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EVALUATION OF THE FAST NEUTRON

TOTAL CROSS-SECTION OF '‘u

G.V. Anikin, A.G. Dovbenko, I.I. Kotukhov,
V.P. Lunev, N.N. Titarenko

Abstract

Some comments on the evaluation of the total ''‘U
cross-section in the energy range from 9.01 to 20 MeV
are presented. Although the coupled channel optical
model is not entirely adeguate, recommendations are
given for the use of certain optical potential
parameters.,

Although most experimentalists estimate the accuracy of the total
cross-section to be 1-2 %, the differences in the data measured
by different authors is such that the actual uncertainty of this
quantity is close to 5% or more. In addition, it appears that
there is a general tendency for the average values of the total
cross-sections to increase with the improvement of instrumental
methods. This tendency seems to be real, inasmuch as a large
number of factors which affect measurement results (e.g. the
background, the inadequacy of the geometry, multiple scattering,
and in particular resonance self-shielding) lead to a decrease in
observed cross-section values. BAll of these factors must be
taken into account in the evaluation of the total cross-section.
The most probable value of the evaluated gquantity should, as a
rule, lie closer to the upper boundary of the region of

uncertainty of the experimental values.

The evaluation of the total "

U cross-section in the energy range
of .04 to 1.5 MeV described in reference [1] (which is shown as
curve 1 in the Figure below) can be considered as authoritative
and in agreement with current experimental data [2,3]. In the
region of partially resolved resonances (2-40Q0 keV), the most
realistic average values of the total cross-section are obtained
in the work described in reference [4] (see insert in the Figure

below) which is the result of a rigorous statistical procedure to
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Total cross—seﬁfion for the interaction of fast
neutrons with U Nuclei.

o reference [2]
X - reference [3]
¢ - reference [4]
« - reference [5]
[] - reference [6]

Experimental data:

approximate experimental neutron transmission curves taking into

account the variations in the average resonance parameters.

In addition to reference [2] data, the data reported in reference
{51, which are in very good agreement with reference [2] data in
the energy range of 1-4 MeV as well as with the total cross-
section data given in reference [6], can be taken as the basis of
the evaluated data in the energy range of 1.,5-20 MeV.

Experimental data reported in reference [2] and [5] show that the
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overall level of the cross-section evaluated in the energy range
of 1.5 to 15 MeV in reference [1], must be raised by 2-3%. It c¢can
also be said that the level of the total cross-section reported
in reference [{7] is too high; however, the authors of this
evaluation [7], after comparing their data with those reported in
the ENDF/B-V library, consider that the ENDF/B-V data are too
high by @.3-1.5 %.

Taking the above commentary into consideration, it must be

138

recognized that the ENDF/B-V evaluation of the U total reaction

cross-section is the most realistic.

The following additional remarks, regarding the application of
the optical model to the evaluation of neutron data must be made.
At the present time, this theoretical model is the only
computational tool that is accessible to a broad number of users,
which gives the possibility to perform a coordinated evaluation
of most of the experimental data on the interaction of neutrons

with nuclei.

In the last few years, there has been a concerted effort in the
development of procedures for the calculation of cross-sections
which take the strong coupling of channels into account (8]. As
an example, reference [9] lists optical potential parameters
which give an excellent description of total cross-sections in a
broad energy range (see curve 2 shown in the Figure below)}, and
gives a good description of angular distributions of scattered
4-15 MeV neutrons. However, in a subsequent publication by the
same authors [10], the optical potential parameters were somewhat
changed in order to have a better description of the angular
distributions of elastically and inelastically scattered neutrons
in the 9.7-3.4 MeV range, which at the same time significantly
worsened the values of total cross-sections (see curve 3 in the

Figure below).

This situation points to a general inadequacy of this
computational procedure since one of the most important utility
criterion of this procedure is the non-dependence of optical

potential parameters on the data type. Thus, there is a lot of



work to be done in the perfection of optical model calculations

and in the improvement of optical potential form-factors.

Although they vield cross-section values that are too low in the
©.1-1 MeV energy range, the optical potential parameters which
can be recommended for the evaluation of cross-sections are those

given in references [9] or ([11].
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POSSIBILITIES OF UPDATING THE U EVALUATED NUCLEAR DATA FILE

A.B. Klepatskij, V.A. Konshin,
V.M. Masslov, E.Sh. Sukhovitskiij

Abstract

A proposal to modify the angular distributions of
elastically and inelastically scattered neutrons,
the total cross-section and the {(n,3n}) reaction
cross-section of the U evaluated nuclear data
file is presented. The coupled channel method and
the statistical model are used for the analysis of
the neutron scattering process.

An examination of the evaluated '’

U nuclear data file [1] shows
that the incorporation of certain changes in this file could
improve the agreement between the evaluated and experimental

data. These changes would affect the following gquantities:

The anqular distribution of elastically
and inelastically scattered neutrons.

As shown in the work described in reference [2], the experimental
information on the optical cross-section of %y can be calculated
to an accuracy which would fall within the limits of the

experimental uncertainty using the coupled channel method with

the following optical potential parameters:

Vi (45.87-0.3E) MeV, ry = 1.256 fm', a, =0.626 fm,

(2.95+0.4E) MeV, E=10 MeV, r, = 1.260 fm,
W, = (1)
(6.95 MeV, E>10MeV, a, = (0.555+@.0045E) fm

V,, = 7.5 MeV, B, = ©.216, B, = 0.080.

A comparison of the differential cross-sections for elastic and
inelastic neutron scattering as calculated by the authors using
the generalized optical model and the parameters given above (1),

with the existing experimental data is shown in Figures 1-5. The

* fm = 10" m
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FIG. 1. Comparison of experimental and theoretical angular distributions of elastically
scattered neutrons on (a) U levels, and (b) on @, 2, & levels, for 2 and 7.54 MeV
Incident neutron energies. Results of these calculations: 1 - sum of three levels,

2 - direct elastic scattering, 3,4 - direct excitation of levels 2 and ¢4 respectively,
5 - sum of compound contribution of three levels. Experimental data: (-, [], 1) taken
from reference [1].
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FIG. 2. Comparison of experimental data (taken from
ref.[1]) with evaluated data on angular distribution
of elastically scattered 15.2 MeV neutrons on By,
ref. [1] evaluation, — — — results of this evalu-
ation (this curve represents the sum of theoretical
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FIG. 3. Theoretical differential
scattering cross-section for 15 MeV
neutrons on the @, 2, & levels.
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FIG. 4. Angular distributions of inelastically scattered neutrons on
the (a) first(2 45 keV) and (b) second (4 148 kev) levels of *u
for neutron incident energies of 3.1, 2.5, 1.9, and 1.1 MeV.
Experimental data: @ - ref.[3], x - ref.[4].

calculated cross-sections include the compound nucleus

contribution which is essential for neutron energies below. 4 MeV.

Figures 1-3 show that the old experimental data on elastic

scattering angular distribution can bhe interpreted correctly only
if one takes the inelastic scattering contribution, at least for
the first two excited states, into consideration; consequently,
the evaluated data of reference [1], which were derived from
older experiments, significantly underestimates the anisotropy of

elastic scattering.
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FIG. 5. Angular distributions of inelastically scattered
3.4 MeV neutrons on the first (j 45 keV) and second

(4 148 keV) levels. Experimental data from ref.[5]:

@ - 45 keV level, o - 148 keV level.

In the evaluated file described in reference [1], the angular

distribution of the inelastically scattered neutrons is assumed
to be isotropic. However, new experimental data on the angular
distribution of inelastically scattered neutrons for the first

two excited levels of !

U have been published lately, namely, in
reference [{3] for the neutron energy range of 0.9 to 3.1 MeV, and
in references [4) and [5]) for the range of 2.5 MeV and 3.4 MeV.

These experimental data, which are plotted in Figures 4 and 5,

show the anisotropy of the inelastic scattering angular
distributions for incident neutron energies of 1.1 to 3.4 MeV for
the 45 and 148 keV levels. Our analysis of these data, performed
with the aid of the coupled channel method and the statistical
model, are represented in these Figures by continuous curves; the

dashed curves represent the data from reference [1] which also

13



coincide with those from the ENDF/B-IV file. The overall picture
given by the theoretical calculations illustrates the angular
distributions of inelastically scattered neutrons for discrete
levels. The poor agreement between the experimental and
calculated data for the 4' level can be explained by the fact
that the coupling used in the coupled channel analysis was for
three levels, namely @' + 2' + 4', rather than for four, which
should have included the 6' level, in order to obtain a
satisfactory description of the inelastic scattering on the 4'

level.

The suggestion is made in reference [1] to represent the angular
distribution of neutrons scattered on the first three levels by

using the results of this work, tabulated in Tables 1-3 in the

form of Legendre polynomial coefficients:

do . s
g = g
dQ Iy (2)
a4x |1+ Y (21+1) A, P, (cos@)
1=l

The total interaction cross-section
in the enerqgy region above 1 MeV

The most reliable total ***

U cross-section data are the
experimental data published in references [7) and [9]. These
data can be described theoretically up to 15 MeV within the
limits of the experimental uncertainty with the application of
the coupled channel method using the quoted optical potential
parameters. The calculated and experimental data of the cross-
section above 1 MeV are plotted in Figure 6. The comparison of
these data show that results obtained using the coupled channel
calculations (dashed curve) are in good agreement with the
experimental data given in references [7-9) and lie somewhat
higher than the evaluated data published in reference [1]. It is
therefore suggested that the data published in references [7-9]
and the results of this analysis be taken as the basis for the
evaluation of this cross-section. A comparison of this
evaluation with that published in reference [1] i1s shown in

Figure 4; the difference between the two is approximately 1-3%.

14



TABLE 1.

ELASTICALLY SCATTERED NEUTRONS

LEGENDRE POLYNOMIAL COEFFICIENTS A; FOR THE ANGULAR DISTRIBUTION OF

Neutron energy

Coeff.

@.025 MeV | 0.050 MeV @.10 MeV @.25 MeV @.50 MeV
Ay 2,0075-107%  4,29932.107° 8,77427-107° 2,4I786-1070  2,94366-1070
A, 3,426II.107%  I1,88I6I-I07°  7,90078-10  5,00859-107°  I,06917-1071
Ay 2,79668-10°  3,85989-0°  3,50507-107¢  6,64512-I0%°  3,20144-107°
Ay - 6,17454-1077  I1,19948-I07 4,16219-107¢  5,83009-107
Ag - - - 8,79I%2-1077  1,00325-I07%
Ag - - - 2,69799-107  1,82843-107°
A, - - - - 3,50909-1077
@.75 MeV 1.0 MeV 2.0 MeV 3.0 MeV 4.0 MeV
A;  3,58349.107T  4,2629-707  6,79559-100  7,95006.107T  8,41674-1071
A,  1,67666-1071 2,32892-1071 5,12150-1071 6,31011-100F  6,93552-107]
Ay 8,7189-107° 1,65679-1071 4,06739 1071 4,87819-1077  5,55067-1071
A, 2,39989-100°  6,2IIIT6-10°  2,9823.1071  3,83587.1077  4,32966.107]
As  I,03467-103  6,I7977-107° I,28376.1071 2,37214-1001  2,97409.1071
A 2,85300-107%  1,66448-10°  4,54%60-10°  I,I2168-I071  1,65517.1077
A, 2,07634-107° 1,41514-107% 9,9593 107 3,9939%-107°  7,89562107%
Ay 86143107  7,9:42.10° 1,710 1,18206.10%  3,43112-107%
Ag - 2,120I7-1077  2,071422-107%  2,66452-10°  I,I2132-107%
Ag - - I,587-10°  3,71202.107¢  2,45190.107°
App - - 4,44207-1077  5,57285-10°  5,55441-107
Ap - - - 5,16320-10°  8,98714-107°
A - - - 1,0I504-1077  1,I0808-I0°°
Arg - - - - 1,56066-107°

Ars - - - - -

A1e - - - - -

Aty - - - - -

5 MeV 6 MeV 7_MeV 8 MeV 9 MeV

Ay 8,60110-107T  8,66590-1071 8.66958-I0"1  8,65408-1071  8,65I75-107]
r, 7311107 7,48656 1077 7,52616-1070  7,47381-1070  7,39663 107
Ay 6,06427.1001  6,39385-1077 6,53mI- 1071 6,51947-107T  6,42034-107T
a, 4m%m.100 5181971071 5,45820- 1077 5,5879-10°T  5,60608-107]
A 3,4mI3-1071  3,98284-1077 4,305%-107T  4,57566.1071  4,72013-107]
A, 2,15248-10°7  2,66161-1071 3,140%-10°0  3,58615.-1070  3,84594-107T
A, I,21448°10°1  1,65828-1071 2, 1217107 2,50102-707T  3,00297- 1071
Ay 6,80606-10%  1,07982-I071 1,4930-1071  1,93315-1077  2,34954-1071
Ay 3,00402-10%  6,07231-107 I,00616-10°  1,45726-107%  1,88668-1071
Ag  9,38149-10°  2,539I9-1072 5,34064-10%  9,31865-107°  1,36382-1077
A;p  2,6961.107°  8,97903-1073 2,21939-107°  4,7180I-107%  7,89262-107°
A,  5,47216-10%  2,21348-107 6,7122-100  1,70554-10%  3,38890-107%
Ay 8,82282.10°  4,2815%-107% 1,58086-10  5,16330-10°  1,21530-107%
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TABLE 1. Continued.

Neutron energy

Coeff.
5 MeV 6 MeV 7 MeV 8 MeV 9 MeV
A, 1,36867-107° 7,4247-107°  3,21180-107% 1,39196-102  3,74994-107
A5 5,47112-1077 3,85383 107 2,21650-10°  2,80096-104  8,84839 1074
Ag - - - 4,80595-107°  I,70872.107%
A - - - 4,52374-10%  1,82457-107°
10 MeV 11 MeV 12 MeV 14 Mev 16 Mev
A 8,69428-1071 8,73313.1071 8,82558 - 107! 9,05073-1071  9,25222-107!
Ag 7,38675 107! 7,3913-1000  7,51m9-10°1  7,88015.1077  8,27217-107]
Aq 6,38455-1071 6,34130-107! 6,44270 1071 6,79685-101  7,30419-1071
Ay 5,60661 107" 5,56461-10"1 5,63530- 107! 5924091071 6,43236-1071
A 4,83009-1071 4,85940-10°1  4,95849.107] 5,21621-1071  5,68001-107]
A 4,08167-10°1 4,21909 1071 4,37720-1071 4,63914 - 107 5,03806 1071
A, 3,35367-1071 3,59514-100  3,82613-1070  4,13324-1071  4,48784-107]
Ag 2,74026-1071 3,04600-10°1  3,33108-100  3,67338.101  3,38963-1071
Ag 2,27579-1071 2,59118 -1071 2,88313.1071 3,2317-107t  3,51685-107!
A Lmsmeol 2,1I785-1071 2,42589 1071 2,7m72-10°1  3,03600-107%
A;r 114se-10°0 492491070 1,e2383- 1071 223868:10°  2,51028- 1071
A, 5,75473-107%  8,44133-107% I, 148121071 1,59209-1071  1,91137-107%
Aj3  2,39385-107¢  3,9II3-107°  6,I383%-10°  9,85504-107%  1,30602-107]
A 8,3081I-10°3 1,52915-107% 2,79482 1072 5,26671-10°  8,02244 .1072
Ars  2,24265-103  4,65212-1073 1,05476-107%  2,36646 107  4,40221-107%
Ajg  4,8I%82.107% 12278107 3,40793-10°  9,10827.107°  2,15025-1072
Ay 5,80142-107° 1,52760-1074 9,05688 - 1074 2,%4103-10°  9,10271-1073
Amg - - 1,85049-10%  7,28717.00%  3,33313.1073
AL - - 2,02478-107°  9,39316.10°  1I,06862-1073
Ay - - - - 2,36029-107
-5
Ao - - - - 3,48308 - I0
Neutron enerqgy Neutron energy
Coeff. Coeff.
18 Mev 20 MeV 18 MeV 20 MeV
Ay ¢,39512 1071 9,48694 - 1077 Ag 3,76890-107 1 4,08107 -10°1
By &,57709 -1071 8,79363. 107 Ag 3,24701-1071 3,46462.1071
Ay 7,702 107 8,07619 1071 A 2707101071 2,89864 1071
Ay 6,92689 - 1071 7,34039 1071 Arp  2,I3131-1077 2,32468 .10
Ag 6,16289-1071 6,60126- 1071 A3 1,54434.10"1 1,75181-1071
Ag 5,47288 - 1071 5,89302-1071 A 1,02952-1071 1,238 -1071
A, 4,85727-1071 5,23046 -107L Ars 6,36004 - 107 8,21975-10~2
Ag 4,29719-1071 4,61490 1071 AL 3,62373-107% 5, 18454 - 10-2




TABLE 1. Continued.

Neutron energy ' Neutron energy
Coeff. . Coeff.
18 MeV 20 MeV 18 MeV 20 MeV
A 1,83986 1072 2,98687-107% Agp 3,137%4 -107 9,06811 1074
Ay 8,II315-10  I,51456-1072 Ayp  6,73673.107°  2,25244-1074
AL 3,18625-10°  6,84642-10~° Ay 9,02055.10°  3,72883.107°
Ay 1,10037-10"3 2,73710-1073

TABLE 2. LEGENDRE POLYNOMIAL COEFFICIENTS A; FOR THE ANGULAR DISTRIBUTION OF
ELASTICALLY SCATTERED NEUTRONS ON THE 2', 45 keV LEVEL.

Neutron energy
o I 1o v @.25 MeV 0.50 MeV | ©.75 Mev 1.0 MeV
Ay -2,05533-1073  -6,91094-10™  -4,63830-107°  -I,56093-107¢ -I,96029 107
A, -~2,28283-10°  -4,14829.10™  4,05373-10%  -I,26642-107¢ -I,43527-107%
a3 I,51597-10%  1,69867.10°  I,21853-107 1,98257-107° 2,06837-1073
by -2,3161-10°  3,805:.10°  -2,50449.1073  -I,59455-1073 3,14904-107°
Ay -1,03763-10%  _6,70696-10°  -2,35363-107¢ 1,63589-107° 7,32876 -107°
Ag - 2,59566-1077  3,941I7-107° 9,49381-107° 3,72995. 1074
Ay i, - -6,65061-107  -1,27985.107° -1,00843-107°
Ag - - - 8,33400- 1077 6, 120471078
Aq - - - - 1,20627- 1077
Coeff. Neutron energy
2 MeV 3 MeV 4 MeV 5 Mev 6 MeV
A -1,67703.107¢  8,07438.107%  I,44081-107] 1,60497-10°1  1,79966-1071
A, -6,175%-107%  -5,38122-107%  —4,50894-107%  -5,20772-107°  -5,78545-107°
Aq 2,85509.107%  2,19046-I07°  -4,98799-10™  -3,I7340-10°  -5,37606-107%
A 6,28864-100  2,19618-107%  2,79623-107°  2,75450-107°  1,34778-1072
Ag I,3I70-10%  3,69904-100°  3,27866-107° 1,88669-107%  2,27675.107°
Ag I,96331-10~> -I,14563-10°  ~I,98872-107°  -2,80216-107%  -I,985I9-1072
Ay 8,5I545-10%  4,60506-10~>  -I,19236-107%  -3,08507-107%  -3,6I706-1072
Ag 8,46872- 0%  2,91856-10°3  2,81202-10%  -I,42716.10%  -3,09743.1072
Ay -9,62784-107°  1,41688-1073  7,81993-10  [,III72.10°%  4,98525.1073
A 4,13223-107°  1,03286-10  4,I3345-10°  7,00064-107°  3,72266-1070
A;p 4,7090-10°8  2,54284.10°  4,65528.207 2,11953-107°  4,78237.1073
App - 6,75052-107°  5,8373.10%  2,22005.100%  5,70361.1073
AL - 1,64818-10°  7,21855-107°  2,3v252.10%  4,92684.107
Az - - -4,32386-10°  -1,86566-10%  -1,62230-1074
As - - -5,79066-1077  9,51463-10°  9,13650.107
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TABLE 2. Continued.

Neutron energy

Coett: 7 MeV 8 MeV 9 MeV 10 MeV 11 MeV
AL 2,07603- 101 2,44200-10°1  2,89946.1071 3,39292-10°1  3,78822-107%
A -5,1I072-107  -3,32067-107%  -5,07327.10°  2,80457-107°  5,57923-107%
A3 -6,66596-107° -7,16087-107%  -6,86459-107°  -6,03790-107°  —4,84I73-107°
Aq -5,00945-10°5 -I,47386-107¢  -2,47I89-107%  ~2,67995-I07¢  -2,24035-I07%
Ag 3,02198-107°  2,20III-107%  I,I2443-107° 4,60982-10  2,79597 -10'?'3
Ag -8,42648-103  -I,68116-10°  3,86386-10°  9,53%3-10°  I1,33459.107¢
Ay -3,600140-10° -2,00743-10°  -2,72070-10%  -I,96402-10¢  -I,I766[-107%
Ag ~4,0541-107%  4,60471-107°  -5,01362 072 4,84508-007¢  ~4,10540 107
Ag -7,33697-10~  -1,8895410 -2,64829 -10 -3,07277 10 -3,07820-10™
Ao 4,76933-1073  -I,08I21-107¢  -I,22882-107¢  -I,24863-107%  -I,24507-107°
Ay 8,8590-107  1,32548-10%  I,44549-107% I,21444-10%  8,40500-1073
A 9.68057-10°  1,25669-107°  I,20408-10°  9,2407%6-107°  4,36815-10™
A 8,98479-10%  1,98I10-10°  4,16396-10°  6,4%61-107°  7,265610"
Azq 2,00046-10¢  2,40623-10% 592642103  I,01916-10%  I,41471-107
As 3,7347-10%  1,05162-10°  2,14855-1073 3,82994-10°  5,71419-107
A - -1,37486-10%  -1,10842-107 3,25337-10%  8,33206-107%
A - 1,86738-10°  7,46198-107° 2,54689.10%  6,29871-1074

Neutron energy

Coeff.

