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NEODYMIUM, SAMARIUM AND EUROPIUM CAPTURE CROSS-SECTION 
ADJUSTMENTS BASED ON EBR-I1 INTEGRAL MEASUREMENTS 

I 

R e  A. Anderl and Y. D. Harker 
Idaho National Engi neeri ng Laboratory 

EG&G Idaho, P.O. Box 1625 
Idaho Falls,  Idaho USA 83415 

F. Schmittroth . 
Hanford Engi neeri ng Development Laboratorty 

P.O. Box 1970 
Rich1 and, Washington. 99352 

Integral capture measurements have been made for high-enriched iso- 
topes of neodymium, samarium and europium irradiated in a row 8 position of 
EBR-I1 with samples located both a t  mid-plane and in the axial reflector. 
Broad response, resonance, and thresh01 d dosimeters were i ncl uded t o  character- 
ize the neutron spectra at the sample locations. The saturation reaction rates 
fo r  the rare-earth sampl es were determi ned by post-i rradiat ion mass- 
spectrometric analyses and for  the dosimeter materi a1 s by the gamma-spectro- 
metric method. The HEDL maximum-likelihood analysis code, FERRET, was used 
t o  make a "least-squares adjustment" of the ENDF/B-IV rare-earth cross sections 
based on the measured dosimeter and fission-product reaction rates. 
Preliminary results to  date indicate a need for a significant u ward adjust- 
ment. of the capture cross sections for  l k 3 ~ d ,  "+5Nd, 147Sm and P48Sm. 

Introduction 

In recent years, integral data (capture reaction rates and reactivity 
worth measurements in fast-reactor fie1 ds) have played .an important role in the 
evaluation of fission-product capture cross sect.ions of importance t o  reactor 
technology, especially the development of fas t  reactor systems/l/. In the 
simplest evaluation application for isotopes with sparse or no measured differ-  
ential data, integral measurements have been used t o  normalize capture cross 
sections based exclusively on nuclear model calculations. For isotopes with a 
more extensive base of measured differential data, integral measurements have 
been used t o  make integral t e s t s  of cross-section curves based on the differ- 
ential measurements and nuclear model calculations. Such integral t es t s  have 
been helpful t o  the evaluator in sorting o u t  normalization problems between 

. differential measurements. I n  a more sophisticated application, integral data 
obtained from measurements in different spectra have been used t o  adjust both 
mu1 t i group and/or poi nt-wise cross sect i ons/l/, This 1 a t t e r  appl i cat i on requires 
a real i s t i c  treatment of the uncertainties and correlations in the. integral 
data and in the a-priori flux spectra and fission-product cross sections. 



-- 

A significant fraction of the-integral data used in the fission 
product cross-section evaluation process comprises reactivity worth measure- 

.- ments in the fas t  reactor spectra of the STEK cores/2/ and activation capture 
rates in the fas t  neutron f ie ld  of the Coupled Fast Reactivity Measurements 
Faci 1 i ty  (CFRMF) a t  the Idaho National Engi neeri ng Laboratory/3/. This paper 
presents the integral capture results for enriched isotopes of neodymium, 

. . samarium and europium irradiated in different spectra in the Experimental 
Breeder Reactor-I1 (EBR-11). The Nd and Sm cross sections are of importance to  
fission product poison effects in fas t  reactors 'and/or t o  the establishment of 
a re1 iable b u r n u p  monitor for  fas t  reactor fuel's. Cross sections for the Eu 
isotopes are needed in the evaluation of europium oxide as a control material. 
For most of the isotopes in the irradiation, some integral data exist as reac- 
t i v i t y  worths. Li t t le ,  i f  any, integral capture data have been published. The 
EBR-11 experiment differs significantly from experiments in' the CFRMF and STEK 
f aci 1 i t i  es in terms of neutron spectrum characterization. The neutron f ields 
in the l a t t e r  two f ac i l i t i e s  are well characterized by means of neutronic cal- 
cul a t i  ons and active neutron dosimetry.. Characterization of the neutron 
spectra i n  the EBR-I1 i s  dependent on the use of passive dosimeters (activation 
monitors) . 

Included in th i s  paper are a brief description of the EBR-I1 irradia- 
tion experiment and a detailed presentation of the measured reaction rates for  
the rare-earth sampl es and for  the neutron spectrum dosimeters. In addit icn, 
preliminary results-of the application of the FERRET Code/4,5/ for  spectrum 
unfol di ng and for  the adjustment of ENDF/B-IV mu1 tigroup cross sections based 
on the measured integral data are presented. 

