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UBSERVATIONS, CONCLUSICNS AND RECOMMEEDATIONS UF THE PANEL

In view of the coumplexity 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

Chapter

Chapter
Chapter
Chapter
Chagter

Chapter

1:

Introduction (General observations, conclusions and
recommendations).

Tnternational cooperation in the exchange and dissemination
of FPND information.

FP inventory and decay heat.
FP yield data.

FP decay data.

pelayed neutron data.

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 - AS5:

Appendix
Appendix
ﬂppendix
Appendix

Appendix

Al:
A2:
A3:
A4

AS:

FP chain yields.

Independent and cumulative fission yields.
P decay data.

Neutron reaction cross-sections.

FP decay heat.
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1. INTRODUCTION

1,1 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 by the titles of the review papers. The
scope of the Panel was limited to these topics, as discussed in Review
Paper la (but 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 FFND such as the total
decay energy released after reactor shutdown (B) and total absorption
of lumped FP (D).

This was the first meeting where users and producers of FPND met
to compare required FPND accuracies with the status of available FPND
and to discuss further experimental and evaluation work needed and
measures for an improved communication between FPND users and producers,
Apart from their own experience, the Panel participants relied on the
background information supplied by the review papers. These review
pap~rs 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 FPND and their accuracies required by users as observed by the
Panel are discussed in chapters 2-7 and summarized in the
Appendices Al-A5, together with the status of required FFND. These
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(ii)

(iii)

(iv)

appendices represent a first broad picture of the present knowledge

of FPND requirements.

The Panel noted, however, that, with some exceptions, the require-
ments were not sufficiently supported by sensitivity studies
relating recquested FPND accuracies to those needed for the pre-
diction of relevant technological parameters, and that a more
thorcugh assessment based on the available experimental evidence
was generally also lacking. It also noted that other users not

present at this meeting 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).

The discussions on FPND requirements were generally limited to
applications already in use. While 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.

Review paper no. 6 discusses in detail the role of FPND in nuclear
materials safeguards., In summary, the methods in safeguards that
need FPND 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 FPND requirements for safeguards have low priority compared to
other user needs and further sensitivity studies are necessary

(see (i) above).

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 tﬁe meeting:

Photoneutrons 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 bremsstrahlung 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 FPND are included in chapters 4 and 5.
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- Fuel element design was briefly discussed during the meeting.
R.H. Flowers, an expert in this field, supplied the Panel with
background information and data requirements, which are repro-

duced in chapter 3.

- In fast reactor dosimetry fission yields are required for
measurements using 232Th, 235U, 236U, 238U, 237Np and 239Pu as
fluence monitors. Needs for the LMFBR and FTR programme at
Hanford (USA) were presented to the Panel by R.E. Schenter and
are included in Appendix Al, Table Al-III. U, Farinelli sum—

marized ?he conclusions of the IAEA Consultants Meeting on

2 i
Nuclear<Data for Reactor Neutron Dosimetry, held in Vienna from

10-12 September 1973. ("Others” in Agéendix Al, Table A1-TII).

1.2.2 Status of FPND

Reviewers of the status 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 some 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 Al-AS

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
FPND 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 beiween the data are often not documented and
probably not satisfactorily investigated; +the Panel noted, however, a few

exceptions where evaluators had been able to correct original data and thus
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resolve discrepancies between them., Furthermore FPND evaluators 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 his

choice of an evaluation. In this context the Panel observed that evaluators,

in order to core satigfactorily with these taszks, should be able to judge
experimentnl results adequately. Thias would be enrier if the experimenters
would describe their measurements in sufficient detsnil ard, ivn wvrrticul-r,

perform o satizfTuctory error annlysis separating renfor arnd systemntis errore.

The above mentioned shortcomings are some of the reasons why

different evaluations of FPND vsually 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 OQA}

-4
an individual task have an influence on the final result and its qualtty.

These observations led the Panel to express concern not to aim
at the establishment of only one standard FPND library, which some users
would find convenient, but to pursue several independent evaluation
efforts: The users should nct have to reiy 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 gﬁep in making this approach workable.

1.,2.4. FPND user-producer communication

It was the impression of the Panel that the simultaneous presence
of measurers, evaluators and users of FPND at one meeting stimulated
fruitful discussions resulting in a better understanding of each others’
problems. Closer contacts in the future should be esiablished 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 FPND perform sensitivity

studies to enable a better specification of their rszguirements.

(i1) FPND evaluation work should continue to be periormed ai different

places.
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(iii)

(iv)

(v)

(vi)

Evaluators are requested to publish all pertinent details of their
work, They should attempt to identify systematic errors and

resolve discrepancies. They should assess random and systematic
errors separately, assign uncertainties to their recommended 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 FPND users the Panel recommends that in future

stronger support be given to FEND compilation and evaluation.

Measurers are requested to publish all details on experimental
conditions, corrections applied and error analysis required for
an adequate comparison with other measurements. A recommendation
to improve the intercommunication between measurers and evaluators

in this matter is included in chapter 2.

4 follow-up panel should be convened in about three years to review
the progress in FPND measurement and evaluation, and sensitivity
studies stimulated by the present meeting. Discussion 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 1list of user require-

ments based on sensitivity studies.

Surveys of user requirements of FPND should be completed and
distributed to reviewers of the status of FPND well in advance
of the follow-up panel, so as to give the status reviewers
sufficient time to prepare lists of uncertainties for the
required FPND,

2, INTERNATIONAL COOPERATION IN THE EXCHANGE
AND DISSEMINATION OF FPND INFORMATION
2.1, Observations and conclusions

(1)

(11)

The Panel noted in general that a regular exchange and dis-—

semination of information in the field of FPND is lacking,

The list of FPND compilations and evaluations provided by Valente
from NEA/CCDN (review paper 1b) to the meeting was found most
valuable by the Panel participants,
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(1ii) The Panel observed that, in spite of the large number of
existing FPND compilations listed in Valente's review paper,
evaluated FPND are only partially included in the most widely

used computer files of evaluated nuclear data,

(iv) The recent inclusion of FP yield and decay data in the US ENDF/B
library was considered a great step forward. FPND data types
and associated physical quantities foreseen in the ENDF format are
specified in Annex 1 to this chapter. Some critical remarks con—

cerning these specifications are given in Amnex 3.

(v) One of the main 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, evaluators and users of FPND is still

unsatisfactory:

- sgources of available evaluated FPND 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 WRENDA exists.

- the communication channels between FPND measurers, evaluators
and users via presently existing publishing media are too slow,
thus affecting also the efficient planning and coordination of

experimental and evaluation work;

- at present there exist no convenient means of informing those

interested in FPND about observed discrepancies.

2.2, Recommendations

(1) The Panel recommends that the list of FPND compilations and
evaluations as provided by Valente from NEA/CCDN to this meeting
be kept up-to-date and published at annual intervals,
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(i1)

In order to enhance the value of the list, it is recommended
that future issues should contain short comments by the authors
to each reference concerning its content, up—to—dateness,
application area and a specification of the aVailability in
computer medium of the data 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 NEA/CCDN, IAEA/NDS 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 Valente from NEA/CCDN
act as contact. The nuclear data centres concerned should explore
the most suitable ways of obtaining the information te 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 FPND,

To determine the distribution of the list outside the Panel the
assistance of participants in this Panel should be solicited

as well as of the Members and Liaison Officers of INDC, EANDC and
other regional and national nuclear data committees. Until
further notice all information in this respect shguld be sent

to Valente,

It is recommended that an international newsletter on activities
in the field of compilation and evaluation of FPND be developed
as soon as possible, This newsletter should be published in
regular intervals of 4-6 months, For each group or individual
concerned it should list available manpower, names and addresses
and contain a concise description of work finished, underwvay 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 INDC 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 INDC and brought to the attention
of EANDC and other regional and national nuclear data committees.
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(111)

The Newsletter should preferably be compiled and published by
IAEA/NDS, 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 INDC.’

The newsletter should be distributed particularly to compilation
and evaluation centres, and to groups and scientists working in the
field of muclear data, especially FPND.

It is recommended further that another separate international
newsletter be developed covering measurement activities directly
or indirectly related to FPND, 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-workers 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 FPND, The aforementioned nuclear

data committees and the participants in this panel should help

to determine a suitable distribution, Alsc this newsletter should
be published preferably by IAEA/NDS,

The approval of INDC for this newslctter should be sought as soon
as possible and EANDC and other regional and national nuclear data
committees should be informed of its decision. After INDC approval
the nuclear data cgptres involved should decide who is to publish
the newsletter. aﬁdﬁits first issue should be published as soon as

nossible.

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 IAEA/NDS will be the point of contact

in all matters concerning this newsletter,
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(iv) In order to improve the communication between ugsers and producers
of FPND 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 FPND,

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 scale before being submitted
for international publication, These requests should be consistent
with the Panel's findings, which emerged from discussion between

users, measurers and evaluators of FPND.

In the compilation and publication of the list the existing
WRENDA computer formats and intercentre cooperation should be
used. The list should be updated and published by IAEA/NDS in
annual intervals., The first issue should be, published as soon .
as feasible after approval by INDC, The 1list should be given

a wide distribution, particularly among nuclear physicists and

measurers of FPND,

(v) In order to avoid a proliferation of computer formats the Panel
recommends that the formats of FP y1e1d and decay data as developed
for the ENDE/B library and specified in Annex 1 with due regard of
the deliberations presented in Annex 3 be adopted as the standard
formats for the exchange of such data; for thi§ purpose (A,Z)‘ :
ordering should be used. For those institutiqps 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 tha# energy
groups and spectrum used for averaging are gpecified in the same
file,

(vii) Following the general discussion about information on experimental
details needed by evaluators (chapter 1) the Panel recommends to
improve the intercommnication 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/NDS is to send a questionnaire to evaluators
of FPND, asking them to state the information they want to obtain from

210



measurers, After having received the replies from evaluators, IAEA/NDS
is to draft the circular and send it to evaluators for comment. The
final, approved, version of the circular will be distributed to measurers.
In addition, the circular will be included in one of the two newsletters
recommended above.

It is realized that the inclusion of lengthy information on experimental
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) The 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/NDS in Vienna from 29 April - 3 May 1974. This
group will have the objective to coordinate on an international
scale the compilation, evaluation, exchange and 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 FPND be given suitable consideration

in the work of the specialists' group.
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Annex 1

Definition of quantities in the ENDF format for FP yield amd decay data

A detailed description of ENDF 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. ENDE/B processing codes are described in ENDF-110 and the documentation of data is given in ENDF-20l; both
are also generally available,

Data type Data specifications Remarks
FP independent FP yield data are listed for each individual
yields fissile muclide,
— fission product identifier — ZA, integer or real
— isomeric state flag - integer or real
— yield I yi =2
- neutron energy or - as a parameter (eV)
- neutron spectrum specification ~ recommended to give an evaluated point-wise
spectrum
Radioactive decay General information:
data ~ original nuclide identifier —~ ZA, integer or real
inc}uding: ~ isomeric state flag - integer
B HB Y - half life of original - in seconds
isomeric trans. meclide
delayed neutrons
-~ uncertainty of half life - evaluated relative error, 1 standard deviation
- mumber of average decay - integer
energies given
- average decay energy_ - in eV; given in the order B,y,x; delayed
for radiation x (Ex) neutrons are presently included as B-decay
- uncertainty of Ex - in eV
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~Annex 1 (cont'd.)

Data type

Data specifications

Remarks

Decay mede_information:

total number of decay
modes given

decay mode identifier

isomeric stage flag for
davghter mclide

total decay energy (Q)

uncertainty in Q
decay branching (BR)

uncertainty of BR

Radiation spectra:

decay mode identifier
number of spectira
radiation energy (E)
uncertainty of E
intensity of radiation (I)
uncertainty in I

internal conversion
coefficient (ICC)

uncertainty of ICC
normalization factor (F)

uncertainiy oif F

given for each mode of decay

- integer

- real, included are vy, ,8',IT,«, delayed ns

~ integer or real

~ in eV, @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

Annex 2

Data type

Application

Data specifications

Remarks

FP group
cross section

[an,y) or othefs_7

(also for pseudo-FP)

burn-up
long-range dynamics

*
inventory calculation

Specification of group
system, spectrum and
method of averaging

Nuclide identifier

cross section type indicator

group cross sections

uncertainties of the group

cross sections

)

3

once for all FP

ZA, integer or real

integer

relative error

Independent
yields of a
FP nuclide

burn-up, long-
-range dynamics,

decay heat

*
inventory calculation :

FP nuclide identifier

Identif ier of
fissionable nuclides
having this FP

yields
neutron energy or

spectrum gspecification

ZA, integer or real

ZA, integer or real

as a parameter (eV)

recommended to give an evaluated
point-wise spectrum

- cont,
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Annex 2
(cont.)

Data type Application Data specifications Remarks
Decay constants long-range —~ Daughter nuclide identifisr - ZA, integer or real
dynamics - Identifier of nuclides

*
inventory calculation

decay of which leads to
the above daughter nuclide

- decay constants

ZA, integer or real

-1
- sec

x~-decay data
(mv397)

shielding design,
safeguards,
decay heat

- Nuclide identifier

- Total decay energy (Q)

~ Uncertainty of @

- Average energy of radiation(Ex)
- uncertainty in Ex

- Point-wise spectrum

- energy of radiation x(EI)

- uncertainty of Ex

-~ intensity of radiation x(Ix)
~ uncertainty of Ix

- Normalization factor (F)

- uncertainty of F

- ZA, integer or real
- eV

- relative error

- eV

- relative error

- eV

- relative error

- relative

- relative error

- ratio absolute/relative intensity

- relative error
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Annex 2
(cont'd.)

Data type

Application

Data specifications

Remarks

Delayed neutron
precursor
data

(Note: in ENDF delayed
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
cumilative yields of precursors
probability of neutron decay(Pn)
uncertainty of Pn

point-wise spectrum

delayed neutron energy (En)
uncertainty of En

incident neutron energy or

spectrum specification

Z4, integer or real
sec. "t

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.




Annex 3

Format Requirements for a library of evaluated FPND

A library of evaluated FPND has to contain:

i) FP yields;

ii) half-lives or the equivalent decay constant for the
radioactive FP;

iii) beta and gamma ray intensities, energies and branching
ratios for each FP;

iv) cross sections for each FP,

We shall discuss each item in detail, but first a few general comments

are in order,

3.

The data may be arranged either by FP nucliae, 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, c¢hen
all decay data and finally all cross sections; or in some inter-
mediate arrangement, Putting the data in blocks makes revision
much easier as data from, say, a new evaluated fission yield
library may be incorporated without much effort, Consequently,
some blocking is recommended: certainly yields should be separate,

and there are advantages in complete blocking.

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,

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 *apes 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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Re (i): FP yields

Yields are needed for each fissgile nuclide that is likely to be
present in a reactor fuel, and either for several neutron spectra (e.g.
théfmal 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 programme, 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 course, 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 data: chain yields adding to 2 and fractional

yields for each chain adding to unity, If independent yield#are given

they should sum to 2. Fractional independent yields for each chain of
mass A may be expressed either explicitly for each Z or parametrically
in terms of the most probable charge Zp(A) and the width o(A) of a

Gaussian distribution: usually they are calculated from such a distribution.

Re (ii)s Decay constants

Either half-lives or decay constants (in sec—l) may be given, The
former cholice makes wvigual checking easier especially if each half-life is
given in the most appropriate unit of time (sec, min, hour, day or year)
with the rule that the unit be chogsen 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 ENDF 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 (i1ii): Decay schemes

The esgential date are (i) average beta energies, (ii) gamma ray
energies and intensities and (iii) branching ratios to alternative pro-
duct nuclides or isomeric states, No existing programme calculuates a
beta energy specirum for gross {ission 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 auxilliary programme 1o obtain Lhe
average energy. One small disadvantage of this refinement is that pre-
sumably all the itransitions are assumed to be allowed, as no information

is stored about the classification of each beta decay.

For gamma-rays 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 ENDF assume that no level with a half-life less than 0,1 sec,

need be considered separately as an isomeric state: this limit appears

quite adequate.
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Re (iv): Cross sections

Inventory programmes need (n,y) cross sections for thermal,

resonance and fast groups. On the other hand, ENDF/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, d=cay data

and branching ratios, This is an interesting and potentially useful

development, which is very rﬁgch appreciated by FPND users. The inclusion of
yield data uncertainties should also be developed for ENDF. For problems such
as the calculation of the FF decay heat and its error, the Panel considers the
knowledge of FPND uncertainties as indispensable.

Conclusions

ENDF 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 tec 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.

b. Vv 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. FP_INVENTORY AND DECAY HEAT

3. 1. 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, at any
time during or after irradiation. FP inventories are required in nearly
all areas connected with the nuclear fuel cycle, as covered by RP's 2-7

at this meeting, FPND required for the determination of inventory are:

~ FP yields
- neutron absorption and - capture cross-sections
— half lives

- decay branching ratios

These data are referred to as "inventory data'" in the following.

(ii) 1In 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 FP, e.g.:
-~ total FP absorption: individual FP are replaced by pseudeo FP;
- delayed neutrons: 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

(i1i) 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 B- and Y-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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3.2,

~ 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 intera:tion of radiation with matter is
important, such as life sciences, industrial and agricultural appiica~-

tions.

Needs for inventory data and bulk properties of FP

3.2.1.

(1)

(ii)

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 FPND consistent with those for bulk properties. In
particular, accuracies already achieved for available .FPND should be

taken into account.

Environmental and exposure studies require a rather complete knowledge of

PP inventories, starting from FP half lives as short as<1l 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 @ values should

be given on the basis of theoretical considerations.

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 ¥P captures;
-~ evaluate the change of rweactivity 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%.
Tyror pointed out that his target accuracies for inﬁividual FPND,
listed in Tables IV and VIII of RP 3, were obtained as one possible
and economically justifyable 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. Devillers' interpretation (RP 4) of
R.H. Flowers' proposal of FPND requirements. These accuracy targets for
the general case without uUsing any knowledge of the presently available
accuracy of the required FPND are (1 standard deviation):

inventory to & 40%, comprising:

20%

1+

fission yields to

half lives to ¥ 5%

neutron capture cross sections sufficiently accurate to allow a cal-
culation of the term ( A +of) to % 5%.
The last requirement should hold for fluxes of about 1014 and 5 x 1015

-2 -
neutrons-cm xsgec ! 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% in 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 wore accurately than required and accuracy

targets should be 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 FPND 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
FP present in a burnt fuel element have to be considered, specifically:

~ 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 ND requirements for FP with halif lives > 1 day are
(1 standard deviation): /

1+

- FP inventory: to 20% for FP wiith cumulative yields 2 1%,

50% for FP with cumulative yields between 0.1 and 1%,

within a factor 5 for FP with cumulative yields < 0.1%,
comprisirg:

1+

to

~ FP cumulative yields from
thermal fission of 239U, 239U, 23%pu and **'py and from
fast fission of 232m, 233y 235y 2By 239, 240 5 .4 24l

,

to 15% for FP with cumulative yields 2 1%,

to ¥ 504 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
cumilative yield of daughter products within the limits given above;

- half-lives and capture cross—sections: the term (A + of) 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 ¢ are the same as those stated
under (iii) above for FP release and contamination of reacior components.
Accuracies of capture crcss—sections of stable FP should meet require-

men%s 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
5-10% for cumulative fission yields (= chain yields), and

224

4+ 1+




(vi)

(vii)

x 5% for neutron capture cross—sections (if relevant)
The fission yield requirements listed are for thermal fission of 232U, 239U and
239Pu and fast fission of 235U and 239Pu. Accuracy requirements are lower for

other fissionable isotopes listed above.

