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FOREWORD 

At i t s 20th meeting (Oak Ridge, April 3-7, 1978) the Nuclear Energy 
Agency Nuclear Data Committee (NEANDC) deemed i t advisable to hold a 
"spec ia l is ts ' meeting" on the neutron cross-sections of f iss ion product 
nuclei, at the end of the year- 1979. This in view of the time elapsed 
since the Petten meeting (Fission product nuclear data, September 5-9, 1977) 
and of recent progress in measurements and evaluations, and in consideration 
of the more stringent requirements set on the cross-sections of this class 
of nuclei. 

The meeting was then organized under the auspices of the NEANDC and 
hosted, by the Laboratorio Dati Nucleari at the "E. Clementel" CNEN Centre 
in Bologna ( I t a l y ) , December 12-14, 1979. Main scope was to review and 
assess experimental results and evaluations, taking the Petten meeting as a 
start ing point, in the more restr icted f i e l d of neutron cross-sections. 

The presentation of invited and contributed papers was organized 
into three sessions, devoted to: 

1) Measurements of d i f ferent ia l and integral data and experimental 
techniques. 

2) Resonance parameters: average values and systematics. 
3) Neutron cross sections: theory and evaluations, 

and into two Working Groups with the task of assessing: 
1) Status of the capture cross-section for the most important 

f iss ion product nuclei. 
2) Status of evaluation and theory on<D> , r and the neutron 

and gamma strength functions. 
The restr icted attendance and the competence of the participants 

favoured frank and animated discussions on the various subjects. 
The conclusions of the meeting are summarized in the reports of the 

three session chairmen and of the two working groups. 
The editors thank a l l participants and wish to acknowledge the 

cooperation of the chairmen of the sessions and of the working groups. 
The assistance of the members of the organizing committee, and the kind help 
of the secretary Mrs. P. Cenni is also grateful ly acknowledged. 

C. Coceva 

G.C. Panini 
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Chairman's Summary of the Highlights of Session I : 

Measurements of d i f ferent ia l and integral data and experimental techniques 

at the NEANDC Spec ia l is ts ' Meeting on Neutron Cross Sections of Fission 

Product Nuclei, Bologna (1979) 

The current status of integral cross-section measurements on fission-product 
nuclides in fast neutron f ie lds was reviewed by Y.D. Harker and R.A. Anderl. In 
the presentation, Harker noted that there are three complementary techniques that 
have been used : act ivat ion, react iv i ty and transmutation. The las t i s re l a t i ve l y 
new, and involves long term i rradiat ion and subsequent mass-spectroscopic 
analysis of the irradiated material to infer the average capture cross sections. 
Most of the integral data on f iss ion product nuclides that have been obtained were 
done by the act ivat ion technique; Harker reported that a complete re-analysis of 
a l l the data taken with the Coupled Fast Reactivity Measurement F a c i l i t y (CFRMF) 
was carried out for this meeting, using more recent decay schemes and a consistent 
flux normalisation. The primary result of the re-analysis was a lowering of the 
uncertainty estimates previously reported; the measured integral cross sections 
are, on the average, s t i l l ~ 25% lower than calculations based on ENDF/B - IV 
evaluations, or ~ 17% lower than calculations based on the reva luat ions done for 
ENDF/B - V. Harker noted that comparisons of CFRMF act ivat ion measurements with 
calculations based on ENDF/B dosimetry evaluations were found to give much better 
agreement, ~ 5%, and that good agreement is generally found between integral 
measurements made with the CFRMF and with those done at the STFK f a c i l i t y at ECN. 
Harker suggested that some of the discrepancy between calculation and experiment 
might be attributed to resonance se l f shielding, corrections for which had not been 
made in the comparison of calculated and experimental integrals. I t may be noted 
that evidence to support this conjecture is found in Table I I I of this paper : 
the largest discrepancies l i s ted by Harker are for the three even isotopes of Nd, 
148, 150 and 152 which have large s-wave neutron strength functions (~ 3 x 10~4) 
and which (because they are even-even targets) would be expected to show re la t i ve l y 
the largest corrections for resonance self shielding. I f these three results are 
excluded from the comparison, one finds that the rat io of calculated to experi-
mental integrals goes from 1.25 to 1.12 for the ENDF/B IV comparison, and from 
1.17 to 1.05 for ENDF/B V. Harker also suggested that new measurements on 99jc> 
lOOMo, !07Ags 109Ag, 127J9 a nd the Nd isotopes should be considered and that 
CFRMF react iv i ty data might be used to infer average scattering cross sections. 
He noted that measurements using the transmutation method with EBR - I I or FFTF 
for Zr, Ru, Pd and Mo isotopes were being proposed. 

In the second invited paper of this session, N. Yamamuro of the Research 
Laboratory for Nuclear Reactors, Tokyo Inst i tute of Technology (KURRI) and 
A. Asami of the Japan Atomic Energy Research Inst i tute ( JAERI) reported capture 
cross section measurements on certain of the most important f iss ion products. At 
the KURRI 46 MeV Linac, average capture measurements are determined between 3 and 
80 keV by a two-step technique : 1) an absolute determination at 24 keV, using an 
i ron-f i l tered beam, and 2) a shape measurement between the black resonances at 
2.85 keV in sodium and at 103 keV in sulphur. Capture y ie lds were determined with 
C5F5 or C5D5 detectors at an 11.7 m f l ight path; a carbon scatterer was used to 
monitor the scattered neutron background, which was found to vary roughly as 1/v 
and permitted the background to be analyt ica l ly described as having a l inear 
dependence in time of f l i gh t . The re la t ive measurements were then normalized at 
24 keV, the flux shape having been determined with 10B(n, ay) reaction. Data were 
reported for Nb-93, 1-127 and Cs-133 with an overall accuracy of 5% (estimated in 
Ref. 1, the preliminary report of this work presented at the Harwell conference in 
September 1978). 
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The capture measurements at the 120 MeV JAERI Linac are made with a large-
volume (3500-1) l iquid sc in t i l l a to r tank; and particular attention is paid to a 
careful determination of the background. The time dependent capture background 
can be assumed to arise primarily from neutrons scattered by the sample, 
moderated in the capture tank, and subsequently captured in the tar.k or i t s 
v i c in i t y . The shape of the background was assumed to follow that observed with 
a pure scatterer (Pb), which was then normalized to results obtained with various 
notch (black-resonance) f i l t e r s inserted in the beam. Similar considerations are. 
used to normalize the flux monitor backgrounds, although here i t appears not to be 
necessary to take into account the shape of the time-dependent background between 
notches. Average data were presented for natural Eu, Eu-151, 153, Nd-143,145,146, 
148 and Sm-147, 149 and compared with the work of others. In the resonance region 
data were obtained for Tb-159, Br-79, 81 and Sm-147, 149. Evidence for intermediate 
structure on steps in the cumulative plot of the s-wave neutron strength function as 
a function of neutron energy was found for Br-81 and Sm-149. 

In the last invited paper of this session, H.G. Priesmeyer of the University of 
Kiel summarised low energy ( < 1 keV) neutron cross section measurements on 
radioactive f ission product nuclides performed since the 1977 Petten meeting. 
There are three experimental programs that have been active over the past few years, 
two fast-chopper groups, at Kiel and Dimitrovgrad, and the electron linac at RPI, 
used in collaborative measurements by groups at RPI and KAPL. New measurements on 
Cs-134, Cs-135, Cs-137, Tc-99, 1-129, Sm-151, Pd-107, Pm-147, Eu-154, Eu-155 and 
gross f ission product samples were described. Priesmeyer summarised the current 
situation in his concluding remarks : 

a) For the measurer, E. Forts 's review paper at the Petten meeting (IAEA-
213, p.139) is s t i l l a source for measurement needs. Radioactive candi-
dates could be Ru-103, Ru-106, Kr-85 and Sr-90. 

b) D i f f i cu l t ies in getting the sample material are often prohibitive to 
measurements. (This was one of the strong points made by Priesmeyer in 
the text. The interest and active participation by radiochemists in the 
measurement program is crucia l . An example is the KAPL - RPI collaboration.) 

c) In order to deduce the capture cross sections, one needs more than total 
cross section measurements. Priesmeyer mentioned total plus scattering, or 
direct capture measurements. For those nuclides that are gamma act ive, 
direct capture requires very high neutron fluxes to surmount the decay-
gamma background. 

d) Gas production by radioactive nuclides is s t i l l an open problem. 
e) Techniques should be improved and experience gathered for radioactive 

material. ( I t may be noted that much of the expertise that had been 
developed over the past twenty years in this f ie ld is essential ly lost , 
having been dissipated as reprogramming of funding ref lects changing goals 
and pr io r i t i es . ) 

Priesmeyer noted that future needs include the extension of measurements to 
higher energies, and investigation of nuclides with shorter half l i ves . He 
emphasised the importance of irradiat ing the samples, performing the necessary 
chemistry and/or packaging, assaying to assure quality control, and rapid trans-
portation to the spectrometer to carry out the measurement. 

In a contributed paper, M.S. Moore and G.F. Auchampaugh of LASL described 
techniques for the determination of capture cross sections of radioactive nuclides. 
The techniques are the same as those for stable isotopes : calculation based on 
systematics, modifying the calculation by comparing to microscopic measurements, 
and adjusting the resulting evaluation by using integral measurements. The emphasis 
changes when l i t t l e or no data exist. I t was suggested that one might provide 
total cross sections for highly radioactive species by extrapolating experimental 
data on neighbouring stable isotopes; however, this idea has yet to be proven. I t 
was f e l t that the occurrence of intermediate structure in the low-energy neutron 



3 

strength functions of f ission product nuclides was a general problem, and 
important enough that one should consider low-resolution microscopic measurements. 
The re lat ive capabil ity of currently existing and projected high intensity 
neutron sources was reviewed. I t was projected that the necessary data could be 
obtained i f the data requirements were suff ic ient ly urgent to / ant the extra-
ordinary e f for t that w i l l be required. 

Recent tota l , capture, e last ic scattering and resonance parity assignments for 
resonances in Palladium isotopes were described in a contributed paper by 
P. Staveloz, E. Cornelis, L. Mewissen, F. Poortmans, G. Rohr, R. Shelley and 
T. van der Veen. The data on Pd-104, 105, 106, 108 and 110 have been taken at 
GELINA, the electron l inac f a c i l i t y at the CBNM in Geel, Belgium. Most of the 
experiments are finished, and an important part of the data have been analysed. 
The pari ty, or s- and p- wave neutron assignments, are made by the high-/low-bias 
technique : most of the low-lying states in the odd Pd nuclides have positive 
parity, and strong ( E l ) transistions to these states from a resonance level can be 
taken as evidence that the level has negative parity and arises from p-wave neutron 
capture in the even-even target. Strong evidence for intermediate structure in the 
energy dependence of the neutron strength function is reported for 106p<j anc| llOpd. 
The resonance parity assignments are being done to show whether this structure i s 
due to s- or p-wave neutrons or both. 

Neutron capture at selected energies between 0.5 and 3.0 MeV for Rb, Y, Nb, Gd, 
and for isotopes Gd-155, 156, 157, 158 and 160 were reported in a contributed 
paper by J . Voignier, S. Jo ly and G. Grenier. The data were obtained by recording 
pulse-height capture spectra in a Nal spectrometer with a Nal annul us, operated in 
the anti-compton and single-photon-escape modes. The pulse-height spectra are 
unfolded and corrected for spectrometer eff iciency to obtain absolute cross sections 
a ( E , E r ) , at each neutron energy point E. The data were obtained with neutrons from 
the 7i_i(p,n) and T(p,n) reaction with a 4 MV Van de Graaff accelerator. The data 
are compared to existing measurements and evaluations; the agreement with recent 
measurements is generally acceptable, for the cases for which such a comparison 
can be made. Additional measurements have been made for Cs and Ce samples, and 
data reduction is s t i l l in progress. 

A contributed paper by B. Leugers and F. Kappeler reported measurements of the 
total and capture cross sections of natural Kr and Xe and of Kr-80, 82 and 83 from 
3 to 250 keV taken with the Karlsruhe 3 MV Van de Graaff. The capture detectors 
were CgD̂  sc in t i l l a tors with pulse-height weighting; the estimated accuracy of the 
data is 5 -10%. Kappeler noted that a major problem i'n measuring the f ission 
product noble gas is the insufficiency of sample material. Attempts to use l iquid 
targets were unsuccessful because of the large amount of material necessary for the 
cooling c e l l ; the measurements were eventually carried out with high pressure gas 
samples ( ~ 300 bar) giving 25-30% of the l iquid density. Comparison of the data 
on natural Kr with the isotopic samples showed that essential ly a l l the observable 
structure in natural Kr in this energy range is attributable to Kr-84 (57% abundant). 
The data obtained for natural Xe show the magnitude typical of even targets in this 
mass range: the capture cross section is similar to that of natural Te or Ba, and 
signif icantly lower than that of I or Cs. 

In the last contributed paper of this session, W.P. Poenitz described the 
integrated program of fast neutron capture cross section measurements, evaluation, 
and model calculation for fission-product nuclei at ANL. Poenitz noted part icular ly 
large discrepancies (of a factor of 5) between evaluated capture cross sections of 
f ission product nuclides and even larger discrepancies i f no data existed. Poenitz 
described the radiat ive capture measurement program at ANL, for which a 1300 1 
sc in t i l l a to r tank and grey neutron flux monitor are used. Capture measurements of 
Rh-103, Pd, Nd and Sm re lat ive to the capture cross section of Au were reported in 
this paper. These were compared to data reported by others and with several nuclear 
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model calculations in which the parameter sensi t iv i ty was studied. Poenitz 
concluded that nuclear model calculations can represent the capture cross section 
of a typical f ission product nucleus l ike Rh-103 f a i r l y wel l , but that large 
uncertainties due to the large number of parameters can be expected, especially at 
higher energies, i f experimental data do not exist. He noted particularly that 
calculations cannot give satisfactory results until optical model parameters in 
this range of nuclei is well established, i . e . until there is a better and more 
complete data base than is presently available. 
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INTEGRAL CROSS-SECTION MEASUREMENTS ON FISSION-PRODUCTS 
IN FAST NEUTRON FIELDS 

Y. D. Harker, R. A. Anderl 
EG&G Idaho, Inc. 
P. 0. Box 1625 
Idaho Fa l l s , Idaho 83415 
USA 

ABSTRACT 

An integral measurement program is in progress at the Idaho National 
Engineering Laboratory (INEL). The major emphasis in this program is on 
neutron capture cross-section measurements in the Coupled Fast Reactivity 
Measurement Fac i l i t y (CFRMF) and in the Experimental Breeder Reactor I I (EBR-
I I ) . The CFRMF measurements u t i l i ze activation techniques to arr ive at 
integral capture cross-section data and similar ly the EBR-II measurements 
u t i l i ze isotope di lut ion mass spectrometry. This paper w i l l review the status 
of the INEL measurement program and compare,measured data with the ENDF/B 
derived integrals. B r i e f l y , the results of those comparisons show that the ... 
ENDF/B IV data are the order of 25% greater than the CFRMF. 

I . INTRODUCTION 

In recent years, integral data (capture reaction rates and react iv i ty 
worth measurements in fast-reactor f ie lds ) have played an important role in the 
evaluation of fission-product capture cross sections of importance to reactor 
systems. In the simplest evaluation application for isotopes with sparse or 
no measured di f ferent ia l data, integral measurements have been used to norm-
al ize the capture cross sections based exclusively from nuclear model calcu-
lat ions. For isotopes with a more extensive base of measured di f ferent ia l 
data, integral measurements have been used to make integral tests of cross-
section curves based on the di f ferent ia l measurements and nuclear model 
calculations. Such integral tests have been helpful to the evaluator in sort-
ing out normalization problems between di f ferent ia l measurements. In a more 
sophisticated application, integral data obtained from measurements in 
different spectra have been used to adjust both multigroup and/or point-wise 
cross sections. This l a t te r application requires a r ea l 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. 

At two previous meetings, comprehensive review papers were given by 
Bustraan/1/ and Gruppelaar/2/ on the status of integral measurements in fast 
neutron f ie lds and on the application of integral data in cross-section 
evaluation efforts . A s ignif icant fraction of the measurements covered in 
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those reviews dealt with the ac t i v i t i e s undertaken at the STEK f a c i l i t y (ECN 
laboratory, The Netherlands), and, to a lesser extent at the CFRMF (Idaho 
National Engineering Laboratory, USA). At the time of the 1977 Fission-
Product Meeting, the STEK f a c i l i t y had been shut down and work at the 
Netherlands' Laboratory was limited to data analysis and cross-section 
evaluation. The experimental ef fort at the INEL has continued, however, and 
this paper is based principal ly on the ac t i v i t y in our laboratory. 

At the Idaho National Engineering Laboratory (USA) two f a c i l i t i e s 
are available for use in fast neutron integral cross-section measurements. 
The f i r s t is the well-known Experimental Breeder Reactor I I (EBR I I ) , a high 
power test reactor used primarily for reactor fuels and materials development 
in the U.S. fast reactor development ef fort . The second is the Coupled Fast 
Reactivity Measurement Fac i l i t y (CFRMF), a low power reactor used primarily 
for fast integral cross-section measurements. This paper w i l l discuss in 
suff ic ient detail the measurements performed in the CFRMF. Because the EBR-II 
measurements are new and different they w i l l be covered separately in a 
contributed paper at this meeting./3/ 

I I . MEASUREMENT TECHNIQUES 

The primary interest in fission-product cross-section data is 
currently the capture ef fect , however there is some concern that the scattering 
effect may also be signif icant in high burnup fuels. Nevertheless, the major 
efforts both in measurements and evaluations have focused on improving capture 
cross-section data. Integral capture cross sections are derived primarily 
from three measurement techniques categorized as activation, react iv i ty and 
transmutation. In the activation technique the capture effect is based on a 
measurement of the specific ac t i v i t y of the radioactive capture product 
produced from an irradiat ion of a sample in a well-characterized neutron f i e ld . 
In this technique the post-irradiation analysis is done by gamma-ray 
spectrometry using either Nal(Tl) or Ge(Li) spectrometers. The advantages of 
this technique are: 

1. The specif ic capture reaction is easi ly separated from other 
effects. 

2. Small samples are usually required and need not require extensive 
isotope enrichment, however sample composition must be accurately 
known. 

3. Measurements can be performed in both low and high power irra-
diation f a c i l i t i e s . 

The disadvantages of the technique are: 

1. I t is limited to those capture effects where a radioactive 
product is produced. 

2. The accuracy of the method is limited by the quality of the decay 
data available for the capture product. 

The f i r s t disadvantage places a constraint on the number of nuclides that can 
be measured by this technique and emphasizes the need for complementary 
techniques for other nuclides. With the advent of improved decay data, the 
second disadvantage is of less concern. 

In measurements ut i l iz ing the react iv i ty techniques the sample is 
placed in a c r i t i c a l assembly and the react iv i ty effect due to the intro-
duction of the sample i s measured. By careful analysis, this ef fect can be 
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evaluated in terms of the capture and scattering contributions. The advantages 
of this technique are: 

1. Method applies to almost any material so w , . as suff ic ient 
quantities grams) are avai lable. 

2." Depending on the core makeup the data may have direct applica-
tion in reactor design and analysis. 

The disadvantages of the technique are: 

1. Separation of capture and scattering effects is d i f f i c u l t and 
re l ies extensively on reactor physics calculations. 

2. Ava i l ab i l i t y of gram quantities of certain materials places a 
constraint on the nuclides that can be studied. 

3. High isotope enrichment in the sample is generally required. 

The third technique known as "transmutation" is similar to activa-
tion, however in this case the capture product need not be radioactive. In 
a transmutation measurement the amount of the capture product produced is 
measured by mass spectrometry. The advantages of the act ivat ion technique 
also apply to transmutation, however the sens i t iv i ty of current state-of-the-
art mass spectrometry dictates that high-power irradiat ion f a c i l i t i e s be 
used and that the samples be of ultra-high isotopic enrichment. 

All three techniques are applied in the INEL integral measurement 
program for f iss ion products. The results over the course of the program 
using the activat ion technique wi l l be reviewed in this paper. The use of 
transmutation has been applied recently in the EBR-II i rradiat ion experiment. 
Reactivity measurements in the CFRMF have been performed using enriched samples 
from the isotope pool at Oak Ridge National Laboratory, however the high scat-
tering sens i t iv i ty of CFRMF tends to make this effect dominent. Consequently, 
the react iv i ty measurements have not been applied to capture cross section 
determinations, but may play a signif icant role in evaluating scattering cross-
section data for f iss ion products. 

I I I . THE COUPLED FAST REACTIVITY MEASUREMENTS FACILITY (CFRMF) 

The CFRMF is a zoned-core c r i t i c a l assembly with a fast-neutron 
spectrum zone in the center of an enriched 235U, water-moderated thermal 
"dr iver . " The core is located in a large pool about 4.5 m beneath the surface. 
The concept, preliminary considerations, and most detai ls of the CFRMF have 
been documented./4-9/ Originally designed as a high-precision static-reac-
t i v i t y measurements f a c i l i t y operating at a flux level of approximately 108 

n/cm2-sec, the CFRMF has more recently found much use in the fast breeder 
reactor program as a fast-neutron f i e ld for the irradiat ion of materials of 
interest at flux levels up to approximately 1012 n/cm2-sec< 

Figure 1 is a cutaway pictorial diagram of the CFRMF. The core has 
quadrantal symmetry with respect to structural assembly and fuel loading. 
The thermal driver zone fuel elements are conventional plate elements of 
aluminum-clad, fu l l y enriched (approximately 93%) 235U. The fueled portion of 
the core is 60.96 cm long, and each element is 8.183 cm square. 

The fast zone at the center of the reactor is produced by means of a 
water-tight assembly which " f i l t e r s " or " ta i lo rs " the neutron energy spectrum 
from the thermal dr iver . In the f i l t e r assembly the boron in the boral plates 
attenuates the neutrons below approximately 1 keV by absorption. The 235U 



8 

annul us has no signif icant effect on the real flux spectrum other than sup-
plying some fast-fission neutrons, but this annulus does affect the importance 
function (adjoint flux) which is of concern in react iv i ty measurements. 

When the CFRMF functions as a high-precision irradiation f a c i l i t y , 
the power-level control system must reproducibly establish the desired \ 
neutron level and energy spectrum without changing the flux distribution at 
the location of the experiment. Control device locations are shown in Figure 
1. The safety rods are not used for normal operation control purposes and are 
completely out-of-core during irradiations. The shim rod, a 1-mm-thick, 
15.24-cm X 60.96-cm cadmium plate on a f l a t surface parallel to the core, is 

Figure 1 P ictor ia l View of CFRMF 
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always set at the same position for related irradiations and can be reposi-
tioned to within +5 X 10" of a degree of rotation (equivalent to 1.5 X 10~7 

Ak/k), which causes no detectable changes in the flux distribution in the 
experiment region. 

The power of the CFRMF is maintained at a constant and preset level 
by means of a conventional dc servo system. This servo system is composed of 
a boron-lined compensated ion,chamber (CIC), appropriate amplif iers, a 
reference voltage source, and a torque motor-driven regulating rod. The 
regulating rod, under ser^g control, is capable of holding the power level 
steady to better than 10" % at low power leve ls , at which react iv i ty measure-
ments are done. At the power levels normally used for i rradiat ions, the flux 
level deviations are approximately +.01%. Day to day reproducibil ity of the 
power level is +.5% when no changes are made in the instrumentation config-
uration. 

A considerable ef fort has been directed to characterize the neutron 
environment in the experiment region of the fast zone. Neutron spectrometry 
using proton-recoil proportional chambers and 6 U coated semi-conductor diodes 
have been applied/6-9/ as well as multiple-foil and conventional neutron 
dosimetry. Reactor physics calculations ut i l iz ing transport, Monte Carlo and 
resonance computer codes have been used to generate the neutron spectrum and 
investigate i t s dependency on neutron cross section variations and modeling 
approximations. Comparisons of the spectrum measurements with calculations 
are given in references 6-8. The current recommended spectrum for the mid-
plane position in the experiment region is that derived from a ID, P I , S6 
transport calculation using ENDF/B IV data (Figure 2). A new series of calcu-
lations using ENDF/B V is about to commence and a new spectrum wi l l undoubtedly 
be recommended. I t is expected, however, the nature of the changes from the 
current to the new spectrum w i l l not a l ter s ignif icant ly the calculated 
spectral averaged cross sections for f ission product capture effects. 

The degree to which calculated spectral-average cross sections, 
derived using the current spectrum agree with corresponding measured values 
is demonstrated in a comparison made with 21 threshold, resonance, and broad 
response reactions on the ENDF/B IV dosimetry f i le ./9/ In this case the 
overall agreement is in the neighborhood of 5%. However, for many standard 
reactions the agreement is much better. 

IV. CAPTURE CROSS-SECTION MEASUREMENTS 

Integral capture cross sections have been measured in the CFRMF for 
39 reactions involving 33 intermediate-mass nuclides. These measurements were 
made by the activat ion technique and uti l ized either Nal(Tl) or Ge(Li) gamma 
spectrometers. An ear l ier report summarizes the results of our original 
analyses and detai ls the sample descriptions./9/ The integral data 
presented in reference 9 were based on somewhat outdated decay-data information 
and were referenced to either the 19^u(n,y) or 2 3 5U(n, f ) spectral-averaged 
cross sections. As part of the preparation of this paper a l l of the ear l i e r 
measurements were re-evaluated and re-analyzed. The results of the re-analyses 
which included the use of current decay data and a more consistent flux normal-
ization scheme are detailed in this paper. 

The source of the decay data used to update the original analyses is 
the INEL Decay Data Master F i l e /TO/ from which the ENDF/B-V decay data are 
taken. These data are tabulated in Table I for the reactions of interest in 
this paper. 
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Figure 2 CFRMF Neutron Spectrum 

As part of our reanalyses, absolute integral cross sections were 
derived from the reevaluated fission-product reaction rates and a more 
consistent flux normalization scheme. 

The flux normalization procedure is based on the correlation of 
measured reaction rates for the gold monitors which accompanied each FP 
experiment with neutron flux measurements made as part of the Inter-
laboratory LMFBR Reaction Rate (ILRR) program./II, 12/ Listed in Table I I 
are the data which are used to trace each measurement in the program to 
an absolute flux level and therefore to a determination of absolute cross 
sections. From the data presented in Table I I the absolute flux was 
determined from each f iss ion product monitor reaction rate. The un-
certainty for each flux determination using this technique is +3.3%. 



TABLE I 
Decay Data Used in Analysis of Activation Measurements 

Nuclide t, EY(keV) I ( a b s . ) ( a ) 

Rb 17.8m 898.03 
1836.00 

.145(6.4%) 

.221(6.4%) 

90m 
Y 3.19h 202.51 

479.53 
.9658(.19%) 
.9071(.077%) 

94mNb 6.26m 871.10 .0048(21%) 

iooTc 15.8s 539.59 
590.83 

.070(10%) 

.057(12%) 

"Mo 66. Oh 739.48 
140.51 

.1215(66%) 

.4909(.082%) 

1 0 1 Mo 14.6m 191.93 .173(6.9%) 

103Ru 39.28d 497.08 .8640(2.8%) 

105RU 4.44h 724.21 .4740(1.3%) 

108Ag 2.37m 433.93 
632.98 

.0054(17%) 

.0175(17%) 

110Ag 24.6s 657.75 .0450(4.4%) 

110mAg 249.9d 657.75 
763.93 
884.67 
937.48 

1384.27 

.9474(1.0%) 

.2236(1%) 

.7286(1%) 

.3431(1%) 

.2435(1%) 

109Pd 13.46h .0372(3.0%) 

109mpd 4.69m 188.90 .5640(1.1%) 

^ P d 22.00m 580.10 .0087(11%) 

M M P D 5.50h 172.20 .3111(3.3%) 

116mIn 54.15m 1097.30 
1293.54 
2112.10 

.5621(2.0%) 

.8440(2.0%) 

.1553(2.8%) 

122Sb 2.70d 564.00 
696.60 

1188.00 
1257.00 

.7100(5.6%) 

.0392(5.6%) 

.00004 

.0078(5.1%) 
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Table I (cont'd) 
Decay Data Used in Analysis of Activation Measurements 

Nuclide t^ Ey(keV) I Y ( a b s . ) ^ 

124Sb 60.20d 602.72 
722.78 

1691.00 

.9792(.051%) 

.1126(1.4%) 

.4880(1.6%) 

128 j 24.99m 422.91 .1598 

130j 12.36h 418.01 
536.09 
668.54 
739.48 

.3416(2.0%) 

.9900(2.0%) 

.9613(2.1%) 

.8227(2.2%) 

133mXe 2.l88d 233.18 .1030(2.9%) 

133Xe 5.245d 81.00 .3718(1.9%) 

135Xe 9.09h 249.79 .9021(.23%) 

134mCs 2.90h 127.42 .129(6.2%) 

134Cs 2.062y 795.76 
801.84 

.854(.47%) 

.0873(.46%) 

140La 40.26h 1596.18 .9540(.084%) 

141Ce 32.50d 145.44 .4900(4.1%) 

143Ce 33.Oh 293.26 .434(5.1%) 

142pr 19.13h 1575.75 .03699(14%) 

148mPm 41.3d 550.10 
629.9 
725.60 
915.30 

.9817(2.5%) 

.9350(1.6%) 

.3441(2.5%) 

.1992(4.1%) 

148Pm 5.37 550.10 
914.90 

1465.10 

.233(3.4%) 

.1251(4.3%) 

.2218(4.5%) 

147Nd 11.06d 91.11 
531.02 
319.41 

.2794(.75%) 

.131(5.6%) 

.01956(5.8%) 
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Table I (cont'd) 
Decay Data Used in Analysis of Activat ion Measurements 

Nuclide t h E (keV) I ( abs . )^ a ) 

"*yNd 1.73h 114.32 
155.88 
208.15 
443.55 
540.51 
654.83 
211.31 

.1878(10%) 

.06061(9.9%) 

.02921(12%) 

.01504(10%) 

.07699(10%) 

.07344(10%) 

.2730(6.4%) 

151Nd 12.4m 116.76 
138.95 
170.77 
255.70 

1180.88 

.4468 

.08246 

.02399 

.1979 

.124 

153Sm 46.7h 103.18 .283(2.1%) 

155Sm 22.4m 104.26 .679 

152mlEu 9.32h 841.63 
963.34 

.1460(11%) 

.1202(11%) 

152m2Eu 96 m 89.85 .72(1.4%) 

152EU T3.33y 778.91 
1085.91 
1112.12 
1408.01 
244.28 

.1296(.53%) 

. 1016(.45%) 
,1356(.42%) 
.2085(.40%) 
.2658(-71%) 

154EU 8.6y 723.30 
1004.76 
1274.45 

.1970(3.1%) 

.1740(3.3%) 

.355(3.1%) 

(a) ' I (abs.) i s the absolute gamma-ray intensity in gammas per dis integrat ion. 



TABLE I I 
Flux Normalization 

Nominal 
Power 

FP 
Au Mon. 
(rps/a) 

ILRR 
Au Mon. 
(rps/a) 

2 3 5U(n, f ) 
(J)a 

(fps/a) (n/cm^-sec) 

10 KW 4.859X10"14 
(+.31%) 

.4.785X10"14 

(+.06%) 

6 KW .3.008X10"14 

( ± 1 % ) 
1.221X10"13 

(+1.4%) 

10 KW 1.9977X10"13 

(+1.4%) 
1.286X101](a) 

(+1.9%) 

^Referenced to NBS 252Cf (see references 11 and 12). 

The major impact of the re-analysis ef fort has been to reduce the 
uncertainties associated with the integral data. In the previous report of 
the integral cross-section data /9/, the quoted errors were 10% with the major 
contribution from the decay data. Based on the re-analysis, data summarized in 
the next section have errors of 5% to 7% for most reactions. The major 
contr ibutors to the errors in the new integral data are ^5% for gamma detec-
tion eff ic iency and ^3% for neutron flux determination. 

V. RESULTS 

The measured integral cross-section data as well as calculated values 
from ENDF/B IV and/or the HEDL evaluation/13/ are given in Table I I I . The 
HEDL evaluation w i l l eventually be part of ENDF/B V f ission product f i l e . The 
calculated cross sections for both evaluations are biased high compared to the 
measurements. This average bias for the ENDF/B IV derived integrals is 25% 
where as the bias for the HEDL evaluation derived results is 17%. The spread 
is the C/E ratios is about the same for both evaluations. The bias could be 
due in part to not correcting for neutron self shielding. 

VI. DISCUSSION 

In this paper the status of integral cross-section measurements for 
f iss ion products using the CFRMF have been reviewed. The data presented in 
this paper are the results of a comprehensive reanalysis of a l l measurements 
performed in the CFRMF using the activation technique. Two areas were con-
sidered in depth, the f i r s t was the updating of the radioactive decay data used 
in analyses of measurements and the second was a careful consideration of the 
treatment of errors. As a result , the quality of the measured integral data 
are improved overall and the uncertainties are now in the range of 5%-7%. This 
is an improvement over ear l ier reports on the data/9/ where the overall un-
certaint ies were quoted as ^10%. I t is f e l t that for most reactions any 
additional improvement in the accuracy of the data would require new measure-
ments using better calibrated equipment than that used in the past. At this 
time, better calibrated systems are used routinely in the measurement programs 
at INEL and with this equipment the ultimate accuracy for integral cross section 
measurement is <3%-4%. 
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TABLE I I I 

Integral Capture Cross Sections (CFRMF) 
Calculated Calculated 

Measured (a ) (ENDF/B IV) ENDF/B IV (HEDL) HEDI 
Reaction • a(barns) o(barns) C/E (barns) C/E 

8 7Rb(n,Y )8 8Rb .0120(+10%) .0119 .98 

8 9Y(n , Y ) 9 0 mY 3.38X10"4(+4.8%) 

93Nb(n,Y)94mNb .074(+21%) 

99t , \100T„ Tc(n,y) Tc .267 (+15%) .278 1.04 .337 1.26 

98Mo(n,Y)99Mo .0564(+6.4%) .0695 1.23 .0617 1.09 

100Mo(n,Y)101Mo .055(+17%) .0496 .90 .0493 .90 

1 0 2Ru(n> Y )1 0 3Ru .0889(+6.6%) .125 1.41 .112 1.26 

1 0 4Ru(n, Y ) 1 0 5Ru .0826(+6.3%) .0877 1.06 .0829 1.00 

1 0 7Ag(n,Y )1 0 8Ag .38 (+19%) .423 1.11 .404 1.06 

1 0 9Ag(n,Y )1 1 0Ag .507(+9.7%) .306 .60 .436 .86 

1 0 8 Pd(n , Y ) 1 0 9 Pd .144(+6.7%) .154 1.07 

1 1 0Pd(n, Y ) 1 1 1 mPd 5.08X10"3(+6.9%) 

1 1 5 I n ( n ) Y ) 1 1 6 m I n .279(+4.3%) .306 1.10 

1 2 1 Sb(n , Y ) 1 2 2 Sb .251(+8.3%) .308 1.23 .180 .72 

1 2 3 Sb(n , Y ) 1 2 4 Sb .154(+7%) .168 1.09 .175 1.14 

1 2 7 I ( n , Y ) 1 2 8 I .298(+10%) .341 1.14 .369 1.24 

1 2 9 I ( n , Y ) 1 3 0 I .184(+6.6%) .233 1.27 .218 1.19 

1 3 2 Xe(n , Y ) 1 3 3 Xe .0439(+7.7%) 

1 3 4 Xe(n , Y ) 1 3 5 Xe .0146(+6.9%) .0241 1.65 

1 3 3Cs(n, Y ) 1 3 4Cs .276(+6.6%) .302 1.09 .301 1.09 

1 3 7Cs(n , Y ) 1 3 8Cs .09(+25%) i • . 

1 3 9 La (n , Y ) 1 4 0 La .0176(+5.2%) .0220 1.25 

1 4 0 Ce(n j Y ) 1 4 1 Ce 8.4X10"4(+6.7%) .0139 16.5 

1 4 2Ce(n, Y ) 1 4 3Ce .0184(+7.4%) .0249 1.35 

1 4 1 P r ( n s Y ) 1 4 2 P r .073(+15%) .102 1.40 .075 1.03 



16 

Table I I I (cont'd) 
Integral Capture Cross Sections (CFRMF) 

Measured^ 
Calculated Calculated 

Measured^ (ENDF/B IV) ENDF/B IV iriEDL) HEDL 
Reaction a(barns) a(barns) C/E (barns) C/E 

147Pm(n,Y)148Pm .641 (+13%) .777 .790 1.23 

1 4 6Nd(n,Y )1 4 7Nd .058(+6.5%) .0912 1 .57 .0867 1.49 

1 4 8Nd(n,Y )1 4 9Nd .089 (+14%') .163 1.83 .123 1 .39 

150Nd(n,Y )151Nd .0666(+12%) .146 2.19 .169 2.54 
152c , J 53c Sm(n,Y) Sm .277(+6.4%) .300 1.08 .174. .63 

1 5 1Eu(n , Y ) 1 5 2Eu 2.39(+5.8%) 2.28 .95 

1 5 3Eu(n , Y ) 1 5 4Eu 1.45(+7.04%) 1.42 .98 

(a) v 'These values do not include corrections for neutron resonance self-shielding. 

The measured integral cross sections presented in this paper were 
also compared with calculated values using d i f ferent ia l cross section from the 
ENDF/B IV f iss ion product f i l e and from the HEDL evaluation which w i l l be 
part of the ENDF/B V f iss ion product f i l e . The calculated data are on the 
average 25% greater than the measured data for ENDF/B IV source data and 17% •, 
greater for the HEDL source data. The spread in C/E's i s approximately 30% 
for both cases. Biases of this magnitude are not observed in similar 
comparisons involving measurements and calculations for reactor dosimetry 
materials and the spread in C/E's for the l a t t e r is considerably less ( 5%). 
The larger differences are, however, expected for f iss ion product comparisons. 
Comparisons using dosimetry reactions serve to eliminate any doubt about an 
inherent bias in our application of the act ivat ion technique. One effect which 
could count s igni f icant ly toward explaining the bias is neutron self-shielding 
in the sample. This can be accounted for in the calculations and there has 
been some attempt to do this in the HEDL generated integrals. Experimentally, 
self-shielding can be eliminated by using progressively smaller (thinner) 
samples and with the current power level (:100 KW) of the CFRMF this is 
certa in ly a poss ib i l i ty in future measurements. 

In reviewing the existing integral cross section data from CFRMF 
measurements i t would appear that new measurements for 98Tc, 100Mo, 107Ag, 
109Ag, 1 2 7 I and Nd isotopes should be considered. Recommendations from this 
meeting concerning these and possibly other nuclides would certa in ly carry 
much weight in the direction the INEL program w i l l take. 

Scattering effects from f iss ion products in high burnup fuels is 
considered by some to be s ignif icant in such considerations as the changes in 
the sodium void coeff ic ient versus burnup. This meeting should address the 
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rea l i ty of these effects and determine requirements for f ission product 
scattering data. The role that measurements can play should be discussed. 
As an example, the react iv i ty data from the CFRMF is dominated by scattering 
effects and consideration should be given as to what extent these data may 
be of benefit in the evaluation of scattering data. 

Transmutation measurements using EBR-II or FFTF as an irradiat ion 
source is a new method available to the INEL program. Currently measurements 
have successfully been applied to Nd, Sm and Eu isotopes and future measure-
ments for Zr, Ru, Pd and Mo isotopes are being proposed. The capabi l i t ies 
in ultra-high enrichment isotope separation, high sens i t iv i ty mass spectro-
metry and advanced neutron dosimetry are combined to produce integral data 
of suff ic ient quality to use in the evaluation ef for t . This is demonstrated 
in a contributed paper to be presented at this meeting. 

CFRMF and STEK integral data have been used by Schenter/13/ and 
Gruppelaar/2/ in data evaluations. I t has been stated that for most reactions, 
where measurements have been performed in both f a c i l i t i e s good consistency has 
been observed between CFRMF and STEK data. The combination of CFRMF and 
STEK data along with the results from the EBR I I irradiations and other 
integral measurements measured di f ferent ia l data where available form the 
basis for performing data adjustments in the evaluation process. This aspect 
of data evaluation is coming of age and maturing in i t s degree of sophisti-
cation. As such i t is placing more stringent requirements on the measurements 
in that supporting covariance information must be provided and generally 
better accuracy is being sought. The CFRMF in i t s role as a benchmark for 
f ission product, actinide and dosimetry data in the U.S. evaluation ef fort 
is slated for sens i t iv i ty analysis on the derived neutron spectrum. As such 
supporting covariance information w i l l be avai lable. Combined with the 
improved accuracies currently obtainable, the CFRMF is expected to continue 
to play a signif icant role in the evaluation ef fort . 
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'MEASUREMENTS OF CAPTURE CROSS SECTIONS IN 
THE FP MASS REGION 
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Research Laboratory for Nuclear Reactors, Tokyo Inst i tute of Technology 
O-okayama, Meguro-ku, Tokyo, Japan 

and 
A. Asami • 
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Tokai-mura, Ibaraki-ken, Japan 

Neutron capture cross sections of the following FP nuclides have 
been measured. For 93Nb, 1271 and 133Cs, CgFg and CgDg sc in t i l l a t ion detec-
tors at the 12-m f l ight path of the KURRI Imac TOF spectrometer were used. 
For 143, 145, 146, 148Nd, 147, 149Sm, Eu, and 151, 153Eu, a large l iquid scin-
t i l l a t o r tank at the 52-m path of the JAERI spectrometer was used. The energy 
range covered in the measurements is above 3 keV until 100 keV or 300 keV. 
Transmission and capture measurements were made of 79, 8lBr, 147, 149Sm and 
159Tb in the resonance energy region. The resonance parameters of more than 
150 levels were obtained for each nuclide except 81 Br, for which those of 100 
levels were determined. 

1. Introduction 

The significance of nuclear data on f ission product nuclides is 
well recognized, and for these years a considerable effort has been put forth 
to measure neutron cross sections of some of the most important f ission 
product nuclides. Although there are many kinds of f ission product, about 40 
nuclides, which are of higher f ission y ie lds , account for 95% of a l l neutron 
absorbing rate in a core of fast reactor. The good accuracy for capture 
cross section of these important nuclides is requested, buy some data show the 
appreciable discrepancies between the experimental results. 

Our experiments have separately been performed by two research 
groups, using the different gamma-ray detectors and the different method of 
absolute normalization of cross sections. Including the 133Cs and l49Sm, . 
those are ranked in the class of highest contribution to capture rate, the 
capture cross sections of 93Nb, 127i, and 133cs /1/ were measured in the keV 
region with non-hydrogeneous l iquid sc in t i l l a t ion detectors at the Kyoto Uni-
versity Research Reactor Inst i tute and the capture cross sections of 143, 145, 
146, 148Nd /2/, natural Eu /3/, 151, 153EU /4/, and 147, 149Sm/5/ were mea-
sured in the keV-region with a large l iquid sc in t i l l a to r tank at the Japan 
Atomic Energy Research Inst i tute. In addition to the keV capture cross 
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sections, the transmission and capture measurements for 79, 81 Br /6/, 147, 
149sm /5/, and 159Tb /7/ were carried out in the resonance region with a 6Li-
glass sc in t i l l a to r and a Moxon-Rae detector and the resonance parameters of 
many levels were obtained. 

Because of i t s importance for an accurate cross section measurement 
in the keV regiorl, attention was part icularly paid to determination of the 
background, and techniques were devised by each group and successfuly applied. 
The methods of experimental and data analysis for both groups are discribed 
in Sections 2 and 3, and the results and discussions in Section 4. 

2. Experiment and Data Analysis at KURRI 

The KURRI 46-MeV linac was used as the neutron generator for the 
measurements of capture cross sections in the keV region with time-of-flight 
method. At the 11.7 m from the neutron source, samples were placed and cap-
ture gamma-rays were detected with CgFgor CgDg l iquid sc in t i l l a t ion detectors. 
The absolute value of the capture cross sections can be determined by the two 
types of measurements. One is the absolute measurement at one-energy point by 
the use of an iron-fi ltered beam, and the other is the measurement of cross : 
section shape as a function of neutron energy between the resonance energies 
of notch f i l t e r s , sodium (2.85 keV) and sulfur (103 keV). 

The measurement of absolute capture cross sections near 24 keV has 
been described in sbme detail in ear l ier paper /8/, so that the principle of 
the method is br ief ly explained here. A sample was irradiated with an Fe-
f i l te red neutron beam and the emitted gamma-ray spectrum was measured. Multi-
plying the observed spectrum C(E) by the weighting function W(E), previously 
prepared for the detector used, the weighted spectrum can be obtained which 
sat isf ies the formula 

E C(E)•W(E) « Y-(BE), (1) 

where Y and (BE) are the neutron flux incident on a sample, the capture 
y ie ld and the neutron binding energy of the compound nucleus. I f we measure 
the incident f lux, the capture y ie ld of a sample can be calculated by using 
the well known constant (BE). The error of the pulse height weighting tech-
nique is shown to be within the 2% /9/. 

The neutron flux was derived from the measurement of a 10B sample. 
The gamma-ray emission probability of the l^B sample YB was estimated from 10B 
(n,a) cross section and the branching ratio of 10B(n,ay) reaction using Monte-
Carlo calculation for multiple scattering correction. To determine the detec-
tion eff iciency of the detector for the 480-keV gamma-ray, the counts for the 
gamma-rays from 10B was compared with those from a s i lver plate at the neutron 
energy of 5.2 eV, where a "black" capture resonance of 109Ag exists, table I 
shows the exprimental results of 24-keV capture cross section measurements 
for the nuclides in the FP mass region. 

The re lat ive measurements have been performed by replacing the iron-
f i l t e r with a sodium and a sulfur notch f i l t e r in the neutron beam. In the 
biginning of the experiment, the neutron sens i t iv i t ies of CgFg detector mounted 
on an EMI-9818 photomultiplier and CgDg detector viewed by a RCA-4525 photo-
multipl ier were compared by counting the background gamma-rays emitted from 
surrounding materials, which were due to capture the scattered neutrons with 
carbon scatterer. As the result of the measurement, i t was seen that the CgDg 
detector system had about three times lower sensi t iv i ty than that of CgFg, as 
shown in Fig. 4. The over-all 1/v dependence of neutron sensi t iv i ty can be 
seen, except near the resonance of sulfur notch f i l t e r . 
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The time dependent background was assumed to be a l "b, where a and b 
are constants determined from the counts corresponding to sodium and sulfur 
resonances and I is the channel number of the time analyzer. The background 
due to neutrons scattered by the sample, which is determined in proportion to 
the neutron sensi t iv i ty of the detector, was also subtracted. 

For samples of 127I and 133cs, lead-iodide (Pblo) and cesium-oxide 
(CspO), encapsulated in an aluminum can, were used respectively. The experi-
mental conditions and thicknesses for each sample are summarized in Table I . 

In order to obtain the absolute cross sections from the re lat ive 
capture y ie lds , we calculate the normalization factor R with 

Yr 
R = '24 

YR 
where 

2 Y R ( I ) $ ( I ) 
YR = — — - (2) 

£$(I) 
and Y24 is the absolute y ie ld near 24 keV determined with the Fe-fi ltered 
neutron beam, YR(I) shows the re lat ive capture y ie ld in the channel I , and 
o ( I ) the prof i le of the Fe-fi ltered beam. The summations in the eq. (2) were 
performed over the range in which the absolute y ie ld Y24 was calculated. The 
absolute yields from 3.2 keV to 80 keV could be obtained by multiplying the 
re lat ive capture y ie ld by the normalizing factor R and these yields were 
summed up over channels covering the required energy intervals. For 133Cs, 
the experiment without sulfur f i l t e r was carried out, so that the data to 270 
keV were given. 

The resonance self-shielding and multiple scattering corrections for 
the neutrons in the sample were made by the method of Dresner /10/ and Macklin 
/ l l / with the appropriate cross sections and parameters of s- and p-wave reso-
nances. The uncertainty in the correction factors is estimated to be about 2% 
/ l l / , but for 93Nt>, the uncertainty becomes larger in the energy range below 
20 keV, because the sample thickness approachs to 0.2 of a mean free path 
which is the range of appl icabi l i ty of the correction. 

3. Experiment and Data Analysis at JAERI 

3.1 Method 

Neutrons are produced with the 120-MeV JAERI l inac, which has been 
gradually improved from the original 1A peak current with the energy of 100 
MeV /12/ to the present 3A peak current with the energy of 140 MeV for a 30 
nanosecond pulse width. 

A block diagram of the detector and associated electronic c i rcu i ts 
used for the keV capture cross section measurements is shown in Fig. 1. The 
length of neutron f l ight path is 52 m. A capture event is detected with a 
3500-1 l iquid sc in t i l l a to r tank viewed by four EMI-9545B photomultipliers. 
Two sample changers are used, one at the center of the tank with a sample and 
a scattering sample (lead) mounted on i t , and the other about 10 m from the 
neutron producing target. The neutron flux is measured with a 6Li-g1ass or a 
lOB-Nal(Tl) detector placed about 4-m downstream from the sample in the neut-
ron beam. In our detector system the 6|_i-glass detector has a higher detec-
tion efficiency than the 10B-NaI detector, and is used in the low energy 
region; the 10B-NaI detector has detection eff iciency varying more smoothly in 
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the higher energies than the 6[_i-glass detector whose ef f ic iency depends on 
the large resonance at 250 keV in 6|_i. 

In average capture cross section measurement in the !:V region, i t 
i s essential to determine the background exactly in order to obtain the accu-
rate cross section values, because i t s determination is ambiguous and the sig-
nal to background rat io is much lower in the keV region than in the resonance 
region. The black resonance (technique used for this determination is not suff-
i c i en t l y accurate, and therefore a new technique was developed which is simi-
la r to that described in ref /13/; the background is estimated by analyzing 
f i ve neutron TOF spectra. Neutron and capture TOF spectra were measured for 
a l l combinations of the two sample changers; each combination amounts to 
eight spectra, six for capture cross sections and the other two for the trans-
mission values as shown in Fig. 3. The detai ls are described in Ref. /2/. 

In the resonance energy region measurements were mainly made at 
f l i gh t path lenght 47 m with the detectors positioned as in Fig. 2 /7/. In 
these measurements no sample changer was used, because the signal to back-
ground rat io is higher than in the keV region measurements at f l i gh t path 52 m, 
and the neutron flux was always accurately measured with a transmission type 
monitor set about 2-m upstream of the sample as shown in Fig. 2. In the case 
of 81 Br, an intermideate structure in the resonance level was observed as des-
cribed in Section 4, so that higher-resolution transmission measurements were 
made to examine the structure c lear ly with a neutron detector /12/ at f l i gh t 
path 190 m. 

A l i t t l e more detailed experimental conditions for respective 
samples are shown in Table I I . The isotope samples are enriched ones, loand 
from ORNL. 

3.2 Data analysis of capture cross sections 

Neutron capture y i e ld is calculated from the re lat ion 

Nc = ' (3) 

where Nc is capture count, $ the neutron f lux, Y the capture y i e l d , and n the 
ef f ic iency of capture detector. Y is a function of neutron capture cross 
section and given by 

Y = ( l - e - n a t ) - a c / a t . ( l + f ) , (4) 

where n is the thickness of the sample, a t and a c are;the total and capture 
cross sections, and f is a correction factor for the multiple scattering 
ef fect in the sample. In obtaining the neutron detector eff ic iency is cal-
culated with a multiple scattering correction, which was made by Schmitt's 
method /14/ or a Monte Carlo method /15/. The calculat ion of eq. (4) for the 
effects of multiple scattering and self-shielding of the sample was made simi-
l a r l y to the above and with the appropriately evaluated cross section values 
or by the method of Dresner /10/ and Macklin / l l / . 

In order to obtain the absolute capture cross section values, the 
re la t i ve cross sections were normalized at suitable saturated resonances at 
low energies, where Monte Carlo calculations /16/ were made to give exact 
capture y ie lds for Y in eq. (3) . The ef f ic iency n was assumed to remain con-
stant over the region of measurement including the saturated, resonances. 
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3.3 Resonance analysis 

Transmission and capture data were analyzed for a l l samples except 
the samarium isotopes, with a modified Atta-Harvey program /17/ and a CAFIT 
program /18/ respect ively. In the CAFIT program Monte Carlo r .chod is used to 
calculate the multiple scattering ef fect on the capture y i e l d . For samarium 
isotopes, the transmission data were analyzed with a SIOB program /19/, based 
on the multi-level Breit-Wigner formula, and the capture data with TACASI 
program /20/. 

Combining the transmission data of d i f ferent sample thicknesses with 
the capture data yielded ry values of resonances in favourable cases, and also 
spin values in more favourable cases. 

4. Results and Discussions 

In the keV region, the average capture cross sections of 93|\|b, 1271, 
and 133CS were obtained at KURRI and those of natural Eu, 151, 153EU, 143, 145, 
146, 1 4 8 ^ and 147, 149sm were determined at JAERI. In the resonance region, 
the resonance parameters of many leve l s , average level spacings, and s-wave 
strength functions were obtained for 159jb, 79, 8lBr , and 147, 149Sm at JAERI. 
In the following, the experimental results are discussed and compared with 
other data. 

The discrepancies between 93Nb(n,y) data, shown in Fig. 5, are re-
l a t i v e l y large. Gibbons et a l . /21/ used 760 ± 50 mb for the In (n ,y ) cross 
section at 30 keV for the absolute normalization. Kompe /22/ obtained the 
capture cross section re la t i ve to that of 197AU determined by himself. I t 
seems that these differences of the reference cross sections cause the discre-
pancies in both the absolute values and the gradient with neutron energy. The 
present data agree with the Macklin's data /23/ except at lower energy region. 

Fig. 6 shows the 127i(n,y) cross sections, which are f a i r l y in 
agreement /24A-/25/, except for S t a v i s sk i i ' s data /26/. The systematical ly 
higher values of this data seems to come from the values of his reference 
cross section, 235u(n,f). 

Cesium is one of the most important f i ss ion product nuclide and the 
agreement between the data of capture cross sections is poor. Our previous 
24-keV capture cross section was 580 ± 35 mb /27/. After that , we remeasure 
the capture cross section using thicker i r on- f i l t e r , thicker sample and lower 
neutron sensi t ive C5D5 detector system, result ing in 24-keV capture cross sec-
tion of 630 + 35 mb. Normalizing the cross section to th is new absolute value, 
the 133cs(n,y) cross sections above 3.2 keV unti l 270 keV have been determined, 
as shown in Fig. 7. The result shows the agreement with Popov and Shapiro's 
data /24/ in the region overlap one another. The evaluated values of JENDL-1 
almost follow these cross sections, but Booth's /28/, and Kompe's experimental 
data /22/, and ENDF/B-IV show higher values. Fuj i ta et a l . /29/ have measured 
55-keV and 147-keV capture cross sections by the use of a s i l i con- f i l t e red beam 
result ing in agreement with our data at 147 keV and disagreement at 55 keV. 

Figs. 8(a) and 8(b) show the capture cross sections of 151Eu and 
153EU, respect ive ly , in the neutron energy region of 3 to 100 keV together 
with those by Hockenbury et a l . /30/, Moxon et a l . /31/, and Kononov et a l . 
/32/. Except the data of Kononov et a l . , agreements are reasonably good in 
most part of the region. The'capture cross sections of natural europium are 
shown in Fig. 8(c) /3/, /33/. A purpose of this experiment was to obtain a 
normalization factor for the 151, 153EU data shown in Figs. 8(a) and 8(b) . 



The results of the capture cross section measurements of neodymium 
isotopes are shown together with other data /34/ in Figs. 9(a) to (d). The 
preliminary values reported /2/ were obtained only from the experimental data 
with a ^Li-glass flux detector. Since that time considerable improvement has 
been made in eff iciency calculation of this flux detector; with this refined 
eff iciency these capture data were analyzed again and also the data taken with 
the '°B-NaI detector. Although the results shown in Figs. 9(a) (d) are 
appreciably different from those in ref . /2/ at higher energies, the discus-
sion made in ref . /2/ s t i l l holds in the comparison with other data /34/ pre-
viously reported. 

Figs. 10(a) and 10(b) show the cross sections of l47Sm and "l^Sm, 
respectively. As shown in the figures, there is on the whole a reasonably 
good agreement between the two recent data /32/,/35/ and the present one for 
>49Sm, but for '47Sm the data of Kononov et a l . /32/ appear to be too large in 
both the absolute values and the slope with energy. 

Concerning the resonance levels in energy range covered 
by the previous measurements /36/ are from 3 eV to 753 eV. The present expe-
riment extended the upper l imit up to 1192 eV /7/, and in the extended region 
51 levels were newly observed and analysed. In the region of overlap the para-
meters of 157 levels were obtained, which agreed with those previously report-
ed /36/. In the extended region, s ta t i s t i ca l properties of the resonances are 
nearly the same as in the overlapped region, and a cumulative plots of grp vs. 
neutron energy is well approximated by a straight l ine , as shown in Fig. 11. 
The similar plot for number of resonances continues smoothly to the extended 
region, showing a gradual increase in the number of missed levels. 

The following average resonance parameters are obtained; the average 
spacing D = 4.4 eV, s-wave strength function s0 = (1.55 + 0.5) x 10"4, and 
Ty = 107 ± 7 meV. The value of Sg is determined in the region up to 1.2 keV 
and <ry is calculated from 25 levels below 238 eV. 

Before the present experiment on and 8"!Br, resonance parameters 
were obtained of 157 levels in natural bromine in the region below 4 keV /37/, 
and isotopic identif icat ion was made for only 10 levels at low energies /37/. 
In the present experiment /6/ the parameters of 156 levels were obtained for 
79Br 

in the region below 10 keV, and those of 100 levels for SlBr in the re-
gion below 15 keV; from these parameters, s ta t i s t i ca l properties of these 
nuclides were studied. 

Average level distances are D = 45 ± 6 eV, and D = 70 ± 16 eV for 
79fir and 81Br, respectively. A cumulative plot of grn value vs. neutron ener-
gy is approximately l inear for 

however, for ° ' B r the plot shows steep 
rises at certain energies as shown in Figs. 12(a) and 12(b). From the figures 
s0 = (1.27 + 0.14) x 10"4 for 79Br> and s0 for 8 ' B r appears to have two values, 
0.54 x 10-4 and 3 x 10~4. However, i f these intermediate structures are ig-
nored, SQ = (0.86 ± 0.14) x 10-4 for 81B r . 

For 147Sm and l49Sm resonances, parameters were previously available 
'in the regions up to 1200 eV and to 240 eV respectively /38/. These regions 
were extended in the present experiment /5/ up to 2000 eV and to 520 eV, and 
212 and 157 levels were analyzed, respectively. S ta t i s t i ca l properties of 
these levels are similar to those in the lower regions. That i s , the cumula-
t ive plot of grn varies with energy as a smooth extention of the lower region, 
as shown in Figs. 13(a) and 13(b). In Fig. 13(b) the plot rises steeply at 
low energies, this agrees with that previously reported /38Z. Average para-
meters are D = 5.7 + 0.5 eV, s0 = (4.8 ± 0.5) x 10"4 for ,4/Sm, and they are 
D = 2.2 ± 0.2 eV and s 0 = (4.6 ± 0.6) x 10~4 for 149Sm i f simple averaging is 
made in the whole region in Fig. 13(b). 
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Table I . Experimental conditions at KURRI and 24-keV capture 
cross sections 

Target 

nucleus 

Energy 
range 

(keV) 

Notch 

f i l t e r s 

Sample 
thickness 
(l(Patoms/b) 

ac(24) 

(mb) 

93Nb 3.2' - 80 Na, S 5.26(abso. meas.) 
21.10(rela. meas.) 340+17 

115in 23.7 3.64 770 ± 50 

127I 3.2 - 80 Na, S 4.96 780 +40 

133cs 3.2 - 270 Na, S 
Na 9.92 630 ± 35 

165Ho* 3.2 - 80 Na, S 6.63 1280 ± 60 

* The experimental result of 16E>H0 f r o m 3.2 to 80 keV is not shown in 
the present paper. 

Table I I . Experimental conditions at JAERI 
(a) keV capture cross section measurements 

Sample 151,153Eu EuJ43,145,146,148Nd 147,149Sm 

Neutron energy range (keV) 3 - 1 0 0 5 - 300 3 - 300 
Linac energy (MeV) 100 120 140 
Linac current (A) 1 1.8 2.7 
Pulse repetit ion (Hz) 150 150 150, 300 
Pulse width (nsec) 100 30, 80 30, 80 
Channel width (nsec) 100 25 25 
Background samples Al , Na AI2O3, Al A1203, Al 

Na, Mn, Co Na, Mn, Co 
Flux detector ^Li-glass 6Li-glass 6Li-glass ^Li-glass 

10B-NaI 10B-NaI 

(b) Resonance region measurements 

Sample Tb 79,81Br 147,149Sm 

Neutron energy range (eV) 3 - 1200 ™ 10.000(/?Br) 
15.000(81Br) 

, , 2.000("|47sm 
520(149sm 

Linac energy (MeV) 100 140 140 
Linac current (A) 1.8 2.7 2.7 
Pulse repetit ion (Hz) 150 150, 300 150, 300 
Pulse width (nsec) 80 30, 80 30, 80 
Channel width (nsec) 125 31.25, 25 25 
Path length (m) c 47.08 c47.08, 190 51.95 
Flux monitor "Li-glass* Li-glass* 6|_i-glass 

* Transmission type 
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Fig. 1 Experimental arrangement at JAERI 
DD2: Double delay line amp., 
TSC: Timing single channel discri., 

EF: Emitter follower 

il 
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Fig. 2 Arrangement in the 47-m station 
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BACKGROUND MEASUREMENT 

Capture Spectra F1ux Spectra 

SO-C .Sample In 
Bkg Out 

OO-F ,Sample Out 
Bkg Out 

TOF 

OB-F • .Sample Out 
Bkg In 

RO-C • .Reference In 
Bkg Out 

SO-F .Sample In 
Bkg Out 

RB-C • .Reference In 
Bkg In 

SB-F .Sample In 
Bkg In 

Fig. 3 Schematic figures of background measurement 
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Fig. 4 Neutron sens i t i v i t ies of CgFg and CgDg detectors 

Fig. 5 Neutron capture cross sections of Nb-93 
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Fig. 9(d) Neutron capture cross section of Nd-148 
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Fig. 10 ( a ) , (b ) Neutron capture cross sections of Sm-147 and Sm-149 



Fig. 11 Cumulative values of 2grn ° vs. neutron energy for Tb-159 
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Fig. 12 Cumulative values of gr n ° vs 

(b) 

neutron energy for Br-79 and Br-81 
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. 13 (a ) , (b ) Cumulative values of gr n ° vs. neutron energy for 
Sm-147 and Sm-149 
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TECHNIQUES FOR THE DETERMINATION OF CAPTURE CROSS SECTIONS 
OF RADIOACTIVE FISSION PRODUCT NUCLIDES * 

M.S. Moore*and 6.F. Auchampaugh 
University of California, Los Alamos Sc ient i f i c Laboratory 
Los Alamos, New Mexico 87545 

The determination of capture cross sections of radioactive f iss ion 
products rel ies heavily on model calculations and systematics to provide a data 
base, part icularly where experimental measurements are sparse or non-existent. 
Under ideal conditions, such calculations may be re l iable to an estimated 
accuracy of 25% Much of the experimental data base that exists was obtained 
several years ago by total cross section measurements on fast choppers, by 
capture cross section measurements with lead slowing-down spectrometers, and, in 
a very few cases, with nuclear explosion sources. 

In this paper, we assess the capabil ity of modern laboratory neutron 
sources, the electron linac and proton spallation neutron sources, to provide 
the data required to refine the calculations. 

I . Introduction 
A survey of the status of cross sections of radioactive f iss ion product 

nuclides with half-l ives longer than a few hours, as shown in Table I , reveals 
several points which may be of interest. Two deserve special notice. F i r s t , 
there are only a few nuclides that are considered to be of importance. There 
are 182 f ission product nuclides for which cross section data were provided in 
ENDF/B-IV, but only 57 of these are radioactive. The ratio i s roughly the same 
for the isotopes that most af fect neutron economy in reactor design. Of the 43 
most important f ission products, rated in order of the global capture rate at the 
Special ists ' Meeting on Fission Product Nuclides at Petten in 19771), there are 
14 that are not stable. There are 34 radioactive nuclides for which requests 
have been made for additional measurements in the WRENDA compilation2); however, 
the conclusion reached by the special ists at the Petten meeting were that 
required accuracy of 10-30% in the capture cross sections could be considered to 
have been met for a l l but 15 of these. 

Secondly, one may note that while there has been a great deal of acti-
v i ty devoted to evaluation of radioactive f ission product cross sections, the 
evaluations are based, in many cases, on no experimental data at a l l . Even for 
the best studied nuclides, i . e . for 99jc and 147pm, the data are sparse and of 
low accuracy compared to those for stable isotopes in the v i c in i t y . I t has been 
argued that even when no data exist , the accuracy of an evaluation can be judged 

<r Work performed under the auspices of the U.S. Dept. of Energy 
*Address during academic year 1979-1980 : CEC, JRC, Central Bureau for Nuclear 

Measurements, Steenweg op Retie, 2440 GEEL, Belgium 
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as adequate i f the results of calculations based on that evaluation d i f fer from 
results based on other, presumably independent, evaluations by less than the 
user's accuracy requirement. This is most probably an unwarranted assumption, 
yet even for the 15 most wanted isotopes for which the data are CDT dered inade-
quate, evaluation based upon integral results may presently be the only feasible 
way: f ive of them have l ifetimes shorter than 40 days, and the techniques and 
expertise used in the past to make measurements on such materials3,4) are no 
longer avai lable. Lynn^) has concluded that, in ideal cases, a calculation of 
the radiative capture cross section of a nuclide for which no data exist can be 
expected to be accurate to ± 25%. I f the evaluated data are required to higher 
accuracy, then the evaluation must be constrained, either d i rect ly , by integral 
and/or di f ferent ia l measurements, or by a higher degree of understanding of the 
systematics involved than has been used before. The existence of intermediate 
structure in the neutron and part ial radiation widths of important stable f ission 
products emphasizes the need for measurements to ver i fy and improve the evalu-
ations. 

In this paper, we outline a threefold approach for providing cross-
section data for the f i f teen radioactive f ission products for which the current 
accuracy is considered to be inadequate. The approach involves 1) using system-
at ics of total cross sections to provide an evaluation constraint, 2) measuring 
the microscopic cross sections of the longer l ived species, and 3) using integral 
measurements for adjustment. 

I I . Total cross section measurements on separated 
isotope samples as an evaluation constraint. 

The evaluation process invariably begins with a set of transmission co-
eff ic ients obtained from optical model f i t s to experimental data. Perhaps the 
approach outlined by Lagrange®) is typical : the optical model parameterization 
is obtained by f i t t i ng the total cross sections, the s- and p-wave strength 
functions at the neutron binding energy, and the e last ic scattering angular 
distributions. I f the experimental data do not exist , the evaluator uses global 
optical-model parameter sets, or interpolates and extrapolates the optical model 
parameters as best he can to obtain transmission coefficients to use in subse-
quent s ta t i s t i ca l model calculations. For f ission product nuclides, this 
procedure must be used with caution, because of the close proximity of the N and 
Z = 50 and N = 82 closed shells in the region. One might expect that the proce-

dure would be better suited for actinide nuclides than for f ission product 
nuclides, because the actinides are a l l r ig id ly deformed and l i e far from the 
nearest closed shell at ^OSpb. However, one finds that for 242Pu, discrepancies 
among several evaluations led to differences of factors of 2 or so in calculated 
bulk neutronics properties such as the c r i t i ca l mass. A recent measurement of 
the total cross section of 242pu 7) showed that none of these evaluations could 
be considered to be completely adequate, yet there was a prescription that did 
describe the 242Pu data to the level of accuracy of ~ 1% : the simple ansatz of 
using the well-known total cross section of 238y5 anc| correcting for the extra 
four nucleons by adding to the 238y values the difference between the total cross 
sections Of 239pu a n ( j 235u8).jhe point to be made is that an adequate description 
of the total cross section of 

242pu existed before the measurement was made. I f 
the evaluators had used these data to constrain their optical-model description, 
one could assume that the large discrepancies in these evaluations would have 
been substantially reduced. The procedure may also well be val id for describing 
the e last ic angular distr ibution, because these too vary only s l ight ly from 
nucleus to nucleus. 

The question of interest at this special ists ' meeting is whether the 
same procedure would be useful in providing a constraint to the optical model 
parameterization of radioactive fission-product cross sections. Here, the extra-
polation of optical model parameters may be far less re l iable than for actinide 
nuclides. Schmittroth and Schenter9) have compared fission-product-data evalua-
tions, noting that large differences exist i f there are no experimental data. 
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Thus, we feel that the total cross section extrapolation procedure should be ex-
plored. 

To i l lus t ra te the approach, l e t us consider certain of the nuclides from 
Table I , e.g. those ranging from Zr to Cd. Among these t ' c r e are six of the 14 
most important radioactive f iss ion products, and also six of the 15 for which the 
existing data are thought to be inadequate. Let us assume that a systematic study 
of the total neutron cross sections and e las t ic angular distributions can be done 
for the 26 stable isotopes in this range for which the amount of isotopic sample 
material is adequate, i . e . for the isotoges whose natural abundance is Q7 
higher. The isotopes to be studied are "0,91,92,94;zr 93|\|b, 92,94,95,96,97,98, 
100MOj 99,100,101,102,I04Ru, 103Rh, 104,105,106, 108,il0pd, and 107,109Ag. With 
these data in hand, one f i r s t needs to determine over what range the technique 
may be adequate. For example, knowing the cross sections of 96,97,9°Mo and 
IUU,IU£RU) .jt SHOULD be possible to calculate that of IOIRU under the assumption 
that i t bears the same relat ion to 100,102Ru as does y7Mo to yb»y8M0. The isotope 
I0lRu, i s , of course, also one of the stable isotopes. I f the approach turns out 
to be useful, i t i s then a simple matter to provide an estimate of the cross 
section for any of the important radioactive isotopes in this region which could 
then be used in optical model f i t t i ng . I t may be noted that any Of the important 
radioactive isotopes l is ted in Table I in this ranae can be bracketed 
for interpolation from a stable isotope no further than four mass units away, with 
the exception of 3.5h 92Y. 

I f , however, one attempts to assess the va l id i ty of the approach, he con-
cludes that the required data base is too fragmentary. The systematic study of 
total cross sections by Foster and Glasgow^) gave important qual i tat ive under-
standing of deformation ef fects , but this study was done with elemental samples. 
The systematic tota l ,d i f ferent ia l e last ic and inelast ic scattering measurements 
bv Smith's group at the Argonne National Laboratory have been completed for 
93^b 11) and for the even isotopes of zr 12) and Mo 13), but not for the odd 
ones. For the isotopes of Ru and Pd, data do not exist , nor do appropriate 
samples. While there is separated material available (a modest fraction of one 
gram-atom is enough to permit such measurements), the material should be fabri-
cated into right c i rcular cylinders a few cm long, instead of the plates needed 
for most other cross section studies. 

F ina l l y , we should emphasize that a re l iable set of optical model trans-
mission coeff icients is only the f i r s t step in determining fast capture cross 
sections of isotopes for which measurements are lacking. Perhaps the most impor-
tant additional piece of information needed is the energy dependent level density. 
Systematics can then be used to provide a reasonably accurate ( ~ 20-30% ) esti-
mate of the average radiative capture width 14) and in principle the calculation 
of the average capture cross section should provide an evaluation sat isfy ing the 
data needs. In practice, one notes that there is s t i l l another phenomenon that 
is not understood and which can lead to much larger uncertainties : intermediate 
structure as manifested by large local fluctuations in the neutron strength for 
isotopes in this important fission-product region 15-1'). At present, there 
appears to be no way to provide data with the required accuracy without making 
microscopic measurements. 

I I I . Measurement capabil ity for fast capture cross sections 
of radioactive f iss ion products. 

The problem of making direct measurements of the capture cross sections 
of radioactive f iss ion products is one of overriding the background signal ar is ing 
from the sample ac t i v i t y . In 1972, Theobald18) recognised that the nuclear 
explosion neutron source is ideal ly suited to solving this problem, and he 
proposed a collaborative measurement of fast capture cross sections of f iss ion 
products with groups at the Los Alamos Sc ient i f i c Laboratory who had been concen-
trating on f iss ion cross section measurements. The collaboration was not imple-
mented; the physics measurements with nuclear explosions have been essentia l ly 
discontinued and in the last few years the expertise has been lost . This option 
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of providing the required data should no longer be seriously considered. 
The technique that seems to be the most promising is that developed by 

Block at Rensselaer Polytechnic Ins t i tu te 1 9 ) and discussed at specia l is ts ' 
meeting^): the lead slowing-down-spectrometer used in conjunction with one of 
the modern laboratory pulsed neutron sources such as an electron l inac or proton 
spal lat ion source., An assessment of the properties of the lead si owing-down-
spectrometer i s conveniently done by using neutron si owing-down theory, as 
suggested by H a r r i s ^ ) . The slowi ng-down-spectrometer is useable in the energy 
range below about 50 keV, and gives a resolution of about 30% in energy. Calcu-
lations based on slowing-down theory for an in f in i t e spectrometer suggest that 
the spectrometer behaviour i s comparable to a conventional time-of-flight 
measurement done at a f l i gh t path of 6.1 m, and with an ef fect ive gain in neutron 
fluence on target of a factor of ~600u, depending on energy and re la t ive posi-
tioning of source and sample. These parameters are very nearly the same as those 
quoted by Block22) f 0 r the 75-ton Rensselaer Intense Neutron Source (RINS): a 
gain in fluence of - 104 at a f l i gh t path equivalent of 5 m. A 30% resolution 
in energy corresponds to 15% in time of f l i gh t . A 50 keV neutron takes 2 us to 
travel 6 .1 m, so the width of the driving pulse needs to be short compared to the 
300 ns that describes the e f fect ive siowing-down-time resolution in the spectro-
meter. 

Table I I summarizes the f eas ib i l i t y of making capture cross section 
measurements on radioactive sample materials with a lead siowing-down-spectro-
meter, using one of the currently ex ist i ng high intensity pulsed neutron sources 
recently reviewed by Auchampaugh23). we conclude that many of the measurements 
of interest can be done; others require development of future sources comparable 
to the Proton Storage Ring currently under construction at LASL. Whether the 30% 
resolution in t r ins i c to the lead slowing-down-spectrometer i s suf f ic ient to 
reveal the structure of interest in these cross sections is a question that needs 
careful consideration by both users and measurers. 

F ina l l y , we should l ike to address the question of measuring these data 
by conventional techniques. The neutron fluence on the sample increases 
inversely as the square of the decrease in distance. There is also a compression 
of the data col lect ion time, such that i f overriding background is the primary 
consideration, the ef fect ive signal-to-noise rat io varies inversely as the cube 
of the distance. One could thus expect to reproduce the data quality obtainable 
with the lead slowing-down spectrometer by making conventional measurements at a 
f l i gh t distance of 5/(104)1/3 m} or 23 cm, provided he could at ta in an overall 
time resolution shorter than 11 ns at 50 keV. Monte-Carlo calculations carried 
out for the target-moderator geometry of the WNR f a c i l i t y at LASL give ~ 12 ns 
as the typical timing uncertainty introduced by the moderation time; this is the 
dominant contribution to the timing uncertainty. We then can conclude that the 
entries of Table I I are also va l id for a measurement carried out by conventional 
techniques. 

Figures 1 and 2 show the comparative performance of several of the new, 
planned or upgraded neutron f a c i l i t i e s in the resonance- and fast-neutron energy 
regions. The LASL Proton Storage Ring w i l l not be useful for data production 
for several more years. One can conclude that in the near future, any of the 
white-source f a c i l i t i e s w i l l show roughly comparable performance. I t should be 
noted that one of the primary c r i t e r i a for the present application is the signal 
to noise ra t io , which should be compared to f a c i l i t y performance on a "per-
pulse" basis. There w i l l be unanticipated problems associated with making data 
measurements at very short f l i gh t paths. Browne et al24) s w i th the Lawrence 
Livermore Laboratory electron l inear accelerator, have shown that such measure-
ments are feasible. We conclude that i f the need for measurements is suff ic-
ient ly great, the data can be provided. 
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Fig. 1 : Comparative performance of several new, planned and upgraded 
'white' neutron sources in the resonance energy range. 
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Fig. 2 : Comparative performance of several new, planned and upgraded 
fast 'white' neutron sources. 



Table I . Radioactive fission-product nuclides 

11/2 Isotope 
235U Thermal 

Yield(%) Evaluations 
Integral 

Expt. 
Dif f . 
Expt. Comments 

26.3h 
8.8h 

As-76 
As-77 

0.0012+n r 
0.0082 

1 
1 

<5.5-104y Se-79 0.056 1 11 
35.3h Br-82 0.21 + r\y 1 
10.7y. Kr-85 1.32 1,2 8,9 11 
18.8d Rb-86 1.32 + n7 1,2 
50.5d 
28.8y 
9.5 b 

Sr-89 
Sr-90 -
Sr-91 

4.80 
5.89 
5.93 

1,2 
1,2,3 
1 

8 

64. lh 
58.5d 
3.54h 

10.2h 

Y-90 
Y-91 
Y-92 
Y-93 

4.8 + n i 
5.93 
5.97 
6.40 

1,2,5 
1,2,4,5 
5 
1 

8 
8 

1.5-.106y 
64. Od 
16.9h 

Zr-93 
Zr-95 
Zr-97 

6.40 
6.50 
6.03 

1,2,3,4 
1,2,3 
1 

9,10 11 a,b(2),c(2),d(22) 
b(2),c(2) 
b(2),c(2) 

2•104y 
35.Od 
87h 

Nb-94 
Nb-95 , 
Nb-95m' 

Ind. 
6.50 

6 
1,2,4,6 

8,9 
(9) 

11 
c(2) 

66.Oh Mo-99 6.13 1,2 a,b(2) ,c(3) 
2.M05y Tc-99 6.13 1,2,3,4,7 8,9,10 11,12,13*14 a,b(1) ,c (2) ,d(4) 
39.4d 
4.44h 
36 7cf 

Ru-103 
Ru-105 
Ru-106 

3.12 
0.93 
0.39 

1,2 
1,2 
1,2,3,4 8,9 . 

a,b(2),c(2),d(14) 

d(33) 



Table I continued 

235U Thermal 
T 1/2 Isotope Yie1d(%) Evaluations 

4.34m Rh-104m 3.12 + n 7 
35.4h Rh-105 0.93 1,2 
2.17h Rh-106 0.93 + r\y 

6.5-106y Pd-107 0.17 1,2,3,4,7 
13.4h Pd-109 0.03 1,2 
21.Ih Pd-112 0.012 1 
7.45d Ag-111 0.017 1,2 
44.8d Cd-115m 0.011 1,2 

27h Sn-121, o 0 1 4 1 
55g - Sn-121m U ' U 1 4 1 

129d Sn-123 0.016 1,2 
9.62d Sn-125 0.03 1,2 

~105y Sn-126 0.055 1,2 
2.7d Sb-122 0.014 + n 7 1 

60.2d Sb-124 0.016 + n7 ,. 1,2 
2.7y Sb-125 0.030 1,2 

12.4d Sb-126 0.030 + n 7 1 
3.9d Sb-127 0.125 1 
9. lh • Sb-128 ; 0.35 1 
109d Te-127m 0.125 1,2 

33.5d Te-129m 0.65 1,2 
30h Te-131m 2.82 1 
78h Te-132 4.20 1 

1 . 6 • 1 0 1 - 1 2 9 0.65 1,2,3,4,7 
12.4h 1-130 0.65 + n7 1,2 
8.04d :1-131 2.82 1,2 
20.9h 1-133 6.75 1 
6.61b 1-135 6.60 1,2 

Integral 
Expt. 

8 
8,9 

bif f . 
Expt. 

8,9,10 11 

Comments 

c ( l ) , e 
a,b(2),c(2)' 
c ( l ) , e 
a,b(1),c(1),d(5) 

8,9 

CX) 

8,9 
b( 3) 

b(3) . 

b(3),c(2) 
b(3) 

8,9 
8 
8,9 

11 a,c(2) 

c(2) 



Table I continued 

235U Thermal 
T 1/2 Isotope Yield(%) Evaluations 

5.25d 
9. lOh 

Xe-133 
Xe-135 

6.75 
6.60 

1,2 
1,2 

2.06v 
3-10°y 

13d 
30.2y 

Cs-134 
Cs-135 
Cs-136 
Cs-137 

6.75 + n T 
6.60 
6.60 + n 7 
6.26 

1,2 
1,2,3,4 
1 
1,2,3,4 

12.79d 'Ba-140 6.36 1 , 2 

40.3h La-140 6.50 + nT 1,2 
32.5d 
33. Oh 
284d 

Ce-141 
Ce-143 
Ce-144 

5.82 + n t 
5.95 
5.39 ' 

1,2,4 
1,2 
1,2,3,4 

19.2h 
13.58d 

Pr-142 
Pr-143 

5.87 + n 7 
5.95 

1,2 
1,2,4 

11.Od Nd-147 2.25 1,2,4,7 
2.62y 
5.37d 
41.3 d 
53. lh 

28h 

Pm-14 7 
Pm-148 , 
Pm-148m' 
Pm-149 
Pm-151 

2.25 
2.25 + n 7 
1.07 
0,42 

1,2,3,4 
1 
1 , 2 
1 , 2 
1,2 

90y 
46.8h 

Sm-151 
Sm-153 

0.42 
0.16 

1,2,3,4,7 
1,2 

13y 
8.5y 
4.9y 

15d 
15. Ih 

Eu-152 
Eu-154 
Eu-155 
Eu-156 
Eu-157 

0.42 + n 7 
0.164 + n 7 
0.0325 
0.0133 
0.0084 

2 
1,2,4 
1,2,3,4 
1,2 
1,2 

Integral Diff . 
Expt. Expt. Comments 

b(3),c(2) 
8,9 11 b (2 ) , c ( l ) • 
8 9 

11 a,b(1),c(1),d(11) 

8 11 a,d(36) 
8,9 
8,9 ' 
8 

8,9 c ( l ) ,d (39) 
" 8 • '-.'•"'•• ; " " . V 
8 . .:•.. d(42)" -
8 a,b(1) ,c (1) 
8,9,10 11,12,13 a ,b ( l ) ,d (8 ) 
8,9 b(3) ,c(2) 
8,9 11 c(2) 
8 " a,c(2) 
8 c(2) 
8,9,10 11 a ,b (2 ) , c ( l ) ,d (7 ) 
8 b(3),c(2) 
8 12 a , c ( l ) 
8 a ,c ( l ) ,d (32) 
8 a»b(3) ,c ( l ) ,d (20) 

b(3) 



Table I continued 

7 1/2 Isotope 
235 U Thermal 

Yi el d (%) Evaluations 
Integral 

Expt. 
Diff . 
Expt. Comments 

18.6d 
72. Id 
6.9d 

Gd-159 
Tb-150 
Tb-161 

0 .001 

0.001 + n y 
0 .001 

1 

1,2 
1 

FPND Specialists' Meeting at Petten (1976) concluded that data requirements not met. 
Highest priority of request for data in WRENDA - 75/6 
Highest priority of request for data in D0E/NDC -16U (1979) 
Ranking among 43 most important F.P. isotopes according to fraction of global captures (see, Ref. 1) ' cn 
Isotopes l isted as Ru, but with half- l i fe information corresponding to Rh in D0E/NDC -15U ° 
Australian AEC Library, see AAEC /TM -587 
ENDF/B-IV, see T.R. England and R.E. Schenter, LA-6116-MS, ENDF-223 (1975) 
Japan Atomic Energy Library, JENDL-1 (1977), J A E R I - M - 5752 (1974) 
Bologna evaluation, CEC(71)-2(1971), NEANDC (E) 182 (1977) 
Los Alamos evaluation, LA 6971 (1977) 
Lawrence Livermore evaluation, see Gardner, Harwell (1978) 
Reactor Centrum Nederland evaluation ECN-33 (1977) 
Thermal (maxwellian averaged) capture measured. 
Capture resonance integral measured. 
Absorption cross section in fast reactor spectrum measured. 
Total cross section measured in resonance range. 
Capture cross section measured in resonance range. 
Total cross section measured in MeV range. 
Partial cross section measured at 14 MeV. 
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Table I I . Assessment of d i f ferent ia l measurement capabi l i ty for some 
important radioactive f iss ion products. 

r 1/2 Isotope 

Radiation 
level a) 
(Rhm/g,) 

PSR re la t ive 
signal b) 
(Rhm/g) 

Signal-to 
noise 
rat io 

1.5-106y 
64d 

16.9h 

Zr-93c) 
Zr-95 
Zr-97 

' <.001 
1.4-104 

1.4"-106 

5.8-104 

5.5-104 

4.4-104 

> 106 

3.9 
0.03 

35. Od Nb-95 1.7-104 4.8-104 2.8 
66. Oh Mo-99c) 3.6-104 5.5-104 1.5 

2. M0 5 y . Tc-99c) <.001 4.5-104 > 106 

39.4d Ru-103c) 8.7-103 5.7-104 6.6 
35.4h Rh-105c) 3.5-104 4.1-104 1.2 

6.5-10V Pd-107c) <.001 5.7-104 > 106 

~ 10 5y Sn-126 0.058 3.1-104 .5-105 
2.7y 
3.9d 

Sb-125 
Sb-127 

254. 
9.6-104 

3.3-104 

3.2-104 
130. 
0.33 

109d 
33.5d 

Te-127m 
Te-129m 

9.4 
690 

4.6-104 

4.4-104 
4900. 
630. 

1.6-10^y 
20.9h 

I-129c) 
1-133 

<.001 
3 . M O 5 

3.3-104 

3.1-10 
> 106 

0.10 
5.25d 
9.10 h 

Xe-133 
Xe-135 

2.4-103 

3.3-105 
4.2'104 

3.9-104 
18 

0.12 
3.106y 

30.2y 
Cs-135c) 
Cs-137c) 

<.001 
27.8 

3.3'104 

2.2-104 
> 106 

780. 
284d Ce-144 25.5 2.2'104 860. 

11. Od Nd-147c) 5.1-103 3.3-104 6.5 
2.62y 
5.37d 

41.3d 
53.lh 

28h 

Pm-147c) 
Pm-148 
Pm-148m 
Pm-149c) 
Pm-151 

<.001 
6.0'107 
2.5-10; 
1.6'103 

9.9'104 

2.7'104 

3.2-104 

3.3'104 

2.5-104 

2.6-10 

> 106 

0.54 
1.3 
15. 
0.25 

90y 
46.8h 

Sm-151 
Sm-153 

1.6 . 
3.3'104 

3.6-104 

3.4-104 
2.3'104 

1.0 
13y 
8.5y 
4.9y 
15d 

Eu-152c) 
Eu-154c) 
Eu-155c) 
Eu-156 

98. 
91. 
26.7 

4.0*10 

3.7-104 

3.5- 1.0T 
2.7-104 

3.2*10 

380. 
385. 

1000. 
0.79 

a) Approximate values of Roentgeris/h at 1 m per g of material, taken from LA-
4400(1970), adjusted for daughter a c t i v i t i e s . Approximately, Rhm=Ci-0.55-ET, 
where Ci i s the ac t i v i t y in curies, ET is the averaqe gamma energy in MeV. 

b) The PSR re la t ive signal is the signal level produced by a lg sample with the 
capture cross section Mo-97 in a Pb spectrometer, driven by the LASL proton 
storage ring. Currently existing neutron sources are estimated to give a 
factor of 100 lower signal. 

c) Data requirements are not met for these isotopes (Petten 1976). 
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NEUTRON RESONANCE PARAMETERS FOR PALLADIUM ISOTOPES 

P. Staveloz*, E. Cornelis^, L. Mewissen*, F. Poortmans*, 
G. Rohr*, R. Shelley* and T. van der Veen* 
*S.C.K./C.E.N., B-2400 Mol, Belgium 
tUniversity of Antwerp, R.U.C.A., B-2020 Antwerp, Belgium 
*CEC - JRC, Central Bureau for Nuclear Measurements, B-2440 Geel, 

Belgium 

We have undertaken a systematic study of neutron resonance parameters 
for the isotopes Pd-104,105,106,108 and 110 (enriched isotopes on loan from 
0RNL) in response to requests for such data on important f iss ion products. 
Various neutron time-of-fl ight experiments have been performed at GELINA -
capture, e las t ic scattering and total cross section measurements. Par i ty 
assignments are made on the basis of low-bias to high-bias ratios deduced from 
capture gamma ray spectra. The resonance parameter analysis is completed for 
Pd-105 and partial results are available for Pd-106, 108 and 110. 

Introduction 
We are performing at GELINA a series of neutron time-of-flight experi-

ments on the stable Palladium isotopes in the resolved resonance range. Our 
aim is to deduce for each isotope a set of resonance parameters Eo, g i n and r 7 
and to determine strength functions, mean level spacings and average capture 
widths. Most of the experiments are finished and an important part of the data 
has been analysed. Preliminary results were already communicated at the 
Harwell/1/ and Knoxville/2/ conferences. 

Transmission experiments were performed for lOSpd Up t 0 2 keV and for 
the even isotopes up to approximately 40 keV. E last ic scattering experiments 
have been done for I05p<j and 108pd up to 2 keV. Capture cross section experi-
ments were done for 105,106,108,ll0pd ancj are in preparation for 104pd. Parity 
assignments of resonances are made on the basis of low bias to high bias rat ios 
deduced from capture gamma ray spectra. 

