Chapter 3
THE JEF-2.2 FISSION YIELD LIBRARIES

I ntroduction

This chapter summarises the methodology underlying the JEF-2.2 fission product yield evaluation,
which was adopted from the UK evaluation UKFY 2.

In the UK the evaluation of fission product yields for use in computer libraries was pioneered by
E.A.C. Crouch a Harwell [1]. The libraries he produced were named Crouch 1, 2, and 3. After his
retirement, the work was continued at Winfrith, first on an interim library, Crouch 4 [2], and then on
UKFY1, produced by Banai, et al. [3], which was adopted by the first stage, JEF-1, of the Joint
Evaluated File. A detailed comparison between different libraries was made in an earlier paper,
presented at a meeting on decay heat at Studsvik by James [4].

The latest complete UK library, UKFY 2, which has been adopted for JEF2, is a considerable
advance on al of the earlier UK libraries (adthough, of course, it builds on them). Many more
fissoning systems were included, the database of measurements was brought up to date, a new
analysis of fractional independent yields had been made, and the method of fitting the yields to
constraints arising from conservation laws was improved. The library produced from this evaluation is
in the ENDF/B-VI format. Both independent (pre-delayed neutron emission) and cumulative
(post-delayed neutron emission) yields are available, together with their standard deviations. For a
given fission reaction, the yields are correlated by the fitting process; a prescription is available for the
production of their covariance matrices. This work was funded jointly by the Central Electricity
Generating Board, British Nuclear Fuels plc, and the United Kingdom Atomic Energy Authority; the
UKAEA'’s contribution was mostly through its Underlying Research Programme. The work was
carried out jointly by the University of Birmingham and the UKAEA at the Winfrith Atomic Energy
Establishment.

The UKFY2 evaluation was described in full in three reports by Jaetes. [5,6,7].
The methodology of the evaluation is described in full in the first of these reports [5]. We have
produced tables of evaluated, unadjusted chain and independent yields, which are given in the second
report [6]. In the third report, a detailed description of the remaining discrepancies is given [7].
The complete library in ENDF/B-VI format is available from the NEA Data Bank, along with the
FITFYS subroutine and some of the input data files. Several remaining problems were identified or
emphasised by this work. A few are listed below.

» There were considerable gaps in the data, especially in charge distributions, but also even in
chain yields for the more important fission reactions, and obviously for nearly all fission
products from the higher actinides. There also remained some significant discrepancies
between measurements, including some for chain yields from the thermal neutron induced
fission of°U. More measurements are needed, but in the meantime improved extrapolation
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techniques, preferably based on sound theory, were needed. We noted that it is necessary to
use extrapolation both for unmeasured yields for fairly well investigated fission reactions, and
for most yields for some reactions which are amost entirely unstudied.

* More measurements were needed to test and improve the existing semi-empirical formulae.

* It was dill not clear how yields vary with incident neutron energy. This was particularly
uncertain for independent yields and for ternary fission products.

These problems were felt to require further study. British Nuclear Fuels plc has since funded a
continuation of thiswork leading toward a new evaluation, UKFY 3.

UKFY2

Many of the problems encountered in this work are found to a greater or lesser extent in any
evaluation, and so some of the techniques developed may be of wider interest. To be generally useful,
any data library must be as accurate and as complete as possible. Accuracy requires an up to date and
complete compilation of experimental results, as well as a statistically sound method of treating the
measurements and of considering the inevitable discrepancies between some of them. Completeness
demands considerable care in interpolation and extrapolation to fill the equally inevitable gaps where
there are no measured data at all. Since a user needs to know the accuracy of the data, it is aso
necessary to estimate as carefully as possible the standard deviations of the evaluated data and the
correlations between them. This last task is sometimes the longest and hardest. The database,
evaluation methods and the interpolation of data and parameters are considered below.

Fission product yield nuclear data should satisfy some simple conditions arising from physical
conservation laws of nucleon number and of charge. Different evaluating teams use these conditions
differently: either to adjust the data, or, if they have not been used for adjustment, as tests subsequent
to the evaluation process. There are essentially four such conditions:

1) Theyields, apart from those of the relatively rare light products from ternary fission, should
sumto 2.

2) There should be conservation of nucleon number.
3) Thereshould be overall conservation of charge.

4) There should be detailed conservation of charge giving equa yields of complementary
elements. (This condition is weakened dightly by the occurrence of ternary fission.)

UK evaluations have applied successively more constraints. For example, the library Crouch
published in 1977 used the first two conditions as constraints and the others as tests, while the present
evaluation, like its immediate predecessor UKFY 1 [3], used al four as congraints. Further, as the
yields are constrained using a least-squares method, it is a straightforward matter to obtain a
covariance matrix.

Up to this stage in our evaluation process, little account has been taken of the occurrence of

isomers among the fission products, since al the techniques (with a dight exception in the initial
treatment of measured chain yields) apply to the total independent yield of a nuclide, including all
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isomers. The experimental values of the ratios of independent yields of isomeric to ground states was
reviewed. The method of Madland and England [8] was used to calculate ratios for which there were
Nno measurements.

The calculation of cumulative from independent yields is then described. This requires data on
branching ratios of radioactive decays, including P», values for delayed neutron precursors, and these
were all obtained from the preliminary JEF-2 decay data library, supplemented where necessary by the
theoretical values of Klapdor [9].

The need to complete the UKFY 2 evaluation within a fairly short period had meant that several
quite important topics have had to be glossed over. Equally, other matters requiring further
investigation have arisen in the course of the work. These were later investigated as part of the
UKFY 3 evaluation.

