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INTRODUCTION

1 The Paris meeting on Sensitivity Studies and Shielding Benchmarks was

the third in the series of meetings initiated by the FACRP in June 1973 with
the aim of co-ordinating work on the assessment of data for shielding
calculations, and exchanging results of integral benchmark experiments. It
was envigaged that the experimental and thecretical pregrammes reviewed at
-these meetings would lead, ultimately, to a revised data request list covering
the broader area of shield design for fast and thermal reactors which includes
energy-deposition calculations for in-core gamma heating and breeder/diagrid
damage studies. '

2 The specific objectives of the Paris meeting were to define the co-ordinated
programmes of work which would be required to establish an Intermational Request
List of Nuclear Data for Shield Design; to review the progress which had been
made with the benchmark experimental programme initiated at the first meeting
held at Ispra in April 1973; and, in the light of the experience gained, to
identify the respective roles of differential and integral measurements in
meeting new data requirements.

3 The current reactor data request lists do not adequately reflect the

needs of shield designers and this can be attributed t¢ three main factors.

In the first place, it is difficult to arrive at a generally agreed statement
of design criteria since the target accuracies are more closely related to
specific design issues than those of reactor physics, and are primarily matters
cof individual commercial Jjudgement. Secondly, the importance attributed to the
accuracy of basic nuclear data 1s strongly dependent on the type of metheod
employed for shield design. Most commercial reactor shielding has been carried
cut using well-proven combinations of codes embodying simplified calculational
models with data-sets based on old cross-section libraries. The effects of
data errors in such methods are often obgscured by the inherent physical
approximations. Their extension to handle new situations has more readily
‘been accomplished by modifying the models or by changing the correction factors
quoted for design applications using mock-up experiments, rather than by seeking
improvements in the accuracy of the basic data files. Finally, although more
rigorous transport methods have been employed in design calculations for many
years, there have until recently been no satisfactory techniques available for
investigating the sensitivity of such methods in deep penetration calculations
to uncertainties in the basic cross-section data.

4 With the increasing emphasis on the use of transport codes for shielding
calculations in both performance assessment and commercial design work -
principally discrete-ordinate (S_) and Monte Carlo methods - i%t has been clear
for some time that uncertainties in the basic nuclear data have been influencing
design issues. Two significant developments have emerged during the last few
years, however, which now make the proper assessment of shielding data require-
ments a feasible propesition, namely:

(i) the availability of one-dimensional perturbation codes for
data-sensitivity studies in deep penetration calculations with

adjoint and/or correlated-tracking Monte Carlo for multi-dimensional
problems;

and (ii) the realisation of techniques for quantifying the error assignments

on spectrum measurements made in integral benchmark experiments
covering a wide spatial/energy range.
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For a given range of shielding problems it now appears feasible to establish
which data are controlling the prediction of design parameters, and whether
the corresvonding target accuracies can be met within the quoted uncertainties
on these data in the evaluated files. At the same time, sensitivity enalysis
can be utilised to design an integral benchmark experiment in which the scope
and precision of spectrum measurements is adequate, at least, to check the
error assignments of the evaluations and, possibly, to indicate the origin,
sense and magnitude of the significant errors.

5 An international meeting in Vienna supported by the TAEA to review the
differential nuclear data for shielding was proposed as long ago as April 1972,
but this was subsequently postponed until the necessary groundwork could be
completed which would enable the accuracy requirements to be properly
established., It was argued at the Paris meeting, however, that the time

ig now ripe for a co-ordinated programme of data assessment studies to be
initiated and that the preliminary findings, ftaken in conjunction with results
of integral benchmark experiments, could enable a more realistic data request
list to be drawm up by about the Autumn of 1976. With this aim in view, the
methodology of sensitivity analysis was examined and a co-ordinated programme
of further work was drawn up in order to establish the caleulational tools
required for this exercise; participants outlined the types of shield which
they proposed to analyse, covering a wide range of fast and thermal reactor
types; and a firm recommendation was made to the TAEA and NEA that the Vienna
meeting should be held in October 1976. Whilst the main purpose of this