Most of our work is complementary to what has been done previously in 
other laboratories for the Pd isotopes. Spin assignments/3/ and neutron / y i i - / . . _ 
widths deduced from transmission data/4>b/ w e r e published for 105pd resonances. 
Capture and transmission experiments were performed at RPL/6/ for 10?Pd up to 
660 eV. Capture cross section measurements were done recently at 0RELA/?/ from 
2.6 keV up to the inelast ic 2+ level threshold for the even isotopes and up to 
750 keV for 105Pd. The capture cross section for l05pd was also measured at 
RPl/8/ up to 200 keV but no resonance parameters were published. 

Experimental Details 
The experiments were performed on the neutron time-of-fl ight spectro-

meter of the 150 MeV Linac of CBNM. Operating conditions were 4 nsec beam biirst 
and minimum channel width of 4 nsec for the capture experiments and 10 nsec for 
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the transmission and scattering experiments. The samples were prepared from 
metal l ic, highly enriched isotopes which we have on loan from P.-;1 n'dge 

Capture Experiments 
Capture data were taken at a 60 metre f l ight path. The sample thick-

nesses were respectively 8.94 10-4 atoms/barns (97.38%) for 105Pd, 2.25 10~3 
atoms/barns (98.48%) for 106pd, 2.50 10~3 atoms/barns (98.88%)for 108Pd and 
1.47 10-3 atoms/barns (97,73%)for llOpd. 

The capture detection system consisted of a pair of cyl indrical 
deuterated l iquid sc int i l l a tors ( C 5 D 5 ) each with a diameter of 4 inches and a 
length of 3 inches, the faces of which were in optical contact with EMI photo-
multipliers (2823 QKB). Using a bias of 0.1 MeV in amplitude, the data have 
been taken in two parameters, 14 time-of-flight and 8 amplitude b i ts , using a 
data acquisition system developed at CBNM/"/. A weighting over 256 amplitude 
channels was applied to achieve a detector response proportional to the total 
energy released in the capture process. The weighting factors used have been 
calculated by means of a Monte Carlo based computer code original ly developed 
at Cadarache/-w/ and later modified for our detector system in collaboration 
with Karlsruhe/11/. The neutron flux was measured using the same CgDg detector 
system by replacing the Pd sample with a 10B slab. Absolute cal ibration was 
obtained by the black resonance technique using resonances in Ag below 72 eV. 
The thickness of the Ag sample was 5.87 10_3 atoms/barn. 
E last ic Scattering Experiments 

The scattering experiments were performed at a 30 metre f l ight path 
station only for the isotopes 105pd and 108pd using the same samples as in the 
capture experiments. The scattering detector system consisted of six 3He 
gaseous sc int i l l a tors mounted around an evacuated cyl indrical tube with sample 
holder. The angle between the scattered and the incoming neutron beams was 
140 degrees. The scattering cross sections were measured using lead and carbon 
as standard scattering samples. The background was determined using black 
resonances in Na (2850 eV), Mn (337 eV), Co (132 eV) and N (18.8 eV). 
Transmission Experiments 

Four 3He high pressure gaseous sc int i l l a tors were instal led as trans-
mission detector at 30 metres for 105pd and at 60 metres for the even isotopes. 
The samples were cooled at l iquid nitrogen. The sample thicknesses were : 
8.32 lO"3 atoms/barn (95.25%) for 104Pd, 1.096 HT 2 atoms/barn (97.38%) for 
105Pd. 1.048 10~2 atoms/barn (98.48%) for 106pd, 2.50 10-3 atoms/barn (98.88%) 
for 1(JSpd and 6.06 10"3 atoms/barn (97.73%) for n o P d . 

The background was measured with the black resonance technique using 
the same black resonance f i l t e r s as in the scattering experiment plus Al 
(34.7 keV). 
p-wave Assignment of Neutron Resonances 

Excited states at low energy of the uneven compound nuclei 105,107, 
109pd are predominately of positive parity permissable for E l transitions from 
p-wave resonances. So i t is to be expected that the capture gamma ray spectra 
for p-wave resonances show more high energy transistions to low lying states 
than for the s-wave resonances. Not much information is known on the energies 
and spin and parity of low-lying states in the compound nucleus H^Pd, but we 
suppose that the overall picture w i l l be the same as for the other Pd isotopes. 

To make a parity assignment of neutron resonances, we compare, in the 
capture data, the resonance areas of the time-of-flight data taken with a high 
bias for the gamma rays (binding energy minus 1 MeV) to the resonance data 
taken with a low bias. The high bias to low bias ratios are taken from the 
capture cross section data, measured with the CgDg detector system, in the two 
parameter mode but are also deduced from a separate experiment with a 
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7"x 6" Nal(Tl) s c in t i l l a to r as capture detector on a 30 metre station. 
Analysis 

The transmission data are analysed with the multi-level Breit-Wigner 
f i t t i ng routine SIOB/12/. 

The scattering data are corrected for multiple interaction effects 
using a Monte-Carlo computer code. An area analysis of the corrected data 
yields F n as a f unction of r^ • 

The capture data have been analysed using a modified Tacasi area 
analysis program /13/ which includes corrections for Doppler and resolution 
effects. The influence of multiple scattering on the capture area is taken in-
to account by. means of a Monte-Carlo routine. 

Results 
For the analysis of the data, we have given highest pr ior i ty for the 

isotope 105Pd and this work is completed. Concerning the even isotopes, the 
analysis of the transmission data is finished for 

106,108,llOpd and nearly com-
pleted for l ^Pd . However, an additional transmission experiment is planned 
for lOSpd, using a thicker sample. The present data for could only be 
analysed up to 5 keV. 

The transmission data were analysed up to 20 keV for l^^Pd and up to 
40 keV forHOpd. However, above 10 keV, the data begin to suffer from impor-
tant time-of-flight resolution broadening. So the analysis above 10 keV is 
mainly performed in order to look at the behaviour of the strength functions 
but not for obtaining accurate (better than 10%) values for the individual 
resonance widths. 

The capture cross section data and high to low bias rat io capture 
experiments are analysed for 108pd up to 5 keV. The anlysis for the other 
even isotopes is in progress. 

The results for the various isotopes are summarised below. As stated 
before, the lO^Pd case is completed but the results for the even isotopes are 
of a preliminary nature. 
105pd 

Resonance parameter analysis was performed up to 2051 eV. The results 
reported in Table I are from the complete analysis of capture, e last ic 
scattering and transmission data. Neutron widths were determined for 200 
resonances and the capture widths for 71 of them. 

The average capture width was determined as : 
< Ty > = 150 meV ± 1 meV (s ta t . error) ± 8 me.V (syst. error) 

The 5% systematic error is introduced to take into account possible systematic 
uncertainties in the normalization of the capture cross section data. Because 
of the good agreement between the results from transmission, scattering and 
capture data, we are confident that the systematic error is not larger than 5%. 

The contribution from p-wave resonances to the strength function can 
be neglected in this energy range so that the s-wave strength function can be 
determined from the data : 

2 g r n o 
So = — - — 5 — = 0.63 ± 0.07 x 10"4 (200 resonances below 2051 eV) 

A E 
The level spacing has been determined using a method/14/ which sepa^ 

rates large s-wave resonances from smaller ones and from resonances with higher 
angular momentum ( I > 1) by means of the Bayes'theorem. The number of s-wave 
resonances lost in this procedure has been estimated, assuming a Porter Thomas 
distribution of the reduced neutron widths. For 105pd this y ie lds a value of : 
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D = (10.0 ± 0.5) eV. , 
The capture cross section measurements in the unresolved ; onance 

rang... performed at RPl/8/ were normalized to the resonance c a p i a t area of the 
55.2 eV resonance taking a neutron width of 2g rn = 6.9. We find 2g r n = 6.70± 
0.04 meV (st . error) for that resonance, in good agreement with the RPI value 
but larger than the value 6.36 ± 0.12 meV of ref. 2 and smaller than the value 
2g rn = 8.4 ± 0.4 meV stated in BNL 325. 

Our results for the parameters So, D and < ry > are consistent with 
the analysis Of the average capture cross section data above 10 keV/7>8/. 
106Pd 

The neutron widths were determined from the transmission data for 172 
resonances up to 20 keV. In f ig . l i s shown the cumulative sum of reduced 
neutron widths •( r n / V E o ) versus neutron energy. As can be seen on that 
figure, the strength function is roughly two times larger below 4 keV than above 
that l imit . 

We did not perform, up to now, a parity-assignment of the neutron 
resonances. However, below 4 keV, more than 80% of the strength is due to strong 
s-wave resonances which can be identif ied by their strong resonance-potential 
interference term in the total cross section. So we conclude that the structure 
is probably in the s-wave strength function. 
108pd 

All the cross section data have been analysed up to 5 keV. Parity, 
assignment of resonances has been performed in the same energy range by comparing 
the resonance areas of the time-of-flight spectrum taken with a high (5 MeV) 
and a low (.550 MeV) amplitude bias. These ratios and their errors (R ± AR) are 
plotted versus reduced neutron widths ( r n / V E 0 ) in f ig . 2. As can be seen in 
this figure, for the strong resonances (large r n ° ) which in this energy range 
may be supposed to be s-wave resonances, the values R + AR are a l l smaller than 
R£M = 7.25 10~2. I f we suppose that a l l resonances for which R - A R > R£M are 
p-wave resonances, a total number of 22 resonances can be assigned as being p-

. wave below 5 keV. For 16 of these p-wave resonances, the neutron width was 
measured. The results plotted in f ig . 2 are from data taken with the Nal(Tl) 
experiments and are in good agreement with the results from the capture cross 
section experiments taken with the CgD§ detector system. However the Nal(Tl) 
data have much better s ta t i s t i ca l precision especially in the high bias ampli-
tude time-of-flight spectrum. 

At the present stata of the analysis we have obtained the following 
results for 108pd : 

< r r > = 75.8 meV ± 2.8 meV (stat . error) ± 4 meV (syst. error) 

S„ =0.76 + 0 - 1 9 x 10 
0 - 0.15 

HOpd 
Neutron widths were deduced from the shape-analysis of the transmission 

experiments for 121 resonances up to 40 keV. However because of resolution and 
Doppler ef fect , the analysis above 25 keV was only possible for 16 broad reson-
ances. The data show a very pronounced structure in the strength functions ais. 
can be seen from figures 3 and 4. 3 

In f ig . 4 we show the strength function over intervals of 4 keV. There 
are fluctuations of as large as a factor of 7. Although the strength function 1 

has a minimum below 4 keV, we have detected 26 resonances in that energy range 
which means that the error on the strength function is approximately 30% for - -
that energy interval . At higher energies, and especially above 25 keV, the data -
are poor. However, we are quite confident that we have analysed a large fraction 
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of the resonances contributing s ignif icant ly to the strength function and that 
we may state that the error on the strength function for each interval of 4 keV 
is much smaller than the magnitude of the structure. We have not yet completed 
our low bias to high bias rat io capture experiments, but for the same reason as 
in the lO^pd c a s e , we believe that the structure is in the s-wave strength 
function. 

Conclusions 
Resonance parameters and their average properties were obtained for the 

important f iss ion product 105pd f rom capture, scattering and transmission data. 
The work for the even isotopes is not completed yet but preliminary results show 
very pronounced intermediate structure effects in the strength function. 
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Table I . Resonance parameters of 105Pd 

E0 (eV) 
11-79 ± O.Ol 

2 g I ' 
0.21 

n + (meV) 
0.01 'V 151.1 

(meV) 
±2-1 E0 .(< 4 62.54 

j'V + ) ' 0.1 6 
9' 
5.2 (meV) 0.3 . l7(meV) 

13.23 _f 0.01 2.29 + 0.03 174.5 ¥ 3-4 492.05 + 0 . 16 0.18 0.04 
25. 15 0.01 3.92 * 0.05 135.1 ¥ 499.11 + 0.17 0.32 0.04 
30. 12 0.01 0. 3(> 0.01 151.7 + 4.1 511.58 0.1/ 2.50 U. 0 5 . 
36.44 • 0.02 0.35 ± 0.01 154.1 ¥ 6. 7 512.99 + o.iu: 3.31 0.0 6 
42.58 0.02 0.07 ± 0.02 532.30 0.13 26.5 0.6 16 7. ± 25. 
55.21 ¥ 0.03 6. 70 ¥ 0.04 543.32 0.19 1.96 0 . 05 
68.32 0.04 1.68 1 0.02 137. ¥ 15. 54 7.21 + 0.20 89.4 •1.3 152. + 15. 
ri. u + 0.05 14.0 0.2 138. ¥ 1 8 . . 568.08 0.20 27. 7 0.7 114. 15. 
3b. T2 • 0.05 16.1 > 0.3 125. ¥ 15. 578.97 0.21 22.6 0.6 

101.09, ± 0.06 0.06 + 0.01 591.05 0.22 95.2 1.6 130. + 15. 
101.71 ¥ 0.07 0.03 0.01 593.24 + 0. ?2 34.3 0.8 
104.00 ¥ 0.0 7 1.32 + 0 . 03 605.32 • 0.2 J 84.3 1.4 155. ±- 10. 
117.01 ± 0.08 0.14 0.01 611.27 ¥ 0.23 1.69 0. 06 
126.33 ¥ 0.09 3.5 + 0.04 617.08 ¥ 0.2 3 4.9 0.6 
130.39 ¥ 0.09 0.11 0.01 621.31 ¥ 0.24 2̂ .4 0.8 171. ¥ 40. 
134. 12 t 0.09 0.30 0.01 628.93 ¥ 0.24 1.65 0.06 
136.42 + 0. 10 0.12 ± 0.01 659.33 ¥ 0.26 2.01 0.06 
141.21 + 0.10 11.5 ± 0.1 145. ¥ 25. 663.22 ¥ 0.26 67.9 1.9 140. ¥ 20. 
150.21 0.11 58.0 ¥ 1.5 130. ¥ 20. 671.36 ¥ 0.27 1.40 0.06 
155.04 • 0.12 *i. • 0.06 682.64 ¥ 0.2 7 8.7 0.9 
15 8.87 0.12 7.2 • 0.07 697.00 ¥ 0.2 8 39.4 I'* 137. ¥ 20. 
168.38 ± 0.13 1.5 » 0.1 700.66 ¥ 0.28 25.8 1.2 
170.73 0.14 . 0.20 + 0.01 712.11 ¥ 0.29 94 . 3.8 
133.97 ± 0. 1 5 16..8 • 0. 1 171. ¥ 13. 717.36 ¥ 0.29 2.53 0.08 
202.63 ¥ 0.18 11.8 + 0.1 724.4'. ¥ 0.30 . '63.9 1.8 217. ¥ 25. 
208.3a ¥ 0.19 0.07 ± 0.01 733.74 ¥ 0.30 2.37 0.08 
215.91 ¥ 0.20 0. 19 ¥ 0.02 738.31 ¥ 0.31 1.76 0.07 
226.75 ¥ 0.21 8.6 0 .1 750.70 ¥ 0.31 6.45 O . O y 

251.40 ¥ 0.24 6.4 + 0.4 757.64 ¥ 0.32 68.9 2. 1 163. ¥ 10. 
252.49 ¥ 0.25 36.4 + 0.5 780.73 ¥ 0.3 3 130.1 2.7 155. ¥ 5. 
259.99 ¥ 0.26 43.8 f 0.5 140. ¥ .15. 789.45 £ 0.34 70.8 1.9 108. ¥ 7-
286.90 ± 0.30 6.1 i 0.2 794.54 ¥ 0.34 95.6 2.3 145. ¥ 6. 
305.63 ¥ o.oa 106.9 + 0.9 150. ± 15 . 808.03 ¥ 0.35 29- 1.4 120. ¥ 30. 
313.94 0.09 4.3 ¥ 0.2 619.71 ¥ 0.36 15 . 7 i . 6 
328.14 0.09 3.4 ¥ 0.2 824.74 ¥ 0.36 37.3 1.9 102. ¥ 25. 
339.86 i 0. 10 0. 74 + 0.03 833.11 ¥ 0.36 5.6 1.4 
347.24 + 0.10 60.6 £ 0.9 175. ¥ 7. 839.38 ¥ 0.37 36.4 1.9 123. ¥ 30. 
354.66 f 0.11 , 76.4 + 185. ¥ 8 . 857.74 ¥ 0 .3 7 12-7 1.6 
370.66 + o.ii 24. ¥ 0.34. 116. ¥ 17. 861.30 ¥ 0.38 25.5 1.8 
377.49 Jk 0.12 5.6 .X 0.3 ft 872.98 ¥ 0.38 31.7 2.0 
389.40 + 0. 12 27. 1 ¥ 0 . 4 159. ¥ 20. 8 75.74 ¥ 0.39 1.5 0 .1 
392.9* ¥ 0.12 0. 86 ¥ 0.03 890.13 ¥ 0.4 0 21.8 1.9 
395.08 ¥ 0.12 1.07 ¥ 0.03 897.47 ¥ 0.4 1 4.2 1.6 
401.87 ¥ 0.13 7.5 + 0.2 90t.06 ¥ 0.42 8.1 1.7 
4ii.ua ¥ 0.13 0.94 0.04 925.57 ¥ 0.43 208.0 5 . 7 lo5. ¥ 5. 
4 1 0 . 5 9 ¥ 0-13 2.7 ¥ 0.2 940.96 t 0 . 4 4 77. 1 3.2 129. ¥ 10. 
431.4 I ¥ 0.14 64.2 ¥ 0.̂  115. ¥ 5. 958. t>3 + 0.45 163. 3.9 198. ¥ 7. 
4 4 9 . 7 3 x 0.15 53.5 ¥ 0.7 189. ¥ 8. 977.73 0.46 102.9 2.6 159. ¥ 7 . 

4 6 6 . 7 7 J; 0 . 1 5 1 1 2 . *- 2 . 9 8 6 . 6 4 0 . 4 8 1 4 . 1.6 

''Mixture with even isotope resonance 



table I continued 

E0 (eV) 2g r n(meV) « V (tt ieV) 
1 0 1 5 . 0 8 0 . 1 3 8 . 9 1 . 6 

1 0 2 0 - 5 2 0 . 1 3 3 4 . 5 2 . 9 3 , 2 5 . 

1 0 3 5 . 3 4 0 . 1 3 6 . 7 1 . 7 

1 0 3 d . 1 4 0 . 1 3 4 . 4 0 . 1 

1 0 5 7 . 5 3 0 . 1 3 9 9 . 4 . + 8,. 
1 0 7 0 . 2 3 0 . 1 3 3 4 . 9 3 . 0 

1 0 3 1 . 2 5 0 . 1 4 3 0 . 7 2 . 7 

1 0 8 5 . 6 0 0 . 1 4 1 7 . 7 2 . 7 

1 1 0 1 . 8 7 0 . 1 4 8 . 7 3 . 0 

1 1 0 6 . 6 2 0 . 1 4 1 3 2 . 3 5 . 3 1 4 o . Q.. 

1 1 1 3 . 1 0 0 . 14 3 . 0 0.2 
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Fig. 2 : - Ratio R of resonance areas ...with a high (5MeV) and with a low 
(0.55MeV) bias versus reduced neutron width. 
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ABSTRACT 

Neutron capture c r o s s s e c t i o n s have been measured f o r the n u c l i d e s Rb, 
Y, Nb, Cs, Ce, Gd and f o r the i s o t o p e s 155g<1, ' 5 6 G d , ' 5 7 G d , '58 G d and '60 G d i n 
the 0 . 5 MeV to 3 . 0 MeV neutron energy range. Absolute capture c r o s s s e c t i o n s are 
determined by combining the technique used to study gamma-ray s t r e n g t h f u n c t i o n s 
and the spectrum method of measuring p a r t i a l neutron capture c r o s s s e c t i o n s . The 
gamma rays are de tec ted by a Nal s c i n t i l l a t o r surrounded by an annular Nal de-
t e c t o r . T i m e - o f - f l i g h t techniques are used t o improve the s igna l - to -background 
r a t i o . Present r e s u l t s are compared with ENDF e v a l u a t i o n s and with r e c e n t 
r e s u l t s obtained from s t a t i s t i c a l model c a l c u l a t i o n s . 

1 . INTRODUCTION 

F a s t neutron capture s p e c t r a and c r o s s s e c t i o n s measurements are im-
por tant i n nuc lear technology s p e c i a l l y on f i s s i o n product n u c l e i . Except f o r 
some i s o t o p e s f o r which a c t i v a t i o n methods can be used, capture c r o s s s e c t i o n 
measurements are g e n e r a l l y 1 iroited to neutron e n e r g i e s below 600 keV. 

In the present method, neutron capture c r o s s s e c t i o n s are determined 
through the d i r e c t y-vay spectrum emitted by the sample. The y - r a y s are d e t e c -
ted by a Nal s c i n t i l l a t o r surrounded by an annular Nal d e t e c t o r . Because the 
s o l i d angle i s s m a l l , the p r o b a b i l i t y of d e t e c t i o n of more than one y-ray of the 
cascade i s small and the energy d i s t r i b u t i o n o f the capture y - r a y s can be r e -
corded. 

2 . EXPERIMENTAL CONDITIONS 
7 7 3 

Monoenergetic neutrons are produced by the L i ( p , n ) Be and T ( p , n ) He 
r e a c t i o n s . The 4 MV Van de Graaf f a c c e l e r a t o r of the Centre d 'Etudes de Bruye-
r e s - l e - C h a t e l i s used to produce proton pulses of 1 ns width. The t a r g e t s c o n s i s t 
of m e t a l l i c l i t h i u m or t r i t i u m adsorbed iri t i tanium on tantalum and are from 40 
to 80 keV t h i c k f o r i n c i d e n t p r o t o n s . 

The samples are d isks 60 mm in diameter and from 1.5 to 6 . 0 mm t h i c k . 
Glass c o n t a i n e r s are used f o r rubidium and cesium. The spectrometer i s working 
both in the anti-Compton (AC) and f i r s t escape (PE) modes a t the same t ime. The 
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y - r a y d e t e c t o r e f f i c i e n c y i s determined by c a l i b r a t e d r a d i o a c t i v e sources and 
by nuc lear r e a c t i o n s . The same sources and r e a c t i o n s are used to bui ld response-
f u n c t i o n s (AC and PE modes) of the spectrometer . 

The y - ray d e t e c t o r and the annulus are surrounded by a I- ivy s h i e l d 
of l ead , l i th ium carbonate and b o r i c a c i d . The c o l l i m a t o r i s f i l l e d by a 20 cm A • • -
long °LiH c y l i n d e r f o r a t t e n u a t i o n of neutrons s c a t t e r e d by the sample. A 
tungsten shadow bar i s added to s h i e l d the y-ray d e t e c t o r from d i r e c t t a r g e t 
r a d i a t i o n - The time dependent background i s very s e n s i t i v e to the shadow bar 
p o s i t i o n . The neutron f l u x i s monitored by a d i r e c t i o n a l long counter . 

3 . DATA PROCESSING 

P u l s e - h e i g h t s p e c t r a are recorded with time spectrum f o r both modes 
(AC and PE) . The time-independent window i s chosen to be s i x times wider than 
the capture y-peak window in order to reduce the time-independent c o n t r i b u t i o n 
to the p u l s e - h e i g h t v a r i a n c e . 

The net p u l s e - h e i g h t s p e c t r a (background s u b t r a c t e d ) are unfolded and 
c o r r e c t e d f o r the spectrometer e f f i c i e n c y . Severa l c o r r e c t i o n s are required to 
o b t a i n abso lu te c r o s s sec t ions . , Except f o r neutron t ransmiss ion through the 
sample obtained exper imenta l ly and the y-ray a t t e n u a t i o n i n the sample, a l l 
o ther c o r r e c t i o n s are c a l c u l a t e d by a modified v e r s i o n of the Monte Carlo p r o -
gramme of D.L. SMITH [1 ] (mult iple s c a t t e r i n g , neutron source anisotropy and 
neutron a t t e n u a t i o n in the sample). -

4 . RESULTS AND DISCUSSION 

The i n t e g r a t e d spectrum method used to determine capture c ross s e c t i o n s 
from the y - r a y d i s t r i b u t i o n has been descr ibed elsewhere [ 2 ] , Present r e s u l t s 
are compared with other data and with s t a t i s t i c a l model c a l c u l a t i o n s obtained a t 
B r u y e r e s - l e - C h a t e l . 

- Rubidium capture c ross s e c t i o n s versus neutron energy are shown in 
f i g , 1. The s o l i d curve r e p r e s e n t s a c a l c u l a t i o n made by SIMON [ 3 ] in 1979. The 
c a l c u l a t e d values are in agreement, except a t E n = 2 . 5 MeV which appears to be 
30% too h i g h . 

- Yttr ium capture c ross s e c t i o n s are presented in f i g . 2 . A l l c r o s s 
s e c t i o n s above 0 . 5 MeV are obtained by the a c t i v a t i o n method. We agree very wel l 
with STUPEGIA [ 4 ] data and, above 1 MeV, with values of KOROLEVA [ 5 ] . The d i s -
crepancy in t h i s energy reg ion i s 5%. The s o l i d curve r e p r e s e n t s a c a l c u l a t i o n 
made by THOMET in 1975 [ 6 ] . The ENDF/B IV e v a l u a t i o n i s s y s t e m a t i c a l l y too h igh . 

- R e s u l t s concerning the capture c ross s e c t i o n of niobium are given i n 
f i g . 3 . Most r e s u l t s f o r niobium were obtained with prompt y - r a y methods ( l a r g e 
l i q u i d s c i n t i l l a t o r s , M a i e r - L e i b h i t z d e t e c t o r s ) . Our r e s u l t s up to 1 .2 MeV are 
in good agreement with r e c e n t data of MACKLIN [ 7 ] and POENITZ [ 8 ] and with p r e -
vious values of STAVIISKY [9 ] and DIVEN [ 1 0 ] . 

Above 2 MeV, our value i s 20% higher than those of POENITZ. C a l c u l a -
t i o n s of LAGRANGE and DELAROCHE [ l l ] f i t very well most r e c e n t d a t a . 

- Cesium and cerium data reduct ion i s i n p r o g r e s s . 

. • . 155 , 156_, 157.,, 158 , , j - Capture c ross s e c t i o n s of the i s o t o p e s Gd, Gd, Gd, Gd and 
Gd as wel l as the n a t u r a l gadolinium are shown i n f i g s . 4 through 9 . Except 

f o r there are no data i n the energy range 0 . 5 - 3 . 0 MeV f o r the other gado-
l inium i s o t o p e s . FRIESENHAHN [12] data on natura l gadolinium with a l a r g e l i q u i d 
s c i n t i l l a t o r are in agreement with our measurements. Above 700 keV, no e x p e r i -
mental data are a v a i l a b l e . The s o l i d curve i s the ENDF/B IV e v a l u a t i o n . The 
dashed l i n e r e p r e s e n t s the BENZI e v a l u a t i o n [ 1 3 ] . 
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Capture cross s e c t i o n s of Gd can be obtained by the a c t i v a t i o n 
method. The a v a i l a b l e experimental data are in agreement except Our value a t 
0 . 5 MeV which i s too high. Our experimental data r e l a t i n g to are again in 
good agreement with c a l c u l a t i o n s made a t BRC [14]-K0M0N0V [15] and FAWCETT [16] 
data seem s y s t e m a t i c a l l y lower. Our data concerning the f i v e separated g a d o l i -
nium isotopes have been combined according to t h e i r natura l i s o t o p i c abundances 
to obta in the natura l gadolinium capture cross s e c t i o n . The values obtained are 
very c l o s e to our d i r e c t measurement on the natura l sample. 
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- n * -

Figs.4-.9- : Neutron capture cross sections of 155Gd, 156Gdi
 157Gd, 158' Gd, 

160Gd and natGd. 





CAPTURE CROSS SECTION MEASUREMENTS ON NATURAL XENON, 
NATURAL KRYPTON AND ON VARIOUS KRYPTON ISOTOPES BETWEEN 

3 AND 250 keV NEUTRON ENERGY 
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The neutron capture cross sections of natural Xe, natural Kr, 81,Kr and 
three samples enriched in 8 0Kr, 82 Kr and 83 Kr were measured at the 
Karlsruhe 3 MV Van de Graaff accelerator in the energy range from 3 to 250 
keV. Neutron energies were determined by the time-of-flight technique with a 
resolution of 1.5 ns/m. Two C6D6-detectors with off-l ine pulse height weigh-
ting served for the detection of capture gamma-rays. For the capture cross 
sections an accuracy between 5 and 10 % was achieved. Furtheron, information 
on the overall gamma-ray mult ip l ic i ty was derived from the probability for 
coincident observation of a single capture event in both detectors. In addi-
t ion, the total neutron cross sections were measured simultaneously in the 
same experiment. 

1. INTRODUCTION 

For fast reactor applications the keV capture cross sections of krypton 
and xenon isotopes are of twofold interest. Most of these isotopes are f is-
sion products which determine the gas pressure in fuel elements. The residual 
isotopes which are shielded by neutron rich isobars and therefore do not occur 
in f iss ion, can be used as tag materials to detect and locate fuel fa i lure . 
For that purpose the capture cross sections are important to trace the isoto-
pic composition of these tag materials during burn-up. 

Measurements of capture cross sections on noble gases for neutron ener-
gies above 10 keV are not published in the l i terature so fa r . There i s only 
one experiment by Maguire et a l . /1/ on natural krypton and a mixture enriched 
in 78Kr and 80Kr which covered the energy range up to M0 keV. This situation 
was improved by the present measurement of the capture cross sections for the 
natural elements krypton and xenon as well as for the stable isotopes of kryp-
ton. In this report some aspects of this work are described. For more detai ls 
see Ref. /2/. 

2. MEASUREMENTS 

The measurements were carried out at the Karlsruhe pulsed 3 MV Van de 
Graaff accelerator. As the neutron f l ight path had to be as short as possible, 
the main experimental problem was the design of a suff ic ient ly dense sample. 



Our f i r s t approach was to l iqu i f y the noble gases /3/ but i t turned out that 
sample handling was d i f f i c u l t and that there were enhanced background problems 
from the required cryostat. Therefore we decided to use high pressure gas 
samples which worked reasonably wel l . 

The experimental set-up i s outlined in Fig. 1. Neutrons are pro-
duced by a fas t pulsed proton beam via the 7Li (p,n)-react ion using metal l ic 
L i-targets. The beam repetit ion rate was 1 MHz, the pulse width 500 ps and 
the average current 5 pA. Neutron energies were determined by time-of-flight 
(TOF) between the neutron target and the samples which were located at a 
f l i gh t path of 60 cm. The neutron beam was collimated by a system of 6LiCo3 , 
boron resin and boron loaded paraff in. 

The sample cannings were spheres of 2 cm diameter and 0.5 mm wall 
thickness and could withstand gas pressures up to 500 bar. For safety reasons 
the pressure used in the measurements was always below 300 bar. Capture events 
were registered by two U C6D6-detectors at 5 cm distance from the samples with 
an overal l time resolution of 0.8 ns. Therefore, the resolution in neutron 
energy was dominated by the sample thickness rather than by the timing. For 
example, at 50 keV neutron energy the resolution was 900 eV. The TOF and pulse 
height information from the two C6D6-detectors was stored in two 1024x16 chan-
nel matrices for off l ine pulse height weighting. In addition to the spectra 
of the individual detectors also a TOF spectrum from coincident events was 
recorded, to obtain information on the average mul t ip l i c i t y of the capture 
gamma-ray cascade. 

At a f l i gh t path of about 1 m a-^-Li glass detector was used to mea-
sure the transmission through the samples with an energy resolution comparable 
to that of the capture measurement. Although th is geometry i s not ideal for 
a transmission measurement i t allowed to determine the total cross sections 
with an accuracy of 10-20 %. This was suf f i c ient for the correction of the 
capture data with respect to the neutron sens i t i v i t y of the CeD6 detectors. 

In the experiment 6 samples were mounted on a sample changer per-
pendicular to the plane of Fig. 1 and cycled into the measuring position in 
intervals corresponding to equal neutron fluence. These intervals were defined 
by a neutron monitor at an angle of 90 deg to the beam axis. At a time, we 
used 3 gas samples, a gold reference sample as a cross section standard as 
well as an empty canning and a canning f i l l e d with a graphite sphere for back-
ground determination. The compositions of the gas samples.are given in * 
Table I . 

The measurements were carr ied out in 3 runs. Two runs served for the 
determination of the spectra for a l l gas samples re la t i ve to gold. For data 
analysis the evaluated gold cross section of ENDF/B-IV was adopted. The uncer-
tainty associated with this standard i s not included in the estimates given 
in Table I I . The third run was performed to investigate a possible background 
due to the massive high pressure valves. This was found to be negl igible. 

3. RESULTS 

In the following some typical results are given. More complete infor-
mation on data analysis and the evaluation of uncertainties is avai lable in 
Ref. Ill. 
a) Average mul t ip l i c i t y - The rat io of the coincident and the non-coinci-
dent count rates of the two C6D6-detectors y ie lds immediately the quantity 
(M-T).C for the average mul t ip l i c i t y M of the capture gamma ray cascade. 
The constant C - n/4TT e (E ) contains the sol id angle a between, sample and 
detectors and the eff ic iency for the average cascade energy F " . Fig. 2 shows 
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this rat io as a function of neutron energy for three gas samples and for the 
gold reference sample. I t is found that the natural krypton and xenon 
samples exhibit a considerably higher mult ip l ic i ty t lvn r j l d or 8ltKr. The 
difference between natural krypton and 84Kr may be explained partly because 
the excitation energy of the compound system (84Kr+n) is rather low 
(due to the comparably low neutron separation energy of 8 SKr) and partly be-
cause the number of accessible compound levels is limited by the ground 
state spin of 84Kr. The large fluctuations with neutron energy in this case 
ref lect the pronounced resonance structure of the 84Kr cross section in the 
keV region. 

84 
b) Total cross sections - Fig. 3 displays the total cross sections of Kr 
and natural krypton. The error bars on the data points indicate the stat is-
t i ca l uncertainties. These are much smaller than the systematic uncertain-
t i es , which vary from about 20 % at 7 keV neutron energy to 7 % at 200 keV. 
Obviously, the resonance structure in the cross section for natural krypton 
is predominantly due to 81*Kr. The dashed l ine above 100 keV represents a 
recent optical model calculation by Prince /3/ which describes existing 
measurements above 100 keV rather wel l . 
c) Capture Cross Sections - The capture cross section of natural xenon is 
shown in Fig. 4. Again the error' bars indicate only the s ta t i s t i ca l uncertain-
t i es . At present a systematic uncertainty of 15 % has to be quoted which is 
dominated by the uncertainty of the effect ive neutron binding energy for the 
isotopic mixture as i t is required in the calculation of the cross section by 
the pulse height weighting technique. 

84 
In Fig. 5 the respective results for natural krypton and Kr are 

given. Compared to natural xenon the cross sections are much smaller leading 
to rather large s ta t i s t i ca l uncertainties below 10-20 keV. Similar to the to-
tal cross sections the 81tKr resonances c lear ly show up in the capture cross 
section of natural krypton, too. For 81,Kr a systematic uncertainty of less 
than 4 % was estimated. The cross section of natural krypton was calculated 
with an effect ive binding energy 

ja.H.B. 

where the index i denotes the various isotopes and H. are the re lat ive isoto-
pic abundances. As averaged capture cross sections a- were used in equ. (1 ) , 
the estimated systematic uncertainty of about 5 % is also only va l id for the 
average capture cross section of natural krypton. Therefore, the cross section 
is overestimated by up to 15 % in those energy intervals which correspond to 
strong 81fKr resonances. In Table I I the capture cross sections of natural 
xenon and natural krypton are l i s ted for energy bins of 10 and 20 keV. 

Similar results were obtained for the mixtures enriched in 8 3Kr, 
82Kr and 80Kr. These data together with the re lat ive abundances and the iso-
topic cross sections define a system of l inear equations. The solution of this 
system for the isotopic cross sections is complicated by the unexpected large 
values for 7 8Kr, so that the systematic uncertainties for the cross sections of 
80Kr and 82Kr are of the order of 15-20 %. 

4. CONCLUSIONS 

The use of thin walled high pressure gas samples allowed the experi-
mental determination of capture cross sections of noble gases in the keV 
neutron energy range. Measurements were performed on samples of natural kryp-
ton, 8l>Kr and on three mixtures enriched in 8 3Kr, 82Kr and 8 0Kr, from which 
the isotopic cross sections can be deduced. In addition, the capture cross 
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sections of natural xenon was measured in the same experiment. Simultaneously, 
information was obtained on the average mult ipl ic i ty of the capture gamma-ray 
cascade and on the total neutron cross sections as wel l . 

For completion of the data set for the krypton isotopes additional 
measurements are planned on pure !i(;Kr and on a mixture enriched in 78Kr. 
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Table I Isotopic compositions of the krypton samples 

Sample 

Isotopic Enrichment (%) 

78Kr ' 80Kr 82Kr 83Kr 84Kr 86Kr 

84Kr 

"8 2Kr" 

100 -
16.1 71.0 12.9 

0.18 20.3 75.6 3.8 0.2 -
9.0 35.0 34.7 9.5 11.6 0.3 

Table I I Average capture cross sections of natural xenon and natural krypton 
including the s ta t i s t i ca l uncertainties. The systematic uncertain-
t ies are 5 % for natural krypton and 15 % for natural xenon. 

Neutron 
Interval 

Energy 
(keV) 

Capture Cross Section(mb), S ta t i s t i ca l Uncertainty!%) Neutron 
Interval 

Energy 
(keV) natural Krypton natural Xenon 

10-20 119.0 2.4 491 1.2 
20-30 77.5 2.0 416 0.7 
30-40 63.7 1.6 370 0.6 
40-50 52.3 1.6 302 0.6 
50-60 46.4 1.7 259 0.6 
60-80 41.1 1.3 207 0.5 
80-100 34.4 1.5 173 0.5 
100-120 30.0 1.6 150 0.6 
120-140 27.7 1.7 137 0.7 
140-160 26.4 1.7 128 0.7 
160-180 24.3 1.9 122 0.7 
180-200 23.2 2.3 116 0.9 
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Fig. 3 The total neutron cross sections of natural krypton and Kr between 

7 and 200 keV. The errors bars indicate the s ta t i s t i ca l uncertainty. 
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Fig. 4 The neutron capture cross section of natural xenon between 2.5 and 

200 keV. The error bars indicate the s ta t i s t i ca l uncertainty only. 



Fig. 5 The neutron capture cross sections of natural krypton and Kr 
between 2.5 and 250 keV. The error bars indicate the s ta t i s t i ca l 
uncertainty only. 
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LOW E N E R G Y N E U T R O N C R O S S S E C T I O N M E A S U R E M E N T S 
O F R A D I O A C T I V E F P N U C L I D E S 

H . G . P r i e s m e y e r 
I n s t i t u t ft ir R e i n e und A n g e w a n d t e K e r n p h y s i k , U n i v e r s i t y K i e l 
I K K , R e a k t o r s t a t i o n 
D - 2 0 5 4 G e e s t h a c h t t G e r m a n y 

A b s t r a c t 

T h i s p a p e r s u m m a r i z e s c r o s s s e c t i o n m e a s u r e m e n t s and r e s o n a n c e 
p a r a m e t e r d e t e r m i n a t i o n s on r a d i o a c t i v e n u c l i d e s , which h a v e b e e n p e r -
f o r m e d a f t e r the s e c o n d F P N D m e e t i n g at P e t t e n in 1 9 7 7 . B y " l o w 
e n e r g y " the r a n g e b e l o w about 1 k e V i s d e f i n e d . R e s u l t s a r e c o m p a r e d 
to r e q u i r e m e n t s g iven in R e v i e w P a p e r 7 of the P e t t e n m e e t i n g . 
F u t u r e n e e d s i n c l u d e the e x t e n s i o n of m e a s u r e m e n t s to h i g h e r e n e r g i e s , 
in o r d e r to i m p r o v e r e s o n a n c e s t a t i s t i c s , i n v e s t i g a t i o n of F P n u c l i d e s 
with s h o r t e r h a l f l i v e s , and m e a s u r e m e n t s of r a d i o a c t i v e n u c l i d e s p r o d u c e d 
by i r r a d i a t i o n . 
S y s t e m a t i c s and c o m p l e t e n e s s of c r o s s - s e c t i o n d a t a should b e an i m p o r t a n t 
i m p e t u s f o r m e a s u r e m e n t s , when data n e e d s f o r r e a c t o r s s e e m to b e 
l a r g e l y s a t i s f i e d . 

I n t r o d u c t i o n 
S i n c e the s e c o n d F P N D A d v i s o r y G r o u p M e e t i n g and the p u b l i c a t i o n of 

the r e c o m m e n d a t i o n s of E . F O R T in R e v i e w P a p e r 7 / l / , a n u m b e r of m e a s u r e -
m e n t s h a v e b e e n p e r f o r m e d . In t h e s e m e a s u r e m e n t s , f a s t - c h o p p e r t i m e - o f -
f l ight s p e c t r o m e t e r s s t i l l p lay an i m p o r t a n t r o l e / 2 / , but L I N A C e x p e r i m e n t s 
/ 3 / s e e m to b e n e c e s s a r y to ex tend the e n e r g y r a n g e . 

T h e m a j o r d i f f i c u l t i e s of s u c h e x p e r i m e n t s a r i s e f r o m the r a d i o a c t i v e 
s a m p l e m a t e r i a l . But not a l l m e a s u r e m e n t s i m p l y the s a m e d e g r e e of d i f f i c u l t y , 
s i n c e t h e r e a r e q u a l i t a t i v e d i f f e r e n c e s b e t w e e n " r a d i o a c t i v e " s a m p l e s , 
not only a s handl ing and h e a l t h p h y s i c s a r e c o n c e r n e d , but a l s o a s r e g a r d s to the 
kind of e x p e r i m e n t intended, ; s e v e r a l t h o u s a n d s of c u r i e s of 99 T c a r e e a s i e r 
to handle and s h i e l d than a few c u r i e s of 9 0 S r j f o r a p u r e B - e m i t t e r i t i s 
m u c h e a s i e r to p e r f o r m a c a p t u r e e x p e r i m e n t than f o r a n u c l e u s , that p r o d u c e s 
a high r - r a y b a c k g r o u n d by i t s r a d i o a c t i v e d e c a y ; l o n g - l i v e d n u c l i d e s h a v e 
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u s u a l l y s m a l l e r s p e c i f i c a c t i v i l i e s ( C i / g ) , depending on t h e i r d e c a y c o n s t a n t 
and m o l e c u l a r w e i g h t ; o f ten a c o m p r o m i s e has to be found b e t w e e n the amount 
of s a m p l e m a t e r i a l n e c e s s a r y f o r the m e a s u r e m e n t and t o l e r a b l e f r o m the 
handl ing point of v i e w and the amount of m a t e r i a l a v a i l a b l e . 

T e c h n i q u e s and e x p e r i m e n t a l m e t h o d s 

Sample ' p r e p a r a t i o n and handling has a l m o s t a l w a y s been a c r u c i a l point 
in the m e a s u r e m e n t s on r a d i o a c t i v e m a t e r i a l , , T h e e a s i e s t way to s t a r t with i s 
a s t a b l e i s o t o p e , p u r e o r highly e n r i c h e d , to m a n u f a c t u r e a s u i t a o l e s a m p l e 
g e o m e t r y , and to p r o d u c e the n u c l e u s d e s i r e d by i r r a d i a t i o n in a high n e u t r o n 
f l u x . T h i s m e t h o d d o e s of c o u r s e depend on the a p p r o p i a t e c a p t u r e c r o s s s e c t i o n 
f o r the o r i g i n a l i s o t o p e . But it has b e e n used in e a r l y m e a s u r e m e n t s l i k e t h o s e 
on 198 Au and 233 P a p e r f o r m e d at Idaho / 4 / a s w e l l a s r e c e n t m e a s u r e m e n t s 
of the R u s s i a n g r o u p a t D i m i t r o v g r a d / 5 / on 134 C s and 60 Co / 6 / . At K i e l 
u n i v e r s i t y , we have t r i e d a d i f f e r e n t a p p r o a c h , by i n v e s t i g a t i n g g r o s s f i s s i o n 
p r o d u c t s a m p l e s , p r o d u c e d by f i s s i o n of 2 3 5 U / 7 / . 
It s e e m s to b e c o m e p r a c t i s e that s a m p l e g e o m e t r i e s a r e s u c h that t h r e e m e a s u r e -
m e n t s with d i f f e r e n t s a m p l e t h i c k n e s s e s c a n be p e r f o r m e d on the s a m e s a m p l e , 
a c c o r d i n g to the t h r e e s p a c e a x e s . D i f f e r e n t s a m p l e t h i c k n e s s e s a r e n e c e s s a r y 
if one u s e s the a r e a m e t h o d f o r r e s o n a n c e p a r a m e t e r a n a l y s i s . 

G r a m a m o u n t s of m a t e r i a l a r e u s u a l l y n e c e s s a r y f o r the m e a s u r e m e n t s , 
but the t e n d e n c y g o e s to l e s s w e i g h t . E v e n if the p r e p a r a t i o n of s a m p l e s of 
i s o t o p e s t a k e n f r o m n u c l e a r w a s t e could b e c o m e e a s i e r in the f u t u r e - which 
i s not s e l f e v i d e n t , s i n c e a h i g h e r d e g r e e of a u t o m a t i o n in the c o u r s e of r e p r o -
c e s s i n g l e a v e s l e s s p o s s i b i l i t i e s for such s p e c i a l d e m a n d s - one h a s to l i v e with 
the i s o t o p i c m i x t u r e a s it i s p r o d u c e d by f i s s i o n . T w o " n e c e s s i t i e s " e m e r g e 
f r o m t h i s f a c t : a . ) the i s o t o p i c c o m p o s i t i o n depends on the burnup h i s t o r y , 
t h e r e f o r e the f r a c t i o n a l a b u n d a n c e s have to be d e t e r m i n e d by m a s s s p e c t r o m e t r y 
( i s o t o p i c a l l y e n r i c h e d m a t e r i a l i s not a v a i l a b l e ) , b . ) b e s i d e s the r a d i o a c t i v e 
F P i s o t o p e s t h e r e a r e a l w a y s the s t a b l e ones of the n u c l i d e p r e s e n t in the 
s a m p l e ; t h e r e f o r e it i s u s e f u l to m e a s u r e a l s o a s a m p l e of the s t a b l e e l e m e n t , 
with the n a t u r a l a b u n d a n c e s o r c e r t a i n e n r i c h m e n t s of the i s o t o p e s . 

In c a s e s , w h e r e the s a m p l e h a s b e e n p r e p a r e d by i r r a d i a t i o n , one 
should h a v e a s e c o n d i d e n t i c a l , but u n i r r a d i a t e d s a m p l e f o r open b e a m c o m p e n -
s a t i o n in the c a s e of t r a n s m i s s i o n e x p e r i m e n t s . 

A q u a l i t y c o n t r o l f o r a r a d i o a c t i v e s a m p l e c a n be done by s e v e r a l 
m e t h o d s , in o d e r to a s s u r e h o m o g e n e i t y and g e o m e t r i c s i z e of the m a t e r i a l . 
W e h a v e u s e d r - s c a n with our C s f i s s i o n product m i x t u r e , a u t o r a d i o g r a p h y 
f o r u n i r r a d i a t e d U s a m p l e s , n e u t r o n and X - r a y r a d i o g r a p h y f o r o t h e r 
s a m p l e s l i k e 99 T c o r R u . R a d i o g r a p h i c m e t h o d s y ie ld a rapid s u r v e y o v e r the 
whole s a m p l e a r e a and a r e s u p e r i o u r to p o i n t w i s e s c a n n i n g when i s o t o p i c 
h o m o g e n e i t y c a n be a s s u m e d . At our i n s t i t u t i o n n e u t r o n r a d i o g r a p h y with 
Gd o r Dy f o i l d e t e c t o r s h a s a l s o p r o v e n to be v e r y u s e f u l with h ighly 
r a d i o a c t i v e m a t e r i a l . A c c u r a c i e s c a n b e down to 0 . 1 m m s p a t i a l r e s o l u t i o n . 

S m a l l s a m p l e s require p r e c i s e posi t ioning in the n e u t r o n b e a m . T o 
a c h i e v e t h i s we a l s o u s e n e u t r o n r a d i o g r a p h y with Dy f o i l and P o l a r o i d f i l m . 

A m o n g the t i m e - o f - f l i g h t s p e c t r o m e t e r s u s e d f o r f i s s i o n p r o d u c t 
e x p e r i m e n t s , c h o p p e r s have c e r t a i n " i n h e r e n t " a d v a n t a g e s , a s f a r a s 
t o t a l and s c a t t e r i n g c r o s s s e c t i o n e x p e r i m e n t s a r e c o n c e r n e d , b e c a u s e of 
t h e i r c l o s e r e l a t i o n to r e a c t o r s : 

a . ) T h e s a m p l e i s p l a c e d b e t w e e n n e u t r o n s o u r c e and c h o p p e r r o t o r . 
T h e r e f o r e the r a d i a t i o n f r o m the s a m p l e i s s h i e l d e d by the r o t o r and the 
b a c k g r o u n d c o n t r i b u t i o n f r o m Jf r a y s i s r e d u c e d . T h i s i s e s p e c i a l l y i m p o r t a n t 
when L i - 6 g l a s s s c i n t i l l a t o r s o r B - 1 0 / N a I d e t e c t o r s a r e u s e d a s n e u t r o n 
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d e t e c t o r s „ 
b 0 ) M o s t r e a c t o r s a r e equipped with i r r a d i a t i o n f a c i l i t i e s imply ing 

the p o s s i b i l i t i e s of handling highly r a d i o a c t i v e m a t e r i a l (hot c e l l s , r a d i o g r a p h y , 
c h e m i s t r y e t c . ) . T h i s a l lows i r r a d i a t i o n of s a m p l e s and ipid t r a n s p o r t a t i o n 
to the s p e c t r o m e t e r . 
C h o p p e r s c a n . w o r k on v e r y s m a l l s a m p l e s , provided they a r e o p e r a t e d at 
a r e a c t o r with high n e u t r o n f l u x . T h e i r m a i n d i s a d v a n t a g e i s the l i m i t e d 
e n e r g y r a n g e and r e s o l u t i o n , bait f o r e n e r g i e s f r o m t h e r m a l up to about 20 eV 
t h e y a r e m o r e e c o n o m i c than o t h e r pulsed s o u r c e s b e c a u s e o f t h e i r high duty 
c y c l e . 

B a c k g r o u n d - t o - s i g n a l r a t i o s f o r s i n g l e r o t o r c h o p p e r s ( l ike the K i e l 
c h o p p e r , with L i - 6 g l a s s d e t e c t o r s ) a r e in the v i c i n i t y of 1 5 % , depending on 
the e n e r g y r a n g e , but can be c o n s i d e r a b l y r e d u c e d ( m a x . 4 % , D i m i t r o v g r a d ) 
when thre,e phased r o t o r s and H e - 3 c o u n t e r s a r e u s e d . T h e u s e of the 
l a t t e r d e t e c t o r s i m p l i e s a r e d u c t i o n in r e s o l u t i o n . T h e r e f o r e the c h o i c e of 
h i g h - p r e s s u r e H e - 3 gas - s c i n t i l l a t o r s with an e f f i c i e n c y of 30% at 1 k e V 
and low )("ray s e n s i t i v i t y would be an a d v a n t a g e . On the o t h e r hand B - 1 0 / N a I 
d e t e c t o r s c a n only be u s e d , when the V^ray b a c k g r o u n d i s v e r y l o w . 

S u m m a r y of r e c e n t e x p e r i m e n t s on r a d i o a c t i v e s a m p l e s 

L a b o r a t o r i e s involved: D = D i m i t r o v g r a d faot chopper 
K = K i e l f a s t chopper 
R P I = R e n s s e l a e r L i n a c 

133 C s , 134 Cs (D) / 5 / 

T h e 134 C s ( T ^ y ^ = 2 . 0 6 y) was produced by i r r a d i a t i n g s t a b l e 133 C s C l 
in the r e a c t o r SM 2 at a neut ron f lux of 4 . 1 0 ^ n / c m ^ s . T h e e n e r g y 
r a n g e i n v e s t i g a t e d was f r o m 1 eV to 4 0 0 eV with 70 n s / m r e s o l u t i o n and 
l e s s than 4 % b a c k g r o u n d . Of the 20 r e s o n a n c e s found in 133 C s , t h o s e up 
to 2 4 0 eV y ie ld s t a t i s t i c a l data , which d i f f e r s l ight ly f r o m B N L 3 2 5 / I I I . 
( D = 1 6 . 3 ± 2 . 3 e V , S Q = ( 1 . 0 2 ± 0 . 4 3 ) . 1 0 " 4 , = 4 0 4 ± 9 0 b ) . In 134 C s 
s i x new resonances w e r e found. T h e y l e a d to an e s t i m a t e f o r the s t a t i s -
t i c a l p r o p e r t i e s : D = 2 7 . 0 ± 7 . 5 e V , 2gT^ = 0 . 4 9 ± 0 . 2 8 m e V , 
S 0 = ( 0 . 0 9 ± 0 . 0 6 ) . 1 0 ~ 4 , Iy, 22 ± 1 2 b . 
(A s e v e n t h r e s o n a n c e at 4 2 . 1 3 eV m u s t be a s s i g n e d to 135 C s ! ) 

133 C s , 135 C s , 137 Cs F P m i x t u r e (K) 

T h e s a m p l e w a s i n v e s t i g a t e d f o r the f i r s t t i m e in 1 9 6 9 . T w o r e s o n a n c e s 
w e r e s e e n , but no i s o t o p i c i d e n t i f i c a t i o n could be g i v e n . T h e i s o t o p i c a b u n -
d a n c e s at that t i m e w e r e 1 3 3 : 1 3 5 : 1 3 7 = 0 . 4 8 8 : 0 . 1 7 1 : 0 . 3 4 1 . A f t e r 10 y e a r s 
2 1 % of the o r i g i n a l 137 Cs have d e c a y e d ; t h i s i s adequate to a l low f o r an 
i s o t o p i c i d e n t i f i c a t i o n of the r e s o n a n c e s . T h e s p e c t r o m e t e r r e s o l u t i o n w a s 
16 n s / m and the b a c k g r o u n d r a t i o 1 5 % . R e s o n a n c e a n a l y s i s i s in p r o g r e s s . 
A f i r s t r e s u l t ( c f . F i g . l ) i s that the r e s o n a n c e at 4 2 . 0 8 eV c a n be a s s i g n e d 
to 135 C s . ( = 2 . 3 . 1 0 ^ y ) . T h e r e s o n a n c e was S H A P E - a n a l y s e d and h a s 
a P = 2 1 4 m e V a n d ^P* = 3 3 . 4 m e V . It c o n t r i b u t e s to the c a p t u r e r e s o n a n c e 
i n t e g r a l with*33 b . T h i s r e s u l t i s c o n s i s t a n t with our e a r l i e r m e a s u r e m e n t 
a s w e l l a s with the data of / 5 / , who found a neut ron width of the o r d e r of 
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30 m e V , (Our v a l u e 7 ± 2 m e V , quoted in /5 / , i s not f o r l~i , b u t f o r ^ t ^ P k . 

T h i s has led the R u s s i a n group to a s s i g n the r e s o n a n c e to 134 C s . ) 
Our f ina l r e s u l t s w i l l be publ i shed in A T O M K E R N E N E R G I E ( A T K E )•„ 

99 T c (K) / 2 0 / 

T h e t r a n s m i s s i o n e x p e r i m e n t on t h i s i s o t o p e i s c o m p l e t e d and the r e s u l t s 
a r e be ing publ ished, , T h e f i r s t two r e s o n a n c e s at 5 . 6 2 eV and 2 0 . 3 9 eV 
h a v e b e e n r e i n v e s t i g a t e d b e c a u s e of the e x c e p t i o n a l l y high v a l u e s ( Pj. 2 6 0 m e V ) 
of the c a p t u r e width found by / 8 / in a s lowing -down - t i m e s p e c t r o m e t e r 
e x p e r i m e n t . T h e s a m e m a t e r i a l a s in / 8 / h a s b e e n u s e d . T h e r e s o n a n c e 
p a r a m e t e r s found a r e : P = 171 m e V , 2g = 1 , 4 2 i 0 . 0 5 m e V at 5 . 6 2 eV 
and P = 176 m e V , 2g P / = 1 . 4 8 9 ± 0 . 002 at 20 „ 39 eV . T h e y w e r e d e r i v e d 
f r o m S H A P E a n a l y s i s . T h e P y v a l u e s a r e now c o n s i s t a n t with t h o s e g iven 
by A D A M C H U K / 9 / f o r r e s o n a n c e s a b o v e 20 eV a s w e l l a s t h o s e c o m m u n i -
c a t e d by L I T T L E / l 0 / „ T h e two r e s o n a n c e s c o n t r i b u t e to the r e s o n a n c e 
c a p t u r e i n t e g r a l with 253 b . T h e r e a s o n f o r the high v a l u e s f o r ^ 
g iven by / 8 / m a y be twofold : a„ ) N e u t r o n r a d i o g r a p h y of t h e i r s a m p l e s h a s 
shown, that the h o l d e r s w e r e s e a l e d by a h y d r o g e n - c o n t a i n i n g a d h e s i v e . 
b«) T h e i n n e r c a n n i n g s of the d o u b l e - c a n n e d s a m p l e s w e r e s t a i n l e s s s t e e l , 
i n s t e a d of a l u m i n u m , which they had a s s u m e d to a n a l y s e the d a t a . 

129 I (K) 

129 I h a s a h a l f l i f e of 1 . 6 „ 10^ y and is a and l o w - e n e r g y )f" 
e m i t t e r . T h e t r a n s m i s s i o n s o f two s a m p l e s of P b l £ with a t o t a l amount of 
1 . 4 2 g I , e n r i c h e d in 129 I to 86 „ 1 % (127 I : 13 . 9 % ) a r e p r e s e n t l y i n v e s t i -
ga ted a t K i e l . T h e e n e r g y r a n g e i s f r o m 20 eV to 1 k e V with a r e s o l u t i o n 
of 16 n s / m . R e s u l t s w i l l be p u b l i s h e d in A T K E . 

151 S m ( R P I , D ) 

R e f . / l / s t a t e s that an e x p e r i m e n t a l e f f o r t should b e m a d e on t h i s 
i s o t o p e . But the r e s u l t s of K I R O U A C / 1 2 / w e r e p o s s i b l y not t a k e n into 
c o n s i d e r a t i o n ( D = 1 . 7 2 i 0 . 0 7 e V , r e s o l v e d r e s o n a n c e s b e t w e e n 0 . 4 6 eV 
and 3 0 0 e V , = 1 5 2 0 0 b ) 0 M e a n w h i l e the r e s u l t s of a n o t h e r e x p e r i m e n t 
h a v e b e e n p u b l i s h e d / 1 3 / . 11 l e v e l s have b e e n d i s c o v e r e d up to 18 eV . 

107 Pd ( R P I ) 

An e x t e n s i v e n e u t r o n c a p t u r e and t r a n s m i s s i o n m e a s u r e m e n t h a s b e e n 
m a d e a t R P I / 3 / , giving the r e s o n a n c e p a r a m e t e r s of 34 l e v e l s b e l o w 7 0 0 e V . 
T h e f i s s i o n p r o d u c t Pd m i x t u r e ( 9 . 2 5 4 g p o w d e r e d m e t a l ) w a s u s e d , 
which had a f r a c t i o n a l a b u n d a n c e in 107 P d of 1 5 . 7 % . T h e a v e r a g e l e v e l s p a -
c ing i s 1 0 . 7 + 1 , 5 e V , s - w a v e s t r e n g t h funct ion 0 . 5 6 . 1 0 ~ 4 . F r o m the 
r e s o n a n c e at 6 . 8 3 4 eV a c a p t u r e width of 1 2 5 + 15 m e V w a s d e d u c e d . 
A s s u m i n g the s a m e v a l u e f o r a l l the o t h e r r e s o n a n c e s , the r e s o n a n c e c a p t u r e 
i n t e g r a l i s found to be 87 b . 
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147 P m (D) 

A t o t a l c r o s s s e c t i o n m e a s u r e m e n t w i s m a d e by the R u s s i a n g r o u p 
/ 1 4 / f r o m 0 . 0 2 to 2 5 0 eV with 7 0 n s / m r e s o l u t i o n . 28 r e ^nances w e r e 
o b s e r v e d b e l o w 180 e V f a m o n g t h e m t h r e e new o n e s . A t o t a l t h e r m a l c r o s s 
s e c t i o n of 1 9 0 + 1 5 b w a s m e a s u r e d and a bound l e v e l a t - 1 , 5 8 eV d e d u c e d . 
T h e t o t a l r e s o n a n c e i n t e g r a l i s c a l c u l a t e d to b e 1 8 4 0 + 2 8 0 b . 
F r o m the r e s o n a n c e s b e l o w 55 e V , an a v e r a g e l e v e l s p a c i n g D = 3 . 5 8 ± 0 . 5 0 
and a s t r e n g t h func t ion ( 2 . 9 + 1 . 1 ) . 1 0 " ^ a r e f o u n d . R>r 11 r e s o n a n c e s 
t h e v a l u e s h a v e b e e n d e d u c e d . T h e a u t h p r s find that the f 1 r v a l u e s 
group a r o u n d two a v e r a g e s : 72 + 6 m e V ( 5 r e s o n a n c e s ) and 125 ± 9 m e V 
( 6 r e s o n a n c e s ) , but t h e y u s e the a v e r a g e of 100 m e V f o r t h e a r e a a n a l y s i s 
of o t h e r r e s o n a n c e s . ( c f„ F i g . 2 ) 

153 E u , 154 E u , 155 E u (D) 

V e r y r e c e n t l y the r e s u l t s of f a s t c h o p p e r e x p e r i m e n t s on r a d i o a c t i v e 
154 I2u and 155 E u w e r e p u b l i s h e d / l 5 / . F o r 154 E u 2 0 l e v e l s b e t w e e n 
0 . 1 8 8 eV and 2 7 . 3 0 eV w e r e f o u n d e d a ^ = 130 m e V , a D = 1 . 1 + 0 . 1 eV 
and a s t r e n g t h f u n c t i o n S Q = 2 . 5 . 1 0 " w a s c a l c u l a t e d . T h e r e s o n a n c e 
c a p t u r e i n t e g r a l i s 1 6 2 0 ± 2 4 0 b . T h e s i t u a t i o n f o r 155 E u i s a s f o l l o w s : 
7 l e v e l s in the 0 . 6 0 2 to 3 3 . 1 0 eV r a n g e , D = 4 . 8 + 0 . 4 e V , S Q = 2 . 3 5 . 1 0 ~ 4 , 
I y. = 1 7 6 0 0 t 4 0 0 0 b 

G r o s s F i s s i o n P r o d u c t s ( K . K A P L ) 

At K i e l , we have p r o d u c e d s e v e r a l g r o s s f i s s i o n p r o d u c t s a m p l e s 
by i r r a d i a t i n g 2 3 5 U in d i f f e r e n t e n r i c h m e n t s with d i f f e r e n t burnup h i s t o r i e s 
( d i f f . n e u t r o n f l u x e s and i r r a d i a t i o n t i m e s ) . / 1 6 / , / l 7 / , / 1 8 / . B e l o w 
about 50 eV r e s o l v e d r e s o n a n c e s t r u c t u r e c a n be s e e n . T h e s e s a m p l e s h a v e 
c o o l e d s i n c e s e v e r a l y e a r s and w i l l be r e m e a s u r e d in the n e a r f u t u r e . 
T h e new t r a n s m i s s i o n s w i l l be c o m p a r e d to the old d a t a , to look f o r bui ldup 
o r d e c a y in the r e s o n a n c e s t r u c t u r e . Up to about 2 0 e V , t h i s s t r u c t u r e i s 
a l r e a d y w e l l u n d e r s t o o d . T h e r e s u l t s a r e c o m p a r a b l e to t h o s e found at 
K A P L / 1 9 / . 

Concluding r e m a r k s 

a . ) F o r the m e a s u r e r , R e f . / l / i s s t i l l a s o u r c e f o r m e a s u r e m e n t 
n e e d s ( inc luding s t a b l e F P n u c l i d e s at h i g h e r e n e r g i e s ) . R a d i o a c t i v e 
c a n d i d a t e s could b e 103 R u , 106 Ru , 8 5 K r and 90 S r . 

b . ) D i f f i c u l t i e s in get t ing the s a m p l e m a t e r i a l a r e o f ten p r o h i b i t i v e 
to m e a s u r e m e n t s , e s p e c i a l l y on r a d i o a c t i v e t a r g e t s . I s o t o p e p r o d u c t i o n by 
r e a c t o r i r r a d i a t i o n of s t a b l e n u c l i d e s m a y be ah a d v a n t a g e . 

c . ) In o r d e r to deduce the v e r y i m p o r t a n t c a p t u r e p r o p e r t i e s of 
T - r a d i o a c t i v e F P n u c l i d e s , t o t a l plus s c a t t e r i n g m e a s u r e m e n t s o r m e a s u r e 

m e n t s in n e u t r o n f l u x e s that p r o d u c e v e r y high c a p t u r e r a t e s to s u r m o u n t 
t h e d e c a y - T - r a t e s c a n be thought o f . 

d . ) G a s p r o d u c t i o n i s a q u e s t i o n of t e c h n o l o g i c a l i m p o r t a n c e . 
R a d i o a c t i v e n u c l e i d e c a y , b e c a u s e t h e y a r e m o r e o r l e s s a p a r t f r o m the 



By-

l i n e of s t a b i l i t y . On the o t h e r hand the binding! e n e r g y of cx - p a r t i c l e s • 
g o e s n e g a t i v e in the m i d d l e of the p e r i o d i c t a b l e . P o s i t i v e Q v a l u e s m a k e 
the (n, ot ) - p r o c e s s p r o b a b l e in s o m e ; c i s , e S : l : , ; ( ; j E x a m p l e s : 59Ni(n , 6<.)56 F e 

5 . 0 9 M e V , 147 P m ( n , Cx ) 144 P r + 7 ; 38 'MeV.)-'. T h e r e f o r , Lhe i r i y e s t l g a t i o n 
of c a n be t a k e n into c o n s i d e r a t i o n . 

e . ) T e c h n i q u e s m u s t b e i m p r o v e d and. e x p e r i e n c e s g a t h e r e d f o r r a d i o -
a c t i v e m a t e r i a l . F u t u r e n e e d s m a y i m p l y the data f o r g a s p r o d u c t i o n ( n , p ; 
n , cx ) o r f o r n u c l e a r t r a n s m u t a t i o n on i s o t o p e s p r o d u c e d by n e u t r o n i r r a d i -
a t i o n ( e . g . in s t r u c t u r e m a t e r i a l s ) „ L o w - e n e r g y . m e a s u r e m e n t t e c h n i q u e s 
c a n b e u s e f u l p r e c u r s o r s t o s u c h e x p e r i m e n t s at h i g h e r e n e r g i e s . 

F i g u r e 1 :' - S H A P E fit m the e n e r g y r a n g e 4 0 to 50 eV f o r the 
t r a n s m i s s i o n of t h e C S - F P - m i x t u r e 
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FAST NEUTRON .CAPTURE CROSS SECTION MEASUREMENTS, 
EVALUATIONS AND MODEL CALCULATIONS OF 

FISSION PRODUCT NUCLEI* 

W. P. Poenitz 
Argonne National Laboratory 

Argonne, I l l i no i s 60439, USA 

ABSTRACT 

The fast neutron capture cross sections of elemental 
rhodium, palladium, neodymium, and samarium were measured 
in the energy range 0.5 - 4.0 MeV re lat ive to the standard 
capture cross section of gold. A large l iquid sc in t i l l a to r 
and the time-of-f1ight technique were used in these measure-
ments. Experimental data are rare or non-existent in this 
energy range and evaluations d i f fer substantial ly, with a 
factor of 5 being common. The present data Were used to-
gether with other experimental data and nuclear model cal-
culations in order to provide a consistent set of isotopic 
and elemental capture cross sections. 

INTRODUCTION 

The fast neutron capture cross sections of the more frequently oc-
curing f iss ion product nuclei play a significant role in the calculation of 
fast reactor react iv i ty , after-heat and sodium void effects, and are impor-
tant for spent fuel-handling considerations. A 1% uncertainty of the cal-
culated react iv i ty would result from a 30% uncertainty of these cross sec-
t ions./!/ This led to uncertainty requests of ±10% for fast neutron capture 
cross sections of f ission product nuclei between 1 keV and 10 MeV./2,3/ 
Whereas such requests may be modified to allow for larger uncertainties in 
the higher keV and MeV range, i t is obvious from the consideration of exist-
ing (or nonexisting) data and evaluations that uncertainties are largest 
at higher energies. A recent comparison of evaluated neutron capture cross 
sections of 27 f iss ion product nuclei at 2 MeV shows differences of a fac-
tor of 5 to be common while factors of 10 or more are encountered./4/ 

The fast neutron capture cross sections of f ission product nuclei 
are a prime example for the proposition that nuclear model parameters can 
be determined with experimental data of some nuclei and cross sections for 
other nuclei can be calculated subsequently with these parameters. I t has 
been observed that substantial differences exist between such calculated 
cross sections for nuclei where experimental data do not exist./5/ A similar 

* This work was supported by the U.S. Department of Energy. 
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observation can be derived from a table containing 30 - keV capture cross 
section's for 27 f iss ion product nuclei./4/ This table Compaq f ive dif-
ferent evaluations with experimental values where such are available. : 

Some remarkable improvements of the evaluated capture cross sec-
tions have been obtained by using integral measurements as a constraint./6,7/ 
However, such integral data are more l ikely to help in the normalization of 
cross sections in the lower-keV range where evaluation differences are less 
pronounced than for the MeV range. 

Present measurements were carried out in the 0.5 - 4.0 MeV range 
for Zr, Mo, Sb, Nb, Y, In, Rh, Pd, Ag, Cd, Ho, La, Yb, Sm, Nd, Gd, Dy, Eu, 
Tb, Er, Hf, W, Re, Ta, Au, Th, and U. Data for Ho, Nb, Ta, Au, Th and . 
U were reported previously and the data for Rh, Pd, Nd, and Sm are presented 
here. Isotopes of the la t te r elements are among the 20 most important f is-
sion product nuclei ./ I ,8/ The present data should provide a useful con-
straint for the evaluation of these cross sections. 

MEASUREMENTS • 

The 7L i (p ,n) 7Be reaction was used as a neutron source with the 
primary proton beam accelerated with the Argonne National Laboratory Fast 
Neutron Generator (FNG). The proton beam was pulsed with a repetition rate 
of 2 MHz and bunched to nsec. Metallic lithium was evaporated onto a 
0.025 cm thick tantalum backing with a thickness appropriate to provide neu-
trons with energy spreads betwen 50 keV and 100 keV in the energy range from 
0.5 to 4.0 MeV. The neutron energy was determined from the known kinematic 
relations, the primary proton energy (calibrated with 7L i (p ,n)- and 10B(p,n)-
thresholds), the stopping cross sections and the target thickness as measured 
near the 7Li(p,n)-threshold. 

The neutron source was surrounded with a 4-rr-l ithium-baron-
polyethylene shield in order to reduce y-ray and neutron background for the 
capture and neutron detectors. A conical opening in the 4-n-shield provided 
a well collimated neutron beam which penetrated the capture sample after a 
flight-path of 250 cm. The neutron beam was tota l ly captured in a neutron 
monitor at a flight-path of 380 crn. 

The capture samples were metallic discs with a diameter of 8.0 cm 
and they ranged in thickness from ~0.012 at/b (Rh, Pd) through~0.006 at/b 
(Au) to -0.005 at/b (Nd, Sm) and were at least 99.9% chemically pure. 
They were placed in the center of a 1300 l i ter , large l iquid sc in t i l l a tor 
tank which approximated a sphere in shape and was well shielded by low-
act iv i ty iron, 5 - 15 cm of lead and 60 cm of concrete. The sc in t i l l a tor 
was a mixture of pseudo-cumene, p-terphenyl, POPOV, and baron-methyl. The 
sc in t i l l a t ion l ight was detected with 12 8"-photo multipliers which were 
uniformly spaced over the surface of the tank. The timing of a l l multipliers, 
was carefully matched and a rise-time correction was applifed with an on-line 
computer resulting in a time-resolution of ~3 nsec. The gamma-ray energy 
resolution was 26% for the 60qo decay gamma rays. The time-resolution and 
flight-path of the present experiment permitted the separation, by time-of-
f l i gh t , of capture events produced by the second neutron group of the 
?Li(p,n)-reaction up to ~3 MeV. The electronic threshold for the detec-
tion of capture events was usually set at ^2 MeV and (n,n'y) -events were 
rejected for higher primary neutron energies with digital selection in the 
on-line computer system. 
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A grey neutron detector/9/ was used as a neutron monitor. Specific 
features of this detector are not of great importance for the present experi-
ment, because the measurements were made re lat ive to the capture cross sec-
tion of gold. 

Measurements were carried out between 500 keV and 4 keV with irra- V 
diation times in the range of 1 to 2 hours. With exception of palladium two 
sets of measurements were made. These yielded consistency which was usually 
better than 5%. 

The time-of-flight spectrum and the energy pulse height spectra for 
the capture events corresponding to the neutron capture peak in the time-of-
f l ight spectrum and for an equally spaced adjacent time interval were stored 
with the on-line computer./X0/ Background was subtracted from the time-of-
f l ight spectrum and additional measurements were made with carbon-samples, 
without a sample, and with a plugged collimator hole. These measurements 
showed that below 2 MeV a l l background was ambient, and non-ambient background 
above 2 MeV lead to only a small correction. The measured energy spectra were 
extrapolated to zero pulse-height. The neutron energy dependence of this , 
extrapolation could be described very well by a simple analytical representa-
tion of the spectra with a weighted neutron binding energy for the elemental 
samples (within 1-2%). Inelast ic scattering events were eliminated by setting 
appropriately higher integration l imits in the energy pulse-height spectra. 
The capture detection efficiency was in the range of 65 - 85%. This is the 
major l imiting factor of measurements with a large l iquid sc in t i l l a to r because 
the exact shape of the energy spectra below 2 MeV cannot be determined due to 
high background. 

The major correction besides the detection efficiency is attributed 
to capture events produced by neutrons which scatter once or more within the 
sample. Such corrections may be large due to the small size of the capture 
cross section re lat ive to scattering cross sections, to the energy loss due 
to inelast ic scattering which increases the capture probability due to the 
substantially higher capture cross sections at lower energies, and to the 
increase of the average path through the sample due to both e last ic and in-
elast ic scattering. This correction was calculated with a Monte Carlo Code 
which is exact at lower energies but uses approximate solutions at higher 
energies where detai ls of inelast ic level structure are not known or the 
scattering data is unavailable, and the complexity due to the many isotopes 
involved is enormous. Other corrections were applied for the flux attenua-
tion in the samples and the secondary components of the neutron beam. 

The general experimental procedure and the corrections have been 
discussed in more detail at previous occasions./11-14/ The results from 
the present measurements are shown in Fig. 1. The ENDF/B-V standard capture 
cross section of gold was used as reference. The present data for palladium, 
neodymium and samarium provide the sole source of experimental cross section 
information for these nuclei since no previous data exist in this energy 
range. Previous data are available for rhodium and the more recent data are 
compared with the present results in Fig. 2. Al l data shown in Fig. 2 were 
obtained with the prompt detection technique. The data by LeRigoleur et a l . 

718/, Macklin/15/, and by Drake et al./16/ were obtained with the spectra 
weighting technique, the data by Knox et al./17/ were, as were the present 
data, obtained with a large l iquid sc in t i l l a to r . The present, data agree 
reasonably with the recent results by Mackl in but indicate, as do a l l other 
data shown in Fig. 2, lower cross sections (~10 - 15%). 
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DATA INTERPRETATION 

The average capture cross sections of medium and heavy nuclei can 
be calculated in terms of the s t a t i s t i c a l model and the optical model. 
Since the bulk reac t i v i t y effects of f iss ion product nuclei are of major 
interest , one might expect that sat isfactory results from such calculations 
can be obtained i f experimental elemental capture cross sections are used 
as a constraint in such calculat ions. Recent model calculations of capture 
cross sections for heavy actinides have yielded good results and a similar 
approach was used in the present calculat ions. The s t a t i s t i c a l and optical 
model code ABAREX/19/ was used in the present calculat ions. A major con-
cern i s the large number of parameters avai lable to adjust the calculated 
cross section used to represent the experimental data. I t cannot be ex-
pected that a parameter set derived only from f i t t i n g some experimental 
capture cross sections w i l l reasonably describe capture cross sections of 
other nuclei for which experimental data are unavailable. Additional experi-
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mental information w i l l have to be used to establish some of the parameters. 
Total, and e las t i c and ine last ic scattering cross sections were used in the 
previous calculations to establish the optical model parameters./5/ The 
major parameter sets to be determined are: 

Optical Model Parameters: 

These can be determined by f i t t i ng total cross sections and an-
gular distr ibutions of e l as t i ca l l y and ine las t i ca l l y scattered neutrons, 
polarization data etc. ABAREX uses a spherical optical model which was 
shown to represent wel1 also deformed nuclei i f the deformation of these 
nuclei is s imi lar . However, parameter sets cannot be derived which would 
have global va l id i t y and ultimately a deformed nuclear model should be 
used. There is a substantial lack of neutron scattering and total cross 
section data in the range of the f iss ion product nuclei (e.g. Pd, Nd, 
considered here) which hampers the determination of optical model parameter 
sets.' . • " • ' 



Low Energy Levels of the Target Nucleus • 

Inelast ic scattering has the most pronounced effect r , the cal-
culated capture cross section. . In the range of major importance of these 
cross sections.(< 1 MeV), the levels structure is now fa i r l y well known 
and the: information given in Ref. 20 was used in the present calculations. 

. Target Level Density 

Most level density formulas, for example the one derived from 
the Fermi-gas model, assume high excitation energies of the nucleus and 
cannot be expected to represent very well the true level density at low 
excitation energies./25/ Thus, the level density of the target nucleus 
is one of the more uncertain quantities of such calculations and can be 
adjusted to represent the measured data wel l . ABAREX used the Gilbert 
and Cameron/21/ formalism and the level density of the target nucleus is 
represented by p ~exp((E-E0)/T)/T. 

Compound Nucleus Level Density 

The level density of the compound nucleus is represented in ABAREX 
following Gilbert and Cameron, by a Fermi-gas model. The parameters, a and 
a, may be adjusted to y ie ld the experimental average level spacing measured 
for s-wave resonances at low neutron energies. However, the available data 
needed for this purpose are sparse and uncertain. 

Average Radiation Width 

The average radiation width can be calculated with an appro-
priate level density formula and a giant-dipole resonance for the -
transit ion probabil ity. The parameters for the ^-transition probability 
can be determined from (y,n)-cross section measurements, however, i t is 
common to u t i l i ze 7̂ ,/D values determined in the low eV energy range for 
resolved resonances. Such data are sparse and substantial uncertainty 
exists. 7y/D values are, for example, only available for one of the 
palladium isotopes (105). The high resolution data from RPI/17/ for Rh 
(Fig. 2) show substantial fluctuation of the cross section. Such fluc-
tuations are now well known and were discussed for 238U and 232jh in a 
recent review./5/ The implications of these fluctuations are the exist-
ence of local values of Ty/d and the neutron strength function and they 
cast doubt at the use of resolved resonance parameters for the calcula-
tion of cross sections at higher energies./22/ 

The parameter sensi t iv i ty of the capture cross section of lO^Rh 
is investigated in Figs. 3 and 4. Only the experimental data by LeRigoleur 
et a l . and by Macklin are shown at lower energies. The calculated cross 
section labeled H results in a reasonable description of the data. This 
curve was calculated with optical model parameters obtained in a f i t of 
the total cross section (unpublished data by Mhalen/23/ below 700 key and 
data given in BNL 325 at higher energies). The curve C was obtained with 
the global optical model parameters by Moldauer/24/ and the black^nucleus 
approximation was used to calculate neutron transmission coefficients to 
the continuum of the target nucleus. Curve A used the same optical model 
parameters as H, but also the black-nucleus approximation for the contin-
uum. For curve B the width fluctuation correction was omitted. Al1 other 
parameters were identical for the calculated cross sections shown in Fig. 3. 
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of Rh(n,y) . (See Text.) 

A l l calculated cross sections shown in Fig. 4 used the optical model 
parameters obtained in the f i t of the total cross section but the FyJD 
normalization was changed by 10% for. curve I , the compound nucleus l eve l 
density parameter a was lowered for curve 0, and a was increased for curve 
E. The target nuclear level density was increased for curve F. In a l l 
calculations for Fig. 4 the black-nucleus approximation was used for the 
transmission coeff ic ients to the target nuclear continuum. 

I t is obvious that optical model calculations more r e a l i s t i c a l l y 
describe nuclear behavior and Figs. 3 and 4 demonstrate that the black 
nucleus approximation should not be used for the calculat ion of capture 
cross sections. With a wel 1 established normalization (/y/D) the cross 
section is insensit ive to level density formula parameters at low energies 
and only sensit ive to optical model parameters and the f luctuat ion correc-
t ion. The range between ~500 keV and the beginning of the target nucleus 
continuum (~1 - 2 MeV) can be used to adjust the compound nucleus level 
density parameters. Agreement with experimental data at higher energies 
can then be achieved by adjusting target nucleus level density parameters. 
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Fig. 4. Comparison of Nuclear Model Calculations with Experimental Data 
of Rh(n,y). (See Text.) 

Calculations were also carried.out for the six stable isotopes 
of Pd. The optical model parameters obtained for Rh were sl ightly adjusted 
to give a good representation of the total cross section of Pd. The result 
for the elemental cross section is compared in Fig. 5 with the present 
experimental values and the recent data by Macklin. 

CONCLUSIONS 

Nuclear model calculations can represent the capture cross sec-
tions of f ission product nuclei reasonably wel l , however, the uncertainties 
due to a large number of parameters is large i f experimental data do not 
exist. This speci f ica l ly applys to the higher energy range where different 
calculations resulted in large differences with a factor of 5 being common. 
The present measurements of the elemental cross sections above 500 keV pro-
vide a valuable constraint for such calculations, and should considerably . 
reduce the uncertainties, speci f ica l ly for bulk react iv i ty effects. Cal-
culations of capture cross sections for which experimental data do not 
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NEUTRON ENERGY/MEV 

Fig. 5. Comparison of Nuclear Model Calculations with Experimental Data 
of Pd(n,y) . 

exist cannot be expected to y ie ld satisfactory values until optical model 
parameters in the range of the f ission product nuclei are well established. 
This seems to require a better and more complete data base than presently 
available. 
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MEASUREMENTS OF THE TOTAL AND PARTIAL NEUTRON GROSS-SECTIONS 
OF CERIUM AND THULIUM IN THE ENERGY RANGE FROM 1.8 meV to 

1.8 eV USING TOF AND NEUTRON DIFFRACTION TECHNIQUES 

M.Adib, R.M.A.Maayouf, A.Abdel-Kawy, and I.Hamouda 
Reactor and Neutron Physics Department 

Atomic Energy Establishment, Cairo, Egypt. 

ABSTRACT 
Total neutron cross-section measurements have been 

carried out for cerium and thulium in the energy range from 
1.8 meV to 1.8 eV. The measurements were performed using the 
time-of-flight and neutron diffraction spectrometers installed 
infront of the horizontal channels of the ET-RR-1 reactor. The 
obtained total neutron cross-sections were analyzed using the 
single level Breit-Wigner formula and the magnetic form factors. 
The potential scattering cross-section of Ce was found to be 
$.14 + 0.3 b a m s . Its coherent scattering amplitude was determin-
ed from the Bragg reflections observed in the total cross-section 
of CeOg and found to be 4.8 + 0.2 barns. The potential scattering 

and absorption cross-sections of Tm, at E = 0.025 eV, were found 
to be 7.4-5 + 0 . 7 5 barns and 89.3 + 4.5 barns respectively. 

1 . INTRODUCTION 

The only available experimental measurement of Ce 
cross-section /l/» is a value of the total scattering cross-
section = (4.7 + 0.3) b at V = 2200 m/sec, obtained using 

the time of flight technique and the 4H -geometry. Concerning 
the total neutron cross-section of Ce, Vertebnii et al /l/ did 
not present their values as they reported, because of difficult-
ies, connected with neutron optical effects and small angle 
scattering. 

It seems useful to study the total neutron cross-
section of Ce, since its total cross-section at neutron energies 
below 0.01 eV can provide a valuable information about the 
coherent scattering amplitude of Ce. 

The only measurements of the total neutron cross-
section of Tm in the energy range from 0.001-10 eV was reported 
by Zimmerman et al. /2/. Zimmerman et .al. /2/ determined the 
absorption cross-section of Tm at very low energy 0.001 eV) 
by subtracting the asymptotic value of the paramagnetic cross-
section from the measured value of the total neutron cross-
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section ; they extrapolated the determined value of 1he absorp-
tion cross—section to higher neutron energies taking into acco-
unt the deviation from 1/v which, as they reported ''?'-, is 
almost entirely due to the first resonance at 3.92 e'v. They 
reported the values (134 + 2) b and (106 + 3) b respectively 
for the total and absorption cross-sections at 0.025 eV therm-
al neutron energy. 

In the present work are reported the results of 
total neutron cross-section measurements, carried out for Ce 
and Tin in the energy range from 1.8 meV to 1.8 eV, along with 
the resulting partial cross-sections. 

2. EXPERIMENTAL DETAILS 

2.1 Samples Preparation 

The samples used were prepared from spec, pure fine 
oxide powders, packed in perspex containers. The emission 
spectrographic method was used for the spectroscopic analysis 
of the samples. The spectrographic analysis of the used oxides 
assured that they are free from Gd and Sm, as well as other 
elements with high absorption cross-section, in the energy range 
under consideration. 

Cerium ; The spectroscopic analysis was : Fe : 5 ppm,Na: lppm, 
Cu: < lppm, Mg: lppm and Ag:<lppmj one sample of 
thickness 5«Hgm/cm 2 was prepared. 

Thulium: The spectroscopic analysis was : Ca : lppm,Si: 2ppm, 
Fe: 5ppm, Na: lppm and Mgs< lppm. One sample of 
thickness 1.23 gm/cm2 was prepared. 

2.2 Crystal Structure of Ce0~ 

Ce0 o cry st ally ze$ in a cubic system related to the 

space group F m 3 m - A determination of such structure was 

made using the neutron diffraction technique. A neutron diff-
raction pattern was obtained with the OeO^ powder packed in-
to a thin walled cylindrical aluminum can. The measurements 
were performed on a crystal spectrometer placed at one of the 
horizontal beams of the ET-RR-1 reactor operating at a power 
of 2 MW. Monochromatic neutrons with 2 = (1.03+0.01) Ap were 
selected from the reactor spectrum by diffraction from a Zn 
single crystal cut along the (111) plane, The collimation was 
determined by two Soller type collimators with an angular 
resolution of 20*. The spectrometer is described in details 
elsewhere /3/« 

The neutron diffraction pattern obtained between 
2& = 12° and 60° at room temperature is shown in Fig. (1). 
Nine well-separated peaks are obtained confirming the struct-
ure of CeO^, where no lines other than for the pure Ce0 2 were 

observed. 
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2.3 Gross-Section Measurements 

The total cross-section of Ce0 o and. '1V0 0, were 

measured, for neutron energies from 1.8 meV to 1 .8 eV using 
a time-of-flight spectrometer. The spectrometer describ-
ed thoroughly in details elsewhere /4,5/. The irons were 
obtained from one of the horizontal channels of the ET-EE-1 
reactor, operating at a power of 2 MW. The time-of-flight was 
analyzed by a 400 channel time analyzer; the analyzer channel 
width could be varied from 12 jusec to 96 p. sec. The spectro-
meter resolution at a flight path of 5.66 m and rotor speeds 
of 14-15 rpm and 2880 rpm is 25 /asec/m and 11 M3ec/m, respect-
ively. The methods used for the check-up of the spectrometer's 
linearity and its calibration are described in details else-
where /6,7/« 

5. RESUiyrS AND DISCUSSION 

3.1 Cerium 

Pig. (2) shows the total neutron cross-section of 
CeO^ as a function of the neutron wave length and energy 

(closed circles). The total neutron cross-section of Ce 
obtained, by subtraction of the oxygen cross-section incoher-
ently, in the energy range from 1.8 eV to 0.02 eV (the first 
observed Bragg cut-off) is also represented in the same figure 
(open circles). The total neutron cross-section obtained at 
0.025 eV was found to be : 

6"t (0.025 eV) = (5.28 + 0.30) b. 

The value of obtained in the present work is in reasonable 

agreement with the value (4.7 + 0.3) b for the total scatter-
ing cross-section of Ge reported by Vertebnii et al. /I/. 

The paramagnetic scattering cross-section of Ge was 
calculated using the tabulated form factors reported by Blume 
et al. /8,9/ and incoherently subtracted from the obtained 
value of the total neutron cross-section. The residual cross-
section (Figure 2, closed triangles) was found to fluctuate 
near a constant value (3«1 + 0.3) b which corresponds to the 
potential scattering cross-section of Ge. This value is in 
good agreement with the value of (2.92 + 0.05) b reported in 
ML-325 /10/. 