12 MeV 14 MeV 16 MeV 18 MeV 20 MeV
A, s0mir-n0vl 0 4,56321-1071 4,928568-1071 5,24776 - 1071 5,46980 1071
A, 8,777:3-107° 1,36571-1071 I,87325-1071 2,24720-1071 2,52788 -1071
Ay -2,45767.107% 1,00224 -107% 5,08951 -107% 7,56911 -107% 9.26714.107%
A, -9,85162-107%  9,25719.1073 3,51549- 1072 4,90628-I07°  5,56688-107°
A 6,54007-1073  2,10474-107% 4,35145-107% 5,31926-107¢  5,33033-107%
Ag 1,47829-107°  2,45839-107% 4,38831-107% 5,71561-107¢  6,09818-107%
A, -6,13054-10"  1,09218-107¢ 2,98806 10 4,I709%-107°  4,76329-107°
Ay -3,16093-107%  -I,26508-107% 6,06315-1073 1,89097-107%  2,67782-107¢
Ay -2,79937-107%  -I,7I748-10¢  -2,589I7.107% 1,07027-107¢  1,63949-107%
App -1,26954-107°  8,11638-1073 7,51504 - 1074 6,99679 1070  9,52256-107°
A;;  5.80I64-1073  9,18213-1073 1,59882 -107% I,77384-107%  1,57977-107°
Ap, 4,81483-10%  3,36630-1073 1,16451-1072 1,37554-10¢  I,35548-1067%
k3 6,40595-10°%  7,01638-1073 4,73120-1073 2,51996-10% . 2,97¢74-1073
Ay 1,76054-107¢  1,78580-107% 6,31329-1073  -2,22407-10°  -5,34758 1073
Apg  1,02776-107°  I1,16175-107% 4,07636-103  -3,1I07I-10°  -7,11198-107°
Ag  3,32503-107%  7,20170-1073 1,3246-107¢ I, I768I-107¢  4,74499.107
Ap  1,45998.107  4,75798-1073 1,29230-107% 1,36798-10%  8,83451.107°
A 1,I4708-107%  9,66005-107 3,73865-1073 8,29066-107°  1,07728-107%
Alg  5,41422.107°  1,08526-107 2,60367-1073 7,24937-1073 I1,14158-107



TABLE 2. Continued.
Neutron energy
Coeff.
12 Mev 14 Mev 16 MeV 18 MeV 20 MeV
Az - ) - 5,46369 -107% 2,82615-1073 5,37896 1073
Ay - - 1,88384 -1074 1,07757.1073 2,85965- 1073
Ay, - - - 3,13116-10%  8,48425-107
Agg - - - 8,22000-107°  3,05715-1074
TABLE 3. LEGENDRE POLYNOMIAL COEFFICIENTS A, FOR THE ANGULAR DISTRIBUTION OF

ELASTICALLY SCATTERED NEUTRONS ON THE 4°, 148 keV LEVEL.

Neutron energy

Coeff.
@.25 MeV @.50 MeV 0.75 MeV 1.0 MeV 2.0 MeV
A 6,60383 -1073 2,97305-107% 3,75420-107% 4,73167-107% 1,13906-1071
p, -4,5011-10% -2,55705-10°3  -9,09802-1073  -I,60823-107°  -9,16530-10%
Ay -L,41272.107%  -5,76225-107°  -6,945I0-107° -7,26792-10°  -1,71602-107°
A, -2,68513-10%  _1,04890-1073 3,35294 -1074 1,83705.10-3 5,85170-1073
Ag 1,41053-107° I,64502-1074 4,40459-1074 5,28366-10%  -7,68476-1073
Ag -1,21642-1077  -3,7814-10°  -8,46816.10"°  -2,081I6-10%  8,84,51-1074
A - - 7,49456 - 107° 2,86487-107°  7,62341-1074
Ag - - 4,1I1674-1077  -2,00343-10°®  _4,6¢973-1074
A - - - - 5,64485+ 107
A - - - - -¢,80152- 1078
Arp - - - - 3, 4527 -1078
3.0 MeV 4.0 MeV 5 MeV 6 MeV 7 MeV
A I,44494-1071  1,53235.107] 1,55676 1071 1,62687-1071  1,61752.10""
A,  -1,m8222-1001  _1,0749.101  -9,06485-107°  -7,58029.10° -6,25151-10"2
Ay -2,44403.107° -1, 4834:107°  -9,53659-107°  -2,34019-107°  -4,17788 1072
Ay  -1,84676-107°  -[,80455-007°  -2,75223-107¢  -3,II307.107° -3,25657-10°
Ag  -3,88562-1070  -6,12815-107°  -7,33796-107°  6,54673.1070  I,7.441-1C7%
Ag 6,08319-103  4,4971I-107% 1,77743 1073 6,92502-10°  2,89563-1073
Ay, -3,2815-100°  4,87790-10%  -1,02763.1073 9,19852-10%  -I,28088-1073
Ag -5,61885-10%  4,26467.1073 I,10805-107% 9,08616-107  2,42021-1073
Ag 3,85679-10%  3,62052.70%  -I,54520-10%  -3,47922.10 -5, 279691073
A -1,85704-007%  -3,88304-107%  -I,33247.10°  -I,20652-10°  3,64979-107
Ajp  4,35942.10°  I,56917-1074 3,09293-1074 5,50460-104%  4,63498-107%
A,  -1,28576.10°  -1,00890-107% 1,20849.107% 3,56987-10%  4,35344.107%
Ay -2,46564.10°  _5,99643.1075  _I,99648.10%  -[,46592-10%  2,06768-1074
A - 3,7933-107°  7,9905-10°  3,84715-1070 -,65752-107%
As - -7,07207-10~7  -2,32788-10"°  _r,3a38-10%  -5,039%7-1074
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TABLE 3. Continued.
Coeff. Neutron energy

8 MeV 9 MeV 10 MeV 11 MeV 12 MeV
A 2,13907-1070  2,45491-1071 2,74822 107! 2,93735-1071  3,072471071
Ay —4,91007-10%  -3,45947-107%  -2,02205-00°  -5,82493-107°  9,74145-107
Ay -5,96584-107%  -7,0742-10%  -7,42228-10%  7,43958-107°  -6,9639C 107
Ay 4,0671-107%  4,48931-107°  4,47246-107%  4,56418-10°¢  4,57755.107¢
Ag I,63499-107%  1,559I-107° 1,49145-107%  1,45028'107°  I,16887-107%
b -3,96492.10°0  6,88060-10°  -5,98988-10°  4,12996-107°  -6,49925-107°
i 1,33357-107°  3,42005-10~ 3,12730-1073 1,47672-107% -1,83429-1073
by 4,7982-107%  7,30119-10°  4,9%163-007  2,00066-10°  8,79090-107*
Ay -1,31202-1073  2,38335-107 3,18296-10°5  2,82024-10°  3,97960-1073
Ay 2,25657-10  4,50989-107 8,73637-10™ I,29760-107%  [,49095-107%
A; - -B,86285-107° | -9,50446-107 ' -7,3828-10%  3,13895-107  1,55%07-107
by, ed7ils 0t o090 -4,3063¢-00°%  -6,TRIB-100 -7,64195°107
A3 -i,e8758-107% 1,4093-10°°  -8,75¢53.10%  -1,56539-10%  8,34133-107
Ay, -6,94767-107%  -5,26982-107¢ 6,75061-107%  2,37855.1070  4,31894-1073
hpy  -5,66311-10% 4,90604-10%  -3,00183-107  9,29565-10%  9,25026.10~
Ay -5,18118-007°  -3,687e5-10%  -II7577-10°  -2,15991-107°  -2,63486-107
A, 9,45215°107°  -I1,10975.107°  -1,96076-107%  6,6I766-107"  -7,75606-10%
A - - - - -1,13278-107%
Ary - - - - 2,56046 - 107

14 MeV 16 MeV 18 MeV 20 MeV
A 3,55189 - 1071 3,86491-107! 4,04901-1071 4,26834-1071
Ay 5,46746 -107% 1,02811-1071 1,32004-1071  1,63458-1071
A, -5,933-107¢  -3,76109-107¢  -1,63467-107¢  6,56068-107
h,  -5,48919-10¢  -6,0085i-107¢  -5,70750-107%  ~5,24340 1072
Ay 4,2430-0%  -9,5353.1070  -1,36688-10°  -I,80515-10°
&, -4,697%63-107%  -1,45102-107¢  -I,97441-107°  -2,30265-10"
A, -LTWE6-I070 -0,8392-1070  -1,19099-107  -8,84962-107°
h -4,07513-1070  -1,36939-10°  -1,88986-10°  -1,71026-10°°
Ay 3,00660- 1673 -2,96629-103  -8,93267-105  -I,2I8I2-I07%
Ay~ 1,58091-107 I,48621-107 1,29780-10%  7,35240-1073
A  6,06495:103  8,52190-107 1,00802-107%  9,79040-1073
A, -1,46I9-107 5, 57826 107> 8,720%4-107%  1,14370-107%
Ay 2,2720¢1073 3, 56476 +10°3 3,07263-1073 5,40567 -1073
A,  5:42538-10%  7,24049.70°  7,60994-100  -I,96753-107
Ay -1,550201073  .5,52038-10°  -4,08630°107°  -2,10266 107
Ay -2,23491-107 5,32675-10%  -5,90160-I07%  —4,73347-1073
A  -LS674-107  5,02064-10%°  7,33597-I7° 7,327 107
A 15171070 3,31941.10°  -5,905% 10 5,52230-T07
Ay 3,06764-107 6,46102-107%  -1,87799-107°  ~4,72617-107



TABLE 3. Continued.

Coeff Neutron energy
14 MeV 16 MeV 18 MeV 20 MeV
Ay - 5,41907.107%  1,12005-10~°  -8,29404 1074
Ay - 8,33378- 107  1,81330-10°  2,22935-107
Ay - - 2,04165-1074  7,47427-10~%
Aos - - 1,67013-10%  3,36549.107¢
8

(Y

W
-
=

FIG. 6. Total 3y cross-section: ref. [1] evaluation,
— — — authors’ coupled channel calculations.
Experimental data: x -~ ref.[7], @ - ref.[8], 4 - ref.[9].

The (n,3n) reaction cross-section

The currently available (n,3n) reaction cross-section data,
published in references [19-12], agree with each other, and cover
the full energy range, from threshold to the upper boundary of
the file energy. In the region of the (n,3n) reaction cross-
section maximum, these data lie approximately 30% lower than the
reference (1] evaluation. It is therefore suggested to change
the evaluated curve (1] above 15 MeV to agree with the
experimental data. The data resulting from this analysis with
the evaluation in reference [1] are tabulated in Table 5 and

shown graphically in Figure 7.
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TABLE

4. COMPARISON OF THE TOTAL CROSS-SECTION IN THE

1-20 MeV

ENERGY RANGE BETWEEN RESULTS OF THIS EVALUATION AND THOSE OF

THE REFERENCE [1]) EVALUATION (given in barns)

This

evaluation

Ref.[1]
.mevaluatlon

E
jMeV)

This

evaluation

Ref.

(1]

evaluation

E,
(MeV)

1

1

2

2

3

3

4
e
s,

5

6

6

7

7

8

v

2}

6

)

5

)

-
L S
5

0

5

)

5

)

5

.0

=15
.95

.37
19,

T ST I NN RN N 3 NI N

.38

SRR X SR P A
-10
.40

202 .
298 e
-82 | .
.60

295 | .
15
£35

.56
- 34

.45
229,

G N NN NN N NN g o

7.4 1.
T S
213
-2 U
-80 .
-84 . |
-84 |
30 L

13

-
.16,
e ) 17,
-85 L.
-85 .19,

.29

.8.5. 1.
9.0 4.
S - T R

=
o

11,
2.

14.

o3}

.25

.11

.85

200 .. 5.
:90Q. .

2 832...
286 ]
222 |
98 .
.05

18.

®© o 96660 66 e

N - N N T IRTT IR BT T R T

<11

229
227
228

o i o !

TABLE 5.

EVALUATED

COMPARISON OF REF.|[1]

n,3n) CROSS-SECTION

WITH THIS EVALUATION (in barns)

E,
MeV

This
evaluation

Ref.[1]
evaluation

13.e .

14.0
15,
15,
A6.
6.
17,
7.
.18,
9.
J19.
20.

S oo e e ne

S

-240

(N

.240

-120

473 Lo
:650 ...

473 .
890
-7%0
-872

-.130.

-810

.719@

. 760.
-800 | .

2815 |
810 ...

238 .
993
043
2078
-955

S o9 00090 s S

.650

(]

2720 e

S OO R rr OO e e s

22

1

I l

E

78

(MeV)

FIG. 7. The **v (n,3n) reaction

cross-section:
— — — this evaluation.

ref.[1] evaluation,
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data: [] - ref.[10], o - ref.[11],
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Conclusion

The following conclusions can be made as a result of this

analysis:

1. The use of the coupled channel method in the evaluation of the
angular distribution of elastically and inelastically scattered
neutrons leads to a better agreement with experimental data and

improves the reliability of the evaluated data.

2. Consideration of the new experimental o, and o,,;,, cross-section
data points to the need to reevaluate the reference [1]

evaluation of these cross-sections in the MeV energy range.
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EVALUATION OF THE AVERAGE '''U RESONANCE PARAMETERS
IN THE RESOLVED RESONANCE ENERGY RANGE

V.A. Konshin, N.K. Salyakhov

Abstract

The average <D>, <gI','> and <S,> resonance parameters
have been evaluated for U using Froehner’'s method
of recognition of omitted levels. This study
concludes that due to the considerable uncertainty
in the number and widths of p-wave resonances in
1y, the suggested dependence of the level density
on parity is questionable.

The diversity of evaluated average parameters for one and the

same set of resonance parameters bears witness to the variety of

methods used to determine these guantities [1]. This problem has

been avoided in this analysis by the combined utilization of the

latest

methods and a subsequent analysis of the results. The

following analytical methods are currently used in the

determination of average resonance parameters:

A; statistics [2],

spin distribution of the derived neutron widths [3],
maximum likelihood analysis with consideration of omitted
weak resonances {4,5],

maximum likelihood analysis with consideration of omitted
weak and multiplet resonances [6],

The basis of these methods lies in obtaining average parameters
for part of the data in which it is assumed that resonance

transmission is absent, and using some or all [6] of the

following resonance parameter properties:

Two of

independence of the actual resonance density on energy,
spin independence of the strength function S(1,J)=S(J),
the x’distribution of the reduced neutron widths for y=1
degrees of freedon,

distribution of the distances between resonances according
to Wigner’s law.

the more perfected above-mentioned methods are considered

in this analysis, namely that of Coceva [4], and that of FProehner

[6].

The main emphasis of this analysis is on the application of

these methods to the evaluation of U data in the resolved

resonance region.
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The A, statistical method [2] is devoted to the region in which
resonance transmission is absent. This region is actually
characterized by the linear dependence of the increasing number
of resonances on energy, and falls within the special conditions
described in reference [2]. In reference [3], it is assumed that
reduced widths of all experimentally determined resonances are
larger than a limiting fraction « of the actual average width
<gl,'>. The basis of this method consists in comparing the
expected theoretical factor, determined by the spin distribution
parameter a, with the experimentally determined value of the

number of widths n, for which gT," =2 a<gl,'>.

The average parameters calculated in reference [4], are
determined from the conditions which maximize the value of the
likelihood function L(<grl,'>,<gl,!>,D’ v). This method allows one
to determine the magnitude of the average reduced neutron width
<gr,'> for p-waves and the number of degrees of freedom of the
neutron width distribution at the same time as the determination
of the <grI,'> and <D'> quantities. It is assumed that all
resonances whose widths lie above the conditional threshold #(E)
are taken into account. The likelihood function is defined as
the probability that there exists a set of resonances (B;, grI,;)
in which the number of observed resonances N,,, have widths for
which gI',; =2 #5(E); the widths of the remaining resonances lie
below that threshold.

In order to simplify the calculation and the analysis, the
likelihood function is represented in the form of a sum of
independent contributions summed over discrete energy intervals;
that is, rather than determining the specific position of
resonances, the calculation determines the probability that a

given number of resonances will fall in a given energy interval:

m nk Nobl m
L(D;eist)= [ [ﬂ(gl’n. | eist)(n, | D°, eistJ = [1 @r, feist) [1(n, D% list), (1)
k=1 L i=1 t k=1

where A/B is the probability for event A to occur under the
condition that event B had occurred first; where list is the set
of parameters <grl,'>, <grﬁ, v ; and n, is the number of resonances
observed in the interval k. The existence of the energy
dependent threshold #(E) is taken into account by introducing the
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so-called truncated yx' distribution for neutron widths T, 2 y(E)
in the evaluation of the explicit form of equation (1). The
likelihood function for the set of s-resonance parameters has the
following form:

N'obs

vV 9r;i j%-1m N N-n

r2> D% V)= N/DY(N )pg-P)

b((? n>) D; V) I] 2<9rg><2<?rg> kI:![N;n( / )(n_> O( ) ]
L-

!
(I'V‘)g(/v-fz)!n! ;

-1
e, [(EY)=—1 exp(-2)z % dz
’ rw2) wz,j(‘E) ,

2<yﬁ>

Here P, represents the probability that a given resonance
satisfies the condition that gI,; > 9(E) (it is assumed that
P,=a,[n(E)] 1s constant over the whole interval); E is the centre
of the interval; (N/D') is the distribution of the possible total
number of resonances in a given interval: (N/D')~exp[ (N-
<N>)/2a'], where <N>=Ag,/D* (Ae, being the interval width); and
the variance g’ is equal to @.203[1n(2n Ae,/D")+@.343].

The reliability of the average resonance parameters can be
improved by studying their dependence on the position of the g(E)
threshold by varying its parameters within reasonable limits. In
the present analysis, this reliability was determined under the
condition that it satisfies the approximations used in this
approach, and that not less than 80% of the initially selected
sample falls within the region which satisfies the condition that
gy, > 9(E). The following expression is used to determine the

variance of the average parameters for this particular case:
6(<gra>)/<gln>2=2/N;  63D°)/ (D) =08 +N-N,,, )Ny, (2)

where N is the evaluated number of resonances. Note that this

expression can be used only for s-resonance parameters.

An important aspect of this analysis lies in the choice of the
shape and magnitude of the conditional threshold n(E). On one

hand the shape of this function must guarantee the absence of
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transmitted resonances for which gI, = n#(E), and on the other, it
must preserve a large enough sampling capacity. Reference [5]
has adopted the following expression for this function:

n(E) = (AE® + Cc) tE!
where A, B, C are chosen for t=1, on the basis of the
correspondence of n(E) to the actual resonance acceptance
threshold based on their neutron width. The dependence of the
result as a function of the threshold position was studied by
varying the t parameter only. This showed that results, not
dependent on the t parameter, are evidently statistically

dependable.

In references [6] and [4], the values of the average parameters
are derived from the conditions which maximize the likelihood
function. What singles out the method used in reference [6] 1is
that it groups the resonances before they are screened. A
parameter which takes the diffuseness of the peak registration
threshold into account is introduced, and the threshold parameter
is coupled to the quantity D°. In the calculation of resonance
transmissions, the multiplet nature of the peaks is taken care of

by the introduction of their neutron width distribution:
P(G)dG = (19 )1+ V)exp(-2)ax) dx ,

where Ga=gr; Go.-.<3l',f;>_; x=G/2Gy; V=2VT exp(z®)(1+e2f2); z2=gVx.

The fraction of the distance between resonances gq(E), which is
smaller than the experimental resolution threshold, 1is
represented by the author of reference [6] in the form of:

5= 55

'DC
Here c';-j P(D)dD
0

where D, is the minimal experimentally resolved distance and P (D)
is the distribution of distances between resonances. Taking p to
be the actual resonance density, and p,(E) the observed peak

density, we have:

_dNE) o oo z(é-sz].
,PO(E)—-———dE P0[1 k E ;

where p, and k are derived from the second degree polynomial
N(E).
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The calculation of the average parameters is thus reduced to the
solution of the following set of equations which satisfy the

conditions for maximizing the likelihood function:

N -
U. as;
- N - = = .
=N )5 a0
i=1
/G, dS avi\]™
. [} :
G°=G|1-2 NZ<—° Ly G ‘)
[ / S, 96°  1+v, a6°/ | ’
ief
where E%‘f%1f=fhéP ; and S; is the parameter which reflects the

diffuseness of the resonance registration threshold:

U -0U
S,-_=1/2<1-tanh———t_ c).
kU,
An attempt to generalize this method for the case of a mixed set

of s- and p- resonances is described in reference [7].

The average resonance parameters of ’'U were evaluated with the
use of evaluated parameters for 164 s-wave and 280 p-wave levels
that were calculated in reference [8] up to an energy of 4.04
keV, and for 428 resonances calculated in reference [9] up to
4.94 keV. Out of 302 resonances that lie below 2 keV, 206 were
p-type according to reference {9}, and 183 according to reference
[8]. The determination of the parity of those states having a
small neutron width 1s quite complicated, and to determine
whether they belonged to the s- or p- type was possible for only
a small number of weak resonances with the aid of differences

between experimentally determined capture gamma-ray spectra.

