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ABSTRACT 

This document, prepared by members of the Irradiation 
Damage Subgroup of the Euratom Working Group on Reactor 
Dosimetry (EWGRD) describes the background of the proce
dures for determining irradiation parameters v/hich are 
of interest in radiation damage experiments. 
The first two char .̂line the concept of damage 
functions and dama.,, luodels. The next two chapters give 
information on methods to determine neutron fluences 
and neutron spectra. 
The fifth chapter gives a review of correlation data 
available for graphite and steels. The last chapter gives 
guidance how to report the relevant irradiation parameters. 
Attention is given to the role of the neutron spectrum in 
deriving values for damage fluence, energy transferred to 
the lattice, and number of displacements. 
A suggested list to report data relevant to the irradiation, 
the. instrumentation and the testing of material is included. 
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CHAPTER 1 
CONCEPT OF DAMAGE FUNCTIONS 

1.1 Principle of irradiation experiments 
The phenomena which are collectively known as "radiation 
damage" are changes, often deleterious, to the physical 
or chemical properties of materials when they are placed 
in a radiation field. There are a host of different effects 
grouped together under this general heading ranging from 
the breakdown of chemical molecules as in the dissociation 
of water, to the changes in the physical dimensions of a 
block of graphite. The common denominator in the phenomena 
is the fact that the changes observed are different either in 
kind or in rate from changes observed in the absence of a 
radiation field, and hence can only be studied by an irradia
tion experiment. In engineering terms the most important class 
of radiation damage is that affecting materials in a nuclear 
reactor, and this guide concentrates on radiation damage in
duced by neutron irradiation in a reactor. 
Even with this restriction the range of effects is still very 
large, covering the whole range of physical and chemical 
properties of materials. 
An irradiation experiment usually consists of placing selected 
specimens in a radiation field under carefully controlled 
conditions, and comparing the physical or chemical changes 
which take place with those of a control specimen. These changes 
may be monitored in the radiation field during the experiment, 
but because of practical difficulties it is more usual to make 
the experimental measurements in the laboratory after the irra
diation has finished. Although the radiation field is the prin
cipal factor of interest in an irradiation experiment, other 
environmental conditions such as the temperature at which the 
irradiation takes place, and the pre-and post-irradiation treat
ment of the specimens have considerable influence on the proper
ty changes observed. Unless all these factors are carefully 
controlled, and taken into account in the analysis of an irradia
tion experiment, much of the value of the experiment is lost. 
The most commonly used neutron radiatxon field for radiation 
damage experiments is that found in a nuclear reactor. In some 



ways this is unfortunate because this radiation field 
is very mixed, containing all forms of radiation over wide 
ranges of energy, and is one of the most difficult fields to 
predict accurately. However in a reactor two forms of radia
tion swamp all others in their effects on materials. These 
are the neutrons, and the >--rays, and for all practical 
purposes they can be assumed to be the only radiation fields 
which cause radiation damage in virtually all cases. 
The interactions of neutrons and v~rays with materials are 
very different and so it is essential that these are studied 
separately. This guide to radiation damage models concentrates 
on the models developed for the study of neutron irradiations 
as this is the most important, and most closely studied form 
of radiation damage in reactor materials. 
A radiation damage experiment is usually designed to study the 
effect of some change in the physical environment on the damage 
observed in a specimen. Where these results will eventually be 
used for the analysis of the damage in a practical reactor en
vironment this almost always results in some form of accelerated 
testing. This accelerated testing will require that the radia
tion damage experiment be performed in a radiation field differ
ent from that for which the results are required. 
It is to allow extrapolation of results from such experiments 
to other reactor environments that damage models are developed. 

1.2 Physical effects of radiation on materials 
The effect of irradiation on materials can be broadly classified 
into three groups: 1) mechanical damage to the lattice; 2) chemi
cal changes caused by the rupture of chemical bonds; and 3) 
the introduction of foreign material to the lattice by nuclear 
reactions. These microscopic effects of radiation on materials, 
are the basic causes of the observed macroscopic changes in the 
properties of materials, such as radiation creep, embrittlement 
of austenitic steels etc. Although it is usually possible to 
identify which of the microscopic effects mentioned above is the 
primary cause of any observed physical change in a material, 
exact correlation is in general not possible. In particular al
though it may be possible to establish that a particular form of 
radiation damage depends directly on the number of atoms dis
placed from the crystal by irradiation, it is not possible to 



relate theoretically the magnitude of the observed radiation 
damage to a calculated number of displacements. All radiation 
damage models at the present time contain at least one arbi
trary constant to relate the absolute magnitudes of the 
microscopic effect on which the model is based to the observed 
macroscopic effects to which it is being applied. 

1.2.1 Neutron collisions 
A large variety of physical and mechanical properties of a 
material depend on the crystal structure, and thus any modifi
cations to the crystal structure will modify a wide range of 
properties of a material. When a neutron collides v/ith an atom 
in a crystal it can transfer sufficient energy to the lattice 
to displace a number of atoms from their sites. This process 
is sometimes referred to as displacement damage and affects t^e 
physical properties of the material such as electrical resisti
vity, elastic moduli, shape etc. Because the damage depends on 
the number of atoms displaced from their lattice positions it 
will depend on the neutron flux density, and the energy of the 
neutrons. 

1.2.2 Bond rupture 
The energy required to break a chemical bond is approximately 
two orders of magnitude less than that necessary to move an 
atom from its lattice position and so while displacement damage 
is primarily caused by high energy neutrons colliding with the 
lattice, chemical effects can be caused by either lov/er energy 
neutrons or Y-rays as well. In fact this type of chemical bond 
rupture can frequently be related to the total energy deposited 
in the material, and the y-flux density is more important than 
the neutron flux density in most materials. 

1.2.3 Nuclear reactions 
Nuclear reactions introduce foreign atoms into a material, and 
these in turn modify its properties. Perhaps the best known form 
of this type of damage is the embrittlemcnt of austcnitic steels 
by helium produced from (n,a) reactions. This form of damage is 
obviously directly related to the nuclear reaction cross sections. 
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One potential damage source caused by nuclear reactions which is 
perhaps less well established than that described above is dis
placement damage caused by the decay of atoms activated through 
(n,Y) reactions. 
When a radioactive atom decays the daughter product atom can 
have a recoil energy of the order of lOOeV. This is suffi
cient to displace it from its lattice position, and hence can 
result in displacement damage. Thus displacement damage can 
in theory at least be produced by irradiation with thermal 
neutrons. However this form of displacement damage must not be 
equated with fast neutron displacement because while only a 
small number of displacements per event can be produced by decay 
a single fast neutron collision can result in several hundred 
displacements. Thus the distribution of displaced atoms, the 
recombination rate, and the annealing rates could all be very 
different for the two displacement mechanisms. 

1.2.4 Complex effects 
So far we have assumed that only one type of process is involved 
in radiation damage. While it is true that for most forms of 
damage one process predominates over all others, this does not 
mean that there are not other forms of damage which depend on 
two processes occurring in the material at the same time. Swelling 
for example may well depend on both the displacement rate in the 
material, and on the gas production rate. 
If this form of relationship exists then any damage model must 
take both processes into account. 

1.3 Calculation of atomic displacements. 
Attempts ha e been made to correlate observed radiation damage 
through such functions as "flux above lMeV". The trouble with 
such arbitrary models is that they have no basis in the physical 
or chemical processes involved, and sooner or later break down. 
For a really satisfactory model to be developed it must take ac
count of the contributing processes. 
All forms of radiation damage are a function of many variables. 
If we consider damage caused by atomic displacement, then the 
number of displacements produced in a specimen will depend on the 
irradiation level or flux density, the irradiation time, and the 
energy spectrum of the neutrons. Once a displaced atom is produced 
in a material, the probability that it will remain depends on the 
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production rate and the annealing rate. These will in turn de
pend on such factors as the flux density and the irradiation 
temperature. Thus mathematically the damage can be represented by: 

D = F U E ( E ) , o(E) , Tj. T A , tj } (1.1) 

Where D is the damage parameter under consideration 
$ F(E) is the neutron radiation field, 
o (E) is the neutron scattering cross section, 
T_ is the irradiation temperature, 
T is the annealing temperature, 
t T is the irradiation time, 
t- is the annealing time. 

A function such as equation (1.1) is much too complex to be 
of any real use in analysing radiation damage experiments, and 
so some simplifying assumptions have to be made. The most usual 
one is to assume that the variables are separable, so that the 
production of displacements in a material can be considered 
separately from their removal by annealing etc. One can then 
write the damage as: 

D = fj{ <JE(E,t), o(E)} . fjfTjftj). f 3(T A,t A) 

This expression is usually further simplified by assuming that 
the effects of the absolute level of the flux density can be 
separated from those due to the neutron spectrum variations, 
so that o (E,t) can be replaced by an expression of the form 
<f> (t) y_(E) . This must retain the dimensions of a neutron flux 
density spectrum. These dimensions could be associated with 
either term of this expression and so it can be regarded as a 
neutron flux density spectrum multiplied by a time dependent 
amplitude function, or a time dependent 'conventional' flux 
density multiplied by a normalized energy distribution function. 
The latter is probably the more common as the neutron energy 
spectrum is usually treated as being a constant property of an 
irradiation environment at least at the energies of interest 
to radiation damage experiments. We can now write an expression 
for the damage fluence *_.. 

* D = f {* (t), v E ( E ) , o(E)} (1.2) 

This function is now assumed to be of the form: 

• D - C // *(t). * E(E) . w(E) . dE.dt 
- C •/ ¥ (E) • w(E).dE (1.3) 
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Where * is the conventional fluence, 
w(E) is the damage function, in the case of displacement 

damage,the number of displacements per unit fluence 
as a function of neutron energy» 

C is a normalization constant. 
In equation (1.3) w(E) is a property of the material, VE(E) 
is a property of the irradiation position, and * is a pro
perty of the particular irradiation. 
The observed radiation damage is then described by an ex
pression of the form: 

D = f 1(* D).f 2(T I).f 3(T A,t A) (1.4) 
Radiation damage models are aimed at the generation of the 
variable * D such that the equation (1.4) above can be applied 
to any irradiation environment in a reactor. 
While all damage models are based on an expression similar 
to equation (1.4) above it must be remembered that this is 
based on a number of simplifying assumptions, which may not 
be true in all circumstances. For example it is well known 
that in graphite irradiations the flux density level, and the 
irradiation temperature interact with each other requiring 
that an equivalent temperature based on the true temperature 
of irradiation and the flux level to calculate. 
In graphite irradiations damage will accumulate in the same 
manner provided the ratio between the production rate of atom
ic displacements and their annealing rate is the same. There
fore to produce the same damage in two irradiation positions 
the following conditions for the damage fluence * D, the irra
diation temperatures Tj and the irradiation time t_ must be 
fulfilled: 

*D1 = *D2' "- 5> 
1 1 - * l n ( ! D 2 '*» ) , (1.6) 

TI1 TI2 Q •oi A I 1 

where k is the Eoltzmann constant and Q an effective activa
tion energy. Irradiation temperatures which fulfill the rela
tion (1.6) are called equivalent temperatures. By means of the 
equivalent temperature correction it is possible to account 
for the flux density level effect v/hich is caused by annealing 
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processes. Whether such annealing processes are important in 
data correlations depends on the magnitude of the activation 
energy Q. It is not permissible to discard this equivalent tem
perature correction without checking the justification for 
doing so. 

1.4 Application of damage models 
The application of a damage model to any irradiation consists 
simply of the determination of the three variables in equation 
(1.3) and then the use of this equation to derive a convent
ional parameter <s> which will allow irradiations in different 
reactor environments to be compared directly. 
These three variables are usually determined quite separately, 
and their determination is discussed in more detail in the 
following sections of this document. In applying this equation 
however it must be remembered that a number of assumptions have 
been made. One in particular is that the neutron radiation field 
can be replaced by a normalized neutron spectrum multiplied by 
an amplitude function of neutron fluence. This implicitly 
assumes that the neutron spectrum in a reactor does not change 
with time, which is not true in thermal reactors at least if the 
full energy range of the spectrum is considered. Fortunately over 
the energy range of interest for most radiation damage work 
(above IkeV) the assumption that the spectrum is invariant is 
reasonably accurate and therefore the equation is valid provided 
any fluence measurement is made at energies inside this energy 
range. 



CHAPTER 2 
DAMAGE MODELS 

2.1 Review on neutron-atom interaction 
2.1.1 Introduction 

Bombardment, by neutrons and mainly by fast neutrons, is 
the principal source of atomic displacements in materials. 
Processes of neutron-atom collision result in important 
energy transfers: indeed, a fission neutron of 1 MeV energy 
transmits on average 40 keV, to an atom of a middle mass-
number (iron). This energy is 1000 times greater than that 
required to eject the atom, from its equilibrium position. 
A neutron collision, elastic or inelastic (̂ -emission) im
parts a significant kinetic energy to the knock-on atom. 
Knowing of differential neutron cross-sections and all the 
variables relating to nuclear reactions, allows the calcu
lation of the energy spectrum of the first knock-on atoms 
(primary). This point is exclusively within the neutronic 
field and does not set a special problem, as long as neu
tron cross-sections are known. 
The reactions, considered for atomic displacement sources, 
generally are: (r.,n) , (n,n»Y), (n,p) , (n,a) , (n,y). 
Corresponding energy transfers are given in the annex. 