- meeting was to identify the data requirements and revise the request 1list,

it would also provide a convenient opportunity to review progress in the
co—ordinated programme of benchmark experiments. A list of specifiic cbjectives
was accordingly drawn up and it was agreed that the title should be:

"Specialist Meeting on Differential and Integral Data Requirements
for Shielding Calculations™

'STATE-OF-THE-ART REVIEW

[ In order to draw up a co-ordinated programme of work required to establish
an International Data Request List for Shielding at the proposed Vienna meeting,
it was first necessary to establish those calculational capabilities which were
available in the participating laboratories. Secondly, with the aim of arriving
by that time at a definitive statement of the roles of differential and integral
measurements in meeting these requests, considerable attention was given to the
rapidly improving technology of ‘penetration benchmarks' which stemmed largely
from the initiatives taken originally at the.Ispra meeting.

7 A total of 19 papers was tabled at the meeting which was attended by
30 -participants from 9 NEA countries, EURATOM, and Jugoslavia, together with
representatives of the two sponsoring organisations.

8 The outstanding feature of these presentations was the major progress
which had been made by all organisations in both the theoretiecal and
experimental areas since the Ispra meeting. In particular, all laboratories
had implemented the recommended ANISN/SWANLAKE route for sensitivity analysis,
the FEURLIB multigroup data set had been launched, multidimensional sensitivity
problems were being tackled in several laboratories and a concerted attemot
was already being made on the application of these various techniques to
determine data requirements for practical problems.



9 A comparable degree of progress had been made with integral benchmark
experiments and the development of both analytical and measuring techniques.
A notable feature of this recent work was the use of sensitivity analysis for
the design of benchmark experiments with sensitivity profiles matched to those
obtained in practical design situations. It was already clear that neutron
benchmark penetration experiments would ultimately achieve the standards of
precision needed to enable a large proportion of the requirements to be
‘omitted from the revised Request List for shielding.

12  Considerable interest was expressed in the new ENDF/BIV error files and
the azssoclated procesgsing modules in MINX. T% was agreed that a request should
be made to the NEA/CPL to implement both MC2-2 and MINX as soon as possible,
recognising that there were some hardware limitations to be overcome in order
to accommodate the latter on the Ispra .computer,

Methodology of Sensitivity Analysis (Dr E M Oblow)

11 Dr Oblew said that the widespread use of the ANISN-SWANLAKE codes indicated
that the methods had been well tested and that the results were readily accepted
and easily communicated. Since ANISN-SWANLAKE was readily available it could

be adopted as a standard for any collaborative work which might be agreed upon.
Other one-dimensional sensitivity codes were discussed, but it was clear that the
basic methodology used in them was the same as that employed in ANISN-SWANLAKE.
These other codes might serve as an independent check on results cbtained in any
¢ollaborative programme.,

12 Developments in two-dimensional discrete-crdinates sensitivity methodelogy
using DOT and VIP at ORNL and a pseudo-two-dimensional method using one-dimensional
codes with fictitious absorpticn to represent leakage at Winfrith were reported.
These developments opened up the area of sensitivity analysis of practical shield
design problems and integral experiments. The methods were not, however, well
‘documented and this fact, in sddition to possible difficulties in using DOT,

might slow efforts in this area outside of ORNL, Correlated-sampling Monte Carlo
remained the only potential method for handling three-dimensional data sensitivity
enalysis problems exactly with transport theory. Despite the fact that only one
paper was presented on this method (Appendix 1, para. 3), the approach was a well
established perturbation technique which should be -anrplied more extensively to
cross—-section problems. It was surprising that no papers had been tabled on
multidimensional diffusion theory sensitivity methodology which existed in the

European reactor physics community and could be readily aoplied to some shielding
problems. ' - :

13 Several important limitations of the basic discrete-ordinates sensitivity
anglysis were brought out in discussions. Firsgt, the inherent restric-

tion of linear perturbation expressions *t¢ small changes in data existed,

and care should be exercised in interpreting effects of large changes in deep
penetration problems. Second, errors in fluxes and adjoints were reflected to
second order in the sensitivity profile, but care should be exercised in checking
models by using the non-zdjointness property of 35 equations to get good agreement
between forward and adjoint results before a sensitivity study was begun. Agree-
ment to higher order accuracy than the effects being studied should be achieved
in these comparisons.

