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INVESTIGATION OF THE MECHANISM OF FAST NEUTRON SCATTERING
BY EVEN ISOTOPES OF MOLYBDENUM

I.A. Korzh, V.P. Lunev, V.A. Mishchenko, Eh.N. Mozhzhukhin,
N.M. Pravdivyj and E.Sh. Sukhovitskij

ABSTRACT

Experimental differential and integral cross-sections of elastic
92 94

and inelastic scattering of neutrons by the isotopes Mo and Mo

are given. The experimental data are analysed in the framework of

the spherical optical model, of the coupled-channel method and also

of up-to-date versions of the statistical theory of nuclear reactions.

A theoretical analysis is used to determine the ratio of the contri-

butions of the two scattering mechanisms, namely direct scattering

and scattering through a compound nucleus.
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The widespread use of molybdenum in present-day and future nuclear and

thermonuclear facilities is giving rise to requirements for systematic data

of fairly high accuracy on the interaction cross-sections of neutrons with

isotopes of this element. In addition, isotopes of molybdenum are among the

most common fission fragments. From the physical point of view, the study of

the dynamics of variations in the mechanism of neutron scattering by even

isotopes of molybdenum with neutron energies varying within the region of a

few MeV is of great interest since their different positions in respect of the

magic number of 50 neutrons mean that they have very great differences in the

energy structures of nuclear levels and types, which are manifested in

different coefficients of quadrupole deformation.

Up to neutron energies of 4 MeV, the literature contains elastic

scattering cross-sections [1-3] and inelastic scattering cross-sections with
92

excitation of discrete levels of the nucleus Mo [3]. There is little infor-

mation on neutron scattering cross-sections in the energy region above 4 MeV

because of Che experimental difficulties arising when obtaining them. In

this energy region there are only the data of Ref. [4] on neutron elastic

scattering cross-sections by the nucleus Mo. There are even fewer data on
neutron elastic [1,2] and inelastic [1,2,5] scattering cross-sections by the

94
nucleus Mo. New measurements of the neutron elastic and inelastic scattering

cross-sections by these isotopes over a wide range of energies will thus be

useful.

Measurements have been made of the differential neutron elastic and

inelastic scattering cross-sections with excitation of the first levels of the
92 94

nuclei Mo and Mo at initial neutron energies of 1.5, 2.0, 2.5, 3.0, 5.0,

6.0 and 7.0 MeV. The experimental differential cross-sections obtained have

been analysed in accordance with ttie theory of the-spherical optical and*

statistical model and also with the coupled-channel model. In.order that the

analysis in the context of the above-mentioned models should be sufficiently

full, the energy dependences of the total and integral elastic and inelastic

scattering cross-sections in the energy range 0.5-9.0 MeV measured in this

study and of those found in the literature have also been analysed.
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Experimental method

The differential elastic and inelastic scattering cross-sections were

measured on an EhG-5 pulsed electrostatic accelerator with a high-resolution

time-of-flight fast-neutron spectrometer [6,7] adapted for measurements in

the energy range 1.0-7.0 MeV. Neutrons with an energy spread of - (90-140) keV

obtained in the T(p,n) He and D(d,n) He reactions with hard Ti-T and Ti-D

targets were scattered by cylindrical samples made from pressed metal powders
92-

highly enriched in the corresponding isotope: 92.2% for Mo (mass 55 g) and
94

87.7% for Mo (mass 43.5 g). The samples were placed at a distance of 10 cm

from the target.

The scattered neutrons were detected at drift distances of up to 3 m and

at 9-15 different angles in the range 20-150 by a scintillation detector (a

stilbene crystal with an FEhU-30 photoelectron multiplier) with an n-Y separa-

tor placed in a solid protective collimator with an additional shadow shield.

The neutron collimation system provides sufficiently good measurement con-

ditions even with relatively low sample masses and average proton or deuteron

currents to the target of 1-5 \iA.

The neutron flux was monitored with a long counter, a time-of-flight

detector placed at an angle of 30 to the primary particle beam and a current

integrator.

The neutron spectrometer and the measurement technique are described in

detail in Refs [6,7].

Measurement results

The scattered neutron spectrum measurements were used to determine the

differential elastic scattering cross-sections, by normalization to the neutron

flux at an angle of 0 and the differential inelastic, scattering cross-sections

with excitation of the 'first levels of the molybdenum isotopes investigated by

normalization to the well-known scattering cross-sections of neutrons by

hydrogen in a polyethylene sample of small diameter (mass 1.3 g) at angles at

which the neutrons scattered have the same energies as inelastically scattered

neutrons with excitation of the corresponding levels of molybdenum isotopes.

An analytical method was used to make corrections to the differential

elastic and inelastic scattering cross-section measurements for attenuation of

the neutron flux in the sample and for anisotropy of neutron emission from the
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sample and to the differential elastic scattering cross-sections for the

angular resolution in the experiment and for multiple scattering of neutrons

in the sample [8].

The differential elastic and inelastic scattering cross-sections of
92 94

neutrons by the isotopes Mo and Mo obtained at the neutron energies

investigated are shown in Figs la and b. The errors shown in Figs la and b

are total errors and include errors of measurement, normalization and correc-

tion.

The differential elastic scattering cross-sections of neutrons by the

nucleus Mo at low energies found by the authors agree well with those in

the literature [2,3]; the remaining differential cross-sections are found for

the first time.

By integration of the differential cross-sections we obtained integral

elastic and inelastic scattering cross-sections for neutrons of the investi-
92 94

gated energies using the isotopes Mo and Mo.

For purposes of comparison and analysis, Figs 2 and 3 show the energy

dependences of total and integral neutron elastic and inelastic scattering

cross-sections including the data of the present paper and published data of

other authors. It will be seen from Figs 2 and 3 that the data in the litera-

ture generally correlate well with the results obtained by the authors of

this paper.

Theoretical analysis of experimental data

Theoretical analysis of the experimental data was based on the optical-

statistical approach combined with the coupled-channel method [10].

In order to calculate the total and differential potential elastic

scattering cross-sections and also the transmission coefficients needed for

calculating cross-sections with the statistical theory, use was made of the

optical model of the nucleus with a spherical potential of the type

V(r) = - Vcf(r) - iWcg(r) + V^C^JL) £ ̂  l(r)at, where f(r) = [l + exp(^)]

g(r) = exp[-(~-) ], R = r A , [ll] and with the set of averaged potential

parameters of Ref. [12]:

V = (48.7 - O.33E) MeV; W = (7.2 + O.66E) MeV; V = 7.5 MeV;
*>* c so

a = 0.65 *; b = 0.98 «; r = 1.25 «. (1)
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The direct inelastic scattering cross-sections were calculated by the

coupled-channel method [13] in which the system of linked Schrodinger

equations for the radial functions R? ».(r) with fixed values of J and II has

the form

0-4- T Rrnl, i C*)x

where p = k r (k is the wave number of a neutron of energy E ); Y is a
n n n n itj

spherical spin-angle function with orbital moment I and total moment of the

neutron j; * (?) is the wave eigenfunction of the Hamiltonian of a target

nucleus with moment I and its z-projection M ; and 8 is the vector addition

of functions. The channel energy E is linked with the energy of the n-th

state E by the relationship E = E - e (n = unity minus the ground state of

the target nucleus). The primes stand for the quantum characteristics of all

the emission channels permitted by the laws of conservation.

The interaction potential V(r,9,$) is represented in the form V(r,8,$) =

V + V , where V is the spherical optical potential and V is
diag coupJl diag coupi
the non-diagonal part of the optical potential resulting in the link between

the different reaction channels. Where V = 0 , the system of linked
coupH J

equations (2) changes into the usual Schrodinger optical-model equation.

From Eq. (2) it will be seen that with the coupled-channel method the

problem is reduced to selection of the link potential and to calculation of

the matrix elements in accordance with a specific model for approximating

the structure of lower levels of the target nucleus. For spherical nuclei

the vibrational model with dynamic deformation is usually taken.

In the coupled-Channel method the radius of deformed components of the

potential V and W (when calculating the link potential the spin-orbital

term may be ignored) is taken to be in the form R = R [l + Ja Y, (9,*)],
1/3 • 2 ° ^ ^

where R = r A and B- = /0|E|a | \0\. The parameter S- determines the
o o 2 ^ ' M1 ii' ' ' y 2

strength of the link. On the assumption that excited levels are vibrational,

in the explicit form account is taken only of the link between the ground

state and the first excited level. For the calculations, the averaged para-

meters of the optical model (1) are used (except for W , which is reduced by



- 6 -

20% in order to obtain the same value of a as in the spherical optical model).

The calculations were performed using the program given in Ref. [l4]. The
92

quadrupole deformation coefficients 3- were taken to be 0.116 for Mo and

0.169 for 94Mo [15].