2.1.2 Slowing down of the primary knock-on atoms 
A primary atom, once in motion, may collide with another 
atom and give it sufficient energy to set it in motion. 
The two atoms may collide with other atoms in the same way... 
and so on. There is multiplication or cascade of displaced 
atoms until the energy of the atoms is near the minimum 
displacement energy E,. Atoms, ejected from their site, 
leave a vacancy in the lattice and find themselves in an 
interstitial position. 
- Ionization 
Atomic slowing down is in part due to electrostatic inter
action: A fraction of the energy from the primary atom is 
first dissipated in electron excitation of atoms in the 
material. The primary atom is itself ionized, which modifies 
its interaction with the lattice. Ionization phenomena do 
not have any effect upon the structure of the solid: energy 
lost in this way must be subtracted in the evaluation of 
energy for generating defects. 



- 15 -

- Atomic collisions 
The primary atom on the other hand gives its available 
energy to atoms of the lattice. At high energy it inter
acts only weakly, generating isolated vacancy-interstitial 
pairs (or Frenkel pairs). 
The chanelling phenomenon (trajectory parallel to atomic 
alignments) is not very important in case of primary knock-
on atoms created by neutron irradiation. 

2.2 End of the cascade 
2.2.1 Replacement process - Effects of structure 

At the end of trajectories of primary knock-ons, the pro
bability of collisions increases, and a cascade process 
creates many Frenkel pairs in a small volume. When the mean 
free path is in the region of the interatomic distance, 
collisions are too close to be considered separately: we 
call this disturbed portion of the crystal a "displacement 
zone" (see figure 2.1). 
This phenomenon is accompanied with a strong release of 
thermal energy (indeed, the energy E. required to create a 
Frenkel pair is very much greater than the energy stored by 
the defects). 
Also, interstitial atoms have a sufficient mobility to re-
combine with neighbouring vacancies, which causes a reduction 
in the number of vacancy-interstitial pairs. 
Moreover, effects of crystalline structure occur when the 
slowing down atom has an energy near E^: this atom can pro
pagate a vibration along the dense rows of atoms in the 
crystal: there is transmission of energy without the creation 
of defects (focused collisions). Alternatively, each atom 
can replace its neighbour and consequently there is a sub
stitution step by step along the dense row. 

2.2.2 Displacement zones 
At the end of a cascade, a central vacancy zone (SEEGER zone o /l/) subsists, about 5 nm (50 A) or so in diameter (to fix 
ideas) from the periphery of which interstitials are moved 
by the focused collision or the step by step substitution 
mechanisms mentioned. 
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2.3 

The number of interstitials is limited to the number which 
have been pushed away on periphery. Others are recombined 
in the central zone, annihilating as many vacancies. 
In this process, the number of defects (vacancies and 
interstitials) remaining ~n the crystal is consequently 
below the number of displaced atoms (about twice or thrice). 
This zone is called "displacement zone". 
Models of damage 
The main models of damage processes described below are based 
on a calculation of displaced atoms. They are supposed to 
allow correlation between various kinds of irradiations, such 
as ions, alpha particles and neutrons of different energie3. 
Employing the formalism adopted (see chapter 1.) one may write: 

N. - /"w 
* o 

(E) * E(E) dE (2.1) 

where N, = total number of displacements per target atom 

w (E) = 

where (E) 
E 

(E) / R P ' n a x v(E p) (E, E p) dE_ (2.2) 
p,mm 

= the neutron cross-section at energy E 
= the primary energy (E < E < E ) 

p,mm « p = p,max 
(E, E ) = the probability of obtaining E from the 

reaction o. v(Ep) the number of displaced atoms by a 
primary of energy E . 

The summation I is enlarged to cover all cases of reactions 
of chapter 1. It has been seen that v(ED) is either theore
tical (Kinchin and Pease model) or experimental (Thompson 
and Wright) (see below). 

*.3.1 Model of Kinchin-Pease (1955) K-P /2/ 
This simple and universal model assumes that below a certain 
threshold E^ (mean energy of ionization), the primary atom 
with an energy E makes only elastic collisions (no ioniza
tion) . If E d is the minimal energy to displace an atom, we 
deduce the number of displaced atoms by the primary: 
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v(EJ = E 72 E, for 2 E, < E < E. (2.3) p p a a p l 
= E./2 E, for E > E. 

x a p " i 
= 1 for 2 E, > E > E. 

a = p a 
= 0 for E < EJ 

p = d 
For graphite, this model is going to be used for basis of 
comparison (Fig. 2.2). It does not take effects of structure 
or of recombination into consideration, and calculates only 
the number of defects generated, not the number remaining 
in the crystal. 

2.3.2 Model of Thompson-Wright for graphite (1965) T-W /3/ 
This model elaborated for graphite irradiations is semi-
empirical. The energy of ionization E. is no longer a thres
hold, but is replaced by an efficiency function. This function 
is deduced experimentally from slowing down of C ions in 
carbon at energies near E. (10 to 30 keV). At lower energy, 
we consider the model of elastic collisions (hard spheres) 
of Kinchin-Pease. This model T-W is also shown in Fig. 2 with 
E, - 60 eV for displacement energy. 
The model of Thompson-Wright is the basis of the present 
EURATOM recommendation for graphite /4/. 

2.3.3 Universal model of Lindhard for ionization /5/ 
This theoretical treatment has been shown to be able to 
account for the partition of. energy between ionization and 
atomic collisions. It can be shown that, in the case of 
slowing down of an atom in a crystal of the same nature 
V(E ) is given by the following semi-empirical formula: 

v(Ej = o P „ ? u -,.»* (2.4) o' 2 E d {1 + k.g(e) } 

where e = E /E (reduced energy with E = 86.93 Z ' eV) p o o 
g(e) - 3.4008 e 1 / 6 + 0.40244 e 3 / 4 + e 

k - 0.1337 Z 2 / 3 A~ 1 / 2 

Z = atomic number (proton number) 
A = mass number (nucléon number). 
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The good agreement between this formulation in graphite and 
that of Thompson-Wright has been checked /6/. These two 
models give in practice equivalent damage functions. 
The Lindhard model now forms the subject of EURATOM re
commendation /4/ for metals but not for graphite. 

2.3.4 Other models of atomic displacements 
Other models have been developed, which take effects of 
structure (Half-Nelson 1969 and Norgett-Robinson-Torrens 
1972 /7/) into account. These last ones have included vi
bration effects of the lattice in a computer simulation 
model. They lead to an equation of modified K-P type. 

v ( V - C2lf < 2' 5 ) 

d 
where E is the energy given to the lattice (according to 

Lindhard) 
C is an efficiency factor quasi-constant ( = 0.8). 

These models improve the calculation of Frenkel pairs. 
As far as we are concerned, they lead to damage functions, 
equivalent to previous ones.(Note: in reactor dosimetry, we 
do not have direct interest in the absolute value of w (E), 
but only in the relative distribution in energy; see 
chapter 1). 

2.3.5 Models for mechanical properties of steels 
The problem is more difficult in the case of steel: the 
types of damage, important for austenitic stainless steels, 
is not the same as for ferritic steels (low carbon content). 
In the first instance, correlations are possible with a 
model of displaced atoms, even if the phenomena are more 
complex (swelling at high temperature etc.). 
However in ferritic steels, variations of properties of 
plasticity are assigned to the presence of displacement 
zones, obstacle to the slipping of dislocations. 
Simulations by Beeler (1969 /8/) en computer, permit the 
determination of a minimal energy of 3 keV, required to 
create a displacement zone, steady in o iron. 
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2.3.5.1 Model with "probable zones" (Alberman, Genthon and others 
1975 /9/) 
The number of zones per unit fluence may be calculated from 
the following relation: 

E 
w (E) = l o±(E) . / 3

P ^ X p(Ep) . Pi(E,Ep) . dE p (2.6) 

where p(E ) is the number of zones induced by a primary of 
energy E p. 
This relation is comparable to the relation (2.2), where the 
number of displaced atoms v (E ) is replaced by the number 
of zones p(E ), and where there is no defect (no zone) below 
3 keV. 
The number of primary atoms > 3 keV per unit fluence can be 
written with 

p(Ep) = 1 . 
The "probable zones" are determined by considering that; 
- the primary atoms, but also the secondary ones, the 
tertiary ones... may induce zones if their energy is 
greater than 3 keV; 

- a zone is stable only if it is not confounded in part with 
an other zone (overlapping). 

The "probable zones" are determined according to the above 
relation, with an efficiency function of the primary atom 
p(E ) > 1, taking into account, on one hand a secondary, 
tertiary 2tc... with a sufficient energy and, on the other 
hand, the probability of nonoverlapping of disturbed zones. 

2.3.5.2 Semi-empirical approaches (Serpan 1972, /10/ and /ll/) 
These are based on unfolding techniques, using spectrum 
calculation. 
The authors obtain a damage function w (E) by comparison in 
particular of ATT., variation of transition temperature 
(brittle-ductile) in different irradiation spectra *.(E) 

(£TT).. = C . /" w (E) * E # j(E) dE (2.7) 

The function w (E) obtained can be applied undoubtedly to 
U.S. steel, which was used to determine it, but its appli
cation is uncertain in other cases. 
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Various criticisms on these models 
The good cross-checking with results of irradiation corro
borates certainly the models of displacements per atom (d.p.a.) 
in graphite. Each particular model nevertheless has its 
shortcomings. 
Thompson-Wright measured only the energy dissipated in ioniza
tion by the single primary, neglecting secondary ones, while 
Lindhard is based on the interatomic potential of Thomas-Fermi, 
not well adapted to large distance collisions and to small 
atomic numbers. Nevertheless the fact remains that the re
sulting damage functions are very coherent. 
In the case of steels (mechanical properties) Serpan measures 
an effect of thermal neutrons even when neither effect, nor 
correlation have been obtained at Saclay or Calder Hall, for 
instance. 
The semi-empirical approaches have the disadvantage of not 
being based on the physical processes producing radiation 
damage, and hence their extrapolation to situations very dif
ferent from those used in their derivation is uncertain and 
questionable. 
The temptation to enclose too many effects of different nature, 
(n,y) or (n,ct) for example, in the same model comes up against 
this problem also. It seems in this case more judicious to 
calculate other parameters separately. 
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2.4 Appendix: Energy transfers /12/ 
Let E (6) be the kinetic energy of the primary atom, emitted 
in a direction making an angle e with the direction of the 
incident neutron of energy E in the centre of mass-system, and 
A its mass number. 
Values of E (6) are pointed out for the main nuclear reactions 
For the (n, n) reaction: 

2A E (e) = E. 
(1 + A) 

(l + cos e) (2.8) 

For the (n, n ' y ) r e a c t i o n : 
2A I 

E (6) = E.-
(1 + A) > - T P / • c o s 9 

(1 - + 1 fl» 1/2J 
A E ' J (2 .9 ) 

where E is the energy carried away by the gamma ray 
For the (n, 2n) reaction: 

E EA-E (A+l) 
Ep(6) = (A-l) •+2cos 9 

(A+l) A (A+l)) A-l) 
E(EA-E (A+l)) 

< T 
(A+l) *A{A-l) 

1/2 

For the (n,y) reaction: 
2 

E„(0) = 
f N. E.' I l l 
2(A+l)mc' 

(2.10) 

(2.11) 

where N. = number of emitted gamma rays of energy E. 
m = mass of the hydrogen atom 
c = velocity of light in vacuo 
(hypothesis of an isotropic emission of Y~rays)• 
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CHAPTER 3 
FLUENCE DETERMINATIONS /13/ 

3.1 Introduction 
In the field of irradiation reactors the concept of flux 
densities and fluences, and therefore also their measurement, 
v/ill be closely related to the purpose for which they are to 
be used. In general one wants to provide a physical quantity 
which one can plot on the X-axis , and which at best can 
characterize the neutron irradiation which the sample suffers. 
This quantity should also allow comparisons to be made between 
one irradiation and another and between one reactor and another, 
and also permit calculation of the effects produced, or the 
reaction rates: burn-up rate, activity, number of displacements, 
gas production, etc. It is at the position of the sample that 
this knowledge is interesting, that is to say in general in a 
complicated geometry with limited space, in important gradients, 
depressions or anisotropics of the flux density and in severe physical 
conditions (temperature, corrosion etc.). The measurements must 
be point measurements, and numerous.There are no techniques 
currently available for determining fluences of neutrons in the 
intermediate energy region of interest for radiation damage 
(above approximately 10 keV). Information in this energy region 
has therefore to come from a knowledge of the spectrum, and so 
this energy range is not considered further in this chapter. 

3.2 Definitions 
In Chapter 1 it was shown that according to certain hypotheses 
the damage fluence * n can be expressed as 

* D = C • * Jw(E) • ¥E(E) . dE (3.1) 

where *E^ E^ * S t* i e n o r m a l i z e < 5 spectrum, 
w(E) is the damage function, 
* is the neutron fluence. 