14  The more widespread application of the methodology appeared to be the
generation of one-dimensional sensitivity profiles for shield design and
experimental analysis. Such results were reported in most papers. This use of
sensitivity information was mostly directed at understanding the transport process
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and the relative importance of basic cross-section data in specific energy
ranges. This work was extensive, commendable, and formed the much needed basis
for a collaborative effort.

15 Perturbation applications of sensitivity analysis were less widely discussed
even though this also was an important application of the methodology. Papers

did reflect predictive applications for group boundary selection and c¢ross-section
adjustment methodology. This passed up the strong applicability of predictive
methods for understanding the effects of differences in the data files used in
shielding analysis, an important area of concern in a collaborative programme
based on testing several different multigroup data files.

16  Uncertainty analysis applications appeared in papers from the U.S. and
probably would be one of the more important development and application items

for the future in terms of determining cross-section data needs. Work in this

area was currently hampered by the unavailability of ENDF/B error file data

outside of the U.S. and even within the U.5. As these files became more

available and the formats and processing of such data became better understood,
this technique should lead to more quantitative assessments of target cross-section
data accuracy requirements. The general uncertainty analysis methodology with .
emphasis on inclusion of relevant integral experiment results was not discussed.

in enough detail to judge how best to use integral measurement information. In
particular, the relationship between uncertainty estimation and cross=-section
adjustment methodology was strong in the ORNL approach which lead one to believe
that European efforts in adjustment should play a large role in developments in
this area.

17 The conclusion which could be drawn from the methodelogy standpoint was that
important data requests could be identified for a wide range of shielding problems
only in a qualitative or semi-quantitative sense. This capability lay in the
ability to analyse sensitivity profiles representative of generic shield design
and couple this information with some knowledge of the state of accuracy of the
base data file. Despite the cautious manner in which this conclusion was stated,
it represented a large step forward in drawing up a meaningful data request list.
More guantitative. assessments would have to await future developments in the area
of uncertainty analysis and availability of ENDF/B-IV and ENDF/B-V errcr file
data.

18 Despite the availability of an adequate base methodology, three other .
factors were crucial for meeting the goals stated. First, a significant number
of benchmark experiments and generic shield design problems would have to be
agreed and analysed with sensitivity methods, to generate a library of

relevant sensitivity profiles. Second, target accuracies in responses of
interest for the design of generic reactor systems would have to be put forth
with some degree of thought. Third, an asseéssment of important discrepancies
arising in relevant integral measurements in addition to the assessment of
cross-section uncertainty information would have to be made. Such information
would be used to assess the current status of the data files in meeting target
design accuracies. Finally, it could be concluded that significant progress had
been made in applying sensitivity codes. The methodology was at least keeping
pace with and, in some cases, leading the way to future applications which had

a direct bearing on the solution of practical shield design problems and assess-
ment of cross-section data needs. '

Sensitivity Studies on Practical Shield Designs (Mr A F Avery)

19  Mr Avery suggested that the question which eventually had to be answered
was "What further measurements of differential cross-sections were needed for
shield design?". The reply, which had to be given in terms of isotope, reaction
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and required accuracy, depended upon the answers to two subsidiary questions.
Firstly, "Were the available data satisfactory?" and if not then, secondly,
"Were further differential measurements the best way of remedying %he
deficiencies?". The latter question would perhaps be answered in the
discussions of what could be learned from benchmark experiments, and he went

on to review briefly the way in which the adequacy of current data was assessed.

20 ° The first requirement was to set a target accuracy for the response of
interest in the practical design. The paper by Herrenberger et al summarised

the target accuracies suggested by technical personnel connected with shielding
for such responses as heating, displacements, activation, biclogical dose and
instrumentation cutput., These ranged generally from the order of I 20% for
displacements and heating to factors of two for external dose, although the
latter could te required much more accurately when it provided unwanted background
at a research facility for example. Similarly, the papers by Ger§t1 et 2l and
Avery et al quoted target accuracies of - 5% for dose-rates and - 20% for
displacement-rates without attempting to justify them. It was important that

the target accuracies be given careful consideration to ensure that they were
consistent with the accuracy with which the responses could be used and, morecver,
that they were justified by the cost penalties. The latiter were very much
dependent upon the particular reactor design under consideration, but it was
- important to give as much informaticn as possible without prejudicing the
commercial aspects.

