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ABSTRACT
The knowledge of the neutron irradiation effect is essential

in dealing with all subjects related to the fuel. Neutron irradiation provokes

fission reactions within the fuel and produces new nuclides. The formation

chains are described and the importance of each isotope in the fuel cycle is

explained with regards to its own characteristics. To solve the system of

equations giving the evolution of different nuclides concentrations, the cor-

responding effective cross-sections and flux received are ;;iven by standard

codes used for reactor calculations. A good test for calculation methods is

the experimental study of irradiated fuel. Many techniques have been developed

for this purpose. The last chapter compares fuel evolution in different reac-

tors, in connection with some specific characteristics.

1 - INTRODUCTION -

The development of nuclear energy implies a sound understanding of fuel

behaviour throughout its cycle from manufacture to reprocessing. New safer and more

economic working conditions are constantly sought.

A study of the fuel inevitably involves a great number of scientific fields

because of the multiplicity and complexity of the phenomena encountered. This course

will deal only with the neutronics i.e. with the study of the influence of the neutron

flux on the fuel composition and the energy liberation. A knowledge of the characte-

ristics, once determined is essential in dealing with subjects related to the fuel

such as : fissile material balance, metalwork, reprocessing, etc...

The neutronics engineer therefore is no longer limited to questions

concerning the isotopic comrosition of the reactor neutron balance. He is rather

faced, more and more often, with problems concerning the different stages of the

fuel cycle : fabrication, irradiation, handling, storage. In order to reply to these

questions, he must furthermore be able to draw on information provided directly or

indirectly by standard reactor calculations.

Neutron irradiation provokes fission reactions within the fuel giving rise

to the liberation if energy and fission products as well as capture reactions which

in turn produce new heavy nuclides. Firstly the formation chains shall be described

and the ijnportance of each isotope in the fuel cycle shall be explained with regards

to its own characteristics.

In order to solve the system of equations giving the evolution of the heavy

nuclide and fission product concentrations, it is necessary to know the correspon-

ding effective cross-sections and the flux received. Numerous standard calculation

codes are used. They may be divided into two categories depending on whether they

deal with a very localized : o n e o r w i t n t n e u-nole reactor.

A good test for the calculation methods used is the experimental study

of fuel unloaded from a reactor. For this purpose a certain number of techniques

have been developed which are remarkable for their ease of operation or their

precision.

Each reactor system is characterized by one or several particular types

of fuel element. The geoinetry, initial composition and the nature of the associated

moderator explain the specific characteristics of the evolution of heavy nuclei

concentrations in each system.

These characteristics along with the mode of unloading adopted define the

level of fuel usage on its withdrawal from the reactor. The respected value which

must be in keeping with the limit to technological performance is one of the essential

factors governing the co?t of the energy produced. This justifies the study of the

optimisation of the fuel cycle, before, duiir.g and after irradiation, for each parti-

cular case.

The principal aim of these conferences is to promote an understanding of

the fundamental phenomena which are linked to fuel evolution, and which have varied

implications in all operations undertaken on the fuel, from its fabrication to its

reprocessing. The techniques used lo determine irradiated fuel characteristics may

then be chosen with regard to the means available.
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A bibliography follows these lectures. We can distinguish four kinds

of references. Reference IM is a book, recently published in FRANCE, that gives

fundamental basis in neutronics and reactor physics. Each country with a nuclear

teaching Center disposes of so a book. The references HI to /7/ concern recent

data compilations that can be recommanded. The calculation and measurement techniques

described in these lectures are very widely used in the world and ever)' Laboratory

has published many publications about practical applications. The references /8/ to

111 I covers a large field of applications, concerning generally French Laboratories.

The last references concern the lectures given during this Winter Course which are

devoted to the description of reactor systems /28/ to /32/ and evolution codes

/33/ /34/ /35/.

In spite of the difficulties involved, the two isotopes of uranium may be

separated by one of several processes : gazcous diffusion, centrifugation, etc...

Uranium enriched in TJ may thus be obtained and opens the pathway to more varied

types of reactor than those using only natural uranium.

Thorium is composed of one single isotope T h , which as for U is not

very fissile. It leads, however, to the formation of a fissile nuclide, 2 3 3U, with

properties comparable to those of U and 239Pu. For this reason, thorium in a

reactor will always be accompanied by a fissile nuclide 2 j 3U, 2 3 5U or possibly
239Pu in order to start off the 2 3 3U formation cycle.

2,2 - Evolution chains

2 - GENERAL LAWS GOVERNING FUEL EVOLUTION -

2.1 - The_natural_clements i.yrsiniuTn.cjGd̂ tirarium

Uranium and thorium are the two naturally occurring elements which are

'.he origin of all fission reactions taking place in reactors.

Uranium is the source material which is most frequently used. In its natu-

ral state it is composed of three isotopes U, ' U and U in the following
234

proportions, expressed in numbers of atoms : 0.0055, 0.7254 and 100. The U is in

fact a descendant of the U with which it is in radioactive equilibrium. The

abundance ratio is inversly proportional to the radioactive half-lives. The ura-

nium's composition is the same in all deposits which did not undergo chain reactions

in earlier geological periods such as in OKLO in Gabon. Taking into consideration the

radioactive half-lives of U and U,the isotopic abundance 2 billion years ago

attained 3.8̂ 1 !.

Amongst the isotopes of uranium, 3'U proves to be very fissile when placed

in a flux of thermal neutrons. The fission and capture cross-sections for neutrons

of 2200 n/sec are 580 and 92 barns respectively. In spite of its small abundance in

natural uranium, this allows a chain reaction to be maintained in graphite or heavy-

water moderated reactors.

U is a "fertile" nuclide which is fissile only when subjected to high

energy neutron bombardement. It does however produce a very fissile nuclide, pluto-

nium 239 which plays an important part in nuclear reactors.

All nuclides to be considered in the study of irradiated fuel are given

in figure 1. Each is characterised by its atomic number, Z and its atomic mass,M.

They are sometimes denoted by a suscvipt formed from the last figures of Z and M ;
239

e.g. for Pu (Z=94, M=239), the atomic concentration is written N^g. In certain

cases, an isomeric state more stable than the fundamental ~tate may be considered

(e.g. 2 4 2 mAm).

In figure 1, the isotopes with a very short half life have been omitted

and are only to be considered in special cases characterised by very high neutron

flux. So the transmutation from U to Pu takes place in three steps :

. •»»". (">ifl iSJir / 9 " *'»»# / 3 ~ * M t >
1/ '" *• 14. • • " ^ * Y P ' "'" "" ^ fit-

r=43.J--m Tx2.i5U238In the case of a PKR, the capture rate for U

at equilibrium therefore
S.S . IB.9

239,

Ak9
flig 239

The rate of capture reactions for U is negligible. The quantity of

/Via

Pu contained in the fuel during destructive testing analysis is slightly greater

than that present in the functionning reactor since one then measures ( Np+ Pu).

However, very often only the J U fn,S) Pu reaction is considered. In the case

of the transformation Th (n,(S) '"ll, it is indispensable that the presence of

Pa, with a half-life of 27 days, be taken into account.

The passage from one nuclide to another takes place either by nuclear

reaction or by radioactive decay.
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The most important phenomenon to be considered in a reactor is the fission.

The absorption of a neutron by the nucleus renders the latter very unstable provo-

king quasi-instantanoously its division into two nuclei of approximately equal

mass and the liberation of some energy. All neutrons which are absorbed by a nucleus

do not produce fission. There may only result the creation of a heavier isotope

of the same element : e.g. 2 3 5U (n,*) 2 3 6u.

It must be noted that neutron emission which is a phenomenon often ignored,

occurs spontaneously in nuclear fuel whether irradiated or not. The resulting neutron

flux is of a totally different order of magnitude to that present in a reactor.

However, if no precautions were taken, the neutrons could in certain cases produce

significant biological effects on the personnel in charge of the fabrication, trans-

port or reprocessing of the fuel.

