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A, International cooperation in the field of neutron nuclear data:
General background

In response to the increasing neutron nuclear data demands of
the nuclear technical and scientific community a world-wide organiz-
ational effort has developed in the last ten to fifteen years in the
detailed assessment of the data requirements and in the measurement,
compilation and evaluation of this required data. It is the purpose
of this chapter to describe the objects and achievements of this
internation%l efﬂg;t. A more extensive description may be found in
references , 1,2_1.

At the bYeginning of the nuclear reactor development in the
fifties the interest was centered on thermal neutron reacters and
rather crude calculational methods; at that time only the rather
limited amount of neutron nuclear data information in the range of
thermal and low neutron resonance energies was essentially needed.
Since the second half of the fifties and the beginning of the sixties
the situation has changed completely. Neutron nuclear data compilation
and evaluation rapidly evolved into a large international effort going
on amongst various laboratories and centres., This was essentially due
to the fact that interest became more and more focussed on the develop-
ment of fast reactors, and thus on the much larger neutron energy
range between meV and MeV energies. Simultaneously the rapid computer
development allowed and forced steadily increasing refinements of the
reactor theory methods; these went parallel with and were also pro-
voked by the increasing refinements of the measurement techniques
of experimental reactor physics. These refinements in reactor theory
and experiment opened the possibility of much more detailed and reliable
predictions of reactor physical properties with almost the only condition
that the neutron nuclear data involved be known to sufficient complete-
ness, detail and reliability over the whole energy range of reactor
neutrons, Since then it became indispensable that measurement, com-
pilation and evaluation of neutron nuclear data for a given element or
isotope should cover the whole neutron energy range from almost O to
at least 15 MeV, and all possible neutron reactions occurring in that
range. MNoreover it was increasingly recognized that the data must be
available on punched cards or magnetic tape so that the computer can be
used to prepare derived quantities (such as multigroup constants)
needed for reactor calculations.

The increasing amount of neutron nuclear data concerned required
enhanced coordination between reactor designers who put forward the
data requirements including their priority and accuracy with due
justification and nuclear scientists who were to fulfill these require-
ments by measurement, compilatior and evaluation and enhanced coordin-
ation between nuclear data measurers, compilers and evaluators them-
gselves, This coordination was essentially accomplished by

1. national, regional and international nuclear data committees, and

2. an international network of neutron data compilation centers.,



At present, the countries with major nuclear data programmes
such as the U.S.A., U.S.S.R., U.K., Japan, India and others have their
own national nuclear data committees which coordinate the nuclear data
efforts on the national level, Before the end of the sixties the only
international nuclear data committee was the EANDC (European American
Nuclear Data Epmmittee). Under the sponsorship of the European Nuclear
Energy Agency (ENEA) of the OECD this Committee was founded in 1960
with participa*t.or from all OECD countries., BRegional subcommittees
of BANDC developed in the area of EURATOM countries and of small
European countries not belonging to EURATOM, The regional subcommittees
and the national nuclear data committees in OECD counmtries work closely
together with EANDC,

In the past EANDC met at intervals of about nine months, recently
about annually. Its prime responsibilities are the promotion and
coordination of nuclear data research within the QOECD area., One of the
most important tasks of BANDC is the critical assessment of the nuclear
data requirements and the review of experimental progress towards
meeting these requirements in OECD Member States. Within this context
BEANDC discusses and stimulates the development of measurement techniques
and the establishment of new experimental groups and facilities, It
advises on the allocation of enriched isotopes and other special samples
needed for the requested nuclear data measurements, It encourages the
coordination and distribution of the required experimental work along
various research lines and according to the experimental capabilities
and experiences of the various laboratories,

In accerdance with its statutory objectives, i.e, " to foster the
exchange of scientific and technical information on peaceful uses of
atomic energy " the International Atomic Energy Agency (IAEA) already
in the early sixties has taken an active interest in international co-
ordination of the nuclear data field. In the formulation of its nuclear
data programme the IAEA has been aided by the Interrational Nuclear
Data Scientific Working Group (INDSWG) which in 1969 was consolidated
as a continuing advisory body with the name International Nuclear Data
Committee (INDC), INDC is composed of members from countries with
major nuclear data programmes with due consideration given to a balanced
geographical representation, INDC meets annually, It has objectives
very similar to EANDC on a fully international scale, Its prime respon-
sibility is to promote international cooperation in all phases of nuclear
data activity and to advise the Director General of the IAEA in this
field.

The nuclear data programme of the IAEA is implemented by its
Nuclear Data Section (NDS? which was formed in 1964 and, which also
acts as secretariat to the INDC, Its objective is to promote the
world-wide compilation and exchange of nuclear data information, to
agsess the requirements for nuclear data and to promote national and
regional nuclear data programmes to fulfill these needs. To fulfill
these objectives, with the primary emphasis being still on neutron
nuclear data for reactors, it cooperates closely with three other
neutron data centerss



- +the National Neutron Cross Section Center (NNCSC)
at the Brookhaven National Laboratory in the USA;

- the Centr po Jadernym Dennym (CJD = Nuclear Data Centre)
at the Institute of Physics and Energetics, Obninsk,
in the USSR; and

- the FNeutron Data Compilation Centre (NDCC) cof the
Buropean Nuclear Energy Agency (ENEA) at Saclay in France.

NNCSC was founded in 1967, within the framework of the programme
of the US Atomic Energy Commission, It grew out of the famous much
older Brookhaven Sigma Center and comprizes in one large unit the
formerly dispersed compilation, evaluation and programming efforts.

A particularly important task of NNCSC is the coordination of the US
neutron data evaluation effort ard the establishment of an evaluated
neutron data file (ENDF) for the U.S,A.

NDCC was set up in 1964 as part of ENEA when it became apparent
that the Brookhaven Sigma Center could not keep pace with the increasing
neutron data production bdoth in Western Burope and in Northamerica
(U.S.A. and Canada), In 1965 a cooperative arrangement was made between
the ENEA and the U.S., Atomic Energy Commission for the exchange of
neutron data information between NNCSC and NDCC.

CJD was also founded in 1964, It serves similar purposes for the
U.S.S.R, as NNCSC for Northamerica and communicates through IABA/NDS
with the Western centres.

Each of these four neutron data centres services one part of the
world, i.e. it compiles all neutron data and fulfills neutron data re-
quests from this area, The service areas are

- for NNCSC: the USA and Canada,

- for CJD: the USSR,

~ for NDCC: all Member States of the Organization for Economic
Cooperation and Development (OECD) in Western
Burope and Japan,

- for NDS: all other countries in Eastern Europe, Asia, Australia

and New Zealand, Africa, Central and South America,

Representatives from the four centres meet annually to discuss
policies and technical detail of their cooperation,



B. International cooperation in the field of neutron nuclear data:
Implementation

Through the efforts of the international nuclear data committees
such as INDC and EANDC and through the network of the four neutron data
centres a kind of "closed loop™ operation between neutron data users
and producers has been develcped on an international scale., This is
illustrated by figure 1. The individual features of this operation are
described in more detail below,

Bl. RENDA

We restrict ourselves to nuclear reactor design and nuclear data
requirements for this purpose, In order to illusirate how large the
nuclear (mostly neutron) data scope is which enters into reactor design
studies it may be useful to start with a list of nuclear data types
required for this purpose [-247:

a) microscopic cross sections for all neutron induced reactions
between O and at least 15 MeV (for example, (n,f), (n,y), (n,n),
(n,n'), (n,p), (n,a), (n,2n) and other threebody break—up react1ons)
together w1th quant1t1es involving cross section ratios such as
e -0, / 6., and M = v/(14a);

b) angular distributions for elastically scattered neutrons and elastic
scattering polarization data and Legendre polynomial coefficients of
scattering angular distributions;

¢) angular and energy distributions for inelastically scattered neutrons;

d) differential angular and energy dependent excitation data for out-
going neutrons, protons, G-particles, gamma-rays, etc., outgoing
combination of these particles;

e) number, energy spectra and angular distributions of prompt and
delayed fission neutrons and tke half-lives of delayed neutron
precursorsj

f) resolved and statistical resonance parameters, statisticel distribu-
tions of resonance partial half widths and level spacings;

g) nuclear temperatures and single particle level densities derived,
€.g8., from neutron inelastic scattering to the "continuum" range
of residual nuclear energy levels and similar physically significant
parameters derived by experimenters from their measurements;

h) fission product yields and cross sections;

i) "clean" integral data having immediate application in experimental
neutron physics and in evaluation. The principal types are average
cross sections measured in well-defined neutron spectra, such as
thermal reactor and neutron fission spectra, together with so-called
infinite dilution resonance integrals for neutron absorption and

fission processes.



Al1]1 of these data are required for a large number of reactor
materials and isotopes the weight of the individual data being
essentially determined by their infiuence on the neutron economy
and the basic design characteristics such as critical mass, X

N . . . ] » Teff
breeding ratio, safety coefficients w.nd others.

A powerful means of getting these nuclear data requirements
known to experimental nuclear physicists are request lists compiled
by reactor desismers and made 2available to these phyvsicists., Those
request lists for neutron data measurements have for a long time
been compiled, issued and critically reviewed by EANDC with restriction
to requestors in QECD countries on the basis of national and regional
request lists, The EANDC request lists fulfilled an important function
in the bpromotion of neutron data measurement programmes and led to an
increasingly detailed and accurate knowledge of reactor neutron data,
The latest EANDC lists (see e.g. £f147) have been prepared by the
EANDC Secretariat from a computer file of the requests which allows
for rapid updating, country and other retrievals and, which is called
RENDA {( = REquests for Neutron DAta Measurements),

Recently NDS compiled a similar list of neutron requests from the
Soviet Union and from other countries outside the OSCD area, Following
recommendations by INDC and EANDC these requests were combined with up-
dated requests from the EANDC area at ENEA/NDCC, The result of this
cooperative effort of ENEA * and IAEA is a first world-wide request list
for neutron data measurements for reactors called RENDA 72 which is
published by IAEA on behalf of ENEA/NDCC and IAEA/NDS in the fall of
1912 [ 47.

Simultaneously the responsibilities for future production and
review of RENDA have been passed from EANDC and ENEA to INDC and IAEA,
NDS will take over from NDCC the operation of the RENDA computer system.
It is expected that a four neutron data centres cperation can be imple-
mented in which the centres send revised and new requests arising
from countries in their area to NDS for an annual revised publication
of the RENDA list. The RENDA system to be operated by NDS will be
open-ended so as to allow inclusion in the file of other application
areas than reactors and of non-neutron nuclear data.

Figure 7 contains a sample page of RENDA 72 for illustration of
the structure of a RENDA request, An individual request specifies the
neutron quantity to be measured for a given element or isotope and
neutron energy range. It furthermore specifies the desirable experi-
mental accuracy and the priority in accord with the needs of the re-
questing nuclear reactor programme. Requestors are usually indicated
by their name and laboratory. Usually a brief outline of purpose and
justification of a request is given in the comments column together
with a short description of the status of the requested data including

* ENEA has recently been reramed NEA = Nuclear Energy Agency



non-availability.

