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Abstract:
recent

In this paper we summarize the
US evaluation for 34 fissioning nuclides at one or mo:e
incident eneryies and for spontaneous fission.

France

the
neutron
are 50

current status cf

Currently there

ylelds sets, and for each we have independent and cumulative yields and

unceartainties for

approximatively

1100

fission products. When

iralized the recommended data will become part cf Version VI of the US

ENDF/B.

Other major evaluations in progress that

are included in a

recently formed IAEA Coordinated Research Program are also summarized.

In a second part we review two empirical

independent
is presented,
from Lohengrin (Cf£-249 T).

ylelds.

Introduction

Next year will be the 50th anniversary of
the discovery of (fission. Since the begining
physicists and cherista have measured the
distribution in masses and charges of the
fragments and products following fission.
Generally these distributions are called
"yields”. The definitions of the different types

of yields are ncw reasonably standardized and can
be found in the review of Wahl/l,2/.

The most recent review papers on yields by
major evaluators in the US, UK, France, and China
are in Ref./2/. Tals is a source of inuch of the
material in our peper.

Most of the mass chain yields for the more
important fissioning systems have been measured.
For the independent yields the situation is not
the same, 80 models have been duveloped for
estimating the many huadreds ot independent
yields that have not been measured. Because of
space limitations we will not include a
discussion of isomeric yields except to note that
some evaluations use the simple model in Ref./3/
and ot'ilers simply assume equal division among
isomere.

Libraries of Evaluated Fission Ylelds

JAMES
libraries
librariaes:

/2
¢. fission ylelds.

has recently reviewed the anisting
He considers four

1. The UK unajusted and adjusted
uKFYUL sand UKFYAl, respectively. Adjustment
cefers to the inclusion of several conservations
directly in the evaluation such as total prompt
and delayed neutrons,charcge, etc. The UK

libraries,

libraries include 15 ylield sets for ten fisasion
nuclides. Fractional independent yields were not
reevaluated from CROUCH/4/, but did have some
readjustment by ieast squares. The UK
evaluations are again in progress and will
inciude a more detalled treatment of
uncertainties than previous evaluations. These

lihraries were started by CROUCH /4/, and include
an independent evaluation of chain yields.

models in use to estimate

Comparison of model estimates with measured data
including a comparison with

some recent data obtained

2. The US evaluation effort now resides at
LOS ALAMOS. This library was first started by
RIDER and MEEK of the General Electric Company
and RIDER continues to update the data and assist
in the evaluation. The 1988 version contains
indepandent and cumulative ylields and
uncertainties for about 1100 products for each of
34 fissionable nuclides at one or more energies
(50 sets). Table 1 lists the completed sets and
an additional 10 sets in progress.

TABLE 1
Evaluated Yield Sets for ENDF/B (Ver. G)
Fissionable Fissionable
Nuclide Nuclide
Th-227 (t) Pu~242 (f)
Th-229 (t) Am-241 (t,f,h)
Th-232 (f,h) Am-42m (t)
Pa=231 (f) Am=243 (f)
U =232 (v) Cm-242 (f)
U -233 (¢,£,h) Cm-244 (3)
U =234 (£,h) Cm=-245 (t)
U =235 (t,f,h) Cm-248 (9)
U -236 (f,h; CE-249 (t)
U =237 (f) Cf-2%0 (s)
U -238 (s,f,h) Ct-251 (t)
Np-237 (£,h) Cf-2%2 (9)
Np=-236 () Es=-253 (9)
Pu-238 (f) Es-2%4 (t)
Pu=239 (t,f,h) Fm=254 (9)
Pu-240 (f.,h) Fm=2%5 (r)
Pu-241 (¢,f) Fm=256 (s)
Np-238 (f) Es-25) (9)
Np-230 (f) Es-29%3 (w)
Np-2130 (f) Es-25) (9)
Np-238 (f) Es-29%3 (3)
s=spontanecus, tethermal, f=pooled fast,
h=14 mev

(',f)'
(r)
[

Ten sets are in progress: Cm-. %)
Cm-246 (8,f), Cm=-244 (f), Cm-244
Pu-24 (t,h), Np=237 (t), Pu-249



....... ~w yewaws @iw AELaAll®a ana lndependent
yields that are unmeasured are based on the
Gaussian 2Zp model with parameters based on an
older U-235 analysis by Wahl except for the six
recently studled systems/l/; other exceptions are
palring effects/5/, isomeric yields/3/, and the
detailed treatment of decay branching, including
direct use of DN precursors. Except for six
systems, the 2p(a) values for many systems are
based on Ref. /6/. A description is gJiven by

RIDER /2/. Model parameters are not well known
for many systems because of lack of measured
data.

