. Also, not all isotopic ratios should
be treated as variables. Where interferingions form only a small
fercentage of the total beam, it is more reliable to fix their isotopic
.composition at published values than to freat them as additional
\;ariables in the least squares solution.

In the generai case, where there are m elements and q
different peaks, the function which replaces (5-3) as the sum of
squares to bé minimized is

. 2
(rb)._i 2_ [ sz- I‘lji_ 1W_]k]
i=lq k=1,2n =1,m

(5-6)

.th .
where pjk is the kth measurement of the _]t peak at time
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tjk-; r.. is the relative isotopic abundance associated with peak
1) :

j and element 1, .and bﬂ, biz,' bi3’ bi4 are thé coefficients of -
t.he‘growth polynomial for element i.

| The vector b represents all biw (i=1,m; w=1,4)
while the vector T represents only those abundance values
which are to be tre'ated as variables in the least squares solution.
For. convenience, a new logical function fij may be defined such
that fij is false only when rij is to be treated as a \.rariable. This .
.means that T represents all r. ij (i=1,m; j=1,q) for which {..
is false. (Note that equation (5-6) includes the common situation

where isotopes of more than one element exist at a given mass number. )

-d b
The function g(r,b) is a minimum when

dg _ - : -
36 i=1l,m; w=1,4
iw
: (5-7)
and g__ i=lm; j=1,q; ‘fij = false

These equations reduce to

2_ 2: (P Z_ Z. r tVl =0

)
j=1,q k=1,2n =1,m --14”’Jk Tujy

u=1,m; v=14
4<_—_ Z__ 2 )(Z twk‘l)-:o
k:l,Zn = Lm w:11 w—14““’"

u = 1,Am§ v=1,q; fuv: false (5-8)
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Equations (5-8) may be linearized and solved by a perturbation
method similar to the previous example, in order toobtain

. -d —
solution vectors r and b.

5.3 Calculation of Means and Standard Deviations of Isotopic

Ratios for a Set of Scans
It is evident from the discussion in the previous section

that isotopic ratios resulted directly from the solution of equations

(5-8). In the case of the example given earlier one could readily

. : . 151, 153
calculate the isotopic ratio Eu ~ /Eu = rl/_r . However, there

is no easy way to estimate the error in this ratio apart from com-
paring results from several sets of scans. Thiswas considered
inadequate because of large‘ variations in the stability ofan ion beam
from oné set of scans to another. Differencesin sam-ple purity
énd abundance, and variationé in the operating characteristics

of the mass spectrometer also contribute to real variations in the

precision achieved. (When isotopic ratios and standard deviations
were calculated by the method to be described in this section, a
test for homogeneity of variance from one set of scans to another

showed convihcingly that there were real-variations in the variance.)

A method was therefore devised for estimating the standard deviation
of each isotopic ratio for a set of scans.

The polynomial representation of the intensity of peak j

as a function of time is

yr=



semi-independent measurement of r

69

I(t)-Z_ 2 b,

i=l,m "w=1,4 ' : (5-9)

Suppose the dominant component in th-is peak belongs to the element
représented by subscripti = s. The isotopic abundance coefficient
associated with pe‘akjv and element s is rsj' If we assume that,

on the kth measurement of peak j, the difference between the measured
peak height pjk énd the pc_;ly'nomial value Ij.(:-tjk) may be regafded as a
sj’ then we can transfor.m

equation {5-9) into the form

—'(s1k>§ Pt 2 DT

i=1lm w-..-.14lek
1¢s
w-1
e gk = oy - 2 1 S b, tk)/Z_b e
i=1,m Yw=14 W] =1,4 SWJ
1#5
(5-10)

where r'(s,j, k) is a semi-independent measurement of the
coefficient rgjat time tjk'

Consider the case where we are interested in measuring
the isotopic ratio R = rSj /rs. » the ratio of isotopes of element s
occurring at peaks j1 and jz. Because of the symmetry of spectra

within a single scan it is reasonable to compute one estimate of R

for each scan. Let Ri (i=1,2,...n) be the computed estimate of
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R during scani. Then ' o

r'(s,jl, 1) + r'(s,jl, 2)

Rl: _

ri(s,j,,1) + r'(s,j,,2)

r'(s,j1,3) + r'(s,j1,4)
R2:

r'(s,ip.3) + r'(s,j,,4) | (5-11)
etc.

This method of computing semi-independent estimates
of each isotopic ratio was applied to all ratios of interest for the
three elements Eu_, Sm and Gd. The combined data, for each
isotopic ratio, was then presented in the form

£{: Z_ Ri/n »

i=1,n

. ., N
.= (D (R;-R) /(n-1))?

i=1l,n
T =G /yn . (5-12)
where f{ is the mean value of the isotopic ratio, ¢~ is an estimate

of the standard deviation of each measurement Ri’ and G is an

estimate of the standard deviation of the mean.
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S

5.4 Calculation of Fractionation-Corrected Parameters

In the precisefdetermination of isotopic abundances, care
rﬁust be taken to account for any processes which might cause mass
discrimination in the sample at any stage prior to,or during, the
measurement of an ion beam in the mass spectrometer. In the
present reseérch, maés fractioﬁation was>detected by comparing
isotopic ratios for several sets of scans obtained at one or more
_ﬁlamenf, temperatures. The largest fractionation effect observed
was 0.3% per unit mass difference. This represents the change in
isotopic composition of the ion beam over the ex tremes of sample
filament temperatures for which é measureable ion beam could be
produ_ced. For all three elements, Eu, Sm, and Gd, the process
proceded toward the enrichmeént of the heavier isotopes in the ion
bearh (or the depletion of the lighter isotopes) with increasing
filament temperatures and time.

In agreement with sirﬁple therr.y (see Ozard and Russell,
‘1970) a;ld common exper.ience, the fréctioriation effect for a par-

- ticular element was observed to satisfy the equations
X% X1+ (my-m)R)

Y = Y (L4 (m4-m3)§ ) | (5-13)

where X and Y are measured isotopic ratios (for the same element)
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-~

and m. /m
2 TNT T3y

respectively; XN and YN are normalized (or fractionation-

corresponding to the mass ratios ml/m

corrected) isotopic ratios; \}.. is the fractional change in the iso-

topic ratios per unit mass difference (due to fractionation). §<<1.
\ .

The quantity (i may be eliminated from equations
(5-13) to give
L YN(m4-m3)

”§'+;;—;-_____(X_X1q) .f (5-14)
Nhnzﬂnp

Figure 5-3 shows the close agreement between the slope |
predicted by equation (5-14) and the measured isotopic ratios.
The solid line illustrated in this plot was forced to péés through
the point (.9361, .6769) adopted by Eugster et al (1970a) for
~terrestrial gadolinium. The publishe‘d standard deviation of the
B 156, 160
. latter coordinate is 0.01% while the ratio Gd /Gd = .9361
is the value which they used for normali‘za‘;ion of all other Gd
isotopic ratios. The normalization process involves measuring
two isotopic ratios, X and Y, assigning a specific value to

o 156 , 160 . . . -
Xy (e-8. XN= Gd /Gd = .9361) and solving equation (5-14)
for YN._

An alternative method may be used to remove the effect

of fractionation from measured isotopic ratios. Equation (5-14)

may be rewritten in the form
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FIGURE 5-3. MASS SPECTROMETER FRACTIONATION

Gd155 4
A _
: - Y (my-m,) o
Theoretical slope = __<N 3 = .906 2},’5
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The data points represent measured isotopic ratios for individual
sets of scans (usually 6 scans per set). Data are shown for one
single filament analysis (after correction for the isotopic composition
~of oxygen) and for one triple filament analysis on the same sample.
The solid line has the theoretical fractionation slope and passes
through the point (.9361, .6769).
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v X-XN ~
(—)=1+o (—)
YN XN
X - oL ’
= |1+ ) -
[+ ]
= (X ¢
XN‘
Y - ' '
= =T = ( = constant (5-15) |
X XN

where & = (m4-rﬁ3)/(m2—m1).

" By measuring appropriate isotopic ratios for the
elements Gd and Sm it is possible to evaluate parameters which
are corrected for fractionation and are also very sensitive to

) . 1 1
the neutron capture processes Gd 55(n, X )Gd 5_6, Gd157(n, X)

Gd158 and Sml49(n, 1 ¢ )Smlso. Three parameters which satisfy
these conditions are given in -’l"‘able 5-1... Each parameter is sen-
sitive to only one capture process. _Thé Yalué of all three
parameters (A,B and C) will be greater for sampies which have
be.e'nbexposed.to a lafgef neutron flux. They should be constant,
however, for all analyses performed on the same samplé. Since
there are only two isotopes of Eu, no correction for fractionation

was possible.

