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Abstract

Boron concentrations were determined for six
carbonaceous chondritic meteorites using the reaction
11B(d,p)lzB. The results imply a solar system B/H ratio
of (2 +1) x 1077, Although this ratio is much lower than
that determined from previous meteoritic measurements, it
remains significantly higher than the B/H ratios determined
from the solar photosphere and other astrophysical
environments.

Light element abundance ratios obtained from both
meteoritic and photospheric data are compared with
calculated values. It is concluded that two contributions
are probably necessary to account for the observed ratios.
Lithium, beryllium and boron nuclei produced according to
the standard galactic cosmic ray model are expectéd to
contribute significantly to the observed abundances.
However, a component arising from low-energy spallation
of CNO nuclei also appears necessary. sSeveral possibilities
are considered for the origin of these low-energy particles.
However, the data and calculations are too uncertain to

permit any firm conclusions.
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I. Introduction

Although most of the chemical elements were probably
created by thermonuclear reactions in stars, three light
elements, lithium, beryllium and boron, must have béen
produced elsewhere, since they are rapidly destroyed in
the stellar environment. Many models have been proposed to
explain the existence and abundances of these elements, the
most successful being the galactic cosmic ray spallation
model (see, e.g. Reeves et al., 1970; Meneguzzi et al.,
1971). However, even this model does not seem to completely
solve the problem of these light elements.

One of the major difficulties in understanding these
light element abundances has been the inadequate and often
conflicting data on their solar system abundances. The
problem has been particularly bad in the case of borons
Measurements of boron in the solar photosphere (Hall and
Engvold, 19753 Kohl et al., 1977), the interstellar medium
(Morton et al., 1974), and the star Vega (Boesgaard et al.,
10 while Cameron et al. (1973)

calculated a meteoritic B/H of 1.5 x 10-8 based on

1974) imply B/H =~ 10~

carbonaceous chondrite data obtained by Quijano-Rico and
Wanke (1969). Other data from carbonaceous chondrites
(Harder, 1961; Mills, 1968) suggest B/H = 5 x 10™7,

It is not necessarily required that the B/H value for
the interstellar medium or for stars other than the sun

agree with the meteorite value. However, good agreement is
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expected between the solar photospheric boron abundance and
that derived from analyses of carbonaceous chondritic
meteorites. Carbonaceous chondrites resemble the solid
material expected when a gas cloud of solar composifion

cools to temperatures of ~300 % at low pressure (10'4- 10

-6
atmospheres). Thus, elements which are gases (carbon,
nitrogen, oxygen, rare gases, and perhaps chlorine) are
depleted in meteorites relative to the sun. However,
non-gaseous elements are expected to be present at their
solar values (Anders, 1971; Ross and Aller, 1976) and cases
where elements are enriched in meteorites may provide
important information. For example, the 200-fold enrichment
of lithium (Nichiporuk and Moore, 1970; Grevesse, 1968)
indicates thermonuclear destruction of solar lithium, either
in an earlier, totally convective, phase of solar evolution
or by burning at the base of the surface convection zone
during the main sequence lifetime. Unfortunately, a similar
explanation for the boron discrepancy does not seem likely.
Beryllium should be destroyed at lower temperatures than
boron and there seems to be a reasonable correspondence
between photospheric and meteoritic beryllium abundances
(Quandt and Herr, 1974; Chmielewski, 1975). It has also
been suggested that boron may be enhanced in carbonaceous
chondrites and that these meteorites do not provide a valid

solar system abundance for this element (Hall and Engvidld,

19753 Morton et al., 1974; Boesgaard et al., 1974).
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However, with the exception of lithium and possibly mercury
(Reed, 1971), no other cases of element enrichment in
carbonaceous chondrites relative to the solar photosphere
are known and such an enrichment of boron would be difficult
to explain.

As emphasiszed by Cameron gt al. (1973), a B/H ratio of

-8

10 is too high to be compatible with otherwise attractive

theories of galactic cosmic ray (GCR) nucleosynthesis of the

light elements. The lower value of 10~10

has been generally
accepted as more compatible with GCR nucleosynthesis;
however, as will be discussed later, the high implied Li/B
ratio presents difficulties.

In view of the large difference between the meteoritic
and solar boron abundances and the implications for light
element nucleosynthesis, additional measurements of the
meteoritic boron abundance seemed desirable. In Chapter Il
of this thesis, the experimental technique used for these
measurements will be described. The results of these
measurements will be presented in Chapter III and compared
with other measurements of boron in carbonaceous chondrites.
Chapter IV will consider boron abundances from other
astrophysical environments. Possible explanations for the
the discrepancies between these values and our measurements
will be presented. In Chapter V, the various light element

abundances will be compared with the predictions of the GCR

model and the possibility of other contributions to these
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abundances will be considered. Conclusions will be

presented in Chapter VI,



II. Experimental Procedure

Because of the complexity of boron chemistry and the
relative inertness of boron isotopes to conventional neutron
activation techniques, the development of modern methods of
boron analysis for geochemical samples has been slower than
that for other elements. In this work, the nuclear reaction

)12

11B(d,p B was used to determine boron concentrations in

carbonaceous chondrites. This chapter describes the

12y activation analysis of low=boron

procedure for the
samples.

For samples with more than 10 ppm B, the 123 activation
technique permits convenient, routine boron analysis without
elaborate precautions and testing for contamination.
However, at the 1 ppm level, sample contamination can become
a major concern. Sample preparation procedures and tests

for contamination were important for this experiment and are

also discussed in this chapter.

