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ABSTRACT

The types of nuclear data required for fission reactor design and safety
analysis, and the ways in which the data are represented and approximated for
use in reactor calculations,are summarised first.

The relative importance of different items of nuclear data in the prediction
of reactor parameters is described and ways of investigating the accuracy of
these data by evaluating related integral measurements is discussed. The use
of sensitivity analysis, together with estimates of the uncertainties in
nuclear data and relevant integral measurements, in assessing the accuracy of
prediction of reactor parameters is described. The inverse procedure for
deciding nuclear data requirements from the target accuracies for prediction of
reactor parameters follows on from this. The need for assessments of the
uncertainties in nuclear data evaluations and the form of the uncertainty information
is discussed.

The status of the accuracies of predictions and nuclear data requirements are then
summarised. The reactor parameters considered include:

(a) Criticality conditions, conversion and burn-up effects.

(b) Energy production and deposition, decay heating, irradiation
damage, dosimetry and induced radioactivity.

(c) Kinetics characteristics and control, including temperature,
power and coolant density coefficients, delayed neutrons and
control absorbers.

Section 1 - Neutron physics data used in fission reactor calculations

1.I Introduction

Reactor neutron physics (or neutronics) involves the calculation of the

neutron energy spectrum aiid spatial distribution and also relative reaction

rutes in this spectrum. The spectrum varies with position in the reactor.

In a thermal reactor the spectrum is different in the moderator and the fuel.

It also varies through the reflector and shielding. The reactor neutron energy

spectrum is determined by the energy spectrum of the neutrons produced in

fission and the scattering and absorption cross sections of the reactor components

as a function of energy. The upper energy of interest is about 15 MeV and, for

a thermal reactor, the spectrum is calculated down to an energy of about 0.001 eV.

In this section the parameters, conventions and notation of reactor neutronics

calculations are introduced, neutronics characteristics of reactors are outlined

and the approximations made in using nuclear data in reactor calculations summarised.

1.2 Neutron density, neutron flux and the neutron-nucleus interaction rate

Some definitions

The neutron flux is the flow of neutrons per unit area. The directional neutron

flux is denoted by N (E,x,S2) where

N(E,x,fi)dEdî2 = neutron flux in the solid angle dft about the direction fi having

energies in the range E to E + dE (])

The scalar neutron flux is the integral of the directional flux over all

angles :

*(E,x) = / NCE.x.Q) dB (2)

The scalar neutron flux is often called, simply, the neutron flux. It

is related to the neutron density, n(E,x), via the speed v, of neutrons

of energy E,

•<E,x) = v.n(E.x) (3)

where n(E,x)dEdV is the number of neutrons in a volume element dV at x and in the

energy range E to E + dE.

In the calculation of the neutron flux distribution in a reactor the angular

distribution of the flux must be taken into account. In the diffusion theory

approximation a simple angular dependence is assumed for the flux:

N(E,x,n) -Jj(*(E,x) +3«.J (E.

where ,J{E,x) is the net neutron current.

(4)
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The reaction rate for reaction r in isotope I depends on the number

density of isotope I, N (x),in volume element dV and the cross-section for the
T L

reaction, o (E), at energy E.

RJ(X) - N ^ x ) / o*(E) *(E,x)dE (5)

This can also be written in terms of the neutron density n(E,x) and

velocity v:

R*(x) - NjCx) / v n(E,x) o*(E)dE (6)

The nuclear cross section o (E) is called the microscopic cross section

to distinguish it from the macroscopic cross-section for the material, Z (E,x):

), o*(E) (7)

When there is a neutron source density, 3(E), in an infinite medium with no

leakage the rate at which neutrons are removed from energy interval dE by all

removal reactions must equal the source

• <E) îrem(E) - S(E) (8)

where S(E) is the neutron source due to fission and scattering. The flux, equals

• (E) - S(E)/rrem(E) (9)
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In an operating reactor the source of neutrons of energy E comprises neutrons

from fission reactions, elastic and inelastic scattering and reactions such as

(n,2n) and (n,3n). Charged particle reactions (for example (a,n) reactions) and

photon induced reactions such as (y,n) and (y,f) reactions are not a significant

source of neutrons in reactors at power but they can be significant in the shut-

down reactor and in fuel in transport and reprocessing. Spontaneous fission is

also of importance in these cases.

Neutrons are removed from an energy interval by absorption reactions such

as radiative capture, <n,p) and (np) reactions and by leakage. Scattering

reactions, which change the energy of the neutron, also remove neutrons from the

energy interval. Elastic scattering in some isotopes at high energies has a

component which is strongly forward peaked and, in this case,the change in energy

for this component can be neglected. This is particularly the case for heavy

elements at high energies. Thus instead of the removal cross-section being set

equal to the total cross section it can be approximated.

The collision density is defined as:

C(E) - •(E).Zt(E) (!0)

where Z (E) is the total macroscopic cross-section. C(E) is equal to the source

S(E) when leakage is absent and when all scattering is included in the source.

The slowing down density, q(E),is the number of neutrons per unit volume

per second which are moderated from above energy E to lower energies:

EjF.
q(E) - / / î (E1 -»E") t(E') dE'dE" (11)

where Z (E'-»-E") is the cross-section for scattering from energy E1 to

energy E" and E and E are the upper and lower energy ranges of scattering
U L

about energy E.

The change in slowing down source with energy is equal to the difference

between the loss of neutrons by absorption and leakage and the production of

neutrons by fission:

ij| = Ea(E).(|>(E) + L(E) - F(E) (12)

where L(E) is the leakage per unit energy and F(E) is the fission source per

unit energy. Z (E) is the macroscopic absorption cross-section.

In the absence of absorption and leakage we have

q(E) -/™F(E')dE' (13)

Instead of expressing quantities in terms of energy a related variable

called the lethargy, u, is often used:

and the difference in lethargy between two energies, E],and E, is:

Au - -In/ -\\ (15)



The mean lethargy gain in elastic scattering, Ï, is dependent on the mass

of the nucleus and the anisotropy of scattering. For elastic scattering which is

isotropic in cm. co-ordinates C, is independent of energy (or lethargy) and

equal to

where a

and A • ratio of the mass of the nucleus to the mass of the neutron.

(16)

(17)

When the slowing down density is constant in energy and the moderation cross-

section is constant then the flux per unit lethargy, 4>(u), is constant in

lethargy. In this case the flux per unit energy is proportional to (I/E), and

and •(u)/E E)

1.3 Approximate form of the neutron spectrum in thermal reactors

In a thermal reactor q varies fairly'slowly over the energy range from

leV to 100 KeV and moderator cross-sections are approximately constant. The

collision density per unit lethargy can be assumed to be constant over this

energy range for some purposes and so C(E) = I/E. It is acceptable to assume

•<E) = I/E leV < E < 100 KeV (19)

in this energy range, for the purposes of spectrum averaging some cross-sections.

In fact, the flux has a detailed energy structure through resonances but

the effect of this structure averages out approximately for cross-sections in

non-resonant materials, or materials present in small proportions. At higher

energies the slowing down density can be approximated by the integral of the

fission spectrum, x(E) (neglecting leakage and absorption):

- q(E) x(E')dE' (20)

and the flux can be approximated as

•(«) = q(u)

E > 100 KeV (21)

(assuming constant scattering cross-sections).

At thermal energies, in the absence of absorption and leakage,the flux is in

thermal equilibrium with the medium and

• (E) = E exp ( ̂ | ) E<l eV (22)

where T is the absolute temperature of the medium. These three energy ranges

are called the fast ( > 100 KeV), intermediate (leV - 100 KeV) and thermal

(<leV) ranges.

1.4 Neutron producing reactions in power reactors

In an operating reactor the source S(E') of neutrons of energy E' results

from the following reactions:

Fission reactions - a _(E)n,t

The energy spectrum of fission neutrons is denoted by x(E')> This

depends on the fissioning nucleus and, to a small extent, on the incident

neutron energy.

The mean number of neutrons emitted in fission, v(E), also depends on the

fissioning nucleus and the incident neutron energy, increasing approximately

linearly with energy. The angular distribution of fission neutrons is

isotropic to a good approximation.

Elastic scattering - o (E,E',8 )n,n

The cross-section is a function of the angle of scattering, 8. The

cross-section can be expressed either in laboratory co-ordinates or

centre-of-roass co-ordinates. A useful characteristic of the angular

distribution is the mean cosine of the scattering angle, 7. The secondary

energy distribution is defined by the angular distribution. For isotropic

scattering in c m . co-ordinates it is uniform in energy.
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Inelastic scattering to discrete levels I- a ,(E,E',6)

The secondary energy distribution is determined by the Q value for the

level and the angular distribution. In many cases this can be taken

to be isotropic in c m , co-ordinates. Inelastic scattering occurs both

when nuclear levels are excited and, at thermal neutron energies, when

molecular or crystalline level transitions occur. For these thermal

energy interactions the transition energy can be positive or negative.

Excitation of nuclear levels occurs at KeV and MeV energies.

Inelastic scattering to the continuum a ,(E,E',6)

At energies where the individual levels are not resolved the total inelastic

cross-section and the secondary energy distribution and angular distribution

are determined as a function of incident neutron energy. In most practical

cases the angular distribution can be taken to be isotropic.

(n,2n) reactions o . (E,E',8)

Thresholds for (n,2n) reactions are at MeV energies. For most isotopes

they are above 6 MeV, the average binding energy for neutrons in the nucleus.

Consequently this reaction does not have a major effect on either the reactor

neutron spectrum or the neutron balance of a reactor. The reaction is mainly

of interest when it results in a radioactive reaction product which presents

a handling or waste management problem. The reaction is usually treated as

isotropic and the secondary energy distributions as a function of incident

neutron energy are required. The total cross-section is of more interest

than an accurate knowledge of the secondary energy distribution because it

is the contribution to tiie neutron economy of the net neutron production

and the reaction products which are of more interest than the small effect

on the neutron spectrum. The thresholds for (n,3n) reactions are at even

higher energies and they make a negligibly small contribution to the

neutron economy and spectra of fission reactors.

1.5 Neutron production in shut-down reactors and irradiated fuel

Spontaneous fission neutrons and (a,n) reaction neutrons resulting from

the alpha decay of transactinium isotopes and (a,n) reactions in light nuclei,

such as oxygen, carbon and fluorine, are significant components of the activit"

of. irradiated fuel. Data are required on spontaneous fission and alpha decay half-

lives, spontaneous fission v values and neutron spectra, alpha particle energies

and (a,n) reaction data. For irradiated fuel the (a,n) reaction data can be

represented by thick sample yields; that is,the yield of neutrons for a-porticles

emitted in a compound, such as uranium oxide. The yield is a function of ot-panicle

energy,as is the energy spectrum of the emitted neutrons. For more general

compositions, such as reprocessing plant solutions,the a-particle spectrum must

be calculated, taking into account moderation and absorprion processes and the

(a,n) reaction rate in this spectrum is calculated from the (a,n) reaction cross-

sections of the light isotopes present. Fluorine can be importait in this case

because of its high (a,n) cross-section.

T adiately after shut-down the delayed fission neutrons form the nudn

neutron source. The longest half-life of delayed neutron precursors is 55.b sees

(Br 87). At times longer than this, neutrons from (Y,n) and (Y.f) reactions

(resulting fromyrays emitted by short lived fission products) can make a

contribution. This source is significant when heavy water is the moderator,from

the (v,n) reaction in deuterium. At longer times spontaneous fission and (a,n)

neutrons form the main sources and this source is approximately independent of

shut-down time for times of a few days.

Following shut-down of a reactor there is a time dependent change in t:ie

balance between fission and absorption reactions associated with radioactive decay

of fission product isotopes and transactinium isotopes.

1.6 Neutron absorption reactions

The two dominant neutron absorption reactions in a fission reactor are

fission, (n,f), and radiative capture,(n,Y). In the fissile isotopes, fission

occurs at all neutron energies. The principal fissile isotopes in reactors using

uranium as the primary fuel source are U235, Pu239 and Pu241. Ii the thorium

fuel cycle U233 is the principal fissile isotope. Fission occurs in other

transactinium isotopes mainly above a threshold energy (which is typically at about

I MeV), although the smaller sub-threshold fission is not negligible in some

isotopes. The threshold for fission in U238 is at about 1 MeV and sub-t'nreshold

fission is negligible, although measurable.

Most radiative capture occurs in the principal fertile isotope, which

is U238 in reactors using uranium fuel and Th232 in reactors using thorium fuel.



As irradiation proceeds the composition changes. Fission reactions result

in the production of neutrons and fission product nuclei. Radiative capture

in some fission products isvery large, Xel35 and Sral49 being two examples. The

half-lives of some fission products are significant parameters because they

affect the reactor absorption.

Control rods or control poisons must be introduced into reactors to compensate

for the variation in fuel composition with burn-up and for reactor shut-down and

safety purposes. The (n,a) reaction in BIO is one which is suitable for control

purposes. This (n, a) reaction occurs at all neutron energies. In heavier substances

the (n,p) and (n,a) reaction cross-sections have effective thresholds at MeV

energies. These reactions do not have a large effect on the neutron economy of

reactors although the (n,p) reactions are comparable with the (n.y) reactions in

some structural materials. The (n,p) and (n,a) reactions in some structural material

isotopes are of significance because of the activity of the reaction products and

the effect of the hydrogen and helium produced on material properties. For example

helium embrittlement can occur after long irradiations because of (n,a) reactions,

and swelling can occur as a result of atomic displacements caused by scattering

reactions,with helium atoms acting as nucleation sites.

1.7 Neutron leakage, the effective mean free path and the diffusion coefficient

Neutron leakage depends on the effective mean free path of neutrons. For

scattering which is isotropic in laboratory co-ordinates the mean free path, X ,

would be inversely proportional to the total macroscopic cross-section. To allow

for the anisotropy of scattering the transport cross-section can be defined:

The diffusion coefficient, D, can be defined in terms of the ratio of the net

neutron current, J, to the gradient of the scalar neutron flux, grad 4, that is:

tr t e

and A = I/Ecr

where I is the total macroscopic cross-section

£ is the scattering macroscopic cross-section

and u is the mean cosine of the scattering angle.

For elastic scattering which is isotropic in c m . co-ordinates M » 2/3A

where A is the ratio of the nuclear mass to the neutron mass.

(23)

J = -D . £X
X X "X

for direction x* In the diffusion theory approximation:

D

(24)

1.8 The structure of cross-sections

Resonance Structure

The resonance structure of the cross-sections of materials present in

reactors in significant proportions must be taken into account in reactor

calculations because this structure results in a reciprocal structure in the

reactor neutron flux spectrum:

S(E)/ET(E) (26)*(E)

(neglecting leakage effects).

When the source of neutrons (from fission and scattering) varies slowly

through the resonance the flux dips at the positions of the cross-section peaks.

The flux averaged value of a cross-section is reduced relative to the infinite dilution

value. This effect is called resonance shielding. Resonance shielding is significant

in transactinum isotopes from thermal energies up to about 100 KeV. In structural

materials such as Fe, Cr and Ni it is significant at KeV energies (1 KeV to

1 MeV). In light isotopes,like 0 and C,resonances occur only above about 100 KeV.

Because of resolution broadening in the measurement of cross-sections the

measured shapes of resonances are broadened and, at high energies, resonances are

not resolved. We speak of the resolved and unresolved resonance regions. Even

in the unresolved resonance region the structure must be taken into account in

reactor calculations for many substances. To derive the cross-sections in the

resolved resonance region from the measurements a resonance parameter analysis

is made to determine the resonance energy, E r, the neutron orbital e-ngular momentum, 1,

(s,p,d,f wave), compound nucleus spin, J, and the resonance partial widths,r . the

total width being:

r = r + r + r, etc (27)

that is,the sum of the neutron, radiative capture, and fission and any other

reaction widths, such as inelastic scattering.
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A sec of parameters must be found which will reproduce the measurements of

the different cross-sections taking into account the different resolution

broadening in each reaction. The appropriate choice of resonance structure

formula must be considered. For some applications the simple single level

Breit-Wigner formula is an acceptable approximation for the shapes of cross-

sections through resonances in the absence of temperature broadening. For a

reaction, r, other than elastic scattering:

o(n,r) 4** Vr

and for elastic scattering of s-wave neutrons (1 '- 0):

r 2
o(n,n) - 4»* g -=

4(E-E
5- + 16»* Rg

)

(28)

(29)
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where g is the statistical spin factor g - (2J+l)/2(2l +1)

I is the spin of the target nucleus

and R is the potential scattering radius.

The asymmetrical term in the expression for the s-wave elastic scattering cross-

section is important because it produces a minimum in the total cross-section below the

resonance. These minima are important because the neutron transmission through

shielding can be high at .these energies.

In general, the single level Breit-Wigner formula is not sufficiently accurate

to reproduce the shapes of cross-sections and one of the more accurate formulae

must be used. These include the R matrix representation and the Reich-Moore

and Multi-level Breit-Wigner formulations.

