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Integral capture-cross sections for separated isotopes of Eu and Ta are reported for
measurements in the Coupled Fast Reactivity Measurements Facility (CFRMF). These cross
sections along with that measured in the CFRMF for 10C(n,a) provide an absolute standard
for evaluating the relative reactivity worth of Eu203, B^C and Ta in neutron fields typical
of an LMFBR core. Cased on those measurements and for neutron fields characterized by the
23bu:238u reaction rate spectral index ranging from 23 to 50, the infinitely dilute relative
worth r.f Eu203 has been estimated to be 25a to 40% higher than that for B^C and 80S to lOOi
higher than tnat for Ta.
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Introduction

The major emphasis of this paper concerns the
basic nuclear data required for the evaluation of
Eu 20 3, B^C and Ta as control element materials for the
LMFBR. For some time B^C and Ta were considered as
reference control materials for the fast breeder reac-
tors; however, the merits of Eu2O3 as a potentially . -
superior neutron absorber have since been recognized ' .
The relative merits of the three materials in terms of
reactivity worth, nature of the reaction products, burn-
up and decay heat has been summarized by Spenke-^.

To more reliably assess the relative reactivity
worth and long term stability and the decay heat rates
for these materials, measurements are needed for differ-
ential cross-sections and integral capture cross sec-
tions in fast and intermediate neutron fields.2 This
work provides integral capture cross sections measured
for separated isotopes of the above control materials
in the Coupled Fast Reactivity Measurements Facility^
(CFRMF) at the INEL which apply directly to the evalua-
tion of control materials.

In this paper the measurements of the integral
capture cross sections for the reactions 151Eu(n y)
1 5 2 m

2Eu,
 151Eu(n,Y)152mitu, 251Eu(n,Y)

1-529Eu,
181Ta(n,y)le2mTa and 18lTa(n,y)1B29Ta are described in
detail. These cross sections, along with that measured
in the CFRMF by Farrar4 for the 103(n,a) reaction are
used as an absolute standard for estimating the rela-
tive worth of Eu 20 3, natural B4C and Ta in different
neut-on fields. In neutron fields characterized by the
235y.238(j reaction rate spectral index ranging from
23.3 to 50, the per unit volume relative reactivity of
EU2O3 has been estimated to be 25:5 to 40f= higher than
that for BL,C and 80S to 100S higher than that for Ta.

Integral Capture Cross Section Measurements

Neutron Field

The CFRMF, described in detail in a previous pub-
lication-*, is a zoned core critical facility with a
fast neutron spectrum zone in the center of a water
moderated thermal "driver" zone and with flux levels up
to * 1011 n/(cm7 sec). The neutron energy spectrum at
the center of the CFRMF has been extensively studied by
proton-recoil spectrometry, multi-foil dosimetry, Li-6
spectrometry and calculations employing resonance
absorption, transport theory and Monte Carlo multigroup
techniques.3 General features characterizing the cen-
tral neutron energy spectrum are indicated in column i

of Table I. These features were derived from a 68 group
representation of the CFRMF central flux as calculated
by transport theory (ID, S 6, PI).

Experiment

A summary of some of the experimental details per-
tinent to the irradiation of the europium and tantalum
samples is given in Table II. To remove any possible
rare-earth contamination, the europium samples were
purified by ion exchange column separation of the
enriched materials obtained from Oak Ridge Isotope Sales.
Samples Eu-1 and Eu-2 were used for the measurement of
the cross sections for the reactions 151Eu(n,y)152mi£u
and lslEu(n,-r)1529Eu, sample Eu-3 for the 15iEu(n,y)
l52m

zEu reaction, and all three tantalum samples for
the reactions iaiTa(n,y)182niTa and 161Ta{n,y)i82STa.
Gold monitor foils (0.0127 or thick) accompanied each
sample during the irradiation to provide for a power
normalization to an absolute flux level.

Standard Ge(Li) gamma spectrometry was used to
measure the europium, tantalum and gold activities
following the irradiations.

