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Abstract ; For reliable and consistent nuclear calculation, the cumulative yields for short-lived fis-

sion products are evaluated based on the available experimental data for #**U fission induced by fis-

sion spectrum neutrons and ~14 MeV neutrons. The data are processed using codes AVERAGE

for weighed average and ZOOT for simultaneous evaluation. The evaluated data are compared with
those in the major international nuclear data libraries, including ENDF/B-VII, JEF-2. 2, JENDL-
3.2 and CENDL-2. The present evaluation will be used to improve and update the CENDL-2 li-

brary.
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1 Introduction

For reliable and consistent nuclear calculations
in the advanced nuclear reactors and other nuclear
engineering designs, it is desirable to have an accu-
rate set of nuclear data. The cumulative fission
yield data of short life products from **U(n, f) are
of special importance in some cases, such as decay
heat estimation in the nuclear industry, burn-up
credit study etc. 7, but those data have been paid
less attention either on measurements or on evalua-
tion, especially in the China Evaluation Nuclear
Data Library ( CENDL ) the cumulative f{ission
yields of short life products have not been updated

since 1990s. Recently, the measurent precision of
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the fission yields are improved greatly”> *!, so that
it is necessary to re-evaluate and improve the fis-
sion yields for some important actinide nuclei like
235U, Z38U Ell’ld Z39Pu[6]

the codes AVERAGE and

ZOOT are used to evaluate the cumulative yields

In this paper,

for some short-lived fission products from the **U
fission induced by the fission spectrum neutrons
and ~ 14 MeV neutrons. The evaluation methods
are presented in Sec. 2. The following section
shows the recommended cumulative fission yields
of 44 products, including ”Ga, *As, *Se, *Br,
87.88Kr’ BSRb, SE)Rb’ 91.92.9381_’ 93.9'1.95Y’ 97Zr,
101 MO’ 104 TC’ l()GRu’ 112, 115Ag’ 117Cd’ IlﬁmIn,
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and the comparisons with those in other evaluated
, such as ENDF/B-VIIF®, JEF-2. 2887,
JENDL-3. 2! and CENDL-2!. Conclusions of the

present work are summarized in Sec. 4.

libraries'”

2 Evaluation Methods

2.1 Experimental data collection and selection

The experimental data used for this evaluation
are retrived from the TAEA nuclear data services,
the new version of the experimental nuclear data-
base EXFOR"™ and the neutron reaction bibliogra-
phy CINDAM!,
ted by the fission yield data evaluation system
FYDES"”,

different methods. including radiochemical meth-

The experimental data are evalua-
The experimental data are obtained by
ods, classical mass spectrometry, direct Y-ray
spectroscopy, and measurements of unstopped fis-
and are classified as absolute

The EXFOR

bibliographic information section and papers con-

sion fragments,

yields, relative yields and R-values.

cerned are studied carefully and analyzed in this
work. The original yield data are decided to be
taken or abandoned according to both the con-
cerned measurement methods and the data devia-
tion with other measurement results. Each experi-
mental method has its own advantages and
faultst'®, which have been taken into account for

the evaluation of data.
2.2 Experimental data correction

The standard, gamma intensity and fission
cross section used in this evaluation are presented
as follows.

2.2.1 Standards

The original data from relative measurements

are corrected by using modern reference values'?

It is simple that

.
—y, S Y Noqio0s . D
]\7 i=1 s07

'~<1

where Y, is the original experiment fission yield, Y
is the yield to be evaluated ( the same definition in
the following), Y, is the new standard, Y, is the
standard originally used, and N is the number of
the standards used in experimental measurement.
Generally speaking, there is only one monitor
nuclide used in experiment, for example, D. C.
Harris et al.

used ""Ba in their experiment™'’,

while in some cases several nuclide are used as mo-

B8Xe and " Cs
15]

nitors, for example *Kr, *Rb,
were employed in N, E. Ballou’s experiment"
2.2.2 Gamma intensity

If the gamma intensity used is given by the ex-
perimentalists for the yields obtained from radio-
chemical method or y-ray spectroscopy. the fission
yields are corrected by recent standards®™ " which
is recommend by TAEA nuclear data services. The

evaluated yield is given by

Y — YOIZI“

1—] 1

M=1, 2, 3, ... (2

where [ is the new gamma intensity, I, is the orig-
inally used one and M is the number of the gamma
lines used in experimental measurement.

