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INTRODUCTION

Europium is a fission product in the low-yield tail at
the high end of the fission fragment mass distribution.
The stable isotopes have mass numbers 151 and 153. Of
the rare earth metals, europium is the most reactive in air,
making it a challenge to prepare samples in metallic form.
IEu and "Eu are lanthanides with substantial thermal
neutron absorption cross section. It is therefore of interest
for its role as a neutron absorber in nuclear reactors.
Transmission measurements are not sensitive to the
efficiency of the detector or a precise knowledge of the
neutron flux. At 0.0253 eV neutron interactions with
europium are >96% neutron capture. Therefore, neutron
capture measurements were augmented with transmission
measurements of thermal total cross section.

DETERMINING THERMAL CROSS SECTION
AND UNCERTAINTY

Total cross sections were determined from
transmission and capture measurements at the Rensselaer
Polytechnic Institute (RPI) linear electron accelerator
(LINAC) using natural and '*Eu-enriched encapsulated
metal samples.

Sample images were obtained via x-ray analysis and
used to get the area of each sample. Each sample was
weighed to determine its mass before encapsulation.
Transmission sample details are shown in Table I
including sample thickness, isotopic content, measured
thermal (0.0253 eV) total cross section, and the energy
interval over which it was determined for transmission.
Table II gives the same information for the samples used
in the capture measurement. The thickest '*Eu-enriched
sample (sample number 1) was a stack of the two thinner
'3Eu-enriched samples (sample numbers 2 and 5).

The '®Eu-enriched samples were prepared at Oak
Ridge National Laboratory and were measured shortly
after production. X-ray images of the samples were made
at various times in the months following production;

Table I. Transmission Sample Details and Cross Sections

Sample 1 2 3 4

number

Nominal 15 5 10 5

thickness

(mils)

Sample 7.16 2.42 4.52 2.55

thickness +0.20 +0.11 +0.15 +0.27

(at/bx 10™)

Atom 0.0123+ | 0.0123+ | 0.4781+ | 0.4781+

fraction 0.0002 | 0.0002 0.0003 | 0.0003

(fi151)

Atom 0.9877+ | 0.9877+ | 0.5219+ | 0.5219+

fraction 0.0002 | 0.0002 0.0003 | 0.0003

(fi153)

o;, barns 491+£3 | 5106 | 4978+ | 4519+
30 30

AE, eV .00136 | .00214 .00020 | .00020

Table II. Capture Sample Details and Cross Sections

Sample 1 2 5 (see 4

number Fig. 1)

Nominal 15 5 10 5

thickness

(mils)

Sample 7.16 2.42 4.74 2.55

thickness +0.20 +0.11 +0.17 +0.27

(at/b x 10™)

Atom 0.0123+ | 0.0123£ | 0.0123+ | 0.4781«+

fraction 0.0002 | 0.0002 | 0.0002 | 0.0003

(ﬁlSl)

Atom 0.9877+ | 0.9877+ | 0.9877+ | 0.5219+

fraction 0.0002 | 0.0002 | 0.0002 | 0.0003

(ﬁ153)

o;, barns 463 +£2 | 439+2 | 480+3 | 5049 +
19

AE, eV .00103 | .00195 .00057 | .00103
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sample degradation and non-uniformities were noted and
are documented in Reference (1). An x-ray image of the
nominal 10-mil-thick (1 mil = 0.001 in) '*Eu-enriched
sample measured in both transmission and capture is
shown in Fig. 1. The pinhole visible in the sample affects
the measured cross section by <1%.

The thermal total cross sections were derived directly
from the measured data. No formalism or resonance
parameter extraction computer program was required. The
cross section uncertainty was estimated by propagating
the counting statistics from transmission and capture
measurements. Furthermore, differences between samples
have been incorporated into the analysis through a
weighted least squares fit. An external uncertainty” was
established to quantify the difference between
transmission and capture results.

The Experimental Parameters

The Rensselaer Polytechnic Institute (RPI) LINAC is
a 60-MeV electron accelerator producing ~10"° neutrons
isotropically from a Ta target. Thermal transmission was
measured at a flight path length of =15 m using a °Li glass
scintillation detector.”* The dead time for the system was
0.28 ps.

Thermal neutron capture was measured at a flight
path length of =25 m wusing a multisegment Nal
detector.>** The dead time for the system was 1.125 ps.

