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1 INTRODUCTION

Difficulties in evaluating fission cross sections of actinides come from complicated structure
of the cross section shape, and variety of experimental data - some of them are absolute
measurements, but the others arc relative measurements. The complicated structure of the
fission cross sections makes it difficult to employ a model calculation for the evaluation, and
we have to fit a more flexible function such as a spline function to the experimental data. The
experimental data available are absolute and relative measurements. Then the fitting should be
done in a way that evaluated cross sections are consistent with both of them. A simultaneous
evaluation[l, 2] was adopted to evaluate the fission cross sections of 285y, 238y, B9py, 40Py,
and 241Pu and the capture cross sections of *”Au and #*U for JENDL-3[3]. The obtained
capture cross sections were not adopted in JENDL-3. The results were slightly modified and
compiled into JENDL-3.2[4].

The simultaneous evaluation was also adopted by Poenitz and Aumeier[5] for the ENDF/B-
VI evaluation, but the experimental database used was largely different from that of the
JENDL-3 evaluation. In their evaluation, cross sections of °Li, °B, and thermal constants®
were included as well as the fission cross sections of 23°U, 238U, and ?3°Pu, and the capture
cross sections of 238U and °7Au.

After the release of JENDL-3.2, some new measurements of the fission cross sections of
these nuclides have been published. These experimental data should be added to the database
of the simultaneous evaluation in order to update the evaluated cross sections in JENDL-3.2.
In addition, some modifications were made for the results of the simultaneous evaluation(3] in
JENDL-3.2. It means that a consistency among the evaluated fission cross sections of those
nuclides was lost, and its covariance data are no longer appropriate.

Release of the next revision of JENDL — JENDL-3.3 — is scheduled for fiscal year 2000.
A working group on evaluation of nuclear data of heavy nuclides has been organized to update
the evaluated nuclear data in JENDL-3.2. The working group investigated new experimental
data which were not included in the previous evaluation, and developed a new simultaneous
evaluation code SOK - Simultancous evaluation On KALMAN —- which was based on the
model parameter estimation code KALMANJ6]. New results of the simultaneous evaluation
of the fission cross sections of 233U, 235U, 238y, 239py, 240Py, and ?*!Pu are reported in this
paper. In Chap. I, basic formulae of the simultaneous evaluation are presented. Parameters
and experimental data required for the calculation are described in Chap. 1II. The results of

the calculations are given in Chap. IV. The SOK code is described in Appendix B.

- 233 235 239 241 252
DGy Oniys Onoms 95> Ga, and 7 of 233U, 22°U, 239py, 21py, 22Cf
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2 FORMULAE OF SIMULTANEOUS EVALUATION
2.1 Least-squares Fitting to Absolute Measurements

To evaluate a neutron-induced reaction cross section on the basis of experimental data, one
needs an appropriate fitting function which describes the excitation function of the reaction.
Nuclear model calculations are often used for this purpose if an adequate model is available.
The model calculation is possible for the fission cross sections of heavy nuclei. The fission mode
is, however, insufficient for an accurate evaluation since it does not give a precise behavior of
the cross sections. Instead of the model calculation, a spline function can be used[7] for the
evaluation of the cross sections which have a complicated structure, because of its flexibility.

The least-squares fitting is mainly done for uncorrelated data. The data to be fitted are
independent of each other, and their uncertainties are used as weight of each data point. This
procedure can be extended to the generalized least-squares technique in which the data are
correlated, and the weight is expressed by inverse of a covariance matrix of the data, v

We denote experimental data by an n-dimensional vector y = (o(e1), o(€2), . . .,0(en))",
where n is the number of measured points (energy points, usually), while the evaluated cross
sections are expressed by a parameter vector = (0(E1),0(E3),...,0(Ep))" where m is the
number of points where the evaluated cross sections are to be given. The symbol ¢ stands for
the transpose of a matrix. In order to determine the least-squares solution uniquely, n must

be larger than m. The relation of these vectors is, in a linear regression model,

o(€r) cii1 - cam \. [ o(Ey) el
y= : = : : : +1 ¢ | =Cx+te, (1)
o(€n) Cnl " Cnm o(En) en
where e = (ej, ez, .. .,en)t is a vector of uncertainties, and C is the design matrix which is

defined as {c;;|c;; = Byi/0x;}, and gives appropriate spline-interpolation of the evaluated cross
sections ¢(Ej;) in our procedure.
If a first order spline function is used for the evaluation, this corresponds to a simple linear

interpolation, and the elements of the design matrix C can be written by

(i — Ej1)/(Ej — Ej1) Ej1 <6 <Ej
cij =19 (6= Ej11)/(Ej — Ejp1) Ej<e <Ejn (2)
0 Otherwise

The least-squares solution & is given by
& = XC'Vly, (3)

and



JAERI-Research 2000-004

where V is the covariance of the experimental data, and X is the covariance of the evaluated
cross sections. The covariance X obtained must be multiplied by a x? per degree-of-freedom,

»_ (y—Ca)'V'(y-Ca)

n—m

(5)

X

2.2 Fitting to Relative Measurements

When the fitting function is a linear function like Eq. (1), the least-squares solution can
be calculated analytically as in Eq. (3). However, to fit the function to relative measurements
such as a ratio of the 28U(n, f) cross section (o) to the 235U(n, f) cross section (g9) expressed
by

r=o01/09, (6)

the fitting function becomes non-linear.
This equation can be linearized if one takes logarithm of Eq. (6),

Inr =1Ino; —Inoa. (7

Two sets of the cross sections are to be evaluated from the relative measurements, the first
one is denoted by x; and the second one by 3. These two vectors contain logarithmic values

of the cross sections. These two vectors are combined and expressed by

In 0’1(E1)
Ino(Eq)

_ I _ inal(Eml)
= ( i) ) - an'Q(Ei) ’ (8)
In oo (EY)

in 02(E,) )

and therefore the linearized fitting function is given by

Inr(ep)
= | M (o | ) () = em )
1nréen)

where 7 is a vector of the experimental data, matrices C; and C; are the design matrices given
by Eq. (2). Once the fitting function is expressed by a linear function, the least-squares solution

can be calculated in the same manner as in Eq. (3).