The differential cross-sections for scattering through a compound nucleus

were calculated in accordance' with the statistical theory, account being taken

of fluctuations in level widths [16] by the method described in Ref. [17]

according to the formula

(3)

wax

x,2 .cfl ^
even •

where E, E1 = E - e and E" = E - e are the kinetic energies of neutrons
q p

(incident, emitted through the particular channel, and emitted through all

permitted channels respectively); e and e are the excitation energies of

the target nucleus level being studied and of any such level which is

permitted, respectively; E" is the energy of a neutron emitted with excita-

tion of the last level considered to be discrete; I and j, &' and j' and I"

and j" are the orbital and total angular momenta of neutrons (incident, emitted

through the particular channel and emitted through all permitted channels

respectively) permitted by conservation laws; J and II are the spins and

parities of the states of the compound nucleus; i, i' and i" are the spins of

the ground state, the excited state being studied, and all the permitted

states of the compound nucleus, respectively; X is the wavelength of the

incident-neutron; T 0.(E), T ,(E') and T.,,.I,(E") are the transmission
J • J J J H

coefficients for neutrons of the corresponding energies; R. ..,.. is a coeffi-
«iJ4 jcient taking into account the effect of level width fluctuations; Z are

Blatt-Biedenharn coefficients; W are Racah coefficients; PT are even Legendre

polynomials; and o(U,i") is the level density of the residual nucleus of a

particular spin and both parities for an effective excitation energy U. In

Eq. (3) the summation takes into account the conservation laws of total

angular momentum and parity.
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In the statistical-theory calculations, use is made of discrete levels

of the molybdenum isotopes being studied which are taken from the compilation

of Ref. [18]. Higher levels with unknown characteristics are treated statis-

tically using the Fermi-gas model with "back bias". The level density in a

solid spectrum was calculated with the formula of Ref. [19]

U) _ 2t"-H

where U = E - A; a and A are level density parameters; and a is a spin cut-off

parameter linked with a, U and the nuclear mass A by the relationship

a = 0.146 v/aU* A [20]. The values of the parameters a and A were taken

from Ref. [21] but renormalized for the use of a different-expression for the

level density.

The formula for the integral neutron inelastic scattering cross-section

excitation of a level of er

statistical theory has the form

with excitation of a level of energy e in the Hauser-Feshbach-Moldauer (HFM)

<4)

J

jn '
If we assume R- ..... = 1, Che HFM formulae (3) and (4) turn into Hauser-

Feshbach (HF) formulae, which do not take level width fluctuations into,

account.

Where only certain competing compound-nucleus decay channels are open,

the coefficients R...,., for inelastic scattering become less than unity.
J J jn

With increasing energy, the coefficients Ro .., . tend to unity .and the cross-

sections calculated with the HFM and HF formulae coincide.

The HFM and HF formulae are valid if weak absorption in all channels

(F << D) is assumed. In recent years, formulae for calculating fluctuation

cross-sections for strong absorption (T >> D) have been given in a number of

papers [22-24]. For example, Tepel, Hofmann and Weidenmuller (THW) [22] have

found approximated expressions for the fluctuation cross-section based on

representation of the cross-section in factorized form and on the condition

of unitarity of the S-matrix. The THW formula for the fluctuation cross-

section has the form
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where V . and W . are parameters which depend on the optical-model transmission

coefficients in the following way

*CVSV;-X^-or;
; (6)

The parameter W . in Eq. (5) reflects the effect of correlation strength-

ening of the elastic scattering cross-section. The approximating expression (6)

for W . was obtained on the assumption that W is a function of only one

channel T . Reference [23] gives a more exact expression for W including

not only the dependence on the transmission coefficient for the particular

channel but also the slight dependence on the transmissions for other channels.

As was to be expected, the results of calculations using the THW formula

lie between the predictions of the HF and HFM formulae. With an increase in

neutron energy - and therefore in the -number of open channels - cross-sections

calculated with HFM and THW become more and more similar and at neutron

energies of a few MeV they practically coincide. This makes it possible to

use the more convenient THW formulae in calculations, since it ceases to be

necessary to calculate the somewhat complex integrals contained in the fluctu-

ation factor of the HFM formula.^

In calculations of neutron scattering cross-sections for the nuclei being

studied using the statistical theory with the help of the normalization factor

(a - a - a )/a account has been taken of competing channels with emissiona np na a f e,

of protons and a-particles [25], since in the calculation formulae only neutron

emission channels were considered.

In Figs 1-3 the results of calculations using the models discussed above

are shown for purposes of comparison with experimental data. The differential

and integral neutron elastic scattering cross-sections are shown as the sums

of the cross-sections calculated with the spherical optical model and with the
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HFM statistical theory. Figure 4 shows differential neutron elastic
92 94

scattering cross-sections through a compound nucleus for Mo and Mo at

E = 0.5-5.0 MeV calculated with the HFM theory. The neutron inelastic
n
scattering cross-sections through the compound nucleus are added to the direct

inelastic scattering cross-sections in accordance with the formula
T ,, D w . CN DN , CN . . ca = {{a - a ,)/a )a , + a ,, where a . is the cross-section of
nn' a nn' a nn' n n " nn'

inelastic scattering through a compound nucleus; o , is the direct inelastic

scattering cross-section calculated with the coupled-channel method; and a

is the absorption cross-section.

From Figs 1-3 it will be seen that the total cross-sections for the

isotopes considered which are calculated with the spherical optical model agree well

with experimental data, while the differential and integral neutron elastic and

inelastic scattering cross-sections calculated with the HFM or THW statistical

theory and the spherical optical model or with the coupled-channel method agree

well enough with experimental data within the energy range covered for conclu-

sions to be drawn about the role of direct and compound processes with neutron

scattering. Thus, direct (potential) neutron elastic scattering at the

beginning of the energy range studied is in these calculations approximately

50% of the total, while at the end of the range it begins to predominate. At

the beginning of the energy range studied, direct inelastic scattering cross-

sections with excitation of the first 2 levels do not exceed 157a of the

total for the molybdenum isotopes examined, while at the end of the range they

also begin to predominate.

The analysis performed not only makes it possible to draw conclusions

about the roles of the various mechanisms in fast neutron scattering, but also

indicates the possibility of using the theoretical models applied for pre-

dicting the fast-neutron scattering cross-sections for isotopes of molybdenum.
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Fig. 1. Differential neutron elastic and inelastic scattering cross-sections
92 94

at energies of 1.5-7.0 MeV for the nuclei Mo (a") and Mo (b).

The experimental data of this paper are shown as circles; the solid

lines stand for elastic scattering calculated with the spherical

optical model and the HFM statistical theory and for inelastic

scattering calculated with the coupled-channel method and the HFM

statistical theory; and the dotted lines show calculations with the

coupled-channel method.

tc = centre of mass.
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Fig. 2. Energy dependences of total and integral neutron elastic and inelastic

scattering cross-sections with excitation of the first two levels of

the Mo nucleus in the energy region 0.5-9.0 MeV. Experimental cross-

sections: • = this paper; A = Ref. [l]; a = Re_f. [2]; 0 = Ref. [3];

and <> = Ref. [9].- Theoretical calculations: OM = spherica'l optical

model; CC = coupled-channel method; HF =. statistical model without con-

sidering fluctuations in level widths; and HFM = statistical model with

level width fluctuations considered.



- 13 -

Fig. 3. Energy dependence of total and integral neutron elastic and inelastic

scattering cross-sections with excitation of the first two levels of

the 94Mo nucleus in the energy region 0.5-9.0 MeV. Experimental cross-

sections: • = this paper; A = Ref. [l]; C3= Ref. [2]; and

* = Ref. [5].
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coinp

Fig. 4. Dif ferent ia l neutron e l a s t i c sca t te r ing cross-sec t ions through the
92 94
Mo and Mo compound nucleus at E = 0.5-5.0 MeV as calculated by

the statistical theory with level width fluctuations considered.

* / tc = centre of mass.
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EVALUATION OF FAST-NEUTRON RADIATIVE CAPTURE CROSS-SECTIONS
FOR SAMARIUM AND EUROPIUM ODD ISOTOPES

B.D. Yurlov, T.S. Belanova, A.V. Ignatyuk,
V.N. Kononov and G.N. Manturov

The process of nuclear fuel burnup in the reactor core results in the

accumulation of an appreciable quantity of fission products, which are liable

to have considerable effect on the neutron balance in the reactor. Conse-

quently, many problems relating to core poisoning arise in the course of

designing and operating nuclear reactors. To overcome them it is necessary

to have accurate information on the neutron cross-sections of fission products

and, in particular, the neutron radiative capture cross-sections. To this end

a large number of evaluations of fission product cross-sections have been

published, the most complete being the compilations [1-5]. According to the

evaluations conducted, an accuracy of 15-207. is attained for the fast-neutron

radiative cross-sections of fission products. However, in order to obtain an

error of 1% when calculating K ,.. and 27. in the value of the breeding ratio

of a fast reactor operated on plutonium oxide fuel with sodium coolant,

approximately twice that degree of accuracy"[6,7] is required. As shown in

Ref. [8], the uncertainty in K ,. is at present almost entirely a function of

the neutron cross-section errors already determined for fission products.

Odd isotopes of samarium are among the first ten or so most important

fission products responsible for reactor core poisoning. The odd isotopes of

europium, however, have great potential as a material for reactor xontrol rods,

Since there is considerable spread of the data in the evaluations of neutron

capture cross-sections for both elements [1-5], the task of analysing the

reasons for it and reducing the error of the evaluated values is one of

topical relevance. This, in fact, is the task the authors have set themselves

in the present paper.