The method of computing a normalized ratio Y T

NO
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TABLE 5-1. FRACTIONATION-CORRECTED PARAMETERS

my,-m
X Y X = Y3 { = constant
. : mz-—mvl

160 | 156 6 T
cals® Gd 1 A = Gd calot T
Gals5 cal56 b Gal55 al6o
s E0 ' A 1
aqlo8 Gd16 1 . cals8 (Gd158) 5
Gals? Gal58 2 Gals7 ‘galbo

) 1
sm120 sml52 1 ‘ c = sm150 (Sm15o) 2
Smlk9 Sm150 2 Smll9 ‘gpls2

Each of the fractionation-corrected parameters A, B and
C is sensitive to a particuiar neutron capture process.
The sensitivities of the parameters are somewhat
greater than the simple ratios (X in above table) from
which tﬁey are derived, The sensitivities relative to
the isotopic ratios Gdlﬁs/Gd156, Gdl57/Gd158 and

Smlug/SmlSO are % , % and g respectively. The isotopes

Gdléo 152

and Sm are not significantly changed by neutron

irradiation.



76

P

afractionation-corrected parameter Y 'will now be given.

Let Xi and Yi be the appropriate isotopic ratios computed for

scani (i=1,2,... h) from equaticns (5-11). The corresponding

normalized ratio YNi (or parémeter Xi) was computed from

equation (5—14) (or equation (5-15)). The mean ;{N (or 8 ) and

standard deviations Y and ¢ were then computed from equations

(5-12).

" 5.5 Correction for the Isotopic Composition of Oxygen

Al triple filament analyses were performed on
elemental Eut, Sm? or Gd¥ jons. A few single filament analyses
were performed using the cdo™ spectrum, and a subsequent
correction was required for the small contribution of the o’

18 . s . .
and O = isotopes. The corrections required for all isotopes

16+
~at masses where GdO ions were measured are given by the

equations

(168/176)

1.00232 x (168/176)

corr meas

((170/176) = 1.00213;x(170/176)Ineas

(171/176)

4]

1.00226 x (171/176)
corr A meas

(172/176) =1.00183 x (172/176)
corr meas

(173/176)  =0.99990x (173/176)
corr

meas.

=1. ‘ . 4
(174/176)___ =1.00040 x (17 /17§%neas (5-16)
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- The ratios indicated by the subscript 'meas’' are the measured

ratios (uncorrected for mass fractionation) while those indicated
by the subscript 'corr' are the ratios s which would have been
' . ' ' . s 16+ .
measured if oxygen were monoisotopic (i.e. only GdO ions
present). The corrections in equations (5-16) are based on the
16 _

isotopic ratios 018/0 = .00204 and 017/016 = .00037 given by

Nier (1950). Eugster et al (1970a) have estimated that the

. maximum error in any of the correction factors in equations

(5-16) is less than 0.005%, which is negligible compared to

the experimental uncertainty.
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CHAPTER 6

INTERPRETATION OF METEORITIC AND TERRESTRIAL ISOTOPIC

RATIOS

6.1 Terrestrial Gadolinium

The results of several isotopic analyses on terrestrial

samples Gd—J“and Gd-US are summarized ir; Table 6-1 and
F_‘:igures 6-1 and 6-2. (Complete data for individualvscans is given
in Appendix III). Within the e;cperimental uncertainty of the
measured isotopic 'ratios v(sho'wn as two standax;d deviations of the
mean) there is no significant difference betwéeﬁ the terrestrial
samples derived from two different geographic locations (eaétern
US and Rio de Janeiro). Furthermore, the gooci agreement with
the terrestrial ratios obtained by Eugster etal (1970a) supports
the view that terrestrial Gd is of fairly uniform- is-otopic composition
when samples represénting large segmentstof the ear'tAh are compared.

oIt is interesting to note that the dAisplacernent between the
vv mean ter;‘éstrial values obtained by Eu‘gster et al (1970a) and those
obtained by the present writer (Figl;lres 6-1 and 6-2) i's similar
- to that which would be. produced by a differenc¢ in exposure to thermal
neutrons. (The calculation of the slope of each of the theoretical .
correlation lines for thermal neutron capture is given in Appendix IV.) .

In the writer's opinion, no significance can be attached to this apparent
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ISOTOPIC RATIOS OF GD IN TERRESTRIAL SAMPLES
calds ¥ qal57 * a1t * i

Analyses Ga160 Gd;so 3a 100 A - B
Ga-J1,Jh,J5  .67686  .71620 1.13620 1.36030  1.69083
‘triple fil. +.00015 %.00016  £,00044 . +,00027 +,00067
cd-J6 67685 .71593 1.13566 1.36029  1.69038
triple fil. 1.00026 t.00014 *,00021 *.o00054 *.00054
Gd-JS1,JS2 - .67693  .71575 1.13586  1.36001  1.6910
single fil. 1.00022 *,00029 *.00063 f.oo0042 *,0013
Gd-J71 .67702 .71591 .~ 1.13570 1.35999  1.69070
single fil. t.00025 +,00023 %,00018 *.,00050 %,00069
zone-ref, Re : -

Ga-US .67682 271639  1.13595 1.36026  1,6900
triple fil.:- *.00015 *,00048 *,00034 *,00027 #,0016
Average .67688 .71601 1.13576 1.36021  1.69060
(this work) *.00008 +,00009 1,00012 %,00016 *,00034
Fugster et al .67692  .71589  1.13590 1.36024 1.69108
(1970a) *.00009 *,00004 *,00009 %,00018 *,00031
single fil. '
zone-ref. Re

. Collins et al .683 .717 1.124. 1.348 1.662
(1956) |

- * Fractionation correction normalized to Gdl56/Gd160 = .9361.

All single filament analyses used the Gd0+ spectrum,and a .
correction was made for the isotopic composition of oxygen.

The fractionation-corrected,
A and B have the values

A=

156 4156

Ohly statistical errors are shown.
standard deviations of the mean.

Gal55 ggléo’

=Y
4

1
Gd158 Gd158 z

)

cgls7 GdléO

irradiation-sensitive parameters

They correspond to two
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"FIGURE 6-1. ISOTOPIC ANALYSES ON TERRESTRIAL GADOLINIUM

Gdl58 %
Ui 160 o :
| Ga™™ Gd-JL,J4, J5 .
1.1365 ﬂ/(triple filament)
Gd-Jsl, JsS2 Value adopted by Eugster
(single fil- et al (1970a)
ament)

- Gd-Us
] triple filament)

1.1360
T u
(8L __.
{
L
I
4 je—1 — Weighted mean
! (all analyses)
A7
cd-Jzl — —

(single fil-
ament; zone-~
refined Re)

1.1355 %
Gd-J6 o
(triple filamen
Theoretical correlation
line for thermal neutron.
o capture (see Appendix IV) 157
’ | | 1 1 cd _
1.1350 4 160
.7150 .7155  .7160 L7165  .7170 Gd

. .
Gdl58/Gd160 Vs Gd157/Gd160 * for all terrestrial analyses,

#* TFractionation correction normalized to Gd156/Gd160= .9361.
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"FIGURE 6-2, CORRELATiON_BETWEEN B AND A FOR TERRESTRIAL GD

gal8 cql58 %
B = 3157 (;q160)
1.693 _
Gd-Js1,JS2
1.692 (single filament)
' Value computed from
data of Eugster et ~
al (1970a) — _
| \T\\& ' Gd-J1,d4,735 :
1'691 ) | - 4L ’ / (‘triple filament)
. A oot ) Wl
|b——-— -
Gd-JZ1 (single __-* ||| b ;A
filament;zone- 4
refined Re) <~ —1l-1 = ca-J6
1.690 : / y (trlple filament)
Weighted mean
(all analyses)
Ga-UsS
1.689 (triple filament)
688 Theoretical cérrelatioh
1. line for thermal neutron
capture (see Appendix IV)
< 156 156 %
A = Gd Gd=7"y
| al55 ¢ql6o
1.687 _ L ' —1 —1 >
1.3590 '1.3594 1.3598 1.3602 1.3606

Correlatlon between irradiation-sensitive parameters B and
A for all terrestrial analyses,
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éorrelation since all the isotopic ratios agre-e within the 95%
confidence limits-shown. Also, the specified errors correspond
to statistical errors only'./ The-analyses were performed on

. different mass spectrometers 'using sigr}ificantly different tech-
5iques for 'scanning, recording and reduciﬁgmass spectra. The

good agreement for all isotopic ratios suggests that any external
errors must be small; however, the existence of any bias in measure-
ment on either instrument could only increase the absolute error

of the isotopic ratios.

For the\ purpose of éomparison between Gd in terrestrial
and meteoritic samples, terrestrial Gd will be assumed to have
the isotopic composifion given by the average values in Table 6-1.

