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F O R E W O R D

Recent reactor safety investigations have accentuated the
importance of fission products and intensified the need for
detailed studies of their nuclear properties. This led the
IAEA, under the guidance of its International Nuclear Data
Committee, to convene a Panel Meeting of specialists to review,
for the first time, the requirements for fission product nuclear
data (FPND) in the light of present knowledge. The size of the
meeting which was attended by more than 60 participants from 17
Member States and three international organizations illustrated
the importance and magnitude of national efforts spent on FPND
research. Sixteen internationally coordinated review papers
distributed to participants before the meeting covered all aspects
of use, status and requirements of FPND. They formed the basis
for stimulating discussions between users, measurers and evaluators
of FPND and led to numerous recommendations regarding future FPND
work.

The proceedings of this panel are published in two parts.
Part 1 consists of two volumes and contains all the review papers
presented at the panel; the sequence of the paper numbers does not
correspond to the sequence of their presentation (see panel
programme). The historical development that led to the holding of
this meeting and the scope of the panel are set out in detail in
the "Introduction" (review paper no. la). A detailed summary of
the panel's observations, conclusions and recommendations is given
at the end of volume 2 and is followed by detailed tables in which
required and achieved data accuracies are compared (Appendices Al-rA5)«
Part 2 of the proceedings (volume 3) contains selected contributions
to review papers. This part is being distributed only in a limited
number of copies. The individual contributions are referred to at
the end of review papers.

The scientific secretaries wish to express their deep appreciation
to the panel participants for their very efficient cooperation during the
meeting as well as thereafter during the preparation of the proceedings.



LIST OF ABBREVIATIONS

BWH = Boiling water reactor
CCDN = Centre de Compilation des Donne'es Nucle'aires

x. NDCC a Neutron Data Compilation Center (of NBA)
BANCO = European-American Nuclear Data Committee
FP = Fission Product
FPND a Fission product nuclear data
FRO » Swedish zero power fast reactor
HTOR = High temperature gas cooled reactor
IAEA «= International Atomic Energy Agency
INDC » International Nuclear Data Committee
LMFBR => Liquid Metal fast breeder reactor
ND = Nuclear data
NDS =. Nuclear Data Section of the IAEA
NEA = Nuclear Energy Agency
ORELA s Oak Ridge linear accelerator
PFH = Prototype fast reactor
PWR o Pressurized water reactor
RP = Review paper
RPI = Rensselaer Polytechnic Institute
WRENDA = JJorld ̂ e_quest List for Neutron Data Measurements



Panel on Fission Product Nuclear Data, Part Is
US-VIEW PAPERS AND OBSERVATIONS,, CONCLUSIONS AND

RECOMMENDATIONS 0F THE PANEL

Tahle of Contents

Volume Is
Panel Programme ................................................ 1
Beview Paper No. la ........ ....... .a.............. ............. 5

M0 LammerIntroduction "
Review Paper No. !b .„.......,,.....„......<,..<,.................. 9

S. Valente
List of Compilations, Evaluations and
Computer Codes of F.P.N.D.

Review Paper No. 2 ............................................. 29
M.R. Iyer5 D.N. Sharma? A.K. Ganguly
Fission Product Nuclear Data (FPND) and • •
Environmental Aspects of Nuclear Fuel Cycle

Review Paper No, 3 ............................................. 51
J.G. Tyror
The Importance of Fission Product Nuclear Data in the
Physics Design of Power Heactor Cores.

Review Paper No. 4 ..«o.....̂ ...... .....<,....,,... ........
C. Devillers
Importance of Fission Product Nuclear Data for
Engineering Design and Operation of Reactors

Review Paper No, 5 e«...o.o«oo...o.oo....oo.o...c,o...e.o......o.
WSJ. Maeck
Fission Product Nuclear Data Requirements for the
Determination of Nuclear Fuel Burnup

Review Paper No. 6 .............................................. 191
C. Weitkamp
Importance of Fission Product Nuclear Data for
Safeguards Techniques

Review Paper No. 7 ,(,,...,.«,.(,«,o<,.....o......................... 213
E. Merz. and 1. Laser
Importance of Fission Product Nuclear Data for
Fuel Handling

Review Paper No. 8 ............................................. 225
W.g.G. gjihn and "E.G. Fiemann
Importance of Fission Product Nuclear Data (FPND) in
Life Sciences. Agriculture and Industrial Technologies



Review Paper No, 9 ..........••.•...••.......••.• ............. 23!
E.L. Alpen
Use of Fission Product Nuclear Data in Life Sciences

Review Paper No. 10 .............................. .......... 235
P. Ribon and J. Krebs
Status of Neutron Cross-Sections of Fission Product
Nuclides

Review Paper No. lia ............ ............... ...... ...... 285
W.H. Walker
Status of Fission Product Yield Data for Thermal
Reactors

Review Paper No. lib ........................... ........... 353
J.G. Cuninghame
Review of Fission Product Yield Data for Fast
Neutron Fission

Volume?2s
Review Paper No. 12 .,..,,.,.................c....„...,,....... 1

G. Rudstam
Status .of .Decay Data .of Fission Products

Review Paper No. 13 ....... .....»......<,....................... 33
S. Amiel
Status of Delayed Neutron Data

Review Paper No. 14 ..............,>.••...............«,»̂ ....i.. 53
M. Bustraan
Integral Determination of Neutron Absorption "by
Fission Products

Review Paper No. 15 ......*......................te.. ........ 115
M. Lott
Residual Power Due to Fission Products

Review Paper No. 16 .................... ......o................ 163
A.E. de L, Musgrove, J.L. Cook^ G.D. Trimble
Prediction of Unmeasured Fission Product Yields

Summary .,.,,.........„....»,............>„..............<,.....« 201
Observations, Conclusions and .Recommendations of
the Panel

Appendix A" 1 ......t.................................,*.,,....... 265
FP Chain yields?
comparisons status -.user requirements

Appendix A 2 .................................................. 277
Independent and Cumulative Fission Yields; - -
comparisons status - user requirements.

Appendix A 3 ..................... t............................ 297
FP decay data;
comparisons status - user requirements



Appendix A 4 ......o,«...........,«...o.«........«....«.....•«• 311
FP Neutron Reaction Cross-Sections-
comparisons status - user requirements

App endix A 5 .......«.....«.........««..«...--«........... ». •.
FP decay heat

List of subgroup members „... ..„.„,, * ................«.»,.,.....
List of participants .............,....cc...o..,=............. 331

Notes
Volume 3 of these Panel proceedings contains "selected
contributions to Review Papers", as indicated at the end
of each review paper.



Review Paper no. 12

STATUS OF DECAY DATA OF FISSION PRODUCTS

G. Rudstam
The Swedish Research Councils' Laboratory,
Studsvik, Nykoping, Sweden

SUMMARY

The status of our present knowledge about fission
product decay properties, i.e. half-life, mode of decay, beta-
and gamma-ray energies and intensities, etc., is discussed.
Compilations of such nuclear data are reviewed, and some
recommendations are given.

Contributions from Aten and from Large have been in-
corporated into the review, and reference is made to a number
of other contributions to the panel.

1. THE EXPERIMENTAL SITUATION

1.1. Introduction
Fission has now been known for about 35 years. During all

these years an extensive work has been devoted to characterizing the
fission products. To-day we can say that we know very much about the
more long-lived species among those products. If a nuclide has a half-
life in the order of hours or more,it is not difficult to design effi-
cient chemical separation and purification procedures, to prepare a
suitable radioactive source and to study the decay properties of the
components in the source with various kinds of measuring techniques.
These methods are therefore well established by now, and there is little
point in discussing them here except, maybe, to point out that Ge(Li)-
detectors have made most of the earlier work obsolete.



The situation is completely different when it cornes to short-
lived fission products. It is really amazing that so many fission
products have been left unmeasured, or with very incompletely known
properties, until now. It is true that the task of studying short-
lived fission products is difficult, especially for half-lives in the
second or subsecond region, but also many nuclides with half-life in
the region of minutes are badly known,and part of the data available is
seemingly erroneous.

One may, of course, ask the question whether short-lived fission
products are of any interest whatsoever. Because of the short half-life
their importance as tracers, for medical use, etc. is very li-
uited. The application of our knowledge about them must be sought on
the nuclear power side (for example: decay heating as a function of
cooling time; effect in connection with possible reactor accidents).
Quite generally, it seems fair to state that a strong motivation for a
thorough study of the properties even of short-lived fission products is
the fact that they are produced in large and increasing quantities as a
result of the rapid development of nuclear power envisaged in many
countries. It is also appropriate to point out that the scientific in-
terest of these short-lived nuclides is very great. First of all, our
knowledge about the structure of nuclei far away from the beta-stable re-
gion is quite rudimentary. Short-lived fission products are the best me-
dium-mass probes on the neutron-rich side of stability, and it is there-
fore essential to study them thoroughly. There are also applications
where their properties are extremely important, for instance in the astrophy-
sical field. A proper treatment of the "r-process" in nucleosynthesis requires
knowledge of nuclear half-lives, masses, beta-strengths, and the emission
of delayed-neutrons. So far, one has to rely on extrapolations from what
we know about nuclei close to the region of beta-stability (cf. mass for-
mulas). Evidently, we can never do without extrapolations, because data
are needed for nuclear species far more neutron-rich than the fission
products but, using data for the most neutron-rich fission products which
can be made, the extrapolations should become more accurate than they are
at present. Thus, from the scientific point of view it is not hard to
find reasons for studying extremely short-lived fission products.

1.2. New techniques
Until now we have had to rely mainly on clever chemists able

to work out suitable separations methods for the fission product



elements. This problem has not been easy. The method has to be
rapid and yet very selective with large decontamination factors from many
elements. These are not the only difficulties, however. The sample pre-
pared will, as a rule, still contain many isotopes of the desired element,
and daughter activities will grow in. A gamma-spectrum of such a sample
will therefore generally contain gammas from many components and, even if
ingenious timing methods are used, the proper assignment of the gamma-
rays to given nuclides is a difficult task. For these reasons rapid chemical
separation methods and subsequent decay measurements are difficult to use for
comprehensive nuclear studies, and only scattered data have come out
for the more short-lived species.

It seems that the best way out of the experimental problems is to
use some on-line system which continuously singles out the desired product
and thus allows one to measure a steady-state sample at leisure just as
one measures long-lived samples. The most perfect experimental set-up
would then be one which separates out the desired nuclide in a monoiso-
topic form, i.e. accomplishes both element separation of mass separation.
The sample should be free from disturbing contamination from all other fission
products, and the separation should take place without any serious loss of
activity and without any appreciable delay between production and sample pre-
paration. The sample should, in addition, be obtained directly in the measu-
ring position of the spectrometric apparates and in a form suitable for the
measurements.

As usual, the perfect experimental set-up does not exist, but there
are now several facilities in use which satisfy at least some of the re-
quirements given above. This is not the place to describe in detail the
various methods. As an illustration, however, the ISOL-facility at Studsvik
will be briefly discussed. It consists of an isotope separator with its ion
source close to the core of a 1 MW reactor in a position where the thermal
neutron flux reaches 4 x 10 n/cm2sec. The target material, consisting of

235about 2 g of U as oxide, is enclosed in the discharge chamber of the ion
source. The ion source is kept so hot that many of the fission product ele-
ments diffuse through the target material and evaporate into the gas phase
of the discharge chamber. Part of the evaporated atoms will get ionized and
pass through the separator to the collector chamber where the ion beams are
focussed. The radioactive atoms can then be collected directly in front of
the measuring equipment.



This arrangement does not fill all requirements listed above.
First of all, the delay, although short, is still too long for the study
of many isomeric states. This is because the diffusion in the target
material takes time. The most short-lived species studied so far is

1320.12 s In. For such a case one has to count on a severe decay loss
but the high neutron flux and the large amount of target material en-
sures quite decent sample strengths (disintegration rates up to milli-
curies) for many short-lived activities. Another shortcoming is that
the samples may contain several isobars owing to the fact that a large
number of elements (all elements from zinc to strontium» except
selenium,and those from silver to barium) are evaporated and ionized in
the source. Often, this is not a serious problem because of the great
difference in half-life from isobar to isobar and, besides, the mass se-
paration can be combined with a rapid chemical separation step for iden-
tification purposes. In spite of these drawbacks, the facility is a
convenient tool for the study of a large number of short-lived fission
products, and an extensive programme for investigating their nuclear properties
is being carried out.

This description of a particular arrangement for the study of
short-lived fission products is only meant to exemplify the techniques
now available. Other facilities have other advantages and disadvantages.
An intensive experimental work on these nuclides is being pursued in
various places, however, and it is to be expected that our knowledge
about the properties of the short-lived fission products will rapidly im-
prove in the next few years to the benefit both of basic science and of the
applied field.

It should be pointed out that rapid chemical separation methods
still have their place in the study of short-lived nuclides for providing
complementary information.

1.3. New experimental results
Using the new techniques the collection of new fission product

nuclear data is in rapid progress in various laboratories. Many results
have been published already and are thus readily available. They have
also been included in the most recent compilations. There is also
a wealth of data lying around unpublished and therefore not so readily
available, however. Many scientists in the field are so occupied doing



experiments that they hardly give themselves time to write «p the re-
sults. They may also by trying to add just one more piece of evidence
for a particular level scheme when the results already obtained are per-
fectly valid for the applications which we discuss here.

Thus, it might be difficult to squeeze the data out of the
scientists at an early time. There lies also a danger in trying to com-
pile as fresh data as possible, because the results are then often in a
preliminary form and not analyzed well enough to warrant a wide spreading.
Erroneous results might creep into the compilations, and it might be hard to
get them out again. Thus, the compilers and evaluators must be cautious
when compiling results in a premature form. For the same reason, data
presented in informal conferences and perhaps reproduced in un-edited
proceedings must also be treated with care.

2. ACCURACY OF FISSION PRODUCT NUCLEAR DATA

2.1. Half-life determinations
It is not easy to correctly assign errors to measured half-life

data. The reason for this is not the statistical treatment of the measure-
ments, which anybody can do without difficulty, but rather various kinds
of systematic errors. Half-life determinations of long-lived nuclides
might suffer from long-time instability of the measuring equipment, not
properly taken care of by monitoring procedures, or from some minute con-
tamination which is very difficult to detect. One should preferably follow
the decay for many half-lives checking that the measured points are pro-
perly distributed in order to make sure that there is no contamination in
the sample, and this is not always practical.

Similar difficulties appear when measuring short-lived samples.
Problems with the long-time stability are not severe here, but the con-
tamination problem might be worse. Usually,there are several components
in the sample, and the composite decay curve must be resolved. One must
not get fooled by the fact that the mathematical treatment in such a case
often gives an excellent result with a very small statistical error. The
inclusion of still another component of intermediate half-life into the
analysis can drastically change the results. Therefore, the analysis must
be checked very carefully searching systematic trends in the data which
might reveal contamination.

5



Because of unknown systematic errors one should be very suspicious
when half-lives are quoted with errors less than about 1 %. This is not
to say that half-life determinations cannot be made better than that,
but such determinations require very careful work.

Very often several half-life determinations are presented by the
same author. The result might look very accurate but one must then re-
member that the same kind of systematic error is likely to appear in
all the measurements. A better test is to compare determinations made by
different groups using different sources and techniques. In doing so,
one often finds that the results do not overlap very well, obviously be-
cause of systematic errors not taken into account.

What has been said above goes mainly for beta measurements. If
the half-life is determined in experiments where the decay of a certain
gamma-ray is measured with Ge(Li)-detectors the problem with contamination
will be smaller. Such measurements often suffer from low counting rates,
however, and sometimes it is not easy to properly subtract the background
of Compton events from other gamma-rays in the sample. Also, the dead
time of the system must be accurately determined.

2.2. Gamma-rays
With good Ge(Li)-spectrometers at hand the accuracy in gamma-

energy determinations is often excellent. This is fortunate because one
can often use a well-determined gamma-ray as a label for a given nuclide
The intensity is more difficult to measure accurately, however. It re-
quires a well-calibrated spectrometer with due account taken of escape
probability, summing probability, etc. In a contribution to this paper
Large points out some problems encountered in the evaluation of gamma-ray
energies and intensities. This part of his contribution is here reproduced
in extenso:

(N.R. Large, Harwell)
"In any evaluation of y""ray energies and intensities difficulties

are encountered in attempting to establish reliable values for the abso-
lute intensities. There is usually little difficulty in establishing the
energies with fairly high precision, and the relative intensities are often
known with reasonable accuracy. Conversion of relative intensities to ab-
solute intensities can only be carried out if the g-branching ratios are
known; in particular the intensity of the (3-branch to the ground state

6



is required. Unfortunately, the intensity of this g-braneh is usually
the most difficult to determine. In many cases the 0-branching ratios to the
remaining energy levels are calculated from the measured relative y-ray in-
tensities on the basis of a postulated decay scheme, but no information on
the ground state 0-branch can be obtained in this way unless other ex-
perimental evidence, on 8-branching is available. The resulting uncer-
tainty in the intensity of the ground state g-branch is in roany cases the
major contributor towards the uncertainty in y-ray intensities.

Another source of difficulty in evaluating information on y-ray
intensities lies in the uncertainty, and in some cases confusion, with
regard to conversion coefficients. Here there are several problems.
Firstly, a few authors fail to make clear in table headings the distinction
between y-ray intensities and y-transition intensities, and others do not
make clear whether their conversion coefficients are for the K shell
only or for all electron shells. In these cases it is necessary to
study the papers in great detail and often to find alternative sources
of information in order to clear up the ambiguity. The second problem
arises frost the fact that in a majority of cases only K-coaversion co-
efficients are measured, and values for L- and M-conversion coefficients
have to be obtained by interpolation in tables such as that by Hager and
Seltzer in Nuclear Data Tables « For the purpose of this interpolation
assumptions must be made about the y-transition type unless this has been
determined by the authors. Where this procedure has been carried out by
the authors the evaluator is relieved of the task, but uncertainties are
still introduced into the absolute intensity data if highly converted
transitions have to be taken into account in order tu obtain an inten-
sity balance. There are, of course, cases where no attempt has been
made to determine any conversion coefficients, and in these cases the
only way of dealing with the problem is to make soirc reasonable assumptions
about transition types and to obtain all conversion data from tables -
this can lead Co large errors.

It will often be found that where conversion coefficients are
quoted these have not been measured, but depend on separate relative
intensity measurements on y-rays and conversion electrons, coupled with
a theoretical value for the conversion coefficient for one transition
for which a transition type is assumed. This value enables the remaining
intensities to be normalised, and the consistency of the overall decay
scheme is taken as support for the original assumption."

7



An effort to measure absolute intensities of gaamef-vays with
high accuracy is described by Dolsortin et al in a contribution to this
review paper.

2.3. Beta—raya and Q-values
A completely known decay also implies that the beta branch feeding

each level in the daughter nucleus is known. A direct measurement of the
beta branches is a tedious and difficult task, however, especially for
short-lived nuclei with high Q-values and many beta branches. It can
be done by measuring,in coincidence arrangementstthe beta-branches feeding
the different energy levels. In addition, the ground state branch must
be measured. Usually, however, the beta branching ratios are inferred
indirectly from the level scheme and the measured gamma transition rates.
From the errors in the gamma transition rates the error of the beta branch
can be calculated, but it is difficult to judge such errors. The beta
branches and their errors depend completely on the level scheme chosen.
If this should be wrong, the beta intensities are also wrong. Thus the
errors assigned are, in a way, meaningless unless the level scheme is de-
finitely proven to be correct - a formidable task for more complicated
cases.

There is an alternative way to study the beta intensities without
knowing the decay scheme in detail. It is & crude method which only can
reproduce the gross pattern of the beta branch intensities, but it can be
used also for very short-lived nuclei with high Q~values. 1 refer to the
measurement of the beta strength by means of a "total absorption"-gaimna de-
tector, i-je. large gamma-detectors„ usually in a 4 it-geometry, with large
probability of summing the various components in a gamma cascade. Results
for 34 neutron-rich nuclei with half-life down to about 30 sec have been
published [lj, and a new measurement comprising close to 50 new cases
(half-life down to about 1 sec) is under way J 2 J . The beta strength
function is determined for each particular miclide. It can easily be
transformed into the beta feed function (i-£. probability per energy
unit of beta decay as a function for the excitation energy of the daughter
nucleus), which is the important function for various applications.

The error to be assigned to the beta strength is difficult to esti-
mate. It would be simple with a perfect total-absorption spectrometer.
The ones used are far from perfect, however, and the accuracy then de-



pends on converting the puise spectrum to beta feed spectrum. This, in
turn, depends on cheoretical assumptions concerning the development of
the gamma-cascades. Thus, an appropriate experimental error cannot be given.

Mere QR~values are perhaps of minor interest for the various
applications of fission product data under discussion here. On the other
hand» knowing the Q -values in a systematic way one can construct theP
nuclear mass surface, and this is of paramount importance £or many scien-
tific applications. It is therefore not out of place to discuss them.

Most Q -values close to the beta-stable region are well known andP
need no discussion. For short-lived fission products the situation is
quite different. Until recently they have been almost unknown, but syste-
matic studies are now under way J3,4J. The technique employed is to
measure the beta spectrum coincident with a gamma gate corresponding
to an excited level. The sum of the beta end-point energy and the gate
energy will then be a measure of the Q-value if it can be proven that the
beta branch measured really feeds the lexel used as gate directly (other-
wise the sum will be a lower limit of the Q-value), and the error of the
measurement is composed of the errors of the beta and gamma measurements.
The accuracy varies from case to case and is usually in the range 20 -
200 keV.

3. REVIEW OF AVAILABLE DECAY DATA CORPILATIONS

3.1. _ In. troduetion
After this general discussion about the experimental techniques

and results some compilations containing fission product nuclear data
will now be reviewed. Because of the rapid development of the field
in the last few years most of the older compilations are obsolete or,
at any rate, very incomplete. For this reason compilations older than
3-4 years have been left out.x'Nor will nuclear charts be discussed.
They are very handy for a quick look at the decay properties, especially
the half-lives, but they cannot possibly contain enough data to satisfy
one's needs.

x) Reference is mad*- to the "List of Compilations, Evaluations, and Computer
Codes of F.P.N.D." prepared for the panel, for compilations not treated in
th'e present review.



A special place among the compilations is taken by the periodicals
Nuclear Data Tables and Nuclear Data Sheets. They are both very important.
The Nuclear Data Sheets contain comprehensive and evaluated compilations
of nuclear data for isobars of certain mass numbers. The advantage of
this procedure is that a self-consistent picture is produced with all the
available detail. The disadvantage is that the period which elapses
between successive evaluations for a given nuclide is such that for
many nuclides the evaluations are very considerably out of date, and
the data are therefore only of limited value to users who need to cover
the whole range of fission products. In order to remedy this, reference
lists are periodically issued so that one can update the information for
a particular mass number starting from the latest compilation
for this mass number.

Generally, the compilations try to cover the whole range of
fission, products with emphasis on certain decay properties. A thorough
check of the uptodateness and the completeness of the various compi-
lations is too time-consuming to be carried out here. What one can do
within a reasonable amount of time is, however, to check whether a few
articles, chosen more or less at random, have been taken into account.

132Such checks were carried out using as test cases the half-life of Sn
for which the experimental information is contradictory with one value
of 2.1 ± 0.2 m given by Lin and Wahl in 1970 J5[ which is in accord with
an old determination of 2,1 m from 1956 [6], and a number of determina-
tions pointing at a half-life of 40 s (Stjrom e£ al (1966) : 60 ± 10 s
[?], Nunnelley e_t ajL_ (1972): 40.6 ± 0.8 s [Si ; Neumann ejt al (1972):
39.0 ± 1.0 s {9]; Kerck fit al_ (1972): 40 ± 1 s [lO]). Another test
case is the article by Carlson £t_ f£ [15| containing many well-determined

140half-lives for short-lived xenon and cesium isotopes, e/jj. Xe:
140 ~13.60 ± 0.10 s; and Cs: 63,7 ± 0,3 s. Test cases for gamma-rays have

been 8°As (McMillan and Pate (1971) [l2]) and 125Sn (Wild and Walters
(1967) fl3j; Macias and Walters (1971) [l4]).

3.2. R.H. Filby, A.I. Dayiŝ  K-R^Jhah; G.G. Wainscott, W.A. Hal 1er,and
W.A. Cassatt, Gamma Ray^ Energy Tables for Neutron Activation
Analysis, WSUNRC-97(2) (1970)

Gamma-ray energies are ordered by increasing energy both in a ge-
neral list and in lists for each uuclide. Limits of error are not given;
nor are the measunaments from several sources averaged. The literature
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125is said to have been followed until 1969, but for the test case Sn
the 1967-year reference J13J was not used but apparently an older refe-
rence from 1964 (quoted in Tables of Isotopes 1967 [l5]).
Although one should not put too much weight on a single case, there are
apparently some doubts about the completeness of the compilation.

As the compilation is intended for neutron activation analysis
work, only certain fission products are included. This limits its ge-
neral usefulness.

3.3. Chr. Meixner, Gammaenergien Tell I (Jul-811-RX), Teil II (Jul-812-RX)
Teil III (Jul-813-RX), (1971)
"Teil I" contains gamma energies ordered after atomic number of

the decaying nuciide. The energies have been evaluated, and average
values with their errors have been calculated.

The compiler has been mainly interested in activation analysis,
and b,e states that the emphasis of the work is directed towards products
from neutron-induced reactions. Nevertheless, the choice of nuclides
treated seems to be rather arbitrary. Ŝn is not found in the com-

80pilation, nor is As, On the whole, the compilation is quite incomplete.

Relative or absolute intensities (without errors) are given.
The table also contains schematic gamma spectra for the cases

considered (î-£« a- gamma-ray is shown as a line of length corresponding
to its intensity).

"Teil II" and "Teil III" contain gamma-rays ordered after energy,
the former for products from neutron-induced reactions and the latter for
fission products. "Teil III" also contains nuclides ordered after half-
life (without quotation of the error). The same data are used as in
"Teil I", which means that the data are severely incomplete. Among the
test cases only the half-lives of Xe and Cs are compiled.

The lack of completeness of this compilation is a serious draw-
back for those who are interested in fission products.
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3.4. J. Blachot et R. de Tourreil, Bibliothèque de données nucléaires
relatives aux produits de fission, CEA-N-1526, 1972

This work contains information about half-lives, gamma-rays, to-
tal decay energies, delayed neutrons, etc. Limits of errors are not given,
nor is the choice of particular data justified. The literature has been
followed until the end of 1970.

All the test cases are included in the compilation.

The compilation is stored on computer-compatible magnetic tape, and
very clear an easily readable print-outs can be distributed.

As for completeness this work seems to be excellent. Because of
its computer-compatible form it would be easy to update it more or less
continuously. The only drawback is that limits of error are lacking.

At the end of the compilation the gamma-rays are ordered according
to increasing energy.

The compilation is described in a contribution to the IAEA-
meeting in Paris, March 1973 [lo].

3.5» A. Tobias, Datâ  for the Calculation of Gamma Radiation Spectra and
Beta Heating from Fission Products (Revision 3), CEGB/RD/B/M2669, 1973

This is very complete compilation, with all test cases included.
It is a pity that limits of error are not given in this compilation, and
that data from different experiments have not been averaged. The compilation
is very recent covering the literature until March 1973. The fact
that it is already the third revision of the original version,which appea-
red in 1970 [l?{,shows the intention of keeping the compilation very
up-to-date. In addition to tables of gamma-ray energies and half-lives
there is a table with estimated mean beta energies for decay heating
calculations.

For a survey on the current status of fission product data,con-
taining information about the compilation,reference is made to a contribution
by Davies and Tobias [l8\ .
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3.6. M. J. Martin and P^,^licheft-Iof t̂  Radioative Atoms, Augar-
Electron, <̂ »̂  Jĵ »JY"> aad X-Ray Data» Nuclear ; Data .Tables A8 (197Q)..__1

This compilation is restricted to radioactive atoms of special
importance in nuclear medicine, in health physics, and for industrial
applications. This means that it is very incomplete as regards fission
products. For the nuclides considered, however, the treatment seems
quite comprehensive, including level schemes, conversion electron data,
etc., with limits of error given. The data are evaluated and, in case
of several determinations, recommended values are chosen. For half-
lives, for example, a reasonably complete literature survey has been
made. The results of various determinations are shown, and weighted
averages are calculated.

The compilation seems to be very thoroughly worked-out. One
drawback is its incompleteness. Besides, it is rather old (literature
covered until September, 1969).

3.7. M.A. Wakat» Catalogue of Garjaa-Rays Emitted by Radionuclides,
Nuclear Data Tablej? A8 (1970) 445

The gamma-rays are ordered after energy, Two associated garasaa-
rays are given for each case. The literature is surveyed until 1970,
The limits of error are not explicitly given for each case but can be

125inferred from the number of significant figures. The test case ( Sn)
is included.

This is probably a fairly complete compilation.

3.8 O.J. Eder and M. Lammgr_g_The L Influence of Uncertainties in Fission-
Product Nuclear Data on the ; Interpretation of y-Spectroiaetric Measure
ments on Burnt Fuel Eleroents^ ̂ k/W-.l<n2 (1973

The paper contains, among other things, a description of a fission
product nuclear data file at Seibersdorf. The file is restricted to long-
lived nuclides (half-life in general longer than one day) which means that
it is quite incomplete. For the fission products chosen, however, the trea
ment seems to be extensive with data from various sources compared and pro-
perly evaluated. The compilation contains gaanaa-ray energies and intensiti
as well as half-lives, with limits of errors given, for the various nuclide
A table of gamma-rays arranged according to energy is also given.
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In a contribution to this review Lamraer describes in more detail
the evaluation of half lives and branching ratios and quotes the sources
of data. The literature search was continous up to the time of the
Panel» The gamma ray table is not published^ but the treatment and
sources of data are included in the contribution. A thorough literature
search was done until the beginning of 1971, with frequent updates later/on»

3.9. N.R. Large and R.J. Bullock, A Table of Radioactive Nuclides Arranged
in Ascending Order of Half-Life, Nuclear Data Tables A7 (1970) 477
This compilation contains only the half-lives. No limits of error

132 •are given. As regards the test cases, the half-life of Sn is given as
2.1 m but the value 60 s, published in 1966, does not appear. This arises
some doubts as to the completeness of the compilation,

It is hard to see any real use of a compilation like this one.
If one wants to make an identification of an activity only based on
the half-life, the half-life determination will have to be very accurate.
Hoxrever, a comparison with the entries in the table is not very conclu-
sive, as the limits of error are not stated there. A table of half-lives
only should be based on an evaluation of published experimental values,
and the appropriate accuracy should be stated. Otherwise, the value of
the compilation is very limited.

3.10. L. Tomlinson, Delayed Neutrons from Fission. A Compilation and
Evaluation of Experimental Data, AERE-R 6993 (1972)

This compilation belongs more to the paper about delayed neutrons.
It will be briefly mentioned here also, however, because of its half-life
evaluations, where the experimental data, with their errors, are clearly
stated, and the mean values are calculated. The only remark to make is
that the error of the recommended value is in a few cases possibly too

87small (£f. Section 2.1). Is the half-life of Br really known with an
accuracy (standard deviation) of 0.2 %, for example?

The compilation is now being revised.
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3,11, W.T. Bass, P-.J. Horen, and W.B. Ewbank, Current Nuclear Level
Schemes; A » 91 - 117, ORNL-4627 (1970)
P.J. Korea (editor), Current Nuclear Level Schemes: A - 118 -_
-139, ORNL-4730 (1971)

These compilations contain level schemes(as ladder diagrams)and
tables of level energies and spins. Nuclear decay data such as half-lives,
beta- and gamma-energies are not given. The level schemes are deduced frotn
radioactive decay data but also from other kinds of experiments (inelastic
scattering and Coulomb excitation, neutron capture, stripping and pick-
up reactions).

The diagrams in the compilations are very illustrative and give
the reader a quick and, as it seems, rather complete insight about what
is known about nuclear levels. It is to be hoped that this kind of com-
pilation is kept up-to-date by frequent revisions.

3.12 A.H. Wapstra and N.B. Cove, The 1971 Atomic Mass Evaluation,
Nuclear Data Tables A9 (1971) 267

This compilation contains Q0 -values extracted from evaluationsp
of available experimental data. The results are mainly based on measured
data, but for some cases systematical extrapolations and interpolations
are used. The compilation can be considered as a standard for the decay
energies.

3.13 J. Mantel, The Beta Ray Spectrum and the Average Beta Energy Q£
Several Isotopes of Interest in Medicine and Biology, Int. J. Appl.
Radiât. Isot. 23 (1972) 407

From known beta-decay properties (branching ratios, end-point
energies, forbiddemiess) the composite beta spectrum is calculated using
the Fermi theory, and the average beta energy is evaluated. The resul-
ting spectra are given in graphs for some 60 nuclides, among them a few
fission products. Thus, for fission products the compilation is quite
incomplete, but it contains data which are very difficult to extract
directly from experimental articles* Possibly, it would be worth
while to extend this work to include more fission products.
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a) T.R. England, An Investigation, of Fission Product Behavior and
Decay Heating in Nuclear Reactors, thesis ? University of Wisconsin
Microfilm 70-12, 72? (1970):

This compilation can be used as a list of the beta- and ganana-
enercy release in the decay of varions nuclides. Surprisingly enough
the basic energy data and the half-lives used in the tables are very
old (the newest ones from 1966).. which limits the value of the compila-
tion.

b) M. Sakat, Quasi,Ground, Quasi~Betas and Quasi-Gamma Uands - 1972,
Nuclear Data Tables A10 (1972) 511:

A list of probable members of quasi-ground, quasi-beta, and
q-uasi-gansna bands of nuclei is presented. The compilation is of interest
in the basic scientific field rather than in the applied field.

c) A.Z. Nagy, A. Csoke, and E. Szabo. Two-dimensional (T,E)-Mapping
of Short-Lived Nuclides, J. Radioanal. Chem._/_ (1971) 365:

A table is given containing half-lives and major gamma-energies
(all without errors). The literature scanned is too old, however, the
newest source being the 1967 Table of Isotopes. As a compilation the
article is therefore obsolete.

d) M.E. Meek and R.S. Gilbert^ Summary of Gamma and Beta Energy and Intensity
Data, NEDO-12037 (1970):

The compilation concentrates on volatile fission products, ĵ e,.
essentially mass chains containing halogens and noble gases. For this reason
it is quite inconplete, MosS; data are taken from reference |l5J and thus
quite old by now.

No limits of error are given for any quantity.
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4. RECOMMENDATIONS

4. 1. Choice between

The compilation to choose depends, of course, on one's needs
since the different compilations may concentrate on different aspects
of the fission product decay. For general information, however, there
are two compilations? to be recommended, e_. £. the one by Blachot and de
Tourreil (3, 4) and the one by Tobias (3. 5). Both seem to be very complete
as far as fission product nuclear data are concerned, and both are very
recent. Also, one has reasons to believe that they will be kept up-to-
date by frequent revisions.

Among more specialized compilations must be mentioned the 1971
Atomic Mass Evaluation (3.12) which is of great value for Qg-values,
and the very interesting approach by Horen et al: Current Nuclear Level
Schemes (3.11),

In addition to the above-mentioned compilations, one should not
forget consulting the Nuclear Data Sheets (3.1).

4*2. On the Evaluation of _ Experimental Results
One impression when looking through the various compilations is

that evaluations are seldom presented in a clear way. Often only one
figure is given for a certain quantity so that the compiler has obviously made
his choice among the experimental results available, but he does not justify
this choice. Morover, with a few exceptions, the limits of error are not
given which is a great drawback for the reader who might wish to know what
confidence to put into the given number without going to the original re-
ference. Therefore, one would like to urge the compilers to improve this
part of the presentation of their efforts. For many readers this would in-
crease the value of the compilations considerably.

4. 3. New Experimental Work Needed

In their analysis (reference [18] ) Davies and Tobias arrive at the
conclusion that our of 449 radioactive products there are 42 nuclides with
one parameter poorly known, 110 nuclides with two parameters poorly known
and 14 with three parameters poorly known (parameters: half-life; gamma-
radiation; beta-radiation). In addition to this, there are many fission
products which have not been studied at all. Thus, a great amount of
experimental work is still needed before one can say that the decay pro-
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perties of the fission products are known to a satisfying degree. The
new techniques briefly touched in Section 1 of this paper will undoubtly
fill many of the gaps, but for certain elements the experimental difficul-
ties are very great. Therefore, one has to foresee a long time of tedious
experimental work before a satisfactory situation is reached.

4.4. Errors in Published Fission Product Nuclear Data

Flynn, and others, have pointed out that published decay properties
are sometimes obviously erroneous. It would be of great value to many
users of fission product nuclear data to have access to lists of such cases,
if possible also containing rectified values. It might well be the duty
of the panel to collect information about fission products for which there
are serious doubts concerning the correctness of the published data, and
to relay this information to the users in a suitable way.

5. NEW INFORMATION

în a contribution to this paper Aten has pointed out the need for
accurate information about decay properties of certain fission, products of
special importance for calibration purposes. Appendix A reproduces a table
of suitable reference sources.

A survey of the short-lived activities obtained using the OSIRIS
on—line isotope separator has been prepared [19|. With the results from
this survey included an evaluation of half-life data for short-lived
fission products in the mass ranges 74 - 80, 85 - 95, and 111 - 145
has been carried out. The results are given in Appendix B.

Finally, three compilations containing decay data for fission
products are reported to be under way although not yet available, namely:

R.L. Heath, AEC Catalog of Gamma Rays of Fission Product Data,
V. Sangiust et al, Gamma Spectra for Short-Lived Fission Products

and D.G. Vallis, Computerised Storage and Interpretation of Nuclear
Decay Schemes.
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APPENDIX A (Contribution to Paper No 12 of the IAEA Panel on Fission Product
Nuclear Data)

FISSION PRODUCTS WITH YIELDS SUITABLE FOR REFERENCE DATA
À.H.W. Aten

Bureau Central de Mesures Nucléaires, Geel, Belgium

Nuclide
91Sr(+91Srm)

95Zr(+
95Nb)

97Zr+97Nbm

99Mo-l-99Tcm

103Ru(4-103Rh

t 1/2

9.7 hours

65 days

17 hours

m) 40 days
105Ru(+105Rh)4.4 hours

105Rh

106Ru+
106Rh

131l(+131Xem

132Te+
132I

133I

134Cs

40 hours

1 year

) 8 days

78 hours

21 hours

2 years

137,, .137_ mCs+ Ba 30 years
140_ J40.Ba+ La

141/~*Ce

143Ce

l^TVTJNd

13 years

33 days

33 hours

11 days

Gamma -ray

0.748 MeV
1.025

0.724
0.756
0.747(97Nbm)

0.140(99Tcm)

0/497

0.726

0.306
0.319

0.512(106Rh)

0.364
0.637

0.723
0.230 32

0.53

0.605
0.796

0.662 (137Bam)

0.537
1.598(14°La)

0. 145

0.293
0.668
0.725

0.533
21

Standard
9^Nb 0.764 MeV
tî Cs 0.662

Zn 1.115
9^Nb 0.764

Cs 0.662
95Nb 0.764

. . . Ca 0. 166
ciCe 0.145

Co JO. 122
to. 1 36

oe
°3Sr 0.514

9^Nb 0.764
Cs 0.662

85Sr 0.514

113Sn+
113In 0.393

137Cs 0.662
95Nb 0.764

137Cs 0.662

85Sr 0.514

134_
95 (-'s7 Nb 0.764

137Cs 0.662

85
4°K 1.460

}4gCe 0.145
Ce 0.166

1 ^7
Cs 0.662

95Nb 0.764

o c
°DSr 0.514

Tracer
85Sr

882r

88 Zr

106Ku
106Ru

102Rh

105Ru
125I
126

125i
132c.
132CS

133Ba
139Ce

6

139Ce



APPENDIX B

EVALUATION OF HALF-LIFE DATA FOR SHORT-LIVED FISSION PRODUCTS
G. Rudstam, B. Grapengiesser and E. Lund

The Swedish Research Councils' Laboratory, Studsvik, Nykoping. Sweden

A comparison between fission product half-life determinations
obtained using the OSIRIS isotope-separator-on-line facility at Studsvik
(References [2]f[3],[28],[3l],[34],[44],[45],[48],[51],[56]) and values
published in the literature is presented below (the literature search
might be incomplete, and it is left to the compilers in the field to
make a more extensive evaluation). The mass ranges covered are
74 - 80, 85-95, and 111 - 145. The errors given are to be considered
as corresponding to one standard deviation.

In the evaluation no measurement has been given a greater weight
than that corresponding to a standard deviation of 0.5 % of the measured
value. Also, the minimum "recommended error" corresponds to 0.5 % of
the mean.

Mass Element H a l f - l i f e Comment
number Measured Reference Recommended

74

75

75

76

76

77
77

Zn

Zn

Ga

Zn

Ga

Zn
Ga

98
95
9

10.2
120
126
6

5.7
27.1
29.8
1.4
17.1
13.0

± 2 s
± 1 s
± 2 s
± 0.3 s
± 12 s
± 2 s
± 1 s
± 0.3 s
± 0.2 s
± 0.4 s
± 0.3 s
± 1.5 s
± 0.3 s

1
2
3
2
4
2
3
2
5
2

3
6
2

96 ± 1 s

10.2 ± 0.3

126 ± 2 s

5.7 ± 0.3 s

27.6 ± 1.1 s

1.4 ± 0.3 s
13.2 ± 0.8 s
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Mass Element
number

H a l f - l i f e
Measured • Reference Recommended

Comment

77

78

79
79

79
80
80

85

86

87

88

89

90

Ge

Ga

Ga
Ge

Ge(?)
Ga
Ge

Br

Br

Br

Br

Br

Kr

52 ± 2 s
53.6 ± 0.9 s
55.5 ± 1.0 s
52.9 ± 0.6 s
4.8 ± 1.3 s
5.09 ± 0.05 s
3.00 ± 0.08 s
40 ± 4 s

41.1 ± 4.3 s
19.1 ± 0.3 s
1.7 ± 0.2 s
24 ± 1 s

24.5 ± 1.0 s
29.5 ± 0.4 s

180 ± 3 s
172 ± 2 s
54 ± 2 s
59 ± 4 s

55.7 ± 0.5 s
56.1 ± 0.7 s
55.8 ± 0.3 s
55.6 ± 0.2 s
56.3 ± 0.5 s
15.5 ± 0.3 s
16.3 ± 0.8 s
15.9 ± 0.1 s
16.5 ± 0.2 s
4.4 ± 0.5 s
4.5 ± 0.4 s
4.55 ± 0.10 s

32.32 ± 0.09 s
34 ± 3 s

7 53.5 ± 0.6 s
8
9
2

10 5.09 ± 0.05 s
2

2 3.00 ± 0.08 s
11 40 ± 3 s There are possibly
10 two isomers of 79Ge

with half -lives 40 s
2 19.1 ± 0.3 s and 19 s , respectively.
3 1.7 ± 0.2 s
3 26 ± 2 s xhe discrepancy

in between different
determinations is

2 large. No weight factors
are used in calculating
the average value

12 175 ± 4 s
2
13 55.7 ± 0.5 s
14
2
12 55.8 ± 0.3 s
15
16
2
12 16.0 ± 0.2 s
17
15.
2
17 4.54 ± 0.10 s
15
2

18 32.2 ± 0.2 s
2
23



Mass Element . H a l f - l i f e Comment
number Measured Reference Recommended

91

91

92

93

93

94

94

94

95

95

Kr 8.57 ± 0.04 s
9.16 ± 0.09 s

Kb 58.2 ± 0.2 a
58.2 ± 1.0 s

Rb 4.50 ± 0.03 s
4.50 ± 0.04 s

Rb 5.86 ± 0.13 s
5.8 ± 0.1 s
5.80 ± 0.05 s

Sr 7.32 ± 0.10 m
7.43 ± 0.03 m
8.22 ± 0.14 m
6.95 ± 0.07 m

Rb 2.9 ± 0.3 s
2.67 ± 0.04 s
2.8 ± 0.1 s
2.78 ± 0.05 s

Sr 82 ± 4 s
72 ± 7 s
84 ± 5 s

75.3 ± 0.7 s

Y 20.3 ± 0.2 m
19.4 ± 0.5 m
16.3 ± 0.2 m

Sr 48 ± 9 s
33 ± 6 s

26.8 ± 1.5 s
Y 10.9 ± 0.2 m

10.9 ± 0.1 m
10.2 ± 0.1 m

18 8.7 ± 0.2 s
2
18 58.2 ± 0.3 s
2

18 4.50 ± 0.03 s
2

18 5.81 ± 0.04 s
19
2
18 7.36 ± 0.15 m
20
21
2

22 2.72 ± 0.04 s
23
19
2

22 75.6 ± 0.9 s
24
25
2

22 18.7 * li 2 * The discrepancy betweea
2i different measurements

is large. No weight fac-̂
2 tors are used when cal- '

dilating the average
value

22 28 ± 3 s
25
2
22 10.6 ± 0.3 m
25
2

24



Mass Element H a l f - l i f e Crament
num er Measured Reference Recommended

111

113

114

115

116

116

117
117

118
118

119
119

119
120
120
120

121
121
121

Ag

Ag

Ag

Ag

Ag

Ag

Ag

Ag

Ag
Ag

Cd
Cd

In

Ag

Ag
Cd

Ag
Cd
Cd

74 ± 3 s
64.8 ± 0.8 s

72 ± 9 a
69 ± 1 s
4.5 ± 0.3 s
4.3 ± 0.1 'a

- 20 s
18.0 ± 0.7 s

10.4 ± 0.8 s
8.5 ± 0.2 s
150 ± 6 s
155 ± 5 s

5.34 ± 0.05 s
66 ± 6 s

72.8 * 2'°- 0.7
2.8 ± 0.3 a
3.7 ± 0.2 s

110 ± 10 s
160 ± 30 s
160 ± 10 s
170 ± 20 s

0.32 ± 0.04 s
1.17 ± 0.05 a
50.8 ± 0.2 s
50.9 ± 0.5 s

0.8 ± 0.1 s
7 *- 2 s

12. 8 ± 0.4 s
13 ± 2 s

13.8 ± 0.2 s

26
2
27
2

28
2

27
2

28
2
27
2
2
27
2

28
28

31
32
31
32
23
28
33
2

34
32,34
35
32,34
2
25

65 ± 2 s

69 ± 1 s

4.35 ± 0.10 s

18.0 ± 0.7 a The half-life 55 s
has also been assigned
to 115Ag [29, 30]

8.6 ± 0.4 s

153 ± 4 s

72.7 ± 0.8 s

2.8 ± 0.3 s
3.7 ± 0.2 s

110 ± 10 s
160 ± 10 s

170 ± 20 s
0.32 ± 0.04 s
1.17 ± 0.05 s
50.8 ± 0.3 s

0.8 ± 0.1 s
7 ± 2 s

13.6 ± 0,3 s



Mass Element H a l f - l i f e Comment
number Measured Reference Recommended

121 In

121 In
122 Ag
122 Cd

122 In
122 In

123 Cd.in

123 In

124 In

125 Cd,In

125 Cd,In

126 In
127 In
127 In
127 Sn

23 ± 2 s
23.1 ± 0.6 s
120 ± 40 s
1.5 ± 0.5 s
5.78 ± 0.09 s
3.13 ± 0.12 s

1.5 ± 0.3 s
7.5 ± 0.8 s
9 + 2

10.0 ± 0.5 s
9.2 ± 0.2 s
10 ± 2 s

5.98 ± 0.06 s

36 ± 3 s
47.8 ± 0.5 s
3.6 ± 1 s
3.17 ± 0.05 s
3.5 ± 1 s
2.33 ± 0.04 s
12.2 ± 0.1 s

1.53 ± 0.01 s
1.09 ± 0.03 s
3.1 ± 0.3 s
276 ± 24 s
246 ± 18 s
248 ± 2 s

34
2
34
28
33
2

36
36
3
37
2
38
2

38
2
39
2
3
2
2

2
2
2
40
41
2

23.1 ± 0.6 s

120 ± 40 s
1.5 ± 0.5 s
5.78 ± 0.09 s There is a great dis-

crepancy between the
two measurements. The
value from réf. [33]
is preferred because
of less danger of in-
terference from indium
and silver.

1.5 ± 0.3 s
9.2 ± 0.3 s

5.98 ± 0.06 A warning must be given here
The 6 s activity could
possibly be an isotope of
eadmium. In, that case the in
dium half-life should be
10+2 s.

48 ± 2 s

3.17 ± 0.05 s

2.33 ± 0.04 s It is not known whether
these activities are to be
attributed to cadmium or

12.2 ± 0.1 s indium

1.53 ± 0.01 s
1.09 ± 0.03 s
3.1 ± 0.3 s
248 ± 2 s

26



Mass Element H a l f - l i f e Comment
number Measured Reference Recommended

128 In
128 In
129 In
129 Sn

129 Sn

130 In

130 Sn

131 In
131 Sn

132 In
132 Sn

132 Sb

133 Sn
133 I
134 Sb
134 Sb

0.80 ± 0.03 s
5.6 ± 0.4 s
0.8 ± 0.3 s
- 120 s
151 ± 7 s
134 ± 2 s
8.8 ± 0.6 m
7.5 ± 0.1 m
8.9 ± 0.6 m

0.53 ± 0.05 s

7.1 ± 0.4 m
6.51 ± 0.07 m
0.3 ± 0.1 s
62.9 ± 2.5 s
55 ± 4 s

0.12 ± 0.02 s
41.1 ± 1.3 s
40.6 ± 0.8 s
39.0 ± 1.0 s
40 ± 1 s

41.0 ± 1.5 s
120 ± 10 s
188 ± 20 s
162 ± 9 s
187 ± 1 s
173 ± 4 s

1.7 ± 0.3 s

9 ± 2 s
0.85 ± 0.10 s
11.3 ± 0.3 s
11.1 ± 0.8 s
10.3 ± 0.5 s
10.2 ± 0.3 s

2 0.80 ± 0.03 s
2 5.6 ± 0.4 s
3 0.8 ± 0.3 s
42 135 ± 5 s
43
2
40 7.6 ± 0.2 m
42
2

44 0.53 ± 0.05 s

40 6.53 ± 0.10 m
2
3 0.3 ± 0.1 s
43 61 ± 4 s
2
45 0.12 ± 0.02 s
43 40.2 ± 0.5 s
46
47
48
2
49 185 ± 4 s
50
47
47
2
3 1.7 ± 0.3 s
3 9 ± 2 s

5l 0.85 ± 0.10 s
52 10.7 ± 0.3 s
53
51
2
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Mass Element H a l f - l i f e Comment
number Measured Reference Recommended

135

136

136
136
136
137

137

138

139

139

140

140

Te 18 ± 2 s
19.2 ± 0.2 s

Te 20.9 ± 0.5 s
24 ± 2 s

I 48 ± 2
I 83 ± 3 s
I 100 ± 3 s
I 24.4 ± 0.4 s

24.7 ± 0.1 s
24.5 ± 0.2 s

Xe 234 ± 6 s
229.1 ± 0.8 s
241 ± 3 s

I 5.9 ± 0.4 s
6.3 ± 0.7 s
6.62 ± 0.09 s

I 2.7 ± 0.1 s
2.0 ± 0.5 s
2.47 ± 0.15 s

Xe 41.2 ± 0.15 s
39.3 ± 0.7 s
39.68 ± 0.14 s
40. 8 ± 0.7 s

Xe 13.7 ± 0.15 s
14.3 ± 1.3 s
13.60 ± 0.10 s
15.4 ± 0.5 s

Cs 63.8 ± 1.2 s
65.7 ± 1.6 s
63.7 ± 0.3 s
65.5 ± 0.7 s

54 19.2 ± 0.2 s
2
55 21.1 ± 0.7 s
2
56 48 ± 2 s Three isomeric states

have been found in
56 83 ± 3 s Î [56]
56 100 ± 3 s
17 24.6 ± 0.1 s
16
2
12 230 ± 2 s
18
2

12 6.6 ± 0.2 s
17
2

12 2.61 ± 0.10 s
17
2

57 40.4 ± 0.5 s
58
18
2

57 13.7 ± 0.2 s
58
18
2

57 64,0 ± 0.4 s
58
18
2
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Mass Element H a l f - l i f e Comment
number Measured Reference Recommended

141 Xe 1.6 i 0.1 s 59 1.72 - 0.01 s
1.8 - 0.2 a 58

1.720 - 0.013 « 18
1.7 - 0.2 s 2

141 Cs 24.7 - 0.4 s 18 25.2 - 0.5 s
25.6 i 0.3 a 2

142 Cs 1.68 - 0.02 s 18 1.79 - 0.17 s
2.04 ~ 0.03 s 2

143 Ba 13.5 - 0.3 s 60 13.6 - 0.2 s
13.6 i 0.2 s 2

144 Ba 11.9 - 0.3 s 60 10.8 i 0.4 s
10.7 i 0.2 s 2

144 La 39.8 - 0.6 s 6l 40.3 ̂  0.3 s
40.5 i 0.4 s 2

145 Ba 5.6 i 0.6 s 6l 4.8 - 0.7 s
4.2 i 0.5 s 2

145 -La 29.2 - 0.8 s 6l 29.3 - 0.8 s
32 t 4 g 2

145 Ce 186 i 12 s 62 192 - 15 s
230 i 30 s 2
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Review Paper Ko. 13

STATUS OF DELAYED NEUTRON DATA

S. Amiel
Soreq Nuclear Research Centre

, Israel

Abstract:

Belayed neutron data are reviewed from the aspect of their use
in reactor applications. Gross delayed neutron emission has
been studied extensively in the past and available data appear
to be sufficiently accurate* Problems encountered in measure-
ment and evaluation of delayed neutron precursor data are dis-
cussed. Further work is required to obtain consistent sets of
fission yields, delayed neutron yields and Pu values for in-
dividual precursors. Finally, recent high resolution results
of delayed neutron energy spectra are presented.

I. INTRODUCTION
Delaved neutron data can be apnroached in two ways:
1. from the aspect of nuclear structure; this requires detailed

and accurate information on the individual nuclides, as reauired in
nuclear spectroscopy and reaction studies counled to theoretical work.
This is beyond the scone of this review.

2. from the aspect of the use, where the relevant data are of
a required deqree of detail and accuracy to meet the various needs
and apolications of delayed neutrons,
This is the nuroose of the prasent paoer, viz. J'o review and evaluate
the available information on delayed neutron data from fission and
point out problems which require further study.

The oresent tonic served as a basis for a panel on "Delayed
Fission Neutrons" organized, and its nroceedinos oublished, by IAEA in
1968. A number of compilations and reviews were prepared by Keepin^ ',
Herrmann et al.*2'3\ Tomlinson^4*5^, del Marmol'6', Paopas^7',
Amiel'8'9̂  and others"0', the most recent (1972) ones beinq those of
Tomlinson^4' ' and Schtissler and Herrmann' '.

Since this review will focus only on data aspects rather than
on experimental and theoretical asoects, references are made to the
sources used without making any attempt to exhaust all the imoortant
publications on the topic,
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II. GROSS DELAYED NEUTRON EMISSION
Since delayed neutron emission is a ohenomenon associated with

the radioactive decay of a given number of fission produced nuclides,
an accurate treatment of variations in abundance and gross properties
should take into account cross sections and fission yields of the
delayed neutron precursors in the fission reactions in question. The
aross phenomenaloaical observations of delayed neutrons are given in
terms of delayed neutron yields, viz. the total number of delayed
neutrons generated oer fission in a given fission reaction. Since
delayed neutron emission originates from a number of radionuclides
decaying with various half-lives, the separation of the time dependent
neutron emission results in a number of half-life groups. Due to the
similarity of the mass distributions in fission from various sources,

TABLE 1; Absolute delayed neutron yields (neutrons per 10 fissions)

Fission
nuclide

232Th

233u
235u
238u

239Pu
24°Pu
241Pu
242DPu

Neutron energy
Thermal

-

66 ± 3a

158 ± 5a

61 ± 3a

159 ± 16e

Fission Spect.

496 ± 35s

70 ± 6a

165 ± 7s

412 ± 25s

63 ± 5a

88 ± 6a

Ool-lo8 MeV

_

75 ± 6b

163 ± 13b

-

K62 i 5

150 ± 50b»c

3.1 MeV

570 ± 50d

74 ± 6d

172 ± 13d

484 ± 36d

66 ± 3d

•̂15 MeV

300 ± 20 d
190 ± 30f

41 ± 3d

91 ± 4d

2K3 ± 13d
230 ± 80f

41 ± 2d

.(1)a. Keepln
b. Krick s
c. averaged 0.6 to 1.3 MeV
b. Krick and Evans , see revision in Evans, Thorpe and Krick

(12)d. Masters, Thorpe and Smith , see revision in Evans, Thorpe and
Krick(13)

e. Coxs corrected by Tomlinson
f. Benedict, Luthardt, Hermann
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there exists a general similarity in half-lives and abundances of the
respective d.n. emission groups from various sources.

The multicomoonent decay curve of the delayed neutron emission
from an irradiated fissionable source was shown by Keepin^ ' to be
well resolved into six exponential components. Of course a greater
number of exponentials will result in a more realistic description, but
six exponentials serve as a satisfactory optimum for most practical
purposes.

Table 1 presents the absolute delayed neutron yields of various
fission sources. Table 2 and Fiq. 1 give the variation of the delayed
neutron yield with energy.

TABLE 2t Delayed-neutron yield data at various fission inducing neutron energies

Msu
Bn

0.05
(US
0.25
0.36
0.46
0.56
0.67
0.77
0.87
0.97

1.07
1.17
.27
.37
.47

.56

.65

.75
4.0
4.4
4.8
5.1
5.5
5.7
6.0
6.4
6.7

Yield, «/fission

0.0165 ± 0.0013
0.01(12 * 0.0012
0.0106 + 0.0013
0.0165 4 0.0013
0.0162 t 0.0012
0.0160 * 0.0012
0.0160 * 0.0012
0.0162 i 0.0012
0.0163 4 0.0013
0.0160 -I 0.0012
0.0163 i 0.0013
0.0167 + 0.0013
0.0171 -i 0.0013
0.0170 * 0.0013
0.0160 + 0.0012

0.0167 i 0.0013
0.0163 i 0.0013
0.0161 i 0.0012
0.0153 + 0.0015
0.0146 + 0.0015

0.0101 ± 0.0014
0.0136 + 0.0014
0.0125 J 0.0013
0.0111 ± 0.0013
0.0123 ± 0.0013
0.0102 * 0.0012
0.0105 ± 0.0012

»»U | "«pu

En

0.05
0.11
0.21
0.32
0.43

0.53
0.64
0.74
0.84
0.04

1.05
1.15
1.25
1.35
1.45

1.55
1.65
1.75
4.0
4.5

5.1
5.35
5.6
6.1
6.6

Yield, H /fission

0.00735 i 0.00061
0.0073!i 4 0.0006-1
0.00730 4 0.00064
0.00741 i 0.0006-1
0.00734 i 0.00004
0.00745 I 0.00065
0.00745 .1 0.00065
0.00759 i 0.00066
0.007T>9 i 0.00066
0.007 19 4 0.00065

0.00759 ( 0.00066
0.00759 J 0.0006f>
0.007H + 0.00065
0.00765 I 0.00060
0.00765 i 0.00066
0.00759 ± 0.00066
0.00739 ( O.OOOM
0.0075!) i 0.00060
0.0080 ^ 0.000!)
0.0074 i 0.000')

0.0070 j o.ooon
0.0065 i O.OOOfl
0.0055 4 0.0007
0.0050 4 0.000(.
0.0051 l 0.0006

0.00610 ± 0.0005
0.00602 à 0.0005
0.00602 + 0.0005
0.00610 + P.0005
0.00615 i 0,0005

0.00620 i 0.0005
0.00631 l 0.0005
0.00633 t 0.0005
0.00624 * 0.0005
0.00621 4 0.0005

0.00626 4 0.0005
0.00626 4 0.0005
0.00629 + 0.0005
0.00633 4 0.0005
0.00633 + 0.0005
0.00624 * 0.0005
0.00621 -I 0.0005
0.00626 i 0.0005

""u
BH

1.65
4.00
4.25
4.50
4.75
5.15
5.35
5.50
5.76
6.00
6.30
6.50
6.70
6.00

Yield. n/flBSion"

0.0484 ( 0.0040
0.0484 i 0.0045
0.0483 < 0.0044
0.0474 H 0.0043
0.0482 i 0.0041
0.0454 à O.Q043
0.0453 i 0.0043
0.042!) 4 0.0041
0.0424 l 0.0040
0.0412 4 0.0041
0.0404 4 0.0030
0.03H5 l 0.003!)
0.0381 i 0.0038
0.0374 H o.ooan
•"Pu

0.64
0.84
1.05
1.25

0.0151 t 0.0045
0.014!) i O.P045
0.0153 ( 0.0045
0.0160 + 0.0046

* Data produced by Krick and Evans as given by Evans, Thorpe and Krick
a. Absolute values based on normalization to 3.1 MeV data of Masters, Thorpe

(12)and Smith
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It seems that the existing orograms (especially at Los Alamos^ » '
Purdue"4' and Argonne^150 did result in sufficiently accurate data
for the delated neutron yields of the commonly useful fissionable
nuclides in a ranqe of energies from thermal neutrons to "5 MeV and
up to "15 MeV. The constancy of the d.n.y. over a wide ranae of
energies, up to ~4,5 MeV is an expected phenomenon, while the sharp
drop in the d.n. yield can be well explained by neutron evaporation
from the compound nucleus prior to fission, which takes place (at the
"second chance") from a one neutron higher nuclide. A systematic and
quantitative account of this effect has been made by Cox^ '.

