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SUMMARY - The material given here broadly covers the content of the 10 lectures
delivered at the Winter Course on Reactor Theory and Power Reactors, ICTP, Trie-
ste (13 February - 10 March 1978). However, the parts that could easily be found
in the current literature have been omitted and replaced with the appropriate re-
ferences. The needs for reactor physics calculations, particularly as applicable
to commercial reactors, are reviewed in the introduction. The relative merits
and shortcomings of fundamental and semi-empirical methods are discussed. The
relative importance of different nuclear data, the ways in which they can be mea-
sured or calculated, and the sources of information on measured and evaluated
data are briefly reviewed. The various approaches to the condensation of nuclear
data to multigroup cross sections are described. After some consideration to the
sensitivity calculations and the evaluation of errors, some of the most important
type of integral experiments in reactor physics are introduced, with a view to
showing the main difficulties in the interpretation and utilization of their re-
sults and the most recent trends in experimentation.The conclusions try to assign
some priorities in the implementation of experimental and calculational capabi-
lities, especially for a developing country.

1. INTRODUCTION

In order to be able to discuss the nuclear data and the experiments
needed for thermal reactor calculations, it is important to have an idea
of the purposes of these calculations. My discussion will concern only
proven reactors: PWR's (which are perhaps more common), BWR's. (which pre-
sent very special problems) and, to a minor extent, the heavy water CANDU
reactors.

So we shall be concerned in a first time more in the identification
of problems than in their solution - without anticipating too much of what
will be said later concerning the specific reactor types. Moreover, it is
a characteristic of thermal reactors that it is generally not possible to
separate nuclear data problems from calculational methods problems, so there
will be a strong correlation of subjects with what will be Dr Askew's (and
to 6ome extent Dr Henry's) courses. Strong interrelations are also found
between neutronic calculations and calculations of other types, especially
thermal-hydraulics, but also mechanics, materials and others. In order to
understand neutronic calculations, it will be necessary to keep in mind the
existence of these other problem areas.

What are the needs for thermal reactor calculations? For the proven
reactor types, feasibility is of course out of the question. Are there inno-

vations to be expected? In the last several years, there has been a limited
introduction of new concepts. The Plutonium recycle in PHR's and BWR's has
been a favourite investigation in the late 60's and the early 70's, although
it is today somewhat in stand-by. The rod cluster control (ECC) replacing
the cruciform rods in PWR's has required an important adjustment ofmethods,
with some; reflex on nuclear data and critical experiments. Bi'rnable poisons
have also been a major innovation, with gadolinium dominating the BWR scene,
and more recently borated pyrex being introduced for PWR's. Operational ab-
sorber;, in both reactor types are likely to present some neutronic problems.
The extrapolation to larger unit powers has been in the past a major factor
in requiring new calculations. Although many people seem to think that the
present 1000 to 1300 MWe range is an asymptotic value, I have heard similar
statements made in the past for 400, 600, 800 MWe, and therefore I am incli-
ned to disbelieve them. The Soviet Union has recently announced that pres-
surized water reactors CVEK) of a power of 2000 Mlfe are being designed /I/.
Each change in power \iivolves extensive re-designing, even if it is a minor
one.

Much more important changes have been talked about lately, in the wake
of the new U.S. policy in nuclear energy. The attempt to achieve reasonable
utilization of fuel although rejecting those options (like plutonium re-
cycling) that are considered objectionable from the point of view of prolif-
eration, has not only prompted studies for a better utilization of the tra-
ditional fuel in the "throw-away" (or "once-through") option without repro-
cessing, but have also re-launched all the exotic fuel cycles, including ma-
ny that are variations of present reactor types: the spectral shift reactor,
the light-water quasi-breeder, the various alternatives of the thorium cycle.
It is quite obvious that such concepts would require a major effort in nu-
clear data and perhaps in critical experiments.

But let us focus essentially on the more traditional types of reactors
and associated fuel cycles. Just to fix some ideas, the main characteris-
tics of two reference reactors, one BWR and the other PWR, of 1000 MWe each,
are given in Table 1. Although not updated with last minute improvements,
these data are indicative of the present generation of commercial power
reactors. CANDU reactors will be considered a little later.

The main problems that involve reactor physics calculations concern
design, operation and fuel management, and fall in turn under the two main
related headings of economics and safety.

For instance, the capacity to predict power peaking bcth at the design
stage and during operation is essential for the safe operation of the reac-
tor, and the uncertainty in this factor is directly reflected in a reduc-
tion of the total power output of the plant, with very relevant economic
consequences :each 1% uncertainty in the power peak involves an annual loss
of SS 1,000,000 or more in replacement power costs 111. Difficulties in ac-
curate predictions of power peaks are met at the interfaces between elem-
ents with different burn-ups, around the water gaps introduced by rod clus-
ter control in PWR's and by the presence of control rod gaps in BWR's.

Fuel management must be accurately predicted, with a detailed distri-
bution of burn-up. This is strictlj connected with the accuracy with which
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reactivity at the end of cycle can be calculated. An uncertainty of 1% in
this quantity requires extra enrichment that is likely to cost t 2,000,000
or more per cycle. It is a common experience for reactor operators that an
equilibrium -.ycle is practically never reached; improvement or just changes
in the characteristics of fuel make each refueling operation a new scheme
that has to be recalculated; and this calculation must go to details, ave-
rage quantities being certainly not sufficient. Moreover, a detailed pre-
diction of fuel composition is important not only for reactivity considera-
tions and for power peaking evaluations, but also for what concerns the fu-
ture of the fuel after it is unloaded from the reactor (cooling, transpor-
tation, processing and even waste disposal: think of the problem of actin-
ides).

Control rod worth is important for operation and for safety, and accu-
rate predictions are required in many conditions, including different burn-
ups, temperatures and loadings. Tor instance, evaluations of the "stuck
rod" condition and of the reactivity associated with partially inserted
rods are among the prescriptions of most safety analyses.

Operational transients and stability with respect to Xenon oscilla-
tions pose stringent requirements especially on calculational methods, but
also involve some nuclear data problems. In BWR's, the strict correlation
between local power density, steam content (and therefore moderating power),
neutron spectrum and average cross sections in an operational transient is
an example of the most difficult calculational problems a reactor physicist
is confronted with.

Even closer interactions between neutronics and thermal-hydraulics
are found in the study of accidents, when the feed-back from the plant out-
side the reactor also has to be taken into account; fast transients require
the ability to calculate the temperature distribution in the fuel pins,
with consequences on reactivity through cross sections, and to separate
fission heat from neutron and gamma generated power, since they have dif-
ferent space and time distributions.

Shielding problems will be dealt with more extensively in another
course. I will just recall that they have to do not only with radiological
protection, but also with activation, radiation damage, nuclear heating
and, indirectly, also with instrumentation response. Shortcomings of shiel-
ding calculations have recently become apparent in some new light water
reactors, with heavy economic consequences.

Finally, neutronic calculations have an impact on the specifications
one has to supply when ordering, for. instance, a fuel element, with great
economic consequences. Not only nominal values, but also deviations from
these values are important. For instance, how strict should be the specifi-
cations concerning the admitted deviations of local enrichmert or density
from the nominal value? What will be the consequences of the random varia-
tions of these quantities within the accepted range?

Although we have made reference up to now to "Western" reactors, much
the same problems are met with the Soviet version of the FttR, the WER
reactors. The main differences are in the hexagonal rather than square

geometry of the fuel elements, an-1, for the 440 MWe version, the long range
perturbation introduced by th<; fluK-tTap concept of the control elements.

Somewhat different, but by no means easier problems are met with heavy
water reactors. Table 2 lists some of the main data of a commercial CAiJDU
reactor. The consideration that the input enrichment is fixed (natural ura-
nium) is balanced by the problems connected with on-line refueling, and by
the use of adjuster rods to shape the neutron flux and to influence the
space dependence of the burn-up. The correlation of the indications from
the in-core instrumentation with the state of the reactor itself, and the
development of a predictive model that includes this real-tine information
are problems of particular importance for this reactor type.

This short and by no means exhaustive list of problems is intended to
examplify the nature of the task that the reactor physicist is confronted
with when dealing with actual power reactors. His standpoint may be quite
different, according to whether his job is to design a reactor, to operate
it, to review its safety and its environmental impact, or to manage its
fuel cycle. In a developing country, it is less likely to concern the de-
sign of a new reactor; but some insight into the design, as well as the
capability of an independent assessment of the characteristics of the reac-
tor (especially as concerns operational problems and economics) is neces-
sary if one wants to be able to buy the system he really needs and to pre-
dict the effects it will have on his economy. Consider the problem of a
utility receiving two bids for a core load, with different enrichments
(and therefore different prices) both claiming to be the minimum compatible
with a given core life. Will the utility choose the less enriched, cheaper
fuel without independently assessing that it will actually meet the requi-
rements? An independent safety analysis is rightly considered, in most
cases, a necessity for the country installing a reactor, at least as con-
cerns the review of the major safety aspects and those which are related
with the particular conditions of the site and the environment. Operation,
although often assisted by routines and instructions supplied by the ven-
dor, always involves the insurgence of unforeseen, even if minor, compli-
cations, which require the ability to perform quick calculations in order
to understand .what has happened and what course of action is advisable. Al-
ternate operation strategies, moreover, may be required to meet conditions
different from the reference ones, such as for instance additional shut-
downs, reduced load operation, cycle-stretching otc.

To complete this picture, a couple of figures present cross sections
of a BWR element (Fig.l) and of a PWR element (Fig.2).
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2. THE ROLE OF NUCLEAR DATA

In the simplest case, neutronic calculations stand on three legs: the
description of the system (geometric and material data), the nuclear data,
and the calculational data. These three factors are independent only in
principle: in fact, one finds inter-relations among them right from the
start. For instance, there must be soma degree of consistency in the degree
of approximation with which the geometry of the system is described, the
detail in the nuclear data, and the sophistication of the calculational
methods. It would make little sense, in general, to use very many energy
points for the cross sections, to use a transport code, and then to repre-
sent the reaci'or as a uniform sphere or cylinder! (although they do not
make much sense, similar calculations are sometimes done).

In the less simple cases, neutronic calculations have at least a
fourth leg: the thermohydraulics. For instance, in a BHR the coolant densi-
ty (water plus steam) influences the neutron spectrum, therefore the cross
sections, therefore the power distribution; and in turn, the coolant densi-
ty (or the steam content) distribution is connected to the power distribu-
tion in a feedback loop. This complicates the issue; it also introduces in
the results the uncertainties deriving from the thermohydraulics models,
that have to be balanced against the uncertainties in other parts of the
calculation.