2.3 Data Update Technique

The total number of experimental data often becomes very large, and sometimes it exceeds

a computational capability when one solves the least-squares equation in Eq. (3) by taking
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account of all the experimental data at once. To avoid this difficulty, we re-formulate Eq. (3)
by setting a prior parameter x;. When a set of experimental data y, is provided, the prior

parameter is updated as follows:

r, = xg+ pCtv! (yl - C:!:())
-1
= xp+ XC! (cxc‘ + V) (y, — Czo), (10)
-1
P — (x—l + Ctv—lc)

= X-XC'(CXC'+V) T e, (11)

where ®, is the posterior parameter, and P the posterior covariance. The parameter x; is
updated according to the other experimental data y, with the same equations. This step-by-

step updating sequence is repeated for all experimental data sets.

3 INPUT PREPARATION
3.1 Experimental Database

The experimental data used in the simultaneous evaluation were taken from the database
EXFOR maintained by the 4 center network. The absolute and relative measurements of 233U,
2357, 238y, 239py, 240Py, and ?*'Pu fission cross sections were carefully selected and compiled
into the database for the evaluation. In the evaluation of JENDL-3[3], capture cross sections of
2381J and 97 Au were incorporated into the database. These reactions were, however, omitted
in the present evaluation, because the data of the 238U capture cross section to be adopted
in JENDL-3.3 are independent[8] of the present simultaneous evaluation, and there will be no
data for "Au in JENDL-3.3. Our experimental database used in the present simultaneous
evaluation is listed in Appendix A.

A covariance of the experimental data is a very important quantity for the least-squares
method, because it is used as weight of the data. However, information on the covariance is
not well documented in many cases. In the present evaluation, the uncertainty information on
all experimental data was investigated to make an experimental database, and categorized as

follows:
(1) The covariance matrix is given.
(2) The covariance matrix is not given, but sources of the errors are fully documented.
(3) The sources of the errors are not given, but systematic and statistical errors are separated.
(4) Only the errors are given.

(5) No errors.
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The case (1) is straightforward. We can use the reported covariance, but this case is seldom.
Most of the data were classified into the cases (2) and (3). In the cases (2) and (3), we
constructed the covariances for these experimental data from the documented information. In
the case (4), we assumed various sources of the uncertainties such as a detector efficiency,
sample weight, a neutron flux, and so on, to generate the covariance. The experimental data
categorized into (5) were eliminated in the present evaluation.

Further screening of the experimental database was made in order to eliminate sets which
were inconsistent with the others. Finally 13 kinds of reaction data were used. Those were the
absolute measurements of fission cross sections for 233U, 235U, 238y, B9py, 240Py, and 241py,
and the relative measurements of fission cross sections for 233U /235U, 238y /235y, 238y /233U,

239Pu/235U, 240Pu/235U, 241Pu/235U, and 240?11/239Pu,

3.2 Prior Parameters

The parameters in the simultaneous evaluation are the fission cross sections of 233U, 235U,
2387J, 239py, 240Py, and 24'Pu. Prior values of these cross sections were taken from JENDL-3.2.

The prior covariance was prepared on the assumption that the uncertainties are 50% for
all, and they are uncorrelated. This relatively large uncertainties of the prior parameters assure
that the final result is independent of a choice of the prior parameters.

The simultaneous evaluation was done in the energy range of 30 keV to 20 MeV. For B8y
and 24°Py, the lower energy limit was risen up to 100 keV. The energy points (spline knots)
of the evaluated cross section were selected so as to reproduce tendencies of the excitation

functions.

4 RESULTS AND DISCUSSION
4.1 Evaluated Cross Sections

The number of experimental data points (n) used for the simultaneous evaluation was
4661, and the number of the spline knots (m) was 211. When the fission cross sections of
JENDL-3.2 are substituted into & in Eq. (5), the x? per degree-of-freedom (n — m) becomes
7.85. This value was reduced to 5.02 by the present evaluation. This relatively large x2 value
is due to low energy regions of 28U and 240py where a sub-threshold fission is observed. If one
ignores the experimental data of 2381 and 24°Pu below 1 MeV, the x? per degree-of-freedom
becomes 2.97.

Comparisons of the present results with the experimental data are shown in Figs. 1-6,
where the cross sections of JENDL-3.2 and ENDF/B-VI are depicted by the dotted lines and
the dot-dashed lines, respectively. Figures 7-13 show the comparisons of the present results
with the measured fission cross section ratios to the 23>U. Since there are so many data points

and they are indistinguishable, all experimental data are represented by the same symbol.
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As the fission cross sections of 233U were not included in the simultaneous evaluation of
JENDL-3.2, the difference between JENDL-3.2 and the present result is relatively large above
1 MeV. The differences in the cross sections of 23%238U and 239:240.241Py are less than about
+3% in the energy range from 2 to 12 MeV, while the differences are large above 15 MeV.

After the simultaneous evaluation for JENDL-3 was carried out, the fission cross sections
of 23U for JENDL-3.2 were modified according to a new measurement by Carlson, et al.[9]
above 13 MeV. However these experimental data were preliminary. We adopted their final
data[10] in the present evaluation instead of the preliminary data[9]. This is the main reason of
the changes in the 225U fission cross sections above 12 MeV. This new data[10] also affect the
other fission cross sections, as seen in Figs. 16, because many cross sections were mecasured
relatively to the 235U fission cross sections.