Transmission and capture experiments utilized the
same neutron-producing target and time-of-flight clock.
The target was specially-designed to enhance the thermal
energy region.”’” The clock was a FAST Comtec P7889
multichannel scaler. The repetition rate of the accelerator
was 25 pulses per second, giving time to measure incident
neutron energies down to 10 meV. Beam monitors were
used to correct for beam intensity fluctuations.

Fig. 1.X-ray image of the sample #5 (see Table II), the
10-mil-thick '**Eu-enriched sample. Nonuniformities are
visible in the sample that contribute to uncertainties in the
measured cross sections. The apparent pinhole near the
center of the sample affects transmission <1%.
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Measuring Background

The background counting rate in transmission was
known at =18 eV from a 10-mil-thickfixed tungsten
notch, placed in the neutron beam throughout the
measurement. The shape of the background in time-of-
flight was measured using the black filter method where
single- and double-thicknesses of selected notch filters
were inserted into the beam for some of the run time. The
saturated background notch counting rates were
extrapolated to zero thickness to establish the shape of the
neutron background.*Absolute background counting rates
were established by normalizing the background shape at
the fixed notch.

The neutron capture background was measured with
an empty Al sample holder.

Measuring Neutron Flux in the Capture Measurement

The neutron flux was measured using a 100-mil-thick
boron carbide sample enriched to 98.4% in '°B. It absorbs
>99.9% of the flux at 0.0253 eV. The flux shape was
nogrllalized to the saturated capture resonance at 0.46 eV
in " Eu

Cross Section Analysis Method

Thermal total cross sections for "*'Eu and '**Eu, ¢’
and ¢’ were determined from transmission and capture
measurements independently. Then the results were
combined along with their uncertainties using the
following procedure.

1) Determine cross section for all samples,
elemental and enriched.

2) Perform a weighted least squares fit of cross
section vs sample enrichment. The result was
¢! and ¢"7for transmission and a second result
for capture

3) Transmission and capture total thermal cross
section results were combined into a variance-

weighted average and uncertainty.

Eqns (1) and (2) relate transmission, 7, to total cross
section.

T = exp (=Noto) (1
50,

—In (T
Otot = TIIV( ) 2

Where N is sample thickness in atoms/barn. The oy, can
be calculated directly, and the results are shown in Table I
at 0.0253 eV averaged over AE.

Capture data were reduced to capture yield, Y. The
capture yield is related to total cross section, oy, capture
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cross section, o, and scattering cross section, o,
according to Eqns (3), (4), and (5).

Y=>1- exp(_NO-tot))% A3)
~ln [1-C2HY]

Otot = 4)

and cios

Otot = =it )

N
The thermal total cross section, o,,, in Eqn (5) was

solved for numerically using the measured capture yield,
Y, and the published values for the scattering cross
sections’ (0,~6.3 barns for BBy and 6,=10.7 bams for
153Eu). The initial estimate for o, was taken from
ENDF/B-VIL.1.'" The final o, results and their
uncertainties for each sample are given in Tables I and II.

Cross Sections from Each Sample

The total cross sections for each sample at each
measured energy point were determined using Eqns (2)
and (5). The uncertainty in each cross section was
propagated from counting statistics. A procedure was
developed to determine the optimal number of data
points, AE in Tables I and II, to include for each sample’s
average thermal total cross section, o;. At successively
wider energy intervals the standard deviation of the
distribution of ¢; values was compared to the uncertainty
from the counting statistics at 0.0253 eV. The uncertainty
in total cross section, 4a;, was not reduced as the energy
interval was widened. An energy interval was chosen
such that the standard deviation of the mean of the
distribution of o; values equaled the uncertainty on the
central point determined from counting statistics. That
uncertainty was cited as the uncertainty in the total
thermal cross section for sample i, 4o; Equating the two
sources of uncertainty (counting statistics at 0.0253 eV
and the width of the distribution of ;s in the interval AE)
produced the best central value of ;. Table I gives the
cross section for each sample in transmission, its
uncertainty, and the energy interval, AE, centered at
0.0253 eV, used to determine g;. Table II gives the same
information from the capture measurement.