A. Sample Preparation

Samples of each of the three types of carbonaceous
chondrites were obtained for analysis. C1 chondrites,
considered to be the most primitive material in the solar
system, are composed almost entirely of dark matrix
material. Material from these meteorites crumbled easily
and therefore required careful handling. C2 and C3

meteorites are characterized by small glassy spheres
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(chondrules) imbedded in a matrix similar to that of the C1
chondrites. These samples were considerably more solid than
the C1 samples. In addition to the meteorites, NBS glass
standards containing about 350 ppm B and graphite cbntrol
samples were also prepared and analyzed.

Because of the serious contamination problems
encountered in this experiment, meteorite samples were
selected and prepared with great care., All operations were
carried out with pre-cleaned tools in a restricted-use
laboratory which has a charcoal-filtered air supply system.
Totally interior samples were obtained by chipping, sawing,
or, in the case of the C1 meteorites, by carefully removing
the external portions of the samples with tweezers. Chipped
or sawed surfaces were sanded with coarse-grit silicon-
carbide paper to remove any smeared metal and then ultra-
sonically rinsed in high-purity methanol. Surfaces cleaned
in this way could be analyzed directly. However, because of
sample thickness corrections required for analysis, only
slices with plane parallel faces were considered suitable
for irradiation. Glass standards were prepared in a similar
manner, using different equipment to avoid cross-
contamination of samples. The C1 meteorite samples (because
of their friability), some Murchison (C2) samples and
some graphite controls were powdered in a ball mill
using a plastic ball and container. Grinding times for

obtaining the powders varied from a few seconds for the C1
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chondrites and graphite control samples to a few minutes for
the Murchison samples. The powders were then pressed into

5 mm diameter pellets (20-50 mg) using a stainless steel die.
No binder was necessary to obtain coherent pellets, although
those from Allende were fragile.

It was necessary to use low=boron materials throughout
the sample preparation and analysis procedures. Although
boron is a rare element in the solar system, it is quite
common in the laboratory environment. Pyrex glassware
(4% B) and detergents containing boron were obvious problems
and were not used. Table 1 shows the boron concentrations
of other standard laboratory materials. These concentrations
were measured by M. Furst using a nuclear track technique
for boron analysis (Furst et al., 1976; Weller et al.,
1978). Materials actually used in preparing samples for this

experiment are indicated by asterisks.

B. 123, tivati Analyss

The reaction 11B(d,p)lzB is particularly suitable for
low=level boron analyses for several reasons. The cross
section is large, ranging between 0.2 and 0.6 barns for
deuteron energies between 1 and 2.8 MeV (Kavanagh apd Barnes,

1958). Also, the beta-decay of 12

12

B is almost exclusively to

the ground state of C with a maximum decay energy of

13.4 MeV and a half-life of 20.4 msec. This unique decay

12

signature allowed the yield of betas from "B to Dbe
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determined despite significant background from other
reactions.

The experimental arrangement for these measurements is
shown schematically in Figure 1. One of the 24 taréets in
the holder was bombarded with about 150 nA of 2.8 MeV
deuterons, confined within a beam spot size of about
3 mm x 3 mm. The maximum beam current was limited by the
outgassing of the targets. The bombarding energy of 2.8 MeV
was chosen to minimize the effects of background reactions.
Deuterons with this energy penetrated about 50 microns into
the samples. However, at energies below about 0.5 MeV, the
cross section for the (d,p) reaction is quite small due to
Coulomb barrier effects; thus, the actual thickness
analyzed was about 35 microns, out of a total sample
thickness of 0.5 to 1 mm. A 5 cm x 5 cm Pilot B plastic
scintillator, located 6 mm behind the target, detected the
betas, which had already lost an average energy of 2.5 MeV
in the sample and in the material between the target and the
detector. The single channel analyzer (SCA) had an energy
window corresponding to an energy loss in the detector of
3.5 to 9.5 MeV. This means that most of the betas accepted
by the SCA had initial energies between 6 and 12 MeV. Pulses
from the SCA were then fed into four scalers which were gated
to count in consecutive time intervals.

The counting sequence is shown in Figure 2a. The beam
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was on the target for 30 msec. Because there was a delay of
several msec between the signal for the beam to be deflected
and the actual deflection of the beam, a 15 msec delay was
introduced into the counting cycle to insure that the beam
was not on the target during the first counting period.
After this delay, four scalers were gated, in turn, for 15
msec counting periods. This cycle was repeated between
20,000 and 100,000 times, depending on the target and the
beam current. Assuming constant background, the difference
between any two scaler readings was proportional to the
concentration of g,

There were two important background reactions in this
experiment which caused a rather small signal to background
ratio (roughly 1/20): (1.) The lithium content of chondrites
is small (1 to 2 ppm), but the 7Li(d.p)BLi reaction cross

section is large and the 13.1 MeV beta-decay energy of 8Li

1ZB

8

made it impossible to discriminate between the 8Li and

spectra on the basis of energy. The yield of betas from "Li

12

was approximately equal to that from B for a target

containing Li/B = 1.5 by weight; however, the large

difference in half-life (850 msec for 8Li vs. 20 msec for

12 12

B) enabled counts from ““B to be distinguished from those

due to 8Li. (2.) Analysis of the decay rate of the induced

radioactivity showed that most of the background for a

16

meteorite sample was due to the beta decay of N, produced
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in the reaction 18O(d,a)léN. This reaction does not have a

large cross section, but oxygen is the most abundant element

in carbonaceous chondrites. 16

16,

N decays primarily to excited
states in , emitting low-energy betas which were not
counted. The high-energy gammas from the subsequent decay
to the ground state did not contribute significantly to the
observed background since plastic scintillators are
inefficient detectors for gamma rays. However, betas with a
maximum energy of 10.4 MeV are emitted in 26% of theléN
decays. Although the low-energy cut=off on the SCA was
chosen to minimize the effect of this decay on the final
error, these high-energy betas accounted for 95% of the

meteorite background counts.

