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

I1.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
and inelastic scattering of neutrons by the isotopes 92Mo and 94Mo
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. 1In 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
excitation of discrete levels of the nucleus 9zMo {3]. There is little infor-
mation on neutron scattering cross~sections in the energy region above 4 MeV
because of the 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 92Mo. There are even fewer data on
neutron elastic [1,2] and inelastic [1,2,5] scattering cross-sections by the
nucleus 9l"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

nuclei 9ZMo and 94Mo at initial neutron energies of 1.5, 2.0, 2.5, 3.0, 5.0,

6.0 and 7.0 MeV. The experimental d%fferential cross-sections obtained have
been ;nalysed in accordance witﬁ the theory of the-spherical optical and’
statistical model and_also with the boupléd-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 inelastie
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.



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)3He and D(d,n)BHe reactions with hard Ti-T and Ti-D
targets were scattered by cylindrical samples made from pressed metal powders
highly enriched in the corresponding isotope: 92.2% for 92&0 (mass 55 g) and
87.7% for 94Mo (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 pA.

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.

Al 3 . .
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° 4nd the differential inelastic. scattering cross—sections
with excitation of the ‘first levels of the moiybdenum 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



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
9 . ' . .
nucleus 2Mo 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-

4
gated energies using the isotopes 92Mo and 9 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

1

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
2

. H 1 d > r-R, -1
V(r) = = V_(r) - iW g(r) + V_ (=2) ¢ g7 £(r)ot, where £(r) = [1 + exp(=) ],
g(r) = exp[_(£§5)2]’ R = roAl/3, [11] and with the set of averaged potential

parameters of Ref. [12]:

Vc = (48.7 - 0.33E) MeV; Wc = (7.2 + Q.66E) MeV; Vso = 7.5 MeV;
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 Schrddinger

equations for the radial functions R Zj(r) with fixed values of J and 0 has

Jn
the form

d? _ en(en‘” - th’a.q . >R __1_ R
<dﬂfz P E ) e, 2

x<(yenjn ® ¢Iﬂ. )J'M ' VWPCI (Yenljnl ® ¢1’ha )J'M >’

where L= knr (kn is the wave number of a neutron of energy En); Yzj is a
spherical spin-angle function with orbital moment % and total moment of the
neutron j; ¢, (g) is the wave eigenfunction of the Hamiltonian of a target
nucleus with moment In and its z—projection~Mn; and 8 is the vector addition
of functions. The channel energy En is linked with the energy of the n-th
state e by the relationship En = 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,8,¢) is represented in the form V(r,8,4) =

Vdiag + Vcoup diag is the spherical optical potential and Vcoupz is

the non-diagonal part of the optical potential resulting in the link between

% where V

the different reaction channels. Where vcoupz = 0, the system of linked

equations (2) changes into the usual Schrddinger 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 Vc and Wc (when calculating the link potential the spin-orbital
term may be ignored) is taken to be in the form R = R, (1 + Eauqu(e,¢)},

1/3

. 2 .
where R = r A and 8, = <O|E|aul |0 >. The parameter 8, determines the

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 WC, which is reduced by
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20% in order to obtain the same value of g _ as in the spherical optical model).
The calculations were performed using the program given in Ref. [14]. The
quadrupole deformation coefficients 8, were taken to be 0.116 for 92Mo and

2
0.169 for Yy [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

Oy (B B3 8)= 5= z(u ,)Z.’r,‘,cz>2<zm)‘ _
e'z' 7,(3 )Rqel ' (3
[E Ty (E)+ 5 Tps (E)PCY, i.')dE"]

X

Z"U
x B ¢ nt-Vzeeey ’L)Z(t;e;,- LW VL)W iL)FL(wsG),

beven
where E, E'! = E - ¢_ and E" = E - ep are the kinetic energies of neutrons
(incident, emitted through the particular channel, and emitted through all
permitted channels respectively); eq and ep are the excitation energies of
the target nucleus level being studied and of any such level which is
permitted, respectively; E;ax is the energy of a neutron emitted with excita-
tion of the last level considered to be discrete; % and j, &' and j' and &"
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 I 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
z”J"(E") are the ;rans;ission
coefficients for neutrons of the corresponding energies; lez'j'
cient taking into account the effect of level width fluctuations; Z are

incident. heutr&n, (E) ; ,(E') and T

is a coeffi-~

Blatt-Biedenharn coefficients; W are Racah coefficients; PL are even Legendre
polynomials; and p(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 tota}

angular momentum and parity.



-7 -

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]

. 2f_”+{ Y 2
(U, i%) = [2,55' _ i+ i/2
L5 24y T g hyags P | 4K 282 )

where U = E - 4; a and A are level dehsity parameters; and o is a spin cut-off
parameter linked with a, U and the nuclear mass A by the relationship

az = 0.146 JaU A2/3 [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
with excitation of a level of energy eq in the Hauser-Feshbach-Moldauer (HFM)

statistical theory has the form

Zr,.,.(E YRy

(B, B E)>2r+1
nn (E E) (2’. ) E j( )2( + ) Z [Z . "(E )+5 'pel " E')‘P(U t")dE.] (4)
l‘j't'

El

’ 1
If we assume RJH = 1, the HFM formulae (3) and (4) turn into Hauser-

!‘jﬂ"j'
Feshbach (HF) formulae, which do not take level width fluctuations into.

account.

