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STATUS IN REACTOR BURNUP PHYSICS 

A B S T R A C T 

In this paper a short review of the main topics of the Inter-regional 
Review Course on Reactor Burn-up Physics held in Mol, Belgium, 
from 7 to 18 October 1974, has been given. 

1. INTRODUCTION 

In power reactors, burn-up physics is one of the most basic and most characteris-
tical problem. In order to reach the required power, the neutron flux level must 
be high enough to produce sufficient rate of fission. Moreover, for economical 
reasons, nuclear plants are forseen to be operated continuously during relatively 
long time and the reactor core materials are thus exposed to long irradiation by 
neutrons before unloading. Under such condition the behaviour of the core mate-
rials. is modified and further induces considerable modification of the reactor 
performances, which concern various engineering fields. The Course was devoted 
to the physical effects of irradiation. The main of them are due to neutron absor-
ption by the core materials and cause the change of their isotopic composition as 
irradiation proceeds. This change affect such issues as criticality, safety, power 
distribution, fuel element perfomances, discharge fuel caracteristics, etc. 

The Course included the following topics (covered by invited lecturers): 

1. Changes in reactor characteristics with burn-up (Ch. Vandenberg, Belgium). 
2. lattice cell burn-up calculation (J. Pop-Jordanov, Yugoslavia). 
3. Global reactor calculations (J.B. Askew, U.K.). 
4. Nuclear data requirements, status and availability (A.J. Fudge, U.K., R.J. Heyboer, Netherlands 

and N. Kiippeler, F.R. of Germany). 
5. Practical calculations for reactor bum-up (J.B. Askew, U.K.). 
6. Experimental techniques for measuring bum-up (T. Dragnev, I.A.E.A. and L. Baetsle, Belgium). 
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7. Contribution of reactor physics experiments and operating experience to burn-up analysis (J. Debrue, 
Belgium). 

8. Core managements and cycle optimization (M. Mel ice, Belgium). 
9. Sources of error and predictive capabilities (B.I. Spinrad, U.S.A.). 

10. Applications to fast reactors (F. Starrer, France). 

The Course was attended by about 40 specialists (from all continents except Aus-
tralia); six of them were university professors, the rest mostly with PhD degree. 

On the basis of the material presented during the Course one could state the general 
reguirements of burn-up physics as follows: 

a) The determination of reactor conditions well enough, so that design and 
operational tolerances are not set by uncertainties both in nuclear data and 

in reactor physics models. 
b) The foundation of a sound scientific basis for any burn-up prediction system 

(otherwise the prediction of new system is not possible.) 

2. NUCLEAR DATA REQUIREMENTS, STATUS AND AVAILABILITY 

The reactor core consists of a lot of different materials such as: fuel, moderator, 
constructive materials and fission products (of the order of 100 fission product 
isotopes). Also, different nuclear reactions take place in it. Due to this fact we 
need many nuclear data, and as the problem is so voluminous, international colla-
boration is essential. The requests from the national reactor programmes of the 
member states of the IAEA are coordinated by the nuclear data committees and 
summarized in the World Request List for Nuclear Data Measurements (WRENDA) 
One could state the main topics in this field as follows: a) Accuracy level require-
ments. This depends mainly on the reactor physics application such as: reactor 
concept exploration, reactor and fuel cycle design, operations safety and safeguards; 
b) Cross section data for thermal and fast energy region. For reactor calculations 
one is mostly interested in the details of energy dependance of the cross sections. 
In the thermal region the data concern microscopic cross section, resonance integral 
and parameters of the resolved resonances and an average level spacing in unre-
solved region. It seems that the requirements for accuracy have been satisfied, 
except for Sm151. However, looking at the requests of WRENDA 74 more infor-
mation is still needed. 

