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Abstract

The bombardment of the lunar surface by cosmic rays produces secondary neutrons, some of which are thermalized
by the lunar soil and then interact strongly with the isotopes of Cd, Gd and Sm which have high neutron capture cross
sections at thermal energies causing changes in their isotopic compositions. We have measured these changes in samples
from the Apollo 14, 16 and 17 missions using thermal ionization mass spectrometry. Changes of 114Cd/113Cd of 0.3^
0.5% in samples 60501,105, 65701,23 and 72161,73, of 0.4 and 0.8% in 158Gd/157Gd in samples 14163,848 and 60501,105
and of 0.8, 1.2 and 0.06% for 150Sm/149Sm in samples 14163,848 and 60501,105 and 74220,125 respectively, have been
observed. This is the first time that neutron capture on Cd has been detected in lunar samples. Thermal neutrons are
captured preferentially at resonance energies of 0.03 eV by 155Gd and 157Gd, at 0.09 eV by 149Sm and at 0.178 eV by
113Cd. A comparison of the changes in 114Cd/113Cd, 156Gd/155Gd, 158Gd/157Gd and 150Sm/149Sm due to neutron capture
can therefore indicate the energy distribution of the neutrons. Previous work has compared changes in 158Gd/157Gd and
150Sm/149Sm, while this study extends the comparison to 114Cd/113Cd, where the resonance energy is significantly higher.
This has enabled us to confirm evidence for a harder neutron energy spectrum in lunar soil than is predicted
theoretically. This can be seen in significantly higher capture rates than predicted for 149Sm compared to 157Gd. We also
present evidence of enhanced capture rates on 113Cd compared with 149Sm and 157Gd. The concentrations of Cd, Gd
and Sm in nine lunar samples have also been measured by isotope dilution mass spectrometry with Cd being measured
in lunar samples for the first time by this method. While Cd was found to be heterogeneously distributed in some
samples, Gd and Sm showed good agreement with previous measurements, except for sample 14163,848 where it was
significantly lower. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cosmic ray bombardment of the lunar surface
produces a variety of secondary particles includ-
ing neutrons that are thermalized in the lunar soil.
These neutrons are preferentially captured by iso-
topes with high capture cross sections such as
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113Cd, 149Sm, 155Gd and 157Gd (2.06U104,
4.01U104, 6.09U104 and 2.540U105 barns at res-
onance respectively: N. Holden, Brookhaven Na-
tional Lab., USA, personal communication).
These reactions have been measured for Sm and
Gd in meteorites [1,2,11] and in lunar samples [3^
10,12] but although evidence of neutron capture
on Cd has been sought in meteorites [13] it has
not been detected. No previous measurements
have been made on Cd isotopes in lunar material.

Isotopes 113Cd, 149Sm and 155 and 157Gd have res-
onance energies for neutron capture at 0.178,
0.0973, 0.0268, and 0.0314 eV respectively. How-
ever, the energy spectrum of the thermal neutrons
in the lunar surface is still not well known. Three
decades ago Lingenfelter et al.[14] constructed a
theoretical energy spectrum for neutrons in lunar
soil in order to calculate relative changes in the
isotopic composition of these and other isotopes.
Although this work has provided a valuable basis
for experimental studies, measurements of relative
changes in the abundance of Gd and Sm isotopes
suggest that the neutron energy spectrum in lunar
soil is harder than expected from theoretical con-
siderations [12].

Here we extend the earlier isotopic work on
lunar samples to include measurements of neutron
capture on 113Cd and in so doing explore a sig-
ni¢cantly higher energy region of the neutron
spectrum. The work also provides concentration
measurements of Cd in lunar rock and soils by
isotope dilution mass spectrometry (IDMS), an
accurate method that has not been used previ-
ously. Because earlier studies did not include
some samples analyzed here, complementary mea-
surements were also made of Gd and Sm isotopes
in these samples.

2. Experimental procedures

2.1. Samples

Lunar samples were stored inside a clean-air
laboratory in the aluminum capsules received
from the NASA lunar sample curators. After
weighing each sample, the material was immedi-
ately re-sealed.