As seen in Fig. 1, the obtained 233U fission cross sections are larger than the absolute mea-
surement of Poenitz[11] in the energy range of 1-5 MeV. However the simultaneous evaluation
relies on the ratio measurements, because there are a large number of ratio data points as
shown in Fig. 7. The ratios of 233U to 235U fission cross sections are in good agreement with
the measurements, and the present result is also consistent with the ENDF/B-VI evaluation
- - the difference between them is less than 2% in this energy range.

Figure 15 shows ratios of the 23°U fission cross sections of the present evaluation to those
in JENDL-3.2 and ENDF/B-VI. The presently evaluated 23U fission cross sections are sys-
tematically larger than the ENDF/B-VI evaluation in the energy range 1-5 MeV, and the
differences are about 2%. The cross sections in this energy range are important for nuclear
engineering, and we compared them in detail. Figure 20 is a magnified plot of Fig. 2, and some
of measurements[10][12]-{18] were selectively plotted in order to distinguish each other. One
can see clearly from this figure that the measured cross sections by Kari and Cierjacks[15] are
systematically larger than the other ones. The other new measurements are mainly from the
National Institute for Science and Technology (the former National Bureau of Standards) in

the United States, and the ENDF/B-VI evaluation is consistent with their data[19].

4.2 Covariances

The covariance matrices of the evaluated cross sections are given by Eq. (11). The un-
certainties of the cross sections are depicted in Figs. 14-19 by the dashed lines. A typical
value of the uncertainty is about 1-2%, and the value becomes very small for some cases. For
example, the uncertainties of the 235U fission cross sections near 3 MeV are about 0.4 %, which
is much smaller than the discrepancy among the experimental data there, as seen in Fig. 20.
Such too small uncertainty is probably due to unknown uncertainties of the measurements, and
re-normalization of the experimental errors might be needed.

Correlation matrices are shown in Figs. 21-26. The curves on the bottom of the 3-D
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drawings are contours of the correlation matrix. Since relative measurements are used for the
simultaneous evaluation, a correlation between the different nuclei appears. Figure 27 shows
the correlation between the fission cross sections of 233U and 235U. The axis labelled by “E,,” is
for 225U, and the other axis is for 2337. This is a sub-matrix of the whole correlation matrix, and
a ratio measurement yields strong correlations near the diagonal elements of this sub-matrix.

The other correlations between the different nuclei are shown in Figs. 28-32.

5 CONCLUSION

Fission cross sections and their covariance matrices of 233U, 235U, 238U, 239Py, 240Py, and
241py, were simultaneously evaluated for JENDL-3.3. The evaluation was carried out in the
energy range of 30 keV to 20 MeV for 233y, 2357, 239Py, and ?*!Pu, and 100 keV to 20 MeV
for 238U and 249Pu. The evaluated fission cross sections were compared to those in JENDL-3.2
and ENDF /B-VI libraries. The present results are not so different from those in JENDL-3.2,

except for the fission cross sections of 2337J and the cross sections above 15 MeV.
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ENDF/B-VI. The dashed line shows the uncertainties of the evaluated cross sections, which is
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Fig. 21: 3-D plot of the correlation matrix of the evaluated 233U fission cross sections.
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Fig. 24: 3-D plot of the correlation matrix of the evaluated 2*°Pu fission cross sections.



JAERI-Research  2000-004

Correlation (x1000)

1000
800
600
400
200

-200

01 3

o
E, [MeV] 10 15 20
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Fig. 26: 3-D plot of the correlation matrix of the evaluated 241Py fission cross sections.
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Fig. 27: 3-D plot of the correlation matrix between the evaluated 233U and 23°U fission cross
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Fig. 28: 3-D plot of the correlation matrix between the evaluated U and 235U fission cross
sections. The energy axis labelled “E,,” is for 25U, and the other axis is for 238U,
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Fig. 30: 3-D plot of the correlation matrix between the evaluated 24°Pu and 23°U fission cross
sections. The energy axis labelled “E,,” is for 23U, and the other axis is for 24°Pu.
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Fig. 31: 3-D plot of the correlation matrix between the evaluated 2*!Pu and 233U fission cross

sections. The energy axis labelled “E,” is for 235U, and the other axis is for 24! Pu.

Correlation (x1000)

-.___

Y
N )
s
‘“w.\_"”n“_ﬁ_s_.
iy,
i
syttt
k.ls.s...s...::...
A 4 .....=.~ ......
}‘\L_.. 5._ )

1000

Fig. 32: 3-D plot of the correlation matrix between the evaluated 240Py and 2*%Pu fission cross

sections. The energy axis labelled “E,” is for 2°Pu, and the other axis is for 24%Pu.
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APPENDIX A : EXPERIMENTAL DATABASE