It would seem that the best way to calculate a rector would be to use
the most detailed description, the best and most finely specified nuclear
data and the most sophisticated calculational methods. Well, most of the
time this is not true. First of all, it is impossible. As we have seen, a
power reactor has close to 40 000 fuel pins; even if the original composi-
tion of all these pins were the same, it changes with time in a different
way from one pin to another, due to differences in flux and spectrum induc-
ed by overall distribution, water gaps, control rod positions, proximity to
burnable poisons etc. In turn, the composition of each pin, and the neutron
flux and spectrum to which it is exposed, varies also axially. The number
of space points that would have to be considered separately is already Coo
high to accomodate on a computer. The same is true for the energy represen-
tation : an accurate representation of the resonance structure of interme-
diate or heavy nuclei would require several thousand energy points. Even if
either space or energy could be represented in such detail, this would cer-
tainly not be true of both at the same time, not to speak of the angular
variable required for transport calculations. It is therefore necessary to
proceed by homogeneization and synthesis, and often more than once. These
homogeneizations introduce by their nature some errors or uncertainties,
that should be weighted against those deriving from the basic data. A cor-
related factor is the use that is made of the information deriving from ex-
periments and from existing reactors: we shall see that a little further on,
but we can anticipate that this information will be fed into the process
somewhere in the middle (after some homogeneization and synthesis have
taken place) if not right at the end. In this way, this information will
influence some combination of approximate geometry representation, nuclear
data and calculational methods, tending to correct the combined errors re-
sulting in the process.

Two basic approaches are possible for the problem of nuclear data for
thermal reactors: one is a fundamental approach based essentially on detail-
ed differencial information, the other is a semi-empirical approach based
mostly on integral experiments. Historically, the semiempirical approach
came first and is still predominant, at least as quantity of calculations.
Basic methods have been applied from time to time, with little success, but
only recently have they started being applied with good results to practical
problems, though still with a number of difficulties. There are reasons to
believe that both approaches, or some combination of them, will play an im-
portanc role in future calculations.

Why did semi-empirical methods come first? Well, there are many good
reasons. First of all, at the beginning of times there was no large scale
computer; very little was known on basic data; lots of top scientists twis-
ted their brains to find shortcuts to the answer. Then, the first reactors
that were built had some characteristics that made them suited for simpli-
fied methods. The graphite moderated (and then heavy water moderated), nat-
ural uranium reactors first used to demonstrate the chain reaction, then
built to produce plutonium for weapons and then turned into the first power-
producing reactors, were very well thermalized reactors. In such systems,
most events take place with thermal neutrons, which in turn can be well re-
presented by a ilaxwellian distribution at the moderator temperature. The
average values of the cross sections over this distribution are the quan-
tities of major interest for these systems. Again, for most cross sections
of relevance in this region, the reaction cross section varies as 1/v, and
therefore its average over a Maxwellian can be readily calculated from one
value, in general the reference value at 0.025 eV. For the slowing down
neutrons, the spectrum follows very closely the 1/E law, so that the only
cross section average that is relevant in this region is the resonance in-
tegral:

RI =

plus the information concerning the self-shielding, (especially important
for U-238), which was generally obtained from integral experiments and
simply correlated with the surface-to-mass ratio of the fuel rod. So, es-
sentially two numbers characterized each cross section, the 0.025 eV value
and the resonance integral. In the high energy region, the sper.crum can be
assimilated to a fission spectrum, at least in order to calculate the fast
fission factor, which is the only term of the neutron V->lance for which
this energy range is important.

Well-thermalized reactors have long been calculated using a slight im-
provement of this representation, the Westcott formalism, which adds one
parameter to the definition of the cross section: the so-called g-factor,
by which the thermal cross section has to be multiplied when averaging it
over the Maxwellian, in order to account for the possible deviations of
its shape from the 1/v law. Moreover, co account for the fact that the
thermal neutrons do not reach complete thermal equilibrium with the medium,
the neutron energy distribution is still considered to be a Maxwellian,
but at a "neutron temperature" slightly higher than the moderator tempera-
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ture, this temperature difference being related to the ratio between the ab-
sorption and the scattering properties of the medium. Even now, this simple
cross section representation is very widely used in calculating heavy water
reactors.

The simplicity of this view as concerns nuclear data, is balanced by
the greater complication of calculational methods that is needed for an ade-
quate treatment: the relatively large diameter of the fuel rods makes hete-
rogeneity effects very large; in heavy water reactors, the clustering of
rods in a bundle for each coolant channel introduces two steps of heteroge-
neity. Much more emphasis had to be put into the development of adequate
calculational tools, and the final result was likely to be affected just as
much by uncertainties in the methods as in the data.

With this background, it was quite natural that the next type of ther-
mal reactors, the light water reactors, would be treated with some varia-
tions of the same method. Important differences exist between light water
reactors and well-thermalized reactors. The methods, although important, are
perhaps less critical, because the heterogeneities are smaller (especially
for fast and intermediate neutrons) . On the other hand, the range of pheno-
mena to be investigated, and therefore of nuclear data, is increased: it is
necessary to take into account the fast and epithermal fissions in U-235;
the slowing-down spectrum deviates markedly from the 1/E law, especially
above 200 KeV, where the hydrogen cross section decreases rapidly from the
10 b which is characteristics of lower energies, and nearly constant, to
about 3 b at 2 MeV. Also the thermal neutron distribution is more markedly
different from a Haxwellian at the moderator temperature.

Despite all differences, variations of the original model and of the
four-factors formula were devised and applied rather successfully to the
calculation of the water reactors. Only occasionally did situations arise
in which this model broke down: for instance, the studies of plutonium re-
cycle in thermal reactors. Pu-239 has a resonance at 0.3 eV, in the upper
part of the thermal spectrum. The representation of this region by just one
energy group does no longer yield satisfactory results for the balance of
fissile materials (although it is not too bad for reactivity evaluations) .
However, these difficulties can be overcome by using just two energy groups
in the thermal region (typically one below 0.2 eV and the other between 0.2
and 0.625 eV, or between 0.2 and 2 eV if one wants to include in the thermal
region the about 1.5 eV resonance of Pu-240). Moreover, the neutron spectrum
in the thermal region is quite different from a Maxwellian, no matter at
what temperature; and this is important both in correlating the average
cross section with the 0.025 eV value, and in calculating differential ef-
fects like the temperature coefficient. Here, too, the use of very simple
models (like the free gas model for hydrogen and the Wigner-Wilkins ap-
proach) allows to obtain good results.

Moreover, using simple models makes the correlation with experiments
much easier. The "calculational package" which is used as a design tool and
which consists of a combination of cross sections and approximate methods,
is adjusted during the course of time to make its predictions consistent
with the experimental results, especially those deriving from operating
power reactors of the same type one is interested in. This adjustment is a

semi-empirical procedure: it requires a good physical understanding of the
phenomena one is describing, it involves the quantities that most readily
influence the quantity that one wants to change, and in most cases it is ap-
plied to those factors that, from the status of the basic data, or from the
uncertainties in the calculational procedures involved, are likely to pre-
sent the largest error. However, it is to a large extent a subjective pro-
cedure.

Conversely, when one obtains a good result, it is quite likely that
this is dut: to a compensation of errors. Improvement in just one of the
factors, for instance a cross section, is likely to remove this compensation
and therefore to worsen the final result. Improvement in everything (geome-
trical description, nuclear data and theoretical models) is possible only to
a limited extent, since an "absolute" method is practically impossible, as
we have seen, and inevitable steps of the calculation, like homogeneization
and synthesis, introduce in any case uncertainties and errors that are dif-
ficult to evaluate.

Quoting from 111, "....the overall goal is to achieve reliable predic-
tive capability. The reliability of the predictive capability can be tested
by comparing calculated parameters with measured parameters. As long as the
reactor behavior can be predicted to within acceptable accuracies using a
particular combination of cross sect-ions and approximate models, there is
no real incentive -to change the cross sections or any other aspect of the
tool In any svent, when looking for the best way to improve the accura-
cy of some given calculated reactor parameters, the reactor designer most
often takes the pragmatic engineering approach of semi-empirical adjustments
based on measured reactor parameters".

Actually, the precision which is obtained today with current design
tools for light water reactors is often better than the precision that could
be expected from the uncertainties in nuclear data alone. The most striking
example is the K-eff, which is predicted in most cases to better than 1%,
while there is a discrepancy (or at least there _was until a couple of years
ago, now it seems to be disappearing) in the V values (to which K-eff is
proportional) of 2.5%!

After all we have said in favour of semi-empirical methods, why go to
the much more complicated methods based on detailed differential data infor-
mation and on sophisticated calculational codes?

Well, there are several reasons for which, at least in some cases, such
a move can be judicious and even necessary.

The amount and detail of good differential information on the nuclear
data, and their careful evaluation provide now a data base that, if not ade-
quate, is certainly much better than it used to be. Very large computers at
reasonable costs allow to use a detailed geometric representation and methods



that introduce a minimum of approximations. It is certainly now possible, for
instance, to represent a fuel element, or a few fuel elements, in two dimen-
sions, in full detail, with each individual fuel pin, and to perform on it
Montecarlo calculations that use a continuous energy representation and the-
refore essentially all the information contained in the original data files.
These calculations are not used directly for reactor design, but they are
very useful in calibrating design tools, and in providing a reference (like
a simulated experiment) against which to compare and adjust the results of
more cursory calculations.

But there are other reasons that push towards morn basic methods. One
is to be able to extrapolate the calculations to situations for which there
is no direct experimental evidence. For instance, the conditions that would
be met in case of accident are difficult, or impossible, to reproduce in an
experiment, and one has to rely heavily on calculations. If the calculatio-
nal method was adjusted to results obtained in rather different conditions
and this was obtained by some compensation of errors, this compensation may
disappear and results be off the mark in the case of the accident. Other si-
tuations that are difficult to reproduce experimentally in advance may be a
substantial increase in burn-up, or the isotopic composition of the fuel de-
riving from successive recyclings, or the inclusion of transplutonium elem-
ents etc.

Even apart from the impossibility of having a direct experimental check
of a result, there is need to acquire credibility in front of an increasing-
ly demanding public opinion; as long as it is not possible to reproduce with
basic methods, and without adjustments, the experimental results, it is dif-
ficult to convince the public of any conclusion one draws from the calcula-
tions.