Fissioning systems

It was felt desirable to base the selection of fission reactions in the UK libraries on objective
criteria. Consequently a series of calculations were made with the inventory code FISPIN, described
by Burstall [10], and its 1988 libraries for both thermal and fast reactors. For the former, initial
fuelling by enriched uranium, recycled uranium, mixed plutonium/uranium and thorium/uranium,
wereindividually considered. The ratings and irradiations applied to the calculations were greater than
actually achieved in practice at present, but were values regarded as feasible within the foreseeable
future. Reactions were regarded as important if they contributed more than 0.1% of the fission rate at
any time. Thus, it is thought that the derived list is more than adequate for some time to come. It does,
of course, depend on the initial fuel compositions and on the assumed capture and fission
cross-sections for the higher actinides; it is acknowledged that some of the latter may be considerably
inerror.

In addition, the library includes fission of ?Th, U, #°U , and U by “high energy” (about

14 MeV) neutrons; these reactions were in the earlier UK libraries. We have also considered the yields
from the spontaneous fission 8fCm and**Cm which are important as sources of neutrons in

reactors and in fuel handling, and’SCf, which is important as a standard.

The complete set is given in Table 3.1. The reactions considered by the burn-up calculations are
given in three sub-sets, in the three left-hand columns. These are distinguished by the value of the
maximum fission rate percentage due to the nuclide in question at any time during the irradiation.
(The range in which the percentage falls is indicated in the column heading). Clearly, the required
accuracy of yields is greater if the percentage fission rate is greater; hence we consider that nuclides in
the first column need the most careful treatment, followed by those in the second column and then by

those in the third column.

Definitions and notation

The atomic number and mass number of the fissioning nucleus are denot@dabg As
respectively. For the neutron-induced fission of a nuclide of mass némberAr = Awarget + 1, While
for spontaneous fissiody is the mass number of the fissioning nuclide.
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A fission product nuclide is specified symbolically by the triplet (A,Z1), where A and Z are
respectively the mass number and atomic number, and | indicates the isomeric state (I = O for the
ground state, |1 = 1,2 for the first and second excited states). If afission product has no isomers, or if

Table 3.1. The 39 fissioning systemsin UKFY2

Maximum fraction of fission rate

>10% 1-10% 0.1-1% Spont. fission

Nuclides: 5 2 12 3
y* TFH 2pyx F Z2Th* FH »2Cf Sp
2By* TFH *Cm TF 2y F #2Cm Sp
238u* FH 236U = 244Cm Sp
29pe TF “'Np TF
2py TF ZNp TF

2py TF

242Pu F

Am TF

22MAm TF

Am TF

Cm TF

Cm TF

Nuclidesin UKFY 1 and previous UK libraries[5,7].

*
T Thermal fission.
F

Fast fission.

H 14 MeV fission.

Sp Spontaneous fission.

we are referring to the sum of yields for all itsisomers, we use the doublet (A,Z).

The independent yield y(A,Zl) is the number of atoms of (A,Z,1) produced directly from one
fission, after the emission of prompt neutrons (but before the emission of delayed neutrons). It can be

written as the product of three factors:

where the sum yield Y(A) isthe total independent yield (before delayed neutron emission) of all fission
products of mass number A; f(A,2) is the fractional independent yield of all isomers of (A,2); and

Y(AZ1) = Y(A) f(A,Z) R(AZI)

R(A,Z,1), theisomeric yield ratio, isthe fraction of (A,Z) produced directly asisomer I.

From the definition, it follows that:

S0 that:

Y(A) =

1

S f(A2)

4

1

S RAZI)

ZﬂAZU

Z1
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The usefulness of these formulae derives from the fact that, with the exception of delayed neutron
(B",n) emission and the few very long-lived a decays, all the radioactive decays of fission products are
B or B*, or isomeric transitions, and in none of these is A atered. Thus, to a very good approximation,
the fission products can be considered as belonging to distinct mass chains. It should be noted that in
the UKFY 2 evaluation corrections were applied for these small effects.

The cumulative yield c(A,Zl) of (AZl) is the total number of atoms of that nuclide produced
over dl time after one fission. If the nuclide is stable and at the end of a mass chain, the cumulative
yield is the total number of atoms remaining per fission, and is termed the chain yield Ch(A).
Similarly, for a nuclide with a much longer half-life than any of its precursors, c(A,Z,l) is very nearly
equal to the amount of it produced at a time short compared to its half-life but long compared to those
of its precursors. However, for a radioactive nuclide for which this is not the case, some atoms will
have decayed before al have been produced, so that at no time will there actually be c(A,Z,1) atoms
per fission present.

An equivalent definition that is more useful is the following: immediately at the end of an
“infinite” irradiation at the rate of 1 fission per secon(,Z,|) is the rate of decay oA(Z,|1) if that
nuclide is radioactive, or its rate of production if it is stable. Consequently cumulative yields are useful
in computing total fission product decay energies and delayed neutron emission rates.

The sum yieldY(A) and the chain yiel€h(A) for a mass chaiA may differ by a few per cent,
because the former applies before, and the latter after, delayed neutron emission. Tables of the
calculated differences for each chain of some fissioning systems are given in Ref. [5]. It is sometimes
difficult to decide which of these two quantities has been measured; this is an area to which more
study should be devoted in future evaluations. Further discussion of cumulative yields can be found
below.

Databases and data collection

The database used for the UKFY2 evaluation consisted of three files, containing data measured
absolutely, relatively, and by “ratio of ratio” methods.

The most straightforward of these are the absolute measurements, in which the yield of a nuclide
per fission is measured. However, this method requires knowledge of the number of fissions, which
can be difficult to determine practically.

In the second type, a nuclide with a yield that is assumed to be accurately known is used to
estimate the number of fissions. Thus, the unknown yield is determined relative to the standard yield.