Table Al : %33U Absolute cross section data
ENTRY No. First Author Institute® Year Ref.
10267 041 R. Gwin USAORL 1976 [20]
10756 002 W. P. Poenitz USAANL 1978 (11]
12910 002 K. R. Zasadny USAMHG 1984 [21]
21195 002 P. H. White UK ALD 1967 [22]
30035 003 R. H. Iyer INDTRM 1969 [23]
30475 007 R. Arlt DDRTUD 1981 [24]
32625 002 Yan Wu-Guang CPRAEP 1975 [25]
40476 005 K. D. Zhuravlev CCPNIR 1977 [26]
40547 003 V. M. Adamov CCPRI 1977 [27]
40587 002 A. V. Murzin CCP1JI 1980 (28]
40601 005 A. A. Bergman CCPJIA 1980 [29]
40610 002 E. A. Zhagrov CCPRI 1980 (30]
40911 003 I. D. Alkhazov CCPRI 1983 [31]
40927 002 V. 1. Shpakov CCPRI 1986 [32]
Table A2 : 235U Absolute cross section data
ENTRY No. First Author Institute Year Ref.
10267 030 R. Gwin USAORL 1976 [20] a)
10302 002 R. B. Perez USAORL 1974 [33] a)
10333 002 W. P. Poenitz USAANL 1974 12]
10333 003 W. P. Poenitz USAANL 1974 (12]
10333 006 W. P. Poenitz USAANL 1974 (12]
10333 007 W. P. Poenitz USAANL 1974 (12]
10346 002 D. M. Barton USALAS 1976 (13]
10428 002  J. B. Czirr USALRL 1975 (34]
10547 002 J. B. Czirr USALRL 1976 [35]
10558 002 J. B. Czirr USALRL 1975 [36]
10595 002 O. A. Wasson USANBS 1982 (37]
10711 002 W. P. Poenitz USAANL 1977 (14]
10950 002 O. A. Wasson USANBS 1982 [37]
10971 002 O. A. Wasson USANBS 1982 [38]
10987 002  A. D. Carlson USANBS 1984 [17]
12826 002 M. Mahdavi USAMHG 1982 [39]
12848 002 A. D. Carlson USANBS 1978 [16]
12848 003 A. D. Carlson USANBS 1978 [16]
12877 002 L. W. Weston USAORL 1984 [40] a)
12924 002 R. G. Johnson USANIS 1991 (18]

*) Abbreviations of the institutes are the same as CINDA.

a)

Number of data points reduced
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Table A2 : 23°U Absolute cross section data (continued)

ENTRY No. First Author Institute Year Ref.
20567 002 I. Szabo FR CAD 1976 [41]
20569 002 1. Szabo FR CAD 1976 [41]
20570 002 I. Szabo FR CAD 1976 [41]
20618 002 I. Szabo FR CAD 1976 [41]
20779 002 M. Cancé FR BRC 1978 [42]
20786 006 K. Kari GERKFK 1978 [15]
21620 002 M. Cancé FR BRC 1981 [43]
21777 002 F. Corvi ZZ7ZGEL 1982 [44]
22091 002  T. Iwasaki JPNTOH 1988 [45]
22304 002 K. Merla GERDRE 1991 [46]
22304 006 K. Merla GERDRE 1991 [46]
30475 002 R. Arlt DDRTUD 1981 [24]
305568 002 S.S. Kovalenk DDRTUD 1985 [47]
30559 002 S.S. Kovalenk DDRTUD 1985 [47]
30634 002 Li Jing-Wen CPRAEP 1982 [48]
30706 002 S.S. Kovalenk DDRTUD 1985 [47]
30706 003 S.S. Kovalenk DDRTUD 1985 [47]
30721 002 Li Jingwen CPRAEP 1986 [49]
40911 002 1. D. Alkhazov CCPRI 1983 [31]
40927 003 V. 1. Shpakov CCPRI 1986 [32]
40963 002 V. A. Kalinin CCPRI 1988 [50]
40969 011  N. N. Buleeva CCPFEI 1988 [51]
41013 003 1. D. Alkhazov CCPRI 1988 [52]
41112 002 V. A. Kalinin CCPRI 1991 [53]
— e M. Cancé FR BRC 1983 [54] b)
— — P. W. Lisowski USANIS 1991 (10] c)

b) Not published.
c) Data private communication by Lisowski (1997).

Table A3 : 238U Absolute cross section data

ENTRY No. First Author Institute Year Ref.
13586 011 J. W. Meadows USAANL 1996 (55]
20779 003 M. Cancé FR BRC 1978 [42]
21209 002 B. Adams UK ALD 1961 [56]
22304 003 K. Merla GERDRE 1991 [46]
22304 007 K. Merla GERDRE 1991 [46]
30475 003 R. Arlt DDRTUD 1981 [24]
30669 002  Wu Jin-Xia CPRAEP 1983 [57]
40081 002 I. M. Kuks CCPRI 1991 [58]
40483 003  P.E.Vorotnikov CCPKUR 1977 [59]
40547 007 V.M. Adamov CCPRI 1977 [27]
— — B. Leugers GERKFK 1976 [60]
— — G. Winkler AU IRK 1991 [61]
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Table A4 : ?3°Pu Absolute cross section data

ENTRY No. First Author Institute Year Ref.
10267 002 R. Gwin USAORL 1976 [20]
12826 003 M. Mahdavi USAMHG 1982 [39]
12877 005 L. W. Weston USAORL 1984 [40] a)
20001 002 J. Blons FR SAC 1973 [62]
20428 003 D. B. Gayther CPRAEP 1975 [63]
20567 003 1. Szabo FR CAD 1976 [41]
20569 003 1. Szabo FR CAD 1976 [41]
20570 003 1. Szabo FR CAD 1976 [41]
20618 003 1. Szabo FR CAD 1976 [41]
20779 005 M. Cancé FR BRC 1978 [42]
20786 004 K. Kari GERKFK 1978 [15]
21704 003 W. Wagemans BLGMOL 1980 [64] a)
22304 005 K. Merla GERDRE 1991 (46]
22304 009 K. Merla GERDRE 1991 [46]
30475 005 R. Arlt DDRTUD 1981 [24]
30634 003 Li Jing-Wen CPRAEP 1982 (48]
30647 007 1. Garlea RUMPIT 1983 [65]
30670 002  Zhou Xian-Jian CPRAEP 1982 [66]
40487 003  Ju. V. Rjabov CCPIJIA 1979 [67]
40547 009 V. M. Adamov CCPRI 1977 [27]
40911 007 1. D. Alkhazov CCPRI 1983 [31]
40927 005 V. 1. Shpakov CCPRI 1986 [32]
a) Number of data points reduced.
Table A5 : 249Py Absolute cross section data
ENTRY No. First Author Institute Year Ref.
20786 002 K. Kari GERKFK 1978 [15]
21821 002 M. Cancé FR BRC 1982 (68]
Table A6 : 24'Pu Absolute cross section data
ENTRY No. First Author Institute Year Ref.
10636 002 G. W. Carlson USALRL 1977 [69]
10768 003 L. W. Weston USAORL 1978 [70] a)
20484 002 J. Blons FR SAC 1971 [62] a)
20567 004 I. Szabo FR CAD 1976 [41]
20570 004 I. Szabo FR CAD 1976 [41]
a) Number of data points reduced.
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Table A7 : 233U /235U Cross section ratio data