In this chapter it is shown how the fluence * can be determined. 
For this reason we will now consider again some difinitions. 
One has $ = / / ^ E ( E # t ) # d t . d E 
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where îp(E,t) denotes the neutron field. In chapter 1 it was 
assumed that one can separate the variables and write: 

* E(E ft) = VE(E). i (t) (3.2) 
where ^(E) is the normalized spectrum, 

<f> (t) is the flux density at time t 
This is not strictly true over the whole energy range(particularly 
the thennal part), but it may be considered to he applicable in 
the energy range above 1 keV, where the main part of damage by 
atomic displacements occurs. 
In general * is measured by means of activation detectors. By 
definition of the cross section for detection reaction i, denoted 
by a.(E), one has 

r J 0 i(E) .«E(E,t). dE.dt (3.3) 
cf. 1 

where tli« numerator on the right is, apart from a constant,equal 
to the activity induced in the activation detector i, and where 
the denominator1 is defined by 

F i = -f°i ( E ) • V E ) * d E ( ? , 4 ) 

The quantity ~. , denotes therefore the cross section of detection 
reaction i, averaged over the neutron spectrum at the location 
of the measurement. 
Currently one distinguishes several neutron energy ranges both 
for the fluencc measurements and for the determination of irra
diation damage. One range is of interest only for thermal reactors, 
i.e. the region where the neutrons are thermalized by the moderator. 
The fast neutron energy range, where the neutrons are pure fission 
neutrons or start slowing down, is of interest for all reactor 
types. 
In both cases the fluences are measured with activation detector 
techniques, 

a )ln the thermal energy range the detector activity will be propor
tional to the fluence and to the reaction cross section. To have 
a measure of the effect produced on the material being irradiated, 
one has only to multiply this activity with the inverse ratio of 
the detector cross section and the cross section for the effect 
to be studied in the material. Calculations of flux density 
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depressions in the detector and in the material have to be per
formed, in order to arrive at the correct ratio of the reaction 
rates of interest, 

b )In the fast neutron energy range the fluences are measured by 
threshold activation detectors, applying formula (3.3). 
In this formula the detector activity is generally well known 
(better than It). So one has then to determine ïï^at the location 
of the measurement; its value can be obtained from a knowledge 
of the spectrum 'i'p(E) and of the energy dependent cross section 
(equation 3.4). 
In practice the fluence of fast neutrons is sometimes defined 
with reference to a lower energy bound, which can be lMeV or 
100 keV. 
In this way one has a fluence (known as 'rapid fluence') 

L IT o.(E).« (Eft).dt.dE 
<f = *(>1 HeV) = - — z - ^ - . (3.5) 

c±(>i MeV) 
o" °i W E > . dE (3.6) 

where o. (>1 MeV) = = -
IMeV V E ) - d E 

Insufficient knowledge of energy dependent cross sections and 
of neutron spectra leads sometimes to the use of the concept 
of equivalent finsion neutron fluence for reaction i. This equi
valent fission neutron fluence is defined by the expression 

j t x r o.(E).$ p(E,t). dt. dE (3.7) 
• *» » o 

1 o f 

a 
where o*= r> a ± (E) . x E(E) . dE ( 3 ' 8 ) 

and X-£(E) denotes the normalized fission neutron spectrum. 
One may note that <J>. is dependent on the detection reaction whatever 
the neutron spectrum. This latter notation allows us to be eco
nomic in the spectrum determination and in the knowledge of the 
energy dependent cross section. Under the same spectrum condi
tions *. is a value characteristic of the size of the fluence. 
But v/hen the spectra are different and v/hen one wants to evaluate 
the damage fluence *_, one needs a good knowledge of the spectrum 
and the cross section. 
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/vpplication of activation detectors 
The technique is classical and we21 known. One starts with very 
pure materials in appropriate form (foils, pellets,wires), the 
mass of which is measured, sometimes even in pg. One locates 
these detectors in the irradiation device very close to the 
sample, taking into account the symmetry or physical conditions. 
After irradiation the detectors are recovered, cleaned and 
counted by comparison with standard sources, more and more by 
gamma counting using semiconductor detectors (GeLi). 
Some technical remarks: 
The irradiation environment often implies an encapsulation. 
In use are miniature encapsulations of aluminium, stainless 
steel, zirconium, cadmium etc. The dismantling of the detector 
is often performed in cells. 
The irradiation temperature can actually reach 1525K (1250°C), 
and studies are being undertaken to remove this limitation. 
Parasatic reactions sometimes impose a waiting time for the 
counting procedure, and this fact often causes a delay in the 
evaluation of the results. 
A reasonable redundancy in the number of detectors is applied 
in order to ensure the reliability of the measurement in all 
cases, or to interpolate the fluence values at the location of 
the sample. 
Corrections for spectrum effects, self-shielding effects often 
require a delicate interpretation. 
The problem of the knov/ledge of the spectrum which one has 
assumed to be solved, returns here markedly,especially for de
tectors with a high threshold. 
The detector types commonly used are listed in table 3.1., this 
table is clearly not exhaustive. 

The choice between the various reactions will be guided by the 
ease of deLermination of the absolute activity, the suitability 
of the half-life of the radionuclide produced, the presence of 
parasitic reactions, and the knov/ledge of o (E) . Incomplete know
ledge of a(E) may not necessarily lead to the rejection of the 
reaction under consideration. In fact one can at the same loca
tion proceed with the calibration of the fluence detector related 
to a detector with known cross section. 
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In order to minimize the errors due to incomplete knowledge of 
the- spectrum, one has to make efforts to apply detectors with 
a threshold as low as possible. If at the same time it is 
possible one would preferably use one of the list nickel 
(2.8KeV) or iron (3.3MeV) or preferably niobium ( lMeV) than 
titanium (3.8MeV) or copper (6.7 MeV). 
In this approach the ideal detector would have a cross section 
shape o(E) similar to the damage function w(E), since in 
this case- whatever the spectrum may be-/the detector activity 
will be proportional to the damage fluence * D, so that there is 
not further need to determine the spectrum. But this will be 
shown in the next section. 

4 Application of damage detectors 
All classical metrology methods based on activation have turned 
out to be somewhat insufficient for the study of radiation damage. 
The difficulty comes essentially from the basic difference be
tween the processes of irradiation damage phenomena and activation. 
The threshold for the first is, although badly defined, of the 
order of keV, whereas the effective threshold of activation react
ions by fast neutrons is of the order of MeV. 
It seems therefore logical and interesting to use in the metrology 
the actual phenomenon itself. 
Different damage detectors have been implemented. The change in 
el'jetrical resistivity in a sample irradiated in a small fast 
neutron fluencc turns out to be particularly well suited for the 
determination of damage fluences. 
The implementation of such detectors for graphite (GAMIN) /14/ 
is simple. The radiation induced change in electrical resistivity 
in an graphite sample irradiated with a small neutron fluence, 
turned out to be particularly well suited for this determination 
- In a region v/ith small fluences and moderate temperatures (30 
to 80 C) this change has been shown to bo proportional to the 
fluence, after possible application of known laws and correct
ions for temperature, flux density and fluence. 

- It is a phenomenon which can be measured easily and precisely. 
Moreover, for graphite on has demonstrated the proportionality 
betv.'een the number of displaced atoms and the corrected resis
tivity change AR/R 
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AR/R - / w G(E) .$ E(E) . dE 
where w (E) is the damage function, recommended by Euratom /4/. 
Some other damage detectors have also been implemented, based 
on different physical phenomena. Among others one can mention the 
following: 
- detector using density changes in quartz 
The density of quartz is decreased by irradiation with fast 
neutrons. Experience has shov/n an excellent reproducibility of 
the measurements and an absence of recovery up to 150 C. How
ever there is no evidence for spectrum effects. 

- damage in silicon 
One has to measure the change in a characteristic (the recovery 
time) of silicon diodes as function of the fast neutron fluence. 
This method requires a precise and complex electronic equip
ment, a constant temperature and a calibration of all diodes. 
This detector is therefore delicate to implement but it allows 
the measurement of small fluences. 



Table 3.1 Sorts commonly used fluence de tec tors 

S-.ergy 
ircaion 

Reaction Ha l f - l i f e - o Typical 
dimensions 

I Fluence 
i range 

Remarks 

jti-.cr-.rcii 
and 

epithermal 

„ 137, ,. 158 Au (n,Y)Au I 2.695 d 93.8b foil thickness ̂20'̂  
0.1% Au+Al alloys 

10 Uto 10 1 6 
• ' — -

Very well known. 
Reference reaction 

therral 
a!-.d 

epithermal 

Co 5 9(n / Y)Co 6 0 5.272 a 37.2b foil thickness 0.1mm 
(O.U-2%) 
Co+Al,Co+Cu alloys 
v;ires j3 < 1 mm 

10 1 4 to 1 0 2 2 routir" measurements 

fast Ni 5 8(n,p)Co 5 8 70.78 d 108.5mb foil thicknes O.lnm 
to 0.5 mm 

10 1 4 to 1 0 1 8 well known, threshold 
"-2.8 MeV. 
Reference reaction 

fast 

1 

Ti 4 6(n,p)Sc 4 6 83.8 d 9.92mb foil thickness 0.4mm 
wires 0 0.6 mm 

10 1 7 to 1 0 2 0 calibrated with respect 
to nickel 
threshold*5.5 M^V 

fast Cu 6 3(n,a)Co 6 0 5.272 a 0.50mb foil thickness ̂  1mm 
wires 0 0.6 rmi 

1 0 1 8 to 1 0 2 2 calibrated with respect 
to nickel 
threshold v5.7 MeV 6 5 

parasatic garora ray of Zn 

fast 9 3«>(n fn') 9 3!to n 16.4 a 110 mb foils,tapes 
thickness 20v:m 

>10 1 8 calibrated with respect to 
nickel 
threshold ^ 1 NeV 9 ? 
perturbing nuclides: Nkfcv 

94Kb,95ïfe,l62Ta 
fast 5 4Fe(n,p) 5 4Mn 312.2 d 79.7mb foil thickness *0. 1mm 

Fe,Fe+V alloys 
10 1 6 to 1 0 2 2 threshold-*3.3 îfeV 

In general the spectrum is different from a fission neutron spectrum. 
*<j for thermal reactions; c (i.e. averaged over a fission neutron spectrum) for fast neutrons. 

http://jti-.cr-.rcii


CAPTER 4 

SPECTRA DETERMINATION 

4.1 Introduction 
In practical applications of reactor neutron metrology know
ledge of the neutron spectrum is not a goal in itself; it 
serves as a tool to calculate integral effects (reaction 
rates, burn-up, displacement of atoms) ,which in general are 
not directly measurable. 
This chapter considers the following procedures for arriving 
at spectrum information: 
a. Computer calculations; 
b. Differential spectrometry techniques; 
c. Integral measurements with activation detectors. 

4.2 Computer calculations 
Reactor spectrum calculations have as fundamental basis the 
energy dependent neutron transport equation, which is then 
solved in a multigroup form. 
This equation, due to Boltzmann, determines the behaviour of 
the neutron flux density as a function of space, time, direct
ion and energy coordinates. Because of the relative small 
neutron density involved, the neutron-neutron interaction can 
be neglected in comparison to the interaction of neutrons 
with the atoms of reactor materials. The neutron energy range 
of interest is rather large (from about 20 MeV to 0.01 eV) . 
The number and kind of materials present, and also their geo
metrical arrangement are reasons that solving of the mathema
tical equations is not an easy procedure. Also the interaction 
between neutrons and the different kinds of atoms is not a 
smooth and simple function of neutron energy and often shows 
a clear anisotropy. 
In the mathematical approach one has to consider three import
ant parameters, time, space and energy. Very often the circum
stances are such that one may consider the stationary situation, 
which implies that one need not take into account the time de
pendence of the flux density. 
The space dependence can be simplified by considering only 
very simple geometrical arrangements. As example one can solve 
the basic equation for one space variable (geometry of an infi
nite plane slab or of a sphere). 
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Many approximate models have been developed for the neutron, 
interaction with several materials, in particular with heavy 
elements and for hydrogenous mixtures (/15/and/4/) . 
Simplifying assumptions which are sometimes made are: 
- the scattering comprises only elastic scattering; 
- the scattering is isotropic in the center-of-mass system; 
- the scattering occurs at an atomic level, so that effects 
of chemical binding within molecules may be neglected; 

- the collision density (which is the product of the neutron 
flux density and the macroscopic cross section) is a smooth 
function of the lethargy. This assumption leads to the Fermi 
age theory. 