The probability of an absorbed neutron producing fission varies conside-

rably from one nuclide to another and with the energy of the incident neutron* In

the thermal neutron flux the fissile nuclei are in practice limited to U, U,

Pu and Pu. It must be noted that certain isotopes which are not very abundant

such as mAm are very fissile. In the spectrum of fast neutrons all the heavy

nuclides are fissile. Due to the abundance of U in thermal reactors moderated

with graphite, heavy water or light water, the participation of this nuclide in

the fission reactions is far from negligible, 4 to 8 *..

Each nuclide may be characterized by a quantity, o equal to the number

of neutrons emitted par neutron absorbed

In certain cases, the absorption of high energy neutron^, is followed by

the emission of 2 neutrons, giving rise to isotope of smaller mass. These rare

reactions do not influence significantly the neutron balance but produce nuclei

such as 237Np (reaction -n, 2n- on 2 3 8U) or 236Pu (reaction-n, 2n- on 2 3 7Np).

All heavy nuclei considered in figure 1 are radioactive, which would

explain their absence in nature excepting those with very long half-lives : " lh,

U and U. The stable isotopes corresponding to radioactive chains used in a

reactor are Pb (Th chain) ,

C235U chain).

(Np chain), 206Pb (238U chain) and 2O7Pb

The radioactive disintegration of a heavy nuclide may be described by the

half-life (T 1/2) and by the disintegration probabilities of different processes :

oi, B , "if emissions, electronic conversion, spontaneous fission ... The majority

of the nuclides given in figure 1 disintegrate practically only bye*, emission. The

nuclei with whort half-lives, which have been omitted, are /} emitters. In reactor
?7Z 1/11 '

fuel, two important p emitters are found
2 3 3Pa and 2 4 1Pu.

The following characteristics of the nuclides are given in table I : the

equivalent half-lives of each type of disintegration, the average energy of the <*.

emission, and the number of neutrons produced by a spontaneous fission.

This neutron emission has two origins : spontaneous fissionsand (d, n)

reactions. The principal spontaneous fission emitters may be distinguished by their

even Z and M values, e.g. 244Cm, 242Cm, 2 4 2Pu, 2 4 OPu. The bombardment of light

atoms (M<40) by t>£ particles may sometimes result in neutron emission although the

probability is small. This probability however increases with « particle energy thus

favouring the production from heavy nuclides such as

strong neutron emission are : F, Be, B, Al, 0.

242,Cm. The light elements giving

Obviously the presence of oxygen of the fuel "oxide" gives rise to a spon-

taneous neutron emission which is particularly strong when irradiated (presence of
242 244

Cm and Cm).In order to calculate the neutron emission of a mixture as for

example Pu 02, it is first necessary to calculate the probability of the<x emission

being stopped by the oxygen, then to use the effective cross-section which is charac-

teristic of the o< particle energy.

Returning to figure 1, the importance of the different nuclides shall be

examined as regards their incidence in the fuel cycle and with respect to ''.ifferent

criteria ;

- highly fissile nuclides in thermal reactors : 2 3 3U, 2 3 5U, 2 3 9Pu, 2 4 1Pu,
242m,"Am.

242,
- nuclides with important capture resonances : 2 J 2Th, 2 3 6U, 2 3 8U, 2 4 0Pu,

Pu.
- very fertile nuclides in thermal reactors : T h , U.

- fissile nuclides in fast neutron reactors : all the isotopes of U and Pu,

but chiefly <33U, 2 3 5U, 2 3 9Pu, 241Pu.

- most important <* emitters :

a) fresh fuel : 2 3 8Pu, 2 3 9Pu, 24OPu

b) irradiated fuel : 242Cm, 244Cm

- most important Remitters encountered in the fabrication of fresh fuel :
2O8T1 (from 2 3 6PU/ 2 3 2U, 241Am (from 2 4 V ) )

- most important spontaneous fissile nuclides :

a) fresh fuel : 238Pu, 24OPu, 242Pu

b) irradiated fuel : Cm,
A
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and
241.

2.3 -

The level of neutron irradiation of a nuclear fuel is defined by a quantity

called the specific burn-up whose value corresponds to a quantity of liberated energy

and a composition fnr the fuel.

In neutronics terms, the specific burn-up is defined as the number of

fission reactions undergone in an initial sample of 100 heavy atoms. This quantity

is called FBW, fissions per initial Metal Atom, and is expressed in the form of a

percentage (in French, T.C.F. taux de combustion en fissions).

The FIFA (Fissions per Initial Fissile Atom) considers only 2 3 5U, 239Pu

'Pu.lt appears preferable to use the FIMA rather than the FIFA since o all
238

ir. ents and purposes, all nuclides are fissile and particularly the U pres^ 't

in thermal reactors.

The FBI/V is a quantity which does not require the setting of delicate

hypotheses on energy liberation and may be directly deduced from the results of

analysis.

Unfortunately, this notation does not involve the notion of the energy

provided and thus it is often preferable to express the specific burn-up in mega-

watt days per ton, i.e., in energy released per mass unit of fuel..

This notation requires us to accurately define the considered quantity of

fuel and the energy liberated by one fission.

For the considered quantity of fuel, one may speak in terms of a metric

ton of metal, oxide or other material. In France the word "metal" is applied to

theimal reactors and "oxide" to fast reactors. Metal applies only to the uranium and

plutonium i.e. without associated metals : Mo, Al, Zr...

The energy produced during fission lias several origins :

- kinetic energ/ of fission products which are brought to a halt almost

instantaneously and thus locally liberate the greatest part of the fission energy

- disintegration energy (8 and #) of fission products ; the majority of

disintegration occurs very soon after fission and the rest, in some cases, after

very long periods.

- energy of neutrons which are slowed down in the moderator to an energy

level at which they may give rise to another reaction (capture ou fission).
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- energy released by capture reactions of neutrons not giving rise to

fission reactions, in uranium or other materials.

- energy of anti-neutrinos.

1
The fission energy varies from one fissile nuclide to the next.Table 2

drawn up from a recent compilation /6/ gives the energies released by each type

of the more important fissile atoms.

The energy per fission which must be taken into account to determine

the burn-up in megawatt days per ton varies with the problem studied, accordingly

we consider the total energy evacuated by the coolant, the local energy' released

(fuel temperature), ...

The kinetic energy of fission products and fi disintegration energy is

liberated very close to the point where fission takes place. The Eradiation is

stopped at a distance which varies with its energy. It may by noted that the Jf

energy originating from a fissior. reaction is only partially liberated in the fission

zone but this :one, because of its high density, stops radiations originating from

other fission points within the same fuel rod or from another one. A part of jfenergy

is also liberated in structural materials (cladding . . . ) . This point is very important

in respect to irradiation loops.

In order to encompass the energy of fission producing neutrons, some

codes use different fission energies for each neutron group.

With the knowledge of the FIMA and the fission energies E. expressed in Mev,

the specific burn-up in megawatt days per ton is easily calculated.

Given that :

1 Mev = 1.602 x 10"13 joules = t.602 x 10"1S x g^jj Mh' days

The average atomic mass and fission energy are :

« z: Mi Ni

N;
(Fi = number of fissions in the

isotope i)
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I t therefore follows that :
T . . » / , Tn, •. 1.6O2x1O"19 6.O23X1O23 FIW (',)I MWd/t metal = E(Mev) x —afiiUV1 x — z x ^86400

I MWd/t tnotal = 11168 x ^ X ) x FIMA ('.)
MCg)

I MVd/t oxyde = - ~ x I MVd/t metal
(M32)

Very roughly spealting, then it may be said that a FIMA of 1 i corresponds

to a specific burn-up of 10000 MlVd/t metal.

2.4 - Fission_Products

To eadi fission reaction there corresponds the formation of 2 (possibly 3)

light atoms. Fission is a very rapid phenomenon and produces a cascade of radioac-

tive nuclei with very short half-lives. In practice, the nuclides with longer half-

li\res, these may be considered as originating directly from the fission, the limit

depending on the phenomenon considered : after-power, ̂ emitters ...