8 16

Li (0.85 sec) and
12

Although the half-lives of both N

(7.2 sec) are much longer than that for ““B, the background
could not be considered constant. Such an assumption would
have resulted in an overestimate of the bordn concentration
by about twenty percent. With four counting periods, one

1'2B yield which properly takes

16

can, in principle, obtain a
into account the decays of 8Li and N. However, for the
meteorite samples, only a small error was made by assuming

that the background was entirely due to 16

N, and that it
therefore decayed with a 7.2 sec half-life. The estimated
error from this assumption was approximately 2%, compared to

10% from counting statistics alone. For the standard
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samples which contained 100-200 times more lithium than the
meteorites, the background was assumed to decay with an 0.85
sec half-life. Again, this introduced only a small error
into the results. »

Given these assumptions, only two counting periods are

12g yield. Statistically, the most

required to determine the
precise 12B yields were obtained by combining the four 15
‘msec counting periods into two 30 msec periods. All of the
tabulated B concentrations were based on this procedure which
is described in detail in Appendix A, Other differences in
the number of counts (e.g. between the 1st and 2nd periods)
were routinely checked and found to be consistent, indicating

that the 10

N and 8Li background corrections were effective.
Figures 2b and 2c are examples of actual meteorite decay
curves, both uncorrected and corrected for background.

To obtain the boron concentrations, 12B yields from
meteoritic samples were compared with those from the
National Bureau of Standards glass SRM 610 which contains
351 ppm B. The SRM 610 concentration was confirmed by
comparison with Pyrex glass which has a well-known and well-
controlled boron concentration. The results of these
comparisons for different pieces of the NBS glass are shown
in Table 7. In comparing meteorite yields with those for the
NBS glass, a small correction ( 10%) was made which took into

account the differences in deuteron energy loss between the

sample and the standard. (The range of the deuterons, and
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thus the thickness of material analyzed, is dependent on
sample composition.) This correction is described in detail
in Appendix A. A correction was also necessary for
differences in the beta yields due to varying samplé
thicknesses. Compared to a thin sample, a thick sample
degraded more betas below the SCA lower limit and, thus, a
smaller fraction of the total spectrum was counted. This
correction was typically 30%, but was as large as 100% in

some cases; fortunately, it could be determined experimentally
from "absorption" curves obtained by analysis of various
thicknesses of Pyrex glass. Although high-energy betas were
being counted, ionization losses dominated bremsstrahlung as
the principal mechanism for energy loss since the absorbing
materials were composed primarily of light elements. Thus,
negligible error was introduced by assuming that the measured
beta absorption curve for Pyrex applied to the meteorite
samples as well. The uncertainty in the thickness corrections
did not contribute significantly to the total error in the
measured boron concentrations. The details of this correction
are also discussed in Appendix A. Finally, to obtain the

11B/10

total boron content, it was assumed that the B ratio

in meteorites is the same as the terrrestrial ratio. Thus,
no isotopic correction was necessary in comparing meteoritic
and standard samples.

v

As an additional check on the B activation technique,
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a comparison was made of boron concentrations obtained using
this technique with those obtained by M. Furst using the
nuclear track technique. Agreement to within 5% was obtained

for pieces of glass containing about 90 ppm B,

The estimated error for a single measurement on a sample
containing 1 ppm B is *15%. For samples with higher boron
concentrations, the percentage error is smaller since most

of the error arose from counting statistics.

C. Contamination Effects

It was important to establish that the data were not
seriously affected by contamination. Since this technique
was instrumental, it was possible to re~analyze a given
sample. However, when this was done, the measured boron
concentration increased with each irradiation, sometimes by
as much as a factor of 2-3. Even elaborate precautions
in storage of the samples between irradiations failed to
prevent this increase. Consequently, all reported results
are based on the first analyses of freshly prepared samples.

The following tests were performed to determine whether
results obtained from the initial analyses of samples were
also affected by contamination. Recall that the important

1% o B/H = 1.5 x 10~8,

question is whether B/H = 10
(1) Low boron control samples were prepared and analyzed

in parallel with each batch of meteorites, and these samples
consistently yielded much lower boron concentrations than the

meteorites. If contamination had been introduced in any way
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during sample preparation or analysis, it would have affected
both meteorite and control samples. (2) The time between

sample preparation and analysis as well as the total exposure

time of the sample to the laboratory atmosphere were
deliberately varied. These tests showed that contamination
was not significant for our standard procedures. (3) Fresh
surfaces of three Murchison slices were prepared under
vacuum and then analyzed without atmospheric exposure.
Results from one of these samples indicated a possible
contamination effect of £0.5 ppm.

We now consider these test results in detail.

(1) A sample of reactor-grade graphite was prepared and

12B

analyzed along with meteorite samples during each
activation irradiation. The mechanical and surface properties
of graphite made it a reasonable choice for a control sample,
particularly for comparison with sawed meteorite surfaces.

The graphite was guaranteed to have a boron content of less
than 0.8 ppm and the average value (according to the
manufacturer's specifications) was 0.4 ppm B. Individual
analyses in this experiment yielded concentrations between

0.1 and 0.4 ppm with the standard deviation of a typical
analysis being about 0.15 ppm. Thus, within errors, a value
of 0.25 ppm B was obtained for all the graphite control
samples. This sets an upper limit for the amount of

contamination which is, at most, 25% of the observed

meteorite values. Since a sample of the Murchison meteorite
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was present in most of the irradiations, it was also possible
to check for any correlation between the graphite and
Murchison data which would have suggested a variable amount
of contamination. No such correlation was observed.

