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Talmadge R. ENGLAND
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DRF/Sph./PhAN,
Centre d’Etudes Nucliaires deGrencble,

85X-F 3S041 Grenoble Cedex, France

Ab3tract: In this paper we summarize the current status ~.f the
recent US e~’aluation for 34 fiasioninq nuclides at one or moie neutron
incident enercjies and for spontaneous fission. Currently tt,ere are 50
yields sats, and for ●ach we hava indapendant and cumulative yields and
uncertainties for approximatively 1100 fission products. When
firalizod tho rocomnendad data will bocomm part cf Version VI of the US
EWDF/B. Othar major evaluations in proqresa that are included in a
rocmntly fornmd IAEA Coordinated Rosoarch Program are alao sununarized.
In a second part wa rwiow two emplrlcal models in use to estimate
independent yields. Comparison of mo&l ●stimates with measured data
is presmnted, including a comparison with some recent data obtained
from Lohengrin (Cf-249 T).

introduction

Next ygar will ba tha 50th anniversary of ‘
tho diacovbry of fieeion. Sincm tha beginlnq
phyaiciata ●nd chemistm havo meaaurmd tha
distribution in massea and charqaa of t ho
fcaqwncs and products followinq flaaion.
Gonarally theaa distributions a ra called
“yimldm”. Tha definitions of ths difforont types
of yiolda aro ncw reasonably standardized and can
ti found Ln tho roviaw of Wahi/l,2f.

Tho most recent roviow papars on ylelda by
major ●valuators in tha US, UK, Franc., and China
am in Raf./2/. Tnis is ● sourco of much of tha
material in our pspar.

Most of tho MsS chain yiolda for tho mora
important fissioning syatoms hava bean rmaeurod.
For tim Lndopmndmnt yields th~ situation ia not
tha sari, ao motile havo baon dcvalopad for
●stmating thm many huadrode Of indopmciant
yialda that have not bean m8aaured. Bocauao of
apaca limitations Mn will not includa ●

diacuamion of iaomarlc yields ●acmpt to not. that
sonu ●valuationa u80 tho sbnplo motil in Ref,/3/
●nd othru slI@y ●sauma ●qual division ●monq
iaoraarr.

Librarion of Evaluated Fission Yields

JAMES /2’ haa roemtly rovlowod tho mnistinq
llbrarioa c. fiaaion yields. Ho cona~dmrs four
llbrariaa:

1. Th@ UK unajuated ar,d adjusted librario~j

urtFYUl ●nd UKFYAl~ raapoctivoly. Adjustment

tiofcrs to tho inclusion of aovaral consorvationa
dirsctly Ln tho ●valuation ouch aa total prompt
●nd tilayod nautrona~char~o~ ●te. Tho UK

librarisa includa lj yield sots for ton fission
nucllriaa. Fractional indapmdont yislda wcc not
tmavaluatmd Erom CROUCH/4/# but did havm 9omN
roadjumtmmnt by ioast aqua ma, Tho UK

●valuationm ● r9 ●qain in proqroma ●nd w1ll
Lnciudo ● mora datallsd treatment of

unc8ctaintiem than prsvious ●valuations. Theao

LLbrarLoo usro startad by CROUCH 14/, and lncludo
●n lndapan~nt ●valuation of chain yields.

2. Tho US evaluation effort now resides at
LOS AMMOS. This library was first started by
RIDER ●nd MEEK of tha General Electric Company
●nd RIDER conclnuea to updata the data and asalst
in tho revaluation. Tho 1988 varsion concai~.g
Lndependant and cumulative yieldg and
uncmrtaintims for ●bout 1100 products for each of
34 fissionable nuclidaa ●t onm or more enerqias
(50 sots). Tablo 1 lists tha comphted sets and
an ●dditional 10 sets in proqroas.