The emission of fission neutrons and the fission phenomenon itself occur

quasi-sunultaneously, excepting of course, those originating from the disintegration

of longer half-life nuclei and which are the delayed neutrons.

The probability of a nucleus of mass, A, being produced during a fission

reaction is given by a graph of characteristic shape. In practice only those atoms

with masses between 72 and 170 as well as the very light atoms ( T) originating

from ternary fissions, are considered.

The figure 2 gives an example of the repartition of fission products

following their atomic mass for " U HI .Fora heavy isotope characterized by

its M and Z values, the theoretical fission yield can be determined for each

atomic mass of fission products.

Wherever possible, this theoretical approach is coupled with experimental

findings and the compiled results aro often presented in international gatherings

II, 3, 4/. In general, fission yields are given for three neutron energies : thermal

neutrons, fission neutrons and 14 Mev neutrons. Nowadays, in effort is being made

to clarify the dependance of fission yield on neutron energy in fast neutron reactors.

Fission products are of great importance in the fuel cycle and play an

important role in the following ways :

- Variation of reactivity with irradiation. In every case this occurs in the negative

sense since the fission products may only capture the neutrons. Some product;

have very large effective cross-sections (e.g. Xe and Sin for thermal neutrons).

The effect of the fission products on neutron balance shall be considered later.

- After-poi.-er which is the energy liberated within the fuel, after the chain

reaction has ceased. This energy, which originates from the disintegration

of radioactive fission products, is particularly large in the first moments

after the reactor shut-down, be it norma? or accidental.

- Migration within the fuel which has direct efrects on the metallurgical proper-

ties of the fuel element.

- Reprocessing where, due to their raJioactivity, they render all operations diffi-

cult and costly, and pose particular problems of dissolution, of trapping in

wastes, of elimination from uranium and plutonium or of storage.

- Fuel characterization, particularly in the measurement of specific bum-up using

stable isotopes (neodymium) or ti emitters.

3 - CALCULATION OF FUEL EVOLUTION' -

3.1 - Evolution eguations

The formation of the nuclides produced within the fuel have been examined

previously and outlined in figure 1. In order to determine the corresponding concen-

trations, a system of equations shall be developed for the evolution chains.

For each nuclide considered, the balance between the number of atoms

appearing and disappearing may be expressed following the paths shown in figure 1.

Generally, the variation, as a function of time, of the concentration of an isotope i

may be expressed as :

dNi

~av
P-D = Production - Destruction

As discussed previously, the nuclear processes considered in this study

of fuel evolution are :

- nuclear reactions including capture, fission and (n,2n) characterised by reaction

rates A

- Radioactive decay (^,y3,... disintegrations) characterised by the disintegration

constant A f X = 0.693/Tj .,}.Tj .,
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Whatever the energy of the incident neutron, the same isotope is always

formed . For a reaction (n,$ on an isotope i, the reaction rate is given by :

Ai (2)

In the standard calculation codes for reactors, different conventions

may be used to represent the neutron flux : total flux, flux equivalent for

2200 m/s neutrons, multigroup flux, ... The integrated flux, g, is also defined as

/o

At
(3)

To each flux representation, there corresponds an effective cross-section

so that the correct reaction rate may be determined for the whole spectrum or for

a given energy group i

»T?. _ Ait

The subscripts j, k and 1 evoke all other possible ways whether by nuclear

JPuor radioactive disintegration of forming the isotope i. Therefore gives

Ai) ( » (*tiA) (HiCm) (tit A)

Instead of associating a specific equation to each nuclide one might have

developed a general equation englobing all possible processes. This method, although

academically attractive, has the inconvenience of including nuclides with very short

half-lives which thus make the mathematical solution of the system of equations ex-

tremely difficult. Moreover, a representation of the division into different isomeric

states would prove difficult.

Depending on the problem dealt with, the system of equations (6) may be

simplified by a reduction of the number of isotopes (and hence equations) and by

the elimination of certain secondary reactions (n,2n). In many cases, in fact, the

following system is sufficient for thermal reactors.

In many cases, the flux is not explicitly known, but it is deduced from

a particular rate e.g. the power generated per fission reaction

•Sj.Ni Ofi Ei

where P is the total power and E. the energy by fission of the nuclide i.

(5)

In the particular problems, any representation of the effective cross-

sections may be employed with the one condition, that there be coherence between the

units used for flux and for all the cross sections (capture, fission, n,2n).

The collection of nuclidcs considered in figure 1 gives rise to a system

of first order differential equations

tit = t * e
The effective cross-section^a is the sum of the effective capture, fission

and (n,2n) reaction cross-sections for the isotope i.

PRINCIPAL EVOLUTION EQUATION'S FOR TllliRMM REACTORS

. <P

(ore.

x If there is the formation of an isomeric nuclide the branching ratio can be
dependent on the neutron energy.
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To the system of equations(6) giving the number of heavy nuclei, may be

added :

- one or several equations giving the number of fissions in the fuel or in each

isotope.

d§i = Oei,tfi . £i . Cf
at °

- equations describing the fission products

(8)

- additional equations dealing with a particular problem e.g. structural material,

burnable poisons, etc...

In the latter examples quoted, each of the isotopes present must be

considered separately,taking into account initial abundance and the possibility

of a different flux (as in the case of fuel cladding). Mien one wishes to study

the radioactivity of cladding, the reactions due to fast neutrons of the type

(n,p), (n,2n) ... must be considered.

For nuclei with very long half-lives, the variations of flux with time

have no effect on the number of nuclei which depends only on the fluence . This

point is important since it allows a parametric representation of composition as a

function of integrated flux or specific burn-up.

The resolution of a system of equations is complex as the flux and the

effective cross sections vary in the course of the irradiation wilh the spectrum

shape, the self-shielding effect... The problem is simplified, if it is considered

that some of these values are constant during the evolution. Very often, either

the flux or the pcwer (cf equation 5) is constant.

In a particular case, where it is supposed that the flux and thf* effec-

tive sections are constant, the analytical expression of each of the concentrations

can be given, but the formula obtained becomes \rery long after the third or fourth

nuclide of the chain. In practice, numerical methods of integration are preferred.

They make possible to resolve step by step the system of equations. These methods

have become relatively simple with the introduction in the computer of subroutines

which treat the problem of systems of differential equations. The physicist's work

is then limited to adapting the system of equations to the specifications of a sub-

routine and to supply at each "step" the correct values of the flux and of the

cross sections obtained by othci means. The division in "steps" depends

on the accuracy required, the performances of the numerical method of integration

and, also, the cost of the use of the computer.

Th*1 problems regarding the calculation of the evolution of the fuel

can be presented in three ways :

- the laws of variation of the effective sections and of the flux are taken on

priori, for instance deduced from previous calculations made with cell codes

or reactor codes.

- The evolution of the fuel can be treated locally by the use of the cell codes.

- The fuel evolution is studied in a reactor in function of spatial heterogeneity.

The last two cases will be studied in the following chapters.

The first case is particularly encountered in studies where the interest

is not in the reactivity balance but in the fuel composition, for example :

- correspondance between the burn-up and the composition in fissile nuclides,

- correspondance between the fundamental characteristics of the fuel (burn-up,

fissile material content, ...) and the experimental results obtained by different

ways : JC spectrometry, mass spectrometry, ...

- studies about the after-power and the emission of spontaneous neutrons ore/,fi, £

rays.

For these composition determinations, a previous calculation supplies,

the variation laws of the different cross-sections in respect to the fuel bum-up.

Implicitly, these laws take into account the effect on the neutron spectrum im!u<.cti
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by the changes of the fuel composition and the moderator boron content. Kith this

cross-section bank, the calculations can be repeated with a simple and economical

code to take into account the exact variations of the level of power, especially

when we study radioactive emitters and the secondary processes of evolution not

included in the initial code. The cross-section bank can be constitued by a table

or by polynomial formulas depending on one (burn-up) or more parameters (fuel

enrichment, temperature, . . . ) .