Graphite samples were analyzed in the form of pellets
as well as slices. No differences were seen between the
sawed slices and the pellets. Thus, no correction for a
"crushing blank" was applied to the meteorite results
obtained from pellet samples.

(2) It was found that samples could not normally be
stored for periods of a few weeks between irradiations
without observing an increase in beron content. Consequently,
it was necessary to demonstrate that the sample did not
become contaminated in the time between preparation and the
first analysis, i.e. to have some estimate of the rate of
surface contamination. There were two times which required
investigation: (a) the storage time between sample preparation
and evacuation of the irradiation vacuum chamber and (b) the
exposure time of a fresh sample surface to the laboratory
atmosphere.

Normally, samples were stored in a dessicator for
10-20 hours prior to evacuation of the irradiation chamber.
A series of slices of Murray and of graphite were brepared
and the storage times were varied. The resulting boron
concentrations are shown in Figure 3. No significant

increases were observed except for the graphite sample which
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was stored for 64 hours.

Between the time of sample preparation and the
evacuation of the irradiation chamber, fresh sample surfaces
were normally exposed to the laboratory atmosphere for
15-30 minutes. Slices of Murchison, Allende and Murray were
prepared for which the laboratory exposure times were
increased to 90 minutes and these samples were analyzed in
parallel with slices having normal exposures. The results
are shown in Figure 4. The scatter in the data at short
exposures is typical of these samples and is ascribed to
sampling. Considering this scatter, there was no significant
increase in boron concentration with increased laboratory
exposure time, except possibly for the Murray sample which
had an extended exposure.

These results indicate that negligible boron
contamination was acquired during the normal exposure and
storage of freshly prepared samples prior to analysis. They
also demonstrate +that the actual meteorite samples did not
"adsorb” boron contamination more rapidly than the control
samples during this time. However, these results do not
preclude the possibility that "instantaneous" contamination
occurred when the meteorite surface was first exposed to the
atmosphere.

(3) Three slices of Murchison were analyzed by 125
activation. Following the initial analyses, fresh surfaces
were scraped on the samples without breaking the vacuum, and

the samples were then re-analyzed. This procedure was
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repeated several times, yielding the results shown in Figuré 5

Sample #1 was scraped twice with a quartz tool while
under vacuum and a total of A 75% of the irradiated surface
material was removed. The data from this sample in&icate
no contamination.

For Sample #2, the surface was removed using a steel
file. In this case, the sample was scraped four times and
the entire top 230 microns were removed. Data from this
sample indicate some possible surface contamination.
Unfortunately, it was not possible to determine the absolute
boron concentrations for these analyses. The energy window
of the SCA for these analyses was significantly different
from that of the other analyses and a much smaller fraction
of the spectrum was counted. Since the beta energy loss
correction to the data was determined for a different part
of the spectrum, this correction could not be accurately
made. However, a subsequent comparison of B concentrations
obtained using different portions of the beta spectrum
indicated that the B concentrations shown in Figure 5 should
be taken as lower limits for the actual concentrations for
this sample. Thus, the contamination level is, at most,

0.5 ppm B. Measurements on other samples suggest that the
actual concentrations are 10-20% higher than these lower
limits. These values are only élightly lower than many of

those obtained from other analyses of this meteorite.
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Sample #3 was also scraped with a steel file. This
sample was scraped 7 times and a total of 420 microns of
surface material was removed. Although this sample was
seriously contaminated initially, the boron concenfrations
found after the sample had been scraped several times were
well within the normal range of concentrations for this
meteorite. Thus, this sample also indicates that our
results were not seriously affected by contamination.

During the second surface removal experiment, the sample
was analyzed twice between the second and third scraping.

The results of the two analyses were consistent and indicate

that, while under vacuum, contamination of a clean surface
occurs very slowly, if at all.

Based on the above tests, contamination is not believed
to be a serious source of error in these measurements,
Nevertheless, the origin of the contamination was of some
concern and attempts were made to determine its source. The
following discussion summarizes what is known (and
conjectured) about this contamination.

There was an apparent difference in the contamination
rate of samples before and after irradiation which is
believed to be significant, although this cannot be
conclusively proved. Preferential contamination of
radiation-damaged surfaces is moderately well documented
for fluorine (Goldberg et gl., 1975) and hydrogen (Leich et
al., 1974). In this experiment, the evidence for radiation-
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induced contamination came from measurements in which a
sample was analyzed, exposed to air and then re-analyzed
under vacuum. This experiment was done three times on a
total of six meteorite and two graphite samples with
atmospheric exposure times varying from 0.5 to 12 hours
between measurements. In the first two experiments, all of
the B concentrations increased by amounts ranging from 2 to
10 standard deviations. However, in the third irradiation
which involved the shortest exposure time, two Murchison

samples showed no significant increase. Thus, radiation

damage appears to have had an important influence on the
contamination rate, although other factors may also have
existed.

An alternate explanation for these results is that most
of the surface-adsorbed gases were removed when the samples
were placed under vacuum and then contamination occurred
immediately upon re-exposure to the atmosphere, regardless
of whether the sample had been irradiated. This inter=-
pretation seems unlikely because surface-adsorbed gases
would not be removed at the pressures used for these

-6 Torr), and rapid contamination has

measurements (10™°-10
also been observed with the nuclear track analysis
technique (Weller et al., 1978) which involved no vacuum.
Nevertheless, experiments were performed to test this

interpretation. Homogenized meteorite pellets were analyzed

by 12B activation, but analysis of some pellets was done only
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after the scattering chamber had been vented and
re-evacuated. In two experiments, the pellets analyzed
after venting showed boron concentrations which were 1 and 3
standard deviations higher than those obtained from pellets
analyzed before venting. However, for the samples which had
been irradiated before venting, the boron concentrations
after venting were even higher. These results support the
radiation-damage hypothesis, but still permit some

contamination (up to ~0.5 ppm) of the samples which were

pumped on and then exposed to air before analysis. However,
only a few samples had this pressure history and they did
not show systematically higher boron contents than the
other samples.