Nine lunar soil samples were analyzed in this
study, 10017,341 (vesicular basalt, high Ti mare
basalt), 14163,848 (surface soil sample), 14310,615
(polymict rock melted on impact), 15041,188
(near surface soil sample), 15059,240 (interior
chips from a regolith breccia containing mixed
fragments), 60501,105 (surface soil), 65701,23
(surface soil), 72161,73 (surface soil) and
74220,125 (orange glass). Five of the samples
have been previously measured for Sm and Gd
isotopic abundances.

2.2. Sample processing

Dissolution and separation of the samples fol-
lowed the general procedures described in [15].
Samples were digested by the progressive applica-
tion of HF, HNO3 and HCl. For concentration
measurements tracers enriched in 106 and 111Cd,
152Gd, and 147Sm were added to 5% of the sample,
at the end of the digestion procedure.

Separation and puri¢cation of the Cd and rare
earths followed the ion exchange procedures de-
scribed in [15]. Two anion columns and one cat-
ion column were used to separate the Cd. The
rare earth elements (REE) and the other matrix
elements were eluted from the ¢rst anion ex-
change column in concentrated HCl. Silver, Sn
and In were removed by the application in turn
of HCl, a HF/HCl mixture and HCl, while the Cd
was eluted in HNO3. The inclusion of a second
anion column improved the purity of the sepa-
rated Cd. In the ¢nal cation exchange column
the Cd was eluted with HCl.

The REE washed from the ¢rst anion column
were separated from the matrix elements on a cat-
ion column using a modi¢cation of the procedures
described by [16]. Gd and Sm were separated by
HPLC [17] and in a ¢nal stage using Eichrom
Lanthanide resin. The digestion procedure left a
small residue of negligible weight in samples
10017, 15041, 60501, 65701 and 74220. The over-
all extraction e¤ciency was about 96, 70 and 78%
for Cd, Gd and Sm respectively, as determined by
IDMS.
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2.3. IDMS

All samples were measured by thermal ioniza-
tion mass spectrometry (TIMS) and concentra-
tions were determined using the IDMS method
[18]. For IDMS analyses materials enriched in
106Cd^111Cd (enriched to 24.6 and 66.5%, respec-
tively), 152Gd (enriched to 41.2%), and 147Sm (en-
riched to 98.3%) (Oak Ridge National Laborato-
ry, USA) were used. Solutions of these isotopes
were calibrated against gravimetrically prepared
solutions using IDMS. For the Cd concentrations
the isotope pairs 111/112 and 111/113 were used
for the IDMS calculations, for Gd 152/160 and
152/158 and for Sm 147/152 and 147/149.

2.4. Mass spectrometry

Isotopic analysis followed the procedures de-
scribed in [15]. Samples, loaded onto Re ¢la-
ments, were analyzed in a VG 354 TIMS ¢tted
with a 16-sample turret, nine Faraday cup collec-
tors and a Daly detector.

Cd was loaded in silica gel and phosphoric acid
onto a single Re ¢lament. The samples, which
were typically less than 50 ng, were measured on
the Faraday multi-cup collector system giving un-
certainties for 114Cd/112Cd of V0.03% at the 95%
con¢dence level for Cd ion currents of
V1U10312 A.

Gadolinium was loaded onto the side ¢laments
of a triple Re ¢lament assembly in an aqueous
solution of methyl lactic acid and the metal ions
were measured. Measurements yielded uncertain-
ties at the 95% con¢dence level of 0.05% for
158Gd/160Gd on the multi-collector Faraday cup
system with ion currents of V1U10312 A.

Samarium samples were loaded in HCl on the
side ¢laments of a triple Re ¢lament assembly,
yielding total ion currents V1U10311 A and typ-
ical uncertainties at the 95% con¢dence level for
152Sm/154Sm of 0.005%.