Doppler broadening of cross-sections can be treated in one of the following

ways:

(i) Cross-seccions at temperature T can be obtained from Doppler

broadened resonance functions.

(ii) Cross-sections can be obtained by numerical integration over

a cross-section tabulated ut a lower temperature time? the

appropriate broadening kernel.

(iii) Doppler broadened shielded cross^sections can be derived

directly using approximate formulae.

Tests can be applied to investigate the consistency of the angular momentum

and spin characterisation of resonances and to test for missing resonances (using

the known statistics of level spacing distributions).

In the unresolved resonance region a statistical approach must be adopted.

Average resonance parameters are derived consistently with the broad resolution

cross-section measurements and the average parameters determined for the resolved

resonance region.

The temperature of the material affects the shapes of resonances (in the

laboratory co-ordinate system) because of the thermal motion of the nucleus.

An increase in temperature broadens the resonances and reduces the resonance

shielding. This is called the Doppler effect. It is mainly of importance

for resonance shielding in the principal transactinium isotopes, although the

small effect in iron and other structural materials is not negligible.

Crystalline binding effects can also influence the thermal motion of

nuclei and hence the Doppler effect. At thermal neutron energies diffraction

effects in crystalline structures can introduce a pronounced energy structure

into the scattering cross-section. This is particularly marked for graphite which

is used as the moderating material in some thermal reactors.

Anisotropy of elastic scattering

The angular distribution of scattered neutrons is usually represented either

by an expansion in Legendre polynomials or as a point tabulation of the cross-

section versus the cosine of the scattering angle. Up to 20 Legendre polynomial

coefficients can be required to represent the distribution, although it is unusual

to use more than S in reactor .alculations. In fact, in most reactor core

calculations just the Po and PI components are taken into account, with more

being used in shielding calculations. The anisotropy of scattering can vary

through resonances,this being particularly significant for the broad oxygen resonance

at 450 KeV. A variation in the anisotropy of scattering occurs through the resonances

in iron. An investigation of the effect of this on neutron attenuation through

iron suggests that it is not an important effoct(l). At high energies elastic

scattering in transactinide isotopes has a strong forward peaking and this has an

effect on the mean free path of neutrons. The transport approximation can be

used to allow for scattering anisotropy in this case. The scattering is treated

as isotropic, but with a smaller cross-section equal to

I-, .- - Ï , 0 " Ù) <30)



The forward scattering component is subtracted from the total scattering,

the remainder being treated as isotropic. This approximation is acceptable in

many cases «hen the anisotropy is not a strong forward peaking. However,the

approximation can lead to difficulties for light isotopes and, in particular,

for hydrogen for which the scattering is isotropic in c m . co-ordinates over

most cf the energy range of significance in reactor calculations. The PI

scattering component is large in laboratory co-ordinates resulting in a value

of M = 2/3.

Inelastic scattering

The secondary energy and angular distribution for inelastic scattering is

potentially a much more complex representational problem. For inelastic

scattering to discrete levels the representation is simpler, the required data

being the cross-section to the level and the angular distribution as a function

of incident neutron energy. For many cases the inelastic scattering can be

approximated as isotropic in c m . co-ordinates in calculating the secondary

energy distribution and also as isotropic in laboratory co-ordinates when

calculating the angular distribution of the emitte.1 neutrons. There are some

important exceptions, when direct interations are u major component of the

scattering. An example is scattering to the first level in U238 at 45 KeV.

Because the treatment of inelastic scattering to discrete levels with isotropic

secondary energy distributions is comparatively simple, (with the secondary

energy distribution being uniform over a range defined by the Q value of the level

and the mass of the nucleus) it is advantageous to try to represent inleastic

scattering to the continuum in terms of 'pseudo discrete1 levels, and procedures

for doing this have been proposed (2).

Fission neutrons

A small fraction of fission neutrons are not emitted during the fission

process but following the decay of certain short lived fission products. These

are called the delayed neutrons, while the prompt neutrons are emitted at the

time of fission. Simple few parameter functions are used to characterise the

energy spectrum of prompt neutrons. The Maxwellian is one commonly used form:

(3DX M(E) K, /E

where T is the temperature, K. a normalisation constant, and the mean energy, E

3T/2. Another representation which is used is the Watt form:

X H(E) - K, . sinh (2 /ÏÏ7F/T) (32)

and the mean energy is Ê - 3T/2 + I).

In more elaborate representations a sum of two or three of these forms

has been used.

The parameters in these functional representations depend on the fissioning

nucleus and can also be dependent on the energy of the incident neutron, although

this dependence is usually neglected.

The delayed neutron fraction also depends on the fissioning nucleus, the

fraction being 1.63! for U238 andO.22Z for Pu239. There is also a dependence

or. incident neutron energy although this is sometimes neglected. The variation is

small and not well measured up to the energy of the (n.n'f) threshold (at

about 6 MeV). There are many fission product precursors producing delayed neutrons.

At present it is not customary to make summation calculations over these precursors

to obtain the tine dependence of the delayed neutron emission but to fit the measured

total emission by the sum of six exponentials, or delayed neutron groups:

y(t) - I a { e x p (-X.O '33)

the values of a^ and X. being determined for each fissioning isotope.

Delayed neutron spectra have been measured for individual precursors and

show a very complex energy structure. It is usual to simplify this structure and

produce a spectrum for each of the six delayed neut/on groups.

1.9 Evaluated nuclear data libraries and applications orientated data sets

Several stages are involved in obtaining the nuclear data sets used in

reactor calculations:

(a) Nuclear data measurements are made.

(b) The raw measurements are analysed to correct for resolution

broadening and other limitations of the experimental techniques.

(c) The measured data are compiled at one of the Four Data Centres and

transmitted to the other three (Brookhaven, Obninsk, Saclay and Vienna).

(d) An evaluation is made of all the measured data for a substance to produce

a single 'best* set of data. This involves examination of all the

measured data for consistency and statistical averaging. Nuclear

models are used to fit the measurements and extend tbeir range. , „
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(e) The evaluated data are compiled in a computer format such as the

ENDF/B-V format and collected into a library of evaluations for different

substances or reaction types. Examples of such libraries are the

ENDF/B-V Standards Library. This contains neutron interaction data for

substances with cross-sections which are used as standards relative to

which other cross-sections are measured. Data in this library are

stored (not surprisingly) in ENDF/B-V format. However, other libraries

also use this format. The Japanese JENDL2 library uses the ENDF/B-IV

format.

(f) Nuclear data libraries are produced for specific applications.

(i) Honte Carlo calculations can use very detailed representations but

some processing of the basic evaluated nuclear data libraries is

usual to reduce ths amount of data to be stored and provide it in

a more convenient form. However,Monte Carlo calculations of all

reactor properties of intei-°st would be too costly when run for the

computer times necessary to give the required accuracy.

(ii) The standard methods employed for reactor calculations use nuclear

data averaged over a few energy groups. The derivation of these

group averaged cross-sections can involve a number of stages

starting with either a detailed flux spectrum calculation for a

simplified geometrical representation of each region of the reactor

or a parametrisation derived from calculations or formulae for the

spectra in simple geometries.

1.10 Energy group averaged cross sections

The energy group averaged cross-section is defined as;

/

E u E u / rE u

G dE1 f G dE" •(E1) os
I(E'-»E") / I G «.(E')dE'

„ L J „ L / • ' L

o 1 _ - /*EG *(E') a1 (E') dE1 / f^r, *(E') dE1 (34)

where E and E u arc che lower and upper energies of the group G. Cross-

1?fi sec^ions for scattering of neutrons from one energy group to another take the form

(35)

As well as neutron flux spectrum averaging some other methods have been tried and

found to have advantages in some applications. These include bilinear weighting with

the neutron flux times the neutron importance spectrum, where the neutron importance

$ (E,x) is the probability of a neutron of energy E at position x

contributing to the asymptotic fission neutron source distribution.

A neutron importance relating to other reactor properties can also be calculated

and used in this way.

Overlapping energy groups have also been used in some applications.

When deriving groun averaged crass-sections the aim is f produce a

parameterised set suitable for calculations for a region of a particular reactor

type (such as the core region of a PWR) over its whole range of operation: that

is for all fuel irradiations , coolant conditions, control absorber insertion

and for the full temperature range which must be considered. The group cross-

sections can be tabulated (or parameterised) for a range of fuel burnup levels

and fuel enrichment and a range of temperatures. These variations affect the resonance

shielding in transactrinium isotopes and also, to a small extent, the variation of

the neutron source, S(E), or collision density $(E) î (E), through the energy group.

This has an effect ,in particular,on the elastic moderation cross-sections. The

cross-section of the principal moderator isotope is the most important but also,

usually,the least sensitive to changes in spectrum shape. The group averaged

scattering cross-sections of H and D arc not significantly sensitive to the

weighting spectrum. A 100 group cross-section set is found to be satisfactory for

a wide range of thermal reactor applications although a different set is required

for fast reactor calculations. In such a thermal reactor sat about 40 of the

energy groups are at energies below I eV and the remainder are spaced at approximately

uniform lethargy intervals up to about 15 MeV.

The methods used to treat resonance shielding include tabulations of the

shielding factor for each isotope and energy group as a function of the effective



removal cross-section for a typical resonance in the isotope. This effective

removal cross-section makes allowance for the fraction of neutrons which are

scattered within the energy width of the resonance. This fraction is a function

of the scattering material and the resonant material and varies with energy

group. The shielding factor is also a function of the temperature of the

resonant material. When calculating the resonance shielding using this formulation

allowance must be made for the geometry and size of the resonant macerial and the

surrounding material. This is done in terms of an equivalent scattering cross-

section.

Other ways of treating resonance structure include the sub-group and

probability table method. In this method the distribution of cross-section

values within an energy group is represented in histogram form. This is

illustrated in Fig. 1.1. Each element of the histogram is called a sub-group. These

are different for each resonant substance and the sub-group parameters

are chosen to reproduce the results of more detailed calculations. When

calculating the neutron flux in each sub-group for each resonant material a

constant effective removal cross-section is assumed for the other constituent materials.

Overlap effects between resonances of different materials are treated only in an

average way and the resonance structure must be examined to see if there are

prominent resonances which are overlapping. Geometrical effects can be treated

directly by calculating the flux in each sub-group for a model representing the

geometry, (usually a simplified geometrical representation).

1.11 Methods used to treat the effects of the thermal, motion of nuclei and

chemical binding. The thermal energy region

When the absorption and leakage of neutrons is very small compared with

the scattering, the energy distribution of the neutrons in the medium is a

Maxwell-Eoltzman distribution:

2it
M(E)

(n
/E e*P I • ÎT (36)

(for a medium at uniform temperature, T ) .

The neutrons are in thermal equilibrium with the medium and their energy

distribution is independent of the detailed energy structure of the scattering

cross-sections.

The neutron flux spectrum has the form:

•M(E) - v M(E) (37)

where v is the velocity of a neutron of energy E. The peak of the neutron

flux per unit energy occurs at

E T = KT

For a medium at a temperature of 293°K the peak energy is E - 0.025 eV

and the corresponding neutron velocity is 2200 m/sec. The spectrum averaged

value of a cross-section having a (l/v) energy dependence is the value for an

energy of (4 E /n) or

(38)

whereo is the 2200 ra/sec value,
o

It is common to quote both 2200 m/sec cross-sections and thermal.

Maxwellian averaged cross-sections. Cross-sections having a (l/v) form can be

related using this equation. The mean energy of the spectrum is "z « 2KT -

2E = 0.05 eV.
o

In a thermal reactor a neutron spectrum differs from the Haxuell-Boltzman form

because absorption and leakage effects are not negligibly small compared with

scattering effects. However, for approximate calculations, and for treating

reactions for which a high accuracy is not required, a Maxwell-Boltzman form with

an effective temperature Teff, is sometimes assumed for the thermal region. The

value of Teff is derived from the thermal spectrum averaged value of a (l/v)

form cross-section. Absorption cross-sections can then be obtained approximately

using a formula of the form:

o(Teff) To ) .
ïëff/

g (Teff) o (39)

where the factor g is a tabulated correction calculated to allow for the

departure of the cross-section from (l/v) form.

To calculate reactor neutron spectra at thermal energies the detailed

energy structure of absorption and scattering cross-sectioni must be allowed {or.

At energies below about 4 eV it is necessary to take into account the thermal

motion of nuclei in calculating the secondary energy distributions of scattered

neutrons. In the WIMS cross-section library 42 energy groups are used to

describe the cross-sections below 4eV and the scattering matrices are dependent

on the temperatures of the materials (3). The chemical forces binding nuclei

in molecules and crystals affect the dynamics of the interactions of neutrons

with nuclei. Transitions between different vibrational and rotational levels 127



can occur in a scattering interaction. The population of levels depends on the

temperature and transitions to both higher and lower energy levels can occur

with associated losses or gains in kinetic energy in this inelastic scattering

reaction. Neutron diffraction effects can also modify the scattering cross-section.

It is usual to approximate the treatment of thermal scattering for all

nuclei excepting the principal moderators (hydrogen, deuterium and carbon)

by the monatomic gas model. The temperature dependence of capture and fission

cross-sections at thermal energies ( <. 4 eV) is usually neglected. Cross-sections

which have a (l/v) form in centre of mass co-ordinates are the same in laboratory

co-ordinates, being unchanged by the thermal motion of the nucleus. Cross-sections

of primary interest in thermal reactors either have a form close to (l/v) or have

a broad resonance in the higher energy region of the thermal spectrum, tailing off to

a (I/v) form at lower energies.

The differential scattering cross-section is usually expressed in terms

of the quantity S( o, B) which is called the scattering law for the material.

This is stored in tabular form in nuclear data libraries, such as ENDF/B (4). Scattering

matrices for different moments of scattering (Fo and P!) in the required group

structure are then obtained by integration of the cross-section for scattering

from energy E' to energy E and through the angle 9 (y » cos 6 )

<40)

S(o 8) (41)
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where o « (E1 + E - 2 / E'Eu)/KT

and B « (E'-E)/KT

This form satisfies the required condition for detailed balance.

The form of S(a, B) for a free monatomic gas is

J_
2 (TO) !

The derivation of the scattering law usually involves simplifying approximations.

It is not usually obtained directly from differential scattering measurements

but by fitting a function which represents the incoherent component of the

scattering or a smoothed cross section to related measurements and then by

making any required adjustments for coherent scattering, or diffraction effects.

The measurements fitted include partial range differential scattering

measurements and specific heats. Neutron diffraction studies also provide

information on the thermal motion of the nuclei.

In one procedure for generating thermal scattering cross-sections the

incoherent component, or smoothed form of the scattering law,is calculated fron the

function p(B) or p(w) where w * BKT/n. For a solid p(w) is the phonon frequency

distribution. The functional dependence of S(a,B) on o,Band p(w)is an

approximation and the validity of the functional form must be tested, along with

the function p(w\. The scattering taw 1: then defined in terms of the width

function, w(t)

S(o
CO

, B) - f exp F-aw(t) - dt

where

w(t)
p(B')

(42)

(43)
o B sinh (B'/2)

For a regular lattice a two parameter phonon frequency distribution can

be adopted, p (w,l) , where 1 - cos Aand \ is the angle between the incident

neutron and a lattice axis.

For hydrogen in water there is no coherent scattering and for deuterium

in heavy water the coherent scattering is significant only at low < nergies and

is usually neglected in reactor calculations. For carbon in graphite a correction

must be made for the coherent scattering component. This results in a detailed

structure being imposed on the total scattering cross-section. The structure

corresponds to neutron wave-lengths equal to dimensions of the crystal lattice,

or multiples of these dimensions. The coherent scattering cross-section

falls sharply at energies below these characteristic wave lengths. At energies

below the longest characteristic wave length the coherent scattering cross-section

is zero. This cut off (the Bragg cut-off) is represented in the total scattering

cross-sections of a number of nuclei tor which s full treatment of crystalline

binding effects in the secondary energy distribution is not considered necessary.

This is because the total scattering cross-section affects neutron diffusion

while the effect on the secondary energy distribution is small.

Thermal scattering data are tested by comparing calculated total cross

sections, and characteristics of calculated neutron spectra, such as diffusion

coefficients and reaction rates sensitive to the spectrum shape, with measured

values.

1.12 Resonance integrals

As described in Section 1.3 the neutron flux spectrum in the intermediate energy

range, I eV to 100 KeV, can be approximated in the form $ (E)a I/Efor some thermal



reactor applications. The energy dependent shapes of the cross-sections can then

be replaced by the resonance integrals:

• (E) • |£ (41)

where (Rl) denotes the resonance integral for reaction r in isotope I

and ETand E sre che lower and upper energies of the resonance integral range.
il U

The resonance integral of a radiative capture cross-section is (in many

cases), not very sensitive to the upper energy, E , nor to the departure of $ (E)

from 1/E form at higher energies (above ~ I KeV). However, the value is

sensitive to the lower energy, E . This is often taken as 0.5 eV because this is

the effective cut-off energy for reaction rates measured in a sample shielded

by cadmium. This is the lower energy cut-off used, for example, for the resonance

integrals tabulated in BNL 325 Third Edition, Volume 1 (5).

