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Abstract. Nuclear reactions induced by neutrons play an important role 
in fission reactors and relevant cross-sections need to be known with 
great accuracy. After a brief history and a general presentation, the 
nuclear data situation is discussed for Pressurized-Water and Liquid-
Metal Fast Breeder Reactors. 

1. History and general background 

The discovery of nuclear fission was immediately followed by intensive 
research to find out whether this process could be used for energy produc
tion. At that very early stage, nuclear data were extremely scarce, though 
some of them were crucial to answer this question of paramount importance. 
At that time microscopic measurements of such data were barely possible 
and scientists had to rely on what is now called integral experiments such 
as the ones carried out by F. Joliot and his team. Despite precarious 
conditions, this team was able to take out several patents on the produc
tion of nuclear energy. These predictions were rapidly confirmed : the 
first man-made reactor became divergent in 1942 at Chicago, and the first 
atomic mb exploded in 1945 at Alamogordo. 

During a iong period, the work on fission energy uses, including relevant 
nuclear data, was carried out in great secrecy because of its importance 
for military as well as future commercial applications. This situation 
lasted even after the war until the 1955 Geneva Conference on Peaceful 
Uses of Atomic Energy where basic data pertinent to nuclear energy were 
released. This was the beginning of a new era for nuclear data because 
international exchange of information and cooperation became possible, yet 
with some exceptions. At that time also, a new type of reactor, the so-
called "Fast Breeder" started to be studied and required large quantities 
of data. Lastly, the rapid improvement in reactor calculations rendered 
necessary the use of more accurate data. To meet ail these requirements, 
new facilities were constructed. They produced (and are still producing) 
enormous quantities of data that must be handled, treated, stored, 
retrieved and used on a vast scale. For all this new methods were develo
ped, largely based on computers. Four compilation centres were created in 
this respect : National Nuclear Data Centre (Brookhaven, USA), Nuclear Data 
Bank (OECD, Paris, France), Nuclear Data Section (IAEA, Vienna, Austria), 
Centre for Nuclear Data (Obninsk, USSR), each one covering a well-defined 
service area. Gradually, international cooperation developed after 1955 
and relevant committees were Bet up : the NEANDC (Nuclear Energy Agency 
Nuclear Data Committee) covering the OECD area and the INDC (International 
Nuclear Data Committee) formed later to advise the IAEA. Requests for data 
are now merged at the IAEA level in a world-wide list called WRENDA (World 



Request List for Nuclear Data). More specific lists also exist either at 
the national level or between a few countries. Cooperation among laborato
ries is encouraged and periodically experts meet to take stock of the work 
accomplished and stimulate new work. All this results in a closely-knit 
network covering all aspects of nuclear data. 

The vast increase in nuclear data has obviously proved valuable as well as 
creating a few problems to the users. When data were scarce, they could be 
used as such. But when several, often incompatible results are available, ^ 
the users want to know which one to choose, why and its associated uncer
tainty. To answer this question a new kind of scientist was created in the 
mid-1960s : the "evaluator". Relying on sound experimental experience and 
nuclear theory, evaluators contribute to bridge the gap between data pro
ducers and users, in coining out with unique and recommended values for the 
data, which then can be used directly by the reactor physicists. Several 
so-called "evaluated data files" ba/c been obtained in this manner : 
ENDF/B (USA), ENDL (USA), OKNDL (UK), AWRE (UK), KEDAK (FRG), JENDL 
(Japan), SOKRATOR (USSR) ... Another important point was raised by the USF 
of sensitivity methods which led to some data accuracies far beyond expe
rimental capabilities and required developments of new ones, hence long 
delays. On the other hand, these data had to be available in time to be 
incorporated in the calculations. To overcome this serious difficulty, 
"integral" experiments were designed for obtaining rapidly global results 
in conditions similar to those of the reactor project. Such experiments 
are called "integral" because they involve global values of the data, as 
opposed to "microscopic" measurements of detailed data. These experiments 
put overall constraints on some sensitive microscopic data for which the 
accuracy requirements can be somewhat relaxed. Further steps involve 
i) calculations of what the results of those "integral" experiments should 
be, using evaluated data, ii) adjustment of these data within well-defined 
ranges to obtain agreement between measured and calculated values. When 
adjusting the cross-sections, care should be taken to preserve their own 
internal consistency, hence the use of correlation coefficients between 
cross-section changes. This method leads to "adjusted data files" having 
usually a restricted distribution. All these files are then processed 
before being used in reactor calculations. 