The third type of measurement uses the “ratio of ratio"Rwwdlue” method. This assumes that
the yields of both the fission product of interegtand a monitor fission produat) (@are known from a
reference fission reaction (indicated by the subscript 2). Then, if the yield of the nroistaiso
known from the fission reaction of interest (subscript 1), the yieklfadm reaction 1 can be found
from:

« — ux YA Dy
i =Y2 O Oor
O ENA OYS

wherey is a yield andd an activity, which is the quantity actually measured.
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The term in brackets in the above equation is Redlue” and is made up of the measured
activities determined in a simultaneous standard reaction irradiation. The other components of the
right hand side must be determined absolutely or assumed. In this evaluation measured yields only,
and not predictions of unmeasured yields, are used to cdRwaiue or relative measurements to
absolute values. Thus much of such data could not be converted into a useable form.

The evaluation proceeded in two iterative stages. In the first, only absolute measurements (i.e. of
the first type described above) were used. In the second, the two types of relative measurements were
included as well, using for the standard yields values obtained in the first stage. Because these
standards are, by definition, known accurately, their values will hardly be changed in the second stage
and so further iterations were assumed not to be required.

Experimental fission yield data were collected from three computer readable sources:

1) Crouch’s fission yield database, which was used in the Crouch [1] and the &aala[3]
evaluations.

2) The international database EXFOR described by Calanstrad, [11]; the last update for
UKFY2 was received in November 1989.

3) A database of recent references, produced after a thorough search of recent literature.

We believe the combined UKFY2 database to be complete up to 1988, and to contain some results
published in 1989. It has 39% more items of data than that used by Crouch [1] (12 137 compared with
7 448), including 60% more chain yield measurements.

The measurements were examined to remove duplications and to ensure consistency of isomeric
states. In the evaluation, discrepant data were extensively examined to remove entry errors and to
increase some unacceptably low estimates of error. The experimentalists uncertainties were adjusted in
the previous UK evaluations to be always greater than 5% [1], unless significant justification was
present in the reference. Considering the more accurate measurements now possible with mass
separators this limit has been reduced to 1% for this type of measurement. However, if significantly
different from other measurements a discrepant data point was down-weighted, and the discrepancy
could not be resolved by deeper study of the references (see below). Only in extreme cases were
discrepant measurements entirely deleted from the UKFY2 database, and this was recorded in the
reference database.

Evaluation method
General treatment of measurements

We have previously mentioned a change in the treatment of reported uncertainties for
mass-spectrometric measurements. For convenience, the revised rules used in attributing input
uncertainties are stated here. Throughout this work all uncertainties are quoted at the 1 standard
deviation level.

* For recent mass-spectrometric measurements, the quoted uncertainty was used provided it

was not less than 1%. Otherwise, 1% was used, unless there was good justification for the
published value in the reference.
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» For other types of measurement, the quoted uncertainty was used provided it was it was not
less than 5%. Otherwise, 5% was used, unless there was good justification for the published
valuein the reference.

» Mass-spectrometric results quoted without any estimate of uncertainty were given a standard
deviation of 10%.

» Other results quoted without any estimate of uncertainty were given a standard deviation of
15%.

These standard deviations were then used to obtain weighted means in the following way. For n
measurementsyi £ g, I <i < n, the mean is:

Y= z wy; /W
where:
W = z W,
and theé™ weight is:
w; =1/0?
The internal and external standard deviations of the mean are respectively:
o, =1/JW

and:

The value ofi? is:

with n-1 degrees of freedom if there are no constraints betweepgi.tihe useful quantity for
indicating the consistency of the data is the “Birge factor”:

_ | X3
Re n-1
It will be seen that:
o = Ry,
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If Rs ~1, then the data are consistent and oe ~ 01. If Rs > 1, then the data are inconsistent (though
not necessarily significantly so) and oe > 1.

From x? and the number of degrees of freedom, the probability of the data being consistent can be
calculated. Those with a probability of less than 10% were listed in a set of discrepancy tables, values
less than 1% and 0.01% being flagged for specia consideration. In these cases, the data were checked
for transcription errors between the quoted values in the references and the values in the database.
Next, the relevant papers were studied to see if there were reasons for re-normalising or down-
weighting the measurements. Usually, obvious corrections such as these could not be found; after al,
any published results are subject to much checking and review. The amount of detailed study was in
any case limited by the quantity of data. Consequently, after references had been checked,
an automatic down-weighting procedure was applied to the data to reduce maor discrepancies.
This technique was based upon the normalised residual :

R :W(Yi _7)

which should be normally distributed with a mean of zero and a standard deviation of unity. R? is

equal to the decrease in X? that would occur if the i measurement were removed. The |R| were
constrained to be less than 2.5, for all yields with more than two measurements, by down-weighting
the measurement with the largest value. If the maximum |Ri| was greater than 2.5 the wi was adjusted
to give R egqual to 2.5, and then the averaging process was repeated. This procedure reduces the
weight of points far from the mean, thus reducing the effect of discrepant data on the weighted mean.
The theoretical justification for these definitions and statementsis given in James, et al. [12]; see dso
the appendix of an earlier report by the same author [5].

Thetables of evaluated yieldsin James, et al. [6] clearly indicate where down-weighting has been
employed. Both internal and external standard deviations of the mean are quoted and the larger of the
two recommended.

Automatic down-weighting by the above method is not advised if there are only two
measurements, which are mutually discrepant but of similar precision. Indeed, it is of doubtful usein
considering any clearly bi-modal distribution of data, which indicates systematic differences probably
due to different experimental techniques that should be investigated in depth.

We would like to emphasise that the automatic down-weighting described here (or any alternative
method) should not be used in preference to a detailed analysis of the original measurements. It is only
when the latter is fruitless, or, as in the present case, time prevents more than a partia study of the
literature, that an automatic procedure should be considered in an evaluation, and then its use should
be clearly indicated.

Separate unadjusted evaluations were made for chain, fractiona independent and fractional
cumulative yields. From these evaluations, sets of mean chain yields, fractiona independent and
cumulative yields with standard deviations were produced that could be used as input in the fitting of
semi-empirical models as described below.