Resonance integrals are usually measured in a pure moderator, such as a

block of graphite, adjacent to a reactor. The intermediate flux spectrum is then

very close to $(E) » I/E. Resonance integral measurements provide a useful check

on differential cross-section measurements. They can also be used together

with 2200 m/sec cross-section values, suitably scaled to correct for the effective

thermal Haxwellian temperature, the departure from I/v form at thermal energies

and the ratio of intermediate energy range flux to thermal energy range flux,

to calculate reaction rates for substances of secondary importance. This method is

used in inventory calculations for minor fission products and transactinium isotopes.

Useful data of this simple form have been obtained by measuring the compositions

of irradiated fuels and pure samples of materials.

1.13 Fission spectrum averages

The reactor neutron flux spectrum above about 3 MeV is approximately proportional

to the fission neutron spectrum. For reactions with an effective threshold energy

above about 3 MeV the reactor spectrum averaged value of the cross-section can be

related approximately to the fission spectrum averaged value by applying a scaling

factor which is appropriate for the reactor region. Many (n,p), (n,a ) and

(n,2n) reactions have effective thresholds above about 3 MeV and so approximate

values of the reaction rates can be obtained in this way. Many of these reactions

are of interest because they result in radioactive products (which present handling

and disposal pro Hems) and the (n, a ) reactions contribute to radiation damage

effects.

Measurements of fission spectrum averaged cross-sections and cross-section

ratios also provide a useful test of the differential cross-sections.

1.14 Nuclear data uncertainty information

The assessment of the uncertainties in the prediction of reactor properties

is an important requirement, both for economic and safety reasons. Allowances

must be made in the design and operation of reactors to cover uncertainties by

introducing suitable margins. A very high level of confidence in the safety

aspects of reactors must be achieved. Uncertainties in nuclear data contribute

to the overall uncertainty. Consequently the uncertainties in the data and the

sensitivity of calculated reactor parameters to these uncertainties must be

estimated.

The estimation and representation of uncertainties in evaluated differential

cross-sections is a complex problem. However, since the required information is the

uncertainty in reactor neutron spectrum averaged values of cross-sections,or in

ratios of such averages, tha required information can take a simpler form in

many cases. For example, when the cross-section does not influence the spectrum

the requirement is for the uncertainty in the average value of the cross-section in

a specified spectrum and its correlation with the uncertainty in other averaged

cross-sections entering into the calculations. In other cases, for example, when

resonance shielding effects are important, the effect of the uncertainties on the

spectrum must also be taken into account. Reactor measurements can help to provide

a normalisation which reduces the uncertainty in predictions and improve confidence

in predictions.

1.15 Integral measurements

This is the name given to nuclear data related measurements made in reactor

spectra. The information obtained is usually of the form of reactor spectrum

averaged reaction rate ratio measurements or reactivity measurements. Reactor

spectrum measurements have also been made. There have been extensive programs

of measurements made in zero power critical facilities, and neutron source driven

assemblies, which have been designed to provide a test of nuclear data .

Integral measurements have also been used to adjust differential cross-

sections, taking into account the uncertainties in the two types cf measurement,

and to select between inconsistent differential cross-section measurements. J M



An example of thi» latter approach is in the choice between different measurements

oî the fission cross-section of Am241.

When integral measurements are taken into account the uncertainties in the

nuclear data used in reactor calculations and, consequently, in the accuracy of

predictions can be reduced.

Section 2 — Nuclear data characteristics of core neutronics parameters

2,1 Core parameter predictions for which nuclear data are required

Effective multiplication, K

When a fission reactor is operating in a steady state (in the absence of

external or radioactive sources) there is a balance between the rate of production

of neutrons from fission and the rate of loss by absorption and leakage. The

effective multiplication of the reactor, K, is then equal to unity:

• Rate of production of neutrons by fiBsion

Rate of loss of neutrons by absorption and leakage

• I for a critical reactor.

(42)

It is customary (in the definition of K) to include neutrons produced

by reactions other than fission,such as (n,2n) and (n,3n) reactions, as negative

absorption terms. The effective multiplication can also be defined in terms of the

number of neutrons in successive generations of fission neutrons (when asymptotic

conditions have been achieved).

(43)
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K • Number of neutrons in fission neutron generation (g+O

Number of neutrons in fission neutron generation g

(in the limit as g * »)

The total number of neutrons has a time dependence equal to

n » n exp {{—j—t)} (44)

where 1 is the mean neutron lifetime between production in fission and

absorption or leakage. When there is a neutron source present in the reactor

(other than neutron induced fission and other reactions related to the neutron

flux level) then, for a value of K < 1 a steady state condition is reached in

which the fission source is equal to

F » S **/(l-K) (45)
o

where $* is the importance of the source neutrons, Such a source might be

spontaneous fission, (a,n) reactions or an artifical source (such as an antimony,

berylium source). A reactor is never completely free from such sources and so in

a reactor operating in steady state K is always slightly less than unity, although

the difference is often negligibly small. The departure of the reactor from the

critical state is usually expressed in terms of the reactivity, p, where

-O/K) (46)

The reactivity of a reactor can change when the temperature of the fuel

or the moderator changes or when the coolant density changes. The reactivity of

the fuel changes with irradiation as the fissile material is burnt up, and fission

product absorption builds up. These variations must be compensated for by moving

control elements or by varying the amount of control poison in the coolant. Burnable

poisons which compensate for fuel burnup effects are also used in some designs. The

neutron flux and coolant temperature are monitored and the control varied to maintain

the required power output. In most reactors reactivity decreases when the temperature

of the fuel and moderator increases and so it is necessary to add reactivity,

usually by withdrawing control absorber rods, to raise the reactor power.

Variation of Composition with fuel b'irnup

The number of acorns of each transactinium isotope in the fuel changes with burnup.

Absorption reactions in isotope I, reduces the number of atoms. These reactions

are characterised by the absorption cross-section.

1 = a1 + a1
°a = f c

(together with (n,2n) and other reactions).

Radioactive decay also reduces the number. Alpha and beta decay result in

the formation of other transactinium isotopes. The number of atoms of isotope I

can increase as a consequence of such decay processes and also as a result of

radiative capture reactions, ( n , Y ) , in isotope (1-1)

I
„* + N(I-l) o*" (47)

(radioactive decay processes leading to isotope I)

Variation of reactivity with burnup

Burnup is defined either in terms of the percentage of the initial fuel

loading of transactinium isotopes which undergo fission (ie percentage burnup)

or the heat generated in the fuel in units of Megawatt days per tonne (MWd/te).



As burnup proceeds the reactivity of the fuel varies. The loss of fissile material as

a consequence of fission reactions and the build up of fission product atoms (which

absorb neutrons) results in a reduction in reactivity. Burnable poisons can be

introduced into thermal reactor fuel assemblies to compensate for this loss of

reactivity. In other designs moveable absorbing control rods are withdrawn

from the reactor to compensate for the reduction in fuel reactivity. The total

burnup control requirement depends upon the maximum burnup of fuel elements and

the refuelling strategy. When the whole of the ore is replaced at each refuelling

the maximum burnup control is required. VJhen small fractions of the core

are replaced at each refuelling then the reactivity variation overall

is much smaller.

Transient effects

Allowance must be made for reactivity transients associated with the decay

of short lived transactinium isotopes formed by capture reactions and with the

decay of fission products. This variation of reactivity can be important

following the shut-down of a reactor for refuelling or maintenance and start-up

following a shut-down period. The decay of Np239 (2.35 days) results in an

increase in reactivity. The fission products Xe13S (9.17 hr) and Sml49 (stable)

both have very large thermal capture cross-sections and are formed both directly

in fission and by *ecay of fission product precursors, 1135 (6.59 hr) and

Pml49 (53.1 hr). If se fission product transient effects are only important in

thermal reactors.

Conversion and breeding

In a uranium fuelled reactor the U235 fraction in the fuel is reduced by

fission and capture reaction]. This loss of fissile material is partly compensated

for by the production of 7u239 as a result of radiative capture in U238:

U238 + n - U7.J9 »Np239 > Pu239 (48)

(23.5 rain) (2.35 days)

The conversion ratiois defined as

CR Rate of production of fissile atoms
Rate of loss of fissile atoms (49)

Conversion 'is important both because it increases the fraction o£ uranium

resources which can be converted into energy and because it reduces the rate

of loss r-f f'-el element reactivity with burnup. By recycling fissile material,

reprocessed from irradiated fuel,back into reactors uranium utilisation can be

further enhanced.

The conversion potential of a reactor depends on the fissile material used in

the fuel and the reactor neutron spectrum. It i- r£i;??<! to the excess neutrons

produced per absorption in the fissile isotope. The number of neutrons produced

per absorption is the eta value:

n - v/(l+o) (50)

where a - a la.c £

The energy dependence of n for the principal fissile isotopes is shown in

Fig. 2.1. When the eta value exceeds 2 the fuel has the potential to breed more

fissile material than is consumed. Some neutrons are absorbed in control

absorber material, fission products, structural materials, coolant and moderator.

However, fission reactions in the fertile isotopes (like U238) enhance the neutron

economy. Fast reactors fuelled with Pu239 have the highest breeding potential.

Temperature and power coefficients of reactivity

To determine the control reactivity required to operate the reactor at

different power levels and to shut it down for refuelling and maintenance the

variation of reactivity with temperature and power is required. The total isothermal

temperature coefficient can be separated into the fuel, coolant and moderator

temperature coefficients. These respond differently to a change in power; the fuel

temperature increases most. The temperature distributions are non-uniform and

this can complicate the calculation of Doppler effects. The coolant density

oefficient dépende on pressure as well as temperature and this dependence is also

required.

The temperature and power coefficients, and the coolant density coefficient

ate also required for safety studies.

Control absorber»

Control absorbers are used to compensate for the variation of fuel reactivity

with burnup, to compensate for the variation of reactivity with reactor operating

power, to provide a shut-down margin and for safety purposes. They are also used

to alter the power distribution in the core and to compensate for local burnup

effects.

In thermal reactors burnable poisons are used to partly compensate for the

variation of fuel reactivity with burnup. A suitable burnable poison is one which

loses reactivity sere rapidly than the fuel snd in converted into an isotope

having negligible burnup before the end of the fuel irradiation. In a BWR

gadolinium loaded fuel pins are used in the initial reactor fuel charge until 131
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*n equilibrium fuel cycle is achieved. In FUR s borosilicate glass Cubes are

used.

In light water reactors boric acid can be dissolved in the coolant to

provide control. Such soluble poisons have the advantage that they are distributed

more uniformly through the core than are control rods and consequently they do

not perturb localised power distributions. They also avoid the need to have

mechanisms operating in the core environment.

In the design of moveable control elements the aim is to have an

absorber which will have a long lifetime. The rate of loss of absorption should

be small and the element should be capable of withstanding a long irradiation

without swelling and distorting. In BWRs a cruciform shaped blade which moves

between fuel assemblies isused, while in a PWR a cluster of widely spaced absorber

pins moves between the fuel pins of a fuel assembly. The cruciform rods use boron

dispersed in stainless steel. In FWRs an Ag-In-Cd alloy is used as the absorber.

In fast reactors boron carbide (B,C) is the most commonly used control absorber.

The boron is sometimes enriched in the BIO isotope in which the predominant

absorption, (n,a) , occurs. For this reaction helium formation and the resultant

swelling can limit the lifetime of the rod. Other absorber materials which have

been used,or are being investigated» include tantalum, europium oxide and

europium boride. The induced radioactivity and decay heating can present a problem

with these

Power distributions

The power output of a reactor can be limited by the temperature of the

hottest fuel pin. An important aim is therefore to minimise power peaking and

the peak to average power distribution. This can be influenced by the reflector

effectiveness, the distribution of fuel assemblies having different levels of burnup

and the differential insertion of control elements. The designer and operator require

to be able to predict the power distribution for different fuel loadings and control

element dispositions. This depends on the ability to predict power output as a

function of fuel burnup, and the flux distribution corresponding to the loading

pattern of fuel assemblies and control elements.

2.2 Components of the effective multiplication in a thermal reactor

A simplified representation of the main neutronics processes in a uranium

fuelled thermal reactor is illustrated in Fig. 2.2.

Fast fission factor, E

Fission neutrons resulting from thermal neutron induced fission are

produced in the fuel elements with a fission neutron spectrum energy distribution.

That is, the neutrons have a mean energy of about 2 MeV and a spread in energy

from about 10 KeV to IS MeV. There is a probability of these neutrons causing

a fission before leaving the fuel anc entering the moderator. The enhanced

neutron emission from the fuel (per thermal neutron induced fission neutron)

is denoted by c, the fast fission factor.. Fission in U238 is the main source of

this enhancement. The fast fission factor depends on the energy shape of

the fission spectrum, the U238 fission cross-section, the probability of fission

neutrons being moderated to énergie* below the '1238 fission threshold (by inelastic

scattering in U238 and elastic scattering in oxygen) and the probability of neutrons

escaping from the fuel (which depends on the transport cross-section of the

fuel material). This factor is generally less than 1.I,

Measurements which provide a test of these nuclear cross-sections are the

U238 fission cross-section averaged over a U235 fission spectrum and the ratio of

11238 to U235 fission rates measured in different reactor lattices.

Epitherraal fissions in the fissile isotopes can also be included in this factor.

Fast leakage (I-R^

When the high energy neutrons leave the fuel elements the predominant nuclear

interaction they undergo in scattering. The neutrons are thus moderated in energy

and migrate about t' -_ .«actor. A fraction of the neutrons leak from the core

before reacting at thermal neutron energies. The non-leakage probability in

the slowing down energy range is denoted by R_. It depends, primarily, on the

relationship of the mean free path to the moderating strength of the moderator (or

the relationship of the transport cross-section,I , to the moderating strength,

ïgç ). A measure of the migration of neutrons is provided by the so-called 'age',

T .- Neutrons which are emitted at a point vith energy E will have migrated a mean
2 ^

square distance <r, > when they have been moderated to energy E,. The age is
defined as

T < W " i < r i 2 >

and T can be calculated from the approximate equation:

(E) 5(E))dE

(50

(52)



For fission neutrons moderated to thermal energies (taken to be I eV) the age

is denoted by Tch. The non-leakage probability IL, can be written

•F " exp ("B Tth> (53)

where B is the geometrical buckling, which depends on the size of the core:

B2 - i + !| (54)

HZ RZ

where H is the extrapolated core height

R is the extrapolated core radius

and a - 2.405 (first root of J (r))
o o

These extrapolated values are larger than the actual core dimensions by en

amount which depends on the effectiveness of the reflector, called the reflector

savings.

Measurements of the spatial distribution of neutrons moderated from a

localised fission source to a low energy in uniform moderator material provide

a valuable nuclear data check. The low energy usually taken is the age to the

indium resonance at 1.457 eV. The In (n, -y ) In activation reaction provides

a convenient method of measuring the distribution of neutrons having energies of

about 1 eV.

Resonance escape probability. P

As neutrons are moderated in energy the probability of absorption increases.

This is because radiative capture cross-sections increase towards low energies

whereas the elastic scattering cross-sectiens of the principal moderators are

approximately constant from 1 eV to about 1 MeV. The predominant absorption in

this energy range in a uranium fuelled thermal reactor is radiative capture in

U238. Resonance shielding is very strong, the average shielding factor in the

3 lowest energy resonances being, typically, 0.05. The ability to calculate U238

resonance shielding is an important requirement. Resonance absorption in U238 is the

main neutron loss mechanism in the slowing down energy range and so the probability

of a neutron reaching thermal energies from the fast energy region (where loss

by leakage predominates over absorption) is called the resonance escape probability.

Measurements of U23B resonance absorption have been made in reactor lattices

having different dimensions and using different moderators. These measurements

are used to test the differential cross-sections (both the resonance parameters

and the resonance formalism). The temperature dependence of this reaction is

important because it is a major component of the fuel temperature coefficient.

This reaction and its temperature dependence are also of prime importance in

a fast reactor. The Doppler effect in U23S capture is the main component of the

reactor power coefficient. The ratio of U238 capture to fission in either U235

or Fu239 has been measured in different compositions and spectra. Doppler effect

measurements have also been made.

The thermal utilisation factor, f

This factor is the fraction of thermal neutron absorption which occurs

in the fuel. Absorptions in the moderator, coolant and control absorbers are the

competing reactions. The absorption cross-sections of the standard moderators and

coolants are well known and so the uncertainties in predicting the relative

reaction rates are associated with the energy spectrum and the spatial distribution

of neutrons at thermal energies. The flux distribution in the moderator depends

on the transport mean free path for thermal neutrons, ACh in the moderator.

