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RESUME 

PARAMETRES D'IRRADIATION DES MATERIAUX EN REACTEUR 
D'ESSAI : METHODES GENERALES ET PRECISIONS REQUISES 

J. M. CERLES. P. MAS 

Dans cet article, on fait le point actuel des prin
cipales méthodes utilisées pour déterminer les paramètres des 
irradiations de matériaux en pile expérimentale (puissance nu
cléaire, taux de combustion, flux, fluences, . . . ) . 

Les différentes méthodes expérimentales et théoriques 
sont passées en revue t mesures et calculs neutroniques, gamma-
né trie, bilan thermique, ... 

Les précisions requises sont de l'ordre de 3 i 5 % 
sur les flux, fluences, puissance nucléaire, taux de combustion, 
facteur de conversion, etc. On compare ces précisions demandées 
a celles que l'on obtient réellement et qui sont â l'heure ac
tuelle de 5 S 20 % sur ces paramètres. 

SUMMARY 

DETERMINATION OF MATERIAL IRRADIATION PARAMETERS 
REQUIRED ACCURACIES AND AVAILABLE METHODS 

J. M. CERLES, P. MAS 

In this paper, the author reports on the present 
point of some main methods to determine the nuclear parameters 
of material irradiation in testing reactor (nuclear power, 
burn-up, fluxes, fluences, . . . ) . The different methods (théorie 
or experimental) are reviewed : neutronics measurements and cal
culations, gamma scanning, thermal balance, ... 

The required accuracies are reviewed t they are of 
3-5 t on flux, fluences, nuclear power, burn-up, conversion fac
tor, ... These required accuracies are compared with the real 
accuracies available which are at the present time of order of 
5-20 % on these parameters. 



1. INTRODUCTION 
The Materials used in different types of nuclear 

power reactors are the subject of many investigations and much 
development work. These studies, which are usually general stu
dies of under-irradiation behaviour are more and more related 
to safety problems. 

It is necessary to test these Materials under irra
diation in normal or sub-normal working conditions. The irradia
tions are performed in nuclear test reactors, where, because of 
the existing high flux density, the radiation effects are acce
lerated. Equally, one can, thanks to the experimental facilities 
-notably in swimming pool reactors- proceed to the very fine 
instrumentation of irradiated samples. These tests should be 
correctly analysed in terms of safety margins or in economic 
terms of cost price, life time, ... 

In both cases, it would be necessary to extrapolate j 
the results obtained from experimental irradiation to those an
ticipated with nuclear power reactors. To do so the physical I 
parameters of irradiation must be accurately known : temperature, j 
pressure, and also nuclear parameters : fluxes, fluences, fission | 
power level, burn-up, ... ; 

2. REQUIRED ACCURACIES AND NUCLEAR PARAMETERS 
The main parameters of irradiations can depend on 

the nature of the material under test. Por fuel irradiations, 
the most important reaction rates and among them fission and 
fission products rates, initial conversion ratio, fission power, 
heat deposited by gamma radiation, integral conductibility, 
burn-up, ... must be mentioned. When structural materials are 
concerned,the emphasis is put on incident flux levels, thermal 
and fast neutron fluence, neutron spectra, damage functions, ... 
Most of these parameters are determined for each irradiation in 
test reactors before, during or after irradiation. We shall see 
further on how and with what accuracy the value of different 
parameters is obtained at the present time. 

The problem of required accuracies on the neutronic 
parameters of irradiations may be analysed from different points 
of view t from the extrapolation to be established between test 
and power reactors, or from the expected needs of the metallur
gists, or from allowable safety margins or from different types 
of irradiation. 

Another possibility is the consideration of the 
reactor type which is used as the neutron source for irradia
tion, such as t PWR, BWR, HR, and HTR. A judgment can be for
mulated by analysing various required accuracies from different 
approaches. By being superficial, as a matter of fact, one ob-
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tains in general a superficial answer which from the experimenter 
is always "as well as possible". 

Below what value can we consider the incident error 
between dosimetry and the poor knowledge of technological para
meters as negligible (or null) ? 

To obtain unquestionable numerical results» real 
sensitivity analyses should be carried out. Now, to our know
ledge, except for some simple cases and rare occasions, such 
analyses have not been performed, at least not in France. 

2.1. Extrapolation from tests to power reactors 
A considerable work has been done on the determina

tion of neut.'on characteristics of power reactors giving a pre
cise knowledge of the core : power for fuel, fluxes and spectra 
for other materials. Considerable means, in studies and tests, 
have also been developped on the running conditions of the ex
ternal structures such as thermal shield, reactor vessel. 