For most fission products, one Yy-ray is detec-
ted to determine the cumulative yield, while for
some products, several gamma rays are employed.
For example, in the experiment™* of S. Nagy. one
v-ray was employed to measure the yields of ¥ Kr,
¥Kr and *Sr, while three rays with different ener-
gies were employed to measure the yields of **Sr,
and six rays were employed in the case of 1.
2.2.3 Cross section

In some fission yield measurements, cross
sections are employed to be monitor, for example
the cross section of *Cu(n, 2n) was used in Ge-
vaert’ s experiment-. Thus, the original yields

Y, are corrected by using the formula

Y=Y, 2, (3)

o

where ¢ is the new evaluated fission cross section

and o, is the originally used one. The new values of
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fission cross section are taken from ENDF/B-
VIIFY,
2.2.4 Cumulate yield and chain yield

For some fission products, such as ¥Se, '"'Ba
and "'Nd, there are not enough experimental data
of cumulative yield Ycum. The relevant chain yields
Ycun can be used to the present evaluation after
corrected by the factor a, which is defined to de-

scribe the difference between Ycum and Yeun.

The factor « is calculated with Yeum and Yenn
served by JAERI-M#,

2.3 Error processing

The errors given in the EXFOR library are
different and complicated, but the total error
should be kept at same level for the same method.
Generally, there are error regions for different

methods, detectors and periods. The errors are lis-

ted in Table 184,

Yoo
a=""X100% . 4
Yeun
Table 1  The relative errors (%) of measured fission yield data with different
methods, detectors and periods
Fission yields
Methods R-value
Before 1965 After 1965
Radiochemical Gel.i 7—15 4—38 3—4
Nal 8—16 6—9 3—5
Geiger 25 5—6
Y-spectrometry 6—10 3—6 2—3
Mass spectrometry 2—3 1—2 1—2

According to error propagation, the errors are
simultaneously processed with the data correction.
With the data processing by correcting the stand-
ard, gamma intensity and cross section. the error
must have been processed as following.

For the standard fission yield and fission cross
section correction, the relative error of yield Y,

AY'=AY/Y. is given by
AY = (YZ +AYZ FAY )2, (5)
AY' = (AY? + Ac? + As2)V? (6)

Where AY ., and As,, are the original relative error
of the standard and the cross section, respectively;
AY. and Ac’ are the relative error of the standard
and the cross section used in the present evalua-
tion, respectively.

The error propagation induced by gamma in-
tensity correction is not considered in this work.

The relative error of yield Y, which is calcu-

lated from the measured R-value R, ., is given by
AY' = (AR? + AY ), (D
AR’y =(AR? + AY fo +AY L)' 0 (8)

where AY ., and AY.,. are the relative error of
the nuclide to be measured and used as standard at
thermal energy point, respectively. AR, is the rel-

ative error of the R-value.
2.4 Data processing

The corrected fission yield data and errors are
processed by weighted average and simultaneous
evaluation methods.

2.4.1 Data average
The data, measured at same energy for a nu-

clide, are averaged using the code AVERAGE"™ .

The mean value with weight Y and its external er-
ror o are calculated and recommended. For n

measurements Y; +o;, 1<{i<<n, the mean value is
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given by

ZHJY,/G?

Y = i:i: ’ ( 9 )

21/6?
i=1

With external error

2 Y, —Y)?/o?
O — i=1 " . ( 1():
(n—1)>,1/c"

i=1
2.4.2 Simultaneous evaluation

The fission product yields, of which there are
not only absolute yield values (Y,,.; feu.:» i=1,
k) but also their ratios (Y., ;=en. ;» j=1, m) are
measured, are simultaneously evaluated by emplo-
ying the ZOTT™ code. The measurement vector

Y, the measurement error vector e and the associ-

ated covariance matrix D (Y) are defined respec-

[Yab. 1:| |:eab. ii'
Y= , 6= )
Yra.j era.j
and

DY) =E(e, e")

D<Yab-,i) COU(Yab.;? Yra-j) (11)
= Cov (‘ilra, je §7ab. i ) D (<)7raA i )

tively as

where ¢” is the transpose of matrix ¢, the symbol
E(e, ¢”) indicates the expectation values of a sca-
lar.

The partitioned matrix is given by
C: [7Rm-,/e| Im-/u] ) (12)

where the submatrix dimensions are indicated by

subscripts, R is the sensitivity matrix between Y,

and Y., and I is the identity matrix. Thus, the
discrepancy vector can be written as
P=Y, —RY, =CY, (13)
and the covariance matrix is defined as
(:})7) ( )/aln l) )
Cov(Y, P) = (14)
Cov(Y,, P)

Then the adjusted yields can be written as

Y —Cov(Y, P)D ' (P)P . (15)

3 Results and Recommendation

In comparison of the cumulative fission yield
in present evaluation with the experimental data*"
are shown in Fig. 1. The experimental data are
marked by their subentry numbers in the EXFOR
library. In general, if the data are obtained based
on the measured data more than three sets, they

are reliable and recommended.
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Fig. 1 Comparison of cumulative fission yields in present
evaluation with experimental data of ***U (n, ) in-
duced by (a) fission spectrum neutrons and (b) the
~14 MeV neutrons, where Z and A are the charge
number and the mass number of the fission product
nuclides, respectively. In order to differentiate varie-
ties of fission nuclides, the figure (1000 X Z+ A) is

served as the abscissa.