It is usual to measure reaction rate distributions and reaction rate ratios

for the geometry of the reactor lattice and to test the calculation methods

and nuclear data against these measurements. Hot all of the reaction rates of

interest can be measured in lattice experiments,however, but only those which result

in detectable radioactive products or for which mass-spectrometric measurements

can be made. Some information can also be deduced from the reactivity perturbation

caused by introducing a sample into a critical assembly. Measurements cannot be

made in all conditions of reactor operation, (for example, high temperatures

and high levels of burnup), although related information can be obtained from

operating reactors.

The thermal eta value for the fuel, n

— !—F

This is the net production of fission neutrons from thermal neutron induced

fission per neutron absorbed in the fuel. It depends on the n values of the

fissile isotopes and the competing absorption reactions in the fertile isotopes,

fission products and other diluents (such as oxygen in oxide fuel). The cross-

sections do not a U have a (1/v) form, resonances being present in the cross-sections

of fissile isotopes at thermal energies. Consequently, the fuel eta value depends

on the thermal neutron spectrum in the fuel.

Relative measurements of fission and capture reaction rates for the

transactinium and fission product isotopes are used to test and complement the

differential cross-sections. Reactivity perturbation and reactivity balance

measurements give information on n values for fissile isotopes. Such measurements

have been made in well defined thermal neutron spectra and in the spectra of '•*



lattices representative of power reactors. The intercomparison of differencial

cross-sections and v values measured at 2200 m/sec with 293°K thermal Maxwellian

spectrum averaged values has been the subject of detailed study ( 6 ) .

In the interpretation of lattice reaction rate measurements it is helpful

to separate the reactions occurring at thermal energies and at epithermal enargies.

This is done by making measurements using foils both with and without a cadmium

cover. Cadmium has a very high thertial cross-section and so this cover effectively

eliminates reactions in the foil at thermal energies.

The ratio of epithermal to thermal fissions in the fissile isotopes is

typically about 0.1. In some conventions the epithermal component of fission is

included in the fast fission factor, the alternative being to include it in the

thermal eta value.

Reaction rate ratios measured in thermal reactor lattice experiments include:

28 - ratio of epithermal to thermal U238 capture

25, - ratio of epithermal to thermal U235 fission

28, =• ratio of U238 fission to U235 fissiono

C - ratio of U238 capture to U235 fission (the modified conversion ratio)

The effective thermal cut-off energy is 0.625 eV. The value of K for

the applied buckling, B , is also obtained.

Thermal leakage (I-R_)

The fraction of thermal neutrons which leak from the reactor core is denoted

here by (1-R_). The leakage fraction depends on the thermal diffusion length, L.

The thermal migration area M t n is related to L and the mean square distance

travelled by thermal neutrons <r th» by;

«2th " L:

and L *th/3îa

(55)

(56)

Values of L for pure moderators can be obtained by fitting reaction rate

distribution measurements around a neutron source.

The total migration area, M , is equal to

M2 - T t n • L 2 - 1 <r 2> (57)

2
where <r > is the mean square distance travelled by a neutron between birth

in fission and absorption at thermal energies.
2 o

Approximate values of X t n itf, L ' and M for the principal moderators

are as follows:

Moderator

«2°
D20

V t h (cm)

0.63

2.5

2.5

Tth.(cm
2) L2 (cm2) M2 (cm2)

26 6 34

130 30,000 30,000
365 3,500 3,565Graphite

The migration in water is much less than that in the same volume of graphite.

The migration area for reactor core material is strongly influenced by

absorption in the fuel. The core leakage fraction fn commercial sized thermal

reactors is generally less than 5% and the core thermal leakage fraction in water

moderated reactors is less than about \7.. Typical values for a FWR are T t n •

53.4 cm2, L2 - 5.32 cm2, B2(fast) - 7.1 sf2 and B2 (thermal) - 4.1 m" .

The infinite medium multiplication factor, K

In an infinite array of lattice cells the leakage is zero. The multiplication

factor in this case is the infinite medium multiplication factor:

K •= E.p.f. n (58)
F

This is called the four factor formula. The effective multiplication of an

actual reactor is smaller than this because of leakage:
K - K. .Rp.I^ - e.p.f. (59)
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Kn is close to unity in a thermal reactor being, typically, 1.04 in a FUR.

Kncan also be written in the form:

// v££ (E.x) •(E.x) dE dx

// ïa(E,x) *(E,x) dEdx

that is, the ratio of the rate of production of neutrons in fission to the

rate of absorption.

The effective multiplication can be written as

K - Km /(I + B
2M2)

where B M is the leakage fraction.

(61)



The fast fission factor e , and the leakage fractions are not significantly

sensitive to temperature and burn-up effects.

The fuel temperature mainly affects the U238 component of the resonance

escape probability, p. The thermal neutron spectrum in the fuel is sensitive

to the coolant density in water cooled reactors. This depends on the pressure

and temperature. In a graphite moderated gas cooled reactor the temperature of

the moderator affects the thermal neutron spectrum in the fuel. These effects

on the fuel spectrum alter the n value.

Burn-up mainly affects the value of n , although there are compensating

changes in the control absorber which affect f. The change in resonance absorption

must also be taken into account.

Components of neutron balance in a typical thermal reactor

Components of the neutron balance in a typical thermal reactor are shown

in Table 2.1

Thermal reactor spectra

The overall shape of the spectrum in a PWR fuel element is shown in

Fig. 2.3 and the shape through the U238 resonance region is shown in more

detail in Fig. 2.4.

2.3 Fast reactor neutronics

In a fast reactor the mean energy for the fission reactions in fissile

isotopes is about 200 KeV and for capture reactions it is about 20 KeV.

Reactions below about 100 eV are generally negligibly small. The main component

of the power coefficient of reactivity is the Doppler effect and this comes

predominantly from the energy range 100 eV to 10 KeV. The core leakage fraction

is much larger than in a thermal reactor being typically ebcut 30%. Neutron transport

cross-sections therefore have a greater effect on K.

The designs of fast reactors which are under active development are uranium-

plutonium oxide fuelled, and «odium cooled and use steels for fuel pellet canning

and fuel subassembly cases (or wrappers). The volume fractions of fuel, coolant

and structure are roughly equal (1/3, 1/3, 1/3). The core is surrounded both

axially and radially by a breeder region which contains (initially) uranium oxide

pins. The axial breeder pins are usually an extension of the core pins while the

radial breeder pins can be of a larger diameter because of the smaller power

rating in the breeder region. Host of the neutrons which leak from the core are

Fission neutron production

U235

U238

Pu239

Pu241

TOTAL

Neutron absorption

U235

U238

Pu239

Pu240

Pu241

Pu242

Fission products

Structural materials

Moderator/cooIant

Control absorbers

Leakage

TOTAL

Start of
Life

95

5

-

-

100

48

32

-

-

-

-

-

8

6

2

4

100

i

Equilibrium

56

5

35

4

100

28

24

19

3

2

2

5

7

5

1

4

100

TABLE 2.1 - Neutron balance in a typical thermal reactor

absorbed in U238 in the breeder regions and produce Pu239. Conversion of U238

to Pu239 in the core region is also significant. The net reactor breeding ratio

is greater than unity but the core conversion it less than unity. Fuel

reactivity falls with burn-up. The maximum percentage heavy atom burn-up achieved

r.t the end of life in fuel subassemblies is typically 1051. Consequently, the average

percentage of fission products in the fuel is higher than in a thermal reactor. 135



A'typical maximum burnup for a PHR is 4X.

Reactor spectrum averaged cross-sections are not as high in a fast reactor

as in a thermal reactor and there is less variation between fission product

isotopes. Radioactive decay and burnup of fission products has only a small

effect (^52) on fission product absorption and it is usual to neglect this

variation. An average called the "pseudo fission product" is used.

U238 fission makes an important contribution to Che neutron economy.

Consequently the data affecting the U238 fission fraction are important. These

include the fission cross-section,the spectrum of neutrons from fission in Pu239

(and other fissioning isotopes) and the scattering processes which moderate

neutrons to below the U238 fission threshold. These include inelastic scattering

in U238, steel and sodium and elastic scattering in oxygen.

The overall reactor spectrum shape is important because the Doppler

effect occurs in the low energy tail and the ratio of capture reactions to fission

reactions in the fissile isotopes, a , increases towards low energies and is

sensitive to the spectrum shape.

The ratio of D238 capture to Pu239 fission is an important parameter both

for the calculation of K and the breeding performance.

The effect of a reduction in sodium coolant density, or loss of sodium,

is to reduce the core moderation and increase the core leakage The effect of

the reduced moderation predominates,the effect being to increase the proportion

of U238 fissions and reduce the ratio of absorption to fission overall, thus increasing

reactivity. This must be taken into account in safety studies.

A fast reactor neutron spectrum is shown in Fig. 2.S and a fast reactor

neutron balance is given in Table 2,2.

2.4

Types of integral measurements can be classified as follows:

I Reaction rate ratios (relative to a standard cross-section such as U23S

fission) in a defined spectrum. This spectrum can be measured or shown

to be calculable sufficiently accurately. Many reaction rates of

interest have been measured in this way. They include power-reactor

irradiation experiments.

2 The composition of a test zone having Km » 1, and reaction rate

ratios measured in this test zone (which give components of the neutron

balance).

A number of simple test zonea of this form have been studied. Examples

are:

(i) Enriched uranium (e - 5.562)

(ii) Enriched uranium oxide (e - 7.492)

(iii) Enriched uranium plus graphite

(iv) Natural uranium plus plutonium plus graphite.

By varying the proportion of graphite the spectrum can be varied.

Measurements of the ratio of 0238 capture to Fu239 fission give information

about the energy variation of these cross-sections. The requirement

for neutron balance gives a relationship between Ft.239 alpha and values

of v(which are relatively well known)to within the uncertainties in the

measurements of other components of the neutron balance (the reaction rate

ratio measurements of U238 fission/Pu239 fission and U238 captore/Pu239

fission).

By introducing a diluent material, such as iron or sodium, the

absorption in this diluent can be deduced.

3 Simple geometry reactors comprising a large core and reflector with

a simple core composition. When combined with K » » 1 test zones

the leakage characteristics of the materials can be deduced. By

measuring the reaction rate distributions over • central region

(in which the spectrum is unperturbed by the reflector) the

geometrical buckling, B , of this region can be obtained and hence

the migration area, M , deduced from

K«/(l + B2M2) - 1

with K» extrapolated from the K« -1 test zone measurements.

(62)
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Measurements for compositions with K œ <1 driven by an external

source. These are similar to the previous class of neasurements. The

geometrical buckling is measured over a region of constant spectrum.

Measurements of this kind have been made for blocks of natural uranium

(the Snell experiment).



5 Spectrum measurements. These give information about the relative values

of moderation to absorption plus leakage and also show the detailed

structure caused by resonances and cross-section minima,

6 Neutron transmission through thick samples and large blocks. The

transmission is sensitive to the total cross-sections, and, in particular,

minima in the cross-sections, together with the moderation by scattering.

Measurements of this type have been performed on blocks of iron, sodium

and mixtures. The objective is primarily to test the nuclear data used

for shielding applications.

7 Temperature dependent thick sample transmission and self-indicatior.

measurements. In the self-indication measurement capture of neutrons

in a foil of the material is measured in a beam of neutrons which have

been transmitted through a thick sample of the material. This gives

a broad resolution measurement of resonance shielding effects and the

temperature dependence.

8 Small sample reactivity perturbation measurements made at the centre

of a reactor. These give information about the net production or

absorption of neutrons weighted by the energy dependence of the importance

of the neutrons to the fission process, $* (E).

Integral measurements provide a test of nuclear data and can also be

taken into account when deriving the data sets used for reactor applications.

The data set is then chosen to give a best tit to both the differential

cross-section measurements and the integral measurements.

Integral measurements which test the transport and moderating characteristics

of moderators have been mentioned in sub-section 2.2. These include

measurements of age to the indiumresonance using different neutron sources

(in particular a fission source), thermal neutron spectra and the spatial

distribution of neutrons at thermal energies.

Components of the neutron balance

CORE REGION

Isotope Neutron Production

U235
U238

Pu239

Pu240

Pu24l

Pu242

Steel

Sodium

Fission products

Control

Other components

CORE TOTAL

Core Leakage

AXIAL BREEDER REGION

U235

U238

Fu239

Other components

RADIAL BREEDER REGION

U235

U238

Fu239

Other components

REACTOR TOTAL

Reactor Leakage

9
76

718

43

47

1

894

274

3

6

7

6

24

60

1000

100

Fission

3

28

243

14

16

0.3

304

2

9

20

340

Capture

1

154

71

20

3

0.3

32

2

12

11

10

316

I

50

1

20

112

9

50

560

Table 2.2 - Neutron balance in a typcial sodium cooled f»»t reactor 137
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•Jf 1 Neutron from thermal neutron induced fission

Fast fission factor, e

Fast leakage fraction e(l-R_)

Resonance escape probability, p

Thermal leakage fraction

I
Thermal utilisation factor, f I

I
Fuel thermal eta value, n»

I - e.p.f

Fig. 2.2 Principal components of the neutron balance in a thermal reactor
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FIG 2.5 THE NEUTRON SPECTRUM MEASURED IN
A SODIUM COOLED FAST REACTOR

Sensitivity studies and uncertainty estimation

To estimate this component of the uncertainty the sensitivities of reactor

parameters to changes in nuclear data together «ith the uncertainties in the nuclear

data entering into the calculations are required. If we represent the nuclear

data as a set of discrete parameters, o. .(instead of a continuous energy variable)

then the sensitivities for reactor parameter, P , are defined as:

Sm.i * (âof) ^ • <»>

These discrete nuclear data parameters could be energy group cross-sections or

resonance parameters, or any convenient parametrisation of the data. Using

nuclear model parameters can simplify the uncertainty representation.

The required cross-section uncertainty information is the fractional variance

, and the fractional covariance between the uncertainties in °. and

Vij " <V ei> (64)

the expectation values of the fractional deviations in the nuclear data parameters.

When integral measurements, !„, are taken into account in the prediction of

reactor properties then the sensitivity of these to nuclear data variations ̂

together with the fractional covariances in the integral measurements, V _ , are

required. The sensitivities are

s
SK,i

(65)

SECTION 3 - ESTIMATION OF THE UNCERTAINTIES IN PREDICTIONS OF REACTOR

3.1

PARAMETERS AMD NUCLEAR DATA ACCURACY REQUIREMENTS

Introduction

Uncertainties in predictions of reactor parameters arise from nuclear

data uncertainties, deficiencies in calculation methods, uncertainties in

reactor operating strategies and tolerances in component dimensions and

compositions. For predictions of many reactor parameters uncertainties in the

nuclear data used predominate over other sources of uncertainty at the

present time.

and V ^ - <tK.tx> (66)

the expectation values in the fractional deviations in the integral measurements.

The diagonal components of the covariance matrix, V™,, are the fractional

variances in the integral measurements IR.

The expression for the resulting uncertainty in reactor parameters F is

derived in sub-section 3.3

When integral measurements are not taken into account the components of the

fractional variances in the predicted values of the reactor parameters arising
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from nuclear data uncertainties are Mathematical methods for determining nuclear data requirements

the fractional uncertainty f is given by

f2 - VP

(67)

(68)

P I
The sensitivities, S -and S,, . ,can be derived by repeating calculations of

Il| 1 K, 1

the properties and changing each item of nuclear data in turn. However, perturbation

theory methods can reduce the amount of calculation involved. Such methods are

described, for example, in reference (7). Nevertheless, the amount of calculation

involved is considerable and simplifications, for example by restricting the

sensitivities to the most important items of nuclear data and using approximate

calculation models, are acceptable. This is because estimation of uncertainties

and confidence levels can only be approximate.

An example of a sensitivity study is the work by Becker and Harris (8). They

calculated the sensitivity of fuel cycle costs to uncertainties in nuclear data

for BWR's, FWRS and CANDU type reactors. The nuclear data were changed in 3 broad

energy ranges; thermal, epithermal and fast. The economic implications of current

uncertainties in thermal cross-section values are also estimated.

Estimation of uncertainties in nuclear data and integral measurements is a

necessary but difficult task. Improved estimates of the uncertainties can be

more important than improved measurements. Reliable estimates of the margins in

design and operation required to meet safety conditions have a higher priority than

a repeat measurement (or an evaluation) which is not accompanied by an assessment

of uncertainties (unless it leads to the resolution of a discrepancy).

Fortunately,in many important cases the uncertainties in the predictions of

the reactor parameters are closely related to the uncertainties in corresponding

integral measurements. When this is the case it is only necessary to estimate

the uncertainties in these integral measurements reliably. However, it is

preferable for both the integral and differential cross-section measurements to

provide the required accuracy in prediction and provide an independent confirmation

of predictions. »

The closeness to which current nuclear data libraries predict some

important reactor properties is sunraavised in sub-section 3.4

The problem of deciding nuclear data measurement (and evaluation) requirements

is a complex one in general. For a few specific items the requirement is clear.