FP half-lives exceeding 1 day are generally kmown accurately enough
to be negligible zgainst the other uncertainty limits given above.
Thus the accuracy requirements for yields 21% can be raised to

¥ 20% if neutron capture is insignificant. Furthermore, for FP with
half lives > 1 day total chain yields can be used together with

branching ratios within the requested accuracy limits.

The Panel agrees that for fuel handling generally the total heat
released by FP 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 FP are summarized in

Appendix AS.

The Panel accepted for its present survey the FPND requirements
presented in RP 7 which are based on more general considerations. It
recommends, however, to re—-evaluate accuracy requirements for individual
FPND with the aid of Devillers® decay heat studies, using available FPND.
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 FP constituting a potential hazard in fuel
handling are generally agreed by the Panel.

Nuclear fuel burmup can be determined directly using long-lived stable FP
as burmup monitors (destructive and non-destructive analysis), or in-
directly (correlation studies) with the aid of ratios of the number of
FP atoms (destructive analysis) or of FP 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% (France, UK, USSR). After some discussion the Panel
agreed on the FPND 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 FPND accuracies are just adequate for non~destructive
analysis; the implied uncertainties do not constitute a major source

of error.

225



148

The Panel noted that senerally Nd, determined by destructive

methods, is the most suitable and widely used burnup monitor. Other

148

suitable. Burnu»n determination by non-destructive methods is gaining

burnup monitors are required for practical cases where Nd is less

imporftance, since it is less expensive.

95

The short-lived (compared to fuel irradiation time) FP
IOBRu 140
?

Zr--Nb,
Ba~La and 14lce are used for the determination of burnup
after short-term irradiation and of fission rates within fuel elements
prior to discharre (ratins measurements). Generally, sqqh measure—
ments are nerformed employins non-destructive analysis and, compared
to long-lived stable FP, wuncertainties 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 FPND re-

quirements presented in Appendices Al, A3 and A4,

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 £1% of the
burnup. The requirements for the cases discussed below are given in

chapter 7 and Appendices Al and A4.

-~ The isotope 142Nd is not formed in fission. Therefore the amount of
142Nd found in a mass—spectrogramme is used to correct for contamina-

tion by naturally occurring Nd in a destructive measurement of FP Nd.

Prior to this correction the 142Nd formed by neutron capture in

141Pr has to be subtracted. Presently available thermal fission
yields and the thermal capture cross-section of 141Pr 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 148Nd is formed via neutron capture in
147Nd. The Panel noted that the capture cross—section of 147Nd was
still unmeasured, while available data for fission yields and the
half-life were found to be sufficiently accurate for corrections.

- PFurther corrections may have to be applied for buildup and burnout
of burnup monitors. The accuracies requested for fission yields of
burmup 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 correlation 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 burnup determination is that of the neutron

134Cs to 137Cs. FPND requirements expressed by the

capture product
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: FPND requirements for post-irradiation fuel analysis are
mainly covered by burnup requirements, but FP isotope ratios
(correlations) are used more extensively in safeguards in order to
derive additional information such as cooling time, 239Pu buildup etc.
(see RP 6). However, the usefulness of these methods for routine in-
vestigations in safepuards remains to be proven. MWMore work has to be
done to assess cuantitatively the accuracies that can he achieved with
the procedures for analysis of spent fuel outlined in RP é and their

impact on FPND requirements.

The FPND 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 ¥PND
accuracies requested for burnup are adequate for safeguards.

- 154ﬂu, formed by neutron capture in 153Eu, is potentially useful for
the determi?ation of burnun, fluence and 239Pu fissions, FPND accura-
cies for mass chains 153 and 154 remiested in RP 5 for burnup deter—
mination correspond to a tolerable uncertainty of ~3% in the
154Eu inventory, and hence also in the 153Eu inventory. This implies
that the amount of 153Sm removed by neutron capture has to be known
to 3% accuracy. Since the half life of 153Sm is known to < 1%, the
term off should be known to £ 3% of (A +0f). Requirements for the
unknown capture cross—-section of 153Sm are discussed in chapter 7,
other requirements taken from RP 5 are given in Appendices Al,A3}
and A4.

However, the Panel noted that also mass chains 149,151 and 152
contribute significantly to the 154Eu inventory at high burmup

levels through multiple neutron capture, as shown by Eder and Lammer
(reference [ 3 ] quoted in RP 6). Capture cross sections and fission
yields are required in addition for these mass chains, but the
accuracies needed are not yet known,

— TIsotope correlations using ratios 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 fresh fuel assay a complete library of FPND including FP

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 FP with respect to yet unknown properties;

— accuracy requirements for bulk properties of FP or for FP inventory
datas;

~ needs for individual FPND backed up by sensitivity studies; presently
available accuracies of FPND 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 WRENDA-request (see Chapter 2 ) but form the basis for review papers
and discussions of the proposed follow~up meeting on FPND, The Panel
Trecommends, that studies be initiated as soon as possible.
(ii) When assessing the needs for individual FPND, users should also take
into account:
— whether higher accuracies for some FPND are requested in other
application fields with high priority, and
~ which sub—=division of FPND needs might be least expensive to be
satisfied.
The appendices on comparison of FPND status and requirements may

help in these decisions.

3.3 FP decay heat

3.3.1. Observations and conclusions

(1) 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 .s required:
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(ii)

(1i1)

— 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 (RP 4);

- fuel handling and intermediate storage at the reactor site, starting
from 8 hours up to a few months cooling time (RP 4);

— fuel transport, reprocessing anrd waste disposal, starting from about
1 month cooling time (RP 7).

The latter is discussed in the previous section. For the other fields

which are covered by RP 4, C. Devillers gives a survey of different

user needs. The Panel affirms the urgent need to improve the accuracy
of the afterheat function in order to save unnecessary deratings of

reactors. The accuracy requirements for the total heat released as a

function of time has been assessed by the Panel in all 3 areas and is

presented in Table A5-Ia of Appendix AS.

FP contribution to total afterheat: The Panel endorses the conclusions

of C. Devillers (RP 4):

FP energy release has to be known primarily from thermal fission of
233y, 235y and 23y and from fast fission of 27U and 237Pu (see
Table A5-Ib in Appendix AS). Of secondary interest are contributions

from Py thermal fission (recycled Pu) and fast fission (10-20% con-
tribution to total fissions) and 28y fast fission (about 1/3 of the
accuracy required for primary fissile nuclides).

However, it has been observed (ﬁP 4) that the calculated afterheat

changes by £ 1% only if one replaces 239

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 £40% up to 1 sec
cooling time,.é'50% at 10 sec and ~90% from 100 sec onwards. This ex—
plains the accuracy requirements for the total energy released by FP as
summarized in Appendix A5 (Table A5-Ib).

Calculations and measurements of FP decay heat: M. Lott has reviewed

(RP 15) existing calculations and measurements of energy released by
FP. The conclusions of Lott, Devillers (RP 4) and the Panel are sum-
marized 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). In 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—estimate the heat release, particularly after short
irradiations. It can be concluded that this is due to very short-lived
(41 sec) FP with unknown ND 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 AS-Ib,
Appendix A§) for the total FP heating, as due to the very large number
of contributing FP 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 FP 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 ¥P could be replaced by a lumped

short-lived FP for certain cooling times.

At cooling times of A/102 - 103

sec individual FP 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 103 sec are generally well
known from measurements, Calculations agree well between 103 and
107 sec . Above 107 sec, where 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 ¥P dominant at each
cooling time of interest for inclusion in the Panél proceedings (see (iv)
below).
Conparison with measurements:

Discrepancies exceeding individual experimental errors between the re—
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sults 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.
Benchnarks:

Existing discrepancies among experimental results and possible systematic
errors can only be resolved if 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 results 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 times.
Uncertainties of FPND 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 FPND
libraries.

~ Finally, these benchmarks should enable to establish a detailed list

of FPND requirements for "afterheat" for all cooling times.

(iv) Upon the recommendation of the Panel, C. Devillers has provided a list
of FP contributing < 1% to the total FP energy release at cooling times

of 10°, 107, 10°

ces 109 sec for 5 different practical cases (including
233; 235; 239
? 9’

Pu thermal and 237Pu 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 Appendix A9, Table A5-II. The cal-

culations confirm the Panel's conclusions in several points:

-~ Up to ~100 sec there is a large fraction of FP contributing less than
1% to the total FP decay heat.

-~ No FP contributes more than 4% to the total FP decay heat up to
~100 sec.

—~ Only few FP are significant above about 106 - 107 sec.

(v) The results of Devillers' and Vossebrecker's investigations can be
combined with the Panel's findings to the following conclusions:

~ The nresent knowledre of FP chain yield data annears to he ademate
for decay heat calculations. It should be sufficient to check the
influence of the difference between thermal and fast fission yields
for 235U and 24]Pu.

-~ Bractional cumlative yields can probably he derived adequately from
empirical charge distributions, as discussed in chapter 4. However,
this point should be further investigated by sensitivity calculations.

— Remairements for decay data can be given malitatively at least for
the dominant FP identified hy Devillers.

~ The present knowledge of nentron capture cross-sections is sufficient
for decay heat calenlations (see RP 4).

- Rather large statistical uncertainties of individual FPND can be
tolerated below~100 sec cooling %ime,

—~ Detailed specifications of FPND requirements have to await the
completion of benchmark experiments and calculations. Therefore no
detailed comparison of FPND status and user requirements for after—

heat has been performed by the Panel.

3.3.2. Recommendations

(i) Although the FP decay heat values obtained from different calculations
3

agree well for cooling time between 10~ and 107 seconds, it is not pos-
sible to draw any definite conclusions on the uncertainty of the after—
heat function from this agreement, as the sources of data are often the
same. Therefore the Panel recommends that error bzrs should be in-

cluded in libraries of FPND. Brrors should also be estimated for theo—

* Stimulated by this Panel, H. Vossebrecker (INTERATOM GMBH, Bensberg, Koln, FRG)
has recently calculated uncertainties of the FP decay heat at various cooling
times from FPND uncertainties!: The results were communicated to the Scien-
tific Secretaries of the Panel and are summarized here since they are of
interest in the context of the Panel's findings:

~ The calculations confirm that considerable FPND uncertainties can be
tolerated at short cooling times,

— Uncerteinties of fission yields do not contribute significantly to the
overall uncertainty of the decay heat.
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(ii)

retically derived ND values and new calculations of afterheat functions

and their uncertainties be performed.

Internationally coordinated benchmark experiments on FP energy release

should be performed at different laboratories. These measurements should
be performed at given cooling times following irradiations at 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, coordinated afterheat calculations, including estimates of

uncertainties, should be performed at different laboratories. This would
allow a better and direct comparison between different calculations and
experimental results and would give a first global test of the reliability
of FPND 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

235

start 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
experiments on 239Pu thermal fission are proposed with second priority.
The Panel recommends that IAEA/NDS 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/NDS for distribution. He will also supply IAEA/NDS with a
list of laboratories and/or scientists that could participate in bench—
mark experiments. IAEA/NDS 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 yet been established to communicate information on finished
or on—-going studies related to afterheat. In order to fill this 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-

mnicated to TAEA/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

Devillers' study of FP important for afterheat:

~ 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 (NlO4 sec)

~ Evaluators could concentrate on updating the status of nuclear data

of important FP and communicate poorly known FPND to measurers via

the newsletter proposed in Chapter 2.

4. FP YIELD DATA

4.1, 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

(1) 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 148Nd is the most suitable
burmip monitor that is commonly used for different fast reactor fuel
types. However, it has been noted in RP 5 that the variation of its
fission yiel& with the median energy of fast reactor spectra (ex-
pressed as spectral index in RP 5) may exceed the requested accuracy,
particularly the long term aim of 1%. Therefore the variation of
the 19PN4 fission yield with incident neutron emergy has to be known
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(ii)

(iii)

(iv)

to the accuracies specified ir Appendix Al in order to achieve the
required burnmup accuracies. As any determination of 148Nd either
for burnmup 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 most suitable burmp monitors.

Thermal yield requirements for fuel design 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
elemeni, and those for the investigation of chemical interactions of
FF 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 required. This is
primarily of importance for fuel design and development. However,
such investigations are also of interest for burmp, as information
on diffusion, migration and volatility of FP influence the selection
of burmup monitors for different types of fast reactor fuel.
Requirements for fuel design contributed by R.H. Flowers are pre—
sented in section 3.2 (item (v)). Independently, this topic was
discussed by the subgroup on chain yields. Requirements expressed

by Flowers and the subgroup are presented separately in Appendix Al.

All further requirements for ¥P yields as presented in review papers
and agreed by the Panel are summarized in Appendix 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 (RP 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 unceiSainties

and the capability of estimating unmeasured yields.

Stable and long lived FP contribute to the production of photo-

neutrons via capture—~ and decay y-rays. 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

(1)

From the information presented in RP 1lla and the data given in
Appendix Al 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 Al . How-
ever, the Panel did not consider it economically feasible to initiate
additional extensive measurement programmes for the determination of
thermal yields, Evaluators should rather try to resoive discrepancies
by careful examination and selection of existing experimental data and

recommend some limited less expensive measurements if deemed necessary.

The ﬁanel 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 RP 5 and 11b). Therefore, user requirements

have to be understood, at least in principle, as being exp?cssed 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 (Appendix Al) as well

as for future considerations for several reasons:

~ 1In the past, reactor neutron spectra used in fission yield measure—
ments were generally not defined. Consequently, fast yields ol
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.

~ TFor 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 contimue 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 mumber 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:

EBuratom (Xoch)

Absolute yields of Cs, Ba, Ce, Nd, Sm and Eu isotopes, and

relative yields of Kr and Xe isotopes are being measured in fis—
232 2 2 2 238 2 2 0 2
32y, §3U, ¥y, 236y, 238, 23Ty, 239p,, 2408y, 2Mpy,
) i
24lAm and “43Am irradiated in the French reactor Rapsodie.

235y, 238y 23Ty, 2395, 240, ana by 4ill be

completed in 1974, the remainder before 1977.

sion of
242Pu,

The work on

France (Bouchard)

Measurements are being made of the yields of all Nd isotopes from

235y, 238U, 239 240, 241

the fission of and Pu irradiated in

Pu,
the fast reactor Rapsodie and Phenix. The measurements in Rapsodie
are almost finished, while those in Phenix should be completed in

. X . s 238 242 241
1975. N& yields in fission of Pu, Pu and Am are also

being measured in Phenix.

India {Ganguly)

Radiochemical measurements of fast yields of nuclides in the wings
233U, 235U and 239Pu

of the mass yield curves from the fission of

are being made. Expected completion date 1976.

Switzerland (von Gunten)

Radiochemical measurements by y-spectrometry of yields of nuclides
from mass 87-105 and 129-151 are being made for fission of 235U

and 239Pu 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. §Sinc1air, Crduch[

Mass spectrometric measurements of fission yields of all Nd isotopes
and of some long lived isotopes from fission of
235U, 239Pu, 240Pu and 241Pu, irradiated in the DFR 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, 240Pu and 241Pu irradiated in the DFR 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 ot

irradiations in PFR, 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 compléted for
235U and 238 . 240

239

2
U, but have still to be done for 233U, 39Pu

Pu, 24am, 243 ana 237

Pu,

Np. Samples of
2 /|

Pu and 41Pu 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
comnection 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 nuclidese.

It ié possible that these measurements wiil 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) Effect_of neutron energy on figsion yields

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 corrclate 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 ENDE/B—IV 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 df(238U) / of(EBSU).

- The Lawrence Livermore Laboratory (USA) defines a fission-spectrum
source as one that gives 115ng R-value of 2.80 for 235U fission
(i.e. 1138cq yield ratio from fission spectrum/thermal
235U 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

238

energetic fast neutrons in the UK (Cuninghame) should throw light on

together with yield measurements on 239Pu and U with mono-
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 summarized in Appendix Al are thé ones essen—
tial for the nuciear fuel cycle of thermal and fast reactors. The
Panel wishes to stress that other fission yield work at neutron
energies up to 14 MeV, including measurements in the 2520f 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.

Evaluation work

e et tma e Sna e s

In view of the increasing voluﬁe of experimental data on energy-
dependent fission yields it is desirable to rationalize the compila—
tion of these data. It is recommended that evaluators exchange compi-
lations of experimental data with the object of establishing a common
computerized data base which can be used by all evaluators and cthers
interested in FPND.

Discrepancies have been discussed in review paper lla and during
the meeting which urgently need clarification. Ir evaluations in
which the normalization procedure (see RP 1la) is used, any changes in

some adopted yields would entail a renormalization of the whole yield
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40 1. 3-

(1)

(i1)

(iii)

(iv)

curve, This, in turn, involves changes in all FP yields that could

occasionally exceed previously assigned uncertainties.

Evalution work is important for the quantitative determination
of the dependerce 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 atheriving the most suitable
and simple descri,"ion of fast reactor spectra, and presenting the

energy dependence of fission yields. Appendix Al indicates the work
required to satisfy user needs.

Recommendations

In the case of thermal fission yields the Panel recommends that
evaluators 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-spectrometric measurements, as recommended in RP lla, would

be sufficient.

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
cases probable, that the work in progress summarized above will

satisfy the requirements after it has been reported and evaluated.

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.

Investigations of the effect of neutron energy on fission yields
should be done by both measurers and evaluators. The nresent 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 contimie FP yield studies for incident neu-
tron energies up to 14 MeV or neutron energy spectra other than those
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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.

4,2, 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 (RP 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, AERE-R7680,

1974) and some experimental (Appendix A2, RP 1la) data. the following

distribution of fractional cumulative yields of FP listed by

C. Devillers for cooling times of 1 s ~ 100 s (see section 3.3. and

Appendix AS5) is obtained:

~ about 60% of all listed FP, ~70% at 100 s and ~.70% of those FP which
contribute > 2% to the total FP decay heat have 2 95% of the total
chain yield.

- only about 20% of all listed FP at 1 s cooling time and 4% at 100 s
have £ 60% of the total chain yield.

—~ none of the FP contributing > 2% to the total FP decay heat have
< 80% of the chain yield.

This survey is for thermal fission yields of 2>°U and 237Pu. 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 FP with Z > Zp, particularly for
cumilative yields close to total chain yields. Therefore calculated
cumilative yields ofﬂ295% 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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(iii)

(iv)

(vi)

(via)

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
FPND can be tolerated in this range o7 cooling times, calculated frac—
tional yields may be sufficient for the time being, until more detailed

investigations on needs are available.

Future _needs: MNetailed lists of independent and cumulati-—e yields and
their acenracies required for FP-decay heat calculations and environ—

mental aspects should be available at the follow-up meeting,

RP 1lla, appendix B, shows that only very few measurements of direct

and cumulative yields from thermal neutron fission exist, the
235
U

majority being for . 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 RP lla, end experimental data are often not consistent with a
Gaussian charge dispersion curve (cf. Appendix A2).
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.

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 chain

Yields and branching ratios.

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 Gaussiau 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 235U 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 estimation of the uncertainties of predicted yields;

-~ to allow a more reliable extension of these models to other
heavy muclides and other non-thermal neutron energies.

RP 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 Amiel (Israel), the resulis of which should

throw light on charge dispersion models.

4.2.2. Recommendations

(1)

(ii)

Further measurements of independent yields, particularly in
235U thermal fission should be encouraged to improve and check

calculational models.,

Measurements of independent FP yields for other heavy miclides
should be initiated to fill the gaps and enable to check
predicted yields.