21 The next step towards formuelating data requests was to ensure that the
errors from other scurces would not introduce major uncertainties. The method of
caleulation and the representation of the shield should be sufficiently accurate
to ¢reate pressure for improvement in cross-section data as a way of achieving
the target accuracy. The accuracy of method and model could usually he judged
by comparisons between the predictions of different approaches or by comparisons
with experiment, The uncertainty in a response due to cross-sections could be
estimated by the use of sensitivity calculations, together with the evaluators?
assessments of the errors asscciated with the data. The papers of Gerstl et al,
Avery et al and Oblow all described this approach using perturbation methods to
obtain the sensitivities of various responses to changes in cross~section data

in practical shield designs. Important findings of this work were the need to
examine partial cross-sections and to take account of the correlations between
them. This was demonstrated in the American results by the use of covariance
matrices to enable the effects of changes in cross-sections to be combined in a
realistic way. The availability of error data and covariance matrices in ENDF /B-IV
together with the computer codes for processing them, marked a significant step
forward. In the work of Gerstl et al and of Avery et al it had been shown that
in most cases acceptance of the evaluators' assessments of the accuracy led to an
uncertainty due to data which still ernabled the target accuracy to be met. In
these instances there was thus no need for improvement in data. It would still
be important, however, to check the evaluators' assessments of the accuracies of
differential data by comparing predictions and measurements in benchmark experiments.

22 In one case examined in his own paper, Mr Avery said that the uncertainty
of the predicted response due to estimated errors in the cross-section data
was not sufficient to meet the target accuracy. In this instance an improvement
in creoss-sections for one material over a restricted energy range had been
proposed as a way of meeting the accuracy requirement. There were very many
ways of improving the cross-sections, all of which would precduce the target
accuracy and the choice of suitable guide-lines or constraints to enable a
decision to be made was essentially subjective. Oblow described an approach
in which the "cost" of improving a cross-section was included and the "best"
combiration of data improvement found by minimising this cost. No practical
examples are given applying this approzch. One could envisage the subjective
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nature of target accuracies being removed if, instead, the effect of
uncertainties in the practical design were also expressed as a cost function
and a minimum of the costs -of measurements and the cost penalties in design
were then sought. The benefits of such an approach, however, would not be
restricted to the shielding of a single reasctor, and it would not be feasible
to contempldte including cost penalties for data uncertainties in all of their
possible applications., In deciding which cross-section data should be attacked,
however, it would be useful to have sensitivity profiles available for the
practical situations so that data which would enable several target accuracies
to be met could be examined first.

23 Thus, in order to be able to consider data requirements at the proposed
Vienna meeting in 1976, it would be necessary to assess the adequacy of the
available data. The papers which had been presented illustrated how this
could -be achieved. In detail, the requirements were:

(a) Assessments of target accuracies for specific reactor types

These should be based upon practical calculations using the designer's own
in~hcuse data sets rather than idealised situations so that the
uncertainties arising from other causes and the cost penalties could

be included in their justification.

(b) Sengitivity calculations for practical respeonse functions

The uncertainty due to cross-section errors could then be derived

by weighting them with the sensitivities and combining them using

the covariance matrices when available. FEven when the full analysis
'with covariances was not possible it would be useful to look at the
limits implied by straightforward combinations of errors as described,
for example, by Gerstl et al.

(¢) Checks of evaluators' assessments of the errors

The analysis proposed in (b) above was based upon the evaluators®
estimates of the accuracies of differential cross-sections., Benchmark
experiments would be needed to check these assessments and perhaps to
modify them as was done with, for example, the Oak Ridge code FIREBIRD
in the FORSS system described by Oblow.

(d) Identification of data requirements

The results of the.steps (a), (b) and (c) outlined above would be

to indicate those situations in which the data needed to be improved.
These could then be translated into specific data requirements if some
system of constraints, as discussed by Avery et al and Oblow, was
imposed.