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

the coefficients Ri?z'j'
With increasing energy, the coefficients Ri?z'j'
sections calculated with the HFM and HF formulae coincide.

for inelastic scattering become less than unity.

tend to unity.and the cross-

The HFM and HF formulae are valid if weak absorption in all channels
(I << 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 Weidenmiiller (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



§ Vo (E")

O EED= Z 5 BZM) mvgq.w“)ﬂ Ve 8" P, 7)LE "] (5)
' PLITTL .
x {H Gnnr [W[,(E)' ‘]} '

where sz and sz are parameters which depend on the optical-model transmission

coefficients in the following way
R [’*“'q/ & Tery X%y - '>]

Wp; = {+ H- ‘/z
b 2+ Ty

(6)

The parameter sz in Eq. (5) reflects the effect of correlation strength-
ening of the elastic scattering cross-section. The approximating expression (6)

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

L]
channel sz. Reference [23] gives a more exact expression for sz 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 eriergy - and therefore in the mumber 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 calcularions, 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
(oa - onp - onu)/oa account has been taken of competing channels with emission
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
scattering cross-sections through a compound nucleus for 92Mo and 94Mo at

En = 0.5-5.0 MeV calculated with the HFM theory. The neutron inelastic
scattering cross-sections through the compound nucleus are added to the direct
inelastic scattering cross—sections in accordance with the formula

o = ((ca - agn,)/ca)cgi, + cgg,, where cgi, is the cross-section of
inelastic scattering through a compound nucleus; O is the direct inelastic
scattering cross-section calculated with the_coupled-channel method; and Ga

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 15% of the
total for.éhe 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-

dicEing the fast-neutron scattering cross-sections for isotopes of molybdenum.
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Fig. 1. Differential neutron elastic and inelastic scattering cross-sections
at energies of 1.5-7.0 MeV for the nuclei 9ZMo (a) and 94Mo (b).
The eXpefimental data of this péper'are shown as circlé;; 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 che dotted lines show calculacions with the

coupled-channel method.

*/ tc = centre of mass.
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Fig. 4. Differential neutron elastic scattering cross-sections through the
9zMo and 94Mo compound nucleus at En = 0.5-5.0 MeV as calculated by

the statistical theory with level width fluctuations considered.

*/ tc = centre of mass.



- 15 -

UDC 539.172.4/173.4

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 15-20% is attained for the fast-neutron
radiative cross-sections of fission products. However, in order to obtain an
error of 1% when calculating Keff and 2% 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 Keff is at present almost entirely a function of

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

0dd isotopes of samarium are among the first ten or so most impoftanﬁ
fission prodﬁcts responsible for reactor core poisoning. The odd isotopes of
‘europium, however, have great potential as a material for reactor <ontrol rods.
Since there is considerable spread of the data in the evaluations of neutron.
capture cross-sections for both elements [1—5]; ché task of analysiﬁg 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 cCross-—
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 reaeeions 1OB(n,ay)7Li and 6Li(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 ac 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 7. by
means of the LEA, it being difficult to determine the variable background

unambiguously.

The advantage of electrostatic—accelerator spectrometers is tﬁat 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 1n the 1- 10 keV
energy region, due to the relatively low neutron yield from the Ll(p n) Beraxmlmu

which has the effect of appreciably increasing the o, 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 cC(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-sectlon values.
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147’1493m. For 147Sm in the energy region 5-300 keV there are two sets

of data for the value GC(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 cc(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 25-30% at 200-300 keV. It may be noted that in

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

The values of ac(E) established for 149 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 GC(E)
curve. Macklin's single point at 30 keV is approximately 60% below all the
‘other results. '

151’153Eu. References [11,13-17] give data for cc(E)lleu which agree

with an average of 10% accuracy up to 60 keV. In the energy region 60-100 keV
two sets of data may be distinguished: GC(E) from Refs (14,16], which agree
within limits of 4-77% but are consistently about 25% lower; and GC(E) from

Refs [15,17], which agree within limits of 2-11%.

No data are available for the higher neutron energy in Refs [15,17], but
the cc(E) curve from Ref. [14] rises 10-35% 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 GC(E) (14,16]. Renormalization of the Ref. [9] data to the recom-
mended thermal capture cross-section for Llgy [27] eliminates this disagree-

ment.

15

The experimental data for the cross-section of 3Eu [13-17] also fall

into two groups showing a marked difference in respect of the slope of the
cc(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
20-15%. Between 160 and 300 keV Hockenbury's data [14] for this isotope =

151

unlike Eu - are approximately 10% lower than those obtained in Ref. [16].

151Sm, 155Eu. These nuclei are radioactive fission products, for whose

fast-neutron capture cross-sections no experimental data are available.
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6ZSm, 63Eu. 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 raﬁgé 15-70 keV most of the data intersect. Below 15 keV the oC(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 lowersthan 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 ;nd reliability oY 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. [11]
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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 10-15% 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 GC(E) for
natural isotope mixtures calculated from the experimental data for individual
isotopes is in good agreement with the cross-section of natural 625m and 635u
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 resopance parameters
giving a satisfactory description of these experimental data we used the

following studies: Refs [14,16,18] for 147’1498m and 151’153Eu; and {13,15]
for 151,153Eu

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 paraheters,

i.e. the neutron Sz and radiative SYl 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 SYE were determined
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]:

£l o1
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The penetrability factors Til, T:nI and TYI are related to the adduced neutron

Sl and radiative SYZ strength functions as follows:
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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°A1/3. 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 % equal to 0,1,2,3 (thé f-wave para-
meters were taken as being equal to the corresponding p-wave parameters). It
"was assumed that the adduced neutron strength funccion Si was not depeﬁdent on
the full spin of the state J and the radiative strength SYE function was
taken as the ratio of the full mean radiative width to the mean distance between
levels, i.e. SYZ = F /(22+1)5 and for & = 0, § vo = T /5 . The function £(E)
was calculated on cheassumptlonsof 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].