In the following I would like to demonstrate the truly inter-
national character of this lis%t, the necessity for international
cooperation in the fulfilment of HENDA requests,and to outline fields
of neutron data measurements in which developing countries could make
valuable contributions to the international mneutron data effort. This
will be done by grouping the requests according to application and/or
data type and required experimental tecknique,

I. In many different countries similar types of reactors are being
developed and/or installed such as light, heavy water and high
temperature thermal reactors, converters and fast breeder reactors.
Therefore the neuiron data needs as expressed in RENDA requests are
very similar to many countries, the same neutron data being involved
in the reactor design. This is reflected by the multiplicity of re-
quests for important (priority 1 and 2) neutron data and for standard
cross sections in RENDA, The following examples are taken out of
RENDA 72 /4 /¢

a, thermal reactorc:

qz(U—235): 4 requests; prior.l; acc. 0.1-0.5%;
France, UK, USA;

o, (7-238): 4 requests; 2 prior. 1, 2 drior. 23
y acc, 0,5-3%: Canada, France, Pakistan, UK;

0. (Pu-219): € requests; 5 prior. 1, 1 drior. 2; acc.
0.3-1%; Canada, France, USA;

tvl(Pu—239)= 5 requests; 3 prior, 1, 2 prior, 2; acc.
0.5-1%; Canada, France, IAEA, UK, USA

b, fast reactors:

c. (Pu-239): 16 requests; 12 prior, 1, 3 prior. 2;
: acc. 1-5% (1 requ. 10%); France, IAEA,
Jepan, Tndia, Pakistan, UR, USA, USSR;

& or 0, (Pu-239): 15 requests; B8 prior. 1, 6 prior. 2,
Y 1 prior. 33 acc. 3-10%; Australia, France,
FRG, India, Japan, Sweden, South Africa,
Pakistan, UK, USA, USSR;

o (U-238): 9 requests; 7 prior. 1, 2 prior, 2; acc,
Y 1-10%4 (mostly around 3%5; France, Japan,

Pakistan, Sweden, FRG, UK, USA, USSR,



Ce. standard cross sections:

o_ ("e-2): 1 keV - 15 KeV; 7 requests; 2 prior. 1,
¥ 5 prior. 2; acc. 1-10% (av. 4%); France,
Tndia, UK, USSR;

c_ (Li-6): thermal - 18 MeV; 12 recuests; 9 prior, 1
3 prior. 2, 1 prior. 3 acc. 1-10% (av, 4%5;
Belgium, France, FRG, Irdia, UK, USA;

S, (R-10): thermal - 18 MeV; 10 requests; 8 prior. 1,
2 prior. 23 acc. 1-10% (av. 4%); 3elgium,
UK, Usas

s {Au-197): thermal - 7 ¥eV: 8 recuests; 5 prior. 1,

Y 2 prior., 23 acc. 1-10% (av, 5%, Jap, therm,
requ, 0,1%); Belgium, EURATOM, France,
Japan, USAs

o, (v235): trermal - 15 MeV; 18 reouests; 17 prior.l,
. S orior. 23 acc. 1-5%¢ (av, 2.5%) for 16
fast energies requests, acc, 0.3 and 1% for
2 therral requests; France, FRG, Japan,
India, Pakistan, Sweden, South Africa, UK,
USA, USSR;

v (cf-252): spontanecus fission; 8 requests; 5 prior. 1,
3 prior, 23 acc. 0.1 - 0.5% (av, 0.4%);
Canada, France, FRG, Australia, IAEA, USA,
USSR,

Comments:

(i) A1l above recuests are high priority high accuracy requests
for precision measurements; they stem from developed and
develoring countriess;

(ii) fulfillment of these requests requires use or development of
sophisticated methods and facjlities and long-term experi-
mental experience generally only available in developed
countries;

(i1ii) not every-ome even of the developed countries with only very
few exceptions will have the experimental and/or financial
capability to fulfill its own requirements.

Conclusionss

(i) The fulfillment of the above reGuests quoted under a-¢ and
sirilar groups of urgent requests requires cooperation
particularly between developed countriess

(ii) the fulfillment of these requests by developed countries
will be of cost saving benefit to developing countries,



XNotes

JAEA enters several times as requestor under a, b and c. These
are the only requests not connected to national reactor develop-
ment programmes, IAEA/NDS takes interest in developing inter-
nationally acceptable standard values particularly for stamdard
reference cross sections and data, It requests those data where
previous evaluations and measurements have still not met accuracy
requirements for reactor projects in many of its member states,

II. RERDA contains many requests with priorities 2 and 3.

which concern future applications or applications to individual
aspects of nuclear energy programmes (priority 2) or nuclear data of
more general interest or required to fill out the body of information
needed for nuclear technology (priority 3).

These requests are generally moderate-accuracy requests and thus
do not necessarily require sophisticated techniques and highly ex-
perienced manpower for their fulfilment.

Here developing countries could make a valuable contribution
which will be of benefit to both developing and developed countries.
The benefit to the developing countries will be threefold:

a, the measurement results can be used directly in their own
nuclear energy programmes (special cases if capability
available, developing countries could participate in ful-
filling their own requirements, if these are of basic
interest to their national programmes, Example: nuclear
data requirements for Thorium breeder developments of
monazite rich countries like India or Brazil)j

b, RENDA requests provide a basis for applied scientific pro-
grammeg also to smaller countries which do not have an own
nuclear energy development programme, but which can thus
participate in an overall international effort with benefits
such as participation in international conferences, acceptance
in the international scientific community, enhancement of
technical self-confidence and independence;

¢c. neutron data experiments serve education and training pur-
poses, not only in nuclear physics itself, but also in other
fields like electronics, vacuum technology, material properties,
machine techniques, etc., which are needed for these experi-
ments, but whose knowledge is also useful in other branches
of science and technology; they would thus help to broaden the
scientific/technical knowledge, experience, capability and
technical infrastructure of developing countries.
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Examples

1. Requests for measurements of (np). (nx). {(n2n) ani similar
cross sections around 14 MeV amenable to T{d_n)He4 neutron
sources (in many cases no data available)

{Neutron energies from T(d n) reaction lie between 12.8 MeV
(backward scattering) and 15 8 NeV (forward scattering))

Altogether more than 110 requests for various purposes with
accuracies between 10 and 20% and mostly priorities 2 and 2
where 14-16 MeV is mostly the upper 1limit of the required
energy range (requests with greater accuracy requirements
are omitted):

a. Neu‘ron absorption in fast reactors (e.g. He—build—up)

24 requests for (np) and (na)
11 for (mp): V, Cr-52, Nn, Fe, Co, Ni, Zr  Nb and Noj
13 for (na): Ti, V, Cr, Mn, Fe Co N1 N1—58 60, Zr, Nb and Mo.

Requesting countries: France, FBG and Sweden.

Note that mostly data for elements, not separated isotopes
are requested; this eases the sample supply probdlem,

b. Specif? reactor purposes such as neutron economy and multi-

plication, transmutation rates, radioactive afterheat,

radiation damage, etc,

32 requests all from Belgium/Mol and EUBRATON/Geelj;
10 for (np): ¥-14, F-19, Ti, V, Cr, Fe, Wi, Nb, Mo, W;

12 for (na)s Be-10 (1.9 . 10'y), N-14, 0-16, F-19, Ti, V,
Cr, Fe, Ni, Nb, Mo, W3

10 for (n2n): Li-7, F-19, Ti, V, Cr, Fe, Ni, Nb, No, W.

c. Activation detection and analysis and 14 MeV systematics

34 requestss

15 for (np): 0-16, Ar-40, K41, Ti-46,47, Fe-54, Co-59, Ni-60,
¥o-95, Sm-152, G158, Er-186 168, Tm-169, Yb-174;

1 for (nnp)s Ni-58;
3 for (na): Fe-54, As-75, Tm-169;

15 for (n2n)s N-14, F-19, Co-59, Ni-58, Zn-64, Ga—69, As-T5,
Y—89, sn-144 Lu-175, w-182 186 Au—197, T1-203 205.

Requesting countriess France, Hungary, Japan,
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4, Threshold detectors and neutron flux/fluence measurements

13 requests:
9 for (mp): He-3, P-31, S-32, Sc-45, Ti-46,47, Fe-54, Mo-92,95;
4 for (na): Li-6, B-10, Sc-45, Me-92,

Requesting countries: France, FRG, Switzerland, USi;
and EURATOM/Geel.

Requests for fission product capture cross sections

Altogether more than 80 requests in RENDA 72 from 10 countries:
Camada, Demmark, France, FRG, Hungary, Belgium, Japan, Sweden,
UK and USAj;

40% for stable nuclides; 60% for radioactive nuclides (out of
these 15% WithT 3 2 10%y; 85% withTy < 100y);

The high number of requests and the large spread of requesting
countries illustrate e.g. the importance of the problem of
fission product poisoning in reactors and of reliable estimates
of time dependent fission product reactivity equivalent and plea
for international cooperation.

Between 40 and 50% of these requests are amenable to measurements

in thermal research reactors in developing countries (several of
these requests go higher in energy than amenable tothermal reactors).
The requests are listed in the table below.

80% of these requests_concern stable nuclides, 10% radioactive
nuclides with 1'% 2 105y;

energy ranges 107> eV - 1 KeV and highers;

accuracys 5-25%; av., 10% (23% - 5% acc.; 60% - 10% acc.s
14% - 20% acc.; 3 - 25% acc. )3 ’
priority: 104 prior. 13 70% prior. 2

requesting countries: Belgium, Denmark, Canada, Japan,
Sweden, UK and USA.
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z:z i‘z;:s T 3 (y) Energy Accuracy Priority H:z:ﬁ:gng
Tc-99  2.1.10° 10 3- 10 eV 5 1 Japan

" " 10 eV - 50 keV 20 1 Japar

" " >10 eV 10 2 Sweden
Bu-100  stable 10 2 - 10 eV 10 2 Japan

" " 10 eV - 50 keV 25 2 Japan
Ru-101 " >1 eV 10 2 Sweden
Ru-102 " >1 eV 10 2 Sweden
Rh-103 " 1073 oV - 1 KeV 5 Dermark

" " 103 eV - 1 eV 10 2 Usa
Pa-105 " >1 eV 10 2 Sweden
Pd-107 T . 10° 1073 eV - 10 Kev 10 2 USA

" " >1 eV 10 2 Sweden
Ag-109  stable 1073 -1 eV 10 2 Usa
Sn-126 10° thermal 120b 2 Canada
Sb-121 stable 0 - 1 KeV 20 2 Belgium
Xe-111 " thermal 10 2 UK

" " RIo ( 0,55 eV) 10 2 UK

" " Y >10 eV 10 2 Sweden
Cs-133 " 0 - 1KeV 20 2 Sweden
Cs-135 2. 106 y >1 eV 10 2 Sweden
La-139 stabdble 1l eV - 10 KeV 10 2 Sweden
Pr-141 " 1l eV - 150 KeV 10 2 Sweden
Nd-143 " 1072 eV - 1 KeV 10 1 UsA

" " 1 eV - 50 KeV 20 1 Japan
Na-145 " 1073 eV - 1 KeV 10 1 USsA
Na-146 " thermal - 10 KeV 9 2 USA
Sm-147  stable 10 2 eV - 1 KeV 10 2 UsA

" " RInYo ( 1 ev) 10 2 Usa
Sm-149 " 10 3 eV - 1 KeV 5 Denmark

" " 21 eV 10 2 Sweden
Sn-150  stable 103 - 10 eV 5 1 Japan

" " 1073 eV - 1 KeV 5 1 USA

" " BRI~ (=1 eV) <5 1 UsSA

" " 10 eV - 50 KeV 20 1 Japan
Sm-152 " 1073 - 10 eV 5 1 Japan

" " 1073 ev - 1 EKevV 10 2 USA
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3. Shielding requests (mostly for reactor shielding)

2.

inelagtic scatterinz - secondary neutrons

b,

Requested quantitiess an,(E); dn,(E,E'); LA (E,E'0);

10 requests; threshold - 16 MeV; 1 prior. 1, 2 prior. 2
7\prio.r. 33

C-12, F¥a-23, A1-27, Ca, Cr, Fe, §b-93, Ba and W;

acec, 5-20%, av, 10%;

Buraton, Belgium, France, South Africa, UK,

inelastic scattering - secondary y-Trays

C.

Bequested quantity: o , (E,EY,O);

T requests from EUBRATOM and Belgiums

threshold -15 MeV; all priority 3 and acc. 15%;
Be-9, Ti, V, Fe, Ni, Nb-93 and No.

neutron emission cross sections

Def . GH ﬂdn' +202n+36n+°np + esene

Bequested quantities: au(E); Oy (B,B'); Oy (8,E',0);

15 requests; 0,5 - 16 NeV; 2 prior. 1, 12 prior. 2, 1 prior. 3

0, A1-27, Si, Cr, Fe, Ni, W and Pb;
acc. 5-15%, av. 10%;

France, Sweden, USA (5 US requests for W, probably to be
fulfilled by the USA)

d. y-ray production cross sections (however, big USA programme})

Requested quantities: 0 (B); O (E,Ey); GG(E’E7'0)5

20 requests; 0,001 eV - 16 MeV; 3 prior, 1, 17 prior, 2;
0, A1-27, Si, Ca, Cr, Fe, Ni, W, Pb, Th-232 and U-238;
acc. 10-20%, av, 15%;

France, South Africa, USA,



-14 -

III. There is a need for double/multiple check of neutron nuclear
data measurements by independent other experiments or techniques
and/or evaluations to enhance the confidence level of the data

The experience shows discrepancies in almost all neutron nuclear
data measurements for the same nuclide and quantity. The more important
the required quantity, the more urgent the need of double or multiple
check of individual measurements. In many cases a careful evaluation
might suffice to either fulfill a request or (more rarely) to confirm
measured data, Also in this case internationzl cooperation is surely
called for,

IV, Nuclear data measurerents consume appreciatle financial and
manpover resources. Therefore RERDA requests should be fulfilled
in the most economic way. This can be achieved by appropriate
international coordination of measurement programmes, e.g. by

grouping together requests of the same data type and energy range

inelastic scattering, fast fission, etc.) and allocating measurements
of this data to appropriate facilities,

EANDC was very successful in such interrational coordination, It
promoted and stimulated comprehensive programmes on elastic and in-
elastic neutron scattering at Argonne, fast neutron capture at Karls-
ruhe, resonance fission at Saclay and BCMN Geel and others; it pro-
moted the installation of new facilities such as the tandem accelerator
at Argonne and even the creation of new laboratories such as the BCMN
Geel.