2.5. Interferences

2.5.1. Cadmium
Isobaric interference from Pd (isotopes 106, 108

and 110), Sn (isotopes 112, 114 and 116) and In

(isotope 113) are possible. During measurements
visual checks were always made but no Pd inter-
ference was detected. Interference from In and Sn
isotopes were also visually monitored at masses
115 and 118 respectively, although none was de-
tected. However, in some of the smaller samples
isotopic ratio measurements indicated that the
116Cd, was enhanced, consistent with interference
from Sn.

An iterative procedure, described in [19], was
used to correct Cd isotopes 112, 114 and 116
for Sn interference. This was achieved by progres-
sively decreasing the tin contribution to the three
a¡ected isotopes until the 113 depletion and 114
excess conformed to the theoretical proportions
for neutron capture. In making this adjustment
it is unavoidable that some bias, within the un-
certainties, may occur in the 113Cd/114Cd ratio.
The contribution at isotope 116, where Sn is the
most abundant (atom abundance of 116Sn is
14.4%), was 9 1.2% of the 116Cd/112Cd ratio in
the worst case. The e¡ects at 112 and 114 were
much smaller, since the 112Sn and 114Sn abundan-
ces are 1 and 0.65% respectively.

Interference from CaPO2 and related molecular
ions occurred at low temperatures at mass posi-
tions 106, 108 and 110 in early analyses, but this
interference was reduced to negligible levels in
later analyses by more e¤cient separation of Ca
from the Cd sample during chemical processing
and by more extensive degassing of the sample
in the mass spectrometer.

2.5.2. Gadolinium
Sm, SmO, BaF, BaO, Dy and several rare earth

oxides can interfere with Gd metal ions. E¤cient
chemistry removed most of the rare earths from
the sample, but contributions from LaO were
checked at mass 155, from NdO at masses 158
and 160, from Dy at 156, 158 and 160 and from
Sm at 152 and 154. However, La, Nd and Dy
evaporate at lower temperatures than Gd, so do
not usually cause a problem. As Sm isotopes are
not isobaric with 155ÿ160Gd where neutron capture
occurs, any interference from Sm would not a¡ect
these ratios. BaO was rarely detected, and was not
present at the higher temperatures needed to ion-
ize Gd. Interference from BaF, which can inter-
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fere at 154Gd to 157Gd, was negligible at the high
temperatures used to ionize Gd. It could be moni-
tored at 149, 151 or 153, though at 149 it could be
concealed by Sm and at 151 and 153 by Eu.

2.5.3. Samarium
Only Gd, Nd or BaF are likely to interfere with

Sm metal ions. Nd was rarely present and in any
event, evaporates at a low temperature, whereas
Gd requires too high a temperature for ionization
to interfere with Sm. BaF interference was moni-
tored at mass 157 and no correction was neces-
sary.

3. Results and discussion

Cd, Gd and Sm concentrations in lunar samples
measured by IDMS are listed in Table 1.

3.1. Concentration measurements

3.1.1. Cadmium
These are the ¢rst measurements of Cd in lunar

material to be made by IDMS. All measurements

were corrected for analytical blanks, measured
with each set of samples; these were in the range
90^170 pg. Most lunar samples had concentra-
tions between 1.5 and 300 ng/g, but some were
much higher. These values were not always in
agreement with earlier measurements by neutron
activation analysis. The largest discrepancy oc-
curred for sample 10017 where the IDMS value
was a factor of V7 times lower and for sample
60501 where one IDMS measurement was two
orders of magnitude higher than a replicate mea-
surement which was in reasonable agreement with
a literature value. Because of the limited quantity
of sample available few replicate analyses were
made. For a homogeneous sample the concentra-
tions should agree to within the uncertainties
shown [15]. In the case of sample 60501 the sam-
ple with the higher concentration showed the
greater depletion in 113Cd discounting the possi-
bility that it was contaminated with terrestrial Cd.
A cause of some of the di¡erences between this
work and published values is therefore sample
heterogeneity. In an e¡ort to minimize contami-
nation of the samples no attempt was made to
grind or homogenize them. On the other hand