The status of the experimental data on fast-neutron radiative capture cross-
sections

Table 1 sets out details of Refs [9-18], in which measurements are made

of neutron radiative capture cross-sections for samarium and europium odd

isotopes. Figures 1-6 show the energy dependence of capture cross-sections
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for separated isotopes, while Figs 7 and 8 show the same dependence for a

natural isotope mixture of these elements. Most of the experiments relating

to the neutron energy region 1-1000 keV use a method which involves recording

the prompt Y-radiation for capture and applying the time-of-flight or slowing-

down time technique in order to determine neutron energy. This method is used

in experiments involving a lead slowing-down time spectrometer (STD or "lead

cube") [11,19] and linear-accelerator [13-15,17,18] and electrostatic-

accelerator spectrometers [10,16,20,21]. The neutron radiative capture events

were recorded chiefly by means of total-energy detectors or large scintillation

tanks. Neutron flux was measured from the reactions B(n,af) Li and Li(n,a)T.

These methods are described in greater detail in a number of published papers

such as Ref. [22].

Using the lead cube, which has a comparatively high neutron flux density,

it is possible to measure low cross-section values. In the region of tens of

keV, however, its energy resolution is poor (around 60-100%).

One merit of spectrometers based on linear electron accelerators (LEA) is

that they permit the study of a wide range of neutron energies (from resonance

to fast neutrons), so that the value of a can be absolutized by the saturated

resonance method. They also have disadvantages, however, one of which is the

existence of a background - dependent on flight time - in the region above

10-20 keV, its source being fast scattered neutrons. This background is respon-

sible for the low accuracy in this energy region of the measurement of <J by

means of the LEA, it being difficult to determine the variable background

unambiguously.

The advantage of electrostatic-accelerator spectrometers is that they

produce a low neutron background which can be calculated accurately if measured

simultaneously with the capture effect. The disadvantage of such spectrometers

lies in the low ratio between the latter effect and background in the 1-10 keV

energy region, due to the relatively low neutron yield from the Li(p,n) Be reaction,

which has the effect of appreciably increasing the a error in this energy range.

It should be noted that, as a result of the systematic research on

samarium and europium isotopes conducted in recent years, we now have far more

information on the a (E) value for these nuclei than previously, although the

results of individual studies (see Fig. 1) show significant discrepancies -

greater than the errors indicated by the authors - for both energy dependence

and the absolute cross-section values.



- 17 -

147 149 147

' Sm. For Sm in the energy region 5-300 keV there are two sets

of data for the value a (E) [16-18] which differ in slope and do not intersect

anywhere within the limits of the indicated experimental errors (see Fig. 1);

below 10 keV the value of a (E) determined by Kononov et al. [16] is approxi-

mately twice as high as that determined by the Japanese group [18], this

difference decreasing to 25-307. at 200-300 keV. It may be noted that in

Ref. [18] a (E) passes through Macklin's point [10] at 30 keV.
149

The values of a (E) established for Sm are given in Refs [14,16,18].

Above 10-15 keV they are in good agreement (see Fig. 2), but below this energy

the capture cross-section obtained by Kononov et al. [16] has a steeper a (E)

curve. Macklin's single point at 30 keV is approximately 607. below all the

other results.

1 5 1 > 1 5 3 E u . References [11,13-17] give data for a (E)151Eu which agree

with an average of 107. accuracy up to 60 keV. In the energy region 60-100 keV

two sets of data may be distinguished: a (E) from Refs [14,16], which agree

within limits of 4-77, but are consistently about 257, lower; and a (E) from

Refs [15,17], which agree within limits of 2-117..

No data are available for the higher neutron energy in Refs [15,17], but

the a (E) curve from Ref. [14] rises 10-357. higher than that obtained in

Ref. [16]. The activation cross-sections obtained by Johnsrud [9] by means of

the "two-ratio" method proved to be two to three times lower than the other

values of a (E) [14,16]. Renormalization of the Ref. [9] data to the recom-
C 151

mended thermal capture cross-section for Eu [27] eliminates this disagree-

ment .
153

The experimental data for the cross-section of Eu [13-17] also fall

into two groups snowing a marked difference in"respect of the slope of the

<J (E) curves (see Fig. 5), although as regards absolute values within the

energy range 10-100 keV the different sets of data agree within limits of

20-157,. Between 160 and 300 keV Hockenbury's data [14] for this isotope -

unlike Eu - are approximately 107. lower than those obtained in Ref. [16].

Sm, Eu. These nuclei are radioactive fission products, for whose

fast-neutron capture cross-sections no experimental data are available.
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Sm, Eu. There are few data on the natural isotope mixtures of these

elements. Apart from the aforementioned studies, we have the data obtained

by Chou [19] using a lead cube and also the measurements performed by Lepine [20],

Macklin [21,23], Block [24] and Poenitz [25]. The cross-sections for natural

samarium (see Fig. 7) obtained in Refs [19,24], which agree with each other, are

consistently about 30-40% lower than those obtained by Kononov et al. [16].

The data of Refs [20,21,24] agree with the latter within the limits of the

experimental measurement errors. For natural uranium (see Fig. 8) the situation

regarding experimental data is much the same as for its separated isotopes.

Within the range 15-70 keV most of the data intersect. Below 15 keV the a (E)

curves obtained in Refs [13,14,24] give values 15-25% higher than those obtained

in Refs [11,15,17,19,20], while in the region 70-300 keV, on the other hand,

the data from Refs [16,21] are 20-40% lower than those adduced in Refs [15,17,20].

Examination of the experimental data as a whole revealed a number of

common features. Between approximately 10-15 and 70-80 keV the different sets

of data agree by and large within experimental error limits. Below 10-15 keV

the cross-sections obtained from electrostatic-accelerator spectrometers are

normally higher (see, for example, the data given in Ref. [16]). In the region

of hundreds of keV the data of Refs [14,15,17,18] exceed the corresponding data

obtained on an LEA. The results obtained on an SDT [11,19] are almost invari-

ably lower'than in other studies. This obviously has something to do with the

experimental methods used. As we have already mentioned, the low-energy

region is difficult to measure by means of electrostatic accelerators. However,

increasing neutron energy to hundreds of keV in resonance spectrometers has the

effect of sharply increasing the scattered fast-neutron background, which makes

it rather difficult to calculate the variable background correctly, hence the

low accuracy and reliability or the data obtained. At a neutron .energy of, for

example, 100 keV,' the data of Refs [14,15,17,18] have an error of 10-15%.

Using the lead cube the energy resolution obtained in the energy region 15-50 keV

is 60-100%, which complicates the interpretation and comparison of the experi-

mental data and restricts the energy fields for the cross-sections used to

15-20 keV. Moreover, the procedure used in Refs [11,19] for absolutizing the

capture cross-sections in terms of isolated resonance parameters or the

neutron energy thermal region depends largely on calculation of the impurities

from other isotopes [15,26] and on the resonance parameters used for normalizing

the values obtained. In the examination of the data adduced in Refs [11,19]

account should be taken of the following: firstly, the authors of Ref. [ll]
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state that the results obtained from different detectors (i.e. from propor-

tional counters and scintillation detectors) differ by 20% and, secondly, the

authors of Ref. [28] assert that the correction method used in Refs [11,19]

with respect to multiple neutron scattering in the sample and resonance blocking

is inaccurate and may result in a 10-20% reduction in the radiative capture cross-

sections. The results of various relative measurements need to be renormalized

to the most recent value obtained for the reference cross-sections. This

applies in particular to the data of Lepine [20] and Macklin and Gibbons [21,23]

for the capture cross-section of indium, for which this value is 1O-157» higher

than the one given in Ref. [29].

It should also be pointed out that consistency in the results of capture

cross-section measurements for samarium, europium and their isotopes is found

only in Ref. [16]. By "consistency" we mean that the value of a (E) for

natural isotope mixtures calculated from the experimental data for individual

isotopes is in good agreement with the cross-section of natural Sm and Eu

measured experimentally in the aforementioned study. This finding also applies

to Ref. [17] for europium and its isotopes within an energy range of 3-100 keV.

The consistency condition is not fulfilled, however, in Refs [10,18] for

samarium and its isotopes or in Refs [11,14,15] for europium and its isotopes.

On the basis of the review made of the experimental situation and with a

view to continuing the analysis,-in order to obtain mean resonance parameters

giving a satisfactory description of these experimental data we used the

following studies: Refs [14,16,18] for 1 4 7 > 1 4 9Sm and 1 5 1 > 1 5 3Eu; and [13,15]
- 151,153..
for Eu.

Evaluation procedure adopted

The evaluation of neutron cross-sections in the region of unresolved

resonances is .normally based on calculations following the optical model and

statistical theory and involving data for the mean resonance parameters,

i.e. the neutron S, and radiative S strength function values, data on the

potential scattering radius R', the level density parameter "a", the level

scheme of the nucleus under investigation and other data obtained either

experimentally or from the systematics derived from an analysis of the existing

experimental information in conjunction with specific theoretical notions.
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This generally accepted evaluation procedure is adopted in the present

study, but in contrast to Refs [1-5], the values of S and S were determined
l. -fit,

on the basis of the aggregate analysis of the data obtained in the regions of

isolated and unresolved resonances, respectively. Strength functions are

derived from averaged radiative capture cross-sections by systematically com-

paring the experimental cross-section values with the theoretical capture

cross-section curve calculated by means of the well-known Hauser-Feshbach-

Moldauer equation [30]:

SLT %' I HI
The penetrability factors T , T. and T are related to the adduced neutron

S and radiative S strength functions as follows:

'1 /Vv «>
In expressions (1) and (2) the conventional notations are used. The

function £(E) includes, the energy dependence of the full radiative width, while

the factor F denotes the fluctuation of neutron widths in elastic and inelastic

neutron scattering channels. The penetrability coefficients v were calculated

for a channel radius R = 1.3*A . The fluctuation factor F was derived from

the closest approximation of the Porter-Thomas neutron width distribution [31].