EBR-I I Irradiation Experiment 

Irradiation Configuration 

A detai 1 ed description of the irradiation experiment was presented 
earl ier/6/. Only pertinent detai ls  will be given here. Shown in Figures 1 and 
2 are the subassembly and axial loading patterns for th i s  experiment. The 
irradiation package consisted of multiple samples (0.1 ug t o  50 u g  deposits on 
Ni or V f o i l s )  of the isotopically enriched isotopes shown in Figure 2 and 

237  2 3 5 u  2 3 8 u  dosimeter sets  consisting of Co, C u ,  Fe, Ni, Ti, Sc, Np, , 
monitors. Two B-7 capsules provided the primary containment of the eight 
experiment capsules. Each experiment capsule contained u p  to  f ive subcapsules 
each of which contained the sample or dosimetry materials. 

React ion-Rate Determi nation 

Dosimeters. Saturation react ion rates for  the dosimeters were deter- 
mined by the radiometric technique/7,8/ using cal i brated Ge(Li ) spectrometers. 
Decay data for  the analysis was taken from reference 8. The fission-rate 
determinations were based on the consensus fas t  reactor fission yields given in 
reference 9. Infinitely-dilute reaction rates for  the dosimeters in each set 
for  the irradiation are summarized in Table I. Accurate fission rates for  2 3 8 ~ ,  
not given in the table, are di f f icul t  to obtain because a large correction i s  
required t o  account for fission-product activity due t o  fission of the "grown- 
in" 2 3 9 ~ ~ .  Uncertainties in the reaction rates for the Co dosimeters reflect 
significant neutron self-shieldi ng corrections (-factor of 2 )  required for 
these monitors. 

Rare-Earth Sampl es. The saturation react ion rates summarized i n 
Table I1 for  the Nd, Sm and Eu samples are based on mass-spectrometric or gamma 
spectrometric measurements for  the post-irradiation samples. For the Nd and Sm 
isotopes for  which integral results are reported here, both the parent and the 
capture products are stable and the reaction rates are determined easily from 
mass spectrometer measurements of the ( A + l ) / A  atom ratios for the samples/6/. 



I Subassembly environment X-177 loading 

R: Stainless steel reflector 
P: 112 driver fuel, 112 stainless steel Subassembly: X-177 
D: MARK II driver fuel Position: 8A4 
X-287: structural ' Irradiation time: Cycles 87C-888, 2504 MWd 
X-214: oxide fuel Midplane fluence: 4.3 x nlcm2 
X-235: MARK II driver fuel 
X-268: structural 
-. . - 

Fig. 1 Subassembly loading p a t t e r n  f o r  EBR-I1 
I r r a d i a t i o n .  

Experiment 
capsule Contents 

Dosimeter sets: XX-1, XX-2, XX-3, XX-4 

Spacers: S1, S2, S3 

Fig .  2 8-7 Axial Loading P a t t e r n  f o r  €82-11 
I r r a d i a t i o n .  



TABLE I. I n f i  n i t e l y - d i l  u t e  deact ion  Rates f o r  Dosimeters 
i n  EBR-I1 Experiment X-177 

React ion r a t e  ( r e a c t  ions/sec-atom) x 10 11 

React ion x x - l a  XX-3 XX-2 XX-4 

5 9 ~ o  ( n ,y l6'co 20.2(9) 27.8(12) 64. (5 )  70. ( 6 )  

2 3 5 ~ ( n , f )  231. (7 )  234. (9)  238. (9 )  230. (8 )  

2 3 7 ~ p ( n , f )  63. (4 )  50. (2) 19.3(10) 11.0(5) 

45~c(n ,y  ) 4 6 ~ c  3.75(9) 3.72(8) 3.99(9) 4.07(8) 

5 4 ~ e  (n, p) 5 4 ~ n  1.300(22) 0.910(15) 0.2162(37) 0.1024(17) ' 

5 8 ~ e ( n  ,y ) 5 9 ~ e  0.965(13) 0.998(14) 1.239(16) 1.166(15) 
58 5 8 ~ i ( n , p )  Co 1.74(4) 1.27(3) 0.306(6) 0.152(3) 
46 46~i  (n,p) Sc 0.1570(19) 0.1142(14) .02364(28) 0.01169(14) 
6 0 6 3 ~ u  (n,ct) Co 0.00728(12) 0.00527(8) .00212(3) 0.00104(2) 

a ~ a b e l  f o r  dosimetry set. 

b~umber  i n  parenthes is  i s  t h e  1-sigma e r r o r  i n  t h e  l a s t  s i g n i f i c a n t  d i g i t s .  