Since the average reduced neutron widths for s- and p-resonances
are significantly different, they are separated from each other
in references [8] and [9] by using a gquantitative criterium based
on Baes’s theorem (that all levels for which P{(p,qgTl,') < 0.5 are
s-levels). In the energy range below 2 keV, approximately 10%
(23 levels) were identified in references [8] and [9] as p-
levels. This difference 1is explained by the fact that in
reference [8], contrary to reference [9], five levels for which
P(p,9l,') > @.5 were considered as s-levels in order to satisfy
the A, statistics condition in the energy range of @ - 2 keV;
also, all levels which were observed to take part in sub-

threshold fission were considered to belong to s-type levels.
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Fig. 1. Increase 1in the number of s- and
p-resonaﬁ?es [8], and s’~ and p’-resonances
[9] for U.

Figure 1 shows the growing sums of s- and p-type resonances as
given in references [8] and [9]. One can see a substantial
difference in the slopes of these curves. Differences in the
data of references [8] and [9] can be seen in the diagrams
showing the distribution of reduced neutron widths (Figure 2),
and particularly in the diagrams of p-resonance widths
distribution which are given in units of gI,’ (see Figure 3,
where gr,' = gT, /7 {(k,R)¥/[1+(k,R)']}).

Figures 4 a,b and ¢ show the average values of <gI,'> for s- and

p-waves, as well as the values of <D> for s-waves as a function
of the parameter a, derived from the analysis of the data from
reference [9] using the method described in reference {4]. The
dependence of the average values of <grI,'> and <gT,!> on the a
parameter 1s particularly noticeable where the approximate value
of the ratio D,/D, is assumed to be equal to 3 in the method used
in reference [4] (see Figure 4a).
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The analysis of the p-resonances using the reference [4] method
(Figure 5) and that of reference [6] confirms the proposition
that the given ratio is not substantiated if one used the data
given in reference [9]. The result of the analysis of the s-
resonances [9] over various energy ranges (see Figure 6), using
the reference [6] method, confirms the proposition that, because
of the multiplet character of the peaks, the method applied in
this case allows one to take the transmission of resonances into
account, whereas the reference [4] method does not give this

possibility.

The results of the evaluation of the average resonance parameters
are given in Table 1. Contrary to the approach taken in
references [4] and [5], the error in the values of the evaluated
parameters were estimated as follows: for the reference [4]
method the error was estimated from the spread of the results
averaged over different ranges of the t parameter; for the
reference [6] method, the errors were estimated from the
oscillations of the evaluated values which resulted from the
choice of coefficients to fit the approximating parabola over
different energy intervals. The values taken as the basis in the
process of deriving the final values of the evaluated averaged
parameters, were those that were obtained within narrow energy
intervals, and which at the same time, offered a wide enough
choice. The following average resonance parameters, based on the
evaluated data given in reference [9], can be adopted on the

basis of these results:

<gl,'> = (1.9%0.20).10"’ eV (for s-wave g=1)

<D,> = (19.220.5) eV
<gT,!> = (1.55%0.17)+10"° eV
<D,> = (4.5%0.25) eV

In comparison, the following are the values of the same guantites
as given by the authors of reference [9]:

<gl,"> = (2.30%0.23).18"° eV
<D>, = (20.820.6) eV
<I,> = 2.1.10"° eV
<D>, = 4.4+02.4 eV

From the values obtained for <D>, and <D>; it c¢an be seen that

the value for the ratio <D>,/<D> = 4.
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ﬁgg. 3. Normalized gml neutron widths for
U p-resonances: (a) according to reference
[8], (b) according to reference [9].

The application of reference [4] method to the set of resonance
parameters given in reference [8) indicates that there is weak
dependence of the average s- and p-wave parameters on the
registration threshold parameter y(E) (see Figqure 7). The
application of Froehner’s method to the s-resonance set of
reference [8) shows a weak tendency for a group-wise resonance
transmission. The average value for <D>, turns out to be equal
to (21.7%0.4) eV and <gI,'> = (2.43:0.15)+10"’ eV. The
application of reference [6] method to the p-resonance set of
reference [8)] shows a complete agreement with the group-wise
representation of resonance transmission. Corresponding

calculations have vielded the following values: <D>, = (6.910.4)
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TABLE I. RESULTS OF THE EVALUATION OF ¥y AVERAGE RESONANCE
PARAMETERS BASED ON DATA PUBLISHED IN REFERENCES [8] AND [9]
Energy Coceva’s Method [4] Froehner’'s Method [6]
Parameter 1nﬁg§y?l _applied to references. applied to references
(8] (9] (8] (9l
A 0-1.0 20.50.5 20.410.4 - -
A 2-1.5 21.410.6 21.3t0.3 - 18.710.5
A 0-2.9 21.50.7 21.010.3 - 15.0£0.3
A 0-2.0 - 20.610.5 21.910.4 19.2+0.5
A 0-3.9 21.210.3 20.810.3 21.98:0.40 19.210.4
A 0-3.5 21.510.3 - 22.1+2.4 19.010.5
........................... A 274,90 21.3010.25 21.510.3 22.110.4 19.210.3
B 2-1.0 2.0010.15 1.9810.10 - -
B 0-1.5 1.7510.10 1.90+0.10 - 1.5010. 30
B 2-2.0 1.9810.15 2.3010.15 - 1.8840.12
B 0-2.5 - 2.25%0.10 2,3010.15 1.90410.15
B 0-3.0 2.5010.15 2.35%0.15 2.4510.15 2.0010.15
B 2-3.5 2.5010.15 2.4010.15 2.5010.15 1.8210.15
..B 2-4.9 2.5010.15 2.4910.15 2.55%0.15 1.80+0.15
c 0-1.0 3.1520.25 2.0010.10 - -
C 2-1.5 3.90%0.25 1.9010.10 - -
c 0-2.0 3.9010.50 2.3010.10 - -
c 0-2.5 - - - -
c 2-3.9 3.75%0.25 - -~ -
c 0-3.5 3.90+0.15 - - -
c 2-4.0 3.6010.25 - - - "
D 0-1.0 3.5010.40 1.55t0.10 2.50+0.25 1.64%0.15
D 0-1.5 3.7510.25 1.5810.10 2.25%0.20 1.56+0.15
D 0-2.0 3.5010.30 1.5510.15 1.9010. 35 1.40+0.20
D 0-2.5 3.6010,25 - - -
E 2-1.0 7.010.8 - 6.5010.60Q 4.7510.25
E 0-1.5 6.5t0.5 - 7.2510.40 4.5510.30
E 0-2.0 7.0:0.5 - 6.7510.30 4.2210.40
2 DB 12230.9 - = -

Annotation: Reference [6] method is applicable only to separate

s~ and p-Tesonance parameter sets.

Parameters (first column Table 1)

36

A

H O Q w

<D>°
<gI‘n°>
<gI‘n>1
<gT;>

<D>1

(eV) s-wave
(1073 eV) s-wave

(1(3'3 eV) p-wave

(1¢b'3 eV) p-wave, separate p-resonance file

(eV) p-wave, separate p-resonance file



TABLE 2. COMPARISON OF 3%y P-RESONANCE WIDTHS

E. (eV)

Results published in different

Ref.[8]

Ref.[9}

references

Ref.[10]

4.41

10.22

11.32

57.100

.1121

.1393

.1963

. (72.69)

83.683

63.505

.1674

. 4002

.4966

.9691

.1013

26

o5

Q7
@5
@5

26

o6

@.0550 - 06

. (0.1109 - 26) . .

@.080 - 05

 (@.600 - @5)

2.1670 - @5

0.110 - @6

0.180 - 06
(0.3609 - 06)

0.5300 - @7
(@.5300 .

0.0600

@5

(90,1200 - 05). .

@.065 - @5

0.6000 - 06

0.500 - 06

(2.500 - 06). . .|.

Q7).

o4

0.0300 - 04

72.780

. 1000

24

74. 380

. 27090

.1081

0.0300 - 04

..(0.0600 - 04)

0.420 - 06

0.5000 - 07

2.1170 - @5

. {0.1300 - @5) | ..o

. (0.600 - @6) I . ...

(0.600 - 24) . |

0.200 - @5

05) ...

0.1600 - 04

0.035 - 04

(0.070Q - 04)

0.1400 - 04

. 9489

» 6000

0.8900 - 04

111.205

.5932

93.174

. 4800

25

0.9900 - 04

{98990 = @4). L

9.1720 - 05 -
(90.3400 - 05)
0.3000 - 05 -

(0.3000 - 95)

.8399

05

0.2400 - 05
(0.4800 - 05)

1.0000 - 05

121.5

0.300 - @5

(92,6900 - @5). .

124.975
(124.600)

. 2208

24

0.0850 - 04
(0.1700 - 04)

0.2600 - 04

127.40

0.500 - @5
(0.5000 - 05)
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TABLE 2. COMPARISON OF 3%y P-RESONANCE WIDTHS

133.292 0.8651 - @5 0.6200 - @5 -

..... (0.2400 - @5)

136.0 - 0.6000 - 05 -

........... (0.6000 - 05)
152.419 0.5075 - 04 0.1800 - 04 0.5000 - 04

(0.3600 - @4)
158.90 0.1533 - 04 0.1000 - 04 0.2000 - 04

e (0.1000 - 04)
173.187 0.4677 - o4 0.1500 - 24 0.5000 - 24

(2..3299..-..2%)

Note: values of gI‘n are given in parentheses in column 3.

eV and <gT,>, = (2.25:0.25).10"' , which evidently satisfy the
ratio <D>,/<D>, = 3. The results of the evaluation using methods
[4] and [6]) are listed in Table 1.

The analysis of the data given in references [8] and [9] seems to
indicate that the reason for the differences in the values of the
ratio <D>,/<D>, (which is a factor of 3 for reference [8] and a
factor of 4 for reference [9]), do not arise as a result of using
one or the other method of data analysis, but are due to the
values of the basic data themselves. In particular, the values
of the p-resonance widths, given in reference {9], are 2 to 2.5
times smaller than those listed in references [8] and [10]. In
addition, it must be noted that although values for T, are given
in reference {10}, no information is given as to the origin of
the p-level spins. This leads one to suspect that the values for
Ty quoted in these references are actually values for grT,.

Authors of reference [9] quote values for gI', and derive values
for T, on the basis of arbitrary values of p-resonance spins on
the assumption that the level density is proportional to (2J+1).
But even in this case, if one compares values of gI,, it turns
out that the p-resonances given in reference [9] are on the
average 20-30% smaller than those given in references [8] and
{10]. The number of identified p-resonances in the energy range
up to 2 keV in the evaluation described in reference [9] is
larger than the number quoted in reference [(8] by 23 resonances.
Therefore, in view of such significant discrepancies in the
number of p-resonances and in the values of their widths, there

is not enough evidence within the framework of this analysis to
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arrive at a definitive conclusion regarding the actual value of

the <D>,/<D>, ratio.

An important criterion to test the validity of these evaluations
is whether the results are in agreement; a disagreement in these
results could have two reasons: an incorrect use of the methods

to evaluate the average parameters, or the inaplicability of the

data to the initial conditions of the method.

It must be noted that the results of the evaluation of <«<gTl,>,
(obtained with the use of Coceva’s method [4] and the data given
in reference [8]), which were performed for a mix of s- and p-
data as well as for p-resonance data only, are practically the
same; this, however, cannot be said in the case of results

obtained on the basis of data published by Nikolaev et al. [9].

After a thorough analysis of the results, the first of the two
reasons for such a disagreement was rejected. The conclusion can
be made that the noted disagreement between the evaluations of
<gT',> using reference (9] data, namely that the premise of the
method used in reference [4] is inconsistent with the results, is
due to the fact that <«<D>,/<D> = 3., It is possible that this
disagreement would not have arisen if the partition of the
resonances according to their parity in reference [9] would have

been done differently.

The following conclusions can be made on the basis of this
analysis:

1. Because of the small number of widths and the multiplicity of
peaks, it is possible to improve the accuracy of the average
parameter values by using methods for the introduction of level
transmission corrections. The simultaneous application of the
methods described in references [4] and [6], would also increase
the reliability of the average parameter evaluation.

2. The dependence of %

U resonance density on parity can be
solved only by setting up a rigorous experiment which would
eliminate the ambiguity in the interpretation of derived

resonance parameters.
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However, if one were to take reference [8] and [9] data as

initial parameters, it could be stated with certainty that

<D>,/<D>, is equal to = 3 in the first case, and to = 4 in the

second case.

(1]

(2]

[3]

(4]

[51

(6]

(7]

(8]

[9]

[10]
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EVALUATION OF ''U NEUTRON DATA IN THE RESONANCE REGION

A.A. Van 'kov

Abstract

The evaluation of neutron data and the generation

of group constants in the resolved and unresolved
resonance region of %y are discussed in connection
with the development of the USSR nuclear data library
for reactor materials.

The resonance region of 'y is generally defined to lie within
the following energy ranges: 4.65 keV = E, = 100 keV for the
region of unresolved resonances, and E, < 4.65 keV for the
resolved resonance region. The upper energy boundary of 120 keV
is chosen somewhat arbitrarily, because of the small number of
resonance effects above that energy, and also because it is the
logical energy point for the transition from the R-matrix model
to the optical potential model to describe neutron cross-
sections. It is evident that there must be an energy transition
region in which the results from the two theoretical models must

Yy file for the nuclear

match. In the process of preparing the
data library of the Nuclear Data Centre of the USSR State
Committee on the Utilization of Atomic Energy, questions arose
regarding the choice of neutron cross-section models, and the
dependability of existing evaluated model parameters, such as the
strength functions and the average resonance parameters (e.g.,
neutron widths, radiation widths, distances between resonances,

etc.).

Resolved resonance region. Experience has shown that the single

level Breit-Wigner formalism gives a satisfactory description of
'y resonance cross-sections. However, should it be desirable to
have a single representation of resonance cross-sections of

fissile and even-even nuclides, it is advisable to evaluate these

parameters using the s-matrix (Adler-Adler) formalism as well.

The resonance region of the °

U neutron data file, referred to
above, is based on the Breit-Wigner model. The corresponding

evaluations of resolved resonances and of average resonance
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parameters are described in references [1-3]. The basic
shortcoming of these evaluations is that they are based on
references published before 1978, and are in need of a re-
evaluation taking the most recent data into account.
Considerations of the reliability of current s-resonance
parameter evaluations, discussed in reference [4], indicate that
differences in the data could be as high as 10% or more. More
serious is the state of the evaluated p-resonance parameters.
For instance, as reported in references [5] and (6], the values
of earlier p-resonance neutron width evaluations [1-3] are
significantly different from more recent data; some of these
observed differences are as large as an order of magnitude. It
is therefore evident that the c¢onclusion arrived at by the
authors of references [1-3], that the observed p-resonance
neutron widths cannot be described by the Porter-Thomas
distribution, is groundless. It also follows from reference [7]
that current p-resonance data do not contradict the Porter-Thomas
law. For the same reason, evaluations of average resonance
parameters described in reference [8] can not be compared with
the evaluation scheme used in references [1-3]. As a result, it
is necessary to reject the aforementioned propositions put
forward by the authors of references [1-3], consisting of
omitting a significant number of p-levels, of assuming the
dependence of U level densities on parity, and of assuming the
dependence of the radiation width on the orbital momentum. These
assumptions can be substantiated only on the basis of
experimental data which, however, do not exist at the present

time.

Unresolved resonance region. The following values for the

average resonance parameters were adopted in references [1-3]:

- for s-neutrons: D,, = 20.8 eV, T; = 23.5 MeV, R, = 9.35 fm
(fm is equal to 10°!® m);

- for p-neutrons: D;,. = 13.2 eV, T; = 13.2 MeV, R, = 4.5 fm (or
up to 6.9 fm in some cases).

In most references relating to '’'U data, these parameters were
applied irrespectively for s- and p-neutrons. The problems are
that theoretical models do not always take the spin dependence of

level densities for such nuclei as U into consideration, and
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that reliable p-resonance radiation width data are not existent,
The situation regarding the potential scattering radius R is more
complicated. According to the authors of reference [8], the
effect that is more "observable"” is not the dependence of R on
the orbital momentum, but on the neutron energy. The question
arises as to what is the effect on the calculational parameters
of all these differences which result from the evaluation of
average resonance parameters reported in references [1-3] and
[81. Above of all it affects the resonance self-shielding
factors and their temperature dependence. As an example, the
effect of an increase in temperature on the effective absorption

cross-section can be as high as 30% [9].

Evaluation of the average radiation capture cross-section. In

the region of unresolved resonances of the current BNAB-78 [3]
library of multigroup data, the o, cross-sections are lower than
those resulting from the evaluation of microscopic data on the
basis of integral data. This leads to a certain degree of
compensation of the errors which are introduced in the
interpretation of the integral data. These effects must be taken
into account in the formulation of the data files. One way to
take integral data into account is to introduce correcting
coefficients at the production stage of the multigroup data
files. So far, the existing problems in the calculational
procedures to produce data files have not been resolved. It is
unfortunate that the solution to this crucial problem has not
been found and that the underlying reasons for these
discrepancies have not been brought to light. Considering that
divergencies in other respects (such as in the neutron spectrum,
in the reactivity of U and of other samples, etc.) are observed
in the process of testing the evaluated neutron files against
results of integral experiments, and considering the complex
procedure involved in the introduction of various corrections,
one should expect that a more thorough analysis of integral data
would lead to a reduction in the differences between the values
of corresponding quantities calculated from the data files and
the integral data. Even so, it is not clear at the present time
whether it is possible to use average radiative capture cross-
sections calculated from the files for practical applications

without adjusting them with the use of correcting factors.
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NEUTRON TRANSMISSION IN NATURAL URANIUM
IN THE 10 keV TO 2.5 MeV ENERGY RANGE

V.V. Filippov

Abstract

The measurement of neutron transmission in natural
uranium, performed in nine series of experiments

using T(p,n)’He neutrons is summarized, and compared
to data from other authors. The results of this
analysis confirm the multigroup values of the total
cross-section and of the self-shielding factors of the
BNAB-78 data library for natural uranium.

This article describes the evaluation of the total cross-section
of natural uranium at energies above 1@ keV on the basis of
earlier measurements reported in references [1-3] which used
T(p,n) neutrons to perform the measurements for different sample
thicknesses. The experiment was conducted on a van de Graaff

electrostatic generator at angles of 100°'-140"° to the proton beam
(for neutron energies below 350 keV) and in the direction of the

proton beam for neutron energies above 300 keV, as described in

references [1-3].

The experiment, performed under conditions of good geometry,
consisted in the measurement of the decrease of the neutron count
{measured with a battery of paraffin shielded boron counters)
upon the introduction of the sample in the collimated neutron
beam for neutron energies ranging from 10-300 keV, determined
primarily by varying the thickness of the tritium-titanium
target. The metallic uranium samples had a diameter of 46 mm and
a density of 0.0473.10'" atoms/cm’. The accuracies of the
transmission functions ranged from ©.7%-1.5% for sample
thicknesses of 6.3 to 1 cm, and to 5%-10% for higher values (see
last column of Table I). Reference measurements of the
transmission function were made on polyethylene and beryllium for
energies below 200 keV, and with tungsten and molybdenum for
energies above 1 MeV. These showed that the background does not
depend on sample thickness, but primarily on the detector noise
and the imperfections of the paraffin shielding. The background
level varied from 0.009 to 0.002 of the counting level for
neutron beam energy of E<0.35 MeV, and from 0.0005 to 0.001 for

higher beam energies {2].
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Only those data points for which the background correction did
not exceed 40% were included in the subsequent analysis.
Altogether, 1069 individual transmission values measured at 136
different energies (from 5 keV to 3.0 Mev) for 31 sample
thicknesses (from ©.3 to 25 cm) were included in the analysis. A
large part of the analyzed neutron transmission data is shown in
Fig. 1, where data for a given sample thickness are connected by
a curve. The degree of reproducibility of the observed cross-
sections for indicated sample thicknesses is illustrated (by
means of different symbols) in Fig. 2. The data reported in
reference [1] for 4 cm samples are represented in Fig. 2 by the
black circles. The actual values of the average total cross-
sections, obtained by extrapolating the dependence of the
measured cross-sections to zero sample thickness, are given in
the upper part of that figure. The monotonic character of the
dependence of the cross-section on sample thickness simplified

the extrapolation procedure considerably.

TABLE I. CHARACTERISTICS OF THE NEUTRON TRANSMISSION FUNCTION EXPERIMENT

Exp. Sample Angle to Number of values Range of
Series thickans proton sample
(mg/cm”) beam Energy Thick. thickness
1 @11 | e | 12 | 12 0.5-13
2 0.32 100 5 10 0.5-13
R R 2.62 100 6 11 9.5-13
4 0.71 120 10 21 2.5-16
____________ 5 0.74 _ 139 12 18 @.3-13
IS N 0.62 139 . EE 1 4
7 1.8 Q 5 10 1-23
............. 8 .. 2.6 Q 17 11 1-18
9 2.6 % 2 47 @.3-30

In the regions of overlap, the values of the average total cross-
sections were consolidated; their values are tabulated in

Table II, and compared to some existing evaluations in Fig.2. As
can be seen from Fig 2, this evaluation agrees with the ENDF/B-IV
evaluation over the full range except from 150-30Q keV where our
values are 2%-3% higher. Above 200 keV there is a tendency for
the KFK-750 data to be somewhat higher than the ENDFB-IV data,
which is supported by the results of this evaluation.
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TABLE 2. ENERGY DEPENDENCE OF THE TOTAL
NEUTRON CROSS-SECTION FOR NATURAL URANIUM

(ki'\/) (barhs) (ME'\/) (barhs) WL

15 14.5%@.2 2.46 8.9:0.1 .