The Analysis of Benchmark Experiments (Mr A K McCracken)

24,  Mr McCracken said that in the papers which had been presented at the

meeting, three broad approaches to the analysis of experiments could be discerned.
Those by Bouteau and his collaborators described an attempt to produce a simple,
cheap method of calculation - a 'formulaire' - which would accurately describe

the propagation of neutrons in a variety of iron/scdium mixtures of relevance to
the French reactor programme; adjustment of the method to achieve agreement with .
measurement was envisaged. The objective of this woerk was essentially short-term -
the building of an adequately shielded reactor of a certain type. This approach

-6 -
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succeeded admirably in its limited purpose but it threw little light on the
adequacy of basic data or on the methods of calculation applied in configurations
differing from that of the measurements. The papers of Gerstl and Avery, like
those of Bouteau, were concerned with problems of interest to designers. Unlike
Bouteau, however, they had applied sensitivity analysis in conjunction with
unsimplified transport calculations to investigate the effects of basic data
uncertainties on the prediction of specified reaction-rates. This type of
analysis, at present unsupported by experiment, had been covered by Mr Avery's
SUmMmMary .

25 A single-material benchmark experiment made no specific concessions to the
problems of a designer apart from the choice of 2 material, say iron, which is
in widespread use in reactors. The outcome of such an experiment would be
-confidence (or lack of 1t) in the ability of a method of calculation with its
associated datz to predict measurements over a wide energy range, and over a
depth of penetration greater than any likely to be met with in practice. If
the experiment was apalysed with a transport calculation in conjunction with a
perturbation code inferences could be drawn about the state of the basic data
used in the calculation. In reconciling calculation with experiment realistic
estimates of errors in the measurements were required. If these comprised a
set of unfolded flux spectra it was possible to estimate the stochastic error
on the fluxes due to causes like counting statistics. In certain circumstances,
for example in the highly structural spectra found in iron, it was important to
take account of systematic errors induced by the energy calibration of the
instruments - these might well be larger than the stochastic errors. In order
-to. check that individual workers could usefully compare results it had been
suggested by Dr Butler that the unfolding of a standard spectrum like 2 20f
might be used as a test of the ability to ascribe realistic errors to a measuring
technique. Having established confidence in the measurements they could be
utilised in the adjoint source used in sensitivity calculations. Mr McCracken
drew attention to a suggestion in the paper by Mr Grimstone and himself that an
‘ideal source for use with SWANLAKE was

+ ﬁs -

dJ.
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where Qh'and \fs were respectively components of the calculation and unfolded

flux spectrum. This led directly to a sensitivity profile equal to the rate of
change of total goodness-of-fit between measurement and calculation with data
cross-section. Hav1ng established this differential it was merely a matter of
tactics to minimise

(¢, - ¥F.)° (d x,)?
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by the choice of the ‘é‘xi to find the optimum data adjustments. In this

procedure it was possible to draw a useful conclusien about the validity of

the accuracy estimates on the cross-sections and the fluxes by comparing the
weighted sums of squares of the residual deviations with the expected value
which was given by:-
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where Nﬁ was the number of components of the measured spectrum.

These error assessments and adjusted group cross-sections, with their associated
correlations, for a transport calculation and the goodness-of -fit achieved when
these adjusted cross-sections were applied to the prediction of the measurements,
appeared to be the main immediate products of a single-material benchmark
experiment.

26 It was generally accepted that it was not practicable to think in terms
of altering basic data files on the basis of a single experiment - what was
obtained could serve as a guide to evaluators, to be taken in conjunction with
all other evidence.

27 The problem had been posed of arriving at a concensus of findings from the
various experiments in iron being undertaken by participants at this meeting,
Clearly, the use of common methods of calculation, data sets and method of
analysis was important so that all calculators were at least making the same
mistakes. Equally clearly, all experiments had to guarantee the integrity of
our measurements by some exercise such as that suggested earlier in this summary.
It seemed desirable that all experiments should be analysed by a single group

(in addition to such analyses as individual teams might wish to make of their
experiments). This central group could either try to construct a single
equivalent benchmark experiment, a concept which had been the subject of some
discussion, or it could analyse each experiment separately to present a weighted
concensus c¢onclusion -~ it wasg not immediately obvious that there is any difference
between these approaches.