TABLE 3a; Group half-lives and yields: Thermal fission

Group

1
2
3
4
5
6

t
2
3
4
S
6

1
2
3
4
S
6

1
2
3
4
5
6

half-life
(sec)

55.00 O.80
20.57 0.56
5.00 0.31
2.13 0.30
0.615 0.359
0.277 O.O70

55.72 {,90
22.72 1.05

6.22 0.34
2.30 0. 13
0.610 O.t23
0.230 0.037

54,28 3.47
23. O4 2.48
5.60 0.59
2.13 0.36
0.618 0.316
O.257 O.OG7

54.0 1 .0
23.2 0.5
5.6 0.6
1.97 0,1
0.43 0.04
0.2+ 0.1+

X 1(sec ')

233U
0.0126 0.0004
0.0337 0.0009
0.139 O.OO9
0.325 O.O45
1.13 0.60
2. SO O.62

235U

0.0124 0,0004
0.0305 0.0015
0,111 0,006
0.301 0.016
1.14 0.22
3.01 0.43

239Pu

0,0t?fl O.OOQ7
0.0;5O1 0-0033
0.124 0.013
0.325 0.053
1.12 0.58
2. GO 0.71

241Pu

O.O128 0.0002
O.O299 0.011
O. |?4 O.OI3
0,352 0.018
t . G f 0.15
3.47+ 1.7+

relative
abundance

0.086 0.004
0,299 0.006
0.252 0.059
0.278 0,030
O.O51 0.036
O.O34 0.021

0,033 0.004
0.219 O.O13
0.196 0.033
0.395 0.016
O.H5 0.013
O.O42 O.OÎ2

O.035 0.013
0.298 0.052
0.211 0.071
0.326 0.049
0.086 0.0-13
0.044 0.024

O.010 0.003
0.?29 0.000
0.173 O.O25
0.390 0.050
0.182 0.019
0.0t6*0.006+

absolute group
yield (n/10OF)

O.06O 0.005
0.206 O.OJ3
0.173 0.040
O. 192 O.024
O.036 O.O24
0.023 0.013

0.054 0.007
0.302 0.027
0.324 0.053
O.6M 0.039
0,190 0.022
0.069 0.012

O.O22 O.009
O. 191 0.034
0.135 0.045
O.?09 0.033
0.055 0.027
O.O28 0.015

0.0154 0.004
O.305 O.OtO
0.275 0.010
O.G20 O.O80
0.290 0,030
0.026* 0.01+

233 235.̂Errors are lo. Data for U, U and 239Pu are taken
from Keepin et al.
t prepared by Tomlinson
4,* estimated

Data for
(4)

241Pu are from Cox)
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Table 3a» b (taken from Réf. 4) presents the variously analyzed
d.n. groups in thermal and fast neutron fission of the common fissionable
nuclides. Results with lesser precision were also obtained for

and

Pa
i Tfiiv

and 241An,

Fiqure 2 oresents the observed mass distribution (at low resolution)
<j<5C

«if delayed neutron emission in fission of U (from Réf. 19).

TABLE 3b; Group half-lives and yields: Fast fission (fission spectrum)*

Group

1
2
3
4
5
6

1
2
3
4
5
6

1
2
3
4
5
6

1
2
3
4
5
6

half-life
(sec)

56.03 1.41
20.75 0.98
5.74 0.36
2.16 0.12
0.571 0.062
0.211 0.028

55.11 2.76
20.74 1.28
5.30 0.28
2.29 0.27
0.548 0.160
0,22» 0.062

54. 5t 1.39
21.84 0,8O
0.00 0.25
2.23 0.09
0.496 0.043
0.179 0.025

52.38 1.91
21.58 0.58
5.00 0.28
1,93 O.1O
0,493 O.O34
0.172 O.013

X .
(sec ')

232Th

0.0124 0.0003
0.0334 0.0016
0.121 0.007
0.321 0.016
1.21 0.13
3.29 0.441

O.OI26 0.0006
0.0334 0,0021
0.131 0.007
0.302 0.036
1.27 0.395
3.13 1,00

0.0127 0.0003
0,0317 0.0012
0.115 0.004
0.3)1 0.012
1.40 O.OJ2
3.87 0,546

238u
0.0132 0,0004
O.O321 O.OO09
0.139 0.007
0.358 0.0? 1
1.41 0,009
4.02 0.317

relative
abundance

0.034 0.003
0. Î50 0.007
0. 15.1 0.031
0.446 O.022
0,172 0.019
0.043 0.009

0.086 0.004
0.274 0.007
0.227 0.052
0.3)7 0.016
0.073 0.021
0.023 0.010

0.038 0.004
0.213 0.007
0.188 0.024
0,407 0,010
0. (28 0.012
0.020 O.OTH

0.013 O.O01
0.13? 0,003
0. \ 62 0,030
0.388 0.01 8
0.225 0,019
0.07S O.OO7

absolute fjrotip
.yield (n/IOOF)

0.177 0.018
0.780 0.055
0.800 0.160
2.319 0.163
0.895 0.108
0.223 0.048

0.059 0.004
0. 189 0.013
0.157 0.037
0.219 0.018
0.050 0.015
0.016 0.007

0.063 0.007
0.351 0.016
0.310 O.042
0.672 0,034
0.2M 0.022
0.043 Ô.QO7

0.058 O.OO7
O.602 O.037
O.712 0.129
1 . 708 0. 1 20
0,989 O.O89
0.330 0.036

(continued)

* prepared by Tomlinson
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TABLE 3b (continued):

Group

1
2
3
4
5
6

t
2
3
4
5
6

t
2
3
4
5
6

half-life
(sec)

53.75 1.41
22.29 0.53
5.19 0.18
2.09 0.12
0.549 O.O73
0.216 0.025

53.56 1.80
22.14 0.56
5.14 0.62
2.08 0028
0.5H 0.114
0. tT2 0.049

53.8
23.5
5. S
2.05
0.50
0.19

(sec )

239
Pu

0.0129 O.OO03
0.0311 0.0007
0.134 0.004
0.331 0.018
1.26 0.171
3.2! 0.378

240Pu

0.0129 0,0006
0,0313 0.0007
0.135 0.016
0, 333 0.048
1 . 36 0. 304
4.04 1.16

relative
abundance

0.038 0.004
0.280 0.006
0.216 0.027
0.328 0.015
0.103 0.013
O.035 0.007

0.028 0.004
0.273 0.006
0.192 0.079
0.350 0.030
0. 128 O.O27
0.029 0.009

Pu (estimated values)

0.0129
0.0295
0,131
0.338
1.39
3,65

0.004
0.195
0.162
0.4H
0.218
0.010

absolute group
yield (n/100F)

0.024 0.003
0.179 0.013
0.138 0.019
0.210 0.018
O.O66 0.010
0.022 O.O04

0.022 0.004
0.238 0.024
0.162 0.065
0.315 O.040
0.119 0.027
O.024 0.007

0.006
0.31
0.26
0.66
0.35
0.016

242(Errors are 1er. Data for all nuclides except Pu are taken from
Keepin et al. . All data for Pu are estimated. The relative
yields are from Cox et al. ; the half -lives are averages of group
half-lives for Pu isotopes; the absolute group yields are estimated
from the total delayed neutron yield given in Krick and Evans ̂  '
and the relative yields in Cox et al.)
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Fig. 2. Mass dependence of saturation neutron
activity (determined by neutron counting of
mass separated fission fragments). Prom Réf.19,

III. DELAYED NEUTRON PRECURSORS
The available data on the known delayed neutron precursors are

listed in Table 4. In Table 5 an attemot has been made to compare the
contributions of the individual precursors to the d.n. groups and total
delayed neutron emission in low energy fission of U. The fit seems
satisfactory, but there are a few basic problems that need further
clarification. The d.n. yield is a product of the cumulative fission
yield and the Pn value. Only several Pn values were measured directly
with satisfactory accuracy. This requires qood isotooic purity, which
can be obtained by techniques introduced only recently. Most of the
directly measured values are the d.n. yields. This requires good chemical
purity and sufficient resolution of the various decaying components,
to allow correct assignment of the neutron yield. The question then
remains regarding the fission yields. The accuracy of such data is
open to argument. In a recent oaper'' ' a detailed analysis of data
revealed a systematically pronounced odd-even effect (+25%} which
implies a major revision of the fission yield used in many calculations.
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TAELE 4i Identified delayed neutron precursors and neutron eni.slon probabilities

Precursor
(and half-life)

5.6s ***.
2.0. 8SA,
0.9. «A.

3.6. 87Se
1.5. 88Se
0.4. 89Se

55.7. 87ïr
16s ^Br
4.5. MBr
1.6. 90Br
0.6. 91Br
0.25s 92Br

1.8. 92Kr
1.3. 93Kr
0.2. '*«*

4.5. 92Rb
5.9. 93Rb
2.7. 9V
0.38. 9ÎW>
0.2. 9Sb
0.17. 97M>
0.11. 98Sb

l.l» 97Y
<0.3. 98Ï
•*.«. "x

11. 13**b
1.7. 135Sb

n. 13*i.
3.5. 137Te

24.6. "7I
6.5. "81
2.6. 1391
0.86. "°I
0.44. '"l

1.7. WlXe
1.2. W2X.

25. X "c.
1.9. "*C.
1.7. 143C,
1.1. "*C.
0.61. "5C.
0.35. "*C.

emulated
fieslon yield
'«U-th.fiss?

0.3310.05*
0.1310.07
0.0810.02

0.910.2
0.3910.04
0.1110.05

2.0210,2
2.210.2

1.3610.13
0.6510.03
0.2310.02
•vO.035

1.8610.1
0.5410.05
0.1710.02

5.0610.3
3.6410.2
1.810.2

0.6610.05
M).014
40.035

4.85 0.5
3.1410.3
1.91Û.2

0.32X0.03
0.1310.03

1.6010.2
0.510.2

3.2710.5
1.410.5

0.6710.06
0.1310.02
-0.017

1.210.12
0.6310.1

4.310.3
3.010.3
1.510.2
0.310.1
0.110.05

Delayed neutron yield

Experimental

0. 0210.01 f*31

7.8 11.2 &3
0.5710. 2 ̂

5.110.8 ;̂
12.111.2̂

1713 «3
1613 12j

2.911.4 1*1

6.311.8&]
16.712.6^

9.214^

0.026tnW:

3.510.3^

•vl. 2 &
•vO.7^

21.711.9̂

9!3ll!6W
6.512.5^

Calculated

0.2210.07 135' 0.1510.04l36'
0.0610.04l33' 0. 2910.04 136^

0.5510.30 I36'

4.2410.74l37' 6.2611.36l38'
12.312.M 13.213.7l381

16.713.6M 9.5*2.8l38'
10.414.2lU'

0.07410.013l39'
1.4010.30 139'

0.0610.02l39'
5.2010.70l*0' 6.0011.14l39'

15.212.3l"!
5.6410.74l"»
•v-l.82tO.20**1!
M).9510.1ol"'

® o.oasio.oos'11'
1.0410.26l11'

9.8112.22l3*' 28.115.6l37'
2.80tl.3ol38'

0.06410.012l39'
0.2810.07'39'

f«l
0.314lO.OS2ll*XJ

0.8110.22|39^
1.6910.43l*0'
0.3310.13l*0'
1. 210.6 l*1

*nCO

Calculated values

This work

0.0610.03
60134

7.113.0

2.510.44
5.510.74

12.512.5
24.614.75
12.616.2

1.7310.50
9.311.8

•vO.09410.OU
2716.6

tO.7510.10
1-1,410.3

6.6311.17
5.1412.12
13.912.7

50120

Nainlf22

0.1310.0
2313

3.811.0

0.2310.0
0.1510.09

2.310.4
4.210.5
6.211.3
7.812.2
8.413.3
16-8

412

•vO.5
M). 5

5.210.7
3.010.6
6.511.7
1415

Tomllnsoài!

5.611.2
12.3126

1616.5

O.Oft
812

BxperlBental

0.25tO.Oo[3S}+ 0.1610.03l36}^
o.isto.ojl3*'** o^sio.osl3*^***

5.0 «.jl3^***

s.iio.e'38' 2.ao.3t37^
e'0±1'slJ8]
•7±ÎÎ38]

0.0410.007l39'
2.6010.5ol3*'

0.01210.004 lî9'
1.4310.18l*0' 1.65±O.Jol39'

8.4640.92 1*1'
8.5410.91 l*1'

1311.4l*1]
27.2«.0"
Ii.3l2.lf"]

3 010 si38' 8 611 2^3^
2!oio!6l38'

0.05410.009l39'
0.4510.08l39'

f39l0.073
f«gl

0, 2710.07 l

l.lîtO.251*0'
1.1010.25l*0'
12 Ul.41*1^
14.211.71*1]

* According to Bef. [«31 the cumulative yield was neasured to be half of the quoted value. I.e. 0.16, vhlch leads to Pn-0.12. The yield measured
by the Mains groupt**l 1» in agreenent with the value given In the table.

** Calculated by Toollnson £ron relative yields obtained froa Réf. [42]
Based on Pn(87Sr) - 2.4

++ Based on Pn<Mir) - 4.0
. 87P

(a)
Nonullzed by the author to Pn values of 2.3, 4.7, 5 for "'Br,
Based on the odd-even sy.teaatlcs in the fission yield.' ^
published results.

89,
As and

Br, respectively.
Se values are of louer aecurscy due to scarcity of data and conflicting
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TABLE 5; Summary of the contributions of identified precursors to
delayed neutron group yields in thermal neutron fission

of 235u

subtotal

subtotal

subtotal

subtotal

Group

1

2

2-3
3

4

Group
half-life
55s

22s

6s

2s

Precursor

56s 37Br

16s 88Br
21s 136Te
25s 137I
25s 141Cs

Ils 134Sb
845.6s As

5.6s 87Se
4.5s 89Br
4.5s Rb
5 Qes PV.• "S KD

3.5s 137Te
6.5s 138I

2.0s 85As
1.5s 88Se
1.6s 90Br
1.8s Kr

91}1.3s yJKr
2.7s 94Rb
1.7s 135Sb
o f. 139T2.6s I
1.7s Xe
1.2s 142Xe
1.9s 142Cs
1.7s 143os
1.18 144CS

Delayed Neutron
yield (n/10*fiss)*

5.1 ±,0.8
5.1 ± 0.8
12.1 t 1.2

•v 1.2
21.7 ± 1.9
[0.31]
35.3 ± 2.3
0.028
0.02 ± 0.01
[0.18]
17 ±3
[0.06]
6.3 ± 1.8

-v 0.7
7.2 ± 1.5
31.46 ± 3.8

7.8 ± 1.2
[0.2] ± 0.1
16 ±3
0.074
[1.4] ± 0.3
16.7 ± 2.6
3.5 ± 0.3
9.3 ± 1.6
0.064
[0.28]
E0.81]
[1.69]
[0.33]
58.15 ± 4.5

Unseparated
samp le (1 )

5.2 ± 0.5

34.6 ± 1.8

31.0 ± 3.6

62.4 ± 2.6

* Calculated yields are given in brackets; others are experimental values
from Table 4.
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TABLE 5 (contd)

subtotal

TOT̂

Group

5-6

UL d.n. 3

Group
Half-life

0.6-0.28

r.

Percursor

0.9s 36As
on

0.4s Se
0 . 6s Br
0.25s Br
0.4s 95Rb
0.2s 96Bb

970.2s y Rb

0.9s 140I
0.4s 1A11
0.6s 145Cs
0.3s U6Cs

Delayed Neutron
yield (n/lÔ fiss)*

0.57 ± 0.2
[0.55]
2.9 ± 1.4
[0,57]
[5,64 ± 0.743
[M..8]
[MJ.95]
9 ±4
6.5 ± 2.5
[0.5]
[1.2 ± 0.63

[low]
30.2 + 5.0

160 ± 8

Unseparated
samp le ( 1 )

24,8 * 2.3

158 ± 5

* Calculated yields are given in brackets; others are experimental values
from Table 4.

Such a treatment was introduced in Table 4. To extend this treatment
of calculating Pn values for measured d.n. yields, or conversely,
calculating d.n. yields from »asured Pn values for fission reactionsoocother than of U, requires examination of the fine structure of the
fission yield values in the corresponding nuclides. This information
is not yet available with satisfactory accuracy.

For example, from Réf. 18 it is known that delayed neutron
precursors, other than those mentioned in Table 4, do contribute
significantly ("35%} to the d.n. emission in 252Cf (precursors of
masses 105-115, 140-150). A full account requires the identification
of these species» then measurement of either their Pn values or their
d.n. yields. This, together with the knowledge of the systematics of the
fission yields, will permit a more complete account of d.n. precursors
and calculation of their contributions to the entire range of fission
reactions between thorium and the very heavy actinides.
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TABLE 5a » DELAYED NEUTRON YIELDS IN THERHAL FISSION OF 235U ; DISTRIBUTION OF YIELDS

ACCORDING ISOTOPES, ELEMENTS AND MASSES bl ACCORDING CHEMICAL GROUPS

LIGHT
PEAK

HEAVY
PEAK

A

84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

134
135
136
137
138
.139
140
141
142
143
144
145
146

As
(8. 39)
0.02
7.8
0.57

Sb
(3. S3)
0.03
3.5

Se
(0.93

0.18
0.2
0.55

Te
(1.9)

1.2
0.7

Br
(S3.1)

5.1
12.1
17
16
2.9

I
(45. 2)

21.7
7.2
9.3
6.5
0.5

Kr
(1.4?)

0.074
1.4

Xe
(O.S44)

0.064
0.28

Rb
(31.45)

0.06
6.3

16.7
5.64
1.8
0.95

Cs
(4.34)

0.31
0.81
1.69
0.33
1.2
low

Y
(S)

1
J

(d.n.y)A

0.02
7.80
0.57
5.28
12.30
17.55
16.00
2.90
0.704
7.70
16.70
5.64
1.80
0.95
9.00

0.03
3.5
1.2

22.4
7.2
9.3
6.5
0.874
1.09
1.69
0.33
1.2
low

Peak, Total

•

105.09
"(65.5%)

— ̂

"

» 160.4

^ 55.3
34.5%

Halogens:

Alkalis:

Noble
Gases:

V Group:

VI Group:

Rest:

Br
I

Rb
Cs

Kr
Xe

As
Sb

Se
Te

d.n.y
n/104f
53.1
45.2

31.45
4.34

1.47
0.34

8.39
3.5

0.93
1.9

<v9

%
33.1%
28.2%

19.6%
2.7%

0.92%
0.21%

5.2%
2.2%

0.57%
1.18%

5.6%

% of total d.n.y.

61.3X

22.3%

1.13%

7.4%

1.75%

5.6%
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Fig. 3 continued

Attempts to predict Pn values on the grounds of nuclear para-
meters were reported by several authors* ', but fits of several
tens of percents with data (masses, binding energies and Pn values)
which are of the same accuracy are too coarse to draw conclusions on
the accurate theoretical treatment at this stage.

IV. DELAYED NEUTRON ENERGY SPECTRA
•3The recent introduction of high resolution He snectrometrv by

(25)v ' permits studies of detailed structures of both grossShalev et al.
d.n. spectra (Fig. 3}
(Fig. 4) <26>.

(25) and soectra of individual precursors
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400

PULSE HEIGHT (k«V)

Fig. 4. Experimental pulse-height
distribution of delayed neutrons
from l37Xe. (Taken from Ref.26)

TABLE 6. Mean energies of group and steady-state spectra,
relative error of the values ±10 per cent*

Measurement
«»U (therm.)
"»U <14 MeV)
"»U (14 McV)
"»Pu (14 MeV)

BATCHELom and MYDER (1956)
(•»*U therm.)

OUROY et at. (1946)
(«»U therm.)

group 1
277
286
278
296

250 + 20

300 ±60

2

484
458
468
481

4604- 10

670 ± 10

Mean energies (kcV)

3 4 5
447
432
443
41!

405 4- 20

650 h 90

412 —
480 —
425 382
4.10 —

450 i 20 —

9104:90 400 ±70

Slcady-
staic

spectra
435
451
445
425

430

* Taken from Fieg, Ref, 27,

Other studies of well-resolved gross neutron spectra from
fission of 235U and 239Pu were reported by Fieg^27' with results
similar to Fig. 3, as shown in Table 6. Sloan and Woodruff^ ' report035of a substantial number of resolved peaks in the U d.n. spectra,
as shown in Table 7, and compare them with results obtained by other
groups.

A great number of neutron spectra of isotopically separated
precursors are being processed presently by Rudstam and Shalev and are
expected to be published soon (Fig. 4 being an early study). An
* Published theae Panel proceedings, Vol. 3 .
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TABLE 7. Peak locations (taken from Ref,28)
S loan and
Woodruff 2̂8)

(keV)
33 ± 1
41 ± 1
60 ± 3
76 ± 3
90 4 2
103 ± 4
129 ± 5
161 ± 4
183 ± 9
210(1)
240 ± 5
283 ± 7
351 ± 9
420 4 8
467 ± 11

552 ± 20

Chulick et al̂ 5)'
(keV)

95 ± 4
104 ± 4
135 ± 5
158 ± 8
188 ± 10
205 ± 11
225 ± 13
240 ± 18
265 ± 17
340 ± 25
430 ± 32

(see footnote 2)

Chrysochoides et al 1̂6̂

(keV)

45 ± 2
[65, 70]3
80 ± 5
105 ± 6
145 ± 13

260

Shalev <25>
(keV)

75

125
170
180*

255*
[320, 390]*
420*
440
480*
500
570*
680*
750*
850*
950*

1145*

* Shalev long cycle data

Some caution is warranted for the region 200 keV to 220 keV due to
the overlapping of the methane and the hydrogen detectors.2Statistical quality and resolution of the data above 600 keV did not
permit easy identification of peaks and are not reported. There is,
however, qualitative agreement with the Shalev data.
Reference 16 indicated a peak somewhere in this interval.
Shalev reports peaks at 320, 325, 335, 375 and 390 keV in this inter-
val although this implies resolution better than that reported.
Reference 25a indicates that some caution should be exercised with
respect to peak locations previously tabulated in Reference 25.
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example of a very fine study of 85As by the Mainz groupv"' is seen
f Vt} f 901 fl£in Fig. 5*°"' and Fig. 6lcu. In the particular case of o:>As the

entire spectrum, of both the electromagnetic and neutron transitions,
is fully accounted for. This is also the first case where most
neutrons populate excited states.

Neutron energy (keV)
200 400 600

Deloyed neutron spectrum

200
Channel number

87Fig. 5. Delayed neutron spectrum of Br obtained by
the Mainz group. (Resolution ^22keV for energies
below 1 MeV, increasing to 45 keV at 2 MeV.)
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100

Neutron energy (keV)
500 1000 1500T T 2000

2.05 we A8
Delayed neutron spectrum

1008

1146

1405

j_
(00 200 300

Channel number
85,

400

Fig. 6. Delayed neutron spectrum of As obtained by the Mainz grou
(Resolution /v22keVfor energies below 1 MeV, increasing to 45 ke
at 2 MeV.)
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Review Paper no. 14

INTEGRAL DETERMINATION OF NEUTRON
ABSORPTION BY FISSION PRODUCTS

M. Bustraan
Reactor Centrum Nederland, Petten (N.H.), the Netherlands

Abstract:
The techniques for integral measurements of fission product
capture cross sections are outlined. The presently performed
experiments are discussed and the results obtained up to now
are critically reviewed.

1. GENERAL ASPECTS

1.1. Introduction
In this paper integral measurements of neutron absorption by fission

products are reviewed. The great number of fission product nuclides of
importance (over 60), the scarcity of separated materials and the experi-
mental difficulties (radioactivity of target material) preclude for the
time being extensive differential measurements.

In the evaluation of fission product absorption cross sections, inte-
grally determined values as reaction rates or reactivity worths in well
known neutron spectra, can be used for normalization or adjustment of the
evaluated cross sections within the error limits. Moreover, integral
quantities may provide empirical data for use in calculations for burnup
and fuel management. The present status of the fission product capture
cross sections is reviewed in |1|, the present accuracy needs for fast
reactor calculations in |2J. In the past Greebler J3| estimated the in-
accuracy in fission product absorption in a fast reactor to amount to
40% (90% confidence level). In view of economics this should be reduced
to 10%.
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It is believed that a combination of the present knowledge of the
cross sections (based on resonance parameters and other available
differential data and calculations with the best phenomenological
nuclear models) with integral measurements might lead to a reduction
of the present uncertainties to the required level of 10%.

In an integral cross section measurement the result obtained is an
integral of the wanted quantity over the energy weighted with a function
depending on the type of measurement.

In an activation or transmutation measurement this weighting function
is the neutron energy spectrum <j>(E) '•

<KE)dE

/ 4>(E)dE

In a reactivity worth measurement this weighting function is the product
of neutron spectrum and adjoint: <fi(E) 4>+(E) :

___ / °abs(E) <KE) 4>+(E)dE
3 S / 4>(E) <f>+(E)dE

A good knowledge of the weighting function is imperative for using
integral data. For limiting the uncertainties in applying the integral
data to actual reactor conditions the 4>(E) and <j>+(E) in which the measure-
ments are performed should not differ very much from the same quantities
in the reactor system to which the data are applied.

1.2. Classification of experiments considered
Three types of experiments will be considered in this review.

~ Reactivity worth measurements.
- Activation measurements.
- Transmutation measurements.

1.2.1. Reactivity worth measurements
Here the difference in the reactivity worth of a test sample and of a

standard- or background- sample introduced in the centre of a critical
reactor is determined. If the standard is a void the reactivity worth of the
sample can, according to first order perturbation theory, be expressed as

/ {-/ I (E)<KE)<J>+(E)dE-/ / E (Ê E'H(E)(<j>+(E)-<(>+(E'))dEdE'}dr"
V E a E Ef SC

jp« J———————————————————————————————————————————_————————
/ J / (v Z (E)) <KE) Xf(Ef) <j>+(E')dEdE' dr
V E ET
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in which:
Vs = the sample volume;
Vr = the reactor volume.

The other symbols have their usual meaning.
The assumptions for (3) are
i) The sample is small and located in the centre so that gradient terms

can be neglected;
ii) The samples do not contain fissile isotopes. Otherwise a term

J / / (v ME)) *<E> X(E') <j>+(E')dEdEf dt
Vg E E' * S

has to be added to the numerator.
iii) The effects of the sample container and of materials other than in the

sample investigated are balanced by a reference sample or otherwise
corrected for.

If <|>(E), <J>+(E) and Zsc inelastic are ^nown> tne numerator can be cor-
rected for the scattering contribution.
The denominator is the so-called normalization integral. It can be deter-
mined by calculations or by measurements with standard materials with
well-known cross sections, in which case the cross section to be measured
is directly related to the cross section of the standards (see section 1.4.).
<Sp is deduced from the time behaviour of the neutron flux (inverse kinetic
method) or by balancing the reactivity effect of the sample by a special
small control member (auto rod technique), which again is calibrated by a
kinetic measurement. In all cases where period or inhours are translated
into absolute reactivities, the value of the effective B has to be known.

The limit of accuracy in this type of measurements is set by the
neutron noise. It has been shown |4| that the relative standard devia-
tion of the detected reactivity is:

p ^ /PT X f

in which:
P = reactor power in W;
T = time of measurement in s;
f = form factor to account for the space and energy distributions

of the flux and adjoint flux (f is of the order of 1).

In practical cases P is 1 to 10 W and T of the order of an hour,
so ap/p ̂ 10" . Higher reactor powers or longer measuring times do not
give much improvement due to the increase of drift effects.
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For obtaining a reactivity signal well above the background (say
30 to 100 times), samples of fission products of 10 mg to 1 g for thermal
systems and 1 g to 100 g for fast systems are needed. The effects of
impurities and/or contaminations in the samples can be most disturbing.
In fast reactors the reactivity effect of hydrogen can be quite high, so
a small contamination with H2Û can lead to erroneous results. In STEK-
2000 e.g. an amount of 1 mg of 1̂ 0 causes an effect of .33xlO~7 Ak/k
which is equal to the effect of 20 mg of fission products of 235U.
In thermal systems a slight contamination with impurities with a large
cross section may be disastrous.

The quantity derived from a reactivity worth measurement is of
the type

/ / £ (E) <KE,r) <|>+(E,r)dEdr. (4)
VSE 3

Due to the neutron absorption in the sample the neutron flux inside and
around the sample will be depressed. This is particularly true for
neutrons with energies where the cross section of the sample material has
resonances. These selfshielding and flux depression are in most cases not
negligible due to the finite sizes of the samples. Corrections can be
made by performing measurements with different masses of the sample and
extrapolation to zero sample mass. However, the smaller the sample the
less accurate the reactivity worth is measured, so that for sufficiently
small samples mostly no usuable result is obtained. In thermal systems the
selfshielding and flux depression can be measured by means of flux mapping
using activation foils. For calculating the effect of flux depressions an
elegant method has been developed |s|.

1.2.2. Activation measurements

If the sample material can be activated by neutron capture the acti-
vation cross section (averaged over the neutron spectrum) can be deter-
mined from the absolutely measured activity provided the absolute flux is
known. The accuracy attainable is limited to that of the absolute activity
measurement which may be performed either directly or by comparing with
standards. The accuracy obtainable varies from a few per cent in "good"
cases to 10% or worse for "bad" cases. "Good" or "bad" refer to intensity
and type of radiation to be detected, background radiation from contami-
nations, etc. The decay scheme of the active nuclide should be well known.
Sample amounts in the range of a few to 100 mg are sufficient depending
on half-live of the induced activity, the neutron spectrum and the cross
section involved. The chemical composition is generally not important.
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However, the samples should be free from isotopes which may cause, after
the irradiation, a radiation interferring with the radiation of the
target sample material. In case the target material itself is already
radioactive, a purification just prior to the irradiation might be neces-
sary to remove unwanted daughter products. Since the samples mostly can
be small, little trouble with neutron selfshielding and flux depression
is to be expected.

Of the about 60 most important fission product nuclides about 20 to
30 can be measured with more or less accuracy by activation in moderate
neutron fluxes (109-1012 cm~2s~1).

1.2.3. Transmutation measurements
If sufficient flux is available the resulting shift in isotopic

composition due to the transmutation induced by the irradiation can be
measured and used in the determination of the cross section. For a
moderate flux of 1011 cm"2 s"1 (as in the CFRMF) and for o values in the
order of * 0.1 to 1 b and for an irradiation time of 1 day a (j> T - 10~8 to
10~9, so very pure samples have to be used especially in isotopes with
masses equal to that of the target nucleus or its capture product (a
purity better than 50 ppb is reported to be needed). For irradiations
in fast power reactors like Rapsodie, DFR or Phénix, where the fluxes may
be 4 orders of magnitudes higher and longer irradiation times up to 100
days are possible, the above mentioned restrictions do not exist.
The sample size in all these irradiations may be quite small so no self-
shielding will occur. An absolute measurement of the neutron flux (or
fluence) is needed in order to deduce a cross section from the experi-
mental result.

J.3. Facilities

Reactivity worth measurements can only be performed in a reactor
operated at low power (a few Watt) if drift effects due to temperature
variations are to be avoided. If disturbances like temperature changes
in the reactor room, movement of cooling water, vibrations, etc. are
kept to a minimum, it is possible in reactivity worth measurements to
reach the lower limit, set by the neutron noise up to a factor of 2 to 3.

1.3.1. Reactivity measurements in thermal systems
For measurements in thermal spectra, thermal reactors as e.g. the

light water moderated swimming pool PTR or the D20 moderated natural
uranium reactor R 0 are used.
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The neutron spectrum is mainly Maxwellian. The "temperature" of the Max-
wellian can be measured by foil activations. The neutron spectrum can be
hardened by heatingthe system as is done for graphite moderated systems
(see also the appendix ). Deviations of the 1/v behaviour of cross
sections can be determined in this way.

The epithermal contribution to the thermal reactor spectrum depends
largely on reactor type and on the position of the sample in the reactor.
For instance by rearranging the fuel around the sample the epithermal
contribution (the Westcott r value) can be changed.
From measurements for two different r values the absorption resonance
integral can be deduced. Another way to measure resonance integrals is
to perform the measurements in a stationary Cd tube in the reactor where
by the thermal contribution to the sample worth is eliminated.
In general, these types of measurements are subject to failure. For a
good accuracy of the resonance integral the contribution of the epithermal
part to the total signal should be high, i.e. the difference in r values
should be high. However, a high r value usually means a deviation of
1/E of the epithermal flux.
When a Cd tube around the sample is used, the determination'of the flux and
the adjoint flux as function of energy close to the Cd cut-off energy is
uncertain. Only if the resonance integral is large compared to the thermal
cross section and the lowest resonance lays well above the Cd cut-off may
the Cd tube method be used. This also means that the use of boron as
standard in this case is subject to the Cd cut-off difficulties.

1.3.2. Reactivity measurements in fast systems
For measurements in a fast spectrum, a fast reactor such as FRO or

a coupled fast-thermal system as STEK, CFRMF and ERMINE is used.
By varying the composition of the fast core or fast zone the neutron
spectrum and adjoint spectrum can be varied. In the coupled fast-thermal
systems the sensitivity for a sample introduced in the fast zone is lower
than in all-fast systems with the same composition. The sensitivity is
reduced at the rate the fast zone contributes to the total reactivity.

1.3.3. Activation measurements
Activation can in principle be performed by any type of neutron

source having the desired energy spectrum. In practice, the samples are
irradiated in a reactor either directly or with spectrum shaping filters.
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1.3.4. Transmutation measurements
Transmutation measurements can only be performed well in systems with

sufficient flux (lO^-lO15 on"2 s"1) e.g. power reactors without or with spectrum
filters. An accurate determination of the neutron spectrum under such
filters might present a problem. The use of foils of standard materials
combined with a spectrum code like SAND-II (see section 1 .4.) might offer
a solution.

1.4. Normalization problems
For the calibration or normalization of the measurements, standards

are used.
For reactivity worth measurements one can for example measure the

effects of samples of well-known cross sections. For the activation and
transmutation measurements one "only" needs an absolute flux or fluence
measurement, to be performed for example by irradiation of one or more
detector materials with well-known activation cross sections. In fact
one measures

/ «standard <f>(E)<i>+(E)dE or / a"^ *(E)dE.

Preferably the cross sections of the standard materials should have
about the same energy dependency as the material under investigation in
order to avoid uncertainties due to an unequal xveighting of the flux and
the adjoint. In this respect 197Au, which has a rather well established
absorption cross section, is not a very suitable standard in fast reactor
systems because the important low energy resonances may give relatively
too high a weight to the low energy part of the spectrum. For measure-
ments of resonance integrals in 1 /E spectra Au is a good standard.

The absorption in fission products in a fast reactor stems partly
from capture in the resonance region and partly from capture at higher
energies up to several tens of keV's. Therefore a 1/v absorber as 10B,
which has a rather well established absorption cross section up to 100-
200 keV, could be a suitable standard material |?|.
For measurements in thermal systems 10B is a good standard. It can be
used in a solution as boric acid or dispersed in Al or C. For the very
small quantities, needed in thermal calibrations, it may be diluted
with 1:B to avoid weighing errors.

For fast systems the use of 127I, the cross section of which is
rather well-known, might be considered. Being a fission product itself
it has about the required cross section behaviour, furthermore the
scattering is not very different from that of the other fission products.
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There exist, however, a large uncertainty in the decay scheme of 128I
which limits the value of 127l as activation measurement standard.

The fission cross sections of the thermally fissionable isotopes
235U and 239Pu are also rather well established and can be used as
standards, albeit that due to the fairly constant or slightly increasing
values for a^ above 100 keV too much weight may be put on the high
energy side of the spectrum.
If the fission reaction is not directly used e.g. in an absolute fission
chamber but by subsequent y~counting of some selected specific fission
product activity, fission yield uncertainties come into play.
The reactivity effect of fissionable material is mainly composed of two
effects, viz. neutron production by fission and neutron losses by absorp-
tion, i.e. one measures and uses as standard:

+ / / vaf(E)<KE)Xf(E')<j>+(E')dEdE" -/ aa(E)4>(E) 4>+(E)dE. (5)

In practice the first term is, in fast systems, 2 to 3 times larger than
the second. Since aa is less well established, especially for lower
energies, an uncertainty is introduced. A variant on this method of
standardization is the measurement of the apparent reactivity worth of a
calibrated 252Cf neutron source at an absolutely determined fission rate
at the position of the source \8\. In fact one measures and uses as
standard

/ a <E)*(E)dE / Xrf(E) <))p . —— —————————— ————————— , where (6)
0 N.I.

N.I. stands for normalization integral which is the denominator of
equation (3) .

In equation (6) the flux is weighted only by the af(E). The adjoint, how-
ever, is weighted by the fission source spectrum X,,̂ , which has as a conse-
quence that the adjoint fluxes below 100 keV are no longer taken into
account in the weighting. This is just the region where most absorption in
fission products in fast systems takes place.

As standard for activation and transmutation measurements the use
of 238U is suggested by the CEA Group at Fontenay aux Roses.

Multiple foil activation applied for the measurement of the neutron
spectrum can also be used to determine the absolute flux. In this method
a great number of foils of activation detector materials for which the
cross sections are reasonably known, are irradiated simultaneously.
By use of the computer program SAND-II |9| the absolutely determined
activations are all used simultaneously to adjust a trial spectrum, thus
an adjusted spectrum and an absolute flux level is obtained. Due to the
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great number of activation materials, errors in individual cross sections
become less important'. Moreover, this method can be calibrated in well-
known spectra of well-known intensity. This has actually been done for
the CFRMF, where, in the framework of the USA Interlaboratory LMFBR
Reactor Rate (ILRR) program, the absolute flux has been established.

1.5. Spectrum of neutron flux and adjoint
When the results of the integral measurements are to be used in

checking data files or adjusting data files, the neutron spectrum and
adjoint spectrum at the location of the sample should be known.
These spectra are calculated by reactor codes with diffusion or transport
theories or with Monte Carlo methods. The accuracy obtainable is limited
by the accuracy of the calculational models and the cross sections used
in the calculation. An experimental determination of the spectrum (and
adjoint) may increase the accuracy of the spectrum knowledge.
A variety of methods exists for spectrum measurements ranging from
integral measurements of activation- and fission rates, sandwich foil
detectors, to differential measurements by time-of-flight techniques,
proton recoil technique, 6Li semi-conductor sandwich detectors or 3He
proportional counters. For details the reader is referred to |10|.
In general it may be stated that by a combination of each of the methods
mentioned an accuracy of the order of 10% over the full energy range
seems obtainable.
For the measurements of the adjoint spectrum not many possibilities exist.
Korthaus |ll| used a number of (a,n) and (y»n) sources with different
averaged neutron energies. However, most sources produce neutrons with
energies above 0.4 MeV, only the (Sb-Be) source produces neutrons with
substantial lower energy (21 keV).

1.6. Types of samples used
Three types of samples are used.

1.6.1. Separated isotopic samples
In some cases these have been obtained on loan from the US-AEC

Research Pool in gram quantities. The isotopic samples, to which also
the samples of elements occurring in nature with only one isotope should
be reckoned, are used for reactivity worth measurements as well as for
activation measurements. The use of these samples is directed at a meas-
urement of the cross section of isotopes for verification of data files
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or for adjustment in an evaluation procedure. With these cross sections
and known yields J12,'13J the absorption of actual fission product mix-
tures at different burnup stages, can be calculated and a set of pseudo-
fission product cross sections derived. Since most samples are not very
pure (enrichment 95% or less) reactivity worth measurements are sometimes
needed for the other isotopes occurring in the sample in order to be able
to correct for their perturbing contribution.

1.6.2. Mixtures of fission product isotopes
These are the samples consisting of bulk fission products prepared

by an extensive burnup of fuel samples in power reactors. These samples
contain also residual fuel and carrier material since a quantitative
separation of fission products from such samples to remove the residual
fuel and/or carrier material proved to be not successful |l4|.

Mentioned can be here the 233U~A1S 235U-A1, 239Pu-Al Canadian
samples, the 235U-A1 Dutch (MTR plate) samples, the Pu-C Dutch Dragon
coated particles samples. All these samples contain fission products
generated by thermal fission of the U or Pu (together with the carrier
material). If the, amount and isotopic composition of the residual heavy
metals are known and corrected fors the effect of the gross fission
products can be determined.
To this class of samples belong also samples of actual reactor fuel
irradiated to different degrees of burnup in power reactors as SENA,
Dragon, Rapsodie, Phénix and EBRII. The reactivity measurements per-
formed or to be performed with these samples in MINERVE (Mélodie),
HECTOR, MINERVE (Ermine),, and CFRMF are more aimed at checking the
overall reactivity changes, caused mainly by the changes in the iso-
topic composition of the heavy metals and only to a lesser extent by
fission product formation. Nevertheless useful results for gross fission
product absorption may be obtained, provided the quantities of heavy
metals are very accurately known. (See appendix).

1.6.3. Mock-up samples of fission products
In the early days of the ZPR, fission products were simulated in

material worth measurements by mixtures of natural elements |l5J.
Later Schroder |l6| made substantial improvements composing a mixture
simulating the 239Pu fission product of a steam cooled fast reactor.
From these mock-up samples no information is obtained that could not
be obtained from separate measurements of the various constituents,
but these samples have the advantage that due to the rather low abun-
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dance of each particular isotope the selfshielding in the total sample
is rather low. Thus they can be used as a check on the procedures for
calculating cross sections of pseudo fission products and as a check
on the analysis of the bulk fission product samples mentioned under
1.6,2.

2. DESCRIPTION OF THE MEASUREMENTS CONSIDERED

2.1. Thermal measurements on gross fission products

2.1.1. PTR
The PTR (Chalk River) |l7,18| is a small pool type light water

reactor with MTR type fuel. The difference between the reactivity worth
of the sample to be measured and that of a reference sample placed
alternately in the centre of the core is measured. The samples are
placed in a sample carrier which moves in a vertical, water filled,
tube. Two sample carriers were used, one of lucite and one of stain-
less steel thus providing a difference in the neutron spectrum at the
location of the samples.
The Westcott r values are 0.029 and 0.047 and the effective neutron
temperatures 32°C and 42°C respectively. The fission product samples
are alloys of aluminium with 233U, 235U or 239Pu, irradiated in the
NRU to about 2.5 n/kb in a thermal spectrum with r = 0.022±0.004 and
Tn = (40±5)°C. The samples are right circular cylinders, 1.5 cm diam.
and 12 cm high, containing initially about 57 g Al with either 1.5 g
233U, 1.5 g 235U or 1 g 239Pu. After the irradiation, the 233U and
235U samples contained about 0.4 g heavy metals and 0.8 g fission
products; for the 239Pu sampl_ these figures were 0.2 g Pu and 0.8 g
fission products. Also blanks of the same Al were irradiated and later
used in the measurements.
Four samples of each type were irradiated, measurements were only made
on two. Extensive destructive analyses were performed both on unirradia-
ted and on the irradiated samples to determine the amount and isotopic
composition of the heavy metal before and after irradiation. For the
calibration of the oscillator, samples were used made of Al-B, À1-U,
Al~Pu plus Al-U-B and Al-Pu-B alloys. The effects of the isotopes not
occurring in the calibration samples, i.e. 234' 236> 238U, 21t°» 241 »
2l+2Pu were corrected for by calculations. The estimated accuracy in the
measured thermal fission product cross section was 8-10%. In the case
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of 233U and 235U the corresponding calculated FISSPROD values, based on
input data from |19 and J20|, were higher by more than the compounded errors.
Since some systematic error in the PTR pile oscillator measurement was
suspected, measurements were repeated in the RO (Studsvik) with the two
duplicate samples.

2.1.2. R 0

The RO ] 211 is a D20 moderated low oower reactor with natural
uranium metal rods in a square lattice whose geometry can be varied
easily. Measurements were made in a thermal column, obtained by re-
moving the 24 innermost rods from a 13 cm square lattice. Measure-
ments were also performed on a cell boundary position.
For the thermal column Tn = (28±3)°C, r = 0.00162±0.00005, for the
lattice position Tn = (49±3)°C and r = 0.0421+0.0015.
The same calibration samples as in the PTR measurements were used.
However, discrepancies were observed in the reactor calibration
when using the Al-B samples or samples of boron containing 02*3 for
the calibration.
In the final report no values for the resonance integrals are given
due to unexplained differences between boron and aluminium worth in
the high and low r spectra, indicating that the high r spectra data
might be unreliable |22|. Results are given in table I and discussed
in section 3.1.

Table I; Results of measurements in R0 of integral fission product
capture (a in barns/fission).

Fissile isotope

Fluence (n/kb)
ao (exp.)
o a) (cale.)
cale. /exp.

233U

2.147
41.9±2.5
44.2
1.05

233»

2.642
38.5±1.8
42.5
1 .10

235n

1.888
48.7+2.2
52.0
1.07

235U

2.240
46.5±1.6
50.3
1.08

239pu

2.333
62.3±3.3
66.7
1.07

239pu

1.915
71.1±3.8
68.2
0.96

a) Calculations with latest version of FISSPROD. |23|
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2.2. Fast reactor measurements

2.2.1. FRO (Studsvik)

The FRO J24| is a fast critical reactor of the split table type
with vertical stainless steel fuel boxes. The fuel consists of 20% enriched
uranium platelets. As diluents are used graphite, stainless steel,
aluminium and polythene. Measurements were performed in three
different core compositions. The neutron spectra of these cores are
given in fig. 1. The most central part of the core is built as "pseudo-
homogeneous" zone by use of very thin fuel and diluent platelets in
order to avoid heterogeneity effects close to the sample.
The pile oscillator moves horizontally through the core centre. The
oscillator consists of an aluminium bar (2.4 x2.4 cm2) in an aluminium
channel. The bar contains two pockets of 2.15x2.15x11 cm3 for the
test sample and for the reference sample.
In cores 5 and 8, with comparatively soft neutron spectra, measurements
were also made with a copper layer between the oscillator rod and the
core to reduce the effect of neutrons being moderated by the sample
into the resonance dips of the unperturbed core spectrum. This effect
is difficult to treat in perturbation calculations.

The neutron spectra and adjoint spectra were obtained only by calcu-
lation. Fine group spectra were produced by the SPENG program in a funda-
mental mode for a homogeneous medium. With these spectra group cross
sections 'were produced for the different core materials. 25 group spectra
for the sample position were calculated by a diffusion code. The energy
intervals of the ABBN scheme were chosen (the 26th, the "thermal" group
was omitted).

The samples used are listed in table II. Most samples were cylindri-
cal, sotnewere flâ .. The sample containers consisted of an aluminium rod
with a central hole of a diameter just large enough to hold the avail-
able amount of sample material. The samples were dried to remove any
traces of l̂ O. The reactor power during the oscillations was about 4 W,
each sample has been oscillated for 1-2 hours. The reproducibility of
the measurements on one day was 2 to 3 10~7 Ak/k but worse when re-
peated at longer intervals.

A very thin (0.0065 cm) uranium (93% enriched) platelet has been
used as standard for the reactivity worth measurements. In the analysis
a correction for the amount of 238U in this sample has been applied.

In order to compare the results of the measurements with calculated
results, the reactivity effect of the samples was calculated with
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Table II Listing of samples used in FRO,

material

133GsF
133Cs2C03
133Cs2C03
"Tc
1<+9Sm203
11+7Pm203
95Mo
95Mo

101Ru
102Ru
10 "Ru
97Mo
97Mo
F.P. mock-up
F.P. mock-up
103Rh
103Rh
103Rh
103Rh
2350

massa'
(in g)

8.83
12.80
2.86
1.99
1.01
2.33
2.27
7.69
2.41
3.90
2.41
1.90
8.00
3.24
10.02
1.26
2.49
3.72
4.95
2.298

enrichment
(in atom%)

100
100
100
100
97.72
100
96.47
96.47
97.73
99.53
99.7
92.70
92.70
-
-

100
100
100
100
92.99

cyl. sample
diameter
(in cm)
0.62
0.81
0.40
0.41
0.25
0.45
0.60
1.10
0.30
0.30
0.30
0.60
1. 10
0.55
0.95

flat sample
thickness
(in cm)

0.005
0.010
O.OJ5
0.020
0.0065

Cylindrical samples: length 10.45 cm. Flat samples: diameter 1.90 cm.
a) Total mass.

a second order perturbation code in 25 energy groups. The group cross
sections were collapsed from the fine group cross section set SPENG.
The fine group cross sections in SPENG for the resonance region were
generated from published resonance data, e.g. |25J and |26|. Above about
1 keV the capture cross sections were obtained mainly from |27J.

The perturbation calculations were performed for spherical samples
with radii chosen to give the same mean chord lengths as the actual
samples. Perturbed group fluxes were applied for those energy groups
(i.e. outside the resonance region) where unshielded sample cross sec-
tions were used. The experimental reactivity worths of the samples were
corrected by calculated correction factors for the effect of other
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materials present in the samples. The sample size correction factor
was derived from a comparison of the results for the finite size samples
with the results for infinitely small samples (calculated with a first
order perturbation program). For some samples calculations were also
performed with 34 energy groups. The results differed not more than 2%
from the corresponding 25 group calculations. Results can be found
in tables IX and X and are discussed in sections 3.2.1.3. and 3.2.2.

2.2.2. CFRMF

The Coupled Fast Reactivity Measurement Facility is a modification
of the advanced reactivity measurement facility (ARMF-II), a pool type
reactor with MTR type fuel elementss located at the Idaho site of Aero-
jet Nuclear Company. The modification consists of the insertion of a
central fast zone (6"x6") into the centre of the ARMF. This fast zone
consists of a water tight stainless steel can in which a depleted uranium
block with a centre hole of about 5cm diameter is placed.
The uranium block is covered with a boral sheet of 1/4". In the central
hole there is a filter of highly enriched boron, clad in stainless steel
(I" thickness) and a thin annulus (0.025") of highly enriched uranium»
clad in stainless steel. The boral around the 238U block serves as a
filter for the thermal neutrons. The 238u filter degrades the incoming
fission neutron spectrum by inelastic scattering to a mean energy of
about 700 keV. The inner boron layer provides a 1/v absorption near the
experimental region, the 235U annulus reduces the energy dependence of
the adjoint and thus the influence of the scattering contribution in
reactivity worth measurements. Through the central hole runs an empty tube
in which the samples to be measured (diameter up to l£") are inserted.

Two types of measurements are performed, viz. activation and trans-
mutation and reactivity worth measurements.
For the first type of measurement the reactor can be operated at 10 kW
power level (integral flux I.2X1011 cm~2s~1) with a stability better
than 0.5%. For activation measurements a typical sample size is 50 mg
of natural composition. For transmutation measurements an isotope sepa-
rator is available to purify mg quantities to purities of 50 ppb.
Samples of over 10 g are needed for reactivity worth measurements be-
cause of the low contribution of the fast zone to the total reactivity.
The samples are cylinders 14.2 cm high and with diameters of 1.27, 1.90,
2,54 and 3.175 cm.

The reactivity worth is determined from the change in position of
the regulating rod, which has been calibrated against period measure-
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Fig. 2. Calculated neutron spectrum of the CFRKF.
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ments. The typical accuracy of these reactivity measurements is ± 2%.
As potential standards are used Au, I, and 235U, which have rather well

established cross sections. The low energy sensitivity of Au raises
some doubts regarding its suitability as a standard for this type of meas-
urements .

The neutron spectrum at the location of the sample has been meas-
ured by proton recoil and multifoil activation.
In the framework of the already mentioned ILRR program the absolute flux
at 10 kW has been established with the use of the SAND-II program J9|.
The shape of the flux spectrum has also been calculated by 1-
and 2-dimensional diffusion programs, 1-dimensional transport and
Monte Carlo calculations. The spectrum at the central position is given
in fig. 2,

A list of the samples on which measurements have been performed
up to now, is given in table III. No transmutation measurements have
yet been reported. The results of the measurements are also quoted in
tables IIIA and IIIB and are discussed in section 3.2.2.

2.3. STEK
The STEK facility |29,30| was a thermal-fast coupled critical

facility located at the Petten site of the RCN (Netherlands). It came
into operation in May, 1969 and was closed down on October 3, 1973.
STEK was specially built for integral measurements of fission product
cross sections by the central reactivity worth method.
In order to have a high reactivity worth per gram of fission product
material highly enriched uranium has been used as fuel, while graphite
has been used to soften the spectrum to the desired degree. The uranium
is in the form of platelets (0.7 mm and 1.4 mm thickness) while the
graphite has the form of blocks of about 16 mm thickness. The square
cross section of both materials is 50.6x50.6 mm2.
By stacking graphite and fuel platelets alternately in the thin-walled
aluminium fast fuel element boxes, cores with different atomic ratio's
of 235U to C are obtained. The C to 235U atomic ratios employed are
11.25 (STEK-500), 22.69 (STEK-1000), 35.14 (STEK-2000), 47.70 (STEK-
3000) and 72.48 (STEK-4000).
The fast zone is axially and radially surrounded by lead reflectors
around which graphite is stacked. The fast core tank with a diameter
of 1 m is surrounded by an annular tank with MTR type fuel elements in
water acting as thermal driver. The inner fast zone is always made of
such a size that the multiplication factor of the fast zone is
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Table IIIÀ: Listing of fission product isotopic samples measured by ac-
tivation in CFRMF together with the measured and calculated
integral data. J46J

reaction

87Rb(n,Y)88Rb
"Tc(n,Y)100Tc

102Ru(n,Y)103Ru
lottRu(n,Y)105Ru
115In(n,Y)116Inm
121Sb(n,Y)122Sb
123Sb(n,Y)12l|Sb
i27I(n,Y)128I
132Xe(n,Y)133Xe*
*32Xe(n,Y)133Xe
13"Xe(n,Y)135Xe
133Cs(n,Y)13'tCsni
133Cs(n,Y)131|Cs
P̂rCn.Y)1"̂
Pro Cm* Y/ Pro
Pm\xi • Y J Pin

Ĥddi.Y)11*9»*!
150Nd(n,Y)151Nd
152Sm(n,Y)153Sm
151+Sm(n,Y)155Sm

a)chemical
form

RbCl
Tc powder
Ru powder
Ru powder
In foil
Sb powder
Sb powder
HI03
132Xe
132Xe
13 ̂Xe
Cs2SOn
CsN03
Pr powder
7̂Pm(N03)3

lit7Pm(N03)3
Nd203
Nd203
Sm203
Sm203

thickness
(in mg/cm2)

79.7
126.3
111.4
96.00
31.11
168.2
168.2
249.2
0.2868
0.2868
0.1060
88.62
22.94
101.6
13.38
13.38
77.44
77.44

111.3
111.3

- c)
(barns/ target atom)

0.0132 ± 0.0018
0.294 ± 0.039
0.097 ± 0.011
0.0932 ± 0.0093
0.288 ± 0.027
0.309 ± 0.028
0.171 ± 0.024
0.304 ± 0.026
0.00248 ± 0.00043
0.0401 ± 0.0040 '
0.0152 ± 0.0016
0.0362 ± 0.0069
0.300 ± 0.026
0.080 ± 0.10
0.379 ± 0.059
0.462 ± 0.059
0.118 ± 0.015
0.107 ± 0.024
0.302 ± 0.030
0.121 ± 0.012

d>acalc.

0.125
0.0844

0.318

0.327

0.0441
0.0069

a) Natural abundance elements are used except where the specific isotopes
are indicated.

b) Mass includes all constituent elements indicated in chemical form. The
real thickness for powdered and compound samples is 0.76 mm and for
foils the real thickness can be determined using normal densities.

c) 0-m is determined by dividing the measured reaction rate <J>0ffm by 4>0 =*
1.205 x 1Û11 cm~2s~1 (± 8%). <j>0 is the integral flux as measured
using SAND II and the reaction rates measured in the ILRR program. The
error assignments are for 67% confidence level and are absolute, i.e.
systematic errors have been included.

d) HEDL 8/73 calculation reported in |28|.
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Table IIIB; Listing of fission product isotope samples measured by the
reactivity worth method in CFRMF together with measured in-
tegral data. a)

material
90Zr02
91Zr02
92Zr02
94Zr02
95Mo
96Mo
97Mo
98MoC>
98Mo03

100Mo
ll+7Sm203
ll*9Sm203
152Sm203
1 5l*Sm203
197Au
197Au203
127j

235U°2

enrichment
(in %)
97.85
89.31
95.36
96.07
96.45
96.76
94.25
98.30
97.30
97.42
98.34
97.72
98.29
98.69

93.32

reactivity per gram07 of four sample diameters Cuk)
1.27 cm
-0.1125
-0.2345
-0.2571
-0.2612
-0.2375
-0.1847
-0.2642

-0.3232
-0.1993
-0.3797
-0.6267
-0.1613
-0.1519
-0.3986
-0.410
-0.2336
+1.008

1.9 cm
-0.1113
-0.2313
-0.2683
-0.2649
-0.2399
-0.3877
-0.2673

-0.3200
-0.1954
-0.3762
-0.6124
-0.1599
-0.1438
-0.3988
-0.3856
-0.2322
+0.9952

2.54 cm
-0.1194

-0.2368
-0.1877
-0.2647
-0.1314
-0.3317
-0.1964

-0.5984
-0.1593
-0.1492
-0.3972
-0.3857
-0.2281
+0.9930

3.175 cm
-0.1157

-0.2338
-0.1822
-0.2614

-0.3283
-0.192J

-0.1559
-O.J396
-0.3936
-0.3850
-0.2244
+0.9839

a) Values are preliminary pending the corrections for oxygen
and other impurities.

b) Grams of the metallic component of the sample material.
c) Solid metal sample 2.159 cm diameter x 2.108 cm length.

close to 0.95.
For the reactivity worth measurements the central fuel element is re-
placed by a special element which can be moved up and down by a driving
system. In this element»which is also filled with core material, (i.e.
graphite and uranium), a sample can be placed by help of an automatic
sample changer. For handling the highly radioactive (up to 10 kCi) mixed
fission product samples a shielded lead container is available.
The reactivity worth of the sample is measured by the oscillating tech-
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nique against reference samples.
By use of an on-line computer (DDP-516) and an inverse kinetic

program the reactivity is calculated as function of time.
Since the moving oscillator element contains fuel a time dependant re-
activity signal from this moving fuel is also obtained. To overcome this
only the reactivity values obtained 90 s after each transient are
used in determining the sample reactivity worths.

Two types of fission product samples have been used in the STEK-
program:

- mixed fission products either as mock-up or as mixtures of all
fission products from fissioned uranium or plutonium;

- isotopic fission product samples containing one (or a few)
isotopes of one element.

Four mixed fission product samples have been used.
The first two (HFR-I01 and HFR-102) are samples produced mainly by ther-
mal fission of 235U. They are cut from the MTR type fuel plates of the
HFR ' at two locations having a burnup of about 60% and 30% FIMA, con-
taining about 100 g aluminium 10.63 or 5.60 g fission products,
3.51 or 9.78 g 235U and 1.88 or 1.02 g 236U. The compositions of
these samples were determined by means of chemical analysis of the ura-
nium and 60% of the fission products combined with a detailed burn-
up calculation.
The third integral sample is produced by thermal fission of 239Pu in
Dragon. It has been prepared from a batch of coated particles of VuQ*
and graphite.
The fourth sample is an integral mock-up fission product sample as pre-
pared by Schroder |l6| , simulating the fission products of a Pu fueled
steam-cooled fast reactor at about 23000 MWd/Te burnup.