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 (% 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
> >

»> ~T. =1~
exp-atgeor(P)] v [oexp_atheor
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P -P]'W_[P_-P], where ¢ is the experimental and ¢ the theoretical
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neutron radiative capture cross-section derived from Eq. (1); V is the co-

() ]+

by minimizing the quadratic equation 52(5) = [5

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

Wo 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 1is
calculated as follows: W = [HTV-1H+W;1]'1x max {laz}, where H is the coefficient
matrix of the cross-section sensitivity to the parameters; 02 = 52(5)/N is the
evaluation of dispersion corresponding to the kz-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 SE and SYz.
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 So was usually fixed. The parameter SYE 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 out 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 valuecflsoisknown from measure-
ments in the resolved resonance region and for 20 of the most important fission
products So is determined with an accuracy of X 30% (or as good as I 10% under
certain favourable conditions). The dependence of So 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 So given in the collection of
resonance parameters [ 27] and Refs [38,39] are taken as the recommended values

of S .
o

The experimental data on S1 (Fig. 10) are less detailed and refer mainly
to region A, where A equals approximately 100, and the rare-earth region. It
should Ee 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 dﬁalitative description of the entire set of experimental data on S1
and S, as a function of atomic number.

147,1495m and 151,153

2
For
p- and d-neutrons are given in Ref. [17], where they serve as a basis for the

process of matching. For the radioactive isotopes 1518m and 15sEu, the values

Eu the values of the strength functions for

of S1 and S2 were selected on the basis of the observed experimental and

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

L =1.2
evaluations of the other parameters (Syl’ "a") were selected in a similar way.
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Radiative strength functions. Level density parameter ''a"

The values of SYz (¢ = 0,1,2) are determined for many rare-earth nuclei
in Refs [16,37]. It is also found that SYo is often greater than the radiative
strength function obtained by analysing isolated s-resonances, while the values
of Syz

similar. The values of SY = SYo from Refs [16,37] were used as initial values

obtained independently for s-, p- and d-neutrons are essentially dis-

for the cross—section analysis.

Taking accoudnt of collective effects, values were selected at

[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 En = 1-50 keV o, is determined by the value of
S° and Syo' At higher energies the p- and d-waves begin to play a tangible role
and at En = 1 MeV their contribution is crucial. Moreover, o, is affected by
the adopted energy dependence D, FY of the level density parameters. 1In 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 SY adduced in Ref. [27] for odd samarium and europium
isotopes did not satisfactorily describe the experimental data: the 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
necessary sharply to increase either the value-of S° (to (8-10)'10f4) 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
satisfactory description is obtained by increasing S1 to (3—6)'10-4, but here
the calculated cross-section has a considerably flatter energy curve, while at
En = 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,

1
which in the region of atomic weights A = 140-160 yields a minimum dependence
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of S1 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 SY. 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 En = 1 MeV
inclusion of collective disturbances in the calculation of level density
results in a 10-15% decrease in the cross-section, which is considerably less
in priﬂciple 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.

147Sm. The curve calculated on the basis of the parameters recommended

by the authors of the present study, which at SY’ 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: S1 = 0.16 X 0.04; S2 =1.72 0.44;

s =210 X afj;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 SY
obtained is greater than in Refs [1-5] 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.

For the isotope 1a98m there are significantly more experimental data
available than for 147Sm. 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

*/ Strength functions afe expressed here and later in units of 1o'a.
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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 En = 30 keV is 25% higher than
the RCN-2 evaluation [3] and approximately 40% higher than the other evalua-
tions [1,2,4,5]; at En = 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
-this energy to the neutronlradiative capture cross—section for 149Sm 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 151Sm, 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 (SY = 500), which is accordingly located below
the recommended curve, although for the neighbouring samarium isotopes

(147,149

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

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

the systematics for SY(A) with respect 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 1SIEu the experimental data have a scatter éf approxi-
maﬁely 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
s, = 0.114 I 0.033; 5, = 3.5 I1.0; 5, = 4926 I 500; it also yields a high
value of 9. (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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; . . . , 151
parameters that 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 153Eu 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
, = 0.275 1 0.063;
= 3.45 0.52; and SY = 1653 = 82. an attempt to describe the two groups

to the data of Refs [14,15,17] results in the values S
52
of experimental data at a time gives similar values for the neutron strength
functions, but a somewhat higher value for SY (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. [11] at an energy of approximately 10 keV and consequently, while
describing the results of Ref. [11] 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 155Eu is obtained in the,same way as that for
1518m. At low energies all the evaluations agree within limits of 30%, but
at En = 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
147’149’1515m and 151’153'155Eu. 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 5-15%.
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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

g (E_) over a wide range of neutron energies, primarily for 147Sm

n
153E

and u. The possibility must be explored of experimentally

determining the value of g for radiocactive fission product isotopes

such as 15lSm and 155Eu;

- 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] S2 is calculated according to the optical model of the
nucleus, the preferred type usually being the spherical model. The
values of Sl 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 neceésary to apply the non-spherical optical
model or the coupled-channel method. 1t has been found that the
values of S1 and SZ’ calculated according to the spherical optical
model and the coupled-channel method in the region A = 140-180
(minimum SI(A) and maximum 3D-shape resonance in SZ(A)]’ differ
markedly. The completed evaluation does not have this drawback:

it is entirely based on the experimental systematics for SI(A);
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When evaluating o, for fission products one needs to perform integral
measurements in order to increase the reliability and accuracy of
the recommended data. This approach in ENDF/B-V for 147’1495m
resulted at En = 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.