Some codes are devoted to fission products, especially for after power

studies. Just after the shut-down, it is necessary to consider a great number of

very short half-life nuclides. A code calculates the variation with the cooling

tine, for all the nuclides issued from one fission occuring in each type of fissile

nuclide, the concentration, and the depending quantities (heat, ft, %,i) emissions...)

The french code PEPIN now takes into account more tfian 700 kinds of nuclides /9/.

The result obtained from these calculations are integrated by another code in order

to sum up the "elementary fissions" that occur in the fissile nuclides present in

the fuel /W.

3.2 - Local_eyolution

During this course, many other papers have emphased the neutronic ijnpor-

tance of cell calculations. They make it possible to resolve the transport equation

by calculating very exactly the spectrum of energy of the neutrons . The environ-

ment of the cell is taken into account either directly in a "multicell" code or in

form of particular conditions imposed at the limits. The cell codes use a very fine

division in energy groups. The multigroup data set associated with the code, contains

the cross-sections (capture, fission, transfer) of nuclides initially in the cell

(fuel, moderator, poison, ...) together with those of the most important isotopes

appearing during irradiation. The problem of resonances is treated very elaborately

in function of their energy width, thus taking carefully into account the self-

shielu.ig.

A cell in evolution does not present any particular characteristic, except

the presence of many different sorts of nuclides in the fuel. The cell code will thus

contaLi a mixing of the calculation of flux in the cell and a resolution of the

evolution equations. One m y possibly use in certain phases of the calculation

of the neutron spectrum, results previously obtained, notably in regard to a treat-

ment of resonances, as the competition of the fuel varies little from one step of

evolution to the next.
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To resolve the problem of evolution, a series of very fine "steps" might

be used, during which, it will be supposed that the neutron energy spectrum and

hence the cross-sections remain constant. It would be prohibitively expensive to

repeat the cell calculations too frequently.

InpracticQ integration steps of much greater siie can bo effected by

using a method of "predictor-corrector" by using the values of the concentrations

and of the cross-sections, at the beginning at the middle and at the end of the

step under consideration.

er(t) <r(t*4t) <r(fc«*0

N(t)

The number of cell calculations is thereby limited to two per integra-

tion step.

The distribution of the flux not being uniform; the distributionof the

nuclides created by fission is not uniform and theoretically a special evolution

calculation should be therefore made at each point.

In practice, except for a few special cases, the resolution is only made

once and a mean value is obtained on the whole of the evolving medium ; it would

often be illusory to proceed otherwise, for, on one hand, this method would not

be coherent with the manner of treating resonances (formation of Pu) and on

the other hand, the l^cal metallurgical state would have to be taken into account.

The spatial problem has not to be considered, except for certain systematic

phenomenon, and in the case of poisoned fuel for which several zones involving

separately have to be considered.

The evolution code of the cell has to take into account the reactivity

effect of the fission products which intervene in the percentage of the neutrons

captured, between 6 J for the reactors of the natural uranium systems to 15 i in

those of fast neutrons system. We shall consider later the problem of fission

products.

The results of calculation of cell evolution are frequently used to obtain

effective sections destined to be introduced in other codes, for example, in the

spatial calculations for reactors or studies on the fuel cycle.
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Because of the importance of cell calculations in neutronics, a big expe-

rimental effort has been made to improve both the methods of calculation (with and

without perturbation) and the data set /*3/ /44/ /{S/ /4b/.

3.3 - Glgbal_eyolution_gf_the_core

The calculation of the reactor in evolution appears to be very complex.

In fact, it is not, as in the case previously treated, a question of an infinite

lattice formed by the repetition of a group of cells. The environment of the core

Creflector, diverse structures), the local effects such as control rods, and each

cell with its own irradiation have to be considered in their actual state. Cells

identical at the outset but submitted to different flux have not the same compo-

sition after irradiation.

It is impossible to consider each point of a reactor with the same rigour

as that used in a cell calculation to determine the energy distribution of the

neutrons.

In the two cases there must be taken into account the other parameters

independent of the fuel bum-up. These are :

- the concentration in a soluble poison (boron) of the moderator which is fixed

by the operator of the reactor.

- the xenon concentration which depends almost essentially on the level of power.

The"macroscopic" representation is generally used in spatial calculations

where the discretisation is made at the scale of the fuel element (one or several

meshes per subassembly) ; it is well suited to codes using a method with "finite

elements" and for those with "finite differences" where the evolution is treated

"by homogeneous zones" and not "mesh by mesh".

For a given irradiation stage, cross-sections are obtained from parame-

trical laws, and then a classical reactor calculation is established. The criti-

cality is obtained either by moving control rods or by changing the boron content.

From a cell calculation, can be deduced for different steps of irradia-

tion, a set of cross-sections, microscopic or macroscopic, condensed on one oi

several energy gTOups. These sections, used with the corresponding neutron flux

must give the same rate of reactions as in the cell calculation. From these dis-

crete values, mathematical functions depending on a characteristic parameter of

irradiation can be adjusted : fuel burn-up, nuclide content ... Those functions

can possibly take into account the incidence of other parameters, such as :

temperature of the moderator , boron content, ... In practice, it is impossible

to find a representation which takes all the phenomena affecting neutronic condi-

tions into account ; for each type of cell, a parametrisation is made.

In the calculation of the whole reactor, treated by a method of "finite

elements" or of "finite differencies" those functions are used. This makes possi-

ble to multiply the number of space points to the detriment of division in energy,

while taking advantage of the rigorous treatment of the energy problem carried

out in a cell code. As the case may be, it is possibl" :

- either to use the parametric representation of microscopic cross-sections, to

carry out the resolution of evolution equations in each mesh and to deduce from

it, the macroscopic cross-sections to be used in the calculation code of the

reactor.

- or to use directly macroscopic cross-sections.

The flux at each point of the reactor is needed in order to obtain the

local power and the total power discharged from the reactor. This power permits

us the normalize the values of flux. These "three-dimensional results" are obtained :

- directly (the case is very improbable as this requires a considerable number of

meshes in the calculation !)

- by the superposition of a fine structure taking into account repetitive local

phenomena, and the macroscopic distribution calculated,

- by the combination of results obtained with a bidunensionnal code radially at

different levels, and axially.

The local flux and associated power are, of course, useful in evolution

calculations to define the increase of the irradiation rate during the time At

and to calculate the concentrations in nuclides of radioactive chains where short

periods are concerned ( Xe, ^Pa). But it is of primary importance, to check

by each moment, and at each point of the reactor the agreement between the power

discharged, the fuel bum-up and the rules imposed by the manufacturer of the

fuel, the operator of the reactor and the Safety Organisation.

To these local values, may be added, informations concerning a reactor

zone which maybe asubassembly, the cartridges of a channcl,the amountof fuel pro-

vided by discharging the reactor...
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The quantities obtained (mean fuel burn-up, composition in heavy nucIiJes)

are very important to know in every thing concerning the fuel cycle.

3.4 - Effect_of_the_fissio;i_products

The fission products are very numerous and it is impossible to describe

each one by an equation.

We shall limit ourselves to the study of certain nuclides which play

an important part in the field of the study in question :

- by the effect on the reactivity

- by their own characteristics.

Among the fission products which play a part in reactivity, Xe and

Sm, rtrtiich are often present with a concentration of saturation, must first be

pointed out.

The Xenon isotope has a big resonance in the thermal range.

Its high section of absorption (2.65 x 10 barns) makes of it an important poison

in the thermal neutrons reactors. It is produced on one hand, directly by fission

but with a very low yield and on the other hand, principally by radioactive decay

of iode 135. The

?LPTC\1 below.