In total 57 samples of the second type are available, most of them en-
riched in a particular isotope. A large part of the separated isotopes (35)
has been obtained on loan from the US-AEC Research Pool. Several other samples,
five of them being radioactive, were prepared from reactor wastes.
A survey of all samples, except the four mixtures, is given in table IV.
Most of the samples are packed in thin walled stainless steel cylin-
drical cans closed by welding after the samples have been very thoroughly
dried by heating to 800°C. The can height is always 35 mm, the inner
diameter varies from 2 to 27 mm depending on the amount of material to
be contained.

l) The HFR is a 45 MW thermal test reactor of the ORR-type located at
the Petten site of the RCN.
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Table IV; Listing of samples used in the STEK measurements.

material
(symbol)

ZrM
Zr0290Zr02ti

91Zr02n
ti

92Zr02M
93Zr02n

ti
96Zr02ii
93Nb
Mo

92Moit
9^Mon
95Mon

ii
96Moii

«
97Moii

ir
98MoM
iooMo

n
ti

"TCnn
l"Ru

M
102Ruit
If^Ruit
103Rh-Al
103Rh
103Rh

mass
(in g)

1.6390
15.5513
13.7128
1.9658

11.4861
Î.0254
1.5411
2.8053
1.6822
6.5572
2.0661
3.0644
2.9523
2.3069
6.3264
15.4230
1.8714
0.5880
1.3247
0.8727
1.0912
0.6036
1.3668
3.5421
0.4592
0.8543
1.6493
1.2320
2.0323
3.3182
2.20J9
6.7008
0.9585
4.8044
4.6238
0.1822
0.8064
1.8934
0.6409
2.3230
0.6979
1.6137
0.5926
1.9765
2.4774
1.1467

enrichment
(at. percent)
90Zr - 51.46» _. ii

it _ »
" - 97.66ii _ it

91Zr - 89.31" _ "
M _ M

92Zr - 96.68i» _ 11
93Zr - 19.53

It „ IT
» _ »

96Zr - 58.42H „ ti
93Nb - 100

natural
92Mo - 97.01ii _ ii
9!*Mo - 93.93

II _ M
95Mo - 96.47if _ it

M _ ii
96Mo - 96.44ii _ it

n _ ti
97Mo - 94.25" -> "

ii „ ii
98Mo - 98.3» „ n
100Mo _ 95,9n _ <• «

n _ H
"TC - 100M _ itn _ n

101Ru - 97.73n _ »
102Ru - 96.89M _ n
10^Ru _ 99,7

II _ M
103Rh - 100
103Rh - 100
103Rh - 100

cyl. sample
diameter
(in mm)

40.8x24.7x0.25
15.1
15.06
6.1

15.06
6.1
7.6

10.06
7.6

15.06
10.06
15.06
15.06
6.3
10.06

43x43 x 1
42x42x0.1

4.0
6.1
4.0
4.5
4.0
6.1

10.06
2.0
2.8
4.0
6.1
7.6
10.06
4.5
7.6
4.5
6.1
10.06
2.0
4.0
6.1
2.0
4.0
2.8
4.0
2.0
4.0

43x42,5x0.5
43x43x0.05

0.5

remarks

platelet 0.25 mm

platelets i ram
platelets 0.1 mm

platelets Ô Stfflnj 4w/o Rh
platelets 03)5 am and O.Î mm
wire, 0.0244 g/cm
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Table IV (continued)i

material
(symbol)

PdmpdII
105pd

II
106pd
107pd

n
M

108pd
it

HOpd
ii

109Agit
^CdOn

M
In

128TeI30Ten
Pb127I,t?

it
Pb129I2n
I31Xe
J33CsCln

n
n

133CsNo3137CsCltt
n
n

139La203n

"OCeOan
2̂Ce02n
P̂rgOj!n

n
n

mass
(in g)

0.2765
0.2953
0.9208
1.2964
1.3502
1.6316
2.8954
4.7670
0.6762
1.0064
0.2884
0.2961
0.3285
1.1305
0.1950
0.2014
0.3976
13.1166
4.9361
1.8713
3.0308
0.4336
1.0209
3.1277
0.9030
1.7974
2.970
0.9918
2.2296
6.0016
12.9431
5.4638
0.9674
1 . 8085
3.4285
5.8041
5.4665
7.7975
24.6470
13.7840
38.7447
3.8585
6.9082
4.9766
9.6044
9.4261
25.8065

enrichment
(at. percent)

natural
101*Pd - 89.75n _ n
105pd _ 94<51

» _ »
106Pd _ 96<66
107Pd - 15.70M _ n

it _ it
108pd _ 98iji

tt _ n
110Pd - 96.98ii _ ii
109Ag _ 99^26n _ n
mCd - 95.29n _ n

» _ n
natural128Te _ 99E46

J30Te - 99.49ii — «
127I - 100n _ M

II _ M
129I - 86.1

!| _ II
131Xe - 41.31
I33Cs - 100" _ "

» _ it
11 _ it

133Cs - 100
137Cs - 33.77n _ tt

n _ ti
ii _ n

139La - 99.911
H _ II
» _ II
natural11 _ n

l^2C& - 92.11n _ ii
141Pr - 100» „ tt

" _ n
n _, n

cyl . sample
diameter
(in mm)

0.5
2.8
2.8
4.5
6.1
4.0
4.5
6.1
7.6
4.0
4.5
2.8
2.8
2.0
4.0
2.0
2,0
2.8

42.5x42.5xl
7.6
7.6

10.06
2.80
4.50
7.60
4.5
6.1

sphere, 42
4.0
6.1

10,06
15.06
10.06
4.5
6.1
7.6

10.06
10.06
15.06
27.0
15.06
27.00
7.6

10.06
10.06
15.06
15.06
27.0

remarks

wire, 0.02388 g/cm

platelets 1 .0 mni

1It0Ce 88.88 a/o

75



Table IV (continued):

material
(symbol)

Nd
n

Nd203M
n
"

11+2Nd203n
n

ll*3Nd203
»f

14l*Nd203n
n

llf5Nd203ir
it

11+6Nd20311

1If8Nd203n
if

J50Nd20311

n
n

147Pm203n
n

lt7Sm2Q3
it
it

lit7Sm203n
ti

JJ*8Sm203i»
it

11+9Sm203it
it
M

•150Sm203it
M
if
II

mass
(in g)

0.6104
3.1654
3.236
3.7364
5.865

22.8048
1.798
1.9767
4.3009
0.6724
4.6364
1.4722
2.5295
5.8087
0.3685
1.6272
2.5292
3.6196
7.4224
0.7152
1.4268
3.9100
0.4064
1 . 2 1 00
2.0968
3.2441
0.6215
1.1216
3.8521
0.5098
0.6988
1.1960
0.2484
J . J756
3.J680
0.5JOO
J.0066
1.2460
0.3015
0.5786
1.0206
2.5424
0.2248
0.4887
0.5292
.1.0570
1.6340

enrichment
(at. percent)

natural
11

natural
tt
11

n
lt|2Nd - 96.21

n _ it
n _ n

ltt3Nd - 91.06
'» _ ir

lltl+Nd - 94.5
» _ »
IT _ tl

145Nd - 91.82
» _ n
II _ M

1£f6Nd - 94.5
IT _ It

lit8Nd - 87.9
n _ n
» _ tt

150Nd _ 92.5
if _ ft
M _ n
" _ M

ll*7Pm - 88.07
n _ n
it _ ti

llt7Sm - 100
it _ it
n _ n

lit7Sm - 98.34
" — ''
M _ n

Jlt8Sm - 96.06
M _ ti
ff — "

149Sm - 97.6
IT _ IT

II .. H

II _ II

150Sm - 94.74
" - n
n _ it
11 _ M
n _ tt

cyl. sample
diameter
(in mm)

4.0
10.06
10.06
10.06
15.06
27.0
7.6

10.06
15.06
4.0

JO. 06
2.6

10.06
15.06
2.8
6.J
7.6
6.J

10.06
4.5
6.3

10.06
2.8
4.5
6.1
7.6
4.5
6.1
7.6
4.0
4.5
6.1
2.8
4.5
7.6
2.8
4.0
4.5
2.0
2.8
4.0
6.1
2.8
4.0
4.5
6.1
7.6

remarks

Dn 1-1-1972; t| = 2.62 a
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Table IV (continued):.

material
(symbol)

151Sm203ti
n

152Sm203n
n
ii

1 5ItSm203n
I5IEu203

M

II

153Eu203
"

156Gd203if
JL57Gd203»t
159Tb

235U
235u
235JJ-A1
236U308

M

II

tl

238u_A1

238u
239Pu02ii

n
ii

2*°Pu02
2"°Pu02t»

tf

mass
(in g)

0.3898
0.8670
2.6180
0.2366
0.4730
1.2169
2.2912
0.9843
1.1206
0.5456
J.2474
3.0100
0.4276
J.09U
0.2255
0.2J46
0.2531
0.2289
0.2782
4.4872

23.4483
3.0087
1.7546
1.7543
1.7546
1.7545
0.5825
4.8391
0.459
1.388
1.952
2.755
0.082
0.175
0.453
0.906

enrichment
(at. percent)

151Sm - 6.13
M _ II
II _ II

152Sm _ 98<29
» _ «
n _ n
ti _ n

15l*Sm - 98.69
» — »
natural

«
n

*53Eu - 93.76
TI .. «t

156Gd - 99.82
M - n

157Gd - 93.7
If _ M

159Tb - 100
235U - 89.43
235U - 89.93
235U - 89.78
236U - 32.48

n _ it
n » it
T» _ II

238U - 99.28
238U - 99.59
239Pu - 98.34

n _ n
n _ it
" — 'i

240Pu - 98.30
2"°Pu - 45.70

» _ n
ti _ »

cyl. sample
diameter
(in mm)

2.8
4.5
7.6
2.0
2.8
4.5
6.1
4.0
4.5
4.0
6.1

10.06
4.0
6.1
2.0
2.0
2.0
2.0

43x43x0.025
43x43x0.14
43x43x0.7
41x41x0.6

34.4
34.4
34.4
34.4

43x43x0.1
43x43x0.14

7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5

remarks

151Eu - 47.82

foils» 0.025 mm
plates STEK fuel: 0.14mm
plates 0.7 mm
plates U-Al alloy ;U î U.lw/o
height 0.5 mm

H
«
ti

plates U-Al alloy U: 23.0 w/o
plates 0. 14 mm
Pu02 in PbOii

n
n
n

From Dragon in PbOn n
M II

The mixed fission product samples made out of HFR plates are contained
in a stainless steel box 4,3x4.3x4.3 cm3. As this box could not be closed
by welding it was soldered. Some doubt as to a possible water
contamination still exists. A final destructive analysis of the HFR
samples will be made at the end of the experiments.

The central spectra in STEK were calculated by a two dimensional
diffusion code in 26 groups (ABBN scheme). Several spectral indices were
measured by foil activation and use of a double fission chamber. Biffer-
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ential spectrum measurements have been performed by the triple foil
technique, by a time-bf -flight technique over a 30 m and a 50 m flight
path, by proton recoil counters, by a 3He proportional counter and by
6Li solid state sandwich detectors.

The calculated spectra in four STEK cores together with measurements
are shown in fig. 3. In the preliminary analysis of the STEK reactivity
worth measurements the calculated STEK spectra were used except for the
STEK-4000 core, where below 50 eV the spectrum as measured by the time-
of-f light method was used.
The adjoint spectrum has been measured in one core (STEK-3000) with several
(a,n) sources and one (y»n) source. The result is given in fig. 4.

The reactivity worth measurements are normalized by the 252Cf
source method (see section I. 4.). The resulting quantity is thus

(E)c

0f(E) <KE)dE / Xcf (E) <A'E)dE

in which
a = microscopic capture cross section of sample isotope }

for mixed fission product samples: fission product
capture cross section per fissioned atom;

<3f = microscopic fission cross section of 235U;
Xçf = 252Cf spontaneous fission neutron spectrum, J Xc£(E)dE = 1 ;
<j>,<j>+ = flux and adjoint flux at the position of the sample.
The experimental data have to be corrected for a number of effects, i.e.
- reactivity contributions from packing materials and from other isotopes

in the sample. This correction is derived from separate measurements
with reference samples or from calculations;

- neutron down scattering by the sample. The correction for this effect
is made by calculations using the Australian cross section set J3l|;

- self shielding and flux depression.
To correct for this effect measurements have been made with differ-
ent sample sizes in order to extrapolate to zero mass. This procedure
proved to be unreliable, especially for the measurements in soft
neutron spectra where the selfshielding is high. The correction will
now be derived from calculations, e.g. by the code TRIX. For the flux
depression calculations a modified version of the 1-dimensional
transport code DTF-IV is used, which calculates the flux depression
u<j) directly.
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Only the measurements with three of the four mixed fission product samples
have been analyzed in detail. The results of the Dragon sample could not
be used because of uncertainties in composition and in the correction
for the reactivity worth of the plutonium (including the selfshielding
thereof) in the sample. No results of the very recent measurements in
the STEK-500 core can be given. The results for the mixed fission pro-
duct samples are given in table V and are discussed in detail in section
3.2.1.1.
Some preliminary results on the isotopic samples are contained in table X
and are discussed in section 3.2.2.

3. DISCUSSIONS OF THE EXPERIMENTAL RESULTS PRESENTED IN CHAPTER 2

3.1. Measurements on gross fission products in thermal spectra
There appears to be only one good measurement, i.e. that in RO.

There is besides the mentioned PTR measurement also a measurement, re-
ported in |32j, on the reactivity worth of irradiated fuel. This meas-
urement is not taken into account in this review because in that meas-
urement the concentrations of the remaining heavy nuclides have not "been
measured but were infered from burn-up calculations. However, the main
error source in this type of measurements is in fact the uncertainty in
the concentration of the remaining fissile material. The effective cross
section of this residual fuel, va, W -a (in which W is the importance

I Q.

of fission neutrons relative to thermal neutrons), is an order of magni-
tude larger than the averaged cross section of fission products, so any
error in the amount of remaining fissile material is greatly amplified.

As is seen from table I the values calculated from the FISSPROD
library are about 7% higher than the experimental ones. An exception
forms the low burn-up 239Pu sample. For that sample, however, the
concentrations of the remaining heavy nuclides were obtained by a con-
siderable extrapolation from earlier chemical analyses on equivalent
samples.

To improve the accuracy of this type of measurements the effect of
the uncertainty in the amount of residual fissile material should be
reduced. The present limit for the accuracy of the chemical analyses
of the irradiated sample as well as the calibration sample is in the
order of tenths of a percent. A considerable improvement in these
figures seems not likely to be achieved. An inaccuracy for the residual
fissile material of the order of 0.5% or slightly better leads to an
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Table V; Measured and calculated reactivity worths of integral samples in STEK and their errors.

]

core

4000

3000

2000

1000

2

sample

HFR-101
HFR-102

KFK-I
KFK-2

HFR-101
HFR-102

K'K-1
KFK-2

HFR-1Û1
HFR-102

KFK-1
KFK-2

HFR-101
HFR-102

KFK-1
KFK-2

3

measured
P / P O

-.456±.007
-.501+. 017
-.514+. 005
-.483 ±.003

-.353±.005
-.3971.025
-.3561.006
-.349+. 003

-.2981.005
-.356-1-. 024
-.285^.006
-.275+.004

-.219+. 005
-.2601.033
-.!74±.007
-.179+. 004

4
correction
for self-
shielding
and flux
depression

1.043+.025
1.0781.031
1.19I+ .026
1. 245+. 031

1.0381.025
1. 0501. 032
1.089+.Q10
1.J15±.010

1. 0241.025
1.032+. 031
!.044±,015
1.056±. 015

1. 0211.029
1.019+.032
1. 032±.010
1.0391.010

5

P/P0 extra-
polated to

zero mass

-.4751-014
-.540+. 024
-.6031.018

-.3671.011
~.417±.029
-.3881.004

-.3021.009
-.367+. 027
-.2931.006

-.2231.008
-.254+. 035
-.1851.004

6

P/PO of
Q+N

„
-

+.01311.0005

-
-

+ . 02001.0003

_
-

+.02721,0003

_
-

+.038 7 ±.0004

7

fr/PoWt.

+.0201.006
+.020+.006
+.0151.005

+.0341.010
+.034+.010
+.026+.008

•K04Q+.012
•V-.040+.012

+.0311.009

+.057+.017
+.057+.017
+.0431.013

8

experimental
(P/Po)capt.

-.495
-.560
-.631

-.401
-.451
-.434

-.341
-.407
-.350

-.280
-.321
-.267

9

calculated
(P/PO ) cap t.

-.465
-.492
-.679

-.360
-.374
-.460

-.302
-.311
-.364

-.254
-.261
-.304

10

calc.
exp.

0.94
0.88
1.08

0.90
0.83
1.06

0.88
0.76
1.04

0.91
0.81
1.14

11

error I
(in %)

2.7
4.2
2.8

2.5
6.3
1.0

2.5
6.4
1.6

2.9
10.3
1.4

12

error II
(in %)

3.5
4.3
0

4.5
5.5
0

5.6
6.8

0

7.7
10.3

0

13

error III
(in %)

8.2
8.2
8.2

7.2
7.2
7.2

6.1
6..1
6.1

5.2
5.2
5.2

14

error W
(in %)

2.5
2.5
2.3

3.3
3.1
2.7

4.1
3.6
3.2

6.2
5.5
4.8

15

error V
(in %)

'4.4
4.3
5.3

5.2
5.1
6.0

6.5
6.5
7.7

7.7
7.6
9.3

CDto

Note: The definition of p/pQis according to section 2.3, i.e. for fission product cross sections in barns/fission and 0- (235U) in
barn.



uncertainty in the fission product cross section in the order of 5% or
slightly better as a lo*/er limit. An improvement might be achieved by
performing the measurements in such a system that the W value is low.
The W value for the PTR measurement in the stainless steel sample holder
was of the order of 1.6, in the lucite holder of the order of 1.3,
while in the R 0 experiment the W values for the thermal column and the
lattice configuration were about 1.0 and 0.8 respectively. A W value
slightly below 0.5 would be needed for a cancellation of the effect of
residual fuel.

3.2. Measurements in fast

3.2.1. The results of measurements on integral samples

3.2.1.1. STEK measurenients and their analysis. The measured re-
activity worths, obtained with the three mixtures of fission product
isotopes, are compared with calculated values based on the RCN-1
capture cross section set evaluated by RCN |33J. All results have been
combined in an adjustment calculation taking into account errors and
correlations both in the cross sections and in the measurements. These
results represent adjusted pseudo fission product cross sections for
four mixtures simulating the fission products of 235U, 238U, 239Pu
and 2klPu in the SNR-300 reactor.

The experimental results for the three samples are summarized in
Table V. The HFR samples contain some moisture, the amount of which is
not accurately known at present. Experimental results are somewhat un-
certain and provisional, therefore, and will be improved in future.
The selfshielding correction has been calculated for the fission product
isotopes with the code TRIX, for the other isotopes in the samples and
reference sample the ABBN selfshielding factors have been used. The
flux perturbation has been calculated with DTF-IV for two STEK cores.
Corrections not calculated directly have been obtained by interpolation
or extrapolation or reasonable guessing.
The scattering correction was calculated with data from the Australian
set |3l|. Five different relative errors (standard deviations) are given
in table V. Error I contains the experimental error (column 3) , the
extrapolation error (column 4) and the error in p/p of oxygen and ni-
trogen present in the KFK-mixture (column 6) . These errors are un-
correlated for different measurements. Error II contains all errors due
to uncertainties in sample composition (uranium and fission product
contents, isotopic composition and moisture). These errors are fully
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correlated for measurements with the same sample in different cores, but
are uncorrelated for different samples. Errors III are fully correlated
for measurements in the same core, and include the uncertainty in p/p
due to spectrum uncertainties and errors in the measured normalizations
(p0). Error IV is fully correlated for all measurements with all samples
in all cores, due to common errors in p (252Cf source strength, error
in Of of 235U) and to the uncertainty in the scattering correction,
which was assumed to amount to 30%.
Finally, error V is the relative error due to cross section uncertainties,
to be discussed in section 3.2.1.4. From errors I to IV a complete co-
variance matrix of the 12 corrected experimental values has been calculated.

The RCN-1 evaluation |33| of group cross sections of 75 fission
products in ABBN format J34J was used to calculate the group constants
of fission product mixtures. The Australian set of Rose J 3 l | was used
to supplement the RCN-1 set for some of the isotopes.
Also the inelastic scattering matrices are entirely based on J3l|.

Shortcomings of the RCN-1 model arise typically above 0.2 MeV. How-
ever, for a mixture of fission products, the group cross sections of
RCN-1 are only systematically too high for energies above 1 to 2 MeV.
Therefore, these model errors are of minor importance for the interpre-
tation of mixed fission product sample reactivity measurements and for
the calculation of integral fission product quantities in a fast reactor.
For the interpretation of isotopic sample measurements, on the other
hand, these model errors will have to be reduced. At any rate, systematic
model errors were included in the calculations. One of the advantages of
the RCN-1 set is that a rather complete error calculation has been per-
formed for this set |35J for use in an adjustment procedure (see section
3.2.1.4.).

For the three mixtures HFR-101, HFR-102, KFK mock-up, capture group
cross sections were calculated with the RCN-1 set using a weighting
appropriate to the STEK experiments namely a smoothed STEK-2000 spectrum,
The measured and calculated compositions for the HFR samples were used
while the composition of the KFK sample was given by the GfK.
For 15 isotopes occurring in the KFK sample for which no cross section
data were available in the sets |31,33,36) , an estimate was Blade about
their contribution to the reactivity effect. At a later date an ad hoc
evaluation of these cross sections was made which led to some improve-
ments. These improvements have been taken into account in table VI
(indicated by RCN*-1).
Also other sets were used to compare measured and calculated reactivities



Table VI; Comparison of experimental capture reactivity worths of inte-
gral samples in STEK with results calculated for different sets3'.

The worths are expressed in units of -p/p0, as defined in sec-
tion 2.3.

sample

HFR-iOl

HFR-102

KFK

set
Exp.
RCN-1
RCN-1 adj.
Benzi/RCN
UK NDL
Australian

Exp.
RCN-1
RCN-1 adj.
Benzi/RCN
UK NDL
Australian

Exp.
RCN-1
RCN-1 adj.
RCN-1*
Benzi/RCN*
UKNDL/RCN*
Australian/

RCN

core
STEK-40ÛO
0.495

0.465±4%
0.473±3%
0.463
0.555
0.424

0.560
0.493 ±4%
0.503±4%
0.494
0.575
0.453

0.631
0.676±5%
0.62914%
0.633
0.634
0.705
0.545

core
STEK-3000
0.401

0.360±5%
0.365±4%
0.359
0.427
0.337

0.451
0.374±5%
0.381±4%
0.376
0.438
0.354

0.434
0.458±6%
0.423±6%
0.438
0.438
0.513
0.389

core
STEK-2000
0.341

0.302±7%
0.30615%
0.301
0.346
0.287

0.407
0.31117%
0.31616%

0.313
0.353
0.298

0.350
0.36417%
0.33315%
0,353
0.353
0.417
0.322

core
STEK- 1000
0.280

0.25418% •
0.25716%
0.252
0.281
0.246

0.321
0.26118%
0.26416%
0.262
0.286
0.255

0.267
0.30619%
0.27715%
0.298
0.298
0.340
0.274

a) The sets RCN-1, UKNDL and Benzi 133,36,42) have been supplemented,
if necessary, with cross sections from the most complete set,
which is the Australian set J3l| . At energies below 1 keV Benzi's
set has been extended with the RCN-1 cross sections. Recently,
the RCN-1 set has been updated to include 15 isotopes which are
only present in the KFK-sample. This set is indicated with an
asterisk.

85



i.e. the UKNDL set |36|, the Australian set |3l|, the set of Benzi J37J
for groups 1 to 14, which for the groups 15-26 has been supplemented by
data taken from the RCN-1 set. This comparison is given in table VI.
From this table it can be concluded that the measured reactivity worths
of the HFR samples are systematically higher than most calculated values.
Only in the case of the UKNDL set are the calculated values higher than
those measured for the eases, HFR-101 in STEK-40GQ, "3000, «2000, -JOOO
and HFR-102 in STEK-4000.

#The KFK sample is predicted on the whole rather well by the RCN-1 set.
The UKNDL set again leads to an overprediction, the Australian set is in
most cases to an underprediction.

The group cross sections for the HFR-101 sample as calculated with
the different group sets are compared in fig. 5.

3.2.1.2. Pseudo-fission products. For many reactor applications it
suffices to combine the fission products to one single fictitious material,
which has the same group cross sections as the sum of the actual fission
products, the so-called pseudo fission product.

For thermal reactors usually more than one pseudo fission product
is needed to describe the formation and the burn-up of fission products during
long irradiation times. The burn-up is significant due to the high thermal
capture cross section some fission products exhibit.
Since the cross section of fission products in fast reactors are much
smaller, for most applications it will suffice to use only one pseudo
fission product per fissile isotope.

To obtain the isotopic compositions of the fission products of 235U,
238U, 239Pu and 2l+1Pu after an irradiation of 50 MWd/kg metal, needed for
composing the pseudo fission products, zero-dimensional burn-up calcula-
tions were performed J45J starting from the average initial material
composition of SNR-300 and using the average neutron flux spectrum |38|.
The fission product chains taken into account contained 160 isotopes;
fission yields and decay branching ratios of J39J and neutron capture
branching ratios from |40| were used. The resulting compositions showed
indeed only a small dependence on irradiation time.

In table VII the calculated RCN-1 capture group cross sections of
the four pseudo fission products, together with standard deviations,
are listed. The weighting spectrum is identical to the one used to
weight the KFK-INK set |4l|. Most of the standard deviations in table
VII are rather small at intermediate neutron energies. The large number
of isotopes causes a cancelling out of many of the errors. Large error
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Table VII Calculated capture cross sections for pseudo fission product mixtures from RCN-1 set in barns/fission
(relative standard deviations (%) in parentheses).

energy
group

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

235u

calculated
a priori

0.011 (87)
0.016 (78)
0.024 (80)
0.037 (57)
0.056 (38)
0.086 (30)
0.13 (22)
0.19 (17)
0.30 (15)
0.47 (14)
0.70 (10)
j.03 (10)
1.51 (9)
2.50 (8)
3.9 (10)
8.6 (8)

10.7 (7)
11.0 (11)
28 (14)
40 (16)
77 (18)
24 (19)
34 (18)
78 (15)
43 (24)

699

adjusted

0.009 (96)
0.013 (85)
0.020 (88)
0.033 (59)
0.053 (37)
0.081 (29)
0.13 (20)
0.19 (15)
0.30 (13)
0.46 (12)
0.70 (9)
1.03 (8)
1.53 (8)
2.55 (7)
4.0 (9)
8.7 (8)

10.6 (7)
!0.8 (11)
27 (14)
40 (16)
77 (18)
23 (20)
33 (19)
75 (15)
41 (24)

692

238u

calculated
a priori

0.014 (88)
0.021 (79)
0.031 (78)
0.047 (51)
0.072 (34)
0.107 (28)
0.16 (21)
0.25 (16)
0.38 (15)
0.59 (14)
0.87 (11)
1.27 (10)
1.85 (9)
3.04 (8)
4.8 (10)

10.0 (8)
12.7 (8)
15.3 (12)
33 (14)
50 (16)

107 (17)
31 (21)
61 (18)

131 (15)
68 (25)

1205

adjusted

O . O l i (100)
0.017 (83)
0.026 (87)
0.042 (53)
0.066 (34)
0.100 (27)
0.15 (20)
0.23 (15)
0.37 (13)
0.57 (12)
0.85 (9)
1.24 (9)
1.84 (8)
3.04 (7)
4.8 (9)

10.0 (8)
12.6 (7)
14.9 (12)
33 (14)
50 (16)

106 (17)
29 (22)
59 (19)

125 (16)
64 (26)

1193

239Pu

calculated
a priori

0,016 (88)
0.023 (78)
0.035 (77)
0.053 (49)
0.080 (34)
0.119 (28)
0.18 (21)
0.28 (17)
0.43 (16)
0.67 (15)
0.97 (12)
1.37 (11)
1.98 (9)
3.18 (8)
5.0 (10)

10.1 (8)
12.8 (7)
17,0 (12)
34 (14)
52 (16)

110 (17)
29 (21)
59 (19)

106 (16)
66 (24)

1107

adjusted

0.012 (103)
0.019 (89)
0.02S (87)
0.046 (51)
0.072 (34)
0.109 (28)
0.17 (20)
0.26 (15)
0.40 (14)
0.62 (13)
0.9! (10)
1.31 (9)
1.92 (8)
3.13 (7)
4.9 (9)

10.0 (8)
12.7 (7)
16.7 (12)
34 (14)
52 (16)

110 (17)
28 (22)
58 (19)

103 (16)
63 (25)

1098

2mPu

calculated
a priori

0.017 (88)
0.025 (79)
0.038 (77)
0.057 (48)
0.086 (33)
0.128 (28)
0.20 (22)
0.30 (17)
0,47 (16)
0.72 (15)
1.04 (12)
1.46 ( 11 )
2.10 (9)
3.37 (8)
5.5 (10)

10.4 (9)
13.7 (8)
19.4 (12)
38 (14)
45 (16)

132 (17)
33 (21)
57 (19)

113 (17)
73 (24)

1244

adjusted

0.013 (105)
0.020 (91)
0.030 (88)
0.049 (51)
0.077 (33)
0.116 (28)
0.18 (21)
0.27 (15)
0.43 (14)
0.65 (13)
0.96 (10)
1.37 (9)
2.01 (8)
3.27 (7)
5.4 (9)

10.3 (9)
13.5 (8)
19.1 (12)
37 (15)
45 (16)

131 (17)
32 (21)
56 (19)

109 (17)
70 (25)

1234

00
CO
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contributions are due to systematic model errors (at high energies) and
(at low energies) the assumed weighting spectrum errors varying from 5%
to 15% for the groups 15 to 26 J35,45|. The errors in group constants
are strongly correlated.
In fig. 6 the RCN-1 set for the four pseudo fission products is compared
with some other sets. It has to be noted that these sets are not always
independent of each other. The sets ABBN and UKNDL show systematic
deviations from RCN-1. In the latter case this is to a large extent due
to low energy resonances of some isotopes in UKNDL which are not found
in literature. The rather low values of ABBN cross sections at low
energies are due to the circumstance that the contribution of some
strongly absorbing isotopes are not included in this set for energies
below 1 keV.

The group constants of the different mixtures are in general strong-
ly correlated, since different mixtures have many isotopes in common.
All correlation coefficients between cross sections f-r the 26 groups
and the seven mixtures (four pseudo fission products and three integral
samples) have been calculated. This is necessary for the application of
the adjustment method (see section 3.2.1.4.).

Reaction rates and reactivity worths of pseudo fission product
mixtures in the centre of the SNR-300, calculated with different cross
section sets, are compared in table VIII. No errors have been assumed
in the spectrum of SNR-300 or in the isotopic concentrations of the
fission products in the mixtures. Standard deviations of at most 10%
are obtained according to the RCN-1 error calculations. Deviations
from results obtained with other sets are consistent with the calcu-
lated errors.

3.2.1.3. Analysis and conclusions of the FR0 measurements on
the KFK fission product mock-up sample. The results of the FR 0 meas-
urements on the KFK fission product mock-up sample are summarized in
table IX. The experimental data for the reactivity worths of samples
of finite size have been transformed by us to data for infinitely thin
samples by use of the published sample size correction factors |24|.
In table IX, also results calculated by us with other cross section sets
are given. In these calculations it is assumed that the composition of
the KFK mock-up samples used in FR 0 is the same as that of the KFK
mock-up samples used in STEK. The calculations were normalized to the
values for the ABBN cross section set reported in |24J. From the table
it is clear that, as in the case for the STEK measurements, the Austra-
lian set leads to the lowest data, while the UKNDL set produces the
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Tab le VIII Calculated integral quantities of pseudo-fission product
mixtures in SNR-300 for different cross section sets a>.

mixture

23%
238u
239pu

2Wpu

capture rate per fission per s (x iQ 9 )

RCN-1
|33

J .96± 9%
2.43±40%

2.65±40%

2.84±40%

ABBN
|34|

2 .49
-

2.64
-

UKNDL
36]

2.08
2.66
2.89

3.06

Australian
31 I

4.95
2.38

2.47
2.49

Benzi et al.
1 37

4 .94
2.42
2.57

2.70

mixture

23^

238U
239pu

2Upu

reactivity due to capture
(arbitrary units)

RCN-1
33 [

0.905± 9%

4 . 4 2 ± 9%
4 . 2 2 ± 4 0 Z
4 . 3 4 ± 4 0 Z

ABBN
|34

4.02
-

4 .23
—

UKNDL
36

0.973

'

1.24
1.35
1.43

Australian
|31

0.898

4 .09

1.13
1.14

Benzi et al.
37|

0.898

4 . ,

l . J

12
19

4 .25

RCN-1
adj.

0.90±7%

1.09±8%
1.16*8%
1.22±8%

The sets RCN-4, UKNDL and Benzi have been supple-
mented, if necessary, with cross sections from
the most complete set, which is the Australian
set. At energies below 1 keV Benzi1s set has been
extended with the RCN-4 cross sections.

highest data, the RCN and Benzi set being in between.
Only the measurements in the soft spectrum core (core 5) are in

some agreement with the data obtained from the RCN and Benzi sets.
All other experimental values are much lower than the calculated ones.
The disagreement increases with increasing hardness of the neutron
spectrum. This tendency can also be seen in the STEK-1000 results.

No explanation for this discrepancy can be offered. A slight, un-
detected, amount of water absorbed in the sample would produce a trend
like the observed one. In the STEK measurements such an disturbance has
actually been observed J42| . To explain the deviation between the measured
worths in core 8 and 3 and the worths calculated e.g. from the RCN-1 set,
an amount of about 2.5 w/o water would have to be assumed, a rather high
amount which is not likely to occur unobserved.
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Table IX Comparison of experimental and calculated reactivity worths
in FR 0 for the KFK mock-up sample.

The reactivity effect is expressed as the ratio of the effect
of one pair of fission products to the effect of one atom of
235U.

core

3
8

8/Cud)

5

5/Cud>

experiment

-.043±.008
-.103±.01
-.122±.01
-.401±.021
-.343+. 007

-.298±.021
-,298±.007

f a)

.998

.986

.986

.949

.94)

.949

.941

ABBNb)

total

-.156
-.232

-.229

-.501

-.459

scatt.

-.025
-.020
-.020

-.011

-.011

RCN
total

-.118
-.172

-.171

-.388

-.358

scatt. c/

-.015
-.013
-.008

-.008

-.005

Austral. c)

-.116
-.162

-.158

-.323

-.303

UKNDLC^

-.114

-.180

-.180

-.412

-.382

Benzic)

-.115
-,170
-.169

-.388

-.358

a) Calculated finite sample size correction factor (see section 2.2.1.).

b) Cross section for a pair of fission products of 239Pu were used;
values given here are taken from J24J.

c) Scattering contribution calculated from the Australian set.

d) Measurements with copper lining around the sample position (see
section 2.2.1 .).

The scattering contribution to the total reactivity effect is even in the
case of core 3 so small that a serious error in the calculation of the
scattering contribution is also not sufficient to explain the discrepancy.

3.2.1.4. Cross section adjustment.

The methods of cross section adjustment constitute a link between
integral measurements and evaluated cross section data. The methods
have mostly been applied until now for fissile and construction materi-
als of fast reactors. However, the application to fission product
data is promising. The adjustment techniques may be considered from
two different points of view.
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a. Certain margins are set for the cross sections (usually in fairly
coarse energy groups). It is tried to change the cross sections
within these margins in such a way that an optimal agreement is
reached between the calculation and the measurement of integral
quantities. The optimales ati0n maybe performed, e.g. by a least
squares technique. This may often lead to improvements of the group
cross sections, and» in any event to improvement in the prediction of
integral parameters of a power reactor.

b. In order to predict some integral effect in the best possible way
an optimal combination of integral measurements"and evaluated dif-
ferent data can be sought. A minimum variance criterion may be
shown to lead to a method which is mathematically equivalent to
the least squares adjustment J43 J . This way of interpreting the
adjustment may be favoured in cases where the adjustment bearly
means an improvement of the cross sections, like the adjustment of
pseudo fission product cross sections based on measurements with
fission product mixtures (see below).

Cross section margins
The above mentioned cross section margins correspond with the uncer-

tainties, say the standard deviations. It is important - especially if
the number of data is large - to take into account the correlations that
exist between the cross sections at different energies and between cross
sections of different isotopes. At RCN an attempt has been made to calcu-
late the uncertainties for a number of fission product isotopes and mix-
tures, starting from first principles |35|, for the RCN-1 cross section
set |33). The following error sources have been taken into account to
calculate the (co)variances: errors in all (resonance) parameters used in
the cross section calculations; uncertainties in nuclear level statistics
and Porter-Thomas width fluctuations; model errors and uncertainties in
the group weighting spectra.

Syjstematic_errors
A hazard in the application of adjustment techniques is the presence

of systematic errors in the integral data. The following example illus-
trates what may happen. Suppose that the reactivity effect is measured
in a rather soft spectrum of an isotope with fairly accurately known
low energy cross sections (well known resolved resonance data) and
larger errors above 1 keV. Suppose that selfshielding occurs at low
energy, which remains unnoticed and is not taken into account. The re-
activity worth is then overpredicted. If now an adjustment technique
is applied, the cross section will be lowered, especially so above 1 keV,
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where the largest margins occur. If the adjusted data are used subse-
quently to calculate some effect in a fast breeder, where no neutrons
below 1 keV occur, the result will be too low. It may happen that a
small error in the experiment may be amplified to a large error in the
fast breeder effect. Such an effect has been found in practice at RCN
| 44 | for measurements on neutron capture in 103Rh in some STEK cores.
It was observed that a systematic error of 20% in the selfshielding.
could be amplified to an error of a factor of 2 in the capture rate in
SNR-300. The application of statistical tests is essential to recognize
possible systematic errors.

In réf. |45| the adjustment technique has been applied to improve group
cross sections of four pseudo fission products using reactivity worths
of three different integral fission product mixtures, measured in four
different spectra in STEK. From the error analysis, mentioned before,
the complete covariance matrix was 'obtained of the cross section vector,
consisting of the 26 group constants of the 7 mixtures (3 measured inte-
gral samples and 4 pseudo fission products) . It may be noted that the
group constants of the different mixtures are in general strongly corre-
lated, since different mixtures have many isotopes in common. If the
integral sample part of the cross section vector is adjusted to fit
the experimental reactivity worths mentioned in table V the correla-
tions will cause the cross sections of the pseudo fission products to
follow this adjustment. In this way the differences in composition be-
tween integral samples and pseudo fission products are taken into account.
The experimental information is then used to an optimum in improving the
pseudo fission product cross sections.

The adjusted data obtained in this way are used to derive the data
for the three integral samples for four STEK cores given in table VI.
They are also given for the pseudo fission products in table VII.

The accuracy of the group cross sections is not improved notice-
ably. A somewhat larger improvement is obtained when some integral
quantities of a fast breeder are calculated with the adjusted data, as
given in table VIII. Nevertheless, the improvement is still small.
This is due to the fact that remarkably low estimates have been ob-
tained for the standard deviations of the calculated group cross
sections, due to cancellation of many errors in the mixtures of many
isotopes.

It may finally be mentioned that in this situation the x2~test,
including all correlations in experimental errors, gave no indication
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of systematic errors.

3.3.2. Results of measurements on isotopic samples

With regard to the isotopic sample measurements a complete analysis
has been made and published only for the FRO measurements.
Except for a few isotopes the STEK measurements have not yet been analyzed
in detail. The main problem is still the correction for selfshielding and
to a lesser extent flux depression. Up to now only a simple extrapolation
to zero sample mass has been made for most of the samples. Calculations
with more sophisticated methods are underway. On the activation and re-
activity worth measurements in the CFRMF only some, partly preliminary,
results are available.
The results of the measurements in three FR 0 cores have been compared
by us with calculated values obtained from several cross section sets.
In this comparison use was made of 26 group cross sections derived from
the different data files using a STEK standard weighting spectrum, i.e.
a smoothed STEK-2000 spectrum. This weighting will not always be appro-
priate for all cores but the effect, except for very special cases, is
not of great importance for the comparison.
In all cases the experimentally obtained values are transformed into
values for infinite thin samples by use of the published sample size
correction factors. In the comparison of other sets with the FRO data
the calculations are normalized to the published data obtained from the
AE SPENG set |24| . Also preliminary data from CFRMF and some data from
STEK are taken into account in this comparison. The result of the compa-
rison is given in table X. In the table is given the ratio of the calcu-
lated effect (C) to the measured effect (E). These effects include the
scattering contribution. For the calculations with the RCN-1 J33|,
Australian |3l|, UKNDL |36| and Benzi |37| sets we have always used
the scattering matrices from the Australian set. For energies below
1 keV the Benzi set is supplemented with RCN-1 group constants.
The scattering contributions calculated with the Australian, data are
always larger than those calculated from the scattering matrices in-
cluded in the SPENG set, sometimes up to a factor of 2.
Since the scattering contribution for the isotopes considered is only
occasionally larger than 10%, it usually being much smaller, the
difference in scattering contributions as calculated from the different
sets, will not be of great importance for the comparison.
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Table X

Comparison of results of experiments (E) and calculations (C) for
different group sets for a number of infinitively small isotopic
samples, measured in FRO, STEK and CFRMF.

95Mo

measurement

FR 0
3
8
5

CFRMF
react,
worth

a)exp, '

-0.075±7%
-0.133±6%
-Q.293±3%

-0.22 b)

f

0.991
0.860
0.590

-

C/E
SPENG

1.07
1.0
1.0

-

RCN-1

1 . 1 1
0.97
KO

0.84

Austral.

1.15
0.93
0.92

0.87

UKNDL

1.07
0.97
1.0

0.91

Benzi

1.04
1 .10
0.97

0,76

97Mo

measurement

FRO
3
8
5

CFRMF
react,
worth

exp. a>

-Q.077±7%
-0.11 1 ±6%
-0.150±4%

-0.25 b>

f

0,992
0.934
0.863

-

C/E
SPENG

1.15
1.28
1.50

-

RCN-1

1.28
1.18
1.17

0.60

Austral .

1.0
0.94
1.01

0.52

UKNDL Benzi
|

1.21
1.21
1.32

0.64

1.23
1.12
1.16

0.64

measurement

FR 0
3
8
5

CFRMF
^act

ERMINE

exp, '

-0.418±47%
-0.188±13%
-0. 41815%
.0.294±13%

-

f

0.996
0.960
0.774
-

~

C/E
SPENG

2.0
1.56
1.23
_

_

RCN-1

1.66
1.44
1.29
1.42

-

Austral .

1.09
0.97
0.84
0.88

0.9±.2

UKNDL

1.55
1.36
1 .06
1.36

1.2±.2

Benzi

1.62
1.57
1.45
4.53
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95Mo: It is seen that the results of all sets are in rather good
agreement with each other and with the experiments. Apparently the
RCN-1 and Australian set overpredict the absorption at higher energies,
while the Australian set underpredicts the absorption at low energies.
Preliminary results of the STEK-cores 1000 and 2000 with relative hard
neutron spectra (see fig. 7) seem to support the good prediction ability
of all sets. Preliminary results of STEK-cores 3000 and 4000 with soft
spectra, however, fail to agree which may be caused by a gross under-
estimation of the selfshielding correction, still to be calculated in
more detail.

The reactivity worth measurements in the CFRMF seem to be under-
predicted by all sets. However, in this case the scattering contribution
is very large (about half of the total effect) and no definite conclu-
sion can thus be drawn yet.

f̂ Mo£ Here in general an overprediction is observed. The Australian
set seems to give a correct prediction. All other sets lead to an over-
prediction. The same impression is obtained from some STEK measurements
for which also the SPENG set leads to an overprediction and the Austra-
lian set to an underprediction. The behaviour of the other sets for STEK
resembles that for FRO.

The CFRMF reactivity worth measurement is about a factor two lower
predicted by all sets which seem in contradiction to the FRO core 3
results.

Tcj. The SPENG set apparently leads to a large overprediction as
do also the RCN-1, UKNDL and Benzi sets. Again only the Australian set
gives a lower prediction. In particular should be noted here that the
overprediction increases with increasing hardness of the spectrum indi-
cating too large a high energy capture. This is, however, not supported
by preliminary STEK results, which, even allowing for gross errors in
the estimated effect of selfshielding, show an opposite trend.

From the CFRMF activation results might also be concluded to an
overprediction for higher energies for most sets.
The preliminary ERMINE results support the above general conclusions.

101Ru: The SPENG set leads to a moderate overprediction for all
cores, while the RCN-1 set for cores 8 and 5 produce better values.
Striking is the magnitude of the overprediction of the Australian set,
which is caused by the high a above 3 keV, in this set. In general,
the Benzi set (supplemented with RCN-1 group constants for energies
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Table X (continued)

measurement

FR 0
3
8
5

exp. a>

-0.17 ±10%
-0.276±7%
-0.464 ±4%

f

0.989
0.905
0.797

C/E
SPENG

1.15

1.19
1.26

RCN-1

1.31
1.02
0.90

Austral.

3.4
2.2
1.46

UKNDL

O.S7
1.04
1.38

Benzi

1.12
1.03
1.00

measurement

F R O
3
8
5

CFRMF
'act b

ERMINE

a)exp. '

-0.049±23%
-Q.064±5%
-0.405±45%

0.097±1J%

-

f

0.996
0.880
0.704

—

-

C/E
SPENG

2
2.46
3.33

HEDL|28
1.3

-

RCN-1

2.70
1.82
4 .63

4 .65

-

Austral.

2.70
1.82
4.45

4.68

> 1

UKNDL

2.04

2.39
3 .42

2.4

> 1

Benzi

2.07
2.40
4 .77

2.1

-

measurement

F R O
3
8
5

CFRMF
^act "

exp . a'

-0.059±30%
-0.047±40%
-0.095±47%

0.932±40%

f

0.997

0.993
0.982

C/E
SPENG

0.74

1.21
4 . 0 4

HEDL |28J
0.90

RCN-1

4 . 4

2.3

1.54

Austral.

0.65
4 . 4 9
0.86

UKNDL

0.84

2 . 4 9
3.94

Benzi

0.79
1.30

1.23

103;Rh

measurement

F R O
3
8
5

exp. a>

-0.177+5%
-0.279±8%
-0.95 ±3%

f

0.992
0.906
0.552

C/E
SPENG

l
0.93
0.69

RCN-1

0.93
0.84
0.62

Austral.

0.98
0.84
0.59

UKNDL

4.04
4 . 4 3
0.89

Benzi

4.03
0.94
0.65
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below 1 keV) seems in agreement with the experiments. The STEK meas-
urements tend to favour the RCN-1 set; the other sets, except the Benzi
set, tends to an overprediction.

sets lead to gross overpredi étions of a factor of about
2, The same may be concluded from some STEK measurements where the
results for different sets differ still more, especially in the soft
spectra.

The CFRMF activation measurement is also overpredicted. The best
value here is that of réf. \28\.
Apparently the cross sections of 102Ru are seriously in error.

Uji Taking into account the large error margins in the experi-
mental data, especially in cores 3 and 8, the SPENG, Australian and
Benzi sets lead to acceptable predictions. The RCN-1 set is generally
too high, which is particularly the case for the UKNDL set for softer
spectra. The same trends can be deduced from STEK measurements where
especially the UKNDL set laads to very large overpredictions.

The CFRMF activation measurements show a good agreement with pre-
dictions based on the Benzi set and the HEDL data. The RCN-1 set is too
high as is the UKNDL set, which seems in contradiction to the FR 0 core-
3 data for the UKNDL set.

î Rlji Due to important resonances at low energies the self shielding
of a Rh sample in a soft neutron spectrum may be quite large and thus
the correction may be somewhat uncertain. This may be the reason for the
systematic underprediction for the FR 0 core-8 data by all sets.
Otherwise the predictions agree rather well with the measurements.
For the STEK measurements of which some results are given in the table,
the selfshielding has been calculated by the TRIX-code. Here the SPENG
set seems to give predictions closest- to the experimental data.
The RCN set, the Australian set and the Benzi set are consistently
underpredicting, only the UKNDL set leads to an overprediction.
When an earlier value of 0.92 for the activation ratio of 103Rh to 197Au
in CFRMF is combined with a value of 478 mb for the averaged activation
cross section of 197Au in CFRMF, calculated in |36| , a value of 450 mb
is found for the o _ of 103Rh in CFRMF, This value is under predicted by3.C u
all sets, which is. in agreement with. the underprediction found for STEK.
The preliminary results of ERMINE support the general trend.

^"Cs: in che FR 0 measurements two compounds were used, CsF and
CS2CO.J. Only the data for the CsF are used here because the Cs2CU3 data
are probably less reliable. For the hard spectrum in core 3 an overprediction
is observed for all sets. This overprediction decreases or becomes an
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Table X (continued)

1Q3Rh (continued)

measurement

STEK-10QO
STEK-2000
STEK-3000
STEK-40QQ
CFRMF
°act.b
ERMINE

exp . a)

-.46 ±3%
-.52 ±2.5%
-.60 ±4%
-3 .16+4%

0.450±?

-

f

0.98
0.96
0.77
0,88

-

C/E
SPENG

0.94
0.95
0.97
0.90

~

RCN-1

0.76
0.76
0.79
0.80

0.74

-

Austral .

0.70
0.68
0.72
0.77

0.73

0.9+.1

UKNDL

J.27
i.37
1.39
1.17

0.79

1.3±.l

Benzi

0.37
0.87
0.87
0.83

0.83

-
133Cs

measurement
FR 0
3
8
5

STEK-100Q
STEK-20ÛO
STEK-3000
STEK-4000

CFRMF
°act.b

exp . a)

-0.087±32
-0.162±6%
-Q.472±2̂ %

-.42 ±3%
-.59 ±6%
-.62 ±6%
-.94 ±62

0.336±8%

f

0.991
0.841
0.534

0.91
0.90
0.85
0.7J

-

C/E
SPENG

\,b

1.3)
}.0e

0.80
O.SO
0.84
0.83

-

RCN-1

1.60
3.33
J.Q2

0.83
0.80
0.83
0.78

0.96

Austral,

1.17
1.01
0.89

0.60
0.60
0.70
0.70

0.68

UKNDL

1.24
1.30
1,09

0.87
0.89
0.95
0.86

0.86

Benzi

1.62
1.43
I. OS

0.94
0.90
0.93
0.82

1.ÛJ
!

measurement

FRO
3
8
5

CFRMF
5act.b

exp. a>

-O.J42±30%
-0.407±H%
-J.14 ±5%

0.841 ±9.5%

£

0.995
0.900
0.778

-

C/E
SPENG

1.75
1.60
J . 7 5

-

RCR-Î

1.54

1.19
1.50

0.84

Austral .

1.65
J . Î 9
) .48

0.84

UKNDL

1.8Û
1.13
1.05

0.84

Benzi

1.44
1.12
1.45

-
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underprediction going to the softer spectra. The Australian data seem
here to lead to a prediction closest to the experiment. In the case of
the STEK data, analyzed by calculating the self shielding by the TRIX
code, the prediction fluctuates much less going from hard to soft spectra.
Remarkable is here the consistent underprediction produced by all sets,
the Australian set being lowest and far outside the experimental error
limits. The best set here seems the Benzi set.

The CFRMF activation measurement is also supported by the Benzi
set and also by the RCN-1 set. This seems in contradiction to the FR 0
core 3 results.
It might be that the CsF sample contained some undetected moisture.
An amount of about 2.5 w/o would be needed to cancel the overpredictions
in cores 3, 5 and 8 for the SPENG set.

lif7Pmj_ It is not clear why the prediction for different cores and
different sets scatter so much. The overprediction in core 3 is contra-
dicted by the underprediction of the activation measurement in CFRMF.
The change in the prediction trend in core 8 for the RCN-1 , Australian
and Benzi sets needs a further careful study.
Some preliminary STEK data seem as far as they have been analyzed, more
to point to underpredictions for all STEK cores by all sets, except the
SPENG set. But due to the great uncertainty still existing for the self-
shielding corrections no definite conclusions can be drawn, as yet.

i In a^1 cores the effect is underpredicted. The SPENG set
produces the best data, followed by the Benzi set, UKNDL set, Australian
set and the RCN-1 set. The change in trend going from hard spectrum to
soft spectrum might be caused by an error in the self shielding correct-
ion, in the soft spectrum case this correction being quite large.
The underprediction is also observed for the CFRMF reactivity worth
measurement, however, the rate of underprediction is larger.

isotope has not been measured in FRO. For the STEK
measurements an analysis has been made using TRIX calculations. From
this it is seen that in all sets, except UKNDL, the high energy
cross sections seem too small, the Benzi set being the best one.
The UKNDL set overpredicts rather much.

There are two CFRMF measurements. The result of the reactivity
worth measurement is rather well predicted by all sets except by the
UKNDL. The result of the activation measurement is slightly more over-
predicted. The error quoted in this measurement does not include the
uncertainty resulting from the problems associated with the decay
scheme of 128I.

101



fable X (continued)

measurement

FRÛ
3
8
5

i CFKMF
: react.
i worth

«,. •)
-0.436±2S%
-0.919±lî%
-4.07 ±3%

-0.58 b>

f

0 . 99
0.799
0.504

-

C/E
SPEKG

0.83
0.98
0.86

-

RCN- 1

0.66
0.78
0.60

0.65

Austral .

0.73
0.63
Q.60

0.56

UKNDL

O.BO
0.84
0.68

0.74

Benzl

0,87
0.85
0.82

0.75

measurement
..... . . . . ...,.

STEK-1QOO
STEK-200Û

STSK-30QO
STEK-4000

CÏRMF
react.
worth

°ac fc . b

c* ^

- .bO -12f.
- <.65 ±|02

- .75 ± J O Z
- ,89 ±y%

-0.20 '^

0.304 ±9?

£

O.C6
0.78
0.77
0.68

_

C/E
EKDF/B I RCN-1
TV [A9 j I

0 ,71

0.71

0.83

0.93

5.00

KEDLJ28|
Î . 07

0.73

0.73

0.84

0.04

1.08

1.17

Austral.

0.62
0.61
0.75
0.88

1.02

1.05

UKNDL

Î .45
Î.50

I .

1.53

1.27

1.78

Benzi

0.80

0.77

0.38
0.96

1 .41

1.23

The experimental ^activity worth quantities are:
- for FR. 0 the effect of one atom of the isotope to the effect of
one atom of 235U;

- for STSK the quaatity Psav.ple/po as defined in section. 2.3i
- for CFEî'lF tha ratio of the reactivity effect of a gram of the
isotope considered to the reactivity effect of a gram 235U.

Estimated values, including tentative corrections calculated by us,
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4. CONCLUSIONS AND RECOMMENDATIONS

There is only one measurement of thermal capture of gross fission
products, i.e. the combined Canadian-Swedish me as ur erne tit in RO .
No data for resonance capture is given.

The accuracy of the thermal capture measurement in 5%, the over-
prediction by FISSPROD calculations is 7%. Thus the situation is not
really satisfying. Thf1 forthcoming analysis of the CEA experiments
with irradiated SENA fuel pins measured in Minerve-Mélodie (see ap-
pendix) might produce sJightîy more accurate data. The main error
sources are the uncertainties in the amounts of residual fuel in the
gross fission product samples. Unless one succeeds in reducing these
uncertainties to less than a few tenths of a percent or is able to
design a system or a measuring technique in which the residual fuel
has much less influence, the accuracy of future integral measurements
of thermal absorption gross fission products by the reactivity worth
measurement of irradiated fuel samples, will not be much better than
the 5% presently reached.

When the fast gross fission product absorption as measured in
STEK is checked against calculations with the RCN-l set deviations
ranging from + 14% to -24% are observed. Here also the uncertainty in
the amount of residual fuel is one of the sources for the limited
accuracy, however not as overriding as in the thermal case. Other
sources for the deviations are to be found in uncertainties in the
neutron spectrum, in the scattering and in the selfshielding in the
samples.
Reactivity effects of pseudo fission products in SNR-300 when calcu-
lated with the RCN-I adjusted set, have standard deviations of the
order of 10% as far as cross section uncertainties are concerned.
Uncertainties in the yields and spectrum have» to be added, however.
The STEK measurements cover a lower energy range than the ERMINE
measurements (see appendix). Moreover most fission products used
in the ERMINE measurements are geneiated by fast fission in 239Pu,
thus yield uncertainties will have a smaller influence in an analysis
directed to the génération or checking of pseudo-fission products
for fast reactors. It wili be most interesting to combine the forth-
coming ERMINE results with the STEK results in one adjustment procedure,
Conclusions OTI further measurements on gross fission product samples in
fast spectra have to wait until this combined analysis has been made.
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From the isotopic sample measurements only some preliminary con-
clusions will be drawn here pending the further analysis of the STEK
and CFRMF measurements and of the completion and analysis of the meas-
urements in progress in ERMINE,
When all these data are available and compared (e.g. in a year's time)
a much better picture of the situation will be obtained. However, al-
ready now it can be concluded that apparently 99Tc, 102Ru and iit7Pm
are overpredicted by all or nearly all setss while ll+9Sm is always
underpredicted. A new evaluation of these isotopes seems necessary.
In comparing the different sets it is found that the UKNDL set and the
Australian set deviate in general more from the experimental values
than the SPENG, RCN-1 and Benzi sets do. The Australian set has a
tendency to be consistently low.

The error in the measurements including errors in the applied
corrections appear to be of the order of 5% or more. However, in
many instances the differences between data calculated from different
sets are much larger than the experimental errors» Thus, integral
data, even with a limited accuracy, will be of advantage in the
evaluation of cross sections.

Further integral measurements on isotopic samples may be needed
in future to clear up discrepancies in measurements. It may also
prove necessary to extend the energy range to regions below that pre-
sently used in order to collect data applicable for very large LMFBR's
with soft spectra.

The scattering which gives an important contribution to the
reactivity worth in hard spectra for not very absorbing isotopes,
has to be determined with greater precision. For this purpose special
measurements with isotopes which mainly exhibit scattering can be
made to check and improve the nuclear models used for the calculation
of the scattering- Since scattering does not play any role in the
activation and transmutation, this type of measurement should also
be used at its greatest extent. In order to provide several different
spectra for the irradiations, the use of spectrum shaping filters
might be considered.

Finally, for the reactivity measurements, there is still the
problem of lacking of good and reliable standard materials. The same
holds for the activation and the transmutation measurements.

The extent to which the needs for data for individual
fission products, as stated in table VI of review paper 3 are covered
by the present measurements is given in table XI.
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Table XI
Isotopes measured (or to be measured) in present integral programs
arranged according to the list of needs as given in table VI of
Review Paper 3.

Ru-101
Rh-103
Tc-99
Cs-133
Pd-105
Ru- 1 02
Pd-107
Xe-131
Nd-143
Pm-i47
Sm-149
Sm- 1 5 1
Mo-97

FR 0
3 cores

X
X
X
X

X

X
X

X

CFRMF
activ.

X
X

X

X

ERMINE
react.

X

X

STEK
5 cores

X
X
X
X
X
X
X
X
X
X
X
X
X

ERMINE

X
X
X
X
X
X
X

X
X
X
X
X

Mo-95
Cs-135

Nd-145

Mo-98

Ag-109
Ru-104
Eu- 153
Pr- 1 4 1
Xe-132
Mo- 100
Sm-152
Eu- 154
Zr-93

F R O
3 cores

X

X

CFRMF
activ.

X

X

X
X

ERMINE
react.

X

X

X

STEK
5 cores

X

X
X

X

X

X

X

X

X
X

X

ERMINE

X

X

X
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Table XI (continued)

Fission_2£oduct groug III

Sm-147
Nd-148
Ru-103
Pd-106
La- ! 39
Nd-144
Eu- 155
Nd-146
Xe-134
1-127
Pd-104
1-129
Pd-108

FR 0
3 cores

CFRMF
activ.

X

X
X

ERMINE
react .

X

X

STEK
5 cores

X
X

X
X
X

X

X
X
X
X

ERMINE
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App. î
Appendix 1

This review paper is confined primarily to those experiments
on which results are now available. Besides those experiments mentioned
there are some other activities which may» at some time, lead to additional
integral data on the neutron capture in fission products.
Two of these activities will be summarized here.

The first concerns measurements of integral cross sections
for heavy metals (mainly 2t*°Pu) and for fission products in HTR's J 6 J .
These experiments are being undertaken jointly by the DRAGON project,
CEA of France and the UKAEA. Fuel compacts of the "Teledial" type (12 mm
diameter by 50 mm long) are being irradiated in DRAGON. After irradiation
the reactivity controlled by these compacts wil] be measured in the re-
actor HECTOR at Winfrith and will be compared with that controlled by
similar unirradiated compacts to give a direct measure of the effects
of irradiation. It is planned to use these data to obtain a measure of
the absorption of 2£f°Pu and fission products in the sample in a typical
HTR spectrum. As an aid in correcting for the effects of other isotopes
in the sample, measurements will also be made in a thermal spectrum.

In order to determine the composition of the irradiated fuel com-
pacts extensive chemical and mass spectrometer measurements on them
will be carried out in France.

It is planned to carry out the first set of measurements in HECTOR
early in 1974 when sampJes irradiated to about 40.000 MWD/Te will be
available. Later measurements in 1975 could extend this work to 80.000
MWD/Te samples, and it is hoped to determine absorptions in 2I*0Pu plus
fission products to an accuracy of about ± 1.5% in the most highly
irradiated samples.