The total contribution of the Ge neutron resonances 
to the thermal absorption cross-section was calculated using 
the single level Breit-Wigner formulae /ll/. It was found that 
this contribution at 0.025 eV does not exceed the value of 
0.3 b which is comparable with the statistical error in the 
total cross-section measurements. This behaviour is in consist-
ence with the energy independence of the scattering cross-
section at thermal neutron energies (Fig. 2 closed triangles). 

The observed behaviour of the total neutron cross-
section of GeO^ shows sharp cut-offs at neutron wavelengths 

corresponding to the double interplanar distance d of the 
Ce0 o cubic structure. A value of 5«8 F for the scattering 
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amplitude of oxygen was taken for the determination of the 
coherent scattering amplitude b c o i ) L of Ce. 

The coherent scattering amplitude of Ce is calculat-
ed for each hkl plane. The average value of b c o ^ have been 

determined ajid found to be = (4.8 + 0.2) F which is in a 

good agreement, within the statistical accuracy, with the value 
of (4.8 + 0.06) F reported in BNL-325 /10/. 

3.2 Thulium 

Fig. (3) shows the total neutron cross-section depen-
dence on wavelength and energy for Tm. The cross-section be-
haviour obtained in the present work is compared, in the same 
figure, with that obtained by Zimmerman et al. /2/; (closed 
squares). It is noticeable that both sets of data are in 
reasonable agreement. The value obtained for the total cross-
section at 0.025 eV is s 

(0.025 eV) = (126 + 6) b 

in agreement with the value of (134 + 2) b reported by 
Zimmerman et al. /2/. ~~ • 

The paramagnetic scattering cross-section for 

Tm has been also calculated and subtracted incoherently from 
the total cross-section at all energies. The residual cross-
section is also shown in Fig. (3) as open circles. The con-
tribution of the known close and faraway resonances upon the 
cross section have been calculated using the single level 
Breit-Wigner formulae reported by Seth et al. /ll/, where 
the required resonance parameters were taken from BNL-325 /10/ 
Fig* (3) shows also the difference between the total cross-
section and the total resonance contribution versus neutron 
energy. It was found, as is shown in Fig. (3), that the diff-
erence (61 - 6V, - 61), which corresponds to the potential 

v pm r 
scattering cross section 6~s , is energy dependent which in-

dicates the contribution of a bound energy level. 

A negative energy level with the parameters, 
E 0 = 6 eV, 2g^n = 2.8 meV andTys 88 meV was introduced to 
account for the obtained energy dependence of (6^-6^-6^,). 

A value of (7.5 + 0.7) b was obtained for Tm potential scatt-
ering cross-section. 
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RECENT CAPTURE CROSS SECTION DATA 
FROM ORELA ABOVE 2.6 keV 

R. L. Macklin, R. R. Winters"1" and J . Halperin 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 
+Denison Universi ty, Granvi l le , Ohio 43023 

Abstract 

Neutron capture by natural rhodium y anc| enriched stable isoto 
pes of ruthenium (100-104) and palladium (104-110) were measured at the Oak 
Ridge Electron Linear Accelerator pulsed neutron f a c i l i t y . Average pure iso-
tope cross sections from three to several hundred keV were derived. The 
neutron flux shape was determined re la t i ve to ENDF/B V standard ®Li (n ,a ) and 
235U( n , f ) cross sections below and above 70 keV respect ively . Strength func-
tions were adjusted to f i t the data by least squares. The 101Ru f iss ion pro-
duct would appear to cause less poisoning than l ° 5 Pd or -jn plutonium 
fueled fast reactors. 

Introduction 

lOlRu, lO^Rh ancj 105p(j through a combination of strong neutron cap-
ture and high f iss ion y ie ld are among the most important stable isotopes in 
regard to the poisoning effect in fast reactors. The even stable isotopes in 
th is mass range are also s ignif icant neutron absorbers. Evaluations of the 
microscopic cross sections /1,2/ have had to rely on fragmentary experimental 
results (except for l 0 ^ ) o r average s ta t i s t i ca l properties of nuclei in the 
general mass range. 

Experimental Technique 

Enriched samples of IOOR u, 1 0 lRu, 104ru lO^pd lOSpd 106pcj 
108Pd and H0pd were measured at 40 meters from the Oak Ridge Electron Linear 
Accelerator pulsed neutron source. A natural metal sample was included 
in the study. Prompt capture gamma rays were observed with CgFg based l iquid 
sc in t i l l a to r s which have a low sens i t i v i ty (10~3-i0-4) f o r scattered neutrons 
and give negligible neutron moderation. Both time-of-flight and pulse height 
were recorded for the f i r s t pulse ( i f any) recorded after a neutron burst. By 
weighting each event as a function of the pulse height, an unbiased estimate 
of the total gamma energy is obtained. As the excitation energy of the com-
pound nucleus after neutron capture is well known, th is leads d i rect ly to the 
number of neutrons captured during a measurement. The time-of-flight resolu-
tion is adequate to resolve a hundred or so resonances per isotope in the few 
keV neutron energy range. The analysis of individual resonance peaks i s 
reported separately. 73,4/ 

B y accep tance of this ar t ic le , the 
publ isher or rec ip ient a ckno w l e dge s 
the U . S . G o v e r n m e n t ' s r ight to 
reta in a nonexc lus i ve , r o y a l l y f ree 
l icense in a n d to any c o p y r i g h t 
cove r ing the art ic le . 
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The neutron flux was monitored by a thin (0.5 mm) ^Li glass scin-
t i l l a t o r half a meter upstream from the sample. While the absolute cross sec-
tion was determined at 4.9 eV using the saturated resonance technique, we must 
re ly on an eff ic iency vs energy curve for the flux monitor at high energy. 
This has been recently redetermined relat ive to the 235U{ n,f ) ENDF/B V stan-
dard cross section. /5/ 

Cross Sections 

The enriched isotope sample yields (corrected for measured back-
grounds, dead time losses, gamma energy loss in each sample, etc. /3,4/) were 
l inear ly combined to derive pure isotope y ie lds. /3/ These were then cor-
rected for average resonance self-protection and multiple scattering of neu-
trons within each sample to give average isotopic cross sections. Table I 
summarizes the cross sections averaged over various energy regions, and the 
figures show them as histograms. Uncertainties in cross section are estimated 
at 4-5% up to 100 keV or so, increasing to perhaps 10% at the highest energies 
reported for each isotope. 

Analysis 

Average cross sections up to about 110 keV in_quarter keV steps were 
well represented by strength functions S ° , S*, S^ and r^/Do through least 
squares adjustment. For the even isotope capture data i t was found necessary 
to adopt a fixed value of the s-wave strength function S° (see Table I I ) . At 
higher energies competition from inelastic scattering is seen as a reduction 
in capture above most inelast ic thresholds. Hauser-Feshbach codes may be able 
to f i t the higher energy data also, but this has not been done. 

Discussion 

Cross section agreement with prior evaluation and data adjust-
ments /1,2/ is good except for which we find 5% to 40% lower at various 
energies. Two more recent values for 10%u(n,Y) at 520 ± 80 keV and 720 ± 80 
keV /6/ are about 20% below ours. Below about 10 keV for the even isotopes 
studied the cross section is best represented by single resonance param-
eters. /3,4/ In the higher energy region around 100-200 keV where fast reac-
tor spectra peak, the highest cross section appears to be for 105pC|) followed 
by ICMRh ancj 101Ru> jh e lower ^^Ru capture is attributable both to radiative 
strength (28% below 105pd) and the lower threshold for competition by ine-
las t i c scattering (M30 keV vs ^300 keV for 103Rh or 1 0 5Pd) . For a plutonium 
fuelled fast reactor this would predict 105Pd as the leading f ission product 
poison. For a fast reactor with much 233^ o r 235j f i ss ion , the lower mass 
lOlRu might become most s ignif icant. 

The research was sponsored by the Division of Nuclear Sciences, U.S. 
Department of Energy, under contract No. W-7405-eng-26 with the Union Carbide 
Corporation. 
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Figure Caption 

Average neutron capture cross sections as histograms and f i t ted 
curves from least squares adjusted strength functions for samples of a) 
100,101RUj b ) 102Ru a n d 103Rh> c ) 104Ru a n d 104Pd> d ) 105,l06Pdj a r id e 

The vertical arrows indicate thresholds for inelastic neutron 
scattering which often shows significant competition with neutron capture 
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Table I. Histogram of the Average Neutron Capture Cross Sections 

E n 1 0 0 R u 1 0 1 R u 1 0 2 R u 1 0 3 R h 1 0 4 R u 1 0 4 P d 1 0 5 P d 1 0 6 P d 1 0 8 P d 1 1 0 p d 

keV mb mb mb rnb mb mb mb mb mb ' mb 

3 

>1 
7 4 8 . 6 2 6 5 2 . 6 7 0 3 . 5 2 6 3 9 . 5 4 1 1 . 2 7 4 7 . 0 , 2 4 5 2 . 1 1 1 2 4 . 5 1 0 2 9 . 6 8 6 9 . 5 

c 5 7 5 . 5 2 0 7 4 . 1 5 1 0 . 0 2 5 2 4 . 9 5 3 3 . 4 1 1 7 2 . 8 2 3 8 0 . 0 9 0 0 . 5 8 6 9 . 1 8 1 7 . 7 
0 

Q 
5 8 6 . 5 1 8 8 0 . 6 4 7 6 . 2 1 9 0 2 . 4 5 2 9 . 9 9 5 8 . 6 2 0 1 4 . 7 8 9 1 . 9 6 9 9 . 6 7 0 7 . 9 

O 
4 6 0 . 1 1 7 4 6 . 2 4 4 3 . 3 1 7 9 3 . 2 3 5 0 . 7 9 7 8 . 2 1 8 1 6 . 7 7 0 9 . 7 7 5 1 . 8 7 2 6 . 8 

10 
339.9 1 5 1 2 . 3 3 5 5 . 2 1 6 8 7 . 4 2 9 2 . 5 7 1 2 . 5 1 6 9 5 . 2 5 6 4 . 0 5 6 9 . 4 4 4 6 . 0 

1 5 
3 4 2 . 4 1 2 9 9 . 2 2 6 9 . 9 1 4 0 8 . 3 2 3 9 . 2 6 0 4 . 8 1 5 0 4 . 4 5 6 8 . 8 4 8 2 . 9 3 8 5 . 3 

2 0 
2 2 0 . 3 1 1 2 7 . 6 2 2 2 . 1 1 1 9 3 . 7 1 8 6 . 4 4 9 9 . 6 1 2 7 9 . 4 4 3 5 . 1 3 8 5 . 7 2 7 1 . 7 

3 0 
1 9 1 . 6 9 3 3 . 4 1 6 4 . 0 9 5 0 . 9 1 4 3 . 4 4 1 1 . 8 1 0 9 3 . 8 . 3 6 2 . 3 3 0 4 . 9 2 4 6 . 9 

4 0 
1 4 7 . 3 7 6 2 . 6 1 2 8 . 9 8 0 5 . 6 1 1 3 . 6 3 3 0 . 2 9 3 0 . 1 2 7 0 . 0 2 4 8 . 7 1 9 6 . 6 
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1 0 3 . 4 5 2 6 . 2 9 5 . 5 5 4 7 . 2 8 3 . 1 2 2 1 . 9 6 6 8 . 5 1 9 2 . 8 1 7 8 . 2 1 3 5 . 3 
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8 8 . 2 3 4 2 . 4 8 3 . 1 3 7 0 . 0 7 3 . 6 1 7 6 . 6 4 8 5 . 1 1 5 6 . 9 1 4 6 . 8 1 1 5 . 0 

2 0 0 
8 1 . 4 2 7 7 . 7 7 9 . 3 3 1 5 . 9 7 0 . 7 1 6 9 . 9 4 2 2 . 9 1 5 3 . 5 1 4 2 . 4 1 1 0 . 9 

3 0 0 
8 1 . 3 1 9 6 . 5 7 9 . 3 2 2 8 , 4 6 1 . 9 1 5 9 . 1 2 9 9 . 5 1 4 9 . 0 1 4 1 . 2 1 0 0 . 9 

4 0 0 
8 6 . 9 1 4 9 . 1 7 8 . 1 1 6 6 . 3 4 1 . 8 1 6 6 . 5 2 1 9 . 4 1 6 1 . 3 1 2 2 . 1 7 0 . 4 

5 0 0 
7 8 . 2 1 2 3 . 3 6 0 . 1 1 3 7 . 1 3 8 . 9 1 5 9 . 8 1 7 4 . 6 1 3 2 . 1 9 5 . 6 

6 0 0 
6 4 . 0 1 0 1 . 6 1 2 5 . 7 3 7 . 6 1 2 6 . 0 1 5 2 . 1 1 1 7 . 7 

7 0 0 



Table II. Least-Squares-Adjusted Strength Functions and Average Neutron Capture 

Strength 
Function 1 0 0 R u 101 R u 102RU 103 R h 104,,u lOiprf i 0 5 P d 105p d lC8p d 110p, • 

10 4S° (0.58)a 
0,59 ± 0.04 b (0.55) 1.04 ± 0. ,13 (0.52) (0,50) 0.50 ± 0.02 (0.50) (0.50) (0.50) 

lO^S 1 6.5 t 0.9 6.1 ± 0.4 5.0 ± 0. ,7 7.9 ± 0. 7 5.7 ± 0.9 6. 65 ± 0, ,59 5.80 ± 0.29 6. .70 ± 0.62 5, .91 ± 0.62 8.05 t 0.91 

10«S2 1.2 ± 0 . 3 2.1 ± 0.5 0.94 + 0, .25 2.3 ± 0. 7 0,97 ± 0,20 1. 77 ± 0. .44 2.90 ± 0.52 1, .65 + 0.36 1. ,51 ± 0.35 • 1.47 ± 0.24 

i o " r Y / D 0 3,47 + 0 . 1 5 101.3 + 2.7 3.24 ± 0, .15 59.5 ± 2. 3 2.63 ± 0-11 9. 11 ± 0, .37 140.5 ± 3.8 7. ,35 ± 0.28 6, ,60 ± 0.28 4.40 ± 0.15 

o(mb) c 

(30 keV) 
209 1011 

1097 d 

189 

314 d 

1072 

984 d 

163 

177d 

447 1189 

I178 d 

3S2 345 264 

a. Values In parentheses were assumed and not adjusted to the data by least squares, 
b. Standard deviations derived from the fluctuations in the data by the fitting code are shown. The effect of overall uncertainties in crer.s sec-

tion is not included. Correlation coefficients among the three adjusted parameters for the three even targets were less than 0.30 in absolute 
magnitude. For the four parameter sets of the odd targets values ranged up to 0.92. 

c. The 30 keV average capture cross sections are those predicted from our fitted strength functions. Systematic uncertainties are estimated at 4J 
(Ru and Rh), and 5? (Pd). 

d. Calculated value from Reference 1. 
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Summary o f S e s s i o n '? 

( R e s o n a n c e parameter : ] s u v e r a ^ e vainer ; and :;.y :: tenia t i c J 

F. 11. Frohner (chairman) 

The papers presented f a l l i n t o two c a t e g o r i e s : ( 1 ) papers on s t a t i s t i c a l 

e s t i m a t i o n of l e v e l d e n s i t i e s and s t r e n g t h f u n c t i o n s from resonance 

parameters and o t h e r experimental d a t a , (2 ) papers on t h e o r e t i c a l i n t e r -

p r e t a t i o n and p r e d i c t i o n of average parameters by means of n u c l e a r models 

and s y s t e m a t i c s . 

1. E s t i m a t i o n of l e v e l - s t a t i s t i c a l parameters from experimental data 

Techniques f o r l e v e l d e n s i t y e x t r a c t i o n from resonance parameters were 

reviewed i n the paper by F o r t , Derr ien and Lafond, who d i s t i n g u i s h mainly 

three types of methods, v i z . 

I Monte Carlo s i m u l a t i o n , 

I I methods based on the theory of nuc lear s p e c t r a (random matr ix theory) 

and observed l e v e l p o s i t i o n s , 

I I I methods based on e s t i m a t i o n of the number of miss ing l e v e l s with the 

Porter-Thomas d i s t r i b u t i o n . 

Examples ( ' "^Sm+n, ' ^ N d + n ) showed l a r g e d i s c r e p a n c i e s between r e s u l t s 

obta ined with I and I I on one hand and I I I on the o t h e r . 

The authors emphasised t h a t the q u a l i t y of an est imated mean l e v e l spacing 

may depend more on the q u a l i t y of the resonance data than on the mere 

number of l e v e l s u t i l i s e d . Usual ly the frequency of unresolved doublets 

i n c r e a s e s with energy. Only Monte Carlo s imula t ion can deal with t h i s 

problem whereas f o r the more convenient methods of type I I I i t may be 

b e t t e r to ignore a f f e c t e d data and u t i l i s e only the low-energy p a r t of 

the reso lved r e g i o n . 

The fo l lowing papers d e s c r i b e d var ious methods of type I I I . There was 

consensus t h a t methods of type I I are q u i t e u n r e l i a b l e . In p a r t i c u l a r 

Dyson's A^ s t a t i s t i c ( l i n e a r f i t to the l e v e l number s t a i r c a s e curve) i s 

found inadequate to check p u r i t y and completeness of resonance samples. 

The maximum-likelihood codes ESTIMA (descr ibed by F o r t in a working group 

s e s s i o n ) , STARA ( F r o h n e r ) , CAVE ( S t e f a n o n , see a l s o the paper by D e l f i n i 



114 

and Gruppelaar) and the code descr ibed by Rohr, Maisano and S h e l l e y 

use b a s i c a l l y the same s t a t i s t i c a l assumptions. They d i f f e r mainly in 

th i r degree of g e n e r a l i t y and in the use of t h r e s h o l d s . 

Cave i s the most genera l of these codes , a p p l i c a b l e to mixed s - and p-wave 

l e v e l s with unassigned p a r i t i e s . w h e r e a s the o t h e r t h r e e r e q u i r e samples 

of d e f i n i t e p a r i t y . To ensure pure s-wave samples ESTIMA and Rohr's code 

iiapose a lower l i m i t r| on gFn > This (energy dependent) l i m i t i s chosen 

high enough to make the f r a c t i o n of p-wave l e v e l s with gF > n n e g l i g i b l e . n 
In CAVE a s i m i l a r threshold i s used such t h a t a l l l e v e l s with gTn> n can be 

s a f e l y assumed to be observed. In a l l three codes the threshold i s var ied 

to check s t a b i l i t y of the r e s u l t s a g a i n s t v a r i a t i o n s of the t h r e s h o l d . 

STARA employs only the a c t u a l o b s e r v a b i l i t y t h r e s h o l d , e s t i m a t i n g i t s energy 

dependence a u t o m a t i c a l l y from the curvature of the l e v e l number s t a i r c a s e p l o t . 

Apart from being very convenient t h i s avoids a c e r t a i n a r b i t r a r i n e s s and 

l o s s o f informat ion and lead3 to very simple l i k e l i h o o d e x p r e s s i o n s e s p e c i a l l y 

f o r pure, but a l s o f o r mixed samples. Both Stefanon and Rohr used Monte-

Carlo generated resonance samples to e s t a b l i s h conf idence l i m i t s while Frohner 

used genera l s t a t i s t i c a l arguments to a r r i v e a t p r a c t i c a l l y the same p r e s c r i p t i o n 

as Coceva and S te fanon. 

Reported r e s u l t s obta ined with d i f f e r e n t codes f o r the same n u c l e i are 

gathered in Table 1. Level spacings agree wi th in few percent and a l s o 
143 

s t r e n g t h f u n c t i o n s whe re the energy range i s the same. An except ion i s Nd+n 

where the d i f f e r e n t s t r e n g t h f u n c t i o n s obta ined with CAVE and STARA are not 

e x p l i c a b l e by d i f f e r e n t energy ranges but are due to d i f f e r e n t resonance 

parameter s e t s . The '"*'sm r e s u l t s f o r the very narrow i n t e r v a l 0 - 1 4 eV s u f f e r 

from bad resonance s t a t i s t i c s and perhaps a l s o from spurious p-wave l e v e l s . 

A number of noteworthy p o i n t s emerged from the d i s c u s s i o n s . 

1. From a l i n e a r i n c r e a s e of the cumulative number of observed l e v e l s 

with energy one can only conclude that the f r a c t i o n of miss ing l e v e l s 

does not depend on energy. I t i s a mistake to conclude that no l e v e l s 

are miss ing . 



2. This r e s u l t e d in a c l e a r trend to a b o l i s h l e v e l dens i ty e s t i m a t o r s 

based on l e v e l number s t a i r c a s e p l o t s in favour of mi: ' « ,g- level 

e s t i m a t o r s based on the Porter-Thomas d i s t r i b u t i o n , both in the 

US (Keyworth e t a l . ) and Europe (KSTIMA, CAVE, STARA codes , Rohr e t a l . ) . 

3 . S t rength f u n c t i o n s obta ined from resonance parameters in r e l a t i v e l y 

narrow energy i n t e r v a l s may have only l o c a l s i g n i f i c a n c e . Even s t r e n g t h 

f u n c t i o n s es t imated from s e v e r a l hundred l e v e l s have u n c e r t a i n t i e s 

around !0Z due to Porter-Thomas f l u c t u a t i o n s . In the f i s s i o n product 

range there i s the a d d i t i o n a l problem of i n t e m e d i a t e s t r u c t u r e and 

valency e f f e c t s which are averaged out only i f the energy i n t e r v a l i s 

much wider than the spacing between i n t e r m e d i a t e - s t r u c t u r e peaks. 

S t rength f u n c t i o n s should t h e r e f o r e be determinated from energy i n t e r v a l s 

as l a rge as p o s s i b l e . 

4 . A meaningful e s t i m a t i o n of p-wave s t r e n g t h f u n c t i o n s from resonance 

parameters i s only p o s s i b l e f o r the l i g h t group of f i s s i o n products . 

I t i s more r e l i a b l e f o r even-even n u c l e i than f o r o t h e r s because l e s s 

l e v e l sequences are involved which means l e s s unresolved m u l t i p l e t s 

and a l s o because of the t h e o r e t i c a l ques t ions mentioned under (7 ) below 

a f f e c t i n g t a r g e t n u c l e i with non-zero s p i n . In any case i t i s adv isab le 

to inc lude f i t s to average t o t a l c r o s s s e c t i o n s in the a n a l y s i s . 

5 . In c o n t r a s t to s t r e n g t h f u n c t i o n s the l e v e l d e n s i t i e s are b e l i e v e d to be 

u n a f f e c t e d by in termedia te s t r u c t u r e . Unresolved d o u b l e t s , t r i p l e t s 

e t c . a r e more p r o b l e m a t i c , however, e s p e c i a l l y a t h igher e n e r g i e s . Level 

d e n s i t i e s should t h e r e f o r e be determined only from h i g h - q u a l i t y res on ance 

data even i f t h i s means narrower energy i n t e r v a l s . 

6 . As a f i n a l s tep in s t a t i s t i c a l resonance a n a l y s i s i t i s recommended to 

check the c o n s i s t e n c y between the two-dimensional d i s t r i b u t i o n of l e v e l s 

(with r e s p e c t to gf and energy) and t l i i s t a t i s t i c a l model (Porter-Thomas 

h y p o t h e s i s , cons tant l e v e l d e n s i t y , t h r e s h o l d s ) . This check i s p a r t of the 

ESTIMA and, in a p a r t i c u l a r l y convenient r e p r e s e n t a t i o n , of the STARA 

procedure. 
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7. I t i s usual ly assumed that reduced neutron widths f o r given I and H 
2 

are d i s t r i b u t e d according to a x d i s t r i b u t i o n with v (« I or 2) 

degrees of freedom, where v i s the number of p o s s i b l e entrance channels . 

Thus f o r t a r g e t spin I > 1 / 2 there are sequences of p-wuve resonances 

with J - I + 1/2 f o r I » 1 /2 , with J = I + 1 /2 and J «• I - 1/2 for I > 1 ) 

which can be e x c i t e d v i a 2 entrance channels and whose reduced neutron 

widths should then obey an exponent ia l d i s t r i b u t i o n ( v » 2 ) . This assumption 

i s c o n s i s t e n t with the extreme weakness of s p i n - s p i n i n t e r a c t i o n in the 

o p t i c a l model. 

Stefanon and others pointed o u t , however, tha t a d i r e c t v e r i f i c a t i o n 

appears to be l a c k i n g . I f f o r ins tance the r e l e v a n t t r a n s i t i o n matr ix 

elements d i f f e r e d only by asp in -georae t r i ca l f a c t o r the Porter-Thomas 

d i s t r i b u t i o n ( v » l ) apply a l s o in these c a s e s , but with twice the average 

width as compared to the o ther p-wave l e v e l sequences. 

2. T h e o r e t i c a l i n t e r p r e t a t i o n and p r e d i c t i o n of l e v e l - s t a t i s t i c a l parameters 

Mughabghab reported on methods employed to e s t a b l i s h s t rength funct ions and 

r a d i a t i o n widths f o r the 4th e d i t i o n of the "barn book" BNL 325. 

Questioned about l e v e l spacings he said that these are derived from the l i n e a r 

por t ion of l e v e l number s t a i r c a s e p l o t s in much the same way as those f o r the 

l a s t e d i t i o n . He drew a t t e n t i o n to the simple formula 

f y - 3 . 1 0 ~ 2 ( A 2 / 3 u / a ) 7 / 2 

(U, a ' in MeV, I* in meV) r e c e n t l y published by Z a r e t s k i j and S i r o t k i n , which 

seems to be u s e f u l f o r f i s s i o n products . An e s p e c i a l l y e legant use of nuclear 

theory and sys temat i cs i s the p r e d i c t i o n of thermal capture c ross s e c t i o n s 

0 f o r n u c l e i where p o t e n t i a l capture i s expected to dominate. 

*) 
both the authors ' and Mughabghab' s form of the equation conta in typographical 

e r r o r s 
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The Lane-Lynn theory of p o t e n t i a l capture , with R' taken from o p t i c a l -

model c a l c u l a t i o n s and (d ,p) s p e c t r o s c o p i c s t r e n g t h s from neighbour 
I 32 

n u c l e i , was used to p r e d i c t thermal capture c r o s s s e c t i o n - f o r 78 h Te 
126 and 12.4 d Sn. 

Reffo t r e a t e d the very i iaportent quest ion of the e s t i m a t i o n o f input parameters 

f o r nuclear-model c a l c u l a t i o n s (Fermi gas , s u p e r f l u i d i t y , Ni lsson modal, 

r a d i a t i o n width formulae) . 

He made the point t h a t the most s o p h i s t i c a t e d models and codes are not worth 

much i f theinput parameters are not adequately known and he showed what 

guidance n u c l e a r theory and s y s t e m a t i c s can provide on the proper choice 

o f unknown parameters . He advocates the use of l o c a l s y s t e m a t i c s wherever 

p o s s i b l e , i n s t e a d of g lobal s y s t e m a t i c s . 

Kohr, Maisano and S h e l l e y are in progress o f e s t i m a t i n g l e v e l d e n s i t i e s from 

resonance parameters f o r more than 240 n u c l e i . Then they used the Fermi gas 

formula with p a i r i n g e n e r g i e s and spin c u t - o f f va lues as recommended by 

G i l b e r t and Cameron to e s t a b l i s h a c o n s i s t e n t data base of l e v e l d e n s i t y 

parameters a . Apart from s h e l l e f f e c t s the /observe a s tepwise l i n e a r i n c r e a s e of 

a with A and r e l a t e the s t e p s to a s tepwise i n c r e a s e of the number of q u a s i -

p a r t i c l e s e x c i t e d a t neutron binding energy. Taking t h i a s tepwise l i n e a r 

behaviour s e r i o u s l y as a working hypo t h e s i s they deduce modified p a i r i n g 

e n e r g i e s and even contemplate the p o s s i b i l i t y to modify Nilsson s i n g l e -

p a r t i c l e l e v e l s so as to be c o n s i s t e n t with the p o s t u l a t e d behaviour of a . 

B e n z i , Maino, Menapace and Ventura c a l c u l a t e l e v e l d e n s i t i e s from Ni lsson 

l e v e l s and t r e a t p a i r i n g with BCS theory , a d j u s t i n g the gap parameter to get 

the e m p i r i c a l l e v e l d e n s i t i e s . The s y s t e m a t i c s of the gap parameters i s then 

used to p r e d i c t unknown l e v e l d e n s i t i e s . Even in i t s present state , the method 

gives encouraging r e s u l t s (about 30% a c c u r a c y ) . 

B e n z i ' s s u r p r i s i n g l y simple idea to e s t i m a t e r a d i a t i o n s widths by t r e a t i n g 

the e x c i t e d nucleus as a r a d i a t i n g b lack body, i t s temperature being r e l a t e d 

to the e x c i t a t i o n energy by the BCS e q u a t i o n s , works w e l l . The r e s u l t , 

T3 
r 

Y ( 2 2 A ) l / 3 ' 

(T in meV, T in MeV) g ives again an accuracy of about 30%. I t looks q u i t e 

d i f f e r e n t from the formula of Z a r e t s k i j and S i r o t k i n , derived f o r a Fermi 

gas without p a i r i n g and with g i a n t d ipole resonance behaviour of the r a d i a t i v e 

/ 
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2 
strength, even after substitution of U/a ® T . Contrary to wide-spread 

bel, f superfluidity was found to persist to rather high exci . . on 

energies. In fact, most of the nuclei studied were still superfluid 

at the neutron binding energy. 

The following comments appear appropriate: 

2 1/2 2/1 
1. The prescription a » 0.0888(aU) A used by Gilbert and Cameron 

for the spin cut-off should be replaced by a2
 ® 0.146(aU)'^

2

 A
2

^
3 

in applications of the Gilbert-Cameron formula. This correponds 

2 2/3 
to replacement of {m } «• 0.146 A , derived fay Jensen and Luttinger 

from all occupied shell-model states, by the recommendation of Facchini 

2 2/3 
and Saetta-Manichella, (m ) • 0.24 A , derived only from the states 

near the Fermi energy as is appropriate for level density calculations. 
2 

Furthermore, the behaviour of o at low energies is problematic 

(see Reffo's paper). 

2. The widely used composite level density formula of Gilbert and Cameron 

begins to show its limitations. BCS theory tells that a fermion system 

with pairing interaction is superfluid below a critical excitation 

energy where the level density is discontinuous as a function of energy. 

Thus there is no real basis for the smooth behaviour postulated by Gilbert 

and Cameron. The fact that many nuclei are still superfluid at the 

neutron binding energy demands special caution in the interpretation 

of & and A values derived from neutron resonances with the Gilbert-

Cameron formula-. 

3. More recent semi-empirical level density formulae are due to Kataria
3 

Ramamurthy and Kapoor (Phys. Rev. C18 (1978)549) and Ignatyuk, Istekov 

and Smirenkin (Sov. J. Nucl. Phys. !29 (1979) 450). Their use and critical 

comparison with the Gilbert-Cameron formula ought to be encouraged. 

4. The issue of enhancement factors accounting for collective excitations 

in level-density formulae is still far from clear, especially 

as far as vibrations are concerned. More theoretical work and high-

quality level-spacing data, obtained with the best statistical methods 

available, are needed. 
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Another related problem are the different single-particle 

potentials (Hilsson, Woods-Saxon, self-consistent) tha" iic; used 

in level-density studies. Some of the conclusions concerning 

enhancement factors seem to depend on the type of potential 

used as starting point. This needs clarification. 

It 3hould be a challenge for theorists to see whether the stepwise 

linearity of vs. A postulated by Rohr et al. can be more rigorously 

derived from BCS theory. The quasi-particle number representation 

developped by Ignatyuk and Sokolov (Sov. J. Nucl. Phys. 28 (1978) 469) 

may be an appropriate tool. 



Table 1 Level-statistical parameters estimated from resonance parameters 

by Delfini and Gruppelaac with the code CAVE, by Frohner with 

STARA and by Fort, Derrien and Lafond with ESTIMA. 

Compound 

System 

Code Energy Levels 

Range (eV) above 

Threshold 

4 
1CTS D o 

(eV) 

143 
Nd+n CAVE 

STARA 

0-2500 

0-2500 

49 

58 

2.7+0.8 

3 9
+

l

- ° 

36.5+4.0 

36.0+1.9 

145 
Nd+n CAVE 

STARA 

0-2250 

0-4650 

1 13 

191 

3.3+0.6 

4 1+
0

'
5 

-0.4 

17.0+1.6 

17.1+0.6 

149 
Sm+n 

CAVE 

STARA 

0-160 

0-250 

63 

87 

7.5+2.2 1.9+0.3 

2.0+0.1 

151 
Sm+n STARA 

STARA' a) 

ESTIMA b) 

0-14 

0-106 

0-105.85 

10 

64 

64 

4.3+ 
-1.3 

3 3+?-
6 

3
 -6.4 

3.2 

0.56+0.14 

1.14+0.13 

1.08+0.I I 

a) recalculated after the Bologna meeting with the same resonance parameters 

as in the ESTIMA calculation 

b) according to Fig.9 and 10 and the last table in the contribution of Fort, 

Derrien and Lafond. 
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R E V I E W OF THE D I F F E R E N T M E T H O D S TO D E R I V E A.<lRAGE 

S P A C I N G F R O M R E S O L V E D R E S O N A N C E P A R A M E T E R S S E T S 

E. F o r t , H . D e r r i e n , D . L a f o n d 
C o m m i s s a r i a t a I ' E n e r g i e A t o m i q u e 

D R N R / S E D C / S P N R / B E D N 
C e n t r e d ' E t u d e s N u c l e a i r e s de C a d a r a c h e 

B o i t e P o s t a l e N°1 
F . 1 3 1 1 5 - S A I N T - P A U L - L E Z - D U R A N C E - ( F r a n c e ) 

A B S T R A C T 

The average spacing of resonances is an important parameter for 
statiitical model calculations, especially concerning non fissile nuclei. 

The different methods to derive this average value from resonance 
parameters sets have been reviewed and analyzed in order to tentatively detect 
their respective weaknesses and propose recommendations. Possible improvements 
are suggested. 

I - I N T R O D U C T I O N -

For s t a t i s t i c a l m o d e l c a l c u l a t i o n s the r e q u i r e d p a r a m e -
ters are n e u t r o n s t r e n g h f u n c t i o n s , a v e r a g e r a d i a t i v e w i d t h s arid 
the a v e r a g e s p a c i n g <D> of "S" r e s o n a n c e s . T h e s e p a r a m e t e r s are 
g e n e r a l l y o b t a i n e d from the a n a l y s i s of the r e s o n a n c e p a r a m e t e r s 
s e t s . The f a c t t h a t the e x p e r i m e n t a l r e s o l u t i o n and s e n s i t i v i t y 
are l i m i t e d in q u a l i t y will r e s u l t in an i n c o m p l e t e ( m i s s i n g le-
v e l s ) or d i s t o r d e d ( e r r o r on p a r t i a l w i d t h d e t e r m i n a t i o n ) i n f o r -
m a t i o n on the r e s o n a n c e p a r a m e t e r s . 

G e n e r a l l y , this f a c t has no p r a c t i c a l c o n s e q u e n c e on 
s t r e n g t h f u n c t i o n s or G a m m a w i d t h d e t e r m i n a t i o n . On the c o n t r a r y , 
in m o s t c a s e s a v e r a g e s p a c i n g c a n n o t be d i r e c t l y d e d u c e d from re-
s o n a n c e s e q u e n c y and it is d i f f i c u l t to c o r r e c t e x a c t l y for mi.s-
si ng r e s o n a n c e s . 

As a f a c t , a look in the l i t t e r a t u r e s h o w s t h a t , c o n c e r -
ning this p a r a m e t e r , d i s c r e p a n c i e s by a f a c t o r 2 are c o m m o n and 
e v e n in s o m e c a s e s they can reach a f a c t o r 1 0 . 

H o w e v e r the i m p o r t a n c e of a v e r a g e s p a c i n g is b a s i c s i n c e 
the a v e r a g e c a p t u r e c r o s s - s e c t i o n for non f i s s i l e n u c l e i : 
A C =2TT

2

-*
2

 gj 1 / < U > <rn><rY>/(<rn> + <FY>) s t r o n g l y d e p e n d s on <D> 
e i t h e r on trie w h o l e s t a t i s t i c a l e n e r g y r a n g e ( l a r g e v a l u e s of < D > ) 
or in the high e n e r g y part (small values of < D > ) . In t h e s e c a s e s 
ry<<rn and the a b o v e e x p r e s s i o n r e d u c e s to : a

c
 = 2tt

2

 g j
<

r
, y > / < 
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On the o t h e r h a n d and m o r e g e n e r a l l y , t h e average s p a -
c i n g is a n o r m a l i z a t i o n c o n s t a n t f o r c o m p o u n d n u c l e u s level d e n -
s i t y w h i c h g o v e r n e s t h e b e h a v i o u r w i t h the e n e r g y of the p a r t i a l 
w i d t h s ( e x c e p t f o r f i s s i o n w i d t h ) . 

T h e n e e d f o r an a v e r a g e s p a c i n g d e t e r m i n a t i o n of g o o d 
q u a l i t y is j u s t i f i e d by the p r o g r e s s e s m a d e r e c e n t l y in the t h e o -
r e t i c a l k n o w l e d g e of level d e n s i t i e s . 

II - T H E O R E T I C A L L A W S FOR R E S O N A N C E P A R A M E T E R D I S T R I B U T I O N S - . 
G E N T S T S ~ ^ ~ 

11-1/ L e v e l _ s g a c i n g s : 
C o n s i d e r i n g a c o m p o u n d n u c l e u s at a f i n i t e e x c i t a t i o n 

e n e r g y , t h e f o l l o w i n g a s s u m p t i o n s w e r e f i r s t m a d e : 
1_) the d i s t r i b u t i o n of r e s o n a n c e e n e r g i e s Er is n o t d i f f e r e n t f r o m 
t h e d i s t r i b u t i o n of t h e e i g e n v a l u e s E ^ of t h e H a m i l t o n i a n H of t h e 
c o m p o u n d n u c l e u s ; 
2 ) the d i s t r i b u t i o n of a l i m i t e d s i z e s a m p l e is n o t d i f f e r e n t f r o m 
t h e c o m p l e t e s e t . 

In a b s e n c e of v e r y p r e c i s e i n f o r m a t i o n s on t h e n u c l e a r 
f o r c e s , the o n l y t h i n g w h i c h can be d o n e is to a s s u m e a s t a t i s t i -
cal d i s t r i b u t i o n f o r e i g e n v a l u e s p a c i n g s t h a t d i r e c t l y r e s u l t f r o m 
a g u e s s a b o u t t h e s t a t i s t i c a l n a t u r e of H m a t r i x e l e m e n t s . In the 
f r a m e of t h i s h y p o t h e s i s , W I G N E R [1] f i r s t s h o w e d t h a t the p r o b a -
b i l i t y f ( D ) to f i n d a s p a c i n g b e t w e e n D and D+dD is p r o p o r t i o n a l 
to the s p a c i n g i t s e l f . f ( D ) = D , w i t h c o n s e q u e n t l y f o r s p a c i n g 
d i s t r i b u t i o n law a f o r m : 

p ( D ) * D e x p y
D

f ( D ) d D j = D e ~°
2 / 2 

M o r e p r e c i s e l y he g u e s s e d t h a t the e x a c t law s h o u l d be : 

IT ir, D , 2 /i\ 
p(<w>

 = ? <id> p ?(<u>) t 1) 

T h i s law s h o w s t h a t nul s p a c i n g s a r e e x c l u d e d ( " L e v e l r e p u l s i o n " 
p r o p e r t y ) and l a r g e s p a c i n g s a r e p o o r l y p r o b a b l e . 

All the t h e o r i t i c a l w o r k d e v e l o p p e d a f t e r w a r d s c o n s i d e r 
red d i f f e r e n t s t a t i s t i c a l d i s t r i b u t i o n s for H m a t r i x e l e m e n t s . 

By n u m e r i c a l c o m p u t a t i o n s of m a t r i c e s of r e l a t i v e l y h i g h 
o r d e r 4 0 ) w h o s e e l e m e n t s w e r e i n d e p e n d e n t l y d i s t r i b u t e d a c c o r -
d i n g to G a u s s i a n Law w i t h 0 m e a n , m a n y a u t h o r s did c a l c u l a t e spa-
c i n g s , c o l l e c t e d in h i s t o g r a m s w e l l r e p r e s e n t e d by the law ( 1 ) . 

T h e e x t e n s i o n of s u c h c a l c u l a t i o n s to m a t r i c e s of v e r y 
h i g h o r d e r is r e a l l y h a r d , b u t M E H T A [3] d e t e r m i n e d the u p p e r 
and l o w e r b o u n d s f o r t h e t h e o r i t i c a l integral d i s t r i b u t i o n law : 

( 2 ) 

(3) 

Flow T V--"P {"(J 

T h e s e b o u n d s a r e v e r i f i e d by W I G N E R ' s s u r m i s e . 
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P r o c e e d i n g from M E H T A ' s 
t r i b u t i o n f u n c t i o n of s p a c i n g s as 
c o n v e r g i n g , d i f f e r i n g from W I G N E R ' s 
up to D / < D > < 2.5 (See F i g . 1). For 

w o r k , G A U D I N o b t a i n e d the dis-
an i n f i n i t e p r o d u c t r a p i d l y 

s u r m i s e o n l y by less than 5% 
D / < D > < H E11T A p r o p o s e s 

F
M
( D / < D > ) = 1- 1 + 0.078(5 -1 .003 

x exp 
1 , ir D v 2 

(4) 

w h i c h is a b e t t e r a p p r o x i m a t i o n of the e x a c t i n t e g r a l d i s t r i b u t i o n 
g i v e n . b y G A U D I N [ 1 4 ] than w h a t can be e x t r a p o l a t e d from ( 1 ) . 

D Y S O N [4] p r o p o s e d a new e n s e m b l e E in w h i c h a c o m p o u n d 
n u c l e u s s y s t e m is r e p r e s e n t e d by a N x N u n i t a r y m a t r i x S , ins-
tead of an H a m i l t o n i a n H , the r e l a t i o n s h i p b e t w e e n S and H b e i n g 
u n s p e c i f i e d . The e n e r g y l e v e l s are r e l a t e d to the e i g e n v a l u e s of 
the m a t r i x S w h i c h are N c o m p l e x n u m b e r s e x p . i 0 j d i s t r i b u t e d on 
the u n i t c i r c l e . A c c o r d i n g to D y s o n the b a s i c h y p o t h e s i s is t h a t 
"the b e h a v i o u r of n c o n s e c u t i v e levels of an actual s y s t e m , w h e r e 
n is small c o m p a r e d to the total n u m b e r of l e v e l s , is s t a t i s t i c a l -
ly e q u i v a l e n t to the b e h a v i o u r in the e n s e m b l e E of n c o n s e c u t i v e 
a n g l e s 0 on the u n i t c i r c l e , w h e r e n is small c o m p a r e d to N " . Dy-
son i m a g i n e d d i f f e r e n t s y s t e m s . In p a r t i c u l a r , if the S m a t r i c e s 
are s y m e t r i c u n i t a r y m a t r i c e s , the e n s e m b l e E is the Ei o r t h o g o n a l 
e n s e m b l e such as the s y s t e m is u n v a r i a n t u n d e r time i n v e r s i o n or 
s p a c e r o t a t i o n , w h i c h are o b v i o u s p h y s i c a l r e q u i r e m e n t s . For l a r g e 
v a l u e s of s p a c i n g s , Dyson gave the r e l a t i o n s h i p : 

,17/8 , D n 2 u d 

P(~DT) A 
D 

<D> 
exp { - < f <D> ) J <D> } (5) 

From i t , we see t h a t W i g n e r ' s law u n d e r e s t i m a t e s the 
f r e q u e n c y of l a r g e s p a c i n g s . T h a t has no p r a c t i c a l c o n s e q u e n c e s 
s i n c e the p r o b a b i l i t y of l a r g e v a l u e s of D is v e r y s m a l l . 

N o w , it is w o r t h m e n t i o n n i n g the c o r r e l a t i o n s . 

The c o r r e l a t i o n s ( s h o r t r a n g e , long r a n g e ) w h i c h h a v e 
been f o r e s e e n by t h e o r y and put in e v i d e n c e by e x p e r i m e n t c a n n o t 
be e x t r a c t e d from W i g n e r ' s f o r m u l a . 

P O R T E R [5] using m a t r i c e s of o r d e r 3 from the G a u s s i a n 
E n s e m b l e and KAHN [6] w i t h m a t r i c e s of high o r d e r from o r t h o g o n a l 
e n s e m b l e o b t a i n e d very c l o s e r e s u l t s for the f i r s t o r d e r s p a c i n g 
d i s t r i b u t i o n . 

U s i n g m a t r i c e s of o r d e r 10 from G a u s s i a n O r t h o g o n a l 
E n s e m b l e , P O R T E R [7] c a l c u l a t e d nth o r d e r s p a c i n g d i s t r i b u t i o n 
(n = 1...-.9). His r e s u l t s w e r e c o n f i r m e d by G A R R I S O N [8] on ex-
p e r i m e n t a l d i s t r i b u t i o n s . 

As c o n c l u d i n g r e m a r k , W i g n e r ' s c o n j e c t u r e can be c o n s i -
d e r e d as an e x c e l l e n t a p p r o x i m a t i o n of w h a t w e think to be the 
" t r u t h " as far as the s p a c i n g d i s t r i b u t i o n s of a s i n g l e c l a s s 
level p o p u l a t i o n are c o n c e r n e d and for D / < D > less than 2 . 5 . 

In the case of s u p e r p o s i t i o n of two u n c o r r e l a'ted clas-
ses of level the s p a c i n g d i s t r i b u t i o n given by LYNN [2] is : 
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p ' ( a s ) = 

1+2 x,+x 

w h e r e x = . 

1 1 - 2 / N e u t r o n _ w i d t h s _ d i s t r i b u t i o n : 
T h e n e u t r o n w i d t h s of s a m e s p i n and p a r i t y f l u c t u a t e 

s t r o n g l y f r o m r e s o n a n c e to r e s o n a n c e . T h e g e n e r a l e x p r e s s i o n of 
n e u t r o n w i d t h b e i n g r

n
 = 2P[_Yn > t h e s e f l u c t u a t i o n s a r e d u e to 

r e d u c e d n e u t r o n w i d t h Yn s i n c e the p e n e t r a t i o n f a c t o r v a r i e s ~ s m o o -
t h l y w i t h e n e r g y . 

In the f r a m e of R m a t r i x t h e o r y : 

, +1 2 v 1/2 f * 
•

 Y

X ( c )
 =

 <lZHar> I <?
c
 d S

c 

c c * 
w h e r e x\ is t h e ei g e n f u n c t i on in t h e i n t e r n a l r e g i o n and <p t h e 
j o i n t s u r f a c e f u n c t i o n . A c c o r d i n g to P O R T E R - T H O M A S [11] t h e i n t e -
gral can be a p p r o x i m a t e d by sum o v e r m a n y c e l l s in t h e c o n f i g u r a -
t i o n s p a c e . If t h e l i n e a r d i m e n s i o n s of c e l l s a r e c o r r e c t l y c h o -
sen ( t t / K ) , t h e n u m b e r of c e l l s is l a r g e ( K R / u ) 3 A

 a n c
) the contribu-

t i o n s f r o m c e l l s of p o s i t i v e and n e g a t i v e s i g n s a r e e q u a l l y p r o -
b a b l e . T h e a p p l i c a t i o n of t h e c e n t r a l l i m i t t h e o r e m r e s u l t s in 
G a u s s i a n f o r m w i t h 0 m e a n f o r Y x ( c ) d i s t r i b u t i o n . 

T h e f r e q u e n c y f u n c t i o n for t h e r e d u c e d w i d t h s f o l l o w s 
f r o m t h i s f a c t : 2 

Y 
P ( Y p ) d y

2

 =
 1 e x

P ( ~ — g — ) d y
2

 (7) 

*/-> 2 2 ^
 < Y

n
> 

V
 Y

n
 Y

n 

It has to be n o t e d t h a t P o r t e r - T h o m a s f r e q u e n c y f u n c -
t i o n is a p a r t i c u l a r c a s e of the "chi s q u a r e d " f r e q u e n c y f u n c t i o n 
w i t h v d e g r e e s of f r e e d o m : 

p.Ax)dx = r ( v / 2 ) "
1

( v / 2 < x > )
v / 2

 ( v - 2 ) / 2 -vx/2<x> d x (8) 
v x v 

III - E X A M I N A T I O N OF P O S S I B L E E R R O R S ON R E S O N A N C E P A R A M E T E R S C O M I N G 
F R O M E X P E R I M E N T A L T E C H N I C S A N D " A N A L Y S I S M E T H O D S -

T h e r e s o n a n c e s a r e r e v e a l e d w h e n t r a n s m i s s i o n o r r e a c -
t i o n c r o s s - s e c t i o n s a r e m e a s u r e d w i t h low e n e r g y i n c i d e n t n e u t r o n s . 
In t h i s c h a p t e r , w e i n v e s t i g a t e the p o s s i b l e c a u s e s of e r r o r s on 
the k n o w ! e d g e on r e s o n a n c e p a r a m e t e r s due to t h e i m p e r f e c t i o n s of 
the e x p e r i m e n t a l t e c h n i c s and the a n a l y s i s m e t h o d s of the raw d a t a . 

S i e x p ( - l 4 ) j l - e
r
f ( ^ | 

Icx0 ( 2x, ) 

+ 2 e x p | - + - \ ) i 
I Xi xn ) 1 

trxx0 —2 ( / >! 
+ _ | e x p ( - l - e r f ( ^ ) (6) 

4xj ( 2a?2 ) J 
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111-1/ E x p e r i m e n t a l _ e f f e c t s : 

• Effects_d_ue_.to s a m p l e t h i c k n e s s : 

The area of a weak r e s o n a n c e i s : Ay = TI/2 n o
Q
 r for 

total c r o s s - s e c t i o n , and A
r
 = -rr/2 ao I> for r e a c t i o n c r o s s -

s e c t i o n ( o
0
 = 4tt X 2 g r

n
/ r , r r e s o n a n c e total w i d t h ) . 

S o , a c o m p r o m i s e .is to be f o u n d in t r a n s m i s s i o n e x p e r i -
m e n t b e t w e e n the s a m p l e t h i c k n e s s and s e n s i t i v i t y t h r e s h o l d t a k i n g 
into a c c o u n t the s t a t i s t i c a l f l u c t u a t i o n and the f a c t t h a t the po-
t e n t i a l t r a n s m i s s i o n i n t r o d u c e s an i m p o r t a n t b a c k g r o u n d c o m p a r e d 
to small r e s o n a n c e s . R e a c t i o n c r o s s - s e c t i o n s m e a s u r e m e n t s are c e r -
t a i n l y m o r e e f f i c i e n t to reveal w e a k r e s o n a n c e s . 

C o n n e c t e d with s a m p l e t h i c k n e s s are the n e u t r o n m u l t i p l e 
s c a t t e r i n g and self s c r e e n i n g e f f e c t s . T h e y a f f e c t o n l y reaction crossn 
s e c t i o n s data and are c a l c u l a t e d by M O N T E - C A R L O and a n a l y t i c a l 
m e t h o d s r e s p e c t i v e l y . T h e y d e f o r m e the s h a p e of the c r o s s - s e c t i o n 
w i t h poor c o n s e q u e n c e s on level e n e r g y d e t e r m i n a t i o n , b u t w i t h 
s u b s t a n t i a l m o d i f i c a t i o n of partial w i d t h s . 

• D o p p l e r and e n e r g y resol utio_n_effects : 

T h e s e e f f e c t s h a v e c o n s e q u e n c e s on both level s p a c i n g s 
and r e s o n a n c e w i d t h s . The D o p p l e r e f f e c t is a s s u m e d to be G a u s s i a n 
in s h a p e w i t h a w i d t h d e f i n e d as : 

A = 2 T

e f f 

T p
f f
 is the e f f e c t i v e t e m p e r a t u r e of the s a m p l e as d e f i n e d by 

L A M B [ 1 0 ] . It is an e x p e r i m e n t a l p a r a m e t e r of i m p o r t a n c e . By r e d u -
cing T

e
f f by a f a c t o r 4 (T g o i n g from 300°K to 77°K) r e s u l t i n g in 

a r e d u c t i o n of A by a f a c t o r 2 , it was p o s s i b l e to d e t e c t t h r e e 
new r e s o n a n c e s in 235U [9]. 

e
3 / 2 

The e n e r g y r e s o l u t i o n is e x p r e s s e d as A ( E ) = k < rT-it 
in time of f l i g h t e x p e r i m e n t . J D . I S L 

The D o p p l e r e f f e c t is p r e p o n d e r a n t at low e n e r g y and up 
to some K e V . 

T h e s e e f f e c t s h a v e c o n s e q u e n c e s on both level s p a c i n g s 
and r e s o n a n c e w i d t h s due to the f a c t t h a t the d o u b l e t s m a y n o t be 
s e p a r a t e d . 

. N e u t r o n b a c k g r o u n d d e t e r m i n a t i o n : 

An e r r o r on n e u t r o n b a c k g r o u n d d e t e r m i n a t i o n r e a c t s 
d i r e c t l y on p a r t i a l w i d t h v a l u e s . B u t , a c c o r d i n g to m a n y 
a u t h o r s [ 1 2 ] , [ 1 3 ] , this e r r o r can be r e v e a l e d by the s h a p e 
a n a l y s i s m e t h o d . ,. .. 

111-2/ E f f e c t s _ o f _ a n a l y s i s _ m e t h o d s : 
"There are t w o ' m e t h o d s " t o a n a l y z e raw d a t a : A r e a A n a l y -

sis m e t h o d , and S h a p e A n a l y s i s M e t h o d : 
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• A r e a anal y s j s^ me thod : 

The total r e s o n a n c e area is e x p r e s s e d in terms of the 
p a r t i a l w i d t h s of the r e s o n a n c e and s a m p l e t h i c k n e s s e. For diffe-
r e n t v a l u e s of this l a t t e r p a r a m e t e r a s y s t e m of curve'- F ( r n , r y , e ) 
is o b t a i n e d w h o s e c o n v e r g e n c e z o n e d e t e r m i n e s T

n
' a n d

 ;
y w i t h m o r e 

or less a c c u r a t e r e s u l t s . 

T h e a d v a n t a g e of this m e t h o d is t h a t the r e s o n a n c e area 
is n o t s e n s i t i v e to D o p p l e r . and R e s o l u t i o n e f f e c t s . 

T h e d i s a d v a n t a g e s are t h a t this m e t h o d can h a r d l y be ap-
p l i e d to n o n - i s o l a t e d r e s o n a n c e s and to d e t e c t e r r o r s on b a c k g r o u n d 
d e t e r m i nati o n . 

• S h a p e a n a J x s i s m e t h o d : 

If o b t a i n e d by a s a m p l e of small t h i c k n e s s , the raw d a t a 
are w r i t t e n in the f o l l o w i n g w a y : 

o
 f f

( E ) = o( E) x D ( E ) x R ( E ) for r e a c t i o n c r o s s - s e c t i o n 
data

 N
 . 

For t r a n s m i s s i o n data we h a v e T
r
 = ( e ~

n

 A('E)xD(E)) X r(E.) .. 

D ( E ) and R (E) are Doppl er broadening and R e s o l u t i o n f u n c -
t i o n s r e s p e c t i v e l y . a ( E ) w h i c h is the "True" c r o s s - s e c t i o n is 
c a l c u l a t e d by a formalism w h i c h can be very s o p h i s t i c a t e d ( m u l t i -
c h a n n e l , m u l t i l e v e l ) , but w h i c h has to be a d e q u a t e l y c h o s e n in 
f u n c t i o n of the t v n e of c r o s s - s e c t i o n . On the o t h e r h a n d , D o o p l e r 
and R e s o l u t i o n w i d t h s m u s t be small c o m p a r e d to natural r e s o n a n c e 
w i d t h s . T h i s m e t h o d uses the w h o l e of e x p e r i m e n t a l i n f o r m a t i o n s . 
It is f a s t and can d e t e c t e r r o r s in n o r m a l i z a t i o n or b a c k g r o u n d 
d e t e r m i n a t i o n . - . • 

It is b a s i c a l l y the m o r e e f f i c i e n t m e t h o d if used w i t h 
l e a s t ' s q u a r e s p r o c e d u r e . 

IV - R E V I E W OF THE D I F F E R E N T M E T H O D S USED T O D E R I V E A V E R A G E S P A C I N G S -

T h e r e are t h r e e c l a s s e s of m e t h o d s : 
. the m e t h o d of M O N T E - C A R L O s i m u l a t i o n ; 
. the m e t h o d s w h i c h use the s t a t i s t i c s c o n c e r n i n g the 

p o s i t i o n of the l e v e l s ; 
. the m e t h o d s b a s e d on the fit of the r e d u c e d n e u t r o n 

w i d t h d i s t r i b u t i o n by a P O R T E R - T H O M A S L a w . 

I V - 1 / M e t h o d _ o f _ M O N T E
;
C A R L O _ s i m u l a t i o n ^ C M l ] i : 

A s e t of r e s o n a n c e p a r a m e t e r s is g e n e r a t e d u s i n g W I 6 -
N E R ' s and P O R T E R - T H O M A S laws w i t h e s t i m a t e d v a l u e s for <D> and 
< g T n > . It is used to s i m u l a t e a total c r o s s - s e c t i o n in the e n e r g y 
i n t e r v a l of i n t e r e s t t a k i n g into a c c o u n t the e x p e r i m e n t a l e f f e c t s 
( R e s o l u t i o n , D o p p l e r ) . T h i s s i m u l a t e d c r o s s - s e c t i o n is a n a l y z e d 
in the same w a y as the e x p e r i m e n t a l c r o s s - s e c t i o n . The p e r c e n t a g e 
of m i s s i n g r e s o n a n c e s f o u n d in the S i m u l a ted c r o s s - s e c t i o n is sup-
p o s e d to be the same for the e x p e r i m e n t a l o n e . This m e t h o d is va-
lid if the p e r c e n t a g e of loss of r e s o n a n c e s is n o t s e n s i t i v e to 
the s t a r t i n g v a l u e of < D > . T h i s m e t h o d was u s e d , for e x a m p l e , by 
D E R R I E N [15] , for 241 A m . 
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IV-2/ M e t h o d s _ u s i n 3 _ s t a t i s t | c s _ c o n c e r n i n _ t h e g o s i t i o n 

•o t h e _ T e v e 1 s 
T h e r e is a m e t h o d , o f t e n used e v e n n o w a d a y s , w h i c h c o n -

s i s t s o f the p l o t of the c u m u l a t i v e n u m b e r N(E • of l e v e l s as a 
f u n c t i o n of e n e r g y ( " S t a i r c a s e " m e t h o d ) T h i s

 ;
 thod is b a s e d on 

the a s s u m p t i o n , v e r y q u e s t i o n a b l e , t h a t in t h e e n e r g y i n t e r v a l AE 
w h e r e the b e h a v i o u r of N ( E ) is l i n e a r w i t h the e n e r g y t h e r e are 
no m i s s i n g r e s o n a n c e s , and <D> is g i v e n by < D > = A E / N ( E )

A t 

O n e m e t h o d , d i r e c t l y d e r i v e d from t h e p r e v i o u s o n e , 
is b a s e d on the A3 s t a t i s t i c s g i v e n by D y s o n and M E H T A [16] T h e 
b e s t f i t of N ( E ) is g i v e n by l e a s t s q u a r e s p r o c e d u r e and a p a r a -
m e t e r A is d e f i n e d as : 

A = m i n j - ^ ^ [ N ( E ) - ( A E + B)J
 2

d E 

T h e A3 p a r a m e t e r for the t h e o r e t i c a l d i s t r i b u t i o n is 
1/ir

2

 (Log, N - 0 , 0 6 8 7 ) w i t h a v a r i a n c e i n d e p e n d e n t of N 
A(A3) = 1 17/TT2 = 0 11 for a m u l t i p l i c i t y e g u a l to 1) If A is 
s u c h as : A3 - CT(A3) < A < A3+ C J ( A

3
) , the e x p e r i m e n t a l s e t of re-

s o n a n c e s is s u p p o s e d c o m p l e t e and <D> is g i v e n by < D > = AE//^£(AE+B)dE 

T h i s m e t h o d has t h e o r e t i c a l b a s i s of h i g h q u a l i t y , b u t 
d o e s n o t s e e m to be adequate for m e a n s p a c i n g d e t e r m i n a t i o n b e c a u s e 

- not v e r y a c c u r a t e : f o r a s a m p l e of 100 r e s o n a n c e s , 
the a c c u r a c y a l l o w e d for A is A ( A 3 ) / A 3 = 0 . 2 4 ; 

- it is not t r u e t h a t the o m i s s i o n of a few l e v e l s or 
the p r e s e n c e of s p u r i o u s r e s o n a n c e will c a u s e a l a r g e 
d i s c r e p a n c y b e t w e e n the t h e o r e t i c a l v a l u e and t h e ex-
p e r i m e n t a l v a l u e of A

3
 (see 1 4 8 N d and 1 5 1 S m t r e a t e d 

as e x a m p l e s ) 

I V - 3 / M e t h o d s _ b a s e d _ o n _ P 0 R T E R - T H 0 M A : 
In a d d i t i o n to <D> t h e s e m e t h o d s g i v e a c c e s s to < g T n > 

and t h e n to n e u t r o n s t r e n g t h f u n c t i o n 

T h e m i s s i n g level e s t i m a t o r ( M 3 ) [ 1 7 ] u s e s p r o p e r t i e s 
of P O R T E R - T H O M A S law r e s u l t i n g from p a r t i a l i n t e g r a t i o n s A c c o r -
d i n g to K E Y W O R T H and a l , the m e t h o d c o n s i s t s in " c a l c u l a t i n g t h e 
q u a n t i t y n E g T n / (l}§TrT)

2

 s t a r t i n g w i t h the l a r g e s t v a l u e of g T n 
in the i n t e r v a l and a d d i n g a d d i t i o n a l l e v e l s , one at a t i m e , g o i n g 
f r o m l a r g e r to s m a l l e r in the o r d e r e d a r r a y of o b s e r v e d v a l u e s of 
g T n . W h e n t h i s q u a n t i t y e q u a l s 1 2 0 6 , the t o t a l n u m b e r of l e v e l s 
in the i n t e r v a l is n/0 6 1 7 " T h i s m e t h o d w h i c h is q u i c k and d o e s 
n o t r e q u i r e a n y j u d g e m e n t is s e n s i t i v e to t h e q u a l i t y of the de-
t e r m i n a t i o n of t h e l a r g e s t w i d t h s . 

L e a s t squares fi t t i n g p r o c e d u r e (M4J_ : 
In t h i s m e t h o d i n i t i a t e d at S A C L A Y [ 9 ] , t h e f i t c o n c e r n s 

the p a r t of the i n t e g r a l d i s t r i b u t i o n a b o v e a g i v e n t h r e s h o l d of 
g T n

0

, w h i c h is r e l a t i v e l y s m a 1 1 c o m p a r e d to the m e a n v a l u e . T h e 
a s s u m p t i o n is m a d e t h a t o n l y the small v a l u e s of g T n

0

 a r e m i s s e d 
w i t h no c o n s e q u e n c e for the s h a p e of the d i s t r i b u t i o n a b o v e t h i s 
t h r e s h o l d In t h e c a s e of t h e p r e s e n c e of "p" w a v e r e s o n a n c e s the 
m e t h o d is a l s o a p p l i e d if it is still p o s s i b l e to c h o o s e a t h r e -
s h o l d w h i c h e l i m i n a t e s t h e q u a s i t o t a l i t y of the "p" w a v e r e s o n a n -
ces S e v e r a l a u t h o r s u s e the m e t h o d by v a r y i n g the t h r e s h o l d and 
k e e p i n g the v a l u e w h i c h g i v e s the b e s t fit to the r e m a i n i n g d i s -
t r i b u t i o n 
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M a x i m u m , 1 i k ,e 1 i hood metho,d : .''ESTIMA
11

 jiiethod _(H : 

For a d i s t r i b u t i o n of r e d u c e d n e u t r o n w i d t h o f a s i n g l e . 
c l a s s , the l i k e l i h o o d f u n c t i o n is d e f i n e d as the p r o d u c t of the 
f r e q u e n c e s of each d a t u m xj h a v i n g a f r e q u e n c y f u n c t i o n P v ( x ) : 

L-(v ,x) = IlPv(x-) 
i 

The- v a l u e s of p a r a m e t e r s w h i c h m a x i m i s e the f u n c t i o n L 
or its l o g a r i t h m are the m o s t 1 i k e l y v a l u e s . 

In E S T I M A c o d e [ 1 9 ] , [ 2 0 ] , [ 2 1 ] , the p a r a m e t e r v is 
k e p t equal to 1 with the justification that a d e p a r t u r e from u n i t y 
can be c a u s e d by i n s t r u m e n t a l bias or by s u r i m p o s i t i o n of two po-
p u l a t i o n s . C o n s e q u e n t l y , the c o n d i t i o n s o f a p p l i c a t i o n of this c o d e 
are the f o l 1 o w i ng : 

- in the e n e r g y interval AE of i n t e r e s t , the u n r e s o l v e d 
d o u b l e t s are j u d g e d very i m p r o b a b l e on the b a s i s of 
the e x p e r i m e n t a l c o n d i t i o n s ; 

- the a n a l y z e d set of r e s o n a n c e s c o n t a i n s o n l y "sure" 
"s" w a v e r e s o n a n c e d e f i n e d as such e i t h e r by the au-
t h o r of the e x p e r i m e n t , or by u s i n g a c r i t e r i o n b a s e d 
on the c o m p a r i s o n with the p o s s i b l e l a r g e s t m a g n i t u d e 
for the "p" w a v e n e u t r o n w i d t h s for the c o n s i d e r e d 
n u c l e u s . (In a r e c e n t c o d e [22] the p r o b a b i l i t y for a 
r e s o n a n c e to be "p" w a v e is e x p l i c i t l y i n c l u d e d in the 
l i k e l i h o o d f u n c t i o n ) . 

A m a x i m u m of i n f o r m a t i o n s ( d e t e c t i o n of s y s t e m a t i c er-
r o r s ) is o b t a i n e d if the m e t h o d is a p p l i e d to t r u n c a t e d d i s t r i b u -
t i o n s . A t each p o s i t i o n of the t h r e s h o l d c o r r e s p o n d s a t h e o r e t i -
cal d i s t r i b u t i o n f i t t i n g the d a t a , c h a r a c t e r i z e d by a v a l u e for 
< g T n > and r e s u l t i n g in an e s t i m a t e d total n u m b e r Nt of r e s o n a n c e s 
in the e n e r g y interval u n d e r a n a l y s i s . S o , a set of m o s t l i k e l y va-
lues is o b t a i n e d for < g F n > and N t - T h e s e v a l u e s f l u c t u a t e with the 
t h r e s h o l d p o s i t i o n s . T h o s e w h i c h c o r r e s p o n d to a " s t a b i l i z a t i o n " 
are j u d g e d as " m o s t p h y s i c a l " (see f i g u r e 4 ). 

s t 
The a v e r a g e s p a c i n g is o b t a i n e d by <D> = AE/N^-l' 

T h e o s c i l l a t i o n s in the s t a b i l i z a t i o n r e g i o n give the 
e r r o r on the e s t i m a t i o n of N | t . The " s a m p l i n g " e r r o r is g i v e n by 
D y s o n and M e h t a as : 

^ = ^ ^ \J L o g ( 2TTN ) + 0 . 3 4 3 , 

w h e r e N is the n u m b e r of the " o b s e r v e d " r e s o n a n c e s . A c h e c k of the 
final r e s u l t s is o b t a i n e d by l o o c k i n g at the d i s t r i b u t i o n s of gTn 
a r o u n d < g r n > as function of energy (partial integration, see fig. 7 and 10). 

V - I N T E R C O M P A R I SON OF THE V A R I O U S M E T H O D S -

It is i n t e r e s t i n g to know for the r e v i e w e d m e t h o d s the 
d e g r e e of s e n s i t i v i t y to the e x p e r i m e n t a l e f f e c t s . T h e s e ones h a v e 
the f o l l o w i n g c o n s e q u e n c e s on- the s p a c i n g and the r e d u c e d n e u t r o n 
w i d t h d i s t r i b u t i o n s . 

S p a c i n g _dist rj bu tj on : 
The loss of r e s o n a n c e s r e s u l t s in a d e f o r m a t i o n of the 

d i s t r i b u t i o n in its w h o l e and there is no p o s s i b i l i t y to c o r r e c t 
it. On the o t h e r h a n d , due to its p r i n c i p l e i t s e l f the A3 s t a t i s -
tics is u n a b l e . t o c o r r e c t for a c o n s t a n t p e r c e n t a g e of m i s s i n g re-
s o n a n c e s . 
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• Reduced, n e u t r o n w i d t h d i s t r i b u t i o n : 

The 1oss of r e s o n a n c e s (weak r e s o n a n c e s ) has no c o n s e -
q u e n c e on the s h a p e of the d i s t r i b u t i o n a b o v e a g i v e n t h r e s h o l d . 
T h e c o n t a m i n a t i o n by "p" w a v e r e s o n a n c e s is e a s i l y d e t e c t a b l e : 

- e i t h e r the "p" w a v e r e s o n a n c e s h a v e s m a
1
! < g T n > . In 

t h a t c a s e o n l y a small p a r t . o f the d i s t r i b u t i o n is 
p e r t u r b e d w h i c h has to be a n a l y z e d a b o v e a g i v e n t h r e -
s h o l d ; 

- or the "p" w a v e r e s o n a n c e s h a v e a v e r a g e w i d t h c o m p a r a -
ble in m a g n i t u d e to t h o s e of "s" w a v e r e s o n a n c e s (sampl e 
of r e s o n a n c e s e x t e n d i n g up to h i g h e n e r g y or n u c l e i of 
3p r e g i o n w i t h A = 9 0 ) . In t h a t c a s e , two s o l u t i o n s : 
t a k e into a c c o u n t the p r o b a b i l i t y of e x i s t e n c e of "p" 
w a v e r e s o n a n c e s or w o r k on s a m p l e p o p u l a t e d o n l y w i t h 
sure "s" w a v e r e s o n a n c e s . 

'The d e t e c t i o n of c o n t a m i n a t i o n by d o u b l e t s r e q u i r e s in 
m a n y c a s e s a f u r t h e r a n a l y s i s w h i c h can be a c r i t i c a l s t u d y of 
e x p e r i m e n t a l c o n d i t i o n s ( D o p p l e r e f f e c t , e n e r g y r e s o l u t i o n ) or a 
s t u d y o f the v a r i a t i o n of the l a r g e s t w i d t h s as' a f u n c -
t i o n of e n e r g y (see figure lObis ) . It has to be noted t h a t e v e n - e v e n 
n u c l e i h a v e a small p r o b a b i l i t y to e x h i b i t d o u b l e t s ("repu1sion ef-
f e c t " ) . 

T h e p r e s e n c e of v e r y l a r g e (or s m a l l ) n e u t r o n w i d t h s 
has as no influence o.n the r e s u l t s g i v e n by the m a x i m u m l i k e l i h o o d 
m e t h o d s or x 2 p r o c e d u r e p r o v i d e d t h a t the t h r e s h o l d is position-' 
ned at low e n e r g y . The r e s u l t s obtained by M i s s i n g Level E s t i m a t o r 
can be a f f e c t e d by such d e f a u l t s . 

In A n n e x one f i n d s a p a r t i a l i l l u s t r a t i o n of the c o n s i -
d e r a t i o n s m e n t i o n n e d a b o v e . 

1 4 8 N d and 151Sm t r e a t e d as s a m p l e c a s e s s h o w how d i s c r e -
p a n t can be the r e s u l t s on <D> o b t a i n e d by the d i f f e r e n t m e t h o d s 
from the same set of r e s o n a n c e s : 

"^-^lethod 

Nucleus 
Ml M2 M3 M4 MS 

151 Sm 

148 Nd 

1.62 

9 1 . 

1.73 

1 1 3 . 

1.58 

1 5 8 . 

1 . 1 1 

1 7 1 . 

1.05 

1 9 1 . 

- C O N C L U S I O N -

The p a r a m e t e r s o b t a i n e d for 15lSm and 1 4 8 N d s h o w c l e a r l y 
t h a t t h e r e is a l a r g e d i s c r e p a n c y in the i n d i c a t i o n s g i v e n by the 
m e t h o d s b a s e d on s p a c i n g d i s t r i b u t i o n ( M l , M 2 ) and t h o s e g i v e n 
by t h e m e t h o d s b a s e d on n e u t r o n w i d t h d i s t r i b u t i o n ( M 3 , M 4 , M 5 ) . 
S o , it is o b v i o u s t h a t the c h o i c e of the m e t h o d to d e r i v e a v e r a -
ge s p a c i n g can be at the o r i g i n of l a r g e e r r o r s . B u t it is a l s o 
o b v i o u s , and t h a t is p r o b a b l y the e s s e n t i a l p o i n t , t h a t the c h o i -
ce of the r e s o n a n c e s a m p l i n g p l a y s a m a j o r r o l e . In this c h o i c e 
the f o l l o w i n g c o n s i d e r a t i o n s s h o u l d be taken i n t o a c c o u n t : . 

1/ The a n a l y s i s of set of r e s o n a n c e p a r a m e t e r s s h o u l d 
be p e r f o r m e d j o i n t l y w i t h a c r i t i c a l a n a l y s i s of the e x p e r i m e n -
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ta 1 c o n d i t i o n s ( s a m p l e t h i c k n e s s , r e s o l u t i o n , b a c k g r o u n d ) and 
of the m e t h o d used to o b t a i n the r e s o n a n c e p a r a m e t e r s ( s h a p e or 
area a n a l y s i s , f o r m a l i s m , : 

2/ The p r i o r i t y s h o u l d be given to the. q u a l i t y of the 
s a m p l i n g r a t h e r than to the n u m b e r of r e s o n a n c e s . 
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[8] J . D . G A R R I S O N , A n n . P h y s . 3 0 , 269 ( 1 9 6 4 ) , BNL R e p o r t 7 4 0 2 . 

[9] H . D E R R I E N , P r i v a t e c o m m u n i c a t i o n . 

[10] W . E . L A M B , P h y s . R e v . 55 ( 1 9 3 9 ) 1 9 0 . 

[II] C . E . P O R T E R , R . G . T H O M A S ( 1 9 5 6 ) , P h y s . R e v . 1 0 4 , 483 ( 1 9 5 6 ) . 
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A N N E X :• • 

15 ISm 

S O M E C O M M E N T S ON THE C O N D I T I O N S OF THE E X P E R I M E N T OF K I R O U A C 

A N D EI L A N D ( P h y s i c a l R e v i e w C , 11 , 3 , 8 9 5 , 1975 ) 

- A N N E X -

T h e e x p e r i m e n t w a s p e r f o r m e d by t i m e of f l i g t h m e t h o d 
w i t h a L i n a c and a 31.6 m f l i g t h p a t h . T h e n o m i n a l r e s o l u t i o n 
w a s 4.4 n s / m at 20 ev and s e e m s to be good e n o u g h to s e p a r a t e 
m o s t i m p o r t a n t r e s o n a n c e s up to a b o u t 100 e v . T h e s a m p l e t h i c k -
n e s s e s w e r e 0 . 2 8 5 8 x 10-3 and 0 . 0 7 2 8 x 10-3 a t / b g i v i n g a p o t e n -
tial t r a n s m i s s i o n of a b o u t 1 , w h i c h is not a d e q u a t e for the de-
t e c t i o n of w e a k r e s o n a n c e s . We can i n f e r f r o m this f a c t t h a t t h e r e 
is p r o b a b l y an i m p o r t a n t loss of w e a k r e s o n a n c e s - e v e n at low 
e n e r g y w h e r e the r e s o l u t i o n is good - w h i c h are h i d e d by the sta-
t i s t i c a l f l u c t u a t i o n s in the e x p e r i m e n t a l t r a n s m i s s i o n c u r v e s . 
On f i g u r e 10 b i s , we see t h a t t h e r e are no r e s o n a n c e s b e l o w a 
t h r e s h o l d S

A
( E ) = 8 . 1 0 - 4 E */* (ev) in the energy range 0 ev to 100 e v . 

A b o v e this e n e r g y , a m a t h e m a t i c a l e x p r e s s i o n of the s e n s i t i v i t y 
t h r e s h o l d is r a t h e r d i f f i c u l t to be j u s t i f i e d on the b a s i s of 
t e c h n i c a l a r g u m e n t s . The o n l y c o m m e n t s w h i c h can be m a d e are of 
q u a l i t a t i v e n a t u r e : 

- the m i s s e d r e s o n a n c e s h a v e i n c r e a s i n g v a l u e of grft 

- t h e o b s e r v e d r e s o n a n c e s h a v e an i n c r e a s i n g a v e r a g e 
v a l u e ( e x i s t e n c e of d o u b l e t s , n e u t r o n b a c k g r o u n d de-
termi n a t i o n ? ) 

- the n u m b e r of non s e p a r a t e d d o u b l e t s is i n c r e a s i n g 
( b e t w e e n 100 ev and 150 ev the n u m b e r of r e s o n a n c e s 
h a v i n g gTn such as • 0 . 2 < g T n > ^"grn<T < g T n > is r e d u c e d by 
a f a c t o r 2 , the s e n s i t i v i t y t h r e s h o l d b e i n g u n c h a n g e d ) . 

It s e e m s f r o m t h i s e x a m i n a t i o n of K I R O U A C and E I L A N D 
e x p e r i m e n t t h a t the r e s o n a n c e s a m p l i n g to be t r e a t e d s h o u l d s t o p 
at 100 ev n e u t r o n e n e r g y , w i t h the v e r y s i m p l e q u e s t i o n : how 
m a n y r e s o n a n c e s are m i s s e d b e l o w the t h r e s h o l d S . ( E ) = 8 . 1 0 - 4 
E V2 (e v). ? A 



1:3 3 

Fig. 1 
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EXPERIMENTAL DISTRIBUTION OF RESONANCE 
ENERGIES COMPARED TO THE RESULTS 
OBTAINED WITH THE VAR/OUS METHODS 
OF jDoBS DETERMINATION 
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Efficient Estimation of Strength Functions and Average Lp• I Spacings 

from Resonance Parameters 

F.H. Froehner 

Kernforschungszentrum Karlsruhe 

Institut fiir Neutronenphysik und Reaktortechnik 

Postfach 3640, D-7500 Karlsruhe 

Strength functions and mean level spacings for s-wave resonances 
are conventionally extracted from resonance parameters by comparison 
of the neutron width distribution above an artificial cut-off with 
the Porter-Thomas distribution, the cut-off ensuring that p-, d - , ... 
levels are excluded. It is more efficient and convenient, however, 
to estimate the natural cut-off, viz. the observability threshold 
and its energy dependence directly from the observed level density. 
This eliminates all arbitrariness connected with artificial thresholds 
and leads to general expressions for the likelihood function which 
contain the strength functions SQ, S] ,. .. and the mean spacing as 
parameters and otherwise depend only on the level energies and 
g r

n
 values. Especially simple expressions are obtained for pure 

s-wave or p-wave samples. Estimation of confidence limits is 
difficult but the expressions for complete s-wave samples can 
serve as guideline. Results obtained with the code STARA illustrate 
the method. 

1. Introduction 

Level densities, average reduced widths and strength functions are usually 
extracted from resonance parameters with the maximum-likelihood method. 
It is easy to show |lj that, given a sample r , . . . . ^ of reduced 
neutron widths from a Porter-Thomas distribution |2| 

e~
X

 r 
P ( D dr - dx , o < x = — y < - , (i) 

A x 

with unknown true average (r> , the maximum likelihood estimator for (r> 
is simply the sample average, 

? " I j / x ' <
2
> 

In other words the choice (T> = T maximises the likelihood that N ob-
served widths have just the values Tj, I^,.^. T

N
 (in small intervals dr). 

In the language of mathematical statistics T is a minimal sufficient 
statistic, i. e. a quantity that can be calculated from the sample, 
contains all information about <T> that the sample contains, and has the 
smallest variance of all possible estimators. It is an unbiased estimator 
because T -*• (T) for N -*• Its frequency distribution is a x

2

 dis-
tribution with N degrees of freedom, 
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. p(r) dr - R(N/2)"
1

e"
y

y
N / 2

 'dy , o < y H 2Tf> ̂
 00

 '
 ( 3 ) 

where T(N/2) is the gamma function. The 68% confidence interval following 
from Eq. 3 is (see |3|) 

: — r < <r) < — r (4) 
y
+ y_ 

with y and y_ defined |3| by 

y_ 0= 
r(N/2)

_1
 / e ' V ^ ^ d y - r(N/2)~' / e -

y

y
N / 2 - 1

d y 
0 y

+ 

•= y erfc y p . (5) 

In practice things are not so simple. The smallest, but according to (I) 
most frequent, widths are invariably missing from experimental resonance 
data because of limited resolution, counting statistics etc. As a conse-
quence the apparent level spacing distribution is usually distorted badly. 
The width distribution, on th«other hand, is only affected at its lower 
end. It is therefore common practice to determine level densities p not 
from the spacings but from the reduced-width distribution whose undistorted 
part yields (T) which in turn permits estimation of the number of missing 
levels and thus of p. 

This approach works satisfactorily if the entire sample belongs to a single 
level sequence (same nuclide, same level spin J and parity II). To the extent 
that the approximations (6) and (7) below are adequate it works also for 
mixed sequences as long as all of them belong to the same I™0 nuclide and 
orbital angular momentum (only s- or only p-wave levels), because then 
the Porter-Thomas distribution applies again to the gT values (g: spin 
factor, r*": reduced neutron width, I: orbital angular momentum quantum 
number). Xn example are the even-even fission products with nucleon numbers 
A around 140. Due to their low p- to s-wave strength function ratio and 
the small centrifugal-barrier penetrability v^ for £.= 1 the width dis-
tribution is dominated by s-wave levels. 

For light fission products with A ^ 90 the ratio S^/S
Q
 is nearly two orders 

of magnitude larger and observed samples are mixtures of s- and p-wave 
levels. The determination of I is quite difficult especially for resonances 
with small neutron widths. Therefore methods were developped to estimate 
strength functions and level densities from mixed samples without I assign-
ment, e.g. by Weigmann et al. |4|, Rohr et al. |5| and, very carefully, by 
Coceva and Stefanon |6|. One uses artificial cut-offs to suppress small 
levels, e.g. p-wave levels or unobservable levels generated by Monte Carlo 
sampling. As will be seen below a considerable simplification results if 
not an artificial but the natural cut-off effected by the experimental 
observability threshold is used. The latter can be estimated directly from 
the observed (apparent) level density as a function of energy. This elimi-
nates all arbitrariness in, and improves the efficiency of, the estimation 
procedure since no information is discarded. 
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2. Treatment of neutron width and level energy samples with 

unassigned spins and parities 

The following derivations are based on the assumptions (a) that 
strength functions are the same for all reaction channels with a 
given I regardless of J, i.e. 

U \ » 

(b) that the level densities for given parity II but different J 
are related by 

(6) 

jn 
(2J +1 )p 

on 
(7) 

For resonances with unassigned spin and parity one knows only 
gr„ *• g f V /E/1 eV but not gf^ to which the Porter-Thomas distribution n . b n J. 
applies, with the abbreviat 

n 
ions 

G = gr /(I eV/E) 
n S (8) (9) 

one can write the frequency distribution of G-values for a given I which 
follows from the Porter-Thomas distribution with the approximations (6) 
and (7) for even-even nuclei in the form 

P A ( G ) dG 
1 

exp(-
2G v I I 

) 0 < G < (10) 

For l"0 this is just the Pogter-Thomas distribution with G » gT and with 
constant average G

Q
v

0
 = (gr > . For , however, the averages" G^v^ , 

proportional to the penetrabilities v , increase with growing energy. 
Therefore one must distinguish the G-aistributions in the various in-
finitesimal energy ranges dE. The probability of a resonance with arbitrary 
I to be found in dE at E, with a gl^-value in dG at G, is given by the 
bivariate frequency distribution 

n 

p(G,E) dG dE 
dE dG I p p 

(1 1) 
JdE/dG l

t P l ? l 

where p^ is the true density of all levels for a given I. 

The normalising double integral covers the domain of observation. We consider 
resonances observed in the energy range 
E < E < E^ and G-values above a given 
observability threshold n(E),

 a s

 indi-
cated in Fig. 1. Performing the integra-
tion over G in the nominator one finds 

G-rj(E) 
or 

.U-C(G) 

f dE f dG I p p 
N(E) t 

a 

/ dE I erfc]^ 
n(E) 

2 G * V E ) 

Fig. 1 

E I 

h
 E

b 
/ dE I p (E) - / dE p(E) = N , (12) 

E I E 
a a 
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where p(E) is the apparent level density and N the expected number 
of levels observed. The complementary error function is the fraction 
of observable levels in dE. 

One can reduce the number of parameters of the G-distribution (11) by 
exploiting the fact that the are interrelated by Eq. 7 or, more 
rigorously, by Bethe's prescription |7| 

'
2

 • - (J+l)
2

* 
'JII 

exp(- - exp (- 2a' 
(16) 

so that the level density ratios = P,/P
0
 can be calculated with 

good accuracy for any reasonable guess of tne spin cut-off a. Further-
more, the observability threshold n(E) is implicitly given in terms of 
the expected observed level density p(E) and the unknown parameters 

p0' V by the equation 

P(E) P 0 I 
I 

erfc / n(E) 
2Givi<E> 

(17) 

Equating p to the actually observgd levej density (as a function of 
energy) one is left with p

Q
, (gT ), {gT },... as the only unknown 

parameters. Writing, for instance, 

P(E) aj + a2E 

and integrating over E one gets 
E 

n (E) = / dE'p(E') -
E 

m— 1 
a E , m 

a
Q
 + aj(E-E

a
)+ 

(18) 

• - £ < E - E
a
)

m

 . (19) m a 

N --

HzsJL 

where 

p(G) dG dG 

{ 5(G) if 

The coefficients can be determined by a 
least-squares fit of this smooth function 
to the familiar staircase curve n(E), the 
number of observed levels vs. energy, as 
shown schematically in Fig. 2. Usually a 
parabolic fit is quite adequate as the 
examples given below will demonstrate. 

The usual maximum-likelihood procedure 
demands a sampling domain that does not 
depend on the estimated parameters. The 
lower limit n(E) of G-values, however, 
depends on these as Eq.17 shows. Therefore 
we integrate Eq. 11 over energies in order 
to obtain, using Eqs.12, the marginal dis-
tribution 

E L 
/ dE p . , n(E ) < G < ~ > (20) 
E

 a 

a 
< G 

41 
N £ 

n(E
a
) n(E

b
), 

(21) 
otherwise. 

Here 5 is the inverse function to n, i.e. the solution of the equation 
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>0 I ^ " ^ f l c V T o <22> P ( U - PR 
i ~ ' ""t'z' 

(see also Fig. 1). Furthermore it follows from Eq. 17 that 

P ( \ ) > P
0
I ?

l
 e r f c / 2 G

* V
E

a 
implies G > n(E ) , (23) 

V
p

0 e r
f c

y
2 G

^
( V

 implies G > n(E^) (24) 

and vice versa. With the last three relations we can eliminate n and 
write the distribution of G-values in the final form 

p.(G)dG - dG — I 5 J dE p (25) 
N I E 

a 

with /?(G) if p
0
 I C erfc]/

?

 G

 , . > p(E ) , 
E L - j ° 4 * ' 2 G * W b (26) 

IE, otherwise , 
b 

K being the solution of Eq. 22 and N the expected number of levels observed 
in the interval E

a
. . . E

b
 as defined in Eqs. 12. Now everything is expressed 

in terms of G, the known quantities p, c^,... and the unknown level-
statistical parameters p

Q
, G

Q
 - ^ g T

0

} , G
}
 " ( g T ^ ) , . . . It should be noted 

that r](E) was assumed to increase mSnotonically with E which is the usual 
behaviour. Furthermore we neglected all properties of level sequences other 
than the existence of a more or less well defined level density which was 
assumed to be practically constant in the energy range E

a >
. . E ^ . In parti-

cular we neglected level repulsion, spacing correlations and similar 
features which depend on the exact relative position of levels. In view 
of the statistical treatment itself and the "crystalline" regularity of 
nuclear level sequences |8| this appears reasonable. Finally it should be 
mentioned that we also neglected the possibility that levels are missing 
although their G-value exceeds the observability threshold, for instance 
due to unresolved doublets. This latter limitation cannot be overcome with 
such a fairly simple analytical approach but requires Monte Carlo cross 
section generation as employed e.g. by Derrien and Lucas |9). 

One can now find the most likely set of level-statistical parameters by 
maximisation of the likelihood function 

N 
L = II p(G.) . (27) 

i= 1 

Inserting Eq. 25 along with Eqs. 26 and 22 and forming the derivatives 

SI* r\ 91-< ~ 3L / y • a ^ = 0 » = 0 ' = 0 ' ••• ( 2 8 ) 

one getSj however, very complicated expressions so that it seems best to 
use a numerical algorithm with stepwise parameter variation to find the 
maximum of L. Only in the case of pure s- or p-wave samples are the deri-
vatives simple enough to be useful. 
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3. Specialisation to pure s- or p-wave samples 

Retaining only the s-wave term in Eq. 25 one gets from Eqs. 27 and 28 
with the abbreviations 

G. (gr°). 

*i 5 2 ^ • ' h ^ Gi> <29> <30> 

the two equations 

I I > erfc Î JT 
Pj " - N ? (q-E,)?'^) • «'> 

-x. 