The US evaluation also ret-ins a compilation
of all published data, including data unused in
the final evaluations, and includes a list of
about 1400 publications from 1939 cthrough 1987.
A listing of these data (April, 1988) will be
supplied to members of the IAEA CRP and to others
by request. A complete listing requires about
1200 pages and distribution will be limited
until issued as a Los Alamos report. It retains
the format of the last widely distributed
version /7/. The chain yields of this library
are used by other libraries (Wahl, French,
Chinase) .

3) A French library (1987)/2,8/.It is more a
working file with the chain yields from the US,

but with different ovarameters for the charge
distribution. This file was mainly used for the

decay heat calculations.

4) A Chinese library {1987)/2/. Currently
the Chinese evaluation contains ten yileld sets
for six fissioring nuclides. The methodology of
evaluation, parameters, and chain yialds are

based on the US publications, but their data are
now being expanded ana there is an effort to
improve estimated yields.

JAMES /2/ gives a summary of the methods of

evaluation and comparisons of data he had
available. These older evaluations did not
account for the systematics near
symmetry /9, 10/, and the charge distribution
parameters ware developed before the new
sxperimental rasults from Lohengren ware
avallable, but moat of his analysis srill
applies.
Two Models for Charge D° ibution

Two emplirical models,t.. .p and the Ap’
models have been developed. Both models need ¢to
establish the approximete complementarity of mass
numbers

AL+ Ay = Ar ()

A= A4y, (2)
where L for 1light and H for heavy, F for
fissioning nuclide. The Va values are
calculated from Y(A) values by a program "NUTPS"

It is based on a method

TERRELL/11/.
The number of neutrons emitted for
fission muast be assumed.
kinetic energy deficit
neutrons and this
fission reactions.

firat proposed by

symetric
For U235T the obsarved

support Vvalue ot 4
value |3 assrumed for other
The total average number of

neutrons 7 are divided between heavy and light
products by multiplying Ui by an estimated
ratlio. This ratio appears to give rmasonable

agreement with experimental values. The plotas of
experimental U; and the smoothed functions
derivated from the "NUTP8"™ progrem can be found
in the WAHL papeo1s/l1,2/ for 4 systems (U2)s5T,
U233T, PU2139T, CF2%21).

Both the Ip AND Ap’ mcdels assume =nat tne
dist:ibution of vyields is Jauss:an. Y:ieliz ar
modulated by preton and neution pairing etfacns.
The effects are applied by either multipliar:i:n
or division of 5aussian yields by Fz and Fn, =re
average evan-odd proton and neutron factors. The

Gaussian width parameters for the two madelx ara
equal to the root mean square (AMS) vaizes -
Tauses an dispersions :orrected far jrouping:
o= (RMS?*~1/12)} (3)
It is convenient to compare the maxima In

dispersion curves, 2Zp and A’p with values f.r
unchanged charge division (UCD):

Zea = A'(Zr[AF) (4)
v = Z(Ar/ZF) (5)

The parametars +hich are used to represent the *two
functions

AZ =(2y ~ Zucd) (6)
AA' = (A}~ ALL) (M

are given in the Wahl paper and a summary is giv-
en in table 3 for the Zp Model.

_w powl L A A & 4 e
T D 23 10 W W W B 8 W
A, 2364
Filg. 1

The figure 1 ta<en from Ref./l1/ shows ‘'he
variativon of RMS aid AZ for U235T,They have heen
derived from available data by the method -f
least squares. A modification of *the aenmral
least squares progranm ORGLS 19 used., The
parameters used with the model are given :n Tabie
2.

TABLE 2
PARAMETERS FOR THE 2p MODEL *.
P - -~ . '
METER  23%U 233U 239PU  i52CF  2i8m 4P
AZ(A'=14D) 5. 511 -0.519 -0.544 -0.420 - a0 0l
AZ/AAY  -0.008 -0.0.5 =0.015 -0.018 - ti4 o
o0z  -0.5)1 -0.55% -0.546 -0.589 -n. T4 - 44
Ts0 0.3 0.36 0.35 N5 nd R



Fz 1.27 1.27 1.14 1.05 1.:8 1.10
E, 1.07 1.07 1.05 1.0 1.0 1.0
AA'z 0.9 0.9 0.9 0.7 0.9 0.9
AZpes 0.7 0.7 0.7 0.7 0.7 0.7

The US evaluation uces Fz and fw from
Raf./5/. The abova table is based on Ref. /1l/.