These considerable means which have been made, and 
remain, available to power reactor physics -calculation develop
ment, integral experiments, determination and ajustements of 
constants (notably cross-section)- explain the high quality of 
nuclear parameters determination. 

From the point of view of the power reactors, the 
accuracy required -and presently reached- is of the order of 1 
to 2 t on the fluxes, power distributions, conversion ratio, 
effective cross-sections in the fuel elements. If we look at the 
external structures, the level of the precision is not probably 
better than 5 % -and even 10 % would be more realistic in a lot 
of cases- when flux levels, spectra and related damages are con
cerned. 

In research reactors, the parameters of the test 
irradiations are susceptible to variations which are more com
plex and the determination of which is more difficult than those 
observed in fuel array or structures of power reactors. This is 
due to experimental conditions. At first, even in a regular and 
stable array, a perturbation is created by an experiment and its 
structures, on fluxes and spectra. More, in small sized cores of 
research reactors, the interactions between experiments, the 
axial position of the control rods and the differences on expe
rimental loading from one cycle to the other give variations on 
characteristics of immediate environment. So the prediction of 
irradiation conditions is always difficult and a lot of reactor 
states have to be calculated. 

Presently, the calculation and experimental methods 
developped for power reactors physics are often applied to re
search reactors and experiments. In spite of that, the results 
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got for the testing reactors are not comparable, in the level 
of precision, to those for power reactors. That is not necessary 
what is expected by physicists or experimenters, accustomed to 
high precision results. 

Prom this situation, at last two questions must be 
put : 

- Is this situation satisfactory ? Or is the preci
sion generally got sufficiently good compared to metallurgical 
plus power reactor running uncertainties ? 

- If it is not, and generally it is not, what must 
we do ? In most of cases, getting a good accuracy is a question 
of means and methods. The methods for study of power reactor, 
as much elaborated as they seem, are generally suitable for a 
calculation of a research reactor core, but they can fail for 
a particular experiment in or near the core. These particular 
cases would need development of specific calculation methods 
which have been neglected or -and- very fine means for the fol
lowing of the main parameters of the irradiation. 

For example, the requirements in thick stainless 
steel test pieces irradiations will be of a larger and larger 
precision in the knowledge of the parameters such as fluence, 
damage rate, etc. through the thickness of the sample, for a 
comparison with data existing so far in small test-pieces. 

2.2. Requirements of the metallurgists 
The main goal of the irradiations performed in test 

reactors by the metallurgists is to xncrease the performances 
of the materials as much as possible compatible with the safety 
rules. The relation between the transformations observed in-pile 
or out-of pile after irradiation, and the principal irradiation 
parameters is made by the metallurgists. 

Metallurgical studies concerning the reactor mate
rials are very varied : fuel-cladding interaction, can swelling,, 
fission products diffusion, cladding behaviour under fast neu
trons, resistance to thermal cycling, damage on structural ma
terials, reactor vessels, etc. 

Moroever, some researches are typical of one type of 
reactor. It follows that the same precision is not required for 
all parameters and from one irradiation to another,the accuracy 
required from Buch or such a parameter will not be the same. 

Hence, the precisions given below are only the ex
pected limits for the most demanding case. 

•••/»#* 
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Linear or specific power density, fission rate de
pression integral conductibility, are the quantities which govern 
directly the temperatures and their distribution : a precision 
within + 3 % is required '.which corresponds to less than 50* C 
in the centre of the fuel) for fuel irradiation with burn-up of 
up to 100.000 or 150.000 MMJ/T. 

Past neutron fluences on cladding or particles in 
H.T.3. are expressed in d.p.a. (displacements per atom) or in 
fast equivalence fluence with a precision to within + 5 1, 

A precision of + 5 % on the final B.U. is required : 
in the case of fertile fuels an accuracy of • 10 % is expected 
on the fertile PIMA. 

The thermal neutron fluences, the fission rates and 
their distribution, the production of some well defined P.P., 
the conversion factors, all of which are quantities whic.i are 
intermediate results or directly derived from the former are 
required with the same precision as the power levels i.e. within 
* 3 %. 