This age theory cannot describe accurately the slowing down 
of neutrons in hydrogenous materials since the energy loss 
per collision is appreciable. For this problem various solu
tion methods are available which have been described in reactor 
physics LexLbooks (see e.g./l5/). 
The role of the scattering angle is generally described by in
troducing a spherical harmonics expansion of the cross section 
function. 
In principle the neutron transport equations have to be solved 
for many lethargy groups and many material regions. At the 
boundaries between the regions one has to apply the conditions 
that the flux density at all points and in all directions is 
a continuous function. 
Many computer codes described in literature are being used to 
solve the neutron transport problem. They are based on the 
simplifying diffusion theory or on transport theory, and can 
refer to calculations in one dimension (infinite slab geometry), 
in two dimensions (infinite cylinder geometry) or three dimen
sions (box geometry). 
The computer codes may differ in the model to describe the 
slowing down of neutrons in relation to the interaction be
haviour of the atoms (or molecules) involved. 
Since in general the neutron spectrum calculations have to take 
into account a large number of materials, the dimensions of 
the geometrical regions, and a large neutron energy range, a 
spectrum calculations is not always a routine matter, although 
a number of simple and complex computer codes have been developed 
«ind made available. 
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The accuracy of calculated neutron spectra depends on the 
number of energy groups used, and on the accuracy of the 
group cross section data for all fuel and structural mate
rials. It is further influenced by the mathematical proce
dures for numerical approximations and by the calculational 
model and its associated assumptions. 
An ii.lLcrnnt Lve theoretical technique which can be used for 
neutron spectrum calculations is the Monte Carlo method. 
This method comprises a statistical procedure which is ap
plicable to problems involving a sequence of random events, 
such as neutron interactions during slowing down. 
The principle differs therefore markedly from the solution 
procedure for the neutron transport equations. 
In the Monte Carlo approach a large number of individual 
neutron histories are followed both in space and in energy 
as the neutrons slow down. At each neutron collision the 
probabilities of ail the possible results of the collision 
are determined taking due account of all physical processes 
involved. The neutron history is determined according to 
these probabilities using the laws for stochastic variables. 
By considering several thousands of neutron histories in 
this way, sufficient data are collected to obtain a reliable 
picture of the average performance. 
From these data one can derive a neutron spectrum represent
ation. To obtain reliable statistics one needs a good compu
ter and a sufficient number of histories. The ultimate accur
acy in the ncuiron spectrum is dependent on the mathematical 
model describing the scattering interaction. 

Differential spectrometry techniques 
The II(n,p) reaction 
A well known method for determining neutron spectra is the 
proton recoil method, applied in detectors like the propor
tional counter tubes and the nuclear emulsions. 
The energy range of application of the proportional contri
butions, depends on the type of the filling gas (II2 or CH.) 
and its pressure. 
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The proton recoil spectrometry offers good possibilities, 
but it should be realized that much effort is needed to 
reduce systematic errors, caused by the normalization 
procedure, the presence of a strong gamma radiation field, 
lack of sufficient response, overlap of different detectors, 
anisotropy of the considered flux density, instability of 
the equipment etc. 
At present only well experienced laboratories obtain ac
curate and reliable results. 

ft "\ 
The Li(n,ct) H reaction 
Neutron spectrometry can also be performed using the reaction 
6Li(n,ct)3H. 
The law of conservation of energy gives: 

E n = E + ET-Q with Q = 4.787 MeV 
The energy E can be determined when the sum of the energies 
of the emitted particles (E +E„) is determined experimentally. 
For the data treatment the cross section of the (n,a)reaction 
has to be known. 
The neutron energy distribution can also be derived from the 
energy distribution of the tritons, provided that the differ
ential angular cross section data are known. 
The method has been applied with nuclear emulsions v/ith lithium 
as a constituent. The principle is also used in the Li semi
conductor spectrometer, consisting of two detectors opposite 
each other, enclosing a thin layer (about 1 yum) of LiF. 
A review of the Li technique was given by G. de Leeuw-Gierts 
and S. de Leeuw at the first ASTM-Euratom symposium /16/. They 
described how by the simultaneous analysis of the two solid 
state detector response (E distributions) and of the sum 
response (E +E_ distribution) one can determine the neutron 
spectrum from a few keV to several MeV without inaccuracies 
related to normalization of partial spectra. 
The neutron spectrum deduced from the triton distributions 
goes from about 5 keV up to about 700 keV,from the sum dis
tribution from about 600 keV to several MeV. 
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4.3.3 The He(n,p) H reaction 
Most of the remarks on the Li(n,ct) H semi-conductor apply 
also to the He spectrometer. The neutron spectrum is de
rived from the sum of energies of simultaneously emitted 
protons and tritons. Because of the low Q value and the 3 high sensitivity to gamma radiation only a He spectrometer, 
composed of a miniaturized proportional counter between two 
solid state detectors is well suited for in-pile measure
ments. 
The proportional counter allows to discriminate the gamma 
background and to correct for the energy losses of the 3 protons and tritons in the He gas. 
All three types of spectrometers have reached a stage of 
development, which allows good spectrum measurements between 
10 keV and about 6 MeV, if at least two of the techniques 
are applied under well chosen experimental conditions /111. 
Because of the complexity of each technique systematic 
errors may easily arise if a technique is not applied with 
care. 
In principle the time-of-flight method can also be applied 
for the experimental determination of neutron spectra.For 
more routine applications in research and power reactors 
the large dimensions of the flight tube constitute a large 
disadvantage. The application of all techniques mentioned in 
this chapter is mainly in the field of core physics studies 
in critical assemblies. A comparison of some characteristics 
of differential methods for reactor neutron spectrometry is 
given in table 4.1. 

4.4 Integral measurements with activation detectors 
The advantages of the activation techniques are: 
- the activation detectors are very small. This implies that 
they will hardly disturb the neutron field. Moreover avail
able space in the neutron field in the experimental set-up 
does often not permit application of large detectors; 

- the method is based on determinations of absolute activities, 
for which methods are available in many neutron metrology 
laboratories. 

- the method is directly applicable to actual neutron environ
ments in power and research reactors in which radiation damage 
experiments arc performed. 
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A main disadvantage is that for the data treatment proce
dure a complex computer program for spectrum unfolding has 
to be applied. 
For the spectrum determination using the activation tech
nique one needs the following information: 
- a set of accurately measured reaction rates per target 
atom at saturation occurring in a set of activation de
tectors, which have Leen irradiated at the same location 
during the same irradiation time in a constant neutron 
flux density; 

- an evaluated multigroup cross section data set for the 
reactions under considerations; 

- a spectrum shape serving as input information. It may 
originate from (simplified) reactor physics calculations, 
or from results from experiments in similar neutron envi
ronments . 

The set of detectors should be chosen in such a way that the 
energy ranges where the main detector response occurs are 
different enough, covering if possible the energy range of 
interest. 
In the past few years several computer programs have been 
developed to determine neutron flux density spectra based on 
activity measurements of irradiated activation and fission 
detectors. 
In principle one has a set of equations of the following type: 

a.= j " a. (E) .*„(E) .dE (for i = l...n) (4.1) 
where a. denotes tiie measured saturation activity per target 
nucleus for the i-th reaction;c. (E) the energy dependent ac
tivation (or fission) cross section; (»._ (E) the flux density 
per unit energy interval, and n the number of reactions in
volved. 
These integral equations are in practice solved after a dis
cretisation of the energy dependence of cross sections and 
flux densities. This approach leads then to a system of n 
linear equations: 

m 
ai = .^ cij'*j 

where m is the number of intervals, corresponding to success
ive energy groups; <j, . the group cross section of the i-th 
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reaction and the j-th energy group; and $. is the group flux 
density for group j. 
In the early days of these spectrum determinations one applied 
a number of group flux densities, or a number of expansion 
terms, or a number of parameters to be adjusted which was less 
than or just equal to the number of detection reactions. 
In the last few years computer programs have been developed 
in which the solution has a number of energy groups larger than 
the number of detection reactions. But these programs require 
a priori knowledge of the flux density spectrum in the form of 
an input spectrum which represents the best available informa
tion from physics experiments or reactor physics calculations. 
These computer programs for the neutron spectrum unfolding 
modify in a number of iteration steps the input spectrum until 
agreement is reached - within experimental error - betv/een 
measured input activities and the calculated activities based 
on the output spectrum. 
In principle many mathematical solutions are possible, but not 
all of them represent physically acceptable solutions. 
From a physics point of view one can apply the following con
straints to the unfolding method: 
1. The program should deliver an output spectrum which can 

give within experimental error the measured reaction rates; 
2. The» output spectrum must be non-negative over the energy 

range under consideration; 
3. The: output spectrum should have a smooth character, in so 

M r that: peaks and valleys which do .iOt correspond to a 
resonance structure in the cross section curves of the 
structural materials or are not present in the input spec
trum, are not justified; 

4. The program must be flexible in accepting a priori informa
tion. This a priori information is usually introduced in the 
form of an input spectrum. 

Generally the quality of the output spectrum is influenced by 
the following unfolding conditions: 
- the choice of the input spectrum; 
- the choice of the set of activation reactions; 
- the unfolding method which is used; 
- the errors in the measured activities, used as input data; 
- the uncertainties in the crocs section data for the reactions 
under consideration. 
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To reduce the uncertainties in the measured activities and 
in the cross section data, it has been proposed to apply a 
calibration of the activation detectors in a well known 
spectrum (calibration spectrum or benchmark spectrum). 
In this way one can reduce the occurrence and size of sys
tematic errors. At present the most promising computer 
codes for neutron spectrum unfolding are SAND-II, RFSP-JOL, 
and CRYSTAL BALL. 
At the first ASTM-Euratom Symposium on Reactor Dosimetry at 
Petten a review of these computer codes was given with res
pect to possibilities and experience obtained /18/. 
It turns out that all three computer programs give about 
the sarr.e results for those energy regions where there is 
an appreciable detector response. The main differences in 
the output spectra occur in energy regions where there is 
no or negligible detector response. 
Selection of detector materials : 
The choice of a detector set is determined by requirements 
concerning the reaction data, the product nuclide, the target 
material and the reactor environment: 
- the energy dependent cross section data for the detection 
reaction should be well known in the energy range of inter
est; 

- the product nuclide should be a gamma emitter with well 
known values for the gamma abundances; 

- the product nuclide should have a suitable and well known 
half-life; 

- the various reaction cross sections should cover the entire 
range of interest; 

- the detector material should be available in high purity, 
especially v;hcn disturbing reactions are expected; 

- it should be possible to process the material into a thin 
foil with sufficient mechanical stability; 

- the reaction cross section data should be available in 
evaluated data files (such as the ENDF/B-IV dosimetry file). 

Response range: 
Sometimes one shov/s in the spectrum plots the bars correspond
ing with energy ranges comprising 901 response of the detectors 
(v/ith 51 response at cither side). 
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A list of 90% response ranges for some important reactions 
235 

in the fission neutre:: spectrum of U is given in table 4.2. 
In a thermal reactor neutron spectrum there is no good 
response in the region between 1 keV and 0.6 MeV. 
When the detector foils are enclosed in a 8 mm thick cover 10 9 consisting of 90% B + 10% B the response bars of the 
lower energy response group are shifted to higher energies, 
filling up the gap between the two response groups for bare 
detectors. 
This might be an approach to have better response in the 
neutron energy region where the damage effects are so import
ant. 
But application of boron covers should be taken into account 
in an appropriate way in the unfolding programs. Up till 
now some attempts have been made, but the problems related 
to the cylindrical geometry of a boron box are not yet satis
factorily solved. 
For unfolding purposes it is worthwhile to consider for the 
applied reactions the response characteristics, defined by 
the product of the cross section and the flux density. This 
response may be considered for a single reaction, or for the 
whole set of reactions (after suitable normalization). 
Ideally the response curve should have the form of a series 
of narrow peaks with equal heights, equally spaced in the 
energy region of interest to the experimenter. 
One may expect that the merit of a detector set is increas
ing with the number of detection reactions, particularly 
if the cross section curve of an.additional reaction is clear
ly different from cross section shapes already present. 
For two typical reactor spectra, representing a materials 
testing reactor and a fast reactor (see Fig.4.1), the response 
characteristics of displacements in graphite and in steel are 
shown in figure 4.3. 
If we neglect the exact definition of the spectrum and the 
damage model, we may observe the important fact that damage 
effects in reactor neutron envionments are most prominent 
for neutron energies in the range between about 50 kcV and 
2 MeV, where detector response is very poor (see Figs.4.2 and 
4.3) . 
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The most suitable activation detectors for measurements in • 
this particular energy range then appear to be based on the 
reactions 1 1 5In(n, Y) 1 1 6In r a, 1 1 5In(n,n') l l 5In m and 5 8Ni(n,p) 6 8Co; 
this list should be supplemented with some fission detectors 
when these materials are available, and when experience in 
fission product counting exists. It is realized that the 
number of useful reactions is rather limited, and therefore 
some laboratories try to develop new detectors and new techni
ques. 
In spectra which have an appreciable contribution from thermal 
and intermediate neutrons one has the possibility of applying 
the triple foil technique to determine the neutron flux density 
at the energy of the main resonance. By irradiations of triple 
foils of several materials one may obtain spectrum information 
on the range from 1 eV to 1 keV. 
This technique requires special attention to the activation 
contribution of other resonances and to the selfshielding cor
rection factors. 