5 - g o ' 1 ' t A ' <32) 

where G denotes the sample average and the primed sums include only terms 
from the distorted part of the Porter-Thomas distribution where G. < n(E ) 
or ? ( E

b
) < p

Q
erfc /(G^/(2G^)). With a parabolic fit to the level number 

staircase curve, i.e. with p(E) «= a^ + a2E, p'(E) » a2» one finds (cf. Eqs. 
17 and 18) 

. , erfc 
i j (33) 

i »(E
a
)/P

0
 " « £ c ^ _ x 

i p(E )/p - erfc ^x. 
a u i 

a result already given in }3|. It can also be used for pure p - , d-,...wave 
samples from even-even target nuclei if the super- and subscripts 0 are 
replaced by 1, 2,... These two equations are employed in the statistical 
resonance analysis code STARA. 

4. The STARA code - results and limitations 

The FORTRAN code STARA solves Eqs. 33, 34 by_i£eration, starting from the 
initial values p

£
 = N/(E

b
~E ) and ( g ^ * ) =» gT^ after determining p(E) by 

a parabolic fit to the level number staircase curve. The strength function 

is then calculated as S„ » {gr&)p./ (2JI+1) . 
ju n 

Confidence intervals are estimated as follows: Statistical fluctuations 
of gT^ are mainly due to the strongest levels which are practically un-
affected by the observability threshold. Hence the effects of their final 
number can be estimated in close analogy to the case of no missing levels. 
The prescription adopted is essentially that of Eqs. 4 and 5 with N being 
interpreted as the number of observed levels rather than the true number. 
The effect of experimental uncertainties of the individual G^ is taken 
into account by an extension of the lower and upper confidence limits by 
factors of I-6G/G and I + 6G/G, respectively, where 6G is the uncertainty 
of the sample average caused by the individual errors 6G^ of the G.. 
The uncertainty of p

0
 is estimated by adding the squared error contri-

butions from (i) the uncertainty of the number of missing levels, taken 
essentially as the square root of this number, (ii) orthogonal-ensemble 
statistics |8|, (iii) uncertainties from the parabolic fit to the level 
number staircase curve. Apart from (iii) this is the prescription of Ref. < 

Graphical output consists of five plots which are shown in Figs. 3 and 4 
for the s-wave resonances of

 2 3 a

U + n below 4 keV as evaluated by Keyworth 
and Moore |lo|. The first plot shows the distorted integral distribution 
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as observed and as calculated in each step of the iteration process.(Since 
for the almost complete sample of

 2 3 8

U resonances already the
 f

irst itera-
tion is quite close to the final result we show in Fig. 5 tnt curves for 
1 3 i

X e + n where the convergence to the final curve is clearly visible), A 
second plot .shows the observed distribution together with the undistorted 
integral Porter-Thomas distributions corresponding to the final result 
and the lower and upper confidence limits. The third plot is the observed 
level strength staircase diagram with the straight lines corresponding 
to the estimated strength function and its confidence limits. A fourth 
plot shows the observed level number staircase curve together with the 
Parabolic fit and with the three straight lines corresponding to the 
final estimate of the level density (or level spacing) and its confidence 
limits, The last plot shows the distribution of reduced widths and level 
energies in the E-u plane where u = erfc /r°/<2r°) . In terms of u the 
Porter-Thomas distribution assumes the form p(rjj)dr^ = -du which shows that 
the u-values should be uniformly distributed between 0 and 1 for complete 
samples, and between 0 and e r f c p / p

Q
 for a finite observability 

threshold causing levels to be missed. In the parabolic approximation for 
n(E) the function p(E)/pQ appears as a straight line in this kind of plot, 
below which the points representing the observed resonances should be 
uniformly distributed. The fifth plot thus provides a check on the correct 
estimation of the observability threshold and the fraction of missed 
levels per energy increment and also on the consistency of the average 
reduced width with the Porter-Thomas hypothesis. The results obtained 
for

 2 3 8

U with the STARA code are given in Table 1 together with those 
found by Keyworth and Moore with a simpler estimation procedure described 
in |10 [ . 

Table I - Level-statistical parameters for
 2 3 8

U + n 

D

o
= 1 /

f o
 s

o 

(eV) (10~
A

) 

Range: 0 - 4 keV 

D

i
 a

 '/p, s, 

(eV) (10~
4

) 

Range: 0 - 1 . 5 keV 

STARA results 

Keyworth + Moore 

2 0 . 4±0. 3 

20.9 ± 1.5 1 . 13410.10 

7.8 to.*' 1.8«3;» 

7.2510.52 1.7010.51 

Further examples for fission products, calculated with "barn book" para-
meters |ll|, are shown in Figs. 6-8. The light fission product

 9 7

M o pro-
vides an example for the limitations of the STARA code. Since the sample 
is a mixture of s- and p-wave levels the G-distribution cannot be repre-
sented by a single (distorted) Porter-Thomas distribution (Fig. 6a) and 
the points in the E-u diagram are not uniformly distributed but show an 
excess of weak (p-wave) levels near the observability threshold (Fig. 7). 
The other fission products belong to the heavy group where the observed 
levels are practically all s-wave resonances. Correspondingly the plots 
look quite satisfactory. The level-statistical parameters estimated for 
these and a few more heavy fission products are listed in Table 2. Further 
STARA results - on structural materials - were presented in |12|. 
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Table 2 - Statistical s-wave parameters obtained with the 
STARA code for some heavy fission products. 
Resonance parameters were taken from BNL 325 |11| . 

Target Energy N o . o f D « I/p 
0 -

 M

0 
s

o 
Nucleus Rang e observed (eV) (10

 H

) 

(eV) levels STARA STARA BNL 325 

1 3 1

 Xe 0 - 2600 37 48 ± 4 0 ' 9 0 - o M 
0 - 2500 58 36 ± 2 3.1 ± 0. 5 

l - S N d 0 - 4650 191 17.1 ± 0.6 4 1 +
0

'
5 

-0.4 
4.2 ± 0. 5 

0 - 325 38 5.8 ± 0.5 3 3
+ 1

'
2 

• -0.7 
3.1 ± 0 . 5 

o - 250 87 2.0 ± 0.1 4 8
+ 1

-
3 

-0. 9 
5.1 ± 0 . 9 

1 5 1

S m 0 - 14 10 0.56 ± 0.14 4 3
+ 3

'
2 

-1.3 
4.0 ± 1. 8 

1 5 3

E u 0 - 98 76 1.16 ± 0.05 2 4
+

°-
5 

-0.4 
2.5 ± 0 . 2 
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5. Conclusions 

Concise expressions for the observable distribution of gT -values for 
spin- and parity-mixed resonance samples are presented (Eqs. 25, 26) 
which can be used for numerical maximum-likelihood estimation of the 
level-statistical parameters P

0
 • 1/Dq, ( g T

0

) . The input 
consists only of gr -values ana level energies. The observability 
threshold is automatically estimated from the latter. Apart from 
being very convenient this procedure avoids a certain arbitrariness 
and loss of efficiency encountered with artificial thresholds. A 
simple version of the formalism (for unique I) is implemented in the 
code STARA, incorporation of the more general formalism is planned. 
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Fig. 3 - Example (s-wave levels of
 2 3 8

U + n below 4 keV, |lo|) of graphical STARA output, first three plots: 
a) experimental (histogram) and calculated (smooth) distribution of observed reduced widths, 
b) observed reduced-width distribution (histogram) and undistorted (smooth) integral Porter-

Thomas distributions calculated from best estimate of<r°> and from its confidence limits, 

c) experimental level strength staircase curve and straight lines corresponding to best 
estimate of and its confidence limits. 
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1-5CE-01" 

E'OCE CE 1.20E 03 1'FFIE 03 03 3-0CE 03 3'GCE 03 4-3CE CS 
E (eV) 

Fig. A - Example of graphical STARA output (continuation of Fig. 3), last 
two plots: a) level number staircase curve with parabolic fit and 
straight lines corresponding to best estimate of p

Q
 and its con-

fidence limits, b) plot showing uniform distribution of levels 
in the E-u plane (see text) and estimated observability threshold. 

The figures in the equal rectangles give the number of levels, 
the theoretical estimate is I4.7±3.8. 
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g r ° (eV) 

Fig. 5 - First plot of graphical STARA output for
 1 3 1

X e + n 
showing integral reduced-width distributions as 
observed (histogram) and calculated (smooth curves) 
in each step of the iterative solution of the 
maximum-likelihood equations (33) and (34). 
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gr° (<?/) grn (ev) 

Fig. 6 - Second plots of graphical STARA output showing integral width 
distributions for six fission products. Note discrepancy be-
tween observation and calculation for

 9 7

M o + n (upper left) due 
to mixed sample of s- and p-wave resonances. 



Fig. 7 - Last two plots of graphical STARA output for fission products. Note how well the parabolic fit 
to the level number staircase curves works.

 9 7

M o + n with its mixture of s- and p-wave levels is 
again not tractable with STARA. In the lower plot its levels are unevenly distributed showing 
an excess of (p-wave) levels near the observability threshold. 



F i g . 8 - Last two plots of graphical STARA output for fission products. Note how well the parabolic fit 

to the level number staircase curves works. In all cases the assumption of practically pure 

s-wave samples is consistent with the STARA results. 
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STATISTICAL ANALYSIS OF NEUTRON RESONANCE PAP M E T E R S 

M. Stefanon 
CNEN,Centro Studi e Ricerche "E.Clementel",Via Mazzini 2 

40138 Bologna (Italy) 

Abstract 

A study is made of the problem of obtaining unbiased physical information 
from a statistical analysis of experimental sequences of neutron resonance parameters. 
It is shown that in particular conditions efficient analysis is possible which leads 
to simultaneous estimate of level density and of average s-wave and p-wave reduced 
neutron widths. 

In many cases however, experimental uncertainties may severely limit the 
reliability of a statistical analysis. 

1. Introduction 

Statistical inference (both model testing and point estimation) involves 
peculiar complications in the case of measurements of resolved neutron resonances. 
This kind of experiment is, in fact, characterized by two different statistical 
aspects, one arising from the usually assumed theoretical scheme according to which 
resonances are considered to be sampled from a given population of statistical quantum 
states, and one coming from uncertainties in the measurement procedures. It is 
a difficult mathematical problem to combine the effects of these two statistical 
aspects and, furthermore, one has only a rough qualitative knowledge of the main 
sources of experimental uncertainties. The use of data whose statistical properties 
greatly depend on the detailed statistical features of experimental uncertainties 
should then be avoided as highly unreliable. In many cases a possible approach is 
that of using only a reduced set of data (or information) which can be reasonably 
considered as independent of the detailed distribution of errors. This idea was 
developed in the analysis of resonance capture gamma-rays /1/ and finds also a 
natural application in the case of statistical analysis of the parameters of well-
-resolved neutron resonances. The more favourable conditions in this case are 
usually met.in high-resolution low-energy neutron-capture or total-cross-section 
measurements with even-even target nuclei where the probability of finding close 
doublets is low and one can often assume that there exist a threshold n(E) , for 
the gr values, above which all resonances are observed, and gr is sufficiently 
well measured.

 n 

A method of analysis which takes this threshold function into account and 
is based only on resonances for which g

r

n

>

 n(E) , is in principle able to avoid the 
biases induced by the uncertain statistical mechanism which governs the observability 
and the measurement of "weak" resonances. This was accomplished (ref. 2,3,4) by means 
of a Montecarlo simulation of experimental sets of parameters and a Maximum Likelihood 
estimation procedure including both s-and p-wave resonances. In the following we 
describe this method as far as the estimate of average spacing and reduced s-and 
p-wave neutron widths is concerned, with a few comments about the problem of guessing 
the "observability" threshold n(E) only from the given parameter set. The method 
is here described in the case of even-even target nuclei; the extension to the general 
case is formally quite easy and has already been employed for the analysis of some 
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fission-product nuclei /5/. In this case however, particular care must be taken to 
avoid the effects of overlapping resonances and, furthermore, there is a theoretical 
uncertainty about the number of degrees of freedom of reduced neutron widths of 
p-wave resonances with spin values which are obtained by two possible channel spins. 

2. Estimate of average level spacing and reduced neutron widths 

The following simplifying assumptions are justified in the case of even-
-even nuclei: 

i) There is one sequence of s-wave resonances having J
1 T

=l/2
+

 and two sequences of 
p-wave resonances with J ^ l / 2 " and ^ = 3 / 2 " respectively. 

ii) The level spacing is proportional to 1/(2J+1) so that if D is the spacing 
of s-wave resonances, p.. resonances will also have spacing D , and p 
resonances spacing D/2 . 

iii) The neutron strength function does not depend on the spin or, equivalently, 
due to assumption ii), p. and p resonances will have the same average 
value <gr1> . ' ' 

" n 
iv) A function of neutron energy n(E) is given such that all resonances having 

g r
n
> n(E) are measured. 

The general expression of the likelihood function restricted to all 
resonances having gr > n ( E ) is proportional to the probability density that, 

given D , <r > and <gr > , there are N , resonances having the measured 
n , ., " n ' . . obs , . ® • gr . and E. , while all remaining resonances in the given energy range have 

gC<n(E) . 1 

This may be written: 

L ( D , < r ° > , < g r 1 > , v ) = 
n n 

( E . , g r n > i , i = i . - - - N o b s | N o b s , D, < r ° > , < g A , v , n ( E ) ) x ( 1 ) 

( N o b s l D ' < > > <8rJ> . v , n ( E ) ) 

where the symbol (A|B) indicates the probability of A once B is given and v 
is the number of degrees of freedom of the distribution of reduced widths which is 
left unspecified in order to allow a test /3/ of the Porter-Thomas distribution 
(v=l). 

The likelihood function (1) is too complicated to be calculated. A 
simpler likelihood function is obtained by disregarding part of the information 
contained in the measurement of energies E. , keeping only that deriving from the 
observed energy variation of the local levet density. This gives useful information 
especially if both <r > and <grl> are to be fitted. This is obtained by 
dividing the full energy range inSo subintervals e >

e

i ' * " ' ' e m and considering the 
likelihood function as due to independent contributions from each subinterval. 
For simplicity let "list" indicate the whole set <T°> , <gri> ,v »n(

E

) • 
Then one obtains /4/ n ' n 

L ( i v ; r ° > , <gr^> ,v ) = I T (gr . | list) x J T OX |D,list) (2) 
n
 i = 1

 n,i k=l 

N
 t obs m 
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where ri' i s t h e number o f r e s o n a n c e s w i t h gF^ > n ( E ) i n the k - t l i i n t e r v a l . 
The c a l c u l a t i o n o f the d i f f e r e n t f a c t o r s a p p e a r i n g i n c n . ( 2 ) i s p e r f o r m e d 

s t a n d a r d t e c h n i q u e s b a s e d e s s e n t i a l l y on e x p a n s i o n s i n t o J..!.IS o v e r m u t u a l l y 
e x c l u d i n g e v e n t s and on the i n v e r s i o n o f the p r o b a b i l i t y b r a c k e t s by means o f 
Bayes f o r m u l a . The c a l c u l a t i o n may b e summarized as f o l l o w s 

a ) Terms l i k e ( g r I l i s t ) . n I 
One has / 4 / 

( g r n i l i s t ) = r ( g r n l l i s t , £ ) ( £ [ l i s t ) . 
£=0,1 

X- o (3) 
/ (meas |srn)(srn|<grn> , v ) ( ) 
£=0,1 

dgr^(meas|gl^)(gr^|<gr*> ,v)(£ I) 
£=0,1 

where (meas|gr )=(gr > n(E)|gT ) = 0 , 1 a c c o r d i n g t o gF $n(E) , and i s t h e 
p r o b a b i l i t y t h a t a r e s o n a n c e o& g i v e n gF i s measured . The p r o b a b i l i t y 
d e n s i t y ( g F n | < g F ^ > , v ) i s the Xy p r o b a b i l i t y d e n s i t y t r a n s f o r m e d t o an 
a v e r a g e <gT > = / e P^(E) <grJ l > i . e . i f t = g T n 

vt 
. I \ 2<t> 2<t> , vt . v / 2 - 1 . . . 
( 1 , v ) T<t> ( 4 ) 

The symbol ( £ | ) r e p r e s e n t s the a priori p r o b a b i l i t y f o r a r e s o n a n c e t o h a v e 
a g i v e n £ v a l u e , and then f r o m a s s u m p t i o n i i ) i t f o l l o w s ( £ = 0 | ) = l / 4 and 
( £ = l | ) = 3 / 4 . 

b ) Terms l i k e ( n | D , l i s t ) 

With s i m p l e c a l c u l a t i o n s one o b t a i n s / 4 / 

( n | D , l i s t ) = (N |D)(N |D) 
N N 

s ' p 

^ N n N - n N n - n N +n - n 
/ ( S ) P S ( l - P ) S S ( P )P S ( l - P ) P s 

s p s 
.. n s s n - n p p 
N s s 1 1 

( 5 ) 

where N and N a r e the number o f a l l s - a n d p -wave r e s o n a n c e s i n t h e 
g i v e n r a n g e and p n i s the number o f s - w a v e r e s o n a n c e s a b o v e t h r e s h o l d 
( n - n g = n i s then the number o f p -wave r e s o n a n c e s a b o v e t h r e s h o l d ) . 
The q u a R t i t i e s P and P a r e , r e s p e c t i v e l y , the p r o b a b i l i t y t h a t an s - w a v e 
o r a p - w a v e r e s o n a n c e i s aSove t h r e s h o l d : 

CO 

P = [ ( t | < t > , v ) d t = F ( | , • ( 6 ) 
n(E) c z 

where F ( a ) and F ( a , X ) a r e t h e c o m p l e t e and i n c o m p l e t e Gamma f u n c t i o n s . 
The p r o b a b i l i t i e s ( N | D ) e n t e r i n g e q u a t i o n ( 5 ) a r e a p p r o x i m a t e d by a g a u s s i a n 
shape w i t h the c o r r e c t a v e r a g e v a l u e and s t a n d a r d d e v i a t i o n as g i v e n by Dyson 
and Mehta / 5 / ( s e e a l s o / 4 / e q s . ( 1 7 ) and ( 1 8 ) ) ; t h i s a p p r o x i m a t i o n i s j u s t i f i e d 



164 

for K £ 8 as the calculation in practical cases depends but slightly on the 
: shape of (N|D). 

Maximization of the likelihood function is performed numerically with'a 
simple tabulation algorithm /4/ , leading to maximum likelihood estimates of 
<rn> > <grl> , D and, possibly, also of v (test of P'.T. distribution) (see /3/) . 

The probability distributions of the maximum likelihood estimates 
necessary to give the errors in the final results cannot be calculated analytically. 
A llontecarlo simulation of experimental sets of parameters was developed, based on 
sampling eigenvalues of matrices from the Gaussian orthogonal ensemble and the 
analysis was applied, with the same experimental threshold n(E) , to each generated 
sequence. This allows calculation of all statistical properties of the estimates 
and gives good control of the correctness and efficiency of the procedure. Further-
more, it is possible to introduce into the simulation small departures from the 
basic assumptions on which the analysis is based as, e.g. errors in g r

n
 values, 

missed resonances due to overlapping etc.. This gives some idea of the corresponding 
effects on the final estimates. 

An application example of the method, with assumed v=l , is given in 
fig. 1. Open circles represent the result of the analysis of a measurement of l ^ G d 
resonances for different threshold functions n

a
( E ) represented in increasing 

order by the parameter oi /3/ . Full lines and dotted lines represent, respectively, 
average values and stand, dev. calculated with Montecarlo simulation. The analysis 
was extended also to threshold functions slightly lower than a sure conservative 
estimate; in fact, a systematic trend in the experimental points is evident at low a 
values due, probably, to missing resonances above threshold. For large thresholds 
(ot > 0 . 4 5 ) the maximum likelihood estimate of loses meaning as the probable 

number of p-wave resonances above threshold vanishes; a fixed < g T ^ > value must 
then be employed. A more careful discussion of the results can be found in /3/. 

The most important facts appearing from fig. 1 are that, at least in the 
case of good experiments, a simultaneous estimate of D , <T°> and ^rj!^ is possible, 
and that the described maximum likelihood procedure leads to unbiased estimates if the 
basic assumptions are followed. A semiempirical formula was found to reproduce 
roughly the correct variance in D estimate: 

0.8+m +n 
var D s p a. — 

n 2 - N , 
D obs 

where nif and np are respectively the expected number of missed s-wave and 
spurious" p-wave resonances. The approximation can only be used if m

g
 , n < 0 . 3 N 

(see ref. 3 ) . The fairly constant behaviour of the experimental estimates of ° 

and D shown in fig. 1 for large thresholds, suggests that the consistency of the 
results for different thresholds n (E) may be an indication that the basic assumptions 
of the calculation are followed, in particular that only a negligible number of reso-
nances are missed above threshold. 

In favourable cases, when there is a large number of s-wave resonances with 
g T

n
 above a sure cut-off threshold, sufficiently high to exclude p-wave resonances, 

the consistency of results for different, increasing threshold functions n
a
( E ) seems 

a possible empirical way to obtain a conservative estimate of the threshold only from 
resonance parameters, avoiding analysis of the experimental conditions (see G . Delfini 
and H . ' uppelaar, ref. 6). In the case of only s-wave resonances, a different method, 
vhich combines a maximum likelihood estimate with an authomatic threshold fitting was 
developed by F . Frohner /7/. It seems however that all procedures devised to determine 
a realistic threshold function from the distribution of resonance parameter data can 
hardly be employed to the simultaneous determination of both s~and p-wave average 
reduced widths and, if properly used, should always include a priori information on 
the measuring process. 
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Indeed the formal generalisation of the present method to include threshold 
fitting is easy obtained. We briefly outline the changes this would imply in our 
likelihood function in order to clarify the meaning and limits of the procedure. 

First, a different definition of the threshold must be given, as comparison 
of the values of the likelihood function (eq. 1 or eq. 2) obtained with two different 
n(E) has no statistical meaning. In fact, due to the esclusion from the analysis of 
resonances with gr '< n(E) , one would in this case compare likelihood functions of 
different sets of experimental data. Otherwise, retaining all values of g r n is not 
consistent with the use of a sharp step-threshold function, which assigns zero proba-
bility to any g F

n
< n ( E ) . The problem can be faced by considering a more general 

"smoothed-edge", threshold defined as the probability of measuring a resonance having 
an assigned value of .gl' 

r.(gr
n
 , E,ot) = (meas |gF

n
) 

Here (meas|gT
n
) is the probability that a resonance of given g r

n
 is included in the 

set of measured resonances, and a represents one or more continuous parameters. 

It must be assumed that varying of a in an assigned range describes all 
reasonable thresholds consistent with our knowledge of the experimental conditions. 

With this definition, the likelihood function eq.(2) becomes 

N', 

obs m 
L(D,<r°> , <

g r
l > ,V ,A) = (gr . | l i s t ' ) x T T (n'ID,list') (2') 

• i-1 .
1 1 , 1

 k=l
 k 

where all effectively measured resonances are counted in and n^ , and 

list' = (<r°> , < gr^> , v , a } . 

The term given by Eq.(3) is formally unchanged with the only difference 
that (meas lg^

n
)=n(gr

n >
E,

a

) is no longer a step function. 
Also eq.(5) remains the same except for a difference in the probability 

of measuring a resonance which is now 

oo 

P = I n(t,E,a)(t|<t> ,v)dt 
o 

It appears that in the threshold-dependent likelihood function, the g r
n
 probability 

distribution is always multiplied by the unknown function n(t,E,a)« It is then 
evident that it is possible to exploit the information arising from the assumed 
validity of Porter-Thomas distribution only if we are able to place strong constraints 
on the parametrisation and the variation range of n(t,E,a) ; this can only arise 
from corresponding assumptions about the experimental process of measurement. We 
then get the impression that it is rather illusory to believe that an automatic 
maximum likelihood fitting of the threshold function allows to avoid, except in very 
favourable cases analysis of the experimental conditions. However, a reliable answer 
to this problem can only be obtained by a Montecarlo test including automatic threshold 
fitting, and simulation of different experimental conditions. 

3. Conclusions 

The characteristic features of the described estimation procedure are, 
first, the incl usion of the D—depending part of the likelihood function (see eq. 2), 
which allows a correct maximum likelihood estimation of D and,second, the possibility 
to deal with mixed sequences of p-and s-wave resonances. The Montecarlo simulation, 
which must be considered as an essential part of the estimation, showed that, if the 
basic assumptions of the calculation are followed, the estimates are very efficient 
and unbiased, allowing determination of p-wave neutron strength function also when 
only a small fraction of p-wave resonances can be experimentally measured. 
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Furthermore, it was possible to give an approximate formula for the statistical 
error of the D estimate which should represent also a lower limit for other 
estimation algorithms due to the efficiency of the maximum likelihood estimator. 
Application of the method (as of any other method based on the same theoretical 
model) is critical if the basic assumptions are not followed by the experimental 
data; analysis of the experimental conditions and a Montecarlo study of the 
sensitivity of the estimates to additional statistical uncertainties or biases 
seems to be the only possible way to' face this problem. 
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Abstract 

The recently developed maximum-likelihood method of Coceva and 
Stefanon was slightly extended to facilitate the analysis of resolved 
resonance parameters for a large class of fission-product nuclides. 
This analysis was performed on a set of resolved resonance para-
meters, which has been used previously in the RCN-2 evaluation of 
neutron cross sections for fission products. A serious difficulty 
was that in many cases the quality of the experimental data was 
rather poor, which made it difficult to utilize the full power of 
the adopted method. For some nuclides the analysis revealed incon-
sistencies in the data; for other nuclides useful results were ob-
tained, mostly in agreement with the values adopted in the RCN-2 
evaluation. The estimated statistical uncertainties turned out to be 
quite high for most nuclides. A general conclusion is that without 
the use of high-quality experimental data it is quite difficult to 
obtain significant improvements, even when a sophisticated maximum-
likelihood method is used. 

1. INTRODUCTION 

In the evaluation of neutron cross sections of fission-product (f.p.) 
nuclides the resolved resonance parameters play an important role. Their 
importance is not restricted to the resolved resonance range, because at higher 
neutron energies the cross sections are often calculated with a statistical 
model, using average parameters such as the s-wave level spacing D

o b s
, the s-

and p-wave neutron strength functions Sg and Sj and the average radiation width. 
These average parameters have been used, for instance, in the RCN-2 f.p. cross 
section evaluation /1/. The determination of average parameters in the f.p. 
mass range can be difficult, mainly because of the often strong mixing of 
unassigned s- and p-wave levels, combined with the possibility of missed levels. 
Furthermore, for some nuclides non-statistical effects play an important role. 
In fact, most of the uncertainties in f.p. capture cross sections at neutron 
energies above a few keV are due to uncertainties in average parameters, which 
are enhanced by discrepancies between various determinations given in the 
literature. For this reason it was recommended at the 1977 FPND Advisory Group 
Meeting /2/ to improve the methods of determining these average parameters. 

In this paper a recently developed maximum-likelihood method is used 
to determine D

o b s
, SQ and SJ. This method was previously applied by Coceva and 

Stefanon /3/ for the analysis of neutron resonances of iS&Gd. These authors 
have carefully checked this maximum likelihood method by means of Monte-Carlo 
simulation of resonance parameters, using random-matrix theory and Porter-Thomas 
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statistics for the distribution of level energies and level widths, respecti-
vely. The results turned out to be quite satisfactory. Therefore, and in view 
of the important application mentioned in the first paragraph, it was thought 
worthwhile to use a similar method for the analysis of a large class of f.p. 
neutron resonances, as compiled in the RCN-2 evaluation /1/- For this purpose 
the above-mentioned method was slightly generalized and a procedure was 
developed for the analysis of a large class of evaluated data. The adopted 
method is shortly reviewed in sect. 2., whereas in sect. 3 some examples are 
given of the analysis. A more extended discussion of the results will be given 
in a laboratory report /4/. This paper concludes with some general observations 
and recommendations, given in sect. 4. 

2. METHOD OF ANALYSIS 

The calculations were performed with an extended version /4/ of the 
code CAVE, written by Stefanon /5/ for the analysis of resonance parameters of 
even-even nuclides. Since the method has been described elsewhere /3,5/ we 
mention only a few basic principles in this paper. 

2^_].
i
_Zero-s£in_ targe t_nucl ides 

The likelihood of the N
0
b s measured resonance energies E^ and neutron 

widths (gr
n
)£ is a function of the requested average s- and p-wave reduced 

neutron widths <grn°> , < g T
n

1

> and the average level spacing D
0
. The factor g 

is the usual statistical factor; D
0
 follows from the approximative relation 

for the average spacing of levels with spin J: Dj = D
0
/ ( 2 J + 1 ) . The mean s-wave 

level spacing D
0
b s

 a n c

*
 c

h
e

 neutron strength functions are calculated from the 
relations D

0
jj

S
 = D

0
/ 2 ( 2 I + 1 ) and S^ = <gr

n
^>/D

Q
|

3 S
. It is assumed that all re-

sonances above a certain known threshold function n(E) have been measured (and 
resolved) and that all resonances are distributed according to the Porter-
Thomas distributions for s- and p-waves (no higher £-waves are considered). 
The likelihood function is written as a product of probability functions over 
energy subintervals /3/. These subintervals are chosen such that within each 
subinterval the variation in the probability for a resonance to have a width 
above or below the threshold can be neglected. Furthermore, each subinterval 
must be large enough to allow a Gaussian approximation of the distribution 
function of the number of levels for each sequence • Actually, no use has 
been made of the spacing distributions for resonances with the same quantum 
numbers. The exponential energy dependence of D

Q
 over the total analysed 

range is also neglected. Another assumption is that the average reduced 
neutron widths are independent of spin, so that the two p-wave sequences 
of resonances are distributed according to the same Porter-Thomas distribution. 
This independence of spin follows from the assumption that both S^ and D

Q
 are 

independent of the spin. 

The maximum-likelihood method based upon these assumptions was 
checked with results of Monte-Carlo calculations, simulating the resonance 
parameters of

 1 5 6

G d /3/. Coceva and Stefanon also proposed approximative 
expressions for the uncertainties in < g T

n

0

> and D
0
bs> assuming that the numbers 

of missed s-wave and spurious p-wave resonances are each less than about 30% 
of the observed number of resonances. These expressions have been adopted in 
this work. 

2^2 .__NoA-ZERO_S£in_targe t_nuclides 
The extension to nuclei with target spin I larger than 0 (i.e. for 

the most important f.p.) was made /4/ by assuming that all above-mentioned 
assumptions remain valid. However, for high values of J the simple (2J+1)-
dependence of the spin distribution is not correct, because the exponential 
spin cut-off parameter f(J) can no longer be considered as a constant. There-
fore, it is likely that <gF

n
°> and < g T

n

1

> depend on the possible J-values. 
Still, we have assumed that these quantities are spin-independent and thus there 
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are only two different Porter-Thomas distributions, one for s-waves and 
one for p-waves. However, for p-wave resonances measured at non-zero spin 
targets, this assumption is already invalidated, since level widths for certain 
spin sequences are distributed according to a x

2 _

distribution with two degrees 
of freedom, instead of a Porter-Thomas distribution. For these reasons, one 
can apply this extension only in those cases where the number of p-waves is a 
small fraction, of the resonances above the threshold/For s-wave resonances 
the above-mentioned approximations still seem to be reasonable. It has been , 
shown by Tran Quoc Thuong /6/ that when a difference of less than 20% exists 
between the two values of

 <

gr
i
^j> the reduced neutron widths can still consider-

ed to belong to one Porter-Thomas distribution. 

2.3. Threshold function 

The threshold function n(E) plays a very important role in the 
calculation procedure, since it is assumed that above n(E) there are no missed 
resonances at all. In the present analysis of a large number of f.p. nuclides 
it is difficult to trace back the experimental threshold functions. Therefore, , 
the following standard procedure was used. From each ten resonances the resonance 
with the smallest value of gr

n
/v^E was selected. Through these weak resonances 

a function no(
E

)
 =

 aE^+c was fitted (cf. ref. 111). The constants a and b , 
were determined from a least-squares fit: c was the minimum observed value of 
gr

n
//E of all resonances in the sample. In Fig. 1 an example of such a fit is 

given. In the calculations the threshold function was varied by multiplication 
with a factor t to find the dependence of the results on n(E) = tn

0
(E). For low 

values of t mostly there still is a significant number of missed resonances, 
which usually leads to decreasing values of D

0
b

s
 as a function of t, see Fig.2. 

Above a certain value of t(t>t^) constant values of D
0
k

s
 are found; for large 

values of t (t>t£) the statistical fluctuations in D
0
^

s
 may become quite high, 

see Fig. 2. The final outcomes for D^g and S^ are deduced from the range t=ti 
to t2, where their values are reasonably constant. 

2^4^_Limitations_of_the_method 

In the previous sections the main assumptions used in the analysis 
have been mentioned. Evidently, when the set of experimental data does not 
follow the assumed distribution laws, or when the data sample is too small, no 
useful averages can be obtained. This may occur, for instance, when results of 
several authors are combined to one "evaluated set of data", when so-called 
"non-statistical effects" occur or when there is a large fraction of unresolved 
doublets. For these reasons the data should be checked carefully before the 
maximum likelihood procedure is followed. 

In order to meet the condition of a not too high fraction of p-wave 
resonances above threshold, the energy range could be reduced or the value of 
t could be increased. Both methods have been used. However, if the level-
spacing is large (even-mass nuclides) the energy range cannot be reduced too 
much and it may occur that the mixing of s- and p-wave resonances remains too 
strong to obtain a sharp maximum in the likelihood function. In those cases 
quite large uncertainties for the average parameters are obtained. It is also 
possible that the data sample contains only a very small number of p-wave 
resonances. In these cases the value of <gr

n

1

> has to be fixed in the analysis. 
The dependence of the final results on the value of < g T

n

1

> could be checked by 
varying < g r

n

1

> over a large range. 

For the above-mentioned reasons it is often quite difficult to 
determine Si from resolved resonance parameters with the above-mentioned 
maximum-likelihood method. Therefore, it may be better to determine Si from 
optical-model analysis of average total or elastic scattering cross sections 
at low neutron energies. Unfortunately there are not many of these measurements 
in the range 10 to 500 keV for f.p. nuclides. It would also be helpful if more 
experimental information, e.g. the value of I, was available. A possible ex-
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perimental method of determining I has recently been applied by Rohr et al. /8/ 
in the measurement of

 1 2 7

I-resonance parameters. 

3. RESULTS 

For each f.p. nuclide which was analysed a separate discussion is 
given in ref. /4/, together with, figures and tables. As an example we discuss 
here only the results of the analysis performed for

 1 2 7

l i
n
 some detail. In 

Fig. 1 the values of gT
n
//E have been plotted as a function of neutron energy, 

together with the fitted threshold function n
0
(

E

)-
 T h e

 experimental data 
plotted in Fig. 1 are from Rohr et al. /8/. In the analysis the threshold was 
multiplied with factors t ranging from 1 to 14. For each value of t a maximum-
likelihood calculation was performed of which the results are given in Table I 
and Fig. 2. 

In the analysed energy range from 0 to 2 keV the p-wave penetration 
factor was small enough to prevent a strong mixing of s- and p-wave resonances. 
On the other hand, there were enough measured p-wave resonances to determine 
the p-wave neutron strength function, at least at low values of t. At threshold 
multiplication factors of more than t=5 the value of <gr n

1> was fixed according 
to the initial values of Si and D

0
b

s
 /8/. The final results, obtained by 

averaging the data over the range tj= 2 to t2= 5 are: D
0
b

s
= 14.5±0.6 eV, 

S
0
 - (0.8±0. 1 )xlO~

4

eV~5 and Si % 3. 1 x 10
- 1 +

eV
-

2. These results are quite close to 
the values previously given by Rohr et al. /8/, i.e. D

0
k

s
 - 13.3±1.0 eV, 

S
0
 = (0.80±0.09)xl0

_lf

eV~2 and Si = (3.4±1 .4)xiO"
l +

eV-2, which were analysed by 
using additional information from experimental s- and p-wave discrimination. 
The p-wave neutron strength function obtained by Camarda /9/ from an analysis 
of total cross section measurements is much lower: Si= (1.6±0.5)x1O'^eV"!. 
Fortunately, the results for D

o b s
 and SQ are not very sensitive to the value 

of Si. This follows from results obtained at t>5, where the number of spurious 
p-waves can be neglected (see Table I). 

3^2^_Surve^_of_all_results_obtained 

A survey of the results obtained in ref. /4/ is given in Table II. 
All resolved resonance parameters were taken from the RCN-2 evaluation /I/. 
The first five columns of Table I list the nuclide symbol, the number of re-
sonances in the sample, the analysed energy range AE, the target spin I and the 
spin cut-off parameter a. Mostly, the initial guess parameters for D

o b s
, Sg and 

Sj were taken from the RCN-2 evaluation as well. The final parameters given 
in Table II result from the present analysis. When Si is not given in Table II, 
the value of < g r n

1 > was kept constant in the analysis at the initial value of 
the product D

o b s
 x Sj. In most cases there is good consistency between the 

initial and final results. 

As far as the p-wave strength function is concerned, only for five 
odd-mass nuclides Si could be estimated; in these cases Si was much larger 
than Sg (such that enough p-waves were included in the data) and AE was large 
with respect to D

o b s
. For

 9 3

N b the value of Si was not estimated, because it 
was felt that for this nuclide with high target spin (I =9/2) the condition 
that < g r n

1
> is only slightly dependent of spin was not fulfilled. In the case 

of even-even nuclides the values of Si were determined only for
 9 2

M o and
 9 8

M o . 
However, these values are not very certain as a result of non-statistical 
effects in the p-wave neutron widths; see e.g. /10/. The recent experimental 
data of Musgrove et al. /II/ for the Nd isotopes at E>2.5 keV were not analysed, 
because many of the neutron widths for the weak resonances were obtained from 
capture areas gT

n
r^,/r with inserted mean values for g and Ty, leading to large 

uncertainties in the deduced gT
n
-values, probably with a distribution different 

from the Porter-Thomas one. 
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With regard to D
O B S

 and SQ the results are more useful, except for 
nuclides where strong non-statistical effects have been observed, either in the 
s-wave neutron strengths (e.g.

 l l t 2

Nd /ll/) or in the p-wave neutron strengths 
(e.g.

 9 8

M o /ll/). Typical uncertainties in D
o b s

 and Sq are about ±10% and 
±30% , respectively. The most accurate results (±4% in D

Q
u

s
; ±12% in Sq) were 

obtained for
 1 2 7

I , where the recent data of Rohr et al. /8/ were used in the 
analysis. Apart from the listed nuclides, many other nuclides were.analysed but 
no results were achieved; for some of these nuclides too few data were avail-
able whereas for others the fluctuations in the results were too large. Using 
the resonance parameters from the RCN-2 file no satisfactory average data were 
obtained for ^ M o ,

 9 6

M o ,
 1 0 0

M o ,
 1 0 1

R u , !°
2

Ru,
 1 0 1 +

R u ,
 1 0 2

P d ,
 1 0 l t

P d ,
 1 0 5

P d , 
1 0 7 p d ) 1 0 8 p d ) - 1 1 0 p d ) 1 2 9 I } l t l p r ) l ' t 7 p m > l U 8 S m ) 1 5 0 S m > 1 5 2 S m a n d 1 5 ^ S m . 

It should be mentioned that meanwhile for many of these nuclides improved data 
are available. 

4. CONCLUSIONS 

The maximum-likelihood method of Coceva and Stefanon /3/ for the 
determination of the average resonance parameters D

0
^

S
, SQ and Sj was slightly 

extended and used for the analysis of resonance parameters of a large number 
of f.p. nuclides, as contained in the RCN-2 evaluation. The basic principles 
of the method were shortly summarized. The extension to target nuclides with 
spin larger than zero has been discussed in some detail. For target nuclides 
with high spins the assumption that <gT > and <gT are independent of the 
compound-state spins is not valid. This means that in particular the adopted 
estimation of <gT becomes doubtful. For this reason the above-mentioned 
method can be applied only in those cases where the number of p-wave resonances 
is a small fraction of the resonances above the threshold. 

In the determination of the threshold function n(E) for this large 
class of data a standard procedure was followed. By varying n(E) with a factor 
t the dependence of the average parameters on the threshold was investigated. 
The final results were adopted at. values of t for which Dobs

 a n (

l SQ could as-
sumed to be constant. 

The limitations of this method were also discussed. In general, 
high-quality data are required to obtain good results. Still, the determina-
tion of Sj is often quite difficult and it is recommended to use additional 
experimental data to find Sj, e.g. s- and p-wave discrimination, or optical-
model analysis of total cross sections. 

As an example of the application of the maximum-likelihood method 
the analysis of resonance parameters of

 1 2 7

i was discussed. For this nuclide 
the recent accurate data of Rohr et al. /8/ were used. The results are consis-
tent with the analysis performed by the experimenters, which was partly based 
upon experimental s- and p-wave level discrimination. 

A survey of all results obtained has been given in Table II. In most 
cases a good consistency between initial and final values of average para-
meters was obtained. The value of Sj could only be estimated for five odd-mass 
nuclides and two even-even nuclides. Some additional uncertainties in the re-
sults are due to so-called "non-statistical effects", e.g. for

 9 8

M o and
 l t t 2

N d . 
Typical uncertainties in D

0
b

s
 and SQ are about ± 10% and ±30% , respectively. 

The most accurate results were obtained for
 1 2 7

I , i.e. ±4% in Dq^s and ±12% 
in SQ. For many other nuclides given in the RCN-2 file no satisfactory results 
could be obtained due to poor quality of the data. 

For some of these nuclides better measurements are already avail-
able; for many other nuclides high-quality data are still needed (particularly 
for a few long-lived f.p. like

 1 0 7

P d ,
 1 5 1

S m and
 l t + 7

Pm) . In general, significant 
improvements could be obtained when good data are available; for some nuclides, 
however, a statistical analysis can hardly yield good results because of more 
fundamental reasons such as "non-statistical effects" or strong mixture of s-
and p-waves. 

The required uncertainty in D
0
b

s
 for use in statistical-model calcu-
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lations of the most important f.p. nuclides is in the order of ±5%; a similar 
request exists for the average radiation width <Ty>. It is clear that mostly 
this accuracy is not reached and that for many important f.p. nuclides high-
quality data in the resonance range are still needed. Accurate values of D

0
b

s 

are also required to provide data for further development of the level-density 
parameter systematics, which is important to predict capture cross sections 
of (short-lived)' radioactive f.p. nuclides. 
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Tab1e I. Analysis of resonance parameters pf
 1 2

? I for different thresholds. 

Multipl. 

factor 

< < > 
(meV) 

(meV)
 b ) 

D

o b s 

(eV) 

N
 c) % missed 

d) 
s-waves 

% spurious 

p-waves ^ 

1 1 .20 4.18 16 .'2+ .8 179 3 11 22 25 

2 1.18 3.95 14.6±.6 150 5 16 8 11 

3 1.18 4.49 14.5±.6 136 6 19 4 6 

4 1.18 4.76 14.6+.7 126 6 22 2 . 4 

5 1.16 4. 15 14.5+.7 117 7 25 <1 1 

6 1.17 * (4.4) 14.6+.7 113 8 28 <1 

7 1.17 * 14.7±.7 109 8 30 

8 1.16 * 14.4±.7 109 9 32 

9 1.15 * 14.4 ±. 8 107 9 34 

10 1.15 * 14.3±.8 106 10 35 

11 1.17 * 14.6±.8 103 1 1 36 

. 1 2 1 .16 * 14.4±.9 103 11 38 

13 1.16 * 14.3±.9 102 12 39 

14 1.14 * 14.2±.9 102 12 41 

a

' The coefficients of the threshold function are a = 0 . 3 6 x 1 0
- 5

 and 

b = 1.15; see.Fig. 1 . 

b) An asterisk means that the width was fixed in the calculations at the 

value given in brackets. 
c

) Total number of resonances above threshold. 

d) The two columns indicate the percentages at the beginning and at the end 

of the energy range. 



Table II. Summary of results. 

Nuclide 
N

obs AE 
(keV) 

I a 
Initial Final 

Nuclide 
N

obs AE 
(keV) 

I a D

obs 
(eV) 

s
0 

(xl0
+ 4

eV-5) 

S

' 4.1 i\ 
( x l O ^ e V

-

^ 

D

obs 
(eV) 

So 
(xlO

+ l t

eV-5) 

S

1 
(xlO

+ l 4

eV-|) 

Nb93 94 0-3.0 9/2 5.3 100±10 0.36+0.06 5.16±2.4 90±20 0.4 ±0.1 -

Mo92 43 0-32 0 5 3920±800 0.65+0.25 3.3 ±1.1 3600+700 = 0.34 S 6.8 
Mo95 55 0-2.25 5/2 5.5 87± 10 0.48+0.1 5.9 ±1.8 9 1 ±1 1 0.38±0.13 1 

Mo98 122 0-53 0 5.3 1080±200 0.44±0.12 6.1 ±2 1180±200 =0.32 = 3.9 

Rhl 03 280 0-4.0 1/2 6.0 26.1±0.8 0.47±0.07 6.5 ±2.0 31 + 3 0.53±0.05 = 9 

Agl 07 81 0-0.9 1/2 6.1 19 ±4 0.37±0.10 3.8 ±0.6 25±3 0.40±0.18 — 

Agl 09 69 0-1 .0 1/2 6.1 16.3±1.5 0.64+0.16 3.8 ±0.6 18.7±1.3 0.68±0.22 S 3.2 

1127 189- 0-2.0 5/2 6.3 13.3+1.0 0.80±0.09 3.4 ±1.4 14.5±0.6 0.8 ±0.1 - 3.1 

Cs 1 33 165 0-3.5 7/2 6.4 24.2±2.0 0.8 ±0.1 3.9 ±1.0 22.7±2 .9 0.67+0.20 — 

Lai 39 77 0-10 7/2 5.9 286 ±25 0.64±0.15 2.0 ±1.0 283 ±50 0.66±0.22 • = 1 . 2 

Nd 1 42 61 0-22.5 0 6.2 680 ±130 2.0 ±0.4 1.0 +0.4 663 +70 1.2 ±0.3 — 

Nd 143 49 0-2.5 7/2 6.4 35 + 4 2.7 ±0.5 1.2 ±0.5 36.5±4.0 2.7 ±0.8 . — 

Nd 1 44 50 0-11.5 0 6.3 450 ±110 3.0 ±1.0 0.9 ±0.5 432 +70 5.1 +1.6 — 

Ndl 45 1 13 0-2.25 7/2 6.5 19.0+2.0 3.3 ±0.9 0.86±0.4 17.0+1.6 3.3 ±0.6 — 

Nd 1 48 74 0-8 0 6.5 170 ±35 2.7 ±0.8 0.6 ±0.2 167 ±21 3.2 ±0.9 — 

Ndl 50 63 0-10 0 6.5 160 +20 2.7 ±0.6 0.88±0.5 164 ±17 3.0 ±0.7 — 

Sml 47 85 0-0.6 7/2 6.8 6.3+0.7 4.3 +1.3 1.8 ±0.6 4.7±1 .2 4.7 ±1.5 — 

Sml 49 63 0-0.16 7/2 7.0 2.0+0.3 5.1 ±0.9 1.8 ±0.6 1.9±0.3 7.5 ±2.2 
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Fig- 1. Values of gr
n
/fi for

 1 2 7

I . The threshold function was fitted through 
the points indicated with a cross.(Energy in eV, gP in meV). i 
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STATUS OF RADIATIVE WIDTHS, NEUTRON STRENGTH FUNCTIONS 
AND IMPROVED EVALUATION USING THE LANE-LYNN THEORY* 

S. Mughabghab 
National Nuclear Data Center 

Brookhaven National Laboratory 
Upton, N.Y. 11973 

ABSTRACT 

The s- and p-wave neutron strength functions and average radiative 
widths of fission product nuclides are reviewed. 

The direct capture mechanism of Lane and Lvnn is quantitatively 
verified for the two reactions *

+2

Ca(n,y) ^ C a and
 1 3

^Xe(n,y)
 1 3 7

X e . Thermal 
capture cross sections of

 1 3 2

T e and
 i 2 6

S n , are estimated with the aid of the 
Lane-Lynn theory. 

Introduction 

The investigation of the average parameters of neutron resonances 

(Sq, S j , r^g, r j , D Q, D j , R
1

) is of primary importance because these quanti-

ties play a major role in: 

1) the optical model 

2) reactor cycle and burn-up calculations 

3) understanding the neutron reaction mechanisms of thermal and 

resonance neutrons. 

For the prediction of the efficient and safe performance of thermal and fast 

reactors, it is necessary to have a knowledge of the capture cross sections 

in the thermal and fast regions of the various fission product (FP) nuclides 

produced in a reactor cycle. In some cases, either these FP isotopes are 

radioactive and/or experimental information is not available. Because of 

these difficulties, one has to resort to calculations of the capture cross 

section with the aid of average resonance parameters derived from theory 

(such as the optical model) and/or systematics of neighboring nuclides. Such 

a procedure is applied in the unresolved energy region. In the thermal 

* Research supported by the U.S. Department of Energy. 
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region, in some favorable cases, one can predict the thermal capture cross 

section with the aid of the Lane and Lynn theory /1,2/. 

Within the past five years, a great deal of experimental data on 

the individual resonance parameters has become available. In addition, numer-

ous average capture and total cross section data from which average resonance 

parameters can be extracted have been carried out. This situation warranted 

a reexamination of the neutron resonance parameters and their average proper-

ties. The results of this study will be published in a fourth edition of 

BNL-325, Vol. 1. 

The average neturon resonance parameters which I wish to cover here 

are the s- and p-wave neutron strength functions and average total radiative 

widths. The average level spacings are discussed by other speakers at this 

conference. In the last section, I would like to disucss the applicability 

of the Lane-Lynn theory /l/ in the calculations of thermal capture cross 

sections for two radioactive fission product nuclides,
 1 3 2

T e and
 1 2 6

S n . 

S- and P-Wave Neutron Strength Functions 

The s- and p-wave neutron strength functions are defined by the 

relations: 

D
q
 AE 

s . i f i l . £ £ i l
 ( 2

) 
1

 3 Dj
 3 A E

 ' 

where the summation is carried out over N resonances in an energy interval AE. 
Two methods have been exploited in the determination of the strength functions 

Sq and S^: 

1) In the region where resonances are well resolved and thus in-

dividual resonance parameters are available, S
Q
 and S^ are determined by 

Eqs. 1 and 2, respectively. 

2) In the unresolved region, the behavior of the average cross section, 

yields values of the strength functions. 

It can be shown that on the assumption that only s- and p-wave 

resonance contributions are significant, the average total cross section in 

the keV energy range can be written in the form 

<0 J> = 4 I R ( R ' ) 2 + 2 T T V ^ E ( S + 3 K 2 R 2 S 1 ) + 0 ( S Q ) 2 ( 3 ) 

2 
Usually, the contribution of higher order terms 0(S

n
) in the keV energy region 
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is small and can be neglected. The accuracy in determining the strength 

functions by this method depends largely on the accuracy of the average cross 

section and on our knowledge of R' in the keV energy region. In addition, 

Gibbons et al. /3/ applied the theory of Lane and Lynn /4/ to derive s- and 

p-wave strength, functions from their extensive average capture measurements 

through the relation 

O 2
 g

j
 £

IJ
 F

K J
} 

= < r
Y

> P £ < r J > { 4 ) 

All the symbols have their usual meaning and are defined in Ref. /3/. It is 

important to recall here that certain assumptions were made in the derivation 

of Eq. 4. 

1) The strength functions S^, are independent of J and are 

« 1 . 

2) Dj = Dobs/gj 

3) r is independent of J, i, and energy. 

4) r = r + r . This indicates that inelastic channel is considered 
n y 

closed. 

As is very well known at the present time, the first condition is 

satisfied. On the other hand, the third condition may not be fulfilled 

particularly in the 3s and 3p giant resonances where differences exist between 

s- and p-radiative widths. The nature of these differences arise because of 

nonstatistical effects, such as valence neutron capture and doorway state 

formation, and mode of decay of y-rays to low lying states. Consequently, such 

differences in the radiative widths must be taken into account in applying 

Eq. 4. 

The results which will be presented here are based largely on the 

evaluation of the experimental data which are compiled at the National Nuclear 

Data Center at Brookhaven National Laboratory and stored on magnetic tapes 

of the CSISRS library. At the present time, a major effort is devoted in the 

examination of the individual resonance parameter data for the purpose of 

coming up with recommended values which will be published in the report 

BNL-325, Vol. 1, 4th Edition. Before presenting the results, I would like to 

describe briefly our techniques. The various experimental data of measurers 

are transformed into a standard form (such as gr
n
 values), ape grouped according 

to resonance energy, and then a weighted average of the same quantities is 

computed. In addition internal and external errors are calculated. The eyalu-

ator then examines the results and makes any changes he may deem necessary. 

With the aid of another computer code, the recommended values are transformed 

into an ENDF format. Resonances with unknown spins and/or radiative widths 
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are assigned spins and/or average r^with the provision that the (2J+1) law for 

the level density is satisfied. Subsequently, these recommended parameters are 

automatically fed into another program (BNLPSY) which performs calculations 

of the following quantities: 

a) thermal capture and fission cross sections for each resonance 

b) capture and fission resonance integrals for each resonance 

c) coherent scattering amplitudes (the real and the imaginary parts) 

for each spin state 

d) incoherent scattering cross sections for targets with 1^0 

e) s- and p-wave strength functions 

f) average radiative widths for s- and p-wave resonances. 

Consequently, the evaluator examines the results and may make ad-

ditional adjustments in the first few resonances or add bound levels in order 

to achieve agreement with the thermal cross sections and resonance integrals. 

Finally, a staircase plot is produced for s- and p-wave strength functions 

and level spacings. This is illustrated in Figs. 1-4 for
 7 0

Z n . 

The preliminary evaluated strength functions, S
n
 and in units 

~4 u J. 
of 10 are presented in Columns 3 and 4 of Table I. For the most part, these 

are based on the individual resonance parameters. In some cases, because of 

a lack of g r
n
 values, the recommended values are based on average cross section 

data. These are designated by an asterisk. In Column 2, the status of the 

strength function values is described by the letters a,b,c,d; the significance 

of which is as follows: 

(a) = resonance parameter data are available after 1973 

(b) = new measurements of resonance parameters have not been carried 

out after 1973 

(c) = recent measurements carried out but the results of the analysis 

have not yet been published 

(d) = parameters for 7 resonances of
 1 3 l t

Cs are available. However 

the result of the calculation of strength function for this isotope may not 

be satistically meaningful. 

An examination of the status column indicates that improvements in 

our knowledge of the strength functions of the isotopes in the mass region 

A = 87-110 have been achieved. This is largely due to measurements carried 

out at ORELA and GEEL. Note that the average resonance parameters of the 

rare earth isotopes are not included here because their evaluation have not 

been completed. 

At this point it is noteworthy to mention that Murty et al. /5/ re-

ported capture measurements of nuclei in the mass region 63-140 using the 

activation technique and an Sb-Be photoneutron source (E ^ 25 keV). From these 
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measurements these authors derived p-wave strength functions. On the basis of 

these determinations, they arrived at the conclusion that there is a splitting; 
-4 

of the 3p size resonance with a minimum at A = 100 with S^ = 1.5x10 . This 

would require that the spin-orbit force is twice the normal value. This con-

clusion is at variance with the present results and with our present knowledge 

of the spin-orbit potential. 

S- and P-Wave Total Radiative Widths 

As pointed out previously, of particular importance in the calcula-

tions of capture cross section is an accurate determination of the radiative 

width of individual resonances in order to study its variation with mass 

number, excitation energy, spin and parity of the resonances. As is very 

well established now /6-8/, nonstatistical effects play an important role 

in the capture reaction mechanism particularly in the 3p size resonance, i.e., 

in the mass region 90-100. Because of this, the partial radiative decay 

amplitude (from an initial, j, state to a final state, f) can be written as 

a sum of several contributions 

= r ? j f ( c n ) + ( d s ) + < V ( s p ) ( 5 ) 

where the successive terms on the right-hand side correspond respectively to 

compound-nucleus, doorway state, and single particle effects. Therefore, the 

total radiative width of resonance j can be written as 

? < y ( 6 ) 

If one assumes that the sign of the interference terms between direct 

capture and the statistical components is random, then: 

^
 = r

Y 0
( C n ) + r

Y J
( d S ) + r

Y J
( S P ) ( ? ) 

It has been demonstrated in Ref. /6,7/ that the valence components in
 9 0

Z r and 
9 8

M o can be as large as the statistical component particularly for resonances 

with large reduced neutron widths. Therefore, nonstatistical effects should 

be taken into consideration in the evaluation of capture cross sections in this 

mass region as well as in the 3s giant resonance region. For isotopes with 

A > 150, nonstatistical effects are negligible and can be ignored in the calcu-

lations of capture cross sections. Gruppelaar /9/ applied the valence neutron 

model in the evaluation of the capture cross sections of
 9 0

Z r and
 9 8

M o . 

Other methods which are based on the Brink-Axel representation and 

thermodynamics considerations have been applied with some success. Dr. Benzi 
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will present at this meeting some results of total radiative widths based on 

the thermodynamical model. Moore /10/ presented at the Harwell conference 

calculations of total radiative widths for transactinium isotopes based on 

the Brink-Axel theory. Some success was achieved in these calculations. 

Finally, we note the recent theoretical calculations by Zaretskii and Sirotkin 

/ll/ of the total radiative widths, which are carried out, in the framework of 

the shell approach using the theory of Fermi systems. A simple estimate is 

derived for the total radiative width which is given by: 

r « 3.1xl0"
2

 (jj- A
2 / 3

)
 7 / 2

 (7) 

where U and are the excitation energy and level density, respectively, 

expressed in MeV units. The radiative width r is expressed in meV. 

Next, let us turn our attention to the experimental values of the 

radiative widths of FP nuclides. The evaluated numbers are listed in Columns 

5 and 6. Two features are readily evident from an examination of the numbers: 

1) In the mass region spanning mass numbers 88 to 100, there are 

differences between the s- and p-wave radiative widths. Specifically, the 

p-wave radiative widths are larger than the s-wave radiative widths. 

2) There is a general trend of a decrease of r^ with mass number 

for both s- and p-wave resonances. 

This dependence of r on A has been known for some time. Recently, 

Malecky et al. /12/ analyzed the experimental data and deduced the following 

relation: 

r =8.7U°-
9

A-°-
9

a-°-
5 7

 (8) 
Y 

-1 47 

As an approximateion, a a A, therefore, r^ a A ' . This dependence of 

r^ on mass number is in satisfactcory agreement with Zaretskii and Sirotkin's 

theory /ll/. 
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The Potential Capture of Lane and Lynn 

In the past few years a large body of thermal capture data in the 

mass regions around A=40 and 140 which exhibit positive correlation between 

"reduced" gamma ray intensities and (d,p) spectroscopic strengths has accumu-

lated /13/. This indicates that the Lane and Lynn /1/ theory of channel capture 

plays a major role in the interactions of thermal neutrons with nuclear matter 

in these mass regions. At this point let us review briefly the expression for 

direct capture and discuss its validity and limitations. The capture of an 

s-wave neutron with energy E by a target nucleus of spin I to a final p 

orbit of spin J^. and spectroscopic factor -S^ is described by 

Z \
2 ( 2 J

f
 +

 D 2 0.062 / Z \
 T l i

 ^ 2 
°

7
f ~

 r e
1/2 \ A )

 M

 6(21 + 1 ) ^ p
y

f 

(y
f
 + 3) + (y

f
 - y

f s
) (y

f
 + 2) 

(y f + i ) 
(9) 

where 

y
2

 = R
2

k
2

 = R
2

2mE^/1i
2

, 

y L = a
2

 , 2mE /K
2

. 
•'fs coh y 

1/3 

The interaction radius R is set equal to 1.35 A . It is assumed 

that for an odd target nucleus, there are equal contributions from channel 

spins I + 1/2 and I - 1/2. The variable y takes into account the multiplicity 

due to the incident-neutron channel spin. For 1=0, y=l; however,, for a target 

nucleus with nonzero spin, I, 

y = 1 for J
f
 - I + 3/2, 

y = 2 for J
f
 = I ± 1/2. 

It is emphasized that the resonance contribution, due to compound 

nucleus formation is assumed to be negligible, i.e., positive and/or negative 

neutron energy resonances, are not located close to thermal energy. Note that 

for the cases where r
n j
./Ej«l, a

C Q h
 = R'. As a result, the partial direct 

capture cross section can be written as 

0.062 / Z \
2 2 J

f
+ 1

 , , , , . 

V "
 R E

 V
A

 / ^ 6 T 2 T ^ T y
 y

f 

1 +
 R-R' .. V

2

^ 

C4) 
R Jf y

f
+3 

(10) 
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The total direct capture corss section is a summation of terms carried out 

over final states, f. 

o (direct) = / „ a r 
y f y f 

It is interesting to note the following features; 

1) There is a strong variation of the direct capture cross section 

with mass number through the term (R-R
l

)/R. This can be shown by examination 

of Fig. 5 where the scattering radius R' is plotted versus mass number. Note 

that two minima occur at mass numbers 40 and 142. The minimum at 142 

is important for our purposes here since it represents a maximum in the fission 

product yield. 

2) Since the direct capture cross section is directly proportional 

to the (d,p) spectroscopic strength, it will be enhanced for those nuclei 

near magic numbers, for example at mass numbers near A = 138. 

At this stage, let us turn our attention to the verification of the 

theory by presenting two examples; ^ C a and
 1 3 6

X e for which y-ray spectra 

measurements have been carried out. 

The results of the calculations for
 l + 2

Ca via expression /10/ are sum-

marized in Fig. 6. On the right-hand side are shown the calculations for each 

transition, while on the left-hand side are presented the experimental partial 

capture cross sections obtained with the aid of the relation a = I . As in-
y y t y 

dicated, there is very good agreement between the experimental and calculated 

values for each partial capture cross section and consequently for the sum-

mation of the partial capture cross sections. 

The comparison between theory and experiment for the reaction
 1 3 6

X e 

(n,y)
 1 3 7

X e is illustrated in Fig.7. Again very good agreement is observed 

between calculations and measurements. 

In WRENDA 76/77, two requests (No. 428, 420) for the thermal capture 

cross sections
 1 3 2

Te(n,y) i3 3y
e a n c

j i 2 6 s
n
(

n j y
)

 1 2 7

S n are noted for the object 

of calculations of fission product poisons. Both of these nuclides are 

radioactive with half lives of 78h and 12.4d, respectively. Because of the 

well known experimental difficulties of obtaining samples for these isotopes, 

such data is not readily available as yet. Since both of these nuclides 

are evon-even and they are situated in the vicinity of the mass region where 

the p - w w e strength function peaks, it is expected that s-wave resonances 

are not situated close to thermal energy. Because of these considerations, 

one can carry out the calculations in the framework of the Lane-Lynn theory 

on the assumption that the single particle (d,p) spectroscopic strengths 

in
 3 3 2

T e and
 1 2 6

S n are the same as in
 1 3 0

T e and
 1 2 l f

Sn for which experimental 

d a t a are available. The results of the calculations are: 
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1 3 2

Te(n,y)
 1 3 3

T e a = 0.135 b, 
1 2 6

Sn(n,y)
 1 2 7

T e a^ = 0.120 b 

We emphasize that if low-lying resonances are located near thermal 

energies, these values then would represent a lower limit for the capture 

cross section. 

CONCLUSION 

In summary, the s- and p-wave strength functions of FP nuclei in 

the mass region 85-150 were surveyed. Improvements in our knowledge of 

these quantities have resulted because of the extensive capture and trans-

mission measurements carried out at ORELA and GEEL. It will be useful to 

carry out transmission measurements on enriched samples of the Ru isotopes 

in order to combine with the ORELA capture measurements /14/ for the purpose 

of determining the parity of the resonances and hence the average s- and p-

wave radiative widths. 

Finally, the Lane-Lynn capture theory was applied to the two 

fission product nuclides
 1 2 6

S n and
 1 3 2

Te;estimates of their thermal capture 

cross sections were derived. 
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Table I. Summary of the s- and p-Wave Strength Functions 
and Average Radiative Widths of Fission Product 
Nuclides in the Mass Region 85-147 

Isotope Status S

0 ' 
S

1 
r

y Q
(eV) r

Y l
(eV: 

Rb-85 b 1.0 ± 0.4 0.205 
Rb-87 b 1.6 + 0.9 
Sr-86 
Sr-87 a 0.30 + 0.07 0.310 
Sr-88 a 0.45 + . 0.23 5.0 ± 0.8 0.225 0.720 
Y-89 a 0.27 + 0.05 2.64 ± 0.03 0.130 0.300 
Zr-90 a 0.7 ± 0.2 4.0 ±0.6 0.240 0.440 
Zr-91 a 0.36 ± 0.08 6.7 ± 1.3 0.140 0.240 
Zr-92 a 0.5 ± 0.1 7.0 ±1.3 0.140 0.360 
Zr-94 a 0.50 ± 0.15 9.8 ± 2.0 0.130 0.185 
Zr-96 a 0.34 + 0.14 6.0 ± 1.8 
Nb-93 a 0.89 ± 0.10 4.7 ± 1.0 0.160 0.200 
Mo-95 a 0.40 ± 0.06 4.0 ± 2.0 0.160 0.250 
Mo-96 a 0.5 ± 0.2 0.110 
Mo-97 a 0.29 + 0.02 0.140 0.180 
Mo-98 a 0.5 ± 0.1 7.3 ± 1.1 0.085 0.125 
Mo-100 a 0.7 ± 0.2 5.0 ± 1.1 0.088 0.098 
Tc-99 a 0.45 + 0.05 
Ru-99 b 0.72 + 0.16 
Ru-100 a 6.5 ± 0.9* 
Ru-101 a 0.59 + 0.04* 6.1 ± 0.4* 
Ru-104 a 5,0 ± 0.4* 
Ru-106 a 5.7 ± 0.9* 
Rh-103 a 1.04 + 0.13* 7.9 ± 0.7* 
Pd-105 a 0.60 + 0.10* 5.8 ± 0.6 0.145 
Pd-106 a 0.50 + 0.05* 6.7 ± 0.6* 
Pd-108 a 0.78 + 0.17* 5.9 ± 0.6* 
Pd-110 a 0.40 0.06* 8.1 ± 0.9* 
Ag-107 b 0.38 + 0.07 3.8 ± 0.6 0.140 
Ag-108 b 0.46 + 0.15 3.8 ± 0.6 0.130 
Cd-111 b 0.45 + 0.06 
Cd-112 b 0.58 + 0.08 
Cd-113 b 0.32 + 0.07 
Cd-114 b 0.54 + 0.11 
Cd-115 b 0.21 + 0.06 
In-115 b 0.26 + 0.03 2.5 ± 0.5 
Sn-115 b 
Sn-117 b 0.19 + 0.02 3.0 ± 1.6 
Sn-118 b 0.40 + 0.15 
Sn-119 b 0,08 + 0.03 3.8 ± 1.5 
Sn-120 a 0.14 + 0.02 2.1 ± 0.2 
Sn-122 b 
Sn-124 b 
Sb-121 b 0.29 + 0.05 1.1 ± 0.10 
Sb-123 b 0.22 + 0.07 2.0 ± 1.5 
Te-125 b,c 0.49 + 0.10 
Te-126 b,c 0.30 + 0.10 
Te-128 b,c 0.25 + 0.15 
Te-130 b,c 0.14 + 0.05 
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Table I. (cont.) 

Isotope Status S
Q
 s

l
 r

 Q
(eV) . ' r . ( e V ) 

1-127 a 0.76 + 0.06 0.090 
Xe-129 b,c 1.0 + 0.2 

0.090 

Xe-130 b,c 1.3 + 0.5 
Xe-131 b,c 0.70 + 0.16 
Xe-132 b,c 
Xe-134 b,c 
Xe-136 b,c 
Cs-133 a 0.70 + 0.08 0.120 
Cs-134 d 

0.120 

Ba-135 a 0.39 + 0.07 0.141 
Ba-136 a 1.2 + 0.5 0.126 
Ba-137 a 1.4 + 0.4 0.084 
Ba-138 a 2.0 + 0.5 0.108 
La-139 b 0.75 + 0.11 0.060 
Ce-140 b 1.1 + 0.2 0,34 ± 0,05 

0.060 

Ce-142 a 
Pr-141 b 1.5 + 0.2 0.086 
Nd-143 a 3.3 + 0.4 0.081 
Nd-144 a 4.4 + 1.0 0.055 
Nd-145 a 4.0 + 0.4 0.075 
Nd-146 a 2.3 + 0.5 0.054 
Nd-148 a 3.1 + 0.5 0.3 ± 0.1 0.051 
Nd-150 a 2.9 + 0.3 0.067 

(a) Resonance parameter data available after 1973. 
(b) Measurements have not been carried out after 1973. 
(c) Recent measurements carried out but results are unavailable. 
(d) Recent results of 7 resonances available for this radioactive isotope. 

* Results derived from average cross section data. 
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merits by Garg et al. (private communication). 

Fig. 2 Cumulative number of p-wave resonances of
 7 0

Z n as 
a function of neutron energy. The data are based on measure-
ments by Garg et al. (private communication). 
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E <eV) 

Fig, 3 Staircase plot of the s-wave reduced neutron widths of 
7 0

Z n versus neutron energy. From such plots the s-wave neutron 
strength function is deduced. 

Fig. 4 Staircase plot of the p-wave reduced neutron widths of 
7 0

Z n versus neutron energy. 
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Fig. 5 Variation of the scattering radius as a function of 
mass number. Note the deep minima at mass numbers 40 and 140. 
The solid curve passing through the points is an optical model 
calculation. 
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NEANDC SPECIALISTS' MEETING ON NEUTRON 

CROSS SECTIONS OF FISSION PRODUCT NUCLEI 

(Bologna, Dec. 12-14, 1979) 

Phenomenological and Theoretical Basii for the Parameterization of 

Nuclear Models Used in Reactor Data Evaluation. 

(G. Reffo) 

Centro Ricerche "E.Clementel",CNEN 
Via Mazzini,2 - 40138 Bologna-Italia 

The problem of the parameterization of the various models involved in 

reactor nuclear data evaluation is reviewed from the practical application 

view point. 

Procedures are discussed for extraction of parameters from available expe-

rimental quantities. 

Parameter systematics have been determined which lend themselves to interp£ 

lations where experimental information is not available. 

(oral presentation only) 
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EVALUATION OF AVERAGE LEVEL SPACING AND S-WAVE STRENGTH 
FUNCTION PERFORMED FOR MORE THAN 240 NUCLEI 

G. Rohr, L. Maisano and R. Shelley 
CEC, JRC, Central Bureau for Nuclear Measurements 

B.2440 - Geel, Belgium 

A method to evaluate the level spacing obtained from resonances at neutron 
separation energy is developed which is simple, experimentally orientated and 
incorporates very few assumptions for the resonance data. It separates large 
s-wave resonances from all other resonances by means of the Bayes' theorem. 
The number of small s-wave resonances lost in this procedure is estimated assum-
ing a Porter Thomas distribution for the reduced widths. With small modifica-
t i o n ^ depending on the number of resonances available and on the p-wave to 
s-wave strength function ratio, this method has been applied to more than 240 
nuclei. The uncertainty of the method is determined using a large number of 
different resonance parameter data sets produced in a statistical fashion using 
Porter Thomas and Wigner distributions for the widths and level spacings res-
pectively. The method is applied to an intermediate structure (indicated by 
strong energy dependence of the strength function) with resonance data from 
1 7 7

 Hf. 

Introduction. 

The level density is the most important quantity used to describe highly 
excited nuclei at excitation energies where the statistical average of nuclear 
properties become important. That holds beyond the neutron separation energy 
for nuclei A > 40 where the cross section formula, based on statistical nuclear 
models, depends directly on the level spacing D and other average values such as 
the strength functions and the total radiative widths, which also depend on D.; 
Furthermore the pairing energy and shell effects can be studied at high excita-
tion energy and the level spacing of single particle states at Fermi surface 
energy can be determined by means of the level density obtained in the resonance 
region /1/. 

Below the separation energy for low excitations the microscopic properties 
of the individual levels themselves have been used extensively to study nuclear 
properties and have served as tests for microscopic nuclear models. However at 
higher excitation energies the number of excited bound levels increases and can 
also be considered as a statistical set of levels. 

In general three methods can be distinguished to measure the level density; 
they are listed as follows with increasing excitation energy: counting of bound 
states, measuring resolved neutron resonances at neutron separation energy and 
measuring evaporation spectra. 

* 
Euratom boursier 



198 

The only method which is suited to evaluate the level spacing for almost 
all stable target nuclei is the measurement of resolved resonances. In this 
case the number of individual levels is high enough for nuclei with A > 2 0 .

 1 

One can extract a clean set of resonances with definite spin and parity and 
the energy shift of states towards lower excitation energies due to collective 
excitations and,pairing energy is small compared to the neutron separation 
energy. On the other hand, due to the interest of applied nuclear physics 
(reactor technology) in this energy region, there exists an enormous amount of 
data for nearly all stable nuclei. 

Based on this data, we develope a method to determine the s-wave level 
density and we obtain the s-wave strength function as a by-product. The level 
density will be used to study nuclear correlations and single particle effects 
by means of the newly developed level density systematics /l/. 

A simple method to evaluate D. 

The determination of the average level spacing D at neutron separation 
energy is, in principle, quite simple; it requires only the neutron resonance 
energies. D is then calculated from the number of resonances N in a given 
energy range AE by D = AE/N, but the determination is complicated mainly by 
two facts: 
1) The finite resolution of the neutron spectrometer results in a loss of 

small resonances. 
2) The neutron has a spin i = 1/2 and may carry an angular momentum (£). 

If the target nucleus has a spin I 0 then the total angular momentum J 
is a combination of three angular momenta, which leads to neutron resonan-
ces with different total spin and angular momentum. Introducing the chan-
nel spin S = t + T, then J can take all values which are obtained by vec-
torially combining S and £; 

J = S + £ . 

The spin determination of resonances is often not performed (or sometimes not 
possible) and only the gr , which is proportional to the area below the reso-
nance, can be determined. Therefore we define the level spacing and the 
strength function per compound spin state and use the definition of the spin 
independent strength function.. 

2 gr 
nx 

S (i) = J L _ . hz1 (1) 

2£+l AE 

with the reduced neutron width given by 

r

^
) = r

n l A v W ' l ^ - l " (
2

) n

 • . \l(eV) 

where v(£) is the probability of a neutron to pass through the centrifugal 
barrier. 
The denominator describes the energy dependence of the^average neutron width 
< r „ > and ensures that the reduced average width < r > in (2) and the 
strength functions in (1) are independent from energy. 

The angular momentum of resonances has been assigned by experimental me-
thods I'll in only a few cases. Statistical considerations., sometimes used to 
assign p-wave resonances and determine missed levels, such as the A3- and F-
statistics based on Deyson-Metha theory will not be used (so as to keep the 
evaluation procedure tangable). A possibility for separating large s-wave 
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FIG. 1 : The probability v(£) of a neutron to pass through the centrifugal 
barrier plotted against neutron energy for different radii and 
angular momenta. 

resonances from small ones and resonances with I > 1 is offered by the differ-
ent energy behaviour of v(£) which is plotted in Figure 1 for three different 
nuclear radii and angular momenta. Below 100 KeV neutron energy this value 
for s-wave resonances is much larger than for p-wave resonances; the same holds 
for the average neutron widths (see (2)). Assuming that both populations, 
s- and p-wave resonances, obey the Porter Thomas distribution for the neutron 
widths we can calculate the probabilities: 

P
s
 d(gr ) = 

, S N VTTTX 
and s 

pp d(9r"> " TSir 

exp(-x
s
/2) dx

s 

exp(-x
p
/2) dXp 

x = gr /< qr > 
s

 3

 n'
 a

 no 

x = gr /< gr
 n
 > 

p
 3

 n
 3

 nl 

(3) 
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for an observed value g r in the interval d(gr ). The probability of a reso-
nance with a given gP being a p-wave resonance can be determined using the 
Bayes' theorem /3/ 

7T • p 
P(p, g r ) = e 

3 n f • p + 7r - p 
s

 1

 s p
 K

p 

where n and ir are the 'a priory', probabilities that the resonance is excited 
by an s and a

 H

p-wave respectively. 

Re-writing we get 

P(p,gr n ) = (1 ( ~ ) ) ~ l ( 4 ) 
p

 H

p 

where the ratio ^ A p . which is the same as
 D

£
= 0
/

D

£ -I > depends on the spin of 

the target nucleus I. 
Assuming that the level density p , = 1/D, is proportional to (2J + 1 ) indepen-
dent of the parity then the ratio TT /TT = 1/3, 4/9 and 1/2 for I = 0, 1/2, and 
> 1 respectively.

 p 

From (3) and (4) we obtain: 

i *s
 < g r

n o
> 1 / 2

 1 ^
g r

n ) 1 <
g I

V , 

The separation function is finally obtained taking P(p,gr
n
) = const and solving 

(5) for gr
n
, which we call (gr

n
)

 b i as 

In our Fortran programme this value is calculated for each resonance (N) at 
its energy E

q
 and the reduced widths are fitted by the following function: 

5(E) =
 ( 9 F n ) b i a s

 = a • E
b 

V E(eV) 

where the parameters a and b are obtained by a linear least square method. 
All resonances with 9

r

°
n

> 5

( E
0
) are selected as large s-wave. This number of 

resonances N, . depends mainly on the probability P (normally ~ 10"
3

) 
and the p-wavi strength function(S,), . . However to determine the correct 
(best suited) energy dependence of

 6

(E)> preliminary values of D and 
S

Q
 are also needed. 

The 5(E) we consider as a suitable tool, producing a clean set of large 
s-wave resonances. The main part of the procedure to evaluate the level spac-
ing consists of a missed level routine, which estimates in an iterative way 
the number of small resonances which have been lost using the bias function /4/. 

The final results depend on the following assumptions: 

1) The s-wave resonances obey a Porter Thomas distribution in gF°. 
2) The average reduced width is independent of the spin J. 
3) The resonance parameter consists of a statistical set of reso-

nance data. 

Results. 

Resonance parameters have been compiled up to the end of 1971 in the 
BNL 325, and are available on magnetic tape /2/. This data has formed the basis 
of our evaluation although more recently published data have been included. 
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FIG. 2 : The reduced neutron widths plotted against neutron energy. 
Si values correspond to those of (Si )k|

a s
 in the text. 

The 

The method described has been used for nuclei in the mass region 40 < A < 250 
with a few exceptions, namely for nuclei with A « 100 where the ratio S

0
/S! is 

too small and for nuclei at closed shells. Normally we have started the pro-
cedure with P = 10"

3

 and three different (S, )
b i a

_ values at once (S,/3, Si , and 
2 Si ; Si taken from opti-
cal model calculation 
/2/), in order to check 
whether the results are 
influenced by p-wave 
resonances.

 22

H 

The results of the 
procedure gives three D-
values, which have been 
taken as final results if 
all three do not differ. 
In cases where the D-
values had the tendency 
to become smaller for a 
lower bias, a new trio 
of bias values have been 
added. 

In Figure 2 the re-
duced neutron width for 
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FIG. 3 : Level spacing D and strength function 
S

0
 calculated for different bias values. 
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2 3 8

U resonances is plotted against the neutron energy /5/. The influence of 
the bias on the results are shown in Figure 3. 

The data of a low resolution measurement (low sensitivity) are shown in 
Figure 4 using Pa as an example. Here the (Si )

b i a s
 has to be increased to 

36° 10"
4

 to discard a few resonances spread over the whole energy range, in 

FIG. 4 : See caption Fig. 2. 

The
 5 6

F e resonance data, angular momentum included, are shown in Figure 5 . 
/6/. This example demonstrates the limitations of the method above 500 keV 
where a separation of large s-wave resonances is not possible. 

The same holds for
 9 3

N b resonances which are shown in Figure 6 /7/. In 
this case where the parity of resonances is known from experimental work, only 
s-wave resonances have been used together with the missed level procedure to 
determi ne D and S

0
. 

The level spacing of closed shell nuclei and nuclei in the mass region 
20 < A < 40 have been determined directly by counting resonances with I = 0 
and/or t = l,using the assumption that Pj « 2J + 1 • to determine the number 
of spin states. 
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FIG. 5 (UPPER) and FIG. 6 (LOWER): See caption Fig. 2. 
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A missed level procedure has not been used for these nuclei since the 
resonances at neutron separation energy are doorway-resonances and it is very 
questionable that these resonances obey a Porter Thomas distribution. 

In total more than 240 nuclei have been analysed covering the atomic 
weight range 20 < A < 200. The level spacing results will be used in the con-
tribution to this meeting titled 'The level density systematics applied to 
fission product nuclei'. 

Uncertainty of the method. 

In a recent paper /8/, where we have used the same method to determine 
the average resonance parameters for structural materials, the uncertainty of 
the final average parameters has been estimated by changing (S

t
 ), . in the 

limits S,/3 < Si < 2S, .
 D i a s 

Here the uncertainty will be determined using resonance parameter sets 
for s- and p-wave resonances generated from level spacing and width parameters 
chosen randomly from Wigner and Porter Thomas distributions. Average resonance 
parameters similar to the

 2 3 8

 U data (D = 22.4 eV, S
0
 = 10~" , S, = 2.5 x ID

-4

', 
R = 9.4 x 10"

1 3

 cm) were taken in order to cover a large range of N. . values. 
This was done by using different values of (Si )

b i
 and E the maximum resor 

nance energy.
 c u i r i n

™ oias^.,... For each case 10000 resonance 'data sets have been 
generated yielding a distribution of N.. values. For the most probable N. . 
value, where we have actually less than 10 % of the total number of sets, 
we describe the distribution of D and S. 

The level spacing distribution is almost symmetric, its peak corresponds 
to D = 2 2 . 4 eV, and the half width at half maximum is plotted in Figure 7 
against N

b
- for the two ratios (Si )

b i a s
/Si = 1 and 3. For a very high bias 

value the peak of the D-distribution D . is shifted to smaller values. The 
correction factor 22.4/D is about

 v

1.2 for (Si). . /S, = 40 and is consi-
derable smaller than the

a v

 SD/D (%) which is p1otted
D i a s

in Figure 8. 

Nbias 

FIG. 7 Percentage level spacing 
uncertainty against 

( S l ) b i Q s ' S l 

FIG. 8 : Percentage level spacing 
uncertainty against ratio 

<
S

.>Mas/
S

' 
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It is intended to check whether the uncertainty also depends on the 
strength function ratio S

0
/Si , with which the resonance set has been deter-

mined. 

Application to intermediate structure 

Cross section measurements 
often show deviations from the sta-
tistically distributed resonance 
parameters, indicated by a strong 
energy dependence of the strength 
function, which are interpreted as 
intermediate structure. As an 
example the

 1 7 7

Hf-data are shown in 
Figure 9, where the strength func-
tion in the energy range 0-100 eV 
is a factor of three larger than 
that in the range 100-300 eV for 
J = 4 resonances /9/. 
For resonances with J = 3 no change 
of the strength function in the 
energy range 0-300 eV is observed. 

Our method of determining D 
bas been applied in two ways for 
each spin. In the first case we 
take all resonances from 0-300 eV 
and in the second we have divided 
the range in three parts and applied 
the procedure separately to each 
interval. 

Using (S, )
b i a s

 = 30-lO"
4

 and 

P = 10"
3

 we calculate N = AE/D and 
obtain the values collected in 
Table I. 

E n leV] 

E n leV] 

FIG. 9 : Cumulative sum of reduced 
neutron widths as a function 
of energy for

 1 7 7

H f reso-
nances. 

TABLE I. 

J 0-300 0-100 100-200 200-300 0-300 

3
+

 N 48 J

 Bias 
missed levels 13 

19 15 14 48 

4 5 4 13 

"Total « 
23 20 18 61 

4 + N

Bias
 4 3 

missed levels 13 

22 12 9 43 

4 7 5 16 

N

Total 56" 
26 19 14 59 
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The total number of resonances N. . = 61 is the same for the two ways for 
J = 3 resonances; but for J = 4 we get N. . = 56 taking all resonances 
at once and N^ ^ = 59 dividing the range into 3 intervals. 

The last value is increased by 5% towards the value for J = 3 resonances, 
which we would expect for a spin cut off factor of a = 4 ~ Nj.*)- There 
is an indication that the level spacing D evaluated in interme-
diate structure can be improved by dividing the energy range into regions where 
the strength function is almost constant. 
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THE LEVEL'DENSITY SYSTEMATICS APPLIED TO FISSION PRODUCT NUCLEI 

* 

G. Rohr, L. Maisano and R. Shelley 
CEC-Joint Research Centre, Central Bureau for Nuclear Measurements 
CEC-JRC, Central Bureau for Nuclear Measurements, Steenweg op Retie, 
B-2440 GEEL, Belgium 

A level density systematics based on the newly evaluated level spacing 
obtained at CBNM, Geel for more than 240 nuclei will be interpreted as proposed 
at the Harwell Conference 1978. The deviation of the level density parameter a 
from a linear dependence on the atomic number A, indicates two types of 
structures : 

1) the usual shell effects with."dips and bumps" at specific N and Z values, 
reflecting changes of the level density of single particle states at Fermi 
energy. 

2) distinct steps (three in total) of the level density parameter a at certain 
A values, which can be explained by the addition of two extra quasi 
particles participating in the excitation process of the compound nucleus, 
at each step. 

The lines in between successive structures are defined by using odd-odd compound 
nuclei, where no pairing energy is expected. Based on this interpretation of 
the level density systematics (S) the following aspects are being considered : 

influence of the spin cut off factor on S, determination of pairing energy A , 
possibility of adjusting Nilsson single particle states. 

Introduction 

This contribution is concerned with the intermediate (or weak) coup-
ling compound model which treats the excitation of a compound nucleus in steps 
produced by successive collisions of two nucleons.Throughout this paper the term 
'doorway states' will refer to the excited state corresponding to the first of 
these steps. 

The interpretation of the level density systematics as proposed in 
ref./I/ is performed with two sets of level density data; 

1) An evaluation of the level density of compound resonances observed at 
neutron separation energy, based on one procedure used for nearly all nuclei 
in the atomic mass range 20 < A < 250 /2/ 

2) The level density of doorway states calculated at neutron separation energy 
for more than 200 nuclei spread over nearly the whole atomic weight range, 
based on the single particle shell model including the pairing force/l>3/. 

The results for the doorway level density and the experimentally 
determined level density of the compound states have been reduced to the level 
density parameter a at excitation energy U = E

s
 + E

m a x
/ 2 by means of the Fermi 

* 
Euratom boursier 



208 

gas level density expression^/ : 

p(U,J) = 
2J + 1 exp [ 2(a(U - A ))1/2 - J(J + l)/2a

2

 ] 

24V 2 a 11' (1) 
(U - A )5/4 

where Eg is the binding energy of the neutron and Emax the largest energy of a 
neutron resonance used in the evaluation. The parameters in expression (1) 
are : 

spin of the compound resonance 

spin cut off factor 

nuclear temperature 

pairing energy 

a - V ( 0.0888• a 

t = V(U - A)/a 

A taken from / 4/ 

A
i / 3

 ) 

The level density parameter a is proportional to the level density of single 
particle states at Fermi surface energy g

0
 = a (6/tt

2

). 

N = 28 
N=20 
2 = 20 Z±28 

FIG. 1 The level density parameter a appearing in the Fermi gas level density 
expression obtained from compound and doorway state level densities as 
a function of mass number A. 

Level Density Systematics 

Fig. 1 shows the plot of a against atomic number A; the stars correspond 
to the compound states and the circles to the doorway states. The deviation of 
the level density parameter a from a linear dependence on the atomic number A 
indicates two types of structure 

1) The usual closed shell effects at specific numbers of neutrons N and protons 

(a shall refer to a
c o m p o u n d

 from now) 

Z, reflecting a decrease in the level density of single particle states at 
Fermi surface energy and a pronounced hump at A ~ 155(N = 90) indicating an 
increase of g

0
. 

2) Distinct steps (three in total) of the level density parameter a at certain 
A values (A = 38, 69, 94), caused by changes of the compound level density 
(not go) at neutron separation energy, which can be explained by an addition 
of two extra quasiparticles participating in the excitation process of the 
compound nucleus at each step. Since g

0
 <* A, the successive steps with 

increasing A describes the changes of the hierarchy of the compound states. 
The highest hierarchy in the excitation of the compound nuclei for A < 38 is 
the doorway state ( ^doorway

 =

 Compound) which corresponds to the first 



209 

step of the compound excitation. At A > 38, A > 69 and A > 94 the second, third 
and fourth steps respectively in the compound process become important. As the 
level density of compound states with an hierarchy larger than four becomes 
considerably smaller (because the energy per particle is too small) the linear 
dependence does not change to any great extent. 

Between these structures the level density parameter a. should be linear 
with A, as indicated by the lines in Fig. 1 which will be defined later. 
Considerable fluctuation is observed in the mass range 100<A < 130 and 220 < A < 
250. To explain this we shall study the parameters in expression (1) in more 
detail. 