27 13.710.2 0.52 8.410.1 s

35 13.610.2 2.71 7.8:0.1

48 13.120.2 0.82 7.5%0.1 o 2r

54 12.95t0.2 1.08 7.1:0.1 &

63 12.840.2 1.28 7.03:0.07 n‘ i

69 12.6%0.2 1.50 7.0010.97 DE ok

80 12.4%0.2 1.76 7.05:0.07

91 12.3$0.2 1.90 7.11:0.07 .

98 12.2%0.2 2.12 7.18:0.07 \

103 12.05:@.15 2.33 7.38:0.07 8t ‘\\

115 11.920.15 2.52 7.70+0.07 i R/
128 11.840.15 2.69 7.8510.07 ) Al

0 o7 L0 g, wev

145 11.740.15 3.02 7.690.07

156 11.510.15 Fig. 3. Comparison of the

total cross-section obtained

185 11.2#0.15 by extrapolating to zero
somple thicknces wich che
pEE Y (1l i)
305 10.05:0.15 BNAB-78 (histogram).

At =130 keV, the ENDF/B-IV recommended cross-section curve turns
up sharply; our data shows the same behavior, except that the up-
turn is more pronounced. At energies below 300 keV, the energy
dependénce of the total cross-section as recommended in the BNAB
[4] data library agrees with the data given in Table 2; however,
above that energy (up to E,=1 MeV) it is lower than the values
recommended in ENDF/B-IV. A comparison of the energy dependence
of this evaluation with the latest experimental data [5) shows
good agreement up to E,~200 keV; above that energy, our values
are higher. The experimental data given in reference [5] are in
full agreement with ENDF/B-IV data up to an energy of 400 keV,
but drop below the ENDF/B-IV data above that energy, and agree
with the BNAB [4] evaluation up to E;=1 MeV. The total c¢ross-
sections for different sample thicknesses, calculated by
averaging the experimental transmission data over the energy

intervals used in the BNAB [4] system, are tabulated in Table 3.
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TABLE 3. GROUP-AVERAGED VALUES OF THE TOTAL CROSS-SECTION (IN BARNS) AS A
FUNCTION OF SAMPLE THICKNESS.

Sample Energy interval (keV) (BNAB group number)
thickness
(cm) 4.6-10(12) 10-21(11) 21-46(10) 46-100(9) 100-200(8)
Q 16.410.3 14.5 13.6 12.7 11.7510.10
2.5 15.1+0.3 13.95 13.2 12.6 11.710.08
1 14.4:0.2 13.58 12.9 12.45 11.610.07
1.5 13.710.2 13.20 12.7 12.4 11.5510.07
2 13.210.15 12.85 12.5 12.3 11.520.06
3 12.510.15 12.4 12.2 12.15 11.410.06
5 11.910.15 11.75 11.74 11.9 11.2510.06
8 11.210.15 11.15 11.20 11.5 11.010.05
10 10.810. 15 10.8 10.95 11.35 10.910.05
13 10.410.15 10.5 10.65 11.15 10.810.05

Annotation. The data for group 12 (energy interval 4.6-10 keV) are given
here as illustration only; they are not reliable because of the considerable
uncertainty of the data in that energy interval.

16 —Q% 46100 ney
B ok
Lo x K X
2 - © No ofl o n * *
o} 1 1]1 1 I1 1 17 Il l'l | J[ | 1
H J
8l 1 2
K 21- 46 ke
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= 51 B
(o] ol
K K
13+ S °o B [} ° B K
8 B 8
BJ lT i1 |I 1 l! ] L’I 1 { H lB
K
B 10-27 kev
6 ©
o K K
C )
"'Le B K
g B 8 8 B
0,05 o1 Al Bips
i | 1 1. 1 ! | I L i I L 1 |
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1 2 J tem
Fig. 4. Comparison of obsqrved total
cross-section values: @ this evaluation,
k - [3]/ a - [4]/ I - [5]/ B - [6]1 e - [7]
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The general state of the measured non-exponential character of
neutron transmission in uranium in the 10-10@ keV energy range as
reported in the literature is shown in Fig. 4. Measurements with
samples thicker than 2 cm were performed only by this author [6].
Generally, the data are in good agreement, however, their
diversity increases the uncertainty of our results. The
situation is more complex for measurements with thinner samples.
In this case the author assumed that the reliability of the
observed dependence is inversely proportionate to the scatter of
the data. The author’s data below 50 keV are in good agreement
with the data given in reference [7] after they had been averaged
according to the 1/E law over enerdy intervals defined by the
BNAB [4] energy groups. For the top energy group (see Fig. 4)
the author’s data agree with the values reported in reference
[5]. Extrapolation of the data of this evaluation to zero sample
thickness (as given in Table 4), result in values which are close

to the evaluated data adopted in the BNAB [4] data library.

The data given in Table 3 were processed using the method of
directed divergence minima [8] for the unfolding of the
probability distribution density of the total neutron cross-
section within the confines of the energy group. The processed
data are shown in Fig.5. The accuracy of the reconstituted
distribution density values which is determined by the random
value of the analyzed transmission within the limits of their
uncertainty, ranges fron 5~7% for largest density values to 40-
62% for the smallest values. The sharp narrowing of the
resultant distributions above 5@ keV can be explained by the

manifestation of the inelastic¢ scattering channel.

Multigroup data (total neutron cross-sections and the self-
shielding factors) for natural uranium are listed in Table 4.

The average cross-section data which have resulted from this
analysis agree with the BNAB data, and as mentioned above, with
the ENDF/B-1IV data except the 7th energy group. ENDL-78 group
values bhelow the 10th group are somewhat lower. The values of
the evaluated resonance parameters, which are proposed in this
evaluation are corrohorated by the analysis reported in reference
[9]. The data processed by the authors of reference [6] using

theoretical models yield somewhat higher values. The values of
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our self-shielding factors, which were derived from the
reconstituted distribution momentum, are in good agreement with
our self-shielding factors, which were derived from the
reconstituted distribution momentum, are in good agreement with
the accepted BNAB [4] values below the 8th energy group. At
higher energies the resonance self-shielding effects are ignored
in the BNAB data library. Although the values of the measured
self-shielding factors are not much different than unity, it must
be noted that the calculations yield but a small fraction of this
effect if one assumes a monotonically varying dependence of the
cross-section within a group. Our results do not confirm those
proposed in reference [6] that there 1s a sharp reduction (of
approximately 30%) of the value of the self-shielding factor
below 50 keV.

Calculations show that the assumption of a breakdown in the
initial part of the observed dependence of the cross-section as a
function of sample thickness [6,7,10] (see Fig.4), leads to even
larger differences than reported in reference [6], in the values
of both cross-sections and self-shielding factors from those
given in the BNAB library. However, the extent of the
manifestation of this breakdown is insufficient in order to
radically change the accepted concept of the way self-shielding
affects the characteristics of the total uranium neutron cross-

section in the unresolved region.

N

11 10
/b 1 4‘[7 ;0 l 4]01' {barn)
1.
Fig. 5. Distribution density of the total
, neutron cross-section of uranium in the
i/ energy intervals corresponding to the nine
BNAB energy groups [4].
10?3 6 ¢
Vi 0 0 0 ] 710 ¢, (barn)
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TABLE 4A. MULTIGROUP DATA FOR NATURAL URANIUM: TOTAL CROSS-SECTIONS

Origin of the data
BNAB
GIoUP | pNAB-78 | ENDL-78 | ENDE/B-IV | Ref.[9] | Ref.[6] | yainis. =
A2 .. 15.88 1 14.41 16.0 . 16.0  |...17.@ | 16.4:0.3
At 14.48 | 14.02 14.4 14.6 15.1 14.520.2
10 13.46 | 13.53 | 13.4 13.6 | 13.9 13.520.2
9 12,57 12.79 12.7 12.8 - 12.7:0.1
.8 11.53 11.52 . 11,5 4 AY.T7 T 11.710.1
7 9.9 . 10.02  |.. .. 10.9 = ] 10.3010.08
6 ... 8.23 ... 8.3 8.33 - T 8.3010.07
3 Lo 7.3 77 716 - ot 7.12:0.05
4 7.13 7.20 7.18 - - 7.21:0.05
TABLE 4B. MULTIGROUP DATA FOR NATURAL URANIUM.
SELF-SHIELDING FACTORS
Origin of the data
BNAB _
Group BNAB-78 Ref.[6] evalus,
12 2.668 0.410(139%) (0.68)
11 @.755 @.523(-31%) 0.7610.02
10 .885 0.682(-20%) 0.83:0.02
9 @.915 - 0.914
8 .950 - .94
7 e Lo 1.9 " Q.96
6 1.0 - @.941
5 1.0 - .96
a 1.0 - .97
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COMPARISON OF THE BNAB-78 AND ENDF/B-V EVALUATED ‘U

RADIATIVE CAPTURE DATA IN THE ENERGY RANGE FROM @.5 TO 15 MeV.
V.A. Tolstikov

Abstract

Evaluations of the U capture cross-section as given

in the BNAB-78 and ENDF/B-V evaluated data libraries

are intercompared and their values compared to recently
published data which had not been included in these
evaluations. It is concluded that there is a need to
re-assess the earlier experimental data, particularly
those based on activation measurements, taking secondary
neutron reactions and scattering effects into account.
It is recommended that a precision measurement of the
capture cross-section and its dependence on energy be
done in the 1-7 MeV energy range.

The accuracy requirements of the evaluated values of radiative

capture cross-sections for '

U in nuclear technology are
considerable: 2% in the 1 keV-1 MeV energy range, and at most 3%

to 5% in the 1-5 MeV energy range [1].

The evaluations which were done for the BNAB-78 [2,3] and the

ENDF/B-V [4] nuclear data libraries were performed some time ago:
the BNAB-78 file during the years 1975-1978, and the ENDF/B-V

file in 1977!

In view of the development of improved methods for the evaluation
of cross-sections and their uncertainties, the publication of new
experimental data, and the development of new methodologies for
the measurement of cross-sections, there is a need to revise
these earlier evaluations and to re-assess the reliability of the
data used as input to these earlier evaluations. 1In addition,
there 1is also a need to perform a high-precision measurement of
the W radiative capture cross-section over a wide energy range.
The reason for these measures is that the required accuracies of

these evaluated data have not yet been met.

! Subsequently, ENDF/B data [4] were adjusted according to

changes in the evaluated values of the U fission cross-section
{see citation [17] in reference [7]).
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A comparison of the BNAB-78 and ENDF/B-V evaluated data is given
below. In the BNAB-78 library, data for E,>9.4 MeV were taken
directly from the evaluation reported in references [5] and [6],
which was obtained with the use of the "fractional-rational"”
approximation method; for energies below @.4 MeV, the total,
inelastic and radiative capture cross-sections were evaluated
simultaneously using the maximum likelihood method complemented
by the nuclear reaction statistical theory. In the regions of

overlap, the data were matched "manually”.

The ENDF/B-V evaluation used the following procedure: groups of
"y radiative capture cross-sections were evaluated separately,
determined absolutely or relative to the scattering cross-
section, or to the g, '""Au, the g, *U and the a,,''B cross-
sections. The final recommended "'U a, (E,) curve was derived
from the combination and correlation of four such separately
evaluated groups of data. Both the BNAB-78 and ENDF/B-V

evaluations used similar compilations of experimental data.

The results of these evaluations are plotted on a linear-linear
scale in the figures below for the following energy ranges: Q.5-
1.5, 1-5 MeV and 5-15 Mev. The figures also show experimental
results of relatively recent experiments which were either not
included in the evaluations [7] or accepted only partially [8]
(the results quoted in the initial publication were preliminary
and were not given at all of the energies which were included in
subsequent publications [8]). The measurement reported in
reference [7] was made relative to the U fission cross-section,
and the measurement reported in reference [8] was made relative
to the hydrogen scattering cross-section. The figure also shows
data measured in earlier experiments [9-11] which are normalized
at E,=350 keV to the absolute average data value reported in
reference [8]. This normalization energy is more reliable than
the 3@ keV point (kinematic collimation) used to normalize
absolute cross-sections obtained by the authors or derived from

results of other authors for given neutron energies.

More complex situations, such as those related to the spectrum of
incident neutrons and other considerations, have forced the

authors to review their method of normalization. The following
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'y radiative capture cross-section

experimental results of the
are reported in reference [8] for the corresponding neutron
energies: 117.4*3.6 mb at 352:25 keV, 119.9:3.4 mb at 348t23 keV,
122.3+3.7 mb at 348%15 keV and 124.8:3.1 mb at 350t24 keV. The
average value of these data differs from the maximum limiting
values by 3%, which is in agreement with the experimental
uncertainty. Consequently, the data were renormalized using the
average value of 121.1+3.3 mb at the neutron energy of 349 keV.
It must be noted, however, that a normalization to the value of
452.2+19.9 mb at the energy of 30 keV [6] (which is the average
of seven experiments published before 1976) yields a cross-
section value of 121.3 mb at E,=350 keV.

Although both normalization methods arrived at similar results,
normalization of the data in the 300-400 keV energy region is
more reliable because of the weak dependence of the radiative
capture cross-section on neutron energy leads to a reduced
dependence on the uncertainties of the neutron energy, and

consequently on the incident neutron spectrum.

As can be seen in Figs. (a) and (b), the BNAB-78 and ENDF/B-V
evaluations in the 0.5 to 1.5 MeV are in good agreement. Their
maximum difference does not exceed 4%, the ENDF/B-V data lying
somewhat higher. Even though earlier "'U g, , cross-section
measurements relative to the U g, cross-section [9,10], agree
with both evaluations within the limits of their uncertainties,

they lie systematically lower, and closer to the BNAB-78
evaluation (in which they are included). Our data, measured
relative to the elastic (n,p) scattering cross-section [8] in the
.5 to 1.05 MeV neutron energy range, lie on the average
systematically above both evaluations, but closer to the ENDF/B-V
evaluation (with which they almost overlap within the limit of
their uncertainty). An exception to this general agreement, 1is
the value of four data points in the vicinity of 600 keV,
namely:127.1+5 mb(H=1) at 59716 keV, 130.8%:4.7 mb(K=1) at 59023
keV, 114.623.1 mb(K=1) at 60323 keV, and 114.0:2,9 mb(K=15) at
600+36 keV (where H=1, K=1 and K=15 are the identification of the
hydrogen counters of different construction used for the
measurement of the neutron flux). For reasons unclear to the

authors, the measurement results are grouped around two cross-
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section values: 129 mb and 114 mb, which differ by approximately
two measurement uncertainty values. The average value, however,
lies above the ENDF/B-V evaluation’. This tendency is also
supported by the experimental data reported in reference [7],

except for the data point in the vicinity of 830 keV.

However, an experimental value at 1196 keV and two at 1400 keV
given in reference (8] lie significantly lower (12% and 8%
respectively) than both evaluations. The reasons for these

differences are being investigated.

Both evaluations are in good agreement with each other in the 1.5
to 5.9 MeV energy, which is not surprising as both evaluations

are based on the same sets of data. Experimental data at neutron
energies of 2.053 and 3.033 MeV, quoted in reference [7], lie

significantly higher than either one of the two evaluations. As
there are no reliable theoretical data in this energy range, the
odd values of these cross-sections can only be verified by means

of a precise experiment.

It seems that earlier experimental data for neutron energies
larger than approximately 2.5 MeV, have a number of systematic
errors (which tend to raise the values of the data) which are
apparently due to insufficient consideration given to scattering
effects in the structure of the target, the sample holder and the
sample itself. Substantial errors of this type in the experiment
described in reference [12] are reported on in reference [13].
According to the analysis described in reference [13], the
corrections of the data reported in reference [12] amounted to
7.4%, 16.4% and 42% at energies of 3 and 7.6 MeV. Considering
the similarity of the methods used in activation measurements
performed at earlier times (e.g.,1in the year 1978), similar
errors can be expected to be found in other such measurements.
Irrespective of their apparent simplicity, activation
measurements at E,>1.5 MeV are difficult enough. Adegquate
consideration of scattering effects are difficult to take into

account by either calculation or experiment. This problem was

! An analogous situation was observed for reference [7] data
at E,=500 keV.
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recognized a long time ago, and addressed in references {14] and
[15]. For these reasons, the energy dependence of the ‘U
capture cross-section in the energy region above 1 MeV still has

to be resolved.

The data of both evaluations differ significantly in the energy
range of 5-15 MeV: ranging from 20% at 5 MeV to more than 100% at
14 MeV. Experimental data exist only up to 7 MeV. As there are
no data between 7 MeV and 14 MeV, the character of the cross-
section curve in this energy interval is based on the
extrapolation of the recommended data at 14 MeV. In the BNAB-78
data library [3], the end point of the extrapolation at 14 MeV is
taken to be 2.6 mb. This value is based on the available data
that existed at that time: namely, 3.3t9.5 mb at 14 MeV (16], and
3.45¢1.5 mb at 15 MeV [11]. Apparently, as these data are
considerably inflated because of scattering effects, the cross-
section value at 15 MeV is taken to be artificially lower than
the experimental value (namely 2.7 mb). However, based on the
analysis reported in reference [17]), it is recognized that over a
wide range of mass numbers (50-240), the magnitude of the capture
cross-section is approximately 1 mb at E,=14 MeV. This is the
value used in the ENDF/B-V data library. For this reason, the
BNAB-78 data in the energy range from 5 MeV to 15 MeV, can be

expected to be lower as a result of their re-assessment.

The following conclusions can be drawn as a result of these

considerations:

1. The state of the experimental data and the evaluations
on which they are based in the energy range of 1.5 MeV and 7 MeV
is not satisfactory. It is therefore deemed necessary that a
precise measurement of the U capture cross-section be performed
so as to satisfy the data regquirements for practical
applications, and for the purpose of checking the methods used
for the computation of actinide cross-sections which will be
difficult to obtain by experimental means in the near future.
For that purpose, it will be necessary to improve the activation
method of measurement, particularly regarding the improvement of
methods for the determination and calculation of errors due to
the effects of neutron scattering and the generation of neutrons
from secondary reactions.
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2. An exact measurement is needed in the energy range of
1-7 MeV of the "'U g, cross-section at 100 keV intervals so as

to identify any non-monotonic behavior of the cross-section.

3. At energies ranging from 0.3-1.5 MeV. it is now already

'y radiative capture cross-section to

possible to determine the
an accuracy of better than 3% using the activation method. So

far, other methods are not able to achieve such accuracies.

It is only with the aid of a comprehensive compilation of
experimental data, obtained by different methods to accuracies of
less than 3%, and in agreement with each other within the limits
of their uncertainties, that it will be possible to satisfy the
severe requirements imposed by the development of nuclear

technology.

4. At the present time, it is necessary to improve the 'y
g,,, cross-section file of the BNAB-78 data library taking the

following into consideration:

- the inclusion of experimental data published in references
[7,8,9];:

- the review of the reliability of the earlier data,
considering in particular the remarks made in this article
regarding the effect of neutron scattering;

- the re-normalization of the data to revised values of
standard cross-sections;

- the inclusion of theoretical calculations in the
determination of evaluated curves;

- the need to make a dependable assessment of the
uncertainties of the evaluated data inasmuch as they are
essentially non-existent in the BNAB-78 or the ENDF/B-V

nuclear data libraries.
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FAST NEUTRON FISSION CROSS-SECTION OF 'u
A.A. Goverdovskij

Abstract
Experimental and evaluated ’'U neutron induced
fission cross-section data are analyzed. It is
shown that the BNAB-MICRO evaluation is preferable
to the ENDF/B-V evaluation.

The "'U fast neutron fission cross-section is often used as a
standard in the measurement of threshold reaction cross-sections
such as (n,«a), (n,p), (n,2n) and other reactions. It is for this

'y cross-section plays such an

reason that information on the
important role in the energy region above 5 MeV. Experimental
results of the 'U/"U fission cross-section ratio have bheen
plotted in Fig.1. The bulk of the data are grouped in a 7-10%
wide band. If one takes the accuracy requirement of the U
cross-section into account (from the point of view of its
importance as a standard as well as an important reaction in
nuclear technology), then one gets an actual critical selection
of experimental information which is taken as the basis of the

evaluation.

The deviation of the ratios of the U to U fission cross-
sections, measured by various authors, from the curve based on
the currently recommended ENDF/B-V evaluated data is plotted in
Fig. 2. All of the available experimental data were separated
into two groups. The first group (Fig. 2a) includes data that
were measured on electrostatic generators working in continuous
as well as pulsed mode {1,2,4,7,8]. The procedures used in the
normalization of the energy dependence of the considered class of
relative measurements is achieved by various means: ranging from
the method of isotopic impurities determination by analytical
weighing, to the comparison of relative alpha activities of the
Py and 'U samples. The most reliable is the isotopic impurity
method in which the ' to U fission cross-section ratio can be
determined from the following relationship: og4,/0; = f{(Ry/Ry)-1],

where 5 is the ratio of the number of U and U atoms in the
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investigated sample, and R; ,,q+ are the ratios of the effective

number of recorded fission events in the investigated sample (U
+ 'U) to the counts in a mono-isotopic ("**U) sample initiated by
fast neutrons (F) and slowed down neutrons (T). The value for

the gquantity 5 is determined from data resulting from mass-
spectroscopic analysis. As a result, the determination of the
absolute value of the fission cross-section ratio can be executed

at the same time as the measurement of the energy dependence.

One problem that arises in the use of neutron source reactions
such as 'Li(p,n)'Be, D(d,n)’He and others, is identifying

the neutron background resulting from accompanying reactions
(particularly for E,»>4 MeV). The authors of reference [2] solved
this problem by the "dispersion” method, whose reliability
decreases considerably in the energy region E,>6.0 MeV. The
separation of the background component due to reactions in the
deuterium gas target by means of the same method [4], has
apparently led to the elimination of a few data from the total
number of points in the energy region E,»>8.5 MeV. The authors of
reference [1] succeeded to separate the actual events from
background counts using the time-of-flight method over a distance
of 0.6-0.7 m without additional background measurements in the
general vicinity of the samples. In their use of the T{(p,n)’He
reaction in a tritium gas target, the authors of reference [7]
solved the problem in an analogous manner; in this case however,
the neutron background differed considerably from the background
in the experiments described in references [1,2,4]. The
recording effectiveness of fission events in the quoted

experiments was as high as 98-99%.