When calculating the cross-sections we took into account the contributions

of neutron waves with an orbital momentum I equal to 0,1,2,3 (the f-wave para-

meters were taken as being equal to_the corresponding p-wave parameters). It

was assumed that the adduced neutron strength function S was not dependent on

the full spin of the state J and the radiative strength S function was
Y*

taken as the ratio of the full mean radiative width to the mean distance between

levels, i.e. S = 7 /(2S.+OD and for % = 0, S = 7 /D , . The function C(E)
Y& Y* & YO Y ODS

was calculated on the assumptions of dipole radiation and the Lawrence dependence

of the averaged transit matrix element, using a nuclear level density derived

from the Fermi-gas model with allowance for collective effects [32].
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In view of the fact that the averaged cross-sections contain a contri-

bution by a large number of neutron resonances - not only of zero orbital

momentum - it can be expected that in such an analysis the statistical fluctu-

ations in neutron widths and distances between resonances will not limit the

accuracy of the mean resonance parameters obtained and that we can determine

the parameters for neutrons with a high orbital momentum (I equal to 1 and 2)

more reliably than in the resonance region.

The best evaluation of the vector P of the neutron and radiative strength

functions, i.e. the evaluation giving the most satisfactory description of the'

experimental data, was obtained by means of the method of maximum probability

by minimizing the quadratic equation S (P) = [a ~a
tu (P)l v~ Ca ~ a t, (P)]-

[P -Pi W~ [P -P], where a is the experimental and a , the theoreticalL o o o exp r theor

neutron radiative capture cross-section derived from Eq. (1); V is the co-

variational error matrix of the experimental cross-section data; and P and

W are the a priori values of the mean resonance parameters and their covaria-

tional error matrix, which is assumed to be diagonal. If we adopt this approach,

the covariational error matrix W of the optimum values of the P parameters is

calculated as follows: W = [H V~ H+W~ ]~ x max {la }, where H is the coefficient
0 2 2 *

matrix of the cross-section sensitivity to the parameters; a = S (P)/N is the
. 2

evaluation of dispersion corresponding to the x -distribution; and N is the

number of experimental points. The diagonal elements of the W matrix determine

the dispersion of the parameters, while the non-diagonal elements correspond

to the covariational properties of the parameters obtained by means of the

maximum probability method. .

This method was carried out by means of the computer program EVPAR, using

the high speed for BEhSM-6 computer (the ORPA program was used for the M 222

computer [33]), which enabled the experimental data for the. full-cross-section,

the capture cross-sections and elastic and inelastic scattering to be described

by means of the Hauser-Feshbach-Moldauer model. Optimum parameters could be

sought for various variants with respect to the unknown parameters S and S

In particular, since the value of the neutron strength function for s-neutrons

was known with fair certainty from the analysis of isolated resonances, the

parameter S was usually fixed. The parameter S was determined on the assump-

tion that the radiative strength function was independent of the orbital

momentum of the incident neutron.
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Selection of parameters and discussion of the evaluated cross-sections

Table 2 sets oat the parameters calculated from the evaluation in

Refs [1-5] for the samarium and europium isotopes under study together with

the results obtained by the authors of the present study.

Neutron strength functions

The experimental data on neutron strength functions were analysed in

Refs [27,34—37]. For the majority of nuclei the value of S isknown from measure-

ments in the resolved resonance region and for 20 of the most important fission

products S is determined with an accuracy of - 30% (or as good as - 10% under

certain favourable conditions). The dependence of S on mass number A, equal

to 140-180, is shown in Fig. 9, which gives the experimental points and

theoretical curves. The calculations based on the collective model and the

coupled-channel method clearly give a more satisfactory description of the

experimental data. The experimental values of S given in the collection of

resonance parameters [27] and Refs [38,39] are taken as the recommended values

of S .
0

The experimental data on S (Fig. 10) are less detailed and refer mainly

to region A, where A equals approximately 100, and the rare-earth region. It

should be noted that the values of the p-wave neutron strength function differ

widely in many cases and are not very accurate or reliable* For the d-wave

neutron strength function the only data available are the individual results

obtained from an analysis of mean cross-sections (Fig. 11). Various forms of

the collective model^calculations [36,37,40] give an acceptable but as yet

purely qualitative description of the entire set of experimental data on S.

and S- as a function of atomic number.

1 LI 1 49 1 S1 1 SI
For * Sm and i-'x' i J JEu the values of the strength functions for

p- and d-neutroris are given in Ref. [17], where they serve as a basis for the

process of matching. For the radioactive isotopes Sm and Eu, the values

of S. and S~ were selected on the basis of the observed experimental and

theoretical trend of the dependence S . 0(A). The a priori and recommended

evaluations of the other parameters (S , "a") were selected in a similar way.
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Radiative strength functions. Level density parameter "a"

The values of S (.1 = 0,1,2) are determined for many rare-earth nuclei
Y*

in Refs [16,37]. It is also found that S is often greater than the radiative

strength function obtained by analysing isolated s-resonances, while the values

of S obtained independently for s-, p- and d-neutrons are essentially dis-
Y*

similar. The values of S = S from Refs [16,37] were used as initial values
Y Yo

for the cross-section analysis.

Taking account of collective effects, values were selected at
2 2/3

ra = 0.24 A [32] from Ref. [37] (Fig. 12) as recommended values for the level

density parameter "a". Allowing for collective effects results in an appreci-

able decrease - virtually 5-10 reciprocal MeV - in the value of parameter "a"

for rare-earth elements.

A discrete level scheme was formulated in accordance with Ref. [2] to take

account of the competition of the capture reaction with inelastic scattering.

In the investigated neutron energy region of 1-1000 keV the sensitivity of

the radiative capture cross-section to the various parameters of the calculation

model varies. In particular, at E = 1-50 keV a is determined by the value of

S and S . At higher energies the p- and d-waves begin to play a tangible role

and at E = 1 MeV their contribution is crucial. Moreover, a is affected by

the adopted energy dependence D, r of the level density parameters. In the

present study the influence of the calculation model parameters on the extent

and nature of cross-section behaviour was examined. It emerged that calculation

at the resonance value S adduced in Ref. [27] for odd samarium and europium

isotopes did not satisfactorily describe the experimental data: Che calculated

curve was located significantly lower - two to three times lower, in fact -

than the experimental curve. In order to eliminate this discrepancy it is
—4

necessary sharply to increase either the value of S (to (8-10)*10 ) or the

radiative strength function. Such high values of the s-wave neutron strength

function yield manifestly exaggerated results for the cross-section at energies

below 10 keV, a situation which conflicts with the experimental data. A fairly
-4

satisfactory description is obtained by increasing S to (3-6)'10 , but here

the calculated cross-section has a considerably flatter energy curve, while at

E = 1 MeV correspondingly higher cross-section values are obtained.- Further-

more, such values of S. do- not agree with those predicted by the optical model,

which in the region of atomic weights A * 140-160 yields a minimum dependence
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of S on A. Consequently, in virtually all the known evaluations aimed at

fitting the theoretical curve to the experimental data we have to step up the

values of the radiative strength function S . The influence of the level

density parameter "a", its values and the nature of the model (whether or not

it takes account of collective disturbances) is insignificant as regards the

investigated nuclei and energy range 1-1000 keV. For example, at E = 1 MeV
n

inclusion of collective disturbances in the calculation of level density

results in a 10—157O decrease in the cross-section, which is considerably less

in principle than the effect at this energy of parameters such as the. d-wave

neutron strength function, the level scheme adopted and the model allowing for

the fluctuations of mean resonance parameters. The results of the calcula-

tions and an analysis for each nucleus investigated are set out below.

147

Sm. The curve calculated on the basis of the parameters recommended

by the authors of the present study, which at S , however, is equal to the

resonance value from Ref. [27], is represented by the dotted line in Fig. 1.

The description of the data of Ref. [18] using the method of maximum proba-

bility gives the following values: S = 0.14 t 0.04;. S = 1.7 - 0.44;

S = 210 i 4— ; the calculated curve is close to the evaluation JENDL-1.

Kononov's data [16] are described well by the parameters obtained in the

present study. The description of the results of Refs [16,18] provides the

recommended parameters set out in Table 2, while the theoretical curve derived

from them is represented by a solid line in Fig. 1. The recommended curve

rises higher than in a number of other evaluations [1,2,4,5], including, in

particular, that of JENDL-1 (see Figs 1-6). This is because the value of S

obtained is greater than in Refs [l-5] and agrees with Gruppelaar's evaluation [3].