ENTRY No. First Author Institute Year Ref.
10236 002  J. W. Meadows USAANL 1974 [71)
13134 004 J. W. Meadows USAANL 1988 (72]
20363 002  E. Pfletschinger GERKFK 1970 (73]
21963 003 K. Kanda JPNTOH 1985 [74]
22014 003 K. Kanda JONTOH 1986 [75]
40027 004  G. N. Smirenkin CCPFEIL 1967 [76]
40309 003 V. G. Nesterov CCPFEI 1968 [77]
40361 003 D. L. Shpak CCPFEI 1975 (78]
40474 002  B. I Fursov CCPFEI 1978 [79]
40607 002 D. L. Shpak CCPFEI 1980 [80]
— — O. A. Shcherbakov RUSLIN 1998 [81] d)

d) Preliminary data. Private communication by Shcherbakov (1998).

Table A8 : 238U /233U Cross section ratio data

ENTRY No. First Author Institute Year Ref.
10422 006 J. W. Behrens . USALRL 1976 (82]
Table A9 : 238U /235U Cross section ratio data
ENTRY No. First Author Institute Year Ref.
10232 005 W. P. Poenitz USAANL 1972 (83]
10232 006 W. P. Poenitz USAANL 1972 (83]
10237 003  J. W. Meadows USAANL 1972 [84]
10504 002 J. W. Meadows USAANL 1975 (85] b)
10506 002 J. W. Meadows USAANL 1975 (86]
10635 002 F. C. Difilippo USAORL 1978 [87]
10653 004 J. W. Behrens USALRL 1977 (88]
13134 007 J. W. Meadows USAANL 1988 [72]
20409 002 S. Cierjacks GERKFK 1976 (89]
20779 004 M. Cancé FR BRC 1978 [42]
20869 002 C. Nordborg SWDUPP 1976 [90]
20870 002 M. Cancé FR BRC 1976 [91]
30588 002 M. Varnagy HUNKOS 1982 [92]
30722 002  Li Jingwen CPRAEP 1986 (93]
40506, 002  B. 1. Fursov CCPFEI 1977 [94]
40831 002  A. A. Goverdovskij CCPFEI 1983 [95]
40831 003  A. A. Goverdovskij CCPFEI 1983 (95]
40831 004 A. A. Goverdovskij CCPFEI 1983 (95]
— - O. A. Shcherbakov RUSLIN 1998 [81] d)

b) Not published.
d) Preliminary data. Private communication by Shcherbakov (1998).
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Table A10 : 23°Pu/?35U Cross section ratio data

ENTRY No. First Author Institute Year Ref.
10086 004  W. P. Poenitz USAANL 1970 [96]
10253 002 W. P. Poenitz USAANL 1972 (97]
10562 002 G. W. Carlson USALRL 1978 (98]
13134 009 J. W. Meadows USAANL 1988 [72]
20363 003  E. Pfletschinger GERKFK 1970 [73]
20409 002 S. Cierjacks GERKFK 1976 [89]
20428 004 D. B. Gayther CPRAEP 1975 [63]
20569 004 1. Szabo FR CAD 1976 (41]
20779 006 M. Cancé FR BRC 1978 [42]
30588 005 M. Varnagy HUNKOS 1982 [92]
40824 002  B. I. Fursov CCPFEI 1977 [99]
40824 003 B.I. Fursov CCPFEI 1977 [99]
— — P. Staples USALAS 1998 (100]
Table Al11 : 24°Pyu /235U Cross section ratio data
ENTRY No. First Author Institute Year Ref.
10597 004 J. W. Behrens USALRL 1977 [101]
12714 002 J. W. Meadows USAANL 1981 [102]
21764 004  C. Budtz-Jgrgensen Z7Z7ZGEL 1981 [103]
20766 002 K. Wisshak GERKFK 1979 [104]
20766 003 K. Wisshak GERKFK 1979 [104]
20766 004 K. Wisshak GERKFK 1979 (104]
20766 005 K. Wisshak GERKFK 1979 [104]
22211 002 T. Iwasaki JPNTOH 1990 [105]
40509 002 V. M. Kuprijanov CCPFEI 1979 [106]
— — P. Staples USALAS 1998 [100]
Table A12 : 24°Pu/?39Pu Cross section ratio data
ENTRY No. First Author Institute Year Ref.
12766 003 L. W. Weston USAORL 1983 [107]
Table A13 : 241Pu/235U Cross section ratio data
ENTRY No. First Author Institute Year Ref.
10563 002 G. W. Carlson USALRL 1978 [108]
20364 002 F. Kappeler GERKFK 1973 [109]
40474 003  B.I. Fursov CCPFEI 1978 [79]
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APPENDIX B : PROGRAM SOK INPUT/OUTPUT DESCRIPTION

A computer program SOK (Simultaneous Evaluation on KALMAN) is a modified version
of the model parameter estimation code KALMAN(6]. Input data for SOK are similar to those
of the KALMAN code. The SOK code requires :

(1) experimental data (UNIT 10), data error (UNIT 11), and correlation matrices (UNIT 12)
(2) prior parameters (UNIT 50) and their uncertainties (UNIT 51)
(3) control data (UNIT 5)

where the UNIT N is the FORTRAN logical unit number for I/O. The correlation file (UNIT
12) is optional.
In this section, a data file allocated to UNIT N is called as “fort.n”.