The INDC plays here a similar role particularly also with regard
to East-West cooperation and to cooperation between developing and
developed countries.

V. There are finally arguments of a social and moral nature which

quite generally speak for international cooperation, also in the
very special field of nuclear data measurements, such as summarized
belows

(1) The nuclear data efforts contribute to solving the problem
of future energy supply for mankindj;

(ii) they contribute to mutual understanding and peace through
correspondence and cooperation of laboratories and scientists
in different countries, particularly between developing and
developed countriess;

(1ii) they contribute to Progress in scientific knowledge of benefit
to mankind,
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Appendix I contains further statistics on BENDA 72 concerning the
international character of this list, In addition to this statistics
a need is indicated for the following more thorough statistical
analyses of RENDA lists and their background to be performed in the
future:

ae

b.

Ce

de

B2,

Establishment of the relationship between the nmumber of (priority
and accuracy weighted) rejuests of a country, the national effort
and funding for fulfilment of these requests, the total national
expenditures for nuclear physics and the national social productj;
the same relationship would be of interest for requests originating
from outside the country;

Requesting and measuring institutions in the present analysis
should be broken down according to laboratory - university -
industry - international organizationj

Comparison of effort and funding spemt by individual laboratories
on work on RENDA requestss

Breakdown of the cooperation between USA - Western Europe - USSR -
Snall(er) countries in fulfilment of requests (USA requests being
neasured in Western Europe and vice versa, etc.);

Breakdown of requests according to gross purposes such as fast
reactors, shielding, activation, transactinides, etc, (with
average priorities, etc.); ratio of requests "no work/ work going
on" for these fields; overall estimates and breakdown by country.
This would allow to establish field importance profiles (national
and international) of RENDA requests.

Production

For the measurements of neutron data the following facilities

and neutron sources are most common in the following energy ranges:

thermals choppers, crystal spectrometers and other mono-

chromators in conjunction with thermal research
reactorss

resonance:t electron linear accelerators, underground nuclear

explosions, Van de Graaffs, pulsed fast reactors;

fasts Van de Graaffs, cyclotrons, underground nuclear

explosionss

monochromatic neutron sourcess:

e.&. Sb-Be (y,n) A 30 KeV
T(d,n)He>  ~ 14 NeV
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The volume of data production from these devices is rather small
for the thermal range (except for thermal scattering law data) and
largest for the resonance range with up to several 1000 (B,0) pairs
rer individual measurement,

National and internat.onal cooperation in the pro-
duction of requested neutron data is promoted by INDC, EANDC and other
regional committees and by national nuclear data committees by means of:

— publication and wide distribution of national annual reports
on progress in neutron nuclear data work partly performed
upon recommendation of INDC and EANDC;

— discussion of RENDA requests and promotion of measurements,
developzment of techniques, facilities and laboratoriesj;

— discussion of status of important applied and standard
reference neutron data and recommendations for further
measurements, evaluations, specialist discussions, etc,

IAEA/NDS is supporting nuclear data measurements in developing
countries by financial and other means of assistance in the purchase
of accelerator targets and samples.

By, Compilation and Evaluation

In contrast to other physics domains where the terms "compilation"
and "evaluation" have about the same meaning, they have acquired quite
different meanings in the fields of reutron physics and data, For the
sake of conceptual clarity and in order to elucidate the various steps
in the process between data production and data use it has first to
be explained what is meant by "compilation" and "“evaluation® ZT?_7:

B3y,1l, Definition of terms

In the field of neutron data, "compilation" means the gathering
of literature references on experiments and of the data contained in
these references for neutron reactions with given nuclides in given
energy ranges. 1t involves furthermore the organization and storage
of the compiled material in a medium appropriate for retrieval and
satisfaction of user requests, i.e. in computer data files. Compilation
finally involves extensive extraction and dscumentation of information
(frequently unavailable elsewhere) characteristic for the experimental
method and the publication of compendia of experimental data, Compilation
is always understood to include the available material as completely as
possibdble,
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"Bvaluation" comprises the following individual steps:

— critical comparison, selection and averaging of the
compiled experimental data,

-~ inter- and extrapolation of experimental data and use
of nuclear theory and systematics in the case of gaps
and inconsistencies in the experimental information,

~ build-up of a computer library of complete self-consistent
and easily interpolable data sets from which, for example,
rultigroup constants and related quantities can be calculated
for direct input to reactor design calculations,

Whereas compilation generally could be conceived as the first
step in the process of evaluation, it required, in the case of neutron
data, an international coordination of its own because of the in-
creasingly large amount of data measured. Neither were the experim-
enters in a position to supply the data to each individual requestor
nor were the evaluators able to collect the data information individ-
ually from every experimenter, As was mentioned above this situation
was one of the main reasons for the establishment of the four neutron
data centres network. Nowadays neutron data compilation is predomin-
antly done by these centres, whereas evaluation is predominantly taking
place in national nuclear research laboratories in connection with
nuclear energy projects.

B.3,2. CINDA

For the international coordination of compilation the establish-
ment of a comprehensive and regularly updated international list of
bibliographic references to experimental neutron data appears to be
the first requirement., Out of various private indexing activities
particularly of neutron data evaluators only the computer-based
reference index CINDA ( = Computer Index of Neutron DAta) which has
been developed by Professor H., Goldstein and his collaborators in
the USA gained world-wide recognition and has become the primary
reference source in the neutron data field, Today there is a co-
operation on CINDA between the Division of Technical Information
Extension (DTIE) of the United States Atomic Enmergy Commission (USAEC)
at the Oak Ridge National Laboratory in the USA, the neutron data centres
CJD, NDCC and NDS and a world-wide net of voluntary readers. By these
centres and individuals the international neutron physics literature,
consisting of regular publications, laboratory reports, preprints and
other information sources, is systematically scanned and abstracted
in the form of entries to a CINDA computer file., The content and
format of these entries is exactly tailored to the needs of the users
of CINDA, i,e, evaluators, reactor designers, nuclear physicists and
others, They want to be informed by CINDA in a most compressed and
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up-to—date form upon muclide and measured quantity, experimental

energy range, reference, aistory of an experiment, main author and

some prominent feature of the data given in z very short comment.

In addition the CINDA file contains also references to data evaluations
and to theoretical articles and reports of interest in the neutron data
field.

The CINDA computer file and programme system were developed and
are operated by NDCC and DTIE. The content of the file is publisked
annually with half-yearly supplements and distributed to more than
1500 users throughout the world, The first four international CINDA
issues were published by the USAEC/DTIE and by ENEA/NDCC in alter-
nation. The fifth issue, CINDA 71, was the first to be published by
IAEA on behalf of CJD, NDCC, NDS and DTIE / 5 /. Bach of these four
centres is responsible for compiling the CINDA entries from published
literature and other information sources available from its service
area, with DTIE covering the same geographical area as NNCSC, CINDA 71
contains about 70,000 entries extracted from more than 240 scientific
Jjournals, 180 report series, 110 books and conference proceedings and
from private communications,

Figure 4 contains a sample page taken from CINDA 71, 1In cooperation
between DTIE, NDCC and NDS, CINDA is now being developed towards an index
to the experimental neutron data files of the four neutron data centres
to be discussed in the next section, Until this index is established,
each centre is maintaining its own data index., For NDS this is CINDU,
which is an index to all experimental and evaluated neutron data held
in the NDS data libraries. It is recurrently published by NDS, the
most recent edition, CINDU-10, being issued in May 1972 Z?E_]:

Figure 5 contains a sample page taken from CINDU-10.

B3, 3, EXFOR

While the four neutron data centres had developed, maintained
and exchanged their own experimental neutron data files for quite some
time, it was only rather recently that they met on a regular baris and
implemented a comanon exchange format for experimental neutron data, which
is known under the name EXFOR., Instrumental for the development of EXFOR
was the Panel on Neutron Data Compilation which, upon recommendation of
INDC, the IAEA convened at Brookhaven National Laboratory in February
1969 and in which experts from 12 IAEA Member States and from ENEA
participated [_7,8 « Following an agreement which was concluded bet-
ween CJD, NDCC, NDS and NNCSC in July 1970 the four centres do not only
compile and exchange neutron data and associated bibliographic inform-
ation, but also the most important experimental characteristics, The
centres use the same terminology, keywords codes and other conventions,
so that the information mentioned above is coded and transmitted in an
unequivocally recognizable way. The system is open-ended so that new
quantities, definitions, etc., can be added when need arises,and is
continuously reviewed between and at the annual meetings of the four
centres convened and coordinated by IAEA/NDS, It was of unique



izportance for the successful implementation of EXFOR that CJD uses
English language, codes and conventions and uses IBM tapes and Western tape
units for data transmission.

Figure 6 contains an example for an EXFOR entry together with
some explanations. A description of the EXFOR system may be found
in reference Z79;7.

B2,4, Evaluated data

4s a further step the neutron data centres also compile and
exchange evaluated neutron data which mostly originate from evaluation
work and evaluated neutron data libraries in national nuclear research
laboratories. The main data libraries more widely in use at present are
the Evaluated Neutron Data File (ENDF/B) of tke United States / 10 /,
the UK Neutron Data Library (UKNDL) / 11 / and the German evaluated
fata library KEDAK [T12;7. In the USSR a comprehensive system of neutron
data averaged over 26 neutron energy groups has been established [-11J7
and a computer library of evaluated energy dependent neutron data for
nruclear technology use is under development, Comprehensive fission
product neutron data libraries have been established by Italian and
Australian evaluators, and a number of smaller, rather specialigzed
data libraries have been produced in various countries,

Whereas nowadays experimental neutron data are freely exchanged
throughout the world, the exchange of evaluated neutron data is still
rather restricted, although an increasing need to obtain and use those
data can be seen in many countries, particularly in developing countries,
In response to this need, and, again upon a recommendation of INDC, the
TAEA convened a Panel on Neutron Nuclear Data Evaluation in Vienna, in
September 1971 [—14;7, in which evaluation experts from 11 IAEA Member
States and from ENEA participated. This panel reviewed the methods,
the quality and the present status of neutron nuclear data evaluation
and examined the basic requirements and problems associated with
establishing, maintaining, using and exchanging computer-based libraries
of evaluated neutron data, It also reviewed still unsatisfied important
needs for evaluated data in IAEA Member States, particularly in developing
countries and compared in detail the main computer formats for evaluated
neutron data whose knowledge is an indispensable prerequisite for an
efficient international exchange of evaluated data,

In spite of the restrictions mentioned above quite some exchange
of evaluated neutron data is taking place already in which also NDS
takes part, on a bilateral or regional basis., There is a free exchange
between countries in the OECD area of ENDF/B data and a free inter-
national exchange of the German and of parts of the UK evaluated neutron
data files, Recently the U.S,A. released ENDF/B data for standard
reference nuclides for free distritution and exchange,
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¥DS participates in the overall evaluation effort by reviewing
selacted neutron data of relevance and particular importance to the
development of peaceful usesof nuclear energy. At present nuclear data
of predominant importance for the development of fast reactors are re-
viewed such as

- the a Pu-239 wvalues in the keV range 171547,

- the fast fission cross section of Pu-239 / 16 7/,

- V standards like Cf-252 and v data for the heavy isotopes / 17_7,
- +the U-238 fast capture cross sections 1718;7,

— the fast fission cross sections for the threshold isotopes
Th-232, ¥p-237 and U-238 /19 7,

—~ the prompt fission neutron energy spectra of the main
fissile nuclides and of the Cf-252 standard / 20 7/,

- neutron cross sections for reactor dosimetry‘[721;7.

These reviews aim at giving a comprehensive survey of the available
experimental data (available through the Four-Centre cooperation
mentioned before), they assess as far as possible the systematic errors
of the individual experiments, they give weighted average curves through
the experimental data, they assess the pointwise confidence level of
these curves, and finally they indicate gaps and inconsistencies and
needs for further measurements, These reviews are done in close co-
operation with the experimental physicists who are the originators of
the data considered and other relevant experts., This cooperation
proceeds via extensive correspondence and via specialists meetings
called for discussion of specific data subjects., Those meetings were
for example held twice on the subject of @ (Pu-239) at Winfrith in the
United Kingdom in 1969 and at Studsvik in Sweden in 1970 1722,23_72
Other similar expert meetings were held on v data including the Cf-252 v
standard at Studsvik in 1970 [T?2,24;7: and on the status of prompt
fission neutron spectrum measurements in Vienna in 1971 [—25 « These
meetings have proven to be a very powerful tool to understand the sources
of discrepancies between different experiments and to foster measures for
their explanation either by evaluation or by experiment.