TABLE 11. I n f i  n i t e l y - d i  l u t e  (n,v ) React ion Rates 
f o r  Rare-Earth Samples i n  EBR-I I 

Experiment X-177 

Appl i cab1 ea React ion 
Dosimeter Rate - cc 

I sotope Set (rps/atom)xlO M 

143~d XX-3 5 . 0 3 ( 6 ) ~  -822 
XX-4 8.75(5) -863 

1 4 4 ~ d  XX- 1 1.06(2) -997 
XX-4 0.993(11) -970 

1 4 5 ~ d  XX-3 7.64(8) -653 
XX-4 14.55(9) .765 

1 4 7 ~ m  XX- 3 23.11(14) .658 
XX-2 44.8(5) .813 

1 4 9 ~ m  XX- 3 40.9(10) , .721 
XX-2 81.5(27) 1.07 

1 5 1 ~ u  XX- 1 54. (3) .705 
XX-4 113. (7)  -794 

1 5 2 ~ u  X X - 1  52. (5 )  .913 
XX- 2 75. (8)  1.26 

5 3 ~ u  XX- 1 29.6(15) .804 
XX-4 61-9(25) -934 

5 4 ~ u  XX- 1 38. (3) -757 
XX-2 62. (5) 1.03 

' ~ o s i m e t e r  s e t  i d e n t i f i c a t i o n  which re1 a tes  rare-ear th  r e a c t i o n  r a t e s  t o  
dosimeter r a t e s  i n  Table I. 

b~umber  i n  parenthes is  i s  t h e  1-sigma e r r o r  i n  t h e  l a s t  s i g n i f i c a n t  d i g i t s .  

' ~ a l c u l  ated-to-measured r e a c t i o n - r a t e  r a t i o s  based on t h e  unadjusted f i s s i o n -  
product  cross sec t ions  and t h e  mu l t i g roup  f l u x e s  obta ined f rom spectrum 
u n f o l d i n g  analys is .  



Prior t o  mass spectrometric analysis, the rare-earth deposits were chemical ly 
isolated from , the backing foi l .  A minimum of three mass-spectrometric 
analyses were made for the Nd and Sm samples from each axial location. The 
quoted errors for  the Nd and Sm isotopes result from averaging the isotopic 
data from each mass-spectrometric analysis and accounting for  an estimated 
0.5% systematic error in the mass-spectrometric determination. 

For the Eu isotopes, which invol ve radioactive parent or capture 
products, the react ion-rate determi nat ion i s  more compl i cated. Because a 
significant fraction of the capture in l S 1 E u  goes t o  the 9.6 h L 5 2 ~ ~  metastable 
s ta te  (estimated t o  be 41% from the data in reference 3 ) ,  chemical isolation of 
the E u  fraction from the Gd and Sm decay products from the 9.6 h activity was 
required prior t o  mass-spectrometric analysis for  the 1521151 atom ratio. 
Consequently, the capture rates for l S 1 E u  in the table were derived from decay- 
corrected measured-atom ratios divided by .59 t o  account for  the isomer pro- 
duction. The errors in the measured capture rates for  the l S 1 E u  are dominated 
by a 5% uncertainty estimated for  the isomer ratio. 

Capture rates for l S 2 E u  are based o'n decay corrected 1531152 atom 
ratios obtained from mass spectrometric measurements for  Eu samples isolated 
from the nickel backing and from the Sm and Gd decay products from the decay 
of the 1 3 . 2 ~  l S 2 E u .  The sizable errors estimated for  the quoted l S 2 E u  capture 
rates result from uncertainties in the mass spectrometric determi nation of the 
1531152 atom ratios in the unirradiated and irradiated s.amples. Similarly, 
the capture rates for  1 5 3 ~ ~  are based on decay-corrected 1541.153 atom ratios 
obtained from mass- ectrometric meas.urements. The domi nant contribution to  
the error for  the l S B E u  capture rate i s  due t o  uncertainties in the MSS- 
spectrometric determi nation of the 1541153 atom ratios. 

The capture rates for the l S 4 ~ u  samples are based on decay-corrected 
atom ratios determined by the Ge(Li) spectrometric measurement of the relative 
qamma emission rates of the 123.14-keV and 105.3-keV 1 ines in the 8- decay of . 