B.1 Description of Experimental Data

An experimental database is separated into three files — cross section data (Ey, ), their
uncertainties (F,, 60), and their correlation matrix. These three files are allocated to the
FORTRAN logical UNITs of 10, 11, and 12, respectively.

One measurement contains several data points. These cross section data and their errors
are stored with the following formats:

Cross section Data File — fort.10

(A43,15) TITLE, ND
(6E11.4) (X(1),Y(1),I=1,ND)

Data Error File — fort.11

(43X,1I5) ND
(6E11.4) (DUMMY,Z(I),I=1,ND)

where TITLE is an arbitrary text, ND is the number of energy points, X, Y, and Z are the energy,
cross section, and its uncertainty. The units of energies and cross sections are arbitrary, but
the same units must be used for all experimental data. If Z is positive, the uncertainty Z is
a relative error. If Z is negative, this value is interpreted as an absolute error. For example,
0.03 is 3%, and Z=—0.1 represents + 0.1.

A correlation matrix of the experimental data is read from UNIT 12.

Correlation File - fort.12

(43X%,1I5) NC
DO I=1,NC
(12F6.3) (V(I*(I-1)/2+J),J=1,1)

where V is the correlation (—1 < V < 1), and NC is the number of energy points. Usually NC
must be the same as ND, but one can omit the correlation data by setting NC=0.
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A set of data describes one measurement of a reaction type. When there are several
measurements of various reaction types, those data are stored sequentially in fort.10, 11, and
12. The order of experimental data is arbitrary, but the same order should be used for the
data, error, and correlation files. The order of experimental data is defined in the control data
given in UNIT 5. When there are six experimental data sets (three measurements of reaction
A, two of reaction B, and one of C), the structure of the experimental data files becomes as
follows.

Data number 1 of Reaction A

Data number 2 of Reaction A

Data number 3 of Reaction A

Data number 1 of Reaction B

Data number 2 of Reaction B

Data number 1 of Reaction C

The followings are examples of the data files which contain three measurements.

. e R i it s s e

1: Data 1 5

2: 1.4700E+01 6.7300E-01 1.6000E+01 4.5100E-01 1.7000E+01 3.6600E-01
3: 1.8000E+01 2.3400E-01 1.9000E+01 2.7300E-01

4: Data 2 14

5: 6.4200E+00 6.0000E-02 6.8000E+00 2.7000E-01 6.9600E+00 5.4000E-01
6: 7.0000E+00 4.7000E-01 7.2000E+00 5.1000E-01 7.2500E+00 7.9000E-01
7: 7.4500E+00 8.9000E-01 7.5800E+00 9.8000E-01 7.8200E+00 1.1100E+00
8: 7.8800E+00 1.0700E+00 8.4900E+00 1.2100E+00 8.9600E+00 1.3900E+00
9: 9.4800E+00 1.4600E+00 9.9700E+00 1.4900E+00

10: Data 3 10

11: 6.8900E+00 2.3300E-01 7.4100E+00 6.0400E-01 7.6700E+00 8.1100E-01
12: 7.9300E+00 8.7900E-01 8.1800E+00 9.9900E-01 8.4400E+00 1.0720E+00
13: 8.6900E+00 1.0290E+00 8.9400E+00 1.1560E+00 9.4400E+00 1.1710E+00
14: 9.9300E+00 1.2320E+00

B e T et S

1: Error 1 5

2: 1.4700E+01 6.1000E-02 1.6000E+01 1.8000E-01 1.7000E+01 2.0000E-01
3: 1.8000E+01 3.6000E-01 1.9000E+01 3.2000E-01

4: Error 2 14

5: 6.4200E+00 3.0000E-02 6.8000E+00 2.0000E-02 6.9600E+00 4.0000E-02
6: 7.0000E+00 3.0000E-02 7.2000E+00 4.0000E-02 7.2500E+00 5.0000E-02
7: T7.4500E+00 5.0000E-02 7.5800E+00 5.0000E-02 7.8200E+00 5.0000E-02
8: 7.8800E+00 5.0000E-02 8.4900E+00 5.0000E-02 8.9600E+00 5.0000E-02
9: 9.4800E+00 5.0000E-02 9.9700E+00 5.0000E-02

10: Error 3 10

11: 6.8900E+00-3.9000E-02 7.4100E+00-5.4000E-02 7.6700E+00-6.2000E-02
12: 7.9300E+00-4.8000E-02 8.1800E+00-4.1000E-02 8.4400E+00-5.2000E-02
13: 8.6900E+00-6.0000E-02 8.9400E+00-4.2000E-02 9.4400E+00-4.6000E-02
14: 9.9300E+00-4.4000E-02
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A B e S < e
1: Correlation 1 5
2 1.000
3 0.111 1.000
4: 0.098 0.033 1.000
5: 0.055 0.019 0.016 1.000
6 0.062 0.022 0.019 0.010 1.000
7: Correlation 2 0
8: Correlation 3 10

9: 1.000

10: 0.060 1.000

11: 0.070 0.132 1.000

12: 0.098 0.184 0.216 1.000

13: 0.131 0.245 0.287 0.402 1.000

14: 0.111 0.208 0.243 0.340 0.452 1.000

16: 0.092 0.173 0.202 0.283 0.376 0.318 1.000

16: 0.148 0.277 0.324 0.454 0.604 0.511 0.425 1.000

17: 0.137 0.256 0.300 0.420 0.558 0.472 0.393 0.631 1.000

18: 0.151 0.282 0.330 0.461 0.614 0.520 0.432 0.694 0.642 1.000

B.2 Description of Prior Parameters
The SOK code reads prior cross sections and their uncertainties from UNIT 50 and 51.