B4. Consumption

In the following we quote the neutron data users serviced by the
neutron data centres:

a. Main users of neutron datat reactor physicists and designers;
they need evaluated data in the form of a computer library with
rapid access in high density of (E,E',0) points so as to be usable
in every conceivable application: such as reactor core and blanket
design, reactor kinetics and dynamics, reactor burn-up, reprocessing,
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shielding, radiation damage, neutron flux dosimetry, inter-
pretation of critical and subcritical facility measurements
etc., mainly by multigroup and Nonte Carlo methods.

b. Secondary users of neutron data: nuclear physicists,
Experimenters need experimental and evaluated datas in experim-
ent planning, Theorists need both of these data for check of
theories, fitting of nuclear models (e.g. optical model) and
establishment of nuclear systematics (e.g. level density para-
meter a, 14 MeV reaction cross sections),

c. Further user fields: fusion reactors ZT?S,Z]J7 (increasing),
safeguards /28_/, activation analysis, astrophysics [297
(build-up of elements in stars by nucleosynthesis), industrial
material quality and purity testing, etc.

BS. Meetings

The international neutron nuclear data effort as described in
the preceding sections Bl. through B4, is in all its phases strongly
aided by national and international gatherings of various kinds, In
the following we give a list of past and planned relevant meetings,

a, Conferences and Symposia

IAEA Conferences on Nuclear Data for Reactors, 1966 in Paris [f]QJn
1970 in Helsirxi ZT}I;7, third Conference planned for about 1975
with a scope broadened to non-reactor applications and non-
neutron nuclear data

Planned: TIAEA Symposium on Applications of Nuclear Data in Science
and Technology, Paris, March 1973
National Conferencests
USA: on Cross Sections and Technology, 1966 and 1968 in
Washington / 32,33 /, 1971 in Knoxville / 34 _/;
USSR:  on Neutron Physics, in Kiev in 1971 /35 7 and May 1973;
UKs on Chemical Kuclear Data, Canterbury, 1971 / 36_/3

BANDC sponsored topical conferences, the last one being held
at Argonne National laboratory in 1970 on Neutron Standards
and Flux Normalization / 37_7.
Neutron nuclear data are discussed also at
(1) national nuclear and physical society meetings,

(ii) national and international conferences on reactor
physics and other application topics,
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IAEA Panels

on RNuclear Standards for Neutron Neasuremen’:. Brussels, 1967 / 38 7;
on Neutron Data Compilation, Brookhaven, 196 ZT7,8;7;

on Neutron Data Evaluation, Vienma, 1971 ZT14;7;

(Second) on Feutron Standard Reference Data, Vienna, 1972

Planned: IABA Panel on Fission Product ¥Nuclear Data in
Noventer 1673

IAEA Study group meeting on nuclear data requirements
for shielding in the middle of 1974.

JAEA Specialist Neetings

on & (Pu-239) at Winfrith/UK in 1969;
on @ (Pu-239) at Studsvik/Sweden in 1970 / 22,23 /;

on v data including the Cf-252 v standard at Studsvik
in 1970 [ 22,24 [

on status of prompt fission neutron spectrum measurements
in Vienna in 1971'[T?i;7;

on second update of 2200 m/sec fission constants evaluation
in Vienna in 1972,

Annual meetings of INDC, EANDC and meetings in regular intervals
of regional and national nuclear data committees, For the
minutes of the last meetings respectively of INDC and EANDC
see references ZT}9,4O o

Annual Neetings of the Four Neutron Data Centres,

Neutron nuclear data requirements and confidence levels achieved

This chapter will deal specifically with accuracy requirements in

neutron nuclear data and their basis mainly for fast reactors and a dis-
cussion of the status of fulfilment of these requirements including the
more important neuiron standard reference data. We start with a general
review of pertinent references.
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Cl. BReview of references

a. Fast reactors

Nost of the available literature refers to Na, only a small part to
steam or He cooled reactors; the strongest comcern is on nuclear
data requirements for large fast oxide fuelled power breeder reactors.

The following references contain discussions of neutron nuclear data
impiications on

- stationary parameters (xeff' breeding ratio, critical mass, etc.)
[ 41,43,45,54,63,64,67,75,18,80 73

— kinetics and dynamics parameters (Doppler and Na woid
coefficients, etc.)

[41'43’45951’63964a67s7898°_73
burnup [/ 54,55_7

- fuel processing including fuel handling, spent fueli transport,
chemical reprocessing, etc. [f#l,Sl,SS

- reactor operation [TS},61J7;
— fission product effects [ 54,55,74_7.

Specific discussion points in these and otker references are:

accuracy requirements versus achievements for stationary,
unstationary and long-term reactor parameters including
economic implications / 41-43,45,51,54,58,60,61,63,64,75,
76 -86_/;

— accuracy requirements for neutron data and related constants
41,45-47,51,54,58,63,72,74-76,78_/ and their derivation
42,75,78 / including also future accuracy goals for

neutron datas

» 19,

confidence level achieved of microscopic evaluated neutron data,
progress in meeting requirements in evaluated data lidraries
and problem of systematic errors / 15-17,40-43,45-47,51,54,
69,70,80 /'

assessment of confidence level of neutron data by integral
experiments / 42-45,47,55,56,60-63,65,79,80_/ including also

procedures of adjustment (physical and mathematical)
of evaluated microscopic neutron data,

role of integral experiments in evaluation,

errors in calculational methods versus errors in microscopic
evaluated data versus errors in measured integral para-
meters and accuracies credibly achieved in integral
measurements;
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- accuracy requirements for neutron standard reference data
[ 41,46,61,715_7;
— confidence level achieved of neutron standard reference data,

progress in meeting the requirements in evaluated data
libraries / 19,46,67-73,80,83_/

b. Thermal reactors

The following references contain discussions on neutron data
effects on

stationary and unstationary parameters / 42,49,50,53,57_7;
vurnup / 53,54,51_75

reprocessing [f74i7 and

fission product effects / 49,54,74_/.

Specific discussion points in these and other refervnces are:
- accuracy requirements for reactor parameters 1712,49,50,53,54,57,78JE

- accuracy requirements for neutron data including effect of neutron
data uncertainties on reactor parameters, etc. 1712,49,54,57,72_7}

- assessment of neutron data accuracies by integral measurements in
{sst reactors, ete. / 42,53 /;

- confidence level of neutron data - chieved, progress in meeting
requirements in evaluated data libraries ZT&9,54,57,72,73,81—81;7

¢c. Other types of reactors

As typical example we may quote reference / 52_/ in which the neutron
nuclear data requirements and status for molten salt and gas cooled
thermal reactors are discussed,

d. Shielding

Effects of neutron data uncertainties on reliability of shielding
predictions are specifically being investigated and discussed by
H, Goldstein and coworkers / 48,59,66 /.

In the following we restrict our discussions to neutron data for fast
reactors. For the checking of microscopic evaluated data by integral
type measurements in critical assemblies we refer to the later talk by
Professor Farinelli in this Seminar,
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C2. Accuracy requirements versus achievements for fast reactor

design parameters

For various fast reactor design parameters we compare accuracies
required for their prediction with accuracies achieved, e.g. ia ras%

critical assembly calculaticns, as a function of time,

Ir extrapolation

it is expected that design parameters of actual fast power reactors will
be predicted to about the same confidence level as that achieved for a

variety of fast critical assemblies,

3. Xops
Country Yea Reactor Accuracy (4 %)
Beference T ] considored required achieved
K /587 1966 | typical fast power 1
reactor
K /187 1968 | typical fast power reactor 1
FBG / 807 |1968 | U criticals with hard spectra 2
U suberiticals -(0.8 - 2.4)
Pu criticals ~(1.0 - 3.5)
K /617 1969 | PFR 0.87
FRG /607 |1969 | U and Pu criticals < 2.0
FEG / 437 |1970 | U criticals +(1-2)
Pu criticals -(1-2)
UK /427 1970 | PFR, adjusted data 0.5
"  unadjusted " 2.6 - 5.0
France/”457 | 1970 | PHENIX 1 6
MASURCA, U-core + 0.5
" , Pu-core - 0.5
uUsA /63 7 1971 | 1000 MWe LMFBR 4
usA [64 ] 1971 L
", U-238Ac 3
(pessimis¥ic assumption)
" ,Pu-239A6fw’ ¢ 30 KeV 1
" yPu-239A0,, >30 KeV guveral
ussk /157 1971 | large Pu breeder 1
usA /107 1972 | benchmark assemblies + 0.9
caloulations with ENDF/B-III £_ 1.3




Observations:

(i) The accuracy requirement for K,s¢ is the same for all requesting countiries
and constant as a function of time, viz. = 1%.

(ii) Tt is difficult to see overall progress in achieved accuracy, some numbers

seem to be over-pessimistic estimates due to over-pessimistic judgement of
neutron data accuracy:

the 6% uncertainty for PHENIX K . Prediction results from
exaggerated pessimistic assumptlogs for Pu-239 neutron data
uncertainties: v: 2%; a1 10%8; a: 30%;

similar, but weaker arguments hold for /63,64 7;

(iii)Progress can be seen for the UK and FRG as a result of repeated intensive
studies of critical facilities and mathematical (UK) and physical (FRG)
ad justment of microscopic evaluated data, The numbers for FFR are con-
fidence levels expected in the prediction of PFR Ke and extrapolated
from the prediction of criticals' K_..; they look good, there is, how-
ever, some doubt as to the validity of extrapolation from critical
facilities to actual reactors with different properties, e.g. in neutron
spectra, The numbers for MASURCA are also due to adjusted data and have
also to be considered with some caution.

Broad conclusion:

1% seems not to be achieved with throughout confidence in the prediction
of Keff of fast reactors.
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Breeding (BR) and internal conversion ratios (ICR)

Definitions

BER = Amount of Pu

*Nerr 1-1

The same definition holds for ICR,

produced
destroyed

(L = Leakage)

in reactor per unit time

total reactor (core + blanket), ICR only for the core

Difference: BR holds for the

Ac)eurta.ci.es_(j
BR (+ ICR (+
g:?g:_:: ce Year z:::::zre a [required | achieved|Tequired | achieved
u /58 7 1966| typical fast |€0,05
power reactor
usA /41 7 | 1966] 300 and 1000 Mwef 0.13
LMFBR
wx /187 1968| typical fast 0.03
reactor
usa /T 7 | 1970] 300 and 1000 Me|
LMFBR 0.10
France/45/ | 1970| PHENIX 0.03 0,13
UsA /41 _7 | 1971| 300 and 1000MWe | 0.05
LMFBR
UsA [64_7 | 1971] 1000 MWe LMFBR |O0.02
" y-23840 0.10
(pess.ass.) Y
< 30 KeV
OSSR /15 7] 1971 | large Pu breeder |0.02

On the average the requirements for BR and ICR have been sharpened with
time, presently being2z 0,02, with the exception of /41 _J ( = 0.05).

What seems to be realistically achieved is Z* 0,10, / 41_/ shows some
improvement in prediction, which is certainly due to improved data
accuracies for U-238 and Pu-239,
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is closely related to the breeding gain G = BR - 1

The accuracy achieved is of_the_order 30-60% / 41,51 /, the typical
accuracy requested is 10% / 75_/.

de Fissile Pu inventory

Here we have only estimates from Greebler et al./USA [ 41_7; his
accuracy figures are:

1966
1970:
1971:

achieved: 10%

L] : a%

required: 3%

e« Doppler coefficient DC

Country Beactor Accurac )
Beference Year | considered required achieved
K [58 7 1966 | typical fast power reactor 20
UsA /&1 T | 300 and 1000 MWe LMFBR 30
FBG /86 7/ | 1969 | DC-measurements in PuQ,- +(20-30)

sample in SNEAK assembly

B2,

400-1000"K temperature range
USA /41 7 | 1970 | 300 and 1000 NWe LNFBR 20

* 1971 " 10

usa /63 7 | 1971 | 1000 MWe LMFBR 20 40
USA /64 7 | 1971 | 1000 MVWe LMFER 5

" U-238A ¢, (pessimistic 20

" Y assumption

,Pu-239A0, wy <30 KeV 12 (U—238)|

Increasing accuracies achieved in the calculations are followed by
increasing accuracy requirements; the present mast stringent one, 5%,18 not

met by the presently available resonance data

[64].
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f. Total logss of Na coolant

According to Greebler et 21./USA / 4l 7 accuracy achievements were in
1966: 2,38, in 1970: 2.0 ; as short—term accuracy goal they state
1.5 B, vhere 1 A« 1.4% in K for the 1000 MWe LNFER considered.