Conceptually, o, can be derived from Eqn (4) using
capture data, knowing oy, from the transmission results.
Furthermore, the scattering cross section could be
determined from the difference between the capture cross
section and the total cross section. However, the
difference between the total cross section from
transmission data (Table I) and the capture data (Table II)
for sample numbers 1, 2, and 4, common to both
experiments, is considered to be due more to systematic
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uncertainties in the measurements rather than an accurate
measure of the scattering cross section.

Fit *'Eu and '*Eu Thermal Total Cross Section

The cross section for each sample, o, is described by
Eqn (6).

o; = fi151 0_151 +ﬁ153 0_153 , i=1.4 (6)

where fi%tand f;!5%are given in Tables I and I1.o"””" and
o' are the desired quantities, thermal total cross sections
of "'Eu and 'Eu, respectively. The system of four
equations for transmission was solved for the two
unknowns, ¢°’ and ¢'”. The same was done for capture.
Eqn (6) can be rearranged into the following system of

linear Equations.

yi=ax;+b (N
where
_ fi153 _ o
Xi = 151> Vi = 151 >
L L

a=o!53 and b=01°1,

The points were plotted on the xy plane (see Fig. 2). A
least squares fit was made to transmission and capture
data separately, including the propagation of the
uncertainties given in Tables I and II. The results are
given in Table III. The weighted fit implicitly accounts
for any disagreement between samples.

0 T T T T
0 20 40 60 80

X

Fig. 2. Plot of fitting parameters defined by Eqn (7). The
y axis is proportional the sample cross section (o;), and
the x axis is the ratio of isotopic atom fractions. A
weighted linear fit to each revealed the slope=¢"", and the
y intercept=c""' (see Table III). An analogous plot was
made from capture data.
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Table III. Eu Cross Section Results

BTEu Thermal 3Eu Thermal
Total Cross Total Cross
Section, o’ Section, ¢’
(barns) (barns)
Transmission 9500 + 50 382+3
Capture 10200 £ 40 336 +£2
Final combined 9900 + 350 340 £ 20
transmission and
capture
ENDE/B-VIIL.0’ 9200 + 100 321 £8
Error from
Mughabghab'’
ENDF/B-VIL1" 9200 + 100 367
Error from
Mughabghab'’

Combining the Transmission and Capture Results

The thermal total cross sections for each type of
experiment, g;, and their uncertainties, Ao;, are given in
Table III. The average thermal total cross section, &, was
derived from the values in Table III using Eqn (8).

2 o,
S T——
_,Z::' iAUj F

where j is the index on experiment type, transmission or
capture. The uncertainty in the average thermal total cross
section, 4ad, was calculated from two sources, the
propagated counting statistics and the external
uncertainty’, defined in Eqn (9).

(®)

Ao ©

external ~

The final combined transmission and capture results
are given in Table III. The one-sigma uncertainty on the
final combined transmission and capture cross section is
the larger of the two sources of uncertainty. In this case
the final combined uncertainty is dominated by the
external uncertainty. The average cross section, O in
Eqn. (8), is weighted by the counting statistics of the
measurements. The central value depends on the
particular samples and the measurement time spent on

each. The external uncertainty, Ao, in Eqn. (9),

does not change substantially when the counting time of
any measurement is increased because it is dominated by
the differences between the individual measurements,
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(c—-o /)2. The final combined transmission and

capture cross sections in Table III are bounded by the
quoted uncertainties.

DISCUSSION

Table III shows a comparison of the most recent
ENDF evaluations to the current results The increase in
total thermal cross section for '*’Eu from ENDF/B-VIL0’
to ENDF/B-VIL1'"' was partially due to the work of Dean
et al. and Mughabghab.'? The current results for '*’Eu are
within the 1o uncertainty band of ENDF/B-VIL0’ in the
direction of the ENDF/B-VII.1'"' revision.

The thermal total cross sections of europium were
determined from neutron capture and transmission
measurements using samples enriched in '>’Eu, as well as,
elemental samples. The samples were difficult to form
and are highly reactive (see Fig. 1). Variations in
thickness in particular regions of the samples were not
taken into account. No uncertainty in sample thickness
was explicitly included in the analysis. Rather,
differences in results between samples and between
transmission and capture measurements have been
propagated into the final results, given in Table III. The
uncertainties on the thermal total cross sections were
3.5% for *'Eu, and 6% for '*’Eu.
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