But the recent development that is likely to stimulate a growth of rath-
er basic methods and a new attention to basic data for thermal reactors is
somehow a combination of the semi-empirical and the basic approaches, and it
follows a route that is now customary for fast reactor calculations. This
approach, that we will discuss in some detail for thermal reactors later,
consists in using a "basic" approach to calculate the integral quantities of
interest, then in making a sensitivity analysis of these results to the nu-
clear data used, that is calculating the variations of the integral quantity
per unit relative variations of the starting data. When one compares the
calculated results with experimental results, one is then able to introduce
corrections in the nuclear data, that are consistent with the differential
information and at the same time allow to calculate the integral quantities
with the required accuracy. If this is correctly done, compensating errors
are hopefully avoided. In thermal reactors this approach is more difficult
than in fast reactors, because in fast reactors the effects of calculations
are more readily separated from the effects of nuclear data, and it is pos-
sible to use calculational methods that introduce no appreciable uncertain-
ties. For thermal reactors this is more difficult, and a systematic approach
of this kind is being attempted now for the first time: in this way the ad-
justment procedure would be applied without introducing new ambiguities, at
least for those reference calculations using sophisticated methods that we
have mentioned, and that can in turn be employed to calibrate much simpler
methods that can be used for the current design or operational requirements.

3. DIFFERENTIAL NUCLEAR DATA: THE MAINSTREAM

What cross sections and other nuclear data are necessary to calculate
thermal reactors? Some of them are quite obvious. For instance, if one
thinks of the k-eff based on the four-factor formula:

e " ha. 1 + L2 B2

v is essential, especially for U-235 at thermal energies; for Pu-239 it is
equally important in case of plutonium recycle (where also Pu-241 plays a
role), otherwise is less fundamental but still important, for the plutonium
which is bred during the fuel cycle (and which accounts, at equilibrium,
for not much less than one-half of the fissions). The non-thermal fissions
are less important, so that it would be sufficient to know V at higher
energies with less precision (however, better data than needed here are
available as a consequence of fast reactor programmes). Relatively small
contributions come from the fast fission of U-238 (or Pu-240): £ is likely
to be not more than 1.03. Even smaller are the contributions from fissions
in nuclei heavier than Pu-241. The absorption cross section, which in the
classical four-factor formula is related only to thermal neutrons, involves
the fissile isotopes, U-238, the moderator and the structural materials,
p is based on the detailed resonance structure of U-238, and on the modera-
ting power (hence scattering cross section) of the medium. The Fermi age T
depends on the slowing-down properties of the moderator (elastic and in-
elastic scattering) and on the diffusion coefficient (total cross section
and differential scattering cross sections). The diffusion length L depends
on the thermal absorption cross sections of all the nuclides present, and
on the diffusion coefficient. While the dependence of k^ on the four fac-
tors is straight-forward, the dependence of K-eff on the leakage terms in-
cludes the buckling: for large reactors, like a commercial power station,
the contribution of leakage is much less relevant than, for instance, in
most critical or subcritical experiments, including those that may have
been used in the design of the plant.

Of course, when one goes from the simple four-factor formula to more
sophisticated and more realistic representations, the situation becomes
more complicated. The same applies when one introduces many features that
are not contained explicitely there (for instance control) and even more
when one looks at quantities other than the reactivity or the neutron bal-
ance (e.g. power distribution, shielding, decay heat, isotopic composition
of fuel...). Table 3 gives a very partial survey of nuclear data of inter-
est for the different materials used in a thermal reactor, with indication
of some applications, and is meant only as examplification.

For instance, a detailed knowledge of the spectrum requires the know-
ledge of elastic and inelastic scattering and the scattering matrix, or the
energy distribution of the scattered neutrons; in the thermal energy range,
one meets the problem of scattering from bound nuclei, and therefore of the
scattering kernels (and of low-energy inelastic scattering). Calculation of
the diffusion coefficient (or of the transport cross section) involves a
separate knowledge of the total and scattering cross sections and of the
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mean cosine of the scattering angle : the determination
neutron fluxes.

of the life of the reactor components exposed to high

D =
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or more detailed data on the differential neutron scattering when transport
rather than diffusion is used.

The fission yields and the capture cross sections of the fission prod-
ucts are necessary in order to evaluate the changes of reactivity with
burn-up. Yield and decay data for the fission products are required for the
evaluation of the decay heat, which is the basis for the design of the
emergency core cooling system and the study of the most troublesome accid-
ents. Data on the fission products and on the heavier elements are required
in order to predict the composition of the fuel at discharge and for the
interpretation of the post-irradiation measurements (including the gamma-
scanning that is now often routinely performad by the utilities on the fuel
elements) in terms of burn-up and other quantities of interest to the reac-
tor operator. Cross sections of the control elements (be it boron, or gado-
linium, or europium, or the silver-indium-cadmium mixture) are necessary
not only to evaluate the controlled reactivity, but in many cases in order
to predict the burn-up of the control rod (which is often found to be im-
portant, as it sets a limit to the useful life of the control element and
it may introduce axial non-uniformities) and, for burnable poisons like ga-
dolinium, to predict or to follow the changes in their isotopic composition.

Delayed neutron fractions are important, together with other delayed
neutron data, in determining the kinetik parameters - especially (S-ef f "
that are needed for operation and safety, and also for the interpretation
of critical experiments.

Some other data may be less obvious, or relevant for problems less
frequently associated with reactor physics. For instance, the prompt neu-
tron lifetime (which depends on a combination of cross sections) is not im-
portant for most cases of kinetic behaviour including accidents, but is im-
portant for the interpretation of reactor noise data, which are becoming a
very useful tool for reactor control. ( Y,n) reactions in deuterium, and
the characteristics of high-energy gamma emission from fission products,
determine the photo-neutron emission in heavy water reactors, which is an
important contribution to the delayed neutron yield.

Special cross sections are connected with shielding calculations:
first of all the cross section minima, in particular those deriving from
the interference between potential and reaction scattering just below reso-
nances, which have a great importance in determining the deep penetration
of neutrons in non-hydrogenous shields; the small-angle neutron scattering,
important for both deep penetration and leakage in gaps; the (n,y ) and
(n,n') cross sections, together with the spectrum of the emitted gammas
(which is not important for core physics) determine the source of secondary
gammas that are essential for shielding calculations.

The damage cross sections, which are related to the scattering cross
sections and to the displacement model in the material, are necessary for

Some apparently unimportant cross sections may play an important role
in other cases: for instance, the large (n,a) cross section for thermal
neutrons in the radioactive nuclide Ni-59 (which is in turn generated by
thermal neutron capture in natural Ni-58) is responsible for the helium
formation in stainless steel exposed to intense thermal neutron fluxes,
which can lead to dangerous swelling phenomena. The spontaneous fission of
transplutonium isotopes may lead to problems in the transportation cf high-
exposure fuel, where the transport flask has to be designed for neutron
shielding in addition to the usual gamma shielding.

Some nuclear data, finally, are hidden behind the measurements and
they may be very important, although one is often not aware of that. A
striking example is supplied by the half-life of fissile isotopes, like
Pu-239. Although this would not seem to be directly related to practical
applications, actually the thin samples of Pu-239 that are used in the mea-
surements of fission cross sections are calibrated by counting the alpha
particles they emit. The ratio between alpha emission and the number of
Plutonium atoms ia the sample is the decay constant:

N X H.'Pu

and the uncertainties in the half-life are directly transferred as uncer-
tainties in the measured fission cross sections!

Some other data of interest involve for instance the detectors: both
detectors such as beta-emitters and miniature fission chambers that are
used to monitor in a continuous way the neutron flux distribution in a
power reactor (and for which the evaluation of the response depends on the
progressive depletion), and the activation detectors used to monitor flu-
ence and to obtain information on the neutron spectrum, for instance m
the surveillance of the damage produced by the neutrons in the pressure
vessel.

Some other examples of nuclear data of interest can be inferred by
looking at the list of quantities contained in CINDA /3/ (see Table 4).

If it is not easy to set up a complete list of the cross sections and
other data that are needed, it is much more difficult to determine the ac-
curacy with which these quantities should be known, and even more diffi-
cult to determine the detail in energy definition (and in the case of scat-
tering also of angle) which is really needed or usable.

As concerns the energy representation, let us consider as an example
the neutron capture in U-238. Two extremes, that are very far from each
other, can be considered. Above, say, 0.6 eV it may be sufficient to give
the resonance integral, which we have previously defined, and its self-
shielding factor, as in the well-known narrow resonance approximation:

RI,,. » a * b . -
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where S is the surface of the fuel, H is its mass, and a and b are tempera-
ture-dependent coefficients. This of course implies that the slowing-down
spectrum is 1/E and that the self-shielding resulting from all the resonan-
ces can be well represented by a single expression of this type. At the
other extreme, one can supply a detailed description over the whole energy
range, for instance by giving all the resonance parameters. There are many
hundreds resonances for U-238 in the region of interest. Table 5, taken
from reference /4/, lists the most important ones (but by no means all of
them!) in the energy region above 20 eV.

There are of course intermediate solutions. For the example that we
have just mentioned, for instance, it may be a good compromise (and it is
often used) to treat separately the most important resonance at about 6 eV
(or, in some more sophisticated approaches, the 5 or 6 large resonances
below about 20 eV); to lump together all the other resonances up to 200 KeV
in a resonance integral (since in this energy region the hydrogen cross
section is practically constant, and in a large reactor the spectrum is
therefore 1/E with good approximation; a single formulation for the reso-
nance self-shielding in this region is acceptable if one excludes the 6 eV
resonance); and finally to consider the region above 200 KeV as a single
energy group, where self-shielding and Doppler broadening play a minor
role. The resonance integrals below and above 200 KeV are generally obtai-
ned from the energy-dependent data, and in particular from the resonance
parameters, but they are then adjusted to the results of integral measure-
ments: so that pushing the detail of the description too far (as identify-
ing the individual small resonances that barely emerge from the background
and that are not even considered in Table 5, rather than smoothing them out
in the background) is really inessential and may even be a source of casual
errors, as any other large scale complication in the calculations.

There are three sources of basic information on the cross sections:
the detailed measurements as a function of energy, generally carried out by
means of accelerators; theoretical calculations based on nuclear models;
and integral experiments.

"Differential" measurements of neutron cross sections as a function of
energy are generally carried out by means of accelerators; the use of reac-
tor neutrons, by extracting a collimated beam and either using a crystal
monocromator or obtaining a pulsed beam by means of a mechanical chopper,
has very much decreased in the latter times, at least for this kind of mea-
surements, because of competition from accelerator sources. Accelerator
experiments can use either monocromatic neutrons or a neutron pulse and a
time-of-flight technique; the second option is today more popular, although
monocromatic measurements still account for nearly one half of the experim-
ents.

In these notes I will not discuss the various methods and techniques
which are used in the measurements of nuclear data important for reactors;
this subject is well covered in the literature, and progress and new ideas
are reviewed in frequent international conferences.
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In addition to a good neutron source, and to an appropriate instrumen-
tation, a great deal of know-how and of patient drudging is required to ob-
tain really good results. Systematic errors lurk everywhere: in the detec-
tor and its response variable with energy and angle; in the possibility of
multiple events in the sample or in the detector; in the composition and
the purity of the sample itself; in the selection and use of standards; in
the determination of the background and of all the possible sources of spu-
rious signals; and in a thousand other tricks that are familiar only to the
addicts to this art.