TABLE 1
Evaluat@d Yi@ld Sots for ENDF/B (#erm G)

~laaionable Fiaaionabla
t4UC 1 ida NUC 1 id,

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 (t
U -233 (t
U -234 (t
u -2J5 (t
U -236 (f
U -237 (f
U -230
Np-237
Np-?36
Pu-230
Pu-239
Pu-240
Pu-241

Cm-242 (fj
f,h) Cm-244 (s)
h) Cm-245 (t)
f,h) Cm-248 (s)
hi CC-249 (t)

cf-250 (s}
f,h) cf-251 (t)

f,h) cf-252 (s)
f) Es-253 (s;
f) ES-234 (t)
t,f,h) Fro-254 (s)
f,hl Fm-2S5 (r)
t,f) Fro-256 (s)

NP-230 (f) Es-253 (s)
Np-230 (f) Es-253 (s)
Np-230 (f) Es-253 (9)
Np-2311 (f) Ca-253 (s)

--------- --.----

S=SPOntan00U8, t-thermal, f-pooled fast,
h-14 WV

Ton sots aro In proqrase: Cm-J4! I’,:},
Cm-246 (s,f), Cm-J44 (f), Cm-:4H (f)
PU-24 (t,h), Np-237 (t), Pu-:do (’I



.. --”- .-” ,----- .4. - L=.-AntYa ana lnaependen:
. yields that are unmeasured are baaed on the

Gausaian Zp model with parameters baaed on an
older u-235 analysis by Wahl except for the aix
recnntly atudled ~ystema/1/; other exceptions are
paLring effects15f, isomeric yieldsJ31, dnd the
detailed treatment of decay branching, including
direct use of DN precur~or~. Except for six
systems, the Zp(a) values for many systems a:e
based on Ref. /6/. A description is gl-)en by
RIDER /21. Modal parameters are not uell known
for many systems because af 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 public:ationa from 1939 through 1981.
A listing of the.ve data (April, 1989) will be
supplied to member: of che IAEA CRP and to others
by request . A complete listing requires about
1200 pagea and distribution will be limited
until issuad as a Loa Alamos report. It retains
the format of the last widely distributed
version /7/. The chain yields of this library
are used by ocher librariea (Wahl,French,
Chinese) .

3) A French library (19B7)/2,8/.It is more a
workinq file with the chain yields from the US,
but with different parameters for the charge
distribution. This file was mainly used for the
&cay heat calculations.

4) A Chinese library i19071/2/. Currantly
the Chlneae ●valuation contains ten yield sets
for aix fiesiorlng nuclidem. The methodology of
●valuation, paramatera, ●nd chain yieldx are
ba8ed on the US publications, but their data ara
now belnq ●xpanded ana there is an effort to
improve ●ati.mated yialda.

JAKES /2/ gives a sumnary of the mathods of
evaluation and comparison of data he had
●vailable. Thesa older evaluations did not
account for the systematic near
Symnetry /9, 10/, and the chazge distribution
parameters were developed before the new
●xperimental results from Lohengren were
available, but moat of his analysis Still
applies.

Two Models for Char~e D’— ibution— --

Two empirical modela,t ,. .p and the Ap’
models have been developed. Both models nead ta
●atablieh the ●pproximate compleamntarlty of maae
numbers

.

A’=A+PA

(1)

(2)

where L for liwht ●nd H for heavy, F for
fiemioninq nucllde. Tha WA values ● re
calculated fran Y(A) valuee by a program ‘NUTPd”
It 1s baaed on ● method first proposed by
TERRELL/11/i

The number of neutrona ●mitted for e~tric
fiaaion muet be ●saumed, For U235T the obe~rved
kinatlc ●nergy deficit support value of 4
neutrons ●nd thla value 1.s ●a?umed for other
fission reactlona. The total ●voraqe number tif
neutrons ,~ are divid~d between heavy and light
products by multiplylnq n by an ●st imated
ratio. Thla rat 10 ●ppears to qive rmasonahlm
agreement with ●xperimental valuea. Th@ plots of
●xperimental VI ●nd t.llq smoothed functlona
derivtited from the “NUTP8” pruqram can b. fnund
in the WML papola/1,2/ for 4 ayatema (U2~5T,
U233T, PU239T, CF2521).