The source of the contamination boron is not known.
However, it is clearly airborne and limits on the:.size of
the contaminating particles have been set based on
measurements by M. Furst using the nuclear track technique
(Weller et al., 1978). These measurements indicated an
upper limit of 5109 atoms of boron per contaminant particle.
The most likely form of such small contaminant particles is
aerosol droplets, e.g. sub-micron H3B03 solutions, presumably
originating from sea spray. An observed correlation between
high boron results for control (as well as meteorite) samples
and certain local weather patterns suggests a second possible

source of contamination. Extensive borate deposits are
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located in the nearby deserts and it is likely that dust
particles from these deposits are blown into our area by the
occasional strong winds from the desert.

Since the source of the contaminant boron could not be
definitely established or eliminated, it was necessary to
establish criteria by which samples could be considered
approximately free of contamination. Exposure of the samples
to the laboratory atmosphere was minimized and samples were
placed in the scattering chamber under vacuum within 24 nhours
of preparation. Analyses were accepted only if low boron
concentrations were obtained from graphite control samples
during the same irradiation. Finally, only the initial
analysis of a surface was accepted. All analyses satisfying
these requirements were assumed to be unaffected by
contamination. (One additional requirement was imposed on
the samples which had nothing to do with contamination:

Since the data had to be corrected for differences in target
thicknesses, only samples with plane parallel surfaces were

accepted for analysis.)
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III. Results

Detailed results of these measurements are presented in
Table 8 and Figure 6 on a sample-by-sample basis. The X's
indicate analyses of different pellets prepared from aliquots
of a single crushed sample while the other data represent the
single analyses of samples which were prepared as slices.

Typical errors for all the data are 20.2 ppm.

The reproducibility of these results was quite good.
Duplicate bombardments of the same sample routinely gave
results that agreed within statistical errors, provided that
the vacuum system was not vented between irradiations., This
reproducibility shows that the results are not anomalously
low due to loss of volatile boron compounds by beam heating.

The homogenized pellets provide another test of
reproducibility. Analyses of different pellets produced
from aliquots of a given sample were in generally good
agreement as is seen in Figure 6.

Some scatter is expected for different samples of the
same meteorite, given the relatively small volume of
material analyzed and the petrographic variability of
carbonaceous chondrites; however, the results for the C2
meteorites, Murray and Murchison, are remarkably consistent.
The Allende results show more scatter with values for

individual samples ranging from 1 to 3 ppm. However,
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this scatter is not unreasonable for these samples.

Most of the 12B activation results obtained after
August 26, 1976 have been accepted. Murchison and Allende
analyses prior to this date were made on samples of irregular
thickness which resulted in very large uncertainties. These
results were not tabulated because of the large errors. They
are compatible with the later data, although there is some
tendency for the Murchison values to be somewhat higher

(2-3 ppm rather than 1-2 ppm) than those obtained later.

Several later Murchison analyses were also rejected. Two of
these samples had not been cleaned properly and therefore
did not satisfy the criteria for sample acceptance. One
other sample was shown by vacuum-scraping to be contaminated.
Finally, the results from one sample were re jected because
the usual SCA energy window was not used for these analyses.
Table 2 gives the average boron concentrations for the
meteorites studied. Clearly, different ways of averaging the
individual analyses would produce somewhat different results.
For example, all samples were included in the aﬁerages,
although omitting the highest values for Murchison and Allende
(Figure 6) would have been permitted statistically. If the
high results are excluded, the resulting boron concentrations
for these meteorites become 1.5 and 1.3 ppm, respectively.
The results in Table 2 differ slightly, but not significantly,
from those given in Weller et al.(1977) and Weller et al.(1978).

The final column in Table 2 gives the atomic boron
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abundances, relative to Si = 10°. Silicon contents for
individual meteorites have been used where possible; other-
wise, the silicon contents for the various C meteorite
subgroups (Moore, 1971) were used. The progression of B/Si
between the C3/C2/C1 meteorites is close to the 0.4/0.5/1
progression normally observed (Larimer and Anders, 1967
Anders et al., 1976) between the different types of C
meteorites for moderately volatile elements.

The results of several measurements of boron in
carbonaceous chondrites are presented in Table 3. The
Allende result from Weller et al. refers only to the value
obtained by nuclear track analysis. In addition to these
measurements, Curtis et al. (1976) have determined boron
concentrations in eight carbonaceous chondrites, obtaining
results in agreement with those presented in Table 2,
although actual values were not presented in their paper.
There are obvious discrepancies between the early analyses
and the more recent measurements which probably cannot be
ascribed to sampling. The number of samples of each
meteorite analyzed by 12B activation is indicated in Table 2.
In the case of Allende, the samples were taken from two
different specimens, each supplied from a different source.
For the Murchison measurements, samples were taken from
three different specimens, also from different sources.

If the boron concentration in carbonaceous chondrites really

varies between 1 and 10 ppm, high values should have been
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123 activation measurements. The low

observed in some of the
results of Curtis gt al. and of Weller et al. also support
the argument that the discrepancies are not due to sampling.