This is when the reactor parameter of interest depends on a single item of nuclear

data. The requirement can then be simply formulated. This can be the case for

induced radioactivity when the measurements of the cross-section leading to the

activity are incomplete or inaccurate and nuclear model calculations cannot provide

the required data.

When the required reactor parameters are sensitive to a number of items of nuclear

data the accuracy required in cross-section measurements can, in principle, be

defined by a cost minimisation. The cost implications of different levels of

uncertainty in the reactor parameters and the cost of measuring different items

of nuclear data to different accuracies must be assessed and the optimum reactor

parameter uncertainty and programme of n-.-clear data measurements calculated.

Usachev and Bokkov (9) have proposed an approach to the solution of this problem.

Firstly, the target fractional accuracies for reactor parameters, t , are decided

upon and then the nuclear data accuracy requirements are derived by assuming that the

cost,or difficulty, of making a measurement to a fractional accuracy e. is equal

to X./e

that:
i • The required nuclear data accuracies are obtained from the condition

and

H

X (t ) for each m
v m

is a minimum

(69)

The relative values of X. can be based on the accuracies already achieved in

this type of measurement. If a measurement of one item of nuclear data is made to

an accuracy higher than the value required by these conditions then the accuracies

required for other items can be relaxed. The above expressions neglect the effects

of correlations in the uncertainties in nuclear data measurements, caused, for

example by using the same standards or techniques for measuring different items.

This formulation only applies to a set of nuclear data parameters for which the

uncertainties are uncorrelated.

The formulation has been extended by Bobkov, Fyatnitskaya and Usachev to

include integral measurements (10). This extension is discussed in subsection 3.4.
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Formulation of national nuclear data requirements

Nuclear data requirements and status have been considered in detail at

a number of Advisory Group , Consultants and Specialists Meetings and Conferences.

Some of these meetings and conferences are listed in Table 3.1.

The IAEA International Nuclear Data Committee (INDC) and the Nuclear Energy

Agency Nuclear Data Committee (NEANDC) collaborate on reviewing the status of

nuclear data for standards and for important reactions which are discrepant. These

committees produce status reports on Standards (11) and Discrepancies (12).

National Nuclear Data Committees formulate nuclear data measurement requirements

and produce their national request lists. These take account of the conclusions

of specialist meetings and status reports. They are collected by the Four Data

Centres and are combined into the World Request List for Nuclear Data, HRENDA.

This is published by the IAEA, the latest version being WRENDA 81/82,edited by N Day

Day (13). Requests are assigned a Priority, either I, 2 or 3. The list provides

a basis for international collaboration to try to meet the nuclear data requirements.

There are arrangements for providing samples to laboratories wishing to make a

measurement to meet a request in VJRENDA. The IAEA Nuclear Data Section are

sponsoring Co-ordinated Research Programmes to review and progress the measurement

and evaluation of selected important items of nuclear data.

3.2 Target accuracy requirements for reactor parameters

Instead of finding the nuclear data requirements by minimising the sum of the

consequences of reactor parameter uncertainties caused by nuclear data uncertainties

and the costs of making the associated nuclear data measurements it is more usual

to decide upon a set of target accuracies for reactor parameters. The targets

are based on assessments of the economic consequences of uncertainties and the

possibilities of achieving the targets. Having decided upon the targets the

nuclear data sensitivities are used to select the nuclear data requirements.

Assumptions must be made about likely correlations in measurement uncertainties

and a method for partitioning the total variance between the component nuclear

data parameters decided upon.

Uncertainties in the prediction of reactor properties result in:

(i) The provision of design margitiB to ensure a guaranteed power output,

(ii) Design margins to provide adequate control of the reactor,

(iii) Provision of funds to cover the cost of possible corrective actions,

(iv) Higher "guaranteed generation costs" which cover the uncertainties.

To ensure a guaranteed power output it might be necessary to build a larger

reactor core (and associated shielding and containment). Provision of contiol

margins to cover uncertainties in the variation of reactivity with power and

burn-up might require extra control elements and, in consequence, a larger

core and associated structure. Uncertainties in the required feed fuel enrichment

to ensure criticality at the end of the burnup cycle, with control absorbers

removed from the core might be catered for by accepting a possible lower burn-up

of the fuel or insertionof extra control absorbers in thi first few fuel cycles,

and then adjusting the enrichment to the value found to be necessary. This results

in higher fuel costs for the first few cycles.

A 1000 MW(e)* nuclear power station costs about a billion US dollars and the

electrical output is worth about 100 million dollars per year. A saving of \Z

in the cost of one station or an increase in output by \Z for a few years is very

valuable. However, there are many other sources of uncertainty than nuclear

data, and other reasons for building in margins and allowing for contingencies.

Flexibility in fast-reactor design is required to allow for use of plutonium from

différer: siources (thermal and fast reactor) having differing isotopic compositions.

There are uncertainties in the composition and dimensions of materials and

uncertainties in calculation methods. These set louer limits to the useful

target accuracies in the prediction of reactor properties.

During the past twenty years a broad consensus on required target accuracies

has been arrived at based on judgements about the accuracies which would be worth-

while and seem achievable. They should be regarded as a guide to the relative

importance of different parameters. Reactors operate successfully without these

targets having been reached. There is also, now, a large amount of data from

operating reactors. Consequently, the emphasis on requirements (or relative

priorities) has tended to change from those fox design to those for efficient

operation and for the management of irradiated fuel elements and other components.

Efficient operation requires the monitoring of irradiation effects and, for this

purpose, dosimetry (the measurement of flux doset on components) is important.

The radioactivity induced in fuel and other materials, and also in the coolant,

is also important. Measures aimed at reducing the irradiation exposure dose

to reactor operators, maintenance staff and those involved in the handling, re-

processing and disposal of irradiated components are given a high priority.

* MH (e) denotes Mega-watts of electrical power output 147



What we might regard as che traditional target accuracies are summarised

below:

The fissile enrichment of fuel elements

The fissile enrichments of fuel elements to be loaded into a core are

chosen so that the reactor is critical at the end of an irradiation period, before

refuelling, with the operational control at a minimum level. However, there must

be margins in the control at this stage to allow for differences in the reactor

conditions at the end of different irradiation periods, to allow, for example,

for the build-up of plutonium in breeder elements in a fast reactor, for different

groups of fuel elements reaching the target burn-up and for the burn-up of control

absorber material.

An uncertainty in the prediction of the required fuel enrichment must be

allowed for by providing extra control, by interchanging fuel of different enrichments

in a core with two enrichment zones or by changing the size of the core (interchanging

core and breeder elements in a fast reactor). Alternatively, the fuel can be

removed at a lower burn-up, when fuel reactivity has reached the limiting value,

if the feed enrichment is too low, or when the operating control is above the

sinimum, if too high. These different alternatives result either in a loss of

power or an increase in fuel costs (more fuel elements used for a given power

output), or both,at least during the first few irradiation periods until the correct

feed enirchment can be manufactured and supplied. Additional control absorber

mechanisms,introduced .to cover uncertainties, would remain.

Typically, an accuracy of +_0.5S in the K of fresh fuel and 0.5% to 1.0%

for irradiated fuel has been judged to be the appropriate target. This leads to

high accuracy requirements for the principal fissile and fertile isotopes. The

cost of the extra enrichment of the fuel of an LWR required to allow for a IX un-

certainty in K is about $2M.

The variation of reactivity with burnup during an irradiation period

This is required for determining the operational control requirements and alsc

the fuel feed enrichment. A typical target accuracy is +_ I0Z. It implies a

corresponding accuracy in the prediction of internal breeding or conversion ratio

and the reactivity effect of fission product build up.

Power coefficient» of reactivity

The changes in inactivity on going from the shutdown condition to operating

148 power, caused by changes in temperature and the associated thermal expansion.

bowing, relative movements of components (for example, of cor* and control

elements) and Doppler effects are factors which determine the shutdown control

requirements. Shutdown control margins are also required to provide a level of

reactivity shutdown covering all possible miiloadings (including removal of one

or more control elements) and changes in core configuration.

The accuracy needed for the estimation of the shutdown control reactivity

depends on the way the control element functions are defined. For example, if

the shutdown control is separate from the operational control,rather than inter-

changeable, there is a separate requirement of *_ 5J in the prediction of shutdown

control reactivity.

Breeding or conversion ratio

A knowledge of the total breeding ratio, conversion ratio or breeding gain is

required for predicting fuel cycle costs and ore requirements, and for planning

reactor programmes. A target of +_ 2Z in fast reactor breeding ratio or +_ 0.03

in breeding gain is commonly adopted. The bleeding gain is the net production

of equivalent fissile material. That is, the net loss and gain of transacting

isotopes are weighted by their relative reactivity worths.

Control requirements

In a fast reactor, a typical ratio of control elements to fuel elements is

I to 10. An uncertainty of +_ 51 in control rod reactivity worth could require a

contingency or z. '«" '°- 2 standard deviations) and possibly a change in the pattern

of rods from I in 10 to I in 9 lattice positions. This would result in an increase

in core size, to maintain power output, as well at the increase in cfcs number of

control elements. An alternative is to change the control absorber material. For

example, the reactor could be designed to use natural boron rods but initially could

use enriched boron to provide a margin to cover uncertainties. The composition of

later rods would then be changed to meet the measured requirements. However,

enriched boron might still be required and this is expensive. A target accuracy

of +_ 5Z in control rod worth has been proposed.

Reactivity scales

Temperature and power coefficients can be measured on critical assemblies

and power reactors, as can control rod reactivity worths and the reactivity

effects of fissile materials and fission product isotopes. It requires care

to make all the different types of reactivity measurement on a consistent reactivity

scale. The effective delayed neutron fraction provides a measurement of reactivity.



However this varies with reactor design and composition (depending on the relative

contributions of fission in different isotopes). Different types of kinetics

or reactivity balance measurement depend in different ways on the time dependence

of delayed-neutron emission. In a large fast reactor, the U238 delayed-neutron

source is the largest component, whereas, in smaller fast reactors, Pu239 predominates.

Accurate delayed-neutron data (the total yield, the time dependence of the emission

•nd the energy dependence of the delayed neutron spectra) are required to enable

the reactor period - reactivity relationship to be determined to +_ 37.. (The

reactor period is the time constant in the exponential time dependence of the flux

in a non-critical reactor).

Power distribution

The maximum power output is limited in some reactor designs by the temperature

of the hottest element. Design and operation aims to minimise the peak to average

power so as to maximise the power output, or minimise the number of elements

operating at high temperatures. Accurate predictions of power distributions are

required and these depend on the ability to calculate the relative reactivities of

elements having different fissile material feed enrichments and different irradiation

histories. A typical target accuracy for the peak to average power distribution

is +_ I*.

The temperature of coolant leaving individual elements must be as nearly

uniform as possible so as to provide maximum efficiency. Thermal gradients can

cause bowing of elements and these effects must be predicted.

Gamma-rays migrating from fissile fuel elements make a significant contribution

to the heating of control elements and reflector or breeder elements and this

leads to requirements for data on gamma energy yields,gamma spectra and gamma

interaction cross sections.

Radiation damage effects

There is a need to predict radiation damage doses and dose gradients for

the estimation of swelling, bowing and distortion of elements. Atomic displacement

rates, helium-formation rates and material temperatures must be predicted.

When graphite is used as moderator its irradiation stability must be ensured.

There is also a requirement to monitor the flux and flux spectrum so that the

observed changes in material properties can be correlated with the irradiation

and temperature history. This leads to the dosimetry requirements. Typical

requirements are for the prediction of fluence and radiation damage dose

to *_ 52 and dose and temperature gradients to *_ ICI. There is also the requirement

to determine fuel burnup to *_ 1%.

Heat generation and activity of irradiated materials

Estimation of the decay heat of fuel elements is needed for the design of

shutdown and emergency-cooling systems and of fuel-transfer systems. Target

accuracies in the range 2% to 5% have been proposed for decay times longer than

about 10 seconds.

Various aspects of the activity of irradiated fuel and structural materials

are important. The buildup of curium isotopes and the variation with irradiation

of the neutron source due to spontaneous fission and (a ,n) reactions is important

for monitoring the shutdown reactivity of a reactor during refuelling. This leads

to requirements for data on cross-sections leading to the formation and loss (by

capture and fission) of the curium isotopes and for (a ,n) cross-section data for

light isotopes, such as carbon, oxygen and fluorine (a possible trace contaminant).

Similar data are also required for the design of shielding for transport flasks

and reprocessing plants. The activity of structural materials must be estimated

for the design of handling, storage and disposal systems. Trace quantities of elements

from various components in the coolant circuit can be dissolved into the coolant,

carried around the circuit, activated in the core and then deposited elsewhere in the

circuit. Both the activity of the coolant and the activity plated out on components

can present operational difficulties. A typical target accuracy for activity

predictions is + 102.

Temperature, density and power coefficients

Reactors must be designed to have safety margins which cover a wide range

of modes of operation and fuel compositions. Consequently, these target accuracy

requirements are not so stringent, being typically *_ 10Z to +_ 15!!.

3.3 Methods for taking into account integral measurements and more general
reactor measurements

He can distinguish between two categories of measurements which depend on

nuclear data averaged over a broad energy spectrum. In the first category the

uncertainties in the calculated value» of these parameters arise predominantly

from uncertainties in nuclear data and are not significantly affected by approximations

in calculation methods or other sources of uncertainty. We call these integral

measurements. In the second category the measurements are closely related to
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reactor parameters of interest and the predicted values can be significantly affected

by approximations in calculation methods. The second category includes measurements

made in operating reactors and in mock-up assemblies of reactors. We call these

"reactor parameter reference measurements" (RPRM). Some types of measurement can

be considered to be in both categories; in particular,reaction rate ratio

measurements made in a well characterised reactor spectrum. The two categories

are distinguished in the vay that they are used. The integral measurements can

be used to adjust nuclear data. The RPRM can be used to apply bias factors to

calculated values of reactor parameters or to adjust the methods used to calculate

the parameters.

Adjustment of cross-sections to fit integral measurements

To illustrate the procedure for adjusting cross-sections to fit integral

measurements we consider the idealised case when a set of discrete nuclear

data parameters, "., which have uncorrelated fractional variances, V ° ^ , can be used

to represent the basic evaluations of differential nuclear data measurements and

associated nuclear model calculations (that is, we assume that the energy dependent

cross-sections can be represented by a set of discrete parameters, we neglect

the covariances, V.., and also the covariances between different integral
I l^

measurements, Vv, in. this outline procedure)

The fractional discrepancy between the measured value, E R, and calculated value

C R of integral property K is denoted by U R, where

-CK)/CK (70)

The fractional discrepancy which will remain using the adjusted cross-sections

is denoted by dR, where

dK ' ( EK "
(71)

The assumption is made that the difference between (:„, the value calculated

using adjusted cross-sections, and C,, can be approximated as linearly dependent

on the fractional adjustment» to the nuclear data parameters, X^

) <72>

and hence

.• X* (7Î)

150

The values of X. are found by a least squares fit to the integral

and differential measurements (or by a condition of maximum likelihood) :

is a minimum (74)

The condition for H to be a minimum is obtained by expressing d,, in terms

of D and X., differentiating with respect to X. and setting the derivative

equal to zero:

- 0 (75)

This equation has the form

whern

Vi,i

By inverting the matrix W. . the values of X. can be calculated from

XJ -S.-iTJ £ ( i i )
r ïf » T *

(76)

(77)

(78)

KK

. -I
The inverted matrix W. . has another importance. It is the covariance matrix of

the adjusted cross-sections

(79)

Consequently Che fractional accuracy of reactor parameters calculated using

adjusted cross-sections is given by eqn. (67) but with vf . replaced by V. . :? . vi,i
(80

i j



The value of the sum of squares of relative deviations, M, which corresponds

to the minimum of eqn. (74), should be equal to the number of degrees of freedom,

which, in this case, is the number of integrPl measurements included in the fit, NT>

The deviation of M/Nj. from unity gives ar. indication of the consistency of the

deviations between the measured and calculated values of the integral measurements

with the assumed uncertainties in the nuclear data parameters and integral

measurements. That is it provides a X test.

The adjustment study also tests the consistency of the different integral

measurements. Values of d and X. which are much larger than the assumed

variances imply discrepancies which should be studied. Efforts should be made

to resolve them if they are significant in relation to reactor predictions.

In a more general formulation the effects of correlations must be taken into

account. Such a formulation is given in reference (14). The quantity minimised

is

Improvements in the accuracy of prediction obtained by takinp. acccunt of
integral measurements

A typical procedure for adjusting cross-sections is to calculate the

sensitivities for changes of cross-sections in 10 energy groups and the covariance

matrices for this group structure. Adjustment factors for these 10 energy groups

are then calculated but the adjustments are applied to the differential cross-

sections by calculating a smooth fit to the ten group factors (such as a cubic

spline fit). Having derived adjusted differential cross-sections the usual

procedures for calculating integral properties are followed, including derivation

of multigroup cross-sections. The accuracies of the calculations of integral properties

are re-examined to test the assumptions. These are that adjustments can be

made in 10 energy groups and the assumptions of a linear dependence on cross-

section changes . We look for any bias or residual discrepancies significantly

larger than those in the predicted integral parameters obtained usinp the adjustment

factors, X., and the linearised equations. It might be necessary to repeat

the adjustment exercise to allow for non-linearities,starting with the adjusted

cross-sections but now taking into account the biases which have been introduced

into these by the first cycle of adjustments.