With this general background information in mind, it is possible to dis
cuss in more detail nuclear data for fission reactors in which nuclear 
reactions induced by neutrons play a dominant role. Since a full account 
of this subject is far beyond the scope of this paper, attention is 
focused here only on the present situation for two types of reactors 
already greatly developed : the "Pressurized-Water Reactors" (PWR) and the 
"Liquid-Metal Fast Breeder Reactors" (LMFBR). 

2. Pressurized-Water Reactors (typically 900 to 1300 MW of electric power) 
This type of reactor uses a fuel of uranium enriched to 3 Z in 2 3 5 U and the 
fission neutrons are moderated in light water which also acts as a coolant. 
The spectrum there is composed of a Maxwellian part associated with a 1/En 

tail of undermoderated neutrons. Therefore, nuclear data are important in 
the thermal neutron region and that of the first low-energy resonances 
whose 1/En spectrum average contribution is called the "resonance integral". 

The effective multiplication factor K eff must be known to about 0.25 % for 
the fuel as a function of burnup from zero to a maximum of about 
35000 MWD/T (Megawatt-day per metric ton). For an infinite medium, one has 
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and Ef (ly) is the macroscopic fission (capture) cross-section. A 0.25 Z 
uncertainty for K^ leads to 0.25 Z uncertainty also for v but about 0.4 Z 
for both Zf and 2L.. For a fresh fuel, If and ly come essentially from 2 3 S U 
and U respectively. Such accuracies are beyond present experimental 
capabilities. About 1 Z accuracy is the lowest limit that can be achieved. 
This simple example illustrates the need for integral experiments to 
supplement microscopic measurements. 

For an irradiated fuel, one has to take into account i) transuranic ele
ments, essentially the Pu isotopes which have a positive overall effect on 
reactivity and for which both capture and fission (possibly also (n,2n)) 
cross-sections are needed, typically with 10 Z accuracy and ii) fission 
products. Because the neutron spectrum is narrow, this latter effect is 
restricted to fission products formed with a substantial yield and having 
a large thermal-neutron capture cross-section caused by a strong low-
energy resonance. Two of them dominate the effect : Xe and l 9Sm. The 
other fission products have a smaller but growing effect with time in 
contrast to those for 1 3 5Xe and 1 1 , 9Sm which remain practically constant. 
Nuclear data for these two nuclei are fairly satisfactory. 

The variation of Kgff with temperature plays an important role for safety. 
As far as the moderator is concerned, this involves the shapes of the 
cross-sections for 7 3 5 U and 2 3 8 U . Differences of about 3.10~5 i n Keff per 
°K between microscopic and integral measurements are observed but not 
understood. The temperature coefficient for the fuel itself is mainly 
determined by the resonance broadening, known as Doppler effect, for the 
6.68 eV in U. Thermal motion of the nuclei broadens the cross-section 
shape of the resonance in the laboratory frame without altering the area 
under the resonance. In contrast the area above the dip caused by the reso
nance in the spectrum 4> increases with Doppler broadening because of self-
shielding. Therefore the reaction rate a<J> varies with temperature, and the 
overall temperature coefficient must be known to about 10 Z. Solid-state 
effects play a role also in Doppler broadening and their variation with 
temperature must be understood, especially when comparing zero power 
integral experiments (hence cold) with results from reactors. 

The spatial power distribution must be known to 5 Z. This is the most global 
parameter involving practically all nuclear data pertinent to the reactor. 

The kinematics of the reactor require the knowledge of 8eff caused by 
delayed neutron emission to an accuracy of about 5 Z. This involves by 
order of decreasing importance i) the total yield of these neutrons, 
ii) their repartition in groups of precursor half-lives and iii) their 
energy spectrum. An overall accuracy of only 10 7, is presently achieved. 

The decay heat of the irradiated fuel needs to be known to about 10 % for 
safety reasons. In case of accident, this parameter is critical for times 
comprised between a few seconds and a few hundreds of seconds. It can be 
determined both by microscopic and integral methods. In the former case, 
yields and decay properties of individual fission products are measured 
and used to compute the decay heat. In the latter method, the heat relea
sed by a sample of irradiated fuel is directly measured with a calorimeter. 
Both methods seem now to agree for 2 3 5 U fission but discrepancies are 
still observed for 2 3 9Pu. The ANS (American Nuclear Society) decay heat 
standard is above these curves, especially at short times and an addi
tional 20 Z margin is applied for reactor calculations. 



The handling of irradiated fuel after removal from the reactor necessitates 
the knowledge of heat production as well as neutron and hard Y~ray emission 
after several months of cooling time. Again, a detailed knowledge of secon
dary actinides (transactinides) and fission products at that time is neces
sary. Among the former let us quote 21>l*Cm which is responsible for most of 
neutron emission by spontaneous fission. Capture cross-sections of 2l*2Pu 
and z" 3Am are the most important data for prediction of 2l,1*Cm production. 