The complemantary element yields:

Y(2.)=Y(Zu)

are required to be equal for the A’p model. When
too faw data exist to derive parameters, the
U235T data are assumed be valid for all systems.
The parameters for the A’p model can be found
in Ref./1/

Estimates of per cent uncertainties in model
calculated yields are .nade with the following
equations similar to those proposed by SPINRAD
/12/.

Seat = 100(ezp(6u)? - 1)} (8)
Su=a++(A) (9)

with
A =(Z - 2Z,)or(A' - A}) (10)
Ln(Yeu/Yery) = a + 7(4) (11

Generally a = 0.1, = 0.05 (2p) and
7=0.01 (AMp). Figure 2 shows uncertainty
estimates for model calculated yields Dashed
lines represent and functions used for es-
estimation of uncertainties.

Wahl’s Indepandent yields derived fiom Zp
and Ap’ models for the systems
U235T,U233T,PU239T, PU241T,U238F,Cf252 are now
avallable on tap2 from him. The procedure, which
produces thease complete data sets, gives detailed
charga kalance, equal yields for compiementary
elements.Detailed charge balance is not achieved
for the other complete independent yield
sets, (US, UK,CHINESE).

U235T
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It is important to keep in mind

that

emg rical model predictions tend to ke in-

creasingly uncertain as measured data be
sparse a9, ©.9., with very small yie
Paramneters are averaged over large mass ra
and different evaluators use diffe
parameters. The models are not consistently

by all evaluators. For example, DICKENS
notes that the Gaussian 3sigma depends on
even-odd character of charge apart from

modulation by pairing; for cumulative yie
some use Sheppard’s correction, etc, Wa
analysis, pneing the most recent for fract:
yields and the most detailed, is presented ab
His 2p and sigma values are used in six ,f th
sets in the US evaluation, and the French use
the parameters and model in their calculari

come
1ds.
njes
rent
used
13/
“he
rhe
lds,
hl’s
nnal
ove.
e 50
all
one.

The reader should be awere that all of the mainr

eva'uyations differ in their emphasis, :n
treatment of uncertainties, in the inclusion
measured data, in the treaument ¢! decay bra
ing, in pairing parameters and in the way ¢
are applied, in isomeric yields, and in the
included pe! set and number of sets.

the
of
n:h-
hesn
{ara
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Emission of neutrons following beta decay
changes the 1initial mass distributions of both
inderendent and mass number yields. 271
precurscrs have now been measured or calculated
by ENGLAND, et al, /14/. Using the sets of
yields and the delayed neutron emission
probabilities the total delayed neutron vyields

can be derived.

New experimantal Techniques

Various methods to measurs fission yielas
have been used since the discovery of the
fission. These include radiochemical and mass
spectromatric measurements, gamma spectrometry
with or without radiochemical separations, on

line lsotopic separations ( OSIRIS, SOLIS,etc...)

recotl separators, HIAWATHA and LOHENGRIN.
DENSC'ILAG /14 / has done a survey of all thase
mathods.

The LOHENGRIN Spectromgter

The fissicn product spectrometer "Lohengrin™
at the high flux reactor of the ILL (GRENOBLE,
FRANCE) has buen described many timea /1§/. The
masses are identified through a :combination of
electric and magnetic fields. Fiasion fragments
are focussed onto parabola inside a reaction
chamber. Each parabola is characterized by a
fized ratio A/q of mass number A to ionic charge
q. Different points on a parabola correspond to

different kinetic energies E of the frajments.
Mass resolving powers A/DA of akout 1000.0 are
routimely avajilable. To determine nuclear

charges 2, the method is based on the specific
ionization, along the particle trajectory. wWe
have to decompose the total fragment energy £
into E = DE + Eres with DE baing the energy loss
in absorber of fised thickness and Eres being the
residual energy. The spectrometer gives DE from
the field settings, while Fres is measured with a
ionization chamber.

:OOl T —
. 1
10— ]
’ 4
r «
b 4
.’ z:qo 37 )
roe _?metﬁ
15 400 450 Eq(a w)
Fig. 3

The figure 3 shows residual enerjzy spectra
decomposed into charge components. It i{s clear
from this figure that the uncertainty on low FI

is high. See charge 37.
Sincs each measurement applies to an
individual ionic charge state (q) and to an
individual kinetic energy of the fragments a

complete distribution has to be carried vut over
the wnole range of kinetic energies and over most
of the ionic charges producal.