Both the 2P AND Ap’ mcde~s asgune -.:3: ::.=
distribution Uf ~:e~d9 ~9 ~ddSSldn. Y:e::s 3:+
modulated by prcton and :leuclon palr~r.g et:-?c:s .
The effects are applied by elcher multip:l:ar~:n
or division of :aussian yields by FZ and Fn, -....e
average even-odd proton and neutron faztars. The
Gaussian width parameters f~r the two n-cle:x 3r.?
equal to the r~ot rean square (MS) ,/aiw3 : :r
Cau35 an cii5pers13n3 ;arrected f3: qroup~r.q:

a= (fiws’ - 1/12)+ (3)

It is convenient to compare the maxima :n
dispersion curves, 2P and A’p wl:h va:ces f;r
unchanged charge division (UCD):

zd=i4’(~F/AFj (4)

A;d =z(.4F/zr) (5)

The parameters Aich ara used to represent the two
functiong

AZ = (Zp - Z.m) (6)

&4’=(A;-&d) (7)

are given in tho Wahl paper and a :unwaary is giv-
en in tabla 3 for tha Zp 140dal.

u2x5r

Fiq. 1

The figure 1 tzzan from Raf./l/ shows ● ha
variatlbn of MS ● ld~z for U235TaThey have 1~-en
derived from available data by the method ?f
laaet aquarga. A modification o? ?h~ omlwr.11
least squa rea proqra% 0RGL9 la usef’i . :ho
para-tmre uaod ~ith the modol ●ro qivnn :n Tahip
2.

TABLE 2
PAPAHCTERS FOR THE Zp MODEL ‘.

PAR.A-
f4tTCR 235U 233U 239PU :52c~ :l@lj ;411”I

AZ(A’=lW)~.Sll -Iy,519 -0,544 -fI.4:0 -’ ‘Q} “ ‘,”



Fz 1.27 1.27 1.14 1.05 1.:8 1.10

lx 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

AZmU 0.7 0.7 0.? 0.7 0.7 0.7

The US evaluation uses Fz and Frn from
Rt3f.15i. The abova table is based on Ref. Ill.

The complementary ●lement yields:

Y(zL)=Y(zlf)

are required to be equal for the A’p model. Nhen
too few data exist to derive parameters, the
U235T data are asaumad be valid for ●ll systems.
Tho parameters for tha A’p model can be found
in Ref./l/

Estimacma of per cent uncartaintioa in modal
calculated yiolda ●ra .aa& with tho following
aquations similar to those proposed by SPINRAD
/121.

S.,, = 100(erp(JA)2- l)* (8)

6p =a+T(A)’ (9)

with

A=(Z-Z,)m(A’ -A;) (lo)

Ln(Y4/Ym)=at T(A) (11;

tinarmlly a -0.1, Y- 0.05 (Zp) “●nd
?- 0.01 (A’p) . Figure 2 shows uncertainty
estlmat*a for model calculated yields Daahed
lines represent ●nd funetiona uaad for ●a-
●athnation of uncertainties.

Wahl’s [ndepandent yiQMa derived ftom 2P
●nd Ap ‘ models for thm ayztema
u235T,U233T,PU239T,PU241T, U23EF,Cf252 ● re now
●vallnbla on t.apa from him. Thm procedura, which
producaa th~ae complete data sacs, Ulves ~tailad
char~~ talance, ●qual yields for complementary
●lements.Detailed charge balance la not achiaved
for the other conplete lndepandanc yield
aeta, [US, UKFCHINCSC1-.
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It ia hportant to keep in mind ?.hat
SIl$.~ical nwdel predictions Cond to be kn-
creaainqly uncertain ●a mmaaured data become
aparae ●e, ● mq.~ with very small y~elcls.
Parameters ● re ●veraged over large maas rana~s
●nd dl:ferent ●valuator uae diffor~nt
parameters. The models or. not consistently us?d
by all ●valuators. For ●tample, DICKENS(ll/
notes that the (3auamian aigrma depends on the
●ven-odd character of charqa ●part f r>m ! ho
modulation by pairingl for cumulative yialds,
a o- uae Sheppard’a correction, etc, Wahl’~
●nalysie, oainq the moat recent for fractional
yields ●nd the moat detailed, ia present-d above.
Hia 2P and sigma values ●ra used in six Jf tho 50
aeta Ln tha US ●valuation, ●nd the French us. all
the parameter ●nd modal in their calculations.
The reader should be aware that ●ll of the ma?or
●va’uationa differ in tholr ●mphasis, :1) !)1!9