£. Beactivity worth of control rods

Requirements are < 10% [58,63_7, achievement is estimated to 30% [63_7.

h, Burnup

Accuracy requirements for burnup predictions are given e.,g. by Fudge
and Foster/UK /547 for a typical fast reactor:

Use of burnup data accuracy required (+ %)
Fuel element design 2.5

reactor design and operation 2.5 - 5.0
physics measurements 2.5
reprocessing 10,

Burnup measurements have been done e.g., in the Dounreay Fast Reactor {DFR)

55 /. Average agreement between measurement and calculation was found to
within 4%, slightly worse than the most stringent requirement above. This
rather good agreement seems to be due to the fact that burmup measurements
were based on fission yield data which were measured in DFR and in regions
vhere the fuel was irradiated. It is not clear whether these results can be ex~
tended to other fast reactors because of shortage of experimental data on the
neutron energy dependence of the fission yields concerned.

i. Fuel cost

The only estimate of the economic disadvantage of neutron data uncertainties is
available from Greebler et al./USA /41,51 /. In 1968 they state a total
fuel cost of

0.5 mills/KWh for low ; neutron leakage
0.7 " " " pigh ) 1000 MWe LNFBR

and uncertainties in the fuel cost of

20% )

30 % ) low leakage reactor

: g:gz mills/Kvh

Temy

for US § 10/g fissile Pu,

+

+

- g?: ;high leakage reactor
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Required are
0.03 2ills / K¥Wh,
To illustrate these figures:

In 1970 [TZ{J7 the uncertainties in the Pu inventory and in BR result
in a fuel cost uncertainty of 0.13 mills/Kw(e)h. This uncertainty is
equivalent to an uncertainty of US ﬁ 900 000/year in operating cost for
a single 1000 NWe breeder,

Summary

Pigure 8 summarizes broadly estimates of the presently achieved
accuracies and the short-term (£S5 years) requirements for accuracies
of the fast reactor design parameters discussed above.

C3. Accuracy requirements versus confidence levels achieved for
fast neutron nuclear data

The accuracy requirements for fast neutron nuclear data are closely
linked to the accuracy requirements for fast reactor design para-
meters. The progress in the prediction of these parameters is con-
neeted with the progress in the knowledge of these data. Both
these aspects are considered below.

Figure 9 gives a historicalreview of fast neutron data accuracy
requirements versus achieved confidence levels for the most
important neutron data,

1. Explanation of "most important neutron nuclear data" requirements
and of their historical development (see figure 9)

a. It was rather rapidly recognized what are the important data; certain
data were only in 1961 not requested, from 1962 on almost all data
were requested which also today are deemed important. An exception is
fission product capture; fission product influence was only comsidered
from the later sixties on in more mature and realistic fast reactor
design studies.

b. Many requirements did almost not change over the years; they were
obviously not met by the existing data and therefore maintained by
the requestor. This happened in spite of the increasing number of
more and more sophisticated studies of the influence of neutron data
accuracy requirements. In some data, however, a drastic sharpening of
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accuracy requirements can be o'bserved, viz, in

6, (Pu-239, Pu-240, Pu-241)
v (T-2138)

and slight sharpening in
on,(U—238) and v(Pu-240, Pu-241).

Reason: Pu-239 O, was recognized already in 1962 as the main
fission "quantity; Pu-240, 241 6. only in2 1964, where
more realistic fast reactor design studies took not only
Pu—239, but the actually available (e.g. from thermal
reactors) mixed-Pu-isotopes fuel into account, Also
with the detection of subthreshold fission of Pu-240,

6. of this isotope became more important. Note,

however, the relaxing tendency towards 1975, ’because

of the minor contribution (Pu-240: 0,004 m111s/KWh
Pu-241: 0,003 mills/KWh for 10% uncertainty in 0

to the total r~2quested fuel cost uncertainty for i975
of 0.03 mills/KWh, Similar arguments hold for v{Pu-240)
and v(Pu-241).

v and 6_,(U238): during the sixties an increasing
trend could be observed towards design studies of large
(mostly 1000 Mwe) fast power reactors with high U-238
proportion in tke fuel (~80-90%); whereas 6, was for
a long time considered rather well known, only sparse
data were available on v. Theoretical (w1th increasing
refinement in multlgroup structure in computer programmes
such as ELMOE/I(C MIGROS/200 group-Pl-programme or
GALAXY/GENEX) and’ experimental (critical facility measure-
ments with time-of-flight,proton recoil, sandwich spectro-
meter, Li glass detector) studies of the neutron energy
spectrum singled out the importance of the inelastic
neutron scattering on U-238 for the neutron spectrum of
fast reactors.

Some tendency towards sharpening of the accuracy requirements can
be observed for the years 2 1964. This is mainly due to the very
high accuracy (but priority 3) requests heing put forward by UK

at this time [_i They were later (1970) withdrawn because of
the technical im ossibllity to meet the requested accuracies
(examples /[ 58_7/: o_(U-238), 40 KeV - 1 MeV, accuracy: 1%,

] (Pu—239) 40 KeV -'1 MeV, accuracys 0.5%; u(Pu-240) 1 - 40 KeV,
accuracyx 2% « Accuracy requlrements were also relaxed because of
the complementary role of integral data and adjustment of the
microscopic evaluated data to integral measurements,

RENDA 172 [4__7 is different from all former request lists [3,87—92_7
since it contains also requests from the USSR and from developing
countries, The accuracies requested by these additional countries
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are rather similar to those in Western requests, therefore there
is no drastic change compared to previcus requirements. Only the
a(Pu—239) accuracy requirements were relaxed. Reasons for this
are the many measurements after the "1967 a event" (the high a
measurements by Schomberg et al. / 98 , their tendency to con-
vergence and the impossibility to measure a more accurately than
about 10% in an individual experiment.

The accuracy requirements for neutron carture data in structural
materials have slowly shampened with time, BRENDA 1970 / 3_/ and an
average over all request lists (1961-1972) show the relative import-
ance of Cr, Fe, Niz 1. Fe, 2, Ni, 3. Cr, in accord with their
proportion in éS; Ni became more important also through INCONEL
and other cladding materials with Ni as main constituent,

Accuracy required (+ %)

Naterial 1970 1961 - 1972
Fe 10 13
Ni 13 2
Cr 20 24

The goals 1975 in figure 9 are due to one particular author

group [Thl interested in industrial design. This can, however,
be taken as rather representative, as thia group has continuously
studied fast reactor designs in intimate connection with nuclear
data requirements, They reflect the more mature and balanced
opinions regarding the real neutron data needs, the possible
achievements by microecopic experiments and the complementary
role of integral measurements and data,

History of confidence level achievements

e

With few exceptions (at certain times v(U-238) or 6 of structural
materials) was never an accuracy requirement met by'the then
available experimental material., Comparison of the three columns
1966-1968-1970 in figure 9 shows an initial overestimate of con-
fidence levels achieved, which, with more critical judgement of
the experiments and with increasing physics knowledge (see e.g.
a(Pu-239)) had afterwards to be corrected.

Definite progress was made in 1972 £T15-11:7 due to many recent
precision measurements and evaluations, v will be about 1% more
accur;te, when the v(Cf-252) problem will have been solved (see
below),
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c. The mumbers in the 1968 column of figure 9 reflect the influence
of the first studies of integral facilities and of the "a event",
The figures indicate changes in pertinent evaluated neutron data
available at that time (KEDAK, ENDF/B first version etc.) sug-
gested by discrepancies between measured integral data and taeir
theoretically predicted values ZTBI 8QJ7 such as Keff’ spectral

indices, prompt neutron decay constants, reactivity changes due
to assembly voiding and flooding.

d. YNote the (mostly) great difference between the confidence levels
achieved (taking the total volume of available experimental
information together) and the accuracies which are claimed to be
achieved in individual experiments. This reflects an under-
estimate by experimenters of systematic errors in their measure-
ments and represents the main difficulty in the evaluation and
derivation of "best™ values of neutron data. This illustrates
also the important role of integral measurements for data
accuracy check,

3., More detailed discussion of RENDA 72 requests for fast reactors

On the example of RENDA 72 the requirements for important neutron
data for fast reactors will be discussed below in more detail regarding

- energy subranges;

- accuracy requirement ranges;

- number of requests, requesting countries and priority.

Figure 10 contains a summary of RENDA 72 requests for important fast
reactor neutron data.

Note: a, the high priority for the neutron fission and capture
properties of Pu-239, U-238 and structural materials
Fe and Ni (~1.,2 -1, 3) and the somewhat smaller priorities
for Pu—240 241 data the neutron eapture of fission
products and Cr (Z1 4),

b. the generally large number of requests/quantity and of
requesting countries;

c, the partly rather large accuracy ranges.

Figure 11 gives a breakdown of figure 10 for 0, and & (Pu-239) and
o 50—238) with regard to energy range and adds present confidence

level figures, where available.



a,.

Ce.

C4.

The average accuracies requested tend to sharpen between
10 KeV and 1 NeV, i.e. in the most impcrtant part of fast
reactor meutron spectra,

For Pu-239 the accuracy ranges and the (average) priorities

are not very different from one emergy subrange to the other,
The reason for this is that several requests do not discriminate
between more and less important neutron energy ranges.

Sxamples: l. O (Pu—239) 100 eV - 14 Mev, 2%

for an indiscriminate request°

2. o‘f(Pu-239), 1 eV - 10 NeV;

£20 KeV: 3%; 20 KeV - 3 NeV: 2%;
3 - 6 NeV: 5%
for a more sophisticated request,

Ideally the accuracy requirements and the (average) priorities

should follow a pattern about inversely to the neutron importance.

A comparison of the columns with av.rage accuracy and present
confidence level shows that the accuracies required are in no
case achieved,

Derivation of neutron data accuracy requirements from required

accuracies in reactor design parameters

In the following the link between accuracy requirements in

neutron data and reactor design parameters will be discussed. To
establish this link there are in principle two possibilities:

"Experimental® possibility: one investigates in calculations
with multigroup diffusion (or transport) theory codes the
influence of neutron data uncertainties on the prediction of
reactor design parameters, fixes accuracy requirements for the
latter (e.g. 1% in K, 0.02 in breeding ratio) and concludes
"intuitively™ on the rgqu1rements for data accuracy.

Nathematical derivation: one formulates a mathematical

relationship between both requirementa, with (more or leas)

due account of the correlation (dlrect or through neutron flux
etc.) between neutron data changes and uncertainties, and solves
the pertinent equations for given reactor requirements for the
individual data requirements,
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In the following we describe an interesting mathematical procedure as
suggested by Usachev and Bobkov /76, see also 75 /- According to
this procedure the uncertainties of the group cross sections &6 /6
define the uncertainties of a reactor parameter C through the fol-
lowing linear relationship

}__C._?_ZSE-G-) (1)

C = iy
e(-‘
vhere
@ = cross section type,
i = isotope,
J = energy group,
S = sensitivity coefficient (for its definition by

generalized perturbation theory see /99 7)

Two extreme assumptions were made in the past in dealing with
equ. (1): cross section errors were assumed to be either fully cor-
related or not at alle No correlation at all means that all non-

diagonal elements of
3¢ (3¢, :
c(l‘ é :).

vanish and that
ké
( ) d\. (2)

However, a comparison of results of various authors quoted in zrﬁﬁ_/
showed that the derived required neutron data accuracies are strongly
dependent on the correlation or non-correlation of the errors assumed.
Greebler et al. / 100 7 estimate differences by factors 3 to 5. The
derived data accuracy requirements vary from values unsatisfiable in
the foreseeable future to values already almost satisfied.

It is the new and more realistic feature of Usachev's approach / 76_/
that the structure of cross section errors is taken into account,
whose individual components differ from each other with regard to
correlation.

The cross section errors are assumed to be composed of statistical
and systematic errors and the error in the standard:

S ]

< é e b \¢

AL «

(x‘ - };‘- Sinﬁ* (é_‘_ m»m-* L‘; Stawd

(3)



These three error components are uncorrelated, the squared
standard deviation is therefore:

R ‘
t 3 L 8 stat ? normy\* ‘_'* ““""‘)
Aé =d,; = (d.ﬁj )~ )5‘ (
e (4)
Ci
ds?'a.'t : if tke j-th group contains n experimental voints
2 each with a statistical erro.rs 3 then
Mt - i
d . - td-‘! e M T nuwbes of O.xycn‘u-cufa& peswte 5)
ol - .
) v& ’ tw '"‘U' ‘
stand
d : taken constant for all groups, substances and quantities

where the same standard is used (examples:y(Cf-252)
error in ¥ measurements; neutron flux measurement by the same
method in a number of experiments). This error component is

fully correlated over the energy range where the standard is
used .

gnom ., represents either systematic errors different from

the error of the standard (error in determining
amount of substance in sample, etc.) or the error of the
standard if this is not separately considered under dsfa.nd.
This error is correlated in different energy groups. . is
a vector which takes into account the calculated correc%:.ons

for systematic errors (0% /£./€1), £. = 1 in group } with
the marimum gystematic error. J

As a result the errors da:ij are now only nartially corxelated.