The mean r«. and standard deviation Wl: were computed, for each

column in turn, from the equations

i=1,n Q'—iz
.
W o = ‘
S (6-1)
i=1,n Q2

where x4 and V—i are the mean and standard deviation for the ith_

~ entry in the column.
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- TABLE 6-2, ADDITIONAL RESULTS FOR TERRESTRIAL GADOLINIUM

% #*
aqls2 *+ Gdl54 + cqlo6

( )
¢al60 Gal6o cal6o meas

This work & ,00918 P .09961 © 943 d

' ¥, 00005 $.00007 t.ook ©
Eugster et al .00928 ,09975
(1970a) - ¥, 00002 t.00002
Vaiue currently | .9361 :
used for normali- (adopted
zation of all arbitrarily)

other ratios

Per cent abundances of terrestrial Gd

- gal5% galS* galSS ql56 al57 gl58 ql60

This work ¥ .203  2.191 14.86 20.52 15.67 24.80 21.76

Eugster et ., .2029 2.1809 14,800 20,466 15.652 24,835 21.863
al (1970a) -

Coliins et .205 2.23  15.1 20.6 15.7 24,5 21.6
al (1956)

d

e

Fractionation correetion normalized to Gd156/Gd160= .9361,
Errors represent two standard deviations of the mean.
Normalized to Gdl56/Gdl6O= 943,

Based on all triple filament analyses on terrestrial

samples Gd-J and Gd-US.

Average of three data sets (representing three different
analyses)

Average of eight data sets (more'than one analysis).
Simple average for 23 data sets (several analyses),

One standard deviation of a set (not of the mean).,

f Based on single filament analyses.
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Analyses on the terrestrial sample Gd-J also showed

the absence of any detectable bias between data obtained by the

triple filament method (using the Gat spectrum) and singie’filament

data (using the Gao" spectrum and correcting for the isotopic
composition of oxygen). Furthermore, there was no significant
inter-analysis error which could be attributed to loading the same

sample (Gd-J in solution form) onto different filaments.

There are two additional Gd isotopes which were seldom

. 2 .
measured: Gd15 and Gd154. Their terrestrial abundances are

reported in Table 6—2. Also; the m‘e_an value'of the unnormalized
GdlS()/Gd160 ratio is reported in Table 6-2 for all triple filament
analyses‘on terrestrial Gd. This value is 0.7% higher than the

value currently used for normalization of all other ratios (after Murthy
et al,1970, and Eugster et al, 1970); the current va-lue wés

dete:i‘rx;lined from single filament‘ a-nalyses only. The triple fila-

ment value is undoubtédly closer to the ab%olute abugdénce ratio,

and should theréfore be used when calcul»ating the absolute abundance

of the Gd isotopes (see Table 6-2).

6.2 Gadolinium in the Abee Meteorite

" Three separate analyses were performed on Gd from
the Abee meteorite. Two of these used the triple filament con-
figuration and the Gat spectrum. DBecause of LaO% interference

at mass 155 (see Tables I1I-6 and III-7 of Appendix III) it was not
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possible to measure the Gd155 abundance. Consequently, only

% %
Gd157/Gd160 , Gd158/Gd160 and the parameter B could be deter-
mined. The third analysis was performed by the single filament
‘technique. Because the GdO+ spectrum was employed, there was
‘no interference from LaO® ions, and it was possible to determine

| 155 . 160 ¥ :

both the Gd /Gd ratio and the parameter A. The average
values for the three analyses were computed from equations (6-1)
and are shown in Table 6-3.

It is apparent that none of the Gd isotopic ratios differs

by more than 0.06% from the terrestrialvalue. This also applies
to the irradiation-sensitive parameters A and B. A plot of

157 ¥ 1 ¥
Gd > /Crd160 vs. Gd 58'/Crdléo (Figure 6-3) shows that the

95% confidehce limits for the Abee and terrestrial data overlap,
and the slope of the line passing through the two points is not the
same as the slope of theitheoretiical correlation line for _‘germal
"neutron capture. On a plot of B vs A, the data points for Abee
and for- terrestrial Gd aépear to be distinctly differeﬁt on the basis
of the 95% confidence limits. However, the slope of the line through
the Vtwo point's is almost perpendicular to the the§retical correlation
line for thermal neutron capture.

Within the experimental uncertainty, there is.no signifi-
cant thermal neutron irradiation aﬁomaly for Gd irll -the Abee sample
~{when compared with the earth); This result is disappointing because

of its implications for the class of enstatite chondrites as a whole.
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~

The failure to observe an anomaly means that there is no
definitive experimental evidence to support the thepries of Miya-
shiro and Mason: that differences in the oxidation state of p
: ‘chondrites result from differences in their mean dAistances from
the sun dufing the early history of the solar systém. At the same
time, their theories have not been disproved since other essential
conditions must also have been satisfied iﬁ order to produce a
d_e?ectable irradiation anomaly. These will be discussed in
Section 6. 6.
Precise analyses on meteorites have also been performed
by Eugster et al (1970a). " Their resultsare plotted in Figures 6-3
é.nd 6-4. (The data for Pasamonte and Norton County are weighted
means of - several .. published analysés.) Only the Norton
County achondrite contains Gd of signiﬁcéntly diffei‘enf isotopic '
composition from terrestrial Gd. It lies along the theoretical
correlation line for. thermal neutron capture. An irradiation
anomaly clearly exists; it has been attributed to the long cosmic
ray exposure age of the Norton County meteorite. The Weekeroo
Station iron has an even longer cosmic ray exposure age, but its
smaller mass and inferior moderating properties presumably
resulted in 'fhe production of very Eéﬂw thermal neutrons (Eugster
' e.t'al 1970a). The other meteorites include anéther iron ’(Copviapo),

an achondrite (Pasamonte) and a bronzite chondrite (Forest City).
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" TABLE 6-3., ISOTOPIC COMPOSITION OF GD IN THE ABEE METEQRITE
3+ V 3 3t

chemical Gdi52_ Gdi5g Gd15i | ¢
fraction Gd 6 . Gd 6 Gd 6 A B
Eu-AB 2 L71614  1.13533 1.68987
triple fil. t.00024  1,00035 1.00065
Gd-AB ° - 71607 1.1351 1.6878
triple fil. ¥.00032 .0011 . _.0036
GE-AB © ,-67652 .71598 1. 13557  1.36092  1.68991
single fil. %.00024 +.00012 +.00031  *.o00hk4  *. 00058
zone-ref, Re
Average .67652 .71602 1. 13545 1. 36092 1.68986
(this work) +.00024  +.00010 1.00023  F,00044  F,00043
Terrestrial  .67688  .71601  1.13576 1.36021  1.69060
(this work) *.00008 *,00009 +,00012 Z,00016 £,00034
¥ Fractionation correction normalized ﬁo Gdl56/Gd160 = ,9361.

a The fraction Eu-AB contained most of the Gd as well as the
Eu from the original 9.5 g Abee sample. There was no
spectral interference between Eut and Gd*t ions.

b The fraction Gd-AB contained very little Gd (estimated to
be < 0. 1 pg on the basis of the observed Gdt beam inten-
sity).

¢ Not all of the Eu-AB and Gd-AB fractions were loaded for
the first two analyses above. The remainder, approximately
20% of fraction Eu-AB and 30% of fraction Gd-AB, was
combined on a single (zone refined) rhenium filament for
analyS1s GE-AB. :

See the footnotes to Table 6-1 for definitions of A and B.
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"FIGURE 6-3. CORRELATION OF GD ISOTOPES IN METEORITES

g8 #

Gd15

Gd1 0 , | ¢

A .
_ ' \\\ Norton -
1.1370 County
\
Pasamonte

1.1365

o ' - Terrestrial
_ (this work)
1.1360 -  Forest /

city e v

Copiapo

1
aq
!

1.1355 |- - | \

Theoretical correlation
line for thermal neutron

1.1350 | Abee

capture (see Appendix IV)
Weekeroo .
Station ﬂ/
| cgls7? *
1.1345 l 1 1 : 1 >

f7140 . 7150 .7160 . 7170 - .7180

Gd158/Gd160 ¥* vs‘Gd157/Gd160 * for Abee (this work) and

previous meteorite analyseS‘(Eugster et al, 1970a),.

2 Fractionation correction normalized to Gdl56/Gd160= .9361,
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" FIGURE 6-4, CORRELATION BETWEEN A AND B IN METEORITES

o - Gd15 ( 158)
A - d157 Gdléo
1.696 |-
1.694 =
ForeSt

1.692 +—  City ~

Weekeroo 7 Pasamonte

Station

|
, L*
1.690
/—%—-
// Copiapo '

Terrestrial
(this work)

1.686 |- Theoretical correlation
' line for thermal neutron
capture (see Appendix IV)
cals5 Gd160
1,684 » : ! ] | I S

1.358  1.359  1.360  1.36L  1.362

Correlation between irradiation-sensitive parameters B and
A-for Abee (this work) and prev1ous meteorite analyses
(Eugster et al, 1970a).
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6.3 Do Abee and Terrestrial Gadolinium have Similar Composition?

The apfiafent difference between the values of A and B for
the Abee and terrestrial samples may be significant. It cannot be

explained by thermal neutron capture alone. Nor can it be the

result of mass fractionation during the chemical preparation of the

- Abee sample, provided the fractionation process was governed

. by a simple mass dependence..