The differences between the low boron concentrations
obtained in the most recent measurements and the early high
results may represent the use of contaminated samples in the
previous studies. Winke (1978) has indicated that their
carbonaceous chondrite samples were of poorer quality than
their other samples and has also suggested that the location
of their laboratory adjacent to a factory producing high-
boron glass may have contributed to the contamination of
these samples. It should be emphasized that the chemical
and analysis procedures used by Quijano-Rico and Winke
produced low blanks and, ironically, have superior
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sensitivity and precision to those used for the
activation measurements. There is no reason to question the
results of these workers for the ordinary and enstatite
chondrites where larger and better quality samples were
available for analysis. In fact, Curtis et al. (1976) have
confirmed their results for these meteorites.

It should be noted that Curtis et al. now seem to be
obtaining boron concentrations for some carbonaceous
chondrites (Murchison and Lancé) which are lower than their

earlier results and the results given in Table 2 (Curtis,

1978). The most obvious explanation for this new discrepancy
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is that the earlier results as well as those in Table 2 are
high due to contamination. The neutron-induced prompt
gamma-ray analysis technique (Gladney et al., 19?6)_used by
Curtis et al. is less sensitive to surface contamination

than either the 1@

B activation technique or the nuclear track
technique. Their new results for Murchison are consistent
with, but somewhat lower than, the lower limit of
0.8 ppm found for one of the vacuum-=scraped samples in this
experiment. However, the results of the contamination tests
discussed in the last chapter indicate that contamination did
not seriously affect the results in Table 2. Throughout the
remainder of this thesis, it will be assumed that the values
given in this table reflect the approximate boron contents
of carlonaceous chondrites.

Based on the results given in Table 2, the solar system

B/H ratio is estimated to be (2*1) x 10'9. One may also

calculate a B/H ratio based on the boron concentration of

0.8 ppm obtained as a lower limit for one of the vacuum-
scraped Murchison samples. A value of 1.5 Xx 1077 is
determined if one assumes that the B/Si ratios are
characterized by the progression between the different types
of C meteorites which is observed for other moderately
volatile elements. This value is not significantly

ditferent from that obtained from the other samples.
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IV. Light Element Abundances in the Solar System and

Other Astrophysical Environments

In attempts to clarify the creation process for the
light elements, measurements have been made recently of the
lithium, beryllium and boron abundances in several different
astrophysical environments. Table 4 summarizes the results
of these measurements relative to hydrogen abundances of 1.
It is clear that the measured abundances of the light
elements do not all agree for different environments and in
this chapter, possible explanations will be offered.

Although there is no reason for the abundances to be
the same in all of these environments, general agreement has
been found between elemental abundances in the solar photo-
sphere and those in carbonaceous chondrites except for
elements that are normally in gaseous form. Unless the
abundances of lithium, beryllium and boron have been
influenced by processes which have not affected other
elements, good agreement is expected between the solar
photospheric and meteoritic abundances for these elements
as well. The most widely accepted model for the synthesis
of the light elements, the GCR model, predicts approximate
agreement between solar system and interstellar medium
abundances. This model also implies that the lithium,
beryllium and boron abundances for main-sequence stars other

than the sun should agree with the solar system values unless
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the stellar abundances for these elements are modified by
nuclear processes. However, this model does allow the
relative abundances of elements and their isotopes in the
cosmic rays to differ from their values in other
environments.

It is seen from Table 4 that the meteoritic and solar
photospheric abundances do not agree for any of the light
elements. In the best case, that of beryllium, the
discrepancy is a factor of three while, for lithium, there
is a difference of nearly two orders of magnitude. The
disagreement in lithium abundances is generally considered
to be due to the destruction of lithium by nuclear reactions
at the base of the solar photosphere or during an earlier
phase of solar evolution. However, this explanation
is unlikely to account for the discrepancies betweéen the
meteoritic and solar photospheric abundances of beryllium
and boron. Since beryllium is destroyed at lower
temperatures than boron, the difference between solar and
meteoritic beryllium should be larger than that for boron.
This does not appear to be the case. However, the large
experimental errors do not allow a firm conclusion. If all
the light elements have been destroyed to some extent in the
solar photosphere, then the meteoritic abundances must be
assumed to represent the solar system abundances for

beryllium and boron as well as lithium.
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The beryllium discrepancy is generally ignored and
other explanations have been suggested for the discrepancy
between the solar photospheric and meteoritic boron.
abundances. Several authors (Boesgaard et al., 1974;
Audouze et al., 1973; Kohl et al., 1977) have suggested that
boron may be anomalously enriched in carbonaceous chondrites
relative to its actual solar system value. However, there
is no obvious mechanism for such enrichment and, with the
possible exception of mercury (Reed, 1971), it is not
observed for other elements.

The possibility of experimental errors in either the
solar photospheric or meteoritic measurements (or both)
cannot be excluded. For example, contamination has already
been discussed as a source of error in the meteoritic boron
measurement. Photospheric measurements of both boron and
beryllium are difficult and, for boron, two different
measurements are not in agreement. If the higher value of
Kohl et al. is chosen, then the discrepancy between
meteoritic and photospheric boron abundances is not much
worse than that for beryllium. On the other hand, if either
the photospheric or meteoritic beryllium abundance were shown
to be incorrect, the possibility of stellar destruction of
boron might seem more plausible.

As mentioned earlier, independent of models of light

element nucleosynthesis, there is no reason to expect solar
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system abundances to agree with those observed in the
interstellar medium or in other main sequence stars.
However, the GCR model for light element creation predicts
agreement for lithium, beryllium and boron in these
environments. It is seen from Table 4 that, except for
beryllium, the interstellar abundances are lower than the
solar system values. Stellar abundances agree well with
the solar photospheric values for boron and beryllium while
the range of lithium values in stars may be attributed to
varying degrees of stellar destruction of this element.
Lithium abundances for the youngest stars where destruction
has not occurred are in reasonable agreement with the
meteoritic abundances.