4.5 Stability of the spectrum 
For the interpretation of fluence measurements for radia
tion damage experiments one needs good spectrum information, 
either from calculations or from differential measurements, 
or from integral experiments, or from a combination of these 
sources. 
Experimental spectrum determinations are commonly performed at 
reduced reactor power, and under particular circumstances con
cerning location, temperature and material arrangement. 
This implies that the circumstances of the spectrum determi
nation may be more simple than the actual conditions at full 
power operation, during the irradiation of the test samples. 
During the operation at full power the change of the position 
of the control members may induce long term shifts in neutron 
spectrum. Temperature effects and control member position 
will mainly have influence on the thermal part of the neutron 
spectrum. 
The fast neutron portion of the spectrum will hardly be in
fluenced. It is the region between 50 keV and 2 KeV which is 
largely responsible for radiation damage effects, and where 
particularly spectrum changes may occur. 
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Table 4,1 Comparison of differential nethods for reactor spectronetry 
(Conclusion of an IAEA Consultants'Meeting on Integral Cross 
Section Measurements in Standard Neutron Fields, Noveiriber '76) 

method r e s o l u t i o n accuracy 
( i n 7.) energy range 

0 ( n »p) emulsions f a i r 
- co l l imated source . 5-10 

l i 0 - 2 0 
0 . 5 < E < 10 MeV 

. 
. 5-10 

l i 0 - 2 0 10 < E < 20 MeV 
~ noa-co l l imated source 10-15 

{ 1 5 - 2 5 
0 .5 < E < 3 MeV 10-15 

{ 1 5 - 2 5 3 < E < 10 MeV 

2) (n ,p ) p r o p o r t i o n a l good 10-50 0.001 < E < 0 . 0 3 MeV 
counters 5-10 0 .03 < E < 1 MeV 

10-25 1.0 < E < 2 . 5 MeV 

3) 6 L i ( n , t ) ' f H e f a i r ( 5-10 0.01 < E < 0 .15 MeV 
110-20 
J 5-10 

0.15 < E < 0 . 3 MeV 110-20 
J 5-10 0 . 3 < E < 0 .S MeV 
115-25 4 .0 < E < 10.0 MeV 

4) t i r . i e -o f - f l i gh t (TOF) [10-15 0,00001 < E < 0.0001 MeV 
- 3 H(d,n) , , I Ie source good •(15-20 0.001 < E < 0 .02 MeV 

k 20-30 0.02 < E < 0 . 2 MeV 
- LINAC source good f 5 i o - 9 < E < 1 0 " 3 MeV 

f 1 0 - 2 0 10~ 3 < E < 1 MeV 
t 20 1 < E < 5 MeV 
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Table '..2 Same inportant reactions used in spectrum determinations 

a > 
main e f f e c t i v e c ) 

90% r e s p o n s e ranee f o r r e a c t i o n c a t e g o r y r e s o n a n c e m t h r e s h o l d f i s s i o n n e u t r o n s p e c t r u m 
e n e r g y 

2 3 M a ( n , y ) 2 , , N a I I 2850 eV 
« S c O i . y ^ S c I I 
5 5 M n ( n , Y ) 5 6 M n I I 337 eV 
5 8 F e ( n , Y ) 5 9 F e 

" b > I I ' 5 ' J C o ( n , T ) 6 0 C o " b > I I ' 132 eV 
6 3 C u ( n , Y ) E I , C u I I 580 eV 

1 1 5 J n ( n , Y ) n 5 I n m I I 1 .46 eV 
1 9 7 A u ( n , Y ) 1 9 8 A U I A .90 eV 
2 3 2 T h ( n , Y ) 2 3 3 T h I I 
2 3 0 U ( n , ) I I 

2 7 A l ( n , p ) 2 7 K g I I 4 . 4 MeV 3 . 5 MeV . . . 9 . 3 MeV 
2 7 A l ( n , « ) 2 " N a I 7 . 2 MeV 6 . 5 MeV . . 1 1 . 9 MeV 
, ' G T i ( n , p ) ' 4 C S c 

I I b ) 

4 . 0 MeV 3 . 9 MeV . . . 9 . 4 McV 
• r , , , F e ( n , p ) 5 , i M n I I b ) 3 . 1 McV 2 . 5 MeV . . . 7 . 8 MeV 
5 6 F c ( n , p ) 5 6 M t i I 6 . 1 MeV 5 . 4 MeV . . . 11 .1 MeV 
5 5 M n ( n , 2 n ) 5 ' ' M n 

" b ) I I ; 

1 1 . 6 MeV 1 1 . 0 MeV . . 1 5 . 6 MeV 
5 B N i ( n , p ) 5 B C o " b ) I I ; 2 . 8 McV 2 .1 MeV . . . 7 . 6 MeV 
5 9 C o ( n , » ) 5 6 M n I I 6 . 8 MeV 5 . 8 MeV . . . 1 1 . 9 MeV 
G 3 C u ( n , a ) G 0 C o 11M 

I I b ) 

6 . 9 MeV 6 . 1 McV . . 11 .4 MeV 
1 ) 5 J . i ( n , n , ) 1 1 5 I n r a 

11M 
I I b ) 1 .2 MeV 1.2 MsV . . , 5 . 9 MeV 

, 2 7 I ( i . , 2 n ) , 2 6 I I I 1 0 . 5 MeV 1 0 . 0 MeV . . 1 4 . 6 MeV 
2 3 ? T h ( n , f ) 

I I b ) 

1.4 MeV 1 .5 MeV . . 7 . 2 MeV 
2 3 5 U ( n , f ) I I b ) 0 . 2 MeV . . . 5 . 2 MeV 
2 3 { ) U ( n , f ) I 1 . 5 McV 1.5 MeV . . . 6 . 7 MeV 
2 3 7 K p ( n , f ) I 0 . 6 McV 0 . 7 McV . . , 5 . 7 MeV 
? 3 9 r l . ( n , f ) I 0 . 3 MeV . . . 5 . 2 MeV 

a) The assignant to categories I and II is based on the recommendations of 
the IAKA Consultants Meeting on Benchmark Neutron Fields Applications to 
Reactor Dosimetry, held in Vienna, 15-19 November 1976. 
Category 1 comprises a few selected reactions with well known cross sec
tion, for which calculated reaction rates in selected standard neutron 
fields are consistent with measured reaction rates. 
Category II comprises all other reactions of interest to reactor metro
logy. 

b) This reaction is a candidate for category I. 

c) l'or the fission neutron spectruin the following formulae due to Watt vas 
used: 

X E(E) •» 0.484*e~E.sinh/2Ë 
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CHAPTER 5 
SELECTED REVIEW OF CORRELATION DATA 

5.1 Introduction 
How good are really data correlations which are based on 
certain damage models? 
This question can only be answered by means of a thorough 
inspection of existing correlation data from reactor irradia
tions. We shall limit our investigations to the reactor 
structural materials which are the most important, namely 
graphite and steel. While in the case of graphite damage 
very good data correlations exists upon the basis of the 
recommended damage model, the experimental evidence for the 
correlation of damage is less well supported for steel, al
though also here the application of damage models generally 
give better results than the use of simple, especially fis
sion flux related dosimetry. Of course the fact that the 
damage process is more complicated in steel than in graphite 
and that it is in consequence more difficult to find a con
sistent damage model for steel than for graphite,must be re
flected by a much larger difficulty in correlating steel 
irradiation data than graphite irradiation data. 
But there is quite another difficulty in the case of steels I 
Experimental evidence for the correlation of damage in gra
phite upon the basis of the THOMPSON & WRIGHT model v/as 
very well supported by systematical measuring programmes in 
several different reactors. To do so for steels would demand 
a much greater effort because of the complexity of the matter. 
But in practice there are only very few systematical and well do
cumented investigations up to now, partly for damage models 
v/hich are not very advanced from the present point of view. 
Although the number of existing correlation data from steel 
irradiation programmes is tremendous large at this time, this 
v/as obtained most frequently by means of outdated correlation 
methods which are based on questionable exposure measures as 
for example the equivalent activation fission fluence. 
As Wei s shov/n in chapter 1 the real radiation damage depends on 
many variables from which only a few can be quantified by 
radiation metrology methods. For example the composition and 
the pre-irradiation handling of a specimen are typical metal-
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lurçjical topics and not to be treated by the metrologist. 
Typical paremeters which must be taken into consideration 
in every case are 
1) the neutron energy E, resp. its distribution, that is 

the neutron spectrum Yp(E), 
2) the conventional total fluence resp, flux density 
3) the irradiation time and 
4) the irradiation temperature. 
Due to formula (1.3) (chapter l)the variables under the points 
1) and 2) fix the damage fluence <{>. This damage fluence can 
serve as one and the same exposition measure for irradiations 
in different neutron spectral environments, if the chosen 
damage model yields the correct damage function v/(E). Damage 
functions for this purpose must merely guarantee the correct 
weighting of the spectral neutron fluence * E(E) v/ith respect 
to the neutron energy dependence, while they are not intended 
for a description of the complex real damage process. 
The variables under the points 3) and 4) above are very import
ant in flux density level effects due to the annealing process, 
for which one may account by means of the equivalent tempera
ture correction described in chapter 1. 

2 Data correlation in graphite irradiations 
In the case of graphite damage the THOMPSON & WRIGHT damage 
model /3/ is a very sound basis fcr the calculation of the 
damage fluence «_. which we shall denote now as *„. This de-
signation denotes the fission equivalent graphite damage 
fluence as defined in EUR 5274, Chapter f /4/. As was already 
stated in Chapter 2 of the present work the THOMPSON & WRIGHT 
model is recommended by EURATOM in the reference above. 
In different reactors of the heavy v/ater, light water and 
graphite moderation type and also in fast research reactors 
the relation 

*S /*ÎL = (0.505 - 0.005) . 1 0 - 7 . ( A R / R ) c o r r . (5.3) G Ni — £ 

way established /l4/ between the danage fluence for graphite 
4>* (on the bnsis of the THOMPSON & WRIGHT model and with a 
factor K - 1/720.10"24 = 1.389 . 1 0 2 1 in the definition equat-
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ion for the damage fluence as given in formula (1.3) in 
Chapter 1), the equivalent Nickel fission fluence $N., a 
corrected relative electrical resistivity change (AR/R) c o r r > 

in graphite and the measured number A of Ni(n,p) Co 
reactions per target nucleus. This was done by means of 
measurements with the detector G.A.M.I.N. (Graphite Applied 
for Measurements of Integrated Neutron Dose) which was des
cribed briefly in Chapter 3. The stated value of the pro
portionality constant in formula (5.1) is valid, if a CRAN-
BERG fission spectrum with the normalized density function 

XE (E) = 0.4527 e"
1' 0 3 6 E sinhV2.29 E (5.2) 

is used for the calculation of * G and *„.. The error quoted 
for this constant is the simple standard deviation as taken 
from the totality of measurements which was used to derive 
this relationship. For different spectral environments the 
values determined for the coefficient a , defined as 

10 7 . A . 4v / *t-
a = (5.3) 

(AR/R) 
' corr. 

are given in table 5.1. The data, selected from /14/ and /20/, 
fit very well into the empirical frame within the quoted error. 
Thus v/e have nov; demonstrated the validity of equation 
(5.J) within the range of the reactor types considered and 
within the quoted accuracy. This relation turns out to have 
two very important implications: 
1) It shov/s the proportionality between the damage fluence and 

the property change in graphite and confirms this damage 
fluence as a suitable graphite damage exposure measure 
which can account for the differences in the neutron 
spectra. 

«) The correction is made for annealing, saturation effects and 
also different temperatures, and the resistivity change is ad
justed for 48h storage at 21 'c, irradiation temperatures of 
4 0'c and a ratio AH/R <1%, charactorisLic for a linear depend
ence from fluence. 
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2) it enables us to use the equivalent Nickel fission fluence 
for monitoring graphite irradiations, if only the quantity 
(AR/R) /A is carefully determined, as was done for a 
lot of research and materials testing reactors of the men
tioned types in the EURATOM domain. Of course by the appli
cation of this relation these two parameters give us the 
damage fluence *_ with which irradiation data from different 
spectral environments may be correlated. 