It is possible that the Abee meteorite was derived from a
i‘é:gion where the relative abundance of the nuclide s was slightly dif-'
ferent from that of pre-terrestrial matter. Apart from meteorite
analyses, the only othe‘r Gd isotopic étudies on egtra—terrestrial
sampleé are the lunar analyses of Eugster et al (1970b) and Lugmair
(1970). Their lunar and terrestriél dafa clearly lie along the corre-
lation line for thermal neutron capture (see Figure 1-4). This is to
be expected if the earth and moon are genetically related, and were
produced from the same pool of nuclides. - The meteorites may,
however, have been produced from slightlif dif_ferent source material.

Altérnatively, »the apparent difference between the terrest-
rial and Abee values of A and B may‘be the result of péor statisticalA
estimates of the standard deviaﬁions for the’ Abee data, or they may

result from additional sources of error.

There are three possible sources of error which may have

introduced a bias in the measurement of Abee Gd relative to terrestrial
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Gd. Trace amounts of one or more interfering ions may have
been superimposed upon the GdT or Gdo’ spectra. The most

probable ions are BaFJr , Bra:C1+

N LaCl+ and LaOZ+. None of thecse-
-alone would give the observed anomaly, 'hox'vever, and no systematic
change in any of the Gd.ls‘l‘—’_lf)g/Gd160 " ratios was observed.

Nevertheless, the possibility of ion interference cannotbe ruled out

completely.

A second possibility is that the baseline was not constant
over the mass range 155-160 (or 171-176 for GdO" ions). Since
baselines were measured only at the ends of ea;h spectrum (see
Section 3. 4), the existence of any baseline irregularity within the
spectral range would.not have been detected. Baselines were
routinely checked between peaks at the beginning of each analysis,
but distortion of up to 0.1 to 0..2% would not have beén détected during
a visual reading of the digital voltmeter. The most probable causes
of baseline distortion are secondary electrons and/or scattered

ions {most likely Ba+) in.the vicinity of the ion detector.

Baseline distortion was a major source of error for Sm?t
analyses (see-Section 6.5); it was attributed to Ba.+ ions. However,
the mass range of Sm is much closer to that of Ba; distortion from
Ba't ioﬂs should be significantly 1Ae‘ss in the higher Gd mass range.
'Also, Gd was vapourized at higher filament temperatures than Sm;

it was therefore possible to burn off more _of the residual Ba before
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producing a Gat ion beam. Although baseline distortion may be

a source of error during Gd analyses, it does not explain the similar

~

isotopic ratios obtained for Abee whenusing the Gd' and Gao®t

. spectra;
A third source of error is pressure scattering in the
mass spectrometer. This creates a slight tail on either side of
- the spectral peaks. Direct measurement of peak profiles showed

th_aE the height of th‘e tail at a position 1 mass unit above or below

a spectral peak. was < 0.1% of thebpeak height for operating pressures
< 1..0x 10-7 torr. The corrésponding tail height 1 mass unit

away was < 0.03%. These errors represent a significant bias

in measurement which varied with the operating pressure. The

maximum errors, which could be attributed to pressure scattering,

60 * 60 ¥

. *®
in the ratios Gal>2/Gal ,Gal®7/gal . Gal58,Gqléo

A and B were 0.01%, 0.04%,0.03%, 0.05% and 0.01% resioectively.

"The slope of the error line associated with i‘aressure scattering would
be bsimilar to tbat of a line passing through the Abée and Copiapo

data points in Figures 6-3 and 6-4. The intersections of these

error linés w‘it.h the theoretical correlation lines for thermal neutron
capture are below the terrestrial points. This would suggest,

if anything, ‘that Abée was exposed to fewer thermal neutrons during

its history than the earth was. However, the most sensitive

_parameter B would not change by more than 0.01%, and the difference
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between the mean terrestrial and Abee values would not exceed 0.06%.

6.4 Interpretation of Europium Data

When the present study of the rare earths was. initiated? |
the extent of mass spectrometer fra'ctionation was not known for the
triple filament technique. Th.e. rﬁagnitude of the fractionétion effect
(i. e. the deviation from the absolute ratios) was less than that which
was observed with the single filament technique, but the variation
during an analysis was the sam-e for both techniques: approximately
0.3% variation per unit mass difference (see Figure 5-3).

Sihce Eu has only two isofopes, a simple ﬁormalization
process could not be used. Table 6-4 shows the mean values obtaiﬁed
for all analyses on terrestriai (Eu-J and Eu-US) and Abee (Eu-AB)
samples. .Two selective \me‘thods of combiningthe data decreased
the dispersion due to fractionation, but it was not completely elimi- .
nated. Tbhe first method combined data which was obtained for the

~initial 10-20% of the sample (baseci on the time-integrated beam
intensity). The sécond method used only the results of analyses
for which the data—taki.ngbintervals were uniformly distributed over
the lifetime of the Eu' ion beam. Recording data for the full duration
of the sample minimized bias due to fractionation and provided the
most reliable estimate of the absolute ‘isotopic ratio for each sample.

It is apparent that there is no gross difference between

“terrestrial and Abee Eu. The slightly higher ratio for the Abee sample
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" TABLE 6-4, ISOTOPIC COMPOSITION OF TERRESTRIAL AND ABEE EU

S

Average Eulsl/Fu153 isotopic ratio
Data | Eu-J Eu-US Eu-AB
selection (Brazil ore) (U.S. ore) (Abee)
Average for all .917 (20) .91k (20)  .918 (38)
analyses » t.001 - *.o04 *.002
' . #
_Average for sets .9182 (5) .9183 (4) 9195 (24)
obtained with initial +.0006 *.0010 *.0004
10-20% of sample only
Average for analyses .9155 (9) .9160 (9) 9173#(11)
for which data was , +,0009 _.0018 i. 002

obtained for the full
~duration of the sample

Errors correspond to one standard deviation of a set. The
standard deviation of the mean would not be a suitable
representation of the error because it would not account for
.real variations in the isotopic ratio in the Eut ion beam due
To mass fractionation.

The numbers in brackets represent the total number of sets

(usually 6 scans per set) used to calculate the means and
standard deviations. '

Murthy et al (1970) found that Eul®l/Eul®3= ,9147 for single
filament analyses on terrestrial europium,

# The analysis of the Eu-AB fraction extended over three
days. Since the mass spectrometer was turned off over-
-night, sample emission was not continuous. This appears
to have introduced an error in determining the sample
~depletion from the time-integrated beam intensity.



95

probably reflects a bias in measurement: mostdata sets for analysis »
Eu-AB were obtained with the initial portion of the sample. In view

) .
of the large variation caused by fractionation (0.6%) during the

-anélyses, no significance can be assigned tothe apparent difference

of 0.14 - 0.17% between terrestrial and Abee Eu.

6.5 Interpretation of Samarium Data

The combined results of several analyses of samples
Sﬁ):J and Sm-US are recorded in Table 6'45-. Each entry is the
weighted mean of a minimum of six sets of scans of the Srﬁ+ spectrum.
The two terrestrial samples have the same isotopic composition
within the experimental unce;ta-inty (shown as two standard deviations
of the mean). The average terrestrial value was calculated for
each ratio in turn from equations (6-1).

A comparison bet\yeen terrestrial and Abee Sm is shown
in Table 6-6. Although the irradiation-sensitive parameter D
appears to have the same va..lue for both sarﬁples, several of the
isotopic ratios appear to differ. The apparent difference cannot be
attributed to thermal neutron capture.

The discrepancy between the terre'strial and Abee results
is almost cc;,rtainly due to baseline distortion. A depression of
the baseline inthe ﬁlasé range 144 - 147{"and a moderate enhancement
at higher masses, was clearly observed in vassociation with an

. +. . s
intense Ba ion beam. However, the characteristic shape and
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analyses for this work).

Baseline distortion was recognized to be a source of bias in measurement for all of these
analyses. This was substantiated by comparing the values obtained for the parameter D
when using the two spectral ranges 149-152 and 144-154, In both cases the baseline was
measured at positions + mass above the high mass peak and % mass below the low mass

2
peak only. No subsequent correction for the distortion was possible without having measured

baselines between intermediate peaks.