Prior Cross Section File — fort.50

(A443,15) TITLE, NE
(6E11.4) (EO(I),P0O(I),I=1,NE)

Prior Cross Section Error File — fort.51

(A43,15) TITLE, NE
(6E11.4) (DUMMY,PE(I),I=1,NE)

where TITLE is an arbitrary text, NE is the number of energy points, EO and PO are an energy
and a cross section, and PE is a prior uncertainty. The uncertainties are relative errors. The
units of energies and cross sections must be the same as those of the experimental data read
from UNITs 10 and 11.

Currently there is no way to give a prior covariance of the cross section. The uncertainties
of the prior cross sections are regarded as uncorrelated.

The above data describe one type of cross sections. When several cross sections are eval-
uated simultaneously, these data are concatenated and stored in fort.50 and 51. One can use
different energy points for each cross section type. The number of cross sections is calculated
automatically, and it is referred to as NKIND in the code. The order of the cross sections in
these files is used to specify the reaction type. These numbers (from 1 to NKIND) are an index
of each reaction. The maximal number of NKIND is 99.

The following examples present the data files which contain two cross section types (NKIND=2).
The prior uncertainties assumed are 50% for all.
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B T T i B

1: Inelastic 1st level 24

2: 1.0000E-02 6.5979E+00 1.0000E-01 2.7476E+00 5.0000E-01 1.9889E+00
3: T7.5000E-01 1.6267E+00 1.0000E+00 1.4527E+00 1.2500E+00 1.3435E+00
4: 1.5000E+00 1.2662E+00 1.7500E+00 1.2078E+00 2.0000E+00 1.1615E+00
5: 92.2500E+00 1.0919E+00 2.5000E+00 1.0162E+00 3.0000E+00 8.3853E-01
6: 4.0000E+00 5.9353E-01 5.0000E+00 4.1736E-01 6.0000E+00 3.2365E-01
7: 8.0000E+00 1.7176E-01 1.0000E+01 1.0063E-01 1.2000E+01 3.4596E-02
8: 1.3000E+01 2.4942E-02 1.4000E+01 1.7562E-02 1.5000E+01 1.2131E-02
9: 1.6000E+01 8.2704E-03 1.8000E+01 3.7694E-03 2.0000E+01 1.7137E-03
10: Inelastic 2nd level 24

11: 1.0000E-02 0.0000E+00 1.0000E-01 0.0000E+00 5.0000E-01 1.3546E-01
12: 7.5000E-01 3.6810E-01 1.0000E+00 4.4806E-01 1.2500E+00 4.8766E-01
13: 1.5000E+00 5.1221E-01 1.7500E+00 5.2979E-01 2.0000E+00 5.4338E-01
14: 2.2500E+00 5.3302E-01 2.5000E+00 5.1264E-01 3.0000E+00 4.5885E-01
15: 4.0000E+00 3.5950E-01 5.0000E+00 2.7149E-01 6.0000E+00 2.2053E-01
16: 8.0000E+00 1.2464E-01 1.0000E+01 7.5152E-02 1.2000E+01 4.3703E-02
17: 1.3000E+01 3.1578E-02 1.4000E+01 2.2305E-02 1.5000E+01 1.5467E-02
18: 1.6000E+01 1.0586E-02 1.8000E+01 4.8735E-03 2.0000E+01 2.2361E-03

ek m——] ek mm— =D k=== 3 mk—— = m k= —— 5k === ==k ———=T7

1: Inelastic 1st level 24

2: 1.0000E-02 5.0000E-01 1.0000E-01 5.0000E-01 5.0000E-01 5.0000E-01
3: 7.5000E-01 5.0000E-01 1.0000E+00 5.0000E-01 1.2500E+00 5.0000E-01
4: 1.5000E+00 5.0000E-01 1.7500E+00 5.0000E-01 2.0000E+00 5.0000E-01
5: 2.2500E+00 5.0000E-01 2.5000E+00 5.0000E-01 3.0000E+00 5.0000E-01
6: 4.0000E+00 5.0000E-01 5.0000E+00 5.0000E-01 6.0000E+00 5.0000E-01
7: 8.0000E+00 5.0000E-01 1.0000E+01 5.0000E-01 1.2000E+01 5.0000E-01
8: 1.3000E+01 5.0000E-01 1.4000E+01 5.0000E-01 1.5000E+01 5.0000E-01
9: 1.6000E+01 5.0000E-01 1.8000E+01 5.0000E-01 2.0000E+01 5.0000E-01
10: Inelastic 2nd level 24

11: 1.0000E-02 5.0000E-01 1.0000E-01 5.0000E-01 5.0000E-01 5.0000E-01
12: 7.5000E-01 5.0000E-01 1.0000E+00 5.0000E-01 1.2500E+00 5.0000E-01
13: 1.5000E+00 5.0000E-01 1.7500E+00 5.0000E-01 2.0000E+00 5.0000E-01
14: 2.2500E+00 5.0000E-01 2.5000E+00 5.0000E-01 3.0000E+00 5.0000E-01
15: 4.0000E+00 5.0000E-01 5.0000E+00 5.0000E-01 6.0000E+00 5.0000E-01
16: 8.0000E+00 5.0000E-01 1.0000E+01 5.0000E-01 1.2000E+01 5.0000E-01
17: 1.3000E+01 5.0000E-01 1.4000E+01 5.0000E-01 1.5000E+01 5.0000E-01
18: 1.6000E+01 5.0000E-01 1.8000E+01 5.0000E-01 2.0000E+01 5.0000E-01

B.3 Description of Input Data

The input data controls the calculational flow and the sequence of the experimental data
in fort.10, 11, and 12. Since the experimental database contains several measurements with
the different reaction types, the database is divided into several blocks with the same reaction.
The sequence of the blocks and the order of the measurements within the block are defined in
this input file.