As second activity can be mentioned the experiments of the CEA, France
for light water moderated reactors as well as for fast reactors J47 |. These ex-
periments are primarily aimed at a global checking of the evolution of
reactivity due to burnup and conversion, and the fission product forma-
tion and capture. In these experiments the amounts of the heavy metals
in the irradiated fuel samples and their reactivity effects will be
determined sufficiently accurately to enable also the determination of
integral capture data for fission products. Furthermore some measurements
in fast spectra on separated fission product isotopes will take place.
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App. 1

The reactivity worth measurements are performed on irradiated fuel pins
in a critical reactor in a lattice position. This lattice is very touch
like the lattice of the reactor under study and in which the sample
pins have been irradiated. Since the irradiated fuel pin occupies a
normal fuel pin position in an otherwise unperturbed lattice, normal
cell calculation codes can be used in the analysis and the results are
also directly applicable to actual reactor systems.
The following experiments can be mentioned here:
a) For graphite natural uranium reactors. In the zero power reactors

Marius (low temperature) and Cesar (high temperature) the reactivity
changes in irradiated fuel rods have been determined. From these
measurements it could be concluded that the capture of fission
products is overestimated by about 5% J48|a

b) For the water reactor measurements a number of fuel pins have been
(and are) irradiated in the SENA reactor at Chooz (PWR, 300 MWe).
In the reactor Minerve at Fontenay-aux-Roses, three different test
configurations have been foreseen consisting of 800 cells of the
SENA type surrounded by a thermal driver consisting of the normal
highly enriched plate type fuel elements of Minerve. The fuel of
the SENA cells consists of pins of uranium oxyde and mixed uranium
plutonium oxydes, tfnder an agreement of collaboration this fuel
was obtained from the CEN at Mol, where it has been used in the
zero power reactor Venus.
The three configurations simulate three different burnup stages of
the SENA reactor (15, 22 and 30 MWd/kg respectively). A number of
irradiated fuel pins (10 cm long) with different burnup are available.
A great number of pin samples is available with different heavy metal
compositions for calibrations of the heavy metal effects. The effect
of fission products is normalized on 235U and boron by use of special
U02 +• B samples.
The first series of measurements was concluded in 1972. A preliminary
analysis shows that the effect of the gross fission products can be
determined with an accuracy of 5% or even better. A comparison of
the experimentally determined capture data with data derived from
nuclear data files is now underway. Further measurements are fore-
seen for 1973 and 1974.
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App. 1

For fast reactor measurements the sarae principle is used as for
the water reactors. Sample fuel pins are irradiated in Rapsodie and/or
Phénix and are measured in ERMIN2, the coupled thermal-fast system in
Minerve. The program is aiming at an accuracy close to 5% in the ex-
perimentally determined capture of fission products. The program is
composed of two phases. In phase Ï, realized in 1973, fuel sample pins
of uranium-plutonium oxyde irradiated in Rapsodie to about 6 to 8%
burnup (about 2/3 of the number of fissions from 235U and 1/3 from Pu)
are oscillated in ERKTNE (V.R3) which has a central zone with 15% en-
riched 235U as fuel and stainless steel sodium and oxygen as diluent.
This core simulates a fast power reactor core. The samples contain
]00-150 g fissile materials and tO g of fission products. The reactivity
worths of these samples are compared to the worth of unirradiated pins
and of pins with different heavy raetal compositions. Afterwards a des-
tructive chemical analysis will provide the actual fissile isotope
composition (accuracy around 0.1%) and fission product content (by
measuring the Nd content up to a 2% accuracy). The accuracy of the meas-
urement of the fission product effect is estimated to be better than
5%, the inaccuracy due to the chemical analysis may contribute to an-
other 5% uncertainty in the fission product capture.
In phase II> to be started at the ead of 1974 measurements in three
cores in ERMINE are foreseen, simulating, also by use of depleted
uranium and plutonium, cores of large power breeders.
As samples will be used
- pins of highly enriched uranium oxyde irradiated in Rapsodie;
- pins of depleted uranium-plutonium oxyde with a high plutonium
content irradiated in Rapsodie;

- pins of depleted uranium-plutonium oxyde, normal Phénix fuel.
The burnup will be about !OZ. The same type of reference samples as in
phase I will be used. The tusasureraentu of phase I are finished and
results will be available soon.

Finally» measurements on separated isotopes are in the process of
being performed. These concern the isotopes, 95»97Mo, 99Tc, 101»102Ru,
103Rh> 105,107?d5 109Agj 133CSj l'i3,l«.5Nd> 147̂  149,151 Sjn afld 153Eu>
Oscillation measurements on these isotopes have been performed in
ERMINE (V.R3), In the framework of a collaboration CEA-RCN six isotopic
samples measured in STEK have also been measured in ERMINE (V.R3).
In addition irradiation experiments are being performed on isotopic samples ii
Rapsodie-Fortissimo (experiment TACO) and in Phénix (irradiation PROFIL).
The transmutation will be measured by mass spectrometry.
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HESIBUAÏ, POWER DUR TO FISSION PRODUCTS
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Centre d'études nucléaires de Cadarache

Saint-Paul-les-TXiranoe, France

*(jn collaboration with C. Devillers ,
R. de Tourreil* and G. Lhiaubet*"*)

Abstract;

Varions evaluations of the residual power emitted by the fission products
of the main fissionable nuclides are compared among themselves and with
experimental results. The consistency of the evaluations, which is of the
order of 10$, is generally better than that of the corresponding experiments.
Efforts should be made to:

— improve the basic data, especially those on short—lived nuclides;
— estimate the errors in evaluation arising from the errors in the

basic data;
— improve the integral experiments qualitatively and quantitatively,

1. XNT-aDBUCTION
There have been surprisingly few integral experiments relating to the

energy released by the fission products of irradiated fuel, despite the fact
that this energy represents ^-6% of the povier produced by fission and has a
considerable influence on the emergency cooling, handling, transport and
reprocessing of fuel» The importance of this subject has been confirmed by
D.J. Horen and A.M. Weinberg £~~tji who noted in their introductory paper
presented at the IAEA Symposium on Applications of fuelear Data in Science and
Technology (Paris, March 1973) that some 22 000 pages have been written just on
the problem of core cooling after shut-down (emergency core—cooling systems)

* Service d'Etudes et de Mathématiques Appliquées,
** Service d'Etudes Mécaniques et Thermiques,
ail: Département de Physique des Réacteurs et de Mathématiques Appliquées,

Rentre d'Etudes Nucléaires de Saclay, B.P. no. 1 - F-91190 Gif-sur-Yvette
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without exhausting it, for the engineer who reverts to this problem finds himself
confronted with inconsistent experimental values, while calculations based on
fission product data files are also inconsistent, the data for short cooling
times being incomplete.

In the first part of this paper we present a comparison of residual power
evaluations which highlights the ranges of cooling times where there is agree-
ment and disagreement. In the second part we compare theoretical evaluations
with experimental results»

2. COMPARISON OF VALUATIONS
2»1<, Inquiry; carrdecl ̂ out in̂  connection with this Panel

In order to obtain an objective picture of the consistency of the residual
powor values used in different reactor design projects, an inquiry was carried
out in connection with this Panel among a fairly large number of laboratories
and among the contributors mentioned in Paper 15. The following questions were
asked:

(a) Residual power after one fission for Û th, ™Pu th, %̂ th,
235U fast, 239Pu fast?

(b) Residual power after irradiation for one year at one fission event
per second and without capture for the same fissionable nuclides»

8In both cases the cooling times considered lay between 10 sec and 5 x 10 sec»
Unfortunately, only three authors gave precise answers, which limits the

value of the inquiry and has led us to fill out the comparison with published
values of which some are old and relate to only a. limited number of cases about
which the information reported here is incomplete and perhaps erroneous*

The following evaluations are compared among themselves:
Tasaka and Sasaraoto, contribution to Paper 15
Vossebrecker, contribution to Paper 1 5
Devillerf? et al«, contribution to Paper 15
Battat, Dudziak and Hicks
Perkins
Tobias /"7_J
England

Sporrer /"9J7
SImre /""lÔ  (this evaluation is particularly interesting as the
American Nuclear Society proposed it as a, standard evaluation in 1971

116



2»2. .General description
The first theoretical evaluation of residual power was made by Way and

Wigner j£"12^7, wno proposed the formula P = At * for the power released
as a function of the time t after the end of infinite irradiation»

Since then, two main approaches have been adopted:
(a) The first, based mainly on a set of experimental resxilts, led Shure

to propose an analytical representation for the power P following
infinite irradiation at power P • Shure's formula was taken by the
American Nuclear Society as a standard formula for the energy released
in water—cooled and «moderated reactorss

P / \ —a* f QO J- i n -f-
T̂ ^ V ft " J ~ *t °P V * S' S0

where —• (°° jt^) is the fraction of the power during operation,
t is tne cooling time, and A,a are given by the following table;s

10""1 < t <s
101 < t <s
1.5 3C 102<t

f

101

1,5 x 102

< 4 x l 0 6
S

A4 y 10 <t <2 x 10"s

A

12*06

15.32

26

53.2

a

0.0639

0.181

0.283

0.335

A representation of the same type has been proposed by
Johnston ̂ f 13, 4_7 ̂ or his experiments relating to fast Pu fission.

(b) The most widely used method consists in solving the coupled
(differential) equations describing- the time-dependent production and
burnout of fission products, which need as input data the individual
properties of the fission products? yields, decay schemes, half-lives,
capture cross-sections» The number of data involved is extremely
large, especially if one is interested in the emission spectra as
well as in the residual power, although knowledge of the total
energies emitted (E and E ) is in any case derived from the spectra,
for part of the total energy released through decay is emitted in the
form of antineutrinos. There is a shortage or a complete lack of data
on short—lived fission products and, although often not specialists
in such questions, the authors had to derive energy distribution
rules or half—lives of nuclides with unknown decay schemes from
nuolid.es with known decay schemes»
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For the evaluations presented below the authors proceeded as follows:

(a) Fission yields were taken from the last compilation of Meek and
Rider /"l5_7 ^or ^e evaluations ,of Tasaka, Devillers and Sporrer.
For the evaluation of Tobias they were taken from Flynn and
Glendenin /lo^y and Crouch £"^-lJ» For the evaluation of Battat
et al» they were taken from Burris and Dillon /18_7» Weaver
et al, £"l9,J and Anderson £"20^;

(k) The Q-yaltxes relating to non-measured nuclides were those given "by
the formula by Myers and Swiatecki j^^J for the evaluation of
Tasaka and those of Garvey et al. J^^J for "t*16 evaluation of
Tobias and Devillers» The Q~values for measured nuclides were
generally taken from the tables of Hapstra and Gove

(o) For determining the enerjgy partition junong fl, y afid neutrino emission,
Devillers, Tobias and Tasaka use the Fermi model to calculate the
mean B energy, subtracting from it the y energy (obtained from the
Q-value of the reaction) and, when the spectrum is not known, take
E + E
-~r — ̂  = 0»58 (Tasaka), = 0.66 (Tobias) and as a function of the
element (Devillera).

The decay schemes of the known nuclides are taken from Lederer's table
of isotopes 1^2-bJ and from Nuclear Data Sheets and rearranged in special lists:
Tobias j^"^>J and Devillers and de Tourreil /26_J7j the list of the last-
mentioned authors having the advantage of being presented in BNDF format.

The number of fission products taken into account varies from one list
to another — about 600 in the case of Devillers and Tobias, 5̂ 0 in the case of
Tasaka et al. (125 stable nuclides), 243 in the case of Vossebrecker and 200 in
the case of Battat et al. The names of the codes are as follows: FISP (Tobias),
RASPA (Vossebrecker) , Pepin (Devillers), FPIG (Battat and Dudziack),
FPS (Tasaka and Sasamoto) and CINDER (England and Sporrer).

2.3. Results of the comparison
The results of the different evaluations and the ratios of these evaluations

to the evaluation of Devillers (taken as reference for reasons of convenience)
are presented in Tables I, II, III, IV and V and in Figs I, II, III, IV and V.
2.3.1. U th

The results relating to J th are naturally the most numerous
For elemental fission (Table 1,1; Fig. I) the most recent evaluations

(Devillers, Tobias) are consistent to within 3.0$ over the entire time range
Q

considered (l sec to 10 sec). The evaluation of Tasaka et al« converges
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with those of Devillers and Tobias at about 50 sec but diverges from them. 7appreciably beyond 10 secj this is almost certainly due to differences
between the decay schemes of some long-lived nuclides ( ̂'r, Y, Sr,
137Ba «= Cs).

The evaluation of Vossebreoker converges with the reference evaluation
at 10 sec, but the list used does not contain short-lived nuclides» The7appreciable divergence beyond 10 sec is certainly due to an error, for it does
not recur in the case of irradiation over a period of one year.

The evaluations of Battat et al» and Perkins agree to within some 5$
«j û

with the reference evaluation between 10 sec and 10 sec.
The evaluation of England, derived from the C 17 case in Ms thesis

1?(irradiation for 4° sec in a thermal flux of 10 ~) is considerably higher
(~ 35$) than the different evaluations for cooling times between 10 sec and

Q
10 sec. We shall revert to this later.

The evaluation of Shure fluctuates in a regular manner around the mean,
the déviation reaching 40$ with a cooling time of 10 sec and then varying
between +20$ and -2

The oscillations obviously disappear if the elemental fission curve in
integrated to obtain irradiation from one year at zero flux (Table 1.2; Pig. l).
The results are fewer but, in the light of the elemental fission curves just
examined, the evaluations of Devillers, Tobias and Tasaka may be considered
to agree to within 5$ for all cooling times (as indicated above, Tasaka1 s

7
evaluation diverges beyond 10 sec). The evaluations of Vossebrecker, Perkins
and Battat converge with those of the authors just mentioned at 10 sec (leaving
aside short-lived nuclides)» Shure's evaluation is remarkably close to the

7recent evaluations for cooling times between 1 sec and 10 sec, but beyond710 sec the divergence noted in the case of the elemental fission curves recurs
(for T = 2 x 10 sec of cooling time mre/Devillers = 1.79) without anyrei
clear cause, for in his evaluation Shure used the calculations of Perkins for
long cooling times.

The results of England are appreciably higher than the mean for coolingg
times between 10 sec and 10 sec. Admittedly, the circumstances (irradiation
for 10 hours at a constant flux of 2 x 10 ; resuJts given in MeV per fission
following irradiation) differ from those of the reference study, but this does
not explain the divergence observed for the cooling times in question; Tobias
makes the same comment in his critical study of experimental results /7_/.
The explanation for the difference has been given by Shure /""?7_7» who detected
a slight error in the CINDER programme and gave the corrected result.

The results of England in Table I.I were taken from his thesis. In
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Table 1.2, we present the results published by England in his thesis and also
the two sets of values obtained by Shure after correcting the CINDER programme
and England's data* It can be seen that, after the corrections have been made,
the results agree closely with the other evaluations»
2.3.2. 239Pu th. 233U th. 23̂ U fast (Tables II, III and IV } Figs II, III and IV

There are far fewer evaluations to compare in this case, only Devillers and
Tasaka having replied. The earlier remarks still apply: good agreement among

7
the evaluations (to within 5$) up to 10 sec and then divergence due to long-lived
products.
2.3.3. 239Pu fast (Table V; Pig. V)

Here again there is little material on which to base a comparison. Tasaka's*•?evaluation agrees to within !Of0 with the reference evaluation up to 10 sec,
beyond which it diverges appreciably (at 10 sec, ^̂ /Devillers = *•?)»

The evaluation of Battat and Dudziack converges with the reference
evaluation before 10 sec and then remains in agreement with it to within 10$.
Vossebrecker's evaluation behaves in the same way. Sporrer's y i which -
like England's - is based on the CINDER code, is appreciably higher than the

reference evaluation; this does not seem to be due to the irradiation conditions
(irradiation for 104 hours in a fast neutron flux of the order of 4 x 10 *).

2.4» Comments

The over— all impression gained from examining the evaluations is that there
is good general consistency. The most recent evaluations (TtevilT ers, Tobias)

v in agreement for ̂ 1 cooling times. The ol<i«r evaluations, which take
into account a smaller number of fission products, agree with these for cooling

7
times between 100 sec and LOGO ser;. Beyond 10 sec there occur divergences
which should be eliminated by examining the fission product decay schemes,
which have in principle been measured accurately. Certain evaluations (England,
Sporrer) are appreciably higher than the mean.

Before going on to examine the experimental results, let us consider what
credence may be placed in the evaluations, bearing in mind the reliability of
the basic data.

Pig. XI shows, for a J^U therma1 fission event and for an irradiation
period of one year, the fraction of the residual power due to fission products
for which the S— spectra have been measured.

The unknown fraction (8O$ for 1 sec, 40^ for 100 sec, <!;& for 1000 sec)
is attributable to nuclidee whose ft-specfcra have not been measured and for which
the Q— value is generally derived from mass formulas whose precision is of the
order of 20$. For these riuclides we have bflen obliged to make assumptions
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about the Q-distribution, which introduces an additional uncertainty. Moreover,
Id

detailed examination of the decay chains shows that a certain number of short-
lived nuclides (<1 min) have not been identified and that for those which have
been identified the uncertainty as regards their half-lives is often considerable,
the general tendency being to underestimate.

Accordingly, one should not expect a precise evaluation of residual powers
for cooling times <1000 sec, the agreement among evaluations being due to
the fact that the sources of data are very often the same. Only comparison
with experiment will indicate the error which may be expected» Beyond 10 sec,
for nuclides which are "known" in the sense intended in Pig. XI, the Q-value

a
has in most cases been determined experimentally and compiled by Wapstra with
a mean precision of 2.5$.

There remain the problems of S, y, v (antineutrino) partition, for many
S-speotra are still imprecise. For example, in the case of nuclides accounting fox
about 10$ after a cooling time of 2000 eec (94T, 13 Ce) it is safe to Bay that the
B-spectra under consideration do ndt agree to within 10$ with the Q—value and

15
the y—spectra recently measured by means of a Ge(Li) detector:

Q f SE I 4- 2E IÛ,measured ' fi,max S y y

The expected error due to the 6, y distribution of a nuclide with known CL
should not, however, exceed i 5$ of the Q-value in the case of these imprecise

140S-spectra. Consistency is achieved only very gradually, and for La, which
accounts for more than 50$ after a cooling time of 8 x 10 sec,

^measured = 3'767 ** (ltepstra)

(EEftIft + SE I = 3.715 MeV -i.e. a difference of 1.
B Is Y Y

For long cooling times, the precision of the evaluation should then be of
the same order of magnitude as the precision of the Q—value. However, because
of the very large number of parameters involved, the value is generally very
difficult to give without making a numerical study, which would involve lists
containing — in addition to data - the associated error bars. No such lists
exist yet, although attempts are being made to compile some.

Let us now consider the agreement between evaluations and experimental
results.

3. COMPARISON OP EVALUATIONS AND EXPERIMENTAL RESULTS

Although, as we have seen, quite a large number of residual power evalua-
tions have been carried out (those mentioned in section 2 are by no means all),
there have been very few experiments, and these have concerned ft and y emissions
separately rather than the total power emitted. As in the case of the evalua-

121



tionis, we have confined ourselves to comparing the total energies emitted,
whether Q or y, leaving aside the spectra, which do not lend themselves so
readily to numerical comparisons.

The experimental results given below are generally the results recorded by
the experimenters themselves, except where they have made a point of providing
the spectrum, in which case integration {sometimes on the basis of figures) has
been performed in order to obtain E or E • The Figures corresponding to the
Tables show the ratio of the experimental value to the corresponding calculated
•/alue (Dovillerc) and, wherever posnibj e, enable one to compare (still in terms
of ratios) different evaluation with that of Devil lers.

A comparison of this type has been made by Costa and de Tourreil
and later by Tobias j^^J using the same data, and the material presented
h^rc is based largely on these two comparisons.

3.1. U th
This is obviously the reaction for which the most measurements have been

performed.
3.1.1. 23̂ U th En (Tables VI. 1, 2, 3, 4, 5, 6, 7, 8; Pigs VI. 1, 2)

"""̂ ^^l— ̂ *™^^""*i5

A. McNair et al. (1968) /~30 7 measured the ft energy emitted by the
—————— 23S

fission products of U th after irradiations at a constant fission rate
for 10 , 10 | 10^ and IQr sec by means of an NE-102 (e-scintillator; the
fission rate during irradiation was measured in relation to gold.

The stated precision was — 4$i the semi-experimental gamma correction lay
between 5$ and 20$ and the stated over-all precision was of the order of i 4$«

T.D» McMahon et al. (1970) /~31_7 performed the same experiments, but
measured the gamma contribution by means of a magnetic deflector. The

.99
fission rate was measured in relation to fission chambers or standards ( Mo,

Ba-La). The stated precision was also - 4$, but the deviation from
McNair' s results was as high as 30$ - especially in the case of long cooling
times.

J.W. Kutcher and M.E. Wymann (1966) /~32_7 measured the fi-spectrum
Co! iov.-ing irradiations for one hour and three hours and after a neutron pulse.
Unfortunately, they did not give any table of values and the results presented
in Table VI contain the error involved in reading the curves and performing
the integration. The & energies were measured by means of a plastic
scin-lillator. The fission rate was measured by means of a fission chamber,
the y energies being eliminated by the coincidence method. The stated over—
o,li precision was — 7*2$; after integration it was certainly up to — 10$.

T soul fani die et al. (1970) /~33_7 repeated the preceding spectrum
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measurements, after a neutron pulse and irradiation for 30 000 sec, and gave
the total energy. The fission rate was measured by means of a fission
chamber and the y energies separated out. These authors gave values for
total & energy, the stated precision being of the order of i 10$. Their
results are in close agreement with those of Kutcher and tfymann.
Comments

The residual B power evaluations of Devillers, Tobias, Scobie and Scott
/~34.J7 an<̂  Battat et al. (for cooling times greater than 10 sec) agree to
within - 5% as in the case of total residual power. The disagreement among
the experimental results is quite a lot in excess of the errors stated by
experimenters, being at least i 10̂ : c air/McMahon = 1.3 at 10 sec.

Under these conditions it is difficult to say whether the theoretical
evaluations are at fault. It would seem (if one leaves aside McMahon's
experiments) that for one fission event the theoretical evaluations under-
estimate the residual power values for very short cooling times (<10 sec)
by a factor of < 1.5, that between 10 sec and 10 sec they underestimate

3 5the true residual power by about 20% and that from 10 sec to about 10 sec
the theoretical estimate is èorrect.
3.1.2. 23̂ U th E (Table VII; Pig. VII)

It is more difficult to measure y energy directly than B energy. The
measurements were made longer ago and the inconsistency of the experimental
results is greater.

Maienschein et al. (195̂ ) /~35_7 measured the yspectrum following a fission
event by means of a sodium iodide spectrometer after cooling times of 0—1500 sec.
The results are given in the form of curves, which have to be integrated in
order to obtain the total energy. The authors put the precision at — 15$»

Bunney and Sam (1969) /""36_7, also using a sodium iodide spectrometer
(total absorption), extended the preceding experiment from 15 minutes to three
hours after the fission event. The results are presented in tabular form and
the precision stated by the experimenters is better than 10$, which is the
stated error in the fission rate.

Sakharov et al. (1957) /~37_7 performed measurements with cooling times
similar to those involved in those of Bunney and Sam; the published results
are very similar.

Petrov (i960) jf~38_7 performed measurements of absorbed energy using
ionization chambers. However, the results published by him are not really
compatible with the results of Sakharov et al. or with the calculated values.
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Coiaiaents

For cooling times greater than JLCr see (10 — 1O sec) the theoretical
évaluations are lower thaa the measured values, which agree among themselves
to within a factor of » I «2. For shorter times, the deviation is as great as
40$ (for a cooling time of 7 sec) relative to the evaluation of Bevillers and
about 25$ relative to the evaluation of Tobias»

t? th B +..E. (Table VIII; Fig. VIII)

Lott et al, (1973) /" 39.J7 wsed a caloriraetrie method to measure the total
energy following a fission event. The stated, precision is of the order of
— 3$. The fission rate was measured relative to Ba— La» The cooling times

7 ^lay between 70 sec and 1.5 x 10 sec. Beyond 10 sec the experiraent/caloulatior.
ratio is close to 1.05» which means that the calculated values have more or less

2
returned to within the error limits of the experiment. Below 5 i 10 sec
(70 sec<t<i500 sec) the calculated values exceed tne experimental values by
a factor of as much as 1*3,

3.2. 239Pu th B (Table IX; Pig. IX)
1111 L*l Ml I - I IL1 IW-J2

HcMair ; et :i a! » /**40-7 carried out with plutonium virtually the same series1"J" ' J ' — — p,(.of measurements as with " U. The agreement between experiment and evaluation
is considerably better than for "" U, the experiment/eva] ostion ratio being of
the order of i 1.1 for sshort cooling timaa and tending towards unity for
cooling times of 10-10'' sec.

th E (Table X)
tfe have only the experiment of Petrov £ $,J » which produced the same

^35figures as for ' U th. The experimental results are considerably higher than
the «valuation.

3.3. '^33U th E.. (Table XI)' ~ — ~ -— -•-'- > j j fr
and .Scojt (1970) £~^J measured, following irradiation for 10 sec,

the ratio of the emission by ~"U to that by j using the same equipment as
that employed by KcMahon. The calculated results presented by Scobie and Scott
agree to within 1% with the calculated result of DeviiJers, but the divergence
between calculation and experiment may reach !'}'/£ for a cooling time of 100 sec,
tending towards aero for cooling times greater than 10 sec. Using McMahon's

Yp

experiment as a reference^ the ratio - Jj^g^yj^^-.,^ f°r a cooling time of 100 sec
E

is found to be of the order of 0*87.

5.4. U fast B (Table XII. 1, 2)

Bung qv. and Sasi (1967) £~&J used the tenhn3.que do:v;ribed above for
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2-18 ''fast and. •* U fast; the results are given in the same form as before.
experiment/calculation ratio is of the order of 1.5 for all cooling times
(103-105 sec).

Fisher and Hkigle (1964) /~43_J7 measured the y—spectra resulting from
the fast fission of 233U, 235U, 23 U, 232Th and 239Pu after cooling times of
less than 35 sec» The experiment/Devillers ratio is of the order of 1.6

235. 239for "TJ and 2 for Pu. The evaluation of Tobias is considerably closer
to the experimental values.
3.5. 239Pu fast E + E (Table XIII.l)

Johnston (1965) /~13_7r using a calorimetric technique and with cooling
times of 40-150 &ays, measured the total energy emitted by the fission produces,
of a plutonium sample irradiated at Dounreay. The experiment/calculation
(Tobias) ratio is of the order of 1.05»

239Pu fast + 235U fast (Table XIII.2)
Lott et al. (1973) /~44_y measured, using a calorimetric technique and

with cooling times of 300—1000 days, the residual power of fuel elements
irradiated for 172-1212 days in the Rapsodie reactor. With the exception of
one measurement involving major corrections, the experiment/calculation ratio
lay between 1.01 and 1.04»
3.6. General comments on the experiments

The general impression gained from an examination of the experimental
results as a whole is rather bad. However, we have seen above that it was
very difficult to assign an error to the evaluations, whereas comparison of
calculation with experiments enables one to do so.

The over—all experiment/evaluation ratio lies in the ranges:
0.9-2.2 for y measurements;

0.7-1.5 f°r S measurements;
0.83—1.08 for lî -f Y measurements.

•s
The range is greatest in the case of Y measurements; it includes Petrol's

measurements, the results of which (as we have already pointed out) are
incompatible with the other results, and the measurements of Bunney and Sam,
which were performed under irradiation conditions unlike those obtaining in
a fast reactor, so that problems of fission yield arise. The table above
does not change if one ignores these two experiments, but the extreme appears
only in the case of short cooling times.

igThe following table shows the observed deviations as a function of
time;
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Sec

6
Y
Ê + Y

< 10

0.8-1.76
1.1-2.6

10-100

0.75-1.30
0.95-1.56
0.83-0.85

100-1000

0.75-1.1
1.12-1.25
0.85-1.05

1000-105

0.66-1.1
1.15-1.25
1.16-1.06

> 105

0.96-1
0.95-1.25
1.02-1.11

So. of
experiments

4
4
3

This table gives an idea of the error to be expected if one carries out
an evaluation. It is fairly obvious that below 10 sec evaluations are lower
than experimental values by a factor of 1.5—2; with longer cooling times the
extreme upper and lower values come closer together and the mean value
approaches unity (it reaches unity only if t >10 sec, but only very few
experiments have been performed with such long cooling times).

4. CONCLUSIONS AND HECOMMMDATIONS
In the first part of this paper, where we compared evaluations, our

conclusions were rather optimistic: the evaluations were consistent to within
a few per cent* From an examination of the second part it appears that the
evaluations are not consistent with the experimental values (although the
deviations do not exceed a factor of 2) and that the experimental values do
not agree among themselves.

That being so, what recommendations can one make with a view to improving
the situation?

As regards evaluations, it is essential that authors make the effort to
indicate the precision of their results in direct relation to the precision
of the basic data, for nothing is gained if evaluations involve systematic
errors (neglected nuclides) and if the precision is not indicated numerically.

As regards the b^aic data, there are many short-lived nuclides about
which little is known. ?'ffor*s should "be concentrated on measuring
P decay sneetra, which have so far been studied far less than y~spectra.

As regards experiments, the role of an integral experiment should be to
throw more light on the precision of an evaluation and to replace it if the
evaluation is imprecise (short cooling times).

The calorimetric technique, which is rarely used as it does not lend itself
to measurements following short cooling times (<100 sec), is without doubt the
most simple and precise method. If it gives poor results, separate S and y
measurements should be performed.
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It would be very, interesting to measure ft,y a*1** B + Y following
irradiation under similar conditions and cooling times which permitted the use
of all techniques, as this would indicate the internal consistency of experi-
ments and enable experimenters to qualify their results by intercomparison.

It is certainly not worth carrying out many experiments with a large
235number of different nuclides; a good series of experiments with U th

would be more valuable than a large number of experiments involving all
fissionable nuclides.
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TABLE I.li
Thermal fission of I fission; E6 + EY 5 fission i

TCOOL
(3)

1 0

2

5

1 1

2

5

1 2

2

5
1 3

2

5

l 4

2

5

I 5

2

5

1 6

2

5

1 7

2

5

1 8

2

5

1 9

|
DBV1LLBR3

.651 o

.445

.228

.128

.678 -1

.216

.133

.590 -2

.194

.914 -3

.446

.144

.579 -4

.230

.699 -5

.259

.926 -6

.307

.157

.742 -7

.229

.965 -8

.359

.697 -9

.225 -9

.857 -10

.589 -10

.400

TA3AKA

.112 0

.576 -1

.258

.139

.665 -2

.215

.965 -3

.463

.149

.594 -4

.230

.723 -5

.274

.981 -6

.321

.164

.776 -7

.235

.986 -8

.370

.759 -9

.257

.104

.719 -10

TOBIAS

.722 o

.503

.249

.130

.677 -1

.292

.144

.649 -2

.210

.942 -3

.445

.144

.592 -4

.233

.705 -5

.263

.925

.311 -6

.162

.764 -7

.235

.971 -8

.354

.689 -9

.226

VOSSlp-
BHBCKER

.198 -1

.194

.187

.179

.164

.126

.847 -2

.458

.168

.818 -3

.413

.140

.563 -4

.226

.710 -5

.265

.941 -6

.311

.162 -6

.774 -7

.237

.102

.421 -8

.137

.903 -9

.767

.743

BATTAT
DtmzIACK

.291 -1

.101 -1

.560 -2

.878 -3

.415 -3

.584 -4

.226 -4

.258 -5

.950 -6

.166 -6

.788 -7

.961 -8

.357 -8

.228 -9

PBRKIMS

.696 -2

.846 -3

.619 -4

.268 -5

.157 -6

.964 -8

.231 -9

SBUHB 1

.77 0

.368

.139

.182

.805 -1

.272

.120

.821 -2

.253

.104

.427 -3

.132

.542 -4

.222

.687

.282

.116

.358 -6

.147

.604 -7

.203

.805 -8

.319

.939 -9

.372

.147

afrouunJ

.672 -4

.887 -5

.381 -5

.202 -6

.142 -7
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TABLE 1.2,
Thermal fission of ?U;' irradiated, for I year at I fission/sec.;

E + E /MeV/fission/

TCOOL
(3)

1 0

z
5

l 1

2

5

1 2

2

5

1 3

2

5

1 4

2

5

1 5

2

5

1 6

2

5

1 7

2

5

1 8

2

5

1 9

DEVILLERS

0.115 2

.109

.100

• 917 1

.825

.700

.605

.518

.420

.356

.293

.218

.173

.137

.100

.797 0

.644

.496

.389

.284

.165

.990 -1

.470

.150

.559 -2

.256

.183

.124

TASAKA

.916 1

.838

.727

.634

.543

.436

.367

.303

.225

.179

.143

.105

.833 0

.671

.516

.403

.293

.170

.102

.496 -1

.164

.645 -2

.311

.223

VOSSÏ-
BEECEBR

.675 1

.673

.667

.658

.641

.598

.546

.483

.403

.346

.288

.218

.174

.139

.102

.808 0

.652

.502

.393

.285

.164

•975 -1

.464

.146

.550 -2

.264

.181

3HUBE

.118 2

.113

.107

.993 1

.874

.738

.649

.563

.430

.351

.285

.216

.174

.140

.104

.832 o

.655

.468

.354

.265

.147

.911 -1

• 517

.212

.975 -2

.421 -2

SSTQLABD
104 hours
(Thesis)

.982 1

.716

.438

.220

.113

.545 0

.157

BNOUBD
corrected
fcgr SHUBE

.967 1

.699

.414

.192

.940 o

.45

.118

BÏOLAHD
modified
data

.931 1

.664

.394

.185

.872 o

.436

.116
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TCOOL( S)

1 0
2
5
1 1
2

. 5s
i i 2

2
S
1 3
2

! 5
1 4
2
5
1 5
2
5
1 6
2
5
1 7
2
5
1 8
2
5
l 9

1 fission [ifeV S"1]

E5VIU£RS

.426 0

.288

.152

.922 - 1

.530

.235

.116

.525 - 2

.181

.881 - 3

.423

.129

.485 - 4

.181

.590 - 5

.241

.944 - 6

.324

.154

.679 - 7

.201

.841 - 8

.346
,961 - 9
.315
.756 - 10
.386
.262

TASAKA

.785 - 1

.440

.211

.117

.567 - 2

.195

.933 - 3

.448

.136

.508 - 4

.185

. 6 0 0 - 5
,250
.100
.343 - 6
.164
.727 - 7
.218
.952 - 8
.430
.138
.468 - 9
.107
.512 - 10

Irradiation for 1 year
[MeV / fission]

DEVILLERS

.959 1

.924

.863

.805

.735

.632

.550

.473

.385

.323

.263

.193

.154

.125

.958 0

.771

.623

.467

.357

.258

.153

.972 - 1

.539

.212

.749

.213

.120

.818 - 2

TASAKA

.799 - 1

.742
,653
.576
.494
.402
.338
.276
.204
.163
.132
.103
.834 0
.678
.513
.398
.292
.181
.121
.725 - 1
.310
.111
.297
.160

TABLE IT i
Thermal fission of Pu î E/3 +*r
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Tcool (S)

1 0
2
5
1 1
2
5
1 2
2
5
1 3
2
5
1 4
2
5
1 5
2
5
1 6
2
5
1 7
2
5
1 8
2
5
1 9

1 fission [MeV s"1]

DEVILLERS

.319 o

.234

.236

.849 -1

.494

.225

.115
•536 -2
.183
.876 -3
.435
.146
.610 -4
.250
.722 -5
.254
.918 -6
.320
.163
.764 -7
.232
.957 -8
.342
.618 -9
.211
.918 -10
.646
.437

TASAKA

.701 -1

.401

.196

.108

.529 -2

.185

.881 -3

.436

.148

.614 -4

.245

.719 -5

.261

.956 -6

.323

.164

.759 -7

.225

.923 -8

.341

.665 -9

.238

.109

.773 -10

i

Irradiation of I year
[MeV / fission]

DEVILLERS

.965 1

.938

.885

.832

.768

.671

.591
• 513
.423
.361
.300
.226
.179
.141
.101
.805 o
.656
.505
.393
.283
.162
.947 -1
.432
.133
.538 -2
.277
.201
.136

TASAKA

.783 1

.731

.650
,58l
.511
.421
361
.301
•227 1i
.180
.141
.102
.809 0
.654
.499
.386
.278
.159
.941 -1
•445
.145
.612 -2
.329
.241

TABLE III: Thermal fission of 233U : EL + E
3 V
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TABLE IV:
Past fission of 35Uj E0 + Evp "

TCOOL
(3)
1 0
2

5
1 1
2

5
1 2

2

5
1 3
2
5

1 4
2
5

1 5
2

5
1 6
2

5
1 7
2

5
I 8
2

5
1 9

1 fission
MeV S'1

DBVILLEES
.584 o
.405
.213
.122
.661 -1
.272
.131
.580 -2
.191
«911 -3
.445
.142
.569 -4
.226
.686 -5
.255
.929 -6
.312
.156
.726 -7
.223
.949 -8
• 358
•738 -9
.238
.833 -10
•550
.373

TASAKA

.110 0

.585 -1

.265

.142

.671 -2

.214

.973 -3
'.469
.150
.592 -4
.228
.712 -5
.270
.981 -6
.325
.162
.755 -7
.232
.986 -8
.381
.854 -9
.288
.103
.677 -10

VOSSE-
BBECKER

.155 -1

.153

.147

.140

.127

.969 -2

.652

.360

.142

.740 -3

.372

.117

.438 -4

.172

.577 -5

.227

.838 -6

.275

.140

.663 -7

.210

.963 -8

.440

.153

one year irradiation
Me? / fission

DEVTLLBRS
.112 2

.107

.985 1

.905

.816

.693

.599
•513
.417
.353
.290
.215
.171
.136
.999 0
.792
.641
-.491
.383
.279
.164
.991 -1
.482
.158
.586 -2
.247
.171
.116

TA3AKA

.925 1

.847

.732

.636
-541
.436
.367
.302
.225
.178
.142
.105
.330 0
.670

•513
.400
.292
.173
.106
.533 -1
.186
.712 -2
.305
.211

VOSSE-
BBBCKER
.560 1
.558
.557
.546
.533
.500
.460
.411
.346
.295
.244
.181
.146
.119
.904 0
.724
.588
.455
.360
.267
.163
.104
.565 -1
.212
.750 -2

.214

.120
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Teûo, (S)

1 0
2
5
l 1
2
5
1 2
2
5
1 3
2
5
1 4
2
5
1 5
2
5
1 6
2
5
i 7
2
5
1 8
2
5
1 9

DEVILLERS

.408 0

.276

.147

.901 - 1

.522

.233

.116

.523 - 2

.181

.888 - 3

.426

.129

.482 - 4

.180

.581 - 5

.238

.937 - 6

.324

.155

.678 - 7

.196

.816 - 8

.341

.979 - 9

.324

.778 - 10

.389

.264

TASAKA

.781 - 1
,447
.220
.119
.573 - 2
.199
.956 - 3
.456
.135
.503 - 4
.184
.593 - 5
.245
.976 - 6
.338
.161
.707 - 7
.213
.933 - 8
.428
.143 - 9
.486
.110 - 10
.518

BATfAT
DUDZIACK

.196-1

.781 - 2

.453

.848 - 3

.417

.498 - 4

.181

.235 - 5

.915 - 6

.146

.670 - 7

.897 - 8

.382

.351 - 9

.271 - 10

VOSSE-
BRECKER

.155 - 1

.153

.147

.140

.127

.969 - 2

.652

.360

.142

.740 - 3

.372

.117

.438 - 4

.172

.577 - 5

.227

.838 - 6

.275

.140

.663 - 7

.210

.963 - 8

.44

.153

TABLE V. 1 i

Fast fission of "PUÎ EA + KA + KK~ fMeV s"1]
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ï n (3) DEVILLERScool * '

1 0 . 95 l
2 .916
5 .858
1 1 .801
2 .733
5 .631

2 j .55
? .473
5 j .384
1 3 .322
2 .261
5 .192
1 4 | .153

1 2 j .124
i 5 .949 0 ;

1 5 -765
, 2 .616 i

5 ! -4fc3
1 b .353

i 2 ' .253
5 ; .150
1 7 : .958 -1
2 .540
5 .216

j 1 8 ,]12 -2
, 2 .219

5 , .i?i
. ________ i ________ L

TASAKA

.807 1

.749

.658

.579

.496

.402

.338

.274

.201

.160

.130

.100

.817 0

.665

.503

.390

.287

.179

.121

.737 -3

.320

.115

. 305 -?

.167

SPORRER
10-4 Pu

.103 2

.100

.86 1

.67

.56

.51

.47

.39

.31

.261

.21

.16

.126

.100

.76 0

.579

.44

.24

.164

VOSSE-
BRECKER

. 56 1
• 56
. 55
.547
.533 j
.500
.460
.411
.346
.295
.243
.181
.146
.119
.904 o

• .724
; -59

.455

.360

! >267 !
.163 i
.104

, «56!; -1 j
\ .212 j

.750

; .214
.120

HJ.lrt. V . 2 : '-'ast f ission cf ^Pu: ission"], irradiation
year
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E X P E R I M E N T S. . . .JLf • 1

TCOOL (S)

1 0
2
3.5
4
5
7
1 1
1.5
2
3
5
7
1 2
1.5
2
3
5
7
1 3
1,5
2
3
5
7
1 4
1.5
2
3
5
7

DEVILLERS

.140 1

.116

.927 0

.872

.782
.649
.519
.389
.310
.219
.138
.991 - 1
.677
.421
.295
.177
.952 - 2
.650
.442
,285
.204
.121
.593 ~ 3
.378
.244
.155
.113
.711 - 4
.367
.219

Me NflJR

.209 1

.148

.926 0

.565

.288

.108

.507 - 1

.223

.820 - 2

.420

Me MAHCN

.512 0

.353

.268

.180

.105

.725 - 1

.481

.292

.206

.128

.719 - 2

.509

.366
.236
.169
.977 - 3
.457
.285
.183
,116

TAJBLS VI. 1 î

Thermal fisfiion- of ~' U - K & , r^eV/fission"]
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TCOOL (S)

1 0
2
3.5
4
5
7
1 1
1.5
2
3
5
7
1 2
1.5
2
3
5
7
1 3
1.5
2
3
5
7
1 4
1.5
2
3
5
7

———————————————

DEVILUERS

.307 1

.277

.246

.238
,225
.203
.180
.153
.134
,109
.794 0
.621
.461
.314
.233
.151
,866~ 1
.609
.422
.275
.198
.118
.586- 2
.375
.243
,154
.112
.710- 3
.366
.219

EXPERIMENTS
A/•* . . . . . . ^

—— — ———————— —————————— •

We NAIR

.354 1

.293

.218

.160

.109

.605 0

.341

.173

.729- 1

.382

.182

.530- 2

Me MAHON

.229 1

.208

.181

.155

.126

.104

.850 0

.582

.454

.328

.219

.168

.113
,645" 1
.491
.350
.250
.165
.967- 2
.454
.285
.178
.111
.815- 3
.538
.298
.179

TIBLT! VI.2 ï Thermal fission of 235U; E« flfeV/fiPPion]; Tir = lf)2s
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KXF3RIM5NTS
*. . _

TCOOL (S)

1 0
3.5
5
7
10 1
1.5
2
3
5
7
1 2
1.5
2
3
5
7
1 3
1.5
2
3
5
7
1 4
1.5
2
3
5
7
1 5
1.5

DEVILLERS

.434 1

.371

.349

.326

.301

.271

.250

.219

.181

.157

.132

.106

.894 0

.695

.496

.391

.298

.209

.156

.788 - 1

.525

.348

.232

.149

.110

.696 - 2

.361

.216

.121

.615 - 3

Me NAIR

.445 1

.314

.255

.200

.141

.103

,722 0

.430

.265

.140

.463 - 1

.213

Me MftHÛN

.347 l

.295

.272

.241

.211

.195

.167

.136

.118

.979 0

.795

.685

.540

.404

.323

.247

.174

.126

.776 -1

.394

.252

.166

.111

.820 -2

.528

.287

.184

.118

VI.3 ï Thermal fisrnon of
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TCOOL (S)

1 0
2
5
7
1 1
1-5
2
1 i
5 !17 1
1 ! 2
I.-,'
2
3
5
7
1 3
1.5
2
3
5
7
1 4
1.5
2
3
5
7
1 5
1.5

CALCULATIONS

DEVILLERS

. 316 1

. 484

. 429

. 407

. 381

. 351

. 330

. 299

. 260

. 234

. 208

. 181

. 163

. 139

. 119

. 985 o

. 830
, 66/!
. 554
. 416
. 282
. 216
. 162
. 118
. 890 - 1
. 588
. 318
. 196
. 112

. 586-2

SCOBIE

. 209 1

. 167

. 117

. 859 o

. 571

. 164

. 885-1

. 104

EXPERIMENTS

MAC HAIR

. 524 1

. 464

. 388

. 328

. 273

. 213

. 173

. 1/0

. 102

. 747 0

. 492

. 250

. 149

. 84 -1

. 117

MAC MAHON

. 362 1

. 332

. 308

. 277

. 257

. 228

. 198

. 178

. 158

. 139

. 126

. Ill

. 905 o

. 790

. 662

. 508

. 417

. 307

. 195

. 149

. 110

. 776 - 1

. 589

. 377

. 220

. 141

. 806

TABLE VI.4 : Thermal fission of U E Tir = lo'*s [MeV/fissionl
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CALCULATIONS
JL

EXPSRIMENTTS
A_____

TCOOL ( S)

1 0
2
5
1 1
1.5
2
3
5
7
1 2
1.5
2
3
5
7
1 3
1.5
2
3
5
7
1 4
1.5
2
3
5
7
1 5
1.5
2
5

DEVILLERS

.561 1

.475

.427
,397
.375
.344
.305
.280
.254
.226
.208
.185
.158
.143
.127
.109
.970 0
.8.15
.649
.557
.469
.377
.316
.236
.149
.105
.674 -1
.402
.275
.979 -2

SCOBIE

.254 1

.212

.161

.129

.918 0

.462

.307

.613 - 1

.242

TOBIAS

.566 1

.533

.475
,425

.374

.306

.255

.209

.158

.125

.956 0

.641

.463

.313

.148

.674 - 1

.272

.97

MC.NAIR

.569 1

.509

.432

.372

.317

.256

.216

.183

.144

.116

.897 o

.608

.449

.313

.703 - 1

.264

.970

Mc.MAHON

.393 1

.339

.308

.288

.259

.229

.209

.189

.170

.157

.142

.121

.109

.959 0

.798

.700

.578

.445

.380

.319

.258

.216

.163

TABLEï VT.r^ : Thermal fission of U, Tir = 10 , MeV/fir-sion
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TABLE VI.6 s U th,
1 fission, Tir « 0
(TSOULFANIDIS)

A TCOOL (S)

10-16

60-72

180-228

900-1020

3600-3900

DEVILLERS

MeV S"1

.584.- 1

.114 - 1

.299 - 2

.465 - 3

.890 - 4

TSOULEANIDIS

.777

.106 - l

.252 - 2

.466 - 3

.980 - 4

A TCOOL (S)

0-12
15-27
60-72
180-240
900-1020
3600-3900

10800-1110.0

DEV3XLERS
MeV/fission

.456 - 1

.352

.264

.184

.108

.550 0

.292

TSGULFANIDIS

.493 - 1

.351

.258

.187

.109

.518 0

.267

A TCOOL (S)

0-5

5-10
10 - 15
15 - 25
60 - 70
180 - 225
900 - 1020
3600 - 3900
7200 - 7500

DEVILLERS
MeV S~*

.550 0

.963 - 1

.603 - 1

.390

.116

.302 - 2

.465 - 3
.890-4
.355 - 4

KUTCHER
WYMAN

.836

.170

.800 - 1

.445

.109

.247 - 2

.423 - 3

.590 - 4

.491 - 4

215TABLE VI.7 : U th,
Irradiation for 29700 s
(TSOULPAÏÏTDIS)

TABLE VI.8 î U th, E/S
1 fisnion, Tir = 0
(KUTCHER + WYMAN)
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TABLE VII,
Thermal fission of J:?U; Tir « 0, 1 fission, B» ̂ teV s fission ~_7

TCOOL
(s)

1 0

2

5

1 1

2

5

1 2

2

5

1 3

2

5

1 4

2

5

1 5

2

5

1 6

2

5

1 7

C A L C U L A T I O N S

DEVILLEHS

.272 o

.185

.970 -1

.552

.297

.125

.613 -2

.286

.978 -3

.470

.242

.846 -4

.335

.118

.333 -5

.138

.546 -6

.201

.103

.465 -7

.129

.509 -8

TOBIAS

.330 0

.226

.109

.567 -1

.308

.142

.738 -2

• 337

.108

.491 -3

.241

.833 -4

.342

.121

.336 -5

.138

.543 -6

.200

.103

.461 -7

.127

.498 -8

BATTAT

.736 -2

.493 -2

.294

.447 -3

.212

.316 -4

.111 -4

.139 -5

.564 -6

.111

.509 -7

.501 -8

E X P E R I M E N T S

MAIENSCHEÎH

.315 0

.254

.138

.616 -1

.283

.151

..770 -2

.323

.110

.593 -3

.372
( 1500 s )

BUMEY SAM

.630 -3

.325

.990 -4

.380

.148

.420 -5

.170

.675 -6

SAKHAROV

.100 -3

.396 -4

.144

.422 -5

.170

.697 -6

.249

.100

PETROV

.369 0

.261

.136

.739 -1

.445

.190

.909 -2

.439

.168

.810 -3

.390

.150

.720 -4

.250
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TCOOL (S)

7 I
1 2
1.5
2
3
5
7
1 3
1.5
2
3
5
7
1 4
1.5
2
3 ,
5
7
1 5
1.5
2
3
5
7
1 6
1.5
2
3
5
7
1 7
1.5

DEVILLERS

0.01953
0.01328

8.339 x 10 ~3

5,903 x 10 *"3

3.583 x 10 "3

1.936 x 10 ~3

1.328 x 10 "3

9.145 x 10 "4

6.060 x 10 "*4

4.461 x 10 ~4

2.774 x 10 ̂
1.438 x 10 "4

9.232 x 10 ̂
5.786 x 10 ~5

3.379 x 10 ~5

2.300 x 10 ~5

1.358 x 10 ~5

6.991 x 10 "6

4.365 x 10 ~6

2.592 x 10 "6

1.418 x 10 ~6

9.257 x 10 "7

5.343 x 10 "7

3.074 x 10 "7

2,230 x 10 ~7

1.567 x 10 "7

1.022 x 10 ~7

7.422 x 10 "*
4.552 x 10 "8

2.289 x 10 ~8

1,476 x 10 "8

9.66 x 10 ~9

5.69 x 10 ~9

TOBIAS

0.02101
0.01445
9.141 x 10 ~3

6.493 x 10 ~3

3,941 x 10 ~3

2.096 x 10 ""3

1.405 x 10 ~3

9.416 x 10 ~4

6.105 x 10 ̂
4.450 x 10 ~4

2.750 x 10 ~4

1.439 x 10 ~4

9.367 x 10 ~5

5.934 x 10 "5

3.468 x 10 "5

2.346 x 10 "5

1.374 x 10 ~5

7,090 x 10 "6

4.445 x 10 "6

2.645 x 10 ""*
1.447 x 10 "̂
9.454 x 10 "7

5.470 x 10 ~7

3.162 x 10 "7

2.300 x 10 ~7

1.617 x 10 ~7

1.052 x 10 "7

7.633 x 10 ~8

4.677 x 10 ~8

2.344 x 10 "8

1.502 x 10 "®

LOTT et al
(1973)

0.01629
0.01127
7.347 x 10 ~3

5.341 x 10 *3

3.300 x'lO ""3

1.899 x 10 "3

1.365 x 10 *3

9.631 x 10 "̂
6.454 x 10 "̂
4.763 x 10 ~4

2.908 x 10 ~4

1.529 x 10 ""*
9.806 x 10 "5

6.111 x 10 "̂
3.464 x 10 ~5

2.286 x 10 ~5

1.355 x 10 "5

7.216 x 10 ~6

4.416 x 10 "6

2.674 x 10 ~6

1.493 x 10 ~6

9.844 x 10 ~7

5.732 x 10 "7

3.261 x 10 "7

2.424 x 10 ~7

1.676 x 10 "7

1.094 x 10 ~7

7.896 x 10 "~8

4.838 x 10 ~8

2.474 x-10 "8

1.60 X 10 ̂
1.043 x 10 "*
6.19 x 10 ~9

TABLE VIII t Thermal flesion of *"ut E- + Ey* f MeV S"1 fission""1"
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j

T^OL {S)

2 1

5

1 2

2

5

1 3

2

5

1 4

2

5

1 5

Tir 10 s

DEV1LLERS

,243 0

«115

.581 - 1

.260

.880 - 2

.411

MaC -
NAIR

.242 10°

.103

.512 10"1

.229

.870 10"2

e

.440

Tir 102 s

DEVILLERS

.111 101

.676 10°

.400

.208

.803 10"1

.391

.178

.492 10~2

MAC-
NAIR

.104 101

.601 10°

.351

.185

.796 10"1

.418

.191

.490 10~2

Tir 10" s

DEVTT.T.KRS

.215 101

.160

.118

.817 101

.460

,272

.139'

.436 10"1

.176

MfiC-
KAIR

.200 101

.147

.111

.794 10°

.487

.300

.154

.457 10"*1

.184

Tir JO4 s

DEVHI£RS

.284 101

.228

.185

.145

.101

.722 10°

.466

.221

.120

.638 10"1

.245

MAC-
NAIR

.276 101

.223

.183

.148

.107

.771 10°

.485

.221

.119

.624 10"1

.233

....... . . . . . . . ^
Tir 10 s |

DEVILLERS

.318 101

.262

.219

.179

.134

.105

.777 10°

.496

.352

.241

,123

.611 10"1

me -
NMR 1

.314 10: j

.255

.217

.181
I

.140

.109

r
.796 10U

.500

.354

.245

.123

.552 10~l

TABLE IX : Thermal fission of 2>9Pu, 71^ Différent irradiation times» 10, 102, 103, 104
t 1C5 seconds.



OS

Tcool <S>
«

1 0
2

5
1 1
2

5
1 2

2

5
1 3
2

5
' l 4

-

—— - —— „ ———— t
DEVILLSRS J

.174 0 !

.118
.626 -1

| .38?
| .226
1 .104

; «534 -2
! .247
! .888 -3
! .453
| .232
| .783 -4
| .292
?
!

i

PETROV
(Exp.)

——————————— i

.369 0

.261

.136

.739 -1

.445

.190

.909 -2

.439

.168

.810 -3

.390

.150
': .720 -4

.250

TABLE X: Thermal fission of 2̂ Pu, Tir = 0,
1 fission, E [MeV s""1 fission"1]

TCOOL (s )

5 0

1 1

2

5

1 2

2

5

1 3

2

5

1 4

2

5

9

DEVJIjLERS

1.19

1.15

1.12

1.08

1.05

1.03

1.01

1.

.97

.91

.91

.97

1.01

.SCOBIE SCOTT
(Cale)

1.056

1.035

1.00

.99

.965

.92

.896

.90

SCOBIE SCOTT
(exp)

1.12

1.07

1.01

0.95

0.92

0.90

0.89

0.90

0.88

.835

.84

.94

1.05

.97

TABLE XI « Thermal fission of U, Ep , Tir = 10 s, P



TCOOL (S)

I 3

2

5

1 4

2

5

1 5

2

DEVILLERS

.469 -3

.242

.830 -4

.329

.116

.329 -5

.137

.552 -6

BUNNEY-SAM

. 7 2 0 - 3

.370

.102

.381 - 4

.180

.541 - 5

.210

.809 - 6

BUNNEI - SAM

DEVILLERS

1.53

1.52

1.22

1.15

1.55

1.64

1.53

1.46

TABLE XTI.l t Past fission of U, Tir « 0, 1
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Alcool («

0.2 - 0.5
1-2
4 - 5.5
10 - 13

35 - 45
,

ĉoo! M

DEVILLERS

.337 0

.199

.933 - 1

.468

.151

i
DEVILLERS

:
i

0.2 - 0.5 ; .244 0

1-2 .137
t

4 - 5-5 \ .631 -1
10 - 13
35 - 45

.341

.126

|
TOBIAS

.475 0

.117

.512 -l

.177

TOBIAS

.300 0

.820 -1

.383

.146

FISHER
ENGLE (exp)

.564 o

.311

.153

.706 -1

.221

FISHER
ENGLE

.529 o

.296

.138

.642 -1

.197L.__

PISH.ENG
DEVILLERS

1.67
1.56
1.63

1.50
1.46

PISH.ENG.
DEVILLERS

2.16
2.16
2.18 |

1.83
1.56

Table XII.2: Fast fission of and 239
E [MeV s"1 fission ~lly L J

Pu, Tir =0.1 Fission,
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Calculation

Tcool
(days)

40

50

60

70

80

90

100

110

120

130

140

150

DBVILLERS

.243 -7

.151

.110

.865 -8

.714

.602

TOBIAS

.341 -7

.248

.192

.155

.130

.112

.994 -8

.889

.734

.672

.619

Saper i me nt

JOHNSTON

.354 -7

.262

.205

.168

.141

.121

.105

.933 -8

.753

.686

.627

TABLE XIII.1 : Past fission of 239Puj Tir » 0?
1 fission; £„ + E [MeV, s"1, fission" ]
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Tir
days

. 172

. 456

. 589

. 121?

ii

tt

H

H

. 46>

Tcool
days

. 1606

. 1^0

. 1202

. 503

. 5-47

. 589

. 636

. 7?0

. 326

DB7TLLERS
(WATT)

0.0403

0.204

0.267

. 799

. 730

. 675

. 621

. 542

1.211

L 0 T T
(exp) (WATT)

0.0507

0.222

0.278

. 809

. 735

. 684

. 639

. 5^0

1.256

L 0 T T
DOTILLERS

1.26

1.09

1.04

1.01

1.01

1.01

1.028

1.

1.04

TABLE XTÏT.? î Fast fission of 39Pu (60%) + " 'U (40$)
T^A + "BO-

Rat. i o
calculation
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cool
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233FIG. -3 : '•' U th - Comparison of evaluationR
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DEVILLERS

h-1.2

•1.1

- 1

.0.9
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Tir= 1 an
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1.5

p_
DEVILLERS

-1.3

-1.2

-1.1

•0.9
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.0.7

n.7

-1.6

• 1.5
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- 1.3

-1.2

-1.1

- 1 -

• 0.9
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I

Pu 9 f
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1.4

1.2

1

O.8

O.6

0.4

1.4

1.2

1

O.8

O.6

1.2

DEVILLER5

235 U th, E« ,1 Fission

0.8
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1.2

0,8

DEVILLER5
MAC-NAIR

235 U th,
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Review Paper No. 16:

PREDICTION OP UNMEASURED FISSION PRODUCT YIELDS

A.R. deL. Musgrove, J.L. Cook, G.D. Trimble

Australian Atomic Energy Commission Research Establishment
Lucas Heights, N.S.W., Australia

Abstract;

This paper summarises some methods of predicting unknown fission
yields. Gussian fitting method.- are found to be a possible means of
extrapolating fission yields for different neu bron bombarding énergie?
and for fissioning spscie? for which measurements have not been made.

Charge division and dispersion are alr.o revieved and the important
enhancement effect for the direct yields of even 2 nuclei is demonstrated,
However, no universal charge division prescription for all fissioning
nuclei is found. The yield enhancement for even Z nuclei is? shown to
be partly responsible for the fine structure in the mass yield curves»

A new evaluation of prompt neutron remission for U i? made for
use in the calculation of charge division for this nucleus.

1. INTRODUCTION

Strutinksy's [1-3] insight into the role of shell structure in deformed
nuclei has been used by a number of authors to gain new understanding of
fission [.4-63. Others [7,8] have used a semi-empirical shell correction of
Myers and Swiatecki £9"] with encouraging agreement with the qualitative
features of asymmetric mass division. The quantitative predictions of current
theories, however, would not be good enough for use in design and burnup
calculations (for example) and where more reliable data are required resort'must
be made to a considerable folklore of fission systematics. Briefly then, how
systematic is fission?

Perhaps the most striking feature of the mass distribution in low energy
fission is the great stability over a wide range of fissioning nuclei of the
heavy mass peak [lo] and of the steeply rising section of the yield curve near
the mass number 132. The mean heavy fragment mass both before and after the
emission of prompt neutrons is practically constant over a range of some 30 in
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fissioning nucleus mass numbers [ll] . Recent work [12j, however, indicates
the presence of some structure between mass numbers 250 to 255 as shown in
Figure 1. Also plotted in Figure 1 are values of VT, the average number of
prompt neutrons emitted in fission.

The widths of the mass peaks also vary in a systematic way with fission-
ing mass number. A plot of the full width at one tenth maximum [111 shows in
fact a linear increase with increasing mass. A more complicated function of
mass number and excitation energy above the fission barrier is the peak to
valley yield ratio. As shown in Figure 2 for thermal neutron induced fission,
the symmetric valley fills up quite rapidly with increasing mass number until,
according to John et al. JJL3Î, predominantly symmetric fission occurs for
thermal neutron fission of 257Fm. For each fissioning system, symmetric
fission becomes increasingly favoured as excitation energy increases [14,28]
and even for the energies involved in reactor-neutron induced fission we can
see a significant symmetric enhancement.