Introducing equ, (3) into equ. (1) we get

L1g 2w (B‘ “t**Z@*l o (ﬁ)m“ (6)

iy )

+(Z. S-Tr'ﬂ.)(é‘i o Z(S o l")) S I

fl«\t
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The third term in equ. (3) is subdivided into three independent
terms for ¥, fission (f) and capture (Y). % is assumed to be
measured throughout relative to the ¥ (Cf-252) standard,

(D6 &)5t® i the error of this standard. In the fourth term
it is assumed that the same method for the reutron flux
measurement has been applied in both fission amd capture cross
section measurements. In equ. (6) each relative error is un-
correlated with the others.

Fow m correlation intervals are assumed; the K-th of these
intervals covers groups j between ny amd my, (n <€ j%£m. ). Thus
the secord and fourth term in eque. ](6) can be broken down as

follows:
wavm = ™= nove, W
Z(gs)CeL = T2 sk
Mawd ™ _
'Z(S ‘).*Sr:i)(é‘i){m - “Z ZE_\EJ}‘* S (a‘_c:;‘ -

In the first and third terms of equ.(6) the errors are uncorrelated.
In (7a) and (7b) the errors in different correlation intervals

are uncorrelated. Therefore it is possible to re-write the right-
hand side of equ.({6) as one single sum over £ from 1 to N, where

N is the total mumber of independent errors. With coefficients

a e S.g;)' first term
% - 4 ,'Z f{ S.g.‘" second term, K=l iq.eee,m
= —wy (8)
£ e ; S;;" third term
. z Z (Sf:i + S\"i) fourth term k=1, (..., m

ve get IR b

L5 0 ()
C 2\¢ /), (9)

A va

and, since all (J06/6) are uncorrelated
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SR,
C o e \e, (10)

where the average is taken over different experiments.

On the basis of the above it is possible to estimate the total
cost of uncorrelated microscopic neutron data measurements to
attain a predetermined accuracy of a given reactor varameter
(experiment planning).

For this it is assumed that the weight of experiment 1 is equal
to the reciprocal of its squared error

w& - dit (11)
L
The cost of the experiment'tis Al %

where \p is a proportionality factor representing the cost of obtaining
unit weight in experiment 1. (Different error types in equ. (3)
are counted as different experiments !)

Thus the total cost of a system of experiments needed to achieve a
predetermined accuracy is

N
Total cost = Z )\‘W‘ (12)
dca

It is now of interest to attain at a minimum total cost this pre-
determined accuracy in a given reactor parameter C:

— N
13 e A
- z S—
C Lea Wi

The problem of obtaining the minimum of expression (12) under
condition (13) is solved by the method of Lagrangian multipliers
in which the extremum of following expression is looked for:

“ N
B3 2. W, =2 ‘EE: 2, ],\Afi'

(14)
4‘4 Lea

22 .oa 4 2.

QW A \vv[,‘ b V'3

(15)
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Eliminating \ one gets (¥-1) eguations

Wa _ Za\[>e

— (16)
We Te VX
Upon insertion into equ. (13) and with equ. (11) one gets:
o x
T Z bV
&‘ - 44‘ 24‘* A‘ Z —L — Z»‘ (17)
L=y ?& Aa

For a given 602, equ. (17) determines @

1° Then the tctal cost can be
determined from equ. (12).

Example: Given the following accuracies to be attained of the fol-
lowing parameters of a 5000 1 volume fast (I“u,U)O2 reactor:

Kops 3 1%; BR: 0.02

Assuming three correlation intervals (0-0.1 MeV — 1.4 MeV — 2 10 MeV)
the following data accuracy requirements are derived:

éf(Pu-239) : 1.1 %
6,{(0-238) : 2.4 9%

which is still outside the present achievements.
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CHe Accuracy requirements versus confidence levels achieved for neutron
standard reference data

Figure 12 displays accuracy requirements versus confidence levels
achieved for the more important standard reference data used in
neutron nuclear data measurements. The references chosen are
representative and not compre. -nsive { With the exception of
tuermal and epithermal values, Gp(B-1) Op(C-12)and v(Cr-252)

(to be expected shortly) no accuracy requirement is so far met.

On(H-1k No more problem; confidence level in 1966 [ 127 slightly

————— overestimated. Precision experimental and careful evaluation
work /107 /, later on only, established the present£1%
confidence level.

Below 100 KeV satisfactory, above not.

c (He—}*

da(Li-6): Belovw 10 KeV satisfactory, above not, particularly in
~———— 270 KeV resonance discrepanciegc between Cadarache and
Harwell measurements not yet fully resolved [ 73_7.

ca(B—lo) Below 10C KeV satisfactory, above not.

O‘T(C-IZ): Definite progress in accuracy since 1966 due to a number

————— of precision measurements with generally good agreement,
Below 0.5 MeV there are still discrepancies of 2% between
"precision" measurements, but cross section_probably known
to about 1% also in this energy rauge / 71_/.

c (Au—19?): accuracy achieved about 10%, required are 3—5%,

X - existing discrepancies still not solved. At EANDC
Standards Symposium at Argonne / 37,68,71_/ tendency to
drop gold standard, at Sth INDC Meeting 1972 / 73
again strong vote for gold standard, other KeV capture
standards worse from measurement standpoint,

of(U-235> Thermal: recent precision value by Deruytter [108
about 1% higher than "best" value of Hanna et al. /83 7.
New update of thermal fissile constants by IAEA/NDS in
cooperation with outside consultants underway.

Fast:t low Pdnitz values seem to be ruled ou% by more
recent absolute and normalized shape measurements and by
Nonte Carlo calculations of highly enriched criticals.,
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S(C£252: Most recent measurements of Boldeman /1047 with
liquid scintillator technique yield preliminary
result of about 3.73 with an accuracy of about
0.5% in clese agreement with the most recent MnSO,-
bath results from Argonne A05 7 (3.725 + 0.024) 4ne.
Fational Physical Laboratory, Teddington, UK £§)6]
(~23.72 + (0.5-1.0)%).

6. Relationship between standard data and fast reactor parameter

accuracies

In the following ina very simple way relationships between uncer-
tainties in standard reference data and accuracies uired for
certain fast reactor parameters are investigated [67 . We con-
sider a fast reactor with Pu-239/U-238 fuel. We neglect for sim-
plicity structural and coolant materials.

xeff

Keff is defined as

xeff = Average number of neutrons produced in reactor per unit time/

[ Average number of neutrons absorbed in, and leaking from,
reactor per unit time_/

This may be written as
- 1 — e
V2, ¢ V;ZS

vyt . (18
z&‘r Zf‘r L 19)

(75, 3> g, =¥

Kegg =

where

M

energy and reactor space averaged macroscopic cross
section for fission (f) and capture (Y);

-
[}

effective reactor radius;

=
[}

leakage torm;
8,9 = Indices for U-238 and Pu-239,



Remembering that v measurements are usually made relative to the
v(cf-252) standard and fission and capture cross sections relative
to 0 U-235 (vith the exception of 6_{Pu-239))we can rewrite

equ. (18) Y

S Rq Fq = RaFg"‘—

k! =¥ (19)
i’f e % (;(F,(*"&‘) *(F‘ ,G:)})-o |
where
2 = Neo b
By o = 38’9 / S(ce-252)
?
8,9
Fg9 = ¢/ o
S = index for U-235
) AN 1./1!9
Neglecting all other uncertainties equ. (19) shows first that
Kere™ Vos2s i-e.
AK'“' - fa¥ \:\:\
Wegs Vi (20)

Now we consider two extreme cases:

a, L'T0; case of very large highly dilute fast power reactor.
Then

K . ReFy + ReFe vy
b ] e F' (teeq) Q(ng-c_f)? (21)

In this case the dependence of Ke g¢ upon (ff (U-235) vanishes,
and, besides v252, Keff depends only upon the cross section
ratios R,F,G and a.
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b. L'33B> absorption term; extreme case of highly enriched,
very small critical assembly (GODIVA-type)

Then

« W N - F
Wegy = omils Wey € (RyFa~ RzFe¥) (22)

Keff becomes directly proportional to Gg.
'?’ small critical assembly calculations are so semsitive to

This explains,

b. Breeding ratio

The breeding ratio is defined as

BR = Amount of Pu-239 g:‘%‘:“?-‘f;gd in reactor per unit time

Defining similar "effective" cross sections as in equ. (18) and dif-
ferentiating between core and blanket quantities by subscripts C and B
respectively, we get for the same Pu-239/U-238 fuelled fast reactor
with U-238 blanket

:
BR= 4. -—‘«——N,, —Sre__
‘} (ae =) 34 e (42N (23)
where
$e Va

¢ = average neutron flux;
¥V = Volume.

BR does not depend upon 0 f5 ! BR depends either on the

absolute afg and 678 data only or on the ratics F9 and 08 only.

BR does, bowever, depend upon a. 9 and ,for example, on the error in
9 due to normalization errors. Neglecting uncertainties of all

c
other quantities we have

L8R <) AL (24)
BR 4?0(: Cl‘Q




We consider only the normalization error in uc9. Gwin et al. [109_7
quote typical errors, due to normalization of their metal foil data
to thermal and resonance & values, in the quantity 1/(1+a) = 0.8

(corresponding to @ = 0,25). These correspond to errors of 1% and
6% in BR respectively.
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Appendix

Statistics on BRERDA 72 /4 7

General:

1. Total number of couniries requesting and measuring neutron
muclear data: 26,

2. Kumber of countries requesting: 23.

3. Numder of countries measuring requested data: 19.

4. Country overlap (measuring and requesting): 16,

5. Total number of national laboratories (mostly) and industrial
firms (fewer) requesting and/or performing neutron nuclear data
measurementss 121.

6. 55 laboratories and industrial firms participate in requests
with 89 requestors mostly associated with national reactor
programmes,

T« 93 laboratories and industrial firms measure rejuested data,

8. There is an overlap of 27 laboratories and industrial firms
who do both, request and measure nuclear data,

9. Two international organizations (IAEA and EURATON with Ispra
and Geel) participate with 7 requestors.

10, IAZA, Geel, Ispra and Dubna participate in measurements and
evaluation of requested data,
The following table contains the breakdown by country,



Country

Category
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requesting wmeasuring

(Appendix)

requesting and
measuring

Australia
Canada
France
FRG

Italy
Japan
Sweden
UK

TUsA

USSR

M M M M MW MM MH

H oW oM WM M MMM KW N

[T TR N R IO T B BN B |

Belgium
Bungary
India
Netherlands
South Africa
Switzerland

Yugoslavia

M M M WM MM

O N N B B |

M WM MM WM

Argentina
Brazil
Bulgaria
Denmark

Eastern Germany

Finland
Pakisgtan
Poland

Taiwan

M M MM MM

In this table

substantial neutron nuclear da

smaller
very small

countries have been categorized into those having

ta programmes 5
" " .