This explains why the measurements of neutron data is a very special-
ized, and often little rewarding, job that is carried out for the most part
in a few, single-purpose laboratories that are part of the national insti-
tutions in charge of reactor development: Oak Ridge, Argonne, Harwell, Geel
and a few others. Useful results, particularly for special types of cross
sections, come occasionally from other laboratories, of a more academic or
purely scientific nature, but they do certainly not make up for the main-
stream of the data.

Theory cannot replace experiments, but it's a very effective and useful
support and complement to the measurements. The reason for which it cannot
replace experiments is that basic principles (like the two-nucleon interac-
tion or meson theories) cannot be extended beyond three nucleons, except to
identify some basic properties of nuclear forces and nuclear states. Theory
has therefore to be based on models, which are nothing but semi-empirical
methods: intuitions that have to be verified and adjusted against the re-
sults of experiments. For example, the Breit-Wigner formula describes very
well the energy dependence of the cross section in proximity of a resonance,
but the resonance energy and the resonance widths have to be supplied from
experiment. In the thermal region, which is the most important for thermal
reactors, theory explains the 1/v behaviour of the cross section or its de-
viation from it; but again, experimental data either at thermal energies or
throughout the vhole resonance region are necessary. At higher energies,
statistical th"> ,ries predict average quantities for level spacings and lev-
el widths, .ad the optical model supplies a prediction of the gross beha-
viour of '.ue cross sections; but without experiments, the accuracy of these
predictions is scarce and difficult to assess. Only potential scattering
can be calculated with good accuracy in the absence of experimental evi-
dence. The situation is quite different from the one relative to the elec-
tromagnetic interaction of gammas, where the Klein-Nishina formula allows
the cross sections of elements that have never been observed experimen-
tally to be calculated with extremely good accuracy.
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For neutrons, therefore, theory is a valid tool only in conjunction
with experiment. The Breit-Wigner formula is of invaluable help in fitting
experimental data for a resonance. Multi-level Breit-Wigner or superposi-
tion of resonances are used to fit data in the thermal region. When one
has a sound theoretical basis to assign a shape to a cross section and
therefore a fitting expression for the experimental points, this is of very
great help, since each experimental point does no longer have to be treated
separately, and the existence of a strong correlation among the various
points greatly reduces the errors. Statistical theory allows the extrapola-
tion to the regions of unresolved resonances of the behaviour observed in
the resolved resonance region.

Theory can be used, and is currently used, to predict cross sections
that are not known from experiment. For instance, trans-plutonium nuclides,
for which very few experimental data exist, or fission products, for which
measurements are very difficult because of the high radioactivity, often
depend on calculations for their cross sections. In these cases, all the
information available for neighbouring or otherwise similar nuclei is used
in order to deduce the parameters to be put into the calculations, so that
also in this case theory performs some sort of interpolation or extrapola-
tion of experimental results. This procedure is likely to supply reasonably
accurate results at energies above a few KeV or tens of KeV, where individ-
ual, isolated resonances are not dominant. Below that, at least a rough in-
tegral measurement for the nuclide being considered is needed.

Finally, a very important field of application for theory is the eval-
uation of cross sections. Theory is a fundamental tool in assessing the
consistency of a particular set of data, in deciding a discrepancy, in
supplying a means of putting together different experimental data, in de-
ciding the shape of an evaluated cross section curve, in interpolating and
filling up gaps, and in assessing the errors to be attributed to the data.

Integral experiments will be discussed in subsequent lectures.

4. INFORMATION ON NUCLEAR DATA

Putting together the information on nuclear data is a difficult job;
finding one's way through it is even worse. Many helps are fortunately sup-
plied for doing that.

First, the international compilation of the literature concerning
measurements, calculation and evaluation of nutron data: CINDA (Computer
Index of Neutron DAta). CINDA is prepared by the four regional data cen-
tres: the USA National Neutron Cross Section Centre at Brookhaven National
Laboratory, USA, serving the United States and Canada; the USSR Nuclear Da-
ta Centre at the Fiziko-Energeticeskij Institut Obninsk, serving the USSR;
the NEA Neutron Data Compilation Centre (now part of the Nuclear Data Bank)
of the OECD at Saclay, France, serving the OECD countries of Western Europe
and Japan; and the IAEA Nuclear Data Section at Vienna, Austria, serving
all other countries. These centres review the literature from their area,
and compile the relative CINDA entries which are put together and published

every two years (with updatings in-between) by the IAEA. The data files on
this literature are stored in magnetic supports, they are computer maintai-
ned and can be selectively retrieved. Each entry contains the information
necessary to identify the original contributions and some key indication as
to their content.

The main problem is generally not the scarcity of data, but rather
their abundance. CINDA contains some hundred thousand entries altogether.
For instance, only the nu-bar value for U-235 includes over 300 references!
If one wants the data actually measured for each cross section, these are
compiled in a convenient format called EXFOR and are available from the
four data centres on magnetic tapes; one can retrieve selectively the infor-
mation by indicating the isotope, the type of cross section, the time-span
to be considered etc.

If a country (not a single person) is not satisfied with the status of
measurements for a particular cross section, it may request that a new meas-
urement is made. The requests are compiled in a World REquest list fon Neu-
tron DAta (WRENDA) which is compiled and periodically published by the IAEA.
The request must specify the nuclide, the type of cross section, the energy
range, the required accuracy, the priority assigned to the measurement, the
reason for the request and some background information (for instance, pres-
ent accuracy, existence of discrepancies, etc.). The priority can be 1, 2
or 3, according to rather stringent definition connected with the national
programmes.

Entering a request in WRENDA does of course not mean that one will get
the answer. There is no money available for WRENDA; the prospective mersu-
rer must find his financial support elsewhere. But people who make measure-
ments with a certain technique usually look up WRENDA to see what data are
most required, and, other conditions being equal, start measuring high pri-
ority data rather than cross sections that do not seem to interest anybody;
this is, provided that the measurer can meet the accuracy requirements and
that he is interested in applications at all. These are tro more reasons why
most of the measurements of interest in this context are carried out at spe-
cialized national laboratories, as we have mentioned before. First priority
requests--should be screened very accurately; in the present edition of CINDA
their number tends-to. J>e too large to allow identification of the real key
problems that still have "t'o~&a-splved. It is understood, moreover, that a
country entering a first priority""r£s}aast^ into WRENDA should make at least
an attempt to satisfy it at home (provided~~Eiie-nee_essary installations are
available). """""' ——-_

All this concerns the basic data that are measured. The next important—.
step is the evaluation. The need for evaluation derives from the fact that
there are many measurements for the same quantity, that the results of
these measurements differ, that they are affected by errors of different
nature (random and systematic) and that there are very often large discrep-
ancies among the measurements: that is, their result differ by an amount
larger (some times much larger) than the quoted errors. If the errors were
all of statistical nature, and if one could trust the error assignments
given by the authors, if there were no major discrepancies... well, things
would be simpler, and evaluation could be a straightforward procedure (a
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weighted mean of the data with some interpolation) . Since this is generally
not the case, evaluation is a very difficult job, and something of an art.
The evaluator must have a good appreciation of the experimental techniques,
the causes of errors, the standards that have been used. He generally makes
use of theoretical models for the interpolation of results, the fitting to
a theoretically predicted shape, the identification of possible inconsisten-
cies. At the end, he often has to rely on his judgement for some selection
of data or bias factors that always involve some subjective criteria.

Evaluated data are collected in evaluated nuclear data files. For in-
stance, the ENDF/A in the US contains a collection of evaluations: for each
nuclide and cross section type there is generally more than one evaluation,
and the results of course differ. Actually, there may be a discrepancy
among different evaluations, which may not be easy to resolve. In some
cases, just as discrepancies among measurements stimulate evaluations, dis-
crepancies among evaluations stimulate new measurements, that should solve
this doubt. It is a cyclic process, that hopefully should converge at some
point! It is however not sure that a new measurement will solve a dis-
crepancy; it has been observed sometime that the cases for which there are
fewer problems are those for which few measurements have been done, and
large errors are present: it is then relatively easy to find values that
are consistent with the quoted results and their uncertainties! Improvement
in accuracy often gives rise to discrepancies. An example of this type, of
interest for thermal reactors, is given in /7/.

Finally, the reactor physicist has to use only one set of data for his
calculations; and although he may sometime try several sets of evaluated
data and finally choose the one that is in better agreement with the results
of integral experiments that are similar to the system he wants to calcul-
ate, he more often prefers to start from just one evaluation, if he is
going to use differential data at all. Therefore, a number of files contain-
ning as a rule only one set of evaluated data for each material and cross
section type have been set up: the ENDF/B file in the United States, the
UKNDL (United Kingdom Nuclear Data Library), the KEDAK library set up at
Karlsruhe in Germany, the JAERI library in Japan, the SOCRATOR files in the
USSR. The ENDF/B is the most comprehensive and complete (as number of mate-
rials and type of data covered) and is probably the most widely used on a
world scale; in the following, we shall refer only to this library, al-
though the other libraries are also widely used, and in some cases may con-
tain more or better information than ENDF/B. Moreover, the ENDF/B files are
not completely and freely available; only the "standard" cross sections and
the "special application" files (containing for example the dosimetry cross
sections) are not subject to restrictions in distribution.

One of the recent advances in ENDF/B is the inclusion of the estimated
errors in the cross sections and of the presumable correlations among these
errors (the so-called "covariance files"). This subject will be briefly
discussed under point 6.

As I mentioned earlier, the approach to calculate thermal reactors
starting from basic data has not been applied very often, nor very luckily,
in the past. Be it an effect or a cause of this fact, evaluated nuclear
data files have not performed well in the past when applied to thermal reac-

tor problems; only a number of data for particular applications were direc-
tly derived from the files, the others were generally deduced from ad hoc
evaluations, integral experiments, empirical adjustments and so on. Special
evaluations of the thermal cross sections of key materials, especially the
fissile isotopes, have however been performed, taking into account all the
available information. This effort is discussed, for instance, in 111 and
/8/. These limited, point-wise evaluations have been up to now more useful
than the complete data files in putting thermal reactor calculations on a
firmer, more fundamental basis. The new developments I have mentioned in
point 2. are pushing towards evaluated files that perform better for ther-
mal reactors: it is hoped that the next version of ENDF/B (version 5) will
be applicable with the same type of accuracy to all kinds of reactors.
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5. NUCLEAR DATA PROCESSING

Actual calculations for the design or operation of power reactors that
take into account the variety of geometries and materials, are performed by
using very few energy groups - typically between 2 and 8. If one wants to
start from basic data, how is the transition made from the essentially con-
tinuous energy representation in the nuclear data files (based on hundreds
or thousands of energy points and resonance parameters and the relative in-
terpolation laws) to the few-group cross sections?