Future trends include : 
i) higher burnup from 35000 MWD/T to about 45000 MWD/T hence more 2 3 S U 
depletion and greater importance of transactinides and fission products. 
ii) compensation of 2 3 5 U depletion during the operation of the reactor by 
insertion of elements other than boron with high capture cross-sections. 
Hafnium and Gadolinium are considered in this respect. 
iii) use of reprocessed fuel having the same 2 3 5 U enrichment but a higher 
amount of 2 3 b U presenting a strong resonance at 5.4 eV. 
iv) reconsideration of the shapes of any for 2 3 8 U and Hf for 2 3 5 U in the 
thermal neutron region in order to meet results from recent integral data. 

3. Liquid-Metal Fast Breeder Reactors (such as Super-Phenix with 1200 MW 
of electric power), 

The breeding performance of a reactor is usually expressed in terms of its 
breeding ratio BR or gain G with G = BR - 1 = Hf - 2 (G must be positive 
for breeding). The variation of Hf with E n for the main fissile isotopes 
shows the interest of 2 3 9 P u which has the highest r|f value at high energy 
(ru > 2 above about 20 keV). This explains the development of the 2 3 8 U -

Pu LMFBR cooled by liquid sodium and of course without moderator. Yet, 
the primary fission neutron spectrum is degraded by fast neutron scatte
ring and a typical energy spectrum in the reactor covers a wide range from 
several MeV down to hundreds of eV. This includes the resonance region and 
the continuum. Therefore, resonance properties are far more important in 
LMFBR than in PWR. 

The main high accuracy requirements on the data come from Keff and BR. The 
effective multiplication factor must be known to about 0.25 Z for the 
fresh fuel. The uncertainty calculated with available microscopic data is 
about ten times greater but can be reduced to the required value with the 
help of integral measurements. For an irradiated fuel, the accuracy on 
Keff can be tolerated to 0.5 % but integral experiments are more difficult. 
The Breeding ratio needs to be known to about 2 Z. Taking into account 
integral measurements, these target accuracies have the following conse
quences for nuclear data uncertainties. 

The capture and fission cross-sections for the main actinides : 2 3 5 U , 2 3 8U, 
and "*Pu are requested with a typical uncertainty of 2 to 3 7. from 100 eV 
to 5 MeV, somewhat greater at higher energy. These requests are approxima
tely met for their fission cross-sections ; that of U is of good quali
ty and is now used as a standard. The capture cross-sections of 2 3 S U and 
2 3 9Pu are obtained through measurements of a • a n y/a nf. Discrepancies up 
to 15 Z are reported for 2 3 5 U . For 2 3 9Pu, the situation is better but the 
a-value for this nucleus played an important role around 1967 when measu
rements gave results having about twice the accepted value, therefore 
decreasing the ri£ value. Though this decrease proved later to be smaller, 
it was yet sufficiently important to cause the abandonment of the steam-



cooled fast reactor project. This unexpected behaviour of a was interpre
ted as an intermediate structure effect in the fission cross-section, a 
consequence of the double-humped fission barrier. Direct measurements of 
the 2 U capture cross-section can be carried out but the associated un
certainty is greater than the request by at least a factor of 2. 

The inelastic scattering cross-sections must also be known for 2 3 8 U (to 
5-10 Z) and '"Pu (to 20 Z) but are difficult to measure because of the 
fission neutrons. The requests seem to be satisfied for the total inelas- 4 
tic cross-sections but large discrepancies exist as to their components. 

The fission products (FT) contribute to about 5 Z in reactivity loss at 
full burnup. Their properties are also important for the fuel cycle. An 
overall 10 Z accuracy is required for their capture cross-sections. The 
effect of fission products in LMFBR is entirely different from that in PUR 
because of large differences in neutron spectrum. Whereas a few prominent 
low-energy resonances play a dominant role in PUR fission products, the 
situation is quite different in LMFBR for which the spectrum covers a 
large number of resonances. À kind of smooth spectrum average is obtained 
and many fission products significantly contribute to the loss in reactivi
ty, 10 (or 20) of the most important ones for about 62 Z (84 Z) of their 
overall effect. The required 10 Z uncertainty is not presently met. Measu
rements are incomplete because samples are scarce and, when results are 
obtained, discrepancies of 15 Z - 25 Z are commonly observed, sometimes 
amounting to a factor 2. Theoretical calculations are therefore essential 
in supplementing measurements. But, they must rely on systematica of 
nuclear physics parameters and differences of a factor 2, sometimes up to 
5 or 10 can be noticed. 