-
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Comments:

The category C countries are almost all developing countries; those
under category C listed as requesting only have very small neutron data
measuring programmes which are still not related to RENDA requests:
this elucidates a future task of NDS and INDC to promote measurements
of neutron data linked to RENDA requests in developing countries; the
table also reveals gqualitatively the immediate benefit of measurements
in developed countries tc developing countries provided the latter bave
the necessary infrastructure (conputers, group constant generation and
reactor physics programmes, etc.) to make effective use of these data,

The degree to which an intermationalization of neutron data efforts

has already been achieved can be expressed by the percentage of those
requests which are being measured by other countries than the requesting
ones. The following tables contain statistical details regarding
measurements of requested data again on the basis of information con-
tained in RENDA 72 [4_7.
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Number of requestors o.0f measuri No. of requests
rer request (or evaluating) measg.=requestg. measg.frequestg.
laboratories ; countries countries
;per request :
1 j' 0 ; 518
! 1 y o en 258
3 2 56 i 104
! 3 ! 8 69
4 j 8 34
5 - ' 9
6 - 8
7 : - i 8
8 - ’ 1
9 - -
i 10 - ; 4
|
2 0 94
1 35 23
2 8 14
3 4 12
4 2 3
5 - 1
26 - -
>3 0 3
altogether 28 requesta 1 i 12 8
(25 vsa, 2 UK, 2 4 :
1 EURATOM) ; 3 3 3
19 requests with 3 requestg., labsé 4 - 2
8 " " g " n 5 3 -
1 " " 5 " " 6 - -
T - -
> - i
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Condensation of the last table

{Appendix)

No. of requests being measured by
No.of requestors laboratories in
per request
(=7) no mea- |requestg.country) other countriesj , . .
surements itself (&) (B)
1 518 283 495 1296
40% 22¢ (36%) 38% (64%) 100% (100%)
2 94 49 53 196
48% 25% (48%) 27% (52%) 100% (100%)
23 3 22 20 45
% 49% (52%) 44% (48%) 100% (100%)
21 615 354 568 1537
z 40% 23% (38%) 3% (62%) 100% (100%)
Country No. of measuring (or evaluating) laboratories per request
P Cate-
gory 1 2 3 4 5 6 1 8 9 10
1 A 27-2 7.2 1.0 1-0 - - - - el -
B 33.1 13,4 8.9 4.4 1.2 1,0 1.0 0.1 - 0.5
2 A 4.2 T.9 3.9 2.0 - - - - - -
B 2.5 13,7 1.8 2.9 1.0 - - - - -
P34 B/ 95 12 - 2 - - - o -
B 19.0 16,6 T.2 4.8 - - - - - -
? 1 A 28.0 7.4 1.6 1.1 003 - - - - -
B 3104 1305 901 4.2 1.1 0.9 0.9 0.1 - 0.4

The mumbers in
combination,

this table are % figures, they add up to 100%for

each (C,A,B)
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Observations and explanations

Trivial observations:

a, The mmber of requests on which measurements are being performed is
strongly decreasing as a function of the number of ladboratories

participating in those measurements (figure 2a - d).

b. The number of requests being measured is strongly decreasing as a
function of the number of requestors per request and country

(figure 3).

c. Note the high percentage of requests (40f) with "gzero measurers"
with a status comment "No measurements available™ (referring to
one of the primary purposes of RENDA, which is to make measurers
avare of users' data needs) or with no status comments at allj;
the latter case may be interpreted in several ways, for example:

- no measurements available (as in the first case)
- laziness of requestor and/or reviewer to insert status comments

- available data insufficient,

At this point two warnings are indicated,

Warning 1

The fact that laboratoriea measure requested data does not necessarily
mean that the measurements are initiated by the requests !

RENDA does not allow to discriminate between measurements done
explicitly in fulfilment of RENDA requests and those done for a different
purpose coinciding only incidentally with a requested measurement,

This is not true for big countries like USA and others whose measure-
ment programee is determined by national request lists which form part
of RENDA,

As a consequence it will be an important task of INDC, EANDC and other
regional nuclear data committees to establish a better link between
requestors and measurers,

Warning 2

RENDA has a certain randomness with regard to requesting countries.
Often countries can be supposed not to enter their own requests when
these are already entered by other requesting countries, This means
that one can safely assume that many BRENDA requests are backed by more
countries than appear in tie list, due to the similarity of their
nuclear reactor programmes, This is not so much true of certain high
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priority requests for l.ey fist reactor and standarc data requested by
many countries,

This randomness is also partly due to differe:.. ievels of the requestor's
knowledge of the status of the requested dsi: - ‘o different emphasis
within different programmes: better knowledge or minor/diminishing
emphasis leads to omission or non-entering of requests into RENDA,

"urtker observations:

(with the above two warnings in mind which somewhat restrict the
validity of the statements below)

1, The percentage of the reques’s being measured outside the requesting

country is a measure of international cooperation in the production

of neutron nuclear data (figure 4):

62% = 2/3 of all requests are being measured by laboratories outside
the requesting country.

If one considers this number as a function of the number of
requestors per request (where » 2 different requestors from the
same laboratory have been counted as one requestor), it changes
from

64% for 1 requestor/request to
526 " 2 " s/ " and to
8t = 3 " s/ " .
One would expect this tendency to be stronger: the more requestors

per request, the more urgent the need and the greater the incentive
for that country to measure the requested data itcelf,

2. The percentage of requests being measured by the requesting country
itself illustrates

a, the degree of financial and technical capabilities of that

country to work in fulfilment of its own requests
b. the degree of feedback between requestors (users) and producers
in that country.

38% = 1/3 of all requests are being measured by laboratories
inside the requesting country,

This numter may be misleading as the ratio R of the number of

laboratories outside to inside the country as appearing in RENDA 72
is atrongly increasing when one goes from the bigger to ths smaller
countries as illustrated by the table below,
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Country B Country R Country B

USA 2 (35%) Canada 29 (3.3%) Argentima 119 (0.9%)
Germany 12 (7.5%) Belgium 39 (2.5%) Finland

T 14 (6.7%) Sweden 55 (1.7%) Ausiria

France 16 (5.8%) Fetherlands Brasil

UK 16 (5.8%8) Hungary Yugoslavia

India 19 (5.0€) Japan Pakistan

Italy 23 (4.2€) Switserland 59 (1.7€) Dermark

South Africa2l (4.2€) Bulgaria 119 (0.8%) Polamd 115 (0.8%)

Australia 29 (3.3%) Taiwan 119 (0.8%)

Thus for one laboratory in the USA there are only abou: two laboratories
in ccuntries outside the USA  whereas for a medium country like Italy
this number is greater than 50. The numbers in brackets are ratios of
the numbters of laboratories inside the country concerned to the total
number of laboratories appearing in RENDA T2,

4s a conclusion of points 1 and 2 it seems that the rather high per-
centage (62€) of outside-the-requesting—country work illustrates the
international character of nuclear physics research going on in many
laboratories in the world rather than the willingness or capability
of countries to measure other than their own requests,
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1eT742 2,004 DASTAR-00028 WOV/7568 SIGCWA-RONY-E AT 3IS88FS. ALSU SI6 ASS
FISSIGN LAS 69 ExeT PERS T MMON CRANER , JO+BERGEN . DV,
24041 14003 REPT LA~ 4285 DEC/69 WUCLEAR EXPLOS10M, TOF, EXPER DETAILS ¢
2091 1,043 DATA INDAS100SA. HAY/7YI CROSS SECT & ERM AT 2601 ENERGIES.
ETA ITE 63 ExPT IENAT £V JKGOKIRP ICHNIKOVe I Ve
SURHORUC MK IN.STe
2:5-2 2,041 JCUR AZ 16 110 FES/84 SIMULTENEDUS €TA AND TOTAL JCURVES
2¢5~2 2041 SJA 16 121 FEB/86 ENGL TRANSL OF AE 18 110
2:5~2 2041 JNE 1T M9 WOV/64 ENGL TRANSL OF AE 16 110
292 2091 €AF 16 2 19 FEB,GA TRADUCTION FRANCALSE DE A€ 16 110
29~2 2001 REPT ITE-147 63 SANE CURVES AS AT 16, SIMILAR TEXT
2.3~2 2,001 INDSWE~TE 63 ENGL TRANSL OF AC 16 110
3.0-2 1.240 DATA DASTAR-000SS ¢ NOV/6S ETA AT S8 ENERSIES
9el=1 14340 OASTAR=000%9 ¢ NOV/686 ETA AT 33 ENERGIES
ETA TR 64 EXPT SUITH . JRIREEDER SDFLUNARTY RGo
L2e5-2 REPT 1D0-17083 PES/66 CRVST SPEC."N-BATH.FULL INFORMATION
252 PROC WASH-I064 133 OCT,8S ASSTRACT, TABLE GIVEN
2:9-2 BAP 18 1099CDS OCY/6S ABSTRACTY. TABLE GIVEN
2o T2 DATA DASTAR-D0SSA APRAST ABSOLUTE voLUE
€va HAR 88 CxPT ™. BROOKS . FD+ JOLL Yy SES SCHONBERG s G ¢
SOWERSBY . WGe
3.5-2 2,002 KREPT ACRE/SWNI/GEN-3S 68 REPORT PLANNED SUT NOT 1SSUED
3:5-2 2.0¢2 AERE-W 1870 FEB/768 XPT DESCR.CFD OTHERS.INTEGRAL DATA.
3.5~2 2,002 EANDC(UX}IA2 L 64 PRELIN REPORT, SURERSEDED.
363-2 laleg CONF 8&SDIEGD 3.3 FEB/,06 EXPT ¢ NETHOD PRESENTED
3:5-2 4,040 DATA DASTAR=00103 & JAN/ST AT 200 ES,SCE ACRE-NI1670.F16S 1.2A
1:8%0 2,002 DASTAR-00104 & JAN/OT AT 2220ES.SCE ATRE-N1670.,F1GS A IA
3s%=1 6.041 OASTAR-POO1L3 WOV/0T MEAN ETA CFD OTHRS JATRE-NIGT0.TELESS
L8 ) AWML, S8 TwvAL SIGMA CENTER,.BML.
3.0~3 4,91 PRIV *P0 SIGMA-CNTR S8 ALF DEDUC FROM € TA/NU-BAR,BOLL INGER
3:0-3 4.9~} DATA DASTAR-00123 MAR/ST 20 DATA LINES FROR SCISRS
AL COR. SO EXPT SAFFORD. GIONELKONIANE o
2e9-3 JOUR PR 113 1283 WAR/39 SINULTAN TRANSMOFISSION. CRYSTSPEC
2:9-3 . 2 189 PEB/S9 ABSTRALT. VALUFS SUPERSEDED BY PR113
2.9~3 CONF GOVIENNA 203 OCT/760 SHORT VERSION OF PR 113, SAME DATA
2,93 PROG WA-.-1013 24 NOV/S8 ABSTRALT, VALUES SUPERSEDED BY ©R113
209-3 WASK-1008 8 JUN/SS ABSTRACTe MO OATA
2:9-3 OATA DASTAR-00692 JLYZ68 ALFA AT 0,002901EV
ALBA HAR 80 EXPT CORNISH, P
PlLE KREPT WROC—-129 NAYZ00 ACTIVATION AND MASS AWALYSTS
rILE OATA DASTAR-00706 JLYZ768 ALPA FOR REACTORSPEC .. 0233 DEDUCED
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TIine INVESTICATION OF T™E GFACTION TI{N.ZMID AT EWay 3,04 WEY
ANE THME MEUTRON-NEUTRON SCATTERTNG LEWEC™

AUTHOR (G AD AN, F AR AVRAMAR ,A.FUOR.Y PONAT)

INSTITUTE  (3ISLerald

REFERENCE (S P AL I TELI21. 7Y EXNSER DETAN S.CFD TWEOR V. CRAPR ALY

Fac T TV TACCFL 12004V davaw MCLE AR A-TMT TWUTFOM ACTFL FOav™Ae
N=-SOURCE 10~TY DEUTERTUBM-TRITIUM

ITHE-SPECY 13T e~-0.22 WEV MEBTRONS ENITTED AT AMCAE OF L8 OEG.
Sawe e 17 TRMITIU-TITANTUN 9.2 WC/Cu2 O GOL® GASE YO FRODUCE

DEUTEROWS FRON TR 240 AESC V10,
2) TITANTION 4.3 WG ACR2 POR BACUGAOUNMD SUNTRACTTON.
3V DEUTERA VED-FARAFFIN 16.5 WG/ Cn2 FOR OLRECY
SERSURENENT OF RESOLYTION FONCTION 8V SIRRATION OF
TME RESOLUTION OF A 7.09-%EV DEUTERON PAOBUCED ITh
TARGET 1%
CEoREYwY VERGEYS WiNg S acEP 29 O FOom MCORLE EEe Ty AV am
ANGLE OF 100 DEGC TO TwE ACCELERATED OEYTTRON BE AN,
OETECTOR {TELES) COUNTER TELESCOPE (SEE MICL P, AL P8, 31 FOR
SCHEWATIC OF TELTSCORE AMD ELECTAONICS) CONIISTING OF
(PRIPC) STR FROPORTIOMAL COUNTERS. “Wi TOR DELTA-E.
THE OTHEWS TO OF TEWRINE GEORETRY AND DECAEAIE
ACCTOENTRL COTWC TOEWCES, AND
(SOLST) SOLID-STATE TOTAL EWERGY DEVECTOR (1.7 Cu Olam
LOCATED 300 W FROn TARGEV.
WETROD COIDET . COTNCY DYIRECT DLTECTION.COTNCIDEWNCE.
THE CLECTROMIC SYSTEW SEPARATED OCEUTEAONS FRon
BACKGROUND BV
1) TInr COINCIDTNCE IN S COUNTERS
2Y LIMTAVION OF € aeD DELTA-C TO THE RELEVANT RANGES
3) "Il IOEWNTIFICATION OF PARTIOLES 8Y CoOB, Ta~-E
WME_TIFL {CATT Ol PRODUCT APPROXISATELY PROVORT 100AL.
TQ We{2002) - 2aPART ICLE WASS, ZuPARTICLE CrARGE.
COUNTING RATE . 0. I/, DATA GIVEN NEPAESENT 3¢ WNel OF
A=t FACH.
CONMENY THME NEUTRON-NEYTRON SCATTERING LENGTH WAS B DERTWED
AND COWPARED WITH TWEORY.