5 -

. U = (Eg • E m a » / 2 - A ) • 1.05 

x x 

x D = 1.5 Dobs 

X 

X 
X * X 

V X 
* x "St 

• • • • 

XXXxx 

50 100 150 200 250 

Fig. 2 

Sensitivity of a to the parameters in the level density expression 

Fig. 2 shows the variation of a for all considered odd-odd nuclei, 
resulting from changes in D and U of + 50% and + 5% respectively. Similarly 
in Fig. 3 8a/

a
is obtained by doubling the value of a

2

 and is plotted showing 
the influence of different target spins I. 

The fluctuation in a 
values between 220 < A < 250 «H 
is approximately 10% and would 
represent almost a factor of 
two deviation in the level 
density. This is highly im-
probable and a deviation of 
30% should be the maximum. 
The spin cut off factor a is 
directly dependent on the 
moment of inertia and should 
not vary significantly from 
one isotope to the next. This 
leaves only the effective ex-
citation energy 
(U(eff) =.E

B
 + Emax/2 - A ) 

as a parameter able to cause 
such fluctuations and, as ED 
and E

M ? X
 are known accurately, 

the pairing energy term A 
(which is obtained by mass 
differences) becomes suspect. 
It is generally accepted that 
A has no influence for odd-
odd nuclei so in this case the 
fluctuation is expected to be 
greatly reduced. The level 
density systematics for these 
nuclei are given in Fig. 4 
showing a reduction in the 
fluctuation at the highest 
atomic weight range except for 
the peak at 1 = 90. The devi-
ation of the two points at 
Z - 90 (A = 235) from the 
s t r a i g h t line corresponds to 
a shell effect hump similar 
to the more pronounced hump 
seen at N = 90. This plot has 
been used to define the linear 
behaviour of a between the Fig. 3 
previously mentioned struc-
tures . 

Percentage change in a (for odd-odd 
nuclei) resulting from changes in level 
spacing D and excitation energy U. 

250 

Percentage change in a obtained by 
doubling a2 (a = spin cut off factor) 
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Fig. 4 : Level density parameter a for odd-odd nuclei only. 

Five regions have been fitted with straight lines of equal slope, 

a = 0.08A + 1 . 2 
a = 0.08A + 2.8 
a = 0.08A + 5.8 
a = 0.08A + 7.4 
a = 0.08A + 8.64 

20 
38 
69 
94 

220 

In fact it would be better to describe the 
the slope instead of using the small step, 
obtained in this range. 

In Fig. 5 we have plotted 
groups of odd-odd nuclei where within 
each group nuclei of different target 
spin I are considered. For each nuclei 
a has been calculated for the three 
spin cut off factors shown. By checking 
which of the values falls on the best 
straight line we conclude o

2

2
m u s t 

certainly be larger than %
 05

 rigid and "L 
at higher A values the tendency suggests 1 
that a

2

 >
 1

 VCTI,.,-g-ĵ .al though we see in ^ 
Fig. 3 that the sensitivity of a to I is 
much larger at low A values (A < 100). 

Determination of the Pairing Energy 

The procedure described in the 
p r e v i o u s chapter defined the linear 
b e h a v i o u r of a with atomic number (2) for 
o d d - o d d nuclei where we can take the 
pairing energy A = 0. For all other 
nuclei we determine A in order that the 
corresponding a parameter is also des-
cribed by eq. (2). The circles in 
Fig. 6 give the resulting Ap values for 
even-odd actinide nuclei plotted 
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last A range by 
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a siight change in 
effect the results 
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Fi g. 5 Dependence of a on the spin 
cut off factor (a ) for 
different target spins I. 
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Fig. 9 : Neutron pairing energy A^ 
plotted against neutron 
number N in the range 
100 < A - < 1 3 0 

against Z. The neutron number is shown alongside each circle and the crosses 
represent the average pairing energy for that particular element Z. For Z = 9 0 
the average value has been increased by 0.35 MeV due to the single particle 
effect previously described. Assuming a 6 force for the pairing energy A 
proportional to (2j + 1)/

5

/, the reduction in A in the range immediately below 
Z = 92 could be explained by single particle states with a small value of j 
being important in this region. The pairing energy A^ is plotted against the 
neutron number N in Fig. 7 for even-odd and even-even actinides represented by 
closed and open circles respectively. The number given next to each circle is 
the corresponding Z. For even-even nuclei A N = Aj - Ap. The actual values of 
Aft taken for this work are shown as the continuous line. 

Similarly for nuclei in the fission product range 100 < A < 130, Ap and 
Ay are given in Figs. 8 and 9. When comparing these results with those of 
Gilbert and Cameron/4/ a considerable reduction in the value of Ap between 
7, = 44 and Z = 48 can be seen, whereas Â - is consistantly higher over the whole 
range plotted. 

Over the complete atomic mass range covered by this paper, the pairing 
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energy has been determined as described above. These new values are used in the 
level density systematics plotted in Fig. 10 and result in a considerable 
reduction of the fluctuation in the ranges 100 < A < 130 and 220 < A < 250. 

Prediction of level density at neutron separation energy 

The determination of the level spacing at neutron separation energy is 
most accurate in the actinide range of nuclei where the assumptions used are most 
valid. Therefore in the atomic number range 234 < A < 250 we have determined the 
theoretical value of the neutron resonance density P

c
 from eqs. 1 and 2 and 

compared it with p
0
bs- The ratio P

C
/ P gbs is plotted in Figs. 11 and 12 for the 

old (pairing energy A taken from ref./4/) and the new (A taken from present work) 
systematics respectively. Using the definitions defined in /4/ we have 

I = log ( P c / P o b s ) 

and a figure of merit F = exp V ( s £
2

/
n

) where n is the number of nuclei/ For 
n = 24 we obtain F = 1.6 and F = 1.22 for the old and the new systematics 
respectively. In order to determine how much of this error is attributed to

 : 

experimental uncertainties in Pobs» another figure of merit F' can be defined : 

/ ( 2 A I2 , > 
F' = exp V \ • / n ) 

with A t = log ( A p
o b s

/ p o b s ) -
 W e

 obtain F' = 1.21, showing that the error in 
the new systematics consists mainly of experimental errors. 

Refinement possibilities for nuclear models 

It has been shown that the level density parameter a, between structures, 
can be described by equation (2). Then the level density at Fermi surface energy 
(reflecting shell effect structure but not the steps) is given by g

0
 = 0.049 A. 

Bel ow A - 150 and at closed shells, go reproduces the shell structure predicted 
by the shell model. Above A = 150 the nuclei are strongly deformed between shell 
structures but the deformation does not seem to increase the level density. 
However, it rearranges the single particle states, producing humps in g

0
 after 

closed shells and creates subshell structure indicated in Fig. 1 at A - 175 and 



213 

Fig. 11 : Ratio of calculated to 
observed neutron resonance 
density for actinide nuclei 
plotted against A. Pairing 
energies taken from ref./47 

Fig. 12 : Ratio of calculated to 
observed neutron resonance 
density for actinide nuclei 
plotted against A. Pairing 
energies taken from this 
work. 

and A = 183, as would be expected from the Nilsson model (deformation included). 

To reproduce the dependence of g
0
 (and also a) on A (and N and Z) in 

detail and to check nuclear models, calculations of the level density of states 
corresponding to higher steps in the compound process are required. These 
calculations should be based on a similar procedure to that used for determining 
the level density of doorway states. This would allow a study of the energy 
dependence of the level density and to interprete observed structures in reson-
ance data (cross section data) such as doorway structure/1/ and intermediate 
structure caused by a higher hierarchy of the compound process/6/. 

Until now we have assumed that the pairing energy exists only in nuclei 
with an even number of N and/or Z and it has been linked directly to this even 
number of N or Z. This assumption seems to be somewhat too simple ; for instance, 
the pairing energy at Z = 50 (Fig. 8) has been determined as the average pairing 
energy for seven different isotopes with rather different Ap. To study effects 
such as pairing energy dependence on the number of pairs and n-p correlations more 
carefully, the level density at neutron separation energy has to be improved. We 
hope to do this by means of the very accurate (experimental) values of the neutron 
binding energy as follows : 

The sum A + S (S = shell effect energy) will be determined separately 
for each isotope using U

e
ff = Eb + E

m a x
/ 2 - A - s and a values defined by 

equation 2. These values will be taken together with the weakly A dependent terms 
(e.g. volume, surface), of the liquid drop model, whose free parameters will be 
determined by a least square fit of binding energy giving a'semi-emperical binding 
energy formula

1

. The difference between this predicted binding energy and the 
experimental value will be used to correct ( A + S ) allowing a new calculation 
of the level density at neutron separation energy to be done. 
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BCS LEVEL DENSITY CALCULATIONS AND CONSISTENT ESTIMATE OF 
RADIATIVE WIDTHS BY MEANS OF A THERMODYNAMIC MODEL 

V. Benzi, G. Maino
K

 E. Menapace, A. Ventura 
Comitato Nazionale Energia Nucleare 

Bologna (Italy) 

Microscopic calculations of average s-wave level spacings IT at neutron binding 
energy B were performed for a number of nuclei in the mass number range 
40<A<250 The temperature corresponding to excitation energy B

p
 was uti-

lized for radiative width calculations through a thermodynamic approach (black-
body model). Theoretical results were compared with experimental data. 

INTRODUCTION 

The calculation of cross sections via a statistical mode1_ calls for 
knowledge of the average level spacings, U , and radiation, widths,"ry , together 
with the energy dependence of the above-mentioned parameters. However, in several 
cases of interest for reactor technology (e.g. fission product cross section esti-
mates), these parameters are not known and have to be estimated by means of a 
model, which, in turn, requires knowledge of some empirical parameters, the values 
Of which are frequently estimated on the basis of their systematic behaviour from 
nucleus to nucleus. _ 

In the present paper, U and rY are consistently estimated on the basis 
of the Bardeen-Cooper-Schrieffer (BCS) approximation and a simple "black-body" 
model, respectively. 

1. LEVEL DENSITY FORMALISM 

As mentioned_in the Introduction, the BCS approximation was adopted in 
order to estimate the D-values, within the framework of the grand partition 
function method (see, e.g., ref./l/) and microscopic information is introduced 
through single-particle levels generated in a Nilsson potential with the quadrupole 
and hexadecapole deformations and the shell-dependent parameters of ref./2/. 
Separate residual pairing interactions for neutrons and protons are treated in 
the BCS approximation with constant pairing strengths G., and G

?
 . The Bogolyubov-

Valatin transformations applied to the BCS Hamiltonian allow us to deal with an 
approximate independent-quasiparticle model. 

The collective degrees of freedom, which do not appear in the Hamiltonian 
of our model, are directly introduced into the level density e, (U,J) (levels per 
MeV with angular momentum J at the excitation energy U) in the approximate form 

(°) Guest researcher 
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of r e f r / 3 / . The nuclei of our sample are distributed in three classes: 

(S): spherical nuclei without collective enhancements of the level density; in 

this case: 

2 
where <?. is the density of 'intrinsic states and C the spin cutoff 
. factor,^oth given by BCS calculations (see details in ref./l/); 

(V): spherical, or slightly deformed nuclei with vibrational enhancements of 
the level density: 

S v M * [ l - «
f
( - W r ) J - » C « V O . ; (I-

2

) 

where i><0 is a characteristic phonon energy and g the corresponding 
vibrational degeneracy (for multipole vibrations of order A , g=2/Ul), 
T the thermodynamic temperature in energy units; 

(R): deformed nuclei, with axial and reflection symmetry and rotational spectra-, 
while vibrational contributions are neglected: 

' ' • - - J 

Q . (\J 3) - * L
k
 e x p f - J < 1 - - ^

i )

-
K

- h u , r r C 0 ) O •
3

) 

K is here the projection of the angular momentum J on the nuclear 
symmetry axis; the perpendicular spin cutoff factor is related to the 
moment of inertia Ij. about an axis perpendicular to that of symmetry by-
the formula q ^ I ^ T / h

2

 .
 2

 should be calculated in the frame of the 
BCS theory (/4/) , just like of,

2

 ; however, since the calculation is 
rather cumbersome and formula (1.3) is not very sensitive to the exact 
value of cr

x

2

 if J is not much greater'than 1 , we used the rigid-body 
value for L , thus overestimating the true moment of inertia at 
low temperature, where the nucleus is in a "superfluid" state. 

Finally, the average s-wave level spacing U (at U=B
n
) is given by: 

(1.4) 

where 1,^0 is the ground state spin of the target nucleus, while, for 1^=0 « 

formula (1.4) is replaced by: 

5 ( t V ) * * ; 1 0
C

/ s > ( Z
n
> i ) (1.5) 

In both formulae (1.4) and (1.5) it is assumed that positive and nega-
tive parity states are equiprobable at the neutron binding energy, an assumption 
which seems to be good for deformed nuclei, while it might be less valid for 
spherical ones (/5/). 

In our approach, the input parameters we have to adjust in order to 
reproduce the experimental U's are the ground state correlation functions (or 
"gap" parameters) d> ̂  a n d A ^ for neutrons and protons, respectively. The 
same functional dependence on the corresponding nucleon number was assumed for 
both parameters. 
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2. RADIATION WIDTH FORMALISM 

For a given excitation energy U the BCS equations allow us to work 
out the corresponding temperature T according to the procedure of r e f . / V . 
The value of T corresponding to U=B

n
 may be utilized to estimate the average 

radiation width r^ at B
n
 if we adopt the simple black-body model reported in 

ref./6/. In such a model, an excited nucleus is represented as an assembly of/3 
A independent oscillators,confined within a spherical region of radius R=r

Q
A 

(we neglect nuclear deformations, because of the oversimplifications of the 
model), in thermodynamic equilibrium with the emitted radiation. 

The number of photons with frequency between V and v + d v emitted by 
the nucleus per unit time turns out to be, approximately: 

M(v)div ~ nSl<TJ£- /sec (2.1) 

Here S=4itR
2

 is the nuclear surface, c the velocity of light and u(>>) a mod-
ified Planck energy density per unit frequency: 

(2,2) 

The term 1/(3A) derives from the fact that the number of allowed transitions up 
for a given specific energy density is 3A times the number of induced transi-
tions down, as explained in ref./6/. The quantity <ur is a weight factor due to 
the selection rules of angular momentum: if J. is the initial spin of the 
compound nucleus and { J ^ the set of allowed final spins, then, approximately: 

AiT* ( z l + l ) / [ f '(2.3) 

Electric dipole radiation usually plays the main role, so that cr 

=1/3 . Therefore, the total radiative width turns out to be: 

(2.4) 

and with the approximations 3A »1 and hV?
a
 / T > 1 (hv ' is of the order B , 

i.e. 5-10 MeV , and T of the order O.S-f MeV) one oStai ns: 

r , * t L (2.5) 
r

 T U c / ^ ^ 

The radius parameter r is adjustable, within reasonable limits: our 
best fit of experimental data is obtained with r =/..2fm ; thus 

J z M ) - y y ^ v L (2.6) 

• J m r * 
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3. RESULTS AND COMMENTS 

The choice of a reliable set of experimental TPs and f̂ ! s was the 
first step of the present study. To this end recent literature values were 
taken into account.* Moreover, for many nuclei, the spacing U was deduced from 
resonance parameters by means of the missing level estimator_as in ref./7/ , or by 
the maximum likelihood method as in ref./8/, and the width I o b t a i n e d as 
weighted average of experimental values of single resonances. 

The order of magnitude of the gap parameters A . and A ^ was esti-
mated at first from the average trend of the pairing energies <5 |\| and & i 
versus N and Z , respectively (/9/,/iy). Subsequently, since the correlation 
functions A do not coincide with the pairing energies, their values were adjusted 
so as to reproduce as near as possible the experimental D's. In order to have onlyone 
adjustable parameter, the same dependence of a n d &

z
 on the corresponding 

nucleon number (N or Z) was assumed (figures 1 and 2). 
The comparison of experimental data and calculated values is given in 

table. I and in figures 3 and 4. . 
Odd-Z and odd-odd compound nuclei are not included in the present 

analysis because a more consistent treatment of the blocking effect due to 
unpaired nucleons seems to be necessary in these cases. The study of such an 
effect is currently in progress. 

As for collective enhancements- of the level density, the rotational for 
malism seems to work rather well,while the vibrational formalism needs to be improved 
mainly for odd-mass nuclei, for which the phonon energy in formula (1.2) was 
assumed to be that of an adjacent even-even nucleus, on the hypothesis of a • 
weak coupling between the'excited core and the valence particle. 

Moreover, we would point out that for the majority of our nuclei at.U=B 
neutrons»or protons,or both turn out to be below their critical temperature, i.e.

n 

in a superfluid state. Therefore, the use of simple formulae like those based on 
the Fermi gas model would not be realistic at such excitation energies unless 
allowance is made for energy (or temperature) dependence of some important para-
meters, like "a" and <r

2

/T (/!!/). As an illustration of discrepancies, fig. 5 
shows the trend of the level density 3 (U,J=l/2) of the compound nucleus Gd 157 
from BCS approximation and Fermi gas formulae, normalized at U=B . 

In conclusion, the results of this preliminary work entourage us to 
improve our formalism; we list here some planned improvements: 

1) parity dependence of level densities, as in ref./5/ ; 
2) proper treatment of odd nucleon systems; 
3) more rigorous inclusion of collective effects, mainly the vibrational ones, 

as in ref./12/; 
4) study of changes of nuclear shape with excitation energy. 

Hopefully, these improvements will give us a reliable and accurate 
instrument for studies of nuclear structure and reactions over a wider range of 
masses and excitation energies. 
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TABLE I 

Experimental and calculated parameters for nuclei in the mass 
range 4 0 < A <190 

TARGET 

NUCLEUS 

AN 
(MeV' 

A
Z 

(MeV) 
CLASS 

T(B
n
) 

(MeV) 

D 
exp 
(eV) 

calc. 
(eV). 

r 
Yexp 

(meV) 

r • 
Ycalc. 
(meV) 

Ca 40 1.35 1.36 S 1.186 (37+4)K (a) 36.2 K 1263 

Ca 42 1.33 1.36 S 1.162 (23+6)K (b) 27.7 K 1100+200 (d) 1171 

28 K Cc) 

(8.6+1.0)K(d) -

Ca 43 1.32 1.36 S . 1.303 (1.5+0.2)K (d) 2.0 K 700+40 (d) 1638 

Cr 50 1.29 1.32 S 1.250 (15.4+1. 3) K (e) 16.5 K (1.7+1,0) K (j) 1373 

Cr 52 1.27 1.32 S 1.142 (34.2+6.1 )K(e) 35.8 K 1034 

Cr 53 1.26 1.32 S 1.156 (6.0+0.5)K (e) 4.8 K ' (1.4+0.8)K(j) 1071 

Fe 54 1.27 1.30 S 1.200 (17+2)K (e) 17.8 K 1190 

(22+4)K fd) 

Fe 56 1.25 1.30 S 1.063 (25+5)K (a) 25.1 K 920+220 (m) 816 

(19.3+1.6)K (e) 

Fe 57 1.24 1.30 S 1.075 (5.4+0.6)K(e) 5.7 K 837 

Fe 58 1.23 1.30 S 0.921 (24+5)K Ce) 29 K 524 

(32+12)K (f) 

Ni 58 1.25 1.28 S 1.079 (16.7+1.6) K (e) 16.1 K 1820+570 Cm) 844 

Ni 60 1.23 1.28 S 0.980 (15.1+1,7)K fe) 15.5 K 962+277 Ce) 624 

Ni 61 1.22 1.28 S 1.013 (1.61+0.10)K(e) 1-.5 K 1380+400 (m) 685 

Ni 62 1.21 1.28 S 0.874 (16.6+3.3)K(b) 23.6 K 437 

(14.6+0.8) K (el 

Sr 84 1.10 1.18 S 0.775 305+92 (b) 440 276 

Sr 86 1.08 1.18 s 0.810 (1.5+0.4)K (b) 970 240+50 (gV 313 

(3+1 )K (g) 

Sr 88 1.06 1.18 s 0.679 (10.1+1.8) K(b) 8.1 K 220+50 (g) 183 

40 K (g) 125+24 (u) 

(a) : ref./12/; (b) rvalue obtained from parameters of ref./13/ by the method of ref. 
iH\ (c):quoted in ref./14/; fd) :ref./15/; (e) :obtained from parameters of ref./16/ 
by the method of ref./7/; (f) :ref./17/; (a) rquoted in ref./18/(the radiative widths 
are for s-wave neutrons); (h) :ref,/19/; li) :ref./20/;(j) rweighted average of 
(s-wave) data in ref./22/; (1): ref./21/;(m): weighted average of s-wave parameters^ 
in ref./23/;(n) .-quoted in ref./24/; (o) :ref./25/; fp) :ref./26/; fq) .-quoted in ref71/; 
(r) .-quoted in ref./6/; (s) :ref ./27/; (t):obtained from parameters of ref./13/ by the 
method of ref./8/; (u):weighted average of data in ref./13/. 
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' ' • TABLE I ( c o n t i n u e d ) 

TARGET 

NUCLEUS (MeV) (MeV) 
CLASS 

T(B n ) 

(WeV) 
D 

exp 
(eV) 

D -i 
c a l c . 

• (eV) 

_ 
r Y e x p 
(meV) 

r y c a 1 c . 
(tr:eV) 

Zr 91 1 .05 1 .16 S 0 .730 378+112 (b) .251 140+8 (g) 226 

640+120 (g) 202+45 ( u ) 

Zr 92 1 .05 1 .16 S 0 .637 ( 2 . 7 + 0 . 6 ) K.(bl 1 .98 K 135+25 (g) 149 

(3 .1+1.0) K (g) 

Zr 94 1 .04 1 .16 S 0 .604 (3 .8+1 .0 ) KCg) 4 .47 K 85+20 fg) 126 

• ( 3 3 + 0 . 6 ) K(b) 

Mo 94 1 .OS 1.14 S 0 .705 (1 .15+0 .35 )K(g) 0 .94 K 184+27 (u) 200 

Mo 95 1.04 1 .14 s 0 .727 80+25 Cgl 6 3 . 8 153+53 (u) 220 

Mo 100 .03 1 .14 .R 0 .550 420+100 (g) 560 85+11 Cg) 93 ' 

Ru 99 1.04 1 .12 S 0 .722 25+2 (h) 29 .7 198+20 (h) '211 . ' 

Ru 101 1 .03 ' 1 .12 S 0 .637 18+2 (h). ' 2 5 . 1 175+18 (h) 145 

Ru 102 1.03 1 .12 R 0 .588 110+16 (i) 132 114 • 

Ru 104 1.025 1 .12 R 0 .569 125+20 ft) . 155. 101 

Pd 105' 1.03 T . l l S 0 .672 10 .6+0 .4 (1) 15.9 166 .7+1 .6 (1) 167 

Cd.Ill 1.02 1 .08 V ( o c t u p o l e ) 0 .668 24 .0+1 .5 (t ) 30 103+23 (u) 162 

10=1.97 MeV 20+4 Cg) 
• ii i 

Cd 114 1.015 1 .08 V(quadrupole 0 .568 235+35 Cg) •291 104+24 (u) 99 

fiw =0.558 m 

Cd 116 1.005 1 .08 R 0 .565 368+75 (b) 246 125+30 (u) 96 

Sn 112 1.02 1 .07 .V(quadrupole) 0 .679 157+52 (b) 183 110+21 (u) 169 

fiw =1.257 MeV 

Sn 114 1.02 1.07 S 0 .656 283+106 (b) 378 152 
300 (c) 

Sn 115 1.015 1 .07 S 3 .699 50+30 (n ) ' 5 0 183 

Sn 116 1.015 1.07 S 3.626 629+98 Ct) 660 131 

464+147 (b) 

Sn 117 1.01C 1.07 S 3.689 55 .5+4 .2 (b) ' 56 73+30 (u) 174 • 

Sn 118 1.005 1.07 V(quadrupole 0 .603 478+148 (b) 519 116 

rf(J=1.23 MeV 

Sn 120 1 .0 1.07 s • 0 .598 ( 1 . 8 ± 0 . 2 ) K 1-66 K .113 
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' ' • TABLE I ( c o n t i n u e d ) 

TARGET 

NUCLEUS (MeV) 
AZ 

(MeV) 

| T ( B n ) 
C L A S S (MeV) 

Tf exp 
(eV) 

c a l c . 
(eV) 

r Yexp 
(meV) 

r Y c a l c . 
(meV) 

Te 124 0.99E 1 .05 V(quadrupole j 0 .590 147+12 (b) 178 119+49 (u) 107 

iw=0.603 MeV 138+22 (t) 

Te 125 0 .995 1 .05 S 0 .657 48+6 ft) . 65 142+51 (u) 147 

re 126 0 .990 1 .05 V(quadrupole) 0 .595 470+114 (b) 416 149+45 (u) 109 

tiu)=0.667 MeV 512+69 (t ) 

re 128 0 .935 1 .05 V(quadrupole) 0 .625 992+350 (b) 1246 87+40 (u) 126 
* 

xe 129 0 .990 1,045 S 0 ,633 32+3 (b) ' 27 .4 121+63 fu) 131 

Xe 131 0 .985 1.045 V ( o c t u p o l e ) 0 .668 .74+19 (b) 84 114+37 (u) 153 ' 

fti>=2.58 MeV • 

Ba 136 0 .975 1 .04 S 0 .623 920+200 (g) 866 100+20 fg) 123 

Ba. 137 0 .970 1.04 S 0 .600 157+47 (b) 115 80+15 ( q ) 109 

Ba 138 0 .970 1.04 V(quadrupole) 0 .508 4606+461 (t) 5340 55+20 fg) 66 

Ku=0.62 MeV 6300+1700 (g) 

Ce 140 0 .970 1 .035 S 0 .508 ' 4900 (p) 6200 66 

3200+800 (g) 

Nd 142 0 .970 1 .03 V(quadrupole) 0 .512 1040+329 fb) ' -1365 66+33. fu) 67 

•f)«=1.57 MeV 790+25 (g} 

Nd 144 0 .965 1 .03 V(quadrupole 0 .484 413+60 (b) 508 78+12 fu) 56 

tiu =0.695 MeV 525+100 fg) 

Nd 145 0 .960 1 .03 / ( o c t u p o l e ) 0 .494 20 .6+3 .6 (b) 31 48+6 (u) 60 

fko =1.198 MeV 144+2.0 fi) 

Nd 146 0 .955 1 .03 V(quadrupole 0 .477 281+78 (b) 179 55+8 (u) 54 

f io =0.453 MeV 290+80 fg) 

Nd 148 0 .950 1 .03 R 0 .478 106+22 fb) 155 64+9 fu) 54 

170+35 fg) 

1 
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' ' • TABLE I ( c o n t i n u e d ) 

TARGET 

NUCLEUS (MeV) 
AZ 

(MeV) 
CLASS 

T(B n ) 

(MeV) 
.U exp 

(eV) 
^ c a l c . 

(eV) 
r Yexp 
(oneV) 

r Y c a l c . 
(rceV) 

Sm 150 0 . 9 5 .025 R 0 .476 46+8 (b") 42 60±6 (u) 53 
68+10 (b) 

Sm 151 0 .95 .025 R 0 .552 1.20+0.17- (t) 0 . 9 7 69+10 (r) 82 

1 .72+0.07 (q) 

Sm 154 0 . 9 4 1.025 R 0 .518 115+114 fq) 101 79+16 Cr) 68 
• • 117+17 (b) 

3d 154 3.945 1 .02 R 0 .510 14 .5+1 .5 (q) 16 65+21 (r) 64 

Sd 155 ) . 945 1*02 R 0 .563 1 . 5 + 0 . 3 cqi 1 .23 108±28 fr) 87 

Gd 156 0 .94 1 .02 R 0 .522 35 .5+2 .0 <q) 30 .5 82+12 fr) 69 

31 .0+4 .4 (b) .* 

Gd 157 1.935 1 .02 R 0 .548 4 .91+1 .25 (q) 3.31 91±22 (r) ' 80 • 
4 . 8 + 0 . 6 fb) 

Gd 158 0 .935 1 .02 R 0 .513 71+11 (b) 67 90+13 (r) 65 • 

Dy 160 0 .935 1.015 R 0 .524 27 .3+1 .7 fq) 29 .7 69 

3y 161 0 . 9 3 1.015 R 0.571 2 .67+0 .13 fq) 2 .58 89 

Dy 162 0 . 9 3 1.015 R 0 .530 64 .6+1 .9 fq) 55 .3 71 

66+13 (b) • 

Er 164 0 . 9 3 1.01 R 0 .536 23+4 fq) 23 .7 73 

Er 166 0 .925 1 .01 R 0 .535 52+7- fq) 50 .6 88+20 f r ) 73 

Er 167 0 .925 1.01 R 0 .548 • 4 .6+0 .7 fq) 4 . 0 91+12 (r) 78 

Er 168 0 . 9 2 1.01 R ' 0 .529 110+16 (q) 135 81+15 fr) 70 

101+32 (b) 

Er 170 0 .915 1.01 ' R 3.521 170+24 (q) 220 66 

Yb 168 0 .925 1 .005 R. 3.480 20 .3 73 

Yb 170 0 . 9 2 1.005 R 3.535 36+6 (b) ' 39 72 

Yb 171 0 . 9 2 1 .005 R 0 .543 7 . 0 + 0 . 8 (b) 8 . 8 79+10 (r) 75 
Yb 172 0.915 1.005 R 0 .526 64+12 (b) . 52 80+20 fr) 68 

Yb 173 0.91E 1.005 R \ 0 .526 6 . 8 + 1 . 2 (b) 7.1 68+8 fr) 88 
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' ' • TABLE I ( c o n t i n u e d ) 

TARGET 

NUCLEUS (MeV) 
AZ 

(MeV) 
CLASS 

T(B n ) 

(MeJ/) 
F exp 
(eV) 

c a l c . 
(eV) 

r Yexp 
(meV) 

r Y c a l c . 
(meV) 

Hf 174 0 .915 1 .00 R 0 .526 16+3 (q) 15.8 68 

Hf 176 0 .91 1 .00 R 0 .508 32+7 fq) 31 .2 61 

Hf 177 0.91 1 .00 R 0 .509 2 .22+0 .13 . fq) 2 .15 64+18 (s) 61 
• 

2 . 4 4 + 0 . 2 (q). 
Hf 178 0 .905 1 .00 R 0 .494 3 9 . 9 + 9 . 4 (s) 30 56 

W 186 0 .890 D. 995 R 0 .467 90+7 (q) 91 59+11 tu) .47 

Ds 188 0 .890 0 .99 R 0 .482 47+10 (q} 50 51 
• 

• 

* 

• 

- -
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FIGURE CAPTIONS 

1. Ground state neutron correlation function A,, versus neutron number N ; 
dots: neutron pairing energies from ref./9/; crosses: neutron pairing 
energies from rfef./10/. 

2. Ground state proton correlation function A^ versus proton number Z ; 
dots: proton pairing energies from ref./9/; crosses: proton pairing 
energies from ref./10/. 

3. Histogram of the ratios IT -/H. for 96 nuclei in the mass number range 
40<A<250.

 e x p c a i c

v 

4. Histogram of the ratios T
 e x D

/r"
 ca
-i for 87 nuclei in the mass number 

range 40<A<250. Y H Y 

5. Density of spin 1/2 levels of given parity versus excitation energy U for 
the compound nucleus Gd^

5

? ; continuous curve: BCS a p p r o x i m a t i o n d a s h e d 
curve: back-shifted Fermi gas formula with parameters a=18.65 MeV"', 
A=-0.67 MeV, a

2

/T=0.015 A
2

/3 MeV"
1

 (ref./14/). Dot-dashed curve: Gilbert-
Cameron formula, with parameters a=27.57 M e V

- 1

, A=1.803 MeV,a
2

=0.0888/aU A
2

'
3

. 
The three curves were normalized at eV. 
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Chairman's Summary of Major Results of Session III: 

Neutron Cross Sections: Theory and Evaluations 

at the NEANDC Specialists' Meeting on Neutron Cross Sections of Fission Product 
Nuclei, Bologna (1979) 

In the first invited paper Ch. Lagrange indicated that accuracy of opti-
cal model calculations can be improved provided the model parametrization is 
obtained from the fit of a wide experimental data basis containing appropriate 
information (strength functions, scattering radius, ay , ap](e) etc..) in the 
whole energy range. In addition such parameters can be taken to hold pretty 
well also locally in neighbouring nuclei. 

The importance has been stressed of the projectile-target state coupling 
also in certain nuclei of reactor importance. 

In the 2nd invited paper R. Schenter illustrated the main characteristics 
of ENDFB/V version. 

Results were shown obtained by means of new evaluation techniques applied 
to recent information on differential and integral (namely STEK and CERMF) 
measurements. 

A recent HEDL maximum likelihood analysis code FERRET, was used in order 
to make least squares adjustments of cross sections. 

In the third invited paper H. Gruppelaar reviewed the results of an inter-
comparison of adjusted data sets (Carnaval IV and RCN-2). The main discrepan-
cies were indicated. Methods adopted to produce the adjustements were discussed. 

In the last invited paper S. Iijima presented some of the JENDL data file 
revisions and the results of integral tests of JENDL-1 fission product neutron 
cross sections with STEK reactivity and CFRMF activation data for selected 
nuclei . 

In a contributed paper H. Gruppelaar summarized the results of his investi-
gation on the contribution of a

n >
p and o

n j a
 to neutron capture. 

In his contribution Y. Harker presented the results of integral capture 
measurements in Nd, Sm, Eu isotopes which were used for the adjustments of the 
ENDF/B-IV multigroup cross sections. 

W. Osterhage in his contributed paper gave a useful outline of the NEA Data 
Bank activities concerned with the status of F.P. capture data (both experimental 
and evaluated) available since Petten 77. 

A new computational output format giving "best value" group cross sections 
and a simplified error covariance analysis were also briefly presented. 

In the last contributed paper R. Heijboer reported studies on the sensitivi-
ty to F.P. cross section of the sodium void reactivity effects in fast power 
reactors. 
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ON OPTICAL MODEL CALCULATIONS 
•: IN THE MASS REGION A = 80 t o A = 1 TO 

Ch. L a g r a n g e 

S e r v i c e de P h y s i q u e N e u t r o n i q u e e t N u c l e a i r e 
C e n t r e d ' E t u d e s de B r u y e r e s - l e - C h a t e l 

B . P . n ° 561 
925H2 MONTROUGE CEDEX, F r a n c e 

• A b s t r a c t 

O p t i c a l m o d e l c a l c u l a t i o n s may "be u s e d s u c c e s s f u l l y t o p r o v i d e us w i t h 
s e t s o f n e u t r o n d a t a f o r , p r a c t i c a l a p p l i c a t i o n s i n c a s e s where no e x p e r i m e n t a l 
d a t a a r e a v a i l a b l e . The d e g r e e o f c o n f i d e n c e i n s u c h p r e d i c t i o n s i s r e l a t e d t o 
o u r k n o w l e d g e o f the. o p t i c a l m o d e l i n t h e e n e r g y r a n g e and mass r e g i o n o f i n t e r -
e s t . F o r t h i s p u r p o s e t h e mode l p a r a m e t e r i z a t i o n i s b a s e d on a f i t t o a l l a v a i -
l a b l e n u c l e o n - n u c l e u s d a t a . S i n c e t h e u s u a l m o d e l e m p l o y e d i s a g r o s s a p p r o x i -
m a t i o n o f t h e r e a c t i o n mechan i sm, t h i s p a r a m e t e r i z a t i o n i s a l s o b a s e d on r e s u l t s 
o f more f u n d a m e n t a l " m i c r o s c o p i c " d e v e l o p m e n t s o f t h e o p t i c a l p o t e n t i a l . S p e c i a l 
e m p h a s i s w i l l b e g i v e n on r e c e n t e f f o r t s c a r r i e d o u t i n s e v e r a l l a b o r a t o r i e s f o r 
t h e " e m p i r i c a l " d e t e r m i n a t i o n o f t h e e n e r g y and i s o s p i n d e p e n d e n c e s o f t h e p o -
t e n t i a l s t r e n g t h s , as w e l l as more p r e c i s e i n f o r m a t i o n a b o u t n u c l e o n s c a t t e r i n g 
f r o m l o w - l y i n g c o l l e c t i v e s t a t e s . Some l i m i t a t i o n s and f a i l u r e s o f t h e m o d e l 
a r e p r e s e n t e d t o g e t h e r w i t h n e c e s s a r y i m p r o v e m e n t s n e e d e d f o r more a c c u r a t e 
n e u t r o n c r o s s s e c t i o n p r e d i c t i o n s . 

1. INTRODUCTION 

The t h e o r e t i c a l a s p e c t s o f t h e o p t i c a l m o d e l have b e e n p r e s e n t e d i n 
l e c t u r e s g i v e n r e c e n t l y a t t h e ICTP T r i e s t e "by Mahaux / 1 / . In t h e s e l e c t u r e s 
m e a n i n g f u l t h e o r e t i c a l c o n s t r a i n t s on t h e e m p i r i c a l p a r a m e t e r s w e r e e x p l a i n e d . 
T h e r e f o r e I s h a l l f o c u s my a t t e n t i o n on p h e n o m e n o l o g i c a l o p t i c a l m o d e l p o t e n -
t i a l s (OMP) a n a l y s e s o f n u c l e o n e x p e r i m e n t a l d a t a . F o r p r a c t i c a l r e a s o n s o n l y 
l o c a l e q u i v a l e n t OMP a r e h e r e c o n s i d e r e d . 

The p h e n o m e n o l o g i c a l OMP i s a "bas ic c a l c u l a t i o n a l t o o l f o r i n t e r -
p o l a t i o n and e x t r a p o l a t i o n i n t h e p r o v i s i o n o f n u c l e o n d a t a . T h e s e d a t a i n c l u d e 
n e u t r o n s t r e n g t h f u n c t i o n s and t o t a l c r o s s s e c t i o n s , as w e l l as e l a s t i c and 
i n e l a s t i c n u c l e o n s c a t t e r i n g c r o s s s e c t i o n s . 

M o r e o v e r c a l c u l a t e d q u a n t i t i e s s u c h as compound n u c l e u s f o r m a t i o n 
c r o s s s e c t i o n s and n u c l e o n t r a n s m i s s i o n c o e f f i c i e n t s a r e n e e d e d f o r s t a t i s t i c a l 
m o d e l c a l c u l a t i o n s o f n u c l e o n c r o s s s e c t i o n s . T h e s e a p p e a r t o "be r a t h e r s e n s i -
t i v e t o t h e c h o i c e o f t r a n s m i s s i o n c o e f f i c i e n t s n e a r t h e r e a c t i o n t h r e s h o l d 
e n e r g i e s . 

I t i s c o n v e n i e n t t o d i s t i n g u i s h b e t w e e n " g l o b a l " and " l o c a l " OMP 
p a r a m e t e r s e t s . The f i r s t o n e s w h i c h depend s m o o t h l y on mass number , e n e r g y and 
n e u t r o n e x c e s s a r e q u i t e u s e f u l i n p r o v i d i n g us w i t h g e n e r a l t r e n d s o f t h e 
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e m p i r i c a l p a r a m e t e r s . The s e c o n d o n e s a r e t a i l o r e d f o r s p e c i f i c n u c l e i i n a 
l i m i t e d mass r e g i o n and t h u s t h e y a r e more a d a p t e d f o r a c c u r a t e e x t r a p o l a t i o n s 
o r i n t e r p o l a t i o n s i n t h i s mass r e g i o n . In a . r e v i e w p a p e r g i v e n a t t h e l a s t 
F i s s i o n P r o d u c t N u c l e a r D a t a M e e t i n g , IIJIMA / 2 / o b s e r v e d t h a t n o n e o f t h e 
" g l o b a l " OMP p a r a m e t e r s e t s p r o p o s e d b y MOLDAUER / 3 / , IGARASI e t a l . ' A / , ' 
ROSEN / 5 / s BECQHETTI and GREENLEES 7 6 / , o r WILMORE and HODGSON / 7 / , g i v e s s a t i s -
f a c t o r y f i t s s i m u l t a n e o u s l y t o a l l t h e . n e u t r o n e x p e r i m e n t a l d a t a i n t h e mass 
r e g i o n A = 80 - 160 . T h e r e f o r e .1 s h a l l o n l y c o n s i d e r t h e " l o c a l " o p t i c a l param-
e t e r s e t s and t h e i r d e t e r m i n a t i o n m e t h o d s . 

The main emphas i s i n t h i s p a p e r w i l l be : . 

i ) t o b r i e f l y r e v i e w t h e p h e n o m e n o l o g i c a l OMP p a r a m e t e r s . , t h e know-
l e d g e o f w h i c h i s o b t a i n e d f r o m t h e o r e t i c a l c a l c u l a t i o n s o r e m p i r i c a l d e t e r -
m i n a t i o n s . 

i i ) t o m e n t i o n o n l y a f e w e x a m p l e s o f OMP p a r a m e t e r s e t d e t e r m i n a -
t i o n f o r n u c l e o n . d a t a e v a l u a t i o n o r a n a l y s i s p u r p o s e s . 

i i i ) t o p r e s e n t r e c e n t r e s u l t s o b t a i n e d i n s e v e r a l l a b o r a t o r i e s a b o u t 
t h e e m p i r i c a l d e t e r m i n a t i o n o f t h e i s o s p i n d e p e n d e n c e o f t h e OMP and n u c l e o n 
s c a t t e r i n g f r o m l o w - l y i n g c o l l e c t i v e s t a t e s . 

2 . OPTICAL MODEL PARAMETERS 

The p h e n o m e n o l o g i c a l OMP c u r r e n t l y e m p l o y e d a r e o f t h e f o l l o w i n g 
f o r m :. 

U ( r ) = - V f ( x R ) - i ( W v f ( x v ) - i+aD WD ^ f ( x D ) ) + V c 

1 d + +
 ( 1 ) 

+ 2 ( V S Q + i W s o ) f ( x s o ) ) l . o 

-1 
where f ( x j ) = [ 1 + exp [ ( r - R j ) / a j ] ] i s t h e Woods -Saxon f o r m f a c t o r and a j . 
i s t h e d i f f u s e n e s s and R j t h e r a d i u s o f t h e p o t e n t i a l s . V , W and WQ a r e , 
r e s p e c t i v e l y , t h e a t t r a c t i v e r e a l , t h e i m a g i n a r y v o l u m e - a b s o r p t i v e and i m a g i -
n a r y s u r f a c e - a b s o r p t i v e p a r t s of . t h e OMP. T h e i r d e p e n d e n c e on e n e r g y c h a r g e 
and mass a r e o f t e n w r i t t e n as : 

V = V 0 - b Q E ± V-i e + A c , Wv = W v o + ^ E , WD = WDo + b 2 E + WD1 £ (-2) 

where e i s t h e n e u t r o n e x c e s s (e = [ N - Z ] / A ) , A c t h e Coulomb c o r r e c t i o n c o e f -
f i c i e n t ( A c = 0 f o r n e u t r o n s and A c = b 3 Z / A V 3 f o r p r o t o n s ) . The p l u s 
s i g n s r e f e r t o p r o t o n s and t h e minus o n e s t o n e u t r o n s . A l t h o u g h t h e o r e t i c a l 
c o n s i d e r a t i o n s s u g g e s t t h e i n c l u s i o n o f an i m a g i n a r y s p i n - o r b i t component 
( i W s ) most o f t h e p r a c t i c a l a n a l y s e s e m p l o y o n l y a r e a l component ( V s o ) . In 
c a s e o f p r o t o n s c a t t e r i n g t h e Coulomb p o t e n t i a l ( V c ) i s . o f t h e h o m o g e n e o u s l y -
c h a r g e d - s p h e r e f o r m : 

Vc(r) = ~ [3 - (f-)2] i f r < Rc and Vc(r) = ^ i f r > Rc (3) 

I n o t e t h a t t h e s u r f a c e i m a g i n a r y t e r m i s s o m e t i m e s w r i t t e n as : 

WG. exp - |(r - R G ) / a G ] 2 (H) . 

The vo lume i n t e g r a l p e r n u c l e o n , J x / A , and t h e r o o t mean s q u a r e r a d i -
u s , < r x 2 > 1 / 2 , o f t h e v a r i o u s c o m p o n e n t s o f t h e OMP a r e more s i g n i f i c a n t 
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q u a n t i t i e s i n v i e w o f c o m p a r i s o n s t h a n t h e d e p t h s , r a d i i and d i f i ' u s e n e s s o s . I 
r e p o r t , f o r e x a m p l e , i n T a b l e I s u c h v a l u e s o b t a i n e d f r o m d i f f e r e n t p h e n o m e -
n o l o g i c a l a n a l y s e s o f n e u t r o n s c a t t e r i n g d a t a f o r Mo i s o t o p e s and c a l c u l a t e d ; 
a t E n = 0 . 0 MeV. C a l c u l a t i o n s o f s u c h q u a n t i t i e s f a c i l i t a t e c o m p a r i s o n s b e t w e e n 
t h e o r e t i c a l and p h e n o m e n o l o g i c a l OMP. Such c o m p a r i s o n s h a v e r e c e n t l y b e e n made 
b y K A I L A S and' GUPTA / 1 2 / , -WIEDLING / 1 3 / , LAGRANGE and DELAROCHE / \ k / , 

2 . 1 . F u n c t i o n a l f o r m s f o r t h e p o t e n t i a l r a d i i on mass n u m b e r , ( s p h e r i c a l n u c l e i ) 

;•.; From t h e i r a n a l y s e s o f n e u t r o n d i f f e r e n t i a l e l a s t i c s c a t t e r i n g 
( a t E n = 11 MeV and 26 MeV) and t o t a l c r o s s s e c t i o n s d a t a ( i n t h e e n e r g y r a n g e s 
5 . 0 - 1 0 . 6 MeV and 2 0 . 0 - 2 6 MeV) f o r t h e e v e n Sn i s o t o p e s and n a t S n , 
RAPAP0RT e t a l . / 1 5 / have d e d u c e d f o r t h e r e a l p o t e n t i a l t h e f o l l o w i n g f u n c -
t i o n a l f o r m s on mass number : 

R r = r R A 1 / 3 ( 5 ) 

R r = r R A 1 / 3 + C ( 6 ) 

I N t h e s e a n a l y s e s t h e d i f f u s e n e s s o f t h e r e a l p o t e n t i a l was k e p t f i x e d : 
a R = 0 . 6 6 8 f m . B e s t r e s u l t s w e r e o b t a i n e d w i t h t h e f o l l o w i n g v a l u e s : r p = 1 . 2 fm 
( e q . 5 ) and r R = 1 . 1 5 8 f m , C = 2 . 0 fm ( e q . 6 ) . From t h e i r t h e o r e t i c a l c a l c u l a -
t i o n s o f t h e OMP, JEUKENNE e t a l . / 1 6 / d e d u c e d f o r t h e r e a l p o t e n t i a l t h e ' 
f u n c t i o n a l f o r m g i v e n b y e q u a t i o n 5 w i t h t h e v a l u e : r R = 1 . 2 1 f m , w h e r e a s 
t h e c o m p u t e d d i f f u s e n e s s was . 6 2 fm. From t h e s e e m p i r i c a l and t h e o r e t i c a l 
f i n d i n g s I s u g g e s t t o a d o p t t h e f u n c t i o n a l f o r m g i v e n b y e q u a t i o n 5 f o r a l l 
t h e n u c l e a r c o m p o n e n t s o f t h e OMP. T h i s h a s t h e f u r t h e r a d v a n t a g e o f r e d u c i n g 
t h e number o f p a r a m e t e r s t o b e d e a l e d w i t h . In t h e f o l l o w i n g t h a t f u n c t i o n a l 
f o r m i s i m p l i c i t l y assumed . 

F o r t h e Coulomb r a d i u s I s u g g e s t t h e u s e o f t h e s e m i - e m p i r i c a l 
f o r m u l a g i v e n b y ELTON / I T / : 

R C = 1.11*9 A 1 / 3 + 1 .788 A ~ 1 / 3 - 1 . 1 6 3 / A ( 7 ) 

2 i 2 . E n e r g y d e p e n d e n c e o f r e a l and imagina . ry p o t e n t i a l d e p t h s -

The e n e r g y d e p e n d e n c e o f t h e r e a l p o t e n t i a l w e l l i s assumed t o b e 
l i n e a r i n t h e e n e r g y r a n g e 10 keV - kO MeV. From t h e e m p i r i c a l d e t e r m i n a t i o n s 
c a r r i e d o u t i n s e v e r a l l a b o r a t o r i e s t h e v a l u e o f J R / A can b e e x p r e s s e d a s : 

J r / A = J R (E = 0 ) / A - ( 2 . 5 ± 0 . 6 ) E ( 8 ) 

Most o f t h e e m p i r i c a l a n a l y s e s o f n u c l e o n s c a t t e r i n g d a t a a r e made w i t h o n l y 
a s u r f a c e a b s o r p t i v e t e r m a t l o w e r e n e r g i e s (E < E x ) , and w i t h a m i x t u r e o f 
v o l u m e and s u r f a c e a b s o r p t i v e t e r m s a t h i g h e r e n e r g i e s (E > E x ) . The v a l u e s 
o f E x a r e s c a t t e r e d b e t w e e n 7 MeV / 6 / and 15 MeV 7 8 / . In t h e s e a n a l y s e s Wp 
i n c r e a s e s w i t h e n e r g y b e t w e e n a f e w keV and E x . The r e s u l t s may b e p a r a m e t r i -
z e d as f o l l o w s : 

Jm/A = J m (E = 0 ) / A + (k.Q ± 1 . 0 ) E ( 9 ) 

At h i g h e r e n e r g i e s Wv i n c r e a s e s and Wj) d e c r e a s e s w i t h e n e r g y b o t h l i n e a r l y . 
The c o e f f i c i e n t s o f t h e e n e r g y d e p e n d e n c e s c a t t e r v e r y much f o l l o w i n g v a r i o u s 
a n a l y s e s . F o r e x a m p l e t h e e n e r g y d e p e n d e n c e o f t h e v o l u m e i n t e g r a l p e r n u c l e o n 
J W / A o f t h e i m a g i n a r y p o t e n t i a l h a s b e e n d e t e r m i n e d b y RAPAP0RT e t a l . f o r 
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Mo i s o t o p e s / 8 / i n t h e e n e r g y r a n g e 20 - 26 MeV t o b e : 
J ^ / A = J y ( E = E

X
 ) / A - (1 ± O . U ) E . F o r t h e Sn i s o t o p e s i n t h e e n e r g y r a n g e 

.15 MeV - 2 6 MeV t h e y g i v e : J w / A = J
W
( E = E

X
 ) / A - ( 0 . 6 ± 0 . 2 ) E , w h e r e a s I h a v e 

f o u n d f o r i n t h e e n e r g y r a n g e 11 MeV - 50 MeV t h e f o l l o w i n g e x p r e s s i o n : 
J w / A = J

W
( E = E

X
 ) / A - 0 . 2 3 E . From t h e t h e o r e t i c a l c a l c u l a t i o n s b y J E U K E N N E e t 

( a l . / 1 9 / o f J y / A f o r p r o t o n s on ^ 0 g n a p p e a r s t h a t J y / A i n c r e a s e s b e t w e e n 
l o w e n e r g i e s and 37 MeV, and t h e n d e c r e a s e s s l i g t h l y . More p r e c i s e p r o t o n 
r e a c t i o n c r o s s s e c t i o n s a r e n e e d e d a t h i g h e r e n e r g i e s (E > 25 MeV) i n o r d e r 
t o d e t e r m i n e m o r e p r e c i s e l y t h e e n e r g y d e p e n d e n c e o f t h e a b s o r p t i v e p a r t o f 
t h e OMP. 

2 . 3 . The s p i n - o r b i t d e p e n d e n c e o f t h e OMP ( s p h e r i c a l n u c l e i ) 

H . C . VOLKIN h a s shown / 2 0 / t h a t i n o r d e r t o o b t a i n an a c c e p t a b l e f i t . 
t o p o l a r i z a t i o n m e a s u r e m e n t s i t was n e c e s s a r y t o a d o p t / t h e f o l l o w i n g v a l u e 
o f t h e s p i n - o r b i t p o t e n t i a l r a d i u s R «» i1 .1 A 1 / 3 , w h i c h i s s m a l l e r t h a n t h e 
o n e a d o p t e d f o r t h e r e a l c e n t r a l p o t e n t i a l . WIEDLING / 1 3 / h a s d e m o n s t r a t e d i n 
c a s e o f n e u t r o n s c a t t e r i n g t h a t t h e s l o p e s o f t h e d i f f e r e n t i a l s c a t t e r i n g 
c r o s s s e c t i o n s c u r v e i n c r e a s e q u i t e d r a s t i c a l l y a t t h e b a c k w a r d a n g l e s w i t h 
d e c r e a s i n g n u m e r i c a l v a l u e . o f t h e s p i n - o r b i t t e r m . M o r e o v e r he s u g g e s t e d a 
v a l u e o f V s o e q u a l t o 6 MeV t h a t a p p e a r e d t o him a s a g o o d c h o i c e . 

I n o r d e r t o a v o i d h a v i n g t o c h o o s e a r a d i u s a n d a d i f f u s e n e s s f o r 
t h e s p i n - o r b i t p o t e n t i a l I s u g g e s t t o a d o p t t h e f o r m c u r r e n t l y u s e d i n s h e l l 
m o d e l c a l c u l a t i o n s : 

V
s o
( r ) V

s o
i | - [p

u +
 2 p

L
] l a (10) 

w h e r e ( a n d p L ) r e f e r t o u n l i k e ( a n d l i k e ) p r o j e c t i l e - t a r g e t n u c l e o n d e n s i -
t y d i s t r i b u t i o n s . I p r e s e n t i n F i g . 1 s u c h a p o t e n t i a l 

( V s o = - 61 MeV f m 5 ) 
c a l c u l a t e d b y u s i n g t h e n u c l e o n d e n s i t i e s o b t a i n e d f r o m H a r t r e e - F o c k -
B o g o l y u b o v c a l c u l a t i o n s b y D E C H A R G E / 2 1 / ( f u l l l i n e ) t o g e t h e r w i t h p h e n o m e -
n o l o g i c a l f o r m s c a l c u l a t e d w i t h t h e f o l l o w i n g p a r a m e t e r s : V s o = 7 - 7 MeV 
( f o r n e u t r o n s ) , V s o = 6.b MeV ( f o r p r o t o n s ) , a s o = 0 . ^ 7 f m , r s o = 1 . 1 2 fm 
( d a s h e d c u r v e ) . We t h i n k t h a t i t i s s u f f i c i e n t , c o n c e r n i n g t h a t p o t e n t i a l , t o 
assume t h e d e n s i t y d i s t r i b u t i o n s o f n e u t r o n s a n d p r o t o n s h a v e t h e same g e o -
m e t r y and a r e g i v e n a c c o r d i n g t o t h e s e m i - e m p i r i c a l e x p r e s s i o n p r o p o s e d b y 
NEGELE 122/. 
3 . PARAMETERIZATIONS OF THE OMP 

O p t i c a l m o d e l c a l c u l a t i o n s o f n u c l e o n c r o s s s e c t i o n s can b e e m p l o y e d 
as an e x t r a p o l a t i o n a l t o o l when t h e OMP p a r a m e t e r s e t u s e d h a s b e e n p r e -
v i o u s l y t a i l o r e d on a l l t h e a v a i l a b l e n u c l e o n e x p e r i m e n t a l d a t a i n t h e e n e r g y 
r a n g e o r mass r e g i o n o f i n t e r e s t . We t r y and e x p l a i n b e l o w t h e e x p e c t e d a i d 
o f e x p e r i m e n t a l d a t a i n t h e e m p i r i c a l p a r a m e t e r i z a t i o n o f t h e OMP. . 

3 - 1 . M e u t r o n s t r e n g t h f u n c t i o n s , s c a t t e r i n g r a d i u s and t o t a l c r o s s s e c t i o n > 

A t v e r y l o w e n e r g i e s t h e n e u t r o n a b s o r p t i o n c r o s s s e c t i o n s can b e 
e ^ p r e o , e d i n t e r m s o f n e u t r o n s t r e n g t h f u n c t i o n s ( S q , S - | ) , t h e e x p e r i m e n t a l 
d a t a o f w h i c h can b e u s e d f o r t h e d e t e r m i n a t i o n o f t h e a b s o r p t i v e p a r t o f t h e 
OMP. M o r e o v e r t h e " p o t e n t i a l s c a t t e r i n g r a d i u s " R ' w h i c h d e t e r m i n e s t h e o f f 
r e s o n a n c e s c a t t e r i n g c r o s s s e c t i o n and i s d e f i n e d b y : 

R ' = l i m ( a S l % 0 1 / 2 , ( 1 D 
(E-K)) 

(wh e r e SE i s f o r " s h a p e e l a s t i c s c a t t e r i n g c r o s s s e c t i o n " ) c a n a l s o b e u s e d 



237 

f o r t h e d e t e r m i n a t i o n o f , t h e r e a l p a r t o f t h e OMP. From t h e example shown i n . : 
T a b l e I I i t a p p e a r s t h a t an a d j u s t m e n t on S Q , S-| , R' f i x e s t h e v a l u e o f V 
w i t h i n A%, w h e r e a s t h e l e s s s a t i s f y i n g d e t e r m i n a t i o n of" W-q ( 3 0 % ) . i s due t o t h e 
l a r g e e x p e r i m e n t a l u n c e r t a i n t i e s a s s o c i a t e d t o trie s t r e n g t h f u n c t i o n s . T h e s e ' 
c a l c u l a t i o n s were p e r f o r m e d b y P E R R I E R - / 2 k / , u s i n g t h e s p h e r i c a l o p t i c a l m o d e l 
c o d e S0MC2 / 2 ' 5 / . As can b e shown i n T a b l e I I I a smal l , v a r i a t i o n o f V (2%) . 
c h a n g e s t h e v a l u e o f t h e c a l c u l a t e d r a t i o So/S-| d r a s t i c a l l y ( S 0 % } . 

I s h a r e w i t h t h e A r g o n n e L a b o r a t o r y Group 7-26/ t h e b e l i e f t h a t " a 
f i r s t c r i t e r i a f o r an e n e r g y - a v e r a g e d m o d e l i s c o n s i s t e n c y w i t h t h e m e a s u r e d ' 
t o t a l c r o s s ' s e c t i o n o v e r a w i d e e n e r g y range" . . I t i s i m p o r t a n t t o n o t e t h a t 
t h e c a l c u l a t e d v a l u e s o f the . t o t a l c r o s s s e c t i o n s . c a n n o t d e s c r i b e t h e e x p e r i -
m e n t a l o n e s i n d e t a i l a t l o w e r e n e r g i e s ( r e s o n a n c e s , f l u c t u a t i o n s ) b u t o n l y t h e 
e n e r g y a v e r a g e d d a t a . However a t l o w e r e n e r g i e s t h e b r o a d s t r u c t u r e i n t h e 
t o t a l c r o s s s e c t i o n o b s e r v e d i n t h e mass r e g i o n A = 9 3 can b e r e p r o d u c e d by 
t h e mode l as can b e seen in F i g . 2 , D i f f e r e n c e s o f 10% b e t w e e n c a l c u l a t e d ' 
v a l u e s a r e o b t a i n e d 1 a t an e n e r g y o f 0 . 5 MeV when o n l y t h e p a r a m e t e r V i s v a r i e d 
b y 2%. From t h a t , r e s u l t and t h o s e p r e s e n t e d i n T a b l e I I t h e r e a l w e l l o f t h e 
0M!P can be f a i r l y d e t e r m i n e d . The s e n s i b i l i t i e s o f t h e c a l c u l a t e d t o t a l ( a ^ ) 
and shape e l a s t i c ( o s ) c r o s s s e c t i o n s , t o a s m a l l v a r i a t i o n o f V {\%) a r e 
p r e s e n t e d f o r 89Y i n F i g . 3 . 

3 . 2 . P r o t o n r e a c t i o n c r o s s s e c t i o n s ( l o w e r e n e r g i e s ) . 

I t was p o i n t e d o u t b y JOHNSON e t a l . / 2 7 / t h a t ( p , n ) c r o s s s e c t i o n s 
i n e n e r g y r e g i o n where t h e c r o s s s e c t i o n s a r e n e a r l y e q u a l t o t h e t o t a l a b s o r p -
t i o n , c r o s s s e c t i o n s . c o u l d b e a u s e f u l t o o l f o r t h e d e t e r m i n a t i o n o f p r o t o n 
OMP p a r a m e t e r s . More r e c e n t measurements o f s u b - c o u l o m b p r o t o n a b s o r p t i o n f o r 
i s o t o p e s o f z i r c o n i u m and molybdenum w e r e p e r f o r m e d b y FLYNN e t a l . / 2 8 / i n 
t h e e n e r g y r a n g e 1 . 7 - 6 . 7 , M e V . E x p e r i m e n t a l s t r e n g t h f u n c t i o n s w e r e t h e r e . 
d e f i n e d as' : 

SF = R a ( p , n ) / [ l + T r 2 k ~ 2 E ( 2 £ + l ) P * l . ( 1 2 ) 
£ 

where P£ . i s t h e Coulomb p e n e t r a t i o n f a c t o r e v a l u a t e d a t t h e r a d i u s 
R = A 1 / 3 . T h e i r r e s u l t s a r e i n F i g . 1+ f o r ^ Zr t o g e t h e r w i t h p r e d i c t i o n s . -
f r o m v a r i o u s ; O M P p a r a m e t e r s . ; BECCHETTI and GREENLEES ( d o t t e d l i n e ) , JOHNSON 
e t a l . ( d a s h e d c u r v e ) , and t h o s e t h e y o b t a i n e d ( f u l l . l i n e ) . T h e s e a u t h o r s a l s o 
p o i n t e d o u t t h a t " t h e q u a n t i t y VR^ i s d e t e r m i n e d b y c a u s i n g t h e maximum 
and minimum t o o c c u r a t t h e c o r r e c t e n e r g i e s " . 

3 . 3 . N u c l e o n e l a s t i c s c a t t e r i n g d a t a 

When e x p e r i m e n t a l d a t a a r e f i t t e d w i t h an o p t i c a l p o t e n t i a l s e a r c h , 
c o d e i t i s p o s s i b l e t o o b t a i n a g o o d x^ w i t h p a r a m e t e r s w h i c h do n o t s a t i s f y 
t h e t h e o r e t i c a l c o n s t r a i n t s . M o r e o v e r i n o r d e r t o . a v o i d w e l l . k n o w n p a r a m e t e r 
a m b i g u i t i e s s u c h as " V r g " or "W D a D " t h e s e a r c h has t o be g u i d e d . F o r t h e s e 
r e a s o n s I s u g g e s t t o a d o p t t h e p r e s c r i p t i o n d e s c r i b e d i n R e f . 2 9 . 

As n o t e d i n R e f . 2 6 " E n e r g y a v e r a g e d i n t e r p r e t a t i o n s o f e l a s t i c d i s -
t r i b u t i o n s h a v e meaning o n l y i n t h e c o n t e x t o f b r o a d a v e r a g e s t r a n s c e n d i n g -
l o c a l and i n t e r m e d i a t e s t r u c t u r e f l u c t u a t i o n s " . M o r e o v e r a t . l o w e n e r g i e s t h e 
t h e o r e t i c a l c r o s s s e c t i o n i s t h e i n c o h e r e n t sum o f . d i r e c t and compound c r o s s 
s e c t i o n s . These compound components a r e c a l c u l a t e d u s i n g t h e s t a t i s t i c a l . 
m o d e l , and i t s t i l l r e m a i n s many u n c e r t a i n t i e s i n t h e p r a c t i c a l a p p l i c a t i o n s 
o f t h i s mode l : w i d t h f l u c t u a t i o n f a c t o r s , s p i n and p a r i t y a s s i g n m e n t s f o r the, 
d i s c r e t e l e v e l s , l e v e l d e n s i t y f o r t h e c o n t i n u u m . . . . A n e x e m p l e o f s u c h d i f - . 
f i c u l t i e s i s shown i n F i g . 5 . The two c a l c u l a t e d c u r v e s d i f f e r f r o m e a c h o t h e r 
i n t h e p r a c t i c a l t r e a t m e n t o f t h e w i d t h f l u c t u a t i o n f a c t o r ( c f . R e f . 1 1 ) . F o r 
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t h e s e r e a s o n s i t seems t o me d i f f i c u l t t o o b t a i n m e a n i n g f u l OMP p a r a m e t e r s e t s 
f r o m a f i t t o e l a s t i c s c a t t e r i n g a t l o w e n e r g i e s . At h i g h e r e n e r g i e s t h e . 
compound c o n t r i b u t i o n t o t h e e l a s t i c c r o s s s e c t i o n s v a n i s h e s and t h e m o d e l can 
b e a p p l i e d w i t h g r e a t c o n f i d e n c e . N e v e r t h e l e s s o t h e r e x p e r i m e n t a l c o n s t r a i n t s 
s u c h as t o t a l o r r e a c t i o n c r o s s s e c t i o n s s h o u l d b e i n c l u d e d i n t h e OMP d e t e r -
m i n a t i o n p r o o e d u r e i n o r d e r t o a v o i d a m b i g u i t i e s a r i s i n g f r o m e x p e r i m e n t a l 
n o r m a l i z a t i o n u n c e r t a i n t i e s . 

. N e u t r o n OMP p a r a m e t e r s were o b t a i n e d f o r t h e e v e n Molybdenum 
' i s o t o p e s by RAPAPORT e t a l . i n t h e e n e r g y r a n g e 7 - 26 MeV. The a n a l y s i s o f 
t h e i r e l a s t i c s c a t t e r i n g d a t a was done i n two s t e p s : " f i r s t t h e i n d i v i d u a l 
s e a r c h e s were c a r r i e d o u t by v a r y i n g t h e maximum number o f p a r a m e t e r s . Then • 
t h e a v e r a g e g e o m e t r y was o b t a i n e d and k e p t f i x e d w h i l e s e a r c h e s w e r e c o n d u c t e d 
on t h e p o t e n t i a l s t r e n g t h s " a s c l e a r l y e x p l a i n e d i n R e f . 8 . 

3.*+. ( p , n ) i s o b a r i c a n a l o g s t a t e d a t a 

The o b v i o u s way t o t e s t t h e i s o v e c t o r c o m p o n e n t s o f t h e OMP i s b y 
s t u d y i n g q u a s i - e l a s t i c s c a t t e r i n g t o t h e g r o u n d s t a t e i s o b a r i c a n a l o g . T h e o r e t -
i c a l c a l c u l a t i o n s o f t h e ( p , n ) t r a n s i t i o n a m p l i t u d e s can b e made b y s o l v i n g 
t h e c o u p l e d e q u a t i o n s d e r i v e d b y LANE / 3 0 / . I m e n t i o n t h a t t h e f o r m a l i s m f o r 
( p , n ) r e a c t i o n t o a n a l o g s o f g r o u n d and e x c i t e d s t a t e has b e e n r e c e n t l y 
d e v e l o p e d b y MADSEN and c o l l a b o r a t o r s . I n v e s t i g a t i o n s o f s u c h r e a c t i o n s f o r 
even Samarium i s o t o p e s h a v e b e e n p r e s e n t e d b y them i n a r e c e n t p a p e r / 2 0 / » In 
t h e f o l l o w i n g I c o n s i d e r t h e c a s e o f ( p , n ) r e a c t i o n t o t h e g r o u n d s t a t e i s o -
b a r i c a n a l o g . I have r e c e n t l y / 1 8 / made c o m p a r i s o n s o f c a l c u l a t e d v a l u e s w i t h 
e x p e r i m e n t a l d a t a , o b t a i n e d f o r 93Nb, b e t w e e n 18 MeV and 50 MeV, and t h e 
r e s u l t s f o r MeV p r o t o n s a r e shown i n F i g . 6 . The d a s h e d c u r v e has b e e n 
o b t a i n e d w i t h a s u r f a c e a b s o r p t i v e t e r m o n l y i n t h e d i a g o n a l p o t e n t i a l s and 
t h e i s o v e c t o r c o m p o n e n t s as d e t e r m i n e d f r o m a f i t on ( p , n ) d a t a f o r 18 MeV 
p r o t o n s . F u r t h e r c a l c u l a t i o n s were done b y i n c l u d i n g v o l u m e a b s o r p t i o n i n t h e 
d i a g o n a l p o t e n t i a l ( d o t - d a s h e d c u r v e ) , and f i n a l l y b y r e d u c i n g t h e d e p t h o f 
t h e r e a l i s o v e c t o r t e r m ( s o l i d c u r v e ) . From t h e shape o f t h e e x p e r i m e n t a l a n -
g u l a r d i s t r i b u t i o n i t i s c l e a r t h a t b o t h vo lume and s u r f a c e a b s o r p t i v e t e r m s 
a r e n e e d e d i n t h e d i a g o n a l p a r t o f t h e OMP. 

Remark on some e x p e r i m e n t a l d a t a 

N u c l e o n r e a c t i o n d a t a a r e n e e d e d a t h i g h enough e n e r g i e s as a g u i d e 
t o t h e d e t e r m i n a t i o n o f t h e a b s o r p t i v e t e r m s o f t h e OMP. U n f o r t u n a t e l y t h e 
e x p e r i m e n t a l v a l u e s s c a t t e r t o o much and have l a r g e u n c e r t a i n t i e s . P o l a r i z a -
t i o n d a t a w h i c h a r e a g u i d e f o r t h e d e t e r m i n a t i o n o f t h e s p i n - o r b i t p o t e n t i a l 
a r e t o o s p a r s e . 

3 . 5 . The "SPRT" p a r a m e t e r d e t e r m i n a t i o n p r o c e d u r e 

The d e t e r m i n a t i o n o f a s e t o f OMP p a r a m e t e r s i s c a r r i e d o u t i n t h r e e 
s t a g e s . 

The f i r s t o n e c o n s i s t s o f a f i t t i n g o f t h e m o d e l p a r a m e t e r s t o t h e 
n e u t r o n s t r e n g t h f u n c t i o n s and s c a t t e r i n g r a d i u s . The p a r a m e t e r s i n v o l v e d a r e ' 
V , a p j . t r , Wj), a j ) , r j ) , w h e r e a s t h e d e p t h and t h e g e o m e t r y p a r t o f t h e s p i n -
o r b i t p o t e n t i a l h a v e t h e v a l u e s g i v e n i n . R e f , 6 o r i n R e f . 3 3 . 

In t h e s e c o n d s t a g e , i n o r d e r t o t e s t t h e p a r a m e t e r s o b t a i n e d , c o m -
p a r i s o n s a r e done b e t w e e n c a l c u l a t e d and e x p e r i m e n t a l v a l u e s o f t h e t o t a l c r o s s 
s e c t i o n assuming a r e a s o n a b l e e n e r g y d e p e n d e n c e o f t h e p o t e n t i a l d e p t h s 
( b o = 0 . 3 , "t>2 = 0 . 1 ! , Eq . 2 ) . T h e s e c o m p a r i s o n s a r e f o r a f e w c a r e f u l l y c h o s e n 
n e u t r o n e n e r g i e s , a t t h e minima and maxima o f t h e c r o s s s e c t i o n f o r e x a m p l e , 
and i n a l i m i t e d e n e r g y r a n g e : 10 keV - 15 MeV. I f t h e a g r e e m e n t i s n o t 
s a t i s f a c t o r y t h e d e p t h s and ( o r ) t h e g e o m e t r i c p a r a m e t e r s a r e v a r i e d and 
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s e a r c h i s s t a r t e d a g a i n a t t h e . f i r s t s t a g e . 

I f a g o o d a g r e e m e n t c a n n o t be. o b t a i n e d we must e x p l o r e t h e n e c e s s i t y ; 
o f c o u p l e d c h a n n e l c a l c u l a t i o n s o r t h e p o s s i b l e e f f e c t o f a m o d i f i c a t i o n o f 
t h e c o u p l i n g b a s i s a n d . ( o r ) t h e d e f o r m a t i o n p a r a m e t e r s . 

. F i n a l a d j u s t m e n t s o f a l l t h e p a r a m e t e r s a r e made i n t h e t h i r d s t a g e .. 
b y ; c o n s i d e r i n g n e u t r o n e l a s t i c ' a n d i n e l a s t i c s c a t t e r i n g , t o t a l c r o s s s e c t i o n s 
a t h i g h e r e n e r g i e s , p r o t o n , s c a t t e r i n g , d a t a . , . . I f t h e a g r e e m e n t w i t h , 
n u c l e o n i n e l a s t i c s c a t t e r i n g d a t a i s n o t s a t i s f a c t o r y , t h e d e f o r m a t i o n p a r a m -
e t e r s o r t h e , c o u p l i n g b a s i s a r e m o d i f i e d and s e a r c h i s s t a r t e d a g a i n a t t h e 
f i r s t s t a g e . 

T h i s p r o c e d u r e was c l e a r l y : e x p l a i n e d . b y PERRIER. i n R e f . 2k, and 
some r e s u l t s o b t a i n e d b y him a r e h e r e b r i e f l y r e p o r t e d o n . An e x a m p l e o f t h e 
m e t h o d e m p l o y e d i n t h e s e c o n d , s t a g e i s p r e s e n t e d i n T a b l e I V . The v a l u e s o f 
V Q and WpQ o b t a i n e d f r o m t h e f i r s t s t a g e o f t h e p r o c e d u r e w e r e : V Q = ^ 9 . 5 9 
and W^Q = 2 . 9 0 7 , w i t h u n c e r t a i n t i e s o f 1 % and 30% r e s p e c t i v e l y . A s s u m i n g 
B Q - 0 . 3 and bp - O .h ( c f Eq . 2 ) a c h i - s q u a r e f i t t i n g o f V Q and W^ O t o t h e 
t o t a l c r o s s s e c t i o n s a t v a r i o u s e n e r g i e s was u n d e r t a k e n . The v a l u e s o b t a i n e d : 
V Q = 1+8.63 ± 0 . 7 , WD0 - 4 . 6 H ± 2 d i f f e r e d f r o m t h o s e r e s u l t i n g f r o m t h e f i r s t 
s t a g e , n e v e r t h e l e s s a g o o d r e a s o n a b l e a g r e e m e n t t o t h e e x p e r i m e n t a l d a t a 
c o n s i d e r e d i n t h e f i r s t and s e c o n d s t a g e s was o b t a i n e d w i t h Vq - i+9 .0 , 
W d Q = 3 . 3 . W i t h t h e s e s t a r t i n g v a l u e s . a c h i - s q u a r e f i t t i n g o f V Q and Wpp h a s 
b e e n made t o t h e n e u t r o n e l a s t i c s c a t t e r i n g d a t a a t v a r i o u s e n e r g i e s 
C c f . T a b l e V ) . From a l l t h e s e r e s u l t s t h e f i n a l v a l u e s d e d u c e d a r e : V Q = ^ 9 . 0 , 
WDQ : 3 . 6 0 0 , b2 . = 0 . 5 0 0 . , 

I t i s c l e a r t h a t a r e a s o n a b l e a g r e e m e n t i s f i n a l l y o b t a i n e d w i t h a l l 
t h e e x p e r i m e n t a l d a t a , and t h a t i t i s n o t t h e bes t . . . one p o s s i b l e f o r e a c h c a s e 
i n d i v i d u a l l y ; f o r e x a m p l e t h e f i n a l c a l c u l a t e d , v a l u e s o f t h e s t r e n g t h f u n c - • ' 
t i o n s and s c a t t e r i n g , r a d i u s , n a m e l y S Q = 0 . ^ 0 10""^, S-J = 3 . 5 9 

R' = 6.76 f m , a r e l e s s s a t i s f a c t o r y t h a n t h o s e p r e s e n t e d i n T a b l e I I . 

In t h i s mass number r e g i o n I h a v e e m p l o y e d t h i s p r o c e d u r e i n t h e 
c a s e o f ^ 9 y , 9 3 ] ^ 103^^ and. f o r t h e e v e n - A i s o t o p e s o f N e o d y n i u m , Samarium 
and G a d o l i n i u m . 

k . DETERMINATION OF THE IS0VECT0R COMPONENTS OF'THE OMP 

. A r e v i e w p a p e r was r e c e n t l y w r i t t e n b y J . RAPAP0RT and 
R.W. FINLAY / 3 5 / on t h a t s u b j e c t and t h u s I p r e s e n t o n l y some p a r t i c u l a r 
a s p e c t s o f t h a t p r o b l e m . 

E m p i r i c a l i n f o r m a t i o n s i n t h e i s o v e c t o r p a r t s o f t h e OMP can b e 
o b t a i n e d f r o m c o m p a r i s o n s o f n e u t r o n and p r o t o n s c a t t e r i n g d a t a f r o m t h e same 
n u c l e i . U n f o r t u n a t e l y t h e s e i n f o r m a t i o n s a r e a m b i g u o u s f o r t h e f o l l o w i n g 
r e a s o n s : 

- In t h e t h e o r e t i c a l c a l c u l a t i o n s o f JEUKENNE e t a l . / 1 6 / t h e r e a l 
c o u l o m b c o r r e c t i o n h a s t h e f o r m : AV = V ( r , E - V Q ) - V ( r , E ) , w h e r e a s t h e e m p i - . 
r i c a l f o r m . is : AV = b g f ( x R ) Z / A 1 / 3 . The v a l u e o f bg i s c u r r e n t l y c a l c u l a t e d 
u s i n g t h e p r e s c r i p t i o n o f SATCHLER /?>(>/ : b 3 = 1 . 1 7 b 0 / r c ( b 3 'V 0 . 4 ) . An e m p i -
r i c a l ' d e t e r m i n a t i o n o f t h i s c o e f f i c i e n t was p e r f o r m e d b y RAPAP0RT e t a l . / 3 7 / 
f r o m t h e i r a n a l y s e s o f n u c l e o n s c a t t e r i n g f o r T - 0 n u c l e i . The v a l u e q u o t e d 
i n R e f . 37 i s b 3 = 0 . ^ 6 ± 0 . 0 7 . C o m p a r i s o n s b e t w e e n t h e o r e t i c a l and e m p i r i c a l 
d e t e r m i n a t i o n s a r e u n r e a l i s t i c , and p r o p e r c o m p a r i s o n s o f v a r i o u s e m p i r i c a l 
o n e s can b e made o n l y i f t h e v a l u e s o f t h e v o l u m e i n t e g r a l p e r n u c l e o n 
( J ' b c / A ) o f b3 f ( xp ) a r e a l m o s t t h e same. I t i s t h e c a s e f o r t h e d e t e r m i n a t i o n s 
o f J y , / A c a r r i e d o u t i n R e f . 38 and R e f . 18 : 
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e J V 1 / A = 2 0 . 9 - 0 . 1 7 E , J b c / A = 3 . 8 1 2 f o r 9 ° Z r / 3 8 / 

e J y i / A = 21.1+8 - 0 . 16E , J b c / A = 3 . 7 1 3 ' f o r 9 3 N b / 1 8 / 

e J y - j / A = 25.1+8 - 0 . 2 1 E , J b c / A = 3 . 7 3 ^ f o r 1 l 6 S n / 3 8 / . 

From t h e s e c a l c u l a t e d v a l u e s I recommend t o a d o p t t h e mean v a l u e o f 
J ^ q / A : 3 . 7 5 . M o r e o v e r i n t h e ' m a s s r e g i o n i n c o n s i d e r a t i o n t h e e m p i r i c a l 
v a l u e s o f J y ^ / A i n c r e a s e s l i g h t l y w i t h t h e mass number / 3 8 / , a s p r e d i c t e d b y 
t h e t h e o r e t i c a l c a l c u l a t i o n / 1 6 / . 

- In e m p i r i c a l c a l c u l a t i o n s i t i s a s s u m e d t h a t t h e i m a g i n a r y C o u l o m b 
c o r r e c t i o n t e r m AW i s e q u a l t o z e r o , w h e r e a s i t h a s b e e n f o u n d b y JEUKENNE e t 
a l . t h a t t h i s t e r m , AW = W ( r , E - V Q ) - W ( r , E ) , was g r e a t l y e n e r g y d e p e n d e n t 
( g r e a t e r a t l o w e r e n e r g i e s t h a n a t h i g h e r e n e r g i e s ) and o f a s i g n o p p o s i t e 
t o t h e o n e o f t h e a b s o r p t i v e t e r m , h e n c e a p o s s i b l e c a n c e l l a t i o n , n e a r t h e . . 
Cou lomb b a r r i e r , w i t h t h e i m a g i n a r y i s o s p i n t e r m . The f a c t t h a t t h e i m a g i n a r y 
Coulomb c o r r e c t i o n t e r m i s n o t t a k e n i n t o a c c o u n t i n t h e e m p i r i c a l p r o t o n OMP 
d e t e r m i n a t i o n s c o u l d e x p l a i n t h e a b n o m a l o u s e n e r g y d e p e n d e n c e o f some p a r a m -
e t e r s o b s e r v e d i n t h e n e i g h b o u r h o o d o f t h e Cou lomb b a r r i e r . I n t h e s e d e t e r -
m i n a t i o n s , f o r e x a m p l e , t h e e n e r g y d e p e n d e n c e o f t h e p o t e n t i a l d e p t h s a r e 
much m o r e r a p i d t h a n a t h i g h e r e n e r g i e s / 3 9 / , A O / , o r t h e d i f f u s e n e s s o f t h e 
s u r f a c e . a b s o r p t i v e p o t e n t i a l i s e n e r g y d e p e n d e n t A l / . 

The e f f e c t s o f s u c h i n a d e q u a c i e s i n t h e e m p i r i c a l t r e a t m e n t o f . t h e 
C o u l o m b . c o r r e c t i o n t e r m s c a n b e i l l u s t r a t e d b y t h e f o l l o w i n g e x a m p l e . : 

To t e s t my n u c l e o n OMP s e t o f p a r a m e t e r s / 1 8 / , I h a v e r e c e n t l y 
made A 2 / c o m p a r i s o n s o f c a l c u l a t e d and e x p e r i m e n t a l / 2 7 / v a l u e s o f s u b - C o u l o m b 
p r o t o n s t r e n g t h f u n c t i o n s f o r The a g r e e m e n t was w i t h i n 20% 
f o r 9 3 N b ^ 1 0 3

R H J
 ^ w i t h i n 5 0 $ f o r ° 9 y . A s l i g t h m o d i f i c a t i o n o f V R and 

a d r a s t i c d e c r e a s e o f Wp was n e c e s s a r y s o a s t o o b t a i n a g o o d a g r e e m e n t . In 
t h e s e l a s t c a l c u l a t i o n s t h e a b s o r p t i v e t e r m was t h e same f o r n e u t r o n s and 
sub-^Coulomb p r o t o n s . M o r e o v e r t h e f i t on t h e n e u t r o n and p r o t o n s t r e n g t h 
f u n c t i o n s i n d i c a t e s a s t r o n g A - d e p e n d e n c e o f Wp (Wj) = 2 . 6 f o r ®9y 5 Wp = 5 A . 
f o r 1 ° 3 R h ) . T h i s A - d e p e n d e n c e i s n e v e r t h e l e s s s m a l l e r t h a n t h e o n e o b s e r v e d 
b y JOHNSON e t a l . / 2 7 / (WD = 6 . 0 f o r 8 9 Y and WD = 9 7 . 0 f o r 1 ° 3 R h ) f r o m t h e i r . 
f i t t o o n l y p r o t o n s t r e n g t h f u n c t i o n s . 

5 . NUCLEON SCATTERING FROM COLLECTIVE STATES 

R e c e n t e f f o r t s c a r r i e d o u t i n s e v e r a l l a b o r a t o r i e s f o r m o r e p r e c i s e 
i n f o r m a t i o n a b o u t n u c l e o n s c a t t e r i n g f r o m c o l l e c t i v e s t a t e s w e r e r e c e n t l y r e -
p o r t e d b y HA0UAT A 3 / w i t h a s p e c i a l e m p h a s i s on e x p e r i m e n t a l d i f f i c u l t i e s . , 
Thus I p r e s e n t o n l y t h e - m a i n p r o b l e m s g e n e r a l l y met i n t h e c a l c u l a t i o n s . 

5 . 1 . C o u p l e d c h a n n e l s o r s p h e r i c a l o p t i c a l m o d e l c a l c u l a t i o n s ? 

T h e e x p e r i m e n t a l e v i d e n c e o f t h e c o u p l i n g p r o j e c t i l e - t a r g e t s t a t e s 
c o m e s f r o m a n a l y s e s o f e x p e r i m e n t a l d a t a i n i n e l a s t i c s c a t t e r i n g and i n t h e 
v a r i a t i o n s o f t h e s t r e n g t h f u n c t i o n s w i t h t h e mass n u m b e r . T h e o r e t i c a l g u i d e s 
corne from- a n a l y s e s o f t h e e x c i t e d s t a t e s - s p e c t r a ; i n t h i s p a p e r I d i s t i n g u i s h , 
a s u s u a l , b e t w e e n " v i b r a t i o n a l " and " r o t a t i o n a l " n u c l e i . 

As can b e s e e n i n F i g . J t h e r e i s n o i m p o r t a n t d i s c r e p a n c i e s 
b e t w e e n s t a t i s t i c a l m o d e l c a l c u l a t i o n s / I I / and e x p e r i m e n t a l d a t a / 1 0 / 
( c f R e f . 1 1 ) . However n e a r n e u t r o n e n e r g y o f 6 . 0 MeV t h e s t a t i s t i c a l m o d e l 
i n d i c a t e s i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s , f o r t h e t w o s t a t e s i n c o n s i d e -
r a t i o n , n e a r z e r o , w h e r e a s t h e e x p e r i m e n t a l v a l u e / b k / o f t h e sum i s 137 
m i l l i b a r n s . 
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.The l o w l y i n g s p e c t r a o f t h e s t a b l e even A Mo i s o t o p e s show many c h a -
r a c t e r i s t i c s o f a v i b r a t i o n a l n u c l e u s but : t h e marked d e c r e a s e s i n t h e f i r s t 0 + ' 
e x c i t a t i o n e n e r g y as n e u t r o n s a r e added t o i n d i c a t e t h a t t h e c o l l e c t i v e 
wave f u n c t i o n s f o r t h e s e n u c l e i a r e o f a c o m p l e x n a t u r e . A r e a s o n a b l e a g r e e m e n t 
w i t h a l l t h e e x p e r i m e n t a l d a t a , e x c e p t i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s a t 
e n e r g i e s gr .ea ' ter t h a n U MeV, can b e o b t a i n e d u s i n g o n l y s p h e r i c a l m o d e l c a l c u -
l a t i o n s / I I / . I t h i n k t h a t f o r t h e mass r e g i o n A = 89 - 1 0 3 , s p h e r i c a l m o d e l 
c a l c u l a t i o n s and D . W . B . A . c a l c u l a t i o n s a r e s u f f i c i e n t i n most o f t h e c a s e s . On 
t h e o t h e r hand c o u p l e d c h a n n e l c a l c u l a t i o n s a r e n e e d e d i n t h e m a s s . r e g i o n 
A = 1UU 170. As can b e s e e n i n F i g . 8 , t h e c o u p l i n g b e t w e e n e l a s t i c and 
i n e l a s t i c c h a n n e l s i s q u i t e s t r o n g : a s m a l l v a r i a t i o n o f t h e d e f o r m a t i o n 
p a r a m e t e r i n d u c e s a change i n t h e i n e l a s t i c as w e l l as e l a s t i c s c a t t e r i n g . d i s - . 
t r i b u t i o n s / U 5 / . 

5 . 2 . D e f o r m a t i o n p a r a m e t e r s 

. I t i s c l e a r t h a t : 

1 ) F o r " v i b r a t i o n a l " n u c l e i , d e f o r m a t i o n p a r a m e t e r s o b t a i n e d f r o m 1 

n e u t r o n i n e l a s t i c s c a t t e r i n g d a t a and e l e c t r o m a g n e t i c e x c i t a t i o n s d a t a a r e . \< 
a l m o s t e q u a l . MADSEN, BROWN and ANDERSON / U 6 / have p r e s e n t e d some t h e o r e t i c a l ' 
e x p l a n a t i o n s o f t h e s m a l l d i f f e r e n c e s b e t w e e n d e f o r m a t i o n p a r a m e t e r s o b t a i n e d 
u s i n g v a r i o u s p r o b e s . An e x a m p l e o f s u c h d i f f e r e n c e s i s shown i n T a b l e V I , 
w h e r e e x p e r i m e n t a l d e t e r m i n a t i o n s a r e r e p o r t e d f r o m R e f . 35 and. R e f . 1+7. 

2 ) F o r r o t a t i o n a l n u c l e i , i n s t e a d o f c o m p a r i n g t h e d e f o r m a t i o n p a r a m -
e t e r s c o m p a r i s o n s h a v e t o b e made u s i n g t h e m u l t i p o l e m o m e n t s . o f t h e • 
OMP w h i c h a r e d e f i n e d as : 

q X = Zf V ( r ) Y° ( 6 ) r A d ~ r * / / V ( r ) d r ( .13) , 

From t h e r e s u l t s p r e s e n t e d i n R e f . W and R e f . 1*+ t h e q u a d r u p o l e moments 
o b t a i n e d f r o m n u c l e o n s c a t t e r i n g and e l e c t r o m a g n e t i c e x c i t a t i o n s a r e i n a v e r y 
g o o d a g r e e m e n t . 

A n o t h e r p r o b l e m i s t h a t t h e e m p i r i c a l c a l c u l a t i o n s o f n e u t r o n i n e l a s -
t i c s c a t t e r i n g c r o s s s e c t i o n s a r e i n r a t h e r poor , a g r e e m e n t w i t h t h e e x p e r i m e n -
t a l p r o n o u n c e d s t r u c t u r e . As r e p o r t e d i n F i g . 9 BRIEVA and GEORGIEV /h9/ h a v e 
shown t h a t a much b e t t e r a g r e e m e n t c o u l d b e o b t a i n e d i f a more r e a l i s t i c s c a t -
t e r i n g p o t e n t i a l i s e m p l o y e d . 