Chainyields

Measurements were included both of a chain yield itself and of cumulative yields of nuclides
close enough to the end of the decay chain and with sufficiently small independent yields for their
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cumulative yields to be good approximations to the chain yield. As several chains have nuclides with
isomers near the stable end, atypical decay scheme of the form shown in Figure 3.1 was considered.

Figure 3.1. Typical decay chain including isomeric states

A B C

Nuclide Cis either stable, or its cumulative yield can be assumed to be equal to the chainyield Y.
Nuclide B has two isomers: a ground state, g, with cumulative yield G and an excited state, m, with a
significant half-life (> 0.1 sec usualy) with cumulative yield M. A fraction a of the excited state
decays are by 3 emission to C, the remainder are by internal transition to the ground state.

Measurements of M, G and Y were first considered separately, and then their means adjusted by
|least-squares to fit the condition:

Y=G+aM
which holdsif the independent yield of C is negligible.

If the unadjusted means and standard deviations areindicated by bars, then the adjusted chain
yield is given by:

Y=Y-(Y-G-aM)a?/D

with standard deviation oy given by:

where:
-G2 +062 G2
D=0% +03 +a%0}

and where G, etc. are the unadjusted standard deviations of Y, etc. determined by the methods of the

previous sub-section. (Any uncertainty in the branching fraction a is ignored, in order to ensure
consistency with the decay data.)
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Thevalue of ¥ for thefitis:
X2 =(\7—§—aﬁ)2/D

with 1 degree of freedom. If X* > 1, then the standard deviation oy was multiplied by the Birge factor

Rs =/(x?).

Fractional independent and cumulative yields

For nuclides away from the stable ends of mass chains, measurements may be of either fractional
or of absolute yields: the former being obtained if the same experiment also determines the chain
yield. For the present purpose, fractional yields were required, so absolute values in the database were
converted by dividing by the evaluated (unadjusted) mass yield. The latter was either the experimental
mass yield average (see above) or obtained from afit to the mass yield distribution (see below).

I nterpolation and extrapolation to fill gaps
General

To produce independent and cumulative yield libraries for reactor and decay heat calculations, al
significant chain yields and fractional independent yields need to be known.

About 120 chain yields are required (mass 60 to 180) for these purposes. As even the system with
the best coverage of measurements, “°U thermal, has only 111 measured chains and some systems
(for example **Am) have none, a model or method of prediction is required for chain yields.
Similarly, if fractiona independent yields greater than 10° are considered to be important,
approximately 900 are required, whereas even for °U |ess than 250 have been measured.

There are several semi-empirical models and methods of interpolation or extrapolation for
fractional independent and chain yields which can be used.

Chainyields
Three techniques were tried for filling gapsin chain yields:

* Method 1
For a given fissioning system, interpolation of log (chain yield) as a function of chain mass,
i.e. the standard mass-yield curve. This technique was the simplest, but could only be used
effectively for asmall gap of one or two missing yields, as the function is rapidly varying and
has a varying slope, and clearly could not be used for systems with no experimental data.

* Method 2
For a given mass chain, interpolation of log (chain yield) as a function of the effective
fissioning mass, i.e. the mass of the fissioning system minus the mean number of prompt
neutrons v,. Some of these graphs show slowly varying trends, which could be used to
produce estimates of unmeasured chain yields. However for most chain masses the data are
sparse or have large uncertainties, which makes interpolation difficult.
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* Method 3
The fitting to the mass-yield curve by a set of Gaussians, as proposed by Musgrove, et al. [13]
and used more recently by Dickens[14]. This technique is based upon the apparent similarity
of the chain yidld distributions to Gaussian distributions. This method is the most versatile of
the three, as it can be readily used to predict yields from systems on which few or even no
measurements have been made. Details of it and of its present application are given in the
next sub-section.

Five Gaussian fit to chain yields

We have followed Musgrove, et al. [13] in using five Gaussians (viz. two for each peak of the
mass distribution, and one for near-symmetric fission). More recently theoretical justification for such
a multiple Gaussian fit has been attempted, see for example Brosa, et al. [15]. The 15 parameters
(strength, mean and width of each Gaussian) were reduced to 8 by assuming symmetry and requiring a
total yield of 2. Thismodd givesthe chainyield Y(A) as.

Y(A % (A-A-Dy)* 207 +e -(A-A+Dy)* 202 00
()= 01«/2n
% (A-A-D,)" /203 +e ~(A-A+D,)" /203 [J
02«/2T[
N3 _(a-A) /203
+—— e s
03+/2T

where Ni is the coefficient of the i"" Gaussian and ai its width parameter, A isthe mean mass of the
distribution and Di is the separation of the i Gaussian peak from A.

Because the chain yields sum to 2:
N3 = 2(1-N1-N2)

The evauated chain yields were fitted to this model, and Table 3.2 gives the vaues of the
parameters for systems for which there were sufficient data for satisfactory fits to be obtained.
The fits for ?°U therma and fast, U thermal, and *°Pu thermal are shown in James, et al. [5],
Figures 2-5. Such a representation by only five Gaussians, of course, smooths the distribution,
removing the small fluctuations that are observed experimentally.