In the fast energy region the situation is much more difficult. Experimental diffe-
rential cross section data are available only for few isotopes, also in some cases 
discrepancies among experimental data are considerable. Much work has been 
done on predicting cross sections, starting from theoretical nuclear models and 
systematics of nuclear parameters. At the moment there are 7 known groups, 
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working on evaluation of cross sections for fast reactor (in Italy, Soviet Union, 
Australia, United States, the Netherlands, France and Japan); c) Fission product 
decay data. For burn-up determination half-lives and branching ratios are known 
well enough with few exceptions (Csl34, Eul54, Zr95, Eul55). However, required 
precision has not yet been achieved for absolute gamma ray intensities and new 
measurements are needed; d) Fission product yields. — The dependence of diffe-
rent burn-up parameter values on accuracy of fission product yield data may be 
high (as in the cases of neutron absorption in Xel35 and fuel burn-up determi-
nations) or low (as in the cases of total energy release or the average — decay 
energy per fission). Yields of U235 fission products are known best. For reactor 
calculations, the most serious are uncertainties in the yields of Sm isotopes. Com-
parison of yield values indicates that many data include systematic errors; and, 
it is essential, the cause of the error can be identified only rarely. The main problem 
in compiling yield measurements for evaluation of burn-up changes is a large 
number of data to be dealt with. 

3. REACTOR BURNUP PHYSICS MODELS 

As it has already been stated the reactor burn-up is predicted essentially by the 
changes in the reactor core composition due to neutron interaction with materials. 
These changes affect the neutron energy spectrum, both local and global, and the 
amount of control which has to be supplied to maintain a critical reactor. As all 
these changes interact with each other we need experiments and calculations to 
get values for different reactor configurations. It is not possible to make experi-
ments for all possible situations. Therefore, theoretical models are needed for 
both understanding and prediction. 

3.1. Theoretical methods 

In order to understand better different theoretical models and their interactions, 
let us start with the schematic view in Fig. 1, given by Prof. B.I. Spinrad. 

The complexity of these interactions requires separation assumption, which is, 
fortunately, entirely valid. Namely, the classical approach in reactor physics is 
to consider separately the effects of local fuel elements and overall reactor effects. 
Thus, in the lattice cell calculation we represent the local geometry of individual 
fuel elements and neutron spectrum in detail, while the rest of the reactor is repre-
sented through boundary conditions. Information from the lattice cell calculations 
is then condensed, and used for the reactor calculation in which cell-to-cell and 
over-all effects are studied. 
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3.1.1. Lattice cell models 

In order to solve the burn-up problem the lattice cell flux distribution has to be 
recalculated for a number of times during reactor operation. It is not possible to 
obtain analytical solution of the Boltzmann equation for the pin cell geometry, 
clusters, etc., due to complexities both in geometry and composition of the actual 
power reactor cell. For this reason representation of the neutron energy spectrum 
and local geometry should be emphasized. 

There are different approaches to the numerical transport theroy such as Sn, Pn, 
etc., and Monte Carlo methods. In some cases they may become impractical for 
burn-up calculations, due to large computing time. 

In the series of lectures given by Prof. J. Pop-Jordanov emphasis was put on the 
methods of determination of local neutron flux and isotopic change. Collision 
probability methods based on integral transport theory were especially elaborated 
and discussed. The space-energy point method, developed at the „Boris Kidrič" 
Institute of Nuclear Scieneces, was presented in greater detail. This method is an 
effective approach to override the main difficulties involved with the other methods. 

3.1.2. Global reactor calculations 

Global reactor calculation is the next step in the reactor calculations. Usual approach 
to the whole reactor burn-up is to synthesize the energy details of the point lattice 
cell calculation by 3-dimensional spacial representation of the whole reactor. For 
practical reasons the 3-dimensional reactor model will be taken as few-group 
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diffusion model. The mesh representation must be sufficient to give individual 
fuel chanel representation. In the series of Prof. J.B. Askew's lectures both homo-
geneous and heterogeneous methods have been presented ,with some emphasis 
on practical reactor calculations, nuclear data handling and library formation. 
Control rod problem and in-core management have also been treated. 

3.2. Experimental methods 

Measurement of the total number of fissions in fuel provides useful integral check 
of theoretical models, A selected monitor for determination of the total fission 
number should have the following properties: a) the same fission yield for all the 
fission species; b) both its own (i) chain and the previous (i-1) chain should have 
low neutron capture cross sections; c) it should be stable, or have long half-life, 
with respects to irradiation time. There are two basic methods for determination 
of the concentration: destructive and non-destructive. 