28 A further question which had not been answered during the discussion was
the number and type of measurements required to carry out a good benchmark
experiment., The issue of activation detectors wversus spectrometers had arisen
several times. Protagonists of the former emphasised their simplicity and
reliability, and it was claimed that ample experimental evidence could be
obtained with a suitable range of such detectors:; those employing spectrometers
argued that they were exploiting a device which was ecuivalent to a very large
number of activation detectors. This problem could only be resolved by using
both methods in a single experiment and analysing the results separately. The
collaborative measurements in iron would provide an opportunity for this to be
done; a reasonable speculation would be that while spectrometers gave more
total information activation detectors might be more cost effective in

terms of information achieved per unit of skilled effort involved.

The Role of Integral and Differential Measurements in Improving Nuclear Data
for Shieiding (Professor U Farinelli)

29. Professor Farinelli said that the issue of cross-section adjustment had
been a very controversial one for a number of years in reactor physics; it
seemed less likely, however, that it would split the shielding community.

There was an important area of overlap which had emerged between the "adjusters"
and the "non-adjusters" which might lead towards a common approach to the use

of integral results; the diversity that would remain being due to actual
differences of the particular situations and of the reactor development
programnmes .

- 30 Having completed the forward and adjoint calculations with in-house and

the common EURLIB data sets there were two courses open. In the one case ~ "the
classical U.S. approach" the benchmark experiment was seen as a test of the
differential data. It was then necessary to evaluate sensitivity of the integral
results to uncertainties in the nuclear data and to split accordingly the difference
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between predicted and observed results among the different contributions

taking into account the correlation of errors. The results served to identify
areas of discrepancy between integral and differential data and of possible
shortcomings in the latter. This information was fed back to the evaluators
for consideration. This might lead to a re-evaluation or. a new request in the
WRENDA list. In this context, many participants had stressed the importance of
having reliable assessments for errors and their correlations; the information
available in ENDF/B-IV was still scarce but it was expected that considerably
more would become available in the new year. .

31 . In the other extreme integral results were used to adjust the multi-group
cross-sections within their quoted error bars so bringing the predictions into
much closer agreement with experiment. For this purpose the same calculational
tools were required, namely: a sensitivity analysis of integral results %o fine
group data; an evaluation of the uncertainties in the differential data (with
the asscciated error correlatlons) and a criterion to subdivide the uncertainty
among the different cross-sections and erergy ranges. In practice there were
some indications that the practical outcomes were very similar, particularly in

the case of. those ENDF evaluations where some account had been taken of integral
Anflormation.

32 There were several levels at which the adjustment procedure could be applied.
The cone which was closest to the differential data was the so-called Consistent
Approach of Gandini et al by which only corrections of cross-sections having
physical meaning were applied such as changing level-density parameters within
assumed uncertainties., The next possibility was the standard UK approach of
generating adjusted fine-group libraries which were kept quite separate from

the differential files. Compositicn-dependent cross-sections were then generated
from this library for each application and it was updated when either new evaluated
differential inflormation was obtained or when a substantial body of new integral
results became available, A further simplification adopted in the "formulaire"
developed at Cadarache was to adjust few-group cross-section sets which were
applicable only to a limited range of compositions or to a particular type of
design. In this approach several different problem-dependent cross-sections

could be used and the problem of cross-section condensatlon was by-passed.

33 Durlng the dlscu351on, Mr Avery had referred to the AdJusted Diffusion
Coefficient method developed in the UK. This was essentially a tool for
extrapolation from or interpclation between Monte Carlo or mors rigorous
calculations. The adjustments made to the diffusion coefficient were specifically
intended %o take up the deficiencies of diffusion theory rather than basic data
and the method should be recognised as one of parameter adjustment as opposed to
data adjustment. As such it did not fall within the scope of the meeting but

it should be remembered that most of the existing water reactors had, of
necessity, been developed with procedures which in some cases were even more
empirical. Consideration of the timescales determined by reactor projects

might therefore determine the ultimate course to be adopted in the "differential
versus integral" controversy.

Experience with the Group C