Table 1
Cadmium, gadolinium and samarium concentrationsa in lunar samples

Sample Concentrationb This work Literature values for similar samples

Cadmium (ng/g)
10017,341 10.0 þ 0.2 68 [27] #10017,87
14163,848 1.04 þ 0.02 Wg/g, 0.80 þ 0.02 Wg/g 139, 140 [28] #14163,57, 196 [29] #141310,120
14310,615 1.51 þ 0.02 2.6 [28] #14310,119, 8.4 [29] #14310,120
15041,188 32.8 þ 0.6
15059,240 34.9 þ 0.3 35.5 [30]
60501,105 3.6 þ 0.1 Wg/g, 112 þ 2 96 [31] #60501,32
65701,23 68.3 þ 0.8 77 [32] #65700,4
72161,73 57.0 þ 0.6 58 [33] #72161,19
74220,125 300 þ 7 320, 92, 260 [34] #74220,54, #74220,54,1, #74220,54,2; 314, [31]

#74220,233,19
Gadolinium (Wg/g)
14163,848 21 þ 7 42.7, 35.9 [35] #14163,65
60501,105 3.26 þ 0.05, 5.8 þ 0.3
74220,125 8.1 þ 0.2, 8.6 þ 0.1 8.52 [36]
Samarium (Wg/g)
14163,848 24.3 þ 0.4, 29.8 þ 0.5 29.0, 36.5, 30.0 [35] #14163,65
60501,105 2.68 þ 0.04
74220,125 6.3 þ 0.1, 6.8 þ 0.1 6.53 [36]
aFor comparison, values for Geochemical Reference Sample BCR-1 were: Cd: 134 þ 1 ng/g (135 þ 1), Gd: 6.80 þ 0.05 Wg/g
(6.7 þ 0.8), Sm: 6.70 þ 0.05 Wg/g (6.6 þ 0.8) [15]. Nominal values are shown in parentheses.
bUncertainties are 95% con¢dence intervals.
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there was independent evidence from isotopic
measurements that sample 14163 may have been
highly contaminated with terrestrial Cd. This
sample displayed signi¢cant neutron capture ef-
fects in Sm and Gd but none in Cd. Also small
pieces of plastic-like material were found in this
sample when the sample vial was ¢rst opened.

3.1.2. Gadolinium and samarium
The average analytical blanks for these ele-

ments were 74 þ 3 pg and 116 þ 9 pg respectively.
Sm can interfere with Gd at mass 152 which is the
position of the 152Gd tracer, so Sm was always
monitored at 149 or 150 during Gd concentration
measurements. BaF interferences can be disre-
garded during Gd concentration measurements
as they do not occur at isotopes 152, 158 or
160, which were used for the IDMS calculations.
The Gd and Sm concentrations for sample 74220
agree with previous measurements, though for
sample 14163,848 they are respectively 50% and
20% lower than the literature values. Values for
Sm, and Gd concentrations in sample 60501,105
are published here for the ¢rst time.

3.2. Isotopic composition

Isotopic ratio measurements of Cd, Gd and Sm
in ¢ve lunar samples are given in Tables 2^4, re-
spectively.

3.2.1. Cadmium
The analytical blanks for the isotopic composi-

tion measurements were between 10 and 90 pg,
representing less than 0.01% of the Cd in the sam-
ples. Large Cd mass fractionation reaching
V0.6% per mass unit was observed in some sam-
ples (Sands et al., in preparation). A correction
for this e¡ect was made by normalizing to
110Cd/112Cd = 0.51928 using a modi¢ed version
of the exponential law [19,20]. The low concen-
tration of Cd in samples 10017,341, 14310,615,
15041,188 and 15059,240 precluded isotopic com-
position measurements being made because only
200-mg samples of lunar material were digested.