The second group of data (see Fig.2b) consists of results
obtained from pulsed neutron fluxes having continuous energy
spectra generated by linear electron accelerators {3,6] and
cyclotrons [5,11]. The following methodological shortcomings in
this group of experiments must be noted: a relatively low
effectiveness (=75%) in the detection of fission products [11],
and the absence of an independent normalization procedure [6].
The isotopic impurity method (of threshold reactions) was used
only in the experiment reported in reference [3]). 1In comparison

to the data of the first group, in which the statistical
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uncertainty ranged from ©.2% [2] to 1.1%[1,4] and 2% [7,8], the
statistical uncertainty of the data in the second group is
higher, ranging from 1.5% [3,5,6] to 3-4% [11]. Nevertheless,
the basic data used in the ENDF/B-V evaluation are based on the
second group of data. The inclusion of the data of the first
group could bring about an increase of 1.5-2% in the values of

the evaluated data.

Fig. 3 shows a comparison of the evaluated curve based on the
ENDF/B-V data library with the evaluated curve given in reference

D% fission cross-section

[12]. The same figure also shows
values reported in reference [13] (measured relative to the
hydrogen scattering cross-section), which are in very good
agreement with the evaluation of reference [12]. A comparison of
Figs. 2 and 3, leads to the conclusion that the reference [12]
evaluation gives a better representation of the existing
experimental data than the evaluation given by the ENDF/B-V data

library.
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An analogous comparison is given in Fig. 4 for the data at
energies around 14.6 MeV. This comparison shows that there is a
need to correct the reference [12] evaluation, taking the new
experimental data reported in references [1] and [13] into

account.
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PROMPT FISSION NEUTRON SPECTRUM OF 'u

N.V. Kornilov

Abstract

Experimental results of the prompt U fission
spectrum are analyzed. The energy dependence of
the Maxwellian distribution T parameter and its
uncertainty is calculated for incident neutron
energies ranging from 1-15 MeV. It is concluded
that pre-fission neutrons from the (n,nf) and
(n,2nf) reactions must be included in the
evaluation of fission neutron spectra.

The prompt fission neutron spectrum, whose mean value is
characterized by the quantity ¥, is the result of a number of
different processes. In spontaneous fission as well as in
fissions induced by neutrons with energies smaller than the
energy of the (n,nf) reaction threshold, a single nucleus
fissions and produces neutrons during the fission process. At
higher energies, the probability exists for fissions to occur in
various nuclei having different excitation energies generating
additional neutrons emitted before the actual fission process by
(n,xnf) reactions, referred to as emission neutrons. These
processes must be taken into account when calculating prompt
fission neutron spectra for a wide range of incident neutron

energies.

There are many reports of experiments and reviews devoted to the
study of prompt fission neutron spectra which contain analyses of
fission data [1-4]. The spontaneous fission spectrum of **'Cf has
been studied extensively. The analysis of experimental data
reported in reference [5] has shown that approximately 99% of
neutrons having energies ranging from 20 keV to 8 MeV can be
described by a Maxwellian distribution to an accuracy of
approximately 5%. A chande in this distribution is observed at
higher energies which can amount to 20% for secondary neutron
energies of E>10 MeV. For a large number of fissionable
isotopes, and in those cases where the incident neutron energy
falls in the rande of secondary neutron energies, where emission
neutrons are absent, prompt fission neutron spectra can be

satisfactorily described by Maxwellian distributions [4].
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The dependence of the Maxwell distribution parameter T (which is
a measure of the hardness of the spectrum) on the incident energy
is calculated on the basis of the well-known dependence, derived
by Terrell, which establishes the relationship of T(E=1.5T) to

the mean value of the number of prompt fission neutrons:
T=a+b (v+1)1/2 (1)

The sets of experimental data which have been used in this work
have been practically the same since the beginning of the 7@ies.
Depending on the assumed initial conditions used as the basis for
their analysis, the authors have obtained different values for
the a and b coefficients. Thus, the values obtained in reference
[4] are a=0.17+0.11 and b=0@.6010.05. In reference [1], the
authors have assumed that the value for vy does not include the
total number of neutrons, but only that fraction which is due to
the emission from fission fragments, namely vy;; this approach
leads to the coefficient values: a=@.35 and b=0.51. The value
for the T parameter must be derived from that part of the prompt
fission neutron spectrum in which the emission neutrons are
absent. For an incident energy E,<9 MeV, the definition of this
region is unambiguous (see Figure). The analysis of spectra for
E,=14 MeV, was performed by some authors on the assumption that
the spectrum of emission neutrons was dependent on the condition
of balanced evaporation and that their average energy was low
(i.e., not higher than 1 MeV). A study of secondary neutron

'y was bombarded with 6-14 MeV neutrons, has

spectra, in which
shown that a considerable fraction of neutrons (20-30%) are
formed as a result of direct interactions, and that the observed
spectrum has a high energy component which is practically
constant at energies greater than 4 MeV. Such neutrons are also
observed in prompt fission neutron spectra, which would cause an
increase of the T value. Data presented in reference [1]
together with the results of more recent experiments [3,7-11],
which have initial energies lower than the fission reaction
threshold and which are characterized by a preliminary release of
neutrons (E,<B;,), have been analyzed with due consideration given
to the material presented in reference [3]. This has led to the

following results:

a=0.41+0.15 and b=0.47t90.08 (2)
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The dependence of the prompt U fission neutron spectrum as a
function of initial energy can be constructed on the basis of the
established relationships. The spectrum of neutrons emitted
during fission can be described as a function of incident energy

E, and end energy E by the following expression:

V(E, Ey) = oty(Eg) Vy(E, Ep) + ot (EQ) [V (E,Ep) + £,(E,E] +

+ Xy (EQ) [V E E) + £, (E,E) ]+ -+ (3)
where «;(E,) represents the fractional emission processes for the
fission reactions (n,nf) and (n,2nf); v, (E,BE,) the average number
of prompt fission neutrons emitted in these processes; f,(E,E,)
and f,(E,E,) are the spectra of neutrons emitted prior to fission

from the (n,nf) and (n,2nf) reactions respectively.

The prompt fission neutron spectrum which results from emission
fission can be represented by a Maxwellian distribution using the
value for T, calculated from equation (1), if the value for the
average number of neutrons v,(E,) is known for the given process.
However, there are no experimental values for the ¥%;(E,)

quantity. The only data that are available are the ones on
a,(E,) for U, for initial energies of 6-9 MeV, published in
reference [3]. Being that the accuracy of these results is not
high (17-50%), the authors of this experiment could only give a
qualitative conclusion that the experimental data do not
contradict the assumption that «,(E,) is constant over the energy
range of 7 MeV=E,=9 MeV. The separation of the partial
dependencies of v;(E,) in reference [3] is based on the fact
that, as new fission reaction channels are considered, one could
observe changes in the dependence of the total number of prompt
fission neutrons as a function of incident energy. Taking the
values of «o;(E,) and y(E,) from reference [12] and assuming that
the behavior of v,(E,), for E,>Bf' (where B;; is the (n,inf)
reaction threshold) is the same as for E,<B;;j, it is then possible
to derive the following dependencies [3]:

Vo (E,) =2.23+0.16(E,),
v,(E)) =1.39+0.14(E;)), E >6 Mev (4)

V,(E) =0.99+0.10(E,), E,11Mev
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If one assumes that the hardness of the prompt fission neutron
spectrum of 2YU,?'U and »'U depends only on the excitation energy
(i.e., on the gquantity w(E,) ), then it would be possible to
determine the values of the T,(E,) parameters for each
fissionable nucleus from equations (1), (2) and (4). The
hardness of the summed spectrum as a function of the initial

energy can then be calculated from the following expression:

Y T,(E,) V,(E,) a (E,)
T(E,) = -%

;v,(maiw,)

The value of T(E,) is only weakly dependent on the quantities
vi(B,) and ai(E;) used in theses calculations. Using the
evaluated quantity v(E,) given in reference [13]), changes the
quantity T by less than ©.8%. A change of 30% in the value of qa;
affects the value of T by less than 3%. Thus, regardless of the
values chosen for a; and y;, it can be expected that the value of
the average parameter T will be calculated to an acceptable
accuracy. The results of this calculation are compared to

experimental data in Table I.

TABLE I. EXPERIMENTAL AND,£ALCULATED VALUES OF THE
PARAME U

TER T FOR
E’, MeV T, MeV T, MeV References
1.35 1.29:9.93 1.298 [3]
1.90 1.3510.06 1,308 [14]
2.92 1.29+0.03 1.310 2l
2.99 1.285:0.03 1.312 [15) ...
2.30 1,23+0.06 1,315 [14]
A% 1.3320,94 1.318 (WA
4.99 1.42:0.04 1.348 [15]
6.91 1.3610.03 1.379 [3]
7.00 1.2910.@5 1.359 (161
1.9 1.3310.08 - [1]
1.92 1.3129,93 - [3]
8.01 1.3610.04 1.371 [3]
8.94 1.4110.04 1.386 (3]

* The T value given in reference [16] was renormalized to
Tep = 1.42 MeV.
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The data listed in Table I shows a satisfactory agreement between
the experimental data and the calculated dependence of the T
parameter. The <T",/T> ratio and its root-mean-square error are
equal to ©.99:0.03. The uncertainty of the recommended
dependence is taken to be *3%, which is the root-mean-square
error of the experimental data. The calculated values of the T
parameter in the energy range 1-15 MeV are given in Table II
together with the ENDF/B-V evaluated data, which have been
incorporated in the BNAB-MICRO data library [17])]. The ENDF/B-V T
parameter was obtained from the average energy of the Watt
distribution. A comparison of the tabulated results show that in
the 1-15 MeV energy_range, the data resulting from this
calculation are in good agreement with the ENDF/B-V data. At
lower energies one should give preference to the data of this

evaluation inasmuch as they are closer to the experimental data.

The angular distribution of the prompt U fission neutrons with
respect to the direction of the incident neutron has been
analyzed in great detail for E;=2.47 MeV in reference [7].
Within the limits of the experimental uncertainties of Av/v=6%
and AT/Ts4%, no angular dependence in the values of y or T have

been observed.

TABLE II. RECOMMENDED VALUES OF THE T PARAMETER

... Tvalue ... Tvalue
E, MeV This ENDF/B-V E, MeV This ENDF/B-V
eval. eval,
Lo 1292 | 1.345 4 2 1.387 1.407
2 1.310 1.351 10 1.403 1.415
_______ 3 1.328 1.§§§ | 11 1.420 1.424
.............. 4 J1:346 ) 1.367 ) 12 1.433 1.432
5 1.363 1.376 13 1.444 1.440
”.6 1.370 |} 1.385 14." 1.448 1.450
""""" 7 1.358 1.392 15 1.451 1.458
8 1.371 1.399 - - -
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The parametrization that has been performed so far describes only
part of the prompt fission neutron spectrum. However, as it is
customary for evaluated neutron data libraries to include the
total value of the fission cross-section, it is expected that
such libraries comprise neutron spectra corresponding to the
entire fission process, e.g. as it is described in equation (3).
For incdent energies exceeding the (n,nf) reaction threshold, a
substantial fraction of neutrons (approximately 17%), are emitted
prior to the fission event, and have a spectrum which departs
from a Maxwellian distribution (see Figure). However, prompt
neutron fission spectra given in both ENDF/B-V and BNAB-MICRO
evaluated data libraries do not take this component into

consideration.

A more detailed form of the emission sSpectrum in the energy
interval of 7-9 MeV is analyzed in reference [18]. At those
energies, only the a,(E,)[£f,(E,E,)] component, related to the
spectrum of the first neutron o,(E,E,), the U fission
probability F(U) and the relationship a,f,(E,E,) ~ o,(E,E,)P¢(U),
where U=E,-E, is considered in equation (3). The function P((U)
which is derived in reference [18] from the analysis of emission
spectra, is in good agreement with results of statistical model
calculations as well as with experimental data on the *‘U(t,pf)

reaction.

Because of the paucity of experimental data on pre-fission
neutrons spectra, it is not possible to derive an empirical
dependence of the shape of such spectra from the incident energy.
However, the analysis described in reference [18], and the
positive results of the theoretical descriptions of reaction
cross-sections and of neutron spectra of fissioning nuclei in
reference [19], lead one to expect that neutron emission spectra
for a broad range of initial energies could be calculated to a

satisfactory degree of accuracy.

The following conclusions can be drawn as a result of these
considerations:

1. Part of the YU prompt fission neutron spectrum
attributed to fission neutrons can be described by a Maxwellian

distribution with a single parameter T, and is weakly dependent
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28y prompt neutron fission spectrum for initial neutron energies

of 8.94 MeV (curve #1), 8.901 MeV (curve #2), 7.92 MeV (curve #3) and
6.901 MeV (curve #4) [3]. The straight line represent the Mawellian

distribution. The neutron surplus In the soft part of the spectrum

is due to pre-fission neutrons from the (n,nf) reaction.

on the incident neutron energy. The low uncertainty of this

parameter (~ 3%) allows one to calculate spectra to an accuracy

of 3.5%, 7%, and 20% for secondary neutron energies of 0.5, 5 and
10 MeV respectively. The deviation from the Maxwellian
distribution at energies greater than 1@ MeV does not exceed the
uncertainty of the calculation, and can therefore be ignored in

the derivation of the evaluated data.
2. In order to give an accurate description of prompt
fission neutron spectra it is essential to include the pre-
fission neutron contribution. The spectrum of these emission
neutrons for a wide range of initial energies can only be

determined on the basis of rigorous theoretical calculations.
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ENERGY DEPENDENCE OF THE PROMPT NUMBER OF NEUTRONS

FOR NEUTRON INDUCED FISSION OF Mu

V.V. Malinovskij

Abstract

Several evaluations of the average number of
prompt neutrons for the neutron-induced fission

of U are discussed. The current state of the
experimental data are presented briefly. A new
evaluation is recommended on the basis of a
revision of o0ld data and new experimental results.

The evaluated values of the energy dependence of the average
number of prompt fission neutrons y, used in reference [1] and in
the BNAB-MIKRO evaluated nuclear data library is based on the
evaluation described in reference [2]. In that evaluation [2],
the data in the energy range of 1.2-15 MeV, data were
extrapolated to lower energy and to energies up to 20 MeV, and
were also renormalized to the spontaneous fission nu-bar value of
3.7347 [1] (while the value of "!C¢f nu-bar used in reference [2]

was equal to 3.756).

The following information has become available in the last few

years:

- the new accepted value of '*Ccf nu-bar, based on
new experimental data and authoritative evaluations [3,4],
is now 3.75710.005;

- the data originally reported in reference [5], which were
subsequently corrected in reference [6], have again been
re-assessed [7] resulting in a change of nu-bar by 3% in
the neutron energy range of 3-4 MeV;

- new results of nu-bar measurements in the 23-28 MeV
neutron energy range have been published [8];

- new measurements have been published in reference [9],

these data are shown in Figqure 1.

A new evaluation of the energy dependence of iy nu-bar, which
includes all of the changes listed above, has been reported in

reference [10] and is also shown in Figure 1 up to the neutron
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energy of 6 MeV; this article [1Q] comprises the full numerical
information as well as the complete set of references used in
this evaluation. The result of this evaluation shows good
agreement with the current experimental data (xEIO.Z for 14
degrees of freedom). The data reported in reference [8] were

used to derive the prompt nu-bar value at E,=20 MeV.

The results of different evaluations of the energy dependence of
prompt nu-bar are plotted in Figure 2. The method of evaluation
used by the authors of reference [2] has had a considerable
influence on the evaluation reported in reference [5], which
explains the 1% agreement of the nu-bar energy dependencies shown
in the figure. A reduction of the prompt nu-bar value in
reference [1] was obtained as a result of an unwarranted
renormalization of the standard. The evaluation reported in
reference [11] used old results [5] (after their first re-
assessment} and does not include the data reported in references
[9] and [12].

In view of the accuracy requirements of prompt nu-bar for U set
forth in WRENDA [13], the improvements which have been introduced
by the new evaluation, reported in reference [10], are
significant. It is therefore recommended that this new

evaluation [109] be incorporated in the national evaluated nuclear
data file.
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EXPERIMENTAL AND EVALUATED DATA
ON THE DISCRETE LEVEL EXCITATION FUNCTION

OF THE "U(n,n’) REACTION

S.P. Simakov

Abstract

Experimental data on the "*U excitation function
are compiled and analyzed. The experimental data
are compared with the evaluated data from the BNAB,
ENDF/B-IV and ENDL-78 evaluated data libraries. It
is shown that the BNAB evaluated data are in good
agreement with the existing experimental data,
including new results from recent experiments.

Nuclear data in the energy region below 1 MeV have significant
practical applications, since one third of all neutrons in the
flux of a fast reactor fall in that energy range. In this energy
range inelastic scattering contributes up to 25% to the total of
all neutron interactions in *U. In addition, it is the only
process that contributes to the softening of the neutron energy
spectrum. As a result, this importance imposes rigorous
requirements on the knowledge of the inelastic scattering cross-
section and of the excitation functions of individual 1levels (the

uncertainty in the cross-section must not exceed 3%) [1].

Let us examine the current state of the experimental and
evaluated data on the excitation functions of discrete levels of
the 'U(n,n’) reaction. At the present time, evaluated data of
this reaction is included in the following data libraries: the
Soviet evaluated data library BNAB-MIKRO, published in 1981 [2]
{referred to hereafter simply as BNAB); the ENDL-78 evaluated
nuclear data library of the Lawrence Livermore National
Laboratory, issued in 1978 [3]; and the United States national
nuclear data library ENDF/B-IV, published in 1975 [4].

By nucleus as

The energies of the individual levels of the
adopted in these data libraries, and the latest published level
scheme data [5], are listed in Table I. As seen from this table,

starting with level of 680 keV, the values adopted in the data
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libraries appear to be approximations of the actual level
energies. Furthermore, excitation functions for the 3@7 keV, 827
keV and 966 keV levels are omitted entirely in the BNAB library,
and the region of unresolved levels begins at the excitation
energy of 1@78 keV in the BNAB library, and at 200Q@ keV in the
ENDL-78 and ENDF/B-1IV libraries.

TABLE I. '"*U LEVEL ENERGIES (in keV)
g ]
”BNAB ,LNDL 7” iFNDF/B IV tLeyg} Scheme data [5]
a5 f a5 | a5 i44,91 2"
148 | 148 > 148 [ 148.41 4
- | ses E 308 (3@7.21 6' -
60 | ese | es0 [s17.8 &, ese.1 1
732 § 732 { 732 731.9 3
- | o827 | 827 827.1 5
939 ; 930 Z 930 927.0 @', 930.8 (1)
- | se7 | a1 Jaso (21, %65.9 7, %66.3 2
1006 f 1090 { 1000 993 @', 998.3 (2'), 997.5 I
1047 f 1041 1041 1037.3 2’ |
1076 | 1060 1060 | 1055 (4'), 1060.3 2, 1076 5/2'

Let us now examine the experimental level excitation function
data that have been published since the publication of these

libraries.

References [6] and [7] describe the time-of-flight measurements
of the level excitation cross-sections of the 45 keV and 148 keV
levels of “'U. The energy resolution achieved in experiments
(approximately 10 keV} is considered to be good enough to
separate the inelastically scattered neutrons from a significant
elastic scattering background. In these experiments, the value
of the cross-section was obtained by integrating the measured
angular distributions of the scattered neutrons. This apprcach
eliminates basic procedural prohlems, which is an essential
condition in obtaining reliable results. The time-of-flight

measurement of the excitation function of the first two levels of
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'y in the energy range ©.9 to 3.1 MeV is also reported in

reference [8]. The fact that this experiment achieved a poorer
resolution (of ~2@ keV), and that the measurement was taken at
one angle only (9Q°), makes this particular experiment less
dependable. The data published in references [6-8] are compared

with evaluated data in Tables II a and b. As can be seen, the

BNAB evaluated data agree satisfactorily with the recently
measured data for the 45 and 148 keV levels. It should be noted,
however that the BNAB data fall below the experimental data for
neutron energies above 2.5 MeV. This behavior is even more

pronounced in the case of the earlier ENDF/B-IV evaluated data.

TABLE II a. NEUTRON INELASTIC SCATTERING CROSS-SECTION FOR
THE EXCITATION OF THE 45 keV ENERGY LEVEL (in mb)

E, keV Measured data BNAB ENDL-78 ENDF/B-1IV
82 _ 381+21 [6] ‘ _ 530 588 327
700 1530100 (7] | 1455 1460 1405

150 §  700:100 [7] 605 693 285

- 630160 (8] - - -
2500 _ 5101100 (7] 390 457 200
- 500+60 [8] o - _ - -
3400 570+100 (7] 300 418 165

TABLE II b. NEUTRON INELASTIC SCATTERING CROSS-SECTION FOR
THE EXCITATION OF THE 148 keV ENERGY LEVEL (in mb)

E, keV Measured data BNAB ENDL-~78 ENDF/B-IV
82 - - . -

....... 0 | 3sora0 (71 | 317 | 3es | ass

100 | 2eerae (7] | a3 | 378 230

T .. dsese0[8) 4 - | - -

.ME§Q0. ..130140 [71 120 179 30
- 120020 (s - - -
3400 150+40 (7] 70 122 ] ”.g”“ B
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The excitation functions in references [7-9]) were determined by
measuring the gamma rays accompanying the neutron inelastic
scattering process. Because of the better resolution (of -4 keV)
achieved by this method, it is possible to measure data for
higher lying levels; however, because of the increase of the
probability to populate the level under consideration as a result
of cascade transitions from higher lying levels, this can be done
only for a limited energy range. In addition, the high values of
the internal conversion coefficients for low energy gamma rays
prevents the measurement of the excitation function of the first

three levels of the U nucleus.

bares
fn,pr. barns

3 b
. 0,2- % ““.
- 'y .
- 0 ® i . A 0 " "
6s 1,0 2,0 By, Nev 0,5 1,0 &y, Nev
Figure 1 Figure 2

Fig. 1. ﬁfltatlon functions for the 680 keV (a) and 733 keV (b)
levels of Experimental data: a [9], @ [10], = [11], v [12,13],
v [14]. Evaluated data : — BNAB, — « — » — ENDL-78, ENDF /B-1IV.