TABLE 6-5, ISOTOPIC COMPOSITION OF SM IN TERRESTRIAL SAMPLES
= 144 | 14 1 .
Sample Sm * Sm 8 & Srnng SmlSO * Smi®4 * D~_“_Sml '
Sml52 5152 Sm152. Sml152 Sml52 b= Sm149( SER
Sm-J # , 11647 42323 .51943 .27725 .84836 .28106
(Brazil ore) 1.00015 +.00013 -1.00013 +.00009 t.00026 +.00014
Sm-US # +.11689 42322 .519'36 .27728 .84852 .28096
(U.S. ore) 1. 00031 t 00025 t.00031 +.00023 t.00080 t 00040
Average 11655 .42323 .51942 27725 .84838 .28105
1.00014 +.00012 - +.00012 +.00008 +.00025 1.00013
Murthy et .118 426 .522 .280 .858 . 283
al (1963) '
* Fractionatid_n correction normalized to Sm147/Sm152:.5650 (mean value for all terrestrial

96



TABLE 6-6. ISOTOPIC COMPOSITION OF SAMARIUM IN THE ABEE METEORITE

smléd ® g 148 % sm 149 * Sl50 % g 154 % .. SmlSO(SmISO 1
Sample - Sm152 Sm152 ‘Smlsz Sm152 Srn152 _ Sm149 Smi52
Abee T 11585 2 - 42284 2 .51871 .27709 2 .84976 b .28116 @
(Sm-AB) t.00009 1. 00016 t.00022 *.00017 1.00061 1.00023
Terrestrial T 11655 42323 51942 .27725 .84838 .28105

t.00014 *.00012 *.00012 +.00008 *.00025 +.00013

* Fractionation correction normalized to Sm147/5m152: . 5650 .

# DBaseline distortion (mainly secondary electrons from Bal38 ions) is the probable cause of the
major discrepancies between Abee and terrestrial samples. The distortion was greatest in

the lower mass range 144-147,

After computé.tionally subtracting the Na”* spectrum which was monitored at mass 146,
(Ndt /sm™ < 0.02). ‘

b  After computationally subtracting the LaO% spectrum which was monitored at mass 155.
(LaOt /Sm™< 0.005).

L6
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magnitude of the distoffion were highly variable from one analysis
to another, so that a correction could not be made without having |
measured baselines between individual peaks. The good agreement .
- obtained for thé two terrestrial samples is probrably a result of

their similar chemical composition. Baseline distortion introduced
a bias in measurement, but it was approximately the same for

both samples.

The existence of baseline distortion was proven by
analyzing terrestrial Sm samples using only the shorter mass range
149-152, and computing the pafameter D. This was observed to have
the values .28038 f .v00019 for Sm-J and .28036 ¥ .00010 for Sm-US.
The difference between these values, which are undoubtedly closer
to th¢ true value, and the average value in Table 6-6 is significant.
It can only be expléined by the fact that the baselines were measured
at diffe;-ent places for the two spectral ranges.

The e#istence of baseline distortién would lead to a further
source of error for the Abee analyses. A correction for tﬁe Ndt
beam was made by monitoring- the intensity of the peak at mass 146.
Since baseline distortion was greatest in the viciﬁity of this peak,
the intensity of the Nd+ ion beam would not have been correctly'
determined, and a subsequent error would result wherever isobars
‘of Nd and Sm occurred. The largest error for Sm would occur at

mass 144,
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6.6 Conclusions

An investigation of Gd, Eu and Sm in the Abee enstatite
" chondrite, and in two terrestrial ores, has shown that there are
‘no significant isotopic anomalies for Abee which cduld be attributed
to one or more of the thermal neutron capture processes: Gal®®
K )Gd156 Gd157(n, r’)Gd158, SmMg(n, Y )SmlSO, 151 , ¥
Eul52 a!%3(n, Y )Eu!®.  The isotopic ratios Ga'>°/Gdl%®,
G§11;57/Gd158, Sml49/Sm150 and EulSl/Eu153 are identical for the
three samples studied within maximum experimental uncertain’;ies
of 0.15%, 0.10%, 0.3% and 0.3‘7; respectively. These estimates
inéludé statistical errors, as well as errors intfodqced by possible
sources of bias in measurement (e. g. baseline distortion, pressure
scattering and/or uncorrected fractionation).

On the bal;is of the Gd157/C—d158 ratio, we fnayvconclude -
that the maximum differential thermal neutron irradiation between
the terrestrial and Abee samples is 3 x 1015 neutronsj'crn2 for the
uniform irradiation model of Figure 2-2. It is reasonable to assume
that this conclusion applies to the Abee meteorite as a whole, when
compared withthe earth. In terms of the irradiation models
discussed in Chapter 2, we may exclude the regions above the curves
o 157

in Figures 2-1 and 2-2 corresponding to a Gd /Crd158 anomaly

> 0.1% from the fafnily of possible solutions for the irradiation

_histories of the Abee meteorite and the earth.
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If the time-integrated thermal neutron flux associated
with the irradiation phase was as large as the FGH hypothesis pre-

21 157, . .1
dicted (i. e.'u = 4x10 neutrons/cmz), then the Gd > /Gd >8

nE

ratio is more sensitive to the fraction of the material which was
" irradiated than to the 'differential irradiation ;)f the primitive
chondritic and terrestrial matter (Fowler et al, 1962; Burnett

et al, 1966; Murthy et al, 1963). The absence of a Gd:a"r’loma.lyl

? 0.1% implies that the irradiated fractions of the Abee a.nd terr-
es;rial source material were identical within 2%. Th'is applies
to the FGH model only, where it has been assumed that approxi-
mately 5% of the primitive terrestrial matter was irradiated..

Apart‘fromvuniform irradiation and/or dilution of the

'source material., alternative explanatiqns could account for the
absencg of significant Gd157/Gd15_8 anomalies: efficient shielding
of most planetary material inside large bodies having diameters
>7 50 meters; | the lack of sufficient.hydroée_n to.thermalize
spéllation—produced neutrons; or the absence of an irrgdiation
phase of sufficient intensity to generate detectable anomalies.

jAp.art from the highly reduced state of the Abee meteor-
ite, there is no clear evidence to suggest that this extra-terrestrial
object originated in the inner region ofthe solar system. If any-

thing, the isotopic composition of Gd in the meteorite suggests

that Abee received less irradiation than the earth during its previous
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history. This evidence would therefore favour the view that Abee
had its origin' at a greater distance from the sun, possibly in the
as£erqid belt.

Since the astero'id beltv is a natural source of meteorites,
any explanation of the gradation in the oxidation states of chondrites
~would receive stronger support from the available evidence if it
assumed an origin in this region of the sblal; system. One inter—
e'sting possibility which has received considerable attention recently
(see Larimer et al, 1970) is that variations in the oxidation state of
chondrites result from differénces in their spafia.l distribution

during gravitational settling of primordial material toward the

orbital plane of the nebula.
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APPENDIX 1

EFFECT OF NEUTRON CAPTURE ON GD, SM AND EU

The probability of a nuclear process is generally
expressed in terms of a cross section ¢~ which has the dimen-
sions of an area. The unit commonly used is the barn, which is

: o -24 2
defined as 10 cm .

A simple definition of the thermal neutron capture cross
e o . 157
section of a specific nuclide (e.g. Gd = ) may be deduced from
classical theory. Consider a.beam of thermal neutrons striking
a thin target in which the beam is attenuated only infinitesimally.
1f Ri is the number of capture processes occurring in the target
per unit time for nuclide i then the corrésponding reaction cross

section is defined by the e'quation
Ri = Ini q"’id

- where I is the m;rnber of incident thermal neutrons per unit time
n, is the number of target nuclei of nuclide i per unit volume
qz‘ls the thermal neutron capture cross section for'nuclide i
d is the target thickness. I
Iﬁ this thesis we are interested in thermal neutron capture
processes occurriné in the primitive material of the solar system.
The size of the planetesimals, the duration of the assml;rned irradiation

. period, and the magnitude of the neutron flux are all unknown.
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However, for heavy isotopes with llarge thermal neutron capture
cross sections it is possible to establish a clear relationship between
isotopic composition and the time-integrated thermalneutron flux.

Let N be the initial atom abundance of a particular nuclide
in primordial material which later accreted to form a planetary
.body (e. g. the earﬁh or the parent body of the Abee meteorite).
The quantity NJ représents the total number of atoms of the nuclide
p_r%_or to irradiation. If thermal neutron capture is the dominant "
process causing a change in the abundance of the nuclide du‘ring
irradijation, then the atom abuﬁdance Ni after irradiation by n neutrons
may be deduced from'the differential equation {after Fowler et al, 1962)

dN, =N
i Gi'y 'y (1-1)

dn ZAGAONA -

where (7 is the thermal neutron ;apturé %rosé section for the
nuclidé under consideration
'fr is the fraction of the incidegt neutrons which is captured
by the iffadiated material. The remaining fraction (l—fr) includes
~ those neutrons which esca};e from th‘e irradiated material or undergo
KS decay.
qu:ANA represents the total cross sectional target area presentedb

by all nuclides.
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" Let htotal be the total number of neutrons produced during

irradiation. Then, integration of equation (I-1) yields

K f.n total : '
o
' I-2
| = TN, - (1-2)

whe}‘e Nf is the final atom abundance of the nuclide i which has been
‘depleted by neutron capture.