treatmnt of uncerttintloa, in the LnclusL~n >f
meeaured data, in the treaurnant o! decay hr4l1:l\-

lnq, in palrinq parameter and in tha way rhegm
● re ●pplled, in laomrlc yields, and in the I!lr.a
included peI: set ●nd number of sets.
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Emission of neutrons following beta decay
changes the initial mass distributions of both
independent and mass number yields. 271
precursors have now been measured or calculated
by ENGLAND, ec al, /14/. Using the sets of
yields and the delayed neut ron emission
probabilities the total delayed neutron yields
can be derived.

New e>:perimental Techniques

Various methods to measuris fission yields
hdVe been used since the discovery Ofthe
fission. These include radiochemical and mass
spectrometric measurements, gamma spectrometry
with or without radiochemical separations, on
line isotopic separations ( OSIRIS, SOLIS,etc. ..)
recoil separator, HIAWATHA and LOHENGRZN.
DENSC!ILAG /14 / has done a survey of all theso
methods .

The LOHENGRIN SDec t ro~

Tl;e fisaic~ product apectromter “Lohangrin”
at the high flux reactor of the ILL (GRENOBLE,
FRANCE) has buan described many thus /16/. The
massea aro identified through a combination of
electric and maqnetic fiolda. Flasion frsqmmnts
are focussad onto parabola insida ● reaction
chamber. Each parabola is characterized by a
flxad ratio A/q of maas number A to ionic charga

q. Different points on ● parabola correspond to
diffmrmnt kinetic ●nmrqiea E of tha fraqments.
Uasa reaolvinq powaro AIDA of about 1000.0 are
routlmely available. To datermine nuclear
chargea Z, tho mathod is based on thg apacific
ionization, ●long tho particlo trajectory. W.
hava to deco~oae tho tatal fragment ●norqy E
into E - DE + Eros with DC beinq the ●narqy loaa
in absorber of fiamd thicknosa ●nd Eres beinq cha
residual ●nerqy. Tho spoctrmator givom DE from
the field settings, while Fres is measurmd with ●

ionization chamber.

. ..-, J,., -

L

,

,. .

Flq. 3

Tha fiqure 3 shows rosldual ●norly spectra
dmcompoaed into charqo coqonents. It is Clomc
from thim tiqurm that the uncortalnty on low FI
is hiqh. Se. charqa 31.

Since ●ach measurement ●pplies to an
individual ionic charqs stats (q) and to an
individual kin-tic ●nmrqy of tha fra~nts a
complota distribution ham to be carrigd out over

tha wnolo ranga of klmtic ●norqie.s ●nd ovor most
of tha ionic chatgoa produca~l.

Up to now U235T, U233T, P,u239T have beer.
meagured at Lohenqrin and !use,iin evai~3c::r.3 .
The large ranqe of measurements ~::,-.~ .3
determination of the protcn and neutron :dd-?”Jen

effect for other systems. figure 4 represent 3
the variation of the proton effect w::h ~ ,h,e

fission system. Other da”.~ indic.sta that Fa:r:r.q
is very energy dependent. Figure 5 from :?,e ‘:s
evaluation shows this.

x I

L

1300 1350 1400 1450 1500 1550

Fig. 4

—— —.---.-. ---
1

Application of Uud61a to New Lohangrtn ?ata

cT249T barn been recently wasured at
Lohonqrln /171. Fractional indapandent IIOIJS
aro givan from masoos 85 to 12flo Followlnq the
method doscribad in /1/, w. have first c~!culatcd
tho VA . A compl*t@ data sot of chain ykelis 1s
in tho 1901 US llbrary/7/. Th@ ●qreemant b~twoon
t.h.s. vaku.s ●nd thosg smacurad ●t Lohanqrln kg
good . Only chain ylolda for masaea 94,?5 have
hiqh~r valuoc ●t Lohanqrin.To ●atabllsh !.he NUa
calculation, a Wt value of 4 1 /l@/ ●nd t.h~ S-
tatic ●m in Cf262 ●rm taken. rimt:v= L --------
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The parmetors to
avorago values “or 252cF
FZ and FrI aro taken trom

calcuhtc DZf DA’ are the
●nd 241Pu in Table 2.
/10/.