This process of "condensation" is generally accomplished in at least
two steps: the first from the energy representation of the data file to
about 100 groups (the "fine" or "narrow" groups); the second, from the fine
groups to the final few groups (the "broad" or "coarse" groups) . Each of
these steps can be (and often is) further subdivided (as we shall see for
instance in the case of the "ultrafine" group structure generated by MC2).
Here we shall concern ourselves only with the first part of the condensa-
tion, from the files to the fine groups. The further condensation will be
dealt with elsewhere /11.12/.
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The principle of condensation is to calculate a group cross section in
the energy interval E. f E._. by averaging over the neutron flux energy
distribution tt>(E): J J~

E.
o(E) dE

This definition conservers the reaction rate. However, it is not the
only one possible. For instance, bilinear averaging over <j>(E)<tt(E) where
<t>t(E) is the importance or adjoint flux, conserves reactivity:

E.J-l
o(E) dE

•E.

E.
*t(E) dE

Although this weighting can be more appropriate for some kinetics or
dynamics calculations (and other kinds of weighting could be envisaged to
conserve other integral quantities) we shall confine ourselves in the fol-
lowing to straightforward flux averaging. This is actually the only proce-
dure that is followed in the first part of the condensation, where a dis-
tinction of this kind is hardly meaningful, since at this level of detail
(i.e. within one fine group) the adjoint flux can be considered as con-
stant. The average over $(E) is by far the most common procedure even in
the second part of the condensation.

For the transport cross section, however, the average is performed on
the reciprocal of the cross section (i.e. on the mean free path) rather
than on the cross section itself:

(otr(E)} dE
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<KE) dE

This conserves the leakage term in the diffusion equation.

One has three possibilities for the flux spectrum if(E) to be used in
the weighting procedure:
(1) : use a pre-determined spectrum, obtained from other calculations, from
experiment, or from a priori assumptions on the overall neutron energy dis-
tribution in a reactor of a given type;
(2) : perform a spectrum calculation specific to the composition being in-
vestigated at the same type of the cross section averaging procedure;
(3) : use a "flexible" representation, that will be explained a little fur-
ther.

In principle, <f(E) varies from point to point in the reactor, and one
would have group cross sections that also vary from point to point. At
least at the fine group level, this would be absolutely impossible to take
into account, so that averaging over energy is performed after a first
rough averaging over space (or assuming the energy spectrum to be constant
over space, which amounts to the same). In the most sophisticated calcula-
tions, a few regions with different average compositions are identified in
the reactor, and for each region (e.g. core, reflector, shield) one con-
siders an average composition, obtained by uniformly distributing (homoge-
nizing) all the materials within this region.

The neutron spectrum has two kinds of variations with energy. The
first is the "gross" variation with energy, that depends mostly on the
moderating power of the medium. The second is a "fine" variation, that is
due to the presence of the resonances, i.e. small energy regions in which
the probability of scattering or absorption is very high. The various meth-
ods used to process the nuclear data differ mostly for the way of dealing
with the fine variation of the spectrum; the gross variation is easier to
manage and much less important in generating the narrow group cross sec-
tions (although it becomes a major factor in the following step of conden-
sation) .

We shall briefly discuss here three of the most recent cross-section
processing codes developed in the United Stated that start from the ENDF/B
data files: the ET0E/MC2-2/SDX chain originating from Argonne; the MINX/
SPHINX (now NJOY) system developed at Los Alamos; and the AMPX modular sys-
tem from Oak Ridge. We will make use of a presentation and comparison of
these codes made by Greene /13/ and of the results of a Seminar on Nu-
clear Data Processing Codes held at Ispra at the end of 1973 /14/.

All these codes have been used in the past for fast reactors, for
shielding and for other applications different from thermal reactors, and
(except perhaps for AMPX) their original formulation did not allow the con-
sideration of thermal neutron reactor problems, at least in any detail (for
instance, MCZ did not allow to consider hydrogen as a moderator) . The situ-
ation is rapidly changing, and all these code systems have been, or are
being, revised to include full capability of dealing with thermal reactor
situations. These codes are therefore going to effectively represent valid
tools for introducing basic data into thermal reactor calculations, even if
some improvements will probably be necessary after the impact with actual
power reactor problems. The code systems we have mentioned supersede pre-
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vious codes like ETOX, FLANGE-II, IDX, SUPERTOG and GAM-II, and their much
greater flexibility should allow narrow group cross sections to be genera-
ted for any thermal reactor application.

In the MC2-2 chain, a preprocessor (EIOE) is used to generate an ul-
trafine (" 2000 groups) library; at this stage, a constant weight is used,
since cross sections are practically constant (and therefore composition-
independent) within such narrow energy intervals. For nuclides with masses
less than about 100 (where only few, very broad resonances exist) the cross
sections are pre-processed into "smooth" data. The energy distributions of
the scattered neutrons are transformed into tabulations.

In MINX/SPHINX (or NJOY), all the cross sections and resonance para-
meter data are converted into tabular cross section sets that are linear in
energy. The user can specify a tolerance for this fit. This linearization
simplifies the following calculational routines.

AMPX processes directly the ENDF/B libraries, using also some fitting
procedures for secondary neutron spectra etc.

In ENDF/B, resolved resonances can be represented in 5 ways:
(1) Single level Breit-Wigner parameters (SLBW)
(2) Multilevel Breit-Wigner parameters (MLBW)
(3) Adler-Adler parameters (A-A)
(4) Reich-Moore parameters (R-M)
(5) Tabulated points.

In some cases, the parameters will be augmented by "background" tabu-
lations.

The various codes can use various of these forms. In the MCz-2 chain,
for instance, all five forms can be used; but (2) and (4) are transformed
into (3). The SDX code uses the narrow resonance approximation, and it con-
siders, for each resonance, the interference terms due to the 4 neighbour-
ing resonances on each side. For low energy applications, where the narrow
resonance approach can be invalid, a general integral transport calculation
can be used. This option can be particularly interesting for thermal reac-
tor applications.

We have mentioned before the three ways of obtaining the spectrum to
be introduced into the cross-section averaging procedure. Our three code
systems examplify each of these approaches. The AMPX systira uses a pre-de-
tertnined spectrum, which may be selected among given analytical forms with
some options (for instance on how to treat narrow resonances) or can be
given numerically (and it may be in that case the result of a separate cal-
culation) .

MC -2 calculates the spectrum for each composition; this spectrum is
calculated in the ultrafine group mode by using Bn theory. It includes
elastic and inelastic scattering and (n,2n) reactions explicitely, and it
is the most complete and correct way of calculating the spectrum.

MINX (NJOY) uses the flexible approach, which is based on the concept
of the Bondarenko self-shielding factors. This concept is very useful and is
receiving increasing favour, because it allows to arrive to narrow group
cross sections (and even to broad group cross sections) that are valid for a
large range of compositions. I shall therefore digress here for a moment to
recall the fundamentals of the Bondarenko formalism in its original formula-
tion, which is well-known to most fast reactor physicist but much less so to
people who have only worked on thermal reactors.

The neutron s^ctrum is assumed to be the product of a gross distribu-
tion *°(E) by a fine distribution f(E). The choice of the "gross" spectrum
(i.e. the overall slow variation with energy) has limited importance at this
stage: MINX, for instance, allows the option among several common analytical
forms. The fine distribution, f(E), is assumed to be proportional to the re-
ciprocal of the total macroscopic cross section in the medium, I (E):

This is the same as assuming a constant collision density within the
fine energy group. Such as an assumption is well verified as long as in this
energy range the macroscopic absorption cross section is much smaller than
the corresponding scattering cross section, or, if it is larger, the energy
interval in which this happens (the resonance width) is much smaller than
the average energy loss for elastic scattering (narrow resonance approx-
imation) . Even if this is not true, the errors thus introduced are in most
cases very small.

Since <|>°(E) within a group varies practically as 1/E,

*°(E) E 1/lET.^E)}

and by introducing the lethargy u - In E°/E, du/dE - 1/E,

$(E) = l/rt(u)

The average cross section of type x for material m will then be:

u.

( 1

du

du
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One then considers the "infinite dilution cross section", that is the
cross section one would have if the total cross section were constant over
the energy group:

•Ji
om(u) du

11< _

di

x,i 0 m u
x«>.• f* 1 d
' „}_£<»> + % i "

A distinction is made in I (u) between the contribution of material m
and that of all the other materials. One defines the "background" cross
section o^u)o

nftn

as the total cross section of all other materials present per nucleus of
material m. Since:

(u) = om(u)

one can write:

du

m 1-1a . -
x,i u.

• du

Finally, we assume that ora(u) is constant within the fine group (in
this way we neglect the possible superpositions of resonances of material m
with those of other materials present in the medium):

One can then write:

<Au)

mo .
X,l

f . a
X, 1 X™,1
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where the self-shielding factor fm . is defined as:

In this way, the cross section for a given material in a given energy
group is obtained from an infinite-dilution cross section, which can be
calculated just once, and a shielding factor that depends on the medium,
but only through the background cross section; it is therefore sufficient
to tabulate the self-shielding factor as a function of 0o. Although this
dependence is not linear, very few data in the table are sufficient to ob-
tain f with reasonable accuracy by interpolation. It should be noted that
these factors also depend on temperature through Doppler broadening of the
resonances, so that the tabulation must also include temperature; but in
the range of interest, this dependence is again very smooth and easy to
take into account by interpolation.

The Bondarenko method has the advantage that group cross sections (to-
gether with self-shielding factors) are calculated just once, and the cal-
culation does not have to be repeated for each composition.

MINX calculates tables of Bondarenko factors for several
cross sections by averaging in a selected group structure.

background

AMPX has a number of possible methods to calculate the average cross
sections over resolved resonances, including an integration scheme with 4C0
or 500 energy points for each resonance. Unresolved resonances are calcula-
ted more or less in the same way by the different codes, by generating se-
quences of overlapping resonances from a statistical distribution of level
spacing and level widths.

Doppler broadening is calculated by integration (partly analytical and
partly - optionally - numerical).

Transfer matrices are the most time-consuming part of multigroup cross
section processing (apart maybe from resonance processing). In ENDF/B this
involves elastic scattering, up to 40 discrete levels of inelastic scatter-
ing, a variety of "inelastic" processes with reaction products other than
gammas, like (n,2n) etc. Each of these processes can be calculated indepen-
dently. In addition, thermal matrices can be determined.