At a neutron energy of 30 keV various evaluations (see Table 2) agree to within

40%; at E = 1000 keV the evaluations differ by a factor of .over 2.
149

For the isotope Sm there are significantly more experimental data
147

available than for Sm. The method of maximum probability therefore lends

itself to a description of them. The process of matching the theoretical curve

to three sets of experimental data simultaneously [14,16,18] results in optimum

parameters, which are the recommended ones, while that of describing the experi-

mental data of the aforementioned authors individually yields parameters which

—4
jj[/ Strength functions are expressed here and later in units of 10
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agree with the recommended parameters within error Limits. The calculated

curve based on resonance parameters and represented by a dotted line in

Fig. 2 lies below the experimental points. As regards comparison with other

evaluations, the adopted calculated curve at E = 3 0 keV is 257. higher than

the RCN-2 evaluation [3] and approximately 40% higher than the other evalua-

tions [1,2,4,5]; at E = 1000 keV various evaluations once again differ by a

factor of 2 or more. The discrepancy at a neutron energy of 30 keV is

primarily due to the fact that the other evaluations [1,2] are normalized at
149

this energy to the neutron radiative capture cross-section for Sm obtained

in Ref. [10], whose value is 1.6 times lower than that of the other data [14,

16,18]. The discrepancy in the theoretical cross-sections at high neutron

energies may be due to a number of different factors, including, for example,

the different level scheme or calculation models used.

There are no experimental data for Sm, which is why Fig. 3 gives

theoretical curves only (the evaluation made in the present study together

with JENDL-1) [2]. The authors of Ref. [2] used the resonance value of the

radiative strength function (S = 500), which is accordingly located below

the recommended curve, although for the neighbouring samarium isotopes
147 149

( ' Sm) the same authors increase this parameter by a factor of almost

2 above its resonance value. The value of S , equal to 1200, is taken from

the systematics for S (A) with respec_t to the neighbouring nuclei [16,37]

(in the same way, incidentally, as other essential parameters). The parametric

errors are also evaluated on the basis of the uncertainty of such parameters

for neighbouring isotopes.

For the isotope Eu the experimental data have a scatter of approxi-

mately 20-30% and it is difficult to give preference to any particular author.

An optimum description of the data of Refs [17] and [15] "gives the following

parameter evaluations performed by means of the maximum probability methods

S1 = 0.114 t 0.033; S. = 3.5 - 1.0; S = 4926 - 500; it also yields a high

value of o (1 MeV), equal to 1.6 b. Matching these values to the data

obtained by Kononov [16], Czirr [13] and Hockenbury [14] yields parameters

close to those obtained in Ref. [16]. The optimum aggregate description of

the data of five authors, i.e. the description giving the closest agreement,

yields parameters which are adopted as recommended and it is by means of these
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parameters chat the calculated curve in Fig. 4 is obtained. The isotope Eu

is not a particularly important fission product and does not, therefore,

receive adequate attention in Refs [1-5]. Consequently, a detailed comparison

of the different evaluations is not possible.

The experimental situation with respect to Eu is similar to that of

the preceding nucleus, although the two sets of data [13,16] and [14,15,17]

differ not only in terms of energy dependence but also in absolute values.

It is to be expected that the process of matching the theoretical curves to

the data of different authors will yield different parameters. In particular,

description of the data of Refs [13] and [16] yields parameters which agree -

within the limits of error - with the results of Ref. [16], while adjustment

to the data of Refs [14,15,17] results in the values S = 0.275 - 0.063;

S_ = 3.45 - 0.52; and S = 1653 - 82. An attempt to describe the two groups

of experimental data at a time gives similar values for the neutron strength

functions, but a somewhat higher value for S (see Table 2), the calculation

being 20-30% higher than the other evaluations (see Fig. 5). It should be

noted that virtually all the absolute-value evaluations are normalized to the

data of Ref. [ll] at an energy of approximately 10 keV and consequently, while

describing the results of Ref. [ll] and others [12-15,17] up to energies of

30-50 keV, consistently fall below the experimental data beyond such energies.

The calculated curve for Eu is obtained in the!same way as that for

Sm. At low energies all the evaluations agree within limits of 30%, but

at E = 1000 keV they vary considerably (see Fig. 6 and Table 2). Below the

error correlation matrices are. set out for the optimum parameters (W), while

Tables 3 and 4 set out the sensitivity coefficients of the capture cross-

sections to the strength functions and the accuracy of the evaluated cross-

sections.

Conclusion

An evaluation has been made of the fast-neutron radiative capture cross-

section for six fission products - the odd samarium and europium isotopes
147,149,151C , 151,153,155- _, , .

Sm and Eu. The mean recommended resonance parameters

(neutron and radiative strength functions) are given, together with the co-

variational matrix of the parameter errors. The error in the evaluated

cross-section curves was found to be approximately 5-157,.
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Analysis of the available experimental data, theoretical calculations

and other evaluations led to the following conclusions:

- There continues to be insufficient experimental information on

fission products. There is need to perform new measurements of
147

a (E ) over a wide range of neutron energies, primarily for Sm
C n153

and Eu. The possibility must be explored of experimentally

determining the value of a for radioactive fission product isotopes
151e , 155_ C

such as Sm and Eu;

The available experimental data and various evaluations for the

cross-sections of fast-neutron capture by fission products fall

short at present of the level of accuracy required. Furthermore,

for almost all the samarium and europium isotopes under investi-

gation they disagree, the spread being 20-30%. This discrepancy

increases appreciably in the high neutron energy region (around

1 MeV);

The discrepancy in the evaluations within the energy range 1-100 keV

is clearly due to their normalization to different sets of experi-

mental data, which are not always in agreement;

The mismatch between the various evaluations at high neutron

energies is probably due to the different values adopted for the

p- and d-wave neutron strength functions, the different level

schemes used and the divergent notions on which the models are based.

In Refs [2-5] S_ is calculated according to the optical model of the

nucleus, the preferred type usually being the spherical model. The

values of S. are also calculated according to the optical model

because the rare-earth nuclei are generally considerably deformed.

However, in order to calculate the strength functions in the case

of the latter, it is necessary to apply the non-spherical optical

model or the coupled-channel method. It has been found that the

values of S and S,, calculated according to the spherical optical

model and the coupled-channel method in the region A = 140-180

[minimum S (A) and maximum 3D-shape resonance in S2(A)], differ

markedly. The completed evaluation does not have this drawback:

it is entirely based on the experimental systematics for S (A);
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When evaluating a for fission products one needs to perform integral

measurements in order to increase the reliability and accuracy of
147 149

the recommended data. This approach in ENDF/B-V for ' Sm

resulted at E = 1-1000 keV in a consistent increase by a factor of

1.5 in the radiative capture cross-sections, an increase confirmed

by the present evaluation;

For a fuller understanding of the results of each evaluation together

with the corresponding calculated cross-section curve and recommended

parameter values there is need to formulate a covariational matrix

of the errors of these parameters and the error of the evaluated

curve.
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Table 1

Summary of the experimental studies conducted to measure neutron
capture cross-sections for samarium and europium odd isotopes

Reference
Energy,
keV

Nurber of
points

Neutron
source

Method
Standard and
flux monitor

Nuclei
investigated

Johnsrud [9] 175-2500 14 EA (£(Bi) MOO b 15

Macklin [10] 30 - 7 TFM, MR a (Ag) = 951 mb

at E = 30 keV
10B(n,ar)7Li

147,149,
Sen

Kbnks [11] 0.00MO 86 SET SET Normalization to

PC low-lying resonance

- 153-
53EU, Eu,

tu (calcu-

lated)

Harlow [12] 0.025-10 Nuclear TFM, MR Normalization to

data of Ref. [12],
6Li(n,a)T

151,153Eu

Czirr [13] 0.2-12.5 98 LEA TFM, ML Normalization to

resonance 7.44 eV
151Eu
1QB(n,aT)' Li

63'Eu, 1 5 1Eu,

Eu (calcu-

lated)

Hockenbury [14] 6.3-3CO; 566
. 0.02-150

TFM Normalization to

LLSC resonance-31.3 eV
153Eu

151,153^

149,
Sen

Moron [15] 0.1-lCO 27 TFM, MR Normalization to 1 5 1' 1 5 3Eu,

low-lying resonance 63Eu (calcu-
10B(n,or)7Li lated)

Kbnonov [16] 5-350 75 EA TFM a.(Au) = 596 mb at l '^Sm,

LSC E = 30 keV

10B(n,ar)7Li

62Sm,
151,153

Eu

63Eu
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Table 1 (continued)

Reference

Mizunoto [17]

Mizunoto fial

Energy
keV

3-3CO

1.5-300

Number of
points

23

30

Neutron
source

LEA

Method

TEM

LLSC

LLSC

Standard and
flux monitor

Normalization to

saturated resonances

As above

Nuclei
investigated

63Eu

147,149^

1QB(n,aY)
7Li

Legend: TFM - time-of-flight method; EA - electrostatic accelerator; LEA -

linear electron accelerator; SDT - lead slowing-down time spectrometer;

MR - Moxon-Rae detector; ML - Mayer-Leibnitz detector; LLSC - large

liquid scintillation counter; PC - proportional counter; SC - scintil-

lation counter; LSC - liquid scintillation counter; A - activation

method.
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Table 2

Calculated parameters

Parameter

io* s0

10* S1

10* 3 2

T r MeV

Sobs • e V

104 8 r
a, MeV"1

£ c ( a t 30 keV),irb
fft(at 30 keV),r±>

10* 30

10* 31

7*rMeV

5 o b s » e V

I0*Sr

c*o

4,6+0.4

-

67+2

7,4+0,7

91

-

-

-

-

5.1+0,9

-

-

60,5+5

2,3+0,3

263

CO \N

For Sm
-

-

-

63

6,7

94

6,366
-

776

I9I00

—

-

-

-

-

-

-

-

-

For 1 ***

-

-

-

62

2,3"

277

5.2

0,6

-

60,5

1,95

310

4.3

1.0
-

84

5.3

158

5,0

19.5

848

I4I00

5.5

0.4

-

64

2.3

278

4,3

1.8
-

100

6,3

159

6,366
21,0
1221

15000

5,1

1.8

-

76

2,0

380

4,02

0,52
-

67

4,26

157

4,45
21.41

1005

12100

3,88

0,54

-

61

1.63

374

Present
study

4.5+0,4

0,150+0,045

1,30+0,26
-

-

420+84

7.5

18,79

1.650

14280

5,1+0,9
0,300+0,045

1,500+0,225

-

-

900+27
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Table 2 (continued)

Parameter

a, MeV"1

tfc(at 30 keV),mb

tft(at 30 keV),mb

10* So

10*8,

10* 82

Q*. MeV

Bobs' e V

10* 8«

a, MeV"1

5 c(at 30 keV),ml

<5fc(at 30 keV),ml:

10*8.