Tha figuro 7 roprsaants tho DZIDA’ function
for Ct249T.

Now it La poaaibla to emsimatm all
indapandent yialda in CF249T using tho program
‘EFPYA” of Raf./l/. We have not compar~d those
with tho 196R W ●valuation.

Tablo 3 is ● part Of th~ comparison of
calculated ~nd ●xparimental chargo distribution
data. YI>O,O1 ●ro in good ●graom.nt. W. have
a Lraady aa*n th- vary largo axpor
uncertainty for tho low yiolda, so
worthl~as to try to comparo those low data

Fiqur@e throuqh show maaa chsin
plots from tho 1988 US ●valuation,

mental
t is

yield

conclusions

Evaluated yields Lhrouqh 1987 are now
availavla for 50 fission- ing systems. SLX
systama havo had ● recant, datailarl analysis for
distrlhution paramatars. A similar effort is
namdgd for othor systems. Evaluat~on and
modeling contlnuaa in tho US, UK, China, and
Franc*. Ths MU IAEA CAP may asaist in resolving
diffcioncoa, ●nd in dcfir.inq naodod experLment~L
end ●valuation support. Spara has not permitted
● discuaaion of pceblomo ●nd datailed differences
in ●vakuationa such as ●nergy depen- dence,
treatment of decay procesaea, and use or data
moasurad before ●nd ●fter Iolayed neutron
emission. W. hav~ chosmn tz summarize the most
recant ●valuationa ●nd taodolinq a~d to provide
soma racgnc Lohongrln data and its modelinq.



Experimental Charge-Distribution Data. #

EXPERIMENTAL CALCLILATED LIM, RATIO
NUCLIDE VALUE vA1-LJE SVM. (RATIO

137 Rb 96 1.300E-02 3.12EE-02 2.406

138 Sr 96 3.OIOE-Of 6.492E-01 2 157

,39 v 36, 5.510E-01 2.677E-01 0.52?
14(3 Zr 96 1.36cE-0~ 3. 133E-02 0.230

,3s Sr 97 l.mE-01 2 9iOE-O! 2.910

39 v 97 5.380E-01 5.556E-01 f .033

40 Zr 97 3, 180E-01 ! .4s6E-131 0.461

’41 Nm 97 4.400E-02 1 .645E-03 0.037

s38 Sr 98 3.900E-02 8.902E-02 2.2s3

,39 v 98 3.230E-O! 4,262E-01 1.320

40 Zr 90 5. 150E-01 4.7!7E-O! 0.916

41 W 90 1.730E-01 1 ,237E-02 o. 10!

.36 Sr 99 ‘ I.1OOE-O2 1 .@34E-02 0.912
J39 v 99 2.260E-G1 2,370E-01 ! .049

~40 Zr 99 S.170E-O! 6782E-Of 1.312

141 m 99 2.270E-Oi 7, 1413E-CI 0.3!5
‘d? MO 99 t.1300E-02 3.222E-03 0.179

139 Y 100 5,WOE-02 6.2f3E-02 1.130
140 2P 1~ S,950E-01 7.268E-01 ;.222 ;
94f m 100 2.a60E-oi I .Et9!E-Ot 0.66!
.42 Ua tm 6.4u)E-02 2.098E-02 0. 3?a

,30 v 101 1.300E-02 1.070E-02 0.023
40 Zr 101 3.~E-01 4.2113E-01 t,4~

41 m 10! 6.3906-01 4.621E-01 0.723
42 )@ !0! 4.800E-OZ 1.0526-01 2. 103

Rartos 4LL ExP, V4LUES

W. WITH BAffiE BRACKETING f.cO: 19 ( 1$.0 %):
~. BETWEEM !,C43 Am 2.00: 32 ( 25.2 %)~
NO. BETvEEM 0.s0 AMI 1.00: 26 ( 20s %),
Fa. D 2.CO: 12 ( 9.4 %):
m. c 0.60: 36 ( 2s.9 %)

MO. OF VALUI!S lMCLUOEOt ~21
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