As concerns thermal data, AMPX is the only code system among the three
that calculates thermal scattering matrices including upscatter terms. The
treatments it uses have been extensively used in the past for light water
reactor calculations. However, these treatments are very dependent on group
structure and mass. If one does not take these factors into account, one
may well end up with spurious results.



This short review of three of the most representative codes for cross
section processing is meant to give a feeling for the problems that will
arise when trying to apply them to thermal reactor problems, and also to
show the high degree of complexity of the whole procedure. It is probably
too early to derive any conclusions as to which approach may be more fruitful.
A detailed calculation of the slowing-down spectrum, as performed by MC^ - 2,
may be an unnecessary luxury; on the other hand, 100-200 group libraries gen-
erated in this way using an average composition, may be used without recalcu-
lating them for a large class of problems (fast reactor experience has shown
that only scattering cross sections of intermediate elements may have to be
recalculated more often; but will this be relevant for thermal reactors?).The
self-shielding factor approach featured by MINX (NJOY) is very flexible and
allows a quick generation of composition-dependent group cross sections. The
detailed treatment of the resolved resonances through an appropriate space-de-
pendent calculation (or collision probability method) may well be, on the oth-
er hand, the most important factor to look at when evaluating the various ap-
proaches.

To calculate sensitivity, one makes use of the generalized perturbation
theory as developed by Usachev 1151 and Gandini /16/.

In the. ZectwieA, tlie. puMLlplek o& ge.nenaJU.zed -importance, have. been
explained bottoming tliz phj&icat apptoack given by Leuiini 111/. The
ziciiting code* tluit altous csrfculctfion o& ietuiXivitieA in. 1 and 2
dmen&ioni, u&ing eXtlieA. disunion oi tnantpoA£,have bean mentioned.

Another important problem appears when one tries to consider the combin-
ed effect of uncertainties in several (or many) input data at the same time.
Straightforward summation of the effects is obviously out of the question,
because

would imply that all variations of the input data occur concurrently and in
the same direction. But also the RMS value:

6. SENSITIVITY TO NUCLEAR DATA AND ERRORS

Some of the questions that are met most frequently (and of the most dif-
ficult to answer) can often be reduced to the following form: how much will
an integral quantity, resulting from a calculation, change if I change one or
more of the input data?

Questions falling into this category are for instance the following:

what will be the uncertainty in the final result that I get (an integral
quantity such as the K-eff, the physical burn-up, the isotopic composi-
tion of the fuel at discharge, the temperature coefficient ) due to
the uncertainties in the nuclear data I hava used?

or the complementary ones:

- what is the accuracy I have to require for a given cross section (for
instance when entering a request in WRENDA) in order to obtain a certain
accuracy in the final results?

what may be the effect on reactivity, or on core life, of a certain tol-
erance admitted on fuel density, enrichment, etc.?

One could try to answer these questions by performing many different
calculations with different input data; however this is not only very time-
consuming (and expensive), but the result may be very difficult to extrapola-
te, since it is not easy to deduce differential effects by comparing the re-
sults of several very large calculations.

The answer to this type of question is given in its most synthetic and
useful form by a direct calculation of the sensitivity.

The definition of sensitivity is the following: if I is the integral
quantity of interest, and D the input data considered, the sensitivity of
I to D is the ratio of the relative variation occurring in I as a consequence
of a variation of D, to the relative variation of D itself:

I 'jl°0. D.J'

is a misleading indication, because it would assume independent (uncorrelated)
input data. Correlations among the different input data exist, and they have
to be taken into account.

Several types of correlations between cross section uncertainties are
possible: for the same cross section at different energies (and even here,
short, medium and long range correlations are sometime distinguished); for
different cross sections of the same nuclide (for instance when a scatter-
ing cross section is deduced as the difference between total and absorp-
tion cross sections); and finally between the cross sections of two
different nuclides, when one is measured with respect to the other. It is
extremely difficult to have reliable information on all these correlations,
and the problem of how to use this information consistently if it becomes
available is only now being understood.

Attempts to calculate the sensitivity of integral quantities to nuclear
data in thermal reactor calculations have not been tried (except for extre-
mely simple cases) until recently. The intricate maze of approximate methods,
semi-empirical cross sections, traditional bias factor presiding over the
great majority of thermal reactor calculations have up to now discouraged
the application of advanced sensitivity methods.

The first serious effort in this direction is the one recently carried
out by Oak Ridge for EPRI on the sensitivity of the U-238 capture to the va-
rious nuclear data in a thermal reactor benchmark experiment /18/. The results
indicate that sensitivity analysis methods can be applied to thermal reactors,
and that sensitivity profiles (or sensitivity coefficients as a function of
energy) can be used as guidelines in setting up a data base for thermal reac-
tors and eventually (as it is done for fast reactors) in adjusting the cross
sections /19/.
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7. INTEGRAL EXPERIMENTS: AN INTRODUCTION

By integral experiments we understand here those measurements that do
not refer to a single energy (or that do not directly yield a function of
energy) and that are generally carried out on multiplying systems. This is
not meant to be a precise definition, and there are experiments that one
would doubt whether to consider differential or integral according to this
definition: for instance, the time-of-flight measurement of the spectrum
of neutrons from a monoenergetic source that have propagated through a
thick layer of diffusive material. But our purpose here is not definition
or classification of integral experiments, but rather a discussion of some
of their main features and of their possible use.

Integral experiments can be seen in many ways. A first, rather common
distinction is made between "clean" experiments and "mock-up" experiments,
with a broad range in-between. Clean experiments arc those that try to in-
vestigate one single quantity (for instance a cross section) in a simple
environment, that is amenable to precise (and hopefully simple) calcula-
tions. The results of such measurements should have a rather general value,
and be applicable to a large class of reactor calculations; on the other
hand, they do not shed any light on the possible errors introduced by the
later stages of the calculation, those that take into account the actual
complexity of the real system.

Mock-up experiments are, of course, just the opposite: the simulation
of the actual system, in all its material and geometrical complexity, by an
experiment that tries to reproduce as closely as possible the conditions
of the system under study. Mock-up experiments give a more direct answer to
the designer, as their results give a check of all the sources of error at
the same time. However, ther *t no way of attributing the observed discre-
pancies to one or another step of the calculation (in particular, to sepa-
rate between uncertainties in the nuclear data and in the calculational
procedure). Therefore, it is not possible to extrapolate the conclusions
of mock-up experiments to systems that are quite different from the one re-
presented by the mock-up, and the probability of cancelling errors (that
would no longer cancel each other when the conditions are changed) is very
high.

Of course the best mock-up of a reactor is the reactor itself - and in
this sense, measurements on operating power reactors are a very important
source of information for designing reactors of a similar type. Unfortu-
nately, the priority which is given to electricity production in power
plants and the limited accessibility and adverse environment limit the type
and quantity of physics measurements that are actually carried out on power
reactors; moreover, the information is often considered as proprietory, and
it is only used by the utility running the reactor and/or the company that
produced the reactor. Some of the codes that are currently used by the ma-
jor companies for reactor design (which are also generally proprietory) are
heavily based on comparisons with or adjustments to unpublished results of
power reactor operation.

In the light of the theoretical assumptions and the calculational procedures
needed for the interpretation of even the "cleanest" experiments, the distinction

between "clean" and less clean (or'dirty"?) experiments is losing its popularity.
This distinction, moreover, seems to imply a value judgement which has little to
do with the actual usefulness of the experiments.

A concept which is becoming more widely used is that of "benchmark" experi-
ments. A benchmark experiment is an experiment that can be used to check nuclear
data and/or calculational methods; its main characteristic is that of being very
well documented, so that all the information for performing even sophisticated
calculations is available; and it is generally an experiment that is recommended
for the care that has been taken not only in performing, but also in documenting
it and in discussing the possible causes of errors and the corrections needed. A
benchmark can be very simple and "cleaa", but it may also be a complicated and
realistic situation (such as a critical condition in an actual power reactor)
that can be used to check the ultimate design methods.

One can also classify integral experiments on the basis of the quantity or
quantities that are being measured. However, this classification way sometime
be misleading, because very few quantities are actually measured directly; in
most cases these quantities are inferred from other measurements. For instance,
as we shall see later, material buckling derives in general from a combination
of power (or flux) distribution measurements and theoretical calculations; K-eff
or reactivity measurements may be calculated quantities based on measurements
of reactor periods or of the concentration of poison that makes a reactor just
critical. Interpretation of measurements, and the calculations that are necessa-
ry, introduce uncertainties that may well be important.

f
experiments in subcritical and in critical facilities. Subcritical facilities
require a source, which can be continuous or pulsed. Critical facilities can be
used with a uniform loading, or multizone loading, or have a number of hetero-
geneities. Tailored spectra, or substitution experiments, are very special ways
of using critical facilities. Shielding experiments often make up a class of
their own, and they are generally carried out by using a neutron source (most
often a reactor) and non-multiplying media.

It is important to have documentation on critical experiments. Sorting out
this information from nearly three decades of literature is not easily or quick-
ly done. Some compilations have therefore been provided to supply a quick list
of the experimental results and to reference the original literature. For light
water reactors, a very recent compilation /2O/ includes the data of previous
efforts /21, 22/ and gives a rather complete and updated screening of the situa-
tion. For heavy water lattices, a compilation has been maintained for several
years by the NEA (then ENEA) /23/, but was discontinued around 1970 so that it
is not uptodate (but not many experiments on heavy water lattices have been
carried out in recent years). Likewise discontinued was a compilation of neutron
spectra /24/. A further step that largely remains to be done is a selection of
experiments, so as to identify a set that is reliable, well-documented and that
at the same time covers very broadly the field (by compositions, geometries and
type of quantities measured): this would constitute a set of benchmarks of no
little use in validating nuclear data and calculational methods. The closest one
has come to such a collection is the ENDF data-testing benchmark set 1251. How-
ever, this selection is limited to US experiments, and only to experiments that
are adapted to data testing, and not to methods testing.
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8. SOME IMPORTANT INTEGRAL EXPERIMENTS

We shall discuss here a few important integral experiments, with no pre-
tension to completeness or detail,but mostly in order to show some of the main
problems (which are not always the most widely known) and to discuss some of
the present trends.

One of the most precise measurements in reactor physics is that of criti-
cality; this means that it is possible to determine that K-eff = 1 with an
accuracy of about one part in a million. Actually, the fact that one is able
to spot criticality with such a good precision does not imply that the experi-
ment itself is so precise. The uncertainties do not come from the k-eff, but
from the description of the critical configuration: the chemical, isotopic
and geometrical parameters describing the system are in general known less
accurately than the k-eff itself. If criticality is established by actually
reaching the condition k-eff * 1 in a critical facility, one must hav.i a way
of changing reactivity in a continuous way: for instance, by moving a control
rod, or by varying the level of the moderator, or by poisoning the moderator.
The reproducibility of an experiment, for instance involving the critical po-
sition of a control rod with shut-downs in-between is much worse than the ac-
curacy with which the condition k-eff = 1 is checked. Moreover, the introduc-
tion of control rods or (to a lesser extent) of variable moderator level or
poisoning introduce complications in the calculation that are fully justified
only when the purpose of the experiment is just to check such calculational
methods.