4.3, Calculational Methods

4.3.1. Cbservations and conclusions

The Panel noted that a mumber 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 experimental 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 calculational methods for
independent and cumulative FP yields, as reported in RP 16,

be further persued;

(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. Communication 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, Qbservations 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 data 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.

1351 and 135Xe required for reactor

(ii) The accuracy of half lives of
kinetics (RP 3) is met.
(iii) Accuracy requirements for decay data put forward in RP 4 for burst

fuel detection, FP release and contamination of reactor components

are based on general considerations without taking into account avail-

able accuracies of FPND. As these requirements are not very stringent,
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(iv)

()

(vii)

they are accepted by the Panel and are listed in Appendix A3. Apart from
those decay data, for which accuracies have not been assessed, the needs
in these areas are either fulfilled or easy and inexpensive to
achieve. A revision might be necessary in cases where requirements for
FPND other than decay data are .not met, based on sensitivity studies.

In quoting accuracy requirements for branching ratios it is assumed

that they are the same as those for V-ray intensities.

Requirements for FP decay heat can only be given qualitatively at present
(see section 3.3). The decay data required for the calculation of the
energy released by FP and deposited within the reactor are FP half-lives
and effective Q values (Qeff’ i.e. QE,).

Apart from completely unknown FP, a number of FP with very uncertain
half-lives and unknown Q-values 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 21000 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).

After some discussion the Panel agreed on burnup requirements as

presented in Agpendix A3, These include also requirements for non-

destructive analysis of spent fuel in safeguards, which have, how-
ever, lower priority. The capability and practical applicability of
the use of FP activity ratios is still undexr investigation and may
Justify needs for more accurate decay data.

The needs for fresh fuel assay in safeguards are agreed by the Panel,

especially in view of their low priority.

Decay data requirements for fuel handling are generally acceptable at
present. The Panel concluded that for problems concerning heat
released by fission products in spent fuel the knowledge cf average

B energies in addition to y-ray data (as proposed for FPND libraries:
See amnex 3 to chapter 2) are sufficient. However, for shielding

(see (viii)below) high energy ¥'s and B's (bremsstrahlung) are important
and the knowledge of their energies and intensiiies is required.
Applications in industry, agriculture and life sciences require mainiy
decay data. The Panel noted that in these fields not only pure FPND are
required, but that also other uncertainties discussed in RP 8 and 9
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(vaii)

(ix)

(x)

5.2.2.

(i)

constitute a problem. Nevertheless, FPND of higher accuracy are required
for research work and included in Appendix A3.
The Panel supports the request for inclusion of Auger eleciron data in

evaluations.

A.J. Fudge reported to the Panel that he had observed high energy gamma

rays penetrating through thick shields around spent fuel during trans-

port and reprocessing. Several of these gamma rays could not be identified
with the aid of tabulations of known FP gamma ray data, or their abundance
is very uncertain. 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 Appendix A3,

Fission 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 z 1% and

better.

Prompt Y-rays in fission as well as high energy gamma rays from fission

products and bremsstrahlung are sources of photoneutrons. Short-lived FP

with high Q values should be studied for high energy ¥'s and B's. This
subject was, however, not discussed by the Panel in greater detail and
further investigations on existing information and pertinent FF are

still necessarys

Individual decay data

Equilibrium activities: In the case of FP where the daughter reaches
equilibrium with its parent rapidly, it is assumed that the equilibrium
activity is important for users. 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.



(ii)

(iii)

(iv)

(vi)

Half life requirements are generally met at present with the few excep-
tions 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 mumber 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 Appendix A5, should be evaluated for the next survey of the
field of FPND.

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 (Appendix A3)

are met.

A number of needs for absolute gamma 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 abgolute intensities of gamma rays
auxiliary decay data like internal conversion electron intensities or
conversion coefficients and ground state beta decay branching are
required, the accuracy depending on their contribution to the overall

eTrror.

Gamma ray energies are generally needed only for identification of FP.

The accuracy required has to be compatible with the resolutioh 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 fieids, gamma ray energies are sufficiently accurately known, with
the exceptions noted in Appendix A3.

Needs for group and mean energies of gamma rays, which are required with

much lower accuracy, are a forteriori satisfied.

B-ray and conversion electron data uncertainties have only been eval-
uated by Martin and Blichert-Toft (1970) and by Martin (1973)
(references [1] and [8] in Appendix A3). However, these evaluations do
not include all FP listed in the table of Appendix A3, and the status
field had to be left blank for some FP, 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 regquirements for B-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 FP needed for FP decay heat calculations are lacking or

inconsistent. In order to deduce effective decay energies from

Q values, the energy carried away by antineutrinos (Ey—) has to be
known, which requires measurements of B-spectra. G. Rudstam informed
the Panel that several of the "unknown" FP (see subsection 5.2.1) have
been identified at Studsvilk, Sweden, and that his laboratory would be
in a position to directly measure Ep and EY 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 é comparison
with data deduced from PB-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 (1973) among the evaluations discussed in RP 12
(references [ 1] 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 incliude all
FP for which the data are needed.

5« 3. Recommendations

(i) User requirements: fuither 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 on 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 [ 1,2,2a,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

Ao
3 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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(iii)

(iv)

(v)

used in evaluations. Decay schemes and B~branching intensities based on
Y~ray measurements and theoretical conversion coefficients should be
checked carefully. Data on average B energies, Auger electrons and

X rays 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.

FP decay heat: the Panel recommends that average B and Yy 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 B-spectra which have (so far)
been studied far less than y-spectra. A suitable methoed would be to

measure the gross B-spectrum (from low energy to maximum) for individual
FP.

In all cases, where specific needs for individual FP and groups of FP
listed in Apoendix A3 have clearly not yet been fulfilled (particularly

v-ray intensities), further measurements should be performed to satisfy
them,

More emphasis should be given to measurements of intensities of pB-transi-
tions to ground states and metastable states with half-lives of more than
a few hours (e.g. 95mN‘b, 99m'1‘c). 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 miclides with very high intensi-
ties of ground state B transitions (e.g. 144Ce—lM'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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[ DELAYED NEUTRONS

Observations and conclusions

6.1, Absolute itotal 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).
For 238U, 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‘i5%
accuracy required for the special reactor kinetics purposes outlined in
RP 3.

For 239Pu it is observed that the accuracy of the fission spectrum
average value of the total delayed neutron yield is only iﬁ% and does

therefore not meet the required +5%.

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

vwhich differentiate between precursor chemical species,

In order to remove systematic errors in delayed neutron yield
measurements, which may exceed‘i5%, 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,
6.2, Composite half-life groups

The uge 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 fasgt fission show only small differences which are

probably not significant when considering various fast reactor spectra.
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6.2. Delayed neutron precursors

For most practical purposes the chemical and isotopic identity of
delayed neutron sources is unimportant except where chemical processes
may be of interest: for example, in homogeneous reactor fuels such as

in the molten salt fast reactorférjin~burst fuel detection,

If chemical processes take place one would require better data on
delayed neutron yields, delayed neutron emission probabilities (Pn) and
fission yields to allow calculations for various situations of fuel
composition and chemical fractionations, Fractionation 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 i5o%

exist in these values,

Accurate Pn values and fission yields would allow calculation of
total delayed neutron yields for different fuels; alternatively
delayed neutron precursor yield measurements for each indiv;dual

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 Pn values are in

progregs in Israel (Amiel) and Sweden (Rudstam).

6.4, Energy spectra

The neutron energy spectrum for delayed neutrons as one group is

available but no complete time dependent spectra.

Ifsynthesis of neutron spectra for various fuels or for gituations
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-81, Br-87, Br-88, Br-89, Br-90, Br-91,

Rb-93, Rb-94, Rb-95, In-129, In-130, (S5n—-Sb)~-134, Sb-135, Te-136,

—137, I-138, I-139, I-140, (1+Cs)-141, (I+Cs)—142 Cs—-143 and Cs-144.
By the tlme of the publication of these Panel proceedlngs some of the results

are already published, others are being prepared for publication.

Recommendations

(1) Further measurements are recommended in order to reach the
. accuracies required for the fission spectrum averaged total
delayed neutron yields for 238U and. J9Pu
(11) 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.

i NEUTRON CROSS~SECTIONS

Tl General recommendations for quoting accuracy requirements

(i) The Panel agreed that for reactor applications target accuracies
for neutron reaction cross—sections of FP should be given in
absolute values (i.e. b or mb). This is particularly important in
cases where a c;oss-section is unknown in part of- or the whole
energy range, since the significance of a particular FP depends
upon its reaction rate which is proportional to the product of its
reaction cross-section and its yield. The competition between

}x
neutroﬁ absorption and radioactive decay should also be considered
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and the FP classified for accuracy requirements as proposed in
R® 10. '

(i1) As an exception target accuracies can bte given in % if the amount
of a product built up by neutron c;bture in a FP is of primary
interest for specific applications such as flux monitoring. In this
case the uncertainty in the rate of formatiou is directly propor-
tional to the relative uncertainty of the capture cross-section
irrespective of its value. The most important examples are llomAg,
134’13605 and 154Eu formed by neutron capture in 109Ag, 133’135Cs

and 153Eu, respectively (see Table A4-I).

“(iii) The exception mentioned under (ii) above is, however, not applicable
for neutron cross-sections as a2 function of neutron energy, unless
restrictions with respect to the magnitude of the point cross~section
and range of energy is given. It is 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 o.(E) by the prescripton

o(E) x B(E) = const.

1:2s Observations and conclusions: user requirements

T.2.1., Physics design of power reactor cores (RP 3)

(i) In order to be able to predict the reactivity effect due to FP 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 FP 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 L35Xe and 149Sm.

(i1) 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 Table A4-I of Appendix A4. These accuracies
are sufficient to satisfy requirements for the Na-void effect, if the
shape of o(E) 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. Burnup determination and safeguards (RP 5 and 6)

Neutron capture cross sections are requested to accuracies suf-
ficient to allow corrections forbuildup and burnout of important FP
to £1% of the burnup at maximum burnups of 40 000 ~ 70 000 MW4/T
(or (2.3-4) x 102! nv t).

(i) Sensitivity studies presented in RP 5 show thai the unknown thermal
neutron capture cross-section of 147Nd 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 x 30 b for oc of 147Nd. This re-
quest has highest priority.

(ii) B.F. Rider has evaluated the accuracy of the thermal capture cross-
section of 141Pr required to make the error in the burmp determina-
tion via 148Nd due to wrong contamination correction f;l% at a thermal
reactor burnup of ~ 40 000 MWd/T (or ~ 2.3 x 1021 nvt). With an
average 148Nd thermal fission yield of 1.7% the tolerable uncertainty

142Nd (or 142Nd inventory per fission) is

in the "effective yield" of
~0.08% per fission, assuming a ratio of 14°Nd: 1®Nd ~ 5:1 in natural
Nd. With a thermal fission yield of 5.8% (°2°U) of -4
uncertainty of o, (141Pr) is ¥ 2.8 b at this burmup level. Appendix A4

shows that this requirement is fulfilled by available data.

Pr the required

(iii) Among burmup monitors only thermal capture cross—sections of stable
Nd isotopes and of 143Pr are significant. Since the half--life of 143Pr
is similar to that of 147Nd, the same accuracy requirement for o, can
be used. The accuracy required for the thermal o, of stable Nd isotopes
is £ 2 b at a maximum fluence of about 4 x 1021 n vi. Assuming an epi-
thermal index r €0.3, the corresponding accuracy requirement for the

resonance integral (RI) is ¥ 6 .

According to Fig. 5 of RP 5, the fast reactor averaged neutron
capture cross—sections of stable and long lived burnup monitors should
be known to about ¥ 25-50 mb.
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(iv) For the calculation of the 134cs inventory the Panel adopted the accuracy
requirements for thermal neutron capture cross~section data presented in
Appendix A4. The uncertainties due to neuiron capture in 133Xe and
133M2e should be £1% of the 13%Cs inventory. Accordingly, the term o §

should be known to £1% of A (A>> o ) in the case of 'Xe and £ 36%
of A in the case of 15°™fe (branching 1337 5 133my, = 2.8%). The cor—
respondirs cross-section requirements are ¥ 150 b for 133Xe and about
+ .44 133m 14 -1 =2

- 10" b for Xe at a thermal neutron flux of 10 nxsec xcm . The
value for 133Xe calculated this way agrees with a sensitivity study

(table III of RP 6): * 153 b uncertainty of o_ (>35Xe) result in 1%
. 134, . ©
error in the Cs inventory.

(v) The accuracy requirement of “he unknown O, of 1533m can be calculated

in the same way: if A>> o f,then o_ should be known to about £ 103 b
(£3% of A) at a thermal flux of 10! nxcnr2xsec—1

7.2.3. Engineering design and operation of reactors (RP 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. Devillers (RP 4):

(1) In order to determine the contamination, the capture cross-sections of
stable 109Ag, 133Cs and 13508 and of the radioactive capture products

llomAg and 13408 should be known within & 20% for the neutron spectrum

involved.

(ii) For a thermal neutron flux of ¢ =10 n on? sec” | the term of
dominates over A for 13%e (0f = 20 x A ). In accordance with the dis-
cussion on inventory data needed for FP release in section 3.2,
item (iii), the thermal neutron capture cross—section of 135Xe 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 s 10% is requested for the thermal neutron
. ~ 135
capture cross—section of Xe.

(iii) Control rod purposes: A 10% accuracy in the capture cross-sections

between 10 keV and 1 MeV is required for 151Eu and 153Eu and, with a
lower priority, for 152Eu and 154Eu.
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(v)

T.2.4.

1.3.

For gas tagging purposes in fast reactors the capture cross—-section of
stable Xe and Kr isotopes which are, however, not fission products,
has to be known to within 10%. These requirements are not included in

Appendix A4.

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 FP have been identified by the Panel.

Fuel handling

For fuel handling only the capture cross-sections of FP listed in
Appendix A4 are important. The knowledge of spectrum—averaged croseg-
sections would be sufficient for this application, if their variations

with neutron spectrum are within the requested accuracies.

Neutron capture cross—sectionsin the thermal and resonance region

7.3.1

(i)

(i1)

(iii)

Observations and conclusions

The Panel noted that a number of user requirements on FP capture cross-
sections for thermal reactors are not satisfied by available data (see
Appendix A4). Further measurements are required.

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 A4).

The Panel considers it desirable to describe the low energy cross-
sections of FP in terms of resolved resocnances. 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

1.4.

Recommendations

User requirements should be given for capture cross—sections in the

thermal and resonance region separately.

Further measurements are required in order to satisfy all requirements

listed in Appendix A4 which have not yet been fulfilled.

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.

Status of FP capture cross—sections for neutron energies > 1 KeV

7.4.1

(i1)

T.4.2.

(i)

(ii)

Observations and conclusions .

The needed accuracy in ¢, for neutron energies above 1 XeV is
not fulfilled by the existing microscopic data, except for some

mono-igotopic nuclei.

o
I

105g,,

Some experiments which may satisfy the needs for ¢, of
Eu and 7 38u (RPI), Zr and Mo isotopes (ORELA) and experiments

151

at FEI Obninsk are in progress or have been recently completed.

Recommendations

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 most important fission product isotopes.

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 phenomgpological parameters which enter into the nuclear
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(iii)

1.5,

models used for cross—section calculations, in order to be able
to give a good estimate of the error in g, o The knowledge of
this error is needed for the application of the adjustment method

to improve o, with the help of integral measurements.

Noting the importance of average level densities to the theoretical
prediction of neutron capture, 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.

Status of FP (n,n'), (n,2n) and other cross-sections

7.5.1.

(1)

(i1)

(iii)

Observations and conclusions

There are data in the Italian FPND library for 18 FP isotopes and
in the Australian FPND library for a large number of FP isotopes.
The ENDF/B-III and IV libraries are using the Australian data

file for Ot *

The needs for FP inelastic scattering cross-sections are as
follows:
a) Por reactor design, inelastic scattering data need to be

improved particularly for neutron energies bel'ow 1 MeV.

b) For the analysis of reactivity worth measurenents in
reactor physics experiments the required accuracy for‘yhn,
might be of the order of 30%. Further studies are needed
in order to specify the accuracy for each isotope in a

particular experiment.

The inelastic scattering cross-sections can be calculated to suf-
ficient accuracy for reactor design purposes if the level scheme

(energy, spin and parity) of the target micleus is well known. o
should be described for each level separately.

nn'
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7.5.2. Recommendations

y O and other threshold reaction cross—
n,2n’ n,p

sections for fission products should be investigated.

(i) The needs for o

(ii) The Panel recommends that a compilation and evaluation of nuclear
level scheme data needed for calculations of Spn! and ¢, be under-
taken. It was suggested that evaluators of nuclear structure data
include in such an evaluation also the most probable spin and

parity values and indicate the possibility of missed levels.

7.6 Integral measurements of FPND

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) Observation and conclusion: 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

(1) From the STEK 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 ERMINE measurements will have been completed.
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(i1)

From integral measurements in FRO on separated isotopes some

useful conclusions about the quality of evaluated cross-
sections sets can be given. More detailed conclusions can
be drawn after the completion of the analysis of the measure-

ments in CFRMF, ERMINE, and STEK mentioned in RP 14.

(iii) PFor integral measurements a good accuracy (i.e. better than 10%)
is needed in ¢, over the neutron energy range important for
fast reactors for at least one fission product isotope (e.g. 1271
or 151Eu) to be used as reterence for relating measured reactivity
changes to average capture cross—sections in given neutron
spectra.

Recommendations

(i)

(ii)

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, ERMINE and STEK in a comprehensive

analysis of the data.

In view of the fact that many experimental results on the integral

measurements of FP are not available at this time, a svecialist meetin-~
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 should be given to FP.

*
SUMMARY OF TMPORTANT RECOMMENDATIONS

General

Users of 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



(i1)

(ii1)

8.2.

Measurers are requested to publish all details on experimental.  condi-
tions, corrections applied and error analysis regquired for an adequate

evaluation (section 1.3).

Tvaluation work should continue to be performed at different places and

should in future receive stronger support by pertinent authorities.

Evaluators 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 discrepanqies;

—~ recommend further measurements required where data are laclking
or discrepancies exist.

(sections 1.3, 4.1, 5.3, 7.4)

Unsatisfied user requirements: Further measurements should be 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 FPND in Appendices

Al-A5.

A follow-up meeting should be convened in about three years to review

the progress in FPND work stimulated by the present meeting with the

aim of setting up avmore complete request list (chapter 1).

International cooperation in the exchange and dissemination of

(ii)

FPND information *

(all recommendations: chapter 2)

The list of FPND compilations and evaluations, as provided by Valente
from NEA/CCDN (RP 1b) to this meeting should be kept up-to-date and

published at annual intervals. To determine.the distribution of the

1list the assistance of Panel” participants should be solicited as well as
of the Members and Liaison Officers of INDC, EANDC and other regional

and national nuclear data committees.

Two international newsletters, one on activities in the field of compi-

lation and evaluation of FPND and one on measurement activities related
to FPND, should be developed as soon as possible, These newsletters

should contain information on available manpower, names and addresses,
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work finished, underway and planned, recent publications and other per—
tinent information in brief form. Observed discrepancies should be
stated and brought to the attention of the INDC Subcommittee on Dis-
crepancies. After approval by INDC this recommendation should be brought
to the attention of EANDC and other regional and national data centres,
who should also be asked to assist in determining a suitable distribution.
Members and Liaison officers of INDC are asked to make sure that the con-
tribution of their countries to the newsletters are provided resularly

and on time to the (still to be determined) publishing centres.