Xe is itself very radioactive. The chain of evolution is rcpre-

The concentration in Xe is thus established as in function of a compo-

rt ion between the law of formation from a I and its disappearance in presence or

>n .licence of neutrons. As the reactor increases in power,thc concentration in "~Xe

• the associated antireactivity increased up to the values of equilibrium or

-...u: ition. When the reactor is stopped, I is transformed into " Xe more rapidly

tli... the latter disapeared which provokes a maximum antireactive effect after sonic

:-..iis. This phenomenon has to be taken into account if the reactor is restarted

Airing this period.

The "Xenon oscillations" con be explained qualitatively. If the power

i:v>eases locally, there is an important formation of precursors °f xenon. The loc.'.l

antireactivity which results some hours later provnkes a local diminution of the

power and of the formation of J"I. The problem of Xenon oscillations must be taken

into consideration in the case of reactor control by movement of the control rods.

Samarium 149 is an other ijnportant poison of thermal neutrons reactors.

At 2200 m/s, its cross-section is of 41COO barns. Unlike the xenon, it is a stable

nucleus obtained by the following chain.
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Its appearance and disapca ranee are tied to flux level, the antireactivity
149

supplied by the Sm is independent of the power level. Khen the reactor is stop-

ped the radioactive decay of 149ftn provokes an increase of the antireactivity which

is proportionally greater as a concentration in 149Pm is higher, that is when the

specific power is higher. The effect of 149Sm is particularly important in high

flux reactors.

In fast reactors, the 135 Xe and the 149 Sin dot not play a special part.

In calculations of reactivity, the fission products that have significant

yields and important cross-sections are treated independently of the others. They

are considered individually by a particular equation which makes possible to take

into account the specific fission yield for each fissile isotope, and a cross-section

weighted on the spectrum existing at this step of irradiation. According to the

complexity of the codes, 0 to 40 fission products can be considered.

All the other fission products are replaced by one or several fission

products, of use general or specific for each fissile isotope. The characteristics

of the pseudo-products of fission are deduced from codes which take into account the

chains of all fission products and calculate the capture cross-section in the consi-

dered spectrum of individualized fission products.

As we shall see, certain fission products which play a special part in

the metrology, are treated by a particular equation in the evolution codes.
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4 - QUALIFICATION OF THE METIODS FOR TIE CALCULATION OF FUEL EVOLUTION -

4.1 - Introduction

The calculation codes layed down since some twenty years enable us from

now on, to be aware of practically all events which concern the life of a reactor

and particularly in the field of neutronics. The codes are a result of the coupling

of banks of data to mathematical methods for the solving of complex equations taking

into account physical phenomena /8/. Each element of the code represents the result

of both theoretical (comparison methods) and experimental tests /13, 14, 15, 16/.

The experimental investigations may be grouped under four categories :

- determination of basic data : physical constants, effective differential cross-

sections

- measurements on critical experiments

- measurements on the operating reactor

- measurements on the irradiated fuel.

We shall limit ourselves here to describing the last two types of measu-

rement and more particularly those on the irradiated fuel. It is however ijnportant

to stress the interdependance of the various methods of measurement, the different

pieces of information tending to fit together and to corroborate each other mutually.

This is particularly the case for the concentrations in the different sorts

of nuclides obtained from the same set of equations :

- the cross-sections are characteristic of the spectrum

- the flux law is the same for all equations

- many nuclides are issued from previously formed nuclides .

Very often, with the equipment available for irradiated fuel in the

laboratory (mass spectrotnetry for isotopic ratios, ̂detector, ...) the concentrations

in some nuclides are more easily measured. A comparison between calculation and

measurement can be made. Thus, the physicist can judge the quality of the implicit

corroboration which results for other calculated concentrations, more difficult to

experimentally obtain. It is the basis of isotopic correlations that can be used

in irradiated fuel studies, for example, in safeguards /11/.

4.2 - Examination_of_a_reactor_in_oneration

It is obvious that the best test for reactor calculations is the running

of the reactor under conditions predicted by these calculations. It is, however,

often difficult to identify the origin of possible deviations due to the general

nature of experimental findings. Before associating any deviation to an error in

the fuel evolution calculation (heavy isotopes, fission products such as Xe

or poisons) it must be assured that all measurement apparatus and its calibration

are beyond reproach and that the error does not involve some parameter which may

be unmeasured or unaccounted for.

The main pieces of information gathered during operation of the reactor

concern :

- the control of the reactivity by movement of the control rods or by soluble

poison

- electronic measurement channels for safety and control

- temperatures and coolant flows

- the power distributions as measured by the "in-core" instrumentation.

The control rod positions, the boron content, and readings from the

control chambers (even when they deal with one zone of the core more than another)

can only provide general information which is not easily coupled directly to the

calculations of fuel evolution.

The temperature plots of the coolant leaving the reactor give the pcuer

distribution if the flow is well defined and known.

The "in-core" instrumentation where it exists yields the most precise data

for the verification of flux or power distribution calculations.

The positioning of the measuring device poses great technological diffi-

culties faced with the necessity of gaining access to the core vessel where a high

pressure is existing.

U fission chambers are frequently used and give a current which is pro-

portional to the reaction rate £j>,<f)at the point of measurement. Despite the teclinical

problems presented in doing so, the fission chambers are withdrawn from the core

between periods of measurement. This avoids U 1oss and any alteration of other

components. Furthermore, this method limits the number of chambers used, each of

which is able to take measurements at many different points. A comparison of chambers

is made at a common chosen reference point.

The mcasui ement technique with seli'pafcei'ed detectors is similar to that

of fission chambers. In this case the current originating from/3 particles emitted

by rhodium placed in the neutron fiux, is rceasured. The detectors are fixed in
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place in the reactor core. An older technique is that termed "aer'balls" where

instead of irradiating a wire as in a critical reactor, a column of small manganese

steel balls, which are set in place and withdrawn pneumatically, is used.

Following the read-out of measurements (chamber and collectron currents,

}/activity of aeroballs) the corresponding reaction rates may be plotted and com-

pared with the "calculated" values. The modifications to be made to the latter in

order to produce a better description of the core are thus deduced. The result is

a new plot of power distribution (including the hot-spots) and of the specific

burn-up.

4.3 - Choice_of_gost-irradiation_technigues

The experiment study of irradiated fuel is particularly rich in infor-

mation for the qualification of fuel combustible and calculations of evolution

/13, 14, 15, 16/. Here, we are confining ourselves to this last point but we must

insist on a fact that it is rational and economical to carry out this two types

of study at the same time.

The interpretation of metallurgical phenomena makes it essential of know

the effect of neutron irradiation : the fuel burn-up, the composition in heavy

isotopes and fission products, the temperature reached which depends on the energy

released ... The methods of measurement used ir the two types are different with the

exception of the gamma spectrometry which uses the same apparatus, but the prepa-

ration of samples which contitutes a very important part of the cost of the expe-

riments is common to both : dismantling of a subassembly, transport to hot labo-

ratory, cutting, ...A supplementary economy is effected if the two experimental

programms have been prepared together before the start of irradiation because it is

possible to optimise the conditions required for a good interpretation of post

irradiation results : metrology, accurate analysis of the initial fuel.

The experimental programms of the neutronic type may have one or more

objects :

- the adjustment and control of a calculation formula,

- determination of the characteristics of an irradiated sample in conditions ill-

established in calculations,

- the control of the values stated for an irradiated fuel element, notably in the

context of safety and nuclear guarantees.

The techniques used depend on the objects of research and the cost accep-

table, as measurements of an irradiated fuel are generally very costly. On one hand,

a considerable mass of fuel has to be withdrawn from the normal circuit, on the other

hand the greater part of the work has to be carried out with biological protection.

To reduce the cost, the program can be coordinated with the metallurgical studies.

Nondestructive techniques like the gamma spectrometry can be used. Nevertheless,

the most accurate results for the measurement of calculation codes are obtained by

the destructive analysis of the fuel. Other techniques make possible to obtain parti-

cular characteristics : neutron capture of fission products, after power, neutron

emission, ...

4.4 - tfeasurements_by_ganma_SDectroinetry.