Analysis

Central to the analysis of the data for each
irradiated sample and monitor foils were the analysis
of the gamma ray spectra for the gamma peaks character-
istic of the desired reaction products with computations
of peak areas^ and reaction rates. The half-lives*3,
gamma ray lines and branching ratios (from reference 7
for Eu and 8 for Ta) used in the reaction rate computa-
tions are listed in Table III. These computations gave
several estimates of the sample or gold foil reaction
rates as determined by the number cf characteristic
gamma peaks used and the number of spectra recorded. A
best estimate of the sample reaction rate was computed
as the unweighted average of the individual determina-
tions, with the square of the uncertainty given by the
sum of the residuals squared divided by N(N-l).

Corrections for resonance self shielding, estimated
to be negligible for the Eu203 samples and approximately
*v> 1* to * 2% for the tantalum foils were not applied to
the reaction rates. Corrections for gamma absorption
in the Eu203 samples were determined to be negligible.
however, it was necessary to correct the tantalum reac-
tion rates for gasrara absorption. Uncertainties in the
branching ratios and in the half-lives were not con-
sidered in the assessment of the uncertainty in the
reaction rate, their contribution is expected to not

* Work performed under the auspices of the Energy Research and Development Administration.
t Retired.
tt Presently employed with the Allied Chsmical Corporation, INEL, Idaho Falls, Idaho 8340h

JM ;..L.,U



ho as significant as that contributed by the uncertainty sections against standard dosimetry materials and to
in the ahoIuLc flux level to the uncertainty in the permit a computation of the spectral index for each

neutron field.absolute cross section.

The absolute spectral-averaged cross section for
the reaction was computed as the best estimate cf the
sample reaction rate divided by the absolute integral
flux corresponding to a constant power level during
the irradiation. The absolute fiux level was deter-
mined by normalizing the gold foil reaction rate for
the sample to a gold foil reaction rate determined as
part of the InteHaboratory LMFBR Reaction Rate (ILRR)
program^ for which the absolute flux level was estab-
lished with an uncertainty of ± 82.

Results

The results of the reaction rate and cross-section
calculations are summarized in Table IV. Fron> these
results the total capture cross sections for :5iEu and
for natural Eu (47.8:; 15iEu, 52.2:, 1S3Eu) are 2.59±0.15
barns/atom and 2.03*0.19 barns/atom, respectively.

Reactivity Calculations

In the following discussion concerning reactivity
worth, the integral capture cross sections of i b lEu,
1 5 3 E U J ieiTa and ioB> as measu)-ed in the CFRMF, are
used as an absolute standard for commuting infinitely
dilute relative reactivities of Eu2O3, Bi,C and Ta in
the neutron field of the CFRMF. They are also used to
obtain reasonable estimates of the integral cross
sections and relative reactivities for these materials
in other neutron fields.

Calculational Method

Reactivity calculations were made with a multi-
group diffusion approximation formulation of the ,Q
following first order perturbation theory expression:

= -}'<*>
where

K = product of the eigenvalue for the unperturbed
reactor and the normalization integral

= the space and lethargy - averaged flux in
the sample

.. ///»(r,u,n)d3r d fldu
/// d3rdfldu

•f»= the absorption-weighted adjoint in the sample

J7/it>+(r,u,n)i:a(r,uH(r,u,fi)d
3rdndu

* * a
i = the macroscopic spectral-averaged absorption

cross section for the sample.

Application to EU2O3, Bi,C and Ta

The neutron fields used here were the CFRMF and
assemblies*! designated ECEL-17, ECEL-17FS, LMFBR-17
and LMFBR-17FS. Real and adjoint fluxes in a 68 group
structure were used for all assemblies. General fea-
tures derived from the 68 group central real fluxes for
each assembly are summarized in Table I.