The proportionality between the damage fluence and the real 
graphite damage justifies also the use of several practical 
equivalent fluence units based on the comparison to a well 
known spectrum, or to the spectrum in a well defined irradia
tion position. This comparison is made by requiring, that the 
graphite damage should be the same in the reference position 
of the standard reactor and in the irradiation position in 
question, and that for example the neutron fluence is measured 
as an equivalent activation fission fluence, frequently the 
equivalent Nickel fission fluence. These practical quantities 
are also recommended by EUR 5274 /4/ as for example the Equi
valent Dido Nickel fluence (EDN) or the equivalent fluence 
for the High Temperature Reactor. It is clear that these units 
are equally good exposure measures as the damage fluence it-
setf, that means that the scatter in correlation data from dif
ferent reactors will be the same in both cases. 
In graphite irradiations the equivalent temperature correction 
is very inportant. The activation energy Q has been determined 
by several authors to be 1.2 eV in the temperature range between 
150 C and 350 C (essential due to the motion of interstitials 
and interstitial complexes). 
Correlation data stemming from two different irradiations 
at temperatures in this range must therefore be related 
by moans of equation (1.6) with Q = 1.2eV. On the other 
hand it v/as stated from theory, that in the high temperature 
region the effective activation energy Q is probably identic
al with the activation energy for the motion of vacancies 
in the displacement spike, which is of the order of 3 to 4eV. 
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For equivalent temperature corrections in the range from 
600 C to 1400 C an effective activation energy Q = 4eV was 
proposed (GENTHON 1974) /19/. 
Neutron fluence scales 
With some loss in accuracy the rapid fluence above a speci
fied energy 

* r(E > EL)= /T *E(E) dE (5.4) 

can be used instead of the damage fluence * G in data correlat
ions for graphite irradiations. French calculations (CHABRY 
et al. 1968) /21/ show, that this damage fluence $„ may be 

r
 G 

replaced by * (E >0.075 MeV) for all reactors including fast 
+ r 

reactors within - 8% maximal error, by « (E >0.07 MeV) for 
+ r 

thermal reactors within - 5% and by « (E >0.1 MeV)for fast 
reactors within - 2%. This is valid for the above mentioned 

21 
factor C = 1.389.10 in the definition equation for the da
mage fluence as given in formula (1.3). Calculations in USA 
have led to similar statements (DAHL 1963, /22/). 5.3 Data correlation in steel irradiations 

5:3.1 General considerations 

For steel irradiations there are investigations underway now 
with a detector developed at the Service des Piles de Saclay, 
to consolidate an empirical relation between a damage fluence 
C> and the real damage in metals as heavy as or heavier than 
iron for several reactor spectra as different as possible. 
Electrical resistivity change of tungsten is measured, for 
which the response turned out to be very similar to some more 
advanced damage functions for iron damage as the iron damage 
function recommended in EUR 52.7 4 /4/ or the probable zone da
mage function by GEMTHOIî et al. (see suction 2.3.5 ) In the ab
sence of conclusive results of this ongoing programme and 
since other general experimental examinations of the suitabi
lity of several theoretically recommended damage models are 
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still missing, we can still not make general conclusions as-
to the reduction obtainable in the correlation data scatter by 
the use of these models as compared with the application of 
less advanced exposure measures, for example the equivalent 
activation fission fluence. Beyond this it is a hard task 
to make such general statements in the case of reactor pres
sure vessel steels in view of its large variety of composition 
and pre-irradiation handling. Instead we can only give some 
selected examples, from which several conclusions will be 
drawn. These examples deal with the hardness and embrittle-
ment of reactor pressure vessel steels - no wonder, since 
these steel properties are the topics of the most steel irra
diation programmes. 
It is in no way self evident, that the application of a 
damage fluence which is weighted by a sophisticated steel 
damage function, will reduce correlation data scatter as com
pared v/ith the application of an unv/eighted neutron fluence. 
In certain circumstances even the equivalent activation fis
sion fluence will give good correlation. There are several 
reasons for this. Firstly the data scatter from non-dosimetric-
al influences and from the measuring error for the property 
change may be large compared with the data scatter due to differ
ent neutron spectrum environments. Secondly it may be, that the 
correctly weighted damage fluence can be substituted by the 
real neutron fluence above a suitable energy threshold, as 
was already seen in graphite damage, with an error which is 
negligible compared to the other errors in the data correlation. 
Thirdly the damage model may not be well adapted to the real 
damage process in question. For example it is uncertain whether 
swelling in a typical stainless steel or the high temperature 
crcbrittlement are not better correlated with the measured or 
calculated helium production than with a calculated number of 
displacements. Figure 5.1 shows how the ratio of the number of 
helium atoms produced to the calculated number of displacements 
in a typical .stainless steel dépende, on the mean neutron 
energy for several EBR-II neutron spectra in the blanket and 
core region /23/. 
Froi.i this picture one can see that the helium production is quite 
a different exposure measure from the number of displacements 
and possibly a better one. Unfortunately nobody seems to have 
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used the helium production hitherto for the correlation of 
swelling data in a larger extent, and therefore experimental 
results are still missing. 
It was stated that for steel irradiations an improvement in data 
correlation could possibly come from the use of the so-called 
defect production number instead of the displacement number. 
A defect production number is the number of defects, which 
remain after a certain degree of annealing. Nevertheless a 
recommendation of defect production numbers would not be 
possible at the present time because they are still not as 
well known as for example the damage functions recommended in 
EUR 5274 / 4/, or the clustered defect damage functions, hence 
also no practical experience exists with defect production 
numbers. 
Sometimes it may be accurate enough, to make the very crude 
statement, that steel damage increases somehow with increas
ing neutron energy, and therefore to correlate property 
changes with the mean neutron energy, which is tantamount to 
using a damage function proportional to E. Thus in U.S. steel 
irradiation programmes the mean neutron energy is occasionally 
applied as a damage characterizing parameter. 
Hitherto no really significant flux density level effect as 
a consequence of annealing processes have bien found in embrittle-
ment correlation data. There seems to be no need here for 
an equivalent temperature correction due to the formula (1.6) 
quite contrary to the circumstances in graphite damage cor
relations. 

5.3.2 Examples of data correlation by application of dcimage models 
We begin with the results of a British irradiation programme 
for the analysis of the irradiation-induced lower yield 
strength shift in an En-2 mild steel /24/. These data were 
correlated in the past with the help of a KINCHIN & PEASE 
damage model /2/ considering of both the elastic and the 
inelastic neutron scattering. But no real reduction of data 
scatter was obtained in this way as compared with the simple 
correlation of the resulting shifts with the equivalent nickel 
fission fluences above 1 MeV. We have therefore re-evaluated 
the date with the help of the iron damage cross sections re
commended by EURATOM (sec Table II in EUR 5274 /4/). 
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SEEGERs model /l/ for the irradiation hardening predicts in 
the absence of saturation effects a linear dependence between 
the irradiation-induced lower yield strength shift and the 
square root of the exposure measure. We have correlated 
the British data on one hand with the square root of the 
equivalent nickel fission f.luence above 1 KeV, and on the 
other hand with the square root of the damage fluence <!> cal
culated by means of the EUR damage function mentioned. The 
figures 5.2 and 5.3 demonstrate the results of the linear 
least squares fit in both cases. The calculated straight line 
constants, the sample correlation coefficients r and the 
square roots s from the residual variances also being given, y. x 
From the statistical analysis it can be concluded, that the 
correlation coefficient is not significantly enlarged in go
ing from figure 5.2 to figure 5.3, but that the value of 
s , which is directly proportional to the variation width, 
is effectively lowered. The scatter remaining originates in 
other causes than the neutron spectrum, as one can see for 
example in the PLUTO MARK III fuel element and the PLUTO 
dummy MARK III fuel element data points. Therefore we<do not 
believe, that on application of a more sophisticated damage 
function a further essential data scatter reduction could be 
achieved. For a judgement of the data scatter v/hich is caused 
by spectrum environmental differences we report, that the 
value of the displacement rate per absorbing atom and per 
unit flux density ranges from 267 . 10 cm for BEPO empty 
fuel channel to £36 . 10 cm for LIDO (swimming pool reactor, 
AERE, Harwell). 
The better correlation result in the following example for 
the lower yield strength shift may come both from a very pure 
and well defined sample material and the application of a 
particular problem adjusted damage function which v/as found by 
a semiempirical damage function analysis through the method 
of SERPAN (sec section 2.3.5). For the evaluation of the damage 
function by means of unfolding the system of the damage inte
gral equations,as a zeroth order approximation a theoretical 
damage model by BEELER /8/ v/as used which describes the forma
tion of large vacancy clusters (n-vlO) with a cluster formation 
threshold of about 3 keV (see section 2.3.5). 
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Irradiations were done with a nicrotensile specimens made from 
VP grade iron of the Materials Research Corporation in differ
ent positions of the materials testing reactor MITR (Massa
chusetts Institute of Technology Reactor), the swimming pool 
reactor UCR (Union Carbide Reactor) and the swimming pool 
reactor IRL (Industrial Reactor Laboratories Research Reactor). 
The displacement rate per absorbing atom and per unit flux density 
due to the EUR damage function for iron ,ranges here from 
217.10 cm for a MITR D-O moderator position to 567.10~ cm 
for a simulated pressure vessel wall position in IRL. Figures 
5.4 and 5.5 /25/ show the linear regression between the 
measured lower yield strength shift and the square root of the 
exposure measure,which in figure 5.4 is the rapid neutron 
fluence above 1.05 MeV, and in figure 5.5 the cluster number as 
calculated by application of the semiempirical damage function 
mentioned above. As one can see the correlation in figure 5.5. 
is a very good one and represents a considerable improvement 
as compared with the correlation in figure 5.4. This result 
is a good confirmation of SEEGERs theory /l/ for the irradia
tion hardening, but we must bear in mind, that semiempirical 
damage functions are highly restricted in their applicability 
to the conditions v/hich have existed on the occasion of their 
determination. 

Data correlation with rapid neutron fluence 
Not infrequently steel irradiation, data were correlated with rapid 
neutron fluences. Equivalent activation fission fluences can 
only be applied for correlation purposes, if the neutron 
spectrum is sufficiently fission like. For a general spectral 
distribution V_(E) the question is, whether it is possible, 
to replace the damage fluence <t>D by the real neutron fluence 
above a v/ell defined energy threshold E L vith not a too large 
error. To answer this question it must be asked in every 
special case, whether the equation 

CO 

/* (E) .w (E) .dli = C Q * (E) dE (5.5) 
o L 

has a yo.lal.ion for the quantity C which is practically a con
stant for every neutron spectrum in question. There is a priori 
no rear.on for the existence of; one discrete value for E. to 
satisfy this condition. 

http://yo.lal.ion
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Therefore it must be decided in every special case, whether 
the given variety of neutron spectra V-fE) and the chosen 
damage function w(E) allows the application of the real 
neutron fluence above a defined energy limit as an exposure 
measure. 
We now present an example, where the representation of the 
correlation data points on a neutron fluence scale turned 
out to be very effective /26/. The investigated property 
change was here the Nil ductivity temperature shift ANDT. 
The data points originated from two different positions in 
the Low Intensity Test Reactor (LITR) and one position in 
the Brookhaven Graphite Reactor (BGR). In figure 5.6 the 
respective reactor spectra were drawn and -for a comparison-
the WATT fission spectrum is also given, charpy V notch samples 
from an A212-B steel were irradiated. After the irradiation 
impact tests for the determination of the ANDT values were 
performed. 
The correlation results are pointed out in the figures 5.7 
to 5.10 which show also the regression straight lines deter
mined by a least squares fit. The application of the nickel 
fluence above 1 MeV assuming a fission neutron spectrum as 
an exposure measure (figure 5.7) results in a very large data 
scatter and therefore yields a bad correlation. Somewhat 
better results one gets using the neutron fluence above 1 MeV 
calculated in the real neutron spectrum (figure 5.8) and 
still better results for the neutron fluence above 0.5 MeV 
(figure 5.9). By far the best outcome is with a real neutron 
fluonce above 0.18 MeV (figure 5.10). Here the variation 
widLh is already smaller than 10%. 
The much worse correlation result in case of the 1 MeV thres
hold as compared with the 0.18 MeV threshold is one more argu 
menI against the "Fluence above 1 MeV concept" (e.g. STEELE 
1975) /27/ and suggests the use of the other more recent re
commendation which is the option of a neutron fluence above 
0.1 MeV for cmbrittlement correlation data. 
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5.4 Summary and conclusions 
Where experimental experience exists, it has shown that cor
relation data scatter can be lowered in some circumstances 
appreciably by the application of a damage fluence as an 
exposure measure which is based on a well defined damage 
model. On the other hand a simpler procedure can be used if 
the neutron spectrum in question has such a shape, that it 
is possible, with an acceptable loss of accuracy - to 
replace the damage fluence by the rapid neutron fluence above 
a certain well defined energy threshold. In graphite damage 
such a substitute for the damage fluence as calculated with 
the THOMPSON & WRIGHT model is the rapid fluence above 75 keV 
for quite general neutron spectra within a error of -8%. We 
should also mention here that in steel damage the rapid 
fluence above 75 keV was also found to be(ALDERMAN /9/,1977 ) 
a fairly good substitute for the damage fluence for stable 
zones in iron for several different reactor spectra (TRITON, 
OSIRIS, DIDO). This is according to the previous and cruder 
model, where one and only one stable zone is induced by one 
primary knock on atom with an energy higher than 3 keV. Accord
ing to a newer model investigated today,fluences of neutrons 
with energies above 0.1 to 0.5 MeV seems to give the best 
correlation results. A similar direction is followed by the 
recent recommendation to use the rapid neutron fluence above 
0.1 MeV for steel embrittlemont correlation data which is 
often applied in USA. With regard to the equivalent activation 
fission fluence however we must warn against its uncritical 
usage. This exposure measure which was very often employed in 
the past and still is used in several present irradiation 
programmes, is only good, if the neutron spectrum concerned is 
a fission like one. For the recommendation of a correct way 
for reporting damage exposures sec chapter 6. 
A direct comparison between a theoretically derived damage 
fluence and the real neutron radiation damage can be performed 
by the measurement of a well suited irradiation-induced property 
change. In the case of graphite damage this was done for a large 
variety of reactor spectra by moans of the G.A.M.I.N. detector 
/13/. It resulted in the proportionality between the electrical 
resistivity change in graphite and the damage fluence as calculated 
by the THOMPSON & WRIGHT model /3/. 
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In the case of damage in iron or other metals heavier than • 
iron the electrical resistivity change in tungsten has proven 
to be a good damage characteristic with a response function 
similar to the probable zone damage function or the iron dis
placement damage function recommended in EUR 5274 /4/. The 
measuring programme with the tungsten detector for a variety 
of reactor spectra as wide as possible is still continuing at 
the time. 