3.2.1. Destructive methods 

Two different methods are used in destructive burn-up analysis: a) Radiochemical 
measurement of the burn-up; b) Mass spectrochemical analysis of fission products 
and fissile materials. Selection of fission density indicators is the main subject 
and only a small fraction of the fission products can be taken into account in both 
methods. Generally, these indicators are radioactive or stable. Only few radio-
active fission indicators are valid for the analysis of the total fission number, such 
as Zr95, Nb95, Rul03, Rhl06, Csl37, Bal40, La 140. However, in the case of 
high temperature oxide fuel, on adequate radionuclide for burn-up determination 
has been found yet. Two stable fission products, Mo98 and Ndl48, are excellent 
fission indicators, since their yield is within few percents equal for all fissonable 
nuclides in both thermal and fast reactors. 

3.2.2. Nondestructive method 

This method needs radioactive fission product which emits well resolved gamma 
rays. Its basic advantage is that it is non-destructive so that measurements can 
be performed directly, on fuel pins immediately after removal from the reactor. 
The useful energy range extends roughly from 0.5 to 0.9 Mev and the following 
gamma lines usually have adequate intensity and definition to be measured with 
the required accuracy: 

Kev Decay half-time Identification Kev Decay half-time Identification 
497 39.8d Ru—103 724 65d Zr—95 
512 365d Rh—106 757 65d Zr—95 
605 2.1 ly Cs—134 766 65d Zr—95 
622 365d Rh—106 769 2.1 ly Cs—134 
662 30y Cs—137 802 2.11 y Cs—134 
696 285d Pr—144 816 13d La—134 
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There are few specific arguments against this method (the same arguments are 
valid for destrustive methods using radioactive indicators): it is very sensitive to 
the accuracy of the irradiation time data for each sample; b) only few decay schemes 
of radioactive fission product nuclides are known with desired acuracy. There are, 
however, also arguments in favour of this method of burn-up analysis: it is still 
fairly cheap, and its precision and sensitivity are satisfactory, etc. 

4. FAST REACTOR BURNUP PHYSICS 

In the series of lectures given by Prof. F. Storer the emphasis was made on the 
differences between thermal and fast reactor burn-up physics. Neutron population 
of both thermal and fast reactors is governed by the Boltzmann integro-differential 
equation. Owing to the characteristics of the mean free path the fast reactor may 
be treated as homogeneous, opposite to the thermal reactor, where severe local 
inhomogenieties have to be taken into account. Very strong cross section variations 
exist in the energy range of the fast reactor neutron population and, for this reason, 
we have to take detailed cross section schemes. In theoretical investigations we 
have to deal with about 2,000 energy groups for cross section representation while 
in practical calculations the useful number is 200—300 groups. (In comparison 
with the thermal reactor where we have 2—5 thermal groups but enormous number 
of space points for detailed representation of overall reactor situation). Also, 
enrichment of the fast reactor fuel has to be very high so that its specific power 
is higher than that of the thermal reactor. 

CLE AM Po (BLANKET) 

Fig. 2 

These are main general features of the fast reactor in comparison writh the thermal 
one. But in order to obtain better picture about the burn-up physics problem of 
the fast reactor let us consider main parameters in this connection. 

Breeding ratio, as the chief difference between fast and thermal reactors, is greater 
than unity so that inside the blanket of the fast reactor fissile material is produced 
from the fertile. Doubling time is about 20 years and is a function of many variables 
(for the fast reactor PHENIX it is 18 years). 
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Fuel for the thermal reactors is U235, while fast reactors burn Pu. It is also possible 
to use Pu239 as fuel for thermal reactors, in which case it is noted as clean Pu. 
Dirty Pu will be a mixture of different Pu istopes. Both thermal and fast reactors 
produce Pu. It will be very interesting to consider the possibility of coupling sche-
mes of plutonium recycling between thermal and fast reactor. One possibility is 
represented in Figure 2. Let us note that this is only an idea for the solution 
of a very difficult problem still to be considered. 