10* a,,
10* 82

F,, MeV
D. , aV

10*% .

a, MeV"1

6TC (at 30 keV),mb
fft (at 30- keV),mb

10*3,

io* a,
io* s2

T f, MeV

Sobs' e V .
10* Sj,

•.MeV"1

<5c(at 30 keV),mb

-
-
-

-

4.0+1,8
•

-

75+4

1,3+0,2

577
-
-
-

3,7+0,5

1.0*0,8

-

-

0,7+0,2
-

8.8+0,4

-

2.5+0,9
0.6+P.4

-

94+Z

1,3+0,2

723

8,8+0,4.

-

5,093

-

1620

13300

For 1 5 1

-
-

-

75

1.3
570

6,42

-

1967

13900

-
-

-

92
0,655

1400

-
23,28

3500

-

For 155j

3,54
1,43
-

94,8

1.3
729

8,8

2430

6,6

-
1496

-

Sa

3.5

0,8
-

78

0.9
867

6,65
-

2457

-

-

-
-

• -

-

-

-

-

-

-

-

-

5,093

22,75
1310

12000

' 3,68

0,5
-

96

1.7
566

7.46
25,9

2on
II800

-
-

-

90

0,974

-

-

-
-

- •

2,8

1.0
-
90

1,05

857

8,8"

25,7
" 2674

5,09-

23,5

1947

16600

3,65

1.2
-

96

1,72

558

6,42

26.88
2062

14600

-
-

-

-

-
-

-

-
-

-
-

-

-
-
-

-
-

&•]

8.4

20,8

1645
II800

-

3,8

0,55
-

75

1.5
500

8,35

21.26
1825

11700

-
-

-

88

0,72

-

-
-

-

-

4.2

0,49

-

94

1.46

644

8,8

21,81
2566

Present
study

7.5

20,10
2602

14960

3,65+0,48

0,250+0,075

4.0+0.3
-

-
1200+120

8,0

20.20
2594

T2BU

3.7+0.5

0,10+0,03

2,5+0,5

-

-

3200+320
7,68

20,26
4092

13371

2,5+0.2
0,24+0.07

0,40+0,88

-

-

2100+210

8,16

20,44
3105
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Table 2 (concluded)

Parameter

0 t (at 30 keV),mt

10* So

10* S1

10* S2

fj., MeV
D o b s » eV

10* Sj.

«, MeV"1

6C (at 30 keV),m
6t (at 30 keV),m

Z 2 7 7

14100

-
-

-
-
-

-

) *•

-

-

-

-

-

407

6,48
-

2163

12500

-

&7
13900

87
-

K7
12600

For 1 5 5*!
-

-

-

-

-

-

-

-

-

-

2,2

O.I
-

129

0,92

1400

8.0
24,8
2556

12200

-
• -

-

-

-

-

-

-

-

-

4,13

0,49
-

100

2,5

400

8,15

20,85
1885
12500

Present
.study

12539

2,35+0,47

0,65+0,19

35+0,7

-

-

2200+220

'8 ,2

18,0
3148

12503
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Table 3

Sensitivity coefficients of the capture cross-sections to force functions

^s_"* c") a t individual energy points
"T oc ay /

Coefficient
of

sensitivity

1
Coefficient

of
sensitivity

\

v

Energy, keV

0,58
0,00
0,00
0,39

100

0,10
0,13
0,07
0,63

1000

-0,15
0,15
0,25
0,54

Energy,
I

0,90

0,00

0,00

0,07

100
0,34

0,04

0,05

0,36

keV
1000

-0,04

0,05

0,35

0,32

Ener
I

0,71
0,00
0.00
0,25

gy, keV
roo

0,10
0,16
0,06
0,55

1000

-0,37
0,20
0,28
0,63

Ener
I

0,91

0,00

0,00

0,07

»v. k
100

0,35

0,11

0,11

0,31

eV 1
1000
-0,07

0,07

0,13

0,56

Energy, keV

0,82
0,00
0,00
0,15

100

-0,00
0,16
0,10
0,59

1000

-0,20
0,16
0,15
0,76

Ener&v. kpV

I
0,92

0,00

0,00

0,06

100
0,34

0,21

0,06

0,28

1000
-0,05

0,13

0,27

0,53
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Table 4

Accuracy of the evaluated fast-neutron radiative
capture cross-sections, %

Energy, keV

1

100

1000

147

17.

18.

17.

Sm

1

0

7

149

12.

2.

8.

Sm

9

6

0

151

11.

2.

15.

Sm

1

1

0

151

11.

5.

7.

Eu

7

6

1

153

7.

4.

5.

Eu

3

0

1

155

19.

10.

17.

Eu

3

9

6
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147

Fig. 1. Neutron radiative capture cross-section for Sm. Experi-

mental data from the following studies: • - [16]; "X. - [18];

<» - [10]. Calculations: — - present evaluation; -

JENDL-1 [2]; at S = S
Y rres

149

Fig. 2. Neutron radiative capture cross-sections for Sm. Experi-

mental data from the following studies: • - [16]; ""Lu. - [18];

O - [10]; A - [14]. Calculations: «•» - present evaluation;

JENDL-1 [2]; at S = S
Y Yres
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Fig. 3. Neutron radiative capture cross-section for Sra. Calcu-

lations: — - present evaluation; —— - JENDL-1 [2].

fO

Fig. 4. Neutron radiative capture cross-section for Eu. Experi-

mental data from the following studies: • - [16]; "\.- [17];

o - [13]; A - [14]; • - [15]; CX - [ll]; 0 - [9].

Calculations: — — - present evaluation; - - - calculation at

S = S. .._; JENDL-1 [2].
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012
10

Fig. 5. Neutron radiative capture cross-section for Eu. Experi-

mental data from the following studies: • - [16];"1"!-- [17];

o - [13]; A - [14]; -* - [15]; D - [ll]. Calculations:

— • - present evaluation; JENDL-1 [2]; at S = S Y r e s

Fig. 6. Neutron radiative capture cross-section for Eu. Calcula-

tions: — — - present evaluation; JENDL-1 [2].
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7. . Neutron radiative capture cross-section for natural samarium.

Experimental data from the following studies: • - [16];

b - [19]; x - [20]; 0 - [23]; 0 - [24]; + - [25].

Fig. 8. Neutron radiative capture cross-section for natural europium.

Experimental data from the following studies: • - [16];

o - [13]; ~h- - [17]; • - [ll]; • - [15]; 0 -

O- [24]; x - [20]; "[Jo- [21].
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I I I I I I I I I I I I I I I I I ' ' I ' I I • • ' I I

170 A

Fig. 9. Fragment of the dependence S (A) in the region A = 140-170.

Experimental data: ^ - from Ref. [27]. Calculations:

— — - coupled-channel method; .... - spherical optical model

[37,40].
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170 A

F1a- 10- Fragment of the dependence Sx (A) in the region A = 140-170.

Experimental data: if - Refs [36,37]; o - analysis of capture

cross-sections; • - analysis of mean full cross-sections;

A - analysis of the isolated resonance region. Calculations:

.-. - non-spherical optical model of Baka and Peri (?) [27];

, coupled-channel method; ... -spherical optical

method [37,40].
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^ M U I I I I I I I I I.I I I I I I I I I I I I I I I I I I

no A

Fig. 11. Fragment of che dependence S (A) in the region A = 140-170.

Experimental data: If - Refs [36,37]; o - analysis of capture

cross-sections; Q - analysis of mean full cross-sections.

Calculations: — — - coupled-channel method; .... - spherical

optical method [37,40].
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150 160
Atomic weight

no 160

Fig. 12. Fragment of the dependence of the level density parameter "a"

in the region A = 140-180*[37]. Inset: data taking account

of the collective motion of the nuclei.
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COVARIANCE MATRIX OF EXPERIMENTAL DATA ON THE ENERGY DEPENDENCE
OF \7 FOR NEUTRON-INDUCED FISSION OF THE NUCLEI

P 232TH, 236Uf 238,;, 237Np-

V.V. Malinovskij, B.D. Kuz'minov, V.G. Vorob'eva

The problems of evaluating nuclear data involve the need to take accurate

account of all the errors in the experimental results used and the correlations

thereof. This means that the experimentalist must introduce a covariance

matrix of the data.