The measurement of gamma radiation is well developed and utilised in a

wide range of fields. It is obvious that irradiated fuel presents a very suitable

field of applications as many of the products resulting from fission are radioactive.

The gamma spectrometry is widely used on irradiated fuel, both for metallur-

gical and neutronic studies /21, 22/. It has been greatly improved by the development

of recent techniques, in particular in the following fields :

- Detector and associated electronical set : the replacement of the sodium iodide

detector by germanium detectors has considerably improved the resolution of spectrum

peaks ; the amplifiers make possible measurements with strong gamma activities.

- Analysis of the spectra : the very fine division of the spectrum in energy (utili-

sation of analysers with 4,000 channels) makes it possible to use accurate codes

/23/ /24/ for the calculation of the areas of the peaks, the calculations often

being made by computers on line.

1 Knowledge of the conditions of measurement : optimisation of the collimation, cali-

bration of the installation, controlled displacement of the fuel element in front

of the detector. The gamma emitter nuclides are very frequent in irradiated fi^l

elements. They have several origins : - fission products

- products of the activation of fission products

- products of activation of structural and clad-

ding materials,

- products of filiation of all these nuclides,

generally of short life and in radioactive equilibrium with them.

140

_ J



F
The heavy nuclides provoke the emission of gamma and X rays, of low inten-

sity compared with those of associated fission products.

Nevertheless, measurements of this radio-activity are possible on fuel

discharged for a considerable length of time from the reactor.

The use of the gamma spectrometry is limited to the study of emitters the

radiation of which can be measured with sufficient accuracy and which are represen-

tative of a physical phenomenon /21/.

The quality of the result is linked with the characteristics of the spec-

trum line under consideration. The statistical accuracy of the count is improved

by a high fission yield and a high branching factor for the gamma radiation of this

energy. The intensity of the peak will be greater in proportion as the energy is

high, the probability of transmission of gamma radiation from the source point to

the detector, through the fuel and the other materials, being greatei. Unfortunately for

high energies, the detector efficiency is small !

The identity of the peak observed, is confirmed by the presence of secon-

dary lines in the spectrum, at other energies. The calculation of the area of the

peak is the more exact if there is no interference with other lines. The most favou-

rable case is that of the study of the spectrum in the zone of energy superior to

550 kev for a very cooled fuel.

The metallurgist pays particular attention to the localisation of the

fission products, which is very revealing of the technological performances of the

fuel (cracks in the fuel lattice, migration of the fission products, . . . ) . He, there-

fore, uses a collijnation apparatus which enables h:un, to explore in detail all the

fuel. On the contrary, in neutronics, the interest lies on the fission products

which remain in the healthy zones of the fuel, where they originated. It is therefore

interesting in this study, to average the results obtained for a larger zone of fuel

in order to eliminate the effect of too localized punctual phenomena.

In neutronic studies, therefore, only those gamma emitters are retained

which have not migrated in the conditions of irradiation. According to their radio-

active half-life, the fission products describe the particular characteristics of

irradiation. Shortly after the shut-down of the reactor, the most important emitters

are those having a short half-life. The atoms present have been formed at the end

of the irradiation, and may represent the final distribution of the events of fission

in the reactor. On the other hand, the long half-life products, masked at the outset

in the gamma spectrum by the important emitters and the background noise associated

therewith, represent the distribution of the fissions accumulated during the irra-

diation.

The principal emitters studied, are given in Table 3, with their principal

characteristics (half-life, gamma ener. y, "parent" fission product with its half-

life and the principal fission yields, . . . ) .

Tneir field of application results from the examination of this table.

The short half-life emitters, in coprparison with the length of irradiation, are

utilised to give the final distribution of the power at the end of irradiation.

It is the case for 95Zr/95Nb and 1 4 OBa/ 1 4 OLa. Those of long half-life such as 1 3 7Cs

describe the rate of cumulated fissions. In view of the difference of fission yields

from * U and 3 Pu, the Ru may tie used as an indicator of fissions in Pu.

The 134,Cs is formed by activation of a product of fission

«3
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In the fuel which has been irradiated there are two ridioa.-tive isotopes

of cesium characterised by lines in the same zone of the gamma ray sjectrum. As a

first approximation, it maybe said rhat the concentrations in 13 Cs a-d 1 3 3Cs are

in proportion to the rate of fissions. The Cs, formed by capture. depei.-*s on

the integrated flux received, which is, in power reactors, roughly proportioi al

to the rate of fissions I. The ratio of activities of Cs and Cs, in propor-

tion respectively to I" and I, is therefore roughly proportional to I. It is inde-

pendent of the mass of the sample-«b3ereetJT-S}ie-?3tie Cs and Cs is shown as ;i

very promising indication for the measurements of the- rate of fissions on irradiated

fuel /21/.

The gamma spectrometry measurements can be made on fuel presented in solution,

in isolated pins or complete subassemblies. It is evident that from one type of

experiment to another, thc-difficulty of interpretation and the interest concerning

the method steadily increase.

The ideal teclinique is that which makes it possible to obtain the absolute

value of the cumulated fission rate of an subasscmbly, in a precise and totally

non-destructive manner.

HI
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The measurements on solutions of irradiated fuel arc mnde in conditions

which make possible, by using standardised sources, accurate measurements of concen-

trations in radioactive fission products. To obtain the corresponding number of

fissions, it is essential to take into account the radioactive decay in the reactor

(the half-life is not sufficiently long or short to describe the number of fissions

accumulated or existing at the end of irradiation) and the average fission yield

obtained by using the specific value of each fissile isotope. To obtain the fuel

burn-up, a number of fissions per unity of mass has to be determined. The use of

the spectrometer gamma for the determination of absolute values presupposes that

mass of fuelcontaincd in the solution measured is known. The difficulty disappears

if the ratio 34Cs/ Cs is considered, but in this case, the value of the effec-

tive cross section of capture of ~ Cs must be introduced.

When the measures are made on solid fuel, the phenomenon of transmission

of gamma radiation in the fuel and its cladding must be introduced taking into

account the distribution of the gamma emitters in the fuel pin or subassembly.

It may, however, be remarked that the coefficient of transmission of gamma radiation

remains sensibly constant in certain conditions of measurement, for instance when

the axial distribution is determined or when fuel elements of the same type arc

considered.

Because of its non-destructive characteristic for the fuel pin or the

subassembly, the gamna spectrometry is used intensively in all studies on irra-

diated fuel, in particular for the relative measurements of distribution of gairaia

emitters. Some laboratories have calibrated their installations to make absolute

measurements.

In the neutronic field, the relative measurements per gamma specrrometry

are particularly interesting to determine the global characteristics of an irra-

diated fuel element from the results of destructive measurement locally obtained.

In France, two special uses of the gamma spectrometer have been developed

- Measurements some tens of minutes after the end of the irradiation onto dischar-

ged apparatus from experimental reactors.

- Measurements on discharged subassemblies of PKR reactors, with an installation

submerged in the storage pool ; according to the time elapsed after the end of

the irradiation, either the final distribution of povcr ( La), or the distri-

bution of the specific burn-up (134Cs and 1:i7Cs) is obtained /21/.
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4,5 - Analysis of irradiated fue2

The analysis of irradiated fuel undoubtedly constitutes the most accurate

and complete method of validating the calculations of evolution. By utilising the

appropriate techniques, it is possible to determine the composition of each of the

nuclides described by the evolution equations ; heavy isotopes, fission products,

poisons, ... The number of fissions may by obtained either in comparing the balance

in heavy isotopes before and after irradiation, or in determining the concentration

in a particular nucluic ( Nd).

The analysis of the fuel requires laboratO7-Jes which have very efficient

equipment : shielded dissolution cells, mass spectrometers

The analysis is a costly process which is only carried out on a limited

-number of samples chosen in function of their neutronic representativity. The grea-

test care must be taken in each operation, particularly to avoid pollution by fuel

from another source which would falsify the result of che measurement.