(1]

(2]
(3]

[4]
(51

(6]

(7]
(8]

(9]
[10]

[11]
[12]
[13]
(14]

- [15]
[16]

(17]

[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

- 29 -

REFERENCES

England T.R., Schenter R.E., ENDF/B-IV fission produst files. La-5116-US/ENDF-223/, 1975.
Schenter R.E., England T.R., ENDF/B=5 fission product cross-gection evaluation: Proc. of
the specialists’ meeting on neutron cross-sections of fission product nuslei. Dec. 12«14,
1979. Bologna, Italy, p.253.

Tikuchi Y.,Nakagawa T., Matsunoby H. e.a. Neutron cross-secticas of 28 fission product nu-
olides adopted in JENDI~1. JAERI 1268, 1981.

Gruppelasr H. Tables of RC“-2 fission product cross-eection svaluation. V.1=3. ECH=13,
1975; EC¥-33, 1977; ECR-65, 1979; Gruppelasr H., Dekker J.W.M. ICN-24, 1977. .
Ribon P., Fort E., Krebs J. Quosc Thuong T. CEA-N-1832, 1975.

Montaguti A., Panini G.C., Vaccari M. RT/FI(78)16, BT/FI(78)23, CNEN-RT/FI(80)1.

USACHEV, L.N., BOBKOV, Yu.G., Teoriya vozmushchenij i planirovanie

ehksperimenta v probleme yadernykh dannykh dlya reaktorov (Perturbation
theory and experiment planning as applied to nuclear data for reactors),
Atomizdat, Moscow (1980): BOBKOV, Yu.G., KRIVTSOV, A.S., USACHEV, L.N.,
Voprosy atomnoj nauki i tekhniki (Questions of atomic science and tech-

nology), Ser. Yadernye Konstanty (Nuclear Constants Series) 3 (38) (1980)
TROYANOV, M.F., At. Ehnerg. 30 2 (1981) 102.
ALEKSEEV, P.N., MANTUROV, G.N., NIKOLAEV, M.N., ibid. 49 4 (1980) 221.

Johnsrud ‘.E.’ Silbert '.Gcg. Barshall H.H. mlo B‘v" 1959. \ 116' 90927.
Macklin R.L., Gibbons J.H., Inada T. Nature, 1963, v.197, p. 369.

KONKS, V.A., POPOV, Yu.P,, FENIN, Yu.I., Yad. Fiz. 1 3 (1968) 310.
Harlow M.V., Schelberg A.D., Tatro L.D. s.a. 2nd Confersace on nuclear cross-secticns and

technology. Washington D.C., 1968, p.837.
Cgirr J.B. BRI:-325, 34 Qdo, 1976, 702. po’}&.

Hockenbury R.¥., Knox H.R., Kaushal N.N. 4th confersnce on nuclear ocross-sections and tech="

nology. Washington D.C., 1975, p. 905; Hockembury R.¥W., Kogte W.R., Shaw R.A. Bull. imer.
Phys. See., 1975, v.20, p.560. -

Moxon I.G., Endacoft Do‘a. J'ol.ly JQE. -Ann. Nucl, h.rg, 1?76p 703’ "399.

KONONOV, V.N., ¥URLOV, B8.D., MANTUROV, G.N. et al., Vo.prosy atomnoj nauki
i tekhniki, Ser. Yadernye Konstanty 22 (1976) 29. .

KONONOV, V.N., YURLOV, B.D., POLETAEV, E.D. et al., Yad. Fiz. 26 (1977) 947,

Mizumoto M., Asemi A., Nakajime Y. e.as J. Nucl. Sci. and Technol., 1979, v.16, p.711;

Ysmsmuro N., Asaml A. Proc. of the specialists meeting on neutrom croas—sections of fissimm

product nuclei, Dec. 12-14, 1979, p.41.

Migumoto M. Nucl. Phys., 1981, v.4357, D.90.

Chou~Jen-Chang, Werle H.J. J. Nucl. Energy, 1973, Vv. 27, p.811,

Lepine J.R.D., Douglas B.A., Maia H.A. Nucl. Fhys., 1972, v.A196, p.83.

Ilckl.‘ln R.LQ' Gi‘bbm Joxo, Inada T. m'o R"o' 1*3.'.18.’.&95' Ibid.,1%7,7.159.p.1w7.

Port B. Second edvisory group meeting on fission product nuclear data. Petten, 1977, rep.7.
Gibbons J.H., Macklin R.L., Miller R.D. e.a. Phys. Rev., 1961, v.122, p.182.

Block R.C., Slaughter G.G., Weston L.W. Neutron time of flight meth. Brussel, 1961, p.203.

Poenitz W.P. Proceedings of the specialists’ meeting on neutron oross-sections of fission

product nuclei, Dec. 12=14, 1979, D.85.



[32]

(33]

[34]
[35]

[26]

(37]

[38]
(39]

[40]

- 30 -

Widder ?. EIR-Bericht Nr. 217.
Mughabghab S.¥., Garber D.I. Neutron oross-—sections. V. 1. Besonsnce Parsmeters. ENL~325,

34 ed., 1973. :
Pujino M,, Takshashi P., Yamamoto H. J. Nucl. Sei. and Techmol., 1976, V.13, P.566.

Garder D.I., Kinsey R.R. Neutron cross—sections. V. II. Curves, HENL=-325, 3d ed., 197S.
Hguser ¥., Feshbach H. Fhys. Bev., 1952, v.87, p.366; Moldamer P. Rev. Hod. Phys., 1971,

V.36, P.107%.

KOSHCHEEV, V.N., SINITSA, V.V., Nejtronnaya Fizika (Neutron Physics)
(Proc. 4th All-Union Conf. Neutron Physics, Kiev, 1977), Part 2,

TsNIIlatominform, Moscow, p. 70.

BLOKHIN, A.I., IGNATYUK, A.V., PLATONOV, V.P., TOLSTIKOV, V.A., Voprosy
atomnoj nauki i tekhniki, Ser. Yadernye Konmstanty 21 (1976) 3.