, 5 . 3 . The p r o b l e m o f o d d - A n u c l e i 

F o r v i b r a t i o n a l n u c l e i t h e c o u p l i n g scheme can b e chosen , f o l l o w i n g 
t h e p r e s c r i p t i o n d e r i v e d f r o m t h e weak c o u p l i n g m o d e l o f De-SHALIT / 5 0 / . The 
o p t i c a l m o d e l p o t e n t i a l u s e d i n s u c h a c a s e can b e e x t r a p o l a t e d f r o m t h a t 
o b t a i n e d f o r n e i g h b o u r i n g e v e n - A n u c l e i . The p r o b l e m i s more c o m p l e x f o r r o t a -
t i o n a l n u c l e i : 

The 
d e f i n e d as : 

d i a g o n a l p o t e n t i a l f o r t h e g r o u n d s t a t e o f an e v e n - A n u c l e u s i s 

V ( r ) = g^ , w h e r e a s f o r an o d d - A n u c l e u s : . 
g . s 

21 
V ( r ) = E < I II Qa II I > g x VA ( r ) . 
g . s X=o 

In t h e s e e x p r e s s i o n s t h e g^ a r e g e o m e t r i c a l , c o e f f i c i e n t s , V ^ c o r r e s p o n d s t o t h e 
t e r m o f o r d e r X i n t h e L e g e n d r e e x p a n s i o n o f t h e p o t e n t i a l , and I i s t h e s p i n 
o f t h e g r o u n d s t a t e . E x c e p t t h e c a s e o f I = 1 / 2 , t h e d e f i n i t i o n o f t h e p o t e n t i a l 
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f o r o d d - A n u c l e i i s n o t t h e same t h a n f o r even A n u c l e i and t h e r e f o r e p a r a m e -
t e r s h a v e t o b e d e t e r m i n e d i n e a c h i n d i v i d u a l c a s e . . . 

5 . V . The p r o b l e m o f t r a n s i t i o n a l n u c l e i 

Wave f u n c t i o n s more e l a b o r a t e than t h o s e c u r r e n t l y e m p l o y e d i n t h e . 
" v i b r a t i o n a l " o r " r o t a t i o n a l " m o d e l a r e n e e d e d f o r t h e s e n u c l e i . An example 
o f t h e c a l c u l a t e d i n e l a s t i c c r o s s s e c t i o n l e a d i n g t o t h e f i r s t 2 + s t a t e o f 

g i v e n i n F i g . TO. C o m p a r i s o n s o f e x p e r i m e n t a l data , and r e s u l t s o f 
r o t a t i o n a l m o d e l c a l c u l a t i o n s a r e g i v e n t o g e t h e r w i t h r e s u l t s o f more e l a b o r a -
t e c a l c u l a t i o n s b a s e d on t h e wave f u n c t i o n s o b t a i n e d b y KUMAR / 5 1 / f r o m h i s ; . 
dynamic d e f o r m a t i o n t h e o r y o f s p h e r i c a l and d e f o r m e d n u c l e i . 

CONCLUSION 

I b e l i e v e t h a t o p t i c a l m o d e l c a l c u l a t i o n s , o f n e u t r o n c r o s s s e c t i o n s 
can b e u s e f u l l y e m p l o y e d f o r p r a c t i c a l a p p l i c a t i o n s . When a v e r y l i m i t e d 
amount o f e x p e r i m e n t a l d a t a i s a v a i l a b l e t h e o p t i c a l m o d e l p a r a m e t e r i z a t i o n 
c a n b e b a s e d on an a d e q u a t e . r e a d j u s t m e n t o f a p a r a m e t e r s e t p r e v i o u s l y t a i l o r e d 
f o r a n e i g h b o u r i n g n u c l e u s . F o r t h i s p u r p o s e more a c c u r a t e e x p e r i m e n t a l v a l u e s 
o f s t r e n g t h f u n c t i o n s a r e r e q u i r e d . A s . f o r t h e t h e o r e t i c a l t o o l s , more p r e c i s e 
i n f o r m a t i o n s a r e n e e d e d c o n c e r n i n g t h e d e f o r m a t i o n p a r a m e t e r s f o r o d d - A n u c l e i , 
and t h e c o l l e c t i v e wave f u n c t i o n s . 
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T A B L E I 

Values o f volume i n t e g r a l p e r nuc l eon and r o o t mean square r a d i u s o f the 
r e a l c e n t r a l p o t e n t i a l o b t a i n e d from v a r i o u s s t u d i e s 

V
A < r 2 > V 2 

v . ' ' 

T A R G E T CHEEMA* 

R e f . 8 
SMITH 

e t a l . 

R e f . 1 0 

McDANIEL** 

e t al. 

R e f . 9 

L A G R M G E 

Ref.11 
CHEEMA* 

R e f . 8 
S M I T H 

e t a l . 

R e f . 1 0 

M c D A N I E L 

e t a l . 

Ref . 9 

L A G R A N G E 

Ref.11 

92MO 1+39.6 1+07 450 . 1+1+1 4.85i+ 1+.889 • 1+. 996 4 . 9 1 2 

1+15.7 390 1+1+8 1+28 4 .957 4.991 5 .103 5 .018 

• C a l c u l a t e d w i t h t h e following average geometry : ap = 0 . 6 6 , rj; = 1.20 

.. C a l c u l a t e d w i t h : V = V 0 - 0.22 E n . 

T A B L E II 

U n c e r t a i n t i e s in t h e fitting p a r a m e t e r s i n d u c e d b y t h e e x p e r i m e n t a l 

u n c e r t a i n t i e s . A p p l i c a t i o n to + n . . 

S0.10+h S-|,10+1* R ' ( f m ) 

E v a l u a t e d v a l u e s (BNL-325 R e f . 2 3 ) 0 . 3 2 ± 0 . 1 1 1+.4±1.6. 6 . 7 ± 0 . 1 

„ " * V = 1+9.6±0.500 
Best fit p a r a m e t e r s T 7 n n WJ) — c.. Y±U. y 

O.3I+7'. 3 . 2 8 7 . 6.681+ 

The f i x e d parameters a r e : r j ; = 1 . 2 5 , a R = 0 . 6 5 , r ^ = 1 . 2 5 , ap = 0 . ^ 7 
' V s o = 6 . 2 , r S Q = 1 . 1 2 , a s o = 0.1+7 (depth in MeV., l e n g t h s .'in F e r m i s ) . 



TABLE III 

E v a l u a t e d and c a l c u l a t e d n e u t r o n s t r e n g t h f u n c t i o n s ( S o , S - j ) and s c a t -
t e r i n g r a d i u s f o r ^. 

EVALUATED 
BNL-325 

CALCULATED EVALUATED 
BNL-325 V = 1+.90 V = 1+9.5 V = 5 0 . 0 

S 0 . 1 0 + V 0 . 3 6 ± 0 . 0 6 0.1+1+7 0.1+33 0.1+23 

S 1 . 1 0 + l + 5.16±0.21+ 3.81+0 > . 5 6 7 5.1+56 

R'(fm) 7 . 0 0 ± 0 . 2 6 . 7 1 3 6 . 6 2 8 6.51+1+ 

The f i x e d p a r a m e t e r s are : a R = 0 . 6 2 , r p = 1 .24. , WD - 3 . a D - 0 . 5 8 
r D = 1 . 2 6 , V s o = 7 - 7 , a s o = 0.1+7, r s o = 1 . 1 2 . ( d e p t h s i n MeV, l e n g t h s 
i n F e r m i s ) . 

TABLE IV 

Parameter s e t o b t a i n e d b y s e a r c h i n g t h e r e a l and s u r f a c e p o t e n t i a l d e p t h s s o a s . t o 
o p t i m i z e t h e f i t t o n e u t r o n t o t a l c r o s s s e c t i o n f o r y 9 y a t v a r i o u s e n e r g i e s . 

E n ( M e V ) 

E x p . a^ (barns) 

- 2 . 5 

i+. l l+0±0 .166 

5 . 0 

3 . 7 ^ 0 ± 0 . 1 5 0 . 

8 . 0 

'l+.300±0'. 172 

10.0 -

. 1+. 21+0+0. 180 

1 5 . 0 

3 . 7 8 0 ± 0 . 1 5 0 

B e s t f i t 

VQ= 1+8.63±0.7 

. w D o = ^.61+±2.06 

1+.208 . 3 . 8 0 0 It. 232 . : 1+.21+8; : • 3 . 7 2 8 

T h e , f i x e d p a r a m e t e r s a r e : a p = 0 . 6 7 3 , r R = 1 . 2 1 8 , a D = 0 . 1 6 9 , r'D = 1 . 2 6 2 , V g 0 = 6 . 2 
a s 0 = 0.1+7, r s o = 1 . 1 2 ( d e p t h s i n MeV, l e n g t h s i n F e r i n i s ) . .. 
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TABLE V 

Parameter s e t s o b t a i n e d b y s e a r c h i n g t h e r e a l a n d . s u r f a c e 
p o t e n t i a l d e p t h s s o as t o o p t i m i z e t h e f i t t o ° 9Y p r o t o n 
s c a t t e r i n g a t v a r i o u s e n e r g i e s . 

E (MeV) V 0 WD0 X 2 / N 

6.M+ 

1+9 3 . 3 ' 5 . 2 2 

6.M+ 1+8.77 + 0 . 1 3 
( 0 . 2 6 % ) 

3 . 8 7 + 0 . 1 2 
(3%) 

2 . 2 

7 . 6 

1+9 3 , 3 7 . 9 2 

7 . 6 1+8.96 ± 0.2!+ 
( 0 . 5 % ) 

1+.38 ± 0 . 1 9 
(b..k%) 

2 . 3 

8 . 5 6 

1+9 3 . 3 k.l 

8 . 5 6 
1+9.1 + 0 . 2 2 

( o . i + W 
1+.28 ± 0 . 1 9 

(l+.38%) 
1 . 6 

The f i x e d p a r a m e t e r s a re t h e same than t h o s e p r e s e n t e d i n 
T a b l e IV. 

TABLE VI 

Quadrupo le d e f o r m a t i o n p a r a m e t e r s f o r N = 50 and Z = 50 s i n g l e - c l o -
sed s h e l l n u c l e i . 

B 
Nuclei N = 50 Nuclei Z = 50 

B Ba

Sr 
90

Sr 
9 2

MO 
1 1 6

S„ 
ll8

Sn 
120

Sn 122
c Sn 12̂  , sn 

Bnn' 0.133(7) 0.085(8) 0.099(5) 0.120(10) 0.109(7) 0.106(5) 0.100(6) 0.092(6) 
6

PP' 0.110 0.070(5) 0.080(6) 0.133 0.13M10) 0.119(10) 0.112(7) 0. 1Co(7) 

Bern O.lli (2) 0.09M 5) 0.116(8) c.118(7) 0.108(2) 0.106(2) 0.102(2) O.C?6'2) 
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Los Alamos, New Mexico 87545 

ABSTRACT 

Cross section evaluations have been made for the 196 fission product 
nuclides on the ENDF/B-5 data files. Most of the evaluations involve updating 
the capture cross sections of the important absorbers for fast and thermal 
reactor systems. This included updating thermal values, resonance integrals, 
resonance parameter sets and fast capture cross sections. For the fast cap-
ture results generalized least-squares calculations were made using the com-
puter code FERRET. Input for these cross section adjustments included nuclear 
models calculations and both integral and differential experimental data 
results. The differential cross sections and their uncertainties were obtain-
ed from the CSIRS library. Integral measurement results came from CFRMF and 
STEK Assemblies 500, 1000, 2000, 3000, 4000. Comparisons of these evaluations 
with recent capture measurements will be presented. 

Introduction 

The ENDF/B-5 fission product file consists of 877 nuclide evalua-
tions. Of these, 196 have full cross section data sets which contain values 
for total, elastic, inelastic, capture and angular distributions for the 
energy range 10~5ev to 20 MeV. Table I lists the 196 nuclides. The file is 
basically an update of ENDF/B-4, where most of the changes occur for the fast 
and thermal capture cross sections. These changes involve the use of impor-
tant new evaluation techniques and recent experimental results from both 
integral and differential measurements. 

In this paper we present typical results illustrating these new 
techniques where use was made of a generalized least-squares adjustment pro-
cedure/1/ to obtain a nominal cross section curve and uncertainty information 

*Work supported by DOE contract DE-AC14-FF02170. 
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Table I. Fission Product Nuclides with Cross Section Data for ENDF/B-5. 

1. 32 Ge 72 51. 43 Tc 99 101. 51 Sb 25 151. 60 Nd 42 
2. 32 Ge 73 52. 44 Ru 96 102. 51 Sb 26 152. 60 Nd 43 
3. 32 Ge 74 53. 44 Ru 98 103. 52 Te 20 153. 60 Nd 44 
4. 32 Ge 76 54. 44 Ru 99 104. 52 Te 22 154. 60 Nd 45 
5. 33 As 75 55. 44 Ru 100 105. 52 Te 23 155. 60 Nd 46 
6. 34 Se ' 75 56. 44 Ru 101 106. 52 Te 24 156. 60 Nd 47 
7. 34 Se 76 57. 44 Ru 102 107. 52 Te 25 157. 60 Nd 48 
8. 34 Se 77 58. 44 Ru 103 108. 52 Te 26 158. 60 Nd 50 
9. 34 Se 78 59. 44 Ru 104 109. 52 Te 27M 159. 61 Pm 47 

10. 34 Se 80 60. 44 Ru 105 110. 52 Te 28 160. 61 Pm 48 
11. 34 Se 82 61. 44 Ru 106 111. 52 Te 29M 161. 61 Pm 48M 
12. 35 Br 79 62. 45 Rh 103 112. 52 Te 30 162. 61 Pm 49 
13. 35 Br 81 63. 45 Rh 105 113. 52 Te 32 163. 61 Pm 51 
14. 36 Kr 78 64. 46 Pd 102 114. 53 I 27 164. 62 Sm 44 
15. 36 Kr 80 65. 46 Pd 104 115. 53 I 29 165. 62 Sm 47 
16. 36 Kr 82 66. 46 Pd 105 116. 53 I 30 166. 62 Sm 48 
17. 36 Kr 83 67. 46 Pd 106 117. 53 I 31 167. 62 Sm 49 
18. 36 Kr 84 68. 46 Pd 107 118. 53 I 35 168. 62 Sm 50 
19. 36 Kr 85 69. 46 Pd 108 119, 54 Xe 24 169. 62 Sm 51 
20, 36 Kr 86 70. 46 Pd 110 120. 54 Xe 26 170. 62 Sm 52 
21. 37 Rb 85 71. 47 Ag 107 121. 54 Xe 28 171. 62 Sm 53 
22. 37 Rb 86 72. 47 Ag 109 122. 54 Xe 29 172. 62 Sm 54 
23, 37 Rb 87 73. 47 Ag 111 123. 54 Xe 30 173. 63 Eu 51 
24. 38 Sr 84 74. 48 Cd 106 124. 54 Xe 31 174. 63 Eu 52 
25. 38 Sr 86 75. 48 Cd 108 125. 54 Xe 32 175. 63 Eu 53 
26. 38 Sr 87 76. 48 Cd 110 126. 54 Xe 33 176. 63 Eu 54 
27. 38 Sr 88 77. 48 Cd 111 127. 54 Xe 34 177. 63 Eu 55 
28. 38 Sr 89 78. 48 Cd 112 128. 54 Xe 35 178. 63 Eu 56 
29. 38 Sr 90 79. 48 Cd 113 129. 54 Xe 36 179. 63 Eu 57 
30. 39 Y 89 80. 48 Cd 114 130. 55 Cs 33 180. 64 Gd 52 
31. 39 Y 90 81. 48 Cd 115M 131. 55 Cs 34 181. 64 Gd 54 
32. 39 Y 91 82. 48 Cd 116 132. 55 Cs 35 182. 64 Gd 55 
33. 40 Zr 90 83. 49 In 113 133. 55 Cs 36 183. 64 Gd 56 
34. 40 Zr 91 84. 49 In 115 134. 55 Cs 37 184. 64 Gd 57 
35. 40 Zr 92 85. 50 Sn 112 135. 56 Ba 34 185. 64 Gd 58 
36. 40 Zr 93 86. 50 Sn 114 136. 56 Ba 35 186. 64 Gd 60 
37. 40 Zr 94 87. 50 Sn 115 137. 56 Ba 36 187. 65 Tb 59 
38. 40 Zr 95 88. 50 Sn 116 138. 56 Ba 37 188. 65 Tb 60 
39. 40 Zr 96 89. 50 Sn 117 139. 56 Ba 38 189. 66 Dy 60 
40. 41 Nb 93 90. 50 Sn 118 140. 56 Ba 40 190. 66 Dy 61 
41. 41 Nb 94 91. 50 Sn 119 141. 57 La 39 191. 66 Dy 62 
42. 41 Nb 95 92. 50 Sn 120 142. 57 La 40 192. 66 Dy 63 
43. 42 Mo 92 93. 50 Sn 122 143. 58 Ce 40 193. 66 Dy 64 
44. 42 Mo 94 94. 50 Sn 123 144. 58 Ce 41 194. 67 Ho 65 
45. 42 Mo 95 95. 50 Sn 124 145. 58 Ce 42 195. 68 Er 66 
46. 42 Mo 96 96. 50 Sn 125 146. 58 Ce 43 196. 68 Er 67 
47. 42 Mo 97 97. 50 Sn 126 147. 58 Ce 44 
48. 42 Mo 98 98. 51 Sb 121 148. 59 Pr 41 
49 42 Mo 99 99. 51 Sb 123 149. 59 Pr 42 
50 . 42 Mo 100 100. 51 Sb 124 150. 50 Pr 43 
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in the form of a covariance matrix which linked energy points. This procedure 
involves calculations which use the finite element representation of the 
FERRET /2/ data adjustment code. Also presented in this paper will be a study 
of thermal reactor absorption sensitivity to capture cross section changes in 
important fission products. 

FAST CAPTURE 

Table II lists the 25 most important fission product absorbers in a 
fast reactor core with their percent contribution to total absorption. Empha-
sis for ENDF/B-5 has been on updating the capture cross sections of these top 
absorbers plus an additional 50 more. Typical results of these evaluations 
are shown in Figures 1-14, where the "Adjusted" curves will be used for 
ENDF/B-5. Also shown is the data used as input to the FERRET code. This 
includes both differential and integral data and their uncertainties. Also 
inputted to the calculation was an "a priori" description which combined 
multi-group average cross sections obtained from resonance parameters for the 
resolved resonance region with "smooth" average cross section from ENDF/B-4 
for the higher energy region. The resonance parameters used were from 
ENDF/B-4 or BNL-325 /3/ as indicated. The histogram or multi-group cross 
section description in the resonance region is required for the FERRET least-
squares calculation because following the exact resonance structure takes too 
many points for the standard computer calculations, especially for the covar-
iance matrix part. 

The integral data came from reaction rate measurements in STEK 
Assemblies 500, 1000, 2000, 3000, 4000 /4/ and CFRMF /5/. ENDF/B-4 evaluations 
also used earlier CFRMF measurements which helped normalize nuclear models cal-
culations made with the Hauser-Feshbach computer code NCAP /6/. 

This type of approach which quantitatively combines three evaluation 
sources, diverges somewhat from the usual ENDF/B philosophy which is to rely 
essentially on differential results with some adjustment due to integral 
results. This method also differs from the Japanese and European procedures 
in which either only differential or only integral values are exclusively 
used. For individual fission products, however, it is felt that this approach 
has substantial promise since many of the problems associated with the use of 
integral data are greatly simplified in dealing with a single nuclide. As can 
be seen in Table II, for most of the nuclides which have experimental measure-
ments, the differential data is discrepant. Consequently, it is hoped that use 
of the integral results will supplement our information and help resolve these 
discrepancies. Another advantage of the procedure is that it provides quanti-
tative uncertainty information in the form of covariance matrices which can be 
easily translated into ENDF/B formats. Obviously there are problems associated 
with using integral data such as self shielding effects, mixtures of isotopes 
for the same element, flux and adjoint flux determinations and uncertainty 
assignments and these will have to be examined carefully to have a viable 
method. 

Figure 1 shows results for the important absorber Sml49. As can be 
seen from the curves, significant changes occur in going from ENDF/B-4 to 
ENDF/B-5. The ENDF/B-4 result was made with nuclear model calculations where 
no previous experimental data existed in 1973. Also shown in Figure 1 are 
"Adjusted" cross sections using the FERRET code, comparing various results 
when only integral data is used or differential data is used. For the Sml49 
case, the results are consistent with each other. For some of the other cases 
shown in Figures 5-14 this does not necessarily occur. 
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Table II. Twenty five most "important" fission product absorbers in fast 
reactor cores. Also shown are fast integral and differential 
experiments which have published results as of November 1979. 
The CFRMF, STEK and differential data were used in the HEDL-PETTEN 
evaluations for ENDF/B-5. 

Nuclide 
Percent Contribution 
to Total Absorption EBR-2 CFRMF STEK 

Differen-
tial Data* 

Discrepar 
Diff. 
Data 

1. Pd 105 9.9 - - / M,S, .. _ 

2. Tc 99 8.6 • - / / S, • • / 
3. Ru 101 7.7 . - - / M,S / 
4. Pd 107 6.2 - - - - no data 

5. Rh 103 5.5 - / / -

6. Cs 133 4.9 - V / • • / 
7. Pm 147 3.5 - / - - no data 

8. Sm 149 3.4 / - / S one data set 

9. Nd 145 3.4 / - - S one data set 

10. Ru 102 3.3 - / / M,S,•• / 
11. Cs 135 3.0 - - - no data 

12. Mo 97 2.9 - - / M u , " - • 

13. Ag 109 2.7 - / / • • / 
14. Ru 106 • 2.3 - - - - no data 

15. Nd 143 2.3 / - - Mu one data set 

16. Xe 131 1.9 - - - - no data 

17. Sm 151 1.9 - - / - no data 

18. Mo 95 1.5 - - / Mu, • • -

19. Ru 104 1.3 - / / M,S / 
20. Eu 153 1.3 - / - • • -

21. Mo 98 1.2 - / / Mu, • • / 
22. Ce 144 1.1 - - - - no data 

23. I 129 1.0 - / / - no data 

24. Mo 100 0.9 - / / Mu, • • / 
25. Pr 141 0.9 - / / • • / 

82.6 

* M=Macklin (79)0RL, S=Shaw(75)RPI, Mu=Musgrove(77)AUA, 

• •--^Additional differential data 
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Error estimates are outputted from the FERRET code and Figure 2 
shows fractional uncertainty versus energy for the Sml49 case, where the 
final uncertainty changes from about 60% to 10% (la) in going from ENDF/B-4 
to ENDF/B-5. Figures 3 and 4 show the cases of adjusted curves using STEK 
measurements compared to recent integral results at EBR-II adjusted by Anderl 
et al., Ill for Sml49 and Sml47. The full energy region (1 ev - 10 MeV) 
evaluation is shown in Figure 5 for Mo97. Comparisons to recent differential 
measurements by Macklin, et al., /8/ is shown in Figures 6-10 for RulOl, 
Rul02, Rul04, Pdl04, and Pdl08. Finally, results for four of the top twenty-
five fission product absorbers (Tc99, Rhl03, Agl09 and Csl33) are given in 
Figures 11-14. 
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THERMAL AND RESONANCE CAPTURE 

Table III gives the results of calculations of ENDF/B-4 resonance 
integrals (Ecut=0.5, T=0°k) and thermal cross sections for the major fission 
product absorbers in thermal reactors. These will form the basis of the 
ENDF/B-5 evaluations. Also shown in Table III are the values given in BNL-
325/3/ which for most cases are identical or very close to, the ENDF/B-4 
results. Most of the ENDF/B-5 "196 nuclides" with cross section data will 
have "File 2" resonance parameter descriptions. The "File 3" smooth back-
ground cross section will then be adjusted consistent with experimental 
results to give measured resonance integrals (within la) and measured thermal 
cross sections. The main source of experimental resonance integrals and 
thermal values was BNL-325 which has almost identical agreement with the 
"Chart of the Nuclides". For those cases which BNL-325 did not list measured 
values, other sources of data were from Clayton /9/, Ribon and Krebs /TO/, 
Pope and Story /ll/, and Kirouac /12/. 

Appendix A provides thermal reactor absorption sensitivity analysis. 
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Table III. Resonance Integrals and Thermal Cross Sections of Major FP 
Absorbers in Thermal Reactors. 

Resonance Integrals Thermal Capture Cross Sections 
(barns) (barns) ~~ 

Nuclide ENDF/B-4* BNL-325 ENDF/B-4 BNL-325 

Xel35 7645. 7634. ' 2.64x10
6

 (2.65±0.20)xl0
6 

Sml49 3200. 3183. 41190. 41000.±2000. 

Pml 47 2283. 2300.±350. 182. 181.±7. 

Xel31 879. 870. 90. 90. ±10." 

Csl33 381. 415.±15. 29.5 31.5±1.5 

Ndl43 205. 140. 325. 325.±10. 

Sml51 3357. 3300.±700. 15000. 15000.±1200. 

Rhl03 1050. 1100.±50. 148. 150.±5. 

Tc99 354. 340.±35. 19. 19.±2. 

Ndl45 226. 240.±35. 42. 42.±2. 

Sml 52 3008. 3000.±200. 206. 206.+6. 

Pml48M 3608. 3600. 10600. 22000.±2500. 

Mo95 113. 105.±7. 14.5 14.5±0.5 

Eul 53 1590. 1635.±200. 453. 390.±30. 

Kr83 192. 230. 208. 200.±30. 

Rhl05 15850. 15800.±1500 16000. 16000.±1500. 

Sml50 320. 310.±15. 102. 102.±5. 

Pml48 40010. 40000. 2000. 2000.±1000 

Csl35 61.6 62. 8.7 8.7+0.5 

RulOl 95.2 85. 3.1 3 . U 0 . 9 

Eul55 1856. - 4040. 4040.±125. 

Lai 39 13.0 12.2±0.6 9.0 9.0±0.3 

Prl41 19.4 14.1±0.2 11.5 11.5+0.3 

Eul54 2700. — 1500. 1500.±400. 

Prl43 190. 190.±25. 89. 89.±10. 

Xel33 356. — 190. 190.±90. 

Cdll3 405. — 19880. 19910.±300. 

Ndl46 3.3 3.2±0.5 1.4 1.4±0.1 

Csl34 213. - 140. 140.±12. 

Mo97 16.1 13.±3. 2.2 2.2±0.7 

*ECUT=0.5 eV, T=0°k 
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APPENDIX A 

FISSION-PRODUCT ABSORPTION IN THERMAL REACTORS: MAJOR CONTRIBUTORS 
AND CROSS-SECTION SENSITIVITIES 

All sensitivity data in this appendix are based on ENDF/B-IV; the 
ENDF/B-V files were not complete in time for a processing and sensitivity 
study before this meeting. However for thermal reactors, the cross-section 
changes are not likely to be significant to aggregate absorption buildup, and 
the sensitivities in this appendix can be used to predict the results of spe-
cific cross-section changes between Version IV and V . 

The cross sections used in this study are listed in Refs. 1 and 2. 
These were first processed using NJOY/3/ in 154 energy groups and then spec-
trum weighted into the 4-group structure defined in Table A-I using a typical 
mid-life spectrum for LWR's. The function is illustrated in Fig. A-l and 
listed in Ref. 1. A detailed listing of the 4-group cross sections will be 
available for this meeting, and differences in cr and RI between Versions 
IV and V noted.

 2 2 0 0 

The depletion and buildup calculations also require decay and yield 
data. Decay parameters are listed in Ref. 4; ENDF/B-IV yields are essential-
ly those listed in Ref. 5, except for minor changes in independent yields 
that are of no significance to this study. The basic depletion calculations 
use a 3.3 w/% U-235 enriched fuel at a constant power level of 30 Mw/MT for a 
total burnup of 33 GWd/MT. Power and fission-product production was from the 
constantly changing production of Pu-239 and concomitant depletion of U-235 
and U-238. The content and 4-group macroscopic absorption of each fission 
product was calculated at 33 times in increments of 800 h (1 GWd/MT) out to 
26 400 h (approximately 3 yr). A large number of such calculations were re-
quired for the sensitivity studies. 

All parameters affecting the major nuclides contributing to the 
aggregate absorption were examined./6/ Space limits this appendix to a con-
densed summary of the results at two times in reactor life and to cross-
section data. However, those readers interested in fission-product absorption 
in thermal reactors should remember that, depending on the nuclide, cross 
sections are riot always the most important parameter. For example, at 
approximately 20 GWd/MT depletion, the yields, branching fractions, and decay 
constants account for 26 of the largest 40 sensitivities. Furthermore, those 
nuclides having very large cross sections such as Sm-149 have relatively small 
cross-section sensitivities in LWR's. The reason for this behavior is simply 
that the products are both produced and depleted, and therefore those stable 
nuclides having large cross sections tend to reach an equilibrium macroscopic 
value determined only by the production (yield) rate; at constant power, the 
cross section determines the time of equilibrium, not the ultimate absorption 
rate. It is also true that an increase in the cross sections of some 
nuclides (e.g., Nd-147) can decrease the aggregate absorption, an effect due 
to the reduction of the decay branching to daughters having large cross 
sections. These statements are not intended to reduce the importance of 
cross sections. In fast reactors and in transient phenomena in LWR's, the 
cross sections are of dominate importance. 

IMPORTANT NUCLIDE ABSORBERS IN LWR's 

Table A-II lists 64 nuclides that contribute >0,1% to the aggregate 
thermal, epithermal, or total absorption at some time during the 33 Gwd/MT 
depletion. The specific contribution at 33 times of 10 of the most important 
contributors is listed in Table A-III. 
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Fig. A-l 

Flux weighting function. 
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The chain systematica of each of the 64 nuclides was examined to 

determine the most important parameters (291) affecting their total absorp-

tion, and sensitivites were calculated./6/ 

SENSITIVITIES 

Thermal and epithermal cross sections were individually increased 

by 10%, one at a time, and the change in aggregate absorption calculated. 

The tabulated sensitivity, S, of the aggregate absorption rate, R^, was cal-

culated from the change, AR^, where R^ is a sum over all groups and nuclides. 

AR ,R 
s 5 n F • ^ 

where AX is the 10% increase in either a thermal or epithermal (resonance) 
cross section X . Values of S thus represent the direct change in the aggre-
gate absorption per unit change in one of these cross sections. Values 

of S < 10~
5

 are listed as M ) . 

Table A-IV lists the resulting sensitivities at two depletion times, 
5 GWd/MT and 33 GWd/MT (4000 and 26 400 h). A total of 78 nuclides were ex-
amined; that is, the list includes sensitivities for cross sections coupled 
to the initial 64 in Table A-II. An ordered list of the largest 15 sensitiv-
ities at both depletion times is given in Table A-V, 

Sensitivities do not show the actual importance of the major con-
tributors. Tables A-VI and A-VII show the percent contribution to the total, 
thermal, and resonance absorption, ordered on the total absorption for the 
major contributors. 
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TABLE A-I 

4-GROUP ENERGY STRUCTURE AND FLUX RATIOS 

Energy LWR Flux 
Boundary Lethargy Ratios to 

Group eV Width Thermal* 

10
7 

1 c 2.5 1.4759 
8.2085x10 

2 ~ 5.0 2.3401 
5.5308x10 

3 9.088 1.7833 

4 6.2506x10"*'
 8 < 4 1 2 1 > 0 

1.0xl0"
5 

* 
The degree of spectrum hardness used is indicated 
by the average value, 0.554018, of a unit 1/v cross 
section at 0.0253 eV. 
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TABLE A-II 

NUCLIDES CONTRIBUTING GREATER THAN 0.12 OF THERMAL, EPITHERMAL 
OR TOTAL FISSION-PRODUCT ABSORPTION RATE: AT SOME TIME DURING FUEL HISTORY 

(to 33 000 MWd/MT) 

Z SYM 

36 Kr 

40 Zr 

41 Nb 

42 Mo 

43 Tc 

44 Ro 

45 Rh 

46 Pd 

47 Ag 

48 Cd 

49 la 

53 1 

54 Xe 

55 Cs 

56 Ba 

57 La 

58 Ce 

59 Pr 

60 Nd 

61 Pm 

62 Sm 

63 Eu 

64 Cd 

Thermal 
B3

1 
93, 

Kr 

Zr 

Mo 95.97, 

" T c 

1 0 I R « 
103,105^ 

105,107,108
p d 

109, 

113 
Ag 

Cd 

129j 

131,133,135^ 

133,134,135^ 

La 139 

U 1

C e 
141,143p

r 

143,144,145^ 

147,148,148m,149-
ro 

147,149,150,151,152 
Sm 

153,154,155,156 
Eu 

Eplthermal 

83 
Kr 

91,93,95,96 
Zr 

95 
Nb 

95,97,98,99,100, 

99 
' Tc 
101,102,103,104 

Mo 

Ru 
103,105^ 

104,105,107,108
p d 

109 
Ag 

127,129j 

131,133,135^ 

133,134,135, 

"°Ba 
139,140 

CB 

141,143 

141,143 

La 

Ce 

Pr 
143,144,145,147,148^ 

147,148,148m,149,151 

147,148,149,150 
151,152,153 

Nd 

Pm 

Sm 
Sm 

153,154,155 
Eu 

156 
Gd 

Total 

83 
Kr 

91,93 Zr 

95,97,98. 
Mo 

Tc 
101,102,103 10] 
103,105

R h 

105,107,108 

Ru 

Pd 
109 

Ag 
113 Cd 

129, 

131,133,135
X e 

133,134,135 
CB 

La 
139 

1 A 1

C e 
141,143 

Pr 
143,144,145,147,148, 

147,148,148m,149 
Nd 

Pm 
147,149,150,151,152^ 

153,154,155,156, 
Eu 

157 
Gd 



TABLE A-III 

CONTRIBUTIONS OF TEN MAJOR NUCLIDES TO THE TOTAL NEUTRON ABSORPTION 
RATE OF FISSION PRODUCTS 

Percent of Total Fission-Product Absorption Rite 

Elapsed All 

E S S " T C 1 0 3»h 1 3 1 x« ^ Othsr. 

800 1 0.49 0.29 0.55 72.97 0.52 0.76 0.79 16.98 2.46 0.30 3.89 
1600 2 0.94 0.88 1.21 65.87 1.12 1.97 1.82 16.05 3.79 0.64 5.71 
2400 3 1.32 1.56 1.77 60.25 1.61 3.05 2.66 15.11 4.46 0.98 7.23 
3200 4 1.64 2.24 2.24 55.60 2.03 3.96 3.32 14.33 4.77 1.29 8.58 
4000 5 1.91 2.89 2.64 51.67 2.39 4.73 3.85 13.65 4.88 1.58 9.81 
4800 6 2.16 3.49 3.00 48.28 2.70 5.39 4.27 13.04 4.88 1.84 10.95 
5600 7 2.37 4.04 3.31 45.32 2.99 5.96 4.61 12.50 4.83 2.08 11.99 
6400 8 2.57 4.55 3.59 42.69 3.24 6.46 4.88 12.01 4.75 2.29 12.97 
7200 9 2.75 5.02 3.84 40.34 3.48 6.90 5.10 11.56 4.65 2.48 13.88 
8000 10 2.91 5.45 4.07 38.21 3.69 7.29 5.27 11.14 4.55 2.65 14.77 
8800 11 3.07 5.84 4.27 36.27 3.89 7.63 5.41 10.74 4.44 2.80 15.64 
9600 12 3.21 6.21 4.46 34.50 4.07 7.94 5.51 10.38 4.34 2.94 16.44 

10400 13 3.34 6.55 4.63 32.87 4.24 8.22 5.59 10.03 4.25 3.06 17.22 
11200 14 3.46 6.87 4.79 31.36 4.39 8.47 5.64 9.71 4.16 3.17 17.98 
12000 15 3.58 7.16 4.93 29.96 4.54 8.69 5.67 9.40 4.07 3.27 18.73 
12800 16 3.69 7.43 5.06 28.65 4.68 8.89 5.69 9.11 3.99 3.36 19.47 
13600 17 3.79 7.68 5.18 27.43 4.81 9.06 5.69 8.83 3.91 3.44 20.18 
14400 18 3.89 7.92 5.29 26.28 4.94 9.22 5.67 8.57 3.84 3.51 20.87 
15200 19 3.98 8.14 5.39 25.20 5.05 9.36 5.65 8.31 3.77 3.57 21.58 
16000 20 4.07 8.34 5.48 24.19 5.17 9.48 5.61 8.07 3.71 3.62 22.26 
16800 21 4.16 8.53 5.56 23.24 5.27 9.59 5.56 7.84 3.65 3.67 22.93 
17600 22 4.24 8.70 5.64 22.34 5.37 9.68 5.51 7.62 3.60 3.71 23.59 
18400 23 4.31 8.86 5.71 21.48 5.47 9.76 5.45 7.41 3.55 3.75 24.25 
19200 24 4.39 9.00 5.77 20.68 5.56 9.82 5.3S 7.21 3.50 3.78 24.91 
20000 25 4.46 9.14 5.82 19.91 5.65 9.87 5.30 7.01 3.46 3.81 25.57 
20800 26 4.53 9.26 5.87 19.19 5.73 9.91 5.23 6.82 3.42 3.83 26.21 
21600 27 4.59 9.37 5.91 18.51 5.81 9.94 5.14 6.64 3.39 3.85 26.85 
22400 28 4.66 9.47 5.94 17.86 5.89 9.96 5.06 6.47 3.35 3.86 27.48 
23200 29 4.72 9.56 5.97 17.25 5.96 9.97 4.97 6.30 3.32 3.87 28.11 
24000 30 4.78 9.64 6.00 16.66 6.03 9.96 4.88 6.14 3.30 3.88 28.73 
24800 31 4.83 9.71 6.02 16.11 6.09 9.95 4.78 5.99 3.28 3.89 29.35 
25600 32 4.89 9.77 6.03 15.59 6.16 9.93 4.69 5.84 3.26 3.89 29.95 
26400 33 4.94 9.82 6.04 15.10 6.22 9.90 4.59 5.70 3.24 3.89 30.56 



TABLE A—IV 

SENSITIVITY OF TOTAL UTR FISSION-PRODUCT ABSORPTION RATE 
TO THERMAL AND EPI THERMAL (RESONANCE) CROSS SECTIONS' 

* 6 GWd/MT • 33 GWd/MT 

Nuclide 
<«V7> , 

Epi thermal 
(n.7> 

Thermal Bp! thermal Thermal 
Br-Bl £0001 .00004 
Kr-82 ~0 ~0 J00003 £0002 
Kr-83 .00078 XXJ258 DO 106 £0362 
Sr-80 — XXX13 £0031 
Zr-9l £0018 MOO9 £0072 £0036 
Zr-92 00004 £0010 
Zr-93 MIPS £0041 .00479 £0103 
Uo-96 £0224 £0081 £1431 .00619 
Mo-96 ~0 -ooooe 
Mo-97 .00068 £0036 .00244 .00097 
Mo-98 £0039 £0002 £0126 £0007 
Tc-99 £1562 £0307 .03628 £0706 
Ho-100 £0028 .00003 £0071 £0011 
Ru-100 J00001 £0038 
Ru-101 .00421 £0044 £1189 £0123 
Ru-102 .00014 J00016 £ooeo £0070 
Ru-103 .00073 £0024 .00028 £0009 
Rh-103 -01706 £1029 .03400 £2122 
Ru-104 -00015 .00003 .00068 £0013 
Rh-106 .00120 4X)4B6 .00104 £0409 
Pd-106 .00114 £0064 .00627 £0260 
Pd-106 .00001 - 0 £0022 £0002 
Pd-107 .00028 XXX12 £0(222 £0098 
Pd-106 .00064 jooooe £0648 £0094 
Afl-109 
Cd-112 

XX) 163 £0036 £0718 £0187 Afl-109 
Cd-112 ~0 ~0 £0003 £0002 
Cd-113 ~0 J00004 ~0 
Te-128 £0001 - 0 £0003 .00001 
I -129 £0022 joooao £0081 .00163 
Xe-130 — .00003 
X«-I3i £1908 XXX12 £2786 .00908 
Xe-132 xxxxx J00006 £0026 £0022 
Xe-133 40166 - £0060 
C»-133 £1861 £0612 £4867 £1296 
Xe-134 J00006 xoooe £0014 £0028 
Ot-l34 £0018 £0032 £0268 £0642 
I -136 ~0 ~0 ~0 Xe-136 J00008 .13893 £0001 £2383 
Or-136 £0078 .00046 £0182 £0114 

6 CWd/MT-—• •e 33 CWd/MT—*-

Nuclide Epi thermal Thermal Ep it hernial 
. (n.7) 
Thermal 

La-139 £0089 £0168 .00186 £0418 
Ce-140 £0001 .00009 .00006 .00027 
Ce-141 £0032 .00124 .00013 £0061 
Pr-141 £0077 £0133 £0279 £0478 
Ca-142 £0018 £0064 
Pr-142 ~0 ~0 ~0 
Nd-142 - 0 £0020 
Ce-143 £0003 .00001 .00001 ~0 
Pr-143 £0104 .00152 £0020 £0029 
Nd-143 £0491 £4026 £0872 £6337 
Ce-144 .00012 .00015 
Nd-144 £0008 £0012 .00060 .00153 
Nd-146 £0737 £0432 .01580 .00917 
Nd-148 .00009 £0013 £0049 .00072 
Nd—147 .00084 £0021 -£0022 -.00008 
Pm-147 £4776 £1391 09009 £0927 
Sm-147 £0084 £0017 .00467 .00123 
Nd-148 £0087 £0023 .00227 .00078 
Pm-148 .00281 £0183 £0685 £0368 
Pro- 148m .00022 .00897 .00021 £0649 
Sm-148 £0006 £0001 £0107 .00029 
Pro-149 £0001 £0006 £0001 .00006 
Sm-149 £0001 £0106 ~0 .00028 
Nd-160 £0019 £0004 .00112 .00023 
Sm-lSO .00181 .00478 £1118 £2939 
Pm-16l £0001 £0002 - .00006 -.00008 
Sm-161 £0171 £1482 .00039 £0330 
Sm-162 £1242 .00299 .02946 £0735 
Sm-153 £0010 00004 - .00006 -.00003 
Eu-163 £0318 .00286 .02066 £1721 
Sm-164 £0006 £0002 .00028 £0012 
Eu-164 £0043 £0064 .00712 .00922 
Cd-164 ~0 ~0 £0014 .00015 
Eu-166 £0094 £0193 .00038 .00890 
Gd-166 ~0 £0002 ~0 £0001 
Eu-166 - 0 ~0 
G4-168 £0008 - 0 £0188 £0008 
Eu—167 ~0 - 0 - 0 ~0 
Gd-167 ~0 - 0 £0001 

"Listed values are the fractional change in the aggregate total 
absorption rate (mimmed over all energies) per unit change In 
the thermal or ep (thermal croee section (or the listed nuclides. 



1ABLE A-V 

ORDERED LIST OF THE FIRST 16 MOST IMPORTANT 
CROSS SECTION SENSITIVITIES AT 5 AND 33 GWd/MT 

-5 GWd/MT" -33 GWd/MT-

Nuclide 
Xe-135 
Pm-147 
Nd-147 
Xe-131 
C»-133 
Rh-103 
Tc-99 
Sn-151 
Pm-147 
Sm-152 
Rh-103 
Nd-145 
Pm-I48m 
Xe-131 
Or-133 

X-»ec type 
Thermal 

Epithermal 
Thermal 

Epithermal 
Epithermal 
Epithermal 
Epithermal 

Thermal 
Thermal 

Epl thermal 
Thermal 

Epithermal 
Thermal 
Thermal 
Thermal 

Sensitivity Nucide X-sec type Sensitivity 
.13603 Nd-143 Thermal .05337 
JM775 Cs-133 Epithermal .04667 
.04025 Tc-99 Epithermal £3526 
.01906 Rh-103 Epithermal .03486 
.01851 Pm-147 Epithermal £3069 
.01700 Sm-162 Epithermal 

Thermal 
£2945 

.01552 Sm-150 
Epithermal 

Thermal £2939 
.01482 Xe-131 Epithermal 

Thermal 
.02765 

£1391 Xe-135 
Epithermal 

Thermal £2363 
.01242 Rh-103 Thermal .02122 
.01029 Eu-153 Epithermal 

Thermal 
.02055 

.00737 Eu-153 
Epithermal 

Thermal £1721 
.00697 Nd-145 Epithermal £1560 
.00612 Mo-96 Epithermal 

Thermal 
£1431 

.00612 Ce-133 
Epithermal 

Thermal .01296 
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TABLE A-VI 

SUMMARY OF MAJOR FISSION-PRODUCT TOTAL ABSORBERS AT 1)000 HOURS 

• 
PERCENT OF PERCENT OF PERCENT OF PERCENT OF 

TOTAL THERMAL EPITilERKAL RESONANCE 
ABSORPTION ABSORPTION AESORPTION ABSORPTION 

NUCLIDE (GROUPS 1-1) (CROUP 1) (GROUP 3) (CROUPS 1-3) 

XE135 51.66877 62.25301 .11979 .11758 
SKI 1)9 13.61611 16.28261 .82127 .81271 
SK151 1.87625 5.28921 2.89991 2.86568 
K D H 3 1.72617 5.06551 3.05532 3.07106 
P K U 7 3.81727 1.03728 17.71753 17.52700 
RH103 2.88576 1.29927 10.71796 10.60918 
XE131 2.61281 .77091 11.91299 11.75551 
CS133 2.38660 .61188 11.01311 11.01176 
TC 99 1.91200 .37562 9.11367 9.39119 
SKI 52 1.58060 .36688 7.61827 7.18928 
PM118K 1.26102 1.17567 .21755 .21607 
N n i 5 1.19667 .52806 1.17278 1.15166 
RH 105 .65107 .62619 .78595 .77220 
EU153 .53709 .29189 1.73731 1.73080 
RU101 .19111 .05291 2.52978 2.61382 
S M 5 0 .11197 .35620 .66816 .68316 
EU155 .38197 .11291 .21903 .21883 
KR 83 •31R51 .32251 .16911 .17526 
KO 95 .31201 .09792 1 . 3 H 1 7 1.35121 
P R H 3 .27672 -15653 .66838 .66711 
XE133 .25333 .19356 .55310 .51133 
PK118 .21959 .11513 .91820 .90268 
CD113 .21338 .29297 .00195 .00195 
ZR 93 .23937 .01997 1.15611 1.16110 
LA139 .22621 .18861 .11119 .12086 
PR111 .21512 .15979 .16206 .18621 
AG 1 09 •19E83 .01110 .96633 .95210 
CD157 .18819 .22611 .00215 .00213 
PD105 .18198 .06566 .68771 .71826 
CE .15961 .15063 .19272 .20331 
ND117 .11171 .03152 .67001 .66372 
KO 97 .13916 .01201 .52592 .61199 
CS135 .11925 .05173 •13583 .13331 
PK119 .10907 .11192 .09292 .09522 
RU103 .10723 .03021 .16006 .18218 
ALL OTHERS 1.17850 .51830 3.93106 1.39219 
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T A B L E A--VII 

SUMMARY OF MAJOR FISSION-PRODUCT TOTAL ABSORBERS AT 26400 HOURS 

PERCENT OF PERCEKT OF PERCFNT OF PERCENT OF 
TOTAL " THERMAL EPITHERMAL RESONANCE 

ABSORPTION ABSORPTION ABSORPTION ABSORPTION 
NUCLIDE (GROUPS 1-4) (CROUP 4) (CROUP 3) (CROUPS 1-3) 
- - - - - -
XE135 15.09836 26.77836 .01371 .01342 
ND143 9.90337 15.62377 2.50325 2.51536 
RH103 9.81659 6.50558 14.28416 14.09282 
CS133 6.21505 2.35690 11.26709 11.19792 
XE131 6.03893 2.59298 10.69177 10.48944 
SM149 5.69759 10.00653 .13483 .13251 
TC 99 1.93791 1.42788 9.52478 9.47118 
PK1i)7 1.59155 1.82217 8.29825 8.16826 
SM152 3.89181 1.33069 7.35464 7.20642 
SM151 3.23823 5.17014 .75449 .74313 
EU153 3-21177 2.56920 4.07021 4.04165 
NP145 2.88226 1.87209 4.22063 4.18692 
EU154 2.23711 2.19512 2.31606 2.29140 
EU155 2.18896 3.45605 .55475 .55249 
MO 95 2.09987 .97005 3.54423 3.55906 
PK148M 1.83657 3-16345 .12413 .12288 
SMI 50 1.54143 1.96175 .97988 .99859 
AC109 1.44728 .47249 2.75572 2.70625 
RU101 1.42170 .22404 2.84980 2.96850 
CS134 .91132 1.08947 .6ei18 .68123 
PD105 .67408 .46420 1.29412 1.40344 
SM147 .79702 .28738 1.47167 1.45524 
PR14 1 .77187 .84276 .64865 .68031 
KR 83 .66512 .90590 •35097 .35416 
LA139 .61911 .75325 .41022 .44586 
ZR 93 .60368 .18550 1.14261 1.14376 
RH105 .58694 .83091 .27759 .27184 
PD10B .51431 .13153 1.02206 1.00867 
PK148 .49921 .33984 .71952 .70504 
MO 97 .38687 .17290 .57576 .66779 
PD107 .32190 .16308 .49077 .52702 
CS135 .30709 .20745 .43972 .43578 
1129 .28230 .33702 . 19489 .21162 

M D 1 M .22832 .24854 .17046 .20221 
CD157 .21670 .38375 .00097 .00096 
NDI48 •14303 .05925 .22772 .25123 
CD113 .13790 .24433 .0004 3 .00043 
MO 98 .13324 .01024 .25971 .29209 
RU102 .12987 .09197 .10409 .17882 
ZR 91 .11696 .06208 . 17006 .18784 
XE133 .11005 .12376 .09418 .09234 
PR143 .10586 .11066 .10017 .09965 
EU156 .10472 .11108 .09860 .09651 
ALL OTHERS 2.13118 1.34390 2.77646 3.14797 
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THE CONTRIBUTION OF (n,p) AND (n,a) REACTIONS 

TO FISSION-PRODUCT CAPTURE CROSS SECTIONS 

H. G r u p p e l a a r arid B . P . J , v a n d e n Bos 
N e t h e r l a n d s Energy R e s e a r c h F o u n d a t i o n (ECN), 
P . O . Box 1, 1755 ZG P e t t e n , The N e t h e r l a n d s . 

A b s t r a c t 

I n r e c e n t f i s s i o n - p r o d u c t c r o s s s e c t i o n l i b r a r i e s e v a l u a t e d ( n , p ) 
and ( n , a ) c r o s s s e c t i o n s a r e l a c k i n g f o r m o s t o f t h e n u c l i d e s . To 
e s t i m a t e t h e s e c r o s s s e c t i o n s , c a l c u l a t i o n s w i t h a s e m i - e m p i r i c a l 
mode l o f P e a r l s t e i n h a v e b e e n p e r f o r m e d . The c a l c u l a t e d e x c i t a t i o n 
f u n c t i o n s w e r e r e n o r m a l i z e d a t 1 4 . 5 MeV t o e x p e r i m e n t a l d a t a , r e -
c e n t l y c o m p i l e d by Qaim, o r t o d a t a f r o m r e c e n t s y s t e m a t i c s o f 
Kumabe and Fukuda . The s h a p e s o f t h e e x c i t a t i o n f u n c t i o n s w e r e c h e c k e d 
a g a i n s t a v a i l a b l e e x p e r i m e n t a l d a t a . Group c r o s s s e c t i o n s o f p s e u d o 
f i s s i o n p r o d u c t s f o r a f a s t power r e a c t o r a t a b u r n - u p o f 41 MWd/kg 
h a v e b e e n c a l c u l a t e d . I t was f o u n d t h a t o n l y i n t h e h i g h e s t e n e r g y -
g r o u p ( 6 . 5 t o 1 0 . 5 MeV) t h e ( n , p ) and ( n , a ) c r o s s s e c t i o n s g i v e i m -
p o r t a n t c o n t r i b u t i o n s t o t h e a b s o r p t i o n c r o s s s e c t i o n . H o w e v e r , t h i s 
g r o u p c o n t r i b u t e s o n l y m a r g i n a l l y t o t h e t o t a l s p e c t r u m - a v e r a g e d 
f i s s i o n - p r o d u c t a b s o r p t i o n . Most o f t h e r e m a i n i n g d i s c r e p a n c i e s b e -
tween v a r i o u s e v a l u a t e d c a p t u r e c r o s s s e c t i o n s i n t h e e n e r g y r a n g e 
a b o v e 1 MeV h a v e t o b e a s c r i b e d t o d i f f e r e n c e s i n n u c l e a r m o d e l s u s e d 
f o r t h e c a l c u l a t i o n o f 

1 . INTRODUCTION 

A l a r g e number o f f i s s i o n - p r o d u c t n u c l i d e s i s a c c u m u l a t e d d u r i n g 
b u r n - u p o f f u e l i n a f a s t power r e a c t o r . An i m p o r t a n t e f f e c t o f t h e s e f i s s i o n 
p r o d u c t s ( f . p . ) i s t h e d e c r e a s e o f r e a c t i v i t y c a u s e d by i n - g r o w i n g p a r a s i t i c 
a b s o r p t i o n . The s o d i u m - v o i d e f f e c t / 1 / i n a f a s t power r e a c t o r i s a l s o s i g -
n i f i c a n t l y i n f l u e n c e d by t h e p r e s e n c e o f p a r a s i t i c a b s o r p t i o n o f t h e f i s s i o n 
p r o d u c t s . 

To c a l c u l a t e t h e a b o v e - m e n t i o n e d e f f e c t s , t h e n e u t r o n c r o s s s e c t i o n s 
o f a l a r g e number o f f i s s i o n p r o d u c t s a r e r e q u i r e d . Some r e c e n t e v a l u a t i o n s 
o f f . p . n e u t r o n c r o s s s e c t i o n s a r e : ENDF/B-IV / 2 / , JENDL-1 / 3 / , CNEN/CEA / 4 / 
and RCN-2 / 5 / . I n t e r c o m p a r i s o n s o f t h e s e d a t a f i l e s show r a t h e r l a r g e d i s -
c r e p a n c i e s f o r c a p t u r e c r o s s s e c t i o n s o f some i n d i v i d u a l f . p . i s o t o p e s . How-
e v e r , f o r t h e lumped f i s s i o n p r o d u c t s ( " p s e u d o " f . p . ) t h e r e i s q u i t e g o o d 
a g r e e m e n t , i n p a r t i c u l a r b e t w e e n r e s u l t s o f t h e l a s t t h r e e d a t a f i l e s m e n -
t i o n e d . T h e more s e r i o u s d i s c r e p a n c i e s , p a r t l y o f s y s t e m a t i c n a t u r e , o c c u r 
a t n e u t r o n e n e r g i e s a b o v e a b o u t 1 MeV. F o r t h i s r e a s o n i t was t h o u g h t w o r t h -
w h i l e t o i n v e s t i g a t e t h e c o n t r i b u t i o n o f o n and o n a t o t h e c a p t u r e c r o s s 
sections. 

I n s p e c t i o n o f t h e c o n t e n t s o f t h e a b o v e - m e n t i o n e d d a t a f i l e s r e -
v e a l e d t h a t ( n , p ) a n d ( n , a ) c r o s s s e c t i o n s a r e n o t g i v e n f o r many n u c l i d e s . 
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In this paper an estimate is given of the contributions of these and other 
charged-particle emission cross sections to the absorption cross section of a 
mixture of fission products in a fast power reactor. A more extended report 
of this work is given in ref. /6/. 

2. SYSTEMATICS OF CHARGED-PARTICLE EMISSION CROSS SECTIONS 

In the calculation of pseudo f.p. cross sections a large number of 
nuclides is involved. Since experimental data of charged-particle emission 
cross sections in the full energy range from threshold to 15 MeV are rather 
scarce, model calculations have to be performed. For this purpose the statis-
tical model is widely used. However, this model requires level-density para-
meters of the compound and residual nuclides, most.of which are rather un-
certain. This seems to be the main reason that quite often the calculated 
cross sections have to be renormalized to values at 14.5 MeV, which are rela-
tively well-known from activation experiments or from systematics. In order 
to avoid time-consuming statistical-model calculations, we have followed the 
semi-empirical approach of Pearlstein, with a renormalization to recent 
14.5 MeV data. 

Pearlstein's code THRES-2 has been described in refs. /7—9/. This , 
code estimates neutron-induced cross sections from 0 to 20 MeV for 19 differ-
ent reactions with one or two outgoing particles. An empirical model with 
approximate formulas, e.g. for the shapes of the excitation functions, is em-
ployed. In a first trial, we have applied this model without any renormali-
zation to experimental data. In tables I and II the results of these calcula-
tions are shown for those f.p. nuclides having an atomic abundance of more 
than 0.5% in the

 2 3 9

P u f.p. mixture (calculated for a 1300 MWe fast power 
reactor at a burn-up of 41 MWd/kg /10/) . The second columns of tables I and 
II list the most recent experimental data, compiled by Qaim /ll/. It appears 
that for the light fragments (A i 114) the THRES-2 values for a

n p
 are about a 

factor of 3 too high; for the heavier fragments o
n p
 is predicted a factor of 

2 too high. The corresponding factors for a
n a
 are i.6 and 0.8. The reason for 

these large systematical discrepancies is that the model parameters were fit-
ted primarily to data in an other mass range /8/.. 

In order to improve the results, it was decided to renormalize the 
cross sections to values at 14.5 MeV obtained from experimental data, supple-
mented with data from systematics. Quite recently, Kumabe and Fukuda /12/ have 
improved the systematics of a

n p
 and a

n a
 at about 14 MeV by introducing the 

following formulae, where the parameters have been fitted to experimental data 
by means of a least-squares method: 

f 21.8 A exp[-34.0 s]mb (40 < A < 62), 
a = < 0.75 A

2

 exp[-43.2 s]mb ( 6 3 < A < 89), 
[ 0.75 A

2

 exp[-45.0 s]mb ( 9 0 < A < 1 6 0 ) , 

f 51.0/A exp[-30 s]mb ( 3 0 < A < 60), 
a = < 55.0/T exp[-33 s ]mb (61 < A < 105), 

[ 7.6xl0"
1 +

A
3

 exp[-40 s]mb ( 1 0 6 < A < 150). 

In these expressions the asymmetry parameter is defined as s = (N-Z)/A. 
In columns 4 of tables I and II the values calculated by means of these for-
mulae are listed for the most important f.p. From figs. 1 and 2 it follows 
that there is quite good agreement for most of these nuclides, without notable 
systematic deviations. 

It is also interesting to compare the experimental data or the data 
from systematics with those given in evaluated data files, as listed in the 
last two columns of tables I and II. The CNEN/CEA data were obtained from sta-
tistical-model calculations without any renormalization. The results appear to 
be much too low, in contrast with most of the given ENDF/B-IV data. 

Other possible reactions below 15 MeV are the (n,d), (n,t) and (n,x) 
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reactions and those in which more than one particle is emitted. From the last-
mentioned class of reactions the important ones are those in which one or more 
of the emitted particles is a neutron, thus giving no contribution to the ab-
sorption cross section. For the (n,t) and (n,x) cross sections at 14.5 MeV we 
have adopted estimates given in a recent review of Qaim /13/. Cross sections 
for a few other residual capture reactions, such as o

n
2p> were taken from the 

calculations with THRES-2, without renormalization. 

The shapes of the excitation functions were calculated with the code 
THRES-2. In order to check these calculations for nuclides in the f.p. mass 
range, comparisons have been made with experimental excitation functions as 
compiled in ref. /14/. Only for a small number of nuclides sufficient data for 
a

n
p and a

n a
 have been measured. In fig. 3 an example of a comparison between 

experimental /15,16/ and calculated data is given for the
 9 0

Z r ( n , p )
9 0

Y re-
action. In this figure the calculated curve has been renormalized to the ex-
perimental values at 14.5 MeV recommended by Qaim /ll/. More examples are 
given in ref. /6/. From these intercomparisons it follows that the calculated 
curves predict the shape of the excitation functions reasonably well. However, 
the number of nuclides for which these data exist is too small to detect pos-
sible systematic deviations between the calculated and measured shapes. 

3 , CALCULATION OF CROSS SECTIONS 

The code THRES-2 has been extended with an option to compute group 
cross sections in the Russian ABBN scheme /17/» The boundaries of the first 
five groups of this scheme are at 0.8, 1.4, 2.5, 4.0, 6.5 and 10.5 MeV. The 
group cross sections a | were calculated, using as weighting function a Cranberg 
fission spectrum. The calculations with THRES-2 were performed for all 162 
f.p. nuclides, given in ref. /10/ with normalization to 14.5-MeV systematics 
or to 14.5-MeV experimental data as discussed before. 

The pseudo fission-product group cross sections were calculated ac-
cording to 

162 . 162 
= I c. o

g
 with I cj_ = 2. 

i= 1 i= 1 

The isotopic concentrations c^ (in atoms per fission) were taken from /10/. 
The results presented in this paper refer to fission of

 2 3 < 3

P u in a 1300 MWe 
fast power reactor at a burn-up of 41 MWd/kg. In columns 3 to 5 of table III 
the calculated charged-particle emission cross sections or "residual" capture 
cross sections for this pseudo f.p. are given. We recommend to use these group 
cross sections which are partly based upon experimental values. In fact, for 
38% of the nuclides o

n
p is known; for a

m
 this percentage is 28%. These nu-

clides cover the whole f.p. mass range from A = 7 6 to 164. However, the light 
fission fragments (A< 114) give the major contribution (of about 90%) to a

n p 

and o
n a
 of a pseudo-fission product. From these light fragments there are 

about 24 important nuclides, with concentrations of more than 0.5% (see tables 
I and II). There are experimental 14.5-MeV data for about 50% of these import-
ant nuclides, with uncertainties mostly less than 15%. Therefore, we expect 
that our estimates for the pseudo f.p. cross sections are quite accurate at 
energies near 14.5 MeV. At lower energies uncertainties could be affected by 
unknown systematic errors in the shapes of the excitation curves. 

In table IV the calculated pseudo f.p. absorption group cross sec-
tions are given as calculated from four different sets of cross section li-
braries. Each library contains a "main library", consisting of f.p. isotopes 
from RCN-2A, CNEN/CEA, JENDL-1 or ENDF/B-IV, supplemented with isotopes from 
other libraries, mostly ENDF/B-IV and the Australian f.p. library /18/. The 

The symbol T is used for
 3

H.e-particles. 
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exact composition of the adjusted RCN-2A set has been given in /10/. Each "main 
library" contains the most important nuclides, predicting at least 82% (RCN-2A 
set) of the average capture rate in a fast power reactor. 

The absorption cross sections in the f.p. libraries of RCN-2(A) and 
JENDL-1 are pure radiative capture cross sections, those of CNEN/GEA and 
ENDF/B-IV include a

n
p and a

n a
 for 28 and 29 nuclides, respectively. We have 

corrected the four libraries for the remaining contributions by performing 
THRES-2 calculations with renormalizations to the evaluated data. The final 
corrections to be applied to the data in table IV are listed in table III. The 
corrected absorption cross sections are indicated in between brackets in table 
IV. These corrections are only important in ABBN-group 1 (energy interval from 
6.5 to 10.5 MeV). In fig. 4 the corrected absorption cross sections at ener-
gies above 0.1 MeV have been plotted. The relative differences between the 
various curves are always less than 35%. At lower energies these differences 
are much smaller, see fig. 5. In table V the average (one-group) absorption 
cross sections in the flux spectrum of a fast power reactor are given. The 
applied corrections are only very small. 

4. INTERCOMPARISON OF PSEUDO F.P. CROSS SECTIONS 

Although it is not the purpose of this paper to discuss in detail 
the differences between pseudo f.p. cross sections calculated from various 
f.p. data files, a few remarks will be made. From fig. 5 it follows that the 
differences between the pseudo's of the more recent f.p. libraries RCN-2A, 
CNEN/CEA and JENDL-1 are very small; the ENDF/B-IV results are on the average . 
about 10% lower. The small differences between the absorption cross sections 
of the first three data files could be the result of the use of more recent 
data and the application of similar nuclear models. 

At energies above a few hundred keV somewhat more serious discrepan-
cies occur. It is easily concluded from fig. 5 and table V that these dis-
crepancies cannot be ascribed to uncertainties in the evaluated residual ab-
sorption cross sections o

n
p and a

n c t
. Therefore, it is most likely that the 

systematic differences near 1 MeV in the absorption cross sections are due to 
systematic differences in the nuclear models used to predict the radiative 
capture cross sections in the MeV range. 

Inspection of these models revealed that possible systematic differ-
ences might occur in the energy range where there is a large competition due 
to inelastic scattering to levels in the continuum. In these "continuum 
models" a quite sensitive parameter is the spin cut-off parameter a

2

, for 
which different expressions are used by various authors. This has been dis-
cussed previously in ref. /20/. The basic point is that at low excitation 
energies a

2

 should agree with the experimental distribution of the spins of 
low-lying levels of the target nucleus /21/, a condition which is fulfilled 
in all RCN-2 evaluations and in the more recent CNEN/CEA evaluations, per-
formed since 1976. In the past quite often too large values of a

2

, based upon 
theoretical predictions at high energies /22/ were used over the whole energy 
range. This generally leads to too high values of o

n
y above about 1 MeV. It 

is our impression that for many nuclides in JENDL-1, ENDF/B-IV and CNEN/CEA 
too high values of a

2

 have been used at energies from about 1 to 5 MeV. For 
further details we refer to ref. /20/. 
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Table I. g
n p
 of important

3

^ fission-product nuclides (in mb) 

Nuclide experi- 14.5 MeV systematics evaluation 
identi- mental b) Pearls tein / 9/ Kumabe and CNEN/ ENDF/B-IV 
fication (14-15 MeV) (Thres-2) Fukuda /12/ CEA /4/ / 2 / 
(Z,A) Qaim /I1/ (15 MeV) (14 MeV) 

37087 12 ±1.3 38 8.9 
38088 13 . 5±1 .5 50 16.1 — — 

38090 33 5.5 — — 

39089 28 ±6 67 28.5 - -

40091 43.2±4 93 26.9 . 21.7 • — 

40092 19.5+2.5 63 17.9 14.0 — 

40093 69 12.0 1.21 -

40094 1 1 ±1 38 8.1 1 .81 • • — 

40096 15 3.8 - -

42095 (31 ±4 ) 87 36.9 34.5 -

42097 21 ±2 68 17.0 4.35 . -

42098 ( 2.6±0.7) 29 1 1 .6 2.43 -

42100 13 5.6 0.096 -

43099 15 +2.3 56 20.0 0.68 
44101 66 23.3 4.20 -

44102 ( 4,4±1.5) 31 16.2 0.57 . -

44104 7 ±1.5 16 8.0 0.057 
44106 7.7 4.0 — — 

45103 17 ±3 46 27.2 0.29 - . 

46105 54 ±9 73 31.5 3.37 -

46106 22 ±4.5 39 22.1 — — 

46107 54 15.6 - -

46108 ( 8.3±1.5) 20 11.1 — -

47109 (10 ±3 ) 61 18.2 0.25 10.2 
52130 1.7±0. 14 2.9 1.6 - — 

53129 19 4.1 - _ • 
54131 6.1±0.6 31 4.8 - 4.86 
54132 • ( 3.2±0.3) 10 3.7 - 2.04 
54134 ( 2.0±0.5) 7.0 2.2 - 1 .69 
54136 2.4 1 .3 - 0.028 
55133 15.3±2.4 22 5.5 3.61 11.6 
55137 15 2.0 — _ 
56138 ( 2.6±0.4) 6.1 3.0 _ _ 
57139 4. 4±0.8 16 4.4 — _ 
58140 6 . 5±0 .7 7.9 6.6 _ _ 
58142 4.8±0.8 2.5 4.0 _ _ 
58144 1 .1 2.5 — _ 
59141 4.511.5 29 9.7 2.08 5.8 
60143 1 1 ±2 31 1 1 .0 1 .00 5.7 
60144 ( 9. 8±1.5) 6.5 8.6 • _ _ 
60145 7 ±1.3 15 6.7 0.53 2.9 
60146 4. 7±0. 7 3.0 5.3 - 0.86 
60148 3.510.5 1.1 3.3 - 0.36 
61 147 13.3 7.7 0.23 3.75 
62149 6.4 8.8 0.40 16.0 

Nuclides with concentrations of more thap 0.5% in the
 2 3 9

P u pseudo fis-
sion product at a burn-up of 41 MWd/kg /10/. 

b) Activation cross sections compiled by Qaim /ll/, summed over ground and 
metastable states. Data in between brackets refer to only part of the 
total activation cross section, as given in ref. /II/. 
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Table II. a
n a
 of important^ fission-product nuclides (in mb) 

Nuclide experi-
mental ' 

•14.5 MeV systematics evaluation 

identi-
experi-
mental ' Pearlstein /9/ Kumabe and CNEN/ ENDF/B-IV 

fication (14-15 MeV) (Thres-2) Fukuda /I 2/ CEA /4/ 111 
(Z,A) Qaim /I 1/ (15 MeV) (14 MeV) 

37087 3. 8± 0.4 3.6 3.7 - - . 

38088 (75 ±30 ) 3 . 7 ' 5.7 - , - . 

38090 3.1 3.1 -

39089 6 . 5±0.6 6.4 8.8 - -

40091 33.8 9.7 11,4 -

40092 8. 5± 1 .0 17.2 7.1 24.1 -

40093 18.8 5.3 . 0.64 -

,40094 4.0±0.3 12.7 3.9 0.46 -

40096 2.3±0.3 5.3 2.2 - ; -

42095 23.3 11.7 14.6 -

42097 20.4 6.5 2.5 -

42098 5.5±0.7 11.2 4.9 1 .08 -

42100 2. 8±0.3 7.2 2.8 0.24 -

43099 7 ±1 9.4 7.2 1.82 -

44101 1 1.4 7.9 0.94 -

44102 6.2±0.7 4.0 6.0 0.29 -

44104 2.6±1.0 4.6 3.5 0.057 -

44106 0.96 1 .0 - -

45103 11 ±2 6.0 8.7 0.55 -

46105 11.4 9.5 0.737 -

46106 5.6± 0.7 5.2 4.6 - -

46107 8.9 3.4 0.285 -

46108 2.6±0.4 3.6 2.6 -

47109 (12 ±3 ) 4.5 4.0 0.66 10.2 

52130 ( 0.4+0.1) 0.42 0.56 - -

53129 0.66 1.3 - -

54131 3.4 1.5 - 0,38 
54132 0.73 1.2 - 0.07 
54134 0.64 0.78 - 0.05 
54136 0.47 0.51 - 0.05 
55133 1 .6± 0. 2 0.95 1.8 0.48 1.2 
55137 0.70 0.74 - -

56138 2. 5± 0. 2 1.1 1 . 1 - -

57139 1 . 6± 0.2 1 .6 1.5 - -

58140 1 . 4± 0.2 2.1 2.2 - -

58142 2. 3± 0.6 3.2 1 .4 - -

58144 2.0 0.95 - -

59141 3.0 3.1 0.61 4.7 
60143 12.7 3.6 0.46 6.3 
60144 10 ±1 5.6 2.9 - -

60145 8.9 2.3 0.67 4.2 
60146 3.4±0.5 2.2 1.9 - 2.5 
60148 4. 8t 0. 6 1.5 1 .3 - 1.4 
61 147 3.4 2.7 0.58 3.5 
62149 1 .7 3. 1 0.29 - • 

Nuclides with concentrations of more than 0.5% in the
 2 3 9

P u pseudo fis-
sion product at a burn-up of 41 MWd/kg /10/. 

Activation cross sections compiled by Qaim /ll/, summed over ground and 
metastable states. Data in between brackets refer to only part of the 
total activation cross section, as given in ref. /II/. 
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Table III. Residual capture group cross sections for a pseudo fission-product 
of

 2 3 9

P u at 41 MWd/kg burn-up. 

ABBN 
group 
nr. 

AE
a

> 

(MeV) 

Total contribution Correction to RCN-2A Correction to CNEN/CEA ABBN 
group 
nr. 

AE
a

> 

(MeV) < a

n p °n
a 

a
 b

> °res 
A a

n p 
A a

n a A a „
Q C

b

) res 
A a

n p 
A a

n a 
A

°res
b ) 

1 6.5-10.5 2.7 0.64 3.4 • 2.7 0.63 3.3 2.1 0.39 2.5 
2 4.0- 6.5 0.52 0.1 1 0.63 0.51 0.10 0.62 0.40 0.065 0.47 

3 2.5- 4.0 0.15 0.033 0.18 0.15 0.033 0.18 0.11 0.020 0.13 

4 1.4- 2.5 0.062 0.015 0.077 0.061 0.015 0.076 0.047 0.009 0.056 

5 0.8- 1.4 0.025 0.0069 0.032 0.025 0.0068 0.032 0.018 0.004 0.023 

0 - 1 5 0. 16 0.038 0.20 0.16 0.038 0.20 0.12 0.023 0.15 

ABBN 
group 
nr. 

A E
a

) 

(MeV) 

Correction to JENDL-1 Correction to ENDF/B-IV ABBN 
group 
nr. 

A E
a

) 

(MeV) 
A o

n p 
A o

n a A a
r e s

b

> 
A a

n p 
A a

n a A a
r e s

b ) 

1 6.5-10.5 2.7 0.64 3.4 2.5 0.55 3.1 
2 4 . 0 - 6 . 5 0.51 0.11 0.62 0.49 0.097 0.58 

3 2.5- 4.0 0.15 0.033 0.18 0.14 0.029 0.17 

4 1.4- 2.5 0.062 0.015 0.077 0.058 0.013 0.071 

5 0.8- 1.4 0.025 0.0069 0.032 0.021 0.0068 0.028 

0 - 1 5 0.16 0.038 0.20 0.15 0.033 0.18 

Averaged over a Cranberg fission spectrum. 

b ) S u m o f

 °np' °na» °nd> °nt
 a n d

 °nf 

Table V . Average absorption cross sections in mb/fission of pseudo fission 
product of

 2 3 9

P u at a burn-up of 41 MWd/kg in a fast power reactor
3

-'. 

Main f.p. library^) 
a

a b s
C ) 

a
 d

> 
u

res 

RCN-2A 438.3 0.20 
CNEN/CEA 437.9 0.15 
JENDL-1 442.4 0.20 
ENDF/B-IV 398.6 0.18 

a

) Flux spectrum of a 1300 MWe fast power reactor /19/. 
b

) See table IV. 
c

) Corrected for residual capture cross sections. 
d

) See table III. 
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Table IV. Absorption cross s e c t i o n s ^ in b/fission of pseudo fission product 
of

 2 3 9

P u at 41 MWd/kg burn-up, calculated from different f.p. cross 
section libraries. 

f .p. libraries Number of f .p. nuclides 

RCN-2 1 - - -

RCN-2A 37 . _ - -

CNEN/CEA 1 62 - -

JENDL-1 . - - 59 -

ENDF/B- IV 1 16 93 90 155 

Australian 7 7 7 7 

ABBN . Main libraries: 
group 
nr. . 

AE / group 
nr. . 

AE / 
R C N - 2 A

b , C

) CNEN/CEA°^ JENDL-1
0

-* ENDF/B-IV
C

^ 

1 6 . 5 - 1 0 . 5 MeV 0.0030(6.3) 0.0054(7.9) 0.0037(7.1) 0.0058(8.9) 
2 4.0 - 6.5 0.013 (14) 0.020 (20) 0.018 (19) 0.017 (18) 
3 2.5 - 4.0 0.034 0.042 0.047 0.041 
4 1 , 4 - 2 , 5 0.058 0.064 : 0.080 0.068 
•5 0.8 - 1.4 0.084 0.082 0. 103 0.088 
6 0.4 - 0.8 0.119 0.117 0.131 0.109 
7 0 . 2 - 0 . 4 0.180 0.180 0.186 0.158 
8 0.1 - 0.2 0.255 0.256 0.256 0.229 
9 46.5-100 keV 0.381 0.382 0.384 0.349 
10 21.5-46.5 0.586 0.600 0.595 0.545 
11 10.0-21.5 0.872 0.895 0.891 0.827 
12 4.65-10.0 1 .30 1.31 1 .31 1 .23 
13 2.15-4.65 1 .93 1 .88 1.91 1.75 
14 1.00-21.5 3.04 2.94 2.95 2.62 
15 465 -1000 eV 4.59 4.47 4.44 3.99 
16 215 -465 9.58 8.89 8.66 7.57 
17 100 -215 12.5 12.5 12.1 10.4 
18 46.5-100 18.1 18.5 17.9 16.6 
19 21.5-46.5 34.5 37.9 37.5 33.0 
20 10.0-21.5 50.5 52.6 50.5 51 .6 
21 4.65-10.0 99.4 100. 98.4 104.0 
22 2.15-4.65 24.3 25.4 25.8 20.4 
23 1.00-2.15 68.5 54.5 56.0 53.3 
24 0.465-1.00 98. 1 94.4 87.6 87.4 
25 0.215-0.465 52.9 60.5 60.2 55.6 
26 10"

3

 - 0.215 1013. 1035. 1055. 1040. 

al . 
' Flux weighting spectrum from KFK-INR-1 set /19/. 

In ref. /10/ a slightly different flux weighting spectrum has been used. 

Data in between brackets are cross sections in mb per fission, corrected 
for a

n a
, a

n p
, etc.; see table V . 
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Fig. 3. Comparison of experimental and calculated excitation functions 

for the
 9 0

Z r ( n , p )
9 0

Y reaction. 
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Fig. 4. Absorption group cross sections for a pseudo fission 

product, calculated from various data libraries; see 

also table IV. 
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Abstract 

Integral measurements of capture cross-sections of fission products 
in fast reactor assemblies have been performed at various laboratories 
in France, The Netherlands, Sweden and the U.S.A. These measurements 
have been analysed extensively both at CEA and ECN during the last 
decade, in order to obtain adjusted group cross-sections for a large 
number of fission-product nuclides playing a major part in the 
reactivity loss per cycle of fast breeders. 

In this paper, the adopted methods to derive these adjusted data are 
shortly discussed. The adjusted group constant sets, CARNAVAL-IV and 
RCN-2A have recently been intercompared by means of the calculation 
of average (one-group) capture cross-sections in a representative 
fast spectrum. The results of this intercomparison are given in this 
paper, together with a discussion of the major discrepancies between 
the two sets. An encouraging result is that the one-group capture 
cross-sections for the lumped fission products in a fast reactor spec-
trum, calculated with the two data sets, differ not more than by 5%. 

1. INTRODUCTION 

Integral measurements of capture cross sections of fission products
 ; 

(f.p.) in fast-reactor assemblies have been performed at various laboratories 
in France (ERMINE, P H E N I X / l / ) , The Netherlands (STEK /2/), Sweden (FRO /3/) 
and the USA (CFRMF /4/, EBR-2 /5/) . Part of these measurements has bteen 
reviewed at the second IAEA advisory meeting on fission-product nuclear data 
in 1 9 7 7 / 6 , 7 / . There are three types of integral measurements: central 
reactivity measurements (ERMINE,MASURCA, STEK, FRO), activation measurements 
(ERMINE, CFRMF) and irradiation (or transmutation) measurements (PHENIX, EBR-2) 
In all these measurements a good knowledge of the neutron flux spectrum is 
required. Provided that the flux is well-known, the most accurate information 
comes from the transmutation measurements. Also the activation data may yield 

f 
^Departement des Reacteurs a Neutrons Rapides (DRNR/SEDC) 
Departement des Reacteurs a Eau (DRE/SEN). 
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quite accurate results. The reactivity worth measurements, however, are much 

more difficult to interprete /6/. In sect. 2 the characteristics of these 

experiments are shortly reviewed, with emphasis on the data used in this inter-

comparison. 

A rather important aspect of the analysis of the data is the deter-
mination of the neutron flux spectrum at the sample position /1,8/. For reacti-
vity worths also the adjoint neutron flux is important. The neutron spectra 
were mostly obtained from calculations, eventually with adjustments /8/ based 
upon integral spectrum information. Other aspects of the data analysis concern 
various corrections to the data, the choice of a standard and the discussion of 
errors /1,6/. Some comments with regard to the differences in the applied 
methods of data analysis are given in sect. 3. 

Once the neutron spectra and integral data and their (co-)variances 
have been analysed, adjustments /9,10/ can be applied to the f.p. capture cross 
sections. For this purpose evaluated data are first converted into a multi-group 
scheme, and (co-)variances are estimated. Next, the group constants are adjusted, 
taking into account the uncertainty margins and correlation, to obtain optimal 
agreement between calculated and measured integral data. Essentials of the 
French and Dutch adjustment methods are compared in sect. 4 . 

In the adjustments performed at CEA, a large number of different ex-
periments were used, including the Dutch STEK data. At ECN, so far only STEK 
and CFRMF measurements were utilized. The a-priori data files used for ad-
justments of f.p. nuclides were the CARNAVAL-III system, of which the f.p. data 
were derived from various evaluations performed at CEA and CNEN /11 —13/, and the 
RCN-2 library /14/. The final adjusted multi-group systems are known as 
CARNAVAL-IV /15/ and RCN-2A /16,17/. These two data sets have recently been 
intercompared as part of a cooperation between DeBeNe and CEA/CNEN. Some results 
of this intercomparison are discussed in sect. 5, where the average cross 
sections in a fast reactor spectrum, calculated from both sets are given. 

In sect. 6 the conclusions from this preliminary intercomparison are 
summarized. Also some recommendations for future evaluations and measurements 
are'presented. 

2. SUMMARY OF INTEGRAL DATA 

In Table I a survey of some characteristics of the adopted integral 
data is given. Table II gives a listing of all integral data used for adjust-
ments discussed in this paper. All uncertainties mentioned in this paper refer 
to standard deviations (la). 

2.1. Data used at CEA 

The experimental results on individual or global f.p. capture have 
been obtained at CEA through three complementary kinds of measurements /1,7/: 

These measurements were performed in the fast-thermal coupled reactor 
ERMINE and in the fast critical experiment MASURCA. The correponding spectra 
are close to the SUPER-PHENIX core-zone spectra. The experiments concern 
isotopes for which a sufficient amount of sample material was available (some 
grams) :

 9 9

T C ,
 1 0 2

R U ,
 1 0 3

R h ,
 1 0 5

P d ,
 1 0 9

A g ,
 1 3 3

C s ,
 1 4 1

P r ,
 l l t 7

P m and
 1 4 7

S m . The 
results were in every case normalized to the

 2 3 5

U reactivity effect. Due to 
important correction factors (selfhielding, scattering), the global accuracy 
remains around about 5% to 15%. 

b
J L
_Ac tivation_teclinig

i
ue 

This method, used also in ERMINE, provides directly the effective 
capture cross section, but has only been applied to some isotopes for which 
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the capture products can be measured by Y~ray spectrometry:
 9 8

M o ,
 1 0 0

M o ,
 1 0 2

R u , 
1 0 4

R U ,
 1 0 8

P d and
 1 4 1

P r . The capture rates are normalized to the
 2 3 8

U capture 
rate and the accuracies are between ± 3% and ± 4%. 

c
i
_Irradiation_techni^ue 

This technique has been applied to samples irradiated in a special 
pin located at th'e PHENIX core-center during three cycles /18/ with the

 2 3 8

U 
capture rate used as a standard. The mass-spectrometry measurements which were 
performed on the irradiated samples provide a quite good accuracy: z 2%. More-
over, information could be deduced for some isotopes from the original ones 
(e.g.

 1 5 0

S m ,
 1 5 1

S m from
 l t t 9

Sm). These results have a higher uncertainty (= 5%). 
With this technique capture cross sections were measured for:

 9 5

M o ,
 9 6

M o ,
 9 7

M o , 
1 0 1 R u > . 1 0 5 p d > : i 0 6 p d > 1 3 3 C s > 1 3 ' , C s > l ' * S N d > l H 9 S m > 1 5 0 S m a n d l b l S m . 

d^_Global_measurements 

The reactivity effect of the bulk fission products has been measured 
in ERMINE for irradiated fuel pins coming from RAPSODIE or PHENIX: such meas-
urements have been used to adjust the global f.p. effect of the CARNAVAL-IV 
system with an accuracy close to ± 5% /19/. 

In addition to the French data the results of STEK, CFRMF and FRO 
were reanalysed at CEA to obtain adjusted group constants. 

2.2. Data used at ECN : 

At ECN so far only STEK reactivity worths /2/ and CFRMF activation/4/ 
measurements were used. The STEK data set forms the largest source of integral 
data for f.p., see Table I. for all nuclides discussed in this paper these 
measurements were used (Table II). All worths were normalized to a quantity 
p

0
 /2/, defined in a footnote to Table I. The smallest statistical uncertainty 

in p/p
0
 was about 2% for samples which gave large signals. In worse cases the 

accuracy could be 10% or more. By using samples with various thicknesses an im-
pression of the amount of self-shielding was obtained. This self-shielding can 
be important for worths measured in these STEK-cores with relatively soft neu-
tron spectra; in the harder STEK-spectra the inelastic scattering may give 
significant contributions. 

Some reactivity measurements with irradiated (thermal) fuel samples 
have also been performed at ECN. The results have been discussed in ref, 
/21 /. They show consistency with calculated RCN-2A data within the experimental 
uncertainty 3-8%). 

The CFRMF activation data were also obtained for a large class of 
nuclides (see Table II). Initially these data were normalized to a gold stand-
ard; in ref. /4/ all values were renormalized to the measured fission rate of 
2 3 5

U . Typical uncertainties in the activation ratios are about 10%; the major 
contribution to these uncertainties comes from uncertainties in the decay data. 
In most cases a small self-shielding correction was needed. 

3. ANALYSIS OF INTEGRAL DATA AND FLUX SPECTRA 

A summary of important corrections applied to the experimental integ-
ral data is given in Table III. The most important sources of uncertainties 
which have to be accounted for in the comparison of experimental and a-priori 
integral capture data are listed in Table IV. 

At CEA the following procedure was adopted. In order to adjust the 
f.p. cross-sections calculated corrections have been applied to the measure-
ments to get the fundamental-mode values corresponding to the fuel zone of a 
two-zones cell as it is described by the cell code HETAIRE /9/. 

The main corrections /1/ concern: 
a. Spatial effects, which induce a spectrum variation in the sample with res-
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pect to the fundamental-mode spectrum. The corresponding corrections, taken 

into account by ID-transport calculations, generally remain small (1 to 5%). 

b . Local perturbations of spectrum and flux-level, which are associated to the 
measurement devices, were calculated with specific options of the cell code 
HETAIRE; the correction amount about 1 to 3%. 

c. Self-shielding effects are important for the oscillated samples: up to now 
these effects (10% to 40%) were deduced from the STEK measurements by extra-
polating the data obtained at various sample sizes to infinite dilution. 
This leads to supplementary uncertainties in the corrected results. 

d . Inelastic (and elastic) scattering: the associated reactivity effects may 
reach 40% of the measured total reactivity, and the corresponding calculated 
corrections induce important uncertainties in the final results (- 5%). 

Finally, the supplementary uncertainty due to all the calculated corrections 

amounts about 1% for the irradiation measurements, about 2% for the activation 

measurements and about -3 to 15% for the oscillation measurements. 

In the CEA-procedure it is supposed that no uncertainties result from 
the calculation method of the fundamental-mode spectra in the adopted 25-group 
structure. It was also assumed that spectrum uncertainties due to nuclear-data 
uncertainties of the fissile nuclides can be neglected in the calculation of 
integral quantities. This assumption is based upon the fact that for the fis-
sile nuclides group cross sections were used which had been adjusted to a large 
series of integral data in various fast reactor cores, using the CARNAVAL-III 
system of nuclear data and cell codes /9/. 

At ECN the STEK integral data were not reduced to a fundamental mode 
"reference spectrum", but the actual flux and adjoint spectra for the five 
STEK-cores were calculated at the sample position. For these spectra the co-
variance matrices based upon uncertainties in the nuclear data used were evalu-
ated as well /8/. The finally adopted spectra were slightly adjusted to fit a 
selected set of reaction rate and reactivity measurements /8/. 

Another difference between the ECN- and CEA-approaches was that at 
ECN no corrections were applied for self-shielding and for isotopic admixtures 
in the STEK-samples (Table III). Instead, sets of measured and calculated 
worths for samples of various sizes and isotopic compositions were directly 
intercompared, taking into account uncertainties and possible correlations. 
This procedure /10/ was followed because the above-mentioned effects are func-
tions of the cross sections which are to be adjusted. 

For the analysis of the CFRMF activation data the flux spectrum of 
Millsap et al. /20/ was transformed into 26-groups and supplied with a co-
variance matrix /17/. Small self-shielding corrections were applied to most of 
the data, see tables in ref. /17/. 

4. COMPARISON OF ADJUSTMENT METHODS 

Some differences between the CEA and ECN adjustment methods are 
indicated in Table V . 