The requests for structural materials depend on the composition of stain
less steel used in the reactor. Typical constituents are : Fe (60 - 70 Z), 
Cr (18 - 20 Z), Ni (10 - 13 Z), Mo, Mn (2 Z). Their overall effect is 
comparable to that of the fission products. This results in about 5 Z 
required accuracy for the capture cross-sections of Fe, Cr and Ni and 5 Z 
to 10 Z for Mo and Mn. Those requests are still not met by measurements. 
Experimental difficulties come from i) changes from resonance to resonance 
in the yray spectrum dominated by a few strong y-ray transitions and 
ii) the large contribution of elastic scattering compared to capture. The 
capture in the coolant (Na) is small and does not present a serious problem. 

Secondary actinides are produced in large number. Only Pu isotopes contri
bute to the reactivity change, depending on the initial composition of the 
fresh fuel. The other secondary actinides do not contribute much to the 
neutronics but are important for fuel handling and specific production of 
a few of them. Typical 10 to 20 Z accuracy is requested for their cross-
sections. They are still more difficult to measure than for thermal neu
trons. Fission cross-sections have been obtained only for some of them 
because of the lack of availability of samples and of their high radioac
tivity. Capture cross-sections are even more difficult to carry out be
cause they need larger samples. Therefore, the set of requests is far from 
being met by measurements. One has to rely also on calculations using nu
clear theory, based itself on parameter systematica of known data. It is 
difficult to assess the quality of such calculations. They seem to meet 
the requirements for fission cross-sections of some nuclei near those ha
ving known cross-sections. The uncertainty gets worse away from this zone, 
especially for lower-Z actinides (Th region) presenting a triple-humped 
fission barrier. For capture cross-sections, calculations are less reliable 
because of the still more limited data base for parameter adjustment. 



The Doppler effect is mainly due to U, that for Pu being smaller 
because fission and capture components, though important, are of opposite 
signs and compensate each otHer. This effect must be known to about 10 Z 
implying a similar accuracy on parameters for a very large number of reso
nances. This request seems satisfied at low energy where the resonance 
shapes are well determined by experiments. At the high energy end of the 
resolved-resonance region, this accuracy cannot be met because experimen
tal resonance broadening is too wide. In the unresolved region, use is 
often made of computer-simulated cross-sections calculated by extrapola
ting resonance properties determined in the resolved-resonance region. 

The sodium-void coefficient must be kncwn to about 15 Z for safety reasons 
but is consequences for nuclear data depend on the fuel being used. 

The decay heat for short times and long times must be known for safety 
reasons and for fuel handling with similar requirements as for PWR. Activ
ation of structural materials (mainly due to 5 Co) must be known to 10 Z. 
But the main uncertainty comes from flux calculations at very low energy 
where activation is the most important. 

Neutron transport calculations outside the core and the U blanket must be 
known for the activation of secondary sodium coolant. Very large calcula-
tional uncertainties exist. Accurate knowledge of the minima in the total 
cross-sections (so-called neutron windows), around 25 keV for Fe and 
300 keV for Na, is requested. 

4. Conclusion 

This broad survey shows the importance of neutrons in nuclear energy and 
the evolution of nuclear data since the discovery of fission. Crucial at 
this very early stage, kept secret for a long time, the nuclear data field 
has greatly expanded afterwards as a consequence of the development of 
Fast-Neutron Reactors but has now levelled off somewhat lower. No major 
surprise is expected any longer from improved nuclear data but they can 
greatly help understanding many aspects of the study and operation of 
nuclear reactors now used on a very large scale. Several points are not 
treated here, because of lack of space but some of them have been illus
trated in the oral presentation. The basic interest of Neutron Physics is 
treated elsewhere in this Conference. The economical aspects of nuclear 
data are very controversial and could not be dealt with here. Many refe
rences should be mentioned but could not be inserted here also because of 
lack of space. The reader may find them as well as further details in many 
Proceedings such as those of i) Conferences : Geneva (1955 and 1958) and, 
more recently, Antwerp (1982), Kiev (1980), Knoxville (1979), etc... and 
ii) Specialists'Meetings : Fast Neutron Capture (Argonne, 1982), Fast 
Neutron Scattering on Actinides (Paris, 1981), Fission Products (Bologna, 
1979, and Petten, 1977), Transactinium Isotope Nuclear Data (Cadarache, 
1979, and Karlsruhe 1975)... Also books about relevant fundamental and 
applied aspects art being published : Fission and Neutron-Induced Fission 
Cross-Sections (1981, Ed. A. Michaudon), Neutron Sources (1982, Ed. 
5. Cierjacks) and Neutron Radiative Capture (Ed. R.E. Chrien, 1983). 
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