; So far, no mention has been made of the ener'gy distribution
of the neutrons. In the thermal range, the neutron capture Cross
sections of most nuclides are inversely proportional to the velocity

of the incident neutrons. Hence, it is evident from equation (I-2)

the.t the velocity terms wo»uld cancel out, leaving Nf es.sen.tially
independent of the neutron energy distrib.ution, provided it is in

the thermal range. For the purposes of this thesis, however, we
have chosen to eeparate theexponent in equation (i—Z) into two factors:
Q"l and Vn . We have chosen q‘i to be the cross eection for
neutron capture, assuming a thermal neutron velocity of 2200 m/sec

(or ZOOC).' The parameter ')/n is defined as

' fn ‘
V - r total ]
L N
S %A
A

{ ‘ (I-3)
20°cC - '

This is simply the time-integrated thermal neutron flux (at 20°¢C)
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for all neutrons which undergo capture. We may now write equation

(I-2) in the form

NpN = - NO[ »1-exp(-— P 1&)] | S (1-4)

" By introducing another parameter, the dilution factor
F‘d (after Fowler et al, 1962), we may account for the possibility
that only a fraction -lf‘of the primordial .fnaterial was irradiated.:
S Fq
The remainder was effectively shielded within planetesimals having
dimensions of the order of one meter or greater. Subsequent

mixing of the two fractions during accretion to form a larger

plaﬁetary body would yiefd
. ) - NO .
4H N = Nf'No - [1—exp(- q"‘i wn):] | (I-5)

Equation (I-5) gives the net decrease in the abundance of
a nucl.ide undergoing neutron capture.. For (n, " ) reactioné
(Which includes all reac.tions on Ga, Sm and Eu under consideration
‘here), equation (I-5) also gives the ﬁet increase in the neighbouring
highér mass nuclide res'ulting from this process. Let R0 and Rv
be the intitial and final isotopic abundénce ratios for masses m and m+1.

Then
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R me _ Nom B (Nom/Fd) [.l—exp(—q";n Vn)]

Nf,m+1 No,m+1+(Nom/Fd) [l—(’:){-p(- rm -2#11)]

FR R [ 1-exp(- W)

— R= '
Fy+ R, [ 1-exp(5q—m 2/n)_] (1-6)

o | 155
Equation (I-6) may be applied to each of the isotopic ratios Gd= /

. 156 157 158 149 150
Gd , Gd /Gd and Sm " /Sm' = . Two independent (n, § )

151 153
reactions may contribute to a change in the Eu~ /Eu ratio

(see Table 1-1). Therefore, for this ratio we have

FqR_-R [ 1-exp(- s, Vn)]‘

Fg- L 1-exp(- @755 W) ] (I-7)

R =

It is evident from equations (I-6) and(1-7) that each of the present-
day isotopic ratios mentioned above may be regarded as a function
of R , F_ and v . The cross sections are all known. Let
o d n
RE and R‘M be the present-day values of aparticular ratio in terres-
trial ores and in meteoritic material respectively. If these materials

were exposed to previous irradiation by integrated neutron fluxes

of Y _ and ,where the dilution factors were F and ¥
7(//nE %M dE dM

respectively, then
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R(R ,F , }) = R
( o dE VDE E- (1_8)

R,F ,W: )Y=R O (I-
RR.F VnM) y (I-9)

In equations (I-8) énd (149) it llxas beeﬁ éssumed that the initial
isotbpic ratios ‘were the same for both pre-terrestrial and pre-
m.e‘teorifi_c materials.

Consider the case where it is just possible to detect a

difference of0;1% between the terrestrial and meteoritic isotopic

ratios RE and RM respectively. The lower limit of detection is
given by
R -R R(R ,F_ , -R(R_,F _,
M E} _ ( o dM VnM) ( o dE 7VnE) - 001
R R(R ,F _,
E ( o dE VnE)
(= 0.1% detectable difference) - (1-10)

Figures 2-1 and 2-2 illustrate particular solutions of equations
(I-8) and (I-10) for specific values of the dilution factors. The

curves for Figure 2-1 represent the solution of the equations

CR(R,20, Y p) = R (I-11)

(= .632 for the Gd157/Gd158 ratio)
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and

R 20, N .20, Y
(R_,20, Y | )-R(R_,20,2f )

R(Rg,20, Y )

=.001 (1-12)

The parameter Ro was eliminated from equations (I-11) and (1-12),
. and the solution curvg for VnE and —I/nM \vgg plotted in the form
(l( nM_—I‘/nE) / VDE\ ve VnE ’

: 157 158
The sensitivity of the Gd /Gd ratio to differential

irradiation of pre-meteoritic and pre-terrestrial material is
illustrated for the case FdE = FdM = lin Figure 2-2. The

requirement that Ro?- {0, combined withthe present-day ratio

R_ = .632, pl per limit on the value of hich will
E 32, places an upper limit on the value o vnE which wi
satisfy the equation

R(Ro.,l, VnE) = .632 (1-13)

This is illustrated in Figure 2-2.
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APPENDIX II

SECOND ORDER FOCUSSING SHIMS

Increased sensitivity, without loss of resolution may be

.achkiéved by 'imp:roving the focussing properties of the analyzer

‘magnet to permit the use of an ion beam with larger angular divergence.

Firét order focussing results from using plane- surfaces at the pole
facesrwher_e the ion beam enters and leaves the magnet (at normal
i_hc;id'ence and emergence). By- suitably contouring one or both of
these surfaces it is poésible to produce a sharper focus at the
collector. A. variety of methods for achieving second order
focussing have been reviewed by Barnard (1953).

Qne simple method invplves the use of cylindrical rather
than plane surfaces for the magnet pole faces. For a symmetric
90 deg sector magnet, similar to the one used by the present writer,

the ideal radius of curvature of the pole faces is identical to the

"~ orbital radius of the central ion trajectory within the magnet. An

alternative pfocedure adopted by the writer is to use one plane surface
and one cylindrical surface, where the latter has a rad%us equal
to one half the orbital radius (Figure II-1).
Two cylindrical shims were designed to fit onto the
existing pole face on th.e collector side of the .main electromagnet.
The shims were positioned on either side of the analyzer tube, and

provision was made for adjusting them to enable precise focussing
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a=34.li.2 ' —>

corLEeTor_ _ _ _ . _ _ (measured) o, o __ _SQURCE
/e,= 15° | ~ API,-?,\)_Q_T_ \/
(design specification) ,éog\\ a= .9%.2 . o
: s 7 \ (measured) (deglgn specification)

/

with inltial angle

o to the central ray

.10%.01 N
(computed) £ 10=.01
_ .(computed)
shim
positioning NOT DRAWN TO SCALE
screw '

FIG, II-1 MODIFICATION OF MAIN ELECTROMAGNET TO ACCOMMODATE FOCUSSING SHIMS

The dotted contour shows the original magnet position. By moving the main
magnet and adding two cylindrical shims (7.0 inch radius) the path of the
central ray remains unchanged. All distances are specified in inches,

0Tt
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experimentally. No alteration of the maiﬁ magnet was necessary
except for reppsitioning to compensate for the additional thickness
of the magnet shims.

In order to apply a correction for the effect of the
fringing magnetic fields on both sides of the magnet, the‘field.
inte.hsity'was determined in the med‘ian, plane along the path of the.
central ray. The theoretical method of Coggeshell (1947)was
use_d to calculate the field close to the magnet, and.measured field
values were employed at distant points. The resulting contour of
the fringing ,field is shown in f‘igure In-2.

While the magnet»was in the position of best focus for
ﬁrsf order focussing, the parameters a and d (see Figure II-1)
were measured. The large error of .2 inch in each measurement
reflects the uncertainty in determining the effective positions of
minimum beam width at the source and collector. Taking into
account the uncertainties in a and d, the tr;jectory equation was
integréted th-i-ough the known magnetic field, and the radius of cur-
vature of the central ray was com.puted to be r = 12.1 le inch.
Trajectories were computed for se\feral ions havinginitial angles of
ir;clination. to the central ray in the range -4° < o < 4%,  For each
trajectory the required change in path‘ length (w.itl.ﬁn the magnetic

field) which would bring the trajectory to perfect focus at the

collector, was computed. This led to the determination of the
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Relative magnetic field
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theoretical and experimental
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,‘ Distance from pole face (inches)

FIGURE 1I-2. FRINGING FIELD OF MAIN MAGNET
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contour for the magnet surface which would give perfect focus at the
collector (sée Figure II-3). A least squares circle (in the sense of
| minimizing ‘21“ [At’— a ti] Z) was.comi)uted through the surface
* points fo determine the best radius associated with ion beams of
varying angular divergence «max (Figure 1I-4). For values ofthe
angqlar divergence exceeding 2 deg it is appgrent that 7.0 inches is
the ideal curvature for the inagnet shims. This may be compared
with the value of 6.0 inches where the effect of fringing fieids is
neglected (see Figgre 1I-4).
| The magnet shims were deéigned to have a cylindrical
surface of 7.0 inch radius. They were accurately machined frorh
grade 1010 hot rolled carbon steel plate obtained fromDr. Auld of
the TRIUMEF group at U.B. C. Provision was made for holding
the shims rigicily in positiop on tbe main magnet pole faces,
although adjustment of t-heir posiﬁion along the pole face was possible.
After mounting the shims theAmag’net was positioned as
shown in Figure II-1. Preciée allignment was then achieved experi-
mentélly by adj.usting the shim position and the vertical position
of fhe magnet to give optimum peak shape. | Flgure II-5 shows the
peak quality obtained for beams of angular divergence 1.9 and 3A.O
deg respecltively.
Although the resolution was excellent(400-450), ‘the higher.