The sample is chosen in function of the position fchich it occupied in the

reactor and of the problem under consideration. In particular, in the case of the

qualification of a cell code, the sample is chosen in "an asymptotic spectrum" of

an infinite lattice, situated at a distance from the perturbations not taken into

account in the calculation.

The gamma spectrometry_ is particularly useful as a means of ensuring the

metallurgical quality of the zone examined and for the extrapolation of the results

obtained at some points to the whole fuel element.

The size of the sample used in analysis is the result of a compromise.

The larger is the sample, the better is the protection from local perturbations due

to metallurgic phenomena, to contamination or to a faulty cutting, but at the same

time the greater is the difficulty of the radiological protection of the operators.

The cutting must he made with great care. In general, a portion of cylinder

is taken which is limited by two cross-sections ; the result obtained described

a zone which is the same as that studied by the cell codes. The sample is then

totally dissolved by an appropriate technique.

From this solution, aliquots of some cubic centimetres are then extracted

which are sent to specialised laboratories ; the sample received is representative

of an important zone of fuel (homogenisatien by dissolution) but presents a mode-

rate danger of radioactivity.
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The mass spectrometry is a very precise analysis technique well adapted

to the examination of irradiated fuels, on the one hand because it concerns the

concentration of each isotope, radioactive or otherwise, and on the other hand

because this technique only requires very small quantities of fuel. The spectro-

meter generally used is that of thermo-ionisation. Under the effect of heat, ions

are emitted from the fuel solution deposited on the filament and a magnetic device

separates the ion beams of the different atomic masses. This technique is very

accurate, if care has been taken, to f.-ee the solution from disturbing chemical

elements which could interfere with the same masses in the spectrum. With the mass

spectrometer, traces of one part in a million can be measured.

The isotopic abundance of the principal elements, uranium, plutonium

neodymium (fission product used to determine the specific burn-up) can be determined

together with elements such as americium, curium and gadolinium.

In addition to the isotopic abundance, the relative concentration in the

different elements are sought for. To avoid the difficulty of measuring masses and

of volumes, the technique of the simple or double isotopic dilution is used /17.18/

This eliminates the measurements of volume.

To a solution of irradiated fuel, a solution is added which contains in

a known proporticnof isotopes which are not present (or only in low quantities)

in the fuel ; U, Pu, Nd ... Measurements are made by mass spectrometry

after separation on aliquots of the solution of each of the elements. Thus, the

ratio "Pu/ U being known, the isotopic composition of U and Pu makes it possible

to determine the ratio U/ Pu characteristic of the irradiated fuel. In the

case of a PIVR fuel, the following results are obtained {2&)

R = ( j 2 3 5 / ^ % S R ^ 0 . C O 3 % R = u 2 3 (7u 2 3 8 % oR<0.003 °o

R = Pu24O/Pu239°. SR<0.05 %
2^9 t 242 ^39 *

R = Pu 2 3 9/U 2 3 8 % 6R/R<07 % R = (Nd 1 4 8/U 2 3 8)

Neodymium isotopes, and more ospacially Nd are used as indicntors of

the specific burn-up. N'd has the advantage of similar fission yields for "' U
239and Pu (y = 1.67 °. and 1.68 1 in thermal reactors /2/Jwhich are the main source

of fuel fissions. It has a good metallurgical behaviour and is not present in new

fuels. Chemical methods of separation of the ncodymium element among the rare earths

of irradiated fuel have been worked out, which makes it possible to make exact

R = Pu238/Pu239 % SR<TO.0O6 •.

R - Pu241/Pu2:

measurements by mass spectroinctry. The specific burn-up is determined from the

experimental ratio of concentrations in 148N'd and 2 J 8 U (148Nd/2;iSU):

148.,, , 148., ,x 238..

Z 3 / U

8,,.
U)2 100

This formula contains various corrective terms, near to unity, \chich have to he

estimated :

- The determination of the fission yield -y- introduces the distribution of fissions

between JDU, "J U, *J Pu, " Pu, ... to minimise the importance of the evaluation

of the origin of fissions, certain experimenters suggest using other isotopes of

neodymium for fuels on a base of "^ U, or irradiated by fast neutrons /19/.

- The ratio ( Ndx/ l Nd) of concentrations of neodymium produced by fission to

neodymium present at the nd of irradiation, '-filch takes into account its disap-

pearance by capture and its appearance from Nd , fission product of 11.08 days

half-life.

, 238,- The disappearance of *" U during the course of irradiation.

The concentration in " '"U among the heavy isotopes present initially is

assumed to be well known.

The method of deteraination of the fuel burn-up, from its ncodymium conten".

is undoubtedly the nost exact method of attaining this result. The specific burn-up

may also obtained by comparing the composition in heavy atoms before and after irra-

diation. This method is well adapted for fuel having a high level of "*1SU.

On the aliquots of solutions of irradiated fuel, other measurement techni-

ques can be used ; these are principally spectromctries "t and jf.

The spectrometry o( is well suited to the determination of the concern rations

Of americium and curium /20/. The measurement made on a thin deposit of solution i:ives

icctrinn vith four principal lines each corresponding to one or several nuclidc^

first (f. = 5.15 Mcv) corresponds to 2o9l\j and 2 4 OPu, the second (E = 5.5 Mev) to
41 244

)
2 4 2Cm

a spect

'^Pu and "41Am, the third [Y, = 5.8 Mcv) to 244Cm, the fourth (E = 6.1 Mev) to 4*tiCni.

The content in ~'"Pu and " Pu having been obtained bv "the mass spectrometry, the
M2 '44 ' 2̂ 8

concentrations in *" Cm and " Cm are deduced from the spectrum o(. To examine ' Pu
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and Am, the measurement must be completed by a spectrum e( obtained with a deposit

free from the americium element.

The spectrometry ctmakes possible measurements on minute quantities of

isotopes of short half-life. It is very difficult to obtain from it information

on nuclides of longer half-life. 2 4 2 % i , 243Cm ...

We have already insist upon the usefulness of measurements by the gamma

spectrometry. This method is particularly valuable when there is no mass spectrometry

laboratory available for treating irradiated fuel.

In the field of irradiated fuel, other analysis techniques, such as fluo-

rescenceX,have been developed by various laboratories.

4.6 - Other measurements technigues

In this chapter, two categories of measurements can be distinguished :

- Measurements of integral'quantities such as the neutron capture of fission products,

the after-powsr, the neutron emission.

- Measurements of the irradiation characteristics, using a physical phenomenon with

it is correlated.

The capture of fission products may be deduced from the difference of the reac-

tivity effects of two samples, the one irradiated and the other not. A previous

calibration malces it possible to take into account the effect of the variation of

cc ..position in heavy isotopes and to express the difference in reactivity in the

form of an equivalence in well known isotopes U, boron ... The measurement

technique most generally used is that of the oscillations in a critical reactor /",2/

With this integral measurement of the capture of fission products, it is possible to

assiriate measurements on individual fission products, using either an oscillation or

activation method, or an irradiation method followed by an analysis.

The after powsr can be measured in different scales of cooling times. The

.ludy of very periods is particularly useful, as this qualifies the results used in

the evaluations linked with the consequences of reactor accidents. For these measure-

ments, a fuel sample of small size is irradiated in a reactor of medium power and

transferred very, quickly into a calorimeter /2fi, 27/. For cooling periods of some

months, it is possible to make calorimetric measurements on portions of fuel elements

,'25/.
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But in this case, the use of the result is only valid if it is used to

qualify a calculation which takes count of the history of the irradiation.

The neutron emission can be measured by placing a fuel sample in a modera-

ting medium in which neutron detectors are placed. The use of the latter makes it

necessary to the gamma radiation existing in the moderator.

An electronic apparatus may make it possible to distinguish the neutrons

emitted in groups (spontaneous fission) from those emitted individually (reaction: <,'"•).