It has been suggested that the apparent depletion of
light elements in the interstellar medium relative to the -
solar system is not real, but rather is the result of
accretion onto interstellar grains or concentration in
molecules (Reeves, 1974; Boesgaard et al., 1974; Field, 1974).
Light element nuclei which are present in the interstellar
medium in these forms would not have been observed in the
measurements quoted in Table 4.

The cosmic ray abundances of lithium, beryllium and
boron are much higher than those in any other astrophysical
environment. This is usually explained in terms of the GCR

nucleosynthesis of these elements as will be discussed in
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more detail in the next chapter.

In order to understand the creation process or
processes responsible for the light elements, it would be
useful to know their abundances in the various astrophysical
environments. Although the solar system lithium and
beryllium abundances seem to be established, the boron
abundance is less certain. For the reasons discussed
earlier, abundances in the interstellar medium should
probably also be considered unknown and, thus, should not be
used to place stringent constraints on models of light
element nucleosynthesis.

In the next chapter, solar system abundances of the
light elements will be compared with the predictions of the
GCR model for light'element nucleosynthesis. Other possible
mechanisms for the creation of these elements will also be
considered. Attention will be given to uncertainties in

both the experimental data and the theoretical calculations.
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V. Nucleosynthegis of the Light Elements

The most widely accepted model for the nucleosynthesis
of the light elements is the galactic cosmic ray (GCR) model
proposed by Reeves gt al.(1970) and expanded upon by many
authors (Meneguzzi et al., 1971; Mitler, 1972; Reeves, 1974).
In this chapter, the GCR model as presented by Meneguzzi et
al. will be summarized and its predictions compared with the
experimental data discussed in the previous chapter. The
possibility of other contributions to the light element
abundances will be considered and experiments will be

suggested which could support or reject such contributions.

A. T G ctic Cogmic Ray Model

The basic hypothesis of the GCR model is that the
light element nuclei were produced by spallation reactions
between galactic cosmic rays and the interstellar medium.
Lithium, beryllium and boron nuclei which were stopped in
the interstellar medium contributed to the solar system
abundances for these elements while light element nuclei
created with high energies are responsible for the
relatively high abundances of these elements in cosmic rays.

In order to calculate the solar system abundances for
the light elements, it is necessary to consider both
creation and destruction processes for these elements. In

the GCR model, a given nucleus of a given energy may be
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produced in several ways. It may be the product of a
reaction between galactic cosmic rays and the interstellar
medium or it may be the daughter nucleus of an unstable

10Be. It may also be part of an "injection

isotope such as
spectrum” of cosmic rays from an unspecified source. In
addition, a nucleus of higher energy may be slowed down to
the appropriate energy. These nuclei may also be destroyed
in a variety of ways. They may themselves undergo nuclear
reactions. They may decay or escape from the galaxy.
Finally, they may be slowed down below the appropriate
energy.

Most of the processes mentioned above were included by

Meneguzzi et al., in a diffusion equation for the abundance

of a nucleus i having energy E per nucleont

ONi(E) — -Ni(E) - N(E)+QE)+.8 |—[8E) NiE)
ot Te T, oE | ot /¢

« / / ’ / (V-l)
+n, f {Nk(E)vkajki(E,E)—Ni(E)viojik(E,E)}dE :
ik g
In this equation, Ni is the number ot nuclei i per unit
volume having an energy per nucleon between E and E + dE,

T 1s the mean lifetime for escape from the galaxy, 1 is
the mean decay time for a stationary nucleus i and Qi(E) is
the injection spectrum for that nucleus. (-0E/9t) is the
rate of energy loss for the appropriate nucleus and

%ki(E;E) is the cross section for the production of a
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nucleus i with energy E per nucleon in a reaction between
nuclei j and k where j is stationary and k has energy E per
nucleon and velocity Vi Finally, n'j is the density of
of nuclei j in the interstellar medium.

In solving equation V-1, Meneguzzi et al. made several

assumptions. It was assumed that the cosmic ray flux was in

e . ON(E) _
equilibrium. That is, ot =0 . It was also necessary
to select an injection spectrum Qi(E). Several possibilities
were considered, but a spectrum of the shape W"Z'6 was

suggested to be most appropriate where W is the total
energy per nucleon of the cosmic ray nuclei. Chemical
abundances in the injection spectrum were based on
experimental data and lithium, beryllium and boron were
assumed to be absent from the source. Although Ni(E) was
calculated for all isotopes up to 56Fe, positive
contributions due to spallation reactions were neglected
for all nuclei having A > 15. In addition, only reactions
involving at least one hydrogen or helium nucleus were
considered. Finally, the cross sections ¢5ki(E:E) were

assumed to satisfys

oj{.(E)d(E-o) for k = protons or alphas
o j = heavier nuclei
Oss (E,E)= ' ,
JaL o.. .(E)6(E-E) k = heavier nuclei
Jk1 j = protons or alphas
ajki(E) 6(E-E/4) k j = alphas

The escape range Ae = VT, was calculated from the
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observed ratio of light elements to CNO nuclei at high
energies in space. Using equation V-1, Meneguzzi et al.
found Ae = 6.4 gm/cmz. This value was then assumed to be
independent of energy.

Solution of equation V-1 gives the cosmic ray
abundances of the light elements rather than the abundances
in the interstellar medium. Contributions to the inter-
stellar abundances arise primarily from two sources: Cosmic
ray lithium, beryllium and boron nuclei are slowed to thermal
energies and heavy nuclei in the interstellar medium are
spalled by fast protons and alphas. These contributions
are included in an equation for the rate of production of
the light element nuclei:

a = Ni _iE_ ‘ m. . ’ ’ . (! ’ '
T = INEN D ) + Xj:rgf{ajp,(E)¢p(E)+qa.(E)¢¢,(E)}dE (2]

where Eo is a threshold energy below which particles may be
considered thermalized. There should probably be a term in
equation V-2 (as well as equation V-1) corresponding to the
creation of nuclei by the decay of other nuclei although
such a term was not included by Meneguzzi et al.