Fig. 2. Excitation function for the first (45 keV) level of By,
Experimental data: ¢ [6], 0 [7], 0 [8], 4 [15], O [16], a [17],

¢ (18], O [19], Q@ [22], O (21], O [22], v (23], x [24], * [25].
Evaluated data: —— BNAB, — + — « — ENDF/B-IV, — — — ENDL-78.

The data from references [9-11] for the 68@ and 732 keV energy
levels are compared with evaluated data in Fig. 1. The same
tigure also shows the results of measurements [12,13] of the same
energy levels that were performed by using the gamma-ray
detection method as well as the scattered neutron detection
method. The agreement between the results of these two methods
substantiates the reliability of the resulting excitation
function. As seen from Fig. 1, the evaluated data are in

satisfactory agreement with the results of the more recent
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experiments. A comparison of the experimental and evaluated data

138

for other U levels shows a certain ambiguity as to which

pseudo-level the level under consideration refers to.

Let us examine the excitation function of the first (45 keV)

level of the '™

U nucleus in the 150-500 keV energy range in more
detail. The accuracy with which this quantity can be predicted
determines the accuracy of calculations of a number of fast
neutron characteristics. As seen in Fig. 2, the scatter of the
experimental and evaluated data in this energy range is
considerable. However, as shown by the analysis of the latest
experiments, there are no new experimental data other than those
included in the BNAB library. In view of this situation, we
undertook a critical analysis of all experimental data in the

150-500 keV energy range.

In the process of examining the data of each experiment, two
factors which can give rise to significant errors in the measured
data, must be given special consideration: inadequate energy
resolution, and neglect of angular anisotropy of the scattered
neutrons. On the basis of information gleaned from the available
published literature, of all of the experiments described in
references [15-25] there were only two [17 and 21] in which the
energy resolution was adequate (i.e., 10-20 keV). As seen from
Fig. 2, the results of these two experiments are in good
agreement with each other, and yield the lowest cross-section

values in the 150-500 keV energy range.

On the basis of this analysis, it can be concluded that the best
description of the excitation function for the 45 keV level, from
threshold to 0.5 MeV is given by the ENDF/B-IV or the BNAB
libraries. This conclusion can also be substantiated by data
from macroscopic experiments [2] or by results of theoretical
calculations [26] which predict values for the cross-section in
this energy range which correspond to the lower boundary of the
scattered microscopic data. It is evident, however, that a
definitive determination of the excitation function for the first

level of the !

U nucleus in the region of its maximum, and an
agreement between experimental and theoretical results can only

be achieved with the aid of new measurements.
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As a result of this comparison and analysis of the experimental
and evaluated data describing the excitation functions of
separate levels of the U nucleus in the (n,n’) reaction, it can
be concluded that in general, the BNAB evaluation gives a
satisfactory representation of the experimental results,
including the results of measurements performed in the last few

years.

While this experiment was being conducted, a group at the Lowell
Univerity (USA) reported the results of a measurement of the
My(n,n’) reaction [14], using the scattered neutron detection
method [12,13], including the results on the excitation function
for the 680-1080 keV levels for neutron energies up to 2.2 MeV.
As can be seen from the data plotted in Fig. 1, new results
confirm earlier experimental data [9] and evaluations. The
experimental results for the high excited states of U reported
in reference [14], for which there are hardly any experimental
data, are in good agreement with the evaluated data given in the
BNAB data library.
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THE 'U (n,n’) AND (n,2n) REACTION CROSS-SECTIONS

AND ASSOCIATED NEUTRON SPECTRA

N.V. Kornilov

Abstract
The U (n,n’) and (n,2n) reaction cross-sections
and the spectra and angular distribution of neutrons
emitted from these reactions are discussed. The

shortcomings of the description of the continuum
neutron spectrum in the BNAB-MIKRO and ENDF/B-V is
pointed out. It is found that the evaluated (n,n’)
and (n,2n) data included in the BNAB-MIKRO data
library are in reasonable agreement with the results
of recent experiments.

Let us examine the (n,n’) and (n,2n) reaction cross-sections and
the associated neutron spectra for initial energies E,>4 MeV.
This energy range which is characterized by a continuum of
secondary neutrons presents certain difficulties in the study of
these reactions. As a rule, the investigated energy range of
secondary neutrons is bound at the lower end of the range by the
detection threshold, which ranges typically from ©.2 to 0.5 MeV,
and by the low energy tail of the elastic peak at the upper end
of the spectrum. In order to correctly extrapolate the spectrum
to the bounding energies it is essential to study the shape of
the spectrum in great detail and to have a correct understanding

of the reaction mechanisms.

The international ENDF format for the representation of evaluated
data requires that neutron spectra for each partial process
(e.g., (n,n"), (n,2n), etc.) be described separately. In view of
the fact that there are no experimental neutron spectrum data for
each individual reaction, the identification of each spectrum can
only be derived from theoretical calculations which would
guarantee that the experimental data for all reactions and
composite spectra be properly taken into account. Since the
determination of neutron spectra in the 10-14 MeV energy range by
experimental means is difficult, a correct evaluation can only be
done on the basis of theoretical models that have been tested in
energy regions where data can be determined by experimental

means. All of these factors underline the complexity of the
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processes involved in the evaluation (including both experimental
data and theoretical analysis) of the cross-sections and spectra

of these quantities.

Neutron spectra and angular distributions. Among the numerous

experiments performed during the 1970-ies, a number of them were
dedicated to the measurement of double differential neutron
scattering cross-sections on nuclei of 30<A<200 for incident
neutron energies of 14 MeV [1-3], 9 MeV [4,5] to 6-8 MeV [6]. A

U neutron spectra for incident neutron

detailed study of
energies of 6-9 MeV and 14 MeV are reported in references [7,8].
The analysis and systematization of these measurements are
reported in references [9-13]). Theoretical methods to describe
the neutron spectra were being developed at the same time
[3,14,15]. As a result of these investigations it was possible
to derive characteristics common to a large number of mass
numbers, as well as to identify specific problems in describing

experiments with theory.

Spectra of scattered neutrons are made up of two components: one
determined by the equilibrium cross-section o, which predominates
in the low energy region of secondary neutrons, and the other
determined by the non-equilibrium cross-section o4;. A good
approximation for the description of the equilibrium cross-
section is given by Weisskopf’s evaporation model. 1In the
earlier stages of these investigations, the non-equilibrium
component was described by pre-equilibrium decay [2,4,5,10,11].
However, the inconsistency of this approach became apparent in
the attempts to explain the asymmetrical nature of angular
distributions, and the contribution of non-statistical processes
in the {n,n’}) and (n,p) reactions which proceed through one and
the same or neighboring compound nucleus [6,16]}. A more
consistent description of spectra and angular distributions was
achieved by the direct reaction theory [3,10,13-15]. This
approach, however, is limited to the description of scattering to
low-1lying states. It is difficult to know the extent of direct
process contributions to the excitation of states whose energies
are close to the incident energy. Various values of non-
equilibrium process contributions have been derived from the

analysis of experimental data: varying from 5-10% reported in
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reference [13] to 30% given in references [3,11,12]. The
uncertainty in estimating the extent of the direct process
contribution to the excitation of high energy states is also
related to the uncertainty in determining the energy dependence
of nuclear level densities. Thus, in the process of describing
neutron spectra generated by scattering from nuclei by direct
process using the expression o4i~(E/B,)'(E,~E), the authors of
reference [13] also obtain a value for the nuclear level density
parameter of a=32 MeV''. Processing of the same experimental
data on the assumption that (E,-2) MeV<U<E, and that there is no
direct process contribution yields a value of a=25 MeV'. The
non-existence of adequate theoretical calculations to determine

the contribution of direct processes in ''!

U over a wide energy
range, makes it difficult to use these models for the evaluation
of neutron spectra. As a consequence, cross-sections and neutron
spectra are calculated as before with the use of the pre-

equilibrium model [17].

Thus, regardless of the currently existing ambiguities which
prevent a straightforward separation of the various reaction
mechanisms, present day evaluations must take into account the
non-equilibrium component of the neutron spectrum, which in the
110

case of

9 and 14 MeV.

U ranges from 70-100@ mb/MeV for incident energies of 6-

Fig. 1 shows the distribution of inelastically scattered neutrons

'y for different

for E,=6 MeV, first neutron spectra for
incident energies [8,12)], as well as their representation

according to the following equation:

1
0(E,E,) = a, EU"exp(2/alU) + a,(E/E,)'/? (E,-E) ()

These data are also represented satisfactorily by the pre-
equilibrium decay model [17]. Existing evaluations of U as
well as of other nuclides, do not take the considerations
outlined above into account. In both the ENDF/B-V and BNAB-MIKRO
[18] evaluated data libraries, the spectra of scattered neutrons
are represented by Maxwellian distributions which obviously do

not agree with the experimentally observed distributions for *'U.
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Fig. 1. Spectra of inelastically scattered neutrons integrated over
angle (for E =6.02 Mev) and first neutron spectrum for “°U for other
incident ene%gies: ® experimental data from Ref.[8,12], —— total
spectrum; — « —  — non-equilibrium spectral component calculated with
equation (1); E% values (MeV): a - 6.12, b - 6.98, ¢ - 7.98, d - 8.594.

Another shortcoming common to existing evaluations is the
incorrecp use of the partial cross~-sections in the separation of
the individual spectral components. Neutron spectra from (n,n’)
reactions for E,»Q,, must drop off rather sharply at energies of
secondary neutrons E<E,-Q;,. In spite of these evident facts,
the existing evaluations propose to describe these spectra by
Maxwellian distributions for energies of E,>Q;, as well. In
addition, the spectra of neutrons emitted in the (n,xnf)
reactions prior to fission, which should be part of the fission
channel and included in the prompt neutron fission spectrum, are

not identified separately in the evaluated data files.

The separation of spectral components according to individually
contributing reactions can be done without any problem using
current theoretical models. The capability of such theoretical
calculations was demonstrated in reference [17]. However,
although calculations were not done for individual partial cross-
sections, there are no basic reasons why this cannot be done.

The measurement of the angular distribution of secondary »’'U
neutrons for E,~6.8 MeV has been reported in reference [12].

These results showed a very weak angular dependence, which is
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illustrated by the ratio of the Legendre polynomial coefficients
bi/b, = 1% (i=1,2). Since the experiment reported in reference
[12] consisted in the measurement of total double differential
cross-sections for all processes (fission included), it did not
yield any data for the angular distribution of inelastically

scattered neutrons.

The investigation of double differential inelastic scattering
cross-sections on other nuclei shows that the angular
distributions are symmetrical with respect to 90' for low
secondary neutron energies. At higher energies, an increase in
the number of neutrons scattered at small angles can be observed.
A similar behavior can also be observed for (n,p), (a,n) and
other reactions. For a wide range of incident particle energies,
the angular distribution of neutrons can be described
satisfactorily by the empirical systematics proposed in reference
{[19]. An important conclusion of this analysis is that, to a
first approximation, the shape of angular distributions depends
only on the energy of the emitted particles and is proportional
to the contribution of the non-equilibrium emission.

Furthermore, the authors of reference [2@] show that the
conclusion arrived at in reference [19] is also applicable to the
description of the angular distribution in the (n,n’) reaction.
Extending these results to U it is to be expected that for low
energies, the distribution of neutrons would be described by
o(@°)/0(9@°) s 1.15-1.20. For higher energies, for instance E=19
MeV and E,~14 MeV, the ratio o(@°)/0(182°) would be equal to

approximately 3.

In the existing evaluations, the angular distribution of
scattered neutrons is assumed to be isotropic. This assumption
is justified only for low energy scattered neutrons and for
accuracies not exceeding 20%. In the end, the need to include
the non-isotropic dependence of these distributions in the data

files must be determined by practical requirements.

The (n,n’) reaction cross-section. Let us examine the

experimental inelastic scattering cross-section data measured in
the 19898-ies that have not been included in the evaluated data

files [18]. In the experiment reported in reference [12], the
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(n,n’") reaction cross-section was measured for incident neutron
energies of ~6 MeV. The experimental value of the cross-section

for secondary neutron energies ranging from @.62-4.1 MeV was
determined to be equal to 1260+90 mb. In order to obtain a value
for the total (n,n’) reaction cross-section, the value of 326+60
mb (which is the cross-section for scattering on individual
levels ranging from 0.045 MeV = U = 1.078 Mev), the value of
661120 mb (which represent the contribution of the cross-sections
for the scattering from the 3-4 MeV energy region to the 4.1-4.94
MeV interval) and the value of 8002162 mb (which is the value of
the scattering cross-section for the 2-0.62 Mev energies,
calculated with equation (1)) were added to the above-mentioned
experimental value of 1260+90 mb. This resulted in an inelastic
cross-section value of 2.45:0.23 b (see Fig.2). The errors of
the different components were calculated independently. The
(n,n’) cross-section for the 6-11 MeV energy range was determined
from the first neutron spectrum derived in reference [12] on the
basis of the empirically determined spectral shape, and from
evaporation model calculations used for the determination of the
(n,nf) and (n,2n}) reaction cross-sections. With the exception of
the data required for the first neutron spectrum calculation, the
parameters needed for the evaporation model calculations were
obtained from the best experimentally determined values of the
(n,2n) cross-section and from the fission characteristics of the

U nucleus.

Interesting results of inelastic scattering cross-section data
were published in reference [21] for neutron energies ranging
from 2.9 to 3.5 MeV. Pseudo-elastic scattering, in which the
scattered neutrons fall into a controlled interval close to the
incident energy, was determined experimentally. With the
exception of scattering to the first one or two levels, inelastic
scattering was derived from the knowledge of the total and
fission cross-sections which are known to a great degree of
accuracy in this energy range. The experimental uncertainty of
the data was 8-10%. The total (n,n’) reaction cross-section,
taken from reference [21], and the cross-section for scattering
to the first levels, taken from the BNAB-MIKRO data file [18],
are plotted in Fig. 2. As can be seen from this figure, the

evaluated total inelastic neutron scattering cross-~section given
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Fig. 2. Total inelastic scattering cross-section.
Experimental data: @ [21], » [12]; —— evaluated data [18];
e — ¢« — and — — — reference [12] data and their

uncertainty respectively.
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Fig. 3. Ratio of the (n,2n) cross-section taken from the
BNAB-MIKRO library to that published in reference [(22];
— — — cross-section uncertainty as given in reference [22].

in reference [18] agrees with the latest experimental results to
within 10%.

The (n,2n) reaction. The (n,2n) reaction cross-section has been
analyzed thoroughly in reference [22]. This cross-section and

its uncertainty has been evaluated on the basis of all of the

existing evaluated data, and the conclusion was reached that the
requirements for its accuracy had been satisfied. After the
completion of this evaluation [22], newly re-assessed data were
published [23] which turned out to be approximately 10% lower,
for E,<1@ MeV, than those recommended in reference [22]. This
resulted in an unresolved situation with regard to the published
evaluated data [22], revealing systematic differences in the
experimental data which were measured using the activation method
and a large scintillation detector for the detection of multiple
neutrons. The (n,2n) reaction cross-section, which has been

measured for E,<190 MeV in a number of laboratories using the

99



activation method, are in good agreement with each other as well
as with the recommended data published in reference [22]; it is
therefore reasonable not to undertake a re-evaluation of these
data before obtaining additional data, and in the mean time, to
increase the uncertainty of the recommended data by 19%. A
comparison of the (n,2n) reaction cross-section given in the
BNAB-MIKRO evaluated data file [18] with the data published in
reference [22] is given in Fig. 3. Within the limits of the
uncertainties (evaluated in reference [22]}), this comparison
shows a satisfactory agreement between these data over a broad

energy range, from 7 to 19 MeV.

The following conclusions can be made on the basis of this

analysis:

1. The neutron spectra from the (n,n’) and (n,2n) reactions
included in the BNAB-MIKRO and ENDF/B-V evaluated data libraries
are not in conformity with the current knowledge of reaction
mechanisms, and the separation of the spectral components

according to the partial processes 1s not done correctly.

2. Should it be necessary to include the non-isotropic
dependence of inelastically scattered neutrons in the evaluated
files, the necessary calculations can be done on the basis of the

systematics developed in reference [19].

3. The (n,n’) reaction cross-section given in the BNAB-
MIKRO data library is in agreement with the experimental data
that have been measured in the course of the last few years to
within 10%. A similar agreement is observed in the case of the

(n,2n) reaction cross-section.
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ANALYSIS OF FAST NEUTRON SCATTERING CROSS-SECTIONS

OF EVEN NICKEL ISOTOPES

I.A. Korzh

Abstract

Experimental differential data and integrated
elastic and inelastic scattering cross-section

data for the ' 1 ¥Nj nuclei are analyzed

together with the total cross-section in the

@.5 to 9.0 MeV energy range using the spherical
optical, statistical and coupled channel models.
The elastic and inelastic scattering cross-

section data are compared with current evaluations.

Nickel is an important component of stainless steels which are
widely used in nuclear reactor technology. This has determined
the importance of data on the interaction of neutrons with nickel
nuclei over a wide energy range,. In addition to the practical
usefulness of experimental data on fast neutron scattering cross-
sections on nickel isotopes in the design of nuclear reactors,
this information is of value in the development of theoretical
nuclear models, and in the investigation of the dynamics of the

dependence of neutron scattering on energy.

The fast neutron nickel cross-section data which have a practical
importance are those which are needed to define the cross-
sections of structural materials. The object of this exercise
consists in compiling a new body of highly accurate and reliable
experimental information on the fast neutron scattering by nickel

nuclei.

Participants in this experiment have measured the elastic and
inelastic scattering cross-sections (with the excitation of any

one of the first four levels) of the ‘'-f% 518

Ni isotopes for the
following neutron energies: 1.5, 2.0 ,2.5, 3.0, 5.0, 6.0, and 7.0
MeV. Incomplete sets of these scattering cross-sections have
been published [1-9] in the past; in this analysis they are

presented in a systematic manner. The experimental data of this
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experiment, together with the data of other authors measured in
the same energy range, have been analyzed in the framework of the
spherical optical model, the statistical model and the coupled
channel model. For the sake of completion this analysis also
included the energy dependent total and integral neutron elastic
and inelastic scattering cross-sections of the nickel isotopes
under investigation, measured at energies ranging from 0.5 to 9.0
MeV, which had been published in the literature by other authors.
The elastic and inelastic scattering cross-sections are compared

with the results of current evaluations.

Experimental Results. The differential elastic and inelastic

fast neutron cross-sections, with the excitation of one to four
low-lying levels of (highly enriched, 95-98%) °*"%¢HNj jsotopes
have been measured with a time-of-flight spectrometer [10,11].
The average energy spread was *50@ keV for 1.5-3.0 MeV neutrons,
and 170-120 keV for 5.0-7.0 MeV neutrons. The elastic and
inelastic differential cross-sections of the nickel isotopes were
determined by integrating the scattered neutron spectrum measured
over an angular span of 20-150Q'. The elastic scattering cross-
sections were normalized to the neutron flux measured at @°, and
the inelastic scattering cross-section was normalized with
respect to the well-known (n,p) scattering cross-section. The
measurements were corrected for the anisotropy of the neutrons
emitted from the target and for the attenuation of the neutron
flux in the sample; in addition, the inelastic scattering cross-
section was corrected for the angular resolution of the
experiment and for multiple scattering in the sample. The
measured values of the nickel isotope elastic and inelastic
cross-sections at the energies of 1.5, 2.0, 2.5, 3.0, 5.0, 6.0,
and 7.0 MeV are plotted in Fig. 1. The errors shown on the
figures are the total errors, including the measurement,
normalization and correction errors. In the 1.5 to 5.0 MeV
energy range, the total error ranges from 10-20% for elastic
scattering and 5-10% for inelastic scattering. At neutron
energies of 6.9 and 7.0 MeV, the error is 3-10% (in the minima)
for the elastic scattering cross-~section, and 4-9% (with the
exception of the three forward angles) for the inelastic

scattering cross-section.
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Most of the measurements were made for the first time. There are

only four earlier experiments on the measurement of neutron

scattering angular distributions of nickel isotopes [12-15]. The
results of these experiment are also shown in Fig. 1 which shows

that the reference [12] data are in good agreement with the data
of this experiment; however, the angular distribution of the
elastically scattered neutrons reported in reference [13], and
the angular distribution of the inelastically scattered neutrons
reported in reference [15] differ noticeably from the results of

this experiment.

The data on differential inelastic scattering cross-sections at
2.2-3.0 MeV reported by these authors are comparable to results
of inelastic scattering cross-section measurements of natural
nickel reported in references [16] and [17]. The results of this
experiment at 3.0 MeV agree with those reported in reference [16]
with respect to both the shape of the angular distributions as
well as to the value of the cross-section. The data for the

first levels of the ‘% f¢ 6!