Figures 3 and 4 [l2j give the measured primary (pre-neutron emission)
mass distributions for a number of spontaneously fissioning systems and others
fissioning by thermal neutrons. The shaded vertical bars indicate the
fragment masses at which even Z charges are calculated to occur. The considerable
fine structure occurring in the primary mass distributions correlates very closely
with the even Z fragments and heavy mass groups containing 52 to 58 protons are
particularly enhanced, the more so when in conjunction with a light fragment of
42 protons. Mass distribution fine structure has previously been observed in
mass versus kinetic energy studies [15-17] and is particularly evident at low
excitation energies where again it appears to be a result of preferential
formation of even-even primary fission fragments. The fine structure carries
through to the post neutron emission mass distribution where it appears as an
enhancement of fission products with even Z [18]; most of the even neutron number
fine structure having been washed out in the neutron emissions.

2. DEFINITIONS

The following definitions follow closely those used for the EXFOR library
as outlined in the LEXFOR manual (see also CINDA, Vol. 1, page XIII and Vol. 2
page A5 (Annex)).

A primary fission fragment (initial or pre-neutron emission fragment) is
formed at the time of scission. Usually these are the two massive products
of binary scission, but one can also have in accompaniment a scission neutron
(in perhaps 25 pei cent of fissions) or a light charged particle (<•! per cent
of fissions). Rarely, break up into three comparable mass fragments occurs.
After rapidly (<4 x 10"̂  sec) losing prompt neutrons and Y-rays (<10~̂ ^ sec)
the fragments are called secondary or post neutron emission fragments or
primary fission products. In practice, scission neutrons are not distinguished
from the later prompt neutrons and all will be assumed to arise from the fully
accelerated fragments.

nThe primary products then slowly (>10 sec) decay via 3 decay forming the
secondary products of a decay chain until eventually the stable end product is
reached.

The independent (direct) fission yield is the probability (atoms/fission)
that a particular nuclide (Z,A) is formed in fission following prompt neutron
emission, but before any 3 decays. Usually this is quoted as a fraction of
the cumulative chain yield of that isobar.
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FIGURE 3 Primary fragment mass distributions obtained for thermal-neutron
induced fission [12] corrected for mass resolution. The shaded
vertical bars indicate calculated positions of even Z fragment
masses.

167



I I I IB I I I I I 1 I '

246Cm(8f)

110 120 130 140 150 160 170
Fragment Mass (amu)

FIGURE 4 Primary fragment mass distributions obtained for spontaneous
fission [12] .
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çumulatj.ye yield of a fission product is the sum of the independent
yield of the miclide in question and those of all its (3-chain precursors plus
rarely a contribution from delayed neutron emission. This is usually quoted
as a fraction of the cumulative chain yield of that isobar.

The cumulative chain yield is just the cumulative yield of the g-s table
nuclide at the end of the decay chain, while the total chain yield also
includes any additional independent yields of shielded nuclei (with Z > Z
stable). The sum of the total chain yields is 2.00.

Since the mass number does not change during 3-decay, the final mass
distribution is determined after the emission of prompt neutrons (except for
some slight corrections due to delayed neutron emission).

3. FILLING IN PARTIALLY MEASURED MASS YIELD CURVES

The experimentally measured final mass yield curves still contain gaps
for which yields must be estimated. Even for 235U thermal neutron induced
fission, the most extensively studied case, 0.6 per cent of the light masses
and 0.1 per cent of the heavy masses must be interpolated [l9] , For the
thermal neutron fission of 2^3U the figures are 1.3 per cent and 5.6 per cent;
for 239pu 6.9 per cent and 5.3 per cent, while in the case of 24lpu nearly 10
per cent of the heavy yield curve and 40 per cent of the light mass curve
relies on interpolation. When one looks at fission yields from reactor
neutron induced fission, the situation is generally worse and it is therefore
desirable to provide a sound method of predicting unknown yields. At
present, the favoured methoc1 used by most évalua tors is interpolation by
means of a smooth curve drawn through experimental points jTl9-2l]. This
method is adequate where the experimental gaps are not too wide, but is open
to question where fine structure is expected or where large gaps in the
experimental data exist. The final yields satisfy the condition that

Y(Â) = 2.0
where Y(A) is the final yield for mass number A.

However, this sura is usually taken separately over both light and heavy mass
groups [Ï9J with the division between the two sums at A, the mean nucléon
number given by

A = (Ap - VT)/2

where Ap is the mass number of the fissioning nucleus and Vf the average number
of prompt neutrons emitted per fission. Of course this condition is of little'
use in obtaining unknown yields and in practice is used to normalise the data
after the missing yields have been interpolated. A more powerful boundary
condition restricts the shapes of the. final mass peaks such that

VkY(A).A = 2Â ,

where the sum is taken over both light and heavy mass groups [l9J . The
application of this boundary condition serves to adjust interpolated yields,
but may in principle allow a decision to be made between very discrepant
measured yields [22] . Note that mere satisfaction of the boundary conditions
does not guarantee that the yields are correct, however clearly the converse
is applicable and occasionally evaluated mass yield curves in the past have not
satisfied the second condition above [2?, 62] . Note, however, that some experi-
mental error attaches to both sides of this equation.
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When large portions of the yield curve are unmeasured, as for example the
2AOpu fission yield in fast reactors where no data are available, one must
attempt an interpolation between, or extrapolation from, the measured mass
yield curves.

Sidebotham [23] does this in the most straightforward way. He assumes
that the mean widths of the light arid heavy mass peaks do not vary with mass
number and furthermore, that the peaks of individual isotopes in known and
unknown curves are merely displaced along the mass axis. Then by bodily
shifting a known mass yield curve and using the fact that the primary (pre
neutron emission) mass distribution can be mirrored about the symmetric mass
point, the unknown final mass yield can be constructed. In estimating the
'mirror' yield the number of neutrons emitted by each fragment is calculated
from the simple formulae of Terrell [24], For the derived yields Sidebotham
£23] estimates about 20 per cent error in the peaks and maybe 10 per cent in
the flanks of the unknown yield distribution. Of course in some cases, several
known mass yields may be used to form the basis of the extrapolation and in such
cases Sidebotham [23J reports a good degree of agreement between the various
estimates. Some examples of Sidebotham's [233 calculations are given in [63J.
It can be seen that the agreement with experiment is in general rather good.

It is not our intention to discuss in any further detail the methods out-
lined above. Instead, let us ask what it might be possible to achieve in
predicting unknown yields from a knowledge of the systematics of fission. We
defer until a later section any discussion of fine structure in the yield curves,
which as we indicated earlier, appears to be a result of enhanced formation
probability for even-even fragments.

Let us assume that a suitable parameterisation of the primary structureless
mass yield curve (i.e. the mass yield curve with fine structure smoothed out)
can be found. Then one might reasonably expect to find a smooth variation
of the parameters describing the fit as the mass of the fissioning
nucleus altered and as a function of incident neutron energy. Then, following
the method suggested by Crouch [25], the final mass distribution can be
generated:

Y(M) = y(M) Po(M) + y(Mfl) P

where y(M) is the primary yield of mass M, and
Y(M) the yield after neutron emission has taken place.

is the probability that the fragment of mass M emits exactly JA neutrons

VM) = l

Since little is known about Pj/M) for particular values of M, an assumption
must be introduced, and Crouch [25] assumes the distribution to be a Poisson
distribution:

p (vo - exp(-v).(v)tlr^n) - jjî ,

where V is the mean number of neutrons emitted by the fragment mass M.
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In Crouch's treatment v is assumed known from measurement or alternatively
from a semi empirical formula [24J,

One then attempts to fit the experimental chain yields Y(M) with an
assumed functional form y(M) for the primary mass yield curve. Originally,
Crouch [25] suggested that each peak in the mass yield curve might be
represented by a simple Gaussian. A further contribution is then required
to fit the yields in the symmetric valley and another Gaussian is introduced
to take care of this problem. Phenomenologically, this central Gaussian
grows larger with increasing energy of the bombarding neutron and has led
several authors to describe the process in terms of the so called 'two mode1
hypothesis [26],

Unfortunately, a single Gaussian gives a poor fit to the primary mass
yield curve and in later work Crouch [27j reports that he is using two
Gaussians to describe each peak of the primary mass curve. The means and
variances of the Gaussians appear to vary in a systematic way with the mass
number of the fissioning nucleus. For example, the means of the two
Gaussians fitting the heavy mass peak remain constant while those fitting
the light maas peak increase linearly with mass number. Crouch [27J reports
that the fit obtained is quite good being within jp.2 per cent (standard
deviation) on average. Thus the high yields of an unknown mass distribution
can be predicted with some degree of confidence from these systematics.
Crouch [27] Reports that work is proceeding along these lines, but unfortunately,
no further details were available for this review.

We have proceeded in a much more simple minded fashion by attempting a
fit to the post neutron emission yields directly. This has the advantage
of not requiring a postulate about P(j.(M) nor any advance knowledge of v as a
function of mass number. This advantage is offset by the fact that while
the primary mass distribution is strictly symmetric about Ag/2, the final
yields are n<»t symmetric about (Ap-v)/2. However, Walker [19] has shown
that at least the high yield sections of the curve are approximately reflection
symmetric. |At first, we attempted to fit the final (structure removed) yields
with three Gaussians (one for each peak plus a symmetric contribution). As
expected, the fits were poor at thermal energies, but the quality of the fits
improved dramatically as neutron bombarding energy increased. Figure 5 gives
the fit to 235(j bombarded by ?.4 MeV neutrons. The mean error is 11 per cent
which is typical of other fits at this energy. The parameters describing the
fits appeared to be systematic functions of mass number and energy, for example,
the Gaussian variance increased linearly with mass number and also with
bombarding energy (although in this case only 3 points were available).

In an approach somewhat similar to that used by Crouch, we also tried
fitting the final mass distribution to a calculated primary mass distribution
minus Terrell's [24] neutron numbers. This separate fit is shown as a dashed
line in the figures. However, by using this method, we found no gain in the
quality of lit.

Next, è&ch peak in the mass yield curves was fitted with a double Gaussian
(assumed reflection symmetric about A, the mean mass) plus one central Gaussian:

= NJ.VITY(A) = N. exp" a(A-A-D) + exp

exp

/ÔT
+ N 3Vu
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The variances of the Gaussians are given by:

°i=
and the yields were normalised to 200 per cent with

N3 = 2(1-N1-N2)

Figures 6 and 7 show the fit produced to 233U, 235U, 239Pu and 241Pu
fissioning with thermal neutrons. The parameters describing the fits are
given in Table 1 for thermal neutrons and fission neutrons. To extrapolate
to unmeasured mass yields we fitted the best straight lines to the fitted
parameters as a function of mass number. Figure 8 shows a comparison of
our calculated 240pu mass distribution for a fast reactor neutron spectrum
compared with Sidebotham's [23] calculation. The overall agreement is
rather good and it will be of great interest to learn if Crouch has attempted
this calculation yet.

This method can also be used to fill in gaps in a measured mass
distribution by fitting to the experimental points if there are sufficient for
the fitting procedure to converge. Although our fit to the *•* Pu mass
distribution was by far the worst of the thermal neutron cases, we give in
Table 2 a comparison of the calculated yield at a few mass numbers compared
with values interpolated linearly by Flynn and Glendenin f2l} and by Walker
[19]. The inclusion of fine structure could improve the calculated values.

TABLE I

FITTED PARAMETERS FOR FIVE GAUSSIAN FIT

Nuclide

233u
235u
?39^yPu

241Pu

232Th
233z U
235u
238U

239nPu

°i

4.475

4.260

5.481

3.664

3.320

4.420

4.652

4.910

5.482

°2

2.326

3.214

2.934

4.562

2.795

1.470

2.784

2.026

3.702

a

(a)

11

10

4

3

(b)

11

13

12

9

12

3 A

Thermal

.78

.10

.09

.74

116

118

118

121

Fission

.41

.87

.41

.82

.63

115

116

117

118

118

Dl D2
Nl N2

Neutrons

.27

.34

.64

.34

23.7

26.2

22.5

30.7

16.2

17.5

15.5

18.3

0.

o.
o.
o.

829

574

595

135

0.169

0.424

0.403

0.864

Spectrum Neutrons

.72

.03

.03

.54

.40

26.9

23.6

23.6

22.7

23.1

20.1

16.8

16.3

15.4

16.6

0.

o.
o.
o.
o.

636

878

766

769

434

0.356

0.109

0.228

0.228

0.559
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FIGURE 8 Calculated 240Pu mass distribution for a fast reactor neutron
spectrum using extrapolated parameters for a 5 Gaussian fit
(solid line) compared with Sidebotham's [23] estimate.
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TABLE ÏI

CALCULATED INTERPOLATED YIELDS FOR 241. Pu

Mass No,

82

89

98

100

107

108

109

no
112

114

115

U6

Réf. [19]

0.12

1,20

5.2

6.2

6.75

4,0

2 .5

1.2

0.28

0.0?

0.04

0.03

Réf. [2l]

0.104

1.2

5.9

6.05

6,45

4.15

2.9

1>

0,32

0,065

0.037

0.033

This work

0.07

1.3

5.9

7.9

6.1

2.9

1.6

1,0

0,3

0.08

0.04

0.03

In a final check of this method, we linearly extrapolated parameters for
fit to the 235u mass yield with 8 MeV neutrons ĵ 2l] , The fit produced was

ood and further investigation of this procedure is in progress with particular
mphasis on the probable errors in the predicted yields,

CHARGE DIVIS ION AND DISPERS ION

It has long been realised that when a fissioning nucleus divides, the
harge density in the primary fragments is slightly different to that in the
•arent nucleus. The light fragment acquires about half a proton more and the
leavy fragment correspondingly less than a proportionate share of the Zp protons
n the fissioning nucleus (see for example the review of Pappas et al. [29] .
'he difference between thfe most probable charge Zp, for a given j>titnacy mass A
nd that predicted by the postulate of unchanged charge density (UCD) is
onveniently measured by the parameter

AZ(A) - Zp(A) -

fhere WA)
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Experimentally it is quite difficult to determine the quantity AZ for a
number of reasons. Radiochemical measurement of the independent yields of
selected elements has the advantage of high specificity, but most of the high
yield fission fragments have very short 0 decay half- lives. Thus much of the
data [18,30] is for the longer lived isotopes with small independent yields or
for those with large fractional cumulative yields closer to the line of 3
stability. A most important further complication, not only confined to
radiochemical measurements, is that the analysis is only accomplished after
the emission of prompt neutrons from the primary fragments. In order to get
back to the probable or expected primary mass which gave rise to the measured
fission product mass, one must assume that the fragments with all possible
primary charge splits for a given isobar gave rise, on average, to the same
number of neutrons in the subsequent de-excitation process. Norenberg [3l]
has pointed out the dangers inherent in this assumption. However, this is
forced upon us by lack of knowledge of v for particular fragments: only V
averaged over groups of fragments has been measured and also now some measure-
ments of V versus Z are available [32,33], The final results are quite
sensitive to this correction as can be seen for example in [29] .

An alternative physical method [34,35,56] involves the separation of
fission fragments of a known post neutron emission mass followed by a
measurement of the average 3 decay chain length to stability. This method
also requires a knowledge of the correction for neutrons, but even so,
puzzling discrepancies between this and the radiochemical results are
obtained

In addition, the characteristic K X-rays emitted by the fragments can
be measured in coincidence with the kinetic energies of the complementary
fragments. The K X-rays identify the charge while the primary fragment mass
can be worked out from considerations of energy and mass conservation [36,37] .
One must assume here that the K X-ray yield is proportional to the isotopic
yield for each element, an assumption which Is difficult to justify 1.38].
Recently Cheifetz et al. [38̂ j have reported a similar method relying not on
the K X-ray but rather on the intensity of the 2+ — » 0"*" ground state band
transition in the de-excitation of the prompt fission product. This method
is currently applicable to only even-even fragments, but avoids some of the
disadvantages of the K X-ray method. Figures 9 and 10 show the results
of some of the above mentioned physical methods. Note the significant
difference found in the K X-ray method between values of AZ for different
fissioning nuclei.

In early work [39, 40] it was found that the then available independent
yield data could be fitted with a Gauss ian distribution of charge with
approximately equal variance for 6 final fission product mass chains. In
later work [18] with better data, a Gaussian still seemed an adequate
description of the dispersion of Z values about Zp for a given A. However,
it was also clear that even Z fragments and odd Z fragments no longer seemed
to be fitted exactly by the same Gaussian. There was a significant enhance-
ment of even Z fragments. This effect was brought into even sharper focus
by Amiel and Feldstein f4l] who discovered that even Z yields were on average
25 per cent greater while odd Z yields were about 25 per cent less than the
mean for 235jj thermal neutron fission.

The GaussiaTi charge dispersion is given by:

p(Z) = JL*». exp(-(Z-Z )2 /202)
•2*02
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I V I
FIGURE 9 AZ is shown for the 0-track counting method of [34], Open and

closed circles are the results for light and heavy fragments
respectively. A weighted straight line fit to the data is also
shown with 90% confidence levels. The post neutron emission
data are corrected using an evaluated neutron emission function [34j .
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oon dz
FIGURE 10 AZ is shown for the K X-ray method of [36J for 233U, 235̂  239pu

fissioning with thermal neutrons and also 252Cf spontaneous fission.
Estimated 907» confidence areas are shown for 239Pu and 252cf,
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and the fractional independent yield of the fission product of charge Z and
mass A is

FIY(Z,A) = / P(Z) . dZ
JZ-%

Wahl et al. [l8] found that most of the values of a obtained in fitting
the radiochemical data lay within a region a = 0.56 + 0.06 for the high yield
region away from closed shells. The data from [34] also confirm this value,
but this of course reflects the situation after the emission of prompt
neutrons and considerable broadening appears to be caused in the emission
process [42-44]. The K X-ray method [36] previously mentioned, measured
the dispersion for primary fragments of a given mass and for 235y they
obtained o = 0.40 + 0.05. It is therefore probably fortuitious that the
values of a obtained for the post neutron emission distribution are found
to be fairly constant: certainly the Monte Carlo calculations [42] show
that if the initial charge distribution is constant, considerable variation
would be expected in the final post neutron emission values of a (Figure 11).

Numerous theories and semi-empirical prescriptions have been advanced to
account for the behaviour of AZ as a function of A. The most promising
theoretical approach has been to attempt to minimise for given fragment
masses, the potential energy of the "nascent fragments at the scission point
[4,31,45-47j. Figure 12 shows the results obtained by Wilkins and Steinberg
[4] compared with the primary charge distribution measurement of [36] . For
the reasons outlined previously, it is difficult to compare the radiochemical
data with theory based predictions of the pre-neutron emission charge
distribution function. Any structure existing in the pre-neutron emission
function could easily be removed in the subsequent neutron emissions, for
example. A new evaporation model calculation is now overdue, especially
since the discovery of possible considerable fine structure effects |_17J in
the primary mass distribution which have not been included in previous model
calculations [42-44],

For most of the work in which we are interested here, a simple, clear,
semi-empirical description of the AZ function is desired which will give
reliable answers for calculated fractional yields. This can be of use in
evaluations such as that of Meek and Rider [48] .

Wahl et al. [l8] suggest a straight line relationship for|AZJ for
A > 134 (£102):

J A Z J = 0.45 charge units ,

and this is then extrapolated back to a value JAZl = 0 at symmetric mass
division. Armbruster [46] calculates that in fact AZ may be 0.45 for all
asymmetric fissioning nuclei, however there is some evidence that this
relationship is not true for 252Cf fission [49], Mukherji [50] gives a
different 'universal' empirical prescription for charge distribution,
suggesting that the ratio of A/Z is constant for different fissioning species
(where A is the primary fragment mass), but this does not appear to be
substantiated by a careful examination [5l] .

Several authors [30, 52] have attempted to derive Zp functions by fixing
O and fitting the yield data. Figures 13, 14 and 15 show the results
obtained by Denschlag [30] for 235U, 233U and 239Pu. Note once again the
effect of different v versus A correction curves on the data. Alternatively,
one can assume a Zp curve and fit the Gaussian variance a versus mass number
[53j. Figure 16 shows the results and it can be seen that quite large
fluctuations in a are found. Such approaches are necessitated by the lack
of sufficient data in some cases to determine both a and Zp simultaneously.
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heavy fragments while triangles indicate light fragment, A
constant Gaussian width parameter a = 0.59 + 0.06 was assumed for
the calculation of Zp. The neutron correction was effected using
the V values of Wahi et<al. [18] . The smooth curve shows the
trend of the calculated points.
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FIGURE 16 Fitted Gaussian width parameter 0 versus mass number for 235u thermal
neutron fission [53],

We attempted for this meeting to fit all the available yield data [30J
to the following functional form. The final post neutron emission charge
dispersion was assumed to be described as usual by a Gaussian of constant
width for all mass numbers, but with the well established (now) enhancement
factor to account for even odd effects. Therefore we assumed:

where C is positive for Z even and negative for Z odd
N(A) is a normalisation factor to make the sum over Z

for a given A equal to unity.
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N(A) depends on the magnitude of C and on Z , We further assumed that

AZ = - (a, + 0 (A-132))
for the heavy fragments and correspondingly

AZ = (a, + 0 (<Ap-A> - 132))

for the light fragments, A is the primary mass obtained by adding the v
versus A values suggested by Wahl et al. [18] to the fission product masses.
A non linear least squares fitting programme was written simultaneously to
fit both the fractional independent yields and the fractional cumulative
yields of [30] with the 4 parameters o, C, a and 0. The following values
were obtained from a fit to the 235(j data:

0 = 0. 569

a = 0.517

£ = -6.0 x 10"3

C = 0.206
Only data with A .̂132 (̂ 104) were fitted to avoid the closed shell region
where, since fewer neutrons are emitted, the final value of o may be only
slightly altered from the primary value a ~0.4 £42] (see also Figure 11).
Note that we find 20 per cent enhancement of Z even nuclei compared with the
25 per cent found by Amiel and Feldstein [4l] . The values of a and a we
find are close to the values derived by Wahl et al. [là], but we would expect
the addition of the parameter C to give substantially better estimates of
unknown fractional independent yields. To give a rough indication of the
improvement obtained in the calculated yields over that reported by Wahl
et al. [18], we repeated their calculation of the yields of the complementary
Sr/Xe isotopes and Rb/Cs isotopes. We obtained values much closer to the
experimental ones than did Wahl et al. [l8J:

Experimental Yield Wahl [l8] This calculation
37Rb 11.9+0.4% 15.1% 11.9%
55Cs 11.2+0.6% 15.1% 12.0%
•10

Sr 18.6 + 1.7% 16.0% 18.7%

54Xe 19.4+1.4% 16.0% 18.9%

A fit was also made to the data of U using only Wahl's [l8jvalues of
V. In this case the final parameters were

O = 0.582

a = 0.578

3 = -9.0 x 10"3

C = 0.158
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It is significant that in this case the enhancement for Z even fragments is
reduced relative to 23% and doubtless this is related to the fact that the
system 23% _j. n^ £g excited roughly 0.5 MeV further above the fission barrier
than is 235g ̂  n^ [54], If this interpretation is correct, it points to a
rather rapid decrease of the enhancement factor as excitation energy increases
and this confirms the studies of fine structure versus final kinetic energy J17J

"For Pu the fit was not good, but was interesting for another reason,
Again using the v values from [18] (note that this is the 235U v curve) we
obtained

O = 0.67

a = 0.785

0 = -2.7 x 10~2

C = -0.087 .

In this case we find a negative value for C of almost 9 per cent. This does
not appear to be caused by use of the wrong v versus A curve, but the result
must at this stage be regarded as somewhat suspect until further data can
clarify the situation.

A further interesting result of this work was prompted by a calculation
of Reisdorf et al. [l7j on the primary mass distribution. One could expect
on reasonable theoretical grounds [A1J that the fine structure revealed for
even Z fragments in the post neutron emission case would also be present in,
and to much the same extent, for even N fragments in the primary mass yields,
One could (using our results) then expect an enhancement of even-even primary
fragments of some 40 per cent for 23 5y over odd- A fragments with odd-odd
fragments correspondingly down. Calculations [l7] show that even such large
fluctuations can be masked by the mass resolution effect always present in
primary mass determinations. Figure ,17 shows that the final fine structure
is similar to that observed experimentally for 235y {JL2,55].

If much of the even neutron fine structure is washed out in the emission
process [l8,4l] we expect the fine structure in the final mass yield curve to
be closely correlated with our normalisation factor N(A) already defined,
since this contains only contributions from protons. Figure 18 shows the
normalisation function for 235y ̂ th Walker's [l9] final mass yields and it
can be seen that the peaks and troughs in N(A) correspond very closely to the
mass yield structure. In fact, by dividing the experimental yields by the
normalising factor, the considerably smoother curve also shown in the figure
is obtained. The fine structure fluctuations in the primary mass curve have
to some extent been reduced although the peak at A=134 is still present.
This peak is caused by the primary enhancement of N»82 which has not been
fully removed, plus in this case also a secondary buildup in the neutron
decay of the same magic neutron number nuclei [18] . This raises the
possibility that even fine structure may be added to interpolated yield
curves. Alternatively, the positions of the fine structure peaks in the
final mass yield curves may be used to help determine the Zp curve, A more
detailed description of these investigations will be published elsewhere.

Since the value of the even-Z enhancement factor is expected to be
quite energy dependent, it follows that the fitted value for thermal neutron
fission is an average over quite a wide range of excitation energies.
For low excitation energies (high kinetic energies) we would expect C to be
larger than the average value and to make its effect felt on the fractional
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yields and mass distributions. This is confirmed by an enhanced formation
probability for Sn^32 for low excitation energy events [56] since the
(3-counting method takes preferentially higher kinetic energy fragments than
average .

We have mentioned several times the problems associated with having to
correct the Zp values to primary masses by addition of the neutron correction
and we return to it here in a little more detail Nubar versus A for 3
has been measured experimentally by several authors [56-60J but the measure-
ments are often in disagreement by more than the quoted errors. Sistetnich
et al. [34J and also Wahl et al. [is] have produced evaluated V versus A
curves, but although Sistemich et al. [34] renormalise the data of reference
[58J neither in [34] nor in [is] is it apparently realised that the data of

Milton and Fraser [58] have not been corrected for neutrons emitted backwards
from the complementary fragment. This correction can be quite significant
as before this correction was applied the data of [oojwere in good agreement
with that of [58] while after the correction they are in good agreement with
the data of [59] . Thus if the data from [57] are disregarded as they do not
agree with the v-y values obtained from the reliably known secondary mass
yields [is], the remainder are probably in substantial agreement.

There is a further complication which arises from the fact that measured
v versus A curves refer to the primary (pre-neutron emission) mass and what
is required to correct the post neutron emission Zp values is v versus the
post neutron emission mass. The evaluation of Wahl et al. [18j appears to
be the only one specifically referring V to the final mass number. In
principle, the method used by Wahl et al, [is] should be fairly reliable since
it uses v.£ calculated by the method of Tfrrell [24], combined with the ratio
V1/VH estimated from experiments [57-60], However, even apart from Wahl's
use of data from [58] to estimate v̂ /v,,, there is a further correction
required for mass resolution [24], This will cause the slope of the v versus
A curve to alter slightly. Therefore we have made a new evaluation of V for
235̂  The values of v^ were found using Walker's [l9J yield data and assuming
v at symmetry to be 4.0 [is] . The ratio of VL/VH was taken from the data of
[59, 60] only and a rough correction was made for mass resolution. Remembering
that the VL/VH ratio referred to the primary mass, we calculated the average
number of prompt neutrons vp emitted in conjunction with the final mass A.
These are given in Table III. Also, not ready in time for this review are new
evaluations of the v data for ^33^ an<j 239pu> There are some significant
differences between the V values of [18] and those given here. Between mass
numbers 80 to 102 the new values are on average 0.15 neutrons less than the
old, while the large peak near mass number 110 has now been removed since this
does not appear in the data of [59] or [60], The new values for the heavy
fragment masses are little changed over the old ones. The calculated v-y for
our data is 2.40 in good agreement with experiment,

•*• O ^ RIf a new evaluation of V versus A was necessary for U, it is even more
desirable for ^33y an(j 239pu since there does not appear co have been an
attempt to produce such an evaluation since 1962 [24] , Until this is done,
it is difficult to compare Zp curves from different fissioning nuclei. The
work of Gunther et al. [J>6] on b- track counting appears to indicate that Zp
may be the same for the heavy fragment post neutron emission masses of 235jj
and 239pu^ This result, since it refers to the post neutron emission
situation, is not dependent on knowledge of a v versus A curve for each
nuclide. There appears to be some experimental difficulties in this work [62 |,
but if this result were generally true, thenfAzj would be different for each
fissioning nuclide. Our own fitting procedure has also uncovered some
differences in JAZJ from the three cases studied (admittedly using v curves
likely to be considerably in error for ^-Jy ancj 239pu)|>
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TABLE III

FINAL VT AND CALCULATED FRAGMENT NEUTRON NUMBERS
VERSUS MASS NUMBER (POST NEUTRON EMISSION)

A

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

VT

2.50

2.50

2.50

2,50

2.50

2.50

2.55

2.58

2.55

2.53

2.52

2.54

2.54

2.54

2.54

2.56

2.60

2.59

2.57

2.55

2.53

2.44

2.32

2.17

V

0.69

0.69

0.70

0.71

0.72

0.73

0.76

0.80

0.83

0.87

0.93

1.02

1.10

1.17

1.22

1,28

1.34

1.37

1.40

1.41

1.43

1.41

1.40

1.36

A

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

VT

1.92

1.87

1.90

1.91

1.90

1.87

1.93

2.50

2.85

3.23

3.62

3.69

3.91

4.00

4.00

4.00

4.00

4.00

3.89

3.83

3.64

3.44

3.14

2.86

V

1.25

1.27

1.35

1.42

1.48

1.47

1.49

1.87

2.02

2.03

2.14

2.13

2.12

2.09

2.03

2.00

1.97

1.91

1.80

1.69

1.52

1.37

1.14

0.87

195



TABLE III (cont'd)

A

125
126

127
128
129

130
131

132
133
134
135
136

137
138
139

140

VT

2.57
2.23
1.99

1.72
1.76
1.83

1.84
1.82

1.87
2.18

2.40
2.50

2.53

2.54
2.59

2.60

V

0.69

0.56
0.45

0.37
0.37
0.45

0.51
0.56

0.64
0.82
0.97
1.07

1.11
1.15
1.20
1.25

A

141
142
143

144
145
146

147
148

149
150
151

152
153
154
155
156

"T
2.59

2.55
2.54

2.56
2.56
2.55
2.54
2.55
2.60
2.56
2.55
2.50

2.52
2.50
2.50

2.50

V

1.28

1.30
1.36
1.42
1.49
1.56
1.63
1.69

1.77
1.78
1.79
1.79

1.80
1.80
1.81
1.82

In svraanary, for the purposes of calculating unmeasured fission product
yields it is possible to use some semi-empirical function fitted to the post
neutron emission fractional yield data. The function fitted to the data of
235y tnay not be sufficiently 'universal' for use in other fissioning systems
but no doubt it will continue to be used in lieu of any alternative.

Finally, it now appears desirable to perform new evaporation model
calculations with a view to investigating more fully than has been previously
possible, the relation of post neutron emission yields to the primary mass
yields. The effects of fine structure would be of great interest and has
not been included in previous calculations [42-44], It seems likely that
if the primary mass distribution has significant fine structure then so will
V versus A, Figure 19, £61} and possibly also Zp as a function of A. These
questions are perhaps not so pressingly important for our task of prediction
of unmeasured fission product yields as they are for a fuller understanding
of the fission process.
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VT(A)

130 140
A

160 170

Total neutron emission versus mass
of heavy fragment.

9 tag

FIGURE 19 Recent data on VT versus A for 252Cf £61} showing fine structure peaks.
The peaks are correlated with the fine structure peaks in the mass
distribution.
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S u m m a r y

OBSERVATIONS, CONCLUSIONS AND RECOMMENDATIONS OP THE PANEL

In view of the complexity of the topics discussed at this Panel meeting,
the observations, conclusions and recommendations on different major
subjects are grouped together in the following seven chapters:

Chapter Is Introduction (General observations, conclusions and
recommendations).

Chapter 2: International cooperation in the exchange and dissemination
of FFNB information.

Chapter 3î FP inventory and decay heat.
Chapter 4: PP yield data.
Chapter 5: FP decay data.
Chapter 6: Delayed neutron data.
Chapter 7^ Neutron cross-sections.

A summary of the important recommendations is given in Chapter 8.
Comparisons of user requirements and data status for individual FPND
are presented in Appendices Al — A5;

Appendix Al:

Appendix A2:
Appendix A3s
Appendix A4ï
Appendix A5î

FP chain yields.

Independent and cumulative fission yields.

PP decay data.
Neutron reaction cross-sections.

PP decay heat.
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1. INTRODUCTION

3UJ,., Scope
The Panel achieved a first review of requirements, status and

availability of fission product nuclear data (FPND) important for
various fields of practical applications. The topics discussed by
the meeting are reflected b*y the titles of the review papers, îfae
scope of the Panel was limited to these topics, as discussed in Review
Paper la (tout see also 1.2.1~(iv}).

The FPND considered "by the Panel were of the following categories:
A. Yields (cumulative and independent)
B. Decay data

• C. Delayed neutron data
D. Neutron reaction cross-sections

These categories included also integral FPND such as the total
decay energy released after reactor shutdown (B) and total absorption
of lumped PP (D).

This was the first meeting where users and producers of PPND met
to compare required PPND accuracies with the status of available PPND
and to discuss further experimental and evaluation work needed and
measures for an improved communication between PPND users and producers
Apart from their own experience f the Panel participants relied on the
background information supplied by the review papers. These review
papers were internationally coordinated incorporating contributions
from many experts in the field in order to provide a broad spectrum
of opinions and to include also most recent experimental results.

The observations, conclusions and recommendations issued by the
Panel are intended to stimulate coordinated activities in various
laboratories whose results should be reviewed in a follow-up meeting
of the same kind.

1.2 General observations and conclusions
1.2.1 User requirements
(i) The PPND and their accuracies required by users as observed by the

Panel are discussed in chapters 2-7 an& summarized in the
Appendices A1-A5, together with the status of required FPKD. These
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appendices represent a first "broad picture of ths present knowledge
of WSŒD requirements.

She Panel noted, however, that, with some exceptions, the require-
ments were not sufficiently supported by sensitivity étudies
relating requested FPÎ£D accuracies to those needed for the pre-
diction of relevant technological parameters, and that a more
thorough assessment based 011 the available experimental evidence
was generally also lacking. It also noted that other users not
present at this sioetiRg might have different requirements.

Therefore the Panel wishes to emphasize the preliminary nature of
the presently compiled requirements, but expresses the hope that
they will stimulate critical comments and more detailed investiga-
tions and thus help to pave the way towards a better screened true
"international FPND request list" (see recommendation in chapter 2).

(ii) The discussions on 5PHB requirements were generally limited to
applications already in use. Tfîhile the Panel recognized the
importance of experimental studies of specific problems and the
development of new methods in application fields, not all of these
topics could possibly be covered at this meeting.

(iii) Review paper no. 6 discusses in detail the role of FPMD in nuclear
«aterials safeguards. In summary, the methods in safeguards that
need FPBD are not used routinely but only in special cases. These
methods, although already used in test cases, need further develop-
ment and detailed investigations of their applicability. There-
fore PPND requirements for safeguards have low priority compared to
other user needs and further sensitivity studies are necessary
(see (i) above).

(iv) The scope of the Panel was limited to the discussion topics of
the review papers. However, the Panel considered three more
topics to be worth discussing during the meetings

• Phgtoneutrqna are of importance, especially in reactors containing
heavy water or Be. A significant number of photoneutrons is pro-
duced in these reactors from high energy breussstrahlung and
y-rays produced in FP decay, as well as from fission and capture
y-rays. This topic was discussed only briefly and the individual
FP's in question have not yet been identified, but general state-
ments on the relevant PPND are included in chapters 4 an̂  5»
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was "briefly discussed during the meeting,
R«H« Flower-s, an expert in this field, supplied the Panel with
background information and data requirements, which, are repro-
duced in chapter 3.

- In fast ..r.ejfOtor^^gJ.ffigtry fission yields are required for
measurements usiaig 232Th, 235U, 236U» 238U, 237Np and 239Pu as
fîuence monitors. Heeds for the IMEBR and FFR programme at
Hanford (USA) were presented to the Panel by R.E. Schenter and
are included in Ap̂ ndix̂ Al. ̂tbleĵ -III . U. Parinelli sum-
marized the conclusions of the IAEA Consultants Meeting on
Nuclear Data for Reactor Neutron Boeimetry, held in Vienna from
10-12 September 1973. ("Others" in Appendix Alfi ,,Table A1-III).

1.2.2 Status of
Reviewers of the statue of FPND had the task of surveying existing

evaluations supplemented by recent experimental results. The Panel
noted that the assignment of uncertainties by evaluators was not always
satisfactory, in sonse cases even missing, particularly for FP decay data.

On the basis of the Panel discussions FPND uncertainty figures
were compiled from selected evaluations. They are listed in Appendices A1-JL5
to allow a comparison with user requirements. The Panel discussed and sug-
gested improvements of evaluations in general which are outlined in
section 1.2.3. Special requirements pertaining to evaluations of specific
SPUD are included in chapters 4 to 7»

1,2.3 Evaluation
First the Panel recalled that the essential task of the evaluators

is to critically review available experimental data and provide users
with a set of "best" values. However, in order to enable the user to
judge the quality of an evaluation and rely on the values recommended, it
is important that the evaluator documents in detail the experimental data
basis, the method and the results of his work. The presently available
evaluations of FPND fall partly short of this ideal.

The experimental data considered in the evaluation, the physical con-
ditions under which they were obtained, sources of statistical and systematic
errors and discrepancies between the data are often not documented and
probably not satisfactorily investigated? the Panel noted, however, a few
exceptions where évaluâtors had been able to correct original data and thus
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resolve discrepancies between them. Furthermore FPHD évaluâtors sometimes
do not assign properly assessed uncertainties to their recommended data
(and sometimes cannot do so because of the inadequacy of the experimental data);
such uncertainties are often very important to the user and will influence hie
choice of an evaluation. In this context the Panel observed that evaluators,
in order to cope satisfactorily with these tasks, should "be able to judge
experimental results adequately. This would be easier if the experimenters
would describe their measurements in sufficient detail and, in particular,
perform a satisfactory error analysis separating random and systematic errors.

The above mentioned shortcomings are some of the reasons why
different evaluations of PPND usually show different results. Other
reasons consist in differences in the experimental data basis available
to the evaluator, in unresolved discrepancies between different experim-
ental data and justifiable differences in the evaluators*.judgement and
methods of analysis of the experimental data. Also the objective of an
evaluation and the time and effort an evaluator is allowed to spend on
an individual task have an influence on the final result and its quality.

These observations led the Panel to express concern not to aim
at the establishment of only one standard FFND library, which some users
would find convenient, but to pursue several independent evaluation
efforts! The users should not have to rely on the results of one evaluation only,
but be able to choose among different evaluations and to select the
one best fitting their purposes. The adoption of a standard format for data,
as discussed later, is a key step in making this approach workable.

1*2.4* FRO) user-producer communication

It was the impression of the Panel that the simultaneous presence
of measurers, evaluators and users of FPHD at one meeting stimulated
fruitful discussions resulting in a better understanding of each others'
problems. Closer contacts in the future should be established by improved
ways of communication as suggested by the panel and outlined in chapter 2.

1.3. General Recommendations?
(i) The Panel recommends that users of WND perform sensitivity

studies to enable a better specification of their requirements.

PPND evaluation work should continue to be performed at different
places.
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(iii) Svaluators are requested to publish all pertinent details of their
work. They should attempt to identify systsmtic errors and
resolve discrepancies. l&ey should assess random aad systematic
errors separately, assign uncertainties to their reooamezuied data
and warn •users in cases of unresolved discrepancies. Recognizing
the magnitude of the work which is implied in these requirements
and its importance to FPHB users the Panel recommends that in future
stronger support "be given to EBHD compilation and evaluation,

(iv) Measurers are requested to publish all details on experimental
conditions, corrections applied and error analysis required for
an adequate comparison tath other measurements. A recommendation
to improve the intercommunication between measurers and evaluators
in this matter is included in chapter 2.

(v) A follow-up panel should be convened in about three years to review
the progress in EP3JD measurement and evaluation, and sensitivity
studies stimulated by the present meeting. I&scussioa topics should
again be covered by review papers in order to provide background and
save time for discussion. It is to be hoped that this follow-up
meeting will be in a position to set up a final list of user require-
meats based oa sensitivity studies.

(vi) Surveys of user requirements of FPEHD should be completed and
distributed to reviewers of the status of PPND well in advance
of the follow-up panelj so as to give the status reviewers
sufficient time to prepare lists of uncertainties for the
required FFND.

2f IMTEKSATIONAL COOPERATION IK THE EXCHANGE
AHS DISSEMIHATIOH OF FPITD IKFOBMATIOH

2^1»___Observations and ooncl.U3i.pna

(i) The Panel noted in general that a regular exchange and dis-
semination of information in the field of FPND is lacking,

(ii) The list of FPNÎ) compilations and evaluations provided by Valente
from NEA/CCDH (review paper Ib) to the meeting was found most
valuable by the Panel participant3»
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(iii) The Panel observed that, in spite of the large number of
existing PPHD compilations listed in Valente*s review paper,
evaluated PPSD are only partially included in the most widely
used computer files of evaluated nuclear data.

(iv) The recent inclusion of WP yield aad decay data in the US
library was considered a great step forward. PPND data types
and associated physical quantities foreseen in the MDF format are
specified in Anneal .to this chapter. Some critical remarks con-
cerning these specifications are given in Agnes 3.

(v) One of the nain difficulties encountered in the comparison and
mutual conversion of different evaluated nuclear data files
are the differences in physical content associated with certain
classes of data. Such differences should be avoided when new
classes of data are introduced and should, where possible, be
eliminated for data already existing in files,

(vi) During the meeting it was frequently observed that the communica-
tion between the measurers, évaluât ors and users of F5PKD is still
unsatisfactory:

- sources of available evaluated FPKD are not sufficiently
well known to users;

- users and evaluators have no means to inform FPND measurers
about their requirements» except in the field of neutron
induced reaction data, where WKEKDA exists.

- the communication channels between ITFND measurers, evaluators
and users via presently existing publishing media are too Blow»
thus affecting also the efficient planning and coordination of
experimental and evaluation workj

- at present there exist no convenient means of informing those
interested in IPHD about observed discrepancies.

2*2» r._ Recommendations

(i) The Panel recommends that the list of PPHD compilations and
evaluations as provided by Valante from HEA/CCDN to this meeting
be kept up-to-date and published at annual intervals.
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In order to enhance the value of the list, it is recommended
that future issues should contain short comments by the authors
to each référence concerning its contentf up-to-dateness,
application area and a specification of the availability in
computer medium of the d.ata concerned including the computer
format.

The first updated list should "be published not later than one
year after the panel. The Panel participants leave it to the
discretion of NSA/CC])H? lARâ/HBS and other nuclear data centres
to decide which centre will publish the list in the future. Until
such decision is taken it is recommended that Val eat e froa SEâ/CCEN
act aa contact. The auclear data centres concerned should explore
the most suitable ways of obtaining the information to "be included
in the list and of channelling it to the publishing centre on a
regular basis.

In addition to the participants in this meeting, the list should
be given a wide distribution particularly among users and
producers of F?N3)0

To determine the distribution of the list outside the Panel the
assistance of participants in this Panel should be solicited
aa well as of the Members and Liaison Officers of I35BC? EANBC and
other regional and national nuclear data committees. Until
further notice all information in this respect should be sent
to Valente.

(ii) It is recommended that an international newsletter on activities
in the field of compilation and evaluation of FPND be developed
as goon as possible. This newsletter should be published in
regular intervals of 4-6 months,, For each group or individual
concerned it should list available manpowers names and addresses
and contain a concise description of work finished, underway and
planned and of recent publications and computerized data files
with a brief indication of their format. Discrepancies in
important FPND should be stated and also "brought to the attention
of the IÎÏBC Subcommittee on Discrepancies,

Noting that the international exchange of evaluated data is still
restricted, the Panel proposes that as soon as possible, this
recommendation be approved by IÎTDC and brought to the attention
of BANDC and other regional and national nuclear data committees»
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The Newsletter should preferably be compiled and published by
IABA/HDS. It is however, left to the discretion of IAEA/NDS,
NEA/CCDN and other nuclear data centres to decide upon this in the
shortest possible delay after approval by I&DG.

The newsletter should be distributed particularly to compilation
and evaluation centres, and to groups and scientists workiBg in tho
field of nuclear data,- especially

(iii) It is recommended further that another separate international
newsletter be developed covering measurement activities directly
or indirectly related to FPÎO). Form and content of this news-
letter should follow the model of the neutron capture y-ray
newsletter edited by G.A. Bartholomew and co-workera at Chalk
River, Canada* For each experimental group it should contain
a concise description of available facilities and manpower,
of experimental work finished, underway and planned; it
should list recent and forthcoming publications and give names
and addresses of the scientists involved? it should also point
to data discrepancies and specify standards used if suitable.

The newsletter should be published every 6 months and given
a wide distribution particularly among measurers, but also
compilers and evaluators of PP3HD, The aforementioned nuclear
data committees and the participants in this panel should help
to determine a suitable distribution, Also this newsletter should
be published preferably by IAEA/NDS,

The approval of I&DC for this newsletter should be sought as soon
as possible and EAKDC and other regional and national nuclear data
committees should be informed of its decision. After IMDC approval
the nuclear data centres involved should decide who is to publish
the newsletter, and its first issue should be published as soon as
possible.

The Panel participants considered it suitable if, in addition to
direct contacts, the Members and Liaison Officers of INDC would
help to make sure that the contributions of their countries to
the newsletter are provided regularly and on time to the publishing
centre. For the time being IASA/KDS will be the point of contact
in all matters concerning this newsletter.
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(iv) In order to improve the communication "between users and producers
of FPNB it is recommended that the INDC at its next meeting in
October 1974 discuss and approve the development of an inter-
national request list for FPHD.

In order to assure that the list represent a realistic picture
of the FPND requirements the Panel recommends that FPND requests
should be justified by appropriate sensitivity studies and
critically screened on the national sca,le before being submitted
for international publication. These requests should be consistent
with the Panel*s findings, which emerged front discussion between
users, measurers and evaluators of FPND,,

In the compilation and publication of the list the existing
WBENDA computer formats and intercentre cooperation should be
used. The list should be updated and published by IAEA/WBS in
annual intervals. The first issue should be published as soon
as feasible after approval by CTDC4 The list should be given
a wide distribution, particularly among nuclear physicists and
measurers of FPÏÏB.

(v) In order to avoid a proliferation of computer formats the Panel
recommends that the formats of FP yield and decay data as developed
for the ENBF/B library and specified in JgnexJ. with due regard of
the deliberations presented in jymeĝ J be adopted as the standard
formats for the exchange of such data; for this purpose (A,2)
ordering should be used. For those institutions wishing to simplify
that data for their own use some suggestions are given in Annex 2.

(vi) It is recommended that FP group cross sections (see Annex 2_) be
included in evaluated nuclear data files, provided that energy
groups and spectrum used for averaging are specified in the same
file,

(vii) Following the general discussion about information on experimental
details needed by evaluators (chapter l) the Panel recomme»as to
improve the intercommunication between measurers and evaluators and
to initiate a circular which would list information on experimental
details, corrections applied, error analysis etc. evaluators require
from FPND measurers. IAEA/KDS is to send a questionnaire to evaluators
of FPND, asking them to state the information they want to obtain from
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measurer». After having received the replies from evaluatora,
is to draft the circular and send it to ©valuator» for ooament.
final, approved, version of the circular will "be distributed to measurers,
la addition» the circular will "be included in one of the two newsletters
recommended above.
It is realized that the inclusion of lengthy information on expérimental
details in publications may not be accepted by editors of scientific
journals. Therefore it may be more appropriate to publish such informa-
tion in laboratory reports, or send an information sheet directly to
evaluators for their use.

(viii) Tk® Panel noted that many observations and recommendations
resulting from this meeting are of direct concern to the
specialists group on nuclear data for applications to be con-
vened by IAEA/JIBS in Vienna from 29 April - 3 May 1974. This
group will have the objective to coordinate on an international
scale the compilation^ evaluation, exchange ana dissemination of
nuclear level scheme and decay data of importance for applications
in science and technology. The Panel recommends that all relevant
observations and recommendations resulting from the present meeting
including the data scope of FPNB "be given suitable consideration
in the work of the specialists* group,



.Annex ,1

Definition of quantities in the ENDF format for FP yield afidjiecay data,

A detailed description of END? formats can be found in ENDF-102, Vol. I (last edition: BNL-50274, October 1970),
which is generally available. Revisions have been made recently and are included in the data specifications given
below. ENDP/B processing codes are described in ENDF-110 and the documentation of data is given in ENDF-201; both
are also generally available.

Data type Data specifications Remarks

to

FP independent
yields

~ fission product identifier
- isomerio state flag
- yield
- neutron energy or
- neutron spectrum specification

FP yield data are listed for each individual
fissile nuclide.
- ZA, integer or real
- integer or real

%-y. = 2i yi
- as a parameter (eV)
- recommended to give an evaluated point-wise

spectrum

Radioactive decay
data

including:

isomeric trans.
delayed neutrons

general i
- "orig7nal~"nuclide identifier
- isomeric state flag
- half life of original

nuclide
- uncertainty of half life
- number of average decay

energies given
- average decay energy

for radiation x (S )
- uncertainty of Ê

ZA, integer or real
integer
in seconds

evaluated relative error, 1 standard deviation
integer

in eV; given in the order P,?,ocj delayed
neutrons are presently included as 0-decay
in eV
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Data type Data specifications Remarks

to
H*
w

- total number of decay
modes given

- decay mode identifier
- isomeric stage flag for

daughter nuclide
- total decay energy (Q)

- uncertainty in Q
- decay branching (BR)
- uncertainty of BR
Radiation JLPjgctraj

- decay mode identifier
- number of spectra
- radiation energy (E)
- uncertainty of E
- intensity of radiation (I)
- -uncertainty in I
- internal conversion

coefficient (ICC)
- uncertainty of ICC
- normalization factor (P)
- uncertainty of P
- total number of

energy points

given for each mode of decay
- integer

- real, included are y,p"~,pH",IT,<x, delayed ns
- integer or real

- in eV, Q~value available in corresponding
decay process

- in eV
- fractional; given for radiation x

given as function of radiation energy for
every decay mode

- integer
- in eV
- in eV
- relative intensity, arbitrary units
- same units as I

- = ratio absolute intensity/relative intensity
- same unit as F
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Specifications of FPND for applications

Data type Application Data specifications Remarks

«4

PP group
cross section
/"(nj-y) or others,./
(also for pseudo-FP)

burn-up
long-range dynamics

*inventory calculation

- Specification of group
systemf spectrum and
method of averaging

- Nuclide identifier
- cross section type indicator
- group cross sections
- uncertainties of the group

cross sections

once for all FP

- ZA, integer or real
- integer

- relative error

Independent
yields of a
FP nuclide

"burn-up, long-
-range dynamics,
decay heat •x-inventory calculation

- FP nuclide identifier
- Identifier of

fissionable nuclides
having this FP

- yields
- neutron energy or
- spectrum specification

- ZAf integer or real

ZA, integer or real

- as a parameter (eV)
- recommended to give an evaluated

point-wise spectrum

- cent.



(cent.)

Data type Application Data specifications Beroarks

Decay constants long-range
dynamics * iinventory calculation j

Daughter nuclide identifier
Identifier of nuclides
decay of which leads to
tha above daughter nuclide

decay constants

j integer or real

) ZAf integer or real

- sec-1

en x~decay data i shielding design,
safeguards,
decay heat

- Nuclide identifier
- Total decay energy (Q)
- Uncertainty of Q
- Average energy of radiation(Sx)
- uncertainty in S
- Point-wise spectrum
- energy of radiation x(E )
- uncertainty of E
- intensity of radiation x(l )
- uncertainty of 1^
- Normalization factor (P)
- uncertainty of P

- ZA, integer or real
- eV
- relative error
- eV
- relative «rror

- eV
- relative error
- relative
- relative error
- ratio ateiolute/relative intensity
- relative error
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(cont'd.)

Data type Application Data specifications. Remarks

•35

Delayed neutron
precursor
data

im S&D? delayed
nVKBM v

neutron precursor
data are part of
the decay data)

Reactor kinetics,
safeguards
fuel failure detection

reactor operation

- Identifier of precursors
- total decay constants
- uncertainty of decay constant
- cumulative yields of precursors
- probability of neutron decay(Pn)
- uncertainty of Pn
- point-wise spectrum
- delayed neutron energy (En)
- uncertainty of En
- incident neutron energy jgr
- spectrum specification

- ZA, integer or real
-1- sec.

- relative error

- fractional, absolute values
- relative error

- eV
- relative error
- as a parameter (eV)
- recommended to give an

evaluated point~wise spectrum

* As applied in shielding, reactor safety operation, fuel element endurance, etc.



Format Heui rement s fprja, librar of ..

A library of evaluated FP3JD has to contain*

i) FP yields |
ii) half -lives or the equivalent decay constant for the

radioactive FPj
iii) beta and gamma ray intensities, energies and branching

ratios for each FP;
iv) cross sections for each PP»

We shall discuss each item in detail, "but first a few general comments
are in order,

1, The data may "be arranged either by PP nuclide, giving for each
in turn yields^ half-lives, decay data and cross-sections; or in
blocks giving first all the yields then all the half -lives, then
all decay data and finally all cross sectionsj or in some inter-
mediate arrangement « Putting ths data in blocks makes revision
much easier as data from, say, a new evaluated fission yield
library may bs incorporated without much effort. Consequently,
some blocking ia recommended; certainly yields should be separate 9
and there are advantages in complete blocking,

2» It will be very useful to have some bibliographic information in
the library, so that the sources of the data can be identified.
Of course any user programme must then be able to read alphanumeric
input .

3« One must always expect large amounts of data to have some punching
errors, and often these may evade quite careful visual checking.
In addition, faults and errors can occur on magnetic tapes during
storage and use» To be able to detect such errors built-in checks
are always desirable in large data libraries and suggestions for
some will be made in the following sections.
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He (i)i FF yields

Yields are needed for each fissile nuclide that is likely to be
present in a reactor fuelt and either for several neutron spectra (e.g.
thermal and fast power reactor) or at several specified neutron energies.
In the latter case an interpolation scheme has to be assumed. For the
input to an FP inventory programmet yields in reactor spectra are prefer-
able but, for the exchange of data? specifying particular energies has
the advantage of greater generality» but note that in this case the
task of evaluation would be harder because most measurements of yields
to date have been made in reactor spectra. Of coursef a measurement in
a reactor spectrum could be represented as a measurement at some suitable
mean energy.

Either independent yields or chain yields and fractional independent
yields may be stored. The latter alternative allows chain yields to be
altered without having to re-punch fractional yields and permits extra
checks to be made on the datas chain yields adding to 2 and fractional
yields for each chain adding to unity. If independent yieldsjare given
they should sum to 2. Fractional independent yields for each chain of
mass A may be expressed either explicitly for each Z or paramétracally
in terms of the most probable charge Z (A) and the width o(A) of a
Gaussian distribution* usually they are calculated from such a distribution.

He (ii)t Decay constants

—1 'Either half-lives or decay constants (in sec" ) may be given. The
former choice makes visual checking easier especially if each half-life is
given in the most appropriate unit of time (sec, sain, hour, day or year)
with the rule that the unit be chosen so that the numerical value of the
half-life is as small as possible but not less than 1. The unit could
either be specified by a numerical code or by its initial letter* the
latter allows easier checking but requires slightly more complicated pro-
gramming. Although the MDF format at present requires the half-life to be
given in seconds, a blank field is available in which a unit indicator
could be specified.
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Re (iii)t Decay schemes

The essential data are (i) average "beta energies, (ii) gamma ray
energies and intensities and (iii) "branching ratios to alternative pro-
duct nuclides or isomeric states* Ko existing programme calculates a
"beta energy spectrum for gross fission products and it is most unlikely
that this will ever be needed, so that average beta energies are adequate.
The French library gives beta end - point energies and probabilities, so
the data have to be processed by an auxiliary programme to obtain the
average energy. One small disadvantage of this refinement is that pre-
sumably all the transitions are assumed to be allowed, as no information
is stored about the classification of each beta decay.

For gamma-rayé a spectrum is needed, for use in shielding calculations,
One can group gamma energies in "bins", or give individual energies! this
latter more general convention seems preferable as the specification of
the "bins" may need changing as photon transport codes become more
powerful. Conversion electron and X-rays should be given in a special
"bin" or line.

Intensities for individual transitions may be given either absolutely
or relatively.

It is worth pointing out that none of the libraries available con-
tains all the data available in a full decay scheme. This would involve
giving, for each level of the product nucleus, its spin and parity and
energy above the ground state and the probability of decay to it from
the parent nucleus and of decay from it to each lower level. However,
such extra-complexity would not give any extra useful information to
FP inventory programmes.

It is necessary to have a rule for defining "isomeric state". The
compilers of END? assume that no level with a half-life leas than 0.1 sec.
need be considered separately as an isomeric state: this limit appears
quite adequate.
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Se (iv)* Cross sections

Inventory programmes need (n,y) cross sections for thermal,
resonance and fast groups. On the other hand, ENBP/B, being part of a
larger library, gives only point cross-sections for all relevant reactions.
However, few-group cross-sections will depend on reactor spectrum, and so
it will be desirable to be able to change them easily. Consequently, if
ENDF is adopted as standard, it is suggested the the FP library contain,
as an additional separate block, well defined few-group capture cross-
sections. The details of a proposed format can be discussed later.

Uncertainties

ENDF allocates space for uncertainties in half-lives, decay data
and branching ratios. This is an interesting and potentially useful
development, which is very much appreciated by FPND users. The inclusion of
yield data uncertainties should also be developed for EHDF. For problems such
as the calculation of the PP decay heat and its error, the Panel considers the
knowledge of FPND uncertainties as indispensable.

Conclusions

EJÎDP fits the requirements better than the other formats and as
it also has advantages in the international exchange of data, its use
as standard is recommended. It may be possible to make a few changes
in it to make it match up even better to the requirements.

Consideration of possible checking programmes should begin as soon
as possible. A short list of checks that could be made follows:

a. Yields should add to 2.
b0 v should be calculated, from the yields, for comparison with

recommended values? in addition, the mean atomic number should
equal Z/2, where Z is the atomic number of the fissile nucleus.

c. Partial decay energies should sum to the total available.
d. Branching ratios should add to unity.
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3. ?P INVENTORY AKD BEGAT HBAT

1T1. General subdivision of data requirements

3.1.1. Observations and conclusions

(i) FP inventory is the amount of individual and collective fission, products
present in a fuel element or part hereof, or in the reactor core, ax «Mjy
time during or after irradiation. FP inventories are required in nearly
all areas connected with the nuclear fuel cycle, as covered "by fcP*s 2-7
at this meeting. SPUD required for the determination of inventory are:

- PP yields
- neutron absorption and - capture cross-sections

- half lives
- decay branching ratios
These data are referred to as "inventory data" in the following.

(ii) In some cases only the knowledge of certain bulk properties of mixed
FP is required and the inventory of individual FP can be replaced by
that of groups of PP, e.g.:
- total FP absorptions individual FP are replaced by pseudeo FP?
- delayed neutronss the total delayed neutron yield or delayed neutron

groups are sufficient in most cases;
- total FP energy release: the concept of pseudo FP needs further

investigation

(iii) In some fields of application further decay data in addition to inventory
data are required for the calculation of certain properties of a mixed
FP source
- For the calculation of the total energy released by FP after reactor

shutdown, either the average S3- and ï-energy emitted per decay, or
the effective decay energy of (important) individual FP is required.

- The knowledge of penetrating radiation emitted by FP is needed in
shielding.

(iv) Finally, decay properties only are required for the measurement of
individual FP.
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- Properties of the characteristic radiations emitted "by FP have to be
known for their identification and for the determination of their
content in a sample.

- A number of decay characteristics of radioactive species are required
in all fields where the interaction of radiation with matter is
important, such as life sciences, industrial and agricultural applica-
tions.

3.2. Needs for inventory data and bulk properties of FP

3.2.1, Observations and Conclusions
The Panel noted that in general accuracy requirements for bulk properties
of FP, such as total FP absorption or energy release, or for the FP
inventory have been, well assessed in the review papers to this Panel*
However, a great deal of more work is needed to assign accuracy require-
ments to individual FPÏÏD consistent with those for bulk properties. In
particular, accuracies already achieved for available FPND should be
taken into account.