From the theoretical and the hitherto existing experimental 
evidence we may draw the conclusion, that it is reasonable 
to follow the EURATOM recommendations EUR 5274 in correlating 
property changes in graphite and steel irradiations. These 
recommendations are in a good agreement with the pertinent 
U.S. and IAEA recommendations. On the other hand we should not 
forget, that further programmes are necessary to determine also 
experimentally the suitability of certain theoretically promoted 
damage models for steel irradiation data correlation purposes 
with the same degree of confidence as it is already possible 
in graphite irradiation work. 

Table 5.1 Some experimental data for the coefficient a in equ.(5.1) 

Reactor type position a 
OSIRIS swimming pool; core, large graphite experiment 0.509 
PEGASE sv/imming pool; large diameter experiment 0.506 
TRITON swimming pool; irradiation rig 0.503 
IIFR tank ; mid core 0.500 
IIFR tank ; near reflector 0.500 
BR-2 tank, H 20 mode^ited; typical mean value 0.518 
BR-1 natural uranium, graphite moderated; channel Y5 0.512 
DEPO natural uranium, graphite moderated; TE 10 0.515 
DIDO tank, D~0 moderated; core 0.500 
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Helium atom number 
per displacement 

x10 6 

0,3 

0.2 

0,1-

—i 1 1 r 
0,2 0,4 0,6 0,8 1,0 Mean neutron energy Ë [Mev] 

Helium atoms produced per displacement as function 
of mean energy. 
The curve shows the ratio of the number of Helium 
ato.Ts produced to the displacement nun'ber calculated 
by a Doran displacement cross section for a typical 
stainless steel in its dependence from the mean 
nc-:ut.ron energy for several EBR-1I neutron spectra 
(f m a 723/). 
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Fig. 5.4 Lcwer yield strength sh i f t vs . square root of rapid neutron 
fluence above 1.05 MeV 
(for irradiation positions in MITR, UCR and IRL, from /25/) 
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E * / ( E ) in arbitrary units 
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Fig. 5.6 Neutron spectra in the irradiation positions for the 
correlation data in Fig. 5.7 to 5,10 from /26/ 
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CHAPTER 6 
REPORTING RADIATION DAMAGE EXPERIMENTS 

Demand for documentation at radiation damage experiments 
An experiment which is carried out for studying of radiation 
damage in nuclear reactors necessarily demands the documenta
tion of its specific irradiation exposure. In such a documenta
tion there should be provided the possibility especially to 
compare between: 
A) different exposures under otherwise equal conditions (ir

radiated material, radiation field and temperature), 
B) the planned application of the material (e.cj., in a reactor 

pressure vessel with its specific radiation field) and its 
accelerated testing (e.g., in a reflector position of the 
same power reactor where a different radiation field is to 
be expected), 

C) distinct radiation fields used in investigations of the same 
material property, for putting the results of different 
material testing experiments on the same level. 

This chapter is aimed at the discussion of proposed exposure 
parameters especially with respect to the mentioned comparisons; 
further at the description of the procedure of their determina
tion and a concluding recommendation how radiation experiments 
should be reported. 

Irradiation parameters to be reported necessarily 
In any case the following irradiation parameters have to be 
reported to a certain experiment: 
1) Irradiation time t_ : with indication of the begin and the 

end of the irradiation 
2) Irradiation location r : here one has to check whether the 

neutron detectors are localized with respect to the ex
perimental device or to the irradiation source (the reactor) 

3) Tei-iporature T : with its time-dependent variations, for the 
irradiation specimens as v/cll as for the neutron detectors 

-> 
4) Neutron fluencu <!>(r, t ) measured by neutron detectors 

at Uichcd to the cortain j>:pc-rirr,rmt 
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5) Neutron flux density «J (r) : determination necessary where 
the flux density level effect plays a role (cf. Chapter 5). 

And finally - in view of the comparison between experiments with 
specimens irradiated in different radiation fields, as 
mentioned in Section 6.1 -

6) The neutron spectrum, i.e. the spectral neutron flux density 
4>E<E,r*) 

Temperature generally does not influence the (damage) fluence 
result itself. With exception of the flux density level effect observed 
in graphite irradiations where such an influence exists, temper
ature effects have not to be considered in the definition of 
the irradiation damage exposure measuring quantity. However, 
temperature as an irradiation parameter must be measured care
fully. It must be ensured that the various matching tests 
within a series of irradiation investigations arc carried out 
at the same temperature (i.e., within narrow error bands) since 
the single tests are well comparable only under this condition. 

The neutron fluence often is given above a lower neutron energy 
threshold E L : 

CO 
0(E>Fi;r , tj) = / ^(E,?,^) dE (6.1) 

E L 
since below a certain E L the response of the concerned material 
to irradiation damage mostly can be neglected. Formerly one has 
used E T = 1 MeV;in more recently times lower threshold values (E T = 0,5 
or - 0,1 MeV, e.g.) are frequently preferred. Such a more or less 
arbitrary settling of the threshold EI becomes unnecessary if 
one multiplies the spectral fluence $ (Efoy a material specific 
spectral weighting function w(E) for regarding all contributions 
of the material response to the specific damage. 

The necessity of taking into account the neutron spectrum <f> „( E, r) 
for radiation damage investigations becomes very clear if for 
ii.si;:ncc one compares measured neutron fluences in different irradia 
tion locations, evaluated now under assumption of the sar.P spectrum 
and then with calculated (different) spectra for each of the 
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locations. Table 6.1 shows neutron fluence ratios 
• * f (r) for several reactor locations /28 /. 
* (E >0,5 MeV,r) 

The large variations in the fluence ratios in this table re
veal that one would be in great error evaluating damage moni
toring fluences simply by assuming a shape of a common refer
ence (e.g., the fission) neutron spectrum. 
Additionally in Table 6.2 are reported relative total neutron 
fluences *(E > O MeV) which are needed to produce a certain 
amount of a material property change (here: a yield strength 
shift of 15 kilopounds per square inch corresponding to 103,. MPa 
for specific iron specimens), in four reactor spectra /25 /. 
In the upper three rows of the table, ratios is given of total 
fluences calculated for correlation procedures between *(E>E L) 
and the measured property change, related to the total fluence 
under assumption of a constant damage effectiveness (i.e., 
E -*• 0) . These results in themselves are not very meaningful but 
do illustrate the follov/ing very important point: there will exist 
very different neutron environments in which some of the correla
ted <& (E > E ) are not adequate for engineering purposes /25/. 

Material specific weighting of the exposure quantity 

If one could exactly predict by calculation a certain pro
perty change produced in a material during an irradiation ex
periment and would plot such calculated values on the abscissa 
and the experimentally found changes of that property on the 
ordinate of a diagram, the corresponding amounts of changes 
would scatter about a straight line, where the scatter is dis
playing a measure only for the experimental error. What we 
really can do and also want to do is to intercorapare material 
irradiations differing in neutron spectra but under as close
ly identical conditions as possible. So on the abscissa of 
that imagined diagram there cannot be reported the result
ing drmagc itself - but there should be given numerical 
values proportional to the sum of neutrons of all energies 
producing (generally vr.th varying contributions from each 
energy) physical effects (displacements) in the material. 
According to Chapter 1, a damage produced in a certain material 
may be understood as prciortional to a damage fluencc <J>, 
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representing the time and energy integral over a damage response 
function to neutrons 

Rp E = $E(E,t).w(E) = $ (t) . •E(E).w(E). 

The weighting function w(E) is called damage function; 
which damage models have to be seen as recommendable is 
discussed in Chapter 2. 
One may ask how far the damage fluence * defined by equa
tion (1.3) might be a useful measure of exposures for ir
radiations of a specific material - for instance, more useful 
than the simple neutron fluence * (t_) itself, with respect 
to different neutron spectra in the irradiation locations. 
This question is investigated in the correlation review in 
Chapter 5. In the case of the application of a semiempirical 
damage function...exj. there is obtained a remarkably better cor
relation for the square root of the displacement number N, 
than of the rapid fluence * r (Fig.5.4 and 5.5 in Chapter 5). The 
relative total neutron fluences 4>(E>0MeV) corresponding 
to those correlated N, values are reported (from /25/ 
the last row of Table 6.2 . Since the total fluences correspon
ding to the N, evaluation must be regarded as the most 
reliable ones there may be stated quantitatively to what an 
amount Lhu other relative total fluences (not correlated by 
using a damage function w(E) ) reported in Table 6.2 are 
delivering limiting fluences for the applicability of that 
material which might be too conservative resp. too non-
conservative. 

The influence of the neutron spectrum on the occurence of 
mechanical property changes in materials under irradiation 
in supposed to be described completely enough by using a damage 
response function like <{>E(E,t) . w(E) . Annealing effects 
arising in irradiated materials are regarded as not influenced 
by neutron spectra. As stated in Chapter 1, material irradia
tions for radiation damage investigations in different neutron 
spectra can be characterized sufficiently well by taking into 
account the p r o d u c t i o n of damage, i.e. , the factor 
f 1 in the expression (1.4) for D o n l y . According to this, 
in the review of correlation data in graphite irradiations 
(Section 5.2), the production of irradiation effects * 
is considered isolatcdly. On the olr.her side, for steel irradia-
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tions no measuring quantity is available nowadays yet which 
proves .itself to bo proportional to the produced damage so
lely: in this case one is still forced to consider correla
tions between the w h o l e radiation damage D including 
a l l factors f., f-, f~, ... in equation (1.4) and the 
exposure quantities in question, as done in Section 5.3, 
where correlation data for experimental property changes 
under realistic conditions for steel radiation damage 
experiments were taken into account. 
The deduction of radiation damage models is (at least today) 
not possible, as we have seen, without several restricting 
assumptions. We must be conscious that the investigation of 
radiation damages is a research object still, that means, 
the knowledge of it is not yet well-established and further 
developing. 

Measuring and evaluating formalism 
From the desire for comparability of materials irradiation 
exposures we have to require an unified procedure in the 
neutron fluence and (spectral) flux density measurement and 
its evaluation. 
At nuclear power stations, e.g., specimens of the pressure 
vessel steel have to be irradiated and examined continually, 
according to existing regulations (like /29/ and /30/).We 
may not assume that in power stations regularly complete in
dividual fluence determinations can be carried out in which 
measurements and evaluations of the neution spectrum using 
unfolding codes are included as well as calculations of dis
placement numbers. However, it may be expected that neutron 
spectra for the irradiation locations of those specimens are 
known from calculations or former measurements. 
Therefore, according to the description given in EUR 5274 /4/, 
the essential point in selecting such an unified procedure is 
the separation into the fo.l lowing two partial tasks: 
At first, a measurement (fluence monitoring during the time t 

of the individual specimen irradiation in the loca
tion r ) to perforin and evaluate in a manner as 
simple as possible by an unified procedure, 
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at second, multiplication of that individual fluence measuring 
result by a factor characterizing the damage pro
duction in an irradiated material specimen M in 
the reactor location r . 