3.2.2. Gadolinium
The analytical blanks, which range from 10 pg

to 1 ng represented 6 0.08% of the Gd in the
samples and had a negligible e¡ect upon the iso-
topic ratios. In the presence of neutron capture,
the normalizing ratio 156Gd/160Gd will be in-
creased by the capture of neutrons at 155Gd, so
when samples showing neutron capture are nor-
malized to 156Gd/160Gd = 0.9361 all the isotopes
will be anomalously low. To correct for this bias
the iteration method described by [21] was
adopted. Normalizing ratios were determined so
that 156Gd/160Gd = 0.93651, 0.93654 and 0.93707
for samples 14163,848 (and replicate) and
60501,105. Use of these normalizing constants in-
creases the isotopic ratios by less than 0.0002 and
0.0004 in samples 14163 and 60501 respectively.
Samples 65701,23 and 72161,73 have not been
measured for Gd.

3.2.3. Samarium
Analytical blanks of 60 pg to 30 ng represent

6 4% of the Sm in the samples. Samples 65701,23
and 72161,73 have not been measured for Sm.

3.3. Neutron capture

3.3.1. Cadmium
The 113Cd/112Cd and 114Cd/112Cd ratios are

plotted on a correlation diagram in Fig. 1a and
are compared with the predicted path for neutron
capture. Fig. 1a shows clear evidence of neutron
capture on 113Cd. Samples 60501,105, 65701,23
and 72161,73 show changes in their 114Cd/113Cd
ratio of V0.5%. The second 60501,105 sample,
shows an increase of 0.3% in 114Cd/113Cd. The
cluster of data to the lower right of Fig. 1a con-
tains the Cd laboratory standard, BCR-1, and
sample 74220,125. No neutron capture is evident
in sample 74220,125 within the precision of the
measurements (0.03% in the 114Cd/113Cd ratio).

3.3.2. Gadolinium
The 158Gd/160Gd versus 157Gd/160Gd ratios are

plotted on a correlation diagram in Fig. 1b and
are compared with the predicted path for neutron
capture. Two samples, 14163,848 and 60501,105,
show evidence of neutron capture with changes of
0.4^0.8% in 158Gd/157Gd. No neutron capture was
observed for 74220,125 within experimental un-
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certainties. The changes in sample 14163,848 are
the same as those found by [12], within uncertain-
ties, and for sample 60501,105 slightly lower than
those reported by [7,8].

3.3.3. Samarium
Fig. 1c shows 150Sm/154Sm plotted against

149Sm/154Sm in the three lunar samples

14163,848, 60501,105 and 74220,125 and com-
pared to the predicted path for neutron capture.
Neutron capture is seen for the ¢rst time on sam-
ple 74220,125 with an increase in 150Sm/149Sm of
0.06%. New measurements on 14163,848 and
60501,105 show increases in 150Sm/149Sm of 0.8
and 1.2% respectively, the same as the increase
reported by [12] and [8]. The Apollo 17 sample
74220,125 is the orange glass from the rim of
Shorty Crater. The small increase due to neutron
capture of 0.06% is compatible with the low ex-
posure age of 30 000 000 yr [22]. A similar change
was seen by [8] in sample 74241, also from the rim
of Shorty Crater, where it was probably deposited
after being excavated from depth.

The neutron £uence experienced by the lunar
samples was estimated using the following rela-
tionship: [23]

i � 1U1032 Nx=c x

where x is the isotope undergoing neutron cap-
ture, Nx is the percent deviation of the isotope
ratio involving x from the laboratory standard
and cx is its e¡ective cross section for in cm2 as
obtained from the theoretical prediction of Lin-
genfelter et al. [14].

Using the isotopic data from Tables 2^4 neu-
tron £uences were calculated and are given in Ta-
ble 5. Macroscopic cross sections that were used
to estimate cx are shown in Table 5. These were
based on literature values as discussed in the Sec-
tion 3.4, except for sample 65701,23 where none
was available. Because cx for 113Cd changes rela-
tively slowly with macroscopic cross section (4eff )
an average cx of 3.6 þ 0.3 cm2 [14] was used in
this case. Fluences obtained from our measure-
ments fall within the range of literature values
except for sample 72161,73 where it is signi¢-
cantly higher.