The value for Eo used by Meneguzzi et al. was
1 MeV/nucleon. This is clearly too high to be considered
thermal. However, for the light elements, it can be shown

that
2 o |-[8E) N ~ 0
5| lot]
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below energies of a few MeV per nucleon. Thus, the first
term in equation V=2 is constant for Eo below these energies
and may be evaluated at any low energy.

Since the creation rate given by equation V=2 is
assumed to be time-independent, light element abundances
in the interstellar medium may be calculated by multiplying
this rate by the time throughout which creation has been
occurring. Meneguzzi et al, estimated this time by
equating the calculated Be/H ratio to an observed value

-11 10

of 2 x 10 and obtained a time of approximately 10 years.

B. Comparison of GCR Model Predictions with Observations

As mentioned above, the calculation of light element
abundances in the GCR model requires knowledge of the length
of time throughout which this process has been occurring.
Since the abundance ratios do not require this information,
this seems to be a more reasonable way to compare
theoretical predictions with experimental observations of
light element abundances.

Table 5 shows the experimental and theoretical
abundance ratios. 7Li has been excluded from the table
since it is generally agreed that most 7Li is created in
processes other than cosmic ray spallation reactions. Three
sets of experimental abundance ratios are given. In

determining these ratios, the 6Li abundance was assumed to
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be given by the meteoritic value for this nucleus. The two
sets of solar abundance ratios, Solar 1 and Solar 2,
correspond to the different B/H values obtained in the
measurements of Hall and Engvéld (1975) and Kohl gi al.
(1977), respectively. The isotopic ratios used in
calculating the observed nuclear abundances are the
meteoritic values: 11B/lOB = 4,0+ 0.1 (Shima, 1963) and
7Li/6Li = 12.5 + 1.3 (Bernas et al., 1968). The boron
isotopic ratio has not been measured in the solar photo=-
sphere,but is expected to agree with the meteoritic value.
Such measurements for lithium are irrelevant to this
discussion since the meteoritic lithium abundance is
assumed to be the correct solar system value. Finally , the
last two sets of theoretical ratios given in Table 5 refer
to calculations which will be discussed later in this
chapter.

Although the agreement of the GCR ratios with
experimental observations is not perfect for any set of data,
the most significant discrepancy is that between the
observed isotopic ratio for boron and the value predicted
by the GCR model. The predicted ratios are uncertain due to
errors in the cross sections used for calculating these
values, but it is unlikely that this would account for the
discrepancy between the observed boron isotopic ratio and

that predicted by this model. Considering the cosmic ray
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spectrum used in the GCR calculations, uncertainties of
about 25% are expected based on results of similar
calculations described in the appendix to this thesis.
Although the GCR calculated ratios for 6Li and 9Be seem to
be in reasonable agreement with at least one set of
experimental data (Solar 2), the disagreement with the
measured boron ratio suggests that significant amounts of
the light elements may have been produced either by
processes other than galactic cosmic ray interactions with
the interstellar medium or by a cosmic ray spectrum which

differs significantly from that of Meneguzzi et al.

C. Other Pogsibilities for Ljight Element Nucleosynthesis
The injection spectrum, Qi(E), used by Meneguzzi et al.

results in a cosmic ray flux, Ni(E)Vi' which has its

maximum at E ~ 150 MeV per nucleon and which drops off

rapidly as the energy is decreased further. Since the

113 compared to 10B is higher

spallation production rate of
for incident energies below 100 MeV per nucleon, it seems
reasonable to consider the possibility that substantial
numbers of light element nuclei were produced by irradiation
of either the interstellar medium or solar material by a
flux of such low energy particles. Three such scenarios
have been considered, all involving a particle flux of the

form

g, (E) = N, (E)v; = g.E™? (V=3)
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where E is the kinetic energy per nucleon of the incident
particles. For each scenario, abundance ratios were
calculated as described in the appendix. ®Since the
experimental cross sections used in these calculations have
large uncertainties, "exact" ratios will not be presented.
Rather, the abundance ratios are expected to lie within a
given range of values.

Due to solar modulation of the galactic cosmic ray
spectrum, it is impossible to determine its spectral shape
at energies below 100-200 MeV per nucleon. The injection
spectrum, Qi(E). used by Meneguzzi et al. was chosen to
reproduce the observed cosmic ray spectrum at high energies
(above 500 MeV per nucleon) and was assumed to apply at low
energies as well. However, a spectrum of the form indicated
in equation V-3 would not necessarily be detected if it
existed and cannot be refuted on the basis of the cosmic
ray data. Such a spectrum would result in the light element
abundance ratios shown in Figure 7 as a function of the
exponent, a. As indicated in Table 5, for a = 1.8, the
experimental data, Solar 2, are reproduced within errors.
It does not appear possible, however, to reproduce either
the Solar 1 or meteoritic data in this environment.

Low energy proton irradiation of solar gas or dust has
been proposed (Lee et al., 1976; Heymann and Dziczkaniec,

1976) as a possible explanation for some of the isotopic
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anomalies observed in meteorites. In particular, such a

26Al anomalies observed in some

process might explain the
Allende inclusions. If this proton irradiation were
widespread, it would be expected to contribute significantly
to the solar system abundances of lithium, beryllium and
boron. If the proton spectral shape is assumed to be given
by equation V-3, the resulting light element abundance
ratios would be as shown in Figures 8 and 9 as a function
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