For the individual irradiation monitoring, according to the 
recommendation EUR 5274/4/there has to be given the equivalent 
fission neutron fluence using the activation detector x : 

f 1 » 
*x ^ ' t i ) = ~T~ f °x ( E ) *E (*' tl ) d E ' t o b e determined by °x ° 

f -> t x (tj) « (r) 
l <î,t ) = -i i~ -^Lr- . (6.2) 
x x 1 + e(t ) o£ 

e and x are time corrections for the irradiation time tT,£ 
for flux density variations, T for activation and burn-up 
of the measuring nuclide (see e.g. /13/ and /14/). 
Secondly according to EUR 5274, the factor characterizing the 
damage production in the reactor location r is defined by: 

00 

r ,- 1 *M °x o V E ) V^'V d E 

[DA(r,tI)J s -!2- s -*- £__« £ ± . (6.3) 
M' X *x WM o°x ( E ) V ^ V d E 

00 
Here is: wjj = / W

M <E> X E dE . o 
The damage to activation ratio DA is approximately independent 
of t given by the energy integral over the damage response 
function, regarding the known relative neutron spectral flux 
density 4>p at the irradiation location r and the weighting 
damago function w (E) for the irradiated specimen with the 
material composition H , according to eqs. (2.2)'and (2.6)resp. 
related to the integral over the activation response function: 

o £ / wM(E) ,J,E(r) dE 
[ » * ( ? ) " " ] < — * 5 (6.3a) 
L" M ' x J f f;..(K) i>r,(h dr, 

W M o '" L 
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Then the required damage function * D according to eq. (1.3) 
has to be expressed from the eqs. (6.2), (6.3a) by the fol
lowing two factors: 

*D = V £»fcI> = • î t f ' V • LDA(r>]M / X (6.4) 

This definition apparently demands the knowledge of DA 
values of a material M and the detector x to be irradiated 
in a location r . Following the definition in eq. (6.4) , 
the arbitrary factor contained in eq. (1.3) hat to be ex
pressed by: 

(6.5) 
W M o ° x ( E ) * E ( ? ) d E 

For testing whether a neutron spectrum will remain unchanged 
during the time tj of an irradiation in r , one may mo
nitor this irradiation with several detectors x1, x2, ... 
simultaneously. A possible variation of the spectrum can then 
be checked roughly by a variation of the spectral index 
Sl(t T) in comparison with the presumed value SI(pre) for 
the known spectral flux density i|i in r : 

„f " o v 1 ( E ) * F(r,t T) dE 
r- - " x 2 Ô "" 
jSKr^jjJ ^ = | , (6.5a) 

°x1 ' 0 x 2 ( E ) *E (*' tI ) d E 

o 

C = _2L_ _ 
00 

I' ~ 
x1,x2 f 

a x 2 ; ° x 1 ( E ) * E ( ? ) d E 

|SI(r,pre)] = 2 (6.5b) 
" X 1 ' X 2 °x1 / a x 2 ( E ) « E ( î î dE 

o 
The damage to activation ratio DA should preferably be 

58 58 
quoted in ternir, of the Ni(n,p) Co reaction. If a detect
or oLhcr than J Ni is used then the ratio of the reaction 

C O 

rate of this detector relative to Ni should be determined. 
Furthermore fluenccs may also be measured by damage detect
ors as described in Chapter 3. In this case one has to re
placed the dauiEKjo to activation ratio of the damage rate in 
the material under investigation to that in the fluence 
mon.i. Lor. 
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6.5 Measuring procedure 
For determining the damage fluence $ n by using eq. (6.4) 
are required: Reference (nuclear) data, measuring values 
(reaction rates), and calculation (correction) values. 
Reference data are nuclear decay data, neutron cross-sections 
of neutron measuring reactions, and damage functions w(E). 
Nuclear decay data and cross-sections which should be as 
consistent as possible have to be taken from suitable compi
lations /32 /. Numerical values for damage functions for the 
elements Al, Cr, Fe, Mo, Ni and Zr using the universal model 
of LINDHARD /5/ and for graphite using the model of THOMPSON 
and WRIGHT /3/ are given in EUR 5274 /4/ in a 31 group repre
sentation /33/. 
Achieving of the measuring values for the neutron fluence 
resp. spectrum determination is described in Chapter 3 
resp. 4 /13/. These measurements usually are performed by 
activation detectors which consist of pieces of a material 
with very well known composition and mass. By exposing such 
detectors in the irradiation location r the saturation 
activity a (r) of the detecting nuclide x can be de-
termined and from that the neutron fluence resp. flux den
sity (relatively or absolutely). 
Advantages or the activation detector are: 
- simple and reproducible production and maintaining of its 
material integrity under wide conditions, 

- smallncss, therefore easily to be attached in reactor ir
radiation devices, 

- relatively few and simple necessary measuring corrections. 
The metrological requirements for activation detectors apart 
from the mentioned reference data refer to the isotope abun
dance aid possible parasitic reactions of the original nuclide 
of the measuring reactions. Activation reactions produce 
C- or Y"r°y emitters, the transmutations go over (neutron 
induced) 

capture, i.e. (n,y) reactions or 
fission, i.e. (n,f) reactions or over 
threshold, mainly (n,p) or (n,a) or (n,n'), reactions. 

As is well knov/n, every reaction has its characteristic neutron 
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energy dependent cross-section a (E). By choosing suitable 
response functions for detectors x : 

Rx,E = °x ( E ) *• E { h < 6' 6 ) 

one is intending to cover the interesting region of neutron 
energies for the spectral flux density $„ in the considered 
irradiation experiment. 
In the region of slow and intermediate neutrons capture reac
tions are the only feasible ones. For measuring fast neutrons 
threshold reactions are used. By application of detectors with 
capture and threshold together slow and intermediate neutrons 
on the one and fast neutrons on the other side can be moni
tored separately and simultaneously. To separate between the 
slow and intermediate neutrons the filter or the sandwich 
technique is applied. The use of filters (best known are that 
of Cadmium) by which neutrons of one energy region are re
tained and of the other one are transmitted is the more accu
rate method. A sandwich contains several detectors responding 
to different neutron energy regions; application of the sand
wich technique is often more convenient. 
In Fig.4.1 two typical reactor neutron spectra are shown (of 
a core irradiation position in the thermal reactor HFR and 
- arbitrarily normalized - of the fast reactor CFRMF, in units 
of <j>(u(E)) = E <t>P). Fig. 4.2 presents cross-sections for some 

197 59 58 
important reactions: Au(n,y)» Co(n,y) and Ni(n,p) 
activation, resp. graphite and steel damage. Fig.4.3 and 4.4 
(arbitrarily normalized) give the responses R(u) - defined 
for <•> (u(E)) - for these reactions in the two spectra* 
Measurement of the radioactivity induced in the detectors 
is carried out applying one of the usual radiation measuring 
devices, either by pulse counting (nowadays frequently by 
Y-ray counting with a Gc(Li) semiconductor counter distinguished 
by a particular sharp separation of possible parasitic activi
ties) or e.g. by current measuring with an ionization chamber. 
UnJcr the calculation values on the first place there is to 
mention the relative spectral neutron flux density (see Chap
ter 4) . Further hat; to be calculated a number of corrections 
nemo important of which arc named in the following: 
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Corrections: for flux density perturbation in the detector 
(see Chapter 3) and for flux density differences 
between the detector and the specimen location, 
time-dependent (for different decay and burn-up 
modes) (see Chapter 3), 
for self-absorption in the detector, 
for time-dependent flux density variations during 
the irradiation time t_ , since as a rule $(r,t) 
and $„(r,t) cannot be measured within that 
time. 

Errors for fluence etc. determinations (reported are guessed 
figures for 1a errors) amount to about(/25/and /34/): 
1 to 7 % for reaction rate (i.e., saturation activity «) measurements 
10 to 15 % for iJ/E(r) determinations by unfolding of activa

tion detector set measurements, depending on the 
considered energy region/25/ 

3 to 5 % for time-dependent neutron flux density resp. source 
strength (e.g., reactor power) variation 

1 to 15 % for reference data uncertainty 
possibly 
higher for not regarded systematic errors or correction 

uncertainties. 
Naturally, these errors have to be contrasted with the errors 
for the determination of mechanical property chanues resulting 
from the considered irradiation experiment. 
Here we v/ant to add some remarks from experience in fluence 
monitoring of reactor irradiation experiments. Principally the 
metroloyical procedure, including the decision on the detector 
types and arrangement, should be planned in the earliest pos
sible stage of the experiment. A later mounting of detectors 
into a construction already finished will at least demand par
ticular additional efforts and can lead to a sacrifice of in
dispensable informations because of an incomplete or unsuited 
arrangement of detectors. This hint should find careful atten
tion as such very costly experiments may loose a great deal of 
thoir value if they can only incompletely or even not at all be 
evaluated because of missing results from the radiation moni
toring. 
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To obtain really meaningful neutron fluence resp. flux density 
values for an irradiation experiment, one will place the de
tectors as close to the specimen irradiation location attached 
as possible. If it can be realized there should be attached 
one detector to each particular specimen - beyond that, a cer
tain redundance in the detector equipment is favourable since 
detectors easily might be lost during thedifficult post-irradiation 
dismantling of the device in the Hot Cells. Usually the de
tectors will be inserted encapsuled into the irradiation de
vice, for avoiding detector damages or contaminations. One 
has to check it a provided detector material can withstand 
the foreseen irradiation temperature. 
For determining the relative spectral neutron flux density 
i|>E(r) customarily one is going out from a calculated spectrum 
which might be tested or to a certain extent modified by measure
ment of a consistent set of activation detectors (see Chapter 4). 
Such a detector set normally cannot be irradiated together with 
and during the original irradiation experiment because a number 
of those detectors does not endure some irradiation over a 
longer time or at higher temperatures. For that reason, spectrum 
measuring detector sets will be irradiated either in a dummy 
rig or in the original rig for a short time at low power before 
the actual experiment. 

6.6 Conclusion 
Standardizing not only the measuring procedure but also the 
notation of the monitoring of radiation damage experiments to 
an appropriate degree is of advantage for obtaining reliable, 
complote and comparable results. 
We repeat here the recommendation given by the IAEA Specialists* 
Meeting on Radiation Damage Units at Seattle 19 72 / 35 / (and 
endorsed at Harwell 1976 / 33/): 

"(1) For all irradiations, the experimental conditions 
should be fully specified; i.e. the flux density, ir
radiation time, irradiation temperature, irradiation 
position r,nd the saturation activity of a suitable 
neutron flux detector should be given. 
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(2) The neutron spectrum in which the irradiation 
was carried out should be specified, and the 
method by which this spectrum was obtained should 
be given. 
(3) Results should be quoted relative to a standard 
spectrum and our recommendation is that the fission 
spectrum be used for normalization". 

Also recommendation (3) is in agreement with the recommendation 
in EUR 5274 / 4/which latter one may be summarized very briefly 
as follows: It is recommended reporting the damage fluence 4>D 

in the irradiation position r and over the irradiation 
time t_ : 

«D^tj) = *xtf,tj) . [DA(r)j M f X (6.4) 

v/here <t> is denoting the equivalent fission neutron fluence 
determined using the neutron detector x , and DA 
the damage-to-activation-ratio for the material M in question 
and the detector x . 

We propose to list all the wanted data which belong to the 
irradiation, the monitoring and the testing of a material to
gether in an unified and easily surveyed manner: an example 
is given in Table 6.3 (parts A,3,C). 
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Table 6.1 Neutron fluence ratios for different reactor 
pressure vessel steel irradiation locations,taken from /28/ 

Reactor 
Name Location r 

•f(?) Remarks Reactor 
Name Location r * (E>0,5 MeV,r) 

UCRR 
(Union Car
bide Re
search Re
actor) 

D3 
(in core 
lattice) 

• 

1.19 Light-water-moderatedj 
pool type reactor 

LITR 
(Low Inten
sity Test 
Reactor) 

in J 55 
core <! 43 
lattice J 18 

0.87 
0.93 
0.99 

Light-water-
'moderated, 
tank type 

K-East 
Reactor 

Faci-j Unshielded 
lity ÏCd-shiel-

L ded 
0.70 
0.72 

graphite moderated, 
water cooled reactor ' 

San Onofre Accelerated 
Surveillance 
Location 

0.88 Pressurized-light-
water-cooled 

Big Rock 
Point 

» 1.80 Boiling-light-
water-cooled power 

jYankee 

f 

ii 2.05 Pressurized 
light-water 
cooled 

'reac
tors 

i 
i 

Vessel wall 1.93 s 
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Table 6.2 Relative values of total fluence needed to produce 
15 kilopounds per square inch yield strength shift in 

iron.Calculated for energy threshold E L of damaging resp. fo 
a damage fuction, related to total fluences with E^-0 /25/ 

C o r r e l a t i o n 
procedure 

N e u t r o n s p e c t r u m 

C o r r e l a t i o n 
procedure 

Fast Tes t Reactor (FTR) 
gr id p l a t e v e s s e l core 

Engineer ing 
Tes t Reactor 

(ETR)core 

<ME>EL) w i t h : 

E L= 1,05 MeV 32,8 1,7 . 10 5 0,72 0,48 

0,183 " 3 , 3 320 0,42 0,72 

0 1 1 1 1 

Damage Function 5 , 0 89 0,52 0,61 



- 79 -

Table 6.3 Proposed check lists for a radiation damage experiment 

Part A • Scope of the experiment (No. 

Material to be tested 
Denotation TyPe» 

composition 
Size 
cm x cm x cm 

Fabrication remarks 
(microstructure, 
grain size, texture) 

Use of the material 

Method of testing: 

Material property: Test specimen: No. 

Irradiation 

in reactor: 

poa.it ion: 

Parameters of irradiation (envisaged) 

Irradiation 
temperature: 

Irradia
tion time 

Remarks (on 
spectrum e t c . ) : 

Damage 
fluence 

http://poa.it


- 80 -

Part B Monitoring indications to the experiment ('lo. 

Irradiation 

No. 

Reactor 

Power 

Remarks Position 

Irradiation 
t entserat ure * 

measured 
by (method) 

Irradiation time 
from 

(year.month,day,hour,min) 

Duration 
(years ,months ,days ,hours ,rains. ) 

IÎEUTRO:I 
Energy 
recion R: 
(Unit: 

Detector Reaction. 
x: rate °x ; 

t o 
(ditto) 

Corrections 
(for shut-down times 
power variations) 

Flux density ^ 

resp. f luence 4> 

( 

R . 
x 

resp. 

Çpectr\ua determined "by: 
_ _ (method) 

Material (M) Detector (x) 

Detector (x1) Detector (x2) 

Remarka: 
on reference spectra (R) : 

Mux 
M*1,x2 

others : 

* villi + 1a % e r ror 
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Part C Results of the experiment (Uo. 

Specimen 

No. 
(Type) 

Reactor 

Irradiation No. 

Test Position 

Irradiation 
temperature 

Irradiation 
time t x 

Damage 
fluence * D(t I) 

Test results: 

Remark3 : 

x with - 1a error 
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