Ni isotopes at the neutron energy of
2.92 MeV reported in reference [17] differ significantly
(approximately by 50%) from the values obtained in this
experiment for similar shapes of angular distributions. Except
for the ‘'Ni cross-section value at 2.65 Mev, the data agree with

our results at neutron energies of 2.65 and 3.26 MeV.

On the basis of the results from our measurements of the fast
neutron differential scattering cross-sections of even nickel
isotopes, this experiment also yielded integral elastic and
inelastic scattering cross-sections of the nickel isotopes at the
neutron energies under investigation. The isotopic cross-section
data were also used to derive the integral elastic neutron
scattering cross-sections for elemental nickel. The energy
dependence of the integral cross-sections are plotted in

Figs. 2 and 3. The same figures also show the results from

other authors in the energy range ©0.5-9.90 MeV: for the elastic
scattering cross-section [12,14,15,17-26], for the inelastic
scattering cross-section [12,13,15-17,19,20,27-32], and for the
total cross-sections of elemental nickel [33] and isotopes of
nickel [12,15,18,34-36]).
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In the investigated energy region there is practically an absence
of experimental information on total cross-sections for the ‘! ‘'Ni
isotopes. The available data on the total cross-sections of °"*'Ni
are not in disagreement with the total cross-section of elemental
nickel. Fig. 2 shows that the data on the integral fast neutron

elastic scattering cross-section for the even isotopes of nickel

obtained in this experiment are in good agreement with published

data. Fig. 3 shows that the integral neutron elastic scattering

cross-section of elemental nickel in the neutron energy range of

1.5~-7.0 MeV, is in good agreement with all experimental data, and
except for a few individual points, the experimental data of

different authors agree with each other.

Fig. 2 shows that for energies below 3.0 MeV, there is a
considerable spread in the evaluated inelastic scattering cross-
section data which often exceeds the experimental uncertainty of
the data. This behavior is noticeable primarily for data that
were obtained from measurements of gamma rays emitted in the
neutron inelastic scattering process and for data obtained from
the measurement of the neutron inelastic scattering on elemental
nickel. The data obtained in his experiment are in good
agreement with the overall energy dependence of the data; they
contribute to the elimination of discrepancies between data of
different authors, and helps in bridging gaps in the data at

energies above 5 MeV.

Theoretical Analysis. The experimental data on the total cross-

section, and the differential and integral elastic and inelastic
scattering cross-sections obtained in this experiment and those
published in the literature have been analyzed in the framework
of existing theoretical models describing the interaction of
neutrons with nuclei. The experimental data have been compared
with data calculated using the following models: the spherical
optical (OM) model, the coupled channel (CC) model, and the
statistical Hauser-Feshbach (HF) and Hauser-Feshbach-Moldauer

(HFM) models. The model calculations are described in detail in

reference [37].

The parameters used in the optical model calculations consisted

of averaged spherical optical potential parameters fitted to the
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total and elastic scattering cross-sections of the average atomic

mass nuclei in the 1.5-6.0 MeV neutron energy range [38]:

V., = (48.7 - 0.033E) MeV; W, = (7.2 + 0.66E) Mev;
V,, = 7.5 HMeV; a, = a,, = 0.65 fm; (1)
a, = 0.98 fm; r, = 1.25 fm.

In addition, the following set of optimal parameters for nickel
fitted to the total cross-section in the ©.5-20 MeV neutron

energy range [39] were used in the optical model calculations:

V. = (51.33 - ©@.331E) MeV; W, = (8.068 + ©.112E) MeV
Vo = 7.0 MeV; a = a;,, = 0.541 fm; (2)
a, = 0.40 fm; r, = r,, = 1.24 fm; r, = 1.4 fm;

The same spherical optical model parameters were used in the
coupled channel method calculations, except that the value of W,
was reduced by 20% so as to maintain the same total cross-section
values as in the spherical optical model. In the coupled channel
calculations the first and second excited levels were assumed to
be coupled because of their vibrational character. The coupled
channel calculation were made by using a complex coupling
potential and the following dynamic deformation parameter values:
B, = .20 for the °*“*'Ni nuclei, and B, = @.22the °*"‘'Ni nuclei.

A comparison of the total cross-sections of the investigated
isotopes calculated using the optical and coupled channel method

showed that their differences did not exceed 2% (see Fig. 2 d.).

The scattering cross-section was calculated using the compound
nuclear theory according to the Hauser-Feshbach [42] and Hauser-
Feshbach-Moldauer [43] statistical models. Statistical model
calculations, below 3.2 -3.5 MeV, assumed that the discrete
levels have known characteristics; contributions to the
scattering cross-section from higher excitation levels were
calculated from the compound nucleus as contributions from the
continuum with a level density distribution determined by the
Fermi gas model with a and A parameters taken from reference
[a4]. The statistical model calculations took only the neutron
exit channels into account, the competing channels for the

56,649

emission of protons and alpha particles for the Ni nuclei were
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calculated using the factor (g, - g, - g )/0a;. Since statistical
model calculations use transmission coefficients which are
calculated with the optical model, when adding the direct cross-
section contributions to the compound cross-sections, the latter
were normalized using the factor (&" - 0,,°°)/0."", where o." is
the cross-section for the formation of the compound nucleus

‘ is the cross-section

calculated with the optical model, and o,,°
for the direct excitation of the 2+ level calculated with the

coupled channel model.

A comparison of the calculated and experimental differential
elastic and inelastic neutron scattering cross-sections is shown
in Fig. 1. It can be seen that the theoretical cross-sections,
calculated with the use of a set of averaged optical potential
parameters, are in good agreement with the experimental data.
The theoretically calculated values of the total cross-sections
and of the integral elastic and inelastic scattering cross-
sections in the ©.5-9.0 MeV neutron energy range are plotted in
Figs. 2 and 3. These curves show that the optical model

calculation of the total cross-sections, using the parameters
given in (1) and (2) above, do not differ much from each other,
and are in agreement with the experimental data. However, the
calculations using the second set of parameters (2) yvield a lower
direct (CC-1) and compound (HFM-1) contributions to the summed
scattering cross-sections for the excitation of the first 2+

levels of the investigated nickel isotopes.

The data plotted in Figs 1 and 2 show that the theoretical c¢ross-

section, calculated in the framework of the optical-statistical
model with the use of the first set of parameters (1), gives a
good representation of the experimental data. These results can
be used to make certain conclusions regarding the roles played by
the direct and compound processes in the scattering of neutrons
on nickel isotopes. In the energy range under consideration, the
relative contributions to the scattering cross-section by the
compound nucleus mechanism and by the direct process depends to a
large extent on the energy of the incident neutrons. Thus, the
cross-section for the direct process contribution to the total
neutron scattering cross-section is approximately 5@% for

energies at the low end of the considered energy range, and at a
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neutron energy of 7.0 MeV it becomes dominant. In the case of the
inelastic scattering cross-section for the excitation of the
first 2+ levels of the nickel isotopes, the direct process
contribution to the total cross-section is less than 10% at the
low energy end of the considered energy range, and reaches
roughly 80% at neutron energies of 7.0 MeV. Such ratios between
the compound and direct contributions to the scattering cross-
section have also been observed for other even-even isotopes of

medium mass nuclei (e.g., ****cr [45] and *""*'Mo [37]).

Fig. 1 shows that the differential inelastic neutron scattering
cross-sections for the excitation of the second and third levels
of even nickel isotopes for neutron energies of 3.0 MeV are
practically isotropic, and can be described rather well by the
statistical HFM model using set (1) of optical model parameters.
The energy dependence of the inelastic neutron scattering cross-
section for the excitation of these levels up to energies of 4-5
MeV, also agrees with HFM statistical model calculations (see
Fig. 2) which bears witness to the predominant role played by the

compound nucleus mechanism in the excitation of these levels.

Ni(n,n)

W 4f
5 B 3#. . OM +HFM ENDF/B-V (200 tev)
&

Fig. 3. Energy dependence of the integral fast neutron elastic scattering
cross-sections for nickel. FExperimental data: x [1-9], v [17], O [19],
r2ej, ¢ [21], v [22], + [23], = [24], a [25], == [26]. —— statistical model
HFM calculations with parameter set (1), e+« ENDF/B-IV data averaged over
200 keV intervals, BNAB-78 data given be continuous histogram.

Comparison of Current Evaluations with Experimental Data. In

order to compare the experimental fast neutron integral elastic
scattering cross-sections on nickel nuclei with evaluated data,
the results of the ENDF/B-V [46] evaluation, averaged over 200
keV intervals, and the BNAB-78 [47] evaluated multigroup data are
plotted together in Fig. 3. It can be seen that up to 4.0 MeV,
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the ENDF/B-V data is in good agreement with the experimental
data; for energies above 4.0 MeV, however, the experimental data
are systematically higher by about 10%. It must be noted that
the BNAB-78 multigroup data are in excellent agreement with the
experimental data which had been measured before as well as after
the publication of the BNAB-78 data library.
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The experimental as well as the theoretically calculated
inelastic neutron scattering cross-sections for the excitation of
the first three levels of the °****Ni nuclei are plotted together
with the ENDF/B-IV [48] and the TSYAD-1 [49] evaluated data in
Fig. 2a and 2b. This comparison shows that both of these

evaluations are in poor agreement with the experimental data.

The ENDF/B-IV evaluated data for the first ‘'Ni level in the
1.33-2.5 MeV energy range lies along the upper boundary of the
experimental data population spread, while the TSYAD-1 data curve
in the same energy range lies along the lower boundary of the
experimental data spread. At the neutron energy of 2.0 MeV, the
evaluated data for the first **Ni energy level for these
evaluations are 50% apart. The ENDF/B-V evaluation [46] did not
improve the description of the experimental inelastic scattering
cross-section data because it used only one set of measurements
in the evaluation of these guantities. Even larger discrepancies
exist between the KEDAK-3 [5@] and JENDL-1 [51] evaluations and
the experimental inelastic scattering cross-section of % ®'Ni.
This is illustrated in Fig. 4, which shows a comparison of the

evaluated data for three levels of the °*"*

Ni nuclei from five
different evaluated data libraries. The significant differences
between the five inelastic scattering cross-section evaluations
reflect not only the different approaches used in these
evaluations but also the complexity of the evaluation process
itself. A higher degree of confidence in evaluation results
would be achieved if evaluations were based on the totality of

the existing cross-section data.

In view of the considerable differences which exist between the
various evaluations and between the evaluated and experimental
data, there is a need for a new analysis of the elastic and
inelastic scattering nickel croés—sections, which would take into
account new experimental data and improvements in the theoretical

methods describing the process of fast neutron scattering.
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PROPOSAL TO REPRESENT NEUTRON ABSORPTION BY FISSION PRODUCTS

BY A SINGLE PSEUDO-FRAGMENT

A.M. Tsibulya, A.L. Kochetkov, I.V. Kravchenko and M.N. Nikolaev

Abstract

The concentration of fission products during reactor
operation is analyzed. The dependence of a composite
fission product capture cross-section as a function of
time and on the nature of the A of the fissile nuclide
are investigated, and the neutron radiative capture in
fission products of a thermal reactor is evaluated. It
is concluded that neutron absorption by fission products
can be described by pseudo-fragments.

In fast neutron reactor calculations it is customary to represent
the absorption of neutrons by fission products by replacing the
effect of individual fission fragments by that of a few
collective pseudo-fragments. Thus, in the BNAB (1] multigroup
data library, the fission product group data for the fissile
nuclides U, U and !"*Pu are obtained by averaging the cross-
sections of stable or long-lived (for T, larger than 10-10@ days)
isotopes from each individual decay chain weighted by the fission
yvield of the corresponding chain. At energies below 16@ keV, the
contribution from the poisoning isotopes (i.e., isotopes which
have a very large thermal neutron absorption cross-section, such
as '‘‘¢d, '"“’sm, '*'sm, '**¢d and '°'6d), whose concentrations depend
on the irradiation history of the fuel, are not included in the
pseudo-fragment cross-sections. In the calculation of thermal
reactors, the cross-sections of the poisoning isotopes as well as
those of the radioactive '*Xe, whose concentrations are

determined at the time of fission, must be added to the cross-

sections of the nuclear ash in the BNAB data library.

In 1962, at the time when the BNAB data library was being
developed, the composite fast neutron capture cross-sections for
the fission products were known to approximately 20-30%. In view

of such large uncertainties, it did not seem sensible to c¢onsider

all individual fission products in fast reactor calculations, and

each fission product, with the exception of the poisoning
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isotopes, in the calculation of thermal reactors. Since then,
the accuracy of fission product cross-sections has improved
considerably: such that the uncertainty of the composite fission
product fast neutron capture cross-sections barely exceed 19%.
In view of this situation, the question arises whether it is
sensible to describe the interaction of neutrons with fission
products by means of a single pseudo-fragment. The drawbacks of
such an approach are obvious. As a result of beta decay, the
fission products, from the time of their formation, become
gradually more neutron deficient, which causes their composite
capture cross-section to increase with time. On the other hand,
in a working reactor, those fission products that are high
absorbers burn out faster, and are converted to weakly absorbing
nuclides, with the result that the composite fission product
absorption cross-section decreases with the gradual burnup of the
fuel. As a result of these processes, the composite fission
product cross-section in the reactor core changes with time, and
depends on the reactor operation history. If the amplitude of
such variations is smaller than the uncertainty of the composite
cross-section (which is determined by the existing uncertainties
in the knowledge of the neutron data), then the description of
the interaction of neutrons with fission products by the
characteristics of a single pseudo-fragment is feasible. If this
is not the case, then it is then necessary to devise more
differentiating means and consider the effects of the individual

fission products.

Analysis of the evolution of the composite capture cross-
section of fission products.

The value of the composite fission product capture cross-section
as a function of time and degree of fuel burnup was investigated
by studvying this effect in the core of a 800 MW-electric fast
reactor power station. The integral neutron spectrum in the core
of the reactor was calculated using the 26-group BNAB-78 [2]
cross-section library. The isotopic composition of the
irradiated fuel material (including the fission products) was
calculated using two independent computer programs: YIELD [3] and
AFPA [4]. These two programs differ in the algorithm used to

solve the isotope kinetics equation, in the number of isotopes
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included in each isobaric chain, in the procedure used to
construct the 26-group neutron cross-section sets for the
nuclides being depleted and created in the fuel burnup process,
and in the manner in which the various fission product yield and

decay chain data compilations were used.

Both programs were used to calculate the time dependence of the
average fission product cross-section during four reactor
operating cycles without interruption for fuel loading. Each
cycle consisted of an operating time of 112 days at a power level
corresponding to a 190 kW/kg thermal load on the unirradiated
fuel, and a 190 day reactor shutdown time. At the beginning of
the first cycle, the reactor was loaded with unirradiated fuel.
The isotopic composition of the fuel at the beginning of the
first cycle, and at the end of each irradiation cycle is
tabulated in Table I. In addition, the fuel composition at the
beginning and at the end of each operating cycle during a
continuous reactor operation with a regular fuel reloading of 1/4
of the fuel (that had been irradiated in the course of four

cycles) with fresh fuel.

TABLE I. TIME HISTORY OF FUEL COMPOSITION DURING REACTOR OPERATION (in at%)

Unirrad- End of cycle Continuous cycle
Nuclides iated
fuel First Second Third Fourth Begin End
U-235 2.32 @.27 Q.23 0.19 @.16 @.25 0.21
U-238 80.88 78.97 77.11 75.30 73.54 78.06 76.23
) "Pu—238 ! 010 @.03 | o.e8 0.08 9.07 9.09 9.08
Pu-239 1128 | a0 | o5 | e | 1050 .00 | 1080
Pu-240 4.60 4.73 4.84 4.93 5.00 4.78 4.88 -
Pu-241 2.é5 174 1.51 1.34 1.22 1.66 1.45
Pu-242 @.77“ .0.79 Q.80 2.80 2.80 @.79 @.80
Trans-Pu - 9.08 0.14 .20 Q.25 9.10 9.17
Fission - 2.23 4.38 6.45 8.46 3.27 5.38
Products

Calculations performed with each of the two programs used various
versions of the 26-group fission product cross-section sets: one
used the data given in reference [5], another differed from the
first by modifying the capture cross-sections of the most

important fission products according to the data published in
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1976 by L.P. Abagyan (4], the third was derived from ENDF/B-V
[6], the fourth consisted of data taken from the reference JAERI-
M-9715 [7], the fifth was a variation of the third in which the
capture cross-sections for 30 fission products were replaced by
data based on evaluations described in references [8-1@] and in
reference [11] for data in the region of resolved resonances.

The last version of fission product group data evaluation, which
was completed towards the end of 1983 at the Institute of Physics
and Power Engineering (FEI) contains a more complete set of
differential neutron data information than any of the earlier

versions.

The BNAB-78 data were used in the ‘U, ’Pu and *'Pu burnup
calculations, the data by Antsipov et al., [12] for the burnup of
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“'pu and !*'Pu, and the ENDF/B-V [6] data for the burnup of the

trans-plutonium nuclides.

Fission product yield and decay scheme data were taken from the
compilation made at the MIFI (institute) [{4], the evaluation
published in reference [13], and the Japanese compilation [7]
based on the yield evaluation published in reference [14]. The
calculations were made with yvields for both thermal as well as
fast neutrons. The isotopic compositions of the fuel and of the
fission products, as well as the composite fission product
capture cross-sections, were calculated with the various data set
versions at a number of time points during each cycle. The

results of these calculation, made with different data input,

proved to be comparable. These results are included in the
cross-hatched region shown in Fig. 1, which can be considered to

be the uncertainty envelope of these data.

At the very beginning of the first irradiation cycle, when the
concentration of the fission products is still very low, the
fraction of relatively short-lived neutron rich nuclides is
rather large. Therefore the composite fission product capture
cross-section at this stage is lower by 7% than it is during the
steady-state operation. As one approaches the middle of the
irradiation cycle, the neutron rich nuclides which were formed in
the beginning of the cycle, have already decayed to stable or
long-lived nuclides which are characterized by high capture
cross-sections. Neutron-rich nuclides which are continued to be
generated by fission, against the background of the earlier
fission products, represent by now a smaller fraction. As a
result of these processes the composite capture cross-section

tends to rise.

During reactor shutdown, because of the growth in the population
of new fission products and the existing radiation capture
capacity of the accumulated fission products, the enrichment of
fission products by neutron-rich nuclei ceases; this results in a
relatively fast increase in the value of the composite capture
cross-section. The same process can be observed in the second
and last operating cycles: the value of the composite fission

product capture cross-section decreases gradually during
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irradiation (primarily due to the conversion of strong fission
product absorbers to weaker ones as a result of neutron radiative

capture), and increases during shutdown.

The character of the time dependence of the composite fission
product capture cross-section depends on the power level of the
reactor and the degree of burnup corresponding to the end of the
experiment. The continuous curve shown on Fig. 1, which
represents conditions at the end of the fourth irradiation period
of an operation at a thermal fuel load of 190 W/g, only 8.5% of
the original heavy nuclides undergo fission. The dash-dot curve
shows the same data for half the thermal fuel load, and the

dotted curve for one fourth the thermal fuel load.

As seen from Fig. 1, the composite fission product capture cross-
section does not vary much during the whole operation. In order

to emphasize this behavior, the value of the composite cross-
section is not given in barns, but in terms of percent deviation
from a composite cross-section value represented as a function of
(effective) time, given by t.=(16/21) T, after the start of a

steady-state irradiation period. In the case of four fuel re-

loadings, the value of the composite fission product capture
cross-section at a given t., time is equal to the cross-section
averaged over the time period, and weighted by the fission
product concentration and the (neutron) fluence (see below).

Let us consider the case of a fission product concentration X,(t)
in a TVS (fuel loading?) which has undergone (n-1) irradiation
cycles in the reactor core, and was irradiated for a time t in
the n-th cycle, and let o,(t) be the composite capture cross-
section for these fission products. If one assumes that each TVS
is irradiated in the reactor core for N time periods (and 1/N
part of the TVS is replaced with fresh fuel after each period),
then the composite fission product capture cross-section at a
time t after the start of irradiation in a given cycle, and in
accordance with the specified fuel feloading schedule, can be

represented by:

6(t>—2a: (t)6 (t/ T(t)
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The time dependence of the composite fission product capture
cross-section magnitude calculated with this equation for a
steady-state operation for N=4 is shown on the right side of

Fig. la. For N=1, the dependence will look more like the left-
hand side of this figure {(for a continuous irradiation period
consisting of four time periods, the only difference would be the
absence of the perturbation introduced by the reactor shutdowns).
The results showed that during a steady state operation and four
fuel reloadings: the deviation from a specified average composite
cross~-section does not exceed 1%, which is much smaller than the
uncertainty (of approximately 10%) in the knowledge of the

individual fission product capture cross-sections.

If all of the fuel is loaded in one operation and exchanged for a
full load of fresh fuel at a given degree of burnup, the
deviation is larger (as shown in the left-hand part of Fig 1.
Even in this case, the maximum deviation from a value resulting
from averaging over a steady-state operation with four separate
reloadings (which is roughly 8%) is smaller than the uncertainty
of 10% 1in the average cross-section. This condition is achieved
only at the beginning of the whole operation, at times when the
fission product concentration is low. It must be noted that the
capture cross-section, averaged over the whole operation and
weighted by the fission product concentration and the fluence for
the case of N=1, differs from the case of N=4 only by 2%. It is
therefore possible to describe the absorption of neutrons by
fission products to an acceptable accuracy for any number of
reloadings up to N=1 for the same thermal load and a maximum
degree of burnup by a single pseudo-fragment, whose capture
cross-sections are obtained by averaging over concentrations
existing at a time (16/21)T after the start of irradiation during

a steady-state operation cycle with N=4.