In the present evaluation, the errors are 1%—
6% for most fission product yields. The errors of
1%—2% for the evaluated data come from the fact
that the data measured by mass spectrometry and

multiple sets of measurements also make error re-
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duced. The errors of 3% —6% result from the lat-
er measurements by using Y-spectrometry and radi-
ochemistry methods, and the errors of larger than
6% are from the earlier measurements. In addi-
tion, if the deviations among several data sets for
the same fission product are large, the errors will
be larger.

The comparisons of the evaluated data with
ENDF/B-VII, JEF-2. 2, JENDL-3. 2 and CENDL-
2 are given in Fig. 2, where the differences mean
the ratios of the divergences between the present

evaluated data and the library recommended ones
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Fig. 2 Comparisons of present evaluation with other evalua-
ted libraries of *U (n, ) induced by (a) the fission

spectrum neutrons and (b) the ~14 MeV neutrons.

to the present evaluated data. From these figures
we can see that for most cases the differences of
present evaluated data with others are not large. In
general, ~ 16% of the present evaluated fission
products which have a difference at least of 10% in
comparision with those of other libraries. For fis-
sion spectrum neutron induced fission, ~ 10%,
~22%, ~11% and ~16% of the present evalua-
ted fission products have the differences of at least
10%, compared with ENDF/B-VII, JEF-2.2,
JENDL-3. 2 and CENDL-2 respectively, while the

similar comparisons for the 14 MeV neutron fission
lead to the corresponding figures of 10% ., 22%,
11% and 10%. It can be seen that the differences
of present evaluated values with ENDF/B-VII are
smaller than those with JEF-2. 2 and CENDL-2.

In addition, the present values, "*Ag (F),
"TCd(H), "Sb(H) and *Se (F, H), are in
agreement with those given by one or two of the
four libraries, where the symbols (F), (H) and
(F, H) stand for the data at fission spectrum neu-
tron and 14 MeV neutrons as well as for both, re-
spectively, but the differences with others are large
(20%—60%). Because there are more than one
set of experimental data, those evaluated data are
recommended as references.

The error level analyses about the present
evaluation and the other libraries are shown in

Fig. 3. It can be seen from Fig. 3 that the errors of

Number

Error (%)

Fig. 3 The error comparisons of present evaluated yields
with other evaluated libraries of **U (n, ) induced
by (a) the fission spectrum neutrons and (b) the ~14
MeV neutrons. To express the error level, the errors
of 1%, 2%, 3%, 4%, 6%, 9%, 12%, 15%, 20%
are chosen to be the nodes, and the ordinate means
the number of the product nuclei, whose error values

are in the interval between two nodes.
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present evaluated data are at the same level with
the ENDF/B-VII, but smaller than those given in
JEF-2. 2 and CENDL-2. The error values of the
most the present evaluation are in agreement with
ENDF/B-VI within 1%—6% for fission spectrum
and around 14 MeV neutron induced fission. There
are also quite a lot of nuclides, for which the error
is larger than 20%. This is because the cumulative
yields of some nuclides are too small to be accu-

rately measured.

4 Conclusion

Based on available experimental data the fis-
sion yield data of some short-lived products are
evaluated for fission spectrum neutron and 14 MeV
neutron induced fission of **U. The codes AVER-
AG and ZOTT are used for averaging with weight
and for simultaneous evaluation, respectively. 90
cumulative fission yield data of 45 product nuclides
are evaluated, among which 58 are recommended,
3 are not recommended, 6 are recommended only
as reference and need to be improved, and 23 have
no experimental data. Most of the present recom-
mended data are in agreement with the recommen-
ded data in the ENDF/B-VII, JEF-2. 2, JENDL-
3.2 and CENDL-2 libraries. For about 16% of the
present evaluated nuclides, the differences of the
recommended data with those of other four librar-
ies are larger than 10%. The error of the present
evaluation is at the same level as ENDF/B-VII and
effectively reduced compared with JEF-2.2 and
CENDL-2. The present evaluation is approved by
the China Nuclear Data Center, and will be used to
update the CENDL-2 library.
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