To obtain the irradiation characteristics, for instance the spe-ific

burn-up, more and more use is made of analysis and the gamma spectrometry. But certain

laboratories which are specialised in experimental techniques use them for study

of irradiated fuels ; for instance, the measurement of after power, the irradia-

tion by a source of neutrons ... Often, these methods present difficulties of inter-

pretation and of calibration. They may be particularly suitable for certain problems.

5 - COMPARISON OF FUEL EVOLUTION IN DIFFERENT REACTOR SYSTEMS -

5.1 - Introduction

In precedent lectures, the stress was put on phenomena, calculation methods,

and measurement techniques common to all neutronic studies relative to the evolution

of irradiated fuels. The application to the concrete problems obviously depends on

the context in which they appear : type of reactor, available calculation code,

usable measuring techniques, type of required information and the needed precision ...

The specific aspects of evolution for each type of reactor appear in the

specialized lectures : heavy wcter moderated reactors /28/, pressurized water reactors

/29/, boiling water reactors /30/,high temperature reactors /31/ and fast neutron

reactors /32/. From these lectures, it would be interesting to do a complete comparison

of everything concerned, directly or indirectly, with fuel evolution : reactivity,

fuel composition, control, reactor operating rules, fuel management ... Complementary

aspects concerning the metallurgical properties, the fabrication and the reprocessing

of the fuel would be useful but they are beyond the objectives of this course. This

comparison would give a sound understanding of the fuel cycle to those people who

must propose the best reactor system for a particular energy need.

In this lecture we are going to limit ourselves to only same aspects of

the fuel evolution which are very important for reactor design.
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5.2 - Reactivitj;_evolution_and_characteristics_of_th;_fuel_element

The behaviour of a running reactor is dependent on the fuel element charac-

teristics. Most of them are defined from the choice of the fuel enrichment, the mode-

rator, and the coolant. For this reason, there is a convergence of retained technical

solutions in the old reactor systems. This situation does not yet exist for new types of

reactors, like high temperature reactors.

For example, the use of natural uranium and graphite leads to a metallic

fuel element of large diameter in order to reduce to the maximum the effect of
238

resonance capture in U. The magnesium chosen as cladding material in function of

its neutronic and metallurgical properties fixes the operating temperature of the

coolant. The use of slighty enriched uranium authorize other materials : clusters of

uranium oxyde rods, stainless steel cladding ...

The evolution of the reactivity with time results from the balance between

the formation and the destruction of fissile atoms. In thermal reactors, it is
239

often considered the initial conversion factor. That compares the appearance of Pu

to the disappearance of TJ. With usual notations, it is defined :

*-o =

Co is particularly important in the natural uranium reactors that are

moderated by heavy water or graphite. It is obvious that in the c&j.e of the uranium

enriched reactor (PUR).

Co is much less, although the captures in U are relatively favoured by

the "hardness" of the neutron spectrum. The Co value explains the evolution of the

reactivity in a thermal reactor. The figures 4, 5 and 6 give the variations of the most

important atomic ratios in respect to the burn-up in graphite, heavy water or pres-

surized water moderated reactors. The variation of the reactivity depends on the

•'U/-'8U and ""Pu/—U. The formation of

Plutonium isotopes of higher mass ( Pu, pu) is accelerated when the spectrum

difference between the curves that give

Plutonium isotop

is plus "hard".

In the breeder reactor systems, we consider the "breeding gain". In a fast

neutron reactor, "the breeding gain" is defined as being equal to the difference of

quantities of plutonium (equivalent to Pu) formed and destroyed in relation to the

total number of heavy atoms destroyed by fission in the reactor /32/. The breeding

gain varies from one area of the reactor to another, from the core ( internal

breeding gain) to the blanket (external breeding gain). It is the sum of these two

breeding gains that is taken into account in the calculation fo the fuel cycle cost.

The "doubling tune", time necessary to produce a quantity of fissile material

(equivalent "^ Pu) equal to the quantity present in the core, is directly connected

to the breeding gain.

5.3 - Fuel_management

In a reactor, the main objective is the optimal fuel usage for maximum

energy production. In an subassembly whose fabrication and reprocessing cost is

very high, the interest of the reactor operator would generally want to conserve

fuel the longest time possible in the reactor. The management plan depends on the

handling system, the safety rules, economical criterion, ...

In natural uranium reactors, the reactivity reserve is limited and it is

necessary to mix in the core fresh fuel with a reactivity excess and almost exhaus-

ted fuel. The loading plan is according adapted. This is possible because there is

a large number of channels that can be loaded and unloaded when the reactor is run-

ning. In heavy water rc3Ctors, the fuelof neighbouring channels is pushed across

the core following contrary directions /28/. If fuel is withdrawn when the reactor

is operating, fuel elements must be of a small size in comparison of the reactor

charge in order that the imput or the output does not lead to a significant jump

in reactivity.

The fuel handling in an operating reactor is certainly a desirable solution,

but it is a technically difficult problem. The machine is complicated because it

must insure no loss of pressure for the coolant, the removal of the after-power, and

the biological protection of the fuel element just leaving the core.

In the case of water moderated reactors, the fuel handling is done whenthe

reactor is stopped uhen is not possible to remove antireactive materials from the

core (boron in water, control rods) to compensate for the disappearance of fissile

nuclides. The vessel is op'-ied, which is a very important operation. Then, the

underwater handling poses only minor problems, because the water insures, at the

same time, the heat removal and the biological protection.

Fast neutron reactor are stopped for fuel loading. The handling machine

takes into account the necessity to conserve the subassembly in the same coolant

material as in the core. Sodium prohibits the use of a convenient water pool for the

initial storage of unloaded fuel.
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It is useless to insist upon the importance of fuel management from an

economical or safety point of view. If the fundamental principle is to obtain the

maximum bum-up everywhere, other criterion can be retained for example available

fuol, performances of the handling apparatus, needs of the electricity network,

reprocessing possibilities, ... In fact the best economical choice of a management

plan is not made by individual elements, but by a group of assemblies and even by

a total of reactor charges. Thus in a PWR, the equilibrium**, is established while

definitively discharged a third of the core af•er one cycle and another after two

cycles stay in the pile.

Other fuel management plans can Lie considered if plutonium is introduced

in the fresh fuel with less enriched, natural or depleted uranium. To uranium economy

corresponds a higher fabrication cost.

The search for an optimal core loading must take into account the impera-

tive adherence to the safety of the reactor operation, that is to say to the tech-

nological limits fi-\ed by the fuel manufacturer : maximum linear power density,

burn-up, cladding temperature ... The conditions must be respected at each moment

of the reactor life, as well as during the normal running operation such as the

Transitory phenomenon. In particular, a movement of control rods must not lead to

the appearance of a peak in the flux distribution and consequently an inadmissible

v.iluo in the linear power density at any point of the reactor.

The pratical strategy used to define the configuration of the core in each

particular system is described in the specialized lectures /28, 29, 30, 31, 52/.

- CONCLUSION -

The objective of these conferences has been above all, to grasp

the fundamental laws of the evolution for fuel subzected to a neutron flux in

a reactor. If he knows well the phenomenon set into action, the engineer will be

ablu to answer the numerous questions better as they are presented along the fuel

:wlet in using a judicial way the calculation and measurement techniques which are

bailable.

corresponding to the best fuel utilisation.

In the developement of the reactors, very particular attention is brought

to the fuel cycle, from its fabrication to its reprocessing In the following years,

many studies wiii be undertaken in the field of irradiated fuel physics in order

to operate reactors even more economically and safely.
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TABLE 2 - FISSION ENERGY IN THERNW. REACTORS TABLE 3 - CHARACTERISTICS OF NUCLIDES STUDIED BY jfsPECTROMETRY

~l

Mev

Fragment kinetic
energy

Neutrons

Initial rays

Rays emitted
with betas

particle

Antineutrinos

after 3 years

Incident neutron
energy

Capture reactions
of fission neutro
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0 . 2

0 .
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: 0 .

• 12.1

Ref. - M.F. JAMES

Journal of Nuclear Energy - Vol. 23 - p. 517-536 (1969)
Energy released in fission
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