STATYS {PRTIY) MINERICAL DATA FROR A,FOR. LETTECR OF 720323,
CRAPYH TN NUCLPHYSALTE.IZ1 L1971 1, P1G. 3.
NisTORY T720410CH
O
L T [ Y
gy ey
13.9 S22

0140002

C1=T= 3, 2N, 0A/70€ . AL, D)
STANDARD (OV™ERI DATA ARE RELATIVE WNUNSER OF COUNTS AS FUNCTION
OF CRUTERGN ENERGY. ARSITRARY NORNAL I ZATION
PARV-DET (0 DEUTERONS
EN-3EC (ANG) AND (ANG-RSL). DEUTERONS ENERGING AT 2.¢-2, DEG
VERE DEVECYED.
(C=0oL ) SEYYEROR CEEY AESOLUTION FUNCTION GIVEN 1w
NYCLPHYSLALTE 21LL0TI 1o FlGed e FIRIN, A8, KEV,
(E=EAN) CARLIDRATION ACCURACY . +=20,.4EVe
CAR-ANALYS DATA ERADKR 13 STATISTICM. OM.Ve

NG ANG=REL. % 3=
ASES aAogS e v
B Re 0% 20.
TR
« 30 [3
v ARB=UNITS ARB-UNITS
[ S13 8% © Va8
[ 2% e Se
3e Ve
&P 2 23 J
e e
e e
% b 3adle Le inesanlete.
% 8
[ [ )
e S8
107 168
188 10
187 108
L. S8
e Se
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Some notes on EXFOR

EXFOR is a computerized system of codes and formats used for the exchange
of exparimental neutron muclear data between the Four Neutron Data
Contres named on page vi. Bach regional centre, having different computer
facilities and user needs, operates its own internmal storage-and-retrieval
systen (e.g. CSISRS, NEUDADA) optimized for its needs and facilities.
EXFOR is compatidle with these centre-internal systems so that all data
conplled at one centre are easily transmitted, through EXFOR, into the
internal systeams of the other centres thus becoming available to users all
over the world.

On the opposite page a sample of an EXPOR-entry in given for illustration.
EXFOR is based, among others, on the following basic principles:

l. 4 numerical data table cannot be meaningful without a minimua of
supplenentary information on standard cross-sections used,
measurement method, 3rror analysis, origin of the data, &nd others.

This supplementary information can be found under & set of keywords such as
AUTEOR, N-SOURCE, DETECTOR, METHOD, ERR-ANALYS and so on. Some information
is given in coded form and is thus computer-retrievable. For example, the
code (3ISLHFA) given under the keyword INSTITUTE means: 3 = responeible data
centre is the IAEA Nuclear Data Section; ISL = country of origin is Israelj;
HFA = data were measured at the Technion, Haifa. In an output format such
oodes can be expanded to a readable text.

2. The results of an experiment given in one ENTRY may consist of several
data tables given in separate SUBENTries. Each ENTRY or SUBENTry is
identified by an International Nevtron Data Accession (INDA-) number.

The preseat EXFOR entry has the accession-number INDA*30148 and is so jndexed
on page 7 of thia catalogue. Its first SUBENTry (30148.001) gives information
vhich is valid for the entire experiment, whereas the second SUBENTry
(30148.002) gives a specific data table resulting from this experiment, and
ite definitions.

3. A SUBENTry may consiat of thres parts: text-information ("BIB"),
parametera that are constant (“COMAON") throughout the data table,
and the data-table itself (*"DATA").

The format of the data-tabie is flexible, and the meaning and unite of the
columra are defined in their headings. The second column which is headed
DATA/ARB-UNITS is defined above urder ISO-QUANT ( = isotope and quantity).
In the present case the isotope considered is tritium and the quantity is:
relative (“REL") double-differential (*DA/DE") cross-section Sor the
T(n, 27)D reaction ("N2N"), and the tem 'differential' is meant with reapect
tc tbe -ermlting deuterons ("D"). The first column in the data-table
{ueaded EA.2V) gives the deuteron-energy as explained in the text above. The
insidsnt scutron-energy EN and its rusolution are given under "CONMOR" in the
farst SUV ATry.

4. As with a conventional publication the author receives a proof-copy

of the SXFOR entry.

Vhen the author approves the EXFOR entry, this will be entered under the
keyword STATUS. The present entry is so new that the approval waa not yot
recoived. However, it is said under STATUS that the mmerical data had
teen received from one of the autbors and that these data corrcspond <o a
published graph; compare above under REFERENCE. If the author regairda his
data a8 preliminary (or after some years as superseded), a note to thia
effect will be entered under STATUS. If the autbor submits corrections,
the revised EXFOR entry will be sent to everyone to whom the IAEA Nuclear
Data Section had sent the uncoxrected version of the entry.
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RENMDA F?

Lample

96

PEP BOCLIDY QUANTITY EN2AGY(EY) ACCORACY P L2B
(R¥6) alm  ur 0

1035 2389 n,6ann 5.042 1.0+7 <10 1 A
{2036 } 2 T0 103 ASL
see (-4
coamest. ANL
1396 areg 5, Gilam S5.002 1,006 3 1 CadD
[RELIES 1% 10 to
800ke?

SAC
1097 230y n,Gannd 5.042 1,446 3.0 1 rex
{2530+) see cosaeat

ASL

coL

AR

caL

wPL

1K

IAR
1098 =3eQ ¥, GAREA 1.003 1.0¢6 < S 1 JAE
{2312+)
1099 avegp 3,GAand 7.0¢3 1.0¢6 < S.0 1 JAR
(2209¢+) —
1100 =390 N, CARN2 2. *3 2. *6 3 LI ) 4
( 8679) {(»-28B)

(1} ]

WL

BAR

pege

REEDA 1972
REQUESTER , CONAENTS Ty
Alter, A, [ ]
Avery, ®.
Sayder, T.

Heamig, P.B.

Righest priority need for fast reactor calculatios,
Accuracy 3% froe 500 eV to lkeV.

Accaracy 2% from 1-300 keV.

Accuracy 3% froa 3Q0-500 ke V.

Accuracy 16k frem 500 keV ta 10 HeV.

Rccuracies of 103 froam 1-300 keV and 20% fros 0.3 to
10 ne? would de osefol.

StatsS: see RYC 065 abdave.

Bacre, J-Y.

Por fast reactor calculatioas.

Absolute values usSefal but request concerns sainly
relative value= versas epergy or relative valaes to
233 (accuracy 1% oa this ratio).

Reuss, P.

Relative to sigma (8,q) (0.0253eW) .

Evaloation may saffice if it explains discrepascies,
Por calculatioas of Teff.

Status: see REG 865 adowe.

T

Nikolaev, A.N. "
Por accuracies of 1.0 % ia Keff and 1.6 % ia PR for
fast breeders.

Between 1 amd 100 ke? inforsation on resonsace self-
shielding factors (see book by Adbagyan et al., Con-
soltants Bureau, Wev York,1964) with 2% accuracy
and averaged over 0.2 lethicgy intervals desirced.
Ratios of captare €S of 0%%® to tission CS of U2y
vanted, Por selfshielding evaloation transmission
measntoments requested with flat response and cap-~
ture detectors and witi attenvations of pri ary dead
down to 1 and 0.1%. Fxperiments wanted at differeat
teaperatures fros 70 to 25009K. Teaperature dirfe-
rences of selfshielding fac tors must be known with
7% accuracy.

Davey, WSE 39(1970) ,337, revievs status hefore HPL-
SINKI conference above resonasce range. Several
relevant papers at BELS. comf. (CN-26/18, 83,17, 78,
mny.

Ardo et al. plan low ke? TOP seascrement
(ZARDC (0S) -1830, P.50).

Roxos (AERE~R 6078) estisates accuracy of data bet-
seen 0.5 and 100 keV to 3-T%.

De Sagssure et al., capture work {s progress.

RYves et al. plan activation meas, 120-600 keV.
rroehner et al., plan meas. rel. to (a,p),100-500keV.
Konshin, evaluation in progress.

Japanese
ror fast

¥uclear Pata Cosaittee (JOEDC) . 70
reactor calculatioas.,

Poenitz: NSE 40 383 (1970).

Benlove, Poenitz: WSEZ 33 28 (1968j .

Hoxon: AERR~R 6078 (1969).

Barry et al.: J¥WEZ A/B 18 3871 (1963).

Japanese Wuclear Data Cossittee (JEDC). 70
Por fast veactor calculatioas.

Foeaitz: ASE 30 383 (1970).

Sealove =ad Poenitz: ESE 33 28 (19%68).

Sozoc: ABRE-E 6078 (1969).

Batry et al.: JEE A/B 18 4071 (1968).

Campbdell, C.G.

ror fast reactorse.

¥ote Changed energy ramge.

foxon: data available below 100 keV.

Azton: activation seasar. ia progress.

Coates: scint. tack seasur. ia pcogress.
Evaluation shows that acc. reqeireseat mot met.
Status: see 322G 865 above.
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Sumw ary, of RENDA %2 vequests fov impoviant fast veactor
u .4

newdrou data

Ewner Accuve.c Avevate |Mo.of vequ.a [ No. o f Averane
-.‘So‘toPe Quantit\t va.n?;:k ronge (£%)] acc.q.(2%) coitv?ue' vequests pviov:(t\y
v - 2 .u ‘nel,
PU"' 239 65 100eV=-45MeV (44"“‘“5;’ a0)| ( 3'2..) ? (IAGA) 16 1.2
A 100eV=10MeV| 3 =10 & 6 k. 1%
Sy 100eV - LMY 3 =40 5.5 6 3 1.2
v thevm. =45 MeV] 04 = 1.0 o.$ 6 L] 1.3
U-238 Sy 500eV-Astey| 4 -0 3 2 9 1. 2
é¢ thvesh- 00y 4 -5 3 ? e 1.3
€, thresh =4S MM 5= 410 g e 12 1.6
v thvesh=a4Mey] 0% = 2 1.2 > 3 13
B.-40 65 00 ¢V~ AS MeV -5 3 b4 6 15
- § -40 4

6_{ 400¢V| AOMEY| 1 quests 20| (0) 6 g A Y4
V- [Hvesh.-1SHey| 4~S 3 é 6 1%
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Evergy breaKdown of RENDA 72 vequests
v e *

Ma. &g (Pu -239)

[1¢]
Present
EV\QV' \a. ACCU?O.C AVQV'Q- e N0.0* vequ, '\/o. o AVCVO- e COWS\'JH\CL
r | Aol AV Yok At | iy
- A- 5 2.9 "1'
100 eV A0 kCV] (4 VGQUGS'&:"O)I (3.5) (W\c&.rAEA) 44 1.0 6
40 - A00KeV| 4 =5 2.6 ] 13 1.1 ~ 5
ADO KV~ AMeV| 4-5 2.2 " 13 142 |~ S
A - 5§ MV| 4-5 2.9 " A3 1.2 | &-40

-EL_
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F:qug 42 COh't’n'nveJ

Accuracies requived (t %) Confidemes Lovels achieved (¢ '/.)
Jsot Q. : E 4965 | 1%30 [Aa9p | 1966 | 1170 1430 PLES
sotops (Quantity| Evergy vampe | C3f3 (037 | C4) [C12] |C6594] |Devigoresef | C90)
C-12 ‘T eV vang.e - - - ©.5 ad
eV - 0.8 MV - - - 5-'40 A - A
0.8 = 2.0 NV - - - 4 -
Av-113| &y 10 - 500 Kev]| - - - - - - )
A0 Kev =3 MV - A=S (mest) =~ - - g -A8
400 eV~ 3 MeV g - - - - - -
Herwal= TNV ]| = - (12.1%) - - - -
< 4 KGV - 3 - -
1= 30 KeV g-¢ | 6~2
30 - 400 KeV 15 lae3;-3| & $ 40 .
3 4.3 Qv l ‘ 10
O ~ 4.5 Mev (,,,) 5 =-410|4%/-%
> 4.5 MV s-10| ¥ 510 J
CE-252 | Vot - 015-0s|04-05 19¢6a (R) | 5 4 393
(avioh Hanne, ¢t al. to0.5%
S L o)