For low thermal loads but similar irradiation times, the
composite fission product c¢ross-section is larger. However, even
under these condition it does not exceed 3%. Such uncertainties
are considered to be acceptable because under these circumstances
the concentration of fission products in the fuel would be
correspondingly lower. If the same degree of burnup is achieved

at such low thermal loads, then the deviation from the composite
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cross-section, averaged over the increased irradiation period,

will be considerably smaller.

Fig. 1b shows the time dependence of the reactor multiplication
factor uncertainty as a result of representing the radiative
capture in fission products by a single pseudo-fragment. It can
be seen that these uncertainties are measured in 100ths of

percents, and can therefore be neglected.

It can therefore be concluded that for the current knowledge of
the accuracy of neutron cross-sections, it is possible and
sensible to describe neutron radiative capture in terms of a

single pseudo-fragment. The authors of reference {15] who
investigated the effect of irradiation on the composite fission

product capture cross-section for burnup values up to 150 MW-
days/Kg, arrived at the same conclusion. They did not analyze
the period of initial irradiation of fresh fuel when the values
of the composite fission product c¢ross-sections vary particularly
fast as a result of the decay of neutron-rich nuclides.
Consequently, their value for the variation of the fission

product composite cross-section did not exceed *2.5%

The authors of reference [16] have proposed to describe neutron
radiative capture in fission products in terms of two pseudo-
fragments instead of one: one to represent the strong-absorbing
odd nuclides, and the other the weak-absorbing even-even
nuclides. This gives the possibility to take into account the
decrease in the composite capture cross-sections as a result of
the burnup process. The authors of reference {16] succeeded in
describing the evolution of the composite fission product capture
cross-section to a fraction of a percent for burnup values of up
to approximately 185 MW-days/Kg; however, the method which gave
such good results in the calculation of the pseudo-fragment
cross-section was not described. The authors of reference [15]
have compared the results to calculate the capture of neutrons by
fission products using one and two pseudo-fragments, and have
found that the methodology used in reference [16] (at least to
the extent that they understood it) gave less accurate results

than with the use of a single pseudo-fragment.
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It can be assumed that by using properly chosen cross-sections
for two pseudo-fragments, it would be possible to reproduce the
decrease in the value of the composite fission product capture
cross-section. However, as noted above, there is no necessity
for such an improvement (which would be achieved at the cost of a
significant complication of the calculational method). The use
of the two pseudo-fragment approach is also questionable because
it is not possible to describe the effect of the increase of the
composite capture cross-section due to the decay of the neutron-
rich nuclides. Furthermore, this effect is not less important
than the effect of fission product irradiation on the lowering

of the composite capture cross-section.

Steady-state equilibrium concentration of fission products

Let us consider the operating reactor cycle in which fuel
reloading is performed at regular intervals with a frequency N.
During irradiation the concentration of fission product in the

reactor core increases practically linearly:
C(t) =[(N-1) /N] Cpax * (Copax/ N} (£/T)

where C,,, 1s the maximum fission product concentration reached
after N irradiation cycles each of duration T. Assuming that the
composite fission product capture cross-section also behaves
linearly, then at a time t.,, the cross-section averaged over the
whole operation is equal to [(9N-4)/(12N-6]T. The dependence of
the gquantity t, on the reloading frequency is weak: for N=4¢
t.=0.76 and for N=1: t.,=0.83. Denoting the concentration of the
ith nuclide of the isobaric chain A by C,;, then at any time t.,

the average cross-section is equal to:

Gy =2 %CA,iGC,A,i (D
where o,,,, is the capture cross-section of the nuclide (A,i).
For most isobaric¢ chains, the determining contribution to the
summation over i is contributed by one (stable or very long-
lived) nuclide. For the summation over the atomic masses A, the
contributing input can be limited to the principal member of the
chain and its concentration can be expressed by C,=f C,,. If the

precursor of a stable or very long-lived member of the chain has
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a half-life on the order of months, then their concentrations are
comparable. For these isobaric chains, it is advisable to

include two members of the chain.

Let us furthermore limit the values of A in the peaks of the
light and heavy fragment mass distribution to A,;;,=83 and A,;;,=11@
for the light masses and A,,,=127 and A,;,,=155 for the heavy
masses. The light fragments comprise nuclides for which A<120.
For the yields of isobaric chains for which A < Ay, and A > A;, .,
let us include the closest lying even A isotopes (namely ‘'Kr,
'""pq, '*re and '*'sm), and the closest lying odd A isotopes
(namely “Kr, '"Ag, '"'I and ‘*®>Eu). Let us denote the yields of
the isobaric chains by Y,. Since the degree of fission product
burnup in a fast reactor is not large, the gquantities C, and Y,
are related linearly' by the expression C, = oY, + B,Y,., where
a, and B, are the burnup coefficients and where B8, = 1-a, ;. The
yvields Y,, and consequently the concentrations C,, depend on the
fissile nuclide which gave rise to the fission products. On the
other hand, the coefficients «, and B, which are determined by
the decay characteristics and the irradiation conditions, are
independent of the nature of the fissile nuclide. As indicated
above, the guantity o.=(t) (as well as o;) are weakly dependent
on the irradiation conditions. Consequently, in the process of
determining the capture cross-section of the pseudo-fragments,
one can define standard irradiation conditions (as in the case of
the calculation of group cross-sections where it is necessary to
postulate a standard spectrum within the energy group) such as
steady state irradiation condition with a partial fuel reloading
at regular intervals with a frequency of N=4 and a degree of fuel
burnup of approximately 9%. The coefficients «, and B,,
determined for these operating conditions, can then be used to
calculate the concentrations C,, and subsequently the cross-
section g, for any given fuel composition (it is assumed that the

cumulative yvields are known for each fissile nuclide).

A list of nuclides which were included in the modified summation

equation (1), is given in Table II; burnup coefficients «,

'Isotopic transmutation related to the emission of delayed
neutrons are not taken into account.
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TABLE II.

CHARACTERISTICS OF THE MAJOR FISSION PRODUCTS. (The
contributions to the resonance integral and thermal cross-section
are underlined)

Steadvy-state

Contribution to, %

Burnuj .

Nuclide Coeff? z:§centr2flon o absorp.,  RI o capture

o v Pru |75 1259, 1235, 129, |25, |229p
B%r 0,98 0,76 051 1,0 05 06 0,3 3,4 1,8
B4gr 1,0 1,51 08 0,3 0I - - - -
85mv 1,0 I,31 0,57 0,8 03 - - - -
86gr 1,0 1,9 076 - - - - - -
87m 1,0 2,58 o 0I - - - - -
8sr 1,0 3,68 1,38 - - - - .- -
89 1.0 4,88 1,70 0,3 0,I ‘- - 0,1 -
Psr 1,0 5,88 2,10 0,2 07 = - 0,1 -
NMgr 1,0 5,94 2,51 I,I 04 O0I - 0,1 -
92, 1,0 5,98 300 1,9 07 - - - -
Bzr 1,0 6,40 3,89 2,2 I, 0 0,8 03 0,2 0,1
Hor 1,0 6,44 4,41 08 0,4 - - - -
Puo 1,0 6,5 4,89 4,6 2,7 3.1 1,6 2.0 1,2
%zr 1.0 6,22 5,08 08 05 01I 0I - -
o 0,98 5,86 5,7 47 33 04 02 0,3 0,2
Byo 1,0 5,9 s, 1,7 I3 0,2 0I - -
o 0,97 5,9 5,8 8,8 68 7,2 5I 2,6 2,1
1y 1,00 6,38 7,00 I, I0 oI 0I = -
e 0,94 4,78 560 8,2 7.4 21 1,7 03 0,3
%2 1,0 5,5 6,39 2, I9 0I 0I O0,1I 0,I
g 0,95 0,58 I, o6 II 0I 02 0, 0,2
3 0,95 2,3 5,28 3,8 6,7 97 I54 7,3 13,3
w10 1, 6,2 08 I,9 03 0I - -
105p4 0,95 0,92 5,1 2,0 86 03 I,3 0,4 1,8
% 1,0 0,45 458 0, 08 - - - -
73 0,94 0,13 30 02 40 - 0,9 - 0,1
1084 1,0 0,08 2,40 - II o0I I5 - 0,5
199, 0,9 0,09 2,06 0I 23 05 85 0,2 3,2
M%a4 1,0 0,08 0,88 - 0,3 - - - -
127, 0,97 0,18 0,25 0,2 03 0I 0I - -
1280, 1,0 0,46 066 0I 0I - =~ - -
129, 0,97 0,69 1,46 0,8 I,3 01 0,2 0,4 0,7
O 10 1,79 2,33 - - - - - -
% 0,97 2,80 375 2,8 2,9 10,2 95 53 57
Py, 1,0 4,39 653 08 I,0 - - - -
3%s 1,0 6,70 7,03 7,8 6,3 10,7 7.8 4,2 3,5
A% 1,0 781 766 08 0,6 - - - -
%8 1,0 6,55 7,42 4,6 4,0 1,6 I,3 1,3 1,2
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TABLE II {continued)

(;;¥n ' Steadv-state Contribution to, %

Nuclide COef:f'concentration' o absorp. RI o capture

o BBy 29, 2555 |29, 2555 1599 |25 [Bopg
%% 10 631 6,6 02 02 ~ = - -
3% 1,0 6,21 663 03 03 =~ - - -
383, 1,0 6,7 6,06 0,2 0,2 - - - -
3% 1,0 6,3 568 06 0,4 04 02 I,2 0.9
W 10 8,3 557 03 0,2 -~ 0.1 -
“er 1,0 5,84 5,2 1,8 I,3 05 03 I,5 I,I
%2 1,0 5,89 500 0,4 03 - - 0,I 0,I
MWwa 1,0 59 443 50 2,9 33 I,7 4,8 249
e 1,0 548 3,74 08 04 -~ = 0.1 0.1
™ 0,9 3,80 2,0 50 29 42 22 IL7 7.1
"o 1,0 3,09 25 08 05 - - 0,I 0,1
“pey 0,92 2,06 1,89 58 4,0 83 ILL?7 8I 59
M8y 1,0 185 I,80 07 05 0I 01I 0, I
“9% 08 0,88 1,02 6,9 6,2 I3,5 10,9 =
15084 1,0 °~ 0,84 I,I18 0.3 0,4 - - - -
s o085 0.3 065 2,2 32 52 65 = =
e 1,0 0,33 07 04 07 40 60 L5 25
%k o090 014 033 I,0 I,8 09 I,4 I4 2,6
s 1,0 0II 05 - 0,2 - - - -
5w 1,0 004 02 03 I5 05 24 35 18I

* In relative units, normalized to 200.
**= contribution from poisons is not taken into account

calculated for standard irradiation conditions are given for each
considered fission product. Table II also lists the
concentrations of U and '*Pu fission products recommended for
the calculation of the pseudo-fragment c¢ross-section. The
concentrations were derived from the cumulative yields published
in reference [14]. The yields are determined for thermnal
fission. Yields for fast neutrons correspond as a rule to
neutrons generated by fission neutrons whose average energy of 2
MeV is considerably higher than the average neutron energy of 200
keV in a fast power reactor. Also shown in Table TII are the
fractional contributions from each listed fission product to the
composite fission product capture cross-section for U and **Pu

fission in the integral spectrum of the reactor core of the
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investigated model, as well as to the resonance integral and the

thermal capture cross-section. The contributions of the '**

151

Sm and
Sm to the thermal cross-section were not included.

The data given in Table II are weakly dependent on the data set
used; in these calculations, we used the 26-group fission product
data set developed in 1983 at the Institute of Physics and Power
Engineering (FEI).

Dependence of the composite fission product capture cross-section
on the atomic number of the fissile nuclide.

As indicated above, it is possible with the aid of the data
listed in Table II, to calculate the pseudo-fragment cross-
section for each fissile nuclide as long as one knows the
cumulative yield of each isobaric chain. That was indeed the
method used in the development of the BNAB-64 [1l] cross-section
library which contained the fission product data for *U, **U and
¥py. In actual reactor calculations, the fission products of

Ypu which is used in fast

the principal fissile nuclide, such as
breeder reactors, stand out among the other nuclides which make
up the material of the reactor core. This approach has a certain

disadvantage: the fissioning of ***

Pu in the core of a plutonium
fueled breeder reactor, for instance, contributes less than half
of the entire fission product population, the rest is produced by

"“'py and other fissile nuclides. One

the fissioning of ‘‘u,
could, of course, calculate the cross-sections of the fission
products produced by all fissionable materials; this would,
however, lead to an unjustified increase in the volume of the
group data library, and to an unreasonable increase in the number
of nuclides which enter into the composition of the reactor.

Such a situation would be undesirable because most computer
programs, designed to process or utilize group data, have strong

limitations with respect of the number of considered nuclides.

Actually, the dependence of the fission product cross-sections on
the A of fissile nuclides is rather weak; one can therefore be
assured that even a simple analytical description would guarantee

an acceptable accuracy.
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Fig. 2. Dependence of the composite fission product capture cross-section
on the atomic number of fissile nuclide: — o — group cross-sections (the
group number is given in parentheses); — « — capture cross-section,
averaged over a fast reactor spectrum.

The dependence of the group composite fission product capture
cross-sections as a function of the atomic number of the fissile
nuclide (from »Th to '*'Pu) is shown in Fig. 2. These cross-
sections were calculated on the basis of the data listed in

Table II, the cumulative yields given in reference [14], and the
fission product group data developed at FEI. The calculated
points are compared with the linearly dependent group capture
cross-sections as a function of the atomic number of the fissile
nuclide, normalized to the data of U and 'Pu. The data shown
in this figure, refer to the energy grouping of the BNAB group
data {1], and encompass the energy range ©.4 HMeV to 46.5 eV,
which is where most radiative capture events occur in a fast
neutron reactor. The spectrum-averaged capture cross-section for
the considered fast reactor core is also shown in this figure.

It can be seen that the derived linear dependence of og.(t) can
describe the calculated data to an accuracy of 5%. Such a
systematical uncertainty is not any larger than the errors

resulting from the inexact knowledge of the cumulative yields for
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nuclides other than '*U and '"Pu (according to reference [17],

this uncertainty can be as high as 8%).

It can theretore be concluded that such a linear approximation

of ;HA) 1s quite acceptable. This now gives the possibility to
prepare the fission product group data for applied calculations
in the following manner. The group data library contains cross-
section data for only two pseudo-fragments corresponding to the

fission ot U and ‘'Pu. In an actual calculation, the

concentration of fission products and which of the two pseudo-
fragment data sets to use, 1s determined by estimating which of
the two atomic numbers (235 or 239) 1s closest to the average
atomic number of the fuel mixture of the reactor core under
investigation (for example, in the calculation of a reactor wvhich
contains U and "Th in its core, it would sensible to choose
the U fission product set). The 26-group data set. prepared
for the core composition under investigation, 1s used first of
all for the preliminary approximation of the integral neutron
spectrum in the reactor core. Normally this 1is done 1in the
approximation of the material parameter. The evaluated neutron
spectrum 1s used for the recalculation 9f the elastic slowing-
down cross-sections and of the neutron fission spectrum [2]. The
average atomic mass of the fuel mixture and the corresponding
fission product population which accumulates in the reactor core

can be estimated at the same stage of the calculation:
T =9 9 =7 7
A2 A 269! / 2.6 2,67 9
t g LI

where 1 is the number of the nuclide, g the group number, and ®

the neutron flux density.

The earlier determined group data for the predetermined fissile
nuclide A,, being either 235 or 239, can then be corrected by
- - (
6(239) 6(255)(A_A0)’ (2)
239-235
where o 1is the cross-section for any one of the used group c¢ross-

5(5) = E(Ao) +

sections. The effect of resonance self-shielding of the cross-
sections can be introduced at this point in the calculation of
g(A,). The quantities which enter in the evaluation of equation

{2) can be stored in the program used in the refinement of the
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fission product cross-section using that equation. It is not
sound practice to recalculate the self-shielding factors (which
are in any way close to unity) at the same time. The authors
cannot recommend the use of the linear approximation for the
dependencies of the transport and scattering cross-sections on A:
scattering is responsible for less than 20% of the fission
products activity [17), and the known accuracy of inelastic
scattering data 1is lower than the known accuracy of the capture

cross-sections.

It is also appropriate to mention here the considerations given
to the migration of gaseous and volatile fission products from
the reactor core into special cavities designed for that purpose
in contemporary reactors. According to the authors of this
analysis, and in agreement with the evaluation presented in
reference [15], the contribution of gaseous and volatile fission
products (e.g., isotopes of iodine and cesium) to the total
fission product yield is approximately 21%. The equilibrium
fraction of the products which remains in the reactor core
depends on a number of factors: the nature of the core material,
its temperature, the irradiation conditions, the degree of
burnup, etc. It is normally estimated that the fuel material
produces approximately 490% of gaseous and volatile fission
products. This lowers the composite fission product capture
cross-section by about 5%. As a result, if the escape of gaseous
and volatile fission products from the reactor fuel is not taken
into account, it leads to a systematic error which is actually
smaller than the uncertainty due to the inexact knowledge of the
neutron cross-sections (which is approximately 10%). If one
knows the fraction of volatile products that escapes from the
core, and denotes that fraction by &, it would then be possible
to account for the influence of this effect on the fission
product neutron cross-sections by lowering the concentration of
fission products by 126%. This may be an approximate evaluation,
but the uncertainty of this approximation is lower than the

uncertainty of the evaluation of 6.
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BEvaluation of the neutron radiative capture in fission
products of a thermal reactor.

In contrast to fast neutron reactors, in which radiative capture
occurs in a broad energy range (from hundreds of electronvolts to
hundreds of kiloelectronvolts), in thermal reactors, the
overwhelming majority of capture events take place in a
relatively narrow energy range. Because of this difference, the
individual properties of the fission product nuclei have a much
more pronounced effect. The poison nuclides play a particularly
important role when one considers that their thermal capture
cross-sections exceed 5000 b. Among the fission products, there

are five stable and long-lived poison nuclides and one short-

lived poison '“Xe. The cumulative yields of these poison
nuclides, for the fission of ""U and ""“Pu, as well as their
thermal capture cross-sections are listed in Table III. In view
0f such high capture cross-sections, the concentrations of the
poison nuclides gquickly reach an equilibrium in thermal reactors.
At this point, the absorption of neutrons is determined primarily
by their fission yields, and do not depend on the cross-sections.
The time needed to reach equilibrium is approximately l1/0¢9, and

ranges in power reactors from 1 day for '*°

Xe to a few months for
'"*Sm. In order to calculate the absorption of neutrons by the
poison nuclides during the time that they are reaching
equilibrium, it is necessary to know their capture cross-

sections.

TABLE III. CHARACTERISTICS OF POISON NUCLIDES

Cumulative vield per Thermal capture

Nuclides 100 fissions cross-section at
oy Dipe 1 2200 m/s (b)
‘Yea ) 0.015 0.037 } 20000
'sm - | 1.08 .( S 1.24 41000
“'sm (T,=03 y) 0.42 0.78 15000
'**cd ) 0.03 9.17 | 61000
1*igq | _ Q.006 @.075 254000
*Xe (T,=9.1 h) 6.54 7.42 265000
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Of the remaining fission products only two ('''Nd and '**Eu) have
thermal neutron capture cross-sections whose values are
comparable to (in the case of '‘'Nd) or exceed (by a factor of six
to seven in the case of '’Eu) the fission cross-section of a fuel
nuclide. The burnup of these and other high absorber poisons for
fuel burnps of 5% leads to the lowering of the capture cross-
section of poisons only by 1.5-2%. The effect due to the
production of high absorbing nuclides as a result of neutron

'“sm from neutron

capture (as for example the production of
absorption by '‘*Nd) is extremely small. The equilibrium
concentrations of individual fission products which contribute to
the formation of nuclear ash, should be calculated in the same

manner as it is done in the case of a fast reactor. Analyses

of this effect have shown that possible variations of poison
concentrations can bring about a change in the average value of

the thermal neutron capture cross-section of not more than 5%.

Thus, if in the process of calculating pseudo-fragment cross-
sections, which had been averaged for a fast reactor and weighted
by steady-state fission product concentrations (see Table II),
one were to omit the contribution of the poisons in the thermal
region (see Table III), it would then be possible to utilize
these data for the calculation of both fast and thermal reactors.
In the latter case, it would be necessary to take the additional
effect of thermal neutron absorption by the poison nuclides into
account. It is not possible to neglect the absorption of thermal
neutrons by the nuclear ash in the calculations of fast reactors.
In the calculation of the dynamics of poison accumulation in
thermal reactors one could guestion the possibility of their
burnup due to the effect of slowing down neutrons. If it were
possible to neglect the burnup, however, then the method
described above, which takes the absorption of neutrons by the
fission products into consideration, could be used in the

calculations of thermal reactors.

A more correct procedure would be to separate and to analyze
individually those fission products whose contribution to the

resonance integral (or to the thermal cross-section of the ash)

is particularly large. These consists of the following nuclides
(see Table IT): Tc¢, 'Rh, '"aAg, "'Xe, "'cs, ''Nd, '"’Nd, 'YPnm,
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*19m and '**Eu. These ten fission products determine roughly 85%
of the thermal cross-section and resonance integral of the
nuclear ash. In their capacity as neutron absorbers, the rest of
the fission products in a thermal reactor can be represented by
one pseudo-fragment (which can then be collectively be referred
to as ash). Inasmuch as the fraction of neutrons that are
absorbed by this ash is not large, it is questionable whether
there is any sense to take the dependence of this ash on the
nature of the fissile nuclide into account; it is probably enough

to have the data pertinent to the ash resulting from **U.

The methodology to calculate group data for fission products that

has been described in this article has now been incorporated in

the new version of the ARAMAKO nuclear data library [18],
ARAMAKO-C1.
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