- angular divergence, coupled with wider source slits, gave rounded



Required reduction in path length (in the
magnetic field) to give perfect focus at
‘ the collector
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FIGURE 1I-3. CURVATURE OF SECOND ORDER FOCUSSING SHIMS

Ideal curvature of shims assuming (i) no correction for the effect of fringing fields outside the
main magnet (represented by dots) or (ii) a correction applied to account for the fringing
fields (represented by crosses). Note the different scales used for the two axes. When at
and A z are plotted on the same scale the least squares circlesfitting the two sets of points
have radii of 6.1 and 7.0 inches respectively (using data for of = O T2, t e, .. T4 00).

V1T
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AOptimum radius
of curvature (inches)
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FIGURE Ii-4. OPTIMUM CURVATURE OF SHIMS AS A FUNCTION

OF BEAM DIVERGENCE

The scatter of the data points is due to truncation errors in the
Calculations and the use of relatively few trajectories. FEach
point represents the radius of curvature of the least squares
Circle fitting through all values of &t and @z corresponding to
trajectories with initial angles of inclination to the lens axis of

«=0, +0.2, Y0.4, +0.6, ... + i
max
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peak £ops and a slightvéssymmetry tc; the peaks. The lower
diverg‘ence (cor?esponding to ‘two 0.010 inch sourcevcollimating
slits separated by 0.31 inch) was adopted in the presentresearch.
-This is stilia factor of two greafer than the divergence used with
» .only first order focussing. The effect of angular divergence on
beam width at the collector is shown for first and second order

focussing in Figure II-6.
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FIGURE II-6. BEAM SPREADING AT THE COLLECTOR FOR
FIRST AND SECOND ORDER FOCUSSING
Beam spreading at the

collector due to beam angular
divergence at ion source
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Beam divergence at exit slit of ion source (degrees)

The effect of angular divergence ( O(max) at the ion source exit
slit on the beam width at the collector is shown for both first
and second order focussing. The scatter of data points for the
case of second order focussing reflects'the small number of

trajectories used in the calculations (w= 0, +0.2, + 0.4, ...7x

max

).
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APPENDIX III

MEASURED ISOTOPIC RATIOS FOR ALL GADOLINIUM ANALYSES

The experimental values of the isotopic ratios obtained
for each set of scans ofthe Ga™ (or GdO+) spectrum are listed
in Tables III-1 to I1I-8. The isotopic ratios Gd > /Ga‘??, Ga'®"/

160 . 156 160
Gd " and Gd*°8/Gdl%% have all been normalized to Gd =~ /Gd " =

.9361 to eliminate the effect.of mass discrimination. >A correction

wéé made for the isotopic composition of oxygen-in all analyses

which used the GdO+ spectrum (Tabl‘es I1I-3, 111-4 and III-8).

The procedure for making ’Fhis correction is given in Section 5. 5.
The estimated errors in Tables III-1 to III-8 correspond

to two standard deviations of the mean. For each set of scans the

isotopic ratios and the parameters A and B were computed by the

method discussed in Sections 5.3 and 5.4. The weighted mean and

its standard deviation were computed for the data in each column of

Tables III-1 to III-8 from the equations

x.
S =
Z

_ i=1,n T3 :
K= 1
i=l,n Q1

o=
[3¥]
[

(III-1)

+
;
:




120

In these equatiohs, Xy and T represent the mean value of a
particular isotopic ratio (or p'a'ra'meter), and the estimated standard
deviation of the mean, for seti. These computationé were

- performed using one more significant digit than has been shown in
‘the tables. The entries in the bottom row of each of the Tables
I11-1 to 1II-8 are the values of ),a. and 29, given by equations

'A
(I1I-1). These quantities are the data whichappear in Tables 6-1

and 6-2.
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TABLE I11-1. TRIPLE FILAMENT ANALYSES ON SAMPLE Gd-J

No. of Gd155 ) Gd157 % Gd158 "
 Analysis Set scans cdtP®  galf0  al®0 A B
Gd-Jl 1 6 L6761 .7161 1.1363 1.3615 1.6916
+,0008 *,0009 2.0026 Z.0012 %.,0038
aa-gb 1 9 6767 L7162 1.1367 1.3606 1.6922
+,0004 +,0003 #.,0017 £.0009 £.0034
2 6 6764 L7166 1.1358 1.3611 1.6893
+,0007 £.0008 +,0014 +.0013 £.0019
3 6 6777 .7154 1.1348 1.3586 1.6898
*,0021 *,0015 *,0012 *,0042 %,0026
Gd-J5 1 &  .6767 L7161 1.1355 1.3606 1.6898
*.0013 *.0010 F.0017 *.0026 *.0032
2 6 6769 L7161 1.1364 1.3602 1.6917
- +,0002 %,0003 £.0005 .0003 £.0008
3 6 6767 .7165 1.,1365 1 3606 1 6911
+70006 *.0005 1.001? *+.0013 *.0023
L S .6902
1.0010
Average 67686 71620 1. 13620 1. 36030 1. 69083
*.00015 ¥ 00016 T.o0044 *,00027 _.00067

# Fractionation correction corrected to Gdl56/Gd160= .9361

# Analyses Gd-J2 and Gd-J3 were rejected because of Bafrt

. interference with the GdT spectrum.

This was caused by

raising the side filament temperature too quickly without
~allowing sufficient tlme for Ba to decay at lower tempera-

tures,

The parameters A and B are defined in Table 6-1.
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TABLE I1I-2., TRIPLE FILAMENT ANALYSIS Gd-Jé

155 #® 4157 * 4158 %

Gd
’ . No. of —E0
Analysis Set scans Gd Gd160 Gd160 A B
Gd-J6 1 6 6782 L7172 1.,1361 1.3573 1.6884
A _ +.0011 *.0009 *.0004 F,0021 +,0023
2 5 L6768 L7165 1,1358 11,3603 1,6894
- %,0013 *,0008 -*,0012 *,0025 +,0018
3 6 6770 7165 1,1349 11,3598 1.6873
+.,0009 ,0006 "F.0006 F,0018 .0024.
L 6 .6758 .7157 1356

1 1
+,0011 F,0010 F,0007 #,0021

5 6 6772 7160 1.1358 1.3596 1.6907
T.o004 F,0002 F,0003 2

6 6 6770 «7159 1,1354 1 1
Fr.0004 F,o004 F,o004 F,0009 F.0010

7 6 L6769  .7158 1.1355 1.3601 1.6904
: ' +,0003 F.0002 Z,0006 F.,0006 I,0013
8 6 L6766 7159 1.1359 1.3608 1.6910

*.0005 F.0004 F,0006 F,0010 Z,0011

g 6 L6771 L7156 1.1354 1.3598 1.6906
+.,0010 .0006 Z.0019 £,0020 V0029

10 ~
10 6 6763  .7155 1.1355 3614 1,6910

1.
T.o0004 *,0005 *,0005 *,0007 Z.0011

Average 67685 .71593 1.13566 1.36029 1.69038
+.,00026 *,00014 *,00021 *,00054 *.00054

¥ Fractionation correction normalized to Gal>®/cal60= .9361
‘The parameters A and B are defined in Téble 6-1.

Only statistical errors are shown., They éorrespond to
- two standard deviations of the mean,



TABLE III-3: SINGLE FILAMENT ANALYSES ON SAMPLE Gd-J

No. of GAYF0 * gald7 * gq150

Analysis Set scans dl®0 qal®0  q160 A B
Gd-Jsi 1 5 L6770 7154 1.1343 1.3598 1.6888
' +.0008 +.0010 *,0018 *.0017 *.0030
Ga-Js2 1 6 6771 - 7158 1.1361 1.3597 1.6915
+.0015 +.0006. *¥,0006 *.0029 *,0013
2 6 . 6767 7156 1.1359 1.3604 11,6909
+.0010 +,0012 +,0008 +,0020 +.0028
Average 67693 .71575 1.13586 1.36001 1,6910

+.00022 *,00029 *+,00063 *,00042 1,0013

*#  Fractionation correction normalized to Gd156/Gd160= .9361

All analyses weré performed using the cao” spectrum}

The

ratios have been corrected for the isotopic composition of

‘oXygen,

Rhenium having a specified purity of 99.9% was used. Zone-

refined rhenium was not used for these two analyses,

The parameters A and B are defined in Table 6-1.
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TABLE III-4. " SINGLE FILAMENT ANALYSIS Cd-Jzl