The f.p. capture cross sections of the CARNAVAL-IV set have been ad-
justed in most cases according to the BARRACA-method described in /9/. In this 
method it is assumed that in each energy range the cross sections to be ad-
justed can take any value with the same probability, within the uncertainty 
margins deduced from differential measurements or evaluations. This implies 
that for each f.p. nuclide a number of available integral data is required 
which is higher than the number of parameters to be adjusted. To perform the 
adjustment, the a-priori cross sections having the CARNAVAL 25-group structure 
were first collapsed into 6 groups using the fundamental-mode spectrum associa-
ted with each experiment. This 6-group structure is the one used for all 
CARNAVAL-adjustments /9/; for the f.p. capture cross sections only 4 groups 
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were adjusted, covering the energy range from 0.5 keV to 1.35 MeV. Strong cor-
relation coefficients (z 0.9) between the group constants were taken into ac-
count, in order to limit the variation in the shape of the cross sections. 
After adjustment the data were transformed again into the 25-group structure, 
using the a-priori 25-group constants to retain the detailed cross section 
shape within each coarse group. 

the adjustment method adopted at ECN has been described in ref. /10/. 
It may be characterized as a leastrsquares minimization of the quantity 

q
2

 = 6R
1

' C(R)-
1

 6 R + 6E
T

C(E)~
1

 6Z 

with 

6R = F 6L , 

where 6_E and 6R are vectors of variations in capture group constants and 
integral data, respectively and C(R) and C(Z) are the covariance matrices of 
experimental integral data (STEK+CFRMF) and a-priori cross sections (RCN-2 
/14/). The sensitivity matrix £ contains the group fluxes and adjoint fluxes. 
The co-variance matrix of F is

-

used to increase the uncertainties in the ad-
justed data vectors and TL These vectors usually contain data for composite 
samples in various dilutions, including that for a (hypothetical) sample of a 
pure isotopic composition in infinite dilution /10/. 

From this survey it follows that the a-priori group cross sections 
and their covariances play a much more important role at ECN than at CEA. 
Roughly speaking, the ECN-procedure leads to a kind of "weighted average" 
between a-priori and experimental integral data, whereas the CEA-adjusted 
values are generally much closer to the "weighted average" of the experimental 
integral data. For this reason a large effort was devoted at ECN to determine 
co-variance matrices of integral data, flux and adjoint flux spectra and cap-
ture cross sections /10,22/. Another important difference is the treatment of 
self-shielding and mixtures of isotopes, see previous section. 

5 . C O M P A R I S O N O F A D J U S T E D G R O U P C R O S S S E C T I O N S 

5.1. Group constant scheme 

The adjusted group cross sections are given in the CARNAVAL-IV system 
and the RCN-2A /16,17/ library. The group structures of these libraries are 
not the same, which complicates the intercomparison of the data. A possible 
way of comparing the data is to calculate average (one-group) cross sections 
of both sets in a representative fast reactor spectrum. For this purpose a 
25-group flux spectrum was adopted, which was also transformed into 26 groups. 
This transformation was checked by calculating average capture cross sections 
from the (unadjusted) CNEN/CEA evaluation /12,13/ in the two group-constant 
schemes. The observed differences were always less than 1.5%. • 

5.2. Over-all comparison 

In Table VI the values of the average (one-group) cross sections 
are given for all 38 nuclides of which at present adjusted data are available 
both in RCN-2A and CARNAVAL-IV. For comparison the results of the unadjusted 
RCN-2 and CNEN CEA data files are shown as well. The uncertainties in t

;
he data 

refer to standard deviations, which were calculated previously for average 
cross sections in slightly different flux spectra (i.e. SNR-300 for RCN-2, 
RCN-2A /16, 17/ and PHENIX for CARNAVAL-IV 111). In the last column the rela-
tive differences between the averages calculated from the two adjusted sets 
are given. When this difference is larger than its standard deviation one or 
two asterisks were printed (18 nuclides); two asterisks mean that the differ-
ence exceeds twice its standard deviation (10 nuclides). Assuming a normal 
distribution for these differences, the number of times an excess of one or 
two standard deviations is obtained should be 12 and 2, respectively. Thus, 
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there are serious discrepancies which have to be investigated. 

Of the twenty most important f.p. nuclides there are discrepancies, 

for
 1 0 5

P d ,
 1 5 1

S m ,
 1 U 7

P m ,
 1 0 9

A g ,
 1 0 l +

R u ,
 1 4 3

N d ,
 9 5

M o and
 1 0 0

M o , which are dis- "• 

cussed in sect. 5.4. 

5.3. Pseudo fission products 

Another over-all comparison follows from the calculation of pseudo 

f.p. cross sections for
 2 3 9

P u in a fast reactor. For such a calculation we 

have used the isotopic concentrations of 162 nuclides which correspond to a 

burn-up of 41 MWd/kg /21/. The full libraries of CARNAVAL-IV, CNEN/CEA, RCN-2 

and RCN-2A were used. The last three libraries were supplemented with cross 

sections from other sources, mainly ENDF/B-IV. In all calculations the major . 

contribution to the average capture cross section of the pseudo f.p. came from 

the above-mentioned data libraries. For instance, 82% of the average pseudo 

f.p. capture cross section is calculated from the adjusted RCN-2A data set. 

The results, given on the last line of Table VI indicate a difference between 

RCN-2A and CARNAVAL-IV of only 5%, which is in agreement with the estimated 

standard deviations. This small difference must be due to partial compensa-

tion of the deviations between the two sets. The unadjusted data files lead 

to about the same average capture cross sections /21/, however, with higher 

uncertainties, estimated to be of the order of ± 15% (CARNAVAL-III /23/). 

5.4. Discrepancies for the 20 most important f.p. 

10 5pd 

The adopted integral values for 1 0 5 p d 

are reactivity and irradiation data, 
with uncertainties of about 3 to 7% and 2%, respectively. The unadjusted 
RCN-2 and CNEN/CEA average cross sections given in Table VI are appreciably 
lower than the adjusted CARNAVAL-IV value. The RCN-2 and CNEN/CEA evaluations 
are in agreement with recent differential capture cross sections in the un-
resolved resonance range /24—26/ and with model calculations based upon re-
cent average resonance parameters /27—28/. The adjusted RCN-2A data are still 
within the range of uncertainty of the differential measurements. However, 
the CARNAVAL-IV data are too high compared with these measurements. This dis-
crepancy is under investigation at CEA and ECN in order to identify possible 
systematic errors in the integral data. 
iil§m_(93_a). 

The STEK-measurements for this nuclide were performed with a Sm f.p. sample 
containing only 6.13%

 1 5 1

S m , so that no accurate results could be expected. 
T h e r e f o r e , the adjusted RCN-2A value heavily depends on the a-priori evalua-
tion (RCN-2), which was based upon model calculations using average resonance 
parameters of Kirouac et a l . /29/. Meanwhile, it was found /30,31/ that the 
value of D

0
b

s
 determined by Kirouac et al. was estimated a factor of 1.4 to 

1.7 too high.Correcting for this leads to an average capture cross section 
which is much closer to the CARNAVAL-IV v a l u e . 

The CARNAVAL-IV value is based upon an irradiation measurement with 
a sample of

 l l t 9

S m containing minor quantities of other stable Sm-isotopes. 
The measured quantity of

 1 5 2

S m was formed via multiple capture. Therefore, 
Lhe analysis of these data was rather involved, leading to a relatively large 
uncertainty in the capture cross section of

 1 5 1

S m . More integral and differ-
ential measurements, with enriched

 1 5 1

S m samples are recommended. At present 
a highly enriched

 1 5 1

S m sample is being irradiated in PR0FIL-2 of PHENIX. 

^
7

Pm_(2^62_a) 

For this nuclide there are several reactivity measurements performed at F R O , 

STEK, ERMINE and a CFRMF activation measurement. The STEK worths have good 
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accuracies (3 to 5 % ) , but the other reactivity worths are less certain; the 

CFRMF-value has an uncertainty of ±12%. Though the STEK reactivity m e a s u r e m e n t s 

have small u n c e r t a i n t i e s , they w e r e difficult to interprete b e c a u s e there w e r e 

large fractions of the decay product
 1 1 + 7

S m in the s a m p l e s . In the data analysis 

performed at ECN the worths of
 1 1 + 7

P m (with 30% to 40%
 1 L f 7

S m ) and highly en-

riched
 1 1 + 7

S m (98%) w e r e used in one adjustment c a l c u l a t i o n . M o r e o v e r , the 

CFRMF-result was added to this adjustment r u n . It was shown that t h e C F R M F -

v a l u e (of w h i c h the uncertainty is quite h i g h ) is consistent with the STEK-

data /17/. 

The adjusted RCN-2A and CARNAVAL-IV data do not a g r e e . This m a y be 

partly due to the fact that also other integral data (ERMINE, FRO) with larger 

uncertainties w e r e u s e d . The discrepancy could also be ascribed to differ-

ences in the adopted methods of analysis as discussed b e f o r e . M o r e integral 

(e.g. a c t i v a t i o n ) and d i f f e r e n t i a l m e a s u r e m e n t s are r e c o m m e n d e d . A t p r e s e n t 

there are only resolved resonances known up to 316.5 eV /32/. 

The available reactivity worths and CFRMF a c t i v a t i o n data have uncertainties 

of 3 to 16% and 11%, r e s p e c t i v e l y . T h e STEK-data for the cores with the h a r d -

est spectra are quite uncertain (9 to 16%). M o r e o v e r , these results are about 

13% lower than the CFRMF d a t a . The R C N - 2 A data are m a i n l y based upon S T E K . 

In the French analysis the same data w e r e used with some additional reacti-

vity w o r t h s . T h e discrepancy b e t w e e n R C N - 2 A and CARNAVAL-IV cannot be resolved 

by means of existing differential d a t a , b e c a u s e there are two quite dis-

crepant series of rather old data /33,34/. The CARNAVAL-IV value is close to 

the data of W e s t o n et a l . /33/. We conclude that high-accuracy integral and 

differential m e a s u r e m e n t s have to be r e c o m m e n d e d . A t present o s c i l l a t i o n 

m e a s u r e m e n t s with a n a t u r a l silver sample are being performed at E R M I N E , b u t 

integral data for
 1 0 9

A g are not f o r e s e e n . 

lO^Ru 

For
 1 0 4

R U there are reactivity w o r t h s (STEK, FRO) and activation data (CFRMF, 

E R M I N E ) . The STEK reactivity worths in the h a r d e s t spectra are quite uncer-

tain due to high scattering c o r r e c t i o n s . T h e r e is no consistency b e t w e e n the 

adjusted d a t a . T h e r e are also large differences b e t w e e n various e v a l u a t i o n s . 

The recent differential m e a s u r e m e n t s of H o c k e n b u r y /35/ at 15 to 70 keV show 

large fluctuations and h a v e large u n c e r t a i n t i e s . T h e r e f o r e , the shape of the 

cross section curve is rather u n c e r t a i n . This may be a r e a s o n for the large 

discrepancies in the adjusted d a t a . M o r e d i f f e r e n t i a l m e a s u r e m e n t s both in the 

resolved and unresolved resonance regions for
 1 0 i +

R u are r e c o m m e n d e d . Similar 

remarks apply to
 1 0 2

R u , although there are no discrepancies b e t w e e n RCN-2A and 

CARNAVAL-IV for this n u c l i d e (Table V I ) . 

illM 
The integral data used in the adjustment calculations w e r e the STEK r e a c t i v i t y 

w o r t h s , w h i c h , h o w e v e r , show rather large uncertainties (4 to 2 6 % ) , partic-

ularly in the hard cores /36/. This m a y be the reason for the d i s c r e p a n c y be-

tween the adjusted R C N - 2 A and CARNAVAL-IV d a t a in T a b l e V I . The adjusted 

RCN-2A curve is in good agreement /14/ with recent differential m e a s u r e m e n t s 

upto about 100 keV / 3 7 , 2 6 , 3 8 / . It seems that there is also reasonably good 

agreement b e t w e e n R C N - 2 A results and EBR-2 transmutation data /5/. T h e r e f o r e 

the CARNAVAL-IV v a l u e w i l l be c o r r e c t e d . In the near future the results of 

an ongoing irradiation m e a s u r e m e n t in PR0FIL-2 of P H E N I X w i l l be used for 

further i m p r o v e m e n t s . 

Mo^isotoges 

In recent evaluations of the capture cross sections for the M o - i s o t o p e s there 



are large differences in the high-energy range, above about 50 keV. Different-

ial measurements exist upto about 200 keV for most stable Mo-isotopes /39, 

40/. Above that energy there are a few (discrepant) series of data only for 
9 8

M O and
 1 0 0

M o /41/. Differential measurements are very important for the Mo-

isotopes, because model calculations seem to be not very reliable, possibly 

as a result of non-statistical effects /42/. Since the adopted a-priori cross 

sections are heavily based on statistical-model calculations, the failure of 

these predictions is probably the main reason for the discrepancies in the Mo-

results, observed from Table V I . • 

Another point is that the reactivity measurements for the even-mass 

nuclides in the fast-spectrum cores are rather uncertain, due to large in-

elastic scattering corrections. In this respect the irradiation measurements 

(for
 9 5

M O and
 9 7

M o ) and activation measurements (for
 9 8

M o and
 1 0

® M o ) are much 

easier to interprete. The CFRMF activation data for
 9 8

M o and
 1 0 0

M o have some-

what larger uncertainties. Since the RCN-2A set is only based upon STEK and 

CFRMF data, it is expected that the average cross sections given in Table VI 

calculated from CARNAVAL-IV are better than the RCN-2A values. However, the 

shape of the capture cross section is still not known well enough. For this 

reason high-quality differential measurements of the capture cross sections 

still have to be requested for
 9 5

M o and
 9 7

M o at energies upto about 500 k e V . 

6 . C O N C L U S I O N S 

Both at ECN and at CEA f.p. capture cross sections were adjusted to 
fit integral data, in order to meet the ±5% design target accuracy /23/ in the 
global capture effect of f.p. in a fast reactor. Such an accuracy cannot be 
achieved by using evaluated data only (this uncertainty was estimated to be 
± 15% for the unadj us ted CEA data). It was shown in this paper that the ad-
justed sets RCN-2A and CARNAVAL-IV are consistent with regard to the lumped 
f.p. within ±5%. This is in agreement with the estimated accuracy of ±8%. 
Nevertheless, significant differences were observed for some individual f.p. 
isotopes, which need further consideration. 

In the two institutes the available STEK and CFRMF integral data 
have been used. Additional French data were used at CEA only. In particular 
the French irradiation data lead to smaller uncertainties in adjusted capture 
cross sections than the reactivity w o r t h s , which were affected by self-
shielding and scattering contributions. So far, the recent EBR-2 irradiation 
data have not been used. 

Some differences in the data analyses applied at CEA and ECN con-
cern the calculation of flux and adjoint flux spectra and the treatment of 
corrections to the data, e.g. for self-shielding. The adopted multi-group 
cross-section adjustment procedures are also quite different, in particular 
with regard to the role of the a-priori capture cross sections and their (co)-
variances, which are given much less weight at CEA than at ECN. For this reas-
on it is expected that the adjusted French CARNAVAL-IV data are much closer to 
the integral data than the adjusted Dutch RCN-2A data. Another important dif-
ference is that at ECN self-shielded data in various dilutions and isotopic 
concentrations were introduced in the adjustment calculations. In summary: 
deviations between the two adjusted data sets could be ascribed to various 
origins, such as differences in: the adopted integral data, methods of ana-
• /ses, a-priori cross sections, estimation of (co-)variances of the data and 
adjustment techniques. 

A complicating factor in the intercomparison of the CARNAVAL-IV and 

RCN-2A data sets is that different group structures were used. For this reas-

on a first comparison was made by calculating average (one-group) capture 

cross sections in a representative fast reactor spectrum. The preliminary 

results of this intercomparison were discussed in the previous section (Table 

VI). For 18 out of 38 nuclides the differences between the one-group cross 
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sections of the two adjusted sets exceed one standard deviation; for 10 of these 

nuclides the differences are even more than two standard deviations. 

From the ten most important f.p. listed in Table VI there are dis-

crepancies for
 1 0 5

P d ,
 1 5 1

 Sm and
 1 4

' P m . For the last two mentioned nuclides m o r e , 

new high-quality integral data are required, with improved sample material. 

Differential measurements would also be very useful for these nuclides. The 

discrepancies f o r
> 1 0 5

P d are still under investigation at CEA and ECN. 

Of the next ten important f.p. in the intercompared data sets there 

are discrepancies for
 1 0 9

A g ,
 1 0 1 +

R u ,
 1 4 3

N d ,
 9 5

M o and
 1 0 0

M o , For three of these 

nuclides (i.e.
 1 0 4

R u ,
 1 4 3

N d and
 1 0 0

M o ) the reactivity worths in the hardest 

spectrum cores are quite uncertain due to large scattering corrections, which 

could explain part of the differences. For most of these nuclides (except for 
l l + 3

N d ) the shape of the a-priori cross sections is not well-established. For 

this reason more high-quality differential data are needed for these nuclides 

in the unresolved resonance range. New integral activation or irradiation meas-

urements would be useful for
 l u y

A g and
 l t t 3

N d . 

More detailed intercomparisons will be made in the near future, in 
order to remove most discrepancies. At CEA the m a i n effort will be to improve 
the adjustments, where necessary, through a more ref ined analysis of the avail-
able experimental data and the use of recent differential data. These results 
will be.included in the CARNAVAL-V system. At ECN more integral data (PHENIX, 
ERMINE, EBR-2) will be used in the adjustment process and the number of (nu-
clides in the RCN-2A library will be increased. In addition the differential . 
data reviewed at this meeting will be utilized. Furthermore, the results will 
be presented in a more general form, by including adjustments in a point cross 
section file. So far, this has been achieved for 20 nuclides (RCN-3 file). 
The new ENDF/B-V f.p. data file will also be partially based upon integral 
data /43/. 
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Table I 

Some characteristics of integral measurements 

Subject STEK CFRMF . ERMINE 

MASURCA 

ERMINE PHENIX FRO 

Type reactivity activation reactivity activation transmutation reactivity 

Normalization p a) 
0 

2 3 5

U ( n , f ) 2 3 5
y
 c) 2 3 8

U ( n , y )
 d ) 2 3 8

U ( n ,
Y
)

 e ) 2 3 5
u
 c) 

Self-shielding yes small yes no no yes 

Scattering effect yes no yes no no yes 

Typical uncertainty*^ 3-10% 10% s) 3-10% 3-4% 2% 10-1-5% 

N r . of core 5 1 4 2 1 3 

N r . of isotopes 57 48 10 6
h

> 1 2
h ) 10 

a

) Apparent reactivity worth of a calibrated
 s o u r c e j

 multiplied by the measured 
fission rate of 235y |21 . 

b

) Absolute NBS fission chamber. 

Reactivity worth of 1 gram of 

d) Measured by y-ray spectroscopy with Ge(Li) detectors. 
2 3 9 2 3 8 

e) Pu / U ratio by isotopic dilution and mass spectrometry. 

f) Standard deviation in experimental data (including uncertainty due to normalization) estimated by 

authors of this paper. 

e) 6

 Mainly due to decay data. 

To be extended in near future. 
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Table 1: Requests, Status and Action for Fast Capture Data 

Number of data in different spectra used for adjustments at CEA and ECN 

Nuclide 

STEK 

Reactivity 

ERMINE/ 

MASURCA 

Activation 

CFRMF ERMINE 

Irradiat ion 

PHENIX 

9 5
M o 5 3 ' • - I 

9 6
 Mo 5 - . 1 

9 7
M O 5 3 • - - 1 

9 8

M O 5 - - . '• 1 2 _ 
1 0 0

M O 5 - - ; 1 1 _ 
" T c 5 3 6 1 - ' -

iOlRu 5 3 - . - -

1 0 2
R U 5 3 3 1 1 -

IO'+RU 5 3 - 1 2 _ 
1 0 3

R h 5 3 6 ; 1 _ _ -
1 0 4

P D 5 - • _ _ 
1 0 5 P d 5 - 3 — L 
1 0 6

P D 5 . - - . ; —• • _ . L 
1 0 7 P d 5 - : . • -V _ 
10 8

P D 5 • - 1 1 _ 
' H 0 P

D 5 - - - •• _ 
10 7 A g 5 - - - ' -

1 0 9 A g 5 - 2 - — . 

127J 5 - - • — ' _ 
129j ' ' 5 - — • 

13 3 C s 5 - 5 L 
1 3 9 L a 5 - . ; . - — 

I'-lPr 5 - 4 1 _ 
I'^Nd . 5 - - — 

1 4 3 N d 5 - — _ 
l ^ N d , 5 - - _ — 

5 - - . - _ 
1 4 G N d 5 - 1 — 

l H 8 N d 5 - 1 — — 

1 5 0 N d 5 . - • - 1 _ 
1 1 + 7 P m 5 3 2 1 - -

1 1 + 7 S m 5 - 4 - - . - -

1 1 + 8 S m 5 - - - - — 

1 4 9 S m 5 3 - • - - 1 
1 5 0 S m 5 - - - • '• 1 
1 5 1 S m 5 - - - • — •• 1 
1 5 2 S m 5 - ' - J — 

1 5 l + S m 5 — 1 • — 

a ) Only STEK and CFRMF data w e r e used at ECN . 

) Nuclides for which both at ECN and CEA adjusted data have b e e n 
obtained• 
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Table I Fission Product (n,y) R&oction Rate in CFRMF 

Corrections applied to experimental integral data 

Type of 

correction 
CEA ECN 

Chemical admixtures 

Isotopic admixtures 

Self-shielding 

Scattering effects 

Correction to re-

ference spectrum 

reactivity data 

reactivity data 

reactivity data 

reactivity data 

all data 

reactivity data 

activation data only 

• reactivity data 

Table IV 

Sources of uncertainties which have to be accounted for in the compa-

rison of experimental and a-priori integral capture data. 

Type of 

measurement 

N r . Source of uncertainty 

All 1 Measurement of sample worths, activation 

rates or transmutation rates. 

All 2 Composition of sample (chemical or isotopic). 

Mainly in reactivity 3 Self-shielding in sample. 

All 4 Measurement of standard, including possible 
self-shielding. 

All 5 Nuclear data of standard (small when adjusted 
set is used). 

All 6 A-priory nuclear data for measurements. 

All 7 Spectra, or corrections to reference spectrum. 

Reactivity 8 Correction for scattering. 

Activation 9 Decay d a t a . 

Transmutation 10 Corrections for capture in other isotopes in 
target and multiple capture. 
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Table 1: Requests, Status and Action for Fast Capture Data aV 

Differences between adjustment methods applied at ECN and CEA. 

Item ECN CEA 

Group constant scheme 26 groups (ABBN) 25 groups 

Experimental data 

(see Tables I, II) 

STEK, CFRMF MASURCA, 

ERMINE, PHENIX,. 

STEK, CFRMF, FRO 

Self-shielding STEK uncorrected corrected 

Flux+adjoint flux actual spectra fundamental mode 

spectrum 

A-priory cross sections RCN-2 |14| CARNAVAL-III + 

CNEN/CEA | 11 — 13] 

(Coarse) groups in 

adjustment 
26 groups 
(10~

3

 eV to 10.5 MeV) 
4 groups 
(0-5 keV to 1.35 M e V ) 

Covariances in cross 
sections 

26 x 26 covariance 
matrices 

uncertainty limits + high 

correlations neigh-

bouring coarse groups 

Role of a-priori 

cross sections 
data adjustment to 

both integral data 

and a-priori cross 

sections 

data adjustment 
only to integral 
data; a-priori cross 
sections used for 
transformation coarse-
groups to 25 groups 

Adjustment method Dragt et al, |10| 

(self-shielded data, 

isotopic admixtures) 

Barraca |9| 

(corrected data in 

infinite dilution) 

Uncertainties in spectra a-posteriori added 
to adjusted data 

included only in correc-

tions to integral data 
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Table VI 

Comparison of average (one-group) cross sections (mb) in a representative 
fast reactor spectrum. 

Nuclide 
a) 

Pd 

Ru 

0 5 

01 

°
3

Rh 
9 9 T c 

0 7 p d 
5 1

 Sm 

Sm 

Pm 

49 
47 
9 7

 Mo 
4 5

N d 
3 3

C s 
0 9

A g 
0 2

R u 
Ru 

Nd 

" M o 
oo

M o 

4 1 Pr 
9 8

M o 

0 8
p d 

0 6pd 

2
9 l 

5 2

S m 
4 6

N d 
2 7 1 

3 9 

48 
4 7 
5 0

N d 
4 l +

Nd 

La 

Nd 

Sm 

5 0 Sm 
5 t t

Sm 
O^Pd 
1 0

P d 
9 6

M q 

^
8

Sm 
0 7 A g 

'^-Nd 
pseudo 

RCN-2
 b ) 

(26 groups) 

RCN-

(26 

2A
 b ) 

groups) 

CARNAVAL-IV
C

^ 

(25 groups) 

CNEN/CEA 

(26 groups) 

2A-IV 

2A 

(%) 

653. (16) 704. (7) 822, (4.5) 688, _ 16* 
536. (16) 527 (8) 522, (4.4) 592. + 1 
507, (9) 510. (6) 525. (4.2) 504, - 3 
425. (16) 463. (6) 471 (4.9) 424, - 2 
791 . (55) 761 (10) 752. (7) 637, + 1 

1526, (9) 1303. (14) 2897 (10) 1491 , 122** 
1662. (15) 1659. (9) 1672. (4.5) 1272. - 1 
779. (24) 964 (7) 781 (6) 800. + ] 9** 

238. (17) 238. (9) 231 (4.5) 217 + 3 
347. (9) 361 (7) 344, (5) 272. + 5 
393. (12) 374, (6) 404, (5) 385. - 8 
552. (12) 590. (6) 693. (7) 515. - 17** 

168. (37) 129. (8) 132, (6) 190. - 2 
139, (30) 109. (7) 128. (6) 147, - 17* 
247. (8) 228. (7) 175. (6) 254. + 23** 
239, (18) 222. (8) 194. (5) 214 + 13* 
80.2 (27) 55. 2 (8) 73.6 (6) 64.2 - 33** 

90.6 (12) 87, 5 (7) 89.4 (7) 9 1 3 - 2 
65.7 (9) 66. 3 (6) 64.9 (6) 81.0 + 2 
145. (84) 132. (17) 127. (5) 155, + 4 
151 (61) 176. (12) 223, (9) 167, - 26* 
254, (25) 251 (8) 318. - - - 37** 

322, (12) 341 (5) 260. (9) 312, + 23** 
80.6 (15) 78. 2 (9) 86.2 (8) 59.8 - 10 

396, (9) 431 (7) 458. - - 6 
24.5 (16) 23. 8 (7) 28.3 (12) 21 7 - 19* 

108, (11) 107, (8) 101 (7) 117 + 6 
1003. (19) 911 (9) 797 (6) 743. + 13* 
140. (10) 129. (9) 101 (15) 169, + 22* 
60.8 (14) 59. 0 (14) 65.0 (8) 73.4 - 10 

331 (16) 413, (9) 359. (6) 277, ' + 13* 
163. (20) 142, (6) 202, (10) - - 60** 
146, (61) 157, (21) 318. - 237, - 100** 
138. (88) 56. 8 (44) 33.5 (11) 84.3 + 41 
66.9 (44) 45. 7 (27) 62. 7 - 37 

228, (41) 220. (15) 177 - + 20 
505. (14) 529. (10) 577. - - 5 
50.5 (17) 39. 0 (20) 63.2 - - - 62** 

392. 389. (6-9) 410. (4-5) 389, - 5 

.<5 

a

) In order of importance with respect to fast reactor reactivity effects 
b

) Uncertainties in < a
n
 > have been assumed to be the same as those for 

SNR-300. They are indicated in parenthesis (standard deviations in %) . 
c

) Uncertainties (1 standard deviation) from Langlet and Martin-Deidier 

111 
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d) One or two asterisks mean discrepancies of more than one or two standard 

deviations of the difference respectively. In case the uncertainty for 

CARNAVAL-IV is not given, the same uncertainty as for RCN-2A was assumed, 

Pseudo fission product of
 2 3 9

P u at a burn-up of 41 MWd/kg, as defined 

in /21/; cross sections in mb/fission. 
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Results of integral tests of JENDL-1 fission products neutron 
cross sections with STEK reactivity and CFRMF activation data are pre-
sented for selected nuclides. Discrepancies between integral and 
differential capture data are extracted through this c o m p a r i o n . New 
evaluations of neodymium and samarium isotopes cross sections in keV -
MeV region are presented which are based on the recent capture measure-
ments at ORNL, FEI and JAERI and the re-investigation of theoretical model 
parameters. The effects of determination of these parameters on the 
capture cross section calculation are demonstrated and discussed. 

1. Introduction 
JENDL-1 FP data file contains the neutron cross sections of 

67 nuclides in fission products mass region [1] Of these, cross sec-
tions of 28 nuclides [2,3] were evaluated in 1975, and those of other 
34 nuclides (except Mo isotopes) in 1977. Files are available from 
N E A Data Bank. Since that time, there have been considerable progress 
in this field, both experimental work and evaluation methodology [4,5]. 
In view of these progress., a thorough examination and revision of 
JENDL-1 FP file toward JENDL-2 are planned and going on in FPND working 
group of Japanese Nuclear Data Committee. Present paper describes the 
interim results of this activity. 

In Sec. 2 the integral tests of JENDL-1 FP cross sections with 
STEK and CFRMF data are presented for selected nuclides. Discrepancies 
between integral and differential capture data are pointed out through 
this comparision. In Sec. 3 is described the re-evaluation of cross 
sections for Nd and Sm isotopes in keV-MeV region. The determination 
of theoretical model parameters and cross section calculation are given 
and discussed in comparison with RCN-2 evaluation. The effects of model 
parameters on cross section calculation is demonstrated. 
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2. Integral tests of JENDL-1 FP cross sections 

Integral tests of JENDL-1 FP cross sections were performed with 

small sample reactivity data in STEK [Ve76] and activation data in 

CFRMF [Ha78] 

2.1 Method of analysis [8] 

JAERI-FAST set type 70-group cross sections were prepared with 

resonance self-shielding tables at 300 K using ETOA-l code [9] (a version 

based on ETOE code [10]), which calculates the self-shielding factor in 

narrow resonance approximation in the scheme of Bondarenko et al, [11] 

The neutron flux and adjoint flux spectra were taken from [De78] and 

[Ha78] These flux spectra were interpolated and converted into the 

present 70-group structure spectra. The self-shielding factors for 

experimental samples were calculated by using the escape cross sections 

based on the equivalence theorem. 

By the analyses of STEK data, U-235 fission cross section and 

californium fiss ion spectrum were taken from [De78] to calculate the 

normalizing reactivity p
Q
. For the normalizing reaction rate of CFRMF 

activation, the ENDF/B-4 U-235 fission cross, section was adopted, 

As to the fission product cross sections, those for the 

following nuclides were taken from ENDF/B-4*: 

Ru-99,100, Pd-106,108, Xe-132,134,136, Nd-142,145, 

Eu-153, Gd-154,158,160. 

Cross sections for C , N , A l , 0 , CI and P b , which form the chemical 

compounds with fission product isotopes, were also taken from ENDF/B-4, 

2.2 Results 

Results of calculation of activation rate ratios in CFRMF are 
shown in Table 1 , in comparison with experimental data and the calcula-
tion by ENDF/B-4 [Ha78] Both self-shielded and infinite dilution 
calculations are listed in the table. 

Fig. 1 shows the results of analyses of STEK data for rela-
tively strong absorbing materials. Calculation is compared with 
measured data as a function of the "effective average energy" of the 
neutron spectrum of STEK cores with sample size (Id value) fixed, where 
1 is the mean chord length and d the density of sample. The effective 
average energy is defined here as follows. 

1 / ^ = ' j o / l D F A e / S ^ , 

STEK- STEK- STEK- STEK- STEK-
4000 3000 2000 1000 500 

E a v : with F = <|>*ci> 3.0keV 9.OkeV 15.5keV 29keV 7 OkeV 

E a v : with F = <J> 3.2 9.2 16 33 80 

We have assumed <{)*<£ weighted E
a
v the plot of Fig. 1, The CFRMF 

neutron spectrum gives E
a v
= 1 1 0 keV with $ w e i g h t , indicating a little 

bit harder neutron spectrum than STEK-500 with regard to neutron capture. 
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In Fig. 1 only the results for samples of relatively large Id values 

or large weights are shown. 

*) JENDL-1 contains cross sections for Pd-108, Nd-145 and Eu-153, but 

we encountered with trouble by processing the file, the occurrence 

of negative self-shielding factor for elastic scattering in unresolv-

ed resonance region. 

Discrepancies between integral and differential capture data 

From intercomparison of integral data and differential data 

using the calculated values as media and with allowance of experimental 

uncertainties, the following discrepancies may be noted. 

Tc-99 1 STEK results (C/E = 0.85 -0.9) and CFRMF result (C/E = 1.21 ± 

15%) are not mutually consistent. RPI capture data seem to 

support STEK data. 

Pd-108: STEK data indicate smaller cross section than ENDF/B-4 (C/E = 
1.2 - 1 , 3 ) . CFRMF data indicate slightly opposite direction (C/E = 0 
±6.7%). Substantially high capture cross section at ORELA are 
probably not in agreement with either of integral d a t a . 

1-127: STEK results (C/E = 0.85 -1.0) and CFRMF result (C/E = 1.23 ± 10%) 

are not consistent. 

Sm-149: Recent capture data at FEI and JAERI are significantly higher 

than that expected from STEK measurements. 

For other important, strongly absorbing n u c l i d e s , the integral 
data studied here are not inconsistent with each other, nor with recent 
differential capture data. 

Comments 

The case of Rh reactivities (and probably of Ag-109 and Sm-149) 
in STEK needs some comments. Fig. 2 shows the comparison of calculation 
and experiment of Rh sample reactivity as a function of Id values. The 
calculation is in significant overprediction for STEK-4000 and - 3 0 0 0 , 
while RCN-2 calculation is in good agreement with experiment. In STEK-
4000, about 60% of calculated reactivity of Rh sample comes from the 
absorption by a strong resonance at 1.26 eV. The resonance self-shielding 
for this resonance was re-calculated by using sophisticated methods. 
Firstly, pointwise cross sections were generated in eV region and self-
shielding factor was calculated numerically without rendering the semi-
analytical method used in ET0A-1 code. In the second method, the space 
energy neutron slowing down spectrum was solved by TIMS-2 code [13] for 
simulated geometrical arrangement of Rh pin in carbon or hydrogen medium 
to obtain a precise effective absorption rate. Both trials were not 
successful to improve the disagreement mentioned above. The same tendency 
for overprediction of reactivity for soft spectrum core is observed for 
other materials which possess strong neutron resonance near 1 e V , such 
as Ag-109 and Sm-149. 
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3. Re-evaluation of cross sections of Nd and Sm isotopes in keV - MeV 

region • 

JENDL-1 FP cross section evaluation is based on the experimental 

data prior to '1975 and on an old systematics of theoretical model para-

meters, especially of level density parameters. The motivation of re-

evaluation is two-fold. One is' to up-data and obtain the best-estimates 

of JENDL cross sections, utilizing the recent capture data at ORELA 

[Mu78], RPI [Sh75], FEI [Ko77,K078] and JAERI [Na78,Na79], [Mi79]. 

Capture data for Nd and Sm isotopes have been quite scarce or absent at 

all until recently. The other motivation is to establish the method of 

evaluation and parameter determination. We have adopted closely the 

methods as.discussed and, in a sense, recommended at the FPND meeting, 

Petten, 1977 [1,5,7]. We compare our results with RCN-2 evaluation, since 

we have largely followed the RCN-2 method of level density parameter 

determination, and therefore a detailed comparison may be possible. 

3.1 Optical model parameters 
Spherical optical model was assumed. Optical model parameters 

(OMP) at zero neutron energy were determined by SPR method as proposed 
by Lagrange and Delaroche [14]. Tables 2 through 5 show the input SPR 
data and obtained optical model parameters (derivative Woods-Saxon type 
surface absorption). The calculated total cross sections of natural Nd 
arid Sm isotopes are shown in Fig. 3 in comparison with experimental values 
which were read roughly from graphs in BNL-325, 3rd ed., Vol. 2. Dis-
agreement of Nd total cross section in 70 - 400 keV is due to that the 
assumed scattering radii data of Nd-144, 145 and 146 were too small. 

Compound nucleus formation cross sections are shown in Figs. 4 
and 5 together with RCN-2 values* Differences between two evaluations 
are significant for most nuclides under study. It is also noted that the 
discrepancy of compound nucleus formation cross section at low energy 
persists up to MeV region. Comparison of inelastic scattering cross 
section for Sm-154 as an example shows the disagreement of about a factor 
of 2 between the present calculation and RCN-2 values up to 1 M e V . 

3.2 Level density parameters 

Composite level density formula of Gilbert and Cameron [17] was 
used. For the sake of later discussions the precise formulae are given 
in Appendix. 

The a_ parameter of Fermi-gas level density was obtained from 
the observed average s-wave resonance level spacing, D o b s . When this is 
not available, a was determined by interpolation or extrapolation from 
a. values for neighboring nuclides. Figs. 6 and 7 show respectively the 
plot of a versus neutron number and Cameron's shell correction energy. 
The latter way of plot was adopted for inter- or extrapolation. 

The parameters C and T of constant temperature level density 
formula were determined from the staircase plot of lowlying levels. 
Adjustment was made to obtain a smooth continuation with Fermi-gas level 
d e n f . i t T h e dividing energy E

x
 is determined at the same time. 

Frequently, we have encountered with difficulty to obtain a smooth conti-
nuation without violating too much the trend indicated from the staircase 
plot of low levels. The case of Sm-151 is shown in Figs. 7 and 8 , which 
was the most difficult case. In some other cases we had to abandon the 

-) In RCN-2 evaluations, the OMP of Igarasi et al. [15] and Rosen et al. 

[16] were adopted for Nd and Sm isotopes, respectively. [5] 
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smooth continuation, thus resulting in an abrupt change of nuclear 

temperature, at dividing energy. These are the cases of N d - 1 4 2 , 146, 148, 

Sm-153 and 154. An interesting point to note is that the staircase plot 

of lowlyirig levels of odd isotopes of Nd and Sm show almost invariably 

a sudden level-off at excitation energy somewhere around a few hundred 

keV to 1 M e V . 

Tables 6 and 7 show the present level density parameters 

together with RCN-2 values. The C and T parameters of RCN-2 are the 

ones calculated here from a_ and E
x
 with smooth continuity condition. 

3.3 Other parameters 
The adopted a priori values of D

0
b s

 a

n d Ty are listed in 
Tables 9 and 10. The giant dipole resonance parameters were taken from 
Berman's compilation [18] of photo-reaction cross sections of the form, 

= i ^ ' T ^ - E V i V f ? ^ • 
The parameter values are shown in Table 8. Finally, level schemes were 

taken from Table of Isotopes, 7-th ed. (1978). 

3.4 Calculation of capture cross sections 

Cross sections were calculated by the spherical optical model 
and the statistical theory with neutron width fluctuation correction. 
The parameter Sy = Ty/Dobs

 w a s

 adjusted to fit the calculation with 
available capture data at 30 keV. In Tables 9 and 10 are shown the 
a priori values and adjusted values of Sy together with cross section 
values assumed for normalization. Calculated capture cross sections are 
displayed in Figs. 9 through 21, incomparison with experimental data, 
JENDL-1 and RCN-2 evaluations. Some of old experimental data are plotted 
after re-normalization of flux and cross section standards [19], with 
comment "renormalized". 

3.5 Effect of model parameters on capture cross section 

From Figs. 9 - 21 we see that there exist often considerable 
disagreement between RCN-2 and present calculation for neutron energies 
above a few hundred keV. In order to clarify the origin of these 
disagreements, the effects of model parameters on capture cross sections 
of Sm-151 and Sm-152 were investigated. 

Effect of level density 

The lower part of Fig. 22 shows the effect of the target 
nucleus level density on Sm-151 cross section through the competition due 
to inelastic scattering. Level density was altered from the present value 
(C = 7.46 M e V -

1

, T = 0.456 MeV) to RCN-2 value (C = 37.9 M e V ~ l , 
T = 0.519 M e V ) . The modified calculation (dot-dash line) has come to 
agree w e l l with RCN-2 evaluation. 

The upper part of Fig. 22 shows the effect of compound nucleus 
level density on Sm-152 cross section. In this case the target nucleus 
level densities of both evaluations are very similar. The modified 
present calculation (dot-dash line) with RCN-2 compound nucleus level 
density agrees fairly well with RCN-2 curve, the agreement being caused 
by the change of energy variation of Sy. Fine dotted line shows the 
calculation using the spin-cut-off expression O 

2

 = 0.0888/aO" A
2

'
3 
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(a= 23.74 MeV"-
1

 with same Dobs) instead of the present expression, 

O
2

 = 0.146/au A
?

/
3

. It is seen that the cross section shape is again 

affected substantially by the change of a value (with same D
0
b s ) through 

the change of fenergy variation of Sy. 

From these sensitivities of capture cross section shape with 

target and compound nucleus level densities, we may speculate that a 

meaningful information concerning level densities may be obtained if the 

shape of capture cross sections were measured in 100 keV to MeV region, 

provided that reasonable optical model parameters were u s e d . 

Effect of optical model parameter 

'Fig. 23 shows the effect on capture cross section of Sm-152 

when OMP is changed from the present values to the OMP of Igarashi et a l , 

which was adopted in JENDL-1 evaluation. The effect can not be neglected 

in 0.1 - 1 MeV region. The same calculation was performed for all 

isotopes of Nd and Sm. Sm-152 was the most remarkable case. For all 

other nuclides, the effect on the shape of capture cross section (after 

normalization at 30 keV) was about 10% or less in the energy range of a 

few keV to 3 M e V , although the inelastic scattering cross sections were 

affected considerably. 

Effect of giant dipole resonance parameters 

Giant dipole resonance, parameters of Berman for Nd-148, 150, 
Sm-152 and 154 were replaced by the Brink-Axel estimates. After the 
same normalization of capture cross section at 30 k e V , the effect on 
the shape of capture cross section was found as within a few percent. 

4. Conclusions 

STEK and CFRMF integral data of relatively strong absorbing 

materials are generally consistent with each other and with recent 

differential capture data. Some exceptional discrepant cases were 

remarked. 

As to the evaluation, the choice of optical model parameters 

does not affect much in general the shape of capture cross s e c t i o n , 

though there are exceptional cases. The level density parameters, both 

of target and compound nuclei, affect the shape of capture cross 

section strongly. There is sometimes considerable difficulty in obtain-

ing all level density parameters in a straightforward m a n n e r , as described 

in Section 3.2, at least in the scheme of Gilbert-Cameron* formula. The de-

termination of level density parameters, in particular C , T and E
x
 is apt 

to depend on subjective judgement. On the other h a n d , direct information 

of level density may be obtained from the analysis of shape of capture 

cross section in MeV region. Good agreement of RCtJ-2 evaluation with 

experiments of MeV capture cross sections for Sm-152 and 154 (Figs. 20,31) 

seems to support this possiblility. 
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Arm^nftix ..: Co.niposite level density formula 

i V 1 ^ K R j S o ^ y 0 ) 

[ ^ ^ T ^ c r
1

] (
2
) 

J

 . i o ^ .
 1

 . 

_ e * p U voTu ) .
 N 

— E > E * (.OS E - A ) (3a) 

. .. - c e x p ( E / r )
 t

 E ••/.. (3b) 

H e r e , p and R j are n o r m a l i z e d parity and spin d i s t r i b u t i o n s , r e s p . 

is paring e n e r g y . F o r p , the expression by Igarasi w a s a s s u m e d . 

w h e r e f-^ is the fraction of. l o w l y i n g levels with parity TO . U
0
 and 

£ are somewhat a r b i t r a r i l y d e t e r m i n e d parameters so that p^- approaches 

1/2 at high excitation e n e r g y . 
The spin cut-off parameter is expressed by 

For S > E X C r ' E K : C , \ R 0 " A 1 ' ^ (5) 

For a < s
x
 CS^'(E)=. C\ \faUi- A ^

3 

or = ^ + 

(6) 

(7) 

In JJIiDL-1 e v a l u a t i o n , c-| = 0 . 0 8 8 8 and e q . (6) was u s e d . In the present 

e v a l u a t i o n , c-j = 0 . 1 4 6 and e q . ( 7 ) was .adopted as in RCN-2 and CNEN-2 

e v a l u a t i o n s . In e q s . (6) and ( 7 ) , 0 ^ "
a
i s expressed as (Schmittrothl 973) 

^ r i H ' S c i ^ ^ (8) 

where Ij_ (i-1,2, ,lj) are the spins of l o w l y i n g l e v e l s . 

The d i v i d i n g energy is u s u a l l y considered a s smaller than 

n e u t r o n separation energy B
n
. If e q s . (3a) and (3b) continues smoothly 

at 3 - E
x >
 the parameters C and T are related with other parameters b y 

* . (9) 
T \ j U x 2\JX 

j ~ j ^ C ? ? . 3 b ) at S = E
X >
 .. (10) 
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Table 1: Requests, Status and Action for Fast Capture Data aV 

Ony (FP) . f/Of ( 2 3 5 U ) <t> and, (C/E ) 

Nuc l i de Measured * a-fc ENDF/B-4 JENDL-1 JENDL-1 
( i n f . d i l u t i o n ) 

87 Rb 7.52x10- 3 ( i lOZX 7.46xM»~ 

i 

3 (0 .99 ) -

89 Y 2.12x10" 4 (>4.8%) - -

99 Tc 0.167 (±15%) 0.174 (1 .04 ) 0.203 (1 .21 ) 0.20.9 ( 1 .25 ) 

98 Mo 0.0354 (±6.4%) 0.0436 (1 .23 ) 0.0438 (1 .24 ) 0.0470 (1 .33 ) . 

100 Mo 0.0345 (±17%) 0.0311 (0 .90 ) 0.0306 (0 .89 ) 0.0321 (0 .93X 

102 Ru 0.0557 (±6.6%) 0.0784 (1 .41 ) 0.0879 (1 .58 ) 0.0888 ( 1 . 59 ) 

104 Ru 0.0518 (±6.3%) 0.0550 (1 .06 ) 0.0609 (1 .17 ) 0.0627 (1 .21 ) 

103 Rh 0.235 (±24%) 0.264 , (1 .12 ) 0 .231 (0 .98 ) 0.245 (1 .04 ) 

108 Pd 0.0903 (±6.7%) 0.0741 ( 0 . 8 2 ) * 0.0937 ( 1 . 0 4 ) * 

110 Pd 3.18x10" -3 (±6.9%) -

107 Ag 0.238 (±19%) 0.265 (1 .11 ) 0.235 (0 .99 ) 0.242 (1 .02 ) 

109 Ag 0.318 (±9.7%) 0.192 (0 .60 ) 0.328 (1 .03 ) 0.341 (1 .07 ) 

113 In 0.175 (±4.3%) 0.192 (1 .10 ) -

121 Sb 0.157 (±8.3%) 0.193 (1 .23 ) 

123 Sb 0.0966 (±7%) 0.105 (1 .09 ) 

127 I 0.187 (±10%) 0.214 (1 .15 ) 
! 

(1 .27 ) 

0.229 (1 .23 ) 0.232 (1 .24 ) 

129 I 0.115 (+6.6%) 0.146 

(1 .15 ) 
! 

(1 .27 ) 0.172 (1 .49 ) 0.173 (1 .50 ) 

132 Xe 0.0275 (±7.7%) - 0.0306 ( 1 . 1 1 ) * 0.0306 ( 1 . 1 1 ) * 

134 Xe 9.15x10' -3 (±6.9%) 0.0151 (1 .65 ) 0.0151 ( 1 . 6 5 ) * 0.0151 ( 1 .65 ) * . 

133 Cs 0.173 (±6.6%) 0.189 (1-09) 0.175 (1 .01 ) 0.183 (1 .06 ) 

137 Cs 0.056 (±25%) _ -

139 La 0.0110 (±5.2%) - 0.0133 (1-21) 0.0150 (1 .36 ) 

140 Ce 5.27x10 -4 (±6.7%) 8.71x10 "3 (16 .5 ) 0.0143 (27 .2 ) 0.0149 (28 .3 ) 

142 Ce 0.0115 (±7.4%) 0.0156 (1 .35 ) 0.0236 (2 .05 ) 0.0239 (2 .07 ) 

141 Pr 0.0458 (±15%) 0.0639 (1 .40 ) 0.0422 (0 .92 ) 0.0516 (1 .13 ) 

147 Pm 0.402 (±13%) 0.487 (1 .21 ) 0.455 (1 .13 ) 0.466 (1 .16 ) 

146 Nd 0.0364 (±6.5%) 0.0572 (1 .57 ) 0.0363 (1 .00 ) 0.0367 (1 .01 ) 

148 Nd 0.0558 (±14%) 0.102 (1 .83 ) 0.0834 (1 .^9 ) 0.0882 (1 .58 ) 

1 : . 0 Nd 0.0418 (±12%) 0.0915 (2 .19 ) 0.0770 (1 .84 ) 0.0787 (1 .88 ) 

1 5 2 Srn 0.174 (±6.4%) 0.188 (1 .08 ) 0.206 (1 .19 ) 0.226 ( 1 . 30 ) 

154 Sm 0.733 (±4.5%) 0.978 (1 .33 ) 0.0916 (0 .12 ) 0.0948 (0 .13 ) 

151 Eu 1.50 (±5.8%) 1.43 (0 .95 ) 1 .31 (0 .87 ) 1.33 (0 .89 ) 

153 Eu 0.909 (±7.04%) 0.89 (0 .98 ) 0.870 ( 0 . 9 6 ) * 0.886 ( 0 . 9 7 ) * 
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Table 1: Requests, Status and Action for Fast Capture Data aV 

NIK: 1 i dt 

0 „ Y (FIO <J»/Of ( 2 3 5 U ) . m c l ( t / , ; ) 

M e a s u r e d ENDK/B-4 JENDI.-l JENDL-1 
( i n f . d i l . ) 

158 Cd 0.112 (±12%) 0.115 (1 .03 ) 0.1.13 ( 1 . 0 1 ) * 0.116 (1.03)* 

160 Cd 0.0575 (±8.5%) 0.0897 (1 .56 ) 0.0866 ( 1 . 5 1 ) * 0.0878 (1 .53 )* 

169 I'm 0.293 (±12%) 

18.1. Ta 0.329 (±9.0%) 

186 W 0.0900 (±13%) 

239 i'u ( i ) , f ) 1.165 

238 11 ( n , f ) 0.0488 

238 U (n,Y) 0.144 

< 2 3 5 U ( n , f ) > 

0.346 (1 .05 ) 

1.117 (0.959) 

0.0481. (0 .986) 

0.146 (1 .01) 

1.595 barn 

1.130 (0 .970V 

0.0509 (L.0431* 

0.154 (1 .07 ) * * 

1.562 barn** 

>-END1'7B-4 c ross s e c t i o n s were used. **JENDL-2 p r e l im ina r y v e r s i o n . 
* * *Rev i s ed based on the r epor t by Y .D . Harker 

and R.A. Ander l presented to t h i s meet ing. 

T a b l e 8. Giant d l p o l e r e s o n a n c e p a r a m e t e r s (from B e r m a n [Be 751) 

C o m p o u n d 
N u c l e u s 

El 
(MeV) 

° 1 
(mb) 

r i 
(Mev) 

e
2 

(MeV) 
° 2 

(mb) 

r 2 
(Mev) 

° i n t 
(MeV-mb) 

142-Nd 14.94 359 4.44 1873 

14 3 Nd 15.01 349 4 . 7 5 1901 

144 Nd 15.06 317 5.28 1882 

145 Nd 14.95 296 6.31 2037 

146 Nd 14.74 310 5.78 1920 

148 Nd 12.76 107 3.97 1 5 . 4 8 220 5.30 1702 

150 Nd 12.30 175 3.38 16.04 223 5.17 2011 

nat Nd 14.92 315 4.70 1 5 5 9 

144 S m 15.32 383 4 . 4 5 2 0 0 1 

147 S m 

148 Sm .14.82 339 5.09 1942 

14y S m A s s u m e d as for l^sm 

150 Sm 14.61 312 5.97 1 9 9 1 

151 Sm A s s u m e d as for 1 5 0 S m 

152 S m 12.38 176 2.97 15.74 234 5.22 2026 

154 S m 1 2 . 2 7 181 2 . 9 5 15.94 215 5 . 7 0 2 0 5 9 

nat Sm 2 4 1 3 

For 1 5 3 S m and 1 5 5 S m , the v a l u e s as for 1 5 2 s m a n (j 1 5 4 g m a r e a s s u m e d , r e s p . 
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Table 2. SPK data for Nd isotopes and the optical- 'model fit 

So (10-4) Si ( U T S R' (f<n) S 2 ( 1 0 " 4 ) 

Exp." Calc E x p . a Calc E x p . d Calc. Calc 

Nd-142 1.4 ± 0 . 3 5 1. ,42 0,70 ± 0. 05 0. ,69 4.7 ± 0 . 5 4. 75 0.92 

143 3.1 ± 0 . 5 2, .99 1.0 ± 0 . ,4' 1. ,03 4.7 ± 0 . 5 4. ,71 2.4 

144 3.9 ± 1 . 0 4. .00 0.8 ±0. ,3 0, .78 4.6 ± 0 . 5 4. ,62 2.4 

,145 5.2 ± 0 . 9 4, .97 0.8 ± 0 . .4 0. .81 4.55 ± 0 . 5 .4. .70 2.4 

146 3.5 ± 0 . 9 3 .55 1.1 ±0, .35 1, .02 4.5 ± 0 . 5 4, .75 2.0 

148 2.7 ± 0 . 8 3 .00 0.60 ± 0 .20 0 .62, 8,45±1.0 8 .49 3.4 

150 3.2 ± 0 . 6 b 3 .19 0.65 ± 0 . 3 C 0 .67 8.4 ±1.0 8 .20 3.5 

a) Musgrove et al. (Mu 78], b) Tellier [Te 71), c) Calculation by Moldauer's potential 

d) Rough eye-guided interpolation from R' vs. A curve. 

Table 3. SPR data for S m isotopes and the optical model fit 

Target 
so (10" A) Si (10-4) R' (fm) S 2 (10-4) 

nucleus 
Exp. Calc. Exp. Calc. Exp calc, calc. 

Sm-147 4 8 ± 0 5 a 4 77 0.75 + 0 . 4 e 0.71 7.5 ± 1 0 e 7 77 3.9 

148 3 0 ± 1 Ob 3 11 0.73 7.5 ± 1 0e 7 80 3.4 

149 4 6 ± 0 6 a 4 78 0.77 .7.5 ± 1 0 e 7 52 3.7 

150 3 3 ± 1 l c 3 13 0.755 8.0 ± 1 0 e 8 08 3.4 

151 3 65 ± 0 48b 3 51 0.765 8.0 ± 1 ,0 e 7 95 3.4 

152 2 2 ± 0 4d 2 20 0.85 8.2 ± 0 • 7d 8 20 2.6 

154 1 8 ± 0 5d 2 02 0.88 8 . 2 + 0 ,7d 8 34 2.5 

a) Mizumoto et al. [Mi 79], b) Kirouac et al. [Ki 75], e) Eiland et al. [El 74] 

d) BNL-325, 3rd ed. [.Mu 73] s e) Rough estimation f r o m systematics. 
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Target.1 

nucleus 

Tabic 4. Spherical optical model parameters for Nd isotopes 

Real well 

ro a
0 

Imaginary surface well Spin-orbit well 

W s as V s o r S O a S 0 

142 48 21 1 23 0. 60, 3.42 1 31 

143 45 76 1 29 6.97 1 23 

144 45 75 1 30 5.68 1 27 

145 46 59 1 29 6.43 1 17 

146 45 657 1 29 7.417 ' 1 196 

148 47 94 . 1 V 9.13 1 43 

150 47 94 1 27 9.13 1 43 

0.45 7.0 1.28 0.60 

Table 5. Spherical optical model parameters for Sm Isotopes 

Real well Imaginary surface well Spin-orbit well 

Nucleus 
v

0 «o a o "s r s a s V s o r so a s o 

Sm-147 47.08 1 291, 0. 60 8 364 1 352 0. 45 7 0 1. 28 0 60 

148 44.878 1 294 8 510 1 463 

149 46.71 1 287 8 674 1 334 

150 45.395 1 297 9 788 1 434 

151 46.677 1 283 10 078 1 382 

152 52.75 1 .188 11 .88 1 .44 

154 54.01 1 .116 11 .36 1 .483 
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Tabic 6. Level density parameters of Nd Isotopes. Comparison of present and RCN-2 evaluation 

Compound Bn 
nucleus 

(Mev) A (MeV) 
Dobs (eV) a (MeV ) Ex (MeV) T (MeV) C (Me\T

l

) 

Present RCN-2 Present RCN-2 Present Present RCN-2 l - 2 a > Present RCN-2 1-2"' 

1-142 9, .813 2. ,03 - - 12.88 16.40 4.50 3. 975 0. 718 0.469 0.320 0.0451 

143 6 .125 1. .18 680 680 18.26 18.28 4.00 3. .859 0. 480 0.487 0.598 0.695 

144 7 .817 1. ,94 35 35 17.71 17. 72 4.65 5. .512 0. 585 0.553 0.593 0.397 

145 5. .760 1. .18 450 450 20.54 20.56 4.50 5. ,199 0. .514 0.530 2.52 3.44 

146 7 .565 2. .10 19 19 20.19 20.20 3.35 6, ,536 0. .768 0.557 1.30 0.930 

147 5. .302 1. .18 270 270 23.93 • 23.99 3.80 5. .185 0. .502 0.482 5.68 5.22 

148 7 .324 2. • 17 • - 8.6 23.59 23.60 4.00 6 .813 0 .606 0.518 1.68 1.43 

149 5. .068 1. .18 170 170 26.57 26.75 5.00 6 .097 0 .479 0.493 12.45 20.22 

150 7. .357 2. .28 - 24.15 24.10 5.50 . 7 .418 0 . .550 0.534 2.10 2.16 

151 5 .309 1 . .18 120 160 26.18 25.25 5.30 5 .996 0 .480 0.506 11.50 14.57 

a) Calculated by assuming continuity of ieval density at E » E x . 

Table 7. Level density parameters of Sm isotopes. Comparison of the pfesent and RCN«2 evaluations 

Compound Bn (MeV) A (MeV) 

nucleus 

Dobs (eV) a (MeV-
1

) E
x
 (MeV) T (MeV) C ( M e V

1

) 

Present RCN-2 Present RCN-2 Present RCN-2 Present RC!i-2
a

) Present RCNr.2
a

' 

Sm-147 6. .373 1. .22 - 22.75 21. .00 4. ,50 5. 198 0. ,477 0. .469 2.620 1.085 

148 8, .140 2. .14 7.0 6.3 20.56 20. .77 6. .00 6. 358 0. 547 0. .537 0. 798 0.713 

149 5, .873 1. .22 - 107 24.95 23. .78 4. ,50 5. 865 0. 481 . 0. .472 6. 140 Ml 
150 7. .985 • 2, .21 2.38 2.0 23.62 24. .00 6. .50 6. .853 0. .523 .0, .513 1. ,489 1.37 

151 5 .596 1, .22 56.5 56.5 26.87 26, .88 5. .00 6. .806 0. ,456 0, .519 7. ,460 37.9 

152 8 .258 2. .32 1.72 1.72 23.75 24. .23 8 .00 7, .611 0. .547 0 .539 2, .400 2.41 

153 5 .867 1, .22 53.8 53.8 25.62 25 .63 3 .50 7, .360 0, .590 0 .556 19.10 52.5 

154 7. .979 2, .14 - - 22.35 
(21.90)b) 

22 .80 4.75 
(5.0)b) 

7. .287 0, .601 0. .551 2, .313 2.42 

155 5. .814 1. .22 112.6 130 24.02 23.66 5 .50 7, .201 0 .508 0 .575 8 .430 31.8 

a) Calculated by assuming continuity of level density at E
 a

 Ex. 

b) Revised value, not used ln the present cross section calculation. 

Table 9. Average s-wave neutron resonance level spacings and radiation widths of Nd isotopes 

Target 
Dobs (exp), uV ry(exp), mV RCN-•2 evaluacion Present evaluat ion 

nucleus 
BNL-325 [Mu78] [Mu78] Dobs.eV 

l

'y
s

,mV S
Y
( 1 0 "

4

) Dobs, eV ry.mV S y d O "
4

) 
* -4 

SY(10 

Nd-142 415170 6801130 50110 680 65 0.956 680 50 0.735 0.991 

143 • 3213 3514 8619 35 86 24.6 35 86 24.6 22.6 

144 540165 4501110 4715 450 47 1.04 450 47 1.04 0.912 

145 1912 1912 8719 19 87 45.8 19 87 45.8 51.3 

146 210125 270160 5116 270 51 1.8? 270 51 1.89 1.89 

148 7216 170135 4615 170 46 2.71 170 46 2.71 2.42 

150 12018 72110 160 72 4.50 120 72 6.0 3.02 

*) S* Is the adjusted value to normalize the calculation to capture data at 30 keV as follows: 

Nd-142 Nd-143 Nd-144 Nd-145 Nd-146 Ndl48 Nd-150 
o

n
y ( 3 0 keV), mb 59 280 66 510 114 135 153 
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Table 10. Average S-wave neutrun resonance level spacings and radiation widths of Sm isotopes 

Dobs (exp),eV I'Y. mV RCN-2 evaluation Present evaluation 
Target . - " 

nucleus Other r. / i. -L * -L 
BNL-325 BNL-325 e"p Dobs.ev lY.mV S

>
(10"

i

') Dobs.ev ly.mV S y d O *) S^(10 

147 7.410.7 7.00a,5.7
b 

6 6 a , 7 0
b 

6.3 100 159 5.70 70 122.8 162.8 

148 107 60 5.6 79.0 70 8.86 6.19 

149 2.3i0.3 2.38
c

,2.2'> 62b 2.0 76 380 2.2 62 282 641 

150 68110 56. 5
a 

60
 a 

56.3 60 10.7 56.5 60 10.6 15^6 

151 1.3±0.2 1.72±0.07
d 

9 6
d 

1.72 96 55f> 1.72 96 sra — 

152 51:8-114 53.8
e 

6 5
e 

53.8 70 13.0 53.8 65 12.1 14.0 

154 115114 112.6e 7 9
e 130

; 

70 5, 38 112.6: 79 7.02 5.20 

a) F.iland et a l . I El 74.), b) Mlzumoto et a l . (Mi 791, c) Karzhavina et a l . 

d) Klrouac and El.land |Ki 75], e) Ralin et al (Ra 72) 

*) S* is the adjusted value to normalize the calculation with capture data at 30 keV ns follows: 

Sia-147 Sni-148^ Sm-1A9 j>m-l_50^ Sm-151 _Sm-152_ Sm-154 
O

n y
( 3 0 kev), mb 1080 ' ~235 2300 430 - "" 420 " 215 
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1. Small sample reactivities in STEK cores (normalized reactivity 
per gram of chemical compound). Comparison of calculation 
(JENDL-1) and experiment. The number in parenthesis denotes 
the Id value (mm-gr/cm3) of sample. Isotope marked with 
asterisk indicates the sample with low isotopic enrichment. . 
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Fig. 1. (cont'd) 
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Fig. 1. (cont'd) 

Fig. 4. (cont'd) 
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Fig. 3. Total cross sections of natural neodymium and samarium. 

Comparison of the present optical m o d e l calculation and,, 
experiment. Experimental data were read roughly from 
graphs in BNL-325, 3rd e d . , v o l . 2. 
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F i g . 4 . Compound nucleus formation cross sections of Nd and Sm 

i s o t o p e s . Comparison of present o p t i c a l m o d e l calculation 

with RCN-2 evaluated data. 

; j —1C 

I tfcomp,barns Sm 

. . .- •• 1. 

I F i g , 4 (cont'd) I S O S m 

i — present , 
_ —r c n - 2 ( R o s e n ' s potential) n o 

; 148 Sm E 1 5 1 Sm 

>- 10 
: 149sm ; 162 .154sm 

En ,MeV 
i i 1 i i i i i I 1 1 i l 1 1 1 1 

- 7 
1B4sm En,MeV 

i i t i i i i i 1 i i i i i i i i .j i i i i t i 111 i 1—i—i—i i 111—^—i 1—i—i—i i • ^—•—• * • 
0.1 1 i o 1 10 

Fig. 4. (cont'd) 



Fig. 5. Level density parameters a as a 

function of neutron number 
Fig. 6. Level density parameters a as a function 

of Cameron's shell correction energy 



Fig. 7. Cumulative plot of number of low-lying 
levels of 151Sm with respect to 
excitation energy 

Fig Determination of level density of l^lSm. 
The most difficult case in obtaining 
smooth joining between constant 
temperature and Fermi-gas regions 
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Fig. 22. The effect of level densities on capture 
cross section calculation. Upper figure 
shows the effect of compound nucleus level 
density on Sm-152 cross section. Lower 
figure shows the effect of target level 
density on Sm-151 cross section. 

i?ig. 23. The effect of optical model parameters en 
capture cross section calculation. 
Dotted line shows the calculation with 
optical potential of Igarasi et al. 
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FISSION PRODUCT NUCLEAR DATA 
AT THE . NEA DATA BANK 

W.W. Osterhage, P.D. Johnston 
NEA Data Bank/OECD 
B.P. No.9CBat.45) 
F-91190 GIF sur YVETIE 

The activities of the NEA Data Bank in storage and manipulation .. 
of nuclear data are briefly described with particular emphasis 
on recent neutron cross section data for fission products. The 
status and availability of evaluated and experimental data files 
is presented. The example of the 45-RH-103 (n, cross section 
is used to illustrate a method of data condensation from the 
experimental data.base to "best" values and.the application of 
simplified covariance analysis. Comparison with available group 
cross sections is presented. 

INTRODUCTION 

This presentation treats three different activities of the NEA Data 
Eank in the field of fission product cross sections data. Firstly, a brief ' 
introduction to our data centre is given with special regard to its history, the 
present role within the nuclear data community and the technical support avail-
able to it to. fulfill its commitments. 

In a second part we give a summary of the status of fission product 
capture cross section data, both experimental and evaluated, available from the 
Data Bank since the 1977 Petten meeting/1/. Our new computational output format. 
will.be described briefly. 

. A specific example, taking the 'I5-Rh-103 (n, % ) cross section, lias been 
chosen to illustrate the possibilities of data condensation within our DBMS 
framework. "Best value" group cross sections are presented and compared with the 
corresponding data from LIB-IV. ' 

Finally, the results of a simplified error covariance analysis wi3.1 be 
given. 

THE NEA DATA BANK 

In 1978 the NEA Data Bank of the OECD was created to take over the 
coiub'jnc-xl functions of the NDCC (Neutron Data Compilation Centre) in Saclay, France 
aid the CPL (Computer Program Library) in Ispra, Italy. The mandate of the Data. 
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Bank includes the collection, compilation and distribution of nuclear data and the 
collection, verification and distribution of computer programs relevant to nuclear 
technology. Within the context of nuclear data activities, experimental and 
evaluated neutron data play the prominent role, although files containing charged 
particle induced reaction data, photonuclear and static nuclear data, such as 
decay - and nuclear structure data, are also available. In the neutron data 
field the most important single file is the EXFOR collection of experimental 
measurements with more than 3 million data points, jointly created according to 
geographic area, exchanged and continuously updated by the 4-Centre Network, 
comprising the Data Bank, NNDC in Brookhaven, the Nuclear Data Section of the 
IAEA and the CJD in Obninsk, USSR. 

Among the evaluated files available from the Data Bank to laboratories 
in NEA member countries are ENDF/B-IV, parts of ENDF/B-V, UKNDL, KEDAK, JENDL-1, 
RCN-2 and the CNEN-CEA evaluations. A full list is available at this meeting. 

With, the creation of the NEA Data Bank a new computer system was 
installed on a DEC PDP-11/70, which serves as data base carrier and at the same 
time as satellite to the larger systems installed at the CISI (Compagnie Inter-
nationale de Service en Information) in Saclay. Bibliographic and numerical 
information is stored and administrated in a data base management system, DEMS-11. 

STATUS OP AVAILABLE FISSION PRODUCT CAPTURE CROSS SECTIONS 

a) Experimental data 

Although the data collection at the Data Bank covers all types of • 
neutron induced reactions, a selection has been made of only capture cross sections 
of fission product nuclei. Table I shows a general overview of the quantity of 
experimental fission product (n,ft ) cross section data available in the Data Bank 
files. Priorities follow the assignments of Dr. S. Iijima at the 1977 Petten 
meeting/2/. Table II gives more detail of the new experimental data made avail-
able since the 1977 Petten meeting. Some of these data sets, although measured 
before 1977, have only recently been compiled and included in the EXFOR file. 
There are other data sets referenced in CINDA, but for which the numerical data 
has not yet been made available to the data centres; these are listed in Table V . 

b) Evaluated data 

Table III lists briefly the main evaluated FPND-libraries made available 
to the Data Bank.after 1977- The most recent material is the ENDF/B-V fission 
product data library. 

c) Computational format 

Whereas the evaluated data will usually be presented and used in.their 
format of origin, ENDF/B, UKNDL, KEDAK etc., the data from the EXFOR file is often 
inconvenient for manipulation and graphical display. A format more suited for the 
users has been developed, similar in philosophy and structure to the NEUDADA format, 
but improved to allow better handling of increasingly complex measured data. 
Computer printouts are always in the EXFOR - format itself, but for large quantities' 
of data the user requires a "computational format" for data processing. Here the; 
basic criteria are: single line with sorting keys, fixed data fields and a.unique 
set of units. Although the number of fields is theoretically unrestricted, 
initially only cross section data are converted with the four main fields "Energy", 
"Energy-Error", "Cross Section" and "Cross Section Error". Additional fields are 
reserved for "Standard Cross Section", "Angle" and "Secondary Energy" to extend the 
scope of the format to more complex data sets, such as angular distributions and 
double differential cross sections. A detailed description of the format is 
available from the Data Bank. 
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45-Rh-103 (n
3
 £ ) GROUP CROSS SECTION CALCULATION AND ERROR' COVARIANCE 

ANALYSIS . ;'••, " . ' ; '
 :

 - "•.'• •:'-•••• 

Part of the work of the NEA Data Bank includes the collection and 
distribution of computer codes used in many aspects of nuclear technology. This •• 
includes computer codes for nuclear model calculations and for the handling of 
both experimental" and evaluated nuclear data. As the quantity of experimental. 
...data on nuclear cross sections increases. year by year it becomes more important. ... 
. for.the Data Bank to collect arid distribute code packages, providing convenient 
and acceptable mehtods for data evaluators and reactor physicists to manipulate 
and condense the large quantities of experimental data. 

In recent years there has been a growing interest from reactor physics , 
in a more complete description of uncertainties related to ,evaluated cross sections. 
This has been reflected in the extensive inclusion of data.uncertainties and 
uncertainty covariances in the new ENDF/B-V file. The work in Europe is more 
diversive, with some uncertainty covariance information produced.in connection 
with adjustment of differential data to integral experiments, in shielding 
studies and in; fission product capture. 

Differential cross section measurements do of course themselves contain 
correlations between uncertainties at different energies and to some extent 
between different reaction channels. Attempts have been made by Dr.Perey In ORNL ; 
and by Prof. Vonach in Vienna to prepare cross section uncertainty correlation "

 :

v 
matrices from a careful study of experimental data alone. .The Data Bank has 
invited both Prof. Vonach and Dr.Perey to provide code packages for implementation 

/at the Data Bank, and which will be made available.to other users in our member 
countries. The code package of Prof. Vonach has been implemented at the.Data • 
Bank by Dr. Tagesen, and modified to accept input in the "computational format" 
produced directly by retrievals" from the experimental data base. The techniques 
of data manipulation are described in detail for threshold reactions in PHY-.D 
.13-1/3/, but are.also applicable to any smoothly varying cross section. As an „• 
example we have chosen il5-Rh-103 (n, 

. After retrieving all. available data sets for this particular reaction 
from the data.base, obviously wrong data and sets not carrying error columns are. 
eliminated, and the remainder, if necessary, renormalised to improved standards. . 
The group structure within the energy range available is dependent on data set . 
overlap and cross section variation. The calculation proceeds in two steps: 
1) Approximate derivation of excitation function by. calculating the average within 
each group, weighted with the inverse of the squared errors. 2) The slope of 
this preliminary excitation function serves for the renormalisation.of all cross 
section values to the respective group center, and the.resulting new values for 
the calculation of the final. evaluated cross section. Fig. 1 shows the. graphical 
results without, fig. 2 the same cross section with error bands. Fig. 3 shows, a 
comparison with the LIB-IV/4/ group cross sections. 

A further stage in analysis allows a covariance matrix to be generated: 
Table IV. The correlations between energies. are derived essentially from the 
degree to which the quoted uncertainties on each measurement' reflect systematic, and 
normalisation uncertainties. A documentation of these codes and the codes them-
selves are available from the Data Bank on request. • 

There are significant differences in the approaches of Prof.- Vonach and 
Dr.Perey, not only in the mathematical approximations used, but also in the degree' 
to which inter-reac.tion correlations are considered. Me hope that it will be 
possible to provide both code packages from the Data Bank in the near future. 
U11ce.rtai.nty correlations in differential cross'section measurements are of course ' ; 
only one source of information; constraints from nuclear model calculations: and . 
integral'measurements are equally important, but in the effort to meet the stringent 
uncerta:i nty requirements in data requests all available, information must be fully . 

used. 
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CONCLUSIONS 

The activities of the NEA Data Eank in all areas, including that of 
fission product cross section data depend on the cooperation of data measures, 
evaluators and reactor physicists. The Data Bank is not only a distribution 
centre but also relys on feedback from data evaluators and reactor physicists, 
who use data and computer codes, and on data measurers to provide readily up-to-
date information. Table V constitutes a "wish" list of new measurements for 
which data is not yet available at the data centres. This list is based partly 
on a selection from CINDA/5/ made by Dr. S. Igarasi/6/ and distributed to all 
data centres in July 1979: we count on your assistance to help us reduce the 
length of this list. 
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' T A B L E 1 • 

Experimental Fission Product (n,^) Cross Section Data Sets, 
Currently. Available in EXFOR.-

Isotope No. of Data Sets Priority 
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Table 1: Requests, Status and Action for Fast Capture Data aV 

Isotope No. of Data Sets Priority 

48-Cd-ll4 ' 7 
48-Cd-ll6 11 
49-In-113 8 
49-1*1-115 43 
50-Srrll6 3 
50-Srrll7 2 
50-Sn-H8 2 
50-Srrll9 2 
50-Sn-120 5 
50-Sn-122 9 
50-Sn-124 12 
51-Sb-121 21 
51-Sb-123 15 
52-Te-122 5 
52-Te-123 3 
52-Te-124 4 
52-Te-125 3 
52-Te-126 7 
52-Te-128 10 
52-Te-130 13 
53-1-127 42 
54-Xe-124 5 
54-Xe-125 . 1 
54-Xe-126 4 
54-Xe-128 4 
54-Xe-129 1 
54-Xe--130 4 
54-Xe-131 2 1 
54-Xe-132 4 
54-Xe-133 1 
54-Xe-134 4 
54-Xe-135 4 
54-Xe-136 4 
55-Cs-133 26 1 
55-Cs-134 1 
55-Cs-135 2 1 
56-Ba-134 6 
56-Ba-135 3 
56-Ba-136 6 
56-Ba-137 1 
56-Ba-138 19 
57-La-139 25 
58-Ce-136 2 
58-Ce-138 5 
58-Ce-l40 . 1 2 
58-Ce-l4l 1 
58-Ce-l42 13 
58-Ce-l44 1. 1 
59-Pr-l4l 23 
60-Nd-l42 5 
60-Nd-l43 5 1 
60-Nd-l44 ' 4 
60-Nd-l45 5 1 
'60-Nd-l46 9 
60-Nd-l47 2 



3 53 

Table I (Contd) 

Isotope No. of Data Sets Priority 

60-Nd~l'l8 10 
60-Nd-150 8 
6l-Pm-1^7 8 1 
6l-Rn-l48 
6l-Pm-l49' 1 
6l-Rri-l5l 1 
62-Sm-lM 3 
62-Sm-1^5 1 
62-Sn-l

J

t7 4 1 
62-Sm-l48 3 
62-Sm-l

J

t9 6 1 
62-Sm-150 3 
62-Sm-151 3 1 
62-Sm-152 10 
62-Sm-153 1 
62-Sm-154 11 
63-EU-151 18 1 
63-Eu-152 1 
63-Eu-153 8 1 

1 
63-Eu-155 1 2 
64-Gd-152 1 
64-Gd-154 6 
64-Gd-155 k 
6H-Gd-156 2 1 
64-Gd-157 5 
64-Gd-158 10 1 
64-Gd-l6o 7 1 
65-Tb-159 13 
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TABLE I I 

Fission Product Capture Cross Section Data made available 
to the NEA Data Bank after 1977 (Priority 1) 

Isotope E-Range 
No. 

Data Points Author Laboratory 
Year 
Publ. 

H0-gr-91 0.1-20KeV 
resonance 
parameters Brusegan + Geel

 : 
1978 

3-200KeV 15 Musgrove + Lucas Heights 1978 

40-2r-92 3-200KeV 15 Musgrove + Lucas Heights 1978 

40-2r-96 lMeV- 1 Dezso + Debrecen 1977 

4l-Nb-93 2.6 - 700KeV 521 Macklin ORNL 1976 

24 KeV 1 Yamamuro + Kyoto 1978 

42-Mo-97 3-200KeV 15 Musgrove + Lucas Heights 1978 

44-Ru-101 6.6-71KeV 434 Hockenbury + Rennsselaer 1975 

44-ftu-104 17-7iKeV 164 Hockenbury + Rennsselaer 1975 

46-Pd-105 6.3-300KeV 562 Hockenbury + Rennsselaer 1975 

3-200KeV 15 Musgrove + Lucas Heights 1978 

55-Cs-133 thermal 1 • Takine + JAERI 1978 

24KeV 1 Yamamuro + Kyoto 1978 

60-Nd-l43 3-100KeV Musgrove + Lucas Heights 1978 

60-Nd-l45 6.6-71KeV 434 Hockenbury + Rennsselaer 1975 

3-100KeV 13 Musgrove + Lucas Heights 1978 

62-Sm-l47 thermal 1 Eiland + Knolls 1974 

62-Sm-l49 6.6-71KeV 434 Hockenbury + Rennsselaer 1975 

63-Eu-151 thermal .1 Ryves + Teddington 1971 
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TABLE IIJ 

Evaluated FPMD - Libraries Available .At .the. NEA Data Bank 

_____ After 1977 

1. CNEN-CEA Preliminary Fission Product Cross Sections in ENDF/B 
Format, 63 Nuclides, 73812 Log. Rec. (Bologna/Saclay, 1978) 

2. CEN Fission Product Decay Data (Blachot et al.), 699 Nuclides, 
21867 log. rec. (Grenoble, 1978) 

3. Tobias Fission Product Decay Data in ENDF/B Format, 836 Nuclides, 
. 251^3 Data Records (CEGB/UK,.1978) 

4, ENDF/B-V Fission Product Data, 32000 log. rec. (BNL, 1979) 

5. JNDC-FFP-WG, Fission Product Cross Sections, 62 Nuclides, in 
.ENDF/B Format (Japan, 1977) 

6. RCN-2, Fission Product Cross Sections, 37 Nuclides, 149069 
Data Records (BCN, 1977) 
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TABLE IV 

Relative Covariance Matrix for 45-Rh-103'(fl>X ) 

Correlations given in; % 
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TABLE V 

Outstanding Requests for Capture Cross Section Data of Fission 
Products

:

at
 ;

the HEA Data Bank 

Isotope Author Laboratory 

36-Kr-8>4 KfK 

36-Kr-86 ' Kf K 

37-Rb-87 Murty Waltair 

38-Sr-86 Musgrove Lucas Heights 

38-Sr-86 Murty Waltair 

38-Sr-86 Vanpraet ORNL 

38-Sr-87 Vanpraet ORNL 

38-Sr-88 Vanpraet- ORNL 

39-Y-89 Czirr Livermore 

40-gr-91 Macklin ORNL 

42-Mo-95 Hockenbury Rennsselaer 

42-Mo-97 Hockenbury Rennsselaer 

42-M0-98 Murty Waltair 

H2-M0-98 Scoville Idaho Falls 

42-Mo-99 Musgrove Lucas Heights 

42-Mo-lOO Murty. Waltair 

42-Mo-100 Weigmann, ORNL 

43-TC-99 Adamchuk Kurchatov 

M-Ru-96 Murty Waltair 

44-RU-102 Murty Waltair 

44-RU-103 Hasan Aligarh (India) 

44-RU-103 Poenitz Argonne 

44-RU-103 Tramp Idaho Falls 

M-Ru-104 Murty Waltair 

i|6-Pd-105 Macklin ORNL 

l|6-Pd-107 Singh Rennsselaer 

47-Ag-107 Muradjan Kurchatov 

47-Ag-109 Muradjan Kurchatov 

48-Cd-llO Thirumala Waltair 

'l8-Cd-ll'-l Herman Wax-saw 

'l8-Cd-ll6 Hennan Warsaw 

48-Cd-Isot. •Hla-Pe Lucas Heights 

i|9-In-113 Murty Waltair 

Grady Michigan Univ. 
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Table 1: Requests, Status and Action for Fast Capture Data aV 

Isotope Author Laboratory 

i»9-In-115 

i»9-In-115 

H9-In-il5 

H9-In-115 

M9-In-115 

50-Sn-l22 

5.1-Sb-123 

52-Te-130 

53-1-127 

53-1-12? 

53-1-127 

53-1-127 

54-Xe-124 

55-Cs-133 

55-Cs-137 

56-Ba-138 

56-Ba-138 

57-La-139' 

58-Ce-l^O 

58-Ce-l40 

58-Ce-l4l 

58-Ce-l42 

59-Pr-iHi 

60-Nd-l42 

60-Nd-l46 

60-Nd-l'l6 

60-Nd-l48 

60-Nd-l48 

60-Nd-150 

60-Nd-Isot. 

Konov' 

Murty 

Temperley 

Thirumala 

Tromp 

Murty 

Stamatelatos 

Thirumala 

Chatuverdi 

Hasan 

Roto 

Shorin 

Kane 

Murty 

Anderl 

Potokar 

Sidappa 

NgcrQuoc Buu 

Bergquist 

Sidappa 

Chatuverdi 

Scoville 

Peigenbaum 

Kononov 

Kononov 

Sidappa 

Kononov 

Sidappa 

Kononov 

Nakajima 

Obninsk 

Waltair 

Aberdeen, USA 

Waltair 

Idaho Palls 

Waltair 

Columbia Univ. 

Waltair 

Vanarasi (India) 

Aligarh (India) 

Geel 

Obninsk 

BNL 

Waltair 

Idaho Falls 

Ljubljana 

Waltair 

Dutna 

Lund 

Waltair 

Waltair 

Idaho Falls 

Rennsselaer 

Obninsk 

Obninsk 

Waltair 

Obninsk 

Waltair 

Obninsk 

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

R. A. Anderl and Y. D. Harker 
Idaho National Engineering Laboratory 

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

F. Schmittroth 
Hanford Engineering Development Laboratorty 

P.O. Box 1970 
Richland, Washington 99352 

Abstract 

Integral capture measurements have been made for high-enriched iso-
topes of neodymium, samarium and europium irradiated in a row 8 position of 
EBR-II with samples located both at mid-plane and in the axial reflector. 
Broad response, resonance, and threshold dosimeters were included to character-
ize the neutron spectra at the sample locations. The saturation reaction rates 
for the rare-earth samples were determined by post-irradiation mass-
spectrometric analyses and for the dosimeter materials by the gamma-spectro-
metric method. The HEDL maximum-likelihood analysis code, FERRET, was used 
to 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 upward adjust-
ment of the capture cross sections for

 1 4 3

N d ,
 l l + 5

Nd,
 1 1 + 7

Sm and
 l 4 8

S m . 

Introduction 

In recent years, integral data (capture reaction rates and reactivity 
worth measurements in fast-reactor fields) have played an important role in the 
evaluation of fission-product capture cross sections of importance to reactor 
technology, especially the development of fast reactor systems/1/. In the 
simplest evaluation application for isotopes with sparse or no measured differ-
ential data, integral measurements have been used to 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 to make integral tests of crOss-section curves based on the differ-
ential measurements and nuclear model calculations. Such integral tests have 
been helpful to the evaluator in sorting out normalization problems between 
differential measurements. In a more sophisticated application, integral data 
obtained from measurements in different spectra have been used to adjust both 
multigroup and/or point-wise cross sect ions/1/. This latter application requires 
a realistic treatment of the uncertainties and correlations in the integral 
data and in the a-priori flux spectra and fission-product cross sections. 
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A significant fraction of the integral data used in the fission 
product cross-section evaluation process comprises reactivity worth measure-
ments in the fast reactor spectra of the STEK cores/2/ and activation capture 
rates in the fast neutron field of the Coupled Fast Reactivity Measurements 
Facility (CFRMF) at the Idaho National Engineering 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-II (EBR-II). The Nd and Sm cross sections are of importance to 
fission product poison effects .in fast reactors and/or to the establishment of 
a reliable burnup monitor for fast reactor fuels. 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-
tivity worths. Little, if any, integral capture data have been published. The 
EBR-II experiment differs significantly from experiments in the CFRMF and STEK 
facilities in terms of neutron spectrum characterization. The neutron fields 
in the latter two facilities are well characterized by means of neutronic cal-
culations and active neutron dosimetry. Characterization of the neutron 
spectra in the EBR-II is dependent on the use of passive dosimeters (activation 
monitors). 

Included in this paper are a brief description of the EBR-II irradia-
tion experiment and a detailed presentation of the measured reaction rates for 
the rare-earth samples and for the neutron spectrum dosimeters. In addition, 
preliminary results of the application of the FERRET Code/4,5/ for spectrum 
unfolding and for the adjustment of ENDF/B-IV multigroup cross sections based 
on the measured integral data are presented. 

EBR-II Irradiation Experiment 

Irradiation Configuration 

A detailed description of the irradiation experiment was presented 
earlier/6/. Only pertinent details will be given here. Shown in Figures 1 and 
2 are the subassembly and axial loading patterns for this experiment. The 
irradiation package consisted of multiple samples (0.1 yg to 50 yg deposits on 
Ni or V foils) of the isotopically enriched isotopes shown in Figure 2 and 
dosimeter sets consisting of Co, Cu, Fe, Ni, Ti, Sc,

 2 3 7

N p ,
 2 3 5

U ,
 2 3 8

U 
Kionitors- Two B-7 capsules provided the primary containment of the eight 
experiment capsules. Each experiment capsule contained up to five subcapsules 
each of which contained the sample or dosimetry materials. 

Reaction-Rate Determination 

Dosimeters. Saturation reaction rates for the dosimeters were deter-
mined by the radiometric technique/7,8/ using calibrated Ge(Li) spectrometers. 
Decay data for the analysis was taken from reference 8. The fission-rate 
determinations were based on the consensus fast 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

U , 
not given in the table, are difficult to obtain because a large correction is 
required to account for fission-product activity due to fission of the "grown-
in"

 2 j v i

Pu- Uncertainties in the reaction rates for the Co dosimeters reflect 
signified,it neutron self-shielding corrections (-factor of 2) required for 
Uiese monitors. 

Rare-Earth Samples. The saturation reaction rates summarized in 
Table II 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/. 
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Subassembly environment X-177 loading 

R: Stainless steel reflector 
P: 1/2 driver fuel, 1/2 stainless steel 
D: MARK II driver fuel 
X-287: structural 
X-214: oxide fuel 
X-235: MARK II driver fuel 
X-268: structural 

Subassembly: X-177 
Position: 8A4 
Irradiation time: Cycles 87C-88B, 2504 MWd 
Midplane fluence: 4.3 x lO^1 n/cm^ 

INEL-A-13 718 

Fig. 1 Subassembly loading pattern for EBR-II 
Irradiation. 
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TABLE I. Infinitely-dilute Reaction Rates for Dosimeters 
in EBR-II Experiment X-177 

Reaction 

Reaction rate (reactions/sec-atorn) x 10 
11 

XX-1
C 

XX-3 XX-2 XX-4 

59
r
 / v60

r r t Co(n,y) Co 

235 

237 

U(n,f) 

Np(n,f) 
4 5

S c ( n ,
Y
)

4 6

S c 
5 4

F e ( n , p )
5 4

M n 
5 8

F e ( n ,
Y
)

5 9

F e 
5 8

N i ( n , p )
5 8

C o 
4 6

T i ( n , p )
4 6

S c 
6 3

C u ( n , a )
6 0

C o 

20.2(9) 

231.(7) 

63.(4) 

3.75(9) 

1.300(22) 

0.965(13) 

1.74(4) 

0.1570(19) 

0.00728(12) 

27.8(12) 

234.(9) 

50.(2) 

3.72(8) 

0.910(15) 

0.998(14) 

1.27(3) 

0.1142(14) 

0.00527(8) 

64.(5) 

238.(9) 

19.3(10) 

3.99(9) 

0.2162(37) 

1.239(16) 

0.306(6) 

.02364(28) 

.00212(3) 

70.(6) 

230.(8) 

11.0(5) 

4.07(8) 

0.1024(17) 

1.166(15) 

0.152(3) 

0.01169(14) 

0.00104(2) 

Label for dosimetry set. 

^Number in parenthesis is the i-sigma error in the last significant digits. 