(iii) An international request list for FPND should be developed. The re-

quests should be justified by appropriate sensitivity studies.
(iv) Formats: In order to avoid a proliferation of computer formats the
Panel recommends that those developed for the ENDF/B library be adopted

as standard formats.

(v) Circular to measurers: The Panel recommends to initiate a circular to

measurers stating all information on experimental details required by
evaluators which should be included in publications of experimental
results., TIn order to determine the contents of this circular, a ques-~
tionnaire will be sent to evaluvators of FPND. The circular will be dis-—
tributed to measurers and, in addition, be included in every issue of

one of the two newsletters proposed above.

8.3, FP decay heat

(a1l recommendations: section 3.3)

(1) Brror bars should be included in FPND libraries and calculations of the

uncertainty of the total FP decay heat should be performed.

(ii) Benchmarks: In order to resolve discrepancies between existing measure-
ments the Panel recommends that benchmark experiments on FP decay heat
should be performed at different laboratories under similar irradiation
conditions employing all suitable measurement methods. Simultaneously,
calculations should be performed at pertinent laboratories for the ir .
radiation conditions of the benchmark experiments and a wide range of
cooling times. This should enable a check of the input data of FPND
libraries and, together with the measurements, serve as a basis for
assessing FPND requirements for FP decay heat. Benchmark experiments
and calculations should be restricted to studies of 235U thermal fis—

sion.
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(iii) Information on finished or on-going studies related to afterheat should
be communicated to IARA/NDS for collection and transmission to the then

reviewers of this subject for the follow—up meeting.

8.4. FP yield data

1) Investigations on the effect of neutron energy on fission yields 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 the systematics 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 shoulé be further pursued. Attempts should be

made to assign uncertainties to calculated FP yields (section 4.3).

8.5.  FP decay data
(chapter 5)

(i) Beta decay data should be studied more extensively than in the past.

Average B energies, P-spectra and B ray intensities, particularly for

transitions to ground and metastable states, should be measured.

(ii) The Panel suggests that data on Auger-electrons be included in compi-

lations and evaluations of decay data.

8.6, Delayed neutron data

(1) 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.

Neutron cross-section data

(1)

(ii)

(iii)

(iv)

Noting the importance of average level densities to the theoretical
prediction of neutron capture, 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 muclear data
or at a separate specialists meeting within the next two years

(section 7.4).

The Panel recommends that a compilation and evaluation of muclear level

scheme data needed for calculations of %pn’ and cny be undertaken. It

was suggested that evaluators of miclear structure data include in such
an evaluation also the most probable spin and parity values and indicate

the possibility of missed levels (section 7.5).

In view of the different energy ranges which are effective in the various
assemblies used for measurements of integral FP cross-sections it is
strongly recommended to combine the results of FRO, CFRMF, ERMINE and

STEK experiments in a comprehensive analysis of the data.

In view of the fact that many experimental results on the integral
measurements of FP are not available at ;his time, a specialists
meeting on integral measurements of netiffbn cross-sections and their
impact on microscopic cross~section data should be organized as soon as

possible. In such a meeting special attention should be given to FP
(section 7.6).
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Appendix Al: FP CHAIN YIELDS

Comparison: _status - user requirements

Al.l Chain yields from thermal neutron fission

(1)

(ii)

(iii)

Ie

The uncertainties of FP yields from thermal fission are those recom—
mended by Walker (RP lla). 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 needs in Table Al-I.

In some cases the uncertainties of presently available data,
and/or discrepancies among experimental data, which cannot be
retiolved, exceed the accuracy required. Thece chain yields are
indicated under "comments" in Table Al-I'and surveyed in more detail
in Table Al-II, Discrepancies are discussed in RP 1la, together wifh

measuremenis required to resolve them and check existing data.

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 (see chapter 4).

Safeguards: 154Eu, formed from ¥53Eu by neutron capture with con-
tributions from lower mass chains by multiple capture is used in
isotope correlation studies. An improvemenit of present data is
needed, but the definite accuracy required is not yet known. This
request has very low priority.

Fuel design: Requiremenis for gas pressure calculation are included
in Table Al-I. Requirements for information on the chemical state in
miclear fuel are X 15 for yields 2 1%. These requirements are met
by presently available thermal chain yields (see RP 11a) with the
exception of the few cases where yields have not been measured:

- 233, 128-13

- 2350: 130

- 23929: 107, 108, 129, 130 :

- 241p,. 89, 98, 100, 103, 105, 107-110, 130, 139
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Table Al-I:

Chain yields from thermal fission:

status and user requirements,

a)

application FP mass fiss— | accuracy(%)
field numbers ioning| needs [status comment
nuclei
burnup 106,133,137,143 gg;U 2-3 <3 | except A = 106,133
RP 5 144,145,146,148 U 1-2 22 | except A = 106,133
150" 0 gigPu 1-2| €2 |except A = 106,133,137
Pu 5 <5 | except A = 106
burnup 95.103,140,141 | 2330 5| 25 |except A = 103,141
RP 5 ’ ’ ’ 233U 3 &« 2 except discrepéncy
2ZlPu 3 2-5 algo discrepancies
Pu 5 <5 except A = 103: no
measurement
safeguards 149,151-153 230y -| ~ 6 | ) improvement needed
RP 6 239y, ~| 3-10 | ) other requirements:
) see burnup
fuel handling |89,90,91,95 233U £7 |) except A = 125,129
RP 7 - 103,106,125,129 2§3U ) 5-10| 27 |) discrepancies exist,
131,133,137,140 Pu |) 27 | ) see Table A1-II
141,143,144,147, A=153: status~ 10%
151,153
Physics design | 99,103,131,133. g%;U g £ 6-1 ) requirements met,
of reactor 143,147,149, 239U 6-11 f6—q except discrepancies
cores 151,152 Pu |) £6-1 at A = 103,131,
RP 3 see Table A1-IT
fuel design  |83,84,86,131, | 333 g ;
(gas pressure) 132,134,136 239U ) 10 €10
Pu
FP release and | 90,95,103,106 g%;U ) requirements met;
contamination | 109,125,131,133 239U 20| )< 20 see also cumulative
RP 4 135,137,140 Pu yields Appendix A2,

a) Other mass numbers, for which only cumulative yields are required, are
included in appendix A2 (e.g. 135Xe).
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Tabl

e Al1-IT:

Individual chain yields in thermal fission: unsatisfied requirements

FP o accu?aqya) Comments
mass fissile status required
no isotope | (%) (%) | RP|P| D = discrepancies among experimental data
95 239p, 1.6 3 512 D of 5% and more: see RP lla
103 233U 6 5 512 D even higher, see RP lla RP 3
235U 1.4 3 512 for D see discussion RP 1lla ¢ requires
239Pu 4.2 3 512 for D see discussion RP 1lla 6% accuracy
241Pu ? 5 512 no measurements
106 | 233y 2-3 |5 |2
235U 3 1-2 |5 1|2
239Pu 5 1-2 |5 |2 D even higher, see RP lla
28y | 6.6 5 |5 |2
125 233U 13 5-10 based on only one measurement
235U 7 5-10 3 D of 30% and more exist
239p, 14 5-10 3
129 233U ? 5~10 no measurements
235y 23 5-10 2
239Pu ? 5-10 2 no measurements
131 239Pu 2.4 510 { 7 |3 { D and inconsistencies exceeding
o N 8 313 required accuracy:; see RP lla
133"7ﬁ233U 3.5 2-3 |5 |2 D among experimental data, especially
235y 2.4 1-2 |52 |t between Xe and Cs.
239Pu 2.7 1-2 5 12 2391"u: see discussion RP 1lla
137 233U 2.3 2-3 5 1 D among experimental data exist, but
239Pu 2.7 1-2 5 average probably adequate.
141 | 23 7.6 513
2¥p | 4.7 5

a)

Only the review paper requesting highest accuracy is listed, except in cases
of about equivalent accuracy or if the primary request has low priority.

P = Priority for improvement of present sitatus: 1 = high
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Since other chain yields are known much more accurately than
required, the overall accuracy should be sufficient (see chapter 4.),
with the possible exception of 24 Pu,

Requirements for yields < 1% (¥ 50% for yields between 0,1%
and 1% and within a factor 5 for yields < 0.1%) can be satisfied by

interpolated and extrapolated yields supplementing experimental data.

Al,2 On the effect of incident neutron energy on yields

Fission yields in the region of the wings of peaks and ir. the
valley of the mass distribution increase with increasing incident neutron
energy. When going from thermal to fast reactor fission, the yields in the

valley are enhanced by a factor of 3 for 235U and a factor of 2 for 239Pu.

This increase has to be compensated by a decrease in peak yields as
the sum of all yields is 200%. However, the two-mode fission theory pre-
dicts that the change in peak yields is < 3% from thermal tuv fast reactor
fission. Therefore the variaticn of peak yields with different fast reactor
spectra is expected to be even smaller

Al,3 Chain yields from fast neutron fission

(1) The main survey of data requirements and status presented in
Table Al-III, is restricted to chain yields from fast fission of
235U and 239Pu, needed for current fast reactor programmes. The term
"fast" used in this survey needs some further explanations (it is also
discussed in section 4.2.).

Users require fission yields for fast reactor spectra. Available
data have to be valid for the particular fast reactor spectrum in-

volved within the requested accuracy limits.

In current evaluations "fast yields" are not well defined.
Recommended yields are derived from experimental results obtained in
different fast reactor spectra, fission neutron spectra (generally

235, 238 252

?

from U or Cf). and sometimes even at discrete neutron

energies ranging from 1.5 to 3 MeV. In order to allow a better
comparison of this rather poorly defined status with user require—
ments, a range of values is given in Table Al-IIT (see explaination
below). These values are derived from the survey given in RP 1lb
and information supplied by Panel participants.
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In ulmost all cases, the lower limit is the status supplied by
B.F. Rider. It corresponds to the data presently adopted for the
ENDF/B file and published in [1]. It is important to note that
weighted averages are dominated by the most accurate results and the
uncertainty of the mean is even lower than experimental errors if the
data are consistent. Contrary to other evaluators, Meek 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 experimental error.

The upper limit is

~ either derived from J.G. Cuninghame's judgement of the status,
based on his survey of the subject for the Panel (RP 1lb);

~ or represents differences between yields recommended by Meek and
Rider {1] and Crouch {2]; +this partly supersedes the comparison
in RP 11b 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 ani/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
accurecy. 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 Al1-ITI: 235U and 239Pu fission yields from a fast reactor spectrum:

status and user requirements

relative accuracy (%) of fast chain yields

FP status® user requirementsb

Zi?s 235U 239Pu reviewipaper no. fuel® do:imetry
3 4 5 T design us others

83 2-7 | 2-8 10

84 2-4 | 2-5 10

85 2-5 | 2-5 20 5-10° | 10"

86 2-3 | 2-5 10

87 2-5 | 3-6 20"

88 2-4 | 3-7 ¢20"

89 36 | 36 20" 5-10

90 2-3 11.5-5 20 5-10

91 2-10[1.5-6 20" 5-10

95 | 1.5-312-3 | 30| 20 |<¢ | s5-10 2 1

97 1.5-31 -4 30
98 1.5-3{ 2-6 35

99 | 1.5-5| ~3 20 10-20

100 1.5-4| 5-6 35

101 o-7 | 2-7 | 20

102 2-4 | 37 | 25

103 26 |35 | 20 | 20 | ¢ | 5-10

104 2=-5 { 37 30

105 4-261 26 20

106 6-30| 3-10{ 35 | 20 | ¢ | 5-10

107 216| 216| 25

109 212|618 | 40 | 20 10-20

111 2-40 [12-25 10-20

123 212 216 10-20

125 28| 28 20 5-10

127 22| 212 <20" 10-20

129 612 15 <20" 5-10

131 | 1.5-3|2-10| 30 | =20 5-10 10
132 | 1.5-6| 3-5 ¢20” 10-20 10

133 1.5=3] 2=5 20 20 2 5-10
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Table Al-ITI: (contimued)

relative accuracy (%) of fast chain yields
status® user requirementsb
P . c .
22?5 235U 239Pu review paper no, fuel dosimetry
3 4 5 T design USd others

134 2=T | 4-5 10
135 2-4 | 3-6 30 | 20
136 1-5 | 3-5 10
137 1-6 | 2-10 40 | 20 L2 5-10 2 10
138 | 1.5-3| 4-25 20"
139 1-5 | 6-10 40 <20*
140 1.5-4[1.5-3 20 €2 5-10 2 10
141 | 2-3 |35 | 35 [<20”| <2 | 5-10
143 1-5 |1.5-7 30 <2 5-10 2 10
144 1.5-6| 2-3 €2 5-~10
145 1-3 {1.5-5 35 £2 2 10
146 1-4 |1.5-5 2 2 10
147 3-18| 3-6 25 5-10
148 1-3 |1.5-6 €2 2 10
149 35 | 2=5 30 10-20
150 1.5-5(1.5~5 £2 2 10
151 2-3 | 3=5 25 5-10
152 2-3 | 3-6 55
153 28 212 40 5-10
155 12-50| 216 55 5=10
156 8-60 26 10-20
a) For references and discussion of lower/upper limit of status see text.
b) In the user fields discussed in review Bapers d 7 and in faii

design, requirements for yields from 2 3’238U and 240,241,

fast fisgion are not listed seBarately. They are about a factor cf 2-5

less stringent than those for 35y and 2

* ,. chain yield required for calculation of cumlative yield

¢) Requirements listed are dnly for evaluation of gas pre sure within fuel,

The accuracy listed is only required by the IMFBR and FTR programme at
Hanford (USA).
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(i1)

(iii)

(iv)

As burmup determination and fast reactor dosimetry require yields
from fast fission of nuclei other than 235U and 239Pu to much higher
accuracy than for other applications, their needs are listed separa-
tely in Table Al-1V together with the data status.

Only calculated fast yields together with their estimated uncer—
tainties are available for 236U, 240’241’242Pu and 241,243 . Peak
yields for 241Pu fast fission can be derived from thermal yields more
reliably than for the other nuclides listed above; the estimated

uncertainty limits are therefore lower.
; 1
The status for 233U and 237Np corresponds to information
supplied by Rider and Cuninghame and the evaluation of Crouch [2].

The same sources as well as a contribution by Lammer [4] are

232Th and 238U. However, the low uncertainties of Rider

used for
(see [1])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]).

The knowledge of the complete mass yield curve is required for

investigations of the chemical state of fast 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 (F) are:

2 108(s6) - 15%(F) for 23%u, 23%y, 23%py ana *Hpu
15%(F) for 232Th, 238U and 24%y

I+ I+

These chain yields have to be known also for the calculation of
afterheat. |

Requirements for yields at the wings of the peaks and in the
valley of mass distributions as expressed by Flowers (section 3.2)

for the fissionable muclei listed above are:

% 504 for chain yields between 0.1 and 1%
within a factor 5 for chain yields < 0.1%.

For particular fast reactor spectra (corresponding to the lower
limit in Table Al-III) many requirements for burmup and dosimetry
applications have been fulfilled For yields from 2>°U and 237Pu

fission. However, the data have to be analyzed in more detail for appli-
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Table Al-IVs; Chain yields from fast fission of other nuclei: status and requirements

mass | needed | statuss relative uncertainty (%) of available datéb)

no. fora) 232, 233, 236 238, 23Ty 240, 241, 242, 241, 243 a |
95 | b,d 6-11 10 A 3 6 / A 4
103 | v 6-10 | 10-15 34 10

106 | b 10-25 | 6-15 10 10

133 | b 6-20 10 8-20 10 ¢

137 | byd 6-25 | 5-10 6-20 5-10 .

140 b,d 6-12 8-10 2 34

141 | o 6 8-15 |15-20" | 8 20 15-20" 6-15 | 15-20" | 15-20" | 15-20
143 | b,d 8 10 8 10

144 | b 5-10 10 8 4

145 | b,d 8 10 8 15"

146 | 0,d 10 |10-15" 8 15

148 | v,d 8 10-15" 8 9

150 | b,4 10 10-15" J 8 15" r V !
purpose accuracy (%) required

burnup 25 | e2 - P £10 £10 £3 £10 <10 £10

dosimetnyc 2 - 2 2 - - - - -

a) b ... burnup, d ... dosimetry.

b) Status:

c¢) These requirements are only for the LMFBR and FTR programme at Hanford, US. Other requirements are b 10%.

*  Only available as calculated yields (Sidetotham, see %P 1lb and 16), estimated uncertainty.

for references and discussion of lowep/upper limit see text.



cation and the effect of neutron energy on fast yields has to be con-
sidered (see below). The bulk of other burmp requirements is clearly
not fulfilled.

Other user requirements for 235U and 239F‘u fast yields are
generally fulfilled, particularly if a different allocation of accu-
racy targets using available yield uncertainties is considered.
232Th and 23

sufficient to satisfy needs for investigations of the chemical state

Available fast yields from other muclei except U are not

of nmuclear 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)

(i1)

(iii)

Burrmup: At present the most widely‘ﬁsed burnup monitor is 148Nd

Generally speaking, changes of FP chain yields as a function of fast
reactor neutron spectrum should be known within the accuracy limits
given in Table Al-III,

¥
measured mass spectrometrically together with other Nd isotopes. It
has been observed (RP 5) tha&“relative Nd yields change systematically
with fast reactor neutron spectrum. This change has to be known for

2 : ,
2Ry, 233, 235, 238y 0 239 2lp) ith the accuracies listed in

Tables Al-III and A1-IV,

Apart from a recent study on 235U 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 rezctors.

Measurements to ¥ 2% accuracy on the variation of Nd yields with
neutron energy or fast reactor spectrum are required to enable the
selection of most suitable burmip monitor nuclides. Such measurements
should also include other muclides in the mass range 140-160 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 Table A1-III.
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References:
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M.E. Meek and B.F. Rider, NEDO-12154 (Jan.1972)

M. Lammer, contribution to RP 1lb, these Panel proceedings, Vol. 3.
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Appendix A2: INDEPENDENT AND CUMULATIVE FISSION YIELDS

Comggrison: status —~ user requirements

A2.1 Present and futura needs

The present survey includes only those needs which were éxpressed
explicitly by the Panel. It should be noted, however, that this survey
represents only a minority of requirements for independent and cumlative
yield data. Many more FP will have to be included as soon as needs for

afterheat and environmental aspects are assessed in detail.

~A2,2 Cumlative yields in thermal neutron fission
(1) The status of cumulative yields from 233U, 235y and °Ppu thermal

fission is compared to user requirements in Table A2-I. An inspection
of this table shows that most of the present requirements for cumlative
yields in thermal neutron fission are met, This is mainly due to the
fact that the majority ¢f needs are expressed for the Kr and Xe isotopes
which hzve been measured more extensively than other FP. Few data are
available for 241Pu (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 data: Fractional cumulative yields and their uncertainties have

been evaluated by M. Lammer (as shown in the Annex to Appendix A2), based

_on the compilation of experimental data by W.H. Walker (RP lla, Appendix B)
and have been approved by Panel participants., Only those mass chains have
been evaluated, for which at least one measurement of a fractional ylield
is available. However, Table A2-I contains the status of only those data
which could be derived from measurements with sufficient confidence (see
Anmnex to this appendix). The data status is marked with an asterisk (*)
in Table A2-I if the corresponding fractional cumulative yield and its

uncertainty was not obtained directly from measurements.