3.4. The neutron energy spectrum

The relative changes in the isotopic composi-
tion of, Sm, Gd and Cd in the lunar samples
due to neutron capture can be used to decipher
the energy spectrum of the low energy neutrons at
the sites where the samples were collected. A val-

Fig. 1. Correlation diagrams showing neutron capture in
lunar samples. (a) 114Cd/112Cd versus 113Cd/112Cd. Data
are corrected for interference by Sn where necessary.
(b) 158Gd/160Gd versus 157Gd/160Gd. (c) 150Sm/154Sm versus
149Sm/154Sm. Uncertainties not shown are smaller than the
size of the symbol.
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ue O is de¢ned as the number of neutrons cap-
tured per atom of a particular isotope [12]. It is
related to experimental quantities by:

O Sm � ��
150Sm=149Sm�meas3�150Sm=149Sm�terr�

�1� �150Sm=149Sm�meas�

so the magnitude of OGd, OSm and OCd for the rel-
evant neutron capture cross section, will re£ect
the intensity of the thermal neutrons at each en-
ergy. The calculated values of, OGd, OSm and OCd

are listed in Table 6. The changes in Gd and Sm,
O157Gd and OSm, for sample 14163,848 are the same
as found by [12]. For sample 60501,105, our O157Gd
is 30% lower, and OSm is the same as, the values
reported in [8]. In sample 72161,73 only Cd was
measured, so O157Gd and OSm from [10] are included
in Table 6 for comparison purposes.

Studies described in [6^10,24] compared mea-
surements of the ratio OSm=OGd with the expected
theoretical values [14] and obtained higher values,
which indicated a harder neutron energy spectrum
than expected in the lunar soil. The additional
measurements of Cd presented in this paper allow
a signi¢cant extension of these comparisons to a
higher energy by plotting OCd=OGd and OCd=OSm.

The ratios OCd/OGd, OCd/OSm and OSm/OGd from
this work and the literature are listed in Table 6
and plotted against 4eff , the macroscopic cross
section, in Fig. 1a^c. The ratios OCd/OGd, OCd/OSm

and OSm/OGd are a measure of the neutron energy
spectrum below 0.2 eV and are compared here to
the theoretical values determined by Lingenfelter
et al. [14]. OCd/OGd, OCd/OSm and OSm/OGd for sample

72161,73 are calculated with OCd from this work
and OGd and OSm from [10].

The macroscopic cross section (4eff ) is calcu-
lated from the neutron capture cross section of
the individual elements that make up the soil
where the sample was found [14]. Published values
needed to estimate neutron £uences are shown in
Table 5. These were taken from reference [8] for
sample 60501, 105. The value for the Apollo 14
basalt, 14163,848 was taken to be the same as
given for 14148 [8], a surface sample with similar
composition to 14163,848. Also for sample
74220,125 the value given by [8] for sample
74241 was used (see Section 3.3). The value used
for sample 72161,73 was taken from [10]. In-
cluded in 4eff are Si, Ti, Al, Fe, Mg, Ca, Gd,
Sm, Eu, O, Mn, Cr, Na and K, all elements which
have signi¢cant neutron capture cross sections at
thermal energies. No value could be found for
sample 65701,23.

The measured OSm/OGd values are plotted
against 4eff in Fig. 2a. Sample 14163,848 has the
same OSm/OGd value as [6] within experimental un-
certainties (1.0 þ 0.3 and 1.0 þ 0.1 in this work,
compared with 0.89 þ 0.03 in [6]). In sample
60501,105 our value of 0.9 þ 0.2 for OSm/OGd is
greater than that found by [8] (0.61 þ 0.02). Other
published OSm/OGd data, [12,25], are 15^20% above
the theoretical curve, although the uncertainties
on this curve are þ 30%. Our data are therefore
generally consistent with earlier data for these el-
ements which con¢rms there was a harder neutron
energy spectrum than predicted by [14].