Infinitely dilute differential capture cross sec-
tions for 1 5 IEu, lS3Eu, 181Ta and 10B were generated
from ENOF/B-III data using ETOP and PHROG processing
codes. In addition, the cross sections for 198Au(n,y),
235U(n,f) and 23CU(n,f) were generated to provide a
comparison of the calculated spectral-averaged cross

Atomic densities used to compute the macroscopic
cross sections were 2.72 x 1022 atoms (Eu)/cm3 for
Eu203, 2.343X10

22 atoms (10B)/cm3 for B^C and 2.982xl022

atoms (Ta)/cm3 for tantalum. These atomic densities
assume material densities of iL£5-aa3/cn£_forEu2Oa,
2.51 gm/cm3 for B,,C and 16.6 gin/cm3 for tantaT*

The pertinent steps in the calculation of the
relative reactivities for the control materials In the
selected neutron fields is illustrated in figures 1, 2
and 3. The relative cross sections in figure 1 indicate
the change in relative value of the spectral-averaged
cross sections for a material as the neutron spectral
shape is changed. Assuming the energy dependence of
of the cross sections to be well represented by the
differential cross sections from ENDF/B-III, the rela-
tive cross sections plotted in figure 1 multiplied by
the integral coss sections measured for ttese mterials
in the CFRMF provide reasonable estimates of ttie abso-
lute integral cross sections in the selected neutron
fields. These estimates multiplied by the appropriate
atomic densities are illustrated in figure 2 relative
to the macroscopic cross section for Eu203 in each field.
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Fig. 1.
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Calculated integral cross sections for each
neutron field (closed circles) relative to tfca
values for the CFRMF.

Using the 68 group real and adjoint fluxes for each
assembly, the macroscopic differential cross sections
from ENDF/B-III and the relative mar^jscopic spectral
averaged cross sections from figure 2, the relative
reactivities per unit volume were computed by the method
discussed above and are illustrated in figure 3. The
results in figure 3 seem to indicate a considerable
increase in the relative reactivity of B4C as the neu-
tron spectrum hardens. The magnitude of this effect
was found to be related to the slope of the adjoint
flux. For the CFRMF, the adjoint flux is relatively
steep changing by 75% over the 95$ energy range of the
real flux, whereas for ECEL-17, the variation"is only
4S and for LMFBR-17, 35£. The values for the symbol*X
and the open circle in figure 3 indicate the relative
reactivities calculated using the CFRMF real flux and



the ECL'L-17 and LMFBR-17 adjoints respectively. Similar
computations for Ta reduced the relative reactivity in
the CFRMF by only 41 from the value indicated in figure
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Fig. 2. Estimated macroscopic integral cross sections
for each material relative to that for Eu203
in each neutron field (closed circles).
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relative comparisons as indicated by columns B-E.
However, the relative value for Ta as derived fron a
measurement in the ECEL-17 is cor ;iderably higher than
the other relative values. Spenke* indicated that the
value for Ta, as measured in the SNEAK facility, is
probably low because of self-shielding.

Conclusions

Absolute integral capture cross sections, measured
for 151Eu, 153Eu, islTa and 1 0B 4 in the CFRMF, provide
an absolute standard for normalizing the model-dependent
calculations of the differential cross sections, for
evaluating the relative reactivity worth of Eu203, B^C
and Ta in neutron fields typical of an LMFBR core and
for estimating burnup and decay heating rates. The
results of reactivity calculations here demonstrate
that the infinitely dilute relative reactivity per unit
volume for Eu2O3 is 25Z to 40% ligher than B^C and 80";
to 100S higher than tantalum in ne'^-on fields charac-
terized by the 2 3 5U: 2 3 8U reaction rate spectral index
ranging from 23 to 50. To evaluate the long term worth
of Eu2O3 and to permit realistic calculations of the
decay heating rates, measurements of the inteqrai cap-
ture cross sections for 152Eu, 15wEu, 15iSn, l5^Gd and
I51(Gd are needed. Experiments to measure these cross
sections in EBR-II are planned.
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Fig. 3. Reactivity per unit volume for each material
relative to that for Eu2O3 in each neutron
field. Closed circles are values obtained
using the corresponding real and adjoint fluxes
for each field. The symbol X and the opan
circle are the values obtained for the CFRMF
with the normal adjoint replaced by that for
ECEL-17 and LMFBR-17, respectively.