The purpose of the present study is to evaluate the error matrix in the

measurement of the energy dependence of the average number of prompt neutrons

v in the fission of nuclei induced by fast neutrons. We consider the method

of measuring v in relation to the standard - the average number of prompt
p 252

neutrons in the spontaneous fission of Cf. The neutron detector was a set

of He counters in a polyethylene moderator. The measurements were made on a

monaenergetic neutron beam obtained from the reactions T(p,n) and D(d,n) in an

electrostatic accelerator operating under steady-state conditions [l]. However,

the calculation performed may possibly be of interest for other methods as well.

The method of measuring v considered here is described in detail in the study

of Vorob'eva and associates [l] and therefore we shall deal below only with the

details relating to the calculations of the error matrix.

The value of v determined in the measurements is equal to

(for the sake of simplicity in notation we shall omit the subscript p and the

average sign in the operations), where v is the average number of prompt

neutrons in fast-neutron-induced fission; v is the average number of prompt
0 252

neutrons in spontaneous fission of the standard - Cf; 8 is the ratio obtained

experimentally, after subtraction of the background, of the values of the

average number of prompt fission neutrons for the nucleus under study and for

californium; k , k and f(\>, v ) are various correction factors,
c a o

The procedure for subtracting background in these measurements is a

statistical one and depends on the specific conditions of each series of

measurements in the accelerator. This is dealt with in detail in the paper of
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Frehaut [2]. The magnitude 8 represents the ratio of the numbers - corrected

for background - of the neutron detector reading. For this reason the error

is statistical in nature. The statistical error of the measurements referred

to in Refs [1,3,4] is determined by the error of 8.

The term k represents corrections taken as constants throughout the

entire energy range of measurements for the particular element. These include

corrections allowing for: (1) the dependence of fission neutron recording

efficiency on the position of the fissionable Jayers on the axis of the neutron
252

detector; (2) the difference between the diameters of the layers of Cf and

of the nucleus under study; (3) the dependence of the number of recorded

neutrons on the efficiency of fission fragment recording; (4) the difference

in probabilities of complete slowing-down in the layer of the fissionable sub-

stance for fragments of different kinetic energy.

The term k includes corrections whose magnitude is determined either

individually in each series of measurements or for the given neutron energy.

These are corrections for: counting errors relating to pulses from fission

neutrons in the case of coincidence with background pulses, the counting of

spontaneous fissions or of pulse pile-ups from alpha particles, background-

neutron-induced fission when the D(d,n) reaction is used. The correction for

the difference in the angular distributions of fragments in the fission of the
252

nuclei of Cf and the element under study, by reason of its nature, also

belongs here. However, in Refs [1,4] this correction was assumed to be equal

to 1.000 - 000.1 in the entire range of energies. For this reason, a corre-

spondingly small uncertainty is considered as a constant in the entire measure-

ment range.

Lastly, the term f(\>,\> ) takes into account the corrections for the

difference in energy spectra of the fission neutrons of the isotope being
252

studied and Cf and for the errors in counting pulses from fission neutrons

due to coincidence with one another within the limits of detector dead time.

As the two corrections are small, and their dependence on the difference of \>
252 p

for the isotope under study and Cf is close to linear, the total correction

is satisfactorily described by the expression

• A 0 (2)
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where the coefficient b is determined with satisfactory accuracy from a large

number of points and is equal to 0.1094.

In equation (1) all the factors except v and f are independent. As the

expression for v (1) is a product, it is convenient to calculate all the terms

of the covariance matrix in relative units. It follows from this that the

diagonal term is

o 9 , 9 . 9 9 C

i vo KC ra fi - '•fiO
and the non-diagonal term is

.dV, covCv.,^) (cfO* . ((NO* ffi*fi' (4)

** 6 _ 0 — A. + " •

It is obvious that the terms corresponding to the values k and S are lacking
Si

in the expression for the non-diagonal terra of the matrix since they are

determined independently for the different intervals of energy dependence.

For estimating the variations of f we take advantage of the explicit expres-

sion (2) and, discarding terms with (fib), since 6b << 5v, we get:

(5)

and

2 _ "jV^o\
ifi

it is obvious that (<SvidvQ')/(vivQ) 'I-
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In expression (5), if we discard the final term with the minus sign in

order to obtain the maximum estimate of errors and if we substitute the values

obtained for U f J / ^ and (fif £6f .) I <J 1.) in expressions (3) and (4), we get

explicit expressions for the terms of the covariance matrix:

-\
(7)

vlvi
= 1- . (8)

In the measurement results presented below, the standard error is not

taken into account (6v = 0 ) , since up to now there is no commonly accepted

estimate of this error. For this reason the errors cited below are charac-

teristic of the error of relative measurements. However, the complete

expressions (7) and (8) are of interest in that the correlation properties of

the data for \> require that allowance be made not only for v , but also - as

a rule - for a term of the type f(v,\> ) in equation (1). Ordinarily, a purely
o

statistical measurement error is cited separately in experimental data, which

corresponds to the representation of a covariance matrix D in the following

form:

D = S x I + D
syst'

(9)

where S is the transposed column of values of the square of the statistical

errors; I is the unit matrix; D is the matrix, the elements of which, are

calculated without allowance for statistical error. Assuming that this will

provide a more graphic representation of the individual components of the

measurement error, we shall present the covariance matrices calculated in this

way for the \> measurements data in the fast-neutron-induced fission of the

nuclei Th, U, U and Np. In the calculations use was made of

earlier estimates of the errors of individual corrections [l,4]. In the calcu-
— 237

lation of the covariance matrix for the v measurements in the fission of Np,
account was taken of the fact that the results of three series of measurements

with different fission chambers were used.
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It follows from expression (8) that in the present calculations the

variation in the values of the non-diagonal elements of the D matrix is
sy s t

2 .

limited by the factor b ~ 0.01 and can be considered constant to within two

decimal places. For this reason, Table 1 shows only the diagonal terms of
the D matrix and one value of the non-diagonal element. An exception is

syst
made in the case of the data for Np, where the results of three series of

measurements with different fission chambers are used. For this case the

D matrix is presented in its entirety in Table 2. In Table 1.3 we present

the values of \> published earlier for the indicated neutron energy values and

in relative units of the square of the statistical errors (S = a . . , • v~~)
statistical

the diagonal terms of the D matrix and the value of the diagonal element.

In some of the accompanying data a correlation matrix is used. There is

no difficulty in deriving it from the covariance matrix:

2
» do)

where a..(corr) are the elements of the correlation matrix and a..(cov) are the

elements of the covariance matrix.

By way of an example, we present the correlation matrix of the v measure-
237 P

ments for Np (Table 4). In the calculation, the statistical error Recording

to expression (9) is included in the covariance matrix. The data for the
— 237

measurement of v in Np fission are of particular interest in this case since

they were obtained in three experiments in which different fission chambers were

used. The corresponding values are indicated in Table 3 by asterisks.
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Results of v measurements for Th, U, U and statistical
measurement errors, relative units

Ser.
No.

I
2
3

Neutron
energy,
MeV *P

232
For iJ*U

1.35
1.50
1.60

2,194
2.208
2.142

Square of
statisti-
cal error
3'IOT4

i

1.01
0,74
1.06

Diagonal ele- I
ment of covari-
ance matrix
Dsyst'*P

0,17
0,17
0,17

Ser.
to.

4
5
6

Neutron
energy,

1.70'
1.80
X.90

2,145
2,155
2,169

Square of
statist i-
cal error
a.icr4

0,87
1.24
0,85

Diagonal e l e -
ment of covari-
ance matrix
A y s t * 1 0 " 4

0,17
0,17
0,17

Ser.

7
8
9
10

n12
13
14
IS
18
17
18
19
20
2X
22
23
24
25
28
27
28

I
2
3
4
5
6
7
8
9

10

n
12
13
14
15
16
17
18
19
20
2Z
22

Neutron
energy,
MeV

2.00
2.10
2,15
2.20
2.30
2»«
* i »
?.«
t,70
2,80
2.90
1.00
8,10
3,20
J.30
3.40
3,80
3,60
3.70.
5,60
5,90
6,35

0,80
0,85
0,90
0,95
i.oo-
1.10
1.20
1.30
1.35
1.40
1.50
1.60
1.70
1.80
1.90
2.00
2,10 "
2,20
2,25
2.30
2,40
2.50

P

2,215
2,202
2,224
2.2X3
2.223
2,185
2,226
2.232
2,234
2,200
2,232
2.233
2,274
2.276
2,270
2.328
2,316
2.3Z0 •
2,387
2.683
2,689
2,887