An alternative to making adjustments in a few energy groups is to adjust

the parameters of nuclear models used to fit the differential cross-section

measurements and extrapolate the range of them. This approach is used for fission

product capture cross-sections and cross-sections of higher transactinium isotopes

(14), (15).

Examples of the improvements in accuracies of fast reactor predictions obtained

by taking account of integral measurements have been given by Rowlands et al

(16) and Harable (17). The results are similar in the two studies.

Accuracy of predictions of fast reactor parameters

Parameter Unadjusted
Nuclear Data

±3Z

+ .04

Adjusted
Nuclear Data

* 0.5Z

+ .02Breeding ratio

These accuracies relate to a core using fresh fuel and at 300°K. The uncertainties

associated with temperature and burnup effects, and also those introduced by

calculation methods approximations, must be combined with these.

It can be seen that integral measurements make an important contribution

to improving the accuracy of prediction of reactor properties. However, accurate

differential nuclear data are required to provide the necessary understanding

of the nuclear physics underlying reactor neutronics processes, to provide an

independent confirmation of predictions of key parameters and to enable

extrapolations to be made from the reference integral measurements to the

conditions applying in reactors at various stages in their operation.

Use of integral measurements to choose between different sets of differential
cross-section measurements

Instead of carrying out an adjustment of cross sections to obtain a

simultaneous best fit to both the integral and differential cross-sections, the

integral measurements can be used to guide the choice of differential cross-section

measurements to be included in an evaluation. The approach it valuable when there

are sets of discrepant measurements and it i* evident that one or another set contains

an error larger than the estimated uncertainties. This approach has been adopted ,

for example, in evaluations for Am241 and Am243 to choose between different

measurements of the fission cross-sections.

Benchmark testing has also been applied in the development of the Evaluated

Nuclear Data Files in the ENDF/B series. 151



Adjustment of calculations! packages to compensate for biases in predictions

One approach to improving the predictions of a calculâtional package is to

make semi-empirical adjustments to the package as a whole, rather than attempting

to modify separately the nuclear data and calculational methods for separate

sources of error. Uotinen et al (IB) describe the success of this approach in

predicting properties of light water reactors. The largest discrepancy in the

prediction of K for initial PUR core loadings is 0.37.. The decrease in reactivity

with burnup is about IOZ in the first cycle and this variation is well predicted

(to within about 2X of the measured decrease). The discrepancies in the predictions

of the reactivity worths of different groups of control rods increase with

increasing temperature, being about *_ \7. at 250°F and 400°F but up to 8Z at S32°F.

This reflects the fact that the control rod model used is based on zero power

critical experiments made at a low temperature (70°F). Relative assembly powers

are predicted to within 51. Nuclear data requirements emphasised in the paper by

Uotinen et al are those relating to burnup effects and the fuel cycle; that is,

data,for secondary transactinium isotopes (Pu24l, Pu2i2, Np237, Am241, Am243, Cm242

and Cm244) and fission products (cross-sections, yields and decay data). The

importance of an accurate knowledge of the shapes of cross-sections of the principal

fuel isotopes at thermal energies is also emphasised.

3.4 Required information on cross-section uncertainties

Information about the fine structure of cross-sections is only required when

this affects neutron spectra, which, in fast reactor spectra, is for materials

present in significant proportions, such as C, 0, Na, Cr, Fe, Ni, U236, Fu239 and

Pu24O. For other substances, such as individual fission products, higher actinides and

many activation reactions, the uncertainties in broad spectrum averaged values, and

in the energy gradients of the cioss-sactions over broad energy intervals, are

sufficient for fast reactor applications. In thermal reactor spectra shielding

in individual low energy resonances can be significant for substances present in

small proportions.

Uncertainties in the average energy gradients over broad energy ranges

(perhaps a decade in energy) are required to estimate uncertainties in the differences

between reaction rates in different spectra, and to permit adjustments to be made

to fit measurements made in different spectra. Effects such as coolant density

reactivity coefficients depend on the differences between relative reaction rates

averaged in the normal and perturbed reactor spectra. It is also necessary to

«en specify uncertainties in cross-section shapes to ensure that adjustments to fit

integral measurements are consistent with nuclear theory and the differential

cross-section measurements. For reactions with a threshold we need to know

the uncertainties in the threshold energy and in the average gradient up to the

plateau.

Neutron transmission through shields is sensitive to cross-section values

in minima and so uncertainty information is required for these. The uncertainty in

the transmission depends on uncertainties in the average values of quantities like

(1/ o 2 ) .

We can separate the types of cross-section structure for which there are

uncertainty requirements into the following categories:

(a) Individual resonances and cross-section minima. These can be

characterised by the uncertainties in the resonance parameters

and the correlations (both between the parameters of each

resonance and between resonances). Alternatively, the uncertainty

in the infinite dilute and shielded cross-sections for a reference

background cross-section can be used.

(b) Average resonance structure in an interval. This might be characterised

by uncertainties in average resonance parameters and their distributions.

Alternatively the uncertainties in some other parameters representing

the distribution of cross-section values might be sufficient (parameter!

in shielding factors being one possibility). A simple parameterisation

should be sufficient to represent uncertainties.

(c) Intermediate structure. This could be represented by components of

the uncertainties in the average resonance properties, or average cross-

sections, which are uncorrelated between the energy intervals in which

the resonance parameters are averaged.

(d) Threshold regions. The uncertainties in the effective threshold energy,

the average energy gradient up to the plateau and values on the plateau

are required. For reactions with thresholds above about 3 MeV the

uncertainties in the fission spectrum averaged values might be

sufficient.

(e) Smooth cross-sections and the shapes of cross-sections averaged

over the resonance structure and intermediate structure. The requirements

are for the uncertainties in the average values and the average energy

gradients over broad energy ranges. Possible averages for which the



uncertainties could be given are:

(i) Thermal Maxwellian averaged cross-sections, or ratios.

(ii) Variation of the thermal Maxwellian average with temperature

(the factor g in eqn. (39)).

(iii) Resonance integral.

(iv) Resonance integrals for lattices (resonance structure), including

temperature dependence•

(v) Energy averages over intervals of about ) lethargy, E to 2E or

decade intervals, depending on the importance of the cross-section.

Correlations between the uncertainties in the averages in different

intervals are also required.

(vi) Average energy gradients over intervals and the correlations between

intervals.

(vii) Fission spectrum averaged cross-sections, or ratios,

(viii) Defined fast reactor spectrum (for less important reactions).

Several of these requirements could be met by representing the uncertainties

by a energy dependent factor to be applied to the cross-section. For example,

the factor could be a polynomial function of energy, (1 + a +bE), or higher order,

and the uncertainties in 'a' and 'b' woulr ' e specified. This polynomial can be

simpler than the polynomial required to rep. >sent the shape of the cross-section.

This would be a possible form for the cross-sections of hydrogen, BIO (below I MeV),

carbon (below 1 MeV, with resonance parameters above), Cr, Fe, Ni (below about

100 eV with resonance parameters above, and average parameters above about 100 KeV).

For cross-section curves which are averages over the resonance structure a similar

parametrisation over selected energy ranges might be a suitable way to represent

uncertainties.

Representing the uncertainties in terms of a few parameters (such as the

thermal value and the energy gradient, or the values at .a few energy points, with the

shapes between these points being derived from a defined polynomial fit to the point

values) enables the covariance.3 between cross-section values at different energies

to be calculated as continuously varying functions of energy. However, such a

representation could require new processing codes to generate energy group

covariances, or to transfrom the sensitivities to relate to these parameters.

In summary, the requirements are for the uncertainties in cross-section values

averaged over broad energy intervals *nd in the fluctuations about the averages

(including resonances and minima) and the energy gradients over broad energy

intervals, to be calculated from the covariance data.

3.5 Some studies of the current status of nuclear data

Data for fissile isotopes at thermal energies

Evaluations of the cross-sections and \> values measured at 2200 s>/sec

and in 20 C Maxwellian neutron spectra were reviewed at the 1975 Washington

Conference by Lemuel (19) and Leonard (20). The methodology of the least squares

fitting procedure, and the importance of the evaluation of correlations in the

measurement uncertainties, is described more fully in the earlier study reported

in 1969 (21). Both absolute and ratio measurements have been made for some items of

data and so it is possible to test the internal consistency of the 2200 m/sec

measurements and also of the thermal Maxwellian measurements. The consistency

between the 2200 m/sec and the thermal Maxwellian values can also be examined.

The measured values depend on other items of data. For example, the assumed

half-lives. The Fu239 half-life has been revised in the past few years and this

affects the Fu239 thermal cross-section values because foil masses are determined

by a-decay assaying. The shape of the CfZ52 spontaneous fission spectrum also

has an influence because v values are measured relative to Cf 2S2 and the fission

spectrum shape affects the detection efficiency.

The fits to the 2200 m/sec and thermal Maxwellian measurements reported

in Lemuel'3 paper are given in Table 3.2

°f
0233
U235

U233/U235

Fu239/U235

1 + a

U233

U235

V

U233

U235

Fit to 2200 m/sec
measurements

532.6 + 3.0

587.7 i 1.9

0.906 ± 0.005

1.269 + 0.007

1.080 i 0.006

1.157 + 0.006

2.469 i 0.008

2.403 *_ 0.006

Fit to thermal
Maxwellian data

528.6 + 3.6

578.7 i 4.0

0.913 i 0.003

1.288 +. 0.006

1.090 +. 0.001

l.'T2 +. 0.001

2.503 +. 0.021

2.451 i 0.019

Difference

4.0

9.0

0.007

0.019

0.010

0.015

0.034

0.048
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The 2200 a/sec and thermal Maxwellian data are separately consistent bur.

there are some significant differences between them, particularly for the uranium

isotopes. These differences could be due to errors in the shapes of cross-

sections at thermal energies or in Che shapes of the thermal spectra.

There are other indications of possible discrepancies in the shapes of cross-

sections at thermal energies. Changes in reactivity resulting from changes in the

thermal spectrum, caused by changes in moderator temperature (or coolant density)

are not well predicted. In order to improve predictions the shapes of cross-

sections have been changed. Te Hier (22) has reported that an adjustment to the

shape of the U238 capture cross-section at thermal energies results in improved

predictions. An alternative approach is to change the shape of the eta

curve for U235.

High accuracy measurements ( •>. 0.3Z) of the shapes of the U238 capture cross-

section and eta values for fissile isotopes through the thermal energy range

are considered to be important requirements.

U238 resonance integrals in reactor lattices

There has been a long-standing discrepancy in the prediction of U23B resonance

integrals in reactor lattices, with calculation giving higher values than are

measured. In recent years the values of the measured capture widths of the lowest

energy resonances have been significantly lower than earlier measured values.

Tellier (23) has made calculations using a recent evaluation of the resonance

parameters together with the Reich-Moore resonance formalism. He conclude* that the

data are now in satisfactory agreement with the lattice measurements. He also

shows that use of the single-level Breit-Wigner resonance formalism is not sufficiently

accurate.

U23B capture in fast reactor critical experiments

Analyse* of fait reactor critical experiments using ENDF/B-V show an over-

estimate of U238 capture/11235 fission rate measurements of about 8!! and so this

long-itanding discrepancy remains.

Prediction of some thermal reactor lattice parameters

A comparison of ENDF/B-IV and ENDF/B-V predictions of parameters measured

in the TRX I and 2 thermal reactor lattices is reported in ref (24). These

benchmarks are H,G moderated, I.3Ï enriched uranium fuelled lattices, with

water/fuel volume ratios of 2.35 and 4.02 respectively. The measured and calculated

values are compared in Table 3.3 It will be seen chat the values of K, U238/U235

fission ratio and conversion ratio C are accurately predicted. However the ratio

of epithermal to thermal U238 capture is not well predicted.

3.6 Nuclear Data Requirements

Procedure for determining differential nuclear data requirements taking
into account integral measurements

Bobkov, Pyatnitskaya and Usachev (10) have proposed a procedure for determining

cross-section accuracy requirements to meet a sec of reactor parameter target

accuracy requirements when the accuracies achieved,or achievable,in a set of

relevant integral measurements is known.

It is assumed that a set of discrete nuclear data parameters, for which the

measurement uncertainties are uncorrelaced, can be identified and that Che relative
2

measurement costs equal *i^ei ^an<* t'le Actors, X., can be estimated).
The accuracy requirements must be derived from the conditions:

M - Z (Xj^/ef) is a minimum

subject Co the conditions

P P
e r e r

Z Z m,i • m.j
i j

1J
(82)

and

0 < ef

where e. is the currently achieved uncertainty.

The variance V. ., is a complex function of the values of e. and the

integral measurement sensitivities and uncertainties. A procedure is described

for solving this problem which involves the penalty function method. Bobkov et al

also give examples of the resulting cross-section accuracy requirements for

predicting K and the breeding ratio of a fasc reactor.

At present the task of calculating sensitivities for all the reactor

parameters of interest and then carrying out the above procedure is such an

enormous undertaking that it is probably not justified. It is probably sufficient

to take the results obtained by Bobkov et al as giving an indication of the

changes in requirements consequent upon using integral data and use some simpler



considerations Co decide on Che differencial nuclear daca requirements, We muse

also consider whether it is sacisfaccory for che integral and differential

measurements Co be complementary or whether we require the extra confidence that

is obtained if chey both are sufficiencly accurate to predict the reactor

properties to the required accuracy. A high level of confidence is required for

the prediction of key safety parameters.

Choice of accuracy requirements

How, then, should the accuracy requirements be decided? Sensitivity studies

are a necessary preliminary. These show the important parameters and the ordar

of accuracies which are useful. Discussions between reactor physicists and nuclear

data measurers about potential worthwhile improvements in the accuracies of

prediction (and gaps in knowledge) and the possibilities of achieving them provide

one way of deciding requirements. This is the way requirements are chosen at

Consultants and Specialists Meetings. New measurements can be required to resolve

inmportant discrepancies between different measurements (both integral and

differential). These different assessments of the requirements are considered

by National Nuclear Data Committees who then decide on Che measurement

programmes to be supported.

IAEA Advisory Group Meetings

1st Fission Product Nuclear Data. Bologna 1973 IAEA-169

2nd Fission Product Nuclear Data. Petten 1977 IAEA-213

1st Transactinium Isotope Nuclear Data Karlsruhe (1975) IAEA-186

2nd Transactinium Isotope Nuclear Data Cadarache (1979) IAEA-TEC DOC-232

IAEA Consultants Meetings

Prompt Fission Neutron Spectra (1971)

Integral Cross-Section Measurements in Standard Neutron Fields for

Reactor Dosimetry (1976)

Delayed Neutron Properties (1979)

U/Fu Resonance Parameters (1981)

Brookhaven Nacional Laboratory Specialists Meetings

Seminar on U238 Resonance Capture (1975) BNL-NCS-50451.

Nuclear Data for Plutonium and Americium Isotopes for Reactor Applications

(1978) BNL-50991

NEA Specialists Meetings

Neutron Capture in the KeV Energy Range in Structural Materials for Fast Reactors

Karlsruhe (1973) NEANDC-U-98

Fast Neutron Fission Cross-sections - Argonne (1976) ANL-76-90

Neutron Cross Sections of Fission Product Nuclei - Bologna (1979) NEANDC(E)-209L

Nuclear Data and Benchmarks for Reactor Shielding - Paris (1980)

Conferences

Europe. Neutron Physics and Nuclear Data - Harwell (1978)

USA Knoxville Conference (1979) USSR 5th Kiev Conference (1980)
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Table 3.1 - Examples of Recent Specialist Meetings and Conferences on

Nuclear Data for Fission Reactor Applications

TABLE 3.3
MEASURED AND CALCULATED
TRX LATTICE PARAMETERS

TRX 1 Heasured ENDF/B-IV ENDF/BV TRX 2 Heasured ENDF/B-IV ENDF/BV

1.15062 1.1608lu

"eff

M2

«25

1.

0.

30

1612

9888

.58

1.

0.

30

1726

9972

.84

1.0000

57.00

1.32 1.415 1.400
± 0.021

0.0987 0.1018 0.1013
+ 0.0010

0.0946 0.0952 0.0984
+ 0.0041

CR 0.797 0.815 0.812
+ 0.008

Measured lattice parameters are defined as follows:
The cut-off between epithermal and thermal region 1s 0.625 eV.

o?8: the ratio of epHhermsl-to-thermal U-238 captures
s*5: the ratio of epithermal-to-thermal U-235 fissions
i2a: the ratio of U-238 fission to U-235 fissions
CR: conversion ratio, the ratio of U-238 captures to U-235 fissions.