MANTUROV, G.N., NIKOLAEV, M.N., Pre-print FEhI-666, Obninsk (1976).

Seth K.K. Nucl. Data, 1966, v.A2, Pe321.
Uusgrove A.R. A compilation of s- and. p~wave nsutron strength function data. AAEC /B277,1973,

KONONOQV, V.N., YURLOV, B.D. et al., p- i d-volnovye nejtronnye silovye
funktsii dlya yader redkozemel'noj oblasti (p- and d-wave neutron strength
functions for nuclei in the rare-earth region), Nejtronnaya Fizika
(Neutron Physics) (Proc. 4th All-Union Conf. Neutron Physics, Kiev, 1977),

Part 2, TsNIIatominform, Moscow, p. 201.

YURLOV, B.D., Abstract of dissertation for the degree of Candidate (Master)
"of Physical and Mathematical Sciences, OIYaIl, Dubna (1978).

KIROUAC, G.J., EILAND, H.M., Phys. Rev., 1975, v. Ci1, p. 895,
ANUFRIEV,-V.A. et al., At. Ehnerg. 46 (1979) 158.

DOVBENKO, A.G., KONONOV, V.N., LUNEV, V.P., YURLOV, B.D., Pre-print
FEhI-1045, Obninsk (1980).

Paper received on 29 December 1982



- 31 ~

Table 1

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

Réf Energy, Nutbe::r of  Neutron Method St:andard_and - Nuc]'.ei
keV points source flux monitor investigated
Johnsrud [9] 175-2500 14 EA A aZ(Eu) = 1400 b Ll
- ) o (BSU)
£
Macklin [10] 307 1 " T, R o (4g) = 951 mb 147,189
at En = 30 keV
IOB(n,aY)7Li
Korks [11] 0.001-40 86 SDT ST Nommalization to  ggEu, “-Eu,
' PC low-lying resonance 151Eu (calcu~
lated)
' o 151,153
Harlow [12] 0.025-10 - Nuclear TRM, M Normalization to Eu
data of Ref. [12],
6Li(n,c.z)T
. gy 1l
Czirr [13)] 0.2-12.5 98 LEA TPM, M. Normalization to 63Eu, ,
rescnance 7.44 eV 153Eu (calcu-
g, lated)
1013(1'1,anr)71..i
Hockenbury [14]  6.3-300; 566 " TR Nommalization to ot}
. 0.02-
. 010, LLSC resonance 31.3 eV 149Sm
.153]5u
loB(n,aY)7LJ'; _
Moxon [15) 0.1-100 27 n TRM, M Nommalization to  r1Pgy,
low-lying resonance §3Eu (calcu-
©y(n,an) Lt lated)
Kononov [16]  5-350 75 A THM o_(au) = 5% mb at 167,189,
LSC En = 30 keV 62Sm,
108(n, ay) 'L 151,153,

63Eu
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Table 1 (continued)

Refe Energy Wr of  Neutron Method St:andard'and ' Nuc]..ei
keV points source flux monitor investigated
L 151,153
Mizumoto [17] 3-300 3 LEA TRM Normalization to Eu,
LLSC saturated resonances g3Eu
Mizumoto [18]  1.5-300 30 " LLSC As above 147,19
6Li(N,ct)'r
10B(n,cw)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 | vl | wl m | | e
For *7sa
104 s, 4,6:0,4] - | = 4,3 | 4,3 | 4,02| 4,5:0,4
10t s, .- - - | 1ol 1,8 | 0,52[0,150:0,045
ot s, | - - - - - - | 1,3040,26
Fpo MeV 6742 63 - 84 | 00 | & | - -
Dops » €V 7,4:0,7| 6,7 - 53| 6,3-| 4,26/ - =
1ot 8 ) 4 | - Is8 | I59 | I57 | 420484
2,9 - 6,386 | - 5,8 | 6,366 4,45] 7,5
s, Mev! - - - | 19,5 |21,0 |2r,4a1| 18,79
6.(at 30 keV),my = 776 - |88 |1221 | 1005 1,650
6,(at 30 keV),ay - | IorOO - | 14100| 15000 | I2100| 14280
For *9sa
104 3, 51:0,9| - 52 | 5,5| 5I | 3,88] 5,1:0,9
wts, - - 06 | 0,4 I,8 | 0,54|0,300+0,045
1ots, - - - - - - |1,500+0,225
TpMeV 60,545 62 1 60,5 | 64 | 76 61 | - -
D, pss eV | 2,20,3] 2,3 1,95 23| 2,0 | 1,63 - -
1% 5, 263 2m | 310 278 | 380 | 374 | 90027
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Table 2 (continued)