Physical Results

Up to now U235T, U233T, Pul39T have kean
measured at Lohengrin and u3ed in evaiiaz:i:ni.
The larga range of measurements allow a

determination of the protcn and neutron Cdd-=ven
effect for other systems. Figure 4 represents

the variation of the proton effect w:i:th rcha
fission system. Other da-a indicate that pa:r:ng
is very energy dependent. Figuie 5 from <+he U3
evaluation shows this.
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Application of Models to New Lohengrin Data

Cr249T has been recently rwasured at
Lohengrin /17/. Freactionnal independent yields
are given from masses 85 to 120, Following the
method described in /1/, we have first cal!-ulated
the vy . A complete data set of ~hain yialids (s
in the 1981 US library/7/. The agreement between
these values and those measured at Lohengrin 13
good. Only chain ylelda for masses 94,95 have
higher values at Lohengrin.To establish the NUa
calculation, a NUt value of 4 1 /18/ and tha same
ratic as in Cr262 are taken. Fiaura &

~aman e
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The parameters to calculate DZ/DA’ are the
average values “or 252CF end 241Pu in Table 2.
Fz and Fn are taken crom /18/.

The figure 7 represents the DZ/DA’ function
for CL249T.

Now it s poasiblae to estimate all
independent yields in CF249T using the program
"EFPYA" of Rel./1/. We have not compared these
with the 1968 Uy evaiuation.

Table 3 is a part of the comparison of
calculated and experimental charge distribution

cdata. YI>0.01 are in good agreement. We have
already seen the very large experimental
uncertainty for the low vyields. So it is

worthless to tiy to compare these low data.

Figures through show mass chain yield
plots from the 1988 US evaluation,

Conclusions

Evaluated yields through 1987 are now
availavie for 50 fission- ing aystems. Six
systems have had a recent, detailsd analysis for
distribution parameters. A similar effort s
neaded for other systems. Evaluation and
modeling zontinues in the U8, UK, China, and
France. The rew IAEA CRP may assist in resolving
differences, and in defiring needed experimental
and evaluation support. Space has not permitted
a discussion of prcblems and detailed differences
in evaluations asuch as energy depen- dence,
treatment of decay processes, and use of data
measured before snd after ‘ielayed neutron
emission. We have chosen t: summarize the most
recent evaluations and 1odeling and to provide
some recent Lohengrin data and its modeling.



Yleids per 100 Flaslons

Experimental Charge-Distribution Dacta.

EXPERIMENTAL CALCULATED LIM,

oL -
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NUCLIDE
137 Rb 96
138 Sr 96
39 ¥ 36
40 Zr 96
38 Sr 97
39 Y 97
40 Zr 97
41 Mb 97
38 Sr 98
39 Y 98
40 Zr 98
41 Nb 9!'
38 sr 99!
39 Y 99
40 Zr 99
:41 No 89
42 Mo 99
139 VY 100
140 2r 100
! No 100
42 Mo 100
39 Y 101
40 Ze 101
41 Mo 101
42 Mo 10?
RATIOS
NO.

NO.
NO.
NO. > 2.00:
NO. < 0.50:

VALUE

.300E-02
.O10E-0O1
.510E-01
.36CE-O!

.000E-01
.380E-O1
. 180E-01
.400E-02

.900€ -02
.230€-01
. 150€-01
.730E-0O1

- 100€E-02
.260€E-C1
.170€E-O1
.270€E-01
.800E -02

. 900€ -02
.950E-01
.860E-01
.400E-02

. 300€E-02
.OCOE-01
.I90€-01
.800E-02

N aa WGNON - - b b @ - -y

VALUE

. 128E-02
.492E€-01
.877E-01
. 133€-02

.910€-01
.556E-01
.466E-0O1
.645E-03

-902€-02
.262E- 01
.T17€-0O1
.237€-02

.O04E -02
.J70E-01
. 782€-01!
. 148E-C?
.222€-03

.21J€E-02
.268€E-01
.891E-01t
.098E -02

.070€-02
.218E-01
.621E-01
.0%2€-01

WITH RANGE BRACKETING 1.00:
BETWEEN 1.00 AND 2.00:
BETWEEN 0.50 AND 1.00:

NO. OF VALUES INCLUDED:

SYM.

19
32
26
12
a8

ALL ExP,

— o~ o~

RATIO
(RATIO

. 406
157
.522
.230

oCom N

.910
033
.46
.037

00 -n

.283
.320
.916
. 101

.912
.049
-312
.18
179

O0Q==0 00an

130
.222
.661
3’a

.82)
. 406
.72
. 193
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