New data are presented here for Cd. The

Table 6
O155Gd, O157Gd, OSm and OCd, the number of neutrons captured per atom of a particular isotope, and ratios of these quantities, for
the lunar samples measured in this worka

Sample O155Gd O157Gd OSm OCd OCd/OGd OCd/OSm OSm/OGd Literature values OSm/OGd

(1033) (1033) (1033) (1033)

14163,848 0.6 þ 0.3 2.7 þ 0.6 2.73 þ 0.06 1.0 þ 0.2 0.89 þ 0.03 [12]
0.7 þ 0.5 2.7 þ 0.2 2.6 þ 0.1 1.0 þ 0.1

60501,105 4.3 þ 0.1 3.3 þ 1.3 0.8 þ 0.4
1.4 þ 0.7 4.6 þ 0.7 4.1 þ 0.2 2.1 þ 0.3 0.5 þ 0.2 0.5 þ 0.2 0.9 þ 0.2 0.61 þ 0.02 [8]

65701,23 3.5 þ 0.6
72161,73 (4.2) ( þ 0.1) (3.1) ( þ 0.1) 3.3 þ 1.1 (0.8) ( þ 0.3) (1.1) ( þ 0.3) 0.75 þ 0.06 [10]
74220,125 30.1 þ 0.4 0.20 þ 0.06 0.2 þ 0.2

The brackets indicate those values of OGd and OSm for sample 72161 taken from [10].
aUncertainties are 95% con¢dence intervals (this work) and two standard deviations of the mean [8,10,12].
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OCd/OSm, OCd/OGd ratios shown in Fig. 2b,c are gen-
erally higher than predicted although one OCd/OSm

value for sample 60501,105 is lower. The precision
of the measurements on sample 72161,73 place it
signi¢cantly above the theoretical curve at the
95% con¢dence level, assuming no uncertainty
on the theoretical values. The Cd data therefore
also lend support for a harder neutron energy
spectrum that was used by Lingenfelter et al. [14].

These results are consistent with the outcome of
the Lunar Neutron Probe Experiment [26] which
showed that Lingenfelter et al. [14] calculated too
many low energy neutrons.

4. Conclusions

The concentrations of Cd, Gd and Sm in nine
lunar samples have also been measured by IDMS
with Cd being measured for the ¢rst time by
this method. The measured Gd and Sm concen-
trations include values for sample 14163,848
which are signi¢cantly lower than the literature
values.

Neutron capture e¡ects in Cd, Gd and Sm have
been measured in ¢ve lunar samples. Changes in

the Cd isotopic ratios, reported for the ¢rst time
in lunar material, reach V0.5% for 114Cd/113Cd
in samples 60501,105, 65701,23 and 72161,73.
For Gd, the 158Gd/157Gd ratio shows increases
of 0.4% and 0.8% in samples 14163,848 and
60501,105 respectively, con¢rming earlier mea-
surements of the former, but signi¢cantly lower
for the latter sample. The150Sm/149Sm ratio shows
increases of 0.8%, 1.2% and 0.06% in sam-
ples 14163,848, 60501,105 and 74220,125, respec-
tively, which con¢rm and extend earlier measure-
ments.

A comparison of the changes caused by thermal
neutron capture on Gd, Sm and Cd isotopic ra-
tios have allowed an examination of the relative
intensity of neutrons with energies of 0.03 eV,
0.09 eV and 0.178 eV, respectively. Neutron £u-
ences are consistent with previous work except for
sample 72161,73 where the literature value is sig-
ni¢cantly lower. Results for Gd and Sm support
earlier work that concluded the neutron energy
spectrum was harder than expected from theoret-
ical models of Lingenfelter et al. [14]. These con-
clusions are further supported in this study by Cd
data that reach statistical signi¢cance for sample
72161,73.

Fig. 2. The neutron energy spectrum in lunar samples. Data are compared with the theoretical model of Lingenfelter [14]. Data
from this work are shown as ¢lled symbols, while previous measurements are shown as open symbols. Labels in parentheses iden-
tify previously published data. (a) OSm/OGd versus 4eff . (b) OCd/OGd versus 4eff . OGd used for 72161,73 which is from [10]. (c) OCd/
OSm versus 4eff . OSm used for 72161,73 which is from [10].
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