To extend the 5-Gaussian representation to systems with sparse data, the parameters aready
obtained in Table 3.2, were plotted against fissoning mass and charge, and fitted by linear or
quadratic functions of Ar. (No systematic trend with Z: could be detected.) Then new 5-Gaussian fits
were made to the chain yield data, allowing only one of the parameters to vary in turn. Linear or
quadratic fits were then made to each of the varied parameters, with the functions of A:. After all
parameters had been fitted in this manner, the whole process was repeated. After two iterations the
refitting procedure failed to produce any improvement in x2. The functions thus obtained are found in
Table 3.3.
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Table 3.2. Fitted parametersfor the 5-Gaussian model

Actinide A N1 o1 D1 N1 02 D2 03

“®U Thermal 11586 | 0.7116 4.230 24.63 0.2855 3.048 17.11 13.79

25U Therma 116.90 | 0.7158 | 4.298 24.02 | 0.2823 | 2.423 16.63 9.250

2py Thermal | 11850 | 0.7100 | 5587 21.34 | 0.2887 | 2.630 15.27 2.237

29Th Thermal | 114.03 | 0.7146 | 3.081 27.80 | 0.2832 | 2335 2173 | 11.22

Z2Th Fast 11549 | 0.7079 | 3.522 26.45 | 02823 | 2472 19.10 | 11.80
25U Fast 116.79 | 0.7081 | 4.516 23.76 | 0.2868 | 2.503 16.42 | 13.09
28 Fast 118.02 | 0.7102 | 5.031 2285 | 0.2852 | 2131 15.85 9.525
“2Th High 114.65 | 0.6989 | 4.451 2488 | 0.1164 | 4.264 1878 | 11.17
U High 115.12 | 0.5586 | 5.959 2312 | 02190 | 5.243 19.27 | 11.78
U High 116.01 | 0.6241 | 5535 2326 | 0.1824 | 3.208 16.00 | 11.99
28U High 117.42 | 0.6605 | 5.962 2232 | 0.1921 | 2938 15.81 | 11.80
Table3.3

— Af - VP . .

A= 5 [fixed by nucleon conservation]

N, = 0.0003846A; +0.6215 [fast]

N, = 0.0010563A; +0.4579 [thermal]

0, = 0.2017A; —42.906

D, = 271- 0.67832( A — 230) + 0.013664(A; — 230)2
N, = 0.286

0, = 01125A, —24.375

D, =19.9-0595(A; - 230) + 0.00125(A, - 230)2

0; =120

Although this is a smple model and the goodness of fit to the parameters only moderate,
reasonabl e results were obtained when chain yields were calculated for the systemsin Table 3.2 using
the predicted (instead of the fitted) Gaussian parameters and compared with experimental data.
In James, et al. [5] figures show “predicted” and evaluated measured chain yield8Uothermal and
fast chain yield distributions. Quite good agreement was also obtained with evaluated measured chain
yields for other systems which had not been included in Table 3.2; Jeimas,[5] show the
comparisons fof*°U fast,”®U fast, and*'Np thermal and fast.

The vyields calculated from the formulae were then plotted with measured yields against
(A; —V,) as in the interpolation method described in Method 2 above. The present method gave good
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agreement in some cases but many comparisons were inconclusive; either the uncertainties were too
large or there were too few points to test the prediction. However, a definite trend away from the
prediction occurs in the region of masses 89-100 for (A; — V) <232. There, a straight line fitted

experimental data better than the curve from the derived 5 Gaussians.

Therefore chain yields for UKFY 3 were first taken from the experimental averages. Then short
gaps were filled by interpolation as noted in the description for Method 1 (above). Larger gaps were
filled using the 5-Gaussian model with parameters from Table 3.2 if appropriate, or obtained from the
above equations if not. The predictions from this model were modified before being used to produce
complete data sets. First, the central Gaussian was nhot alowed to contribute outside the two main
peaks (to avoid unredlistic flaring of the distribution at very low yields). Secondly the predictions were
re-normalised with the experimental data. This re-normalisation considered the two cases of: (a) the
wings of the distribution, and (b) gaps in the experimental data. The predictions in the wings, up to the
first experimenta point, were re-normalised by a constant factor so that for this point the predicted
yield equalled the measured value. In gaps, predicted yields at each end were fitted to measured values
by making the logarithm of the normalisation factor vary linearly with mass across the gap. Finaly,
for (A; =V, ) <232and for 89 < A< 100, straight line fits of log Y against (A; —V,) were used in

preference to the other methods of interpolation.

This procedure gave a complete set of chain yields for each fissioning system based as firmly as
possible on experimental data. Graphs of these chain yields are given in James, et al. [5] for some of
the 39 fissioning systems considered.

Fractional independent yields

The fractional independent yields can be fitted by either the Ay, or the Z, models, developed and
described by Wahl [16,17] and the references therein; these represent the fractional independent yields
as Gaussian distributions in mass and charge respectively, modified by an odd-even effect.
We concentrated on the Z, model and have used the same parametrisation as Wahl. An earlier attempt
to fit each chain by distributions with individual parameters failed, because many of the chains had
such sparse or inaccurate data that the resulting parameters were clearly unphysical. Consequently, it
was hecessary to restrict the number of fitted quantities by requiring, like Wahl, that the Gaussian
parameters for the different mass chains be relatively simple functions of mass number.

The fractional independent yields f(A,Z), (summing over isomers), are modelled by:
O -Z,(A)+12 -z (A)-1/2

f(A,Z)=J/2F(A,Z)N(A)[erfME’_ersz p(A) -V2(0
O 0 0,42 0 0 o042

where F(A,2) gives the odd-even effect, N(A) is a normalisation constant to ensure summation to 1 for
each mass, and Zp, and o are the mean and width of the Gaussian distribution without the odd-even
effect.

Zp is equa to the unchanged charge distribution (UCD) prediction for most probable charge;
corrected by aterm AZ(A'), i.e. for the high mass peak:

Z
Zp(A) = Ay -+ AZ(A)

f
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and for the low mass peak:

Z,(A) = A{_i—:—AZ(Af -A)

Here, A’ isthe mean fragment mass before prompt neutron emission:
A =A-V,(A
where v, (A) isthe mean number of prompt neutrons from that fragment. (Strictly the argument of v,

should be A', but approximating it with A causes little error.) For **U thermal the values for v, (A)

were taken from Wahl [16], and for other reactions the same function was used but re-normalised to
give the appropriate total v ,.