(i) Environme nt al and exposure studies require a rather complete knowledge of
PP inventories, starting from PP half lives as short as<l s in cases of
accidents and nuclear explosions. No studies have yet been performed to
evaluate the accuracy to which the FP inventory is required. Since a vast
number of FPND is involved in this field and a lot of information on
these FPND is already available, it is the feeling of the Panel that
- theoretical studies should be performed as to which FP constitute an

important hazard and to what accuracy the knowledge of their inventory
is required;

- the needs for individual FPND should be evaluated in the light of
the accuracy presently achieved ;

- with respect to the importance of FP with yet unmeasured properties,
limitations on the ranges of yields, half lives and Q values should
be given on the basis of theoretical considerations.

(ii) The Panel endorsed the conclusions of J.G. Tyror (RP 3) that is
is necessary to
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achieve a target accuracy of 2% in the prediction of the fuel
reactivity life times due to fission products alone for
thermal reactors:
evaluate the effect of fission products in a typical fast "breeder
reactor to within 0.5$ of reactivity, i.e. to within 10$ accuracy
in FP captures;
evaluate the change of reactivity held "by fission products due
to the Na-void effect to within 0.2$ of reactivity in fast
reactors, i.e. to evaluate the change of FP captures to within
30$.

pointed out that his target accuracies for individual FPND,
listed in Tables IV and VIII of RP 3t were obtained as one possible
and economically justifiable solution among others for achieving the
accuracy requirements for total FP capture quoted above. The Panel
accepted these target accuracies, as reproduced in Appendices A1-A4,
but recommends the study of other solutions based on the accuracies
which may be obtained both from experiments and theoretical calcula-
tions.

(iii) For FP release and contamination of reactor components, the Panel» after
some discussion, adopted C. Devillers1 interpretation (RP 4) of
R.H. Flowers' proposal of FPÏÏD requirements. These accuracy targets for
the general case without using any knowledge of the presently available
accuracy of the required FPHD are (l standard deviation):

inventory to - 4C$, comprising ;
fission yields to - 20$
half lives to - 5$
neutron capture cross sections sufficiently accurate to allow a cal-

culation of the term (À +Qp) to ̂  5$«
The last requirement should hold for fluxes of about 10 ̂  and 5 x 10 "*
neutronsxcm «sec for thermal and fast systems, respectively. The
Panel concluded that for stable FP 20$ accuracy on the capture cross-
section would be sufficient.

Individual figures again depend on the presently available accuracy of
FPND,, As can be seen in Appendix A3» the uncertainties of half lives
are much less than 5$ i*1 most cases and can in fact be neglected compared
to the 40$ uncertainty required for the inventory. Thus the toler-
able error of fission yields can be raised to about 40$ provided that
neutron capture is insignificant. The significance of capture cross
sections, on the other hand, needs further investigation in some cases.
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(iv) For failed fuel detection the Panel adopted the accuracy requirements
presented in RP 4 for the general case (see Appendix A3). Again, half
lives are generally known more accurately than required and accuracy
targets should he reconsidered as said under (iii) above.

(v) Fuel element design was not foreseen to be included in any review paper, but
data requirements were discussed briefly during the meeting. The technical
background and FPSD requirements are taken from a contribution to RP 4 by
R.H« Flowers with additions from the Panel discussions:

In fuel element design, chemical and mechanical interactions arising from
PP present in a burnt fuel element have to Tae considered, specifically s

- calculation of noble gas pressure within the fuel,
- calculation of oxygen potential changes due to replacement of U

or Pu by FP,
- calculation of volume changes in fuel.
General ÏÏD requirements for FP with half lives > 1 day are

(1 standard deviation)}
- FP inventory; to - 20$ for FP with cumulative yields - l$t

to - 50$ for FP with cumulative yields between 0.1 and ï.%,
within a factor 5 for FP with cumulative yields < 0.1$,

comprising»
- FP cumulative yields from

thermal fission of 233U, 235U, 239Pu and 241Pu and from
fast fission of 23V 233U, 2*\ 238U, 23?Pu, 2«0 Pu and

to i 15% for FP with cumulative yields -
to - 50$ for FP with cumulative yields "between 0.1 and 1$.,

within a factor 5 for FP with cumulative yields < 0.1$;
- "branching ratios sufficiently accurate to allow calculation of the

cumulative yield of daughter products within the limits given above;
- half-lives and capture cross-sections} the term (A + ofi) should be

known accurately enough to calculate the inventory within the limits
given above. Neutron fluxes to be considered and arguments for splitting
up accuracy requirements between T1/2 and o are the same as those stated
under (iii) above for FP release and contamination of reactor components.
Accuracies of capture cross-sections of stable FP should meet require-
ments for inventory after burn-ups up to 90$ FIMA.

Adequate calculation of the gas pressure within a fuel element due to noble
gas FP requires more accurate data:

- 10$ are required for the inventory of stable rare gases, comprising
i 5-10$ for cumulative fission yields (= chain yields), and
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- 5% for neutron capture cross-sections (if relevant)
The fission yield requirements listed are for thermal fission of %» U and
3°Pu and fast fission of U and 'Pu. Accuracy requirements are lower for
other fissionable isotopes listed above.

W half-lives exceeding 1 day are generally known accurately enough
to "be negligible against the other uncertainty limits given above.
Thus the accuracy requirements for yields -\% can be raised to
- 20$ if neutron capture is insignificant. Furthermore, for PP with
half lives > 1 day total chain yields can be used together with
branching ratios within the requested accuracy limits.

(vi) The Panel agrees that for fuel handling generally the total heat
released by PP should be known to - 5% or better from about 3 months
onwards. In future, this accuracy should be reached already from about
1 month cooling time onwards as needed for Pu recycling of fast-breeder
reactor fuel. Needs for energy released by PP are summarized in
Appendix A5.

The Panel accepted for its present survey the PPND requirements
presented in HP 7 which are based on more general considerations. It
recommends, however, to re-evaluate accuracy requirements for individual
PPKD with the aid of Devillers* decay heat studies, using available PPND.
These studies became available only after the Panel meeting and are in-
cluded as appendix to RP 4 and presented graphically in Appendix A5.

Data requirements for PP constituting a potential hazard in fuel
handling are generally agreed by the Panel.

(vii) Nuclear fuel burnup can be determined directly using long-lived stable PP
as burnup monitors (destructive and non-destructive analysis), or in-
directly (correlation studies) with the aid of ratios of the number of
PP atoms (destructive analysis) or of PP activities (non-destructive
analysis). Details are given in RP 5 and 6. Accuracy requirements for
burnup determination presented to the Panel ranged from about 2$ (USA,
EURATOM) to 5$ (Prance, UK, USSR). After some discussion the Panel
agreed on the PPKD requirements presented in the chapters 4,5 and 7,
which imply that
- burnup can be determined to about 3$ by methods presently employed

for destructive analysis;
- requested PPKD accuracies are just adequate for non-destructive

analysis; the implied uncertainties do not constitute a major source
of error.
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The Panel noted that generally ^ Nd, determined by destructive
methods, is the most suitable and widely used burnup monitor. Other

T A&
burnup monitors are required for practical cases where Nd is less
suitable. Burnup determination by non-destructive methods is gaining
importance, since it is less expensive,

The short-lived (compared to fuel irradiation time) FP Zr-Nb,
•%u, ^ Ba-La and ^ Ce'are used for the determination of burnup

after short-term irradiation and of fission rates within fuel elements
prior to discharge (rating measurements). Generally, such measure-
ments are performed employing non-destructive analysis and, compared
to long-lived stable PP, uncertainties are increased by the complexity
of irradiation histories, The Panel agreed that for these determina-
tions an accuracy of 5$ should be achieved; this implies the FPKD re-
quirements presented in Apjjendicee Al. A 3 and A4»

a) FPND requirements for Jburnup^moMtora are well defined. For the
determination of burnup primarily fission yields of burnup monitors
are required. For non-destructive analysis, half-lives and absolute
y-ray intensities are needed in addition. In order to derive the burn-
up from the measured inventory of a monitor FP, corrections for build
up and burn-out of this FP due to neutron capture may have to be cal-
culated. Uncertainties due to these corrections should be ^Ll$ of the
burnup. The requirements for the cases discussed below are given in
chapter 7 and Appendices A 1 and A4,
- The isotope Nd is not formed in fission. Therefore the amount of

•I A/J

Nd found in a mass-spsctrogramme is used to correct for contamina-
tion by naturally occurring Nd in a destructive measurement of FP Nd.
Prior to this correction the Nd formed by neutron capture in

Pr has to be subtracted. Presently available thermal fission
yields and the thermal capture cross-section of Pr are adequate.
No requirements have yet been specified for fast burnup.

- At high burnups from irradiations in high thermal neutron fluxes a
non— negligible amount of Nd is formed via neutron capture in
'Nd. The Panel noted that the capture cross-section of '̂Nd was

still unmeasured, while available data for fission yields and the
half-life were found to be sufficiently accurate for corrections.

- Farther corrections may have to be applied for buildup and burnout
of burnup monitors. The accuracies requested for fission yieMs of
burnup monitors are sufficient for these corrections and needs for
neutron capture cross-sections are discussed in chapter 7.
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b) The situation is different for .isotope ̂ qrrclat̂ on studies where
the method is based on a comparison of measured and calculated ratios
of FP atoms or activities. The Panel noted that the only isotope
ratio used routinely for turnup determination is that of the neutron
capture product -̂ Cs to '̂Cs. FPKD requirements expressed by the
Panel are based on RP 5 and 6, and results of a sensitivity study by
Foggi and Ley (ref [46] quoted in RP 6).

(viii) Safeguards: PPND requirements for jojst-ijiradiation̂ fuej. J*nalvsjLs are
mainly covered by burnup requirements, but FP isotope ratios
(correlations) are used more extensively in safeguards in order to

2̂ 9derive additional information such as cooling time, Pu buildup etc.
(see RP 6). However, the usefulness of these methods for routine in-
vestigations in safeguards remains to be proven. More work has to be
done to assess quantitatively the accuracies that can be achieved with
the procedures for analysis of spent fuel outlined in RP 6 and their
impact on ÎPND requirements.

The PPND that have to be known and their present adequacy for
safeguards are summarized below as observed by the Panel:
- Most of the FP used for ratios are also burnup monitors and the FPND

accuracies requested for burnup are adequate for safeguards.
- Thi, formed by neutron capture in 3̂u, is potentially useful for

o •50
the determination of burnup, fluence and Pu fissions. FPND accura-

cies for mass chains 153 and 154 requested in FP 5 for burnup deter-
mination correspond to a tolerable uncertainty of ~ y/o in the

TSu inventory, and hence also in the T3u invertory. This implies
I'S'*that the amount of '^Sm removed by neutron capture has to be known

to 3% accuracy. Since the half life of -Sm is known to < ~L%, the
term ojO should be known to - "$% of (A-KJ0). Requirements for the
unknown capture cross-section of Sm are discussed in chapter 7,
other requirements taken from RP 5 are given in Appendices A1.A3
and A4,

However, the Panel noted that also mass chains 149,151 and 152
contribute significantly to the T2u inventory at high burnup
levels through multiple neutron capttire, as shown by Eder and Lammer
(reference f 3 ] quoted in RP 6). Captxire cross sections and fission
yields are required in addition for these mass chains, but the
accuracies needed are not yet known.

- Isotope correlations using ^atios of Kr, Xe and Nd fission products
have so far been studied purely empirically (see RP 5 and 6). Much
more work is required, including calculations and sensitivity
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studies, in order to understand the processes involved, develop the
method to practical applicability and specify FPND requirements (see
RP 6).
For jfresh J>jgl_assay a complete library of FPND including PP

with half-lives down to 1 sec are of greatest importance.

3.2.2 Recommendations;

(i) The Panel recommends that investigations be performed in all user
areas, where this has not yet been done, aiming at a detailed specifi-
cation of needs for individual FPND and their accuracies. Such in-
vestigations should yield the following information:
- identification of FP important in the area concerned? criteria for

significance of FF with respect to yet unknown propertiesj
- accuracy requirements for bulk properties of FP or for FP inventory

data?
- needs for individual FPKD backed up by sensitivity studies; presently-

available accuracies of FPHD should be used, as observed by the Panel,
or taken from more recent evaluations.

These types of investigations should not only be performed to back up
a WKENDA~request (see Chapter 2 } but form the basis for review papers
and discussions of the proposed follow-up meeting on FPKD. The Panel
recommends, that studies be initiated as soon as possible.

(ii) When assessing the needs for individual FPKD, users should also take
into accounts
- whether higher accuracies for some FPM) are requested in other

application fields with high priority, and
- which sub-division of FPHD needs might be least expensive to be

satisfied.
The appendices on comparison of FPHD status and requirements may
help in these decisions»

3. 3», FP decay heat

3.3.1. Observations and conclusions

(i) Total energy released after reactor shutdown ("afterheat"); In three
different fields of application a knowledge of the decay heat gener-
ated within a fuel after reactor shutdown is required:
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- residual power as a function of time after emergency shutdown of a
reactor (in case of an accident), starting from zero up to a few
days cooling time (HP 4);

- fuel handling sand, intermediate storage at the reactor site, starting
from 8 hours up to a few months cooling time (RP 4);

- fuel transport, reprocessing and waste disposal, starting from about
1 month cooling time (RP 7),

The latte1" is discussed in the previous section. For the other fields
which are covered by RP 4» C. Devillers p-ives a. survey of different
user needs. The Pîvnel affirms the urgent need to improve the accuracy
of the afterheat function in order to save unnecessary derations of
reactors. The accuracy requirements for the total heat released as a
function of time has "been assessed bv the Panel in all 3 areas and is
presented i n

(ii) PP * contribution to ^ota^ a.fterheat; The Panel endorses the conclusions
of C. Pevillers (RP 4);
FP energy release has to be known primarily from thermal fission of
233U, 235Tj and 259Pu and from fast fission of 2^5U and 239Pu (see
Table A -̂Ibm in Aggendiy A^) . Of secondary interest are contributions
from "^ Pu thermal fission (recycled Pu) and fast fission (10-20$ con-

O "3fttribution to total fissions) and * U fast fission (about 1/3 of the
accuracy required for primary fissile nuclides).
However, it has been observed (RP 4) that the calculated afterheat

p "3Qchanges by ,̂ 1$ only if one replaces " Pu thermal fission yields by
fast fission yields. Therefore the knowledge of fast fission yields
appears to be not of primary importance.

The contribution of FP to the total decay heat is ̂ 40̂  up to 1 sec
cooling time, £> 50̂  at 10 sec and ̂ 90̂  from 100 sec onwards. This ex-
plains the accuracy requirements for the total energy released by W as
summarized in Appendi;; : A5 > (Tgable AS-Ib) .

(iii) Calculations and ̂ measurements of FPT ^decav^ heat ; M. Lott has reviewed
(RP 15) existing- calculations and measurements of enen^y released by
FP. The conclusions of I ott, Devillers (RP 4) and the Panel are sum-
marised below.

Essentially two methods are used to calculate the total FP energy
release. In one approach the total decay heat is represented by an
analytical formula which could be derived only from highly discrepant
measurements (K. Shure, see RP 15 for details). Tn the second and most
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widely applied approach the decay heat is calculated from inventories of
individual FP and their energy release per decay. Only this latter
method needs FPND and is referred to as "calculations" in the following
discussion.

At short cooling times (£ 10 sec) the calculations compared in RP 4
and 15 tend to under-estimale the heat release, particularly after short
irradiations. It can be concluded that this is due to very short-lived
(/- 1 sec) FP with unknown NI) which are, however, less significant at the
end of irradiations in reactor operations. Measurements would be re-
quired in order to fill this gap, "but rather large uncertainties of
individual FPND could be tolerated in order to reach the required accu-
racies of 25$ at 1 sec and 20% at 10 sec cooling time (see Table
Appendix A5) for the total FP heating, as due to the very large number
of contributing PP a partial cancelling of the uncertainties can be ex-
pected. On the other hand., the number of "unknown" FP increases with
decreasing cooling time. The use of an improved analytical expression,
derived from new consistent measurements of PP decay heat, might be more
suitable below ̂ 1 sec cooling time. Further investigations are there-
fore necessary to show whether and which new measurements of FPND are
required and/ or whether the unknown FP could be replaced by a lumped
short-lived FP for certain cooling times,

2 ^At cooling times of ~10 - 10 sec individual PP are more signifi-
cant and the calculations partly disagree. Available FPND are not suf-
ficient and improvements are required.

FPND required for cooling times above 10 sec are generally well
known from measurements. Calculations agree i*ell "between 10 and
7 710 sec . Above 10 sec, inhere only few FP are important, discrepancies

among calculations could be resolved by a comparison and critical re-
evaluation of the input data used.

Apart from some general statements about accuracy requirements for
FP decay heat the Panel noted only deficiencies in particular FPND as
included in the data libraries compared in RP 15, but no studies on their
significance were available. Therefore the Panel recommended an immedi-
ate action on the French group (Devillers, Lott) who surveyed the sub-
ject for the meeting, to prepare a list of important PP dominant at each
cooling time of interest for inclusion in the Panel proceedings (see (iv)
below).

Discrepancies exceeding individual experimental errors between the re-
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suits of different FP decay heat measurements are observed, which exceed
"by far those "between calculations. The Panel noted that these discrep-
ancies cannot "be resolved as the different experimental conditions do not
allow a direct comparison. Nor can the reliability of the calculations
"be checked in a meaningful way against discrepant measurements,

Existing discrepancies, among experimental results and possible systematic
errors can only be resolved ii' new measurements^ employing all available
methods, are performed under identical irradiation conditions; independ-
ent results could be obtained if such benchmark experiments would be per-
formed at different laboratories. After collection and proper evaluation,
these résulta could serve to derive an improved analytical expression for
the heating function.

In order to allow a comparison between different calculations and
between calculation and experiment, benchmark calculations should be
simultaneously performed at pertinent laboratories for the irradiation
conditions of the experiments and for a wide range of cooling tiroes,
Uncertainties of PPÎFD should be incorporated in the FPND libraries used
in these calculations and the uncertainty of the total FP decay heat cal-
culated in each individual case.

The analysis of the results of experiments and calculations should
yield the following information:
~ It should be possible to check the reliability of the calculations

and derive an overall uncertainty of the afterheat function.
- The analysis of agreements and disagreements between measurements

and calculations for different cooling- and irradiation times should
help to check uncertainties and. to identify significant deficien-
cies of input data used in the calculations.

- The comparison between all decay heat results at very short cooling
times should help to determine whether or not ND of new short-lived
FP, and which ones, have to be measured and included in PPKD
libraries.

- Finally, these benchmarks should enable to establish a detailed list
of ÎPKD requirements for "afterheat" for all cooling times,

(iv) Upon the recommendation of the Panel, C. Devil lers has provided a list
of ÏP contributing £ 1% to the total FP energy release at cooling tiroes

0 1 2 9of 10 , 10 , 10 ... 10 sec for 5 different practical cases (includingj>33r 235 239 219"II, U, -"Pu thermal and -"Pu fast fission). The results are
presented in detail as appendix to RP 4, and all 5 cases are combined in
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a graphical representation shown in Aggcndax t> A^ . Table ̂ A^II . The cal-
culations confirm the Panel's conclusions in several points:
- Up to -̂ ICO sec there is a larçe fraction of FP contributing less than

1% to the total FP decay heat.
- Ko F? contributes more than 4/t> to the total FP decay heat up to

sec,
- Only few FP are significant above about 10 - 10 sec.

.jc.(v) The results of Devillers* and Vossebrecker* s investigations can be
combined tdth the Panel's findings to the following conclusions:
- The present knowledge of FP chain yield data apnears to be adequate

for decay heat calculations. It should be sufficient to check the
influence of the difference between thermal and fast fission yields
for ?35U and ?'al?n,

- Fractional cumulative yields can probably be derived adequately from
empirical charge distributions, as discussed in chapter 4, However,
this point should be further investigated by sensitivity calculations.

- Seoui renents for decay d.T.ta can be rçiven rmalitsitively at least for
the dominant FP Identified by "Haveners.

px'esent knowl^d^e of ne^rron capture oross-srotions l.s sufficient
decay ^mt calcul prions (sec HP 4)»

- Rather la we sta+'^tiecil u nee •"ta: "tj es of ^ idividuaî WNB can be
tel erased bs low- 100 sec coolinr + înp .

- ^)eta^led "T)ec\ficatîorr of w^D T-«m;irer»"J-F hnve 'TI await the
oo^r-"1 etioîi of benc'r^aT-k experi-ner^ s and calculations. Therefore no
detailed comparison of FPKD sstatuo and uper rei.ru rements for after-
heat has been performed by the Pan^"1 .

j». ^.?. Recomnendati on<=;

(i) Although the FP decay heat va'vep ob+aiied. fr-or dl ^'ff-rent calculations
^ 7arree well for ^ooldn."* tine between 10"" and 10 s^oncls, it is not t»os-

sible to draw any definite conclusions on The uncertainty of the after-
heat fis net i on fT-or. thir s^reenient. ar? hhe sources of data are often the
Barae, Therefore the Panel recommends that ^e^ro^r bars should be in-
cluded in libraries of PPÎTD. ^^rorp should also "he ̂ stifated for theo—

* Stimulated by this Panel, K. Yossebreclfe^ (ÏN1EPJITC&1 GFBH, Bensber^, Koln,
has recently calculated uncertaintïes of the PP decay heat at various cooling
tiroes froT; FPND uncertainties. The results xvere ^otrarrnnj cated to the Scien-
tific Secretaries of the Panel and are s*.i~>:r/ari Keel here since they are of
interest in the context of the Panel's findings?
- The calculations confirm thai considérable FPND uncertainties can be

tolerated at short cooling times»
- Uncertainties of fission yields do not contribute significantly to the

overall uncertainty of the decay heat.
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retically derived ND values and new calculations of afterheat functions
and their uncertainties be performed.

(ii) Internationally coordinated benchmark expérimenta on W energy release
should be performed at different laboratories» These measurements should
be performed at given cooling times following irradiations art constant
sample power. The irradiation conditions should be as identical as pos-
sible. The methods involved are:
- calorimetry should be used wherever possible to serve as reference

method;
- other methods should be applied where calorimetry cannot be used,

i.e. above 60-100 seconds;
« above 100 seconds all methods should be used at given reference points

to allow an intercomparison.
The precision of these measurements should be as high as possible,

Parallel to these benchmark experiments and for the same measurement
conditions, icoordiinateidL t afterheat calculât ions, including estimates of
uncertainties, should be performed at different laboratories. This woulc
allow a better and direct comparison between different calculations and
experimental results and would give a first global test of the reliability-
of FPNB libraries.

The results of all benchmark experiments and calculations should be
collected, analyzed, evaluated and published together with conclusions
in a final report.
The Panel considers it important to have results of the benchmark experi-
ments available as soon as possible. Therefore the Panel recommends to

2 35start with first priority measurements! on U thermal fission, which is
simpler to perform, and only on a restricted range of cooling times»
235U could then serve as a standard for further measurements. Benchmark

239experiments on Pu thermal fission are proposed with second priority.
The Panel recommends that IAEA/WHS acts as the point of contacts and

organizes the benchmark experiments. Lott will work out the guidelines
with respect to experimental conditions and methods to be used and send
them to IAEA/WD3 for distribution. He will also supply IAEA/KDS with a
list of laboratories and/or scientists that could participate in bench-
mark experiments. IABA/KDS will work out a time schedule together with
Lott and takes the responsibility for contacting other laboratories and
coordinating the experiments. Lott will collect the results of the bench-
mark experiments and organize the evaluation and conclusion of the inter-
comparison. IAEA/NDS will assist him in the publication and distribution
of the final report.
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(iii) No means has yat "been established to communicate information on finished
or on-going étudies related to afterheat. In order to fill thia gap, and
particularly for the "benefit of the reviewer of this subject for the
following meeting, the Panel recommends that all such information be com-
municated to lAEA/NDS for collection and transmission.

(iv) Although a detailed formulation of user requirements will have to await
the completion of the "benchmark experiments, some actions should follow
Devillers1 study of FP important for afterheatj
- The tolerable overall uncertainty of the remaining FP can be derived

with the aid of the presently available status of the listed FP.
- More detailed FPND requirements can be worked out for cooling times

exceeding a few hours (~10 sec)
- Evaluators could concentrate on updating the status of nuclear data

of important FP and communicate poorly known FPHD to measurers via
the newsletter proposed in Chapter 2.

EP YIELD DATA

4.1T , Chain yields

This section deals with fission products whose cumulative yields
are essentially identical to the total chain yields.

4,1.1. Observations and conclusions: user requirements

(i) The Panel agreed that burnup measurers would be satisfied at present
with an accuracy of 2% in the yields from the major fissile isotopes
with a long-term goal of 1$. The yield accuracies required for short
lived FP used in non-destructive fuel analysis were considered to be
not as stringent in view of the lower accuracy of the methods con-
cerned.

The Panel noted that at present Nd is the most suitable
burnup monitor that is commonly used for different fast reactor fuel
types. However, it has been noted in HP 5 that the variation of its
fission yield with the median energy of fast reactor spectra (ex-
pressed as spectral index in HP 5) niay exceed the requested accuracy,
particularly the long term aim of 1%. Therefore the variation of
the N̂d fission yield with incident neutron energy has to be known
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to the accuracies specified in. appendix AI in order to achieve the
required "buraup accuracies. As any determination of ^Nd either
for Tsurnup or in a fission yield measurement involves a determina-
tion of all FP Nd, the Panel recommends to extend measurements of
the energy dependence of yields to all Nd isotopes. 'This should
enable users to select the moist suitable buraup monitors.

(ii) Thermal yield requirements f or J^ej^jlejsign are met "by the available
data (see Appendix Al).

In the case of fast reactors the requirements are separated
into those for the calculation of the gas pressure within a fuel
element, and those for the investigation of chemical interactions of
FP with the fuel and cladding material. The former requires yields
of stable rare gas FP only.

For investigations of the chemical state of fast reactor fuel,
the knowledge of complete mass yield curves is retired. This is
primarily of importance for fuel design and development. However,
auch investigations are also of interest for buroup, as information
on diffusion, migration and volatility of FP influence the selection
of buraup monitors for different types of fast reactor fuel,
Requirements for fuel design contributed by HTH« Flowers are pre-
sented in section 3.2 (item (v)). Independently, this topic was
discussed "by the gubgrougjan chain ylgljg « Requirements expressed
lay Flowers and the subgroup ' are presented separately in Appendix Al.

(iii) All further requirements for PP yields as presented in review papers
and agreed by the Panel are summarized in A^pendiy Al. They are,
however, subject to the limitations discussed in chapter 3 (inventory
data). In particular, the Panel noted that certain yields can be
estimated within an uncertainty margin of 10-30$ by interpolation or
calculational methods, which would satisfy some user requirements»
Since accuracy objectives for bulk properties (e*g. total FP captures
(RP 3) and FP decay heat (BP 7)) can be achieved "by different ways of
allocating requirements for individual FPND, the study of other solu-
tions is recommended on the basis of available yield uncertainties
and the capability of estimating unmeasured yields.

(iv) Stable and long lived FP contribute to the production of photo-
neutrons via capture- and decay fraye. Although this topic was not
discussed in detail by the Panel, it should "be noted that the know-
ledge of FP chain yields is required, and detailed needs should be
investigated.
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4.1.2 Observations and conclusions} status of FP chain yields

(i) JThermal .fission fields
Prom the information presented in HP lia and the data given in
Appendix AT. it appears that the majority of the requirements for
thermal fission yields has been met with the exception of a few
cases where discrepancies among experimental data and larger uncer-
tainties still exist, as shown in more detail in Appendix AI . How-
ever, the Panel did not consider it economically feasible to initiate
additional extensive measurement programmes for the determination of
thermal yields. Evaluatore should rather try to resolve discrepancies
by careful examination and selection of existing experimental data and
recommend some limited less expensive measurements if deemed necessary.

The Panel noted that "fast" yields of certain FP important for users
depend on incident neutron energy in the range of interest for fast
reactor applications (see BP 5 and lib). Therefore, user requirements
have to be understood, at least in principle, as being expressed for
yield data as a function of fast reactor spectrum. However, the Panel
concluded that a term "fast yields'* should be maintained and associated
with a set of yield data for the present survey (Appendix̂ Al) as well
as for future considerations for several reasons:
- In the past, reactor neutron spectra used in fission yield measure-

ments were generally not defined. Consequently, fast yields ob-
tained in current evaluations, from which the data status is drawn,
are not well defined either. Therefore the status of fast yields
reviewed by the Panel has to be used in this sense and is explained
in detail in Appendix Al,

- For most fast reactor applications the change of yields with neutron
energy is well within the requested accuracy limits. Even for the
most stringent requirements, the variation of yields in the mass
peaks is expected to be tolerable.

- Future large fast reactor power stations will have rather similar
neutron spectra.

- Therefore it is desirable that also in the future "fast yields" be
evaluated, although for defined neutron spectra, which may be
associated with some kind of information on the energy dependence
of yields. In the transition period, fast yields have to be used
as they are defined by evaluators.
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Yield measurements will continue to "be performed in fast reactor
spectra and will most likely be considered as one separate group of
data by evaluators. The classification "fast yields" will "be used
for this type of measurements, "but information on the neutron spectrum
in which yields were measured should be included in publications. The
way in which fast yields will be presented by evaluators depends on
their individual approach to the problem, "but it would be desirable
to relate the definition of "fast yield" with neutron spectra of com-
mercial fast breeder reactors.

A number of requirements for fast yield data have not been
attained; however, extensive measurement programmes are in progress
in various Member States. These programmes, the expected accuracies
to be attained and the projected completion dates are outlined below:

Euratom (Koch)
Absolute yields of Cs, Ba, Ce, Nd, Sm and Eu isotopes, and
relative yields of Kr and Xe isotopes are being measured in fis-
sion of 232Th, 233U, 235U, 236U, 238U, 237*p, 239Pu, 24°Pu, 241Pu,
OvIO O>1T O yt ̂

Pu, Am and Am irradiated in the French reactor Rapsodie.
The work on 235U, 238U, 237Kp, 23?Pu, 24°Pu and 241Pu will be
completed in 1974> the remainder before 1977»
France (Bouchard)
Measurements are being made of the yields of ill Nd isotopes from
the fission of 235TJ, 23 U, 239Pu, 24°Pu and 241Pu irradiated in
the fast reactor Rapsodie and Phénix. The measurements in Rapsodie
are almost finished, while those in Phénix should be completed In

<p -5 Q 0.1" O Oyl "I
1975» Nd yields in fission of Pu, Pu and Am are also
being measured in Phénix.

India (Ganguly)
Radiochemical measurements of fast yields of nuclides in the wings

233 235 239of the mass yield curves from the fission of U} U and Pu

are being made. Expected completion date 1976»

Switzerland (Von Qunten)
Radiochemical measurements by Y-spectrometry of yields of nuclides

235from mass 87-105 and 129-151 are being made for fissioa of ^U
and J7Pu in the Proteus reactor which has a neutron spectrum
similar to a Helium cooled fast reactor. The experiments have been
completed and the accuracy achieved is 2-5$. The final results have
been submitted to Nucl.Sci.Eng»
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U.K. (Sinclair. Cr6uch)
Mass spectrometrio measurements of fission yields of all Vd isotopes
and of some long lived isotopes from fission of

235U, 239Pu, 24°Pu and 241Pu, irradiated in the WB reactor,
are being made by Sinclair.
The work should be completed by 1976.
Similar measurements are being made by Crouch for fission of
235U, 238U, 239Pu, 24°Pu and 241Pu irradiated in the DPfi reactor?
the first three of these should be completed by 1975» the others
will start in 1974. He is also carrying out a similar series of
irradiations in PFB, starting in 1974.

U.S.A. (Maeck)
Mass spectrometric measurements of yields of the entire mass
yield curve are being carried out on samples which have already
been irradiated in EBR II. Measurements have been completed for
35U and 3 U, but have still to be done for 233U, 239Pu, 24°Pu,

241Pu, 242Pu, 24V 243Am and 237Np. Samples of 233U, f
O O Q O A *lPu and Pu were irradiated in two different EBR II spectra
so as to examine the effect of neutron energy.
USSR
Measurements are in progress on the reactors BOR-60 and BR— 5 in

' connection with an investigation programme for fast reactor
physics and burn—up» Yield measurements using mono-energetic
fast neutrons are also being carried out on a number of fis-
sioning nuclides.

It is possible that these measurements will be sufficient to
satisfy user requirements after they will have been reported and
evaluated, but the Panel feels unable to express this possibility in
a quantitative way.

(iii) jjjfjtect^ojf .neutron «gngrjgy^on .fissiojj field

Systematic studies of the effect of neutron energy on yields should be
performed at least in the mass ranges 103-125 and 140-155. For other
chain yields it should be sufficient at present to check the extent of
the energy dependence. The ultimate goal would be the derivation of
an expression that associates yields with neutron energies. The
important function of evaluators is to correlate measured yields with
neutron energy, identify significant changes and find the most suit-
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able way to describe fast reactor spectra in terms of an energy
dependent parameter.

Several ways are used to characterize fast reactor spectra;
- The spectrum can be given point wise or in energy groups.
- An average or median energy can be given. The fast yield data in-

cluded in EN33P/B-I7 are defined for a reactor spectrum having an
average energy of 0.5 MeV.

- The recent results of Maeck et al (see RP 5) are associated with
a spectral index cf(238U) / of(235U),

- The Lawrence Livermore Laboratory (USA) defines a fission-spectrum
source as one that gives ĝCd R-value of 2.80 for ^ U fission
(i.e. *̂*Cd yield ratio from fission spectrum/ thermal
g-JCD fission). This definition can be extended to characterize any
neutron spectrum or discrete neutron energy.

Some of the measurements in the USA (Maeck) described above
2V3together with yield measurements on J Pu and ~̂ U with mono-

energetic fast neutrons in the UK (Cuninghame) should throw light on
the problem of the energy dependence of fission yields. It is to be
hoped that some suitable parameters by which this effect can be char-
acterized will emerge from these results»

The requirements summarised in Agpendix̂ Jil are the ones essen-
tial for the nuclear fuel cycle of thermal and faat reactors. The
Panel wishes to stress that other fission yield work at neutron

252energies up to 14 MeV, including measurements in the ^ Gf fission
spectrum, would not only help in the evaluation of the neutron energy
dependence of the fission yields, but would also be essential to im-
prove our understanding of the fission process itself.

(iv) Jyaluation̂ work
In view of the increasing volume of expérimental data on energy-
dependent fission yields it is desirable to rationalize the compila-
tion of these data. It is recommended that évaluât ors exchange compi-
lations of experimental data with the object of establishing a common
computerized data base which can be used by all evaluators and others
interested in FPHD.

Discrepancies have been discussed in review paper lia and during
the meeting which urgently need clarification. In evaluations in
which the normalization procedure (see RP lia) is used, any changes in
some adopted yields would entail a renorraali nation of the whole yield
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curve, This, in turn, involves changes in all M» yields that could
occasionally exceed previously assigned uncertain-ties.

Evalution work is important for the quantitative determination
of the dependence of fission yields on incident neutron energy.
Evaluators are asked to systematically compare and analyze experimental
results from different well defined fast reactor spectra. In parallel,
the analysis should "be extended to yield data from thermal neutrons to
14 MeV. These investigations should aim atjdariving the most suitable
and simple description,of fast reactor spectra, and presenting the
energy dependence of fission yields. Appendix Al indicates the work
required to satisfy user needs»

4.1.3. Recommendations

(i) In the case of thermal fission yields the Panel recommends that
«valuators be supported by the pertinent authorities and by the
authors of published data in their task to carefully analyze
existing experimental data and uncertainties in order to resolve
existing discrepancies. In order to reach required accuracies
gamma-spectrometrie measurements) as recommended in HP lia, would
be sufficient.

(ii) In these cases where the accuracy achieved for fast fission yields
(see Appendix Al ) does not meet the requirements, further work
should be done to reach this accuracy* It is possible» and in many
oases probable, that the work in progress summarized above trill
satisfy the requirements after it has been reported and evaluated.

(iii) Measurers should include in publications specifications of neutron
spectra from which they obtain fast fission yields. Work in pro-
gress should be completed and reported as soon as possible.

(iv) Investigations of the effect of neutron energy on fission yields
should be done by both measurers and evaluators. The present re-
quirements are given in Appendix Al, In order to help establishing
the systematics of this effect, the Panel recommends that labora-
tories be encouraged to continue PP yield studies for incident neu-
tron energies up to 14 MeV or neutron energy spectra other than those
of fast reactors (e.g. ̂  Cf fission neutrons).
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(v) Evaluators should aim at establishing, and working from, a common
computerized experimental data base.

_4T2. Direct and cumulative yields

This section deals with FP yields that cannot be calculated with
confidence from total chain yields.

4.2.1. Observations and conclusions

(i) Direct and cumulative yields are needed wherever an inventory of
(short-lived) radioactive species is required. Presently needs were
expressed for FP release, contamination of reactor components, fuel
failure detection, (RP 4) as well as for fuel handling (HP 7). As
discussed in section 3.2, the requirements for uncertainties of
cumulative yields can be-raised to about 30-40$ in the case of FP
release and contamination of reactor components. Again, the other
needs are subject to the limitations expressed in section 3.2 on
inventory data.

(ii) FP decay heat; Using mainly calculated (E.A.C, Crouch, AERB-R7680,
1974) and some experimental (Appendix A2, RP lia) data, the following
distribution of fractional cumulative yields of PP listed by
C. Devillers for cooling times of 1 s - 100 s (see section 3.3. and
Appendix A5) is obtained:
- about 60% of all listed FP, -70$ at 100 s and~70$ of those FP which

contribute > 2% to the total PP decay heat have i 95% of the total
chain yield.

- only about 20% of all listed PP at 1 s cooling time and 4% at 100 s
have ̂  60% of the total chain yield.

- none of the PP contributing > 2% to the total PP decay heat have
< 80$ of the chain yield.

This survey is for thermal fission yields of -U and ™Pu. The
situation is not much different for fast fission of these isotopes. The
main uncertainties are in calculated fractional independent yields and
tend to cancel for cumulative yields of PP with Z > Zp, particularly for
cumulative yields close to total chain yields. Therefore calculated
cumulative yields of 5.95$ should generally be correct within 5$» uncer-
tainties of calculated cumulative yields 260-70$ should still be within
10-50$, but may be a factor of 2 or more below about 60-70$.
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Since a large fraction of the FP contributing to the total decay
heat at cooling times up to 100 seconds have low yield uncertainties,
and the Panel concluded that rather large uncertainties of individual
FPKD can be tolerated in this range of cooling times, calculated frac-
tional yields may be sufficient for the time being, until more detailed
investigations on needs are available.

(iii) Future needs; Detailed lists of independent and cumulative yields and
their accuracies required for FP-decay heat calculations and environ-
mental aspects should be available at the follow-up meeting.

(iv) RP lia, appendix B, shows that only very few measurements of direct
and cumulative yields from thermal neutron fission exist) the

235majority being for U« As Appendix A2 shows, they are just suf-
ficient to fulfil most of the requirements expressed at this Panel*
However, the overall uncertainties of the available data should be
evaluated, as some remarkable discrepancies are evident in table Bl
of HP lia, and experimental data are often not consistent with a
Gaussian charge dispersion curve (of. Appendix A2),

(v) There are practically no measurements of direct or cumulative yields
in fast neutron fission. Much experimental work remains to be done
to satisfy' the user needs.

(vi) A number of cumulative yield requirements for fuel handling concern
branching ratios to metastable and ground states of FP. Since these
yields cannot be derived from charge dispersion curves, they have
to be measured directly or to be determined with the aid of ohain
yields and branching ratios.

(vii) The Panel noted that calculational methods for fractional yields using
semi-empirical charge dispersion models could help to fill gaps in
experimental data. However, experimental data are too scarce to check
the general applicability of these models. Furthermore, there is
experimental evidence that the presently adopted charge dispersion model,
using a unique Gaussian width parameter, is not adequate (see RP 16).
Therefore it is at present impossible to estimate meaningful
uncertainties in calculated independent yields. A possible
exception is U thermal fission, where sufficient experi-
mental data are available for deriving Gaussian charge dispersion
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parameters of individual mass chains. Further measurements of
independent yields are required
- to check the reliability of existing models and help to develop

improved models?
- to allow an sstiaation of the uncertainties of predicted yields?
- to allow a more reliable extension of these models to other

heavy rtuclides and other non-thermal neutron, energies,
HP 16 shows that for the development of improved semi-empirical
models further investigations in other areas, which are beyond the
scope of this Panel, are also required, such as prompt neutron
emission, primary fragment mass and charge, fission theory, etc.

(viii) It should "be noted that extensive measurements of direct yields
are "being performed by Ami el (Israel), the results of which should
throw light on charge dispersion models.

4*2.2. Recommendations
(i) Further measurements of independent yields, particularly in

2"î5U thermal fission should be encouraged to improve and check
calculation»! models.

(ii) Measurements of independent 5P yields for other heavy nuclides
should be initiated to fill the gaps and enable to check
predicted yields,

Methods

4.3.1. Observations and conclusions

The Panel noted that a number of fission product chain and
independent yields required for applications are only available as
calculated or estimated values, based on semi-empirical methods
and interpolations. The Panel felt that calculated yield curves
presented in RP 16 reproduce eiperinjeutal data well enough to satisfy
some user requirements for low accuracy yield data. However, at
present uncertainties of calculated yields have only been estimated
or obtained for overall fits to experimental mass yield curves. The
Panel suggests that empirical uncertainties be derived systematically
from a comparison of individual calculated and experimental yield data.
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4* 3«- 2. Recommendations
The Panel therefore recommends that

(i) promising work on the development of calculations! methods for
independent and cumulative FP yields, as reported in HP 16,
be farther persuedj

(ii) semi-empirical models be improved whenever new data become available;

(iii) attempts be made to assign uncertainties to calculated FP yields.

5. DECAY DATA

5.1. Commuaicaption of new results

Decay data of short-lived fission products have recently gained
increasing importance in applications. Concurrently much effort is
being devoted to the measurement of these data and the Panel notes an
urgent need that such data reach evaluators and users as fast as pos-
sible. Apart from the benefit of the newsletters proposed in chapter 2
the Panel wishes to emphasize that the Recent Reference sections of
"Nuclear Data B" are invaluable.

5.2. Observations and conclusions

5.2.1 User requirements

(i) There was some discussion on precision data requirements for environ-
mental research and routine work, but no agreement could be reached.
Since no specific àata requirements have yet been assessed in this
area, the Panel concludes that requests for further measurements should
await more detailed sensitivity studies. However, the more general
request formulated in Appendix A3 seems to be justified at present,

(ii) The accuracy of half lives of I and Xe required for reactor
kinetios (RP 3) is met*

(iii) Accuracy requirements for decay data put forward in RP 4 for burst
fuel detection, PP release and contamination of reactor components
are based on general considerations without taking into account avail-
able accuracies of FPHD. As these requirements are not very stringent,
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they are accepted lay the Panel ana are listed in Append ix^ A3,» Apart from
those decay data, for which accuracies have not "been assessed, the needs
in these areas are either fulfilled or easy and inexpenaiVa to
achieve. A revision might be necessary in cases -where requirements for

FPKD other than decay data are not met, based on sensitivity studies.
In quoting accuracy requirements for branching ratios it is assussed

that they are the same as those for Y-ray intensities.

(iv) Requirements for jjg^d ecay, :ih eat can only be given qualitatively at present
(see section 3-3)- ^he decay data required for the calculation of the
energy released by PP and deposited within the reactor are PP half-lives
and effective Q values (Q ff, j.e. Q~EV).

Apart from completely unknown FP, a number of PP with very uncertain
half-lives and unkno\m Q~vali;es contributes to the decay heat at short
cooling times up to 100 sec. Although accuracy requirements cannot yet
"be given, an improvement of the present situation is definitely necessary.

Decay properties of FP important at cooling times £.1000 sec are
known, but partly too unprecise to allow a reliable calculation of the
partition of the energy released among B, y and v" (antineutrino)..

(v) After some discussion the Panel agreed on baraup^ requireraent Ls as

presented in Appendix A3» These include also requirements for non-
destructive analysis of spent fuel in safeguards, which have, how-
ever, lower priority. Tha capability and practical applicability of
the use of PP activity ratios is still under investigation and may
justify needs for more accurate decay data.

The needs for froah_ fuel, assay in safeguards are agreed by the Panel,
especially in view of their low priority.

(«i) Decay data requirements for _fuela handling are generally acceptable at
present. The Panel concluded that for problems concerning heat
released by fission products in spent fuel the knowledge of average
p energies in addition to y-ray data (as proposed for PPND libraries:
see annex 3 to chapter 2) are sufficient. However, for shielding
(see (viii) below) high energy y's and p's (bremsstrahlung) are important
and the knowledge of their energies and intensities is required»

(vii) Applications in industry^ agriculture and^life^sciences require mainly
decay data. The Panel noted that in these fields not only pure FPîTO are
required, but that also other uncertainties discussed in RP 8 and 9
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constituée a problem. Nevertheless, PPUD of higher accuracy are required
for research work and included in Appendix A3.
The Panel supports the request for inclusion of Auger electron data in
evaluations.

(vxii) A.J. Pudge reported to the Panel that he had observed high energy gamma
rays penetrating through thick: shields around spent fuel during trans-
port and reprocessingo Several of these gamma rays could not be identifie
with the aid of tabulations of known FP gamma ray dataj or their abundanc
is very uncertain0 The Panel endorses the conclusion of Fudge that the
observed gamma rays are of very low abundance and not measured in decay
property studies. In view of the hazard that high energy gamma rays
penetrating through thick shields constitute} efforts should be made to
identify and measure them as outlined in Append i JE Aj„

(ix) Passion yields can be measured rather accurately and inexpensively by
gamma spectrometry* Decay data needs depend on the accuracy to which
the yield is required. If yields are to be measured to 1-2$ accuracy,
then half lives and absolute Y-ray intensities are needed to - 1% and
better.

(x) Prompt f-raya in fission as well as high energy gamma rays from fission
products and bremsstrahlung are sources of photorieutrons. Short-lived PP
with high Q values should be studied for high energy Y's and 3's. This
subject was, however, not discussed by the Panel in greater detail and
further investigations on existing information and pertinent PP are
still necessaryo

5.2.2. Individual decay data

(i) Eguilib_ri-qro activi ti es ; In the case of PP where the daughter reaches
equilibrium with its parent rapidly, it is assumed that the equilibrium
activity is important for ̂ sers. The half life of the daughter and the
branching ratio of the parent to the daughter are considered to be un-
important in those cases. Instead, radiation intensities of the
daughter nuclei per decay of the parent nuclei and their accuracies
are included in this survey.
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Half life requirements are generally met at present with the few excep-
tion? noted in Appendix A3. In some cases it would be sufficient to
assess the uncertainties or to resolve discrepancies. In future half-
lives may be requested for a number of shorter lived FP after needs for
environmental aspects, fresh fuel assay in safeguards and afterheat are
assessed. The uncertainties of these data, including those of FP
listed in AppendixA5. should be evaluated for the next survey of the
field of ÏFND.

(iii) For branching ratios it is assumed that in most fields the required
accuracy is expressed as % uncertainty per decay, except if the un-
certainty of the branching ratio itself is specifically requested.
With these assumptions specifically expressed requirements fAppeiidijr^A^)
are met.

(iv) A number of needs for absolutegamma ray intensities is not yet met and
new measurements are needed, Particularly in gamma ray intensity measure-
ments statistical counting uncertainty and systematic errors (calibration,
impurities) should be separated„ In addition to the more general recom-
mendations included in chapter 1, the Panel strongly recommends that this
be taken into account by evaluators and measurers, and that the latter
include pertinent information in their publications. It should be men-
tioned that for the evaluation of absolute intensities of gamma rays
auxiliary decay data like internal conversion electron intensities or

conversion coefficients and ground stats beta decay branching are

required, the accuracy depending on their contribution to the overall
erroro

(v) gamma ray energies are generally needed only for identification of FP.
The accuracy required has to be compatible with the resolution of com-
monly used Ge(Li) detectors. Since detectors used in research measurements
on gamma rays are usually of higher resolution than those used in applica-

tion fields, gamma ray energies are sufficiently accurately known, -with
the exceptions noted in Apii'p>enidixii A^.

Needs for group and mean energies of gamma rays, which are required with
much lower accuracy, are a forteriori satisfied.

(vi) £-ray and conversion electron data uncertainties have only been eval-
uated by Martin and 3Hchert-Toft (1970) and by Martin (1973)
(references [l] and [8] in Ajapjendjx Aj). However, these evaluations do
not include all PP listed in the table of Appendix Ag. and the status
field had to be left blank for some W. An inspection of this table
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shows that for those FP, for which uncertainties are available, most
requirements have "been fulfilled. Further requirements for {3-ray data
not expressed for individual FP arise from evaluations of absolute
Y-ray intensities and decay branching ratios, from decay heat calcula-
tions and environmental studies»

(vii) It has been noted in subsection 5.2.1 that data on the energy release
of individual PP needed for FP decayMi heat calcul at iona are lacking or
inconsistent. In order to deduce effective decay energies from
Q values, the energy carried away by antineutrinos (Êy ) has to be
known, which requires measurements of p-gpectra. G. Rudstani informed
the Panel that several of the "unknown" FP (see subsection 5.2.1) have
been identified at Studsvik, Sweden, and that his laboratory would be
in a position to directly measure Ep and 33 separately. Such measure-
ments would be very valuable not only in reducing the number of FP with
poorly known decay properties but also would they allow a comparison
with data deduced from p-spectra. Upon the recommendation of the Panel
these measurements have already been initiated.

(viii) Auger electron and X—ray data are only given by Martin and Blichert-
Toft (1970) and Martin (197 "i) among the evaluations discussed in RP 12
(references [l] and [8] in Appendix A3). The accuracies of available
data listed in these publications are presently sufficient to satisfy
requirements for applications discussed in RP 8, but do not include all
FP for which the data are needed.

5« 3» Recommendations

(i) User requirements; further investigations of needs should be performed
to yield more specific requirements for individual decay data. This
applies to all user areas where needs for individual FP have not yet
been assessed, and to those requirements which are based an more general
considerations and are not satisfied by available data.

(ii) Evaluations; the survey of the status of decay data presented in
Appendix A3 is essentially based on evaluated uncertainties of
references [l,2,2a,8] (reference numbers are those of Appendix A3)
and is therefore incomplete. The situation is better in the case of
half life data (Appendices A3 and A5_) where evaluated uncertainties
are also available from RP 12 and Nuclear Data Sheets. Therefore the
Panel wishes to impress especially on evaluators of decay data the need
to give uncertainties, list experimental data and auxiliary assumptions
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used in evaluations. Decay schemes and p-branching intensities based on
y~ray measurements and theoretical conversion coefficients should "be
checked carefully. Data on average & energies. Au^er electrons and

and their uncertainties should be included in evaluations. An
extensive literature search should be made for the next meeting of
this kind and lists of further measurements required should be given
where data are lacking or unresolved discrepancies exist.

(iii) FP rjdecay heat; the Panel recommends that average (3 and y energies be
measured for FP where the decay energy is poorly known and supports the
initiation of such measurements at Studsvik (Sweden). Furthermore,
efforts should be concentrated on measuring (3-spectra which have (so far)
been studied far less than y-spectra. A suitable method would be to
measure the gross p~spectrum (from low energy to maximum) for individual
FP.

(iv) In all cases, where specific needs for individual PP and groups of PP
listed in Appendix AJ have clearly not yet been fulfilled (particularly
y-ray intensities), further measurements should be performed to satisfy
them.

(v) More emphasis should be given to measurements of intensities of 3-transi-
tions to ground states and metastable states with half-lives of more than
a fevj hours (e.g. !Vb, Tc). More accurate data, also on conversion
electrons, than presently available are required to enable evaluation of
absolute y~ray intensities in those cases where requirements have not yet
been met (cf. Appendix A3). For some FP nuclides with very high intensi-
ties of ground state & transitions (e.g. ^Ce- ^Pr) direct measurement
of the gamma ray emission probability is preferable (cf. e.g. the method
proposed by K. Debertin, contribution to RP 12, these Panel proceedings,
Vol. 3).
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6. DELATED NEUTKONS

Observât! oos and conclusions

6. 1. Absolute -total delayed .neutron yields

The situation for thermal and fission spectrum total delayed
neutron yields is considered to be satisfactory for all fissile nuclides
in the context of reactor design and operation (review papers 3 and 4).

5 <%D
For ^ U, where the difference between the older work of Keepin and the
new Los Alamos work (table 1, paper 13) is about 15$, the fission spectrum
total delayed neutron yield requires checking in order to meet the +5$
accuracy required for the special reactor kinetics purposes outlined in
RP 3.

239For Pu it is observed that the accuracy of the fission spectrum
average value of the total delayed neutron yield is only +8$ and does
therefore not meet the required

The Panel believed that in general the requirements for burst
fuel detection (review paper 4) are satisfied by the present data.
However, it might be possible that the use of total delayed neutrons
for burst fuel detection may be subject to errors due to changes in the
fuel composition with time and to diffusion and absorption processes
which differentiate between precursor chemical species.

In order to remove systematic errors in delayed neutron yield
measurements, which may exceed +5$, due to differences in normalization,
standard neutron sources should be prepared for the calibration of the
efficiency of neutron counting equipment. An intercomparison of standard
neutron sources used at different laboratories would be required»

j. 2 1 Composite haj.f-Iife groups

The use of 6 groups seems to satisfy practical requirements,,
If any need for higher accuracy arises, a splitting into more groups
may be necessary alongside more accurate information on the decay curve.

It seems that the data for the group half lives and yields given
for thermal and fast fission show only small differences which are
probably not significant when considering various fast reactor spectra.
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j?»3» Delayed neutron precursors
For most practical purposes the chemical and iaotopic identity of

delayed neutron sources is unimportant except where chemical processes
may "be of interest* for examplej in homogeneous reactor fuels such as
in the molten salt fast reactor or in burst fuel detection»

If chemical processes take place one would require "better data on
delayed neutron yields, delayed neutron emission probabilities (l?n) and
fission yields to allow calculations for various situations of fuel
composition and chemical fractionations. Practionation can result in
changes of composite half -lives and delayed neutron spectra which may
be of interest in such situations.

«

There are conflicting data at present such that errors up to
exist in these values,

Accurate P values and fission yields would allow calculation of
total delayed neutron yields for different fuels j alternatively
delayed neutron precursor yield measurements for each individual
fissionable isotope would be necessary,

Looking further ahead, a consistent set of delayed neutron precursor
data is necessary to describe all occurring situations of fuel composition,
chemical fractionation and neutron spectrum.

The panel noted that precision measurements of P values are in
progress in Israel (Amiel) and Sweden (Rudstam).

64 Energy spectra
The neutron energy spectrum for delayed neutrons as one group is

available but no complete time dependent spectra.

If synthesis of neutron spectra for various fuels or for situations
of chemical fractionation is necessary it will be required to measure
neutron spectra of individual precursors or at least of time dependent
groups.

The Panel noted that G« Rudstam (Studsvik, Sweden) is measuring energy
spectra of the following delayed neutron precursors:
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(Zn or Ga)-79, Ga~80, Ga-8l, Br-8?, Br~88, Br-89, Br-90, Br-91,
Rb-93, Hb-94, Rb~95, In-129, In~130, (3n-Sb)-134, Sb-135, Te-136,
1-137, 1-138, 1-139, 1-140, (I+Cs)-141, (l+Cs)-142, Cs~143 aad Cs-144.

By the time of the publication of these Panel proceedings some of the results
are already published, others are being prepared for publication.

(i) Further measurements are recommended in order to reach the
accuracies required for the fission spectrum averaged total
delayed neutron yields for -U and Pu,

(ii) It is recommended that a standard neutron source with an energy
spectrum similar to that of total delayed neutrons be prepared
for intercomparison of individual laboratory standards used for
calibration of neutron counting efficiency.

(iii) The Panel recommends further investigation of the significance of
changes in effective delayed neutron data caused by chemical
processes in the fuel. This would enable the identification of .addi-
tional needs for individual delayed neutron precursor data in-
cluding neutron spectra in the light of the present knowledge
and of the measurements yet to be completed.

7. NEUTRON CROSS-SECTIONS

7*1» , General recqnrniendations ̂for.̂ uotin̂  accuracy requirements

(i) The Panel agreed that for reactor applications target accuracies
for neutron reaction cross-sections of PP should b© given in
absolute values (i.e. b or mb). This is particularly important in
cases where a oroes-aection is unknown in part of- or the whole
energy range j since the significance of a particular PP depends
upon its reaction rate which is proportional to the product of its
reaction cross-section and its yield. The competition between
neutron absorption and radioactive decay should also be considered
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and the FP classified for accuracy requirements aa proposed in

RP 10.
(ii) As an exception target accuracies can be given in % if tfce ampunt

of a product built up by neutron capture in a PP is of primary
interest for specific application» such as flux monitoring. In this
case the uncertainty in the rate of formation is directly propor-
tional to the relative uncertainty of the capture cross-section

HOB"
irrespective of its value. The œost important examples ere &g,

a and
 l5*TEu. formed by neutron capture in Ag, ' Cs

and 1^3Bu, respectively (see Table M-l).

(iii) The exception mentioned under (ii) above is, however, not applicable
for neutron cross-sections as a function of neutron energy, unless
restrictions with respect to the magnitude of the point cross-section
and range of energy is given. It ia recommended to request accuracies
for integral quantities (e.g. resonance integral or fast reactor spec-
trum average cross-section), in % and convert the accuracy of this in-
tegral quantity to' the absolute accuracy of dc (E) by the prescripton
Oe(E) x 0(£) = const.

7._2ff_ Observations and conclusions; user recruirements

7.2,1. Physics design of power reactor cores (HP 3)

(i) In order to be able to predict the reactivity effect due to PP in
thermal reactors within 2$, accuracy, the required accuracies in the
capture cross-sections can be expressed as in Table A4-I of
Appendix A4. In order to evaluate changes in PP absorption caused by
changes in moderator temperature, the shapes of the cross-section curves
in the thermal range have to be known to the same accuracies particu-
larly for 135Xe and 149Sm,

(ii) The effect of FP capture in a typical fast breeder reactor can be
evaluated to the accuracies adopted by the Panel (section 3.2) if the
FP capture cross-sections, averaged over the reactor spectra, can be
calculated from differential data (point- or group cross-sections) to
the accuracies shown in Iflable M-H of Appendix. 14. These accuracies
are sufficient to satisfy requirements for the Sa-void effect, if the
shape of o(B) between 0.1 and 100 KeV is known.
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(iii) For the Doppler coefficient no special needs for cross-sections of
fission products are expressed.

7.2.2. Buroup determination and safeguards (HP 5 and 6)

Neutron capture cross sections are requested to accuracies suf-
ficient to allow corrections for buildup and burnout of important FP
to £1$ of the burnup at maximum burnups of 40 000 - 70 000 MHd/T
(or (2.3-4) x 1021 nv t).

(i) Sensitivity studies presented in RP 5 show that the unknown thermal
neutron capture cross-section of Nd has to be known to - 10$ if it
is of the order of ""200-500 b. In accordance with recommendation 7*1
the Panel agreed on a requirement of i 30 b for <s of Nd. This re-c
quest has highest priority.

(ii) B.F. Rider has evaluated the accuracy of the thermal capture cross-
section of Pr required to make the error in the burnup détermina—
tion via Nd due to wrong contamination correction £ 1$ at a thermal

21reactor burnup of f*40 000 MWd/T (or ~2.3 x 10 nvt) . With an
average Nd thermal fission yield of 1.7$ the tolerable uncertainty
in the "effective yield" of ^ Nd (or ^Nd inventory per fission) is
*-0.08$ per fission, assuming a ratio of Nd: Nd » 5:1 in natural
Nd. With a thermal fission yield of 5.8$ (U) of 1^1Pr the required
uncertainty of o ( Pr) is - 2.8 b at this burnup level. Appendix ,A4C
shows that this requirement is fulfilled by available data.

(iii) among burnup monitors only thermal capture cross-sections of stable
Nd isotopes and of "Tr are significant. Since the half-life of "̂Tr
is similar to that of Nd, the same accuracy requirement for o canC
be used. 15ie accuracy required for the thermal o of stable Nd isotopes
is i 2 b at a maximum fluence of about 4 x 10 n vt. Assuming an epi-
thermal index r 60.3, the corresponding accuracy requirement for the
resonance integral (Rl) is - 6 b.