1.0000

-

54.69

0.837
+ 0.016

0.0614
+ 0.0008

0.0693
+ 0.0035

0.647
+ 0.006

0.9909

29.46

-

0.881

0.0623

0.0681

0.653

0.9981

29.79

-

0.870

0.0621

0.0707

0.651

156

Section I* - Energy production, radiation emission, induced radioactivity and
irradiation damage

4.1 Introduction

Important products of neutron-nuclear interactions are the energy release,

the radiation emissions, the reaction products (some of which are radioactive)

and the irradiation damage of materials. The major sources of energy are fission

reactions but the contributions from other reactions are also significant. The

majority of the energy released in fission is in the form of fission product

recoil energy and this is deposited close to the point of fission (within about 10

microns). The kinetic energy of the fission neutrons and the energy of the y -rays

can be deposited over a wide region (1 m ) . Not all of the fission eneigy is

emitted promptly; a significant proportion is emitted as B and Y energy resulting

from the radioactive decay of fission products (predominantly by B decay). This

is called fission product decay heating. This component of heating is important

in connection with emergency core cooling, heat removal in the shut-down reactor

and the design of fuel transfer and transport flasks. A knowledge of the energy

transferred to materials by neutron scattering and 7 ray interactions is required

in the design of cooling for moderators, control elements,reflector regions, fast

reactor breeder regions and experimental rigs in reactors. Shielding must be

provided for biological protection from neutrons and y-rays and also to protect

components from irradiation damage. Damage mechanisms include atomic displacements

resulting from nuclear recoils in scattering reactions and in Y-emission,and helium

production in (n,a ) reactions. Shielding is also required when handling

radioactive materials.

Dosimetry is the measurement of the time (and energy spectrum) integrated

flux, or neutron dose. The dose is sometimes considered in teims of the damage

flux or flux above 100 KeV. Dosimetry monitoring reactions are those which result

in a suitable radioactive product, the suitability depending on t\ie half-life,

detectability and the energy spectrum to which they are senistive. Threshold

reactions and reactions with prominant resonances have the advantage that they

give a measure of the integral flux above the threshold energy or the flux at the

resonance energy. By using a set of dosimetry reactions both the total flux and

the energy spectrum can be derived, and hence the damage effects predicted.

Dosimetry is used to monitor the doses that irradiated components have experienced.

This is required both when correlating the measured material damage with the dose

and also when checking the dose to which structures have been exposed.



The radioactive decay o£ transactiniun isotopes makes a contribution to

the decay heat following reactor shut-down and in fuel transport. Spontaneous

fission and (<*,n) reactions provide a source in a ahut-down reactor which can be

used when monitoring the reactivity of the core. If the source is known and the

flux is measured then the reactivity can be derived and the approach to critical

monitored. The radioactive decay must also be allowed for in the design of

transport flasks and reprocessing plant studies. The decay of the curium isotopes,

Cm242 and Cm244, are important in fuel which has undergone a long irradiation.

The routes leading to the product of these curium isotopes are shown in Figure 4.1.

4.2 Heating

Values for the components of the energy released in fission (based on the data

of Sher (25)) are given in Table 4.1. The prompt components comprise the fission

fragment kinetic energy, the prompt neutron kinetic energy and the prompt gamma

energy. The delayed components are the beta particle energy and the delayed gamma

energy resulting from fission product decay. (The small delayed neutron component

has been neglected.)

Table 4.1 - Energy released in fission fin MeV)

U235 Pu239 U238

Fragment kinetic energy 169.1+0.5 175.8+0.1 166.6+0.5

Prompt gamma 7.0+0.5 7.8+0.2 6.5+0.5

Neutron kinetic energy 4.8+0.1 5.9+0.1 5.5+0.1

Delayed gauraas 6.33+0.05 5.17+0.06 8.02+0.07

Beta 6.50+0.05 5.31+0.06 8.25+0.08

TOTAL (minus antineutrinos) 193.7+0.7 199.9+0.4 194.8+0.8

The accuracy of the total energy releasedin fission is higher than +0.5Ï and

the accuracy of the gamma component is higher than +J05!. Although the accuracies

assessed for the delayed gamma and beta components are high (̂  IS) the time

dependence of the decay heating is not so accurately known, this accuracy being,

typically, +5Ï.

In addition to the total gamma energies the gamma spectra are required.

This is because the gamma energies determine the migration distances and also

the probabilities for (y in) and (y ,1) reactions. Gamma spectra are stored in

nuclear data libraries and converted into group form for reactor calculations.

Coupled neutron-gamma cross-section sets are produced and used in coupled neutron-

gamma flux and energy deposition calculations.

Fission product decay heating

Heat generated by fission product decay is calculated by summing the

contributions from individual fission products. Summation codes, such as ORIGEN

(26), FISPIN (27) and FISF (28) are used for these calculations. The data libraries

they require contain fission product yields,and decay data (the half-lives, beta

and gamma total energy yields and gamma energy spectra). Examples of such data

libraries are given in references (29) and (30). Fission product capture reactions

can have'a significant effect on decay heating in some reactors and the above

codes are capable of treating these effects in a simple way, using few group

cross-sections and fluxes. These reactions tend to increase the total decay

heat by a few percent. For applications where fission product capture effects

can be neglected the decay heatinj» can be represented by a sum of exponentials.

About 20 exponentials are required to give an accuracy of \7. over the time

range of interest in reactor operations.

The decay power at a time t sec following a single fission is denoted by

m(t) and the decay power per fission at tine t sec following an infinitely long

irradiation is denoted by M(t). The decay power t seconds after an irradiation of

1 fission per second lasting for 1 seconds is

I+t/I,t) - I+tf m(f)dt'
t J

(83)

The accuracy of fission product decay heating data has been assessed in two

ways. The sensitivity of the summation calculations to changes in yield and

decay data have been calculated and combined with estimates of the uncertainties

in these(3l). The uncertainties estimated for M(t), the decay heat following

a long irradiation,are about +3Z for U235 and Fu239. The uncertainties in

m(t), the decay heat following a single fission, are larger, particularly at short

times following the fission. They are then in the range *5Z to +.101 for times

less than 100 sees. There are larger uncertainties for these short decay times

because of the uncertainties in the beta and gamma energy yields of short lived

fission products. Nuclear theory is used to provide some of these data, an example

being the work of Yoshida (31). The accuracies of the data are also asse«*ed

by comparing with measurements of total heating as a function of time and also

of the separate beta and gamma heating components* The techniques used are

calorimetry, and g and Y ray detection. The agreement between these measurement» |5



and the calculations is not as good as the summation calculation sensitivity

studies suggest . The summation calculations tend to be about 5Z to I0Z lower

than the total heat measurements for Pu239, but there are also discrepancies between

the different total heat measurements. Work is in progress in several countries

to try to resolve these discrepancies.

The difference between fission product decay heat for fission in thermal

snd fast reactors is calculated to be small (<27.). The differences in

fission product yields between thermal and fast reactor spectra are small but

not well known. However, this source of uncertainty is not considered to be

important and it is not unusual to use thermal neutron fission yields in fast

reactor decay heating calculations.

At times of the order of 10 sees (116 days), when fast reactor fuel night

be transported for reprocessing oust a few fission products contribute to the

total decay heat. The percentage contributions are given in Table 4.2.

Table 4.2 - Fission products contributing to decay heating at 10 sees

Actinide decay heating

At short times the actinide decay heating following the shut-down of a power

reactor arises predominantly from the decay of U239 (1,410 sees) and Np239

(2 x 10 sees). This component varies with fuel burn-up because of the variation

of the number of U23S captures per fission. Relative values of actinide decay

heat and fission product decay heat at short times following shut-down in a

PUR are illustrated in Table 4.3.

Components of the decay heating in fast reactor fuel are shown in Fig. 4.4

Alpha decay of Cm242 (1.41 x 10 sees) makes a significant contribution at longer

decay times. This arises from neutron capture in Am241 produced by the decay

of Fu24l (14.6 year). The fraction of Atn241 in the fuel depends on the length

of time for which it was stored between the abstraction of plutonium from irradiated

fuel and the loading of the plutonium in the reactor. The sensitivity of actinide

decay heating in fast reactor fuel to nuclear data uncertainties has been studied

by Patrick and Sowerby (32). They conclude that improved data are required for

the Am241 (n,Y ) cross-section (an accuracy of +82).

Fission product chain

RhlO6 + Ru!06

Zr95 + Nb95

Ce 144 + Prl44

RulO3

Y91

Sr89

Remainder

Percentage of total fission
product decay power

30

30

24

5

4

1

6

Table 4.3 - Decay heat in a PWR as a percentage of full power output

Time after
shutdown (sees)

0

10

100

1000

10000

Low burn

Fission
Products

6.1

4.3

2.7

1.5

0.6

up fuel

Aetinides

0.22

0.22

0.22

0.17

0.09

High burn

Fission
Products

5.6

4.1

2.7

1.6

0.8

up fuel

Actinides

0.34

0.34

0.33

0.27

0.16

Structural material decay heating

Heat is generated in the steels of the fuel pin cladding and the subassembly

wrapper of a fast reactor fuel subassembly by the decay of radioactive products.

This component of the decay heating does not exceed I OX of the total decay

heating at any time. Integral measurements have been made of the activity induced

in structural materials and these enable chis component to be predicted to an

accuracy of about ^102.
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TABLE Ij.U

Spectrum Averaged Energy Yield Cross Sections

(MeV x barns)

Substance

BiO

BU

C

0

Na

Fe

Eu

Ta

0238

Pu239

Point Energy Deposition

Elastic
Scattering

0.163

0.182

0.166

0.137

0.156

0.030

0.020

0.013

0.013

0.011

Inelastic
Scattering

0.002

0.002

0.001

-

0.012

0.007

0.009

0.010

0.006

0.004

Capture

6.059

-

-

-0.002

-

-

-

-

-

-

Fission

-

-

-

-

-

-

-

-

9.657

320.04

TOTAL

6.224

0.184

0.167

0.135

0.168

0.037

0.029

0.023

9.657

320.05

Gamma Energy

Inelastic
Scattering

0.007

0.007

0.006

0.002

0.078

0.163

0.440

0.622

0.554

0026

Capture

1.063

-

-

-

0.013

0.085

15.034

5.594

1.590

2.928

Yield

Fission

-

-

-

-

-

-

-

-

0.870

24.57

TOTAL

Î.070

0.007

0.006

0.002

0.091

0.248

15.474

6.216

3.014

27.759

4.3 Energy yields and energy deposition

Energy yield cross-sections averaged over a fast reactor core spectrum

are given in Table 4.4 The point energy deposition is the kinetic energy of

fission product nuclei, nuclear recoil following neutron scattering and the

energies of a and B emissions. The gamma energy yield arises from inelastic

scattering, (n, Y ) reactions, other capture reactions (in association with other

emissions such as " -particles) and from fission. The main sources of energy

are fission and capture in the fuel isotopes. The energy produced by capture

in the fissile isotopes is about 1Z of the energy produced in fission and the

energy produced by capture in the principal fertile isotope (U238) is about

2Z of the total energy. Thus capture reactions contribute only about 6 MeV

in a total of about 200 MeV per fission. A high accuracy is therefore not required

for this capture component when calculating the total heating.

The gamma energy is of more importance in calculation! of energy deposition

distributions*for example, for calculating the temperature! of samples in an

experimental rig in a reactor. Such a rig might contain lanples of structural

materials which are undergoing irradiation endurance testing. Irradiation effect!

are dependent on material temperatures. The nain source of heating in many

cases is the prompt and delayed y-tays from fission (the two components being of

about equal importance). To calculate this heating the gamma spectra must be

known because this determines both the gauma migration distance and the energy

deposition. The data in cross-section libraries cannot always be relied upon to

represent the gamma energy yields and spectra accurately and they should be

examined before being applied. ]jj



Table 4.5 gives values for the gamma energy deposition in the different materials

of a fast reactor.

Table 4.5 - Gamma energy deposition rates in a fast reactor
flux of l e "

Material

Sodium
Steel
PuUO2 Fuel

Watts/gm

4.6

4.8

11.5

4.5

Watts/ml

3.9

38.4

127.1

11.3

The relative energy deposition rates in the materials of a fast reactor

core subassembly are given in Table 4.6

Table 4.6 - Energy deposition in the materials of a faat reactor subassembly

(watts per ml of subassembly volume)

Point Energy Gamma Energy

Sodium

Steel

Pu-UO2
TOTAL

2

1

689

692

3

16

64

83

Total

5

17

753

775

(Gamma
Yield)

(O
(7)

(75)

(83)

Only about 37. of the energy is deposited outside the fuel and about a half

of this is deposited in the fuel cladding.

4. 4 The radioactivity of irradiated fuel

Kusters (33) has reviewed the status and requirements for nuclear data

relating to the radioactivity of irradiated fuel. He focuses attention on routes

for the production of Pu238, Cn>242 and Cm244 because of their strong Y activity

and neutron sources from spontaneous fission and (a,n) reactions. In a

thermal reactor production of Pu238 is mainly by the route U236 (n,Y ) Np237

(n,Y) Pu238. In the fast reactors studied by Kusters a-decay of Cm242 and the

route U238 (n,2n) Np237 (n,Y) Pu238 are more important sources of Pu238. For

the production of Cm242 the capture cross-sections of Am241 leading to the

ground and isomerie states of Am242 are required and the Pu242 (n,Y) and

Am243 (n,Y) cross-sections are required for the calculation of the production

of Cm244. The (n,2n) cross-sections of both U238 and Pu239 are required for fast

reactor inventory calculations.

Measurements of the compositions of irradiated fuel elements provide a check

on the nuclear data and can also be analysed to provide spectrum averaged data

suitable for fuel inventory calculations. By adjusting cross-sections the

discrepancies in predictions for an LWR have been reduced to a few percent in a

French study (34) • However Kusters concludes that more analyses are needed to

assess the uncertainty margins in predictions and there is a need to improve

some current nuclear data libraries. Spent fuel analysis is also of high

importance in nuclear safeguards investigations. A method called the isotopic

correlation technique, which correlates measured isotopic ratios with fuel burn-up

and plutonium content is being evaluated as a potential way of monitoring plutonium

production.

Neutron output from irradiated fuel

In their assessment of the accuracy requirements for higher actinide

nuclear data to predict the heating and neutron output of irradiated fast reactor

fuel Patrick and Sowerby (32) point out that although any study is dependent

on a number of factors (such as the reactor type, the fuel cycle strategy and the

ground rules leading to the required accuracies in the fuel parameters), the

results provide a useful starting point for discussions on other aspects of

requirements. Their study relates to a particular fuel composition, storage time

before loading into the reactor and required accuracies as a function of cooling

time. One requirement is to predict the neutron source in the shut-down reactor

so that flux measurements can be used to monitor reactivity. The other requirement

is for design of shielding for spent fuel transport and reprocessing. The main

neutron sources are Cm242 decay at shorter times and Cm244 decay at longer times.

The nuclear data parameters leading to the production and loss of these isotopes are

the ones in need of improvement.

To improve predictions at shorter times more accurate data are needed foi

Am24l (n,Y> Am242gt Cm242 (n,f) and the spontaneous fission branching ratio.

Since the fission cross section of Cm242 cannot be measured (because of the

high background activity) improved nuclear theory methods are required. To improve

the accuracy of predictions at longer times more accurate values of the Fu242

(n,Y) and Am243 (n,Y) cross-sections are needed.

4.4 Simple methods for calculating reaction rates in thermal reactors

When a high accuracy is not required in the estimation of reaction rates

in a thermal reactor a simple few parameter representation of the neutron spectrum



is acceptable. This can be used, for example, for calculating» the arisines of

higher transactinium isotopes, reactions in fission product isotopes and the

activation of coolant and structural materials. The spectrum is represented by

three components, the thermal flux, $ th, the epithermal flux , 4>e , and the fast

flux, • _. The effective temperature of the thermal flux, Teff, must also be

specified,and in some more refined treatments, the departure of the epithermal

flux from a (1/E) dE form is taken into account. The exponent of E is taken to

be -(1 + a ) , instead of -1.

The cross-sections are characterised differently depending upon whether they

occur at thermal energies or only above a high energy threshold. For a reaction

which occurs at thermal energies the 2200 m/sec cross-section, <Jo , the g factor

as a function of Teff, the resonance integral, Io, and a factor which depends

on the exponent a, f(a), are required. The calculation of g(Teff) and f(a )

requires a knowledge of the shape of the cross-section through the thermal energy

region and the resonance region. However, when these have been calculated the

values of °"0and I can be adjusted by fitting to a range of integral measurements.

For threshold reactions the fast flux averaged value can be related to a U235 fission

spectrum averaged value of the cross-section or a standard spectrum averaged

value. The ratio of the average in the standard spectrum to the average in the

reactor fast spectrum is assumed constant for all threshold reactions.