5 4 ~ ~  and 5 5 ~ u ,  respectively. ' The dominant contributors to  the uncertainty . 
in the capture rates are errors in the gamma-ray branching rat ios and half- 
lives used in the computation of the atom ratios from the relative gamma 
intensities. Decay data for these analyses were taken from the I N E L  Decay 
Data Master File . 

Data Analysis 

Neutron Spectrum Characterization 

The FERRET data analysis code/4,5/, was used t o  obtain 47 group* 
representations of the neutron spectra based on the measured reaction rates 
for  the dosimeters in Table I .  A priori information for th is  analysis 
included the following: 

1) 47 group fluxes derived from 29 group fluxes obtained from XY- 
geometry ( for  mid-pl ane) and RZ-geometry ( for  ref1 ector) 
neutroni cs cal cul a t  i ons for appl i cab1 e core configurations of 
EBR-I I / l l / ,  

2) parametric representat ions for  the flux covariance matrices, 

3) 47 group dosimeter cross sections based on ENDFIB-IV, 620 group 
cross sections collapsed with a weighting function representative 
of t h e  neutron spectra in EBR-I I ,  

*Slightly modified version of the HEDL 42 group energy structure with maximum 
energy extended t o  16.91 MeV. 



4) parametr ic  represen ta t ions  f o r  t h e  cross-sect  i on covariance 
mat ri ces. 

The covariance matrices generated.  f o r  both t h e  f i  uxes and c ross  
s ec t i ons  a r e  composed of two components: an overa l l  f r ac t i ona l  normalization 
uncer ta in ty ,  c ,  and a second term, rirjo j, t h a t  descr ibes  any addi t ional  
unce r t a in t i e s  and cor re l  a t  ions. The c o r r e l a t i o n  matrix i s  parameterized by 

where 0 denotes t h e  s t r eng th  of the sho r t  range co r r e l a t i ons  and Y denotes 
thei r range. For ex9mpl e ,  compl e t e l y  uncorre la ted data  o r  a-pr ior i  values 
a r e  described by 0.0 so  t h a t  o = 6 i  j. The va lues ,  ( ri)  a r e  t h e  group-by- 
group f r a c t i o n a l  uncer ta in t ies .  

In t h e  present ana lys i s ,  a mid-plane a -pr io r i  f l ux  was assumed t o  
have a 10% normal i z a t  i on uncer ta i  nty , a group-by-group uncer ta in ty  of 20% with 
short-range co r r e l a t i ons  spec i f i ed  by @= 0.9 and Y= 3.0 A r e f l e c t o r  a -pr io r i  
f l u x  was assumed t o  have a 20% normalization uncer ta in ty  and a group-by-group 
uncer ta in ty  of 4.0%. A more ex tens ive  evaluat ion by one of t h e  authors  
(F. Schmit t roth)  of t h e  uncer ta i  n t  ies and cor re l  a t  ions f o r  the dosimeter c ro s s  
s ec t i on  i s  beyond the scope of t h i s  paper. 

Two examples of t h e  spectrum-unfolding ana ly s i s  which simultaneously 
t r e a t e d  a l l  f o u r  dosimeter s e t s  a r e  i l l u s t r a t e d  i n  Figures 3 and 4. In Figure 
3 ,  one notes t h a t  t h e  adjusted multi-group f l u x  appears t o  be somewhat s o f t e r  
than  t h e  a-pr ior i  f lux.  Group-to-group f r ac t i ona l  unce r t a in t i e s  were reduced 

-- ----a priori L-4 1 02 I 03 1 04 105 106 107 

Ener y (eV) IN EL-A-1 3 764 
Eig. 3 Comparison of  a -p r io r i  an8 adjusted mu1 t igroup f luxes  

f o r  XX-1 dosimeter a t  mid-pl ane . 
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Fig. 4 Comparison of a-priori and adjusted mu1 ti group 
fluxes for XX-2 dosimeter in the reflectar. 

t o  as 1 ow as 12% in the region of .maximum response above the sodi um dip 
(25 keV). Illustrated in Figure 4 i s  the overall hardening of th.e a-priori 
ref1 ector neutron spectrum by the adjustment. The two figures i1.l ustrate the 
signif ica.nt differences in the energy distribution of the neutr0.n flux between 
a. mid-plane and a reflector location and point t o  the sensitivity of the 
ref 1 ector react ion  rates t o  resonance capture. 

Cross-Sect i on Adjustment. 

A 1 east-squares adjustment of the 'fission-product mu1 tigroup cross 
sections was made w i t h  FERRET based on the following a-priori information: 

I , 1) Adjusted multigroup fluxes and adjusted flux covariance 
matrices from the spectrum unfolding analysis. 