According to Pig. 5 of RP 5» the fast reactor averaged neutron
capture cross-sections of stable and long lived burnup monitors should
be known to about i 25-50 mb.
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(iv) For the calculation of the 'L^Cs inventory the Panel adopted the accuracy
requirements for thermal neutron capture cross-section data presented in

A4» The uncertainties due to neutron capture in Xe and
Ote should "be £\% of the Cs inventory. Accordingly, the term

1 *5*ï
should be known to é 1% of A ( A» o _0) in the case of J-5Xe and g
of A in the case of 133ïïJXe ("branching 133I -*133inXe - 2.856). The cor~
rsspondirAg cross-section requirements are * 150 b for Xe and about
- 104 b for 33m Xe at a thenral neutron flux of 1014 n«fsec~1*cnT2. Tho
value for Xe calculated this way agrees with a sensitivity study
(table III of RP 6): i 153 "o uncertainty of c* (i33Xe) result in 1%

134error in the Cs inventory*

(v) The accuracy requireroent of the unknown o of Snt can be calculatedc ^
in the same ways if A» oji,then ct should be known to about i 10" b
(&3?£ of A) at a thermal flux of lO1̂  n*cm°*2*sec""1.

7.2.3. Engineering design and operation of reactors (HP 4)

Regarding cross-section needs in this area the Panel came to the
following conclusions which are partly based on the views expressed by
C. Bevillers (SP 4);

(i) In order to détermine the conjca^najj^n. the capture cross-sections of
stable °Ag, Cs and Cs and of the radioactive capture products

mAg and Cs should be known within i 20$ for the neutron spectrum
involved»

(ii) For a thermal neutron flux of $ = 10 n cm sec"" the term afi
dominates over A for -̂ Xe (o0 <£ 20 x X ). In accordance with the dis-
cussion on inventory data needed for FP release in section 3.2,

•I -NC

item (iii), the thermal neutron capture cross-section of Xe has to
be known to - 5$» Under these conditions the capture cross-sections of
other unstable rare gases can be neglected against A . For failed fuel
detection an accuracy of - 10% is requested for the thermal neutron
capture cress-section of Xe.

oa£Bosgg ' A 10% accuracy in the capture cross-sections. , -
between 10 ke'7 and 1 HeV is required for J Su and 53Eu and, with a
lower priority, fer ^ Su and
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(iv) For gas tagging purposes in fast reactors the capture cross-section of
stable Xe arid Kr isotopes which are? however, not fission products,
has to "be known to within 10$. These requirements are not included, in
Appendix A4.

(v) Other FP capture cross-sections are required if they are relevant com-
pared to the decay constant as discussed in section 3.2. However, no
specific HP have been identified by the Panel.

7.2.4. Fuel handling

For fuel handling only the capture cross-sections of FP listed ir
Appendix A4 are important. The knowledge of spectrum-averaged crosr-
sections would be sufficient for this application, if their variations
with neutron spectrum are within the requested accuracies.

7. ,3* Neutron i capture cypŝ sĵ ŝ cjiĵ nsĵ jjĵ êrmal and resonance

7.3.1 Observations and conclusions

(i) The Panel noted that a number of user requirements on FP capture cross-
sections for thermal i ..«actors are not satisfied by available data (see
Apjpendix A4). Furtlsr measurements are required.

(ii) Generally user requirements are expressed for effective capture cross-
sections, averaged over particular reactor spectra, or for Maxwellian
averaged cross-sections and resonance integrals. The knowledge of such
integral data may be sufficient for some applications, if their changes
with different thermal reactor spectra are within the requested uncer-
tainties. Otherwise the capture cross-section has to be known as a
function of incident neutron energy, particularly in the resonance
region, the accuracy depending on the shape of the cross-section curve
and the neutron energy (see also Appendix

(iii) The Panel considers it desirable to describe the low energy cross-
sections of FP in terms of resolved resonances. The energy range to be
considered should include about 10-20 resonances. A better knowledge of
resonance parameters may also improve the accuracy of calculated neutron
capture cross-sections in the KeV range
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7.3.2 Recoramendati ons

(i) User requirements should "be given for capture cross-sections in the
thermal and resonance region separately.

(ii) Further measurements are required in order to satisfy all requirements
listed in Appendix A4 which have not yet "been fulfilled.

(iii) In addition to cross-section measurements, FP neutron resonance experi-
ments should be pursued with an emphasis on the most important radio-
active FP. The purpose of these measurements is to enable a descrip-
tion of the low energy cross-sections in terms of resolved resonances
and to provide resonance parameters for calculated cross-sections in
the KeV range.

7.4. Status of FP capture cross-sections for neutron energies > 1 KeV

7.4.1 Observations and conclusions

(i) The needed accuracy in dt for neutron energies above 1 KeV is

not fulfilled by the existing microscopic data, except for some

mono—iaotopic nuclei.

(ii) Some experiments which may satisfy the needs for oc of Pd,

•* Eu and Eu (RPl), Zr and Mo isotopes (ORELA) and experiments
at FEÏ Obninsk are in progress or have been recently completed.

7.4.2. Recommendations

(i) Recognizing that theoretical calculations cannot satisfy all the

needs the Panel recommends that microscopic capture cross-
section measurements on separated isotopes should be pursued for
the moat important fission product isotopes,

(ii) The Panel wishes to refer to the general recommendation in the

introduction on the necessity for physicists to quote systematic

and random errors and to emphasize that this has to be done even

for the phenomenological parameters which enter into the nuclear
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models used for cross-section oaldilations, in order to "be able
to give a good estimate of the error in oc « The knowledge of
this error is needed for the application of the adjustment mef>od

to improve oc with the help of integral measurements.

(iii) Noting the importance of average level densities to th« theoretical

prediction of neutron oaptures inelastic and other cross-sections

of FP nuclides the Panel recommends that this topic be reviewed
within a meeting on the state of the art of theoretical prediction

of nuclear data or at a separate specialists meeting within the

next two years.

7,. 5. Status of m (%n1>
l,},tl,.(%l^).lll,8ffd1 other croas-apotions

7*5.1. Observations amd coaclusdora

(i) There are data in the Italian FP3TO library for 18 FP isotopes and

in the Australian FPÎJD library for a large number of PP isotopes.
The EMDF/B-III and IV libraries are "using the Australian data

file for <j ,.nn*

(ii) The needs for F? inelastic scattering cross-sections are as
follows*
a) For reactor design, inelastic scattering data need to be

improved particularly for neutron energies below 1 MeV.

b) For the analysis of reactivity worth measurements in
reactor physics experiments the required accuracy for d /
might be of the order of 30$« Further studies are needed
in order to specify the accuracy for each isotope in a
particular experiment.

(iii) The inelastic scattering cross-sections can be calculated to suf-
ficient accuracy for reactor design purposes if the level scheme
(energy, spia and. parity) of the target nucleus is well knowa» d ,
should be described for each level separately,
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7.5*2. Recommendations

fi) The needs for o „ » 0 ana other threshold reaction cross-x n,2n n?psections for fission products should be investigated.

(ii) The Panel recommends that a compilation and evaluation of nuclear
level scheme data needed for calculations of ô , and oc "be under-
taken. It was suggested that evaluatcrs of nuclear structure data
include in such an evaluation also the moat probable spin and
parity values and indicate the possibility of missed levels.

7.6.1. General conclusions and recommendations

Integral measurements have proven to be useful and should continue
to be used for checking and/or adjusting FP capture cross-sections, pro-
vided that the neutron spectrum is well specified. Results on lumped
fission products are not always applicable to all kinds of systems.

7.6.2. Thermal systems

(i) Obser vat i on and conclus i on; There exists only one good measurement on
lumped fission products in thermal systems. This experiment gives only
values for thermal capture but no data for resonance capture. The
accuracy of this experiment hardly satisfies the accuracy requirements
set forth in review paper 3, i.e. 2% on reactivity life time or 5$ on
neutron capture. However, only if significant improvements in accura-
cies or values for resonance capture can be obtained should new experi-
ments be considered.

7.6.3. Fast systems

Observations and conclusions

(i) Prom the STSK measurements on lumped, fission product samples devia-
tions of 15-25$ between experimental and calculated reactivities
are observed. Some conclusions should be drawn after the analysis of
the ERMIHE measurements will have been completed.
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(ii) Prom integral measurements in FRO on separated, isotopes some
useful conclusions about the quality of evaluated cross-
sections sets can be giveno More detailed conclusions can
be drawn after the completion of the analysis of the measure-
ments in CFRMF, EEMOIE, and STEK mentioned in RP 14.

(iii) For integral measurements a good accuracy (i.e. better than 10$)
is needed in oc over the neutron energy range important for

1 P7fast reaccors for at least one fission product isotope (e»g» Ii **inor Su) to be used as reference for relating measured reactivity
changes to average capture cross-sections in given neutron
spectra.

Reconmendations
(i) In view of the different energy ranges which are effective in

the various assemblies it is strongly recommended to combine
the results of FRO, CFRMF, ERMIHS and STEK in a comprehensive
analysis of the data»

(ii) In view of the fact that many experimental results on the integral
measurements of FP are not available at this time, a specialist meeting
on integral measurements of neutron cross-sections and their impact on
microscopic cross-section data should be organized as soon as possible.
In such a meeting special attention shouln be given to FP.

8. SUMMARY OF IMPORTANT RECOMMENDATIONS

8.1. General

(i) Users °f FPND should perform detailed investigations of their require-
ments, specifically by sensitivity studies, to achieve a specification
of needs for individual FPND and their accuracies. These investiga-
tions should take into account available FPND and their accuracies
(sections 1.3, 3.2 and 5.3).

* References to chapters and sections of the original recommendations are
given in brackets.

260



(ii) Measurers are requested to publish all details on experimental condi-
tions, corrections applied and error analysis required for an adequate
evaluation, (section 1.3).

(iii) Eval.uatj.ori work shovsld continue to be performed at different places and
should in future receive stronger support "by pertinent authorities.
Evaluâtors should
- publish all pertinent details of their work;
- assess random and systematic errors separately;
- attempt to resolve discrepancies?
- assign uncertainties to their recommended data;
- warn users in cases of unresolved discrepancies;
- recommend further measurements required where data are lacking

or discrepancies exist,
(sections 1.3» 4-1» 5.3, 7«4)

(iv) Unsatisfi ed user requirements ; Further measurements should toe performed
in all cases where user requirements have not yet been satisfied. Spe-
cific recommendations are included in chapters, 4»5»6 and 7» based on a
comparison of user requirements with the status of FPÏÏD in Appendices
A1-A5.

(v) A fol,low-;up meeting should be convened in about three years to review
the progress in EPND work stimulated by the present meeting with the
aim of setting up a more complete request list (chapter l).

8.2» International cooperation in rthe exchange and dissemination ofPPNP information
(all recommendations: chapter 2)

(i) The list of FPMP compilations_and evaluations, as provided by Valente
from KEA/CCM (HP Ib) to this neeting should be kept up-to-date and
published at annual intervals. To determine the distribution of the
list the assistance of Panel participants should be solicited as well as
of the Members and Liaison Officers of IÏJBC, EAHDC and other regional
and national nuclear data committees.

(ii) Two international^news1etters. one on activities in the field of compi-
lation and evaluation of FPND and one on measurement activities related
to FPNB, should be developed as soon as possible. These newsletters
should contain information on available manpower, naraes and addresses,
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work finisher!, underway and planned, recent publications and other per-
tinent information in "brief form. Observed discrepancies should be
stated arid "brought to the attention of the 1KDG Subcommittee on Dis-
crepancies. After approval "by IKDC this recommendation should "be brought
to the attention of EAïJDC and other regional and rational data centres,
who should a3r>o "be a.sked to assist in determining & suitable distribution.
Members and Liaison officers of IKDC are asked to make sure that the con-
tribution. of their countries to the newsletters are provided re^-ulsrly
and on time to the (still to be determined) publishing cent rets.

(iii) An international rRcciest ^li^st jF*qr FPNP should bo developed. The re—
qnestr; should be justified by expropriate sensitivity studies.

(iv) Format r; In order to avoir? a proliferation of computer formats the

Panel recommends thnt those developed for the EETDF/ B .library be adopted
as standard formats.

(v) Circular to measurers; The p?mel recommends to initiate a circular to
nieas-irers stating all information on ex w>u mental details recrui red "by
evil nat ors which should be included in publications of erperi mental

results. Tn order to determine tv>p contents of this circular, a ques-
tionnaire will be sent to evalnat.ors of FPTSP. "Phf circular will be die-
f"vibuted to measurers and, in addition, be included in every issue of
one of the two newsletters Proposed above.

(all re^omtnondations: section 3-3)

(i) Error^harg should be included in FPîTD libraries and oa3<ralations of the
uncertainty of the total FP decay heat should he perforated.

<^ : In order to resolve discreimncies between existing measure-

ments the Panel recommends that benchmark eyperï <nents on PP decay heat
should be performed at different "laboratories under similar irradiation
conditions employing all suitable measurement 'net hods. Simultaneously,
calculations should be T^erformed at pertinent laboratories for the ir -
radiât'" on conditions of the benchmark experiments and s. wide ran̂ e of
coolinr times. This should enable a check of the input data of FPND
libraries and, top-ether with the measurements, serve as a basis for
assessing FPND recmi ̂ -ements for FP decay heat. Benchmark experiments

2V>and calculations should be restricted to studies of U thermal fis-
sion.
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(iii) Information on finished or on-going studies related to afterheat should
be communicated io lAEa/KDS for collection and transmission to the then
reviewers of this subject for the follow-up meeting.

• 8 , 4. „ PP yi eld, data

(i) Investigations on the ̂fjĝ gt̂ of jaeut rqn^ ,.ignergy_qn fission pi elde should
be performed by measurers and evaluators. These investigations should
help in finding suitable parameters "by which this effect can be de-
scribed and in establishing ths systeraatics of the energy dependence of
yields (section 4.1)*

(ii) Further measurements of independent and cumulative fission yields should
be encouraged to improve and check the prediction of yields by calcula-
tional methods (section 4» 2).

(iii) The development, and improvement of calculational methods for the pre-
diction of fission yields should be further pursued. Attempts should be
made to assign uncertainties to calculated FP yields (section 4»3)«

8.5. J^jJecav^ dgta
(chapter 5)

(i) Beta. ̂ ffoav^^d.ata. should be studied more extensively than in the past.
Average (3 energies, p~speetra and £J ray intensities, particularly for
transitions to ground and raatastable states, should be measured.

(ii) The Panel suggests that data on Auger-electrons be included in compi-
lations and ©valuations of decay data,

8.6. , gela^yed i ̂ neutron data

(i) In order to avoid systematic differences in delayed neutron measure-
ments due to counter-calibration the Panel recommends to prepare a
standard, neutron source with an energy spectrum similar to that of total
delayed neutrons for inter-comparison with individual laboratory stand-
ards (chapter 6).
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8.7. Heutron. cross-section data

(i) Notisiif ihe importance of âve£agS«iSÏ^LaââSî^3iâS ^° "^e 'theoretical
prediction of neutron ep.ptu.re., inelastic and other cross-sections of FP
nuclider, the Panel recomraend» tjvit this topic be reviewed within a
meeting on. the state of the art. of theoretical prediction, of nuclear data
or at a separate specialists meeting xiithin th« next two years
(section 7.4)-

(ii) The Panel recommends that a compilation and eva'Jxxation of jmclear JLevel
scheme data needed for calculations of o , and o "be undertaken. It• —— ••- —— •™™"~> nn ' îïj1
was s^igrgested that évaluât ors of wiclear obructure data include in such
an evaluation also the most provable spin and parity values aad indicate
the possibility of missed levels (section 7» 5).

(iii) I» view of the différent energy ranges which are effective in the various
ass emplies used for measurements of int^jrral FP cross-sections it ie
strongly reconnended to combine the results of FRO, CFRMF, ERMINE and
STBK experiments in a comprehensive analysis of the data.

(iv) In view of the fact that rraïîy experimental results on the integral
measurements of W are not avail able at this tisie, a specialists
meeting on integral measurements of neutron cross-sections and their
impact on nucrosoopic cross-section data should "be organised as soon as
possible* In such a ^estlnf: special attention should "be given to FP
(section 7.6).
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(i) The uncertainties of FP yields from thermal fission are those recom-
mended by Walker (HP lia). Since the uncertainties of chain yields
in the peak regions of the mass yield curve do not differ much, and
since most of the requirements are fulfilled, presently available
accuracies are presented for all requested mass chains as a group,
together with the user nseds in TablemAl~I,

In some cases the uncertainties of presently available data,
and/or discrepancies among experimental data» which cannot be
resolved, exceed the accuracy required. These chain yields are
indicated under ̂ conanents" in JJiĴ ytJŷ i and surveyed in more detail
in jPablĝ Al̂ n, Discrepancies are discussed, ia RP lia, together with
ffieasurensents required to resolve the® and check existing datae

However, it is the feeling of the Panel that the status of
thermal chain yields is so close to the required accuracies that an
improvement of the data has no high priority (sse chapter 4)»

(ii) .Safeguards.a -HBu, formed frets ~->-%u by neutron capture with con-
tributions from lower mass chains by multiple capture is used in
isotope correlation studies*, to improvement of present data is

. needed, but the definite accuracy required is not yet known» This
request has very low priority,

(iii) gael̂ dgsijffiï Requirements for gas pressure calculation are included
^̂ * Requirements for information on the chemical state in

, J,
nuclear fuel are - 15$ for yields - 1%, These requirements are met
by presently available thermal chain yields (see KP lia) with th©
exception of the few eases where yields have not been measured:

128-130
130
107, 108, 129» 130

241Put 89, 98, 100, 103, 105, 107-110, 130, 139
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status and user requirements»

application
field

burnup
RP 5

burnup
RP 5

safeguards
RP 6

fuel handling
RP 7

Physics design
of reactor
cores
RP 3

fuel design
(gas pressure)

PP release and
contamination
RP 4

PP mass a^
numbers

106,133,137,145144,145,146,148
150

95,103,140,141

149,151-153

89,90,91S95103,106,125,129131,133,137,140
141,143,144,147,
151,153

99,103,131,133143,147,149,
151,152

83.84,86,131,
132,134,136

90,95,103,106
109,125,131,133135,137,140

fiss-
ioning
nuclei
233nS35n
239Pu241̂

233n
235y
239Pu2<

235n8<

g%
2%2<

\^£};-n

^

233y235u2<

2%235̂
239L

a_oouracv^)__
needs

2-31-2
1-2
5

53
35

-

) 5-10
)

j 6-11

j 10

) 20

status

^3
e2
«&2<5

£• 5
* 22-5
< 5

rv 6
3-10

é 7
é7* 7

£6-7
£6-7
£6-7

}<10
)

5)<: 20
)

comment

except A « 106,133
except A « 106,133
except A « 106,133,137
except A * 106

except A « 103,141
except discrepancy
also discrepancies
ezcopt A » 103 i no

measurement

improvement needed .
| other requirement s s

gee burnup

J except a » 125,129
) discrepancies exist,
) sea Table A1-ÎÏ

A=<15 3 î status ~ 10&

) requirements met,
) except discrepancies
} at A » 103,131,
) see Table Al-II

requirements met;
see alao cumulative
yields Appendix A2.

a' Other mass numbers, for which only cumulative yields are required, are
included in appendix A2 (e.g. 135Xe).



Table Al-II: Individual chain yields in thermal fission; unsatisfied requirements

pp
mass
no

95

103

106

125

129

131

133

137

141

fissile
isotope

239Pu
233u
235u
239Pu
241Pu
233u
^TJ
239Pu
241Pu
233u
235u
239Pu
233u
235u
239Pu

239Pu

233u
235u

239Pu
233u
239Pu
233u
239Pu

statusw
1.6

6

1.4
4.2

7

4
3
5

6.6

13
7

14
?

23
?

2.4

3-5
2.4

2.7

2.3
2.7

7-6
4.7

accuracy \
reauired
(*)

3

5
3
3
5

2-3
1-2

1-2

5

5-10
5-10
5-10

5-10
5-10
5-10

5-10
8

2-3
1-2

1-2

2-3
1-2

5
3

RP

5

5
5
5
5

5
5
5
5

7
7
7

7
7
7

7
3

5
5
5

5
5

5
5

P

2

2

2

2

2

2

2
2

2

3

3
3

2
2

2

3
3

2

2

2

2
2

3
3

Comments

I> =r discrepancies among expérimental data

D of 5$ sjaà. more: see RP lia

P even higher, see RP lia RP 3
for D see discussion RP lia > requires
for D see discussion RP lla^ 6% accuracy

no measurements

D even higher, see RP lia

based on only one measurement
D of 30$ and more exist

no measurements

no measurements

D and inconsistencies exceeding
required accuracy: see RP lia

D among experimental data, especially

between Xe and Cs.
219Pu: see discussion RP lia

Î D among experimental data exist, out
average probably adequate.

a) Only the review paper requesting highest accuracy is listed, except in cases
of ahout equivalent accuracy or if the primary request has low priority.
P = Priority for improvement of present status: 1 = high

2 = medium
3 - low
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other chain yields are» Vnow^J. much more accurately
required* the overall accuracy should "bo sufficient (see chapter 4 » ) »

24!with the possible exception of Fu,

Requirements for- yields < \% (* 50$ for yields between 0.1$
and 1$ and within a factor 5 for yields < 0.1$) can be satisfied toy
interpolated and extrapolated yields supplement! rsg experimental data.

Passion yields in ths region of the wing-a of peaks and in the
valley of the mass distrtbutioja increase with increasiTig incident neutron
energy. When going from thermal to fast reactor fiaeion, the yields in the

£ '45 ? ^Qvalley ara enhanced "by a factor of 3 for U aad a factor of 2 for ~J"Pu.

'This increase has to bs compensated by a decrease in peak yields as
the sura of all yields is 200$* However, ths two-mode ftceion theoy-y pro-
diets that the change in peak yields is - 3$ from thermal to fast, rsactor
fission» Therefore the variation of peak yj eids with different fast reactor
spectra, is expected to "be even smaller

ALt-3i._.— Chain JcLelds f roœ fast neutron fission

(i) The main survey of data requirements and status presented in
..Al-III a is rsBtricied to cluiin yields frorp fast fission of

U and " Pu, needed for current fast reactor programmes» The term
"fast" used in this survey needs sosse fufthor explanations (it is also
discussed in section 4-? ¥) .

Users req'^ire fission yields for fast raactoï- spscfcra» Available
data have to "be valid for the particular fast reactor spectrum it*-
volved within ths rcc-uested areniracy lirai ts,

In ctîrrest evsiuationa "fast yields'' are not well defined.
Recommended yields are derived from coroerimcnial results obtained in
different fast reactor spefttiti, fission neutron spectra (generally

O "5 î^ ft "5p ^ C **>

from U, *" U or " '"""Of), aad sorsetimes evaa at discrete nmitron
energies ranging from 1.5 "So 3 Me?. In order to allow a better
comparison of this rather poorly defined status with user require-

a range of values is given in ^âkàâ«^«Si (s<3e expiai nation
e These values are derived from the aurvey given IB RF lib

and information supplied by Panel participants.
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In almost all cases, the J.ojfer.Jurait is the status supplied "by
B.F. Rider. It corresponds to the data presently adopted for the
Etî.DF/3 file and published in [lj. It is important to note that
weighted, averages are dominated by the most accurate results and the
uncertainty of the mean is ©van lower than experimental errors if the
data are consistent. Contrary to other ©valuators, Week and Rider
have also included estimated values in their evaluation procedure
and have derived fast from thermal yields by drawing smooth curves
through measured, fast/thermal yield ratios in order to get com-
pletely evaluated mass yield curves. In very few cases the uncer-
tainty of the most recent results of von Gunten (see section 4»2)
are used»

Since the most accurate results were always obtained from
measurements in fast reactor spectra, the lower limits represent the
status achieved experimentally for particular fast reactor spectra.
Uncertainties as low as 1-1.5/& indicate that different measurements
are fairly consistent and any effect of fast reactor neutron spectrum
on yields falls within eirperimental error»

The ut>per liait is
- either derived from J.G. Cuninghamefs judgement of the status,

based on his survey of the subject for the Panel (RP lit);
- or represents differences between yields recommended by Meek and

Rider [l] and Crouch [2]j this partly supersedes the comparison
in RP lib between [2] and the earlier evaluation of Meek and
Rider [3];

- or is the uncertainty given by Crouch [2] as the larger standard
deviation of weighted or unweighted average»

Thus the upper limit reflects existing discrepancies and/or a
possible effect of neutron energy on yields and/or the overall
reliability of evaluated yields.

When comparing the status of yields with user requirements, the
upper limit should be used (except for very large discrepancies),
unless the evaluations or sources of experimental data are con-
sulted directly. Yield data for other fissioning nuclei present
in smaller amounts in fast reactor fuel are needed with much lower
accuracy. It would be worth investigating if this required
accuracy could be achieved using fission theory and systematics of
mass yields (see 4.1 and RP 16).
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Table Al-III: 2 •je:J> and fission yields from a fast reactor spectrum:
status and user requirements

pp
mass
no.

83
84
85
86
87
88
89
90
91
95
97
98
99

100
101

102

103
104
105
106
107
109
111

123
125
127
129
131
132
133

relative accuracy (%) of fast chain yields

status

235ÏÏ

2-7
2-4
2-5
2-3
2-5
2-4
^•6
2-3
2-10

1.5-3
1.5-3
1.5-3
1.5-5
1.5-4
2-7
2-4
2-6
2-5
4-26
6-30
>16
>12

2-40
>12
>Q
>\2

6-12
1.5-3
1.5-6
1.5-3

2^Pu

2-8

2-5.
2-5
2-5
3-6
3-7
3-6

1.5-5
1.5-6
2-3
3-4
2-6
-3
5-6
2-7
3-7
3-5
3-7
>6
3-10
>16

6-18
12-25

>16
>8
>12
15

2-10
3-5
2-5

. 13user requirements

review paper no.

3

30
30
35
20

35
20

25
20
30
20

35
25
40

30

20

4

20

At

<20
*120
#

<20
20

*
<20

20

20

20

20

20
*

S 20
*

<2Q
20

<20*
20

5

< 2

<2

«L2

2

7

*5-10

5-10
5-10
5-10
5-10

10-20

5-10

5-10

10-20

10-20

10-20
5-10

10-20
5-10
5-10

10-20
5-10

fuel0

design

10
10

#
10
10

10
10

dosimetry

usd

2

others

10
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Table Al-III: (continued)

IP
mass
no.

134
135
136
137
138
139
140
141
143
144
145
146
147
148
149
150
151
152
153
155
156

relative accuracy ($) of fast chain yields

statusa

235U

2-7
2-4
1-5
1-6

1.5-3
1-5

1.5-4
2-3
1-5

1.5-6
1-3
1-4
3-18
1-3
3-5

1.5-5
2-3
2-3
>8

12-50
8-60

23»PU

4-5
3-6
3-5
2-10

4-25
6-10

1.5-3
3-5

1.5-7
2-3

1.5-5
1.5-5
3-6

1.5-6
2-5

1.5-5
3-5
3-6
£12

216
>6

0.

user requirements

review paper no.

3

30

40

40

35
30

35

25

30

25
55
40
55

4

20

20
<20*

*
<20
20

#
<20

5

12

<2
£2
12
12
< 2

2

i2

<2

1

5-10

5-10
5-10
5-10
5-10

5-10

10-20

5-10

5-10
5-10

10-20

fuel0

design

10

10

dosimetry

usd

2

2

2

2
2

2

2

others

10

10

10

10
10

10

10

a) For references and discussion of lower/upper limit of status see text.
b) In the user fields discussed in review papers 3» 4Qan̂  7 and in fueldesign, requirements for yields from 232̂  233,23% .̂  240,241̂ 42̂

fast fission are not listed separately. They are about a factor of 2-5
less stringent than those for ̂ 35u and

* .. chain yield required for calculation of cumulative yield
c) Requirements listed are only for evaluation of gas pressure within fuel,
d) The accuracy listed is only required by the LMFBR and PTR programme at

Hanford (USA).
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(ii) As burnup determination and fast rsactor dosimetry require yields
front fast fission of nuclei other than U and °Pu to much higher
accuracy than for other applications, their needs are listed separa-
tely in Table Al-I? together with the data status.

Only calculated fast yields together with their estimated uncer-
tainties are available for 236U, 240,241,242,^ ̂  241,243^ Peak

yields for Pu fast fission can be derived from thermal yields more
reliably than for the other nuclides listed above; the estimated
uncertainty limits are therefore lower,

The status for •% and Kp corresponds to information
supplied by Rider and Cuninghame and the evaluation of Crouch [2],

'Hie same sources as well as a contribution by Lammer [4] are
used for 3 Th and -*u. However, the low uncertainties of Rider
(see £l])are not used for most yield data, as unresolved discrepan-
cies make the absolute yields obtained from a normalization uncer-
tain (see detailed discussion in [4]).

(iii) The knowledge of the complete mass yield curve is required for
investigations of the jsrhemincaliiit8tate of Tfa8t ̂ reactor ^fuel. Of
primary importance are all major fast chain yields, i.e. the mass
ranges 80-110 and 125-155. As discussed in section 4.1, the re-
quirements expressed by the subgroup on chain yields (SG) and by
R.H. Flowers (P) are:

- 155&(F) for 233U, 235U, 239Pu and 241Pu
for 232Th, 238U and 24°Pu

These chain yields have to be known also for the calculation of
afterheat.

Requirements for yields at the vangs of the peaks and in the
valley of mass distributions as expressed by Flowers (section 3»2)
for the fissionable nuclei listed above are:

i 50$ for chain yields between 0.1 and 1%
within a factor 5 for chain yields < 0.1$.

(iv) For particular fast reactor spectra (corresponding to the lower
limit in Table A1~III) many retirements for burnup and dosimetryJJ""""""-"""°">""""1"" 235 239applications have been fulfilled for yields from JoJ and Pu
fission. However, the data have to be analyzed in more detail for appli-
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Table Al-IV» Chain yields from fast fission of other nuclei: status and requirements

to<i
CO

mass
no.
95
103
106
133
137
140
141
143
144
145
146
148
150

needed*»•>
b,d
b
b
b
b,d
b,d
b
b,d
b
b,d
b,d
b,d
b,d

purpose
buruup c)dosimetry

status» relative uncertainty (%) of available data
232Th
6-11
6-10
10-25
6-20
6-25
6-12
6
8
5-10
8
10
8
10

233u
10

10-15
6-15
10

5-10
8-10
8-15
10
10
10

10-15*
10-15
10-15

236U
i I

15-20

- •

238U
3
3-4
10
8-20
6-20
2
8
8
8
8
8
8
8

237Ni>
6
10
10
10

5-10
3-4
20
10
4*15
15*
9*15

accuracy ($) required
£5
2

£-2
-

_
2

*5
2

*10
2

24°Pu
i

15-20*

1 i

-£10
-

241?u
i

6-15*

1

el
-

242Pu
I

15-20*

\

£ 10
-

241Am
i

15-20*

^ f

irlQ
-

243Ao
i

15-20

\ »

£10
—

a) b ... burnup, d ... dosimetry.
b) Status? for references and discussion of lower/upper limit see text.
c) These requirements are only for the LMFBR and PTR programme at Hanford, US* Other requirements are -
* Only available as calculated yields (Sidebotham, see HP lib and 16), estimated uncertainty.



cation and the effect of neutron energy on fast yields has to b« con-
sidered (see below). The "bulk of other buraup requirements is clearly
not fulfilled.

Other user requirements for Û and Pu fast yields are
generally fulfilled, particularly if a different allocation of accu-
racy targets using available yield uncertainties is considered.
Available fast yields from other nuclei except Th and Û are not
sufficient to satisfy needs for investigations of the chemical state
of nuclear fuel.

An improvement of the situation is to be expected after the com-
pletion of current measurements listed in section 4.1»2. But addi-
tional evaluation work is required, as complete mass yield curves are
not being investigated experimentally.

Al.4 Effect of neutron energy on yields

(i) Generally speaking, changes of ¥P chain yields as a function of fast
reactor neutron spectrum should be known within the accuracy limits
given in Table Al-III.

148(ii) Burnup: At present the most widely used burnup monitor is ^«d,
measured mass spectrometrically together with other Nd isotopes. It
has been observed (RP 5) that relative Nd yields change systematically
with fast reactor neutron spectrum. This change has to be known for
232Th, 233' 235t 238U and 239> 241Pu with the accuracies listed in
'fables Al-III and Al-I?.

(iii) Apart from a recent study on -"U fast yields presented to the Panel
by W.J. Maeck (see also RP 5) no data are available on the variation
of fission yields in the energy range of interest for fast reactors.

Measurements to i 2% accuracy on the variation of fld yields with
neutron energy or fast reactor spectrum are required to enable the
selection of most suitable burnup monitor nuclides. Such measurements
should also include other nuclides in the mass range 14O-160 to help
in establishing the systematics of the energy effect. Further measure-
ments with lower accuracy are needed for yields at wings and in the
valley region to establish the energy effect for the chain yields re-
quested in flable Al-III.
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AZftl, a :r Present and jfutur en .needs
The present survey includes only those needs which were expressed

explicitly by "the Panel. It should be noted, however, that this survey
represents only a minority of requirements for independent and cumulative
yield data. M&ay more PP will have to be included as soon as needs for
afterheat and environmental aspects are assessed in detail.

A2»2 Cumulati ve elds n thermal neutron fission
(i) The status of cumulative ̂yields from , U and ™Pu thermal

fission is compared to user requirements in Table A2-I. An inspection
of this table shows that most of the present requirements for cumulative
yields in thermal neutron fission are met. This is mainly due to the
fact that the majority of needs are expressed for the Kr and Xe isotopes
which have been measured more extensively than other PP. Few data are
available for ^ Pu (see below), and none have been requested. If they
are required, accuracies will probably be a factor of 2-3 less stringent
than those listed in Table A2-I.

(ii) Basic datât Fractional cumulative yields and their uncertainties have
been evaluated by M. Lammer (ae shown in the jygngs; to Appendix A2), based
on the compilation of experimental data by W.H. Walker (BP lia, Appendix B)
and have been approved by Panel participants. Only those mass chains hi,ve
been evaluated, for which at least one measurement of a fractional yield
is available. However, Table, JJ2-I contains the status of only those data
which could be derived from measurements with sufficient confidence (see
Annex to this appendix). The data status is marked with an asterisk (*)
in Tab̂ ê A2~I if the corresponding fractional cumulative yield and its
uncertainty was not obtained directly from measurements.

(iii) Uncertainty es ; Uncertainties of chain yields are those recommended by
Walker, PP lia. They are taken in quadrature with the uncertainties of
fractional cumulative yields to calculate the uncertainties of cumulative
yields, which are also shown in Tab] e A2~I,
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Table A2—I; Cumulative yields in thermal fission?
status and requirements

FP

T

85œKr

85Kr

8^Xr

«fc

^Kr

9°Kr
9°Rb
91Kr
129mTe

133,

135,

135Xe
137Xe

138Xe

139Xe

14°Xe

14°Cs

U°Ba

141Xe

uncertainty (%)*'

for fission, of

235ÏÏ

«10

2.5

2.3

3.4*

4.5*

2.3

3

3

2.7

?c>

£2.6

2.4

2.4

2.6

2.5

3.5

3.5

2.2

1

10

23^

«•10

3

2.3

9

1

2

2.1

3.4*

3.3

?°)

5.3*

5.6

2.6

2.6

-3

-4

~5

~6

1.9

-10

239Pu
*12

-3

2.7

~3.6*

<10*

2.6

2.4

A, 4*

3.6

?c)

5*

3.5

3.5

~ 3

6.6

5.6

3.6

7

~ 10*

-6

accujracy ($) required for '

R P 4

re
50

20

20

20

20

20

20

20

20

20

20

20

20

20

20

20

ff

20

20

20

20

20

20

20

20

20

20

20

others
5-10 (RP7)

5-10 (RP7),10(fd)'

5(KP3)

5(RP3)

3-5 (BP5)
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Table A2~I: continued
a) - Estimated uncertainties, marked with (*), are included here only if they

are well below the requirements. Otherwise they are marked with (?) "but
included in the Annex to this appendix, except TCJ see c).2>- For P̂u see text.

b) re ...«.* FP release and contamination of reactor components
ff ...... failed fuel detection
fd ...... fuel design

129c) ïo measurements exist. To be used with 7Sb or mass 129 yield and
decay branching.

* estimated

Hote; 1) Some of the fractional yields are based on single measurements
with low uncertainties. However, not all of these uncertainties
are reliable, as some discrepancies among data presented in
Table Bl of RP lia and in the Annex to this appendix show»
Furthermore, part of the experimental data of fractional yields
and their uncertainties have been derived from published chain
yields, which do not correspond to those presented in HP lia
and adopted by the Panel.

2) In most measurements independent and cumulative yields are
determined directly» Fractional yields are derived sub-
sequently from known standard yields and chain yields. The
uncertainties of these yields are therefore included in the
uncertainties of the fractional yields as listed by Walker.
Since the latter are again combined with uncertainties of
chain yields, the resulting uncertainty of the cumulative
yield is higher than that of the original measurement. It is,
however, not the intent of this survey to go back to the
original publications, and the combined uncertainties are
probably more realistic in the light of the arguments under
l) above.

(iv) In 4 Pu thermal fission only the cumulativs yields for ''Kr and
Cemass 135 are available. The uncertainties, taken from RP lia (for pKr

see Annex), are:8*5 ., ivï i>s•'Kr: 2.3$, *Jl and X̂e: 3-4$
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_CtiggjJ.a/tive_iiTirlelds ...in feat neutron .fiaaion..

The only experimental data available are fractional independent yields
of 133I, 135I and 135mXe in fast fission of 232Th (see EP 111)). Therefore
only user requirements are summarized in this survey and presented in

. In view of the scarcity of data it is indicated in the table,
for which EP, at least within the required accuracy, total chain yields can
be usecL Clearly, a lot of experimental work is still required to fulfill
the needs.

Prom available experimental data the following comments can be made
on the data status?

(i) The measurements of I and I fractional independent yields in
Th-232 fast fission suggest that the limits for fractional cumulative
yields given in i!fatblie[iiA2~I-I hold for all fissile nuclides, assuming
Gausgian charge dispersion. Using the uncertainties of fast chain
yields given in Table A1--II the following uncertainties can be
deduced for cumulative yields from U and yPu fast fissions

for 133I and 133Xe

(ii) The cumulative yield of .JjjCr can "be deduced from the chain yield
given in ^ble^Al^II and the branching •?tnKr -* •'Kr (see discussion
in the Annex). The uncertainties are:

for -̂ U and ~̂ Pu fission in a typical fast reactor spectrum,
and
taking into account the energy dependence of the mass 85 yield.

280



Table A2-II: Cumulative yields in fast fission* user requirements

T
85l°Kr

^
89Xr
9°Kr

9°Rb

91Kr

?
133,""

135I
135nixe
135Xe

1 13?XS

138Xe
139Xe
14°Xe
14°Cs

| 141Xe

required accumcy (%)a'

RP 4

r.c.

50

?0

20

20

20

20

20

20

20

20

20

20

20

20

20

20

20

20

f.f.

20

20

20

20

20

20

20

20

20

20

20

20

RP7

5-10

5-10

10-20

10-20

comments

no data available

i 10$ for fuel design (see text, also for status)

Itotal chain yield can "be used for ^^U and "pu

I can be deduced from chain yield and branching
ratio

~ .99 of chain yield (see text)

^ .98 of chain yield (see text)

fa total chain yield

a) The accuracies listed are for fast yields of the fflain fissile isotopes
233,236,238for , , ^

s. factor of 2-5 less stringent.
r.c. =r W release and contamination of reactor components
f.f. ss fuel failure detection.
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Annex to

EVALUATION OP FRACTIONAL YIELDS
by M. Latomer

1. t Abréviations

The abbreviations given "below are used, throughout the text and the
tables.

chy ...... chain yield(s)
cy ....... cumulative yield(s)
e,exp .**. experiment (al )
fc ....... fractional cumulative yield(s)
fi ....... fractional independent yield(s)
G ........ (assuming) Gaussian charge dispersion
w,wa ..... weighted average
Zp ....... most probable charge
0 ........ Width of Gaussian charge dispersion

2. 83Kr and

In currently adopted decay schemes there is no direct branch from
to th<

branch is:
-*Br to the ground state of K̂r. The adopted internal transition

Lisraan et al (J. inorg. nucl. Chem. 33 (1971) 643) measured both K̂r
QCand Rb by isotope dilution mass spectrometry and obtained fractional

cumulative yields for K̂r. These yields, together with the dif-
ferences between them and the branching ratio from the decay of

(d) are listed belowî

241 ,̂__________________________________i_________,Jfa______

fc 0.2296^0.0028 0.2176^0.0024 0.2260^0.0018 0.2235^0.0033

d 0.018 0.006 0.014 0.012
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Only the values for ''U and Pu agree with the branching ratio
within the error limits, ?or deriving the fractional cumulative
yields of \r shown, in Tables A2ÏII-A2V, these differences, rounded
upwards, wer« taken as upper limits of the fractional independent yield
of 8^Kr.

85»
Since the yield of "^Kr can be measured mass spectrometrically
relative to stable FP Kr, the uncertainties assigned "by Walker
(HP lia) to mass 84 and 86 chain yields are assigned in /Cable A2~II
to the cumulative yield of

Summary of fractional yields

•Tables A2-III to A2-7 show in detail how the uncertainties listed
in Table A2-I were obtained. Only those mass chains are included, for
which at least one measurement on fractional yields is available.
Wherever possible, fc were deduced directly from measurements. This
includes cases where fc of a FP has not been measured directly, but
deduced from fi of this 5P on the next member in the chain assuming a
Qaussian charge dispersion.

The Tables are generally self-explanatory, but some comments
are given below. If several measurements of different fi and fc
were available for a mass chain, they were plotted on probability
paper and evaluated in detail. Experimental data are taken from
RP lia [1],

2 IS
3.1. Table A2-ÏII: fractional yields in JJV thermal fission

Detailed evaluations of raass chains 8?,88,91»139 and 140 are
presented in TablesiirAg-»yi to A2-%« and discussed further below. Frac-
tional yields for mass 91 are presented in ffiable .nA2-VIII in order to
illustrate their consistency with G in spite of their apparent dis-
agreement with the calculated data of Grouch [2].

The selection of all other data in Table A2-III is self-
evident.
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2V5Table A2-III: Details on status of cumulative yields from _ U thermal fission

FP

85ffl3Cr
8?Kr
88Kr

8?Kr

9°Kr
9°Bb

^Kr

133,

135!
135Xe
13?Xe
138Xe
139xe

^Xe
14°Cs

^Xe

f«

0.99
Ai22_

.96

.96

.86
»99
.59

1.00

_a2a!L
1,00

.978

.952

.80

.60

.93

.21

uncertainty (%) for
^

<1
2

4

l

2jtl

_ij^_
2

£1

L__îi_
~

.3

.1

3

3.3
2

10

*y
2.3
2.8
2

2.1

JL±a_
j^?
1.8

2.4

2.4
2.4
2.6

2.5

1.8

1
1

1

L_±>L_-.
_2.a_-

H~M
4.5

2.3

_J__j
__ 2_

2.7

£2*6

2±4-_
2.4
2.6

2c5

3.5

3.5
2.2

10

comments and data: underlined are data used to obtain fc
e ... experimental, c ... calculated, w ... weighted avera^a

85niT, , 85 T, ,for Kr and Kr see text
seo "Sable A2-VT
see Table A2-VII

9Rb tit Q ,042 £ .OOJw, c .04, G / 89Xr fc» c .96

9°Hb fcs c .9976| fit e .13 - .01, c .l5/9°Kr foi e .86 - .02, o .85",
fis e .63 - .08, c .62

see Table A2-VIII J
133I fis e *024 ~ .005w9 0, used

as evaluated by Walker? HP 11 a j

for Xe the decay branch from I should be used.
1-37 j.J IXe fc» e .978 - .003

138Cs fi» e .048 Î .OOlw, used with G

see Table A2-X
evaluated; Ba: fi = .0? - .02, Cs: fi = .33 - .02
141Xe fc» e .21 i .02, fi: .20 i .03
141Xe fc* e .21 i .02, £1: .20 ±.03

CO
CO



Table A2-IV: jJetails on ..status of cumulative i fission

PP

85-Zr

87Kr

88Kr

89fo

9°Kr
9°Hb
91Kr

133,

135I
135x,
137Xe

138Xe
139xe

14°Xe
14°Cs
14°Ba
141Xe

fc

a-98

~.88*

à. 80*

,86

™i£L_
Jli2i!L

.33

3". 98*

•13
JL^l™,

.90

.83

,48

_^£1_
.73

>_i22L
.051

uncertainty^) for
fc

«2

*»20*

~25*

I

_J^_

k_±HL
3

*4*

_i_
-1
1.1

1.2

2.1

4^5
5-5

<0.1

6

__2*SL_
2.3

2.3

1.6

1.6

-JLti-
^JU1_

1.2

3. .5

_JLd_
2.4

2.3

2.7

3.1

1.9

-JLiSL.
1.9
7.6

cy
3

20

25

2

2.1

M
3»3

c5.3

_5-6
2.6

2.6

~3

^4

*5
«6
1.9
10

comments and data: data used to obtain fc are underlined
e ... experimental , c ... calculated, w ... weighted average

for Kr and Kr see text

8TKr fc; c.98 /8?Br fo: 8.56-, 04, c.685 fit e. 75^.20, c.56/ 7Se fc: e.l9-.04,
c .12 / G (see text) r \

QQ CJQ |

Kr fc; c.91/ Br fcs e.H^.Oô, c,3Ô; G9 very uncertain (see text)

89Kr fc; e ,86 - .01, (c.88)

9°Y fn e .000085 c «OQ04/9°Rb fo: c .96 /9°Kr fcs e .67-. 01, o.32/
9°Br fo: e ,10X0^, c .053 / G? all e data used (see test) j
91Kr fcs e .33-.01

133I fc: c .999 î fis t^tJuâL^a-^^^^PJ^» c •17/G (see te3rt) i

as evaluated fey Walker, EP lia;

for Xe the decj£r__branch from I should be used
137Xe fcs e .90-.01 w

138Xe fcj e .83-.01

139Xe fcs e .48^.01

14°La fis e .0038i.000l[5] / 14°Ba deduced fos ,9962±.00015 fis e ,27±.04 /
14°Cs deduced fc; .7^.04 / 14°Xe fcs e .23±.01

141Xe fis e .051^.003; Gj f i » fo

oo
en



3.2. Table A2-IV: fractional yields froni \T thermal fission

87Mass 87; fc for u fKr is obtained from a plot on probability paper
through the experimental points. The uncertainty extrapolated from the
error margins of experiments (worst case) ranges from + 1% to - 10%.
Compared to a Kr fc of 0.86̂ *01, the value of 0.88 obtained from the

Q-»
plot for fc of 'Kr appears to be very unlikely. The experimental
points as well as d = 0.93 disagree with calculated data f2], There~
fore an uncertainty ranging from -v 14% to - 20$ should be a safe limit
for fc of 87Kr.

QQ
Mass 88; Only one measurement of Br/fc is available. Using

2 V^a =0.64 (mass 88 in Û thermal fission), the value of Kr/fc •& 0.94
is obtained. With d = 0.93 (mass 8? in *̂ U thermal fission) Kr/fc

OQ
becomes 0.83. We adopt ' Kr/fcào.So i 20^, where an uncertainty of

QQ

- 20$ is very unlikely compared to Kr/fc.
QQMass 90; Kr/fc is deduced from the experimental data shown;

these are completely consistent with G (a — 0.60, Zp = 36.23), but in
disagreement with the calculation of Crouch [2] (0 = 0.60, Zp — 36.47).
The uncertainty derived from experiments is < 1%. However, since
Kr/fc was not measured and fluctuations of fc around G due to the odd-
even effect are possible (Amiel f3l)» we adopt an uncertainty of
+2 to-3 #.

Mass 13_3; Only measurements of I/fi exist for this mass chain.
Assuming an average o of 0.5-0.7» I/fi = 0.15 (- 0.01 wa) leads to
Xe/fi £ 0.01. Even with an abnormal a of 0.9, Xe/fi « 0.05. There-
fore Xe/fc and its uncertainty should be well within the limits given
in Table A2-IV. The calculated values of Crouch f2] shown in this
table were derived using an earlier result of I/fi = 0.21 quoted by
Denschlag [4] which was revised later to 0.15e? (see RP lia).

O'îQ3.3. Table A2-V; fractional yields from "37Pu thermal fission

Mass 8j : The Gaussdan parameters o =0.72 and Zp = 34.80 are
obtained from a plot of the two experimental data shown in the table,
and Kr/fc is deduced to be 0.991. Other possibilities of plotting G
within the error limits of the measurements yield a lower limit of
0.95.
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Table A2-V: Details on status of cumulative yields from ""Pu thermal fission

FP

~£5BI
Kr

O /

û û

"55 "̂
QO

90Hb

91Kr

133I

135,
135Xe
137Xe

T^xT
139Xe
14°Xe
140Cs
140Ba
141Xe

fc

>.98

>.98*

-.95»

.86

,64
.98*

.31

£,.98*

.85
>.99

= 92

.85

.55

.30
-.70*

.079

uncertainty^) for
fc
£2*

~3*

<10*

1
2

4*

3

-$4*
1

1

1.2

2

2.7
--30*

5

«£&L.
2.3

o

1.5

-SL__
~3

3.6

<10

2.3 2,6

1.4 ; 2.4
1.4 4

2 ' 3.6

2.7 ' ~3

3.4 3.5
3»4 ' 3.5

2.7 ' ~3

6.5

5.2

1.6
1.6
1.6
2.3

6. 6

5.6

3.6
-30

6

comments and data: underlined data used to obtain fc
e ... experimental t c ... calculated, w ... weighted average ra L uiuir,
for 5mKr and 5Kr see text

7Kr fc: c ,992/ 7Br foi e ̂ ^^L^^Jl 1
?Se fcs e .jj^ipj, c .18 / G (see text)

^ H ~ ^ C3Q
Kr fc: c .95/ Br fcj e .61-, 03, c ,49/G. pessimistic uncertainty (see text)

9Kr fc; e .8^.01
' QO QO -t.

9°Br fcs ^^Ip^pj, c ,039/G (see text)

91Kr fcs e .3^.01
133I fc: c ,999? fi: .̂.JL^PJ, c ,17/G (see text) j

as evaluated by Walker, RP lia;
135m, 135for Ae use decay branch from I

13i'xe fc: e .92». 01
138Xe fc: e .85^.01
139Xe fc» e .S^.Ol
14°Ba fc: c .997/14°Cs fc; c .8?/
14°Xe fcs .̂̂ oî Oj., c .30/G, see text for expected fc of 14°Cs and 14°Ba

141 4-^ Xe fc: e ,079±»004

to
OT-J



As in. the case of U, only one measurement exists and
the arguments for the uncertainty of Kr/fc shown in Table^A^Z^ are

similar. Values of 0.95-0,98 for Kr/fc are obtained from the plot.

Mass 90 t The plot through the experimental data yields values
for d — 0.65, ZP ~ 36.21 and Kr/fc ~ 0.98. The uncertainty takes
account of experimental errors and possible fluctuations due to the
odd-even effect

Mas a. ..Ijj; The same comments as for U apply here.

on-'-y measurement available for this mass chain is
that for Kr/fc. Using d -0.65 from U fission for A = 140» the
following values are obtained:

Cs/fc s= 0.77, Ba/fc ~ 0.976
In 233U thermal fission Cs/fc= 0.73 and Ba/fc = 0.996
The lower limits and uncertainties for Cs/fc and particularly for
Ba/fc are rather pessimistic, but the actual data should be reliably
within these limits,

2354. Detailed evaluation of.some fraotional yields from U thermal fission

Tables .Ag-VÎ tĝ Ag-X show experimental data, deduced valuesT
weighted averages (wa), values obtained from the plot and adopted
values for mass chains 87, 88, 91, 139 and 140. Deduced values ware
obtained using wa of exp. only. Values in the column "plot" were
found by drawing a best straight line by eye through experimental and
and deduced fc data (generally fitted to the wa) plotted on probabil-
ity paper. Values of d and Zp were determined from this line. Gen-
erally, the experimental wa are adopted, as Amiel and Peldstein [3!
have observed systematic deviations of experimental fi from a Gaussian
•distribution, which they ascribe to an odd-even effect.

The data of Crouch [2] and Aiaiel and Feldstein [3] are shown for
comparison. For calculating fx assuming a Gaussian charge dispersion,
Crouch [2] used values of Sp and a deduced from ari eye fit to experi-
mental fc data plotted on probability paper. Ami.el and Peldstein £3]
have calculated "normal" fi from U thermal fission using Zp and d of
Wahl et al [5] and compared them to fi evaluated from experimental data.
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Table A.2-VT; Fractional yields of mass 87 chain in.... U thermal f ission

Element

(z)

Kr

(3-)

Br

(35)

Se
(34)

As
(33)

^ata

fc

fi

fc

fi

fo

fi

fc

Zp
0

exp

[13

.141.01

(1.06)

.471.12

,43±.ll
.46 +.06
.41*. 07

,26^.05
.251.05

(.04*. 02)

.018*. 009

deduced values and wa
method

Se/fcVBr/f j+Kr/fi
Br/fo-t-Kr/fi
exp

1-Se/fc-Br/fi fc)
Se/fc+Br/fi
1 -Kr/f i b )
wa of exp
1-Kr/fi-Se/fc b)
wa of exp
1-Kr/fi-Br/fi h)

Se/fc-As/fj
1-Kr/f i-Br/f i-As/f i" ;

exp pdopted

value

,91±.10
-" 1.00
.I4±.0i
.23±.10
.T^i.io

Rf. + • 01.OD _.o*i

.451.08

•54::«
.321.05

/IT + -o*• 4J._.M

.301.05
•so +•««« 5' -.09

.0181.009

wa

.141.01

QC +'«i
• °5 -.0*1

.501.05

.351.04

.331.04

.018+. 009

a)
plot

.996

.136

.86

.53

.33

.31

.023

34.82
.64

adopted

on* -Of
«77 -.01

a)

.141.01

.851.04
c)
c)

c)

Crouch

[2]

.998

.084

.914

.474

.440

.392

.048

34.60
.66

Amiel [3] from
normal

.999

.111

.888

.604

.284

.275

,009

34.82
.56

exp

1.00

.1521.013

.85

.35 4., 06

.50

.491.07

.01

to
03
CO

a) for other plot with discussion of uncertainty of Kr/fc see text;
fc) upper limit j assuming Rb/fi « OÏJM ;

A*? AAc) note: ' Br (to 2-3̂ - per decay) and Br (to 4-6̂  per decay, ie. &.-&fc of
are delayed neutron emitters (values: see S. Amiel} SP 13)

Br cumulative yield)



4.1. Table A2-VI mass 87 chain

Experimental data for Se/fc are discrepant and their weighted
average is not reliable. Because of the large uncertainty of Br/fi,
experimental data and deduced values just agree within the error limits..
The values themselves are, however, not consistent with Gt as shown by
the deduced value of Kr/fc. The plot is obtained from a fit to wa. The
adopted values are based on Kr/fi and G, from which Hb/fi £ 0.01 and
Rb/fc — 1.00 are deduced.

In order to obtain a lower limit for Kr/fc, another line was drawn
which is consistent with Kr/fi and the upper limit for Se/fc, but com-
pletely ignores As/fc. The following data were obtained:

Kr/fc Kr/fi Br/fc Br/fi Se/fc Se/fi As/fc Zp o
.97 .145 .825 .34 .485 .33 .155 34.55 1.03

Although this curve with a — 1.03 is very unlikely and disagrees with
most experimental data, Kr/fc is still 0.97. Therefore the value of
Kr/fc = 0.99t'.lz should be reliable.

4.2. Table A2-VT: mass 88 chain

The situation here is very similar to that of masB 87. The plot
is essentially based on Kr/fi (Kr/fc deduced) and Se/fc. The adopted
values are deduced from experimental data for Kr/fi and Se/fc, and on
Kr/fc obtained from the plot.

4.3. Table A2-VIIIj mass 91 chain

Experimental data and deduced values are consistent and in excel-
lent agreement with G (plot). On the other hand, there is severe dis-
agreement with the calculated data of Crouch [2], In his calculations,
Crouch used a wrong experimental value for Sr/fi (0.30 ~ 0.03 instead
of 0.03 i 0.03 [5])and measurements of the °' Sr absolute yield for Sr/fc.
All experimental " Sr yield data are lower than the Sr yield (91 chain
yield) adopted by Crouch [6], but were measured relative to another chaii
yield and not as fractional yields. While the deviation of the measured
91y Sr cumulative yields from the total chain yield should be further in-
vestigated, these data are not used here.
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Table A 2 - VII: Fractional yields of mass 88 chain in U thermal fission

Element
(z)

Wo

(37)
Kr
(36)

Br

(35)

Se
(34)

data

fc
fi
fc

fi

fc

fi

fc

fi
Zp
0

exp
[1]

1.04 + .06

.37 + .03

.56 + .23

.24 + .06

.11 + .01

.13 + .02

deduced values and wa
method

exp
Se/fc + Br/fi + Kr/fi
exp
1 - Br/fi - sc/fc
Sc/fc + Br/fi
1 - Kr/fi b)
1 - Kr/fi - Se/fc b)
exp
wa of exp
1-Kr/f i - Br/fi

value

i.oo :?oi
i.oorf,,
.37 + .03
.32 + .23
.68 ± .23
.63 ::«
.51 + .05
.56 + .23
.12 + .02

.07 + .23

wa

1.001?»

.37 + .03

.63 + .05

.51 + .05

.12 + .02

plot

1.00
.038
.962

.35

.61

.49

.12

.12
35.30

.68

adopted

1.00

.96 + .04

.37 + .04

.59 + .06
c)

.47 + .07
o)

.12 + »02

c)

Crouch
[2]

.963

.132

.83

.28

.55

.31

.24

.18
35.35
1.20

Amiel J|3] from
normal

1.00

.013

.987

.315

.67

.58

.090

.089
35.25

.56

exp

.01 |

.99 + .04 j

.37 + .03 j
?

.62

!
.51 + .03 1

i
.11 + .01

.11 + .01
35.32

.71

to«o

a) for other possibility and discussion see text
b) upper limit, assuming Rb/fi = 01 '£*

88 88,c) note: Br (to 5-6% per decay) and Br (to 6 - 13% per decay, i.e. 4 - 8$ of Br'cumulative yield)
are delayed neutron emitters (values: see S. Amiel, RP 13).



Table A2-VIII; Fractional yields of mass 91 chain in thermal fission

Element
(z)

Sr
(38)

Rb
(37)

Kr

(36)

Br

(35)

data

fc

fi
fc

fi

fc

fi

fc

fi

Zp 1
a

exp

[1]

.031.03

.931.05

.40+ .02

.391.03

.59±.01

.54±.C2

.075±.07

deduced values and wa
method value ( wa

Rb/fc+Sr/fi .96Î'.SS
Kr/fc+Hb/fH-Sp/fi 1.00î?0*
Br/fi+Kr/fi+Eb/fi+Sr/fi 1.00 + 5OÎ.
exp .031.03
exp
1-Sr/fi
Kr/fc+Bb/fi
va of exp
Rb/fc-Kr/fc
1-Sr/fi-Kr/fc
exp
Hb/fc-Rb/fi
1-Sr/fi-Rb/fi
Br/fi+Kr/fi
exp
Kr/fc-Br/fi
1-Sr/f i-Rb/f i -Br/f i
Br/fi«Br/fc
Kr/fc-Kr/fi
1-Sr/fi-Rb/fi-Kr/fi
exp

.93±.05

.97±.03

.99!:0°i

.40^.02

.34±.05

.38^03

.59±.01

.53±. 06

.571.04

.621.07

.541.02

.521.07

.50+. 08
.0751.07
.051.02

.03::^
,0751.07

l.oo ï?BZ

.981.02

.391.02

.591.01

.541.02

.051.02

plot

1.00

.02

.980

«39

_ j

.536

.054

.054
36.37

.55

adopted

1.00

.981.02

.391.02

[759—— Ï

.541.02

.051.02

Crouch

[2]

.985

.18

.804

.48

.323

.285

,038

.037
36.85

.76

Amiel [3] from
normal

1.00

.032
,_____

.440

^528™

.485

,043

.043
36.46

.56

exp

1.00

.03^.03

.971.03 !