The N(A) can be calculated to better than 1 part in 10° from:

ﬁ = 1/2[F(A evenZ) + F(A,0dd Z)] +[ F(A evenZ) - F(A,0dd Z)|&(A)

where:
&(A) = (2/Tt)e‘"2°5/zcos[nzp(A)]

Note that the separate sums of the even Z and the odd Z fractional independent yields are
respectively N(A)F(A,evenZ)[1/2 +&(A)] and N(A)F(A,odd Z2)[1/2-&(A)] .

The factor F(A,Z) giving the combined proton and neutron odd-even effect is defined as follows
(here N = A -Z is the neutron number):

EvenA EvenZ (EvenN) F(AZ)=F,.F
EvenA, OddZ (0ddN)  F(AZ)=1(%.R)
Odd A, Even Z (Odd N) F(AZ)=F,/F,
Odd A, Odd Z (Even N) F(AZ)=FR/F

The correction term to Z,, AZ(A'), is composed of linear terms, as shown in Figure 3.2 below
representing the heavy mass distribution.

Around the high mass peak:

AZ(AL) = 0Z( A, =140) +

Az @AH ~140]

Ay
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and around the low mass peak:

AZ(A]) = AZ( A =140) + %@Af - Al —140

where the value of EMZ E is assumed to be constant.
AL B

These equations represent the straight line TU in Figure 3.2.
Figure 3.2. Assumed variation of AZ(A") with A’

AZ

Around symmetrica fission the AZ(A") and oz undergo rapid changes described by Wahl [16,17].
Wahl defines the variations with three further parameters oso, AZmax and AA'z [17].

AZ(A') is assumed to be zero at symmetry Ar and a Zp = 50 (points P and R respectively).
Between these points, AZ(A") attains a positive maximum AZmax a point Q.

The point R is determined by the value A'w for which Z, = 50 (a closed shell for protons), if the
correction term is ignored (i.e. AZ = 0.) The point Sis a distance AA'; dong the A’y axis from R.
T, which is vertically below, is then fixed by this value of A'w and by the equations above of the line
TU. T and R define a straight line which crosses the horizonta line AZ = AZnax at the point Q. Q and
the point P of symmetrical fission define the final straight line of the set.

The Gaussian width a(A) has either of two values. Near symmetry, between the points P and S
(i.e.for Y2 As < A'n < A1 (4 = 50) + AA'z), and in the corresponding region for light masses,
0(A) = oso. For other masses, that is, over the regions of the chain yield peaks, o(A) = o-.

The Z, model was initidly fitted to our weighted average fractional independent and cumulative
yield sets using a genera non-linear least squares procedure (NAG routine EO4FCF). Errors (1 standard
deviation) were calculated from the X and the covariance matrix output by the routine. To simplify the
fitting, the cumulative yield weighted averages were converted to sum yields. This conversion used
our chain yields and the recommended experimental P» values from Lund, et al. [18], by removing
additions to and losses from the chain due to delayed neutron emission. The converted sum yields
were thus just the sum of the previous independent yields in the relevant chain and the independent
yield of the nuclide itself.
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Theinput yieldsto the least-squares fit were constrained to have uncertainties of 5% or greater, to
stop a few highly-weighted values dominating the fit. As small yields in a chain are difficult to
measure, a lower limit was set on the fractional yields that were fitted, at the point where the reduced
X rapidly diverged.

For U thermal it was possible to fit all the parameters. However, for other reactions it was not
possible to fit parameters oso, AZmax OF AA'; as there are no significant data in the region of near

symmetric fission. Therefore the U thermal values for these parameters were used and only the five
other parameters varied in thefits.

When this was first attempted [19] many systems were fitted. However most of the data were
fractional cumulative yields near 1.0 in value (i.e. for nuclides near the stable ends of chains). Also, it
was not certain whether complete P, values were available for some chains with small yields. It was
therefore decided to ignore the fractional cumulative yields. This left only four systems with sufficient
data to be fitted, but the uncertainties on the derived parameters were considerably reduced. The results
for the four fission reactions are given in Table 3.4.

Table 3.4. Parametersfor the Wahl Z, model

Par ameter 2uT 2uT pyT ZUF
AZ(A') =140 -0.511 -0.523 -0.4854 -0.3758
- 0.013 0.012 0.0076 0.0205
dNZ -0.0153 -0.0078 -0.0143 -0.01883
A 0.0027 0.0017 0.0014 0.00446
+/-
o, 0.5735 0.5460 0.5506 0.5206
+- 0.0104 0.0112 0.0080 0.0238
[ (0.35) 0.35 (0.35) (0.35)
+- 0.02
F 1.267 1.2776 1.144 1.121
e 0.031 0.026 0.015 0.036
Fy 1.075 1.077 1.0509 1.002
+/- 0.025 0.022 0.0139 0.031
AAz (0.941) 0.941 (0.941) (0.941)
+/- 0.260
DZrmax (0.693) 0.693 (0.693) (0.693)
+/- 0.238
Reduced x* 3.8 2.61 1.86 2.08
Minimum fission
yield used 0.005 0.05 0.05 0.1
Number of
measUrements 132 145 81 42

Parentheses denote quantities fitted for 2°U T only and then used as constants for other systems.
One standard deviation in brackets; insufficient data to fit parameter, assumed same as °U T.

.5
Reduced x* = % 1 Z E(EXPTi -CALC;)’ %ﬁ
Fho.of points 4- o? i
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For U thermal, probably the most measured system, there were a tota of 145 values after data
for isomers had been combined. Of these, 47 were discrepant. However the agreement between fit and
measurement is good for most masses, particularly for results for the low mass peak where considerable
datais available from recently-devel oped mass separator measurements.