Parameter Wi1/74 Vv &7 &7 L2/ | Present
_ _ | study
R, - 5,03 | 6,6 | 5,093 5,09 | 8,4 7,5
a Mev! - - - | 22,7 23,5 [20,8] 20,10
6.(at 30 keV),mb| = 1620 ‘| 14% | IO (1947 |I6d5 | 2602
6ac 30 keV),mb| = 13300 | - | I2000 |I6600° (II80O| 14960
For 115 )
104 s, 40,8 - | 3,5 [ 3,68 [3,65 [3,8]3,65:0,48
o4 8, - - 08 | 0,5 |1,2 | 0,55/0,25040,075
IO"BZ - - - - - - 4,0:0,8
Fon. MeV 7564 75 8 | 9% |9 7% -
D,,s v 1,3:0,2| I,3 09 | 1,7 |L,72 |I,5 -
10t 5, 577 §70 | 867 | 56 |55 | 500 | I200+I20
B8 - 6,42 | 6,65| 7,48 | 6,42 |8,35] 8,0
a Mev™1 - - - |'25,9 [s8,88 |[2r,28] 20,20
6.(at 30 keV),m{ = 167 | 2457 | DIT |2062 |TB25 | 2534
G,(ac 30 keV),m§ = 13900 | - | IT800 (14600 |IT700{ I28II
For151n
104 s, 3,740,5 | - - - - - | 3,140,5
10t s, 1,0:08| -~ - - |- - | 0,10:0,03
10t s, - - - - - - | 2,5¢0,5
Py Mev - 92 - %0 | - | 88| - -
BQES, aV 0,7+0,2| 0,685 | = 0,974| - _0.72 - -
ots, - 1400 - - - - | 32004320
2,0 8,810,4 - - - - - 7,68
a Mev~! - | =28 | - - |- - | 20,
6, (it 30 keV),my - o | - - |- - | 4082
g, (at 30 keV),mb - - - - - - 13371
For 1538a >
1oh s, 2,5:0,9 | 3,54 -] 28 | - 4,2 | 2,5:0,2
m# s, 0,660,4| I,43 | - | 1,0 | - |0,49] 0,240,07
10t s, - - - - - - | 0,40:0,88
F‘.,_Mev Ml (M8 | - 90 | - %u| - -
Dps’ @V, 1,%0,2} I,3 - 1,05 | - I,46| - =~
10t s, 723 | 729 - 857 | - 644 | 2100+2I0
O 8,8+0,4.| 8,8 - | 88 | - |88 8,16
o Myt - - - |87 | - lerer| 0.4
G.(at 30 keV),mbl = 2438 - {274 | - 2568 | 3105
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Table 2 (concluded)

Parameter 7 7 A7 07 27 ng&gr}zt
6,(at 30 keV),my - 14100 - |13%00 12600 12539
For155m

¢ s, - - - | 22 4,13 | 2,35:0,47
10 s, - - - | oI 0,49 | 0,65:0,I9
0 s, - - - | - - 35+0,7
f'j., MeV - - - | I29 100 -
By Y - - - | 0,92 2,5 -
10t s, - - | 1400 400 | 22004220
¥ - 6,48 - | 8,0 | 815 | “8,2
o Mev~? - - - |28 2,85 | 18,0
6. (at 30 keV),mb -~ 2163 - | 2556 1885 3148
6, (at 30 keV),mb = 12500 - |I2200 12500 12503
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Table 3

. Sensitivity coefficients of the capture cross-sections to force functions

S, 26 S, 36,
(Hsengi-g‘:-, Hsrsaf-gr-‘l) at individual energy points

Coefficient 1‘75. "’93. 1515.
‘_’f' ) Energy, keV Energy, keV Energy, keV
SensitiVItH™r—T 700 { Jooo J I ] oo | oool I | roo | 1000
Hs, o, (0,10 {-0,I5 {O,7T |0,I0 |-0,37{0,82 |-0,00|-0,20
831 o,x jo,13 { 0,I5 jO,00 |0,I8 | 0,2010,00 | 0O,I6} 0,I6
xhz o,0 {0,07 | 0,25 jO0,00 |0,06 | 0,28{0,00 | Q,I0| O0,IS
!83 0,3 0,63 | 0,54 |0,25 |o0,55 | 0,63j0,I5 | Q,59{ 0,76
Coefﬁécient 151 1535y 155h
sensitivity Energy, keV Enercv, keV Energy, keV
I 1000 I_ 100 1I000 I 100 1I000
Hy 0,90 0,34 |-0,04 |O,9T (0,35 |-O,07(0,92 (0,34 {-0,05
(-]
!51 0,00 (0,04 | 0,05 0,00 (0,1 | O,07|0,00 {0,2I | 0,I3
Esz 0,00 {0,05 { 0,35 (0,00 |0,II { 0O,I3{0,00 |0,06 | 0,27
HBJ‘ 0,7 |0,36 | 0,32 jOo,0? |0,3I | O,56{0,06 |0,28 | 0,53
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Table 4

Accuracy of the evaluated fast-neutron radiative

capture cross-sections, %

Energy, keV 147Sm 1493m 151Sm 151Eu 153Eu 155Eu
1 17.1 12.9 11.1 11.7 7.3 19.3
100 18.0 2.6 2.1 3.6 4.0 10.9
1000 17.7 8.0 15.0 7.1 5.1 17.6
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Neutron radiative capture cross-section for Sm. Experi-

mental data from the following studies: e - [16]; - [18];
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Neutron radiative capture cross-sections for Sm. Experi-
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Neutrori radiative capture cross-section for Sm. Calcu-~

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

o, 10 00  E,, keV

Neutron radiative capture cross-section for 151Eu. Experi-
mental data from the following studies: e - [16]; .- [17];
o - [13]; a - [14]; w - [15]; = - [11]; & - [9].
Calculations: == - present evaluation; - - - calculation at

sY = sn_es; —— -~ JENDL-1 [2].
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0'21 10 ' 100 E,, keV

Neutron radiative capture cross-section for ISBEU. Experi-
mental data from the following studies: e - (16]; ™=~ [17];
o - [13]; & - [14]; w - [15]; O - [11]. Calculations:

e - present evaluation; —— - JENDL-1 [2]; - - - at §_ =5
Y Yres.

S . 155
Neutron radiative capture cross-section for Eu. GCalcula-

tions: wee - present evaluation; —— - JENDL-1 [2].
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Fig. 7. - Neutron radiative capture cross-section for natural samarium.
Experimental data from the following studies: e - [16];

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

Fig. 8. Neutron radiative capture cross-section for natural europium.
Experimental data from the following studies: e - [16];
o~[13]; ™ -{17}; o -[11]; w -[15]; 0 - [19];
& - [24]; x - [20]; Tje- [21].
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Fragment of the dependence 51 (A) in the region A = 140-170.