236
For
2.45X
2,446
2,434
2,430
2,465
2,472
2.501
2.469
2,476
2.480
2.5X4
2.515
2,5X8
2,556
2,649
2,545
2;575
2,558'

'2,6X1
2,604
2.588
2.626

Square of
statisti-
cal error
s-HT1

0,48
0,74
0,98
I.I8
1.27
0.84
1.94
1.38
I.I5
I.5X
1.46
1.25
0,85
0,70
1.75
0,89
1.36
1,27
3,40
X.25
0.67
0.81

U
1.40
1.20
0,82
0.90
1.79
0,79
0,46
1.48
1,57
0,37
0,63
0.46
0,83
1.04
0,22
1.89
1.64
0,88
0,38
0.33.
0.34
X.22

Diagonal e le- ' | Ser.
tent of covari-No.
ance matrix |

0,17
0,17
0,17
0,17 .
0,17
0,17
0,17
0,17
0,17
0,17
0,17
0,X7
0,17
0,17
0,17-
0,17
0,17
0,17
0,17
0,18
0,28
0,28

0,20
0,20
0,20
0,20
0,20
0,20
0,20
0,20
0,20
0,20
0,20
0,20
0.20
0,20
0,20
0,20
0,20
0,20
0,20

o.ar
0,20
0.20

23
24
25
26
27
28
29
30
3X

|32
33
34
35
36
37

X
2
3
4
5

7
8
9

.10

nIl2
13

'14
• 15
16
17
18
19
20
2X
22
23
24
25
26
27
28

Neutron
energy, •

-

2.60
2,70
2.80
2.90
3,00
3,10
3.20
3,30
3,40 •
3.50
3,60
3,70
5,05
5,60

.5,90

P
•

2.684
2,667
2,669
2.678
2,690
2,704
2,727
2,732

•2,780
2,772
2,775
2.8X9
3,007
3,167
3,154

Square ot
statisti-
cal error
S-ICT4

1.09
0.74
1.44
X.I2
0.23
0,72
0.34
0.59
0.63
0,29
0.63
0.45
0,28
0.67
1.77

_ 238,.For U

1.30
1.40
1.50
1.60
1,70

. X.75
1,80
1,90
2,00
2,10
2,20
2,30
2^40
2,50
2,60
2,70
2,80
2,90
3.00
3,10
3,20
3,30
3,40
3,50
3,60
3,70
5,58
5,89

2,431
2,458
2,473
2,533
2,5X0
2,610
2,537
2,547
2,565
2,6X3
2,625
2,655
2,587
2,632
2,638
2.66X
2,687
2,693
2,683
2,693
2,735
2,765
2,745
2,735
2,803
2,790
3,151
3.2X9

3,42
2,92
0,72
0,56
1.44
0,29
0.56
0.56
0.34
1.00
0,52
0.3X
0,34
0,32
0.52
0,74
0,17
0,32
0,31
0,72
0,30
0,29
0,48
0,30
0,67
0,46
2,92
0,43

Diagonal e le -
ment of covari
ance matrix
Dsysc-ICT4

0,20
0,20
0,20
0,20
0,20
0,20
0.20
0.20
0.20
0.20
0,20
0.20
0,29
0,29
0,28

0.28
0.28
0,25
0.25
0.25
0,25
0,25
0,25
0.25
0,28
0.25
0.25
0,25
0.25
0.25
0.25
0,25
0,25
0,25
0,25
0,25
0,25
0.25
0,25
0,25
0,28
0,32
0,32

Note; The values of the non-diagonal elements of the D matrix are identical and equal:
for 232Th - 0.16 x 10"4; for 2 3 6U - 0.19 • 10"4; SIor 2 3 8U - 0.23 • 10"4.



Covariance matrix of data on v in fission of

o *i 7
Np (values, 10 )

Table 2

Ser.
No,
I
2
3
4
5
6
7
8
9
10
II
12
13
14
IS
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

I

55
38
38
38
38
38
15
38
38
38
38
38
16
38
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

2

153
38
38
38
38
15
38
38
38
38
38
16
38
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

3

55
38
38
38
15
38
38
38
38
38
16
38
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

4

55
38
38
15
38
38
38
38
38
16
38
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

5

55
38
15
38
38
38
38
38
16
38
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

6

45
15
38
38
38
38
38
16
38
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

7

41
15
15
15
15
15
15
15
15
15
15
15
15
31
15
31
15
31
15
15
15
15
15
15
15

8

82
38
38
38
38
16
33
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

9

45
38
38
38
16
38
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

10

44
38
38
16
38
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

II

58
38
16
38
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

12

46
16
38
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

13

26
16
16
16
16
16
16
15
16
15
16
15
16
16
16
16
16
16
16

14

48
38
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

15

48
38
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

16

43
38
38
38
15
38
15
38
15
38
38
38
38
38
38
38

17

48
38
38
15
38
15
38
15
38
38
38
38
38
38
38

18

43
38
15
38
15
38
15
38
38
38
38
38
38
3a

19

43
15
38
15
38
15
38
38
38
38
38
38
38

20

41
15
15
15
31
15
15
15
15
15
15
15

21

48
15
38
15
38
38
38
38
38
38
38

22

41
15
31
15
15
15
IS
15
15
15

23

48
15
38
38
38
38
38
38
36

24

41
15
15
15
IS
15
IS
15

25

43
38
38
38
38
38
38

26

55
38
38
38
38
38

27

48
38
38
38
38

28

48
38
38
38

29

55
38
38

30

49
38

31

49

I
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Covariance matrix of v measurements for Np (values, 10 )

Table

Ser.
No.
I
2
3
4
S
6
7
8
9
10
II
12
13
14
IS
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

I

100
32
SO
41
48
SO
14
43
55
49
53
58
15
49
58
58
48
51
55
19
49
21
49
20
55
50
51
45
48
44
45

2

100
30
25
29
30
8
26
33
30
32
35
9
30
35
35
30
31
34
II
30
13
30
12
34
30
31
27
29
27
28

3

100
39
46
48
13
41
53
46
50
55
14
47
55
55
46
49
53
18
47
20
47
19
53
48
49
43
46
42
43

4

100
38
39
II
33
43
38
41
45
II
39
45
45
38
40
43
15
39
16
39
15
43
39
40
35
38
34
35

5

100
46
13
39
51
45
49
53
13
45
53
53
45
47
51
17
45
19
46
18
51
46
47
42
44
40
42

6

100
13
41
S3
46
50
56
14
47
56
56
46
49
53
18
47
20
47
19
53
48
49
43
46
42
43

7

100
II
15
13
14
15
9
13
IS
15
13
14
15
25
13
27
13
26
15
13
14
12
13
12
12

8

100
45
40
43
48
12
41
48
48
40
42
45
15
41
17
41
16
46
41
42
37
40
36
37

9

100
52
56
61
16
52
61
61
51
54
58
20
52
22
53
21
59
53
54
48
51
47
44

10

100
49
54
14
46
54
54
45
48
51
17
46
19
46
18
52
47
48
42
45
41
42

II

100
59
15
50
59
59
49
52
56
19
50
21
50
20
56
51
52
46
49
45
46

12

100
16
55
65
65
54
57
61
21
55
23
55
22
62
56
57
50
54
49
50

13

100
14
16
16
14
14
16
12
14
13
14
13
16
14
14
13
14
13
13

14

100
55
55
46
48
52
18
47
19
47
19
52
47
48
43
46
42
43

IS

100
64
54
57
61
21
55
23
55
22
62
56
67
60
54
49
50

16.

100
54
57
61
21
55
23
55
22
62
56
57
90
54
49
50

17

100
48
61
17
46
19
46
18
52
47
48
42
45
41
42

18

100
54
18
48
20
49
19
55
49
50
44
47
43
44

19

100
20
52
22
52
21
59
53
54
48
SI
47
48

20

100
18
18
18
35
20
18
18
16
17
16
16

21

100
19
47
19
52
47
48
43
46
42
43

22

100
20
39
22
20
20
18
19
17
18

23

100
19
53
48
49
43
46
42
43

24

100
21
19
19
17
18
17
17

25

100
53
54
48
51
47
48

26

100
49
43
46
42
44

27

100
44
47
43
44

28 29 30

100
42
38
39

100
41
42

100
38

31

100

I
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- 237
Results of v measurements for Np and statistical
measurement error, relative units

Table 3

Ser .

No. '

I
2
3
4
5
6
7
8
9

10
II
12
13
14
15
16

Neutron

energy,
MeV

0,98
1,17
1,28
1,38
1.46
1,62
1,66
1,68
1,77
1,89
1,92
2,00
2,00
2,09
2,13
2,23

VP

2,795
' 2,815

2,774
2,772
2,824
2,817
2,907*
2,882
2,841
2,887
2,886
2,853
2,893XX

2,880
2,878
2,944

Square of
statisti-
cal error,

•S-IO"4

0,18
0,44
0,25
0,64
0,32
0,35
1,29
0,25
0,20
0,40
0,13
0,19
1,38
0,34
0,11
0,16

Ser.
No.

17
18.
19

. 20
21
22
23
24
25
26
27
28
29
30
31

Neutron
energy,

MeV

2,31
2,43
2,62
2,64
2,71
2,79
2,92
3,07
3,09
3,21
3,45
3,52
3,71
5,58
5,90

VP

2,944
2,960
2,981
3,0IIx

2,990
3,003*
3,006
3,05Ix

3,065
3,040
3,110
3,084
3,166
3,445
3,493

Square of
statisti-
cal error,

S'10"4

0,36
0,32
0,22
0,53
0,34
0,36
0,32
0,43
0,21
0,24
0,28
0,49
0,30
0,53
0,48

*/ Values obtained using fission chambers containing-a smaller amount of
"" fissionable material.

**/ Results of measurements carried out using a spiral fission chamber.