2) 47 group  fission-product cross sections based on ENDF/B-IV. 

3)  parametric representat ions for the cross-sect ion covariance 
matrices. 

Summarized in the 4th column of Table I1 and i l lustrated by Figures 
5-8 are some of the results of the FERRET analysis. The C/M ratios given in 
Tab1 e I I present "conventional " integral tes t s  of the f i ssion-product cross 
sections. For example, both the mid-plane and reflector C/M ratios for 1 4 3 ~ d  
indicate the need for an upward adjustment in the cross section t h r o u g h o u t  the 
region of sensitivity of the fluxes. The C/M ra t ios  based on the adjusted 
fission-product cross sections and fluxes were essentially 1 for a1 1 cases 
except those w i t h  large errors in the measured reaction rate, e.g., l S 2 ~ u .  
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f i g .  6 Comparison o f  . a -p r i o r i  and adjusted 
mult igroup cross sections f o r  1 4 5 ~ d  , 

Fig, 5 Comparison o f  a - p r i o r i  and adjusted 
mu1 t igrbup cross sections f o r  l4 3 ~ d  
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F ig .  7 Comparison o f  a - p r i o r i  and adjusted 
cross sections f o r  1b7Sm . 



Shown in Figures 5-8 are corn arisons of the a-priori and adjusted cross 
- - sections for  lk3Nd,  lk5Nd,  lp7Sm and N 9 ~ m  isotopes for which no previous 

integral capture data have been reported. As expected, the adjustment in the 
cross section i s  mainly over the region of maximum response in the neutron 
f ields and the magnitude of the adjustment i s  approximately given by the 
inverse of the C/M ratios from Table I I. 

Discussion 

Some qualitative comparisons of the present integral results and 
cross section adjustments with other integral data, measured differential 
cross sections and/or eval uated croqs sections were made. Integral checks of 
the ENDF/B-IV cross sections for l 4  Sm and 14'sm based on reactivity-worth 
measurements in the STEK cores has been reported as C/M ratios/2/. The C/M 
rat ios from the present experiment are in good agreement with the STEK results. 
For 1 4 3 ~ d ,  1 4 4 ~ d  and 1 4 5 ~ d ,  Gruppelaar/l3/ has reported adjusted cross sections 
(RCN-2A s e t )  based on reactivity-worth measurements in the STEK cores. A 
comparison of the adjusted Nd cross sections from the present work with those 
of Gruppel aar indicates good agreement for 14'Nd and reasonable agreement for 
1 4 3 ~ d  and 1 4 4 ~ d .  A comparison of the prel iminary EBR-I1 adjusted cross 
sections with recent differential data indicates reasonable agreement for 
lk9sm and 1 4 5 ~ d  and good agreement for 1 4 3 ~ d  and 144~d/14/ .  

We consider the present integral results and FERRET analyses t o  be 
of more use in data' evaluation that just for qualitative comparisons of C/M 
rat ios and adjusted cross sections. Especially of use t o  the data evaluator 
are the adjusted cross sections and associated adjusted covariance matrices. 
The adjusted covariance matrices embody a1 1 the uncertainties and correlations 
associated with these integral experiments. The data could subsequently be 
used by the evaluator t o  adjust evaluated point cross sections based on nuclear 

, model calculations and measured differenti a1 data/l/. Furthermore, with the 
advent and ut i l izat ion of covariance f i l e s  for ENDF/B cross sections, t h i s  
approach t o  data evaluation will u t i l i z e - i n  the most consistent.way al l  the 
measured and calculated informati~n important t o  determining point-wise cross 
sections for fission-product isotopes. 

In summary, we would l ike t o  emphasize the unique features and contri- 
butions of the present experiment and analys,es. From an experimental stand- 
point , 

1) small sample sizes were required (ug quantities of highly 
enriched rare-earth samples were prepared with the I N E L  
el ect romagnet i c mass separator) , 

2)  short-time (-30 days) irradiation of samples in different 
neutron f ields of high flux t e s t  reactor, 

3)  spectral characterization of neutron f ields by use of 
passive dosimetry , 

4) capture react ion-rate measurements based on conventional 
mass spectrometric and Ge(Li ) spectrometric techniques 
and capabilities a t  the INEL. 

From an analysis standpoi n t  , we have demonstrated the adjustment of cross 
sections based on the present integral results to  be consistent with other 
evaluations and differenti a1 measurements. 
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