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

cross-sections; (1 - analysis of mean full cross-sections;

8 - analysis of the isolated resonance region. Calculations:

=e=.=. - non-spherical optical model of Baka and Peri (7) [27];

» = = ~ - coupled~channel method; ... ~spherical optical
method [37,40].
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Atomic weight

Fragment of the dependence of the level density parameter "a"
in the region A = 140-180°[37]. Inmset: data taking account

of the collective motion of the nuclei.
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COVARIANCE MATRIX OF EXPERIMENTAL DATA ON THE ENERGY DEPENDENCE

OF J_ FOR NEUTRON-INDUCED FISSION OF THE NUCLEI
P 2321y, 236y, 238y, 237yp’

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
;; in the fission of nuclei induced by fast neutrons. We consider the method
of measuring ;; in relation to the standard - the average number of prompt

5
2 2Cf. The neutron detector was a set

neutrons in the spontaneous fission of
of 3He counters in a polyethylene moderator. The measurements were made on a
monoenergetic neutron beam obtained from the reactions T(p,n) and D(d,n) in an
electrostatic accelerator operating under steady-state conditions {1]. 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 [1] and therefore we shall deal below only with the

details relating to the calculations of the error matrix.

The value of 3p determined in the measurements is equal to
= i 1
v Vokckaf(v, Vo) B e
(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 6f prompt

252Cf; 8 is the ratio obtained

neutrons in spontaneous fission of the standard -
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; kc’ ka and f(v,vo) are various correction factors.

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 B 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 kC 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 layers on the axis of the neutron
detector; (2) the difference between the diameﬁers of the layers of 252Cf 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 slo&ing—down in the layer of the fissionable sub-

stance for fragments of different kinetic energy.

The term ka 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

252Cf and the element under study, by reason of its nature, also

nuclei of
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.

Lastiy, the térm f(v,vo) takes into account the corrections for the
difference in energy spectra of the fission neutrons of the isotope being
studied and zsch 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 “p
for the isotope under study and ZSZCE is close to linear, the total correction

is satisfactorily described by the expression

V'Vo (2)

FV, Y, )=1+6 3
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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

@y? Oy , (Sk,) L Ok g LAY o
) Ta? T -
v} ve k¢ KE O fEL 0 (B

and the non-diagonal term is

dv,dv; Cou(v;, VL) _ (d_‘vo)‘" | (O‘kc)z . df; d‘fi' (%)

= = - 4 -
W ooowYyy - i kG fid

It is obvious that the terms corresponding to the values ka and B are lacking

in the expression for the non-diagonal term 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 (8b), since &b << §v, we get:

(df;)
f" ((d‘v)"(v (d‘v )2 - za‘vo‘v 523) ()

O Pb

and

J. + -0 ———
fi.fj fz.fJ V Y Vj 'Vo‘z Vi Yo

d‘fid‘fj g2 v,V d‘v d‘v (d‘vo)2 dv; 8V,
: (6)

It is obvious that (d‘VLdVO)/(Vl Vo)= (d‘Vo)Z/V: .
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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
. - Z,.2 —_— = =
obtained for (afi) /fi and (Gfiafj)/(fifj) in expressions (3) and (4), we get

explicit expressions for the terms of the covariance matrix:

—3 A7 g2 2N\ OVF Gk (Gk)P  (BpY
+

2
M: f—-s—ﬁ 1+ 5 > > + > + > y (7)
2\ NTE e T
vy -4 . 2 2
d‘vid‘v._—_ - g2 Vvi\! - g2 vi%\ (W) (O‘kg) s
Vi fifj ¢ fifj v2/ v¢ k3

In the measurement results presented below, the standard error is not
taken into account (Gvo = 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 3; require that allowance be made not only for Vo but also - as
a rule - for a term of the type f(v,vo) in equation (1). Ordinarily, a purely
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 x1+D (9)

syst’

where S is the transposed column of values of the square of the statistical
errors; I is the unit matrix; DSyst 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 V_ measurements data in the fast-neutron-induced fission of the

P
232Th, 236U 238U and 237

nuclei s Np. 1In the calculations use was made of

earlier estimates of the errors of individual corrections [1,4]. 1In the calcu-
237
N

lation of the covariance matrix for the vp measurements in the fission of P,

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 DSyst matrix is
limited by the factor b2='0.01 and can be considered constant to within two
decimal places. For this reason, Table 1 shows only the diagonal terms of
the DSy matrix and one value °f2§?e non-diagonal element. An exception is
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

Dsyst matrix is presented in its entirety in Table 2. 1In Table 1.3 we present
the values of ;é published earlier for the ‘indicated neutron energy values and
2 =2

in relative units of the square of the statistical errors (S = g . s v ),
statistical

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

yst
In some of the accompanying data a correlation matrix is used. There is
no difficulty in deriving it from the covariance matrix:

L
a,-_j(cozz)=G-i_J-(COU)[au(cozr)ajj(cov)J 2 o

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

elements of the covariance matrix.