2.3. Design and monitoring of irradiations 
The engineers who are in charge of designing irra

diation facilities and the monitoring of the experiments want 
first of all to be sure that the experimental project is feasible 
with regard to the neutron flux levels and gamma heating *hich 
reign in the reactor. The preliminary draft calculations will 
be done to determine the powers, the flux distributions, the 
spectra, or a previsional damage rate. In certain cases,choice 
could be exercised on the enrichment factor of the fuels, an ir
radiation location in the reactor core or periphery, heat trans
fer calculations of the facility. Such calculations require a 
great accuracy (not determined), although a large safety margin 
is provided by the constructors. 

The irradiation itself must be conducted at constant 
temperature, constant or variable power according to the prede
termined cycling, or at constant incident neutron flux or accor
ding to any other mode. Owing to displacement Systems, the irra
diation facilities could be moved to the radiation field by 
monitoring the signal of the incoming neutron flux for instance. 
For fuel, the required relative precision is hence of the order 
of 2 t on the power variations. 

• ••/•• • 
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3. GENERAL METHODS FOR DETERMINING IRRADIATION PARAMETERS AND 
PRECISION OBTAINED 

Confronted with all the needs expressed by the irradiation designers as well as by the physicists or by the metallurgists, it is certain that the answers provided by in-pile dosimetry are still not fully adequate. Following this, we are going to review the most current methods used for draft projects and during irradiations. 
3.1. Weutronic methods 
The principal neutronic methods are described else

where /l/ /2/ /3/. Thus only a brief description will be given 
in the following. 

3.1.1. W»j;sical_constants_determination__ 
These constants are essentially global quantities 

such as effective cross-sections including resonance integral 
of principal isotopes (fissile and fertile), the distributions 
of fissile, fertile and detector reaction rates, the ratio ther
mal flux, epithermal flux, ... ; or differential quantities such 
as neutron spectra differential cross-section, ... 

3.1.1.1. These constants can be obtained 
by different methods. A theoretical method consists in computing 
the neutron physics in one or two dimensions. Due to the com
plexity of the geometries and materials constituting M e calcu
lation data, only transport codes are adequate to treat these 
calculations. The main codes used in France are APOLLO /4/, 
ANISN /5/ and DOT III /6/. The neutron source distribution is 
calculated by ALCI /7/ or DAIXY /8/ which are two dimensional 
diffusion codes. 

3.1.1.2. An essentially experimental method is described in /l/. The fuel samples are irradiated in a mock-up of the irradiation capsule and the lower density 235u samples are simultaneously irradiated in a thermal column. The samples from the test reactor and the thermal column are transformed into calibrated solutions of uranyl nitrate. Then, the fission products activity is counted. The ratio of fission rates is hf»nce obtained : as the flux and the cross-sectitn of 2 3 5 U in the thermal column are known, one can deduce the absolute fission rate of the sample, and, by the flux measurement, the effective cross-section. 
The same procedure is used to determine the initial conversion factor by measuring the 2 3 9 N P from 238^ o r 233pa fI(m 232 T h. 

r • •/ • • • 
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3.1.1.3. An other method consists in 
verifying some spatial points of theoretical computations, which 
also allows the absolute value to be obtained. For this, an ir
radiation of fuel samples is performed in the irradiation faci
lity itself or in a mock-up with detectors • analysing the detec
tors gives the fluxes and their distribution for comparison with . 
the calculated distribution. 

3.1.1.4. The spatial distribution of the 
fission rate may be determined experimentally by radial gamma J 
scanning performed in a hot cell or by the solid state track } 
recording method. 

To include this paragraph on constants determination, 
one mty state that the purely experimental methods are not only 
difficult to perform and also expensive but are especially used 
to verify computation in same particular cases. Thus they allow 
the adjustment of constants. 

3.1.2. Spectra determinatien 
Specially for structural materials irradiation, the 

knowledge of the spectrum is a vital question. Experimental and 
theoretical methods can be used and are currently in development 
such as unfolding methods. Pure experimental methods with damage 
detectors (graphite, W) are also suitable. They consist in a 
direct measurement of the damage, without any detailed spectrum 
calculation in order to calibrate usual irradiation monitoring 
such as activation detector, fission chambers /18/, /19/, /20/. 

3.1.3. Fluence âama<[e_determination^ 
To determine irradiation parameters which are of 

interest in radiation damage experiments, the knowledge of spec
tra is necessary. The damage model and damage function are neces
sary too. In the document "Introduction to neutron metrology for 
reactor radiation damage" /2l/, it is shown how damage functions 
are used. Recommendations on this subject were made by the 
Euratom Working Group on Reactor Dosimetry /22/. 