.38+. 03 1
}

.591-01 j
1

.5461.015 ^

,0441,018

.0441.018
36.37
.565

tocoto



Table A 2 - IX: Fractional yields of mass 139 chain in U thermal fission

Element
(z)

Ba
(56)

Cs

(55)

Xe

I

data

fc

fi
fc

fi

fc

fi

fc

fi

ZP

0

exp
[1]

.011 + .004

.24 + .02

.20 + .03

.18 + .02

.82 + .02

.79 + -07

.12 + .05
,07 + .04

deduced values and wa
method

Xe/fc + Cs/fi + Ba/fi:

exp
1 - Ba/fi
Xe/fc + Cs/fi: 1.03+. 03
wa of exp
1 - Ba/fi - Xe/fc
1 - Ba/fi - Xe/fi -I/fi
exp

1 - Ba/fi - Cs/fi
I/fi + Xe/fi
exp
1 - Ba/fi - Cs/fi -I/fi
Xe/fc - I/fi
I/fi « I/fc
Xe/fc - Xe/fi
wa of exp

value

1.00

.011 + .004

.989 + .004
1.00 ± «w

.21 + .02

.17 + .02
,11 + .08
.82 + .02
.78 + .02
.88 + .08
.79 + .07
.69 + .04
.73 + .04
.09 + .03
.03 t:n
.09 + .03

wa

1.00

.989 + .004

.188 + .014

.802 + .014

.72 + .03

.08 + .03

plot

1.00

.0065

.9945

.225

.77

.63

.143

.141

54.09
.55

adopted

1.00

.99 + .01

.19 + .03

.80 + .03

a)

a)

Crouch
[2]

1.00

.008

.992

.237

•755

.604

.151

.148

54.10
.58

Ami el [3l from
normal

1.00

.010

.990

.280

.710

.601

.109

.108

54.19
.56

exp

1.00

.011 + .04 -

.99 Î
:

.206 + .030f

i
1i

-ï
.78 j

i

.68 + .10 f

.10

.09 + .10

54.12
• 54

(S3
CO
CO

a) note: not evaluated; I (to 6 - 14$ per decay) and I (to 14 - 50fo per decayt i.e. 3 - 10$ of "i cumulative yield)
are delayed neutron emitters (values: see S. Amiel» RP 13)



Table A2~X; Fractional yields of mass 140 chain in thermal fission

to

Element

(z)

Ba
(56)

Cs

(55)

Xe

(54)

I

(53)

data

fc

fi

fc

fi

fc

fi

fc

fi

ZP
a

exp
[1]

,046^.030

.93±.03

•31+.02
• 33±.03
.60*. 01

»46_*.06

,034+,, 021

deduced values and wa
method

Cs/fc+Ba/fi
Xe/fc-^Cs/fi-t-Ba/fi
I/fi+Xe/fi+Cs/fi+Ba/fi
exp
1-Cs/fe b)
1-Xe/fc-Cs/fi b)
exp
1-Ba/fi b)
Xs/fo+Cs/fi
wa of exp
1-Ba/fl-Xe/fc b)
exp
1-Ba/fi-Cs/fi b)

value

u7fC«"Oit
•" 1°- -0*3

Ç\(L(. t . 034«yoo_< 0 3 ?

(.86+. 08)
,046i.030
,07±.03
.08+;.02
.93±»03

,954±.030
,92±.02
.32±.02

.354±.OJ2
,60i.01

.654±.036
I/fi+Xe/fi c) |. 494+. 065
- - - - i
exp
Xe/fc-I/fi

1-Ba/fi-Cs/fi-I/fi
I/fi«I/fc c)
Xe/fc-Xe/fi
exp

,46±.06
.566^.023

ujl2~L2i__
.034+.021
,Ui,06

,034^.021

wa

.97±.03

.070+. 015

.93±.02

.33±.02

.60^.01

.56*.04

.0464.. 03 3

.034+. 021

a)
plot

.9995

,039

.961

.37

.59

.49

.095

.093
1 54.35

.65

adopted

i.oo:.°01

.07±.02

.93±.02

.33z«02

.60^,02

__

Crouch
C23

.9956

.076

.920

.347

.573

.423

.15

.138
54.35

.82

Amiel [3] from
norstal

.9997

.052

.948

.512

.436

.410

.026

.026
54,59

,56

exp

1*00

..
.0404-, 03

.95

.33±.03

^62 |

.604^.040

.02

___.£!__,
54.05

.82

a) for other possibilities and discussion see text;
b) assuming La/f i«* 0 (evea if Cs/fc-93 is adopted, deduced La/fî  ,0l);
o) assuming Te/fcsiO (assumption does not hold, if I/fô i ,15);
d) note: not evaluated; I decays to 14-50?» by delayed neutron emission (S.Araiel̂  EPl})



4.4. 'Table A2-ÏXî mass 139 chain

With 'tne assumption that La/fi < 0,001 and Te/fe < 0.01 (according
to 0), the erperiraents-l data and the deduced values are fairly con-
sistent, but neither agree with the plob. The deviations are in quali-
tative agreement with those observed "by Ami el and Feldstein £3] &n&
could be due to an odd-even effect. The values deduced from experi-
ments are therefore adopted.

4.5. Table A2-Xs mass 140 chain

Except for the values of Cs/fc and Cs/fi, experimental results
and deduced values do not agree. The plotted straight line takes
account of all wa data "but doss not agree with them. Two other plots,
which ignore some of the data, were attempted; plot A was obtained
from CB and Xe data only and ignores I/fc, plot B consists of a straight
line drawn through Xe/fc, which, on probability paper, passes above
I/fc and Cs/fc by about equal amounts.

The results &re given below:

Plot Ba/fc Ba/fi Cs/fc Cs/fi Xe/fc Xe/fi I/fc Zp d

A .997 =061 .936 .336 ,60 .44 .16 54.29 .80

B 1.00 .022 .978 .,39 .59 .53 .06 54» 37 .56

îîone of the plots is consistent with experimental, data; the
adopted values are therefore based on the experimental value of Xe/fc
and the consistent Cat a for Cs, which also have highest weight in the
averages. However, a value of Ba/fc > Q»99 results from all plots, in
contrast to all deduced data of Table A2-X. Also La/fi = 0.03
(deduced from wa Ba/fc — 0,97) is not consistent with G and Ba/fi
= 0,046 or 0,07. Therefore the value of Ba/fc = 1,00 I^.ot is
adopted.

[1] W.H. Walker, Review Paper lia, these Panel proceedings, Vol. I,

[2] E.A.C. Crouch, UKâEâ report AERB-R7680 (1974).

S. Amiel ana H. P^l&stein, paper SM-174/15* ÎAEâ Symposium on Physics
and Chemistry of Fission, Rochester^ USA, 13-17 August 1973

2S5



[4] --T»0« Denschîa^:, EabiliiatJonssciirifï "tJher Scha leaef f ekt e feei der
iïig sa dor Ifft;:7isp3,l-tu.ni^f, KaiaE, FEG, 1971.

[5] A,C, Wahl at al, paper SK-122/116» IAEA Sytnpos lum os Ph^^ics and
Chendstry of Fà,ss.Lon? Visnïsa, Ansiria, 28 July - 1 August 1969?
proceed j ïi^s s page 813.
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Appendix A3i_EECAY DATA

Goraparisons status - user requirements

_uged in

A , . . * » accuracy > uncertainty
Ty*.... half-life
Br. .... decay branching ratio
I ..... gamma ray energy

. «,» end point energy of individual
,, . * . . average (3 energy per decayP

IQ . ,„« p-ray intensity
Q ..... total energy released per decay
ce .... conversion electrons
I .... absolute conversion electron intensitiesce
a ..... total conversion coefficient
IT « . , . isomeri c transition

A.̂ .2. Decay data of individual FP

(i) Status and user requirements are compared in .Table, _Â -.I for individual
FP decay data. Only those data are listed in this Table, for which
needs have been expressed ejcplicitly. The status of decay data is
taken from individual evaluations which are indicated in the comments
of Table A3-I. Unfortunately, most of the available evaluations (dis-
cussed in RP12) do not give uncertainties of recommended data. There™
fore the status field had to be left blank in some cases, but refer-
ences to Nuclear Data Sheets are given, where information on these data
can be found.

For I and I the uncertainties are given as % per decay and(5 CG
hence are absolute uncertainties, assuming that the uncertainty of the
energy release per decay is important for users.

Absolute I listed in ^T^bj^eja^I is restricted to the most
abundant y-rays of a particular FP, defined as those y-rays used for
identification of a FP as well as those which are abundant enough to
interfere with Y-rays of other W in a mixed FP source* This is in
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accordance with user recmirements, except for life sciences} see (iv)
"below.

(ii ) From ̂ Pablê Ĵ VI the following unfulfilled requirements can "be
-i zed. Almost all ^Vi reuuirempnts are fulfilled, with the fol-

exceptions:
~ Êu: not fulfilled

95 1?'5- Sr} 3b; discrepancies exceed required accuracy
- ICr, ' ->mInT 'mSn, * '"'Sn: uncertainties not evaluated
Also most of the accuracy requirements for branching- ratios are met»
Exceptions are (see Table AVI for eyact Br);

90 91- Kr and Xr; uncertainties not evaluated
- V̂o and 1- 5̂mXe: not fulfilled
In the case of absolute Ï many requirements are not yet met, espe-
cially those for burnup determination.

Since ce do not have lar.'je intensities per decay, all explicitly
stated requirements are fulfilled, except for those cases where the
presently available uncertainties ^ro not evaluated.

For most of tue 6 ray data no evaluated uncertainties are avail-

Also, E_ ±B generally not included in ti

whj le Fantel [?4J does not Mve uncertaintj es.
able. Also, E_ ic generally not included in the references listed,

(iii) The accuracy of gamma^r-ay .onergi^ee needed for PI"* identification is
better than 1 keV, corresponding^ to a Ge(Li)-detector resolution of a
few keV. This requirement IK met for a3 1 FP listed in Tablée A.^-I
except for
- 91Y (*E «10 keV) and

12 V« (AS,,» J keV)-" on y
and a few gamma rays of other FP with very low abundance. T>ds covers
all other areas requesting lower accuracy for E Cheat release,
y- transport).

(iv) For research work in JjLta^££L?Il£!l!LJy^^ information on the
interaction of radiations with matter, including changes of p-spectra
by absorbing material, is important. Per these investigations all y's,
p's and ce* s emitted by nidionuelei have to be known, but high accu-
racy is reoui red only for the most abundant branches. All information
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on j3 eaiisbton, ifcciudxiv: f-i spectra, i& needed» The ijpea of |i data
Included i'a jj^£TjLj>j£H[ should be S u f f i c i e n t to give information on the
reqmrod and. precently available accuracy.

(v) ^â£âSîiâî «XS9ïi£SIS££iS ~"or ï^n-deslructivs fuel analysis are covered
"by bttrnup requirements and are therefore not listed separately. In the
case of correlations for estimating the cooling time existing FPKD are
more than adéquate and therefore requirements are not included in

(vi) I of Ba is based on the absolute value of the c»37 keV y-ray
branching» The previously adopted value for I (73? keV) was 24% [l].T
Blachot has brought to the attention of the Panel that this value
needs confirmation, as ?.n the last evaluation of the Nuclear Data
Group[25J 20̂ o are recommended for this Ï . The most recent (prelimi-
nary) result; of libertin [lB] is 2$.â ~ 0.3'/o» which confirms the value
of [1].

(vii) In a contribution to RP 5? Tasaka and Sasamoto have compared system-
atically the results of different. y~-ennttinr bumup Ttonitors. From
hheir study there is evidence that Ï of the 622 keV y ray of .̂ .JRh

•; /-,i ~«1
and the 693 keV y-ray of v_JJ^Pi> coujd be in error b;y about 2Qa/b, The
results of ^eberiin's measiiremenx;s [23l should help To clarify.

-'Jr j?rou»s of FP' •̂ M^* ĵ=n-jj&=Witw.5»r"J>.i.v5ITrJK>*iJi3'i.i Kt.T»«r-.*'

(i) Review Paper 4 recru est s ?0;i accuracy on hal f ii. ves of del ay ed neu t rons

^SSHB -̂ST^^Jl̂ î ufeâlwESSSiiSîliS ( w i t h 'P1A > 1 sec) for failed fuel
detection*
- croup yields listed by S. Amel, HF13 L 4 J > meet these requirements»
- TVS. of proouf-sors evaluated by G. Rurlstarfi(HP12 | bis including first

, o ̂draft/also meet these reeriirements. 'As, as t^ell as the lees i
tant FP fAs, l 1 > > " 3e, ' ' \ r and "°Sb were not included in this evalu-
ation,

(ii) y—rays with EV of about l-.<? MeV pénétraue through thick shileds, even if
of low ab\iiidance. Sowe of the very low abundant y—rays have still to be
identified and shoyld bo included in decay studies of FP with high
Q values. Most i^.portant are F!P wi tb v V* of more than 300 days.
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For Pu recycling shorter cooling tiroes bave to be considered also (see
RP7). Important in this case could be e.s:. ;
- 14°La, 156Eu
The accuracy required for I is about 30 .̂

(iii) EY and Tv of short lived FF are needed for high energy ( £ 2 MeV)

gammas for calculation of (^n) cross-sections. Accuracies required

are not yet teao>rn.

(iv) For fresh fuel assay (safeguards? HP 6) the following (partially un
measured) FP decay data are requiredj

T1/2:l {is to 1 s: T1/2 and Iy within a factor 4

TV2: Is to Ih: T1/2 and I to i 10$

A Ey a 0 . 3 KeV
These requirements are of low priority, since the methods concerned
are not in practical use.

(v) For fission yield measurements 1̂  should "be known to 1% and better.
Examples for FP yields measured Y-spectrometrically are:

106

(vi) For environmental con siderations in cases of accidents or nuclear

explosions decay data and K-specfcra are required, especially for

gaseous FP, in cases where these data have not yet "been measured or

the FP not even been identified.
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Table AVI: P? decay data - status and user reguirements

PP

%

72Ga

82Br

^*te

85Kr

86Hb

8?Kr

^

89Kr
i

accur

T M

.1 D!

10
5-10

U4
5-10

«3 D
5-10
5-10

.2
5

20

,6 D
5

5-10
5-10
5-10

.2
5-10

.7
5-10
20

.7
5-10
20

.6
5-10
20

acy (fo

Br

3,6
10

3.6
10
5-10

^
10
20

2
10
20

2
10

20

) fora>

Ve

1.1

10

e

»2

e

*9

10
e

, .>.?
10

.

%
r

1,2
10

5~io i
10— [
.07
e

,03

e

.8

5-10

e

.3
10

V
o i

5-10

e

«3

e

.01

5-10
10
e

.1

———

V
.

2-9
l

.6-2
1
1

1.1-4
10

2
10

5-10
T
J-

.9
1

3.4-7
10

5-7
10

10

i b>ce

e

!

, status and
RP' request for

status
4 ' contamination
7 fuel handling
8 agriculture

status
8 ' l ife sciences

' status
8 industry
8 life sciences

; status
4 i FP release
4 fuel failure

status
4 contamination
7 fuel handling
8 ' industry
8 - l i fe sciences

. status
8 agriculture

status
4 FP release
4 • fuel failure

status
4 : FP release
4 fuel failure

; status
4 ' ï? release
4 .fuel failure

'•

comments , notes and references for status

Tj4 : D within 2fc IQ = 100$ |
status î all data til i" " " """• "• !

!

i
Status; Iv£lO]; other data (I and £ data without _ :

:
uftcertainties)[ll]s ^Q. given instead of AEL |p ;

:

T</i i D within 2% \
status i TV» ,1 [2a]; other data [1] *

v i

Br; to 85Kr \
status: Br[2], other data [8] J

l
i i. . .. ii i i '•

T% : D up -to 45&, BPI 85mKr45Krf) |
Status; Br[2], other data [1,8] ;

^

s
Statuss Tj^ [2a]l [l92a], other data [l] J——— ? T :

Br* 87Br^Kr^ l
statuss Br[4], other data [S] |

Br: 88BrJ8Kr^> ?
status: Br£4]» other data [8] I

i

Br?
 89Brj9Ki.g) j

status! Br[4]; other data [12] (I given but aotZil ) ;. ———— y Y/ .
s



o
O9

8*Sr

9°Kr

9°Sr

*T

91Kr

91Y

95Zr

95-Nb

« ————

.1
5-10
5-10
5-10

.6
10 10
10 10
20 20

1.4
5

5-10
5-10
5-10

.2
5

5-10
5-10
5-10

2.3
20 20

,2
5-10
5-10

.1 D
1-2

5
5-10
5-10
5-10

1.1 15-28
10 5-10

<.4
10
e

.4

e————
.13

5-10
e

,3
£

!

e

.5
5-10

10 •
e ;

. . ,,... •

.4

5-10

e

.2

5-10
5-10

e

.3
5-10

5
2

5-10

e

.01
5-10

e

0

5-10

e

,01

5-10

e

.2
5-10

.9

5-10

e

10

10
5-10

1
1-2
10

5-10
i
1

20
5-10

7
5-10

7
8
8

J4
4

4
7
8
8

4
7
8
8

4

t-t

8

5
4
7
8
8

7

status
fuel handling
agric. , industry
life sciences

status
PP release
contamination
fuel failure

status
contamination
fuel handling
agric», industry
life sciences

status
contamination
fuel handling
agric. , industry
life sciences

status
fuel failure———————————

fuel handling
industry

status
turnup
contamination
fuel handling
agric. , industry
life sciences

status
fuel handling

Status: TV* C2a], other data [1]

Br: 90Br_|°Kr ^855^3]
status; T</i [5]

I given in [/] without AI
Y

status? all data [1]; Ifî = 100$
"

Status: all data [l]

Brs 91Br—?1Kr «*93JÏ33»/V ABr<20#
statu§: TV» [5]

statuas all data £1]
ly very low, "but E ^1,2 KeV

Y

Tva. : DÎ see h) » i)
Status: Tvi [2],! [2a], !„ deduced from I .otherT P Y

data[ 1]

Br: ^Zr-^^^Iîbi 1)5 status; Ty* ,Ice ,1 (from a)[l]
Br; lower value[2a]T higher value [1] *



Table A 3-1: continued

FF

95m,

OQ
1ÔO

«ilâfc,

JLOoivli

+™*

1UAg

123Sn

aocura

TV*

.3
1-2

5
5-10
5-10
5-10

.2 D
10-20
10

.2
1-2

5
5-10
10

.6
1-2

5
5-10
5-10
5-10

.2 D
5

10-20

.2
10-20
10

.3
10-20

,cy ($) fora)

Tl_- CI*""**jor £v.

•2-.5 .3

e

.3-07

e

i

t

.3-. 8
i

10
e

——— I ———
.9-1.3

i e

\

.5

5-10

e

.25
10-20

e

3

5-10

.3

5-10
10
e

.0?

10-20

.9
10-20

e

.4
10-20

1

V*

.04

5-10

e

1.2
10-20
e

1.5

5-10

5-10

S

2

10-20

-3
10-20
e

10-20

V
.04

1-2
10

5-10
1
1

6-5
10-20
1

1,2-2
1-2
10

5-10
1

3
1-2
10

5-10
l
1

1-2
10

10 20

25
10-20
1

10
10-20

1cf}

10-20
e

.4

5-10

i

1

RP

5
4
7
8
8

7
8

5
4
7

5
4
7
8
8

4
i

7
8

7

status and
request for

status
"burnup
contamination
fuel handling
agri c . , i ndust ry
life sciences

status
fuel handling
life sciences

status
"burnup
contamination
fuel handling
agri culture

status
"burnup
cont ami nat i on
fuel handling
agric, , industry
life sciences

status
contamination
fuel handling

status
fuel handling
life sciences

status
fuel handling

comments ; notes and references for status

Br: Zr — » "ab -,-
status: T'/z [2], other datafl], Br: see y5mITb

T'A : D within 2%; k);l)
Status: TK [2a],I f l ,2] , other data £ll

Y

Status: T«A £2], other datafl]

7' s from 106Rhk).i)
status: T'A [2], I f2a], other data[l]

T

TVi : D(max) 1.1$; k)
status: AgllOras fvi [2];I.,[2]j AI^ fromAI
———— » P r

AQ (instead ofAEL) from [13]

status: all datafll

status; I [2a]j Alg fromAl and p to gs = 99.4$
[ 14] 1 T J4 t Q (ûQ ̂ ^ )[ 14]

CO
o



OJ
o
tn

125Sn

I25sb

125^

127Sb

127mTe

127 Te

129mTe

+129Te

129j

13 lx

132T6

.3
10-20

2 D
5

5-10

1.7
10 -

1
J
1

3 ;

10 ;

1

.3
10-20

0.7
i

5-10

5-10 (5-10 ;

1.3 5/1.1; .3
10-20 10-20 ! 10-20

j /

2 0.2
10-20 10-20

i

.8
10-20

;

; 10-20

1 D [6.6 '
5

10-20

2.5
5-10

.1 2
5

5-10
5-10
5-10

1.3/1
10-20
10-20
10-20

10 :
10-20

10-20

10-20

IT1
;5-10

e

.1-.3

e

1-2.7

e

e

.1

5-10
e

1.4
10-20

e

~10

i

-30
10-20 10-20'

~2

5-10

> 2
10-20

1.7-5*2.2
10 ;

5-10

1.7-10
10-20

.2 10-15
10-20J 10-20

Uio
10-20 10-20

11-15

10-20

0
5-10
e

.7

5-10

e

1
10-20

e

10
10-20

10

5-10

< i
5-10

.2

10-20

1
5-10 ;5-10
5-10

.6-3
10

5-10
1
1

.1-6
10-20

1
1

e

.5

5-10

e

8
10-20

e

7

4
7

4
7

7

7

7

4
7

7a

4
7
8
8

7
8
8

status
fuel handling

status
contamination
fuel handling

status
contamination
fuel handling

status
fuel handling

statua
fuel handling

status
fuel handling

status
contamination
fuel handling

status
fuel handling
life sciences

status
FP release
fuel handling
agri c. , industry
life sciences

status
fuel handling
industry
life sciences

status: TV* [2,14],Ir[2a]; other data[l5]*AQp given
fa, AW } <ûlô from ial_ * to gs and /il\ ^Q' » p p y

Tvi. : D up to 10$
status; T</i [2a], other data[l]

Br: 125Sb->125mTe;l) 99.7$ ce[l]
stajujii all datât 1]

status: Br: 127S'b-^127inTe/l27Te[2], other data from
!16] (ÛI ,AIB deduced from values shown; AQ for^)

Br: 127mTe -J^TeH status: Tvi ,Br[2],I f2a]
I ,IQ deduced from Brjce p

daughter of 127Slj and l27mTe, 3)
status: I [2a], other dataC 16] (incl. !„, not ul^)

TV,; D 3 î̂ Br: 129Sb->129mTei 129Te in equilibrium k)

status: TV» ,BrfI(U[2a]t other data[l7] (no uncer-
tainties ' given, but aI0,Al >ABr)P ce '

status: TVz fo], other datât T?], but no uncertainties
given; Eg0" from CLj I , I estimated from «

given in I>3; Ip = 100$

Tvi : D within 0.4$? includes oe from 131mXe
status: T^ [2a]f other datafl]

Ty2 : 132Te/132I, equilibrium after 1 dayk)

status: Ty* [lf23,I^2ce]t other data[l]
Ip: p~(132Te) = 100$, Ip(132Te) = 0



Table A3-I: continued

FP

133j

133Xe

134Cs

135T

135<Ste

135Xe

136Cs

Accuracy ($) for J
TV*

.5
5
5-10

,2
5
20
10-20
10-20

.2
1-2
5
5-10
5-10

<.i
5
5

.2
5
20

.1

5
5
20
5-10

.2
5

i
Br

.1
10

10-20

13
10

1.3

Emax ;lp

i

i

e ! e

«1 • .9

' 10-20
e e
__. - . J _ . .--J

I5~io
1

1-1.7

e

1

e

W i=)P y

10
e 1

.2 1.1
10

10-20 10-20
e ! 1

•vl .2-3
1 1-2

10
5-10 5-10

1

Vb)Ce

e

~2

10-20
e

5-10

i

i
i

i * 6
: 10
î

2-7 .6/6

10

e 1

5-10
10

^8

e

HP

4
8

i
7
8

5
4
7
8

3
4

4
4

3
4
4
8

4

status and
request for

status
PP release
life sciences

status
FP release
fuel failure
fuel handling
life sciences

status
correlation
contamination
fuel handling
agric . , industry-

status
kinetics
PP release

st atus
FP release
fuel failure

status
kinetics
FP release
fuel failure
life sciences

status
contamination

Comments ', notes and references for status

Status? all data [I9]j but no uncertainties given for
requested data (except TvO;

Br: 133I -» 133Xe = 97-2#; 133mXe: 100$ IT 1
SiatTis: 1% [2,6], Br[2a], other data [l]

!
J

5
;

status: T Vz ,1 [2al; & I0 deduced from A I———— Y 3 Y
and level scheme

?

i
a-i-a+Tita* T s* FP Q"! ^S oa/O US • -L ^_ L f v' J ^

Br: 135I -* 135mXe^9.5^5 1 J
States'- T\[9], Br [8,9], I^ [8]

i

Brî
 135Z ̂  135Xe? I35mxe. 10Q^ IT |

i

status: T"-<2.[2,9], Br[8,9] other data [8] j

AI : except 818 keV (l = 100$, A I = 0)
status: r2,2al Y Y

00
o
OS



O9
o-a

13?xç

137CS4l37m

138Xe

139Xe

14°Xe

HOCg

140

140La

.3 ;
5 :
20

.3D
1-2
5
5-10
5-10 •
5-10 ;

^
20 {

1.2
20

1.2
10
20

.6
20

,;• -j

1-2
5

5-10
5-10

-.1
2-3
5
5-10
5-10

*.2

e

.2

5-10

e

-2

5-10

.4

5-10

.4/6

5-10

e

3.5

5-10

~3

5-10

;19
10

.5
1-2
10
5-10
l
l

1.2D
1-2
10
5-10
1

.3-5
1-2
10
5-10
1

<fl

5-10

e

3.3

5-10

<.l

5-10

4
4

c

4
7
8
8

4 i
i

4

4

4

5
4
7
8

5
4
7
8

status
PP release
fuel failure

status
burnup
contamination
fuel handling
agric. , industry
life sciences

status
fuel failure

status
fuel failure

status
contamination
fuel failure

status
contamination

status
burnup
contamination
fuel handling
agriculture

status
burnup
contamination
fuel handling
agric . , industry

status: [81

T ^ t D > 3 f o y ' s from 137V; i
status: T Va.f2al, other data [8]

————————————————————————————————————— —— ——— i

statue: [8]
s

status; [5] j

status: [5] {
j
1

status [5l

f
I : D: see text; !
status; T"-i[2]j I [18] (see text) other data [1]

^ f

i)
statue; I [2a], other data [l]

Y



Table A3-I: continued

pp

U1Xe

141Ce

~^T

I44oe,
l44Pr

147 M

147Pm

I49pm

151Sm

Accuracy (%} for a)
TT1AY 1 —— ! "M 'tfi 4 s "n^M ' B1 ,*• V^ JPr •£*/-.

.6 ' i
20

..... . ... j.

.3 ; .7
1-2 i ;
5-10 - j

.2 Î ~"
5-10 ;

.2

1-2
5-10
5-10
5-10

.3
5-10

.1
5-10
5-10

.1
10-20

5
5-10

; .1-.8

10
e

.3

5-10

Ep S
c\ 1 b)

Y Ce

I

1.6 !

'
5-10 5-10 ,

2
1-2

5-10

5-10 ;5-iO \

.5 ,'~l i

5-10
10

5-10 '
F

e !e

10-20

.3
5-10

10-20

10-20

i

10-20

0 .
5-10 |

. i

10-20
- — — —

10-20

3-8
1-2
5-10
1
1

8-10
10-20

6

10-20

.5

5-10

.3

5-10
e

5-10

; status and
RP' request for

i status
4 ifuel failure

5
7

7

5
7
8
8

7

7
8

7

7

status
correlation
fuel handling

status
fuel handling

status
burnup
fuel handling
agric. , industry
life sciences

status
fuel handling

status
fuel handling
industry

status
fuel handling

status
fuel handling

Comments /, notes and references for status

status; [5]

i); aiaiiis; TX[2a], other data [l] (uncertainty
of Z^3 not evaluated — ̂ Ej?3* given in table).

status; T'vi.[2a]f other data [20]

W
status; Ï"H.[2], I [2a], other data [1]

Y

status; T Vz j i [2a], other data [21] without
uncertainties; ^1(3 estimated from AI and level
scheme of [21] ^

status,; [1]; ^3 = 99-992 %

status; T % , I [2aJ
7

status; TT; [2a]

o
CO



GOoto

"î c "2
""2~Srp

154Eu

- - „ .
155 Srr.

155ïïu

_ . __ _ __
156^

.4D
10-20
5-10

6D

1-2
5-10

5-10

.2
5-10
5-10
5-10

.2
10-20

.5-1

e

e

10-20

5-10

e

5-10

e

10-? 0

t
5 2-5

10-20 10-20
1

'-3
1-2

5_io 5-10

e ' 1

; 3-4
5-10 5-iO

! 1
e | 1

10-12
10-20 10-2C

5
10-20

e

5-10

e

J
6

5
7

8

7
8
g

status
fuel handling
agriculture

status
correlation
fuel handling

status
life sciences

status
fuel handling-
industry
life sciences

status
f ue 1 hand 1 ing

1 y* î D within 2$>
status; TVz [2a], I [2a, 22], other data [22]
(but no uncertainties j; Alf l» A^gdeduoed from
[22] and Al P

î Vz : D e.g. 8.5 (adopted) and 16 years
staius: TV* f 2 T , I F2a]

T 'a î 1.8 years obviously wrong
status: F23"!

status: TJa"1

a, Status: D ... some discrepancies among experimental data exist I
clank, if reeds are giver.: not ino lidded in evaluations '-hich give uncertainties (exrept Nuclear Data Sheets

up to 1965).
r) Only most abundant 3 and ce considered in status; uncertainty given in "£ per decay, which is equivalent to absolute

uncertainty.
c) Range of accuracy fcr most abundant ? ' s given.
d) D ... discrepancies
& . . . uncertainty

e) Fcr research work the accuracy snould be as high as possible. Ail information on p decay is requested (see text).
f) Assuming lOCCo branching ^Br — > Kr. If available, cumulaxive yields for Kr should preferably be used»

A— 1g) The precursor is delayed neutron emitter. Its delayed neutron branch to Kr has to be considered also.
The use of cumulative yields could be preferable, but ultimately {Î" and delayed neutron "branches will be used in
inventory calculations together with independent yields.



Table A 3,,_- I: continued

h) A discrepancy of 2.yfa exists between 2 measurements; sec: K. Debertin et al,
* (these Panel proceedings, Vol» 3)

i) Measurements of y-ray emission probabilities (absolute intensities) to
Yfo accuracy at the Physikalisch-Technische Bundesanstalt, Braunschweig,
PRG» are completed or in progress; see: K. Debertin et al. f23].

k) Daughter in equilibrium with parent at any time of interest; T ~\ of
daughter unimportant; radiation intensity per decay of parent is essential
information and given in the table (Br is ignored).

l) Daughter reaches equilibrium with parent after about 10 T '̂  of daughter
in an initially pure source of the parent nuclide; at the end o.f long
irradiations equilibrium is generally reached.
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Appendix M: HEUTROH REAGI! ON CROSS-SECTIONS

Comparison; status - user requirements

A4»! Abbreviations

A number of abbreviations are used, particularly in the tables,
which are explained below:
o" .... neutron capture cross—section(s), specifically:

a., ... in the thermal energy range
a ... at 2200 in/sec (0.0253 eV)
go ... averaged over a thermal maxwellian spectrumo
d(E)... as function of incident neutron energy
o(fast) averaged over a fast reactor spectrum.

RI ... infinite dilution resonance integral for neutron capture
res .. resonance(s)
respars.. resonance parameters
E .... energy (of incident neutrons or resonances)
exp .. experimental

A4-.2 Neutron capturecross-sections for thermal reactors

(i) The data of interest for thermal reactors are represented by o\, and
RI. User needs and data status are compared in Table_A4-I. It can
be seen that several requirements for o.h,RI are not fulfilled.

(ii) User requirements are expressed for integral a-data such as o., and
RI or pile -o. However, a knowledge of o(E) is required to an accu-
racy sufficient to allow the calculation of an average o for any ther-
mal reactor spectrum ranging from D?0 moderated reactors to HTCR. On
the other hand, integral data may be sufficient, if they can be used
for all thermal reactor spectra within the requested accuracy limits:

RP3: o(E) is required in the thermal range (indicated in column 11 of
Table A4-I). particularly for 135Xe and 149Sm.

RP5: o or go is sufficient for the thermal range. For the epither-
mal range a(E) is required, if RI cannot be used within the
requested accuracy for different reactor spectra (where
deviates from 1/E).
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Table A4 - I; Neutron capture cross-sections for thermal reactors; status and user requirements

pp

QQ

103Rh

109, d)Ag

An*
O

133Cs

134Cs

type
of o

0 , ,

g

°th
RI

°th
RI

°th
RI

RI

°th
RI

°th
RI

°th
RI

, _ a)accuracy required for

RP3
M

20
15

6
50

15
10

8

100

RP4
(*)

/ 20

RP5,6
(*)

I 20 !

;

j . . . . . . .

\ 20 ' 2

J 2

]• 20 ! 3

J . 25

5 !
i
•

(b)

.

_______

J150

]io4

RP7
(%)

... .

J5-10

J5-10

b)data status
accuracy of oc
(%) \ (b)

10
10

4
5

15
13

}l4

f 50

5
7

9
factor 20

3
7

2

0.6
7

11

90

1.5
30

12

E-range of
resolved res

5.6-280eV

leV-4.1keV

5eV-2.5keV

5.9ev-3.5,c,v

.084eV

E-range for \
requirements

<: i ev
1-500 eV

<10 eV
1-200 eV

l-300eV

<leV
1-500 eV

< 4eV

j
I

Comments ;
I\

79 res known

275 res known

7

8l res known ;

only one exp
on pile -o ï

5

only pile -o \
available j

no data available
s

164 res known |

only pile -a z
available !

no significant res |
except .084 eV \

I
————————————————— I

1
\



135Cs

141P*

143Pr

143Nd

144Ce

144Nd

145M

146Nd

147Nd

14?Pm

148Nd

°th
RI

oth
RI

°th
HI

°th
RI

Oth
RI

oth
RI

oth
RI

°th
RI

«th
RI

°th
RI

oth
RI

—————

6
30

————

15
8

!

| 20

~i

i
j

i
ii

} 2.8

}»
2 |
6

2 '
6

j

2
6 !

2
6

2
6

]»

2
6

J5-10

6
20e)

2.6
1.4e ^

3
20

10
12

7
7

0.5
10e)

0.3
0.2e^

10

25

10
30

0.1
0.3

0.3
0.5

2e)
35

0.1
0.5

13
150

0.2
1

85eV-10keV

55eV-5.5keV

0.37-19 keV

4eV-4.6keV

0.36-17 keV

5. 4-317 eV

95eV-l2keV

<T20eV
20eV-2keV

<10eV
10 - 500eV

< 0.5 eV
0.5eV-10keV

<0.5eV
0.5eV-lkeV

^0.5 eV
0.5eV-10keV

<leV
leV-200eV

<0.5eV
0.5eV-3keV

e) iRI: disagreements ' \
no re spars avail-
able

RIï evaluations
disagree6/ j
120 res known ,1

ii

>
I!

negative res |
at- 6eV j
•^100 res known i
————————————————— |

no respars avail-
able

35 res known

e)evaluations disagree j
191 res known

i

44 res known !

only preliminary data j
available j

negative res at -1.8eV j
41 res known j

66 res known |



Table M-ls cont'd "Neutron capture cross-sections for thermal reactors; status and user requirements"

FP

149Sm

^Nd

^sm

^SÉ

153Sm

«SEU

154Bu

type
of o

°th
RI

<Hh
RI

<»th
RI

°th
RI

<Hh
RI

°th
RI

°th
RI

accuracy required fora^
RP3
(56)

20

8
40

20
10

RP4
(*)

RP5.6
(%)

f

\
f

i
i
ii
! f

1

I

3
10

3
10

(b j

f

2
6

f

f

~1<>3

RP7
(*)

5-10

5-10

data status
accuracy of o^»w

3

(b)

1200

E— range of
resolved res

0. 1-249 eV

0.2
2 79eV-14keV

i
•

15
20 '

1
t

3 3
5 ' 15

t

-20 80
12 200

-25 400

l.l-13eV

8eV-5keV

0.4-100eV

E-range for \
requirements

< 20eV

<T0.5eV
0.5eV-3keV

< 0.5eV
0.5 - 30eV

< 1 eV
l-50ûeV

< 1 eV
0.4-100eV

Comments

thermal extended
to 20eV, RI unim-
portant

78 res known

negative res at
-O.leV, 10 res known

•̂  100 res known

no data available
estimates! ^factor 10

o-th5 discrepant data
^ 90 res known

only one ezp
on pile -0

00

a) Principally a has to be known as function of incident neutron energy, but requirements are generally expressed for
an integral o derived from o (E). Howeverf go0, RI or pile-o may be sufficient, if the variation with reactorneutron spectrum (including HTGR) is within the requested uncertainty. With these limitations, the requirements
are (see also text):

RP3î O(E) required for thermal range shown in column 11 of the table, particularly for Xe and Sm.
RP4 and RP7: pile -o may be sufficient.



ÏÏP5î o(f î ) and res pars désirable, exo;pl for low

b) °th: generally accuracy of o0 or for Maxwell!an averaged o (go0); note that o(E) may "be required;
BIj PC curacy of RÏ (above 0.5 e1'7) calculated from rss paj-s and corrpnred to integral measurements '•,

c) c .^ ; energy range, for which o(i3), if recjues^ed, has to bekiown;
l"5, SFil: energy range of resolved resonances recfuired for description of RI or o(E) (except '^Xe: range given for a(3)j

j.) (Jross-secticn for formation of 252 d 'Ag;

e) Discrepancies among experiments and/or evaluations (shown in RP10, table III) exceed the uncertainty shown.

f) o required, but definite accuracy not yet known (see section 3«2, item (vin)).
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RP4 and RPJ: ga (with the possible exception of 3'Xe) and RI may
be sufficient for the PP listed in Tg.ble Aft-I. For other FP not
listed but discussed in sections 3.2 and 7.2 the knowledge of
pile-o should be sufficient.

If o(B) is required, the accuracy needed is inversely propor-
tional to the neutron energy.

(iii) Column 11 of Table A4-I shows the energy range for d(E) required by
users.

The thermal range is chosen to include the part of o(B) which con-
tributes significantly to thermal captures (particularly important for
reactor design).

Generally group cross-section data are used in large codes. How-
ever, the Panel recommends (section 7.3) to describe in evaluations
the low energy part of a cross-section curve in the epithermal range in
terms of resolved resonances. Therefore the energy range shown in
column 11 of JEaTjlê jŷ I is chosen to include about 20 resonances or is
extended to the highest resonance with supposedly significant con-
tribution.

(iv) Data needs for jafseguards are generally covered by burnup require-
ments. Additional requirements ares
- The ratio of capture cross~section uncertainties of Cs to Cs

should be 1:3. In order to achieve the accuracy of burnup deter-
mination required by safeguards, the captures in Cs ( Cs) have
to be calcuated to 1% (3) accuracy for any thermal reactor spectrum.
This requires a knowledge of o(S) of ^ Cs and Ĉs to the appro-
priate accuracy.

- Requirements for a to be used in correlation studies depend upon
the accuracy required for the result, which has not been determined
at the time of the present Panel. Sensitivity studies aiming at ~L%
accuracy for a particular case quoted in RP 6, resulted in the fol-
lowing requirements for dy of individual FP:
82Kr 20 13°Xe
83Kr •$% 131Xe
129 135Xe
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(v) The data status is explained in Table A4-I- In "the thermal range the
the accuracy for o(E) is given, if another representation is not suf-
ficient (e.g. 135Xe, 149Sra).

The status of the d-data was supplied by P. Ribon, who considered
also contributions "by Walker, "by Pope and Story, and by Sakata and
Nagayama (see RP10). Additional values (e.g. res ranges) were taken
from BHL-325, 3rd edition, Vol. I (June 1973).

A4rr1 Neutron capture cross-sections for̂ fast reactor applications

(i) User requirements and data status are compared in Table A4-H for fast
reactors. The table shows that the majority of requirements is not
fulfilled.

(ii) For the calculation of the Na-void effect in fast reactors (RP 3), o(E)
is required in the energy range 0,1 - 100 keV for all FP contained in
Table A4-II.

(iii) The data status is given for three different, partly overlapping, energy
ranges, which are explained in Table A4-II. 0C in the range of resolved
resonances (up to several keV) may contribute significantly to the total
o{ (fast)-. A knowledge of average resonance parameters is important for
the calculation of <% in the 10-100 keV range.

Presently available accuracies of data in the columns headed
"res range" and "fast range" were supplied by P. Ribon together with
comments on available experimental data and res-pars (section A4.4). The
status of a(E) for E ̂  o.l MeV obtained from the Bologna PP cross-section
library was communicated by V. Benzi.

_A4..4. Comments rto data status in Table A4.-II

''Mo: r is known to 1%, but dependence of S, T and 5 on (J,ÏÏ ,E) is
badly known;

only one measurement of d in the 10 keV range with slowing
down spectrometer (SDS),

Mo: same remarks as for No.
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Table M-IIî Neutron capture cross-sections for fast reactor applications

status and user requirements

pp

**
97Mo

98Ko

"TC
10(Vo

101Ru

102Ru

103Rh

104Ru
105Pd

106Ru

107Pd

109

131Xe

133Cs

134CS

135Cs

137Cs

139La

141ft.

143Nd
144Ce

accuracy sa)
required

HP3

(*)

30

30

35

20

35
20

25
20

30

20

35

25

30

20

30

40

40

35

30

others
RP

5

4

7

4
7

4

4

5

5

5

accuracy

25-50 mb

20$

10-20$

20$

5-10JC

20$

20$

2 5- 50mb

25-50 mb

25-50 mb

accuracy achieved
res range

(«

10

10

7

30

5

30

fact. 5

13

5

7

30

5

15

20

Emax
(keV)

2.1

1.9

9

0.28

4.7

0.67

1.3

4.1

l.l

0.8

2.5

4

3.5

10.4

10

5-5

fast
range

M

30

30

50

40

30

40

30

10

40

30

fact. 2

fact. 2

?5

40

20

fact. 2

fact. 2

fact. 2

<40

20

30

fact. 2

50. IMeV

(*)

v.poor

v.poor

poor

theo

50

theo

v. poor

30

v.poor

theo

theo

theo

theo

30

theo

30

theo

notes

c)

c)

c) d)

d) e)

c ) d )

c)

e)

cOe)

e)

e)

c)e)

f)

e)

d)

c)
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Table M-IIi (continued)

pp

m*
145Nd

146Nd

147Pm

148M
149 Sm
151Sm
151Eu
152Sm

152Eu

153Eu

15431

l»fe

accuracy
a Jrequired

RP3

(*)

35

25

30

25

55

40

55

others
RP

5

5

5

7

5

GR

GR

7
CR

7
CR

accuracy

25-50 mb

25-50 mb

25-50 mb

5-1*
25-50 mb

lOfo

!<$>

5-H*
10/0

5-10$
10$

accuracy achieved
res range

(*)

15
16

7

5

5

Emax
(keV)

19-4

4.6

17

0.3

12

0.25

<0.1

5.1

0.1

! fast
range

(*)

35
30

30

40

.20

30

50

40

<50

fact. 2

40

fact. 2

fact. 2

£0. IMeV
o(E)

theo

theo

theo

theo

30

theo

theo

notes

c)d)

c)

e)

e)f)

e)f)

d)f)

e)f)

e)

a) o (E) required in the energy range 0.1 keV - 5 MeV; a fast
reactor spectrum averaged o is sufficient, if its variation
is véthin the requested accuracy for different fast reactors.

CR ...requirement for control rod purposes in the energy range 10 keV - IMeV

b) Detailed comments are given in the text

res range; range of resolved res; the accuracies are for RI above
0.1 keV, obtained from res pars}
E : energy of highest resolved res.
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Table M — II {continuée!)

fast rangée; energy range above highest resolved resonance up to a few
MeV as given by Ribon (see text).

—0.1 MeV: uncertainties given for Bologna library (see RP10)
poor ... estimated uncertainty of u(s) > 5Qfo
v.poor ..very poor: theoretical estimate + few experimental data
theo . , . theoretical estimate only.

c) The requested accuracy (> 30$) should be achieved (or improved to 20$) from
a "better knowledge of average resonance parameters in the 100 keV range and
of level schemes of the target nuclei.

d) New evaluations based on available experimental data should allow a resolutioi
of discrepancies.

e) A better know le ripe of res-pnrs should improve the a.ccura.cy of calculated
cross-Beet ions.

f) An accuracy of -"]0$ can only be achieved (or improved^ if required) from
direct measurements.

g) o for formation of 252 day Ag,

^ Mo: same remarks as for °̂ Mo (to
8 sets of erp data for d above 1 keV.

T̂cï C known to 20$; only 4 res below 0.1 keV$
only 1 SDS measurement above 1 keV.

o: r
7 sets of exp data above 1 keV.

o: Probably a strong dependence of P on parity;

101Ruj P known to 5%',
no exp data for d .c

_

Ru: no P value;
3 sets of exp data above 1 keV,

Rh: well known res pars;
many d measurements; improvement of accuracy of d , if required,c ^
can only be obtained from direct measurements of n .* C

Tîu: 5 sets of exp data for d .C
105Pd: H known to 1%-,

1 measurement of o above 1 keV.c
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107Pd: no experimental data,
JCs: res pars well known;

10 sets of exp data on o above 1 keV.c
*Cs: no exp data on cî ; radioactive nucleus: differential measure-C

ment impossible.
no exp data available.

Pr: more than 10 sets of exp data on d above 3 keV.C

H known to 4% accuracy;
no exp data for cC

: P known to 6% accuracy;
no exp data for a .c

1 /1<7 ——Pm; P known to P>% accuracy, but highest res at 0.3 keV;
1 measurement of a above 1 keV.c

149Sm: P known to 4!̂  accuracy;
1 measurement of o above 1c

Sm: no measurements oT o above 1 keV.c

6 sets of exp data above 1 keV,
Eu: P known to fi$ accuracy;

1 £ÂO *—Sm: P known to 10$ accuracy?
no exp data above 3 keV.

i: 1 measurement of a above 1 ke?; differential data can only bec
obtained from nuclear e

"TBu: 4 sets of exp data above 1 keV.

Êu: no measurements in fast
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Appendix A5:_FP DECAY HEAT

Since no sensitivity studies on the accuracy required for individual
FPND have yet been performed, this appendix can serve as the "basis for such
studies. Presented are user requirements for total decay heat after reactor
shutdown as well as the results of Devillers' study (appendix to RP 4) on FP
that contribute significantly to the total decay heat, and the status of their
half lives. Together with the status on cumulative yields and effective decay
energies more detailed requirements should be worked out in future studies.

A5.1 User requirements on total decay heat
User requirements of the accuracy to which the total decay heat after

reactor shutdown has to be known, is presented in Table Ag-Ia as was observed
by the Panel.

If we take an accuracy of i 10$ as the target for all tiroes after shutdown
up to several days, with - 5% as a long term aim, and bear in mind that PP con-
tribute only 40$ of the total afterheat at 1 s cooling time, and 50$ at about
10s, we arrive at the accuracy targets presented in Table Â -Ib for the FP con-
tribution to the total afterheat. The values are given for the main fissile

9 -jQ O A ~l
isotopes. For other fertile and fissile isotopes such as U and Pu the
accuracies required are about a factor of 4-5 less (for individual FPSD this
means a difference only in fission yields),

A5.2 Contribution of individual FP to afterheat
The different cases computed by Devillers (RP 4, appendices) are summarized

in graphical form in Table Â -II. Some of the FP listed in the table contribute
significantly to the total heat released only in the case of ~Tf thermal fis-

2 ̂Qsion or Pu fast fission (difference in mass yield distribution).
Table A»5-1I together with the footnotes is essentially self-explanatory.

It should give a good idea which FP have to be considered in more
detailed studies.

In accordance with the Panel's conclusions the half lives of FT> contributing
only up to about 100 s to afterheat are required with lower accuracy than > 100 8
which is indicated by (+) in Table A5-II (meanings decay property is less
important). The significance of other decay properties is indicated according
to Devillers1 calculations.
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Precursors of important FP are indicated only in those cases where they have
a significant influence on the time range the daughter contributes to the
decay heat.

Current Nuclear Data Sheets were consulted in order to obtain the most
recent status of half-lives. The references quoted for half-lives indicate
also the latest update of other decay data by the Nuclear Data Group.
References;
[I] TOBIAS, A., C.E.G.B. (UK) Report RD/B/M 2669 (June 1973).
[2] EDER, O.J., LAMMER, M., IAEA symposium on Nuclear Data in Science and

Technology, Paris, March 1973, Paper SM-170/12,
proceedings Vol. I, p. 233.

LAMMSR, M., contribution to Review Paper No. 12, These Panel proceedings,
Vol. 3s references for half-lives given in SM-170/12,
some detailed evaluations and revisions.

[3] RUDSTAM, G., This Panel, Review Paper No. 12.
[4] MARTIN, M.J., USAEC Report ORNL-4923 (Nov. 1973).
[5] MARTIN, M.J. and BLICHERT-TOPT, P.H., Nucl. Data A0 (1970) 1.
[6] JOHNS, M.W. et al., Nucl. Data .AS (1970) 373.
[7] AUBLE, R.L., Nucl. Data Fj (1971) 109̂
[8] BALL, J.B. et al, Nucl. Data .A8 (1970) 407.
[9] VERHEUL, H. and EWBANK, W.B., Nucl. Data B8 (1970) 477jfor 91Sr deduced by

M. Lammer from data shown.
[II] KOCHER, D.C. and HOREN, D.J., Nucl. Data BJ. (1972) 299.
[11] KOCHER, D.C., Nucl. Data B8 (1972) 527.
[12] MEDSKER, L.R., Nucl. Data B8 (1972) 599.
[13] MEDSKER, L.R., Nucl. Data BIO (1973) 1.
[14] MEDSKER, L.R., Nucl. Data Bll (1974) 157.
[15] KOCHER, D.C., Nucl. Data Jll (1974) 279.
[16] TODD, R.R. et al, Nucl. Data BIO (1973) 47.
[17] BERTRAND, P.E., Nucl. Data Bll (1974) 449.
[18] HOREN, D.J., Nucl. Data B8 (1972) 123.
[19] HENRY, E.A., Nucl. Data 311 (1974) 495.
[20] GREENWOOD, L.R., Nucl. Data J12,(1974) 139.
[21] AUBLE, R.L., Nucl. Data BIO (1973) 151.
[22] LEMMING, J.F. and RAMAN, S., Nucl. Data BIO (1973) 309.
[23] BURROWS, T.W., Nucl. Data JÎ12 (1974) 203.
[24] MARTIN, M.J., Nucl. Data B2-4-12 (1967)

Uncertainty deduced by M. Lammer from data shown.
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Table A5-I.a; Accuracy to which the total heat released after shutdown has
to be known for different reactor types as a function of
cooling ti

Reactor type
BWR (USA)
PWR (Prance, UK)
HTGR (USA)

(France)
fast breeder
LMFBR
Handling

Co
0

-

oling
1m

integj(o-

time
10m ! 8h1

i
————— 10 ——

24h

c« ———— ———— .j ————

———— ̂10(5)-
*ated: 15 ———
24h) L. ,

JUJ ' •"-"••

——— 1»
10(5)-

days
months
onwards

4 .̂ rr •.- * 5 —— »

a) Accuracy is given in $; higher accuracies given in brackets are a long term aim.

.Table A5~I.b; Accuracy required for the energy released by fission products
as a function of cooling ti

thermal 235

fast 235TJ 1

Coo]
Is

25(12)

«

*

-

Ling ti
10s

20(10)

— inte^
(o-

me
100s

a 1.7m

4-W -

104

fc2.8h

.0 (5) —

f\ fc\

grated:
- 24h)

10 (5)
15 ———

105s
«28h

106s

————— »

————— 1

————— I

I07s
ftllod

« ————

*

« —————

.10".

*5—— *

«—— *

a) Accuracy is given in %\ higher accuracies given in brackets are a long term aim.
fc) - 5% accuracy required from 30 days onwards.
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"Table A.5 - Hi PPHD important for FP energy release after reactor shutdown.

FP*

A

84
85
86
8?

88

89

90

91

•92

93

94

95

96
97

98

99
100
101

102

103

104
105

106

I

e
g
g
g
s
e
r

s
e
s
e
m
g
e
s
s
g
m
S
e
s
K
s
s
8
g
g
g
g
g
S
ff
s
m
g
g
S
S
g
s
s
g
s
e
g
g
e
g
g
g
s
s
e
e

3

Br
Kr
Br
Br
Kr
Br
Kr
Rb
Sr
Rb
Sr
Kr
Rb
Rb
Sr
Y
Rb
Sr
Y
Y
Rb
Sr
Y
Rb
Sr
Y
Sr
Y
Sr
Y
Zr
Nb
Y
Zr
Kb
m>
Y
Zr
Wb
Mo
Mb
Hb
Mo
Te
Mo
Te
Mo
Ru
Te
Mo
To
Ru
Te
Ru
Rh

eoay property

H

+
+

(+]

+
+
+
+
+
+
+

M
+
+

W
W+
+
+

(+)+
+

M+
+

W+
M
+
+
+
+
+

+
w
+
y
+
y
[+)
+
+
+

y
+
+
+\
+
+

(++

B

[+]

H-

+

(+)

(+)

+ •

P

+
+
+

+
+
+ '
+
+
+
+
+

+
+
+
+
•f

+
+

+
+
•f
+
+
+
+
+
+
+
+
+

+
•f

+
+
+
+
+
+

+
+
•f
+
+
4-
+
+

+

Y

+
+
+

•»-
•••
+
+
+
+

+

+

+
+
+

+
+
+
•t-
+
[+]
+
[+
+
[+
+
+
+
+
+
+
•H

+

(+
(+
+
+

+
+
+
•t-
+
+
+

(+

+

E

+

+

+

+

+

+

+

+

•»•

+

+

+
+

+

•*•

+

half -life

I «neer'talaty |

value

31.7 m
10.73 y
55-7 s
55.8 s
76.3 m
16.0 s
2.80 h
17.8 m
3.18 m
15.2 m
50.52 d
32.3 B
4.27 B

2.57 m
28.6 y
64.06 h
58.2 s
9.6 h
49-71 m
58.51 d
4.50 B
2.71 h
3-54 h
5.8l s
7.36 m
10.1 h
75.6 8
18.7 m
26 8
10.6 ni
63.98 d
35.05 d
2.3 a
17.0 h
60 s
72.1 m
2.3 s
30.7 B
2.8 B

66.0 h

7.0 B
14.62 m
14.2 m
11 m
5.3 a
60 B
39-35 d
18 m
42 B
7.8 m
4.44 h
36 B
368.3 d
30.35 s

wd

0.3
0.6
0.9
0.6
0.7
1.3
0.7
0.6
0.6
0.7
0.1
0.6
2
2.6
1.4
0.2
0.6
1.3
0.1
0.3
0.7
0.4
0.3
0.7
2.0
2.0
1.2
6.4
11
3
0.1
0.3
4.4
1.2

1.0
?

~~1
7.2
0.2
?

4.3
0.4
0.7

0.2

7.2
2.6
1.2

0.6

e)

(D)

D

D

D,M

h
»
ÏT
D
k)

Ref

7
2,4
3
3
4
3

2
3
B

2
5

9
9

2.9
3

10
10
3
3

11
3
3
3
3
2
2

12
13
13
13
1

14
14

2

16
16
16
1
1
1
2
1

17
17
17
1
2
1

cooling tiso0»^

1 B 10 8 102a

««1.7 m

l O ^ B

•17 n

104.

»2.8'h

mfmamt

105a

•28 h

=1

MHHI

106
8

• 12 d

«•••••••M

a

«•

10T.

•116 d

-

••

1C8.

«3.2 3

mm

am

109.

-32 T

mm
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Table A.5 - Ht oont'd

FPa

A

125
129
131

132

133

134

135

136
137

138

139

140

141

148

143

144

145
146
147

154
156

I

S
6
g
n
e
g
e
s
g
e
m
e
e
e
e
e
e
e
g
e
i
s
g
g
m
e
e
g
e
s
e
s
s
s
s
s
g
e
s
g
s
e
e
e
s
s
g
g
s
g
g
g

3

Sb
Sb
Sb
Te
Te
I
Sb
Te
I
Sb
Te
Te
I
Xe
Te
I
Cs
To
I
Xe
I
I
Xe
Cs
Ba
I
Xe
Os
Xe
Cs
Ba
CB
Ba
la
Cs
Ba
là
Ce
Ba
ta
Is.
Ce
Pr
la.
Ce
Pr,
Pr
Pr
Nd
Pm
Bu
Bu

decay property

H

+
+
+w
+
•»•
+
+
+
+
•f
+
+
+
+
+
+w
+
+
M
«+
+

<+;++
(+)++
w++
(+

•H
+•
+
•*•
•f

•h
+
+

(+
+'

+
+
+
H-
•f
+

B

+ )
f)

+

+]

C+)

+

p
{+)(+)
+

+
+
+
4-
+

(+)
(+)
+
+
+
+
+
+
+
+
+
+
+
-t-
•t-

+
+
+
+

+
+
+
•H
+
+
+
+
+
+
+
+
+
+
•(•
+
+
-f-
+
+
+

W
+

1

+
+
+

+
•«•
+
+
+
+
+
+
+
+
+
+
•f
+
+
+
+
+

+
+
+
+
'+]
+

+
-1-
+
'*)
•»-

+
+
+

+

+
-t-
+

+
+

+
+

E

+

+
+

+

+

+

+

+•

half-life

woe

value0

2.75 y
4.32 h
23.0 m
30 h
25 n
8.04 à.
3.08 m
78 h
2.285 h
2.7 m
55.4 m
12.45 m
20.9 h
5.29 d
43 »
53.2m
2.062 y
19.2 a
6.585 h
9.172 h
83 B
24.6 s
3.83 o
30.17
2.552 m
6.6 s
14.17 m
32.2 B
40.4 B
9.40 m
84.9 m
64.0 s
12.789 a
40.27 h
25.2 s
18.27 m
3.93 h
32.50 d
1O.7 m
92.7 n
14.32 m
33.0 h
13.57 d
40.3 s
284.5 d
17.28 m
5.98 h
24.2 m
11.01 d
2.6234 y
a*5y
15.16 d

% of total FP decay heat not

rrtai?

(*)d

1.5
0.7

6.7

0.2
2.2
2.6
0.5
13
0.8
2.3
1
0.2

0.3
1
0.1
0.1
4
0.5
0.3
0.4

3
0.5
0.3
1.3
1.3
1.3
0.7
0.1
0.2
2
0.4
1.6
0.2
1
0.8

0.6
0.2
O.8
0.2

0.4
0.9
0.2"
0.1
6 J •
0.2

M
e)

D

D,W

W,D

W
H
»>

D

(D)

(D)

W,D

(D)

D

Ref

2
18
1
2
1
2
3
2

3
19
19
2

2,4
1
1
2
3

2
1,3

4
2
4
3
4
4
3

20
20
3
2

5,2
3

21
21
&

22
22
1
2
2
3
2
5

23
24

2
2
2
2

listed

o.fcooling time

1 s

summum

<55

10 s

nemna

BveonK

<50

10%

«1.7 m

1H "HIM II»!

sanm

<43

103 B

«17 m

dj^flB&RffljE.

IJBHaitBli

'

<26

104B

=•2.8 h

mmmtam

• nun in •

<19

105 s

«28 h

xs&su

<12

106a

«•12 d

won

<&

107,

«116 d

ssa

BM0MMB

<6

io8»
«=3.2 y

mMs&

^K'SHS.

<2.3

109B

«32 y

Taiwr^^

0.3
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Table A. 5 - II: cont'd.

Explanations

a) A .... mass number
I .... isomeric state: g,m = ground, motastable state
S .... element symbol

b) H .... half life
B .... branching in decay to daughter product
P .... p-decay data
Y .... Y-decay data
E .... mainly effective total energy (E_ + E) released required
+ .... knowledge of the decay property is required
(+)... decay property is less important

c) s .... seconds
m .... minutes
h .... hours
d .... days
y .... years

d) percent error rounded upwards, i.e.: 0.1 means: £ 0.1$
?..... value and uncertainty questionable
blank.... half-life unimportant
- ....... uncertainty not evaluated

e) quoted uncertainty to be used with caution
H .... warning: only one measurement
D ...* discrepancies among experimental values

exceed uncertainty quoted in table
(D) .. discrepancies, reflected in uncertaittty quoted in table; e.g.

- discrepancies exceed individual experimental errors;
- average of a large number of experiments including some

discrepant values;
- some discrepant values, but majority within uncertainty

notes: explanations to values shown
f) The percent contribution to the total PP afterheat as a function of

cooling time is indicated as follows:
1-2%

maximum of 5 cases calculated by C. Devillers
(appendix to HP 4)

precursor only

g) 3 isomeric states have been observed with half-lives 48^3 s, 83*3 s and
100*3 s [3]. According to Devillers' calculation the 83 s isomer is indicated
as ground state, whereas in fl] the 48 s isomer is given as ground state.

h) Half-life of £ 0.3 s reported in [14]. Therefore experimental uncertainty
questionable.

i) No uncertainty given for this value; uncertainty deduced from other
measurement quoted in [14],

k) [1] gives 2.5 m for^^Nb. In [15] 1.5*0-3 s (±20$) are reported for 100Hb,
following decay of Zr. For half-life assignment see discussion in [15]-
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LIST OP SUBGROUP MEMBERS

Gh .... Chairman of subgroup
S .... Subgroup secretary
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