(iii) Uncertainties: Uncertainties of chain yields are those recommended by
Walker, RP lla. They are taken in quadrature with the uncertainties of
fractional cumulative yields to calculate the uncertainties of cumlative
Yyields, which are also shown in Table A2-I,
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Table A2-T:; Cumlative yields in thermal fission:
- status and requirements

uncertainty (%)a> accuracy (%) required forb>
for fission of RP4
v |[230y 233y | 239y re | ff others
T ~10 ~10 |~12 50 5-10 (RPT)
8o |l 2.5 3| ~3 20 | 20
8ke || 2.3 | 2.3 | 2.7 20 ~ |5-10 (RP7),10(£a)
8Tgr || 304 | 2 |~3.6% 20 20
8 || 25% | 2 | <lox 20 20
8% || 2.3 | 2 | 2.6 20 | 20
P | 3 | 2| 2.4 20 | 20
9% 3 3.4% ~4r - 20
Mee | 27| 3.3 3.6 20
129m, ?c) 2¢) éc) 20
1331 llea.s | 5.3%| 5% 20
13¥1 2.4 [ 5.6 | 3.5 20 5(RP3)
139%e || 224 | 2.6 | 3.5 20 | 20 5(RP3)
DTge 1 2.6 | 2.6 | ~3 20
8 fl 2.5 | ~3 | 6.6 20
1396 |l 3.5 | ~4 | 5.6 20
140l 3.5 | ~5 3.6 20 20
10cq ] 2.2 1 ~6 ? 20
1405, 1 1.9 | ~ 10% 20 3-5(RP5)
Myefl 10 |~10 | ~56 20
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Table A2-I: contimed

a) - Estimated uncertainties, marked with (%), are included here only if they
are well below the requirements., Otherwise they are marked with (?) but

129m

included in the Annex to this appendix, except Te: see c).

- For 241Pu see text.

D) TC ve.... FP release and contamination of reactor components
ff «eeeee failed fuel detection
fd ...... fuel design ‘

c) No measurements exist. To be used with 129Sb or mass 129 yield and

decay branching.

* estimated

Note: 1) Some of the fractional yields are based on single measurements
" with low uncertainties. However, not all of these uncertainties

are reliable,nas some discrepancies among data presented in
Table ﬁi of RP 1lla 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 RP 1lla
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 yiéids. The
uncertainties of these yields arentherefore included in the
uncertainties of the fractional yields as listed by Walker.
Since the latter are again conbined with uncertzinties 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

1) above.
(iv) In 241Pu thermal fission only the cumlative yields for 85Kr and

mass 135 are available. The uncertainties, taken from RP lla (for 85Kr
See Annex), are:’ ’
85%rs  2.3%, 1391 and 13%e: 3.4%
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A2.3 Curmlative yields in fast neutron fission

The only experimental data available are fractional independent yields
of 1337, 1351 apg 139%ye in fast fission of 22°Th (see RP 11b). Therefore
only user requirements are summarized in this survey and presented in
Table A2-I1 . In view of the scarcity of data it is indicated in the table,
for which P, at least within the required accuracy, total chain yields can
be used. Clearly, a lot of experimental work 3. still required to fulfill
the needs. '

From available experimental data the following comments can be made
on the data status:

(1) The measurements of 131 ana 135I fractional independent yields in
Th-232 fast fission suggest that the limits for fractionzl cumlative
Yields given in Table A2-I1 hold for all fissile muclides, assuming
Gaussian ch;.rge dispersion. Using the uncertainties of fast chain
yields given in Table A1-II the following uncertainties can be

235, oog 239

deduced for cumilative yields from Pu fast fission:

£t 4% for 133

< %59 for 21 ang 13xe

+

I+

(ii) The cumulative yield of 85Kr can be deduced from the chain yield
given in Table Al-II and the branching O27Kr —0oKr (see discussion

in the Annex). The uncertainties are:

£ 5% for 235y and %3y fission in a typical fast reactor spectrum,
and

-S;‘O% taking into account the energy dependence of the mass 85 yield.
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Table A2-II: Cumilative yields in fast fission: user requirements
required accuracy (%)B‘)
FP
RP 4
r.cC. f:f. RP7 comments
T 50 5-10 no data available
85mer | 20 | 20
85¢r 20 5-10 % 104 for fuel design (see text, also for status)
8% | 20 | 20 ]total chain yield can be used for 257U and 237Pu
88y 20 | 20
89 20 | 20
/% | 20 | 20
. /90 | 20
Nyr 20
127mTe 10-20 can be deduced from chain yield and branching
129mpe | 20 10-20 } ratio
e
1324,
133 20 2 .99 of chain yield (see text)
1351 20 2 .98 of chain yield (see text)
135m%e | 20 | 20
13%ze | 20 | 20 ~ total chain yield
1375, | 20 | 20
1876 | 20 | 20
1392¢ | 20 | 20
140Xe:f 20
1805, | 20
141pe 20

a) The accuracies listed are for fast yields of the main fissile isoiopes

235U and 239Pu. Requirements for 232'1‘11, 23'3"236’238U, 240’241’242Pu are

a factor of 2-5 less siringent, .

r.c. = FP release and contamination of reactor components

f.f. = fael failure deitection,
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1.

Annex to Appendix A2:

EVALUATION OF FRACTIONAL YIELDS

vy M. Lammer

Abbreviations

The abbreviations given below are used throughout the text and the

tables,

2,

chy seee.. chain yield(s)

CY eeseees cumilative yield(s)

e,exp .... experiment(al)

fC eeseeees fractional cumulative yield(s)
fi eeees.. fractional independent yield(s)

G eeeveeee (assuming) Gaussian charge dispersion

“WyWB eeeses Weighted average

ZD ¢eeeess most probable charge

O eeessese Width of Gaussian charge dispersion

85¢r ana 8Mkr

In currently adopted decay schemes there is no direct branch from
85Br to the grovnd state of 85Kr. The adopted internal transition

branch is:

B85my._ 8%y, 0.212 t 0.009

Lisman et al (J. inorg. nucl. Chem. 33 (1971) 643) measured both Bngr

and 85Rb by isotope dilution mass spectrometry and obtained fractional
cumilative yields for 858Ky, These yields, together with the dif-
ferences between them and the branching ratio from the decay of

85mKr (d) are listed below:

233U - 235U 239Pu 241Pu
fc 0.229670.0028  0.217620.0024  0.226020.0018  0.2235%0.0033
d  0.018 0.006 0.014 0.012
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Only the values for 235U and 241

Pu agree with the branching ratio
within the error limits. For deriving the fractional cumulative

yields of 85mKr shown in Tables A2III-A2V, these differences, rounded
upwards, were taken as upper limits of the fractional independent yield
of 85gKr.

Since the yield of Bngr can be measured mass spectrometrically
relative to stable FP Kr, the uncertainties assigned by Walker

(RP lla) to mass 84 and 86 chain yields are assigned in Table A2-IT

to the cumulative yield 6f 85gKr.

Tables A2-III to A2-V 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 FP on the next member in the chain assuming a

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

3. Summary of fractional yields
Gaussian charge dispersion.
RP 1la [1].

3.1,

Table A2-III: fractional yields in 235U thermal fission

Detailed evaluations of mass chains 87,88,91,139 and 140 are
presented in Tables A2-VI to A2-X, and discussed further below. Frac-
tional yields for mass 91 are presented in Table A2-VIII in order to
illustrate their consistency with G in spite of their apparent dis-

agreement with the calculated data of Crouch [2].

The selection of all other data in Table A2-III is self-

evident.
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Table A2-III: Details on status of cumlative yields from 235U thermal fission

FP | e uncertainty (%) for | o inents and data: underlined are data used to obtain fc
fe chy ey € ... experimental, ¢ ... calculated, w .., weighted average

BsmKr 2.99 <1l 2.3 2.5 for BsmKr and 85Kr see text

87Kr 2.99 2 2.8 3.4 sce Table A2-VI

88Kr .96 4 2 4.5 see Table A2-VIT

89Kr .96 1 2.1 2.3 89Rb fi: e ,042 £ 007w, ¢ .04, G / 89Kr fc: ¢ .96

0 0

9 Kr | .86 { 2.3 |1.9 3 ? Rb fc: c .9976; fi: e .13 : .01, ¢ .15/9°xr fe: o .86 < .02, ¢ .85;
9%y, 99 | 2.3 | 1.9 3 fis e .63 = .08, ¢ .62

1

Hgr | 59| 2 | 1.8 | 2.7 |see Table a2-vIII
133 h.00 |41 |2.4 |¢2.6 |33 tit e .024 % .005w, G, used
1351 965 4 2.4 2.4 as evaluated by Walker, ﬁP 1lla;
135 _ 135m 135 -

Xe [1.00 2.4 2.4 for Xe the decay branch from I should be used.

L% | .978] .3 | 2.6 | 2.6 |'3TXe fo: e .978 % .003
138ee [ w952 1 |25 | 2.5 [13%cs £i1 e .048 * 001w, used with G
13919 .80 3 1.8 3.5 see Table 42-X :
40, 1 60 | 3.3 | 1 | 3.5 |evaluated: Ba: fi=.07% .02, Cs: fi=.33% .02
MO0 1 o3 | 2 | 1 | 2.2 |Mlye ror e.21% .02, £i: .20 % .03
Wy 21| 0] 1 |10 14lye fc: o .21 T .02, fi: .20%.03
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Table A2-TV: Details on status of cumulative yields from 33U thermal fission

uncertainty(%) for

FP fc comments and data: data used to obtain fc are underlined
fc chy cy € ... experimental, ¢ ... calculated, w ... weighted average
85mKr 2.98 ~2 2.3 3 for 85mKr and 85Kr see text
87kr | ~.88%| ~20%| 2.3 | 20 8Tr for .98 /BTBr fo1 0.567.04, ¢.68 3 £is e.75%.20, 0.56/%7se fo1 e.19%.04,
‘ ' c .12 / G (see text)

88Kr 2.80%| ~25%| 1.6 | 25 8yr fos c.91/883r for e.47=.06, ¢.38; G, very uncertain (see text)

89Kr .86 1 1.6 2 89Kr fo: e .86 + .01, (c.88)

90Krm .67 1.5 1.5 2.1 9OY fi: e .00008, c .0004/90Rb fe: ¢ .96 /90Kr fci e .671.01, c.32/

9035 ~ 8% | ~3x| 1.5 | 3.4 98¢ fei o .1of.03, ¢ .053/ G, all e data used (see text)

Mee | o331 3] 1.2] 3.3 | Pk fer o 233500

I8; [ >.98e| Sa%| 3.5 5.3 | 1331 £or ¢ .999; fi: e ,14%,01, .1555.010, ¢ .17/G (see text)

1351 .79 5 2.4-] 5.6 as evaluated by Walker, RP lla;

105%e (2299 | ~ 2.4 | 2.6 | for *3°™Xe the decay branch from 1>°I should be used
BT | w90 | 1.1 2.3 | 2.6 | **Txe fos e .90f.01 w

138, 83 | 1.2 2.7 3 1380 fo: e 83,01

139 | w8 | 2.1 3.0 | ~4 13% fc: e .48%.01

1% | .23 | 4.5] 1.9 | ~5 | %a ri: e .0038%.0001[5] / **%a deduced fo: .9962%,0001; fi: e .27%.04 /
140

40cq .73 | 5.51 1.9 | ~6 1495 deduced fo: 13,04 / %e for e L2301

1405, .996 1 <0.1{ 1.9 | 1.9

YMye | cos1| 6 | 7.6 | 10 | xe £i: e .051%.003; : fimfe




3.2.

33,

Table A2-IV: fractional yields from -53U thermal fission

Mass 81: fc for 87Kr 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 + 7% to - 10%.
Compared to a 89Kr fc of 0.86%.01, the value of 0.88 obtained from the
plot for fc of 87Kr appears to be very unlikely. The experimental
points as well as 0 = 0.93 disagree with calculated data [2]. There-
fore an uncertainty ranging from + 14% to - 20% should be a safe limit
for fc of 87Kr.

88

Mass 88: Only one measurement of ~ Br/fc is available. Using
0 = 0.64 (mass 88 in 235y thermal fission), the value of Kr/fc = 0.94
is obtained. With o = 0,93 (mass 87 in 255U thermal fission) Kr/fc
becomes 0.83. We adopt 88Kr/fc.éO.BO * 204, where an uncertainty of

- 20% is very unlikely compared to 89Kr/fc.

Mass 90: 90Kr/fc is deduced from the experimental data shown;
these are completely consistent with G (0 = 0.60, Zp = 36.23), but in
disagreement with the calculation of Crouch [2] (0 = 0.60, Zp = 36.47).
The uncertainty derivgd from experiments is € 1%. However, since
Kr/fc was not measg;‘e(;i;" and fluctuations of fc around G due to the odd-
even effect are p(j-s;:"i;-'l.ale (Amiel [3]), we adopt an uncertainty of
+2to-3 4, ‘

Mass 133: 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 ¢ 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 [2] shown in this
table were derived using an earlier result of I/ fi = 0.21 quoted by
Denschlag [4] which was revised later to 0.155 (see RP 1la).

Table A2-V: fractional yields from >>Pu thermal fic<.on

Mass 87: The Gaussian parameters ¢ = 0.72 and Zp = 34.80 are
obtained from a plot of the two experimental data shown inm the fable,
and Kr/ fc is deduced o be 0.991, Other pbssibilities of plot_ting G
within the error limits of the measurements yield a lower li;pit of

0.95.
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Table A2-V: Details on status of cumilative yields from 239Pu thermal fission

FP qu, uncertainty(%) for comments and data: underlined data used to obtain fc
« fc chy | oy e ... experimental, ¢ ... calculated, w ... weighted average
Omenl2.98 | c2% | 2.3 3 for 09™r and OOkr see text
87Kr 2.98% | 3% 2 3.6 87kr fc: ¢ .992/87Br fe: e 83,07, ¢ 17/
87Se fe: e .335.06, ¢ .18 / G (see text)
88 88 8 + e .
Kr | ~.95% | <10%* | 1.5 [<10 Kr fc: ¢ .95/ Br fc: e .61.03, c .49/G, pessimistic uncertainty (see text)
B9+ | .86 1 | 2.3% 2.6 9% fo: e .86E.01
Ve | .64 2 1.4 2.4 Py fo: o .993/90Kr fc: e .64%.01, c .64/
90Rb .98% 4* | 1.4 4 9oBr fe: e .101.04, ¢ .039/G (see text)
Ngr | o321 3 2136 | ke fer e .31ti00
133.'[ >.98% 4% | 2,71 &3 1331 fec: ¢ .999; fi: e .1§i.o3, c .17/G (see text)
135I .85 1 .41 3.5 as evaluated by Walker, RP llaj

135Xe .99 <1 3.4 3.5 for 135mXe use decay branch from 1351

137Xe .92 1 2.7 1 3 137Xe fc: e .92i.01

130y, .85 1.2 | 6.5 | 6.6 . e .85t.01

‘ 139Xe .55 2 5.2 | 5.6 139Xe fe: e .55%.01

Xe .30 2.7 ] 1.6, 3.6 1408, fo: o 997/

ce | 2.70% | ~30% | 1.6 |~30 140
14%, | >.90% | 210% | 1.6 [210

14065 fo: o 87/

Xe fc: g .30i.01, ¢ .30/G, see text for expected fc of

140 140

Cs and Ba

141

Xe | .079 5 | 2.3] 6 Xe fc: e .079%.004




4.

Mass 88: As in the case of 2330, only one measurement exists and
the arguments for the uncertainty of Kr/fc shown in Table A2-V are
similar. Values of 0.95-0.98 for Kr/fc are obtained from the plot.

Mass 90: The plot through the experimental data yields values
for 0 = 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 [3].

Mass 133: The\same comments as for 233U apply here.
i

Mass 140: The?bnly measurement available for this mass chain is
that for Kr/fc. Using ¢ = 0.65 from 235U fission for A = 140, the
following values. are obtained:

Cs/fc = 0.77, Ba/fc = 0.976

In 2330 thermal fission Cs/fo= 0.73 and Ba/fc = 0.996 (Table A2-TIV).
The lower limits and uncertainties for Cs/fc and particularly for
Bq/fc are rather pessimistic, but the actual data should be reliably

within these limits.

Detailed evaluation of somé‘fractionalgyields from 235U thermal fission

e
Eh

Tables A2-VI to A2-X show experimental data, deduced values,wQ
weighted averages (wa), values obtained from the plot and adoptgd
values for mass chains 87, 88, 91, 139 and 140, Deduced values were
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 g and Zp wére determined from this line. Gen—
erally, the experimental wa are adopted, as Amiel and Feldstein [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 Amiel and Feldstein [[3] are shown for
comparison, For calculating fi assuming a Gaussian charge dispersion,
Crouch [2] used values of Zp and o deduced from an eye fit to experi-
mental fc data plotted on probability paper. Amiel and Feldstein [ 3]
have calculated "normal" fi from 235U thermal fission using Zp and o of
Wahl et al [5] and compared them to fi evaluated from experimental data.
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Table A2-V1s PFractional yields of mass 87:%hain in 235U thermil f ission

Element exp deduced values and wa a) Crouch | Amiel [3] from
(2) data (13 method value wa plot adopted (2] normal exp
Kr fo Se/fc+Br/fi+Kr/?i .91+,10 .996 L9972 .998 | .99 |1.00

(36) ‘ Br/fc+Kr/fi < 1,00 ' a)
£i | .14+.01 exp .14+,01 .14+.01 136 J14+,01 | ,084 | ,111 |.,152+,013
N "1 1-Se/fe-Br/fi 1) «23+,10
Br fe | (1.06) Se/fc+Br/fi 774,10 .85 1% .86 .85+,04 | .914 | .888 |.85
(35) i-Kr/fi b) 8618, c)
- g AT+, 12 wa of exp . | +45+.08 504,05 «33 c) -474 -604 | .352.06
434,11 1-Kr/fi-Se/fc ©b) .54+
Se fc | .46+.06 wa of exp «32+,05 «35+.04 .33 c) - .440 | 284 | .50
(34) 414,07 1-Xr/fi-Br/fi b) 41%:88
«26+,05
«25+.05
fi Se/fo-As/fi «30+.05 «33+.04 .31 392 | .275 | .49+.07
1-Kr/£5-Br/fi-4s/21°)| .39 28t
As fe  1{(,04+,02) exp adopted .018+,009 | ,018+,009 .023 .048 L0090 | ,01
(33) +018+,009 ~
Zp 14.82 34,60 | 14,82
o .64 56 .56

a) for other plot with discussion of uncertainty of Kr/fc see text;
b) upper limit, assuming Rb/fi = 0%{™ ;
.
¢) note: 87Br (to 2-3% per decay) and 88Br (to 4-6% per decay, ie. 4-6% of‘8'Br cumulative yield)

are delayed neutron emitters (values: see S, Amiel, RP 13)



4.1.

Kr/fc

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 G, 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 Bb/fi £ 0.0l and
Rb/fc = 1.00 are deduced.

In order to obtain a lower limit for K;/fc, another line was drawn
which is consistent with Kq/fi and the upper limit for Se/fc, but com-
pletely ignores As/fc. The following data were obtained:

Kr/fi  Br/fc  Br/fi  Se/fc  Se/fi  As/fc Zp o

<97

4.2.

4.3.

.145 825 «34 .485 .33 155 34.55 1.03

Although this curve with o = 1.03 is very unlikely and disagrees with
most experimental data, Kr/fc is still 0.97. Therefore the value of
Kr/fc = 0.99 1.3, should be reliable.

Table A2-VI: mass 88 chain

The situation here is very similar to that of mass 87. The plot.
is essentially based on Kr/fi (Kr/fc deduced) and Se/fc. The adopted
values are deduced from experimental data for K;/fi and Sq/fc, and on
Kr/fc obtained from the plot.