For these reasons, measurements of critical conditions obtained by ex-
trapolation from subcritical measurements have some justifications (in addi-
tion to being usual operational routines) even if they are much less accurate
(in terms of k-eff) than critical measurements: in this case it is possible
to keep the lattice very simple, without heterogeneities from control rods
and with essentially infinite reflectors. However, the usual inverse multipli-
cation technique introduces large extrapolation uncertainties unless the dis-
tribution of the source is close to the fundamental mode, or unless the system
itself is very close to criticality. The first condition is not practically
achievable, and the second can only be reached in a critical facility (because
of safety considerations) but then one has to introduce the complications of
control that one wanted to avoid. Sophisticated calculational techniques,
that take into account the contribution of the source to all the modes of the
flux distribution; are available today for the interpretation of approach-to-
critical measurements, but they are not often used.

If one wants to keep far away from criticality, material buckling measu-
rements by exponential or pulsed techniques in subcritical facilities have
been very popular in the past. For instance, the exponential measurements use
a flat continuous neutron source (like the face of a thermal column in a
reactor) and a lattice in which the fuel rods are perpendicular to the source
If diffusion theory is applicable and if the flux is separable in space and en-
ergy, at sufficient distance from the source the radial distribution approaches
a fundamental mode, and the flux is again separable in r and z. In these condi-
tions, one can write (in a simplified one-group representation):

dz

and

where

is the material buckling.

The experiments calls for the determination of the flux distribution along
the z-axis and of the radial buckling. Classically, this was done in either of
two ways:

determination of flux transverses <j>(r) for various values of z and their
fitting in the asymptotic zone with a single value of B

measurement of the flux distribution only along the z-axis,but correspond-
ing to several values of the number of rods in the lattice, and therefore
to different values of B^; hopefully, the results could be extrapolated to
an infinite number of roSs, and therefore to B = 0 .

Many drawbacks of the exponential method have shown up with time. First of
all, it has been shown that the experimental determination of B is practically
always less precise than a good calculation. Once the theoretical value of B
has been introduced into the experiment, it has been clear that the measurement
often did not add much to what one already knew,especially because of the limi-
ted validity of the assumption of separability between space and energy.

But the main limitation of the exponential experiments is that they can
hardly be applied to light water systams when the uranium has an enrichment in
the range of practical interest. -Since the system must be rather long in order
to reach asymptotic conditions, B - 0. If the system is to be subcritical, the
radial buckling must be greater tfian the material buckling. This gives a prac-
tical limitation of

B2 > 100 in"2

and the corresponding radius is smaller than 30 cm: not enough (when compared to
slowing down and diffusion lenght) to reach an equilibrium spectrum.

A detailed analysis carried out on exponential experiments in light water
lattices has therefore shown that there are often large errors associated with
their interpretation, and that if one wants to extract meaningful and precise
information from them one has to go through a re-interpretation based on sophis-
ticated methods that do not assume separability and that may also have to in-
troduce explicit transport effects; this is of course quite far from the orig-
inal simplicity of the exponential experiment that made up for a good part of
its appeal.
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Pulsed experiments (which are based on the setting up of an asymptotic
flux distribution corresponding to the fundamental mode some time after a
neutron burst has been introduced into the system) suffer of similar limi-
tations as concerns the space and especially the energy separability.

An exponential experiment requires less fuel than a critical, but in
most cases not very much less than a minimum critical. A way of performing
an experiment to find the material buckling (or related quantities) with a
limited quantity of special fuel (but enough of some standard fuel) is the
progressive substitution experiment, which is sometimes also called an "in-
ternal exponential" experiment. In a critical lattice of a standard compo-
sition, a (limited) number of standard fuel elements are progressively re-
placed by elements of the lattice under investigation. In the most common
case, the variations of the moderator level necessary to keep the system
critical are recorded, and they are used to infer the difference in buckling
between the two lattices. This technique is more precise when the characte-
ristics of the two lattices are similar. A very comprehensive review of
reactor physics experiments using a limited number of fuel rods was carried
out at a conference held at Ispra in 1969 /26/. Such techniques are partic-
ularly applicable to well-moderated, very heterogeneous lattices, such as
heavy water systems. Heterogeneous calculational methods (of the Feinberg-
Galanin type) have successfully been applied to the interpretation of these
experiments.

A special experiment that employs small quantities of test fuel and
that has recently experienced some revivals in different contexts, is the
null-reactivity method, first applied in the PCTR experiments at Hanford.
In this technique, one tries to realize the condition K *= 1 by poisoning
a test cell. In order to allow a simple interpretation of the experiment,
this neutron flux must approach equilibrium conditions in both space and
energy at the boundary of the test cell. The condition K » 1 is then
easily checked, because by replacing the test cell (in the"centre of the
reactor) by a void zone there is no observable effect on the neutron mul-
tiplication. This check is often done by means of an oscillator. The out-
put of the experiment is the quantity of the poison (for instance, copper
strips - an essentially 1/v absorber - in the original experiments) that
has to be added to the test cell to make its K = 1 . The fine flux dis-
tribution inside the cell has to be measured to assess the relative impor-
tance of the poison. If the quantity of poison to be added is relatively
small (i.e. the K^ of the unpoisoned cell was not much larger than 1) these
measurements allow the determination of the K m of the unpoisoned cell; oth-
erwise, the interpretation of this measurement must be done in terras of the
actual experimental situation, and it is then useful as a check of the cal-
culational methods and especially of the nuclear data used. Variations of
this method have been used in the fast critical facility ZEBRA in the U.K.
in a systematic investigation of fast reactor cross sections /27/ and more
recently in the coupled thermal-fast facility RB-2 at Bologna, Italy, to
measure the capture cross section of structural materials in the KeV region
/28/.

Measurements that in principle are simple, for measuring some capture
cross sections, consist in irradiating a sample in a known neutron spectrum
and then measuring the activity induced in the sample. When there are no
extra difficulties (like the difference between capture and activation due
to branching in the decay scheme), the main problem consists in knowing with

good accuracy the neutron spectrum. A program initiated by the IAEA to check
or measure the activation cross sections of detectors important for applica-
tions in reactor dosimetry has tried to define neutron spectrum benchmark
environments with different degrees of accuracy and confidence in the know-
ledge of the spectrum (standard spectra, reference spectra, controlled envi-
ronments) in which to measure and intercompare such cross sections /29, 30/.

A similar measurement can be made by oscillating a sample in a reactor,
and looking at the reactivity modulation induced by this oscillation. In this
case, the capture cross section, rather than the activation cross section,
enters directly in the interpretation; and if one chooses the two extreme
positions of oscillations one in the centre of the reactor (where the flux
gradient is zero) and one outside the reactor (where the flux is virtually
zero) the signal is independent of the scattering cross section of the sam-
ple (but not to important variations in its moderating power) . However, the
signal is no longer dependent only on the neutron flux, but also on its ad-
joint, the importance function.Although in many cases the importance is quite
flat with energy, this fact is an extra source of uncertainty. Of course,
these methods are used in a relative way, by comparison with the signal of
reference samples with well-known cross sections. By measuring both the
"global" oscillations of the reactor power (by means of a neutron chamber
distant from the oscillator) and the "local" oscillations of the neutron
flux (by means of a detector close to the sample) one can separate, in the
case of a fissile sample, the positive contributions of fissions from the ne-
gative contributions of absorptions, since they have different spacial ef-
fects /31/. This is not an easy measurement and has not received widespread
application.

A set of classical measurements concern the investigation of the de-
tailed neutron balance in a cell. They include the fine flux distribution
within the cell, and the measurement of at least three factors:

<5n8, the ratio of fission rate in U-238 to fission rate in U-235

p 2 8 , the ratio of epithermal to thermal neutron capture rates in U-238

the ratio of epithermal to thermal fission rates in U-235.,,25.

The knowledge of these factors allows a check of the detailed break-
down of the neutron balance in the cell, and helps identify possible compen-
sating errors or the source of discrepancies. Unfortunately, none of these
measurements is very easy or very precise. For instance, the ratio of epi-
thermal to thermal rates involves cadmium covers; these introduce some per-
turbations in the fast and epithermal fluxes that are not easy to determine;
the effective cut-off energy of the cadmium filters is also difficult to be
accurately evaluated, as it depends on the details of the neutron spectrum
and even on the angular distribution of the neutrons. Measurements of quanti-
ties involving U-238, and especially S'-8, require the availability of highly
depleted uranium, with only a few ppm of U-235. The measurement of neutron
capture in U-238:

BTY . 239D238,
U(n,v)

239,, B.Y
U 2 ^ 9M Pu

is often done by counting the 103 KeV internal conversion line of plutonium
in coincidence with the 106 KeV Np line.



A great help to the measurement of 6-ftand p'5 has come in recent years
by the use of SSTR (solid state track recorder) techniques. This technique
allows a direct measurement of the number of fissions, introduces no appre-
ciable perturbation, has the same response for all fissile materials (unlike
the counting of selected or gross fission products) and does not involve any
variation with time.

The same SSTR technique can be used to measure the power distribution
within a fuel pin;however,due to limitation in the density of tracks (unless
one uses sophisticated methods based on electron microscopes), this distribu-
tipn can be measured with good accuracy only for relatively thick rods (for
instance, D«0 lattices).

The emphasis has shifted with time from the uniform,"clean" lattice si-
tuations to non-uniform lattices, that include pins of various enrichment or
composition, and heterogeneities, such as voids, water gaps, control rods,
etc. Such heterogeneous experiments complement the clean ones by allowing to
test calculational methods in conditions closer to those encountered in prac-
tice. The two types of measurements more frequently performed in such experi-
ments are power distributions and reactivity effects.Power distributions are
of course measurements of immediate practical significance, as they are di-
rectly related to the peak factor.

Measurements of power distributions can be made by gamma counting of se-
lected fission products, or of the global gamma activity above a certain dis-
crimination.The main problem here is the comparison between rods of different
fuel (for instance U and Pu). A calibration is needed,and it can be performed
either by calorimetric measurements or by reference irradiations h well-known
conditions. Here again the SSTR techniques allows a direct intercomparison of
fission densities (and therefore power densities,except for the small but non-
negligible difference in energy release per fission); however.it is less prac-
tical when one wants to measure a large number of rods,so that it tends to be
used as a method to calibrate the simpler y-scanning procedures.