TABLE II. Infinitely-dilute (n,y) Reaction Rates 
for Rare-Earth Samples in EBR-II 

Experiment X-177 

Applicable Reaction 

Isotope 
Dosimeter 

Set 
Rate

 i n 

(rps/atom)xl0 
C

c 

M 

1 4 3

N d XX-3 5.03(6)
b 

.822 

1 4 4

N d 
XX-4 8.75(5) .863 

1 4 4

N d XX-1 1.06(2) .997 

1 4 5

N d 
XX-4 0.993(11) .970 

1 4 5

N d XX-3 7.64(8) .653 

1 4 7

S m 
XX-4 14.55(9) .765 1 4 7

S m XX-3 23.11(14) .658 

1 4 9

S m 
XX-2 44.8(5) .813 

1 4 9

S m XX-3 40.9(10) .721 

1 5 1

E u 
XX-2 81.5(27) 1.07 

1 5 1

E u XX-1 54.(3) .705 

1 5 2

E u 
XX-4 113.(7) .794 1 5 2

E u XX-1 52.(5) .913 

1 5 3

E U 
XX-2 75.(8) 1.26 

1 5 3

E U XX-1 29.6(15) .804 

1 5 4

E u 
XX-4 61.9(25) .934 1 5 4

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

a

Dosimeter set identification which relates rare-earth reaction rates to 
dosimeter rates in Table I. 

^Number in parenthesis is the 1-sigma error in the last significant digits. 
c 
Calculated-to-measured reaction-rate ratios based on the unadjusted fission-
product cross sections and the multigroup fluxes obtained from spectrum 
unfolding analysis. 
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Prior to mass spectrometric analysis, the rare-earth deposits were, cheinically 
isolated from the backing foil. 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 involve radioactive parent or capture 
products, the reaction-rate determination is more complicated. Because a 
significant fraction of the capture in

 1 5 1

E u goes to the 9.6 h
 1 5 2

E u rnetastable 
state (estimated to be 41% from the data in reference 3), chemical isolation of 
the Eu fraction from the Gd and Sm decay products from the 9.6 h activity was 
required prior to mass-spectrometric analysis for the 152/151 atom ratio. 
Consequently, the capture rates for

 1 5 1

E u in the table were derived from decay-
corrected measured-atom ratios divided by .59 to account for the isomer pro-
duction. The errors in the measured capture rates for the

 1 5 1

E u are dominated 
by a 5% uncertainty estimated for the isomer ratio. 

Capture rates for
 1 5 2

E u are based on decay corrected 153/152 atom 
ratios obtained from mass spectrometric measurements for Eu samples isolated 
from the nickel backing and from the Siri and Gd decay products from the decay 
of the 13.2y

 1 5 2

E u . The sizable errors estimated for the quoted
 1 5 2

E u capture 
rates result from uncertainties in the mass spectrometric determination of the 
153/152 atom ratios in the unirradiated and irradiated samples. Similarly, 
the capture rates for

 1 5 3

E u are based on decay-corrected 154/153 atom ratios 
obtained from mass-spectrometric measurements. The dominant contribution to 
the error for the Eu capture rate is due to uncertainties in the mass-
spectrornetric determination of the 154/153 atom ratios. 

The capture rates for the
 1 5 1 +

 Eu samples are based on decay-corrected 
atom ratios determined by the Ge(Li) spectrometric measurement of the relative 
qarrima emission rates of the 123.14-keV and 105.3-keV lines in the p- decay of 
*

5 1 +

EU and
 1 5 5

E u , respectively. The dominant contributors to the uncertainty 
in the capture rates are errors in the gamma-ray branching ratios 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 INEL Decay 
Data Master File . 

Data Analysis 

Neutron Spectrum Characterization 

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

1) 47 group fluxes derived from 29 group fluxes obtained from XY^ 
geometry (for mid-plane) and RZ-geometry (for reflector) 
neutronics calculations for applicable core configurations of 
EBR-I1/11/, 

2) parametric representations for the flux covariance matrices, 

3) 47 group dosimeter cross sections based on ENDF/B-IV, 620 group 
cross sections collapsed with a weighting function representative 
of the neutron spectra in EBR-II, 

*S1ightly modified version of the HEDL 42 group energy structure with maximum 
energy extended to 16.91 MeV. 
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4) parametric representations for the cross-section covariance 
matrices. 

The covariance matrices generated for both the fluxes and cross 
sections are composed of two components: an overall fractional normalization 
uncertainty, c, and a second term, r - r - P t h a t describes any additional 

V J 'J 
uncertainties and correlations. The correlation matrix is parameterized by 

P i i
 = (1 - 0) 6.. + 0 e" •J IJ O 

Y 
where 0 denotes the strength of the short range correlations and y denotes 
their range. For example, completely uncorrelated data or a-priori values 
are described by 0=0 so that p . , = s... The values, {r.} are the group-by-

' J ' J I 
group fractional uncertainties. 

In the present analysis, a mid-plane a-priori flux was assumed to 
have a 10% normalization uncertainty, a group-by-group uncertainty of 20% with 
short-range correlations specified by

 Q

= 0.9 and Y= 3.0 A reflector a-priori 
flux was assumed to have a 20% normalization uncertainty and a group-by-group 
uncertainty of 40%. A more extensive evaluation by one of the authors 
(F. Schnrittroth) of the uncertainties and correlations for the dosimeter cross 
section is beyond the scope of this paper. 

Two examples of the spectrum-unfolding analysis which simultaneously 
treated all four dosimeter sets are illustrated in Figures 3 and 4. In Figure 
3 , one notes that the adjusted multi-group flux appears to be somewhat softer 
than the a-priori flux. Group-to-group fractional uncertainties were reduced 

Energy (eV) INEL-A-13 764 
F.ig. 3 Comparison of a-priori and adjusted multigroup fluxes 

for XX-1 dosimeter at mid-plane. 
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Fig. 4 Comparison of a-priori and adjusted multigroup 
fluxes for XX-2 dosimeter in the reflector. 

to as low as 12% in the region of maximum response above the sodium dip 
(25 keV). Illustrated in Figure 4 is the overall hardening of the a-priori 
reflector neutron spectrum by the adjustment. The two figures illustrate the 
significant differences in the energy distribution of the neutron flux between 
a mid-plane and a reflector location and point to the sensitivity of the 
reflector reaction rates to resonance capture. 

Cross-Section Adjustment 

A least-squares adjustment of the fission-product multigroup cross 
sections was made with FERRET based on the following a-priori information: 

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 representations for the cross-section covariance 
matrices. 

Summarized in the 4th column of Table II and illustrated by Figures 
5-8 are some of the results of the FERRET analysis. The C/M ratios given in 
Table II present "conventional" integral tests of the fission-product cross 
sections. For example, both the mid-plane and reflector C/M ratios .'for

 1 4 3

N d 
indicate the need for an upward adjustment in the cross section throughout the 
region of sensitivity of the fluxes. The C/M ratios based on the.adjusted 
fission-product cross sections and fluxes were essentially 1 for all cases 
except those with large errors in the measured reaction rate, e.g.,

 1 5 2

E u . 



fig. 6 Comparison of a-priori and adjusted 
multigroup cross sections for

 1 4 5

N d 

Energy (eV) INEL-A-13 762 

Fig. 5 Comparison of a-priori and adjusted 
multigroup cross sections for

 1 4 3

N d 



Fig. 8 Comparison of a-priori and adjusted 
cross sections for

 l l + 9

Sm 
Fig. 7 Comparison of a-priori and adjusted 

cross sections for
 i H

'Sm 
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Shown in Figures 5-8 are comparisons of the a-priori and adjusted cross 
sections for

 1 4 3

N d ,
 1 4 5

N d ,
 1

 Sm and
 1 1 + 9

Sm isotopes for which no previous 
integral capture data have been reported. As expected, the adjustment in the 
cross section is mainly over the region of maximum response in the neutron 
fields and the magnitude of the adjustment is approximately given by the 
inverse of the C/M ratios from Table II. 

Discussion 

Some qualitative comparisons of the present integral results and 
cross section adjustments with other integral data, measured differential 
cross sections and/or evaluated cross sections were made. Integral checks of 
the ENDF/B-IV cross sections for

 1 4 7

S m and
 1 1 + 9

Sm based on reactivity-worth 
measurements in the STEK cores has been reported as C/M ratios/2/. The C/M 
ratios from the present experiment are in good agreement with the STEK results. 
For

 1 4 3

N d ,
 1 I + 1 +

Nd and
 l t t 5

N d , Gruppelaar/13/ has reported adjusted cross sections 
(RCN-2A set) based on reactivity-worth measurements in the STEK cpres. A 
comparison of the adjusted Nd cross sections from the present work with those 
of Gruppelaar indicates good agreement for

 l i + 5

Nd and reasonable agreement for 
1 L f 3

Nd and
 l l + 1 +

Nd. A comparison of the preliminary EBR-II adjusted cross 
sections with recent differential data indicates reasonable agreement for 
1 4 9

S m and
 1 4 5

N d and good agreement for
 1 1 + 3

Nd and
 1 4

^Nd/14/. 

We consider the present integral results and FERRET analyses to be 
of more use in data evaluation that just for qualitative comparisons of C/M 
ratios and adjusted cross sections. Especially of use to the data evaluator 
are the adjusted cross sections and associated adjusted covariance matrices. 
The adjusted covariance matrices embody all the uncertainties and correlations 
associated with these integral experiments. The data could subsequently be 
used by the evaluator to adjust evaluated point cross sections based on nuclear 
model calculations and measured differential data/1/. Furthermore, with the 
advent and utilization of covariance files for ENDF/B cross sections, this 
approach to data evaluation will utilize in the most consistent way all the 
measured and calculated information important to determining point-wise cross 
sections for fission-product isotopes. 

In summary, we would like to emphasize the unique features and contri-
butions of the present experiment and analyses. From an experimental stand-
point, 

1) small sample sizes were required (yg quantities of highly 
enriched rare-earth samples were prepared with the INEL 
electromagnetic mass separator), 

2) short-time (~30 days) irradiation of samples in different 
neutron fields of high flux test reactor, 

3) spectral characterization of neutron fields by use of 
passive dosimetry, 

4) capture reaction-rate measurements based on conventional 
mass spectrometric and Ge(Li) spectrometric techniques 
and capabilities at the INEL. 

From an analysis standpoint, we have demonstrated the adjustment of cross 
sections based on the present integral results to be consistent with other 
evaluations and differential measurements. 
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STATUS OF PSEUDO FISSION-PRODUCT CROSS SECTIONS FOR FAST 

REACTORS; SENSITIVITY STUDY FOR SODIUM VOID EFFECT 
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P.O. Box 1, 1755 ZG Petten, The Netherlands. 

Abstract 

The accuracy requirements and the status of the evaluated neutron 
capture, cross sections of the nuclides, which together make up 
the total fission-product mixture in a fast power reactor, are re-
viewed. The most important fission-product neutron cross section 
data files are shortly discussed and compared. In order to define 
the accuracy needed for the cross sections of fission products in 
the calculation of the sodium-void reactivity effect in a fast 
power reactor a sensitivity study has been made using a simple 
reactor m o d e l . Some conclusions are presented. 

1. INTRODUCTION 

During burn-up of the fuel in a fast reactor a large number of fis-
sion-product nuclides is created. The greater part of these nuclides is un-
stable, decaying by 3-decay. The easiest way of looking at the properties of 
this mixture of fission products is by normalizing on the number of fissions 
that has created them. The total number of the fission products then adds to 
a value of 2, and the distribution of the number of nuclides (generated per 
fission) over the mass range is then changing only slowly in the course of 
the burn-up of the fuel. During the first few months of irradiation, however, 
the many short-lived nuclides have not yet reached their equilibrium concen-
trations, and changes in composition are then therefore still large. At longer 
periods of irradiation the long-lived and stable nuclides dominate in this 
mixture, while also small changes in composition caused by neutron capture 
are going to play a role. 

The concept of pseudo fission-products is introduced by calculating 
the summed microscopic capture (and other) cross sections of the mixture 
using the normalized concentrations (or so-called effective yields) mentioned 
above. Normally this is done on the level of group cross sections. For re- ' 
action x in group g (for fission in nuclide j) one gets: 

5 x , g ( t ) - I < g , 

where y|(t) is the concentration of fissio.n product i per fission in nuclide 
j at time t after reactor start-up, and a

X )
g is the cross section for re-

action x in group g for fis.sion product i. For the concentrations the fol-
lowing relation holds: Z y J ( t ) = 2 . 0 . 
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In practice the summation for o is not made over all possible fission products, 

because the cross sections of the very short-lived (Tj < 30 hours) nuclides are 

generally unknown and assumed to vanish. Mostly 160 to 190 nuclides are taken 

into account, of which about 110 stable, 10 long-lived (T5> 3 years) and 45 

short-lived (T5> 30 hours). However, for the capture cross section of the 

total mixture ohly 6 to 8 of the most important nuclides are needed to obtain 

50% of the capture effect, 20 nuclides give about 80%, 40 nuclides about 95%, 

and with 50 nuclides more than 98% can probably be obtained. 

In table I a list of the 20 most important fission products contributing to 

the pseudo product cross sections is given (from /l/). 

2. ACCURACY REQUIREMENTS FOR FISSION PRODUCT CROSS SECTIONS 

At the second IAEA advisory group meeting on fission-product nuclear 
data, held in 1977 at Petten, the needs and accuracy requirements for indivi-
dual f.p. nuclides and for the total mixture of f.p. were reviewed /2/. Here 
w e will only summarize the recommendati ons of that meeting concerning the 
cross section requirements in a fast reactor for the total mixture of fission 
products (ref. /2/, R.P. 3 by Rowlands, and the Conclusions and Recommenda-
tions, chapters III and IV) and add some additional recent views, mainly from 
the French /3,4/. 

The target accuracy for the prediction of reactivity effects of the 
fission products was requested less than 10% /2/. In future, however, for the 
expected development of high-burn-up fast reactors a target accuracy of 7% 
would be appropriate. The 10% target implies that the bulk capture effect of 
f.p. is required to 10% accuracy. The reactivity effect due to inelastic 
scattering of lumped f.p. is 10% to 15% of the capture effect. An accuracy 
of ±30% in the bulk f.p. scattering effect is wanted. 

The effect of f.p. on sodium void reactivity should be predicted 
to within 30% accuracy. The cross section requirements are not easily defined. 
The effect of f.p. on Doppler reactivity should be predicted to within 50% ac-
curacy. For the resulting requirements on the bulk f.p. cross sections, it 
has to be taken into account that the effects of capture and inelastic scat-
tering are of opposite sign and that therefore the requirements for these 
separate components may be more stringent than 50%. 

At short times after reactor start-up the time behaviour of the 
lumped f.p. depends partly on the cross sections of some radioactive nuclides 
(T| > 30 h) such as

 9

* M o , *
0 3

R u ,
 1 0 5

R h and
 1 4 9

P m . These cross sections are not 
well known and it was recommended to investigate the effect of their uncer-
tainties on the total uncertainty of the time dependence of reactivity. 

So far the conclusions of the 1977 FPND meeting. During that con-
ference, however, the French already stated that in their opinion tighter 
accuracies on the bulk f.p. reactivity effect were n e e d e d , especially in 
future, for a 1200 MWe reactor (/10/, page 293). In more recent French papers 
/3,4/ this view is repeated and discussed. As a goal at the moment an accu-
racy of 5% (la; it has to be remarked that the figures given in the French 
publications refer to 2o) seems to be needed, while in future even a goal of 
3.5% is considered as desirable. We will discuss this further in section 3. 

Concerning the bulk capture effect of f.p. the following was 
stated at the 1977 Petten meeting: 

Calculations, carried out in The Netherlands and in France suggested that, 
with th'.-. accuracies of individual cross sections as given in present evalu-
ations, the required target accuracy (of 7%) was already reached. However, 
preliminary results of experiments performed in France on irradiated fuel 
from PHENIX showed integral data which were systematically about 15% lower 
than those calculated. On the other hand Dutch experiences with samples of 
irradiated thermal reactor fuel oscillated in STEK were in satisfactory 



agreement with the calculations. It was felt that, before judgment was m a d e , 
the final analysis of the French experiments had to be awaited. Only then it 
could be decided whether new experiments on bulk FP samples are required or 
not. 

In the meantime the French results have been published /5/. Their 

conclusion is that the bulk f.p. capture as calculated with the CARNAVAL-IV 

cross section set should be reduced by about 18% (forthe results of these 

measurements an accuracy of ±3.5% is claimed, la). This conclusion seems to 

be in contradiction with the Dutch experiences with irradiated samples (see 

7 2 / , RP14, table 8 , and /12/). There the high-irradiation sample HFR-101 

showed a good agreement with calculations, while the (much less accurate) 

low irradiation sample HFR-102 could indicate that the cross sections should 

be enlarged somewhat. 

So no final conclusions are at the moment possible. In the French 

program more irradiations are planned to obtain bulk f.p. samples /5/, with 

pure
 2 3 9

P u fuel as well as with normal PHENIX plutonium fuel. As far as we 

know also the Japanese are contemplating irradiation of fuel to measure 

thereaft er the f.p. reactivity effects. 

In the final uncertainty of the reactivity effect of the bulk 

f.p. mixture the uncertainties in the cross sections of the individual nu-

clides take a large part. That is why a continued effort in improving the 

knowledge of these cross sections is needed. In RP14 of the Petten meeting 

it was discussed that when calculating the spectrum-averaged one-group 

cross section of the
 2 3 9

P u pseudo fission product with different data files, 

one finds, when the old (1971) Australian library /6/ is u s e d , a value which 

is quite near to the value calculated with an up-to-date library. However, 

when the same is done for the other pseudo's (say of
 2 3 5

U and ^ ^ P u ) large 

differences appear when compared with modern libraries. The reason is that 

the cross sections of some individual nuclides in the Australian set are 

out of date (for example the cross section for
 1 0 1

R u is about 100% too 

h i g h , etc.). So, to be sure that in all cases the right pseudo f.p. capture 

cross section will be calculated, it is necessary that also for the major 

individual nuclides certain accuracy requirements are met. There was some 

discussion at the 1977 Petten meeting about the individual accuracy that 

should be reached in order to safely fulfil the bulk requirements. Finally 

values were agreed upon which were mostly much lower than those requested 

at the 1973 Bologna Panel /7/. The main argument for accepting these thight 

requests was that possible systematic errors in the capture cross sections 

of individual f.p. in general do not cancel, unlike statistical errors. 

The strong time dependence of the pseudo fission product capture 

cross section at short times (t < 150 days) after reactor start-up was short-

ly discussed at the 1977 Petten meeting. The four most important nuclides 

were mentioned in the Proceedings. The nuclides that may play a role in this 

effect are those with halflives between about 6 hours and 2 months. Involved 

are the cross sections of the short-lived nuclides and of their stable 

daughters. The growing into equilibrium concentration may give an increase 

or a decrease of the net cross section, or the net effect may be approxi-

mately zero. In table II we have listed the most important unstable nuclides 

involved in this effect. The cross sections of these nuclides have to be 

evaluated with reasonable degree of accuracy, say some 30-50%. H o w e v e r , no 

work has as yet been done to investigate more precisely the effect of their 

uncertainty on the total uncertainty of the time dependence of reactivity 

after start-up of the reactor at the beginning of a cycle. 

Concerning the effect of f.p. on the sodium void reactivity some 

work has been done. In Japan measurements have been performed to determine 

tnis effect /8/. The bulk f.p. was simulated by a mixture of natural elements 

devised by Schroder / 9 / , and in other measurements by respectively b o r o n , 

molybdenum, and niobium. Also a comparison was made with calculations. 
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Especially the KfK simulation material /9/ gave large and till now unexplain-

able deviations. The authors concluded that in order to estimate the effect 

on sodium worth the capture cross sections of the f.p. should be known more 

precisely, especially in the low energy range of 100 eV - 10 keV. 

In section 5 we will report some results of a preliminary sensitivity study 

on the influence^ of f.p. cross sections on the sodium void reactivity. 

3. OTHER FACTORS INFLUENCING THE ACCURACY OF THE PSEUDO FISSION PRODUCT CROSS 
SECTIONS. 

Other factors determining the accuracy with which the cross sections 

of the pseudo fission products can be calculated are the following: 

1. Uncertainties in the yields used. 

2. Uncertainties in the leakage and migration of some gaseous and volatile 

f.p. towards the plenum. 

3. Uncertainties arising from variations in reactor operations. 

4. Uncertainties coming from variations in reactor or fuel element design. 

In several French publications these points have been discussed (/l/, /3/ , 
the paper by Langlet et al. in /10/), and partly also in Japanese reports /ll/. 

Hammer /3/ gives an estimate of the uncertainty in a due to yields 
at present of about 4% (la). On the basis of new yield data /25/ he expects 
that in future this contribution in the f.p. error can be reduced to 1.5%. 
Although the error estimations for the yields in /25/ probably are somewhat 
optimistic, w e also have the feeling that this error contribution is at the 
most some 1 or 2%. In some Dutch studies /12,13/ different existing yield 
sets were used to calculate the effective one-group pseudo f.p. cross sect-
ion; the difference was found to be of the order of 0.5%. It has to be ad-
m i t t e d , however, that if a large error in the yields of some important 
nuclides would be detected, the change in the pseudo cross section could 
be non-negligible. And it is perhaps questionable whether the detailed yield 
curve for

 2 3 9

P u is known with good enough accuracy. 

In the uncertainty due to migration effects it is probably mass 
chain 133, with

 1 3 3

X e (T^ ~5 days)
 1 3 3

C s , which gives the largest contri-
bution /31/. If one assumes that the leakage of gaseous products as B r , Kr, 
I and Xe is taken correctly into account with a constant half-life decrease 
of about 10 days, a net uncertainty of about 1.5% (la) results /3/. 
The uncertainties due to the other two factors mentioned only contribute 
about 1%. 

In the opinion of the French /3/ the total uncertainty at the mo-
ment in the bulk f.p. reactivity effect is primarily caused by errors in the 
cross sections and yields. For the CARNAVAL-IV set the. cross sections contri-
bute 5%, the yields 4 % , with the other errors mentioned a total uncertainty 
of 8% is estimated. For the near future it is expected that improvements are 
possible in the cross sections (error reducing to 4%) and especially in the 
yields (error reducing to 1.5%), the total uncertainty then becoming about 
5% (1°). The final goal is, however, 3.5%, which is in our opinion still a 
long way. 

4. FISSION PRODUCT CROSS SECTION DATA FILES 

In this section the status of the available fission product cross 

section libraries of recent evaluations (see table III) will shortly be dis-

cussed. The format of these data files is that of ENDF/B, except for the 

RCN-2 evaluation, which is stored in KEDAK format. 

ENDF/B-IV: This file contains cross sections for 184 nuclides in the fission-

product mass range, of which about 172 can be considered to occur as fission 

products; the other 12 are stable isotopes of the natural elements in this 

mass range /15/. 
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ENDF/B-V: This file contains 196 nuclides, including 12 more stable isotopes 

of the natural elements, so that now practically all natural elements are 

complete in this evaluation. Apart from this extention also a number of im-

portant f.p. -nuclides has been adjusted to fit integral data and recent dif-

ferential experiments /16/. 

CNEN/CEA: Compared to the status in 1977 this evaluation has been extended 
from 50 to 63 nuclides. In 1978 an- Italian report has been published /17/ in 
which this evaluation was compared with the other evaluations in table III. 
For that purpose a 25 group cross section set was calculated for each of the 
63 nuclides. That report gives graphs and tables with numerical values of 
these multigroup cross sections. 

RCN-2: This library has been extended from 29 f.p. nuclides (1977) towards 

38 (1978). Apart from this extention also an evaluation has been made of the 

(n,p) and (n,a) cross sections of the nuclides in this library /18/. A fur-

ther extention of this library is still in progress /32/. 

JENDL-1.: This library was extended from 28 nuclides (1977) towards 62. 

Recently full documentation for neutron cross sections of 28 f.p. nuclides 

has been completed /19/. There seems to exist plans for a further extention 

towards 96 nuclides. -

•Apart from these basic data evaluations, several group constant 
libraries for f.p. exist. We mention here the adjusted RCN-2A set /20,21/ 
and the CARNAVAL-IV system, which have been intercompared in a contribution 
to this meeting /14/. These two sets were obtained by applying adjustments 
using integral data measured in various fast reactor cores. 

At ECN pseudo fission product cross sections have been calculated 
in the Russian 26-group scheme /23/ for

 2 3 9

P u using the ENDF/B-IV, CNEN/CEA, 
RCN-2A and JENDL-1 libraries. The concentrations were taken from ref. /13/, 
table 3.2. These data sets were supplemented with data from other libraries, 
mostly ENDF/B-IV and the Australian data set /6/. 

The calculated pseudo f.p. absorption group cross sections are 
listed in table IV. These data include corrections for (n,p) and (n,a) re-
actions /18/. The relative differences of the .pseudo f.p. absorption cross 
sections calculated from RCN-2A, CNEN/CEA and JENDL-1 with respect to ENDF/B-
IV are plotted in fig. 1. The differences between the cross sections of the 
first three libraries are very small; the ENDF/B-IV results are systematically 
about 10% lower. The deviation between RCN-2A and the other data files from 
1 to 2.15 eV is mainly due to the cross section of one isotope (

1 0 7

P d ) , for 
which in RCN-2A a resonance was assumed to fit the thermal cross section /32/. 
Most other differences are found at higher neutron energies, possibly due to 
differences between the models used to evaluate the cross sections /18/. 

To compare these libraries in a more global way with each other and 
with the situation of 1977 the one-group capture cross section averaged over 
an SNR-300 spectrum was calculated for each library (table IV). It was found 
that the deviation with 1977 was less than 1%; and as in 1977 all libraries ag^ee 
within 1% except for ENDF/B-IV, which is 10% low, the main sources of this 
difference were already explained at the 1977 FPND meeting (RP 14 /2/). Unfor-
tunately we can not yet indicate how the situation will be with respect to 
ENDF/B-V. 

In ref. /14/ also a comparison between one-group cross sections 
calculated from the adjusted RCN-2A and CARNAVAL-IV has been m a d e , though with 
another weighting spectrum. The results show that the CARNAVAL-IV set gives 
about; 5% higher values, which can be ascribed mostly to discrepancies for 

and The assumed uncertainties in the one-group cross sections 

calculated from the adjusted sets is about ±8% /3,13/. See sect. 2 for a dis-
cussion on comparison of these results with integral data measured with real 
f.p. nri.xtures from irradiated fuel. 
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5. SENSITIVITY OF SODIUM VOID EFFECTS TO FISSION PRODUCT CROSS SECTIONS 

At the 1977 Petten FPND meeting a target accuracy of 30% for the ef-

fect of fission products on the sodium void reactivity effect was formulated 

/22/ (giving an uncertainty contribution to the central void term of about 3% 

and to the total core voidage of about 7%). A translation of this target into 

fission product cross section accuracies is not so easy because the sodium 

void effect consists of several, partly compensating, effects which have their 

main influence in different e n e r g y regions. Fig. 2 shows the terms contri-

buting to the central void effect in a 1300 MWe FBR. For each energy group g 

(of the Russian ABBN 26 group scheme /23/)is given: 

- the capture contribution : Oc,g <i>g <t>g 

- the elastic scattering contribution : Og^g-^g+j <|>g(<j>g - <j>g+j ) 

- the inelastic scattering contribution: Z > <j> (<j)
+

 - <)>* i) 
gt •

L U

»& o 6 g 6 

In order to get some insight into the sodium void sensitivity to the fission 
product capture cross section as a function of energy, a series of zero 
dimensional reactor calculations was performed, with perturbed capture cross 
sections in each of the 26 ABBN groups. The solid curve in fig. 3 shows the 
resulting total (- capture + scattering) sodium void sensitivities; for ex-
ample, increasing E

c
 of the fission product mixture (at 74 MWd/kg burn-up) 

in group 14 by 10% results in an increase of the reactivity effect of sodium, 
PNa> °f It

 c a n

 be seen that the effect is dominating in the energy 
region between 200 eV and 5 k e V , which is clearly lower than the region in 
which the fission product poisoning effect is established (see the.sensitivity 
curve in fig. 3 for the fission product capture rate; dotted line). It was 
found that capture cross section perturbations mainly affect through the 
elastic scattering term, the capture and inelastic terms being much less 
sensitive. Also the leakage term in whole core voiding, in fundamental mode 
approximation proportional to a ^ g ^ g ^ ^ g ^ g

 a n <

* being the reactor 
diffusion coefficient and buckling, respectively), turned out to be rather 
insensitive to capture cross section variations. 

The numerical values of fig. 3 should be used with some care,for 
several reasons. 

1. The values depend on the way in which criticality is re-established in 
the calculations after a cross section perturbation (B

2

 search, poison 
search or no criticality search). In particular above 5 keV relatively 
large differences were found between the sensitivities obtained with the 
different approaches. However, the region below 5 keV was always found 
to be dominating, with sensitivities of the same order of magnitude. 

2. Apparently, the negative contribution to of the sodium scattering res-
onance near 3 keV is most sensitive to fission product cross section per-
turbations. This negative contribution (see fig. 2) strongly depends on 
the neutron spectra <t> and <j>

+

 below 10 keV and was rather small in the 
fairly hard fundamental mode spectra used in our calculations. In more 
realistic FBR spectra this contribution could be larger, which would pro-
bably result in larger sensitivities of p

N a
. On the other h a n d , infinite 

dilution sodium cross sections were used in the calculation of Pjja' 

use of sodium cross sections appropriate to the unvoided core composition 
would result in a reduction of the contribution to Pj^

a
 of group 13 by 

about 60%. The sensitivities near group 13 would also be reduced; thus, 
the important sensitivity in group 14 (0.10) turned out to become 0.065. 

3. In realistic void situations the positive central term is partly compen-
sated by the accompanying negative leakage term, which means that sensi-
tivities of real void effects would be larger. This has been taken into 
account in the accuracy requirements mentioned above. 
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The sensitivities of p ^
a
 to fission product cross sections are more or less 

linearly dependent on core burn-up. For fig. 3 this burn-up was 74 M W d / k g , 

which is about the average core burn—up at the end of a two—batch equilibrium 

cycle expected in future FBR designs, Even at this burn-up the fission pro-

duct capture cross sections do not play a dominant role in the total sodium 

void uncertainty. For Comparison the sensitivities of pjg
a
 to the capture 

(absorption - fission) cross sections of the complete reactor material mix-

ture have been inserted in fig* 3 (dashed curves) It can be seen that the 

fission product capture cross sections contribute at most 10-20% to the 

total E
c
 sensitivities. 

Finally, it may be mentioned that p ^
a
 was found to be much less 

sensitive to fission product cross sections other than capture. 

In view of the above mentioned uncertainties is it hardily possible 

to formulate accuracy requirements of fission product cross sections for the 

prediction of sodium void effects, Further calculations, using more realis-

tic reactor m o d e l s , would be necessary. The most one can do is to say that, 

for the conditions appropriate to the calculations underlying fig. 3 , a 

(correlated) error in o
c
 in the energy region 200 eV - 5 keV of 10-15% would 

be tolerable. 

Table V might give an idea about the differences between present-

day fission product cross section evaluations, as far as the effect on 

sodium void is concerned, A clean 1300 MWe FBR core was poisoned with var-

ious fission product mixtures to amounts which equalled the reactivity of 

the reference fission product mixture at 74 MWd/kg according to the ad-

justed RCN-2A data set, In the table the elements boron, niobium and molyb-

denum and the mock-up mixture KFK defined by Schroder /9/ are included 

because they have been used in several recent mock-up experiments /8/. 

The table gives the central sodium void reactivity effects p
N a
 in the differ-

ent fundamental mode spectra. For the fission product mixtures the p ^
a 

values are very close. A p p a r e n t l y , the relation between the reactivity 

invested in fission products and the effect on the sodium void worth is about 

the same for the three evaluations mentioned in the table. (It should be re-

membered, however, that the fission product reactivity per fission according 

to ENDF/B-IV is about 10% lower than the corresponding RCN-2A and JENDL-1 

values. The fission product concentration was adjusted correspondingly to 

obtain the same reactivity investment), F o r m e r l y , much larger differences 

were found /22,30/, e.g. between the COOK /6/ and BENZI /29/ evaluations; 

but in /30/ the BENZI evaluation (which extends down to 1 keV) was not sup-

plied with fission product capture data below 1 keV. For the three other fis-

sion product simulating elements in table V larger variations are found in 

the relation between invested reactivity and the effect on p . 
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Table 1: Requests, Status and Action for Fast Capture Data aV 

The 20 most important fission products in a fast reactor, in order of im-

portance /!/. 

n o . nuclide Ti no. Nuclide T^ 

1 Pdl05 1 1 Cs 1 33 
2 RulOl 12 Cs 1 35 2.10

6

 a 

3 Rhl03 13 Agl 09 

4 Tc99 2 . 1 0
5

 a 14 Rul 03 39 d 
5 Pdl07 6.10

6

 a 15 Rul02 

6 Sml 49 16 Eul53 
7 Sml 51 17 Ndl 43 
8 Pml 47 2.6 a 18 Rul 04 

9 Mo97 19 Mo95 
10 Ndl 45 20 Mo 100 

Table II 

Some important unstable fission products (with in between 6 h and 2 months) 

nuclide % contribution to bulk 
5

c a
P
t .

 a t t = 1 d a

y 

9 9

M O 66 h 5.4 
10 3

R u 39 d 6.0 

!°
5

Rh 36 h 4.0 
1 4 3

C e 33 h 2.0 
1 4 7

N d 1 1 d 2.6 
1 4 9

P m 53 h 7.0 

Table III 

Recent fission product nuclear data files 

file name number of f.p. nuclides 

with cross section data 

year of 

release 

ENDF/B-IV -172 1974 

ENDF/B-V -172 1979 

CNEN/CEA 63 1978 

RCN-2 38 1978 

JENDL-1 62 1978 
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Table 1: Requests, Status and Action for Fast Capture Data aV 

Absorption cross sections
3

^ in b/fission of pseudo fission product of
 2 3 r j

P u 

at 41 MWd/kg burn-up, calculated from different f.p. cross section libraries. 

f.p. l i b r a r i e s ' Number of f.p. nuclides 

RCN-2 1 • • — • _ — " 

RCN-2A 37 - - • ^ • 

CNEN/CEA 1 62 

JENDL-J • 59 

ENDF/B-IV 116 93 , 96 155 

Australian . 7 7 . 1 '• 7
 : 

ABBN Main libraries: 
fry* AI AT? • ' • glOUp LAEi 

nr. R C N - 2 A
b > c ) 

CNEN/CEA
c

^ J E N D L - 1
C

) ENDF/B-IV
C

^ 

1 6.5 -10.5 MeV 0.0030(6.3) 0.0054(7.9) 0.0037(7.1) 0.0058(8.9) 
2 4.0 - 6.5 0.013 (14) 0.020 (20) 0.018 (19) 0.017 (18) 
3 2.5 - 4.0 0.034 0.042 0.047 0.041 
4 1.4 - 2 . 5 0.058 0.064 0.080 0.068 
5 0.8 - 1.4 0.084 0.082 0 . 103 0,088 
6 0.4 - 0.8 0.119 0.117 0.131 0.109 
7 0 . 2 - 0 . 4 0.180 0.180 0.186 0.158 
8

 r

 0.1 - 0.2 0.255 0.256 0.256 0.229 
9 46.5-100 keV 0.381 0.382 0.384 0.349 
10 21.5-46.5 0.586 0.600 0.595 0.545 
11 10.0-21.5 0.872 0.895 0.891 0.827 
12 4.65-10.0 1.30 1.31 1.31 1 .23 
13 2.15-4.65 1 .93 1 .88 1.91 1 .75 
14 1.00-21.5 3.04 2.94 2.95 2.62 
15 465 -1000 eV 4.59 4.47 4,44 3.99 
16 • 215 -465 9.58 8.89 8.66 7.57 
17 1 0 0 - 2 1 5 12.5 12.5 12.1 10.4 
18 46.5-100 18.1 18.5 17.9 16.6 
19 21.5-46.5 34.5 37.9 37.5 33.0 
20 . 10.0-21.5 50.5 52.6 50.5 51.6 
21 4.65-10.0 99.4 100. 98.4 104.0 
22 2.15-4.65 24.3 25.4 25.8 20.4 
23 1.00-2.15 68.5 54.5 56.0 53.3 
24 0.465-1.00 98. ] 94.4 87.6 87.4 
25 0.215-0.465 52.9 60.5 60.2 55.6 
26 1 0 -

3

- 0 . 2 l 5 1013. 1035. 1055. 1040, 

o 0.497 0.496 0.500 0.451 

a

) Flux weighting spectrum from KFK-INR-1 set /2 8 /. 

b) In ref. /13/ a slightly different flux weighting spectrum has been u s e d . 

) Data in between brackets are cross sections i n mb per fission, corrected 
for o

n a
, a

n p
, etc. /18/. 

d

) One group capture cross section averaged over a SNR-300 neutron spectrum. 
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Table V 

Central sodium void effects (in arbitrary units) in a 1300 MWe reactor con-
taining various poisons with the same reactivity investment. 

poison evaluation weighting spectrum 

" 
1 

Q. 

no poison : -• - 1.893 

f.p.(74 MWd/T) RCN-2A /20,21/ SNR-2 /2 7/ 2.487 

f.p. ENDF/B-IV /15/ SNR-2 2.478 

'f.p. JENDL-1 /24/ SNR-2 2.465 

KFK mock-up RCN-2A SNR-300 /28/ 2.549 

nat. boron from ref. /26/ STEK /26/ 2.369 

Nb RCN-2A SNR-2 2.613 

Mo RCN-3 /33/ SNR-2 2.612 
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Group number g •«*-
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Fig. 2. Energy group break-down of central sodium void effects of elastic and 

inelastic scattering and capture in fundamental mode spectrum of a 

1300 M W
e
 FBR at 74 MWd/kgburn-up. 
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NEUTRON GROSS SECTION CALCULATIONS FOR FISSION-PRODUCT NUCLEI 

E, D . Arthur and D. G, Foster, Jr, 
Los Alamos Scientific Laboratory, University of California 

Theoretical D iv is i o n 
Los A l a m o s , New Mexico 87545 

ABSTRACT 

To satisfy nuclear data requirements for fission-
product n u c l e i , we performed Eauser-Feshbach statistical 
calculations with preequilibrium corrections for neutron-
induced reactions on isotopes of Se, K r , Sr, Zr, M o , S n , 
X e , and Ba between 0.001 and 20 MeV, Spherical neutron 
optical parameters were determined by simultaneous fits 
to resonance data and total cross sections. Isospin co-
efficients appearing in the optical potentials were de-
termined through analysis of the behavior of s- and p-
wave strengths as a function of mass for a given Z. 
Gamma-ray strength functions, determined through fits 
to stable-isotope capture data, were used in the calcu-
lation of capture cross sections and gamma-ray competi-
tion to particle emission. The resulting (ri,y), (n,n'), 
(n,2n), and (n,3n) cross sections, the secondary neutron 
emission spectra, and angular distributions calculated 
for 19 fission products will be averaged to provide a 
resulting ENDF-type fission-product neutronics file. 

To provide averaged neutronics information for fission-product nu-
clei we have performed nuclear-model calculations on a number of nuclei re-
sulting f rom fast—neutron induced fission of U—235 and Pu—239. To approxi-
mate the sum over the constituents of yield curves for fission products, we 
have chosen a weighted average of the cross sections calculated for a few se-
lected nuclides, These nuclei were chosen from the maximum and half-value 
points of the yield curves for both low- and high-mass fragments, using dis-
tinct sets for U-235 and Pu-239 fission. The resulting 19 nuclides are listed 
in Table I. We calculated, assuming each of these as a target, cross sections 
for the (n,y), (n,n'), (n,2n), and (n,3n) reactions, together with elastic 
and inelastic angular distributions and neutron emission spectra in the inci-
dent neutron energy range beteen 0.001 and 20 MeV, 

We relied upon use of the Hauser-Feshbach statistical model/1/ 
to which we applied preequilibrium corrections necessary at higher energies, 
TLis combination of nuclear models has generally worked well in the case of 
neutron cross-section calculations on stable nuclei, once suitable input pa-
rameters have been determined, We did not include direct-reaction effects 
oince. these contributions make up a comparatively small part of the total 
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TABLE I 

NUCLIDES USED FOR FISSION PRODUCT CALCULATIONS 

U-235 Pu-239 
Lower Peak 

87,88 92,93 
Low Se Kr 

94,95„ 99,100„ 
Center Sr Zr 

u ' 102,103 107,108 
High Zr Mo 

Higher Peak 
131 130 

Low Sn Sn 

„ _ 138,139 137,138 
Center Xe Xe 

• . 146 145 
High Ba Ba 

reaction cross section. We sought to improve the reliability of the calcu-
lated results obtained from these models through a careful determination of 
input parameters. Generally we fitted various types of stable-isotope experi-
mental data and then tried to determine means by which to extrapolate these 
parameter sets for use with unstable target nuclei. We further checked the 
applicability of these input parameters through comparison of calculated 
cross sections, such as those for (n,2n) reactions, to experimental results. 

Special attention was paid to the determination of spherical neu-

tron optical parameters suitable for use over the major portion of the inci-

dent energy range. The use of optical parameters that simultaneously describe 

lower and higher energy data is important for the calculation of (n,xn) 

reactions where accurate compound-nucleus formation cross sections are needed 

at higher energies along with a reasonable description of the emission of 

low energy neutrons. We followed the "SPRT"/2/ approach in which total-cross-

section data available over a wide energy range were used with low-energy res-

onance data in a simultaneous fit. For extrapolation to neutron-rich n u c l e i , 

we included isospin terms in both the real and imaginary potential. The coef-

ficients V ,W multiplying the ri = terms were determined through fits to 
J. I A 

the behavior of experimental s- and p-wave strength values as a function of ri 

for a given Z. As an example, Fig. 1 illustrates our fit to xenon total-cross-

section data while Fig. 2 compares our calculated s-wave strength-function 

values to experimental data for xenon isotopes having differing r| v a l u e s . The 

xenon optical parameters along with those determined for other nuclei involved 

in these calculations appear in Table II. The V ^ and W ^ coefficients shown 

iu Table II are generally larger than those determined from fits to data such 
as elastic scattering from separated isotopes in the MeV region./3/ The 
cause for this discrepancy is not clear, but such values are in agreement with 
results obtained through similar analyses by Newstead and Delaroche./4/ 

For calculation of capture cross sections as well as to describe 
gamina-ray competition to particle emission, we chose to base gamma-ray trans-
mission coefficients on determined values of the gamma-ray strength function 

2fT<r > 
rather than to normalize them to the ratio — ^ ^ , where <T > and <D> are the 

<D> y 

average gamma-ray width and spacing for s-wave resonances. For unstable nu-
clei the <F > and <D> values would have to be deduced from their systematic 

Y 
behavior over the mass region of interest. Use of the gamma-ray strength 
function f(£ ) defined by 



TABLE II 

SPHERICAL OPTICAL PARAMETERS* 

Element V !i a 
r 
r . 

a 
r 

V7

o 
r 
X 

a. 
l •

w

6 

Se 54.8 43 -0.35 1.24 0.62 12.5 33 0.36 1.26 0.65 14. 5 

Kr 52.75 22 -0.34 1.24 0. 62 10.1 '35 0.5- 1. 26 0.65 13. 5 

sr 49.4 0 -0.15 1.24 0.62 8.5 36 0.5 1.26 0.58 12. Q 

Zr 48.6 0 -0.33 1.24 0.62 7.9 .35 0.3 1.26 0.58 11 

Mo 50.8 17 -0.22 1.24 0.62
: 

4.8 7 0.45 1.26 0.58 9. 7 

Sn 56.3 50 -0.28 1.25 0.57 4.4 15 0.5 1.25 0.56 9. 5 

Xe 55.4 5.0 -0.35 1.25 0.65 1-2.8 50 0.4 1.25 0.56 17, 1 

Ba 49.0 22 -0,15 1.25 0.1 A 1.8 32 0.48 1.25 0.58 13 

5) 

3 
Real and imaginary (Saxon derivative) forms used were 

V = \7. - V, r, + aE co 
0 1 <£> 

V = .W - fcT r: + BE w 

I 
W = - Tv, Tl, with V and Tv in MeV: r . a , r.

r
 and a. in fm. 

max 0 1 r r i i 

Spin orbit values used were 

V = 6 . 2 M e V , "r = 1.12 fm, a = 0.47 fir for Se, K r , Sr, Zr, M o isotopes. 
oU ow 

V = 7.5 M e V , r = 1, 25 fm, = 0.65. fm for Sn, X e . and Ba, isotopes, 
SO ' S O ' S O ' 
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Fig. 1. 

Comparison of calculated and experimental values for the 
xenon total cross section. 
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A 
Fig. 2. 

Calculated and experimental dependence of the s-wave strength 
function S for isotopes of xenon. 
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<r > A 

= / f(e ) e P(S -e )de , ' (l) 
<D> I y Y

 n

 Y Y 
A ) 

where S^ is the neutron separation energy and P is the compound system level 

density, eliminates much of this uncertainty. If the strength function is as-

sumed to have a giant dipole resonance form given by 

kr r 

f ( e
 ) = — T_GDR (2) 

F1 v 2 2 2 2 
Y

 V g d r >
 +

 - 4 R ) 

then the constant appearing in Eq. (2) can be determined from fits to capture 
cross sections and spectra available for stable isotopes. This strength func-

2rr<r > 
tion should not vary as rapidly as 5 thus one can extrapolate its use 

to neutron-rich nuclei with greater confidence. As an example, Fig. 3 illus-

trates calculated gamma-ray strength functions for various Sn compound systems 

as determined from fits to capture data on Sn-116, Sn-118, Sn-119, and Sn-120. 

The extracted strength function varies at most by about 507, a part of which 

may result from the fact that recent capture measurements in the keV region do 

27T<r > 
not exist for these nuclei. On the other hand, the ratios vary by a 

much larger amount, ranging from values of 0.0003 for n + Sn-120 to 0.013 for 
n + Sn-119. Figure 3 illustrates the range covered by strength functions de-
termined for representative nuclei in this w o r k . 

Additional parameters needed for the present calculations included 
discrete level data, level-density information, and preequilibrium parameters. 
Some discrete level information was available from experimental measurements 
that was augmented in some cases by information based on shell model argu-
ments. /6/ To represent the continuum region where no discrete level informa-
tion existed, we used the Gilbert-Cameron level density expressions/7/ with 
the Cook parameters/8/ as obtained from a systematic study of resonance spac-
ings near the neutron binding energy. Preequilbrium corrections were applied 
using the Kalbach master equations model./9/ 

At low energies we used the C0MNUC/10/ Hauser-Feshbach statistical 
code with the inclusion of width fluctuation corrections. At higher energies 
the preequilbrium-statistical model code GNASH/11/ was used to calculate 
cross sections and spectra resulting from multistep reactions. Figure 5 il-
lustrates some of the preliminary calculations we made to further check our 
input parameter values. Here our calculated values are compared to experi-
mental data for the Zr-90(n,2n) and Sn-112(n,2n) reactions. 

Figures 6 and 7 illustrate calculated results for several major 

neutron reactions on Xe-138 and Xe-139 (solid and dashed curves, respectively). 

As shown in Table I, we calculated cross sections for both even and odd iso-

topes of a given element so that the final results, averaged over both cross 

section sets, would not be biased by such odd-even effects. The capture 

cross sections calculated in Fig. 6 used the same gamma-ray strength function. 

The principal reason for the different low-energy cross-section values is the 

differing neutron separation energies for these two isotopes. The capture 

cross section for Xe-139 becomes smaller than that for Xe-138 above 0.2 MeV 

because of competition from inelastic scattering off low-lying states in Xe-139. 

Most dissimilarities in cross-section shapes shown in Fig. 7 occur because 

of threshold differenc es resulting from the odd—even character of these two 
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Gamma-ray strength functions determined from fits to capture data on tin 

isotopes. 
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NEUTRON ENERGY (MeV) 

E N E R G Y ( M e V ) 

Fig. 5. 

Comparison of calculated cross sections to experimental data for the 
Zr-90(n,2n) and Sn-112(n,2n) reactions. 
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E n ( M e V ) 

Fig. 6. 

Predicted neutron capture cross sections for Xe-138 and X e - 1 3 9 . 
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E n (MeV) 

Fig. 7. 

A comparison of (n,n'), (n,2ri), and (n,3n) cross sections 
calculated for Xe-138 and Xe-139 (solid and dashed curves, 
respectively) 
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isotopes. Preequilibrium effects are apparent in that the higher energy por-

tions of the (n,n') and (n,2n) cross sections have higher values than would 

be obtained from pure Hauser-Feshbach calculations. This in turn decreases 

the peak values obtained for the calculated (n,2n) and (n,3n) cross sections. 

Similar calculations have been completed for all nuclei listed in 
Table I. Presently we are assembling cross sections, spectra, and angular 
distributions which will be averaged to produce an ENDF-like file for neutron 
reaction properties on prompt.fission products. 
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I Introduction 

Significant progress has been made to improve the quality and the under-
standing of data discrepancies for the capture cross sections of the important 
FP nuclei since the PETTEN meeting. Several new differential and integral 
measurements have been completed and analyzed. In addition, important studies 
have been made with evaluation efforts and nuclear model techniques. Essentially 
all these developments have been reported in the invited and contributed papers 
of this meeting. In this section we present a detailed discussion of these 
data and illustrate the general requirements. Finally, we present recommenda-
tions and courses of action to further improve and refine the capture cross 
section data with the goal of satisfying requesters' needs as indicated, for 
example, in WRENDA 78/80 and Section IV.5.1 of the PETTEN/FPND report. 

II. General Requirements 

Since the PETTEN meeting, requirements in the fission product field have 
been issued in the U.S. request list ''), U.K. request list (2) and the Japanese 
request list In addition, a World Request List (WRENDA) was published by 
IAEA (

4

) . Moreover, the subgroup on Technical Activities of the NEANDC., at its 
21st meeting in Geel, has worked out a list of requirements of highest priority 
in the OECD area (

b

) . 
From a general survey, it may be remarked that both evaluations and mea-

surements (differential and integral) are necessary. 
No new requirements for fission product cross sections were presented at 

the meeting, for either thermal or fast neutrons. Instead the general require-
ments Stated at the PETTEN meeting (6,7) and some more recent French require-
ments (

8

) were assumed to hold (
9

I . Briefly, the primary requirement for thermal 
reactors is for data on cross sections which determine the reactivity effects of 
fission products, i.e. thermal capture cross sections and capture resonance inte-
grals. 

Fos fast reactors, the needs are for cross sections which affect burn-up 
and reactivity. There is a requirement v

6

) to be able to calculate the reactivity 
effects of FP to an accuracy of +10%. Translated into cross section accuracies 
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of bulk fission products, this means + 10% on the spectrum-averaged capture 
cross sections and + 30% on inelastic scattering. Because of possible system-
atic effects, these accuracies also apply to the most important individual 
fission products. A long range goal of + 1% was suggested at the PETTEN 
meeting (J1 and uncertainties as low as + 5% are required for French fast 
breeders 

It is suggested that some sensitivity calculations.be carried out in 
order to provide specific requests for accuracies in different energy regions, 
as better guidance for experimenters and evaluators. 

There is also a need for a knowledge of the shape of the cross sections 
so that the influence on Sodium void and Doppler effects can be determined. 
In order to define the most important cross sections, sensitivity studies are 
required. Some such studies have been carried out w ) as well as some measure-
ments In view of the uncertainties in the work so far, further investiga-
tions are recommended. 

The growing interest in alternative fuel cycles might lead to additional 
requirements for fission product cross section data. Likewise, high burn-up 
reactors could lead to requirements for more accurate fission product cross 
section data. 
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III. Fast Cross Sections 

III.l Differential Data 

There is a large number of new data sets which are not yet utilized in 
the most recent evaluations. Many of these new data sets were reported at the 
present meeting. These data include measurements by Yamamuro and Asami 0 ) for 
isotopes of Nd and measurements by Poenitz (2) for elemental Nd. 

The data by Yamamuro and Asami agree with recent measurements by Musgrove 
et al.(

3

). Neodymium is of specific interest because it is often used as a 
burn-up monitor and the new data should help to improve the accuracy of the 
evaluated cross sections. 

Uncertainties of recent data obtained with prompt detection techniques 
ire 10%. Data on Rh and isotopes of Ru and Pd were reported by Macklin et 

with uncertainties of data on Nb, I, Cs and isotopes of Nd, Sm 
arid

 r

:u by Yamamuro and Asami ( 'with uncertainties larger than 5%, data on Rb, 
/, Nb, Cs, Ce and isotopes of Gd by Voignier et al.(

5

) with uncertainties of 
3-16%, data on Rh, Pd, Nd and Sm by Poenitz with uncertainties of 10-15% and 
data on Xe and isotopes of Kr by Leugers and Kaeppeler ( 'with 8-20%. 

Most recent data spread over ranges of +10-15% (for example Rh). There 
appears to be a substantial problem between experimental differential data and 
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integral data for the even isotopes of Palladium. 
- Other recent data were mea sured by Kononov et al .VM for isotopes of Eu, ; 

Nd and Sm and by Musgrove et al.( ' for La, Pr and isotopes of Nd, Mo and Pd. 
The data by Kononov et al. differ substantially, specifically at lower energies, 
from the data by Musgrove et al., and by Yamamuro and Asami. 

The usefulness of elemental data as a constraint for evaluated cross sec-
tions was emphasized. This specifically applies to the higher keV and MeV range 
where evaluations often differ by factors of 2-10. 

Other Data 

Though capture cross section data are of major concern it should: be realized 
that for many FP nuclei, these cross sections will.have to be calculated with 
nuclear models. The quality of such model calculations depend on optical model 
parameter sets which in turn must be determined with total and scattering cross 
section data. A general lack or lack of good data for total and scattering cross 
sections in the FP mass range was observed. Satisfactory optical model parameter 
sets will probably automatically fulfill the requirements for inelastic, scattering 
data which affect reactivity by only 10-15% relative to capture. 
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III.2 Integral Data 

III.2.1 Individual Nuclides 

Fast integral data for individual fission product nuclides have been 
measured in STEK, FRO, MASURCA, ERMINE, CFRMF, RAPSODIE, PHENIX and EBR-II. 
Most of the integral data were available at the 1977 PETTEN meeting and since 
that time the irradiation experiments performed in PHENIX and EBR-II have been 
analyzed 0 > 2 ) . A new PHENIX irradiation experiment is in progress and the 
CFRMF activation data have been re-analyzed using updated decay information (3). 

The integral data from these experiments have been used in the evaluations 
leading to fission product files in RCN-2A, ENDF/B-V, CARNAVAL-IV and JENDL-2. 

At this meeting results of comparisons using these data files have been 
presented by Iijima Gruppelaar (

5

) and Schenter For most nuclides, 
good consistency is achieved between different integral measurements; however, 
some discrepancies are noted and they are listed below: 

1.
 9 9

T C : The CFRMF integral value is approximately 25% lower than the S T E K 

results (4). 

2.
 1 0 5

P d : Evaluations based on STEK data are lower similar data (CARNAVAL-IV) 
based on the French integral experiments (

5

) . 

3.
 1 0 8

P d : STEK data are lower than the CFRMF value. The differential data do 
not agree with either (4). 

4.
 1 2 7

I : The CFRMF value is approximately 25% lower than the STEK data (
4

) . 

5. ^ l 5
m :
 STEK and French integral data have sample.problems. A new irradia-

tion experiment in PHENIX is in progress (
5

) . 
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6.
 1 4 7

P m : Data from STEK/CFRMF are not in agreement with data from ERMINE/FRO. 
More accurate integral (activation) data are needed (5). 

7. 1 0 9
A g : 

STEK data approximately 13% lower than CFRMF. Improved integral 
data are needed (5). 

8. Th
e
 existing reactivity worths have high uncertainties and are not 

in agreement with the ERMINE activation value The new CFRMF value 
has an uncertainty of only 6.3% (3). 

For the observations noted above, considerations should be given to new 
measurements and/or new analyses to resolve the problems. There is also concern 
that neutron self-shielding in the samples is not being properly accounted for. 
It is recommended that further study on this matter is needed and that the 
measurement laboratories as well as the evaluators consider what may be done 
to account for self-shielding. New measurements for certain nuclides using 
"thinner" samples would certainly be helpful. 
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III.2.2 Pseudo Sets 

Evaluations: The good agreement between RCN-2, CNEN/CEA and JENDL-1 found in 
1977 (differences in fast spectrum averaged cf's about 1%) has been reconfirmed 
at this meeting. The numbers of isotopes in tne three evaluations have been 
extended (RCN-2: from 29 to 38; CNEN/CEA: from 50 to 63; JENDL-1: from 28 to 67). 
For ENDF/B-4 o"

c
 is 10% lower. At this meeting it became clear that this value 

will probably rise by at least 5% when the new evaluations and adjustments for 
ENDF/B-5 are incorporated. 

Data sets adjusted to integral measurements of individual nuclides: For the 
RCN-2A set the average a

c
 differs from the RCN-2 value by not more than 0.5%. 

The value based on the French CARNAVAL-IV set (which is not available) is 5% 
higher. 

Accuracy of average F c '
s : F o r

 RCN-2A the accuracy is estimated to be 6-9% (la) 

and consists mainly of possible systematic errors in the interpretation of the 
STEK measurements. For CARNAVAL-IV the estimated accuracy is 4-5%. 

Comparison with integral measurements of lumped fission products: The preliminary 
experimental data 9f"the French (presented at the 1977 PETTEN meeting) have been 
published in 1978 ('). On the average, (nine reactivity measurements) the E/C 
ratio (for CARNAVAL-IV) is 0.82 + 0.04 (la). This is in contradiction with the 
results obtained with the Dutch FFR-101 integral sample containing f.p. of thermal 
reactor fuel, where good agreement was found with RCN-2A in 1977. Part of the 
discrepancy may be due to uncertainties in yields (4%) and migration of gaseous 
f.p. Further measurements are planned by the French. 
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Required accuracy of pseudo f.p. reactivity effects; Presently required: 10%. 
Required for future reactors: 1% (according to the 1977 PETTEN meeting). 
Presently required by the French 5%. Required by the French in future: 3.5%. 
Improvements to be expected in the near future: 

Average a
c
 uncertainties: 4% 

Yield uncertainties: 1.5% (most probably already reached) 
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Ill.3 Evaluations 

Since 1977, re-evaluations have been performed or are going on in the 
U.S.A., Netherlands (ECN), Italy/France (CNEN/CEA) and Japan, taking into 
account new differential capture and integral data. 

CNEN-CEA have extended the library from 50 to 63 nuclides and have made 
new evaluations of Pd-105, Nd-143, Sm-149 and Sm-151, taking into account recent 
differential and integral data. 

The U.S. performed complete new capture evaluations for about 70 nuclides 
(out of 196 total), which will appear in early 1980 (ENDF/B-V). For a number of 
these nuclides, simultaneous adjustments to integral data (CFRMF, EBR-II, STEK) 
and differential data were performed. 

The Japanese library, JENDL-1 contains 67 nuclides (1977). A re-evaluation 
is planned to be finished by the end of 1980. Re-evaluation of Sm and Nd isotopes 
are going on. An extension to about 100 nuclides is planned (JENDL-2 library). 

In the Netherlands the Nd isotopes and Pm-147 were evaluated, the library 
was extended front 29 to 38 fission product nuclides. The existing evaluation 
was improved by adding the (n,p) and (n,a) cross sections. Further extension of 
the library is planned and also re-evaluation of important nuclides. 

Intercomparison of evaluated capture cross sections shows that there exist 
large discrepancies of about a factor of 2 or more in the MeV region. As to the 
(elastic and) inelastic scattering cross sections, there seems to be still larger 
discrepancies among evaluated data. But, because of lack of experimental data, 
not much effort has been devoted to improve this situation. 

III.4 Nuclear Models 

The nuclear models adopted for cross section calculations were not changed 
with respect to those described at the Kiev Conference and at the IAEA meeting 
at Petten in 1977. The largest effort has been devoted to the improvement of 
level density parameters and average radiative widths, through systematics and 
recent theoretical approaches. In connection with that, an effort was put to the 
determination of Dobs, neutron strength functions and average radiation widths 
from resolved resonance data. Concerning mean radiative widths, it has been 
shown that only gross trend systematics can be found. 

Substantial improvement in the determination of mean radiative width with 
model calculation was obtained with the acquisition of Giant Resonance Parameter 
systematics. 

After 1977, increasing efforts have been devoted to the application of the 
deformed optical model to the analysis of the experimental data and the cross 
section calculations mainly for even-A isotopes of Neodymium, Samarium and 
Gadolinium. 

In the resolved resonance region, the use of multilevel B.W. formulas has 
been adopted for Nd and Sm isotopes, for which the mean level s'pacings are small. 
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For the unresolved region the "statistical strength function model" is mostly 
adopted. The correct junction of the capture cross section calculated from 
strength functions and those of H.F. calculations with optical model transmission 
coefficients generally requires to reproduce the strength function values as 
calculated from the optical model at low energies (except for those mass regions 
where intermediate structure might be present). It has been observed that 
width fluctuation effects in inelastic neutron scattering may be important up 
to 3-4 MeV, which is suggesting an extension of such a correction also to 
continuum region. 

I'll.5 Summary Table for Important Nuclides 

Table 1 presents summary information on requirements ("Request"), differ-
ential and integral status ("Status"), and recommended actions ("Action") to 
improve the accuracy of the forty three "most important" FP nuclides for a fast 
breeder reactor system. The format follows that given in the PETTEN meeting 
report and in fact has the literal PETTEN remarks (above the dashed line). 
Conclusions by this working group are given (below the dashed line). Changes 
since the PETTEN meeting have been also indicated by drawing lines through the 
PETTEN information. 
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Table 1: Requests, Status and Action for Fast Capture Data aV 

, . Status
0

^ 
Nuclide Requests ' Differential Integral Action 

9 3

Z r 20% only 1 resonance only STEK osci11 713/ 
no keV data -probably met 

not met 

probably not met 

further analysis 
of STEK data 

9 5

M o 10% many resonances STEK osci11 
new data of i-iusgrove PHENIX irrad./14/ 
/I/ < SOkeV - FRO osci 11 7 1 5/ 
status 15% (agreement) 

met 

new data 
20eV-100keV-RPI/19/ discrepancy between 
3-200 keV-AUA, STEK & PHENIX 
Musgrove /20/ 

"not met not met 

no action 

measure differen 
tial data above 
100 keV 

97MO 10% many resonances STEK osciIT 
new data of Musgrove PHENIX irradi 
/]/ <90keV FRO osci11. 
status 15% (agreement) 

met 

new data 
3-200 keV-AUA, 
Musgrove/20/ 

no action 

measure differ-
ential data 
above 100 keV 

98., 
Mo 20% many resonances STEK osciIT 

new data of Musgrove CFRMF activ./3/ 
/I/ <90keV ERMINE activ. 
bad for E >90keV (not very- good agree 
status 15% ment between STEK/ 

/CFRMF) met 

new data good agreement 
24 keV 13NC between STEK,CFRMF 
3-200 keV AUA, and ERMINE 
Musgrove/20/ 

no action 

b9 
Mo ( P ( t ) ) Interpolation by 

Musgrove/1/ 
revaluation 
is recommended 
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(continued) 

a \ 
Table 1: Requests, Status and Action for Fast Capture Data ' 

b )
 Status

0

^ 
Nuclide Request ' Differential Integral Action 

1 0 0

M o 20% many resonances STEK oscill. 
new data of Musgrove CFRMF activ. 
/1/ <90keV (in same direction) 
status 15% ERMINE activ. 

met 

status 20% discrepant data 

new data probably not met 

9eV-24keV ORNL(CINDA) 
3-200keV AUA,Musgrove 
/ 20/ 

resolve dis-
crepancies in 
differential 
and integral 
data. 

" T c 10% only one set of data STEK oscill. 
for E<50keV/2/ French oscill./14/ ' 
very discrepant CFRMF activ. 
calculations for FROoscill. 
E >100keV (discrepancies) 

not met not met 

planned:rosolvod 
resonances export; 
ments in Kiel 
recommended: 
measurements of 
average a for E=1 
t o 5 0 0 k e V ; <T

y
> 

measurement irra-
diation in EBR-2 

1 0 1

R u . 10% many resonances STEK oscill. 
unpublished RPI FROoscill. 
data !M PHENIX irrad. 

not met (good agreement) 
probably met 

new data 
1-600 keV ORNL, 
Macklin /21/ 

analyze data of 
Hockenbury /4/ 
compare with 
integral data 

1 0 2

R U 20% few resonances; French oscill. 
unpublished RPI FRO oscill. 
data /4/ STEKoscill. 

not met CFRMF activ. 
ERMINE activ. 
(very good agree-
ment) 

met 

new data 
1-600 keV ORNL, 
Macklin /21/ 

(perhaps more 
resonances re-
quired) compare 
RPI data with 
integral data 
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Table 1: Requests, Status and Action for Fast Capture Data 

hi Status
0

^ 
Nuclide Request

 }

 Differential Integral Action 

1 0 3

R u 20% no data at all no data 
very large differen-
ces between evalua-
tions 

not met 

evaluation with 
new microscopic + 
integral data of 
101, 102, 104

R u 

irradiation expen 
ment desirable 

1 0 4

R U 20% 
102

r
 102

o -^ee- -Ru- see — R u 
-(no--F-rench osci-1-1-*-}-* 

new data French activation 
l-600keV ORNL, measurements,also 
Macklin /21/ STEK & CFRMF 

Probably in agree-
ment. 

. s e e
1 0 2

R u -

1 0 3

R h 10% many data French oscill 
uncertain:l-10keV FROoseill. 
status: 10 to 15% STEK oscill 

CFRMF activ. 
(good agreement 

met 

new data 
.5-3.0 MeV BRC, Voignier /23/ 
,5-4.0 MeV ANL, Poenitz /22/ 
1-600 keV ORNL, Macklin /21/ 

no action 

1 0 5

R h (for time dependence of reactivity) reevaluation 
recommended 

105
p d 10% resonances to 160 eV STEK oscill 

recent RPI /5/ and French oscill 
0RELA /6/ data in keV PHENIX irrad. 
range; discr. near (16% discrepancies 
100 keV between.STEK and 
no data for PHENIX; irradia-
160 eV<E< few keV tions: difficult 

to obtain pure 
sample) 

not met 

resolved 
resonances in 
Geel 
ongoing: resolved 
resonances in 
RPI 
recommended: 
microscopic data 
for 160 eV <_ 
E<10keV; integral 
irradiation ex-
periments 



(conti rvued) 

Table 1: Requests, Status and Action for Fast Capture Data a ) 
cV 

Status ' 
Nuclide Request ' Differential Integral Action 

105
p d 

(cont.) 

new data 
3-200 keV, AUA, Musgrove /20/ 
1-600 keV, ORNL, Macklin /21/ 
.5-4.0 MeV, ANL, Poenitz /22/ 

Completed:resolved 
resonance measure-
ments (Geel) 
Geel plans capture 
measurements up to 
100 keV 

1 0 7

P d 10% no data;to be pub 1. only STEK oscill. 
RPI data in resolved (not a very high 
resonance range accuracy) 

not met not met 

RPI data published /24/ 

new evaluation 
RPI + STEK data 

irradiation 
experiment per-
formed 

1 0 9

A g 10% 
to 
20% 

many resonances CFRMF activ. 
discrepant series STEK oscill. 
of data in keV re- French oscill. 

data also available good agreement)-
for 'O^Ag,natural Ag 

not met met 

STEK 13% lower 
than CFRMF 

not met 

evaluations can 
be improved with 
integral ..*

7
micr. 

data of Ag, 
natural Ag. 

irradiation ex-
periment perform-
ed 

1 2 7

I 10% 
(St) 

5% 
(St) 

new resonances (Geel STEK oscill. 
/7/) many data; CFRMF activ. 
discrepancy between (in agreement 
stat. model and keV with most keV 
data; data) 

status 20% (status ;-«e£- for 
reactor physics 
purposes) 

new data STEK and CFRMF 
24 keV Kyoto (CINDA) discrepant by 
3-80 keV Kyoto (CINDA) 25% 
.02-5 keV Geel (CINDA) not met 
3-270 keV Yamamuro /25/ 

and Asami 

more microscopic 
data in keV range 
to become a sec-
ondary standard 

additional inte-
gral and differ-
ential measure-
ments performed 
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(continued) 

Table 1: Requests, Status and Action for Fast Capture Data 

b
\ Status

c

) 
Nuclide Request ' Differential Integral Action 

129j 
20%. few resonances, Y . STEK osci11. 

not known . , CFRMF activ. 
no keV data (good agreement) 

not met met 

no action 

resolve differ-
ences between 
evaluations 

1 3 1

X e . . 20% no data at all; only STEK oscill. 
large discr.between . ' (FP mixture) 
evaluations 

not met not yet analyzed 

analyze STEK 
data 

1 3 2

X e 30% no data STEK osci11. 
not met (FP mixture) 

CFRMF activ. 
not yet analyzed 

analyze STEK 
data 

look into possi_ 
'bi.lity of using 
elemental data 

, 3 3

C s 10% many resonances; CFRMF activ. 
discrepant series STEK,French oscill. 
of keV data; PHENIX irrad. 
to be published (good agreement 
RPI data /8/, between STEK/French 
Japanese data /16/ , osci11.,CFRMF data 
/17/ lower;transm.and 

not met activ.data in agree 
nient) 
probably 10% met 

new data 
.002-100 keV RPI (CINDA) 
55-150 keV Kyoto (CINDA) 
3-80 keV Kyoto (CINDA) 
3-270 keV Yamamuro and 

Asami /25/ 
.5 - 3MeV Voignier /23/ 

data are discrepant 
not met 

recommended: 
evaluate new 
data 
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(continued) 

Table 1: Requests, Status and Action for Fast Capture Data 

Status
0

^ 
Nuclide Request ' Differential Integral Action 

1 3 5

C s 10% no data at all only STEK oscill. 
planned: (sample not very 
Kiel /9/ mixed FP good) 
resolved res. 

not met not meet 

recommended: 
integral activa-
tion measure-
ments 
evaluation with 
Csl33,136 data 

1 3 9

L a 20% many resonances STEK oscill. 
many keV data CFRMF activ. 

(good agreement) 
nearly met-^—

 m P
t 

new data 
3-200 keV AUA,Musgrove /20/ 

met 

no action 

141
p r 20% many resonances STEKoscill. 

many keV data CFRMF activ. 
Discr. at high E French oscill. 

HfW-t-fflet— ERMINE activ. 
(good agreement) 

met 

new data 
.002-100keV RPI(CINDA) 
3-200keV AUA,Musgrove/20/ 

probably met 

no action 

143-150
N d 10% 

(BU) 
resolved res.known STEK osci 11. (-ftet-
recent data of ^yot analyzed) 
Musgrove et al. Ndl45:PHENlX irrad. 
E=1 to 19 keV/10/ in progress:stable 
status: 5% Ndl43-150 

EBR-2 irrad. 
planned:Ndl43 
PHtNix irrad. 
status:unknown 

new data 
many new measure-
ments 
RPI (CINDA) 
AUA (CINDA) 
JAEN (CINDA) 
FEI (CINDA) 

3-200 keV AUA, Musgrove /20/ 
3-270 keV Yamamuro and Asami /25/ 
.5-4.0 MeV Poenitz /22/ 

data; analyze STEK 
data 

resolve in-
consistencies 
between eval-
uations. Eval-
uate new diff-
erential data. 
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Table 1: Requests, Status and Action for Fast Capture Data a V 
Cl ' : • 

i \ Status ' 
Nuclide Request ^ Differentia] Integral Action 

1 4 7

p m 10% many resonances STEK oscill. 
no keV data, evalua- -{not analyzed)-
tions in good agree- CFRMF. activ. 
ment, French oscill. 

not met FRO osci11. 
(good agreement)-

not met 

• discrepancy between 
STEK/CFRMF and French 
and FRO data 

microscopic 
keV data re 
qui red • , 
planned: 
integral . 
activ.ERMINE 

1 4 8

p
m

m Dh no data at all no data 
probably met with 

ENDF/B-IV 

no action 

1 4 9

P m (p(t)) no data reevaluation 
recommended 

1 4 9 s m . 10% many resonances; FRO oscill. 
Russian keV data/11/ STEK oscill. 
to be published: PHENIX irrad. 
RPI keV data/4/ EBR-2 irrad.(to be 

n o t m e t

 - i S w e e t ^ - ^ I ^ - r e ^ 

-cefi-t-k-eV-da-t^— 
not met 

new data 

5-300 keV FEI,Kononov (CINDA) 
3-270 keV Yamamuro and Asami /25/ 

data are discrepant discrepancies still 
exist between inte-
gral and recent keV 
data 

recommended: 
evaluate new 
data 

resolve dis-
crepancies for 
both integral 
and differen-
tial data-
Perform differ 
ential measure 
ment at one 
point % 100 keV . 

1 5 1 s m 10% many resonances; STEK osci11.(not 
no keV data accurate) 

PHENIX irrad.(per-
haps new PHENIX irrad. 
in future) 

not met 

sample problems 
both in STEK and 
PHENIX measurements 
(large discrepancies) 

keV data 
requi red 

PHENIX data made 
avai1 able.Use new 
average resonance 
parameter data for 
nucl .model cale. 
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Table 1: Requests, Status and Action for Fast Capture Data 
cl 

b
\ Status ' 

Nuclide Request ' Differential Integral Action 

152 
Sm 20% many resonances 

few activation data 
/12/ 

not met 

STEK osci11. 
CFRMF activ. 
(good agreement) 
probably met 

new data 
5-300 keV FEI, Kononov (CINDA) resolve diff-

erences between 
evaluations 

153 
Eu 20% resonances up to lOOeV 

discrepant keV data 
—to be published: 
JAERI data 
probably met with new 
data 

STEK osci11.(not 
analyzed) 
CFRMF activ. 
FRENC osci11. 

probably met 

analyze STEK, 
dmtfr data 

new data 
5-300 keV FEI, Kononov (CINDA) 
3-270 keV Yamamuro and Asami /25/ 

EBR-2 irradiations 

discrepancies between 
recent differential 
data 

not met 

151 

152 

153 

Eu 

Eu 

Eu 

1 5 4

E U 

Eu nat 

5% 

20% 

5% 

20% 
? 

required for 
control rod materials 

for several isotopes 
there are data from 
STEK,CFRMF and EBR-2 

(to be analyzed) 

new data 
3-100 keV Yamamuro and Asami /25/ 
for 151E

U s
153

E u a n d N a t E u 

Analyze STEK data 
and intercompare 
integral measure-
ments 

151 
Eu 5% requirement not met 
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Table 1: Requests, Status and Action for Fast Capture Data 

Nuclide Request
1

^ 

Status
0

^ 
Differential Integral Action 

155, 
Eu 20% no data at all 

planned: data from 
Kiel /9/ 

not met 

no data 

a) Table 1 Contents: 

This table gives the "request", "status" and "action" information from 
Table 12 of the Petten meeting (above the dashed line) and the same data 
as presently summarized by this working group (below the dashed line). 
Changes since the PETTEN meeting have been also indicated by drawing 
lines through the PETTEN information. 

b) Source of Requests: 

All requests are for reactivity calculations, except where stated otherwise 

p(t) — is a request for the time dependence of reactivity at 
begin of eye 1e. 

Fh — Fuel handling (request made at Bologna Panel) 

BU — burnup rnoni tors 

Dh — decay heat calculation 

St --- secondary standard 

c) References: 

/l/ A.R. Musgrove, Nucl. Phys. A270 (1976)108 
/2/ Chou. J. of Nucl. Energy 27"TW73)811 
/3/ V.D. Harker, in "Progress~Tn FPND", INDC(NDS)-86, p. 77-83 (1977) 
/4/ Hockenbury; Bull. Am. Phys. Soc. 20(1976)560 (abstract, no data) 

see also EXFOR 10552 
/5/ Hockenbury, NBS-Spec. Publ.-425 (1975 Washington Conf.) p. 904 
/6/ see INDC(NDS)-86 ("Progress in FPND")p.72 (1977) 
/7/ G. Rohr et al, Int. Conf. on Interactions of Neutrons with Nuclei, 

Lowell, Massachusetts, 6-9 July 1976; p. 1249 
/8/ Hockenbury, Bull. Am. Phys. Soc. 21 (1976)537 (abstract no data) 
/9/ see INDC(NDS)-86 ("Progress in FPTfU") p. 10 (1977) 
/10/ A.R. Musgrove, to be published in Nucl. Phys. See also EXFOR 30360 
711/ Kononov et al., YK-22(1976)29 
/12/. F. Bensch, H. Ledermann, INDC(AUS)-2/G, p.l (1971) 
/13/ J.J. Veenema, A.J. Janssen, "Small sample reactivity worths of FP 

isotopes and some other materials measured in STEK", ECN-10(1976) 
/14/ Langlet and Martin-Deidier, contribution to RP 14 of this meeting. 

Published in INDC(NDS)-87 (1978). ("French osci11." means: ERMINE 
and MASURCA oscillation experiments) 

715/ T.L. Anderson, AE-428 (1971) 
/16/ N. Yamamuro et al., Conf. on Nuclear Cross Sections and Technology 

Washington D.C. (1975), NBS-SP-425, p. 802 • 
/17/ N. Yamamuro, private communication 1977 
/18/ L. Koch, private communication 1977 
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/19/ RPI, see CINDA Mo-95 
/20/ A.R. Musgrove et al., Harwell Conference, Sept. 1978 
/21/ R.L. Macklin et al., this meeting 
/22/ W.P. Poenitz, this meeting 
/23/ J. Voignier et al., this meeting 
/24/ R P I N u c l . Sci. and Eng., 1979 
/25/ N. Yamamuro and A. Asami, this meeting 

IV. Thermal Cross Sections 

Thermal data needs and status were not directly addressed at this meeting, 
except as referred to in the ENDF/B-5 status paper ^ Appendix A. It is 
recommended that the work of Wilson and England (2) and the Petten report be 
referred to for guidance in this area. 

References 

(1) R.E. Schenter and T.R. England, this meeting 
(2) W.B. Wilson and T.R. England, in Symposium Proceedings: Nuclear Data 

Problems for Thermal Reactor Applications, EPRI NP-1098 (June 1979) 

V. Recommendati ons 

1. New measurements of differential fast capture should be performed 
as indicated in Table 1. 

2. New measurements of integral measurements of fast capture should be 
performed as indicated in Table 1. 

3. Additional action items in Table 1 should be considered. 

4. A more precise description of request uncertainties and energy 
ranges should be made. 

5. Use of activation measurements in the fission spectrum neutron field 
should be investigated. 

6. The measurement of data at some selected energies in the fast energy 
range is recommended. These singular points may be sufficient 
together with nuclear model calculations to fulfill many data requests. 
The most important energy point would be 30 keV. Other energy points 
would be 500 keV and 2 MeV. 

7. The measurement of total and scattering cross section in the FP mass 
region is recommended in order to provide and improve the data base 
for a better definition of optical model parameters. 

8. Evaluations of capture cross sections of FP nuclei should make use of 
elemental data constraints. This specifically applies to the higher 
keV and MeV range where isotopic data are unavailable and nuclear 
model calculations can differ by large factors. 

9. Older experimental data should be renormalized with newer reference 
cross sections and decay data before they are used in evaluations. 
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NEANDC SPECIALISTS' MEETING ON NEUTRON CROSS SECTIONS 

OF FISSION PRODUCT NUCLEI 

Status of Evaluation and Theory on < D > , and the Neutron and/'y-Ray. 

Strength Functions; Intercomparison of Methods.'to Determine Average 

Resonance Parameters / 

Report of Working Group 2 

Gruppelaar H., 

Stefanon M., 

Delfini G. 

Fort E. 

Froehner F.H. 

Lagrange Ch. 

Lammer G. 

Moore M.S. 

Chai rman 

Secretary Mughabghab S.F. 

Osterhage W.W. 

Priesmeyer H.G. 

Ribon P.• 

Rohr G. 

Staveloz P. 

Ventura A. 

I. Requi rements 

Average resonance parameters of fission-product nuclides (FP) are 
required for model calculation of a

n y
 . The most important quantity is the 

ratio <Ty>/<D> , which is related to a
n
 in the energy range of interest to 

fast power reactors. For the 20 most important nuclides (table I of Heijboer 
and Janssen's paper) the requirements for <o

n
 >are about +10%. («x

n
 >= average 

capture cross section in a fast power reactor spectrum). This means that <r
y
> 

and D are required to within +7%. The s- and p-wave neutron strength functions 
S

0
 and S-| play a role at energies from a few keV to about 50 keV. The esti-

mated requirements for the 20 most important FP are: +10% in S
0
 and +15% in S-j 

(for nuclides with A=80 to 90 the requirements for S] may be even more 
stringent). 

It should be noted that model calculations based upon average resonance 
parameters are only one of the possible tools to obtain a ; mostly the 
evaluator will combine results from model calculations ana capture data. 
However, this tool is very important to predict a of radioactive FP as 
listed in table II of Heijboer and Janssen's p a p e r ^ In that case parameters from 
systematics obtained from neighbouring nuclides could be used to obtain a

n Y
 • 

The requirements for the less important FP isotopes (not mentioned in 
Table I of Heijboer and Janssen's paper) are less stringent. Again, the use of 
systematics of the average parameters can be quite helpful for these nuclides. 
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I I . Status of Average Parameters Derived from Experimental Data 
From the papers presented at the meeting a complete view of the current 

status of the 20 most important FP cannot.be obtained, since for many isotopes 
the new data now available have not been analysed as yet. Therefore, only some 
general comments are given in this section. 

11.1 Level Spacing D 

For the 20 most important FP (table I of Heijboer and Janssen's paper) 
there is +5% uncertainty only for 3 or 4 nuclides, and +10% uncertainty for 
about 5 nuclides. The remainder have larger uncertainties. These 
conclusions are based upon data available in 1977. A clear discrepancy between 
evaluated data in the literature exists for ^

5 1

S m . This is largely due to the 
fact that the total cross section measurements were carried out on a thin l ^ S m 
sample thus missing the weak resonances. It was noted that the error estimates 
on D are doubtful. The opinion of the participants at the Meeting was that 
an accuracy of +7% in D can be reached when a set of high-quality resolved 
resonance parameters is used; see further sect. IV. .A 

11.2 Average Capture Widths 

Mughabghab reports values for <r
y
> for only 6 of the 20 most important 

FP ; his report did not cover all of these 20 nuclides. It seems that for many 
FP nuclides there are still not enough resonance parameters with experimental 
values of r

Y
 . What is needed are values for £=0 and £=1 separately. 

It is noted that non-statistical effects in r may prevent calculating a 
meaningful average which can be used in model calculations. 

11.3 y-Ray Strength Functions 

Gardner and Gardner have proposed to extract y-ray strength functions 
from average neutron or proton capture measurements, for use in model calculations. 
The status of these data was not discussed at this meeting, since the paper was 
not presented (see abstract). 

11.4 s- and p-Wave Neutron Strength Functions 

From resolved resonance parameters of the 20 most important FP nuclides 
S

Q
 has been determined typically not much better than within 30%, with smaller 

uncertainties (+10%) in favourable cases, e.g. for
 1 0 3

R h , '
2 7

I (see Delfini and 
Gruppelaar's paper). It should be noted that this conclusion is based upon data 
available in 1977. Another method to obtain SQ is from analysis of average 
o f d a t a . Because of the difficulty in determining the ^-values of many reso-
nances, information on S-| deduced from resolved resonance parameters is quite 
uncertain; hence, it is more reliable to use average aj-data. Unfortunately, 
many average o^-data in the range from a few keV to 100 keV are lacking. When 
D is small average capture data could also be used to determine S-| . 

Ill. Status of Average Parameters Derived from Systematics or Theory 

III/ D 

From global systematics (see Reffo's paper) there is uncertainty up to 
a factor of 2 between values obtained from the systematics and experimental 
values. By using "local systematics", D can be deduced with an uncertainty of 
about 30% when measured data of neighbouring nuclides can be used for interpo-
lation. From the BCS-model (see paper by Benzi et al.), values of D with 
uncertainties of +_30% can be obtained for most nuclides. The procedure suggested 
by Rohr et al. has been applied so far only to the actinides, with uncertainties 
in D of about 22%. 
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III.2 < r > 
Y . . . 

According to Reffo's paper, <ry> can be calculated to within about 30% 
when deformation parameters, giant-dipole resonance parameters and level-density 
parameters are .reasonably well known. However, for most nuclides also level-
scheme data of the low-lying levels are needed up to a few MeV. The parity 
distribution of low-lying states, is particularly important to predict <r >^

=
q 

and < r >ri_-j . To estimate non-statistical effects other models are needed. 
In Mughabghab's paper simple estimates for <r >are quoted, which are accurate 
to within about a factor of 2. 

Ill .3 Strength Functions 

No information is given on systeniati'cs of S
0
 and S] at this meeting. 

Probably, the uncertainty in S
0
 , S-j derived from systematics is not better 

than 30%. 

IV. Conclusions arid Recommendations Related to Experimental Data 

Considerable progress has been made in resolved resonance measurements 
performed since the 1977 meeting at Petten (e.g. Pd-isotopes, Ru-i$otopes). 
However, many recent data have still to be analysed with the methods proposed : 
at this meeting. For this reason it is difficult to specify further requests -
exactly. The definition of these requests will be greatly facilitated after 
publication of the new edition of BNL-325 (first half of 1980). 

Some global recommendations are: 
a) Though some measurements have been carried out on FP nuclides, higher quality 
resolved resonance parameters over extended energy regions are, nevertheless, 
required^ This,applies particularly iQ^the long-lived unstable nuclides, 
99fc,. °'Pd, ' Sm, ' Pm, '^5cs and '

0 3

Ru . This may require further develop-
ment of techniques to measure small samples of radioactive material. 

b) Use of s- and p-wave discrimination methods as employed by Staveloz et al. 
for the Pd-isotopes is recommended. For this method the parities of the low-
lying states of the final nuclide need to be known. M. Moore suggested exploring 
this method also in measurements of average cross sections. 

c) For many nuclides S
0
 and S-j could be determined from average o^ (or a

c
) 

data. For this reason average total cross section measurements are required in 
the energy range 5 to 100 keV. 

d) Gardner's suggestion to extract y
-

ray strength functions from experimental 
capture cross sections should be further investigated by means of analysis of 
(n,y) or (p,y) data. This could be of relevance for unstable FP nuclides. 

e) Further developments of theory and systematics are recommended, in particular 
with regard to D and <r

y
> . 

f) With regard to the method for estimating level densities and average reduced 
neutron widths from resolved resonance parameters, see sects. V and VI. 

V. Methods of Estimating Level Densities and Average Reduced Neutron Widths 
from Resonance Parameters Data ' ~~~ ' ~~ 

General agreement was reached that an analysis based only upon the observed 
resonance energies, making use of statistical properties of pure sequences (Linear 
statistics, A

3
 statistics of Dyson etc...) is unreliable and is to be avoided . 

(Lowell, 1976, C0NF-760715-P2, p. 1456; see also Fort's paper, this meeting). 
The estimating procedures currently used by most laboratories represented in the 
working group are based essentially on the Porter-Thomas distribution corrected 
for a threshold in the gr

n
 values. Certain simplifying physical assumptions 

are also generally common, like the (2J+1)-dependence of the level density and 



422 

the independence of the strength function of the spin of the resonances. 
The methods differ however in the following: 

a) The possibility of dealing also with data composed of mixed unassigned p-wave 
and s-wave resonances. 

b) The way to determine the lower threshold for gr , which is either auto-
matically calculated or assumed as a; variable input parameter. 

c) The methods used to check for deviations of the data behaviour from the 
Porter-Thomas law (variation of number of resonances in prescribed gr

n 

intervals or stability of the output for different thresholds). 

d) There are large differences in the calculation of errors. It is pointed 
out that the only possible way to obtain reliable statistical errors is 
a statistically significant Monte Carlo simulation of experimental data. 

This method has already been developed (Lowell, 1976, C0NF-760715-P2, 
p. 1456; see also Rohr's and Stefanon's papers, this meeting) and is therefore 
recommended for all estimation procedures.

 1 

VI. Intercomparison of Methods Used to Determine Average Spacing from Sets 
of Individual Resonance Parameter? ~ 

It has been decided to promote an inter-laboratory exercise supported 
by NEANDC and organized by P. Ribon. 

The exercise consists of generating a small number of sets of resonance 
parameters according to Ribon's proposal (Ribon: this meeting) and to submit 
the results to different laboratories for analysis. 

There is majority agreement that this exercise is a useful test of 
methods and codes. 

M. Stefanon and C. Coceva point out that such an exercise does not lead 
to any meaningful information on the variance of the estimates due to its low 
statistical significance and to biases due to guessing of input values like 
S

0
/S] . 

•The following approximate time schedule is given: 

February : distribution of data; 

July : dead line for submitting the results of the analysis; 

October : presentation of the result of the intercomparison. 

The following laboratories have already adhered to the exercise: 

Bhabha Atomic Research Centre, Bombay, India 

Inst.de Fiz.si.Ing.Nucleara, Bucharest, Rumania 

KFK, Karlsruhe, Germany, F.R. 

AERE, Harwell, UK 

BCMN, Geel, Belgium 

The NEA Data Bank, Saclay, will look after accepting applications to the 
exercise and collecting the results. 
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Riprodotto presso il laboratorio tecnografico 
del Centro Studi e Ricerche " E. Clementel " 

Operatori : G. Abelli - R. Abelli 