Table A2-VIII: mass 91 chain

Experimental data and deduced values are consistent and in excel-
lent agreement with G (plot). On the other hand, therc is severe dis-
agreement with the calculated data of Crouch [2]. 1In his calculations,
Crouch used a wrong experimental value for Sr/fi (0.30 £ 0,03 instead
of 0.03 ¥ 0.03 [5])and measurements of the 915r absolute yield for Sq/fc4
All experimental J'Sr yield data are lower than the 2 Zr yield (91 chain
yield) adopted by Crouch [6], but were measured relative to another chain
yield and not as fractional yields. While the deviation of the measured

. sr cumilative 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 235U thermal fission

Element data exp deduced values  and wa . Crouch | Amiel [ 3] from
(z) [1] method value wa 'plota) adopted [2] | normal exp
Rb fe 1.00 1.00 .963 1.00
(37) fi .038 $132 .013] .01
Kr fc 1.04 + .06 | exp 1.00 1%, 1.00 9%, .962 .96 + .04 .83 .987| .99 + .04
(36) Se/fc + Br/fi + Kr/fi |1.00%%, ' ‘
i | W37 +.03] exp .37 + .03 | .37 + .03 .35 .37 + .04 | .28 315 .37 + .03
) 1 - Br/fi - sc/fc 032 + .23
Br fc Se/fc + Br/fi .68 ;.23 .63 + .05 .61 .59 + .06 <55 .67 .62
(35) 1 - Kr/fi b) .63 102 ¢)
£fi | .56 +.23 | 1-Kr/fi - Se/fc b) .51 +.05 | .51 + .05 .49 47 + .07 | .31 .58 51 + .03
exp .56 + .23 c)
Se fe 24 + .06 | wa of exp .12 + .02 .12 4,02 .12 .12 + .02 .24 .090| .11 + .01
(34) .11 + .01 | 1-Kr/fi - Br/fi .07 + .23 c)
.13 + .02 '
£i .12 .18 .089| .11 + .01
Zp 35.30 35.35{ 35.25 35.32
0. .68 1.20 .56 .71
a) for other possibility and discussion see text
b) upper limit, assuming Rb/fi = 04~ <

c)

note:

8
885, (to 5 - 6% per decay) and 9Br (to 6 - 13% per decay, i.e. 4 - 8% of 88
are delayed neutron emitters (values: see S. Amiel. RP 13).

Br cumulative yield)
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Table A2-VIII: Fractional vields of mass 91 chain in 235y thermal fission

Element exp deduced. values and wa » Crouch | Amiel [3] from
(2) data {1] method ' value wa. plot adopted [2] normal exp
Sr fc Rb/fo+Sr/fi 9618 1,00 2%, 1,00 1,00 .985 1,00 1,00
(38) Kr/fc+Rb/fi+Sr/fi 1,009,

; ) > Br/fi+Kr/fi+Rb/fi+Sr/fil 1,00+ %,
fi ,03+.03 exp .03+.03 .02 .18 .032 | .03+.03
Rb fc «93+,05 exp .93+.05 .98+,02 .980 |.98+,02 - .804 2968 | .97+.03
(37) 1-Sr/fi «97+.03 -
Kr/fc+Rb/fi 29918
fi »40+,02 wa of exp .40+,02 «19+.02 .39 «39+,02 .48 «440 | ,38+,03
' .39+.03 | Rv/fe-Kr/fc «34+.05
1-Sr/fi-Kr/fc .38+.03
Xr fo .59+.01 | exp .59+,01 «59+.01 59 «59+.01 .323 | .528 | .59+.01
(36) Rb/fo-Rb/fi .53+.06
' 1-Sr/fi-Rb/fi 574,04
 Br/fi+Kr/fi 624,07
fi +54+,02 exp «54+,02 «54+,02 536 | .54#.02 .285 .485 {,546+,015
f Xr/fc-Br/fi «52+.07
1-Sr/fi-Rb/fi-Br/fi .50+,08
Br fc Br/fi= Br/fc L 075+,07 .05+,02 .054 |.05+,02 .038 .043 [,044+,018
(35) = Kr/fc-Kr/fi .05+,02
' S 1-Sr/fi-Rb/fi-Kr/fi .037:2
i [.075+.07 exp L 075+.07 .054 .037 .043 |,044+,018
1 Zp - 36.317 36.85 |136.46 36.37
Io .55 .76 56 | 565
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Table A 2 - IX:

Fractional yields of mass 139 chain in 235U thermal fission

Element Jdata | exp deduced values and wa Crouch | Amiel [ 3] from
(3) # (1] method value wa plot | adopted (2] [ normal T exp
Ba fe Xe/fc + Cs/fi + Ba/fi: 1.00 1.00 1.00 1.00 1.00 1.00 | 1.00
(56) ‘ ' ~
g fi | .01l + .004] exp .011 + .004 . 0065 .008 .010 011 + .04
Cs fc I Ba/fi .989 ;004 .989 + .004].9945 .99 + .01} .992 .990 .99
(55) 7 Xe/fc + Cs/fi: 1.03+.0311.00 ¥ 9%,
fi | .24 + .02 |wa of exp .21 + .02 | .,188 + .014].225 .19 + .03 .237 .280 206 + .030
.20 + .03 |1 - Ba/fi - Xe/fc A7 + .02
18 + .02 |1 - Ba/fi - Xe/fi -I/fi| .11 + .08
Xe fo 82 5 .02 exp ‘ .82 + .02 | .802 + .014{.77 .80 + .03 .755 710 1 .78
|1 - Ba/si - Cs/fi .78 + .02
I/fi +.Xe/fi .88 + .08
fi ]1.79 + .07 Jexp 79 + .07 .72+ .03 .63 a) . 604 .601 .68 + .10
1 - Ba/fi - Cs/fi -I/fi| .69 + .04
Xe/fc - I/fi 73 + .04
I fe I/fi ~ I/fc .09 + .03 .08 + .03 [.143 a) .151 109 ;.10
Xe/fc - Xe/fi .03 *:o2
fi .12 + ,05 Jwa of exp .09 + .03 141 .148 .108 .09 + .10
07 + .04 _
2Zp i 54.09 54.10 | 54.19 | 54.12
o .55 .58 .56 54
a) note: not evaluated; = (to 6 - 14% per decay) and 1407 (40 14 - 50%h per decay, i.e. 3 - 10% of 1391 cumilative yield)

are delayed neutron emitters (values: see S. Amiel, RP 13)
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Table A2-X3: Practional yields of mass 140 chain in 235y thermal fission

Element exp deduced values and wa a) Crouch| Amiel [3] from
(z) data 1] method value ¥a plot adopted [2] normal exp
Ba fc Cs/fc+Ba/fi .9764:92 .97+.03 .9995 1,005 29956 | .9997 1.00
(56) Xe/fc+Cs/fi+Ba/fi .9661:53%

1/fi+Xe/ri+Cs/fi+Ba/ri|(,86+.08)
fi |.046+,030 | exp .046+,030 |,070+.015 .039 +07+.02 .076 .052  1,046+,0%
1=Cs/fc b) | .07+.03
1-Xe/fc-Cs/fi b) .08+,02
Cs fc | .93+.03 |exp .93+.03 934,02 961 | ,93+.02 | .920 | .948 .95
(55) 1-Ba/fi b) {.954+.030
Xe/fc+Cs/fi £92+,02
fi $11+,02 wa of exp’ «32+,02 $33+,02 » 37 ©33+,02 «347 512 1,33#,03
.13+.03 | 1-Ba/fi-Xe/fc b) |.354+.032
Xe fc .60+,01 exp .60+.01 .60+,01 .59 .60+,02 573 .436 .62
(54) 1-Ba/fi-Cs/fi b) |.654+.036
I/fi+Xe/fi e) 1.494+,065
fi 46+.06 exp 464,06 .56+,04 .49 .423 .410 |.604+.040
Xe/fc-1/fi «566+,023
1-Ba/fi-Cs/fi-1/fi .60+,04
1 fc I/fi= I/fc ¢) |[.034+.021 }.046+,033 .095 a) .15 .026 .02
(53) Xe/fc-Xe/fi «14+,06
i ].034+,021 | exp .034+,021 },034+,021 .093 .138 .026 .02
Zp 54.35 54.35 |54.50 | 54.06
g .65 .82 .56 .82
a) for other possibilities and discussion see text;

b) assuming La/fi%‘sO (even if Cs/fc-93 is adopted, deduced La/fi<.01);

c) assuming Te/fcx 0 (assumption does not hold, if I/fcX .15);
d) note: not evaluated; 1401 decays to 14-50% by delayed neutron emission (S.Amiel, RP13)




4.4. Table A2-IX: mass 139 chain

With the assumption that La/fi < 0.001 and Te/fc < 0.0l (according
to G), the experimental data and the deduced values are fairly con-
sistent, but neither agree with the plot. The deviations are in quali-
tative agreement with those observed by Amiel and Feldstein [ 3] and
could be due to an odd-even effect. The values deduced from experi=—

ments are therefore adopted.
4.5. Table A2-X: 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 does not agree with them. Two other plots,
which ignore some of the data, were attempted: plot A was obtained
from (8 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 are given below:

Plot Ba/fc Ba/fi Cs/fc Cs/fi ZXe/fc Xe/fi I/fc Zp o
A '997 u061 0936 0336 .60 044 016 54'29 .80
B 1l.00 ,022 ,978 .39 .59 .53 .06 54.37 .56

None of the plots is consistent with experimental data; the
adopted values are therefore based on the experimental value of Xe/ fc
and the consistent data for Cs, which also have highest weight in the
averages. However, a value of Ba,/fc > 0.99 results from all plotse, 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 tg.o( is
adopted.
References:

(1] W.H. Walker, Review Paper lla, these Panel proceedings, Vol. I.
(2] E.A.C. Crouch, UKAEA report AERE-R7680 (1974).

{31  S. Amiel and H. Feldstein, paper SM-174/15, IAEA Symposium on Physics
and Chemistry of Fission. Rochester, USA, 13-17 August 1973
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Ladungsverteilung in der Kernspaltung", Mainz, FRG, 1971,

{s]

A.C. Wahl et al, paper SM—122/116, JAEA Symposium on Physics and
Chemistry of Fission, Vienna, Austria, 28 July - 1 August 1969;
proceedings, page 813.
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Appendix A3: DECAY DATA

A3.1.

Comparison: status - user requirements

Abbreviations used in Appendix A3

A3.2.

A +.... accuracy, uncertainty

T ee.. half~life

Br..... decay branching ratio

I...... gamma ray energy

E‘3 ... end point energy of individual B's
E‘3 «es. average B energy per decay

f-ray intensity

Q..... total energy released per decay

ce .... conversion electrons

I .... absolute conversion electron intensities
& +.... total conversion coefficient

IT .... isomeric transition

Decay data of individual FP

Status and user requirements are compared in Table A3-I for individual
FP decay data. Only those data are listed in this Table, for which
needs have been expressed explicitly. 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 IB and I __ the uncertainties are given as % per decay and
hence are absolute uncertainties, assuming that the uncertainty of the

energy release per decay is important for users.

Absolute I? listed in Table A3-T 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 FP in a mixed FP source. This is in
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accordance with user requirements, except for life sciences: see (iv)

below.

(ii) From Table A3-I the following unfulfilled requirements can be sum-
marized. Almost all T4z requirements are fulfilled, with the fol-
lowing exceptions:

- %u:  not fulfilled
9SZr, 1255b: discrepancies exceed required accuracy
89Kr, 115mIn, 117mSn, 119mSn: uncertainties not evaluated
Also most of the accuracy requirements for branching ratios are met.
Exceptions are (see Table A3-I for exact Br):
90 91 Kr: uncertainties not evaluated
- 9™ ana 139™e: not fulfilled

In the case of absolute IY many requirements ‘are not yet met, espe-

Kr and

cially those for burnup determination.

Since ce do not have large intensities per decay, all explicitly
stated requirements are fulfilled, except for those cases where the

presently available uncertainties are not evaluated.

For most of the B ray data no evaluated uncertainties are avail-
able. Also, EB is generally not included in the references listed,

while Mantel [24] does not give uncertainties.

(iii) The accuracy of gamma ray energies needed for FP identification is

better than 1 keV, cérresponding to a Ge(Li)-detector resolution of a
few keV. This requirement is met for all FP listed in Table A3-I
except for

- (+E, = 10 keV) and

_la3g (AEY',:', 1 keV)

and a few gamma rays of other FP with very low abundance. This covers
all other areas requesting lower accuracy for E7 (heat release,
y-transport).

(iv)  For research work in life-sciences and agriculture information on the
interaction of radiations with matter, including changes of B-spectra
by absorbing material, is important. For these investigations all y's,
B's and ce's emitted by radiomiclei have to be known, but high accu-

racy is required only for the most abundant branches., All information
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on B emission, including B spectra, is needed. The types of B data
included in Table A3-I should be sufficient to give information on the

required and presently available accuracy.

(v) Safeguards requirements for non~destructive fuel analysis are covered

by burmup requirements and are therefore not listed separately. In the
case of correlations for estimating the cooling time existing FPND are

more than adequate and therefore requirements are not included in

Table A3-I,

(vi) I, of 1405, s basea &h the absolute value of the 537 keV y-ray
branching. The previously adopted value for I7(537 keV) was 24% [1].
Blachot has brought to the attention of the Panel tPat this value
needs confirmation, as in the last evaluation of tﬁé Nuclear Data
Group[25] 20% are recommended for this Iy’ The iost recent (prelimi-
nary) result of Debertin [18] is 24.4 % 0.3%, 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-emitting burnup monitors. From
their study there is evidence that I_ of the 622 keV y ray of.igfﬂh

and the 695 keV y-ray of.iffzg could be in error by about 20%. The

results of Debertin's measurements {23] should help to clarify.

A3.3 Requirements for groups of FP

(i) Review Paper 4 requests 20% accuracy on half lives of delayed neutrons
groups or individual precursors (with Tv2 > 1 sec) for failed fuel
detection.

-~ group yields listed by S. Amiel, RP13 (4], meet thesé{requirements.

~ T of precursors evaluated by G. Rudstam(RPlZ (5], including first
draft)also meet these requirements., 5As, as well as the less impor—
tant 70 Ohs, 879885 Iy ana 1395, were not included in this evalu-

ation.

(ii) vy-rays with E, of ubout 1-4 MeV penetrate through thick shileds, even if

of low abundance., Some of the very low abundant y-rays have still to be

identified and should be included in decay studies of FP with high
Q values. Most important are FP with T4z of more than 100 days,

- e.g.: 106Rh, 144Pr (13408, 154Eu)
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(iii)

(iv)

(v)

(vi)

(1]
(2]

[2a]

(3]
(4]

For Pu recycling shorter cooling times have to be considered also (see

RP7). Important in this case could be e.g.:
Lio,, 156,

The accuracy required for IY is about 30%.

E? and I7 of short lived FP are needed for high energy (22 MeV)

gammas for calculation of (Y,n) cross~sections. Accuracies required
are not yet known.

For fresh fuel assay (safeguards, RP 6) the following (partially un—

measured) FP decay data are required:
T/2:1 us to 1 s:  TV2 and I, within a factor 4
2: 1s to 1h: T2 and I, to = 10%

AR 0.3 KeV

v
These requirements are of low priority, since the methods concerned
are not in practical use.

For figssion yield measurements I7 should be known to 1% and better.

Examples for FP yields measured 7—spectrometriéélly are:

85myy, 92093y 955975 gy, Py, 103p, 106 131 132 137

Ru, (Ru~)Rh, Te-I, Cs,

140Ba—La,l410e,l4BCe,144Ce—Pr.

For environmental considerations in cases of accidents or nuclear

explosions decay data and Y-spectra 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 A3-I: FP decay data — status and user requirements

accuracy (%) for

2)

status and

d)

comments , notes and references for status

max | DR )
FP Ty | Br EB EB IB 3 IY ce RP|request for
3y 1D 1.1 (1.2 | o | status Ty : Dwithin 243 T, = 100%
10 10 4 |contamination | status: all data [1]
5-10 5-10 {5-10 7 ! fuel handling
10 10 8 jagriculture
72Ga. 1.4 07 2-9 5status status: I_[10]; other data (I_ and B data without -
5-10 . . . 1 e 8 |1ife sciences ullcertainties)[11]: »Q given instead of AEB
% | .31 2 | .03 .3].62 I status Ty : D within 2%
5-10 1 8 {industry status: T ,17[23.]; other data (1]
5-10 e e e 1 8 ilife sciences
BSmKr .2 1 3.6 1.1-4 gtatus Br: to 85Kr
5 |10 10 4 i FP release status: Br{2], other data [8]
20 4 : fuel failure
85Kr .6 D 3.6 .9 .8 01 2 status T+, ¢ Dup to 4%, Br: BSmKr —§5Krf)
5 110 10 4 jcontamination | status: Br{2], other data {1,8]
5101 5-10 5-10 15-10] 510 T i fuel handling
5-10 10 10 1 8 {industry
5=10 e e e 1 8 }1life sciences
86Rb .2 e 3=eT| &3 .1 .9 status status: Ty [2a.]I [1,2a.],other data [1]
5-10 10 | 10 1 8 | agriculture *Y )
8 | o7 | 1 3,471 status Br: OTBr g8
5-101 10 10 4 i FP release status: Br{4], other data (8]
20 | 20 4 | fuel failure
88Kr o7 2 7 status Br: 88Br —:?BKrg)
5-10| 10 10 4 | FP release status: Br{4], other data (8]
20 | 20 4 | fuel failure
89Kr .6 2 status Br: 89Br .;89Krg)
5-101 10 10 4 | FP release statuss Br{4]; other data [12] (I_ given but not AI_
20 |20 4 i{fuel failure v v




€0g

89$r

i &4 | W5 ;W01 status status; T [2a], other data [1]
5-10 5-10 | 5-10 77| fuel handling —
510" 10 10 8 | agric.,industry,
5-10 e e e 8 | 1ife sciences
90y .6 status Br: 2°Br—9%Kr ~ 854 3]
10 10 10 4 | FP release status: T« [5
10 10 4 | contamination I given in (7] mthoutAIY
20 20 4 | fuel failure ¥
sr | 1.4 4 |4 o status status: all data [1]; I, =100
5 ' 4 | contamination
5-10 15-10 | 5-10 ‘7 | fuel handling
5-10 8 | agric.,industry]
5-10. e e e 8 | 1life sciences
Ny | .2 a3l .2 | .o status status: all data [1]
5 4 | contamination
510" 5-10 | 5-~10 7 | fuel handling
5-10 . 5-10 {5-10 8 | agric. ,industry]
5-10 - e e e 8 | life sciences
Ngr |2.3 . status Brs ' Br—i Kr ~ 934 3],/ ABr< 20%
20 ;| 20 4| fuel failure |status: T (5]
Iy .2 | 3 1.3 ] .2 10 status: all data [ 1]
5-10 5-10 | 5-10] 5-10 7 | fuel handling |I_ very low, but E, =~ 1.2 MeV
5-10 ] 5 |5 8 | industry Y 4
95Zr .1D: 1l 2 <9 1l status T4 ¢ D: see h); i)
1-2 . 1-2 5 | burmp status: T+ [2], I [2a], I‘3 deduced from I_,other
5 ! 10 4 | contamination v
5-10 ! 5-10 [5-10| 5-10 7 | fuel handling data[1]
5-10 1 8 | agric.,industry
5-10; e e e 1 8 | 1ife sciences
oy 1.1 | 15-28 20 | 7| _|status Br:  2r—77™No; 1); status: Ts I ,I, (from a)(1]
10 ; 5-10 5-10 | 5-10 | 7 { fuel handling |Br: lower valuefza], higher value [1] 7
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Table A3-I:

continued

accuracy (%) for™

)

T o o b) status and commentsd), notes and references for status
FP Tw |Br EB :Eﬁ ;gIa I7 Ice RP| request for
95N'b «3 {«2=.5 .3 5 } .04 | .04 status Br: 9SZr_?5Nb 95
1-2 : l 1-2 5 |burnup status: Tu [2], other data[1], Br: see “”"Nb
5 ] 10 4 lcontamination
5-10 5-10 | 5-10 |5-10 7 | fuel handling
5-10 . i 1 8 |agric.,industry
5-10 Poe e e 1 8 |life sciences
Po {.2D 307 .25 |1.2 165 |1 status Ty, ¢ D within 24 k);l)
10-20 10-20{ 10-20{10-20{10-20| 7 | fuel handling |status: T [2a],I_[1,2], other data [1]
+99m 8 . . Y
Te | 10 e e e 1 e life sciences
_‘_igBRu .2 311.5 |1.2-2} .4 status i) k)
30pn)1~2 1-2 5 | burmp status: Ty [2], other data[1]
5 10 4 | contamination
5-10 5-10 | 5-10 |5-10 [5-10 | 7 |fuel handling
10 |} : | - 1 agriculture
! !
106Ru .6 ‘, W3=81 .3 1~2 3 status ¥'s from 106th); i)
+106pp [1-2 | 1-2 5 | burmp status: T [2],T_(2a], other datal 1]
5 ' 10 4 | contamination v
5-10 5-10 {5-10 {5-10 7 { fuel handling
510 10 10 1 8 {agric.,industry
5-10 e e e 1 8 |life sciences
iigmAg .2 D .07 2 11-2 status Tyt D(max) 1.1%; k)
+ 8l 5 10 4 | contamination |status: AgllOm: Ty [2];13,[2]; Alg fromAL,
10-20 10-20{10-20}10 20 7 | fuel handlirg aq (instead OfAEB) from [13]
111Ag o2 «9-1.3 .9 | ~3 25 status status: all data[ 1]
10-20 10-20] 10-20(10-20 T | fuel handling
10 e e e 1 8 i1ife sciences
1235, .3 I R P | 10 status status: Iy[Za];AIB fromAIY and B to gs = 99.4%
10-20 10-20}10-20|10-20 fuel handli -
| ! " (141 Tw, @ (0@ ~AF,)(14]
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\
/

!