It is difficult to extrapolate this model to other systems, due to the small group of systems fitted
(three thermal and one fast) and the large associated errors in the parameters. The oz are similar and
show no apparent trend, so the average of 0.554 was used. The Fz shows atrend in fissioning charge
and energy, and we assume a value of 1.0 at 14 MeV. Using the values for two atomic numbers
(92 and 94) and two energies (thermal and fast), we assume:

_ F12723-0.06415(Z, - 92) if Z; <96
F, (thermal & spont.) = [ _
if Z, 297

F, (fast) = 0.88F, (thermal)
F, (high energy) =10

For F, thevalue becomes 1.0 for fast and 14 MeV energies, the thermal values showing a charge
dependency:

Fy (thermal & spont.) = 10758 - 0.01245(Z - 92)

The parameters AZ(A' = 140) and ?x,zare small additions to the UCD estimate and thus means

of the fitted values were chosen as being reasonably adequate, that is -0.494 and -0.01266
respectively.

The fractional independent data for al the systems of interest were then produced using the
parameters either from the fit where appropriate or from the above extrapolations. For most mass
chains, the agreement between calculated and measured data is moderately good; the exceptions are
sufficiently few for them to be studied in detail in the next round of evaluation.

Ternary yields

The main requirement in UKFY 2 for ternary yields was for yields for “He and *H for all the
systems. The yield of “He at different incident neutron energies shows little discernible difference
from that for thermal neutron fission for 2°U, *°U and ®Pu, and therefore the yields were considered
energy independent. This disagrees with Thomas and Whetstone’s work described by Madland and
Stewart [20] which suggested a linear dependence on the excitation energy of the system. The graphs
in Jameset al. [5] show possible structure but well within the uncertainties of the current measurements.

For extrapolation to nuclides for which there were no ternary yield measurements, two methods

described by Madland and Stewart [20] were tried. These fit the yield as linear functions of
respectively (i)Z2 /A and (ii) (4 - A). Figures 24 and 25 in Jamesal. [5] show the data folHe
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plotted against these functions. Choosing Z?# /As as the independent variable gave the better fit and
thus this was used for prediction of missing yields. The least-squares lineis given by:

Y(“He) =0.064722 /A; —21292

where areasonable estimate of the uncertainty in Y(*He) is +20%.

For ®H both variables were tried buit it is difficult to justify anything other than a constant ratio of
*H to “He yields. Therefore:

Y(3H) = 0.06554 Y(*H)

was used for unmeasured tritium yields. A reasonable estimate of the uncertainty in the predicted
Y(®H) is £25%.

The energy dependence of *H yields remains uncertain, there being considerable discrepancies
between the few measurements available. Tritium yield against energy for 2°U and ***Pu include
considerable discrepancies. Most of the differences are due to the method of separating a-particles and
tritons; early work considered only the energy of the fragment, but more recent work by, for example,

QOuasti [21] measured aso the energy loss, alowing different particles to be more precisely
distinguished. Ouasti's results show very little variation with energy, but no measurements were made
between thermal energy and 0.5 MeV, which is the most important region for averaging over a “fast”
neutron spectrum.

Fitting to constraints

Using the evaluation methods described above, a library in ENDF/B-V format was produced.
However, as was pointed out above, there are constraints that must apply to the yields due to the
conservation of nucleons and charge:

z Z.f(AZ).Y(A) = z Z,(A).Y(A) = Z;

The first two conditions together imply the third.

Also there should be equality of yields of complementary elements:
— I I Zf
Z f(A Z).Y(A) = Z t(z -z, A).Y(A) for all z<-

These relationships ignore ternary fission, which introduces errors of less than 1%.
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Asinthe previous evaluation UKFY 1, the first three constraints were applied for all A. However,
whereas in UKFY 1 the fourth was applied for the 15 pairs of elements nearest symmetry, in UKFY 2
this was applied to those pairs of elements with the greatest yields. The number of pairs was increased
until the reduced x* did not excessively exceed unity or, where reduced x? was always greater than
1.0 the number of pairs was chosen to be that which gave a minimum value.

The values of v ,, used in the fitting are given in James, et al. [5]. The number of elements pairs

fitted and the subsequent X per degrees of freedom and summation of fitted element yields are also
given in Table 6 of the same reference.

The details of the least-squares fit are given in the Appendix to James, et al. [5]. It gives, of
course, not only the adjusted yields for each fissioning system but also their covariance matrix.
The diagona terms of each matrix give the standard deviations which are required by the ENDF/B-V
format, but the complete matrices (39 symmetric matrices each of order approximately 900 x 900)
would be too large to store in the library. However the fitting program FITFY S is quick enough for it
to be reasonably incorporated as a sub-routine in any program that needs the covariances; the authors
have supplied both the code and the input (unadjusted) yields and uncertaintiesto the NEA Data Bank.

The adjustments in both chain and independent yields were mostly less than one standard
deviation. Figures 31-34 of James, et al. [5] show examples of the adjustments in chain yields relative
to the experimental (and predicted) chain yields, and Figures 35 and 36 display the distributions of the
adjustments relative to the standard deviations for all chain yields and all fractional independent yields
respectively. Except for a few extreme cases in the latter, with changes greater than two standard
deviations, the adjustments will be seen to be relatively small.