Measurements of reactivity effects can be examplified by the reactivity
effect of a control rod. Such measurements can be done by compensating the
reactivity of the rod by some other effect (uniform poisoning, or moderator
level) that is easier to calculate;or by positive period measurement (in this
case, an absolute measurement of reactivity requires a good evaluation of the
inhour curve, which is affected by non-negligible uncertainties in the 8 f f ) ;
or by subcritical measurements, such as rod drop, source multiplication or
some of the rather appealing noise techniques. The state of the art of all
the measurement techniques connected with control rods has been reviewed in a
rather comprehensive way in a Specialists' Meeting held in 1976 /32/.

The knowledge of the neutron spectrum can be useful to provide a further
check on the details of the calculations. Only in very special cases is a di-
rect measurement of the spectrum possible, such as provided by time-of-flight
measurement. In most cases, even the use of spectrometers such as the proton
recoil spectrometers introduces large perturbations in the flux. The most com-
mon procedure is then the indirect measurement of the spectrum by means of
activation detectors. The procedure for passing from the reaction rates of the
activation detectors:

Zk(E)(jj(E)dE (K = 1, N)

to the shape of the neutron flux, <j>(E), is called unfolding and has received
for many years a lot of attention, whilst remaining a substantially contro-
versial issue /33/. Very recently, a complete solution that takes into ac-
count all the information available to arrive at a unique solution has been
proposed /34/; this approach is likely to find wide application, although
the availability of the necessary input (uncertainties in cross sections,
guess flux and reaction rates and in particular their co-variances) is not
going to be easy.

A whole volume in itself would be required by the measurements on operat-
ing power reactors. Although the importance of physics measurements on such
reactors has been recognized very early /35/, not many measurements are cur-
rently performed, either at the start-up or during normal operation of commer-
cial power reactors to back-up the development of calculational methods. More-
over, the results of these measurements are very often (if not always) consid-
ered of commercial value and therefore not freely available. It would certain-
ly be of great help if detailed data on the operation of some power reactors
of different types, and of the isotopic analysis of spent fuel, were made free-
ly available to constitute a set of benchmarks on which to calibrate calcula-
tional methods.

9. CONCLUSIONS

Reactor design and support to operation will remain a compromise between
empirical and basic methods, with fundamental nuclear data and integral expe-
riments each playing an important part. There are indications, explained in
§ 2, that basic methods may play a more important role in the future than they
have done in the past.

Fig. 3 represents schematically the respective role of basic methods (on
the left) and semi-empirical models (on the right) and the interconnections
between them and with experiments. Basic nuclear data and sophisticated meth-
ods are used to predict the results of simple integral experiments, and the
actual experimental result is used as a test. In case of discrepancies, the
detailed knowledge of sensitivities, errors and covariances may help in iden-
tifying the cause of the discrepancy and in re-evaluating the nuclear data (or
in some cases in adjusting them consistently with all the available informa-
tion). Once the basic methods perform well with simple experiments, they can
be tested against more complicated experiments (typically, tho3e including
non-uniform lattices and heterogeneities). Possible discrepancies are more
likely to be traced to the calculational methods employed than to the nuclear
data. Once these methods are adequate, the "basic" chain can be considered as
tested. However, it will not be generally used in design and operational fol-
low-up because of the very large amount of computer time needed and the diffi-
culties involved in the procedure. The basic methods will rather be used to
generate a certain number of "theoretical benchmarks", in particular refer-
ring to situations that it would not be possible (or easy) to realize experi-
mentally, such as those involved in accident situations. These benchmarks will
be the ultimate tests (together with experimental data from power reactors)
for the simple calculational models.
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These simple calculational models are those that will be routinely used
for design and/or operation of power reactors-. Their validity may be limited
to the range of reactors and situations to which they will actually be ap-
plied. The availability of both experimental results and theoretical bench-
marks derived from fundamental methods allows to calibrate and adjust the
simnle methods but also to determine their accuracy and their limits of ap-
plicability. Such simple models can uss semi-empirical relationships, inter-
polation procedures etc. so as to minimize the time required for the calcula-
tions, that will have to be repeated many times.

Although all the scheme of Fig. 3 car. be considered as necessary for the
power reactors, it is not required that any single organization or country
takes care of the whole process. In particular, a certain time priority can
be assigned to the simple models, especially since a certain number of theo-
retical and experimental benchmarks are already available. In particular, it
does not seem to me that the development of basic methods and nuclear data
files, that requires very large installations and efforts, is justified in a
developing country, at least until adequate know-how is developed on the use
of presently available results.

Table 1

DATA RELATIVE TO TWO 1000 MWE POWER REACTORS
A BWR (BOILING WATER REACTOR) AND A PWR (PRESSURIZED WATER REACTOR)

fuel

m)- diametre [mi
- pitch (mm)
- cladding material
- cladding thickness (mm)
- max.fuel temperature Cdeg.C)
- total number of rods
- fuel density (g/cm3)
- average enrichment (%)

BWR PWR

Uranium oxide rods
14.3

18.745

0.812
2415

37 436
10.22
2.56

10.7
14.3

zircaloy
0.617
2210

39 312
10.2
3.30

Table 1 cont.

coolant
- inlet T (deg.C)
- outlet T (deg.C)
- pressure (Kg/cm2)
- flow (kg/h x 10s)
- type of cycle
- electrical power (MW)
- typical efficiency (%)

core
- equivalent diametre (mm)
- height (mm)
- volume (m3)
- thermal power density (w/cm^)
- total uranium load (Kg)
- U-235 load (kg)
- specific power (KW/kg):

relative to total U
relative to U-235

control
- number of mobile control elements
- shape
- material

Boiling water pressurized
191
286

70
45

direct
1000
32.B

4752
3658
64.9
50.8

149 BOO
3B35

22.0
860

185
cruciform

285
321
157

55
indirect
1000
32.5

3396
3658
33.2
93.1

88 600
2924

34. B
1050

53
clusters

B4C 5% Cd; 15% I n ; 80% Ag

In addition.: &O1 BWR, 356 tempatoJm cwvtaim in SS with 0.57$ B, and GdO Acd&
a& bu/inabte. poi&on; in PWR, iottxbZe. poiAon a& boiic acid dtaotved in -O'.e
coolant

other data
- average voids in the core
- max. voids at outlet
- steam quality at core outlet
- average burnup at discharge (MWD/t)
- cold, i n i t i a l ke f f
- hot, initial kef

- keff with equilibrium Xe & Sm
- total control rod reactivity (%)
- reactivity of borated curtains (%)
- soluble poison (pcm/ppm)
- total control (%)

Fua£ niLcycle. comiiti in inXn.odu.iUng (jneJ>h £u&l at tlie. pe/iipheny, mowing &ueZ
tcuxmdi the. centre, and extracting &iom the. ce.ntiurf. zone, [at e.qiUZib>uum) 1/4
o& tkz cole. o£ the. BWR and 7/3 iot thz PWR at the. end o& each cycle..

37.3%
75.4%

13.6% i n
27 500
1.25

17
12

29

weight
33

1
1
1

00D
.293
.248
.18
7

14
30



Table 2

DATA RELATIVE TO A HEAVY WATER REACTOR
CANDU TYPE (PICKERING POWER STATION)

fuel
- material
- diametre of rod (mm)
- length of fuel element (mm)
- cladding material
- cladding thickness (mm)
- number of rods per bundle
- number of bundles per channel
- pitch of rods in bundle (mm)

pressure channel
- material
- bore (mm)
- pressure tube thickness (mm)
- calandria tube thickness (mm)
- calandria tube outer diametre (mm)
- pitch of channels (mm)
- number of channels in core
- coolant
- coolant to fuel volume ratio
- moderator
- moderator to fuel volume ratio
- moderator temperature
- power generated in moderator

natural uranium oxide
14.02
6000

zircaloy
0.512
28
12

about 19

Zr-2.5ZNb
103.63

8.46
1.56

130.81
285.75
390

pressurized heavy water
0.79

heavy water
15.62
63°C
90 MW

core
- shape
- diametre (across flats) (mm)
- length (mm)
- volume (cubic meters)
- thermal power (MW)
- total uranium load (Kg)
- specific power (w/g of U)

control and refueling
- adjuster rods:

purpose
number of rods
position
total reactivity worth
composition

- zone control system
purpose
number of absorber compartments
poison
total reactivity worth

- shutdown rods
purpose
number of rods
position
poison

- other control
moderator dump
boron poisoning of moderator

octagonal cylinder
6300
6000
192
1745'

93,132
18.7

to shape neutron flux distrib.
18

vertical
1.87.

cobalt

to insure space stability
14

flowing light water
0.5%

safety
11

vertical
cadmium

35
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Table 3

SOME NUCLEAR DATA OF INTEREST FOR REACTOR CALCULATION

Material
•*•

Quantity +

V

a fission

o total

o elastic

a inelastic

a absorption

a capture

a activation

fission yield

fission spect.

decay schemes

delayed n data

spectrum (n,y)

o (y.n)

a for damage

FISSILE
23SU5239pu

neutron
balance

n balance
power distr.
neutron
transport
diff/trans,
n spectrum
neutron
spectrum

n balance
conv.ratio
n balance
conv.ratio

isot.anal.
Decay heat
age;high E
spec.damage

kinetic
parameters

FERTILE
zasu^opy

neutron
balance

MODERATOR
H, D, C

n balance 1
power distr\
neutron [transport
transport '(leakage)
diff/trans, idiff/trans,
n spectrum n spectrum
neutron
spectrum i

n balance
conv.ratio
n balance
conv.ratio

isotopic
analysis

n balance

STRUCTURAL
Fe,Ni,Cr,Zr

neutron
transport
neutron
spectrum
neutron
spectrum
neutron
balance

Jwaste eval.
maintenance

kinetic
parameters

D: delayed
photoneutr

lifetime of
components

CONTROL -SHIELDING FISSION TRANS-PU '
B,Gd,Ag,Cd:O,Fe,Ba,C PRODUCTS (ELEMENTS ••

! ' •

leakage
neutron
spectrum
neutron
spectrum

neutron neutron
balance attenuation
a balance; neutron
isot.comp. attenuation
waste eval. access *
transport 'decommiss.

neutron
balance
n balance
isot.comp.

JFP inventory
pecay heat

Y-shielding

heavy elem.
inventory

OTHERS

Oxygen (transport,
leakage)

I Oxygen (transport,
• spectrum)
'Oxygen (transport, ;
spectrum) •

heavy elem.
inventory

isotopic
analysis

n emission
transport

detectors for
spectrum meas.
fission
detectors
252Cf spontaneous
fiss.for calibr.
detectors

I J
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