125311 .3 ‘ .3 )'-10 i status status: T {-_2,‘\4],17[23.]; other datal 15]: AQﬁ given

10-20] 10-2 0)10—20 10—20 7 | fuel handling (:AEB) ‘QIB fromAIB to gs and AIY

‘-, \ i _
12, | 2 p 0.7 | ~2 {1.7-552.2 status Tv, : Dup to 10%
5 ; ; L 10 4 | contamination |status: T4 [2a], other data[1)
5-10 . 5-10 { 5-10 iS—lO {5-10 | 7 | fuel handling
.i o ,
lZSmTe 1.7 3 ! <1 status Br: 12551) 125m’1‘ ;1) 99.7% ce[1]
10 {10 i 4 |cor "amination |[status: all data[1]
5-10 {5-10 | i 5-10 | 7 | fuel handling
1276 |13 fsaa .3 (22 i1.7-10 status status: Br: 12/Sb— 2 ™e/ 2T 0e[2], other data from

10-20)10-20 10-20] 10~20 10~20 7 | fuel handling t16] (AIy'AIB deduced from values showm;AQ for AEB)
127mgel 2 l0.2 .2 l10-15] .2 status ae:  1270ne 12708, siatus: v ,Br{2],1.(2a]

10-20{10-20 10-20; lO—ZOg 10-20 7 { fuel handling I IB deducld from Br;
127Te .8 ~1 !~10 status daughter of 127Sb and 127m‘1‘e, 1

10-20 10-20} 10-20, 10-20 7 ! fuel handling |[status: I [2a], other data{16] (incl. Igs not AIB)
129n,, | 1D 6.6 111-15 status Tyii D 3b Br: 295b—y 29™e; 2IMe in equilibrium ©
1 . .

299, 5 110 10 4 | contamination |status: Twv ,Br,I_[2a], other data[17] (no uncer-

10-20{ 10-20 10-20{ 10-20{ 10-20{10~20 | 7 { fuel handling |~  tainties © iven, but oTy, 81y, ABr)
1297 a5 2.6 o |10 | 1 | |status Status: Tw [6], other data[17], but no uncertainties

5-10 5-10 | 5-10 | 5-10 {5-10 | 7~ fuel handling given; E7% from O13 ce’ estimated from «

e e e 5-10 | e 8 [life sciences s given in Y (11]; IB = 100%
131 131
I 1D JA-.31 .1 J 63 ] .5 status Ty, : D within 0.4%; includes ce from e
5 - 10 4 | FP release |} status: T# [2a); other data[1]

5-10 5-10 {5-10 {5-10 {5-10 { 7 {fuel handling

5-10 1 8 {agric,,industry

5-10 e e e 1 e 8 |1ife sciences
l32Te 1.3/1 1-2.711.4 1 .1-6 8 status Ty, ¢ 132’1‘e/1321, equilibrium after 1 da.yk)

- | i

10-20 10-20/ 10-20{10-20 [10~20 | 7 | fuel handling | . 0o n,. [1 2].1.[2«], other datal1]

10-20 i1 8 |industry 2= 2130 Y 132

10-20 e e e l‘ 1 e 8 }1life sciences IB: B (77"Te) = 100%, IB( Te) =0

| .
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Table A3-I: continued
a)
Accuracy (%) i:; T B) o) B status and Commentsd), notes and references for status
FP T B»r E EB I‘3 IY Ioe RP| request for
133; .5 status Statug: all data [19], but no uncertainties given for
5 10 4 |FP release requested data (except Tvy);
5-10 e e e ! e 8 llife sciences
133Xe o2 ol ~l .9 .2 1.1 ~2 status Br: 1331 -> 133Xe = 97.2%; 133m}(e: 100% IT
5 10 10 4 |FP release Statug: T% [2,6], Br{2a], other data [1]
20 4 |fuel failure
10~20{10-20 10-20{10-20|10-20|10-20:7 |fuel handling
10-20 e e e 1 e 8 |life sciences
134Cs o2 V] 2-3 status status: T% ,I_ [2a]; & I‘3 deduced from A&l
1-2 P 1-2 5 |correlation i1 z 1 sch Y
5 ¢ 10 4 |contamination and feve. scheme
5-10 5~10 |5-10 | 5-10{5-10 | 7 !fuel handling
5-10 c1 8 ‘agric.,industry
1357 |¢.1 status status: T % {2,9]
5 3 |kinetics
5 4 |FP release
135md .2 |13 .6 status Br: 1371 — 139Mye g 57%: 1
5 10 10 4 |FP release status: T% [9], Br [8,9], I_ [8]
20 4 |fuel failure v
135¢e .1 1.3 |1-1.7]1 2-7 .6/6(~8 status Br: 135I - 135Xe; 135m)(e: 100% IT
5 3 |kinetics status: T% [2,9], Br{8,9] other data [8]
5 10 4 |FP release
20 4 |fuel failure
5-10 e e e 1 e 8 {life sciences
136041, 2 5-10 status AT : except 818 keV (I = 100%, AI = 0)
5 10 4 |contamination status: [2,2a] ¥ L4
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137xe .3 , 219 status gtatus: [8]
5 i 10 4 FP release
20 4 fuel failure
) . 1
137Csﬁ.3D £, .2 .4/6 | .5 (1 status 7% : D> 3; y's from 3TmEa; i
13 |1-2 1-2 5 . burnup status: T, [2a], other data [8]
5 10 4 écontamination
5-10 5-10 {5-10 | 5-10|5-10 | 7 ;fuel handling
5-10 | 1 8 !agric.,industry
5-10 | e e e 1 e 8 [life sciences
138}(9 5 status status: [8]
20 4 :fuel failure
1¥%e 1.2 status status: [5]
20 4 | fuel failure
140Xe 1.2 Estatus status: [ 5]
10 4 %contamination
20 4 |fue1 failure
14005 .6 status status [5]
20 4 |contamination
140}3a 1 ~2 3.5 1.2D(3.3 status I : D: see text;
1-2 1-2 5 | burnup status: T% [2]; I. [18] (see text) other data [1]
5 10 4 |contamination ¥
5-10 5-10{5-10 5-10{5-10 | 7 | fuel handling
5~10 1 8 | agriculture
14015 ~.1 4 |~3 .3-5) <1 status i)
2-3 1-2 5 | burnup status: I [2a], other data [1]
5 10 4 | contamination ¥
5-10 5-10 {5-10 5-10{5-10 | 7 | fuel handling
5-10 1 8 | agric.,industry
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Table A3-TI:

contimed

Accuracy (%) for & ! d)
T ' max 1= NS ‘status and Comments /, notes and references fer status
L : . : ¢ - H i
FP T s .Br | EB EB IB I‘r I(,‘e RP request for
: j ;
i 1 i
1“U‘Xe .6 : . ! istatus status: [5]
20 : : 4 {fuel failure
H l :
1‘uCe .3 : CuT 1.6 2 .5 status i) status: T % [2a], other date [1] (uncertainty
1-2 , ‘ 1-2 5 jcorrelation of Eg not evaluated __)/_.\E;rsnax given in table).
5-10 5-10 5-10 5-10 |5-10 |7 |fuel handling
143p.].2 ‘ .2 status status: T™ [2a], other data [20]
5-10 5-10 :5-10 7 {fuel handling
14%e+ .2 1-.81.5 ;~1 3-8 1.3 status lq,l)
4dpr 12 i 12 5 lburnup status: T*[2], I [2a], other data [1]
5-10 5-10 {5-10 5-10{5-10 |7 |fuel handling b4
5-10 10 10 _ 1 8 jagric ,industry
5-10 e e ‘e 1 e 8 jlife sciences
UTyal.s 10  8&-10 status status: T'2; I [2a], other data [21] without
5-10 10-20110-20: 10-2C 7 {fuel handling uncertainties; YAI;.:; estimated from AI_ and level
i scheme of [21] v
L .3 .3 o status status: [1]; B = 99.992 %
5-10 5-10 |5-10 | 7 |fuel handling
5-10 5-10 8 |industry
PORNDESI S N . - ; e - - - e - J— WUV U
Fl-@Pm .1 i 6 status status: 7% , I [2a]
10-20 10-20 |10-20 '10-20 7 |fuel handling ¥
| |
lgy 5 ! status status: T4 [2a]
5-10 10-20 10_20! 5-10 |7 |fuel handling
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!
133gn).40 .5-1 5 125 |5 'status Typ : D within 2%
10-20 -10-20;10-20 %lO—ZO 10-201 7 fuel handling status: T+2 [2a], I. [2a, 227, other data [22]
5-10 ! 8 agriculture (but no uncertaintils); alg AL, dedwed from
' : ; {227 anda arx
- . R i i v
1345, 6D m3 Istatus T4 : D e.g. 8.5 (adopted) and 16 years
1-2 i i1-2 5 :correlation status: Tv2 [2], I. [2a]
v 5-10 '5-10 {5-10 [5-10 7 ifuel handling ¥
155Sm i status
5-10 e e e 1 e 8 ilife sciences
130gy].2 3-4 istatus TY% : 1.8 yearsobviously wrong
>-10 5-10 {5-10 | 5-10{5-10 |7 |fuel handling | status: [2a]
5-10 1 8 |industry
5-10 e e e 1 e 8 llife sciences
15651, 2 10-12 status status: [2a]
10-20 10-20110-20{10-20 7 |fuel handling

a)

Status: D ... some discrepancies among experimental data exist!
blank, if needs are given: not included in evaluations which give uncertainties (except Nuclear Data Sheets

up to 1965).

Only most abundant B and ce considered in status; uncertainty given in 9 per decay, which is equivalent to absolute
uncertainty.

Range of accuracy for most abundant y's given.

D ... discrepancies
A ... uncertainty

~

For research work the accuracy should be as high as possible. All information on R decay is requested (see text).

85 85

Br —» 85mKr. If available, cumulative yields for “Kr should preferably be used.

The precursor is delayed neutron emitter. Its delayed neutron branch to A_lKr has to be considered also.

The use of cumulative yields could be preferable, but ultimately f~ and delayed neutron branches will be used in
inventory calculations together with independent yields.

Assuming 100% branching



Table A 3 — I: continued

h) A discrepancy of 2.3% exists between 2 measurements; see: K. Debertin et al.
[23] (these Panel proceedings, Vol. 3)

i) Measurements of y-ray emission probabilities (absolute intensities) to
1% accuracy at the Physikalisch-Technische Bundesanstalt, Braunschweig,
FRG, are completed or in progress; see: K. Debertin et al. [23].

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).

1) Daughter reaches equilibrium with parent after about 10 T %3 of daughter

in an initially pure source of the parent nuclide; at the end of long
irradiations equilibrium is generally reached.

310



Appendix A4: NEUTRON REACTION CROSS—SECTIONS

Comparison: status - user requirements

A.] Abbreviations

A mumber of abbreviations are used, particularly in the tables,

which are explained below:

O .... neutron capture cross—-section(s), specifically:
Oiy =oe in the thermal energy range
o, ... at 2200 m/sec (0.0253 eV)
g0 ... averaged over a thermal maxwellian spectrum

o(g)... 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

Ad. 2 Neutron capture cross—sections for thermal reactors

(1) The data of interest for thermal reactors are represented by o and

th
RI. User needs and data status are compared in Table A4-I. It can

be seen that several requirements for oth’RI are not fulfilled.

(ii) | User requirements are expressed for integral o~data such as Sin and
RI or pile -0. However, a knowledge of o(E) is required to an accu-
racy sufficient to allow the calculation of an average ¢ for any ther-
mal reactor spectrum ranging from D20 moderated reactors to HIGR. 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: 0, or g is sufficient for the thermal range. For the epither-
mal range o(E) is required, if RI cannot be used within the

requested accuracy for different reactor spectra (where B(E)

deviates from 1/E).
311
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Table A4 — I: Neutron capture cross—-sections for thermal reactors:

status and user requirements

b
type accuracy required f‘ora) data status )
FP of o RP3 RP4 RPY9,6 RPT accuracy of oC"E—range of E-range for c) Comments
(%) (%) (%) ! (b) (%) (%) P (v) . resolved res |requirements
: |
99’[‘0 O4n 20 10 2 <1leV
RI 15 10 5.6~280eV 1-500 eV 79 res known
103Rh o 6 4 <10 eV
RI 50 5 leV-4.lkeV 1-200 eV 275 res known
109Agd) O4h 15 0.6 J1 eV
RI } 20 13 LT 5eV-2.5keV 1-300eV 81 res known
llomA ; S
£1%n } 20 14 11 only one exp
RT { ¢n pile g
133 - .
Xe Jo : only pile -0
1 0 ‘90
R;h ; } 20 2 i J available
P, - - - ‘ R S - . [ DU _—_
133 z !
e | o,y | }104 no data available
RI i .
133 . )
Cs %n 15 o0 2 5-10 5 1.5 < leV
RI 10 P2 7 30 5.9eV-3.5keV |1-500 eV 164 res known
Bes [o, } oo | 3 501 9 12 only pile -o
RI .25 factor 20 available
1
3xe LI 8 5 | < 4eV no significant res
RI 100 ; 0846V except .CB4 eV
;




£TE

)

] ;
135¢g Oth j ! 6 0.5 RI: disagreementse
H 20 i ) ) N
T i 20 10€ no respars avail-
{ ’ able
LS P i } 2.8 2.6 | 0.3 ¢ 20eV RI: evaluations
RI 5 . 1.48) | 0.2¢) | 85ev-10keV 20eV-2keV disagree®
120 res known
143
Pr Oth ; } 30 10
RI : 25
143Nd Oth 6 2 3 10 <10eV negative res
0 5 2 _5.5kel - at- 6eV
) RT 3 6 0 30 55eV-5.5keV 10 - 500eV ~100 yes known
1440e Oth 2 10 0.1
RI ; 6 12 0.3 no respars avail-
| able
IR S !
Y45 oy 2 0.3 0.5 eV
RI 6 0.5 0.37~19 keV 0.5eV-10keV 35 res known
145Nd Oth 2 2e) < 0.5eV evaluations disagreee)
RI 6 35 4eV-4.6keV 0.5eV-1keV 191 res known
R P 2 0.1 0.5 eV
RI 6 0.5 0.36-17 keV 0.5eV~10keV 44 res known
147Nd Oth 30 ounly preliminary data
available
RI
1475, | 0th 15 5-10 7 13 {lev negative res at -1.8eV
RI 8 T 150 5.4-317eV 1eV~200eV 41 res known
1484 | o4n 2 0.2 0.5V
RI 6 1 95eV-12keV 0.5eV-3keV 66 res known
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Table A4-1l: cont'd "Neutron capture cross—sections for thermal reactors: status and user requirements"

type accuracy required fora) data statusb)
FP of o RP3 RP4 RP5, 6 RPT accuracy of g, (E-range of E-range for ) Comments
= (%) (%) (%) (v) (%) (%) (v) resolved res | requirements
149 6m Oth 20 £ £ 3 1200 £ 20eV thermal extended
RI 0.1-249eV to 20eV, RI unim-
portant
1504 | o4y 2 0.2 | ¢0.5eV
RI 6 2 79eV-14keV 0.5eV-3keV 78 res known
1518m Oth 8 f f 15 < 0.5eV negative res at
RI 40 20 | 1.1-13eV 0.5 - 30eV ~0.1eV, 10 res known
|
1525m Oty 20 £ £ 3 L3 <1 eV
RI 10 5 15 BeV-5keV 1-500eV ~ 100 res known
153Sm Oth ~103 no data available
RI estimates: ~factor 10
1535, Oth 3 5-10 ~20 80 L1 eV oth? discrepant data
RI 10 - 12 200 0.4-100eV 0.4-100eV ~ 90 res known
1545, Oth 3 5-10 ~25 400 only one exp
RI 10 l on pile -o

a) Principally o has to be known as function of incident neutron energy, but requirements are generally expressed for
an integral o derived from o (E). However, goo, RI or pile-o may be sufficient, if the variation with reactor
neutron spectrum (including HTGR) is within the requested uncertainty. With these limitations, the requirements

1so text):
are (see also text) 135, . 149

RP3: o(E) required for thermal range shown in column 11 of the table, particularly for Sm.

RP4 and RP7: pile -0 may be sufficient.
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RP5: o(E) and res pars desirable, except for low accuracy requirements.

b) oth: generally accuracy of g, or for Maxwellian averaged ¢ (go,); note that o(E) may be required ;
RI: accuracy of RI (above 0.5 eV) calculated from res pars and compared to integral measurements;

c) Oy energy range, for which o(E), if requested, has to be known;
RI: energy rangs of resolved resonances required for description of RI or o(E) (except 135%e: range given for o(E))

d) Cross-section for formation of 252 4 llOmAg;
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 (viii)).



(iii)

(iv)

RP4 and RP7: gdo (with the possible exception of 135Xe) and RI may
be sufficient for the FP listed in Table A4~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(E) is required, the accuracy needed is inversely propor-

tional to the neutron energy.