By way of an example, we present the correlation matrix of the ;é measure-

ments for 237Np (Table 4). 1In the calculation, the statistical error according
to expression (9) is included in the covariance matrix. The data for the

measurement of ;; in 237Np 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

Table 1.
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Covariance matrix of v measurements for 237Np (values, 10—2) Table 4
Sﬁg. I 2 3| 4|56 7 8] 9|10 |IT {I2 |I3 |I4 | I5]1§ |XI7 {16 JI9 |20 |2I (22 |23 |24 {26 |26 |27 28 29 30 |ar
I|I00

2| 32 | 100

3] 0| 30 |1I00

4] 41| 26 ] 39 {100 :

5| 48| 29| 46 | 38|r00|

6] 50] 30| 48 | 39] 46/I00

7{ 14y 81 13} 11 I3r I3 {100

8] 43| 26} 4I | 33] 39] 41| IT |I00

9] 55| 33| 531 43| 5I| 53] 15 | 45 |I00

JO] 49} 30| 46 | 38| 45| 46| I3 | 40 | 52|I00

II| 63} 32 60 | 4I] 49] 50| I4 | 43 | 66] 49100

J2| 68| 35| 65| 45] 53] 567 I6 | 48 | 61} 54| 69}100 )

I3 IS 9] I4] II| 13| 14] 9 | I2 | 16| I4] IS} I6]1I00

J4] 49| 30| 47} 39| 45] 47| I3 | 4L | 52| 46] 50} 65] I4|I00

I5| 581 35| 55 | 45| 63| 66| 16 | 48 | 6I| 54} 59| 65| I6| 565|100

16| 58| 35| 55| 45| 53| 66| 16 | 48 | 61} 54| 59| 6b] I6]| 55] 64|100

I7] 48| 30| 46 | 38] 45| 46| I3 | 40 | SI] 45| 49] 54| I4| 46] 54| 54{I00

I8] SI} 3I | 49 | 40] 47] 491 I4 | 42 | 64| 48{ 52{ 67] I4f 48| 67} 57f 481100

I9] 65| 34| 53 | 43 5I| 63|'I5 | 45 | 58] 6I| 56| 61| 16| 52| 6I| 6I| SI| 564|100

201 19| II| 18] IS] 171 18| 25 | I6 § 20] I7| I9] 2I| I2| I8} 2I] 2I] I7| I8} 20]I00

211 491 30| 47 ]| 39} 45] 47 I3 | 41 | 52| 46] 50| 55] I4] 47] 55| 65| 46] 48| 52) I8|1I00

221 21| 13| 20 | 16] 19] 20} 27 | 17 | 22| 19| 21| 23] 13| 19| 23| 23] 19| 20| 22} 18] I9|100

23] 49| 30| 47 | 39] 46] 47| I3 | 41 | 53| 46| 50| 55| 14| 47| 55| 65| 46| 49| 52| 18| 47| 20100

24 20| I21 191 IS| I8| 19| 26 | I6 | 2I| 18] 20| 22| I3] 19| 22| 2] 18| I9| 21| 35| 19| 39| I9{I00

25] 55| 34} 63 | 43| 51| 531 I5 | 46 | 59| 52| 56| 62| I6] 52] 62| 62| 52| 55] 69| 20} 62| 22| 63| 21{100

26f 50| 0| 48 | 39| 46| 48| I3 | 4I | 53| 47| 5I| 66] I4] 47| 56| 56| 47| 49| 53| I8| 47| 20{ 48] I9] 63|I00

271 61| A1 | 49 | 40| 47| 49114 | 42 | 54| 48] 52)] 57| 14| 48] 67 67) 48] 50| 54| 18] 48] 20| 49| 19] 54| 49|I00

28] 45| 27| 43 |1 35] 42] 43112 | 37 | 48] 42} 46| 50} 13| 43| 50| 50] 42] 44| 48| 16| 43| 18| 43| 17| 48] 43| 44 ] I00

201 48] 29 ) 46 ; 38| 44f 46| I3 | 40 | SI| 45| 49] 54| I4] 45} 64| 54| 45| 47} SI] I7| 468} I9]| 46| 18] SI| 46] 47 | 42{100
30] 44 ] 27 42 | 34| 40| 42| 12 | 36 | 47] 4] 45] 49 I3] 42| 49| 49| 41| 43] 47| 16| 42] I7| 42| I7| 47| 42] 43| 38] 4I]1I00
3I| 45| 28| 43 | 35] 42| 43|12 | 37 | 44] 42| 46]| 50| I3| 43] 50] 50| 42| 44| 48] I6| 43] 18] 43| I7| 48] 44| 44| 39| 42| 38100
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Table 3
Results of v_ measurements for 237Np and statistical
measurement error, relative units
Seri Neutron ‘Square of Ser.] Neutron Square of
No. energy, - statisti- No. energy, ' - statisti-
MeV L?D cal error, . MeV L?: cal error,
|s.704 s-10~4
I 0,98 2,795 0,I8 I7 2,31 2,944 0,36
2| 1,17 (2,815 | 0,44 I8 | 2,43 2,960 | 0,32
3 I,28 2,74 0,25 I9 2,62 2,981 0,22
4| 1,38 2,772 0,64 ([ 20| 2,64 3,011* | 0,63
5 I,46 2,824 0,32 21 2,71 2,990 0,34
6| I,62 2,87 0,35 22 | 2,79 3,003% | 0,38
7| 1,66 2,907% | 1,29 23 | 2,92 3,006 | 0,32
8| 1,68 2,882 0,25 24 | 3,07 3,051 | 0,43
9 I,77 2,841 0,20 25 3,09 3,065 0,2I
I0 | I,89 2,887 | 0,40 26 | 3,2I 3,040 | 0,24
II I,92 2,886 0,I3 27 3,45 3,110 0,28
I2 2,00 2,853 0,I9 28 3,52 3,084 0,49
I3 | 2,00 2,893%| 1,38 29| 3,71 3,I66 | 0,30
I4 2,09 2,880 0,34 30 5,58 3,445 0,53
IS 2,13 2,878 g,IT 3I 5,90 3,493 0,48
16 2,23 2,944 0,I6

1

%/  Values obtained using fission chambers containing-a smaller amount of
- fissionable material.

#%/ Results of measurements carried out using a spiral fission chamber.