3.1.4. Measurements^durjUig irradiation and 
^extermination of_irradl.atiônjparâmët£rs 

During irradiation, one performs essentially flux 
measurements. Activation methods are used to determine thermal 
or fast neutron fluxes. 

Indications given by the activation detectors located 
beside the sample in the irradiation rig may be obtained only 
after irradiation. To monitor the irradiation, a certain number 
of instantaneous probes such as self po»*er neutron detectors or 
miniaturized fission chambers for thermal neutron flux are placed 

* * » / # « • 



7. 

inside or outside the rig /9/, /10/, /ll/. To determine the 
gamma heating, calorimeters have been used /12/. 

All these techniques have been already described 
elsewhere. 

Prom these measurements and the constants, the irra
diation parameters are obtained. The parameters which have been 
determined at the beginning of the irradiation, evolve during 
irradiaticn because of the modification of the isotopic composi
tion of the fuel. The fuel evolution calculations are made and 
new calculations of constants must be done. Relations between 
the different reaction rates : fission rates, capture rates in 
the fuel or reaction rates in the probes or detection are conti
nuously obtained. 

3.1.5. Accuraçyjpf these methods 
In the following table estimated accuracies, obtained 

at the present time by the dosimetry methods described above, 
are given, along with the required precisions. 

Parameters 
Accuracies 
on absolute 
values 

Accuracies 
on relative 
values 

Required 
accuracy 

Neutron thermal flux 
measured by self 
power detector or 
fission chamber 

5-7 t 3 % 2 % 

Thermal neutron 
fluences (Co) 3-5 t 2 t 2 t 

Past neutron fluences 
( > 1 MeV) 5-10 % 3-6 % 5 t 

Gamma flux 10-15 t 3 % 5 t 
Heating calculations 15-50 % - 10 t 
Pission power 5-20 % - 3 t 
Burn-up 5-25 % - 3 t 

3.2. Other methods 
The other methods give only part of the information 

required. 



3 . 2 . 1 . jtarpile gagna scanning 

In-pile ganna scanning techniques which are descri
bed elsewhere /13/, permit, by measuring the activity of some 
well choosen radionuclides, to deduce the power, according to 
the irradiation chronology. This is a rather fine method which 
can give information with a snail delay tine (after each reactor 
shut-down) with an acceptable precision. 

3.2.2. Thermal, balance 
A thermal balance on the irradiation rigs is often 

possible. The heat flux is determined by measuring the coolant 
flow and temperature difference, or by thermal conductibility 
in a well known media and temperature difference, or by a calo-
rimetric device which is on the rig and allows continuous mea
surement of the power (for example t Cyrano device /14/). 

The thermal balance itself is in general quite pre
cise. However, the difficulty resides in the correct evaluation 
of the heat loss and above all of the gamma heating. It follows 
that the fission power is usually determined with a poor accu
racy. 

3.2.3. Post^irrad^ation^exaninations /15/ 
It is not the subject of this paper. These methods 

are mentioned simply for information : Gamma scanning and in 
particular mass-spectrometry methods on fission, fertile or 
nuclei or 14&Nd, a r e generally very accurate. They are consi
dered by most experimenters as reference standards for other 
methods. If this is justified, they should be usable to adjust 
the parameters of other methods. 

3.3. Comparison 
Comparisons and cross-checking between different 

methods have been frequently done. A very complete comparison 
between gamma scanning, neutronic and thermal balance is pre
sented in /16/. The observed deviations between such methods 
and adjunctive methods are generally less than 20 t. They are 
sometimes systematic but remain unexplained. 

4. CONCLUSION 
The comparison between the required accuracies on 

neutronis parameter determination (1 to 5 I) and the presently 
obtained accuracies (5 to 20 t) indicates that much remains to 
be done. In the first place methods must be improved. 

The calculation methods which are very suitable for 
power reactor physics calculation, must be modified, adapted to 
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the sore complex features of cast reactors. A similar adjustment 
of the constants must be undertaken in son* cases. 

Concerning measurements the accurate knowledge of 
the cross-section is primordial. The cross-section data file 
nust be consistent and well determined. The studies in bench
mark, multiple intercomparison of detectors, the work suggested 
by the I.A.E.A. /17/ must be encouraged as much as possible. 

Sensitivities analysis on the main parameters of 
irradiated fuels may help to determine more precisely the points 
where effects must be given priority and the extent of these 
efforts. 

Finally, cooperation, intercomparison and interna
tional standardization must be pursued, for example by -meetings 
such as to day's, which contribute for a large part to the im
provement of methods in different countries. 
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