It is worth noting that the formulae for interpolation and extrapolation of chain and fractional
independent yields described above are designed to satisfy the first three constraints. Consequently it
was generally the case that greater adjustments were needed for those fissioning systems that had more
measured yields and thus more experimenta noise in the data.

| someric yields

Except in the initial interrogation and averaging of the database, the evaluated yields have been
those of complete nuclides and we have ignored the division of the independent yield of a nuclide
between itsisomers. To alow for such adivision for a nuclide with excited state m and ground state g,
we define the isomeric yield ratio r(A,2):

y(A Z,m)
y(AZ,m)+y(AZ09)

r(Az)=

Where possible, experimenta data were used for the r(A,Z). These are of two types. Preference
was given to direct measurements of the ratio, as these are free of normalisation problems. Failing
these, the independent yield evaluations contained a number of pairs of isomers for each of which
there was an averaged value, so that the above equation could be used to calculate r. However,
measurements of either kind were found to be sparse, so that recourse had to be made to theory.
We used the method of Madland and England [8], as that requires minimal information (the spins of
the excited and ground states) about the nuclide; even that was sometimes uncertain, but generally we
relied on the spin datain a preliminary version of JEF-2.
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Nuclides with three isomeric states (including the ground state) were considered using a smple
extension of the Madland and England model.

The calculation of cumulative yields

The concept of the cumulative yield c(A,Z,1) of the nuclide (A,Z,I) has been introduced already,
where two equivalent definitions were given. Although these definitions may be applied with no
difficulty to short-lived fission products, there is some ambiguity with the decay products of nuclides
having very long half-lives. Firgt, it is reasonable to ignore the very long-lived a decays (**Nd
[half-life 2.4 x 10" years] and **'Sm [half-life 10" years]), as these will lead to an apparent
approximate doubling of the cumulative yields of the daughters (***Ce and ***Nd) which, because of
the times involved, is absurd. Other similarly long-lived 3 decays should also have been removed but
are dtill in the present library. These however are easily detected; greater problems arise with half-lives
of say 1-100 years, i.e. of the same order as irradiation or storage times. Because of these problems we
would recommend that cumulative yields should be used only rarely; the safer method is to use
independent yields with an inventory code that correctly treats al relevant types of decay, and also
permits the consideration of neutron capture. As has already been stated, cumulative yields are useful
in some specia applications: in delayed neutron calculations, only short-lived nuclides are of
importance. In calculations of total energy emission, corrections should be made for the contribution
emitted after long decay times.

From the definition given of cumulative yields:

c(AZ1)=y(AZ1)+ Zb(A’,Z',I' - AZI)(A,Z,1)

(A1)
where b(A',Z'I' » A,Z)l) isthefraction of decays of (A',Z',I"') that go to (A,Z,1).

As has aready been explained, the rare and slow a decays are ignored in this context. This leaves
two complications that prevent a cumulative yield equalling simply the sum of independent yields up
to and including the nuclide under consideration. First, the occurrence of isomers splits decay chains.
Secondly, (3",n) decays destroy to a small extent the independence of individual mass chains. If it were
not for these delayed neutron decays, the cumulative yield of the stable nuclide at the end of a mass
chain would equal the sum of independent yields along the chain. Their presence means that there are
small differences between the two, which were tabulated first for the earlier UKFY 1 evaluation in
Ref. [4] and for UKFY 2 in Ref. [5]. In using the above equation, note must aso be taken of the small
fraction of fission products that decay by other modes which change the mass of the nucleus.

All these types of decay can be considered in sequence if we number each fission product so that
each decay goes to a nuclide with alarger number than the parent. This entails:

»  Ordering by decreasing mass number A.

« Ordering B~ nuclides by increasing Z, and EC/B" nuclides by decreasing Z. Stable nuclides
come last in each chain.

» Ordering ground states after first isomeric states after second isomeric states, etc.

Then, if we denote nuclides numbered in such a sequence by i,j,..., the above equation becomes:



G =V +ijaicj

I
or in matrix form (with a bar denoting a transposed matrix):
c=y+bc
Since the only non-zero values of bj_i are those for which j <, this equation can be readily used
to compute cumulative from independent yields. However, the calculation of the variances (and

covariances) of the cumulative yields from those of the independent yields is more complicated.
From the above:

(I —5)c=y

or:

where:
Q=(1-)"
Then if achange dy iny produces achange oc in c:
(dcdc) = Q(Bydy)Q
In particular, the variance of ¢ is given by:

(8c?) = ZQ.,]Ql,k<5y15Yk>

The covariances of the independent yields yi are calculated by the adjustment program FITFY S
described in the appendix of James, et al. [5]. The matrix Q can be calculated from radioactive decay
branching ratios; its definition in above implies that it is a lower triangular matrix with Q; = 0 if j >,
diagonal terms Qi = 1, and, for j <i:

k=i

Qj = zbjaka

k=]+1
If, for agiven value of i, Qj is calculated successively for j the values of Qik on the right hand side

of this equation will already be known. At most 30 nuclides will contribute to the variance of ¢ so it
suffices to calculate and store Qig-m), where m= Min(i,30).
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Production of the JEF-2.2 libraries

Following the completion of UKFY2 in 1990, the library was submitted to the JEF technical
working groups. In July 1993, arevision of the library was produced using the decay data branching
ratios from the final frozen JEF-2.2 decay data. However, in producing this library it became apparent
that some short-lived nuclides were not present in the JEF-2.2 decay data, some of these contributed
greater than 10% of the yield in some mass chains for some fissioning systems. Thus a correction term
was applied to adjust the independent yields for each mass such that a calculation of the chain yields
would arrive at the recommended chain yield values.

Subsequent to the adoption of the JEF-2.2 fission product yield library a few cases were found
where the calculation of individual correction terms had failed to converge to a physical value, as the
missing yield was the mgjority of that in the mass chain. For UKFY3 an improved method of
calculation of the correction terms has been implemented and decay data evaluation has been
sponsored to produce data for the most significant missing nuclides.

Conclusions

We have described the recent UK work in the producing the JEF-2.2 fission product yield
evaluation. The chief remaining task is the testing of the new library by comparison with others, and
aso by caculation of decay heat and of delayed neutron emission rates. Some preliminary tests have

been carried out and are described by Mills [22]. This reference aso includes work towards a new
fission yield evaluation, UKFY 3.
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