Table V gives a comparison of the relative reac-
tivities for Eu2O3, natural B4C and Ta as reported here
and derived from measured specific reactivities. 1»H
There appears to be good agreement in the Eu2O3-Bi,C



TABLE I

Gpntral features of Selected Net'tron Fields

TABLE li

Summary of Experimental Details

Neutron
field

Mean
Energy

Median
Energy

90% .
Range3«b

95%
Rangea>c

Spectral
Indexd

CFMF

700

360

12.2-
2800

3.5-
3800

23.3

ECU-17

470

170

4.3-
2000

1.8-
2900

43.1

ECEL-17FS

450

150

3.7-
1940

1.5-
2850

46.6

LMFBR-17

420

136

3.2-
1970

1.2-
2840

43.8

LMFBR-17FS

420

135

3.2-
1970

1.1-
2840

49.9

Energy in keV.

Energy range containing 90S of the integrated neutron
flux.

Energy range containing 95" of the integrated neutron
flux.

Spectral Index = Ratio of Calculated Reacl'on Rates
for 2 3 5U to 2 3 8U. Measured value for CFRMF is 20.5.

TABLE III

Nuclear Data for Reaction Rate Calculations

Isotope

i52m2 E u

!52m ) E u

i^9Eu

15-EU

i82mTa

i829Ta

Half-Life

96 m

9.3 h

13.2 y

8.6 y

15.9 m

115 d

2.696 d

IT
(keV)

89.85

841.45
963.27

778.75
1085.77
1112.07
1408.16

723.34
1004.76
1274.43

147.11
171.89
318.59

100.11
152.40
222.11

1121.27
1221.38

411.79

B.R.a

0.74

0.125
0.103

0.125
0.105
0.129
0.215

0.198
0.174
0.347

0.40
0.40
0.05

0.14
0.07
0.08
0.34
0.27

0.95
aB.R. = Gamna-ray branching ratio

Sample
Tag

Eu-1

Eu-2

Eu-3

Ta-1

Ta-2

Ta-3

Isotope

151

153

151

181

181

181

Enrich-
ment
CO

96.83

98.76

96.83

99.988

99.988

99.988

Form

Eu203
a

Eu203
a

Eu 2 O 3
C

Metalb

Metalb

Metalb

Mass
(mg)

15.33

14.87

5.49

141.73

141.93

142.05

irradia-
tion
Time
(hr)

287.5

287.5

0.5

2.0

2.0

2.0

Total
fieutrof'
Fluence
Im/ca2)

L2xlO-7

1.2xl0;"

2.2xl0J~

8.8/,10;-

8.8x10--

8.8xlG;i"

3Powder encapsulated in quartz ampule.

Metal foils were 0.0127 cm thick by 1 cm diameter.

Encapsulated in high density poly container with
5 mil wall thickness.

TABLE IV

Suimary of Cross Section Measurercents

Reaction

151Eu(n,Y)152m2Eu

151Eu(n,Y)152iniEu

151Eu(n,Y)1529Eu

1S3Eu(n,Y)!5uEu

18ITa(n,Y)182mTa

>8iTa(n,Y)1829Ta

10B(n,a)7Li

Reaction Rate
[Reactions/(sec atom)]

(xIO13)

(2.64±0.10)xl0"3

1.284±0.020

2.803-0.024

1.782*0.008

(9.41±0.20)xl0-4

0.657-0.009

.» - i 4

Cross
Section

(barns/ato")

(2.1=0.2)xl0-:-

1.07=0.09 ;

1.52=0.12

1.51=0.12

(8.1±0.7)xl0--

0.54:0.04

1.90-O.07a :

TABLE V

Comparison of Relative Reactivities

Material

Eu2O3

B,C

Ta

1

0

0

Ab

.0

.961

.567

Relative

1

0

0

8C

.0

776
542

Reactivity3

Cd

1.0

0.735

0.481 i
i

1

0

0

oe

,0

.775

.684

Ef .
1.0

0.770

0.424
aReactivity per unit volume.

As calculated here for the CFRMF.
cAs calculated here for the CFRMF using the adjoint
for ECEL-17.

dAs calculated here for the ECEL-17.
eDerived from measured specific reactivities reported
In reference 11.

fierived from nieasured specific reactivities reported
in reference i.