(A80) TITLE

(415) NREAC,KCOVEX,KCTL1,KCTL2
DO I=1,NREAC

(1415) IEXP(I) ,NMSUR

(7E10.3) (EW(J),J=1,NMSUR)

where TITLE is the title of the calculation, NREAC is the number of blocks in the experimental
database. The index IEXP tells a type of reaction and NMSUR is the number of measurements
in the block.
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When the experimental database has the following structure, this database is divided into
three blocks — reaction types A, B, and C' - then NREAC=3. Each block contains four, three,
and two measurements, then NMSUR=4 for the reaction type A, NMSUR=3 for B, and NMSUR=2 for
C.

Data number 1 of Reaction A

Data number 2 of Reaction A

Data number 3 of Reaction A

Data number 4 of Reaction A

Data number 1 of Reaction B

Data number 2 of Reaction B

Data number 3 of Reaction B

Data number 1 of Reaction C

Data number 2 of Reaction C

An integer number called an index is used to identify the reaction type. The index is the
order of the cross sections in fort.50 and 51. The first cross section in those files has the index
of “1”, and the second one is “2”, and so on. If the experimental data is a ratio measurement
which corresponds to a ratio of the index a to b, this index is given as 100 x a + b.

Let us consider an example. In the case of evaluation of #3°U and 238U fission cross
sections, fort.50 and 51 contain their prior values in this order. The index for 23°U is 1, while
2381 is 2, then NKIND becomes 2. If the experimental database (fort.10, 11, and 12) contains one
measurement which is a fission cross section ratio of 233U to 23%U, the index of the measurement
IEXP becomes 201, and the number of reaction block becomes NREAC=1.

One can manipulate a weight of each measurement by EW. The uncertainties of the cor-
responding experimental data are multiplied by the value of EW. If EW=0, the measurement is
ignored. Usually EW is unity.

KCOVEX, KCTL1, and KCTL2 are the flags. If KCOVEX=0, the SOK code does not read correla-
tion data, otherwise it reads correlation data from UNIT 12. A x? test can be done with the flag
KCTL1. The SOK code calculates the x? value when KCTL1=N. The cross sections and their un-
certainties are read from UNIT N and N +1 with the same format as the data in fort.50 and 51.
Therefore, if KCTL1=50, it gives the x? value for the prior cross sections. If KCTL2=1, smoothly
interpolated posterior cross sections are generated by means of the cubic-spline interpolation.

An example of the input data is as follows:

T e T Y ¢
. SOK INPUT DATA
3 1 0 1
1 4
1.000E+00 1.000E+00 1.000E+00 1.000E+00
2 3
1.000E+00 0.0 1.000E+00
102 2
1.000E+00 1.000E+00

O WN -

The number of measurements is 9 (= 4 + 3 + 2), and there are three blocks (NREAC=3).
The first block is a type “1”, and there are four measurements. The next block is a type “2”.
Three measurements are stored in the file, but the second measurement is ignored. The last
block contains two measurements, those are the ratios of the cross sections “1” to “2”.
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B.4 Output

The SOK code prints x? values and the number of data points for each measurement
during execution, and finally it prints the posterior cross sections and their uncertainties. The
following is an example of the output.

e T e e T et e EE R B ¢

1: Simultaneous Evaluation for JENDL-3.3
2: NUMBER OF DATA BLOCKS 6
3: NUMBER OF SPLINE KNOTS 211
4:
5: # 21463002 P.H.White 1965 6
6: xxx EXP. DATA IGNORED sk
7: CROSS SECTION :U233FIS
8: SQ.NO.: 1 REACT.: 1 POINTS: 0 SUM UP: 0
9: PARTIAL CHI SQ: 0.0000CE+00 CUMULATIVE : 0.00000E+00
10:
11: # 21195002 P.H.White 1967 4
12: CROSS SECTION :U233FIS
13: SQ.NO.: 2 REACT.: 2 POINTS: 4 SUM UP: 4
14: PARTIAL CHI SQ: 9.14181E-06 CUMULATIVE : 9.14181E-06
812: 10563002 Behrens 107
813: CROSS SECTION :PU241FIS U235F1S
814: SQO.NO.: 162 REACT. : 3 POINTS: 92 SUM UP: 4661

815: PARTIAL CHI SQ: 1.06892E+02 CUMULATIVE : 1.56656E+04
816:

816: CHI-SQUARE TEST ! CHI - S = 1.56656E+04
817: DEGREE OF FREEDOM = 4450 RATIO = 3.52035E+00
818:

819: PARAMETER INITIAL FINAL ERROR

820:

821: 1 2.0000E-02 2.0520E+00 2.2717E+00 1.2846E+00 ( % )
822: 2 3.0000E-02 2.0520E+00 2.0075E+00 8.5634E-01 ( % )
823: 3 6.0000E-02 1.8110E+00 1.7804E+00 7.4145E-01 ( % )
1030: 209 1.7500E+01 2.3819E+00 2.3451E+00 2.1581E+00 ( % )
1031: 210 2.0000E+01 2.3000E+00 2.1893E+00 2.7890E+00 ( % )
1032: 211 2.2000E+01 2.3000E+00 2.3086E+00 5.8164E+00 ( % )

The printed errors of the parameters are multiplied by the factor v/x2/(n — m), but this
x? value is approximate. To calculate the exact x? value, repeat the same calculation but
KCTL1=20.

The other information is written on files.

UNIT contents

14  covariance matrices of the evaluated cross sections

15 evaluated cross sections and their errors

17 cubic-spline interpolated cross sections (if KCTL2=1)

20  evaluated cross sections (the same format as fort.50)

21 evaluated cross section errors (the same format as fort.51)
60+1 experimental data of reaction block “I” (I=1,NREAC)

Note that output data in fort.15, fort.17, fort.60+I can be plotted with GNUPLOT.
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