Column 11 of Table A4-I shows the energy range for o(E) required by

users.,

The thermal range is chosen to include the part of d(E) 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 Table A4-I is chosen to include about 20 resonances or is
extended to the highest resonance with supposedly significant con-
tribution.

Data needs for safeguards are generally covered by burmp require-
ments., Additional requirements are:
134Cs

should be 1:3. In order to achieve the accuracy of burnup deter- ‘

—~ The ratio of capture cross-section uncertainties of 133Cs to

mination required by safeguards, the captures in 133Cs (134Cs) have
to be calcuated to 1% (3) accuracy for any thermal reactor spectrum.
This requires a knowledge of o(E) of 133cs anda 13%cs to the appro-

priate accuracy.

- Requirements for ¢ 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 1%
accuracy for a particular case quoted in RP 6, resulted in the fol-

lowing requirements for oy of individual FP:

Kr 20 130 20%
83¢r 3% L3lxe 1.4%
1291 oo 135%e 10%

316



(v)

Ad 3

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, 149Sm).

The status of the o-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 BNL-325, 37 edition, Vol. I (June 1973).

Neutron capture cross—sections for fast reactor applications

(1)

(ii)

(1ii)

Ad. 4

User requirements and data status are compared in Table A4-II for fast
reactors. The table shows that the majority of requirements is not
fulfilled.

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 Ag~1T.

The data status is given for three different, partly overlapping, energy
ranges, which are explained in Table A4-II. d.in the range of resolved

resonances (up to several keV) may contribute significantly to the total
oc(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 o(E) for E 2 0.1 MeV obtained from the Bologna FP cross-section

library was comminicated by V. Benzi.

Comments to data status in Table A4-IT

PMos

only one measurement of d in the 10 keV range with slowing

down spectrometer (SDS).

0: same remarks as for 95Mo.
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Table A4-II: Neutron capture cross-sections for fast reactor applications

status and user requirements

accuracy a) accuracy achieved ®)
required res range fast =0, 1MeV
FP RP3 others max range o(E) notes
(%) [’ | accurasy | () | (kev) | () *)
240 30 2.1 30 V.poor c)
2Tyo 30 1.9 30 v.poor c)
98Mo 35 10 9 50 poor c) d)
EEI 20 10 0.28 40 theo d) e)
100y, 35 7 4.7 30 50 c) d)
101p, 20 0.67 40 theo c)
102, 25 30 1.3 30 v. poor | e)
103y, 20 5 4.1 10 30
1044, 30 30 1.1 40 v.poor d)e)
10554 20 0.8 30 theo o)
1065y 35 |5 | 25-50 mb fact.? theo
107p4 25 fact.5 fact.2 theo e)
109, 4 | 208 13 2.5 25
7 10-20%
13y 30 | 5 4 40 theo c)e)
1334 20 | 4 20k 7 3.5 20 30
7 | 5-10% £)
1346¢ 4 | 20 fact.2
1354 30 |4 | 208 30 fact.2 theo e)
1375g 40 |5 | 25-50mb fact.2
1391 40 5 10.4 | <40
141p, 35 15 10 20 30 d)
1434 30 |5 | 25-50mb | 20 5.5 30 theo ¢)
1445, 5 | 25-50 mb fact.2

318




Table A4-II: (continued)

accuracy accuracy achievedb)
requireda) res range {ast =20.1MeV

FP RP3 others E .. | Tenge o(E) notes:

(%) |RP [ accuracy |(%) (ke¥) | (%) (%)

144ys 5 |25-50 mb 19.4 | 35

14553835 |5 |25-50 mo |15 4.6 | 30 theo

14644 5 |25-50mb |16 17 30

147

Pm12> 14 =106 |7 0.3 40 theo c)a)

1484 5 |25-50mb {5 12 |~20

149sn]30 0.25 | 30 ‘theo | ¢)

Blsnies ©.1 50 theo e)

Dlgy CR | 10% 40 30 e)f)

1525 |55 5 5.1 | <50

1525, cR | 10% fact.2 | e)f)

340 |7 5-10h 0.1 40 theo a)f)
CR 10%

1545, 7 5-10% fact.2 theo e)f)
CR 10%

15584 |55 fact.2 e)

a) o (E) required in the energy range 0.1 keV — 5 MeV; a fast
reactor specirum averaged o is sufficient, if its variation

is within the requested accuracy for different fast reactors.

CR ...requirement for control rod purposes in the energy range 10 keV - 1MeV
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;

Emax:‘energy of highest resolved res.
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Pable A4 — II (continued)

fast range: 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 o(E) > 50%
v.poor ..very pcor: theoretical estimate + few excerimentzl 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 resolution
of discrepancies.

e) A better knowiedge of res-pars should improve the accuracy of calculated
cross—-sections.

f) An accuracy of ~10% can only be achieved (or improved, if required) from
direct measurements.

g) o for formation of 252 day 110mAg.

Bio: same remarks as for 2JMo ( v to 5%);
8 sets of exp data for o above 1 keV,
97c: ﬁ; known to 20%; only 4 res below 0.1 keV;

only 1 SDS measurement above 1 keV,

100Mo: Probably a strong debendence of f; on parity;
7 sets of exp data above 1 keV.

Ru: l"; known to 5%;

no exp data for 0.

102 P

Ru: no values;

3 sets of exp data above 1 keV.

well known res pars;
many oc measurements; . improvement of accuracy of cc, if required,

can only be obtained from direct measurements of oc.
1O4Ru: 5 sets of exp data for cc.

105pq; F; known to 7%;

1 measurement of cc above 1 keV,
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107Pd:

13305:

13405:

13505:

141Pr:

1434

145Nd:

147Pm:

152Sm:

1524,

153,
154g,,

no experimental data.

res pars well known;

10 sets of exp data on o, above 1

no exp data on oc; radioactive nucleus:

ment impossible.

no exp data available.

keV.

more than 10 sets of exp data on oc above 1 keV,

known to 4% accuracy;

5 <3

exp data for oc

known to 6% accuracy;

5 <3l

exp data for oc.

fj known to'8% accuracy, but highest res at 0.3 keV;

1 measurement of oc above 1 keV.

C known to 4% accuracy:

1 measurement of oc above 1 keV.
no measurements of oc above 1 keV,

l; known to 6% accuracy;

6 sets of exp data above 1 keV.

I; known to 10% accuracy;

no exp data above 1 keV.

1 measurement of oc above 1 keV:

obtained from nmuclear exnlosionns,
4 sets of exp data above 1 keV.

no measurements in fast range.
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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 A5-Ia as was observed
by the Panel.

If we take an accuracy of x 10% as the target for all times after shutdown
up to several days, with z 5% as a long term aim, and bear in mind that FP 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 A5-Ib for the FP con-
tribution to the total afterheat. The values are given for the main fissile

. . 238 2
icotopes. For other fertile and fissile isotopes such as 3 U and 41

Pu the
accuracies required are about a factor of 4-5 less (for individual FPND 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 A5-II. Some of the FP listed in the table contribute
significantly to the total heat released only in the case of 233U thermal fis-

2
sion or 39Pu

fast fission (difference in mass yield distribution).
Table A.5-I1 together with the footnotes is essentially self-explanatory.
It should give a good idea which FP have to be considered in more

detailed studiese.

In accordance with the Panel's conclusions the half lives of FP contributing
only up to about 100 s to afterheat are required with lower accuracy than > 100 s
which is indicated by (+) in Table AS-II (meaning: decay property is less
important). The significance of other decay properties is indicated according

to Devillers' 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:

(1] TOBIAS, A., C.E.G.B. (UK) Report RD/B/M 2669 (June 1973).

[2] EDER, 0.J., LAMMER, M., IAEA symposium on Nuclear Data in Science and
Technology, Paris, March 1973, Paper SM-170/12,
proceedings Vol. I, p. 233.
LAMMER, M., contribution to Review Paper No. 12, These Panel proceedings,
Vol., 3: refevences 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-TOFT, P.H., Nucl. Data A8 (1970) 1.
[6] JOHNS, M.W. et al., Nucl. Data A8 (1970) 373.

(7] AUBLE, R.L., Nucl. Data B5 (1971) 109.

(8] BALL, J.B. et al, Nucl. Data A8 (1970) 407.

[9] VERHEUL, H. and EWBANK, W.B., Nucl. Data B8 (1970) 477;for 7 Sr deduced by
M. Lammer from data shown.

(1I] KOCHER, D.C. and HOREN, D.J., Nucl. Data B] (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 B10 (1973) 1.

(14] MEDSKER, L.R., Nucl. Data Bll (1974) 157.

[15] KOCHER, D.C., Nucl. Data Bl (1974) 279.

{16] TODD, R.R. et al, Nucl. Data B10 (1973) 47.

[17] BERTRAND, F.E., Nucl. Data Bll (1974) 449.

(18] HOREN, D.J., Nucl. Data B8 (1972) 123.

(19] HENRY, E.A., Nucl. Data B1l (1974) 495.

(20] GREENWOOD, L.R., Nucl. Data Bl2 (1974) 139.

(21] AUBLE, R.L., Nucl. Data BLO (1973) 151.

(22] LEMMING, J.F. and RAMAN, S,, Nucl. Data B10 (1973) 309.
(23] BURROWS, T.W., Nucl. Data Bl2 (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 AS5-I.a:

Accuracy to which the total heat released after shutdown has

to be known for different reactor types as a function of

cooling time®

Cooling time

months

Reactor type 0 1m 10m L 8h 24h days onwards
BWR (UsA) - l5
PWR (France, UK) 10
HTGR (USA) 5

(France) 10
fast breeder -—— 10(5)
LMFBR | integrated: 1|5_——_—_W
Handling (0 - 24n) l!—l10(5) ple- &5 —pl

a) Accuracy is given in %

Table AS5-I.b:

higher accuracies given in brackets are a long term aim.

Accuracy required for the energy released by fission products

as a function of cooling time

Cooling time

ls 10s 100s 1045 1055 106s 1075 '-‘1085
21.7m | #2.8h | #28h wl2d %1164 | «3.2y
thermal 235
u 25(12){20(10)j¢— 10 (5) £5——p
233, —— 10 (5) “ €5 —p
) I
fast 235 i b)
as U p— 10 (5) —¢ <5 >
239Pu b——— integrated: 15 4H
(0 — 24n)

a) Accuracy is given in %
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Table A.5 - II: FPND important for FP energy release afier reactor shutdown.

FP* Hecay propertyt half-life cooling timeCef
uncertainty 1s] 1108 102 8 103 8 104 8 10‘5 ] 106 [ 107 s 10B 8 109 s
A [1]s 1H]| B[R} y|E] value (%)d e) |Ref ©1.7 m| #17 m|s2.8 h| %28 h| s12 d]=l16 d [e3.2 y =32 ¥
84 |g|Br | + +{+]|+131.7Tm 0.3 7
85 |elkr | + +1+ 10.73 y | 0.¢ 2,
86 |z |Br K+] +f+]+ 155.7 s 0.9 3
87 lgBr K+)Y(+)|+ |+ ]+ |55.8 & 0.6 3
z{Kr | + + |+ 76.3 m 0.7 4
88 |g|Br [(+}(+)|+ |+ + |16.0 = 1.3 3
glKr | + +) + 2.80 h 0.7 4
~|Rb | + + | + 17.8 m 0.6 4 ﬁ
89 |glkr ] + +| + 3.18 m 0.6 6
z|Rb |+ +]+ 15.2 o 0.7 6
g{Sr |+ + 50.52 d 0.1 2 £
90|g|ke K+) + [+ ]+]+ ]32.3 8 | 0.6 3
mRb ] +] + [+ ]| +]+ {4.2T m 2 8 =
z[Rb | + |+ 257 | 2.6 8
g|Sr |+ + 28.6 y 1.4 2 S R
elY K+ + 64.06 h | 0.2 5 =
91 jg|Ro K+) +]+1+]58.2 s 0.6 3
glse{+]| +|+]+ 9.6 h 1.3 {(D) e
mlY |+ + 49.71 m | 0.1 9
ey |+ + 58.51 d | 0.3 2,9 *
52 |ginb K+) +|+}+ j4a.50 8 0.7 3
glSr | + (+% + 2.71 h 0.4 10 po----
giY |+ +1+ 3.54 h 0.3 10
93 |g|RO KH|[(+)N+} + |+ |5.81 s 0.7 3
glsri+ + |+ 7.36 m 2.0 3
gly t+ + H+ 10,1 h 2.0 | D11
24 lg|sr K+) +1+|+ }75.6 8 1.2 3
gly |+ + [+ 18.7 m 6.4 D3
95g{Sr K+) +t+1+ 28 s 11 3
gy |+ + I+ 10.6 m 3 3
glze | +1(+)|+} + 63.98 a4 | 0.1 |D,W{ 2
giNb{ + + |+ 35.05 a 0.3 2
96 lx{Y { + + |+ 23 m 4.4 12
97{sl2r | +| + |+ | + 17.0 h 1.2 3y o pe----
m |Nb + 60 8 13
g|Nb | + + )+ T2.1 m 1.0 h 13
98{g|Y K+) +l+l+ 123 8 ?2 |pf1
g2 | + 0.78 [~ |1)fal  p----- -
g|vo [+) + + ]2.8 s T2 14
99 [g{Mo | + +1+ 66.0 h 0.2 | D|2
100 |g|Nb [(+) + |(+) + ? k)
101 [g¥o K+)| |+ |(+)+ {7.0 @ 4.3 6
g|¥o | + +]+ 14.62 m | 0.4 L6
g|Te | + +|+ 14.2 m 0.7 L6
102 |g|Mo | + 11'm - )R P CR R e-e-d
g{Tc +|+ 5.3 8 . 1 .
103 |g|Mo [+ +|+|+ |60 8 - 1 -
gjRu ] + +1+ 39.35 4 | 0.2 2
104 [g|Te | + +|+ 18 m - 1
105 |g|Mo [+ +|+|+]42 8 7.2 17
g|Te | + +]+ 7.8 m 2.6 17
g|Ruf + +|+ 4.44 h 1.2 17 '
106 |g|Te K+ +(+)]+ |36 s - 1
g|Ru i+ 368.3 4 | 0.6 2 L. ...
g|Rh +|+ 30.35 8 1

326




Table A.5 ~ ITt

cont'd

FP* decay propeu-f:y.q half-life cooling timec'r
luncertainty[ ls 10 s 102 ;] ].O3 8 ].0A 8 105 8 106 8 107 8 ].08 8 109 5
Allls [H|B|B|Y value® | (£)2| e)|Ref 1.7 mf ~17 m{=2.8 h|=28 h|=12 a|=116 a|=3.2 5] =32 »
125(g|Su [ + (+)] + 2,75y { 1.5 2
129|g|Sv| + (+ )] + 4.32 h | 0.7 18
131|g|Sb )+ [(+)] + | + 23.0m - 1
n|Te MIM 30 h 6.7 2 L oee
g|Te | + + 1+ 25 m - 1
gl |+ + |+ 8.04a {02 | D)2
132{g|Sb| + + [+ 3.08m [ 2.2 3
glte] + + |+ 78 h 2.6 3 EEEEE R R T s e CEEEE R
glT |+ + |+ 2.285 h| 0.5 |D,W| 2
133{g{Sul+ |+ |(+)+ 2.7 m 1 3
n|Tel+| l+)]+ 55.4m | 0.8 19
glTe ]+ + |+ 12.45 m| 2.3 19
glT |+ {(+N+ |+ 209 h |1 2
glxel+ 1+ 5.29 4 | 0.2 2,4
134leg|Te | + + |+ 43 m - 1 feeee-- [T PRSP EEEE— PR
gl |+ + |+ 53.2 m - 1
gics| + + |+ 2.062 y| 0.3 |W,D| 2
135|g| Te }(+) + |+ 19.28 |1 3
glT |+ [(:)+ [+ 6.585 h| 0.1 t W | 2 cemaee
gl Xet + + [+ 9,272 hj 0.l | W | 2
136|711 |(+) + |+ 83 s 4 g)|1,3
1371g| T [(+) |+ |+ 24.6 58 | 0.5
glXe| + + 3.83m | 0.3 4
glCs|+ 1+ |+ 30.17 0.4 | D 2
m| Ba + 2.552 m 4
138|g] T |(+) + |+ 6.6 s 3 3
gl Xe] + + |+ 14.17 m { 0.5 4
glCs ] + + |+ 32.2m | 0.3 4
139|g| Xe |(+ + K+) 40.4 s | 1.3 3
glCs| + + |+ 9.40m 1.3 20
g|Ba] + + 84.9 m | 1.3 20
140|g|Cs |(+) + |+ 64.0 s } 0.7 3
g|Baf + + i+ 12.789 4 0.1 3 TR RN RN P
glla} + + |+ 40.27 h| 0.2 [(D)| 5,2
1411zl cs [(+X |+ (+) 25.28 |2 3
g|Ba) + + |+ 18.27m | 0.4 21
glla|+ + 3.93h | 1.6 |21
glCel + + |+ 32.50d } 0.2 |(D)] 2
142lglBa] + + |+ 10.7 m| 1 22
glla] + + |+ 92,7 m | 0.8 22
143|gjLa] + + 14.32m| - 1
g|Ce | + + |+ 33.0h | 0.6 |W,D| 2
glPr|+ + 13.57d { 0.2 2
144fg|ta |(+X |+ |+ 40.3 s | 0.8 3
glce| + + |+ 284.5 a | 0.2 2y 1 pese--- O .
g|Pr + |+ 17.28 m 5
145|g{Pr| + + 5.98 h | 0.4 23
146|g|Pr]+ + |+ 24.2 m | 0.9 24
147|g]Na ] + + |+ 11,01 4 | 0.2 J(D)| 2
g+ |+ 2.6234 y] 0.1 2
1s54fg|Bu ]+ +)|+ 8.5y |6 D|2
156{g|Fu | + + |+ 15.16 4 { 0.2 2
% of total FP decay heat not listed <55 | ¢50 | <43 €26t <19 | €12 | <8 <6 | ¢2.3 }<1.3
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Table A.5 - II: cont'd.

Explanations
a)

eess MASs rumber
ees. iSomeric state: g,m = ground, metastable state

esee €lement symbol

nHP

eess half life

«ees branching in decay to daughter product

eeees P—decay data

eess Y—decay data

«e.. mainly effective total energy (E, + E_ ) released required
eses knowledge of the decay property gs re&uired

+)... decay property is less important

b)

EH~ ™,

—~+

) S .... seconds
M .... mimates
h .... hours
d .e.. days
Y eeee years

d) percent error rounded upwards, i.e.: O.l means: < 0.1%
?eeese value and uncertainty questionable
blank.... half-life unimportant
= seeeees Uncertainty not evaluated

e) quoted uncertainty to be used with caution

Weeee warning: only one measurement
D .... discrepancies among experimental values
exceed uncertainty quoted in table
(D) .. discrepancies, reflected in uncertainty quoted in table; e.g.:
— discrepancies exceed individual experimental errors;
— average of a large numher 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 FP afterheat as a function of
cooling time is indicated as follows:

1-2%
— -5 maximum of 5 cases calculated by C. Devillers
m=mm 5-10% (appendix to RP 4)
R 210%

------ precursor onliy

g) 3 ifomeric states have been observed with half-lives 48%3 S, 83t3 s and
100-3 s [3]. According to Devillers' calculation the 83 s isomer is indicated
as ground state, whereas in [1] 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].

100
100

Nb. In [15] 1.5%0.3 s (£204) are reported for 1ooNb,

Zr. For half-life assignment see discussion in [15].

k) [1] gives 2.5 m for
following decay of
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