0al5 * ql57 * (4158 ¥
No. of "‘IEU —TE0 &0

Analvs1s Set scans Gd Gd A B
Gd-J2Z1 1 6 6774 .7162 1,1351 1.3592 1,6885
, , +.0005 _.0005 f.0015 *,0011 . +,0033
2 6 L6770 L7162 1.1356  1.3592 1.6897
_.0008 +.,0008 *.,0012 *,0016 *,0022
3 6 6767 7153 1.1356 1.3607 1.6917
Y,0003 *.0007 *.0010 F.0006 ZF.0024
4 6 6768 .7156 1,1360 1,3606 1.6920
_.0012 _.ooou 1.0008 ,00247°+,0018
5 5 677& L7160 1.1357 1.3593 1.6904
: *t.0004 *,0003 I,0004 F,0007 +.0013
6 6 6769 L7162 1.1355 11,3603 1.6895
F.0011 *.0007 F,0006 F,0022 F,0020
7 3 6772 7161 1361 1.3597 1.6909
+.0010 Z.0005 *,0018 .0021 *,0047
8 5 - . 6770 L7163 1.1363 1.3601 1.6911
*.0013 #.0009 i 0011 1.0026 *.0013
9 6 6766 -, 7150 1.1364. 1.3609 1.6942
*,0016 *.0010 i.oo33‘ 1,0031 +.0079
Average' ' 67702 ,71591 1.13570 1. 35999 1.69070

_.00025 +.00023 *.00018 i.oooso _.00069

*® Fractlonatlon correction normalized to. Gd156/ 160— 9361

The caot spectrum was used throughout. The ratios have
‘been corrected for the isotopic composition of oxygen.

_High purity zone-refined rhenium was used for this analysis,

The parameters A and B are defined in Table 6-1.
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TABLE III-5, TRIPLE FILAMENT ANALYSES ON SAMPLE. Gd-US

calo? ¥ gald7 ¥ 4158 *

No. of ~155
Analysis Set scans Gd Gd160 ' GdlgO A B
Gd-usk 1 6 L6764 ,7153 1.1347 1.3609 1.6898
: t.0009 "F.0015 #.,0011 *,0018 ZF.0035
2 8 6768 7163 1.1357 1.3603 1.6897
t,0004 i,ooo3 -+,0006 +,0007 +,0011
3 10 6776 .7160 1369 .3589 1,6931

1. 1
$.0015 *.,0009 - +,0017 +,0031 #,0028

Gd-Us5 1 6 .6768 .7159 1.1363 1.3602 1.6919

+,0003 %,0006 £,0004 *,0006 ~1.0014
Gd-USé 1 6 L6761 <7169 1.1360 .1.3618 1.6890
' 1.0018 £.0008 £.,0020 £,0036 .0033
Gd-US? 1 8 6770 7176 1,1358 1,3601 1.6868

*.0007 *,0007 F,0004 F,0014 F,0019
Average 67682 71639 1.13595 1.36026 1.6900

*,00015 +,00048°%,00034 *,00027 +.0016

* Fractionation correction normalized to Gd156/Gdl6O= 9361

The parameters A and B are defined in Table 6-1.



TABLE III-6.
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ANALYSIS Eu-AB USING TRIPLE FILAMENTS

cald> * ga1d7 ¥ g

#"These ratios show evidence of LaO+
- 155. No correction was possible.

The parameters A and B are defined in Table 6-1.

158 *
No. of
‘Analysis Set scans. T T A B

Eu-AB 1 6 68007 7160 1.1357 1. 35407 1.6903
+ 0017 *¥.0005 t.0013 *.oo34 f.0025

2 6 .6828# 7162 1.1362 1 3486” 1. 6911

' T.0010 F.0010 ZF.0019 ZF.0020 ZI.0027

3 6 68167 7160 1.1345 1.35107 1.6877

t.,0016 *,0013 *.0007 *.0031 ZF.ool41

v 6 68207 7160 1.1356 1. 35017 1.6901

+.,0013 *.0005 F.,0005 .0026 *.o0010

5 6 .6808" 7161 1.1361 1 1.3525" 1.6911

+.0008 1.0007 T.0015 X.0015 *.0028

6 b 68087 .7169 1.1352 1.35257 1.6872

+7 0020 *.0007 F.0021 F.0040 *.0052

7 6 68157 L7162 1.1353 1.3510" 1.6892

+,0007 Z,0006 *,0005 F.0014 £,0013

Average . 6815# 71614 l 13533 l 3512# 1,68987
+.0006 *.00024 * 00035 *,0012 1%, 00065

. #  Fractionation correction normalized to Gdl56/Gd160 .9361

contamination at mass
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TABLE III-7. ANALYSIS Gd-AB USING' TRIPLE FILAMENTS

| catdd ¥ ogtS7 ¥ qt58 ¥
No. of “—yrpy 160 150
. Analysis Set scans Gd Gd Gd A B
Gd-AB 1 6 6968”7160 1.1355 1.322% 1.690
_ f.0078 *.0005 #.0023 *.015 +.005

2 6 68677 L7161 1.1335 1.3 1.685
t.,0015 #,001r7 *,0046 +,003 *.007

3 6 68087 7184k 1.1354 1.352% 1,684
+.0055 *,0051 +,0083 F.011  *.009

Average »A 68677 71607 1.1351

4 _
1.3417" 1,6878
1.0033 #300032 *,0011 .0

07 *,0036

* Fractionation correction normalized to Gd156/Gd160=.936l

# These ratios show evidence of La0t contamination at
- omass '155. No correction was possible.

The parameters A and B are defined in Table 6-1.
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ANALYSIS GE-AB USING‘A ZONE-REFINED

RHENIUM SINGLE FILAMENT

155 *

No. of G4 catd? ¥ gato® ¥
Analysis Set scans CdlgO Gdl60 Gdléo A B

GE-AB 1 &  .6769  .7169 1.1367 1.3601 1.6904
_.0013 T,0011 Z,0016 £.0026 +,00L45

2 6 6760 .7161 1.1357 1.3619 1.6900

_.0005 ,0007 *.,0005 *,0011 #,0019

3 6 ~  .6766  .7160 1.1351 1.3608 1.6890

_ ¥.0006 *,0004 F,0005 F,0011 +,0011

L 6 6767 7160 1.1355 1,3606 1,6900

*,0004 2X,0002 21,0005 2.0009 ,0008

5 6 6767 .7160 1,1363 1.3606 11,6918

f.0012 F,0004 £,0007 ZF,0024 F,0017

6 6 6766 .7158 1.1352 1 3609 1.6897

+.0010 *.,0005 +.0010 +.0021 .0012

7 6 6766 L7157 1.1355 1 3608 1.6906

+,0009 ,0009 Z,0024 F,0018 F.,0043

~ Average .67652  .71598 1.13557 1.36092 1,68991
$.00024 1,00012 *,00031 *,00044 1,00058

# Fractionation correction normalized to Gdl56/Gd160=.936l

All ratios were obtained using the cao™ spectrum, -
ratios have been corrected for the 1sotop1c composition

of oxygen.

The parameters A and B are defined 'in Table 6-1,

The



129

APPENDIX IV’
SLLOPE OF THEORETICAL CORRELATION LINES FOR NEUTRON

CAPTURE

1 #*
Let X and Y be the values of the Gd 57/Gd160

' 158 160 *
and Gd = /Gd

156
d /Gd160 = .9361l. Then

isotopic ratios when normalized to

G

L cd? LGal% (Gd156)
* Gateo |17 73 Ggte0 - 936D /L Tigo

' 158 : 156 : 156
Gd d
= Gd160 {1 - 50( Gdl 0~ 9361) /( d )} (IV—l)

where the isotopic ratios in equations (IV-1) are the measured ratios,

without normalization.

" Consideration of the thermal neutron capture processes

leads tothe following differential equations

a(Ga'®7/Galto)

3]

a(Gal26,/Gal6o) Vs (Gd155

, d(Gdlss/Gdléo) U

(cont. over)
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e 155/Gd 60, 9

155 [ Gal>>
158160, ~ 157 (Iv-2)
d(Ga'?8/Gal60) Ti57 * gal® |

. From equations (IV-1) and (IV-2) it can be shown that

{ GA | eL” } 936 (;4'“ CJ‘“’)}

=956
. _ylbo S = ls'ﬂ
av 6L (oo q—{, (&%) c,,( Col t5t
ax =
. 157 Iss”
{" "f(u ?39()/54 }1‘ R GLLI By
— / (;4 ) cv(l?l’
157 W [ ylee
| (IV=3)
For small changes in isotopic compositioﬁ we may
assume that GdlSé/Gd160 = .9361, which greatly simplifies equation

(IV-3), and leads to a slope for the correlation line for thermal
neutron capture (see Figures 6-1 and 6-3) of dY/dX = - .763 near
terrestrial Gd (using data from Tables 1-1 and 6-1).

Similarly, the slope of the correlation line for Figures

6-2 and 6-4 is given by

GdlS?

e o [l

dB _ 157 Gd

dA 155
e A I'ZS(G_dT?) + 1
155 Gal°

= 5.30 | (IV-4)
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