4.6 Activation of structural and coolant materials

The build-up of strong gamma emitters within the coolant circuit and on

reactor components causes maintenance problems. The predominant gamma activity

in the coolant circuits of light water reactors arises from the decay of Co58

and Co60. These are reaction products which result from trace quantities of

cobalt and nickel which are dissolved into the coolant from components in the

primary coolant circuit, activated in the core and then plated out in various

parts of the circuit, such as the pumps and heat exchangers.

Integral measurements of reactions which lead to such strongly radioactive

products can be readily measured in low power facilities, as well as in experiments

made in power reactors (or samples taken from the reactor). Integral measurements

made in zero power critical facilities have an accuracy, typically, of +5% and they can

be used to predict the reaction rates in power reactors to an accuracy of ±IO!t,which

is considered to be a satisfactory accuracy. However, measurements should also be

made in power reactors to check on the importance of competing reactions in the

isotopes and the burnup of the radioactive products. Two-stage reactions, and

Percentage
Abundance

4.35
100
100
5.8
5.8
0.31

100
67.76
26.42

Reaction

(n,Y)
(n,Y)
(n,2n)
(n,p)
(n,a)
(n,Y)
Cn.y)
(n,p)
(n.p)

Reaction
Product

CrSl
Mn56
Mn54
Hn54
Cr51
Fe59
Co60
Co58
Co60

Half-Life

27.7 days
2.58 hrs
312 days
312 days
27.7 days
45.1 days
5.27 yrs
70.8 days
5.27 yrs

Cross-Section
(mbarns)

31
70
0.03
10.5
0.08
9.8

54
14.5
0.25

reactions less easily measured in zero power facilities (such as (n.n'p) which

only occurs at high neutron energies) can also be found in this way.

Some of the more important reactions in fast reactor structural materials

are listed in Table 4.7, together with the cross-sections for the reactions in

a fast reactor core spectrum.

Table 4.7 - Structural material activation cross-section in a fast reactor

Isotope

Cr50
Mn55
Mn55
Fe54
Fe54
Fe58
Co59
Ni58
NÎ60

The activity induced in the sodium coolant of a fast reactor is also of

concern. The reactions Na23 (n,Y) Na24 (I5hr) and Na23 (n,2n) Na22 (2.6 years)

are important, as is the activity induced in trace contaminants in the coolant,

such as K41(n,p) Ar41 (1.8 hr).

For the prediction of activation reactions in a thermal reactor a simple

representation of the flux spectrum can be sufficient because a high accuracy

is not required.

4.7 Irradiation damage effects and dosimetry

Atomic displacement damage in structural materials is a function of the

nuclear recoil energy, Er, the temperature and the presence of nucleation

sites for void formation, such as helium (resulting from (n,a) reactions). The

recoil energy must exceed a threshold energy, E , for the atom to be displaced.

For recoil energies higher than E the number of displacements is approximately

equal to ER/
E
T but is less than this number by a factor which increases with

increasing recoil energy. There are different models for calculating the number

of displacements, one such model being called the NRT Model (Norgett,Robinson

and Torrens (35)). This haB been adopted for international reference use. Having

chosen a model the displacement cross-section can be calculated. It is equal to j



the sum of the crogs-gections for each reaction times the number of displacements

for the corresponding recoil energy. For example, the elastic scattering component

of the displacement cross-section is:

«;<«> • •>•£') N^(Er(E,E\A))dE' (84)

The recoil energy, E (E,E',A), is a function of the incident and emergent

neutron energies and the mass of the nucleus. The number of atomic displacements

depends on the element , I, and also on the particular alloy. However, this dependence

on the alloy is usually neglected and a displacement cross-section for iron is

calculated which is used for iron in all different types of steel. The variation

of E with alloy is not so great as to be significant compared with other sources

of variability in the effects of atomic displacements.

The (n,y) reaction contributes to the atomic displacement cross-section

because of the nuclear recoil which occurs when the Y rays are emitted. Other

reactions also contribute. In particular, inleastic scattering, (n,p) and

(n, a ) reactions. Atomic displacement cross-sections have been calculated for a

number of structural material elements by Doran and Graves (36) and the data

are available in a fine energy group form (the SAND II 640 ?roup structure).

Helium embrittlement is another structural material damage mechanism.

Helium is produced in (n,o) reactions. Trace quantities of boron and nitrogen

in structural materials can make a major contribution to the hslium production.

Consideration must also be given to (n,a) reactions in isotopes which are formed

as a consequence of irradiation; for example

Ni58 (n.Y ) Hi59 (n.a )

Integral measurements of (n,a) reactions in structural materials have

been made by irradiating samples in power reactors and measuring the helium

produced. Trace quantities of elements such as boron and nitrogen can introduce

uncertainties into the results. Uncertainties in the shapes of reactor neutron

spectra at high energies can also result in uncertainties in derived data. It

is usual to derive equivalent U235 fission spectrum averaged values from these

measurements by applying a calculated factor. These are the results quoted,for

example, by Gryntakis (37). For Fe the values differ by £30 from the mean value

and this uncertainty is larger than the required accuracy of "\>;M5i!.

Irradiation has an effect on a graphite moderator. Neutron and gamma

irradiation can enhance reactions between the graphite and carbon dioxide coolant

resulting in a loss of structural strength of the graphite. At low temperatures

energy can be stored in the graphite and an increase in temperature can result in

the release of this Wigner energy which leads to a further increase in temperature.

Graphite irradiation damage results in stress problems, with swelling or shrinkage

depending on the conditions.

Irradiation exposure can be monitored by dosimetry reactions. Foils or

detectors are positioned at the point where the dose is to be measured and they

are removed following the irradiation and the induced activity is measured. This

induced activity depends on the cross-section for the reaction, the time history

of the flux, the rate of decay of the activity and the rate of burnup of the primary

isotope and the activation product. The activity must be sufficiently strong to

be accurately measurable, sufficiently long lived to measure the dose over the

time period of interest and the absorption cross-sections of the isotope and the

activation product must be sufficiently small for burnup to be negligible or to be

a correction which can be accurately made. Dosimetry reactions suitable for

different applications have been subject to review and international meetings are

held periodically. These include the ASTM and EWGRD (Euratom Working Group on

Reactor Dosimetry) series of meetings.

The chosen dosimetry reactions are compiled in an IAEA recommended

International Dosimetry File, which is an extended version of the ENDF/B-V

Dosimetry File. Standardisation is important because the measured information

on irradiated damage effects is often correlated with dosimetry reaction dose

measurements. The derived damage cross-sections are less accurate than the correlated

data because of uncertainties in the dosimetry cross-sections used to deduce the

flux and flux spectrum of the irradiation. By standardising the dosimctry cross-

sections and measuring doses using the same dosimetry reactions the materials

damage can be deduced more accurately.

Integral measurements of the dosimetry reactions in standard neutron spectra

(or benchmark fields) are used to evaluate the differential cross-sections and,

if appropriate, to adjust them, and also adjust the reference benchmark fields.

These benchmark fields include the Cf2S2 spontaneous fission neutron spectrum,

the thermal neutron induced U235 fission neutron spectrum and a number of well

characterised spectra (38).

The types of dosimetry reaction can be divided into fission and non-fission,

threshold and non-threshold. The choice of the set of reactions to be used for a



particular application depends on the intensity of the flux, the duration of

irradiations the type of reactor spectrum (thermal reactor, fast reactor, core,

shielding, vessel) and the neutron energy range of importance. In the case of

fission reactions used for dosimetry in a power reactor the fraction of

particular fission products present in the foil can be used to measure the

number of fissions. The burn-up of fuel can also be measured in this way. Such

measurements can be made either by mass spectrometry or by radiation detection.

When the radioactive decay of an activation product is measured the half-life, and

gamma spectrum (or gamma energy line and branching fraction) must be known accurately,

as uell as cross-section.

D L Smith (39) has reviewed the status of the non-fissile threshold reactions

in the ENDF/B-V Dosimetry File, and the agreement between integral measurements

and calculated values. For a number of these reactions the integral measurements

in a Cf252 fission spectrum and the calculated values have an accuracy of better than

*_ 33,and they are consistent. The decay data are also satisfactory for these

reactions. For some reactions improved measurements are required. Zijp (38) has

reviewed the nuclear data requirements for dosimetry on behalf of the EWGRD.

Important requirements are considered to be measurement* of the cross-sections for

the reactions Nb93 (n,n')m, and Np237 (n,f) and the averages in a U235

fission spectrun of the reactions A127 (n,a), Ni58 (n.P), In155 (n,n')m and the

ratio U238 (n,f)/U235 <n,f).

Measurements of the spatial distribution of gamma energy deposition are

made in experimental critical assemblies using thermoluminescent (dosimeters.

These are also sensitive to B-particles and to the neutron flux. The assumption

that 8-particle energy is deposited at the point of production cannot be made

in the interpretation of these measurements. The migration of 6-particles is

usually calculated using a Monte-Carlo tracking method. The interactions of gamma

rays with matter are more accurately known than the gamma energy sources and

spectra. Consequently these measurements provide a check on the gamma source data

and the method* used for calculating the gamma flux from the source. Gamma inter-

actions are strongly anisotropic and Monte-Carlo tracking calculations are made

when accurate predictions are required. More approximate methods, including

equivalent diffusion theory methods, which involve the derivation of effective

gamma diffusion coefficients, are used in simplified design method*.
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Section 5 - Kinetic» characteristic» of reactor» and reactor control

5.I Introduction

Reactor power output i* proportional Co the fission rate, which is

approximately proportional Co the total neutron flux. The shape of the neutron

flux spectrum changes as the power changes (because of the associated temperature

and density changes) and this affects the relationship between fission rate and

total neutron flux to a certain extent. The relationship between reactor power

and fission rate can also change slightly if the proportion of fissions in

different isotopes changes with the change in spectrum and also if the neutron

capture contribution changes.

When the power increases the temperatures of the fuel, coolant and moderator

increase. These changes result in a reduction in the reactivity of the core. To

raise power it is necessary to add reactivity and this is usually done by reducing

the amount of control absorber in the core, either by withdrawing absorbing control

elements or by reducing the amount of soluble poison in the coolant (or chemical

shim). Chemical shim is usually used only to compensate for the slow changes

in the reactivity of the fuel associated with burn-up. Control elements can be

inserted rapidly to shut a reactor down from power.

The temperature coefficient of reactivity for component i is defined as

3K
3T.

(85)

T T T

The coefficients for the fuel, C., the moderator, C , and the coolant, C ,

must be considered separately because of the differences in the rates at which

the temperatures of the fuel, moderator and coolant change in response to a change

in power. Also of importance is the coolant pressure coefficient and the effect

of coolant voiding. The power coefficient of reactivity is che change in

reactivity with power as a fraction of full power:

Ci
,P 3K
(K 3P associated with component i (86)

The delayed neutrons influence the rate of change of power with change in

reactivity. The "effective delayed neutron fraction" is defined to allow for

Che fact that delayed neutrons have a different probability of causing a fission

than have prompt neutrons. This is because of the lover mean energy of delayed

neutrons, which is below the threshold for fission in U238. They thus do not

contribute to the fast fission factor (as distinct from the fast plus

epithermal factor, which is, sometimes, also called the fast fission factor). The

effectiveness of a neutron in continuing the fission chain reaction is expressed

in terms of the neutron importance, or adjoint neutron flux, $*(E,x). This

is the probability of a neutron contributing to the asymptotic fission (ource

distribution. Calculation of the neutron importance involves solving equations

which are a transposition of the equations for calculating the neutron flux.

Perturbation theory methods of calculating the change in reactivity resulting

from a change in cross section involve the flux and the neutron importance. Tor



example, the change in reactivity resulting from an increase in a macroscopic

absorption cross-section, 6£a(E,x), is, to first order:

Sp - - jj/7 SEa(E,x) *(E,x) **(E,x) dE dx (87)

where N - /// vEf (E,x) x(E'.x) *(E,x) •«(E'.x) dE dE1 dx
(88)

The expressions for scattering cross-sections and fission cross sections, v,Ef

and x • involve the change in neutron importance associated with the change in

scattering, and the difference between the importance of the neutrons causing

fission and those produced in fission.

For example, for moderation:

«P - JJ IIW»G- * E'.ic) •(E,x) (t*(E',x) -•*(E,x))dEdE'dx (89)

Changing a scattering cross-section also changes the leakage probability

and this introduces an additional term.

An addition of reactivity to a critical reactor which exceeds the effective

delayed neutron fraction causes the power to increase very rapidly, with an

exponential time constant of milliseconds, until the fast acting power coefficients

of reactivity reduce the excess reactivity to below the effective delayed neutron

fraction. When the excess reactivity is greater than the effective delayed neutron

fraction the reactor is prompt critical. That is,the prompt neutrons alone are

sufficient to sustain a chain reaction and the rate of increase of the fission

neutron population depends on the prompt neutron lifetime, 1,and the superprompt

critical reactivity ( p - fief f ) :

dn
dt

(0 - Saff) n
1

(90)

A typical value of 1 for a thermal reactor is IO"* sees and for a fast

reactor it is 10 seca.

For reactivity additions which are less than the delayed neutron fraction

(or when the power coefficients have reduced the net excess reactivity to within

this range) then the tine constants of the delayed neutrons influence the time

response of the reactor flux, and power, to the reactivity change. The longest

delayed neutron precursor half-life is 55.6 sees (Br87). In reactors containing

D.O ( y,n) reactions in deuterium produce a small fraction of delayed neutrons

having a much longer half-life.

In normal operation of reactors the shut-down can be very rapid but

startup and changes of power level can be sufficiently slow for the reactor to be

treated as in static equilibrium, with the power level corresponding, approximately,

to the control reactivity insertion and the reactivity of the steady temperature

power coefficients corresponding to the instantaneous power level. For accident

studies the time constants of the different components of the power coefficients

must be known and the equations involving the delayed neutron responses taken

into account.

In addition to the changes of reactivity with temperature and coolant

pressure following a change in reactor power the changes in fuel composition must

also be taken into account. The main effects are the changes in concentration

of Xel35 and 5ml49. An equilibrium concentration is reached in which the rate

of formation by radioactive decay of the precursors is equal to the rate of burn-up,

So • (plus decay in the case of Xel35). When the power changes there is a

reactivity transient until the concentrations reach their equilibrium values.

The time constants involved are several hours and so chemical shim can be used to

compensate for these transients in a water cooled reactor.

In selecting control absorbers materials and designing control elements several

items of nuclear data are required.

(i) The capture cross-sections of the primary isotopes and of the reaction

products. The latter influence the variation of reactivity with

burn-up.

(ii) The radioactivity induced in the materials (such as tritium from

the BIO (n,t 2a) reaction, and the radioactive products produced

in the irradiation of tantalum and europium which are possible fast

reactor control absorber materials).

(iii) The heat deposited in the elements, both from the reactions in the

absorber and from y rays migrating from neighbouring fuel elements.

5.2 Delayed neutron data

An IAEA Nuclear Data Section Consultants Meeting on Delayed Neutron

Properties was held in March (1979) (41). The requirements and the status of the

data were reviewed. More recently the status has been reviewed by Reeder (42). 169



Delayed neutron data «re required for the asaetsment of the kinetics response

of a reactor to changes and in safety analyses. In experimental reactor physics

studies reactivity effects are measured in terms of the kinetic response of the

reactor. Because different reactivity effects have been measured in different

experimental reactor*, and there is a need to extrapolate the results to

commercial power reactors, accurate delayed neutron data are required. The

measurements usually involve the time dependence of the flux response to a

reactivity change and so the requirements are for the total delayed neutron

yield of the fissioning isotope, the tine dependence of the neutron emission

and the time dependent energy spectra of the neutrons. The spectra are required

for the calculation of the effective delayed neutron yield (by weighting with the

neutron importance intergrated over the spectra).

At the Consultants Meeting Hammer proposed a target accuracy of +3Z for Beff.

He interpreted this as a requirement for +1.5X on the yields for U235, U238

and Fu239 and *_ 7X for Pu240 and Pu241. The target accuracy proposed for the

energy spectra i* +20*. At present these accuracies have not been achieved. The

accuracies estimated for the total yields in thermal and fast reactor spectra by

Tutcle are given in Table 5.1.

Table 5.1 - Accuracies of total delayed neutron yield data (percent)

U235

U238

Fu239

Pu240

Pu24l

Thermal

3.1

6.0

7.3

Fast 14 MeV

2.1
2.3

2.5

7.9

7.3

3.1
2.9

3.7

7.5

8.4

The accuracies achieved for the total yields in a fast reactor spectrum

are close to the target requirements. However, the uncertainties in the time

dependence and in the reactor period-reactivity relationship could be larger.

The time dependence of delayed neutron emission is usually represented by

the sum of 6 exponentials with half-lives of about:

0.23, 0.61, 2.3, 6.22, 22.7, 55.7 (sees)

These are called the 6 delayed neutron groups. However, the data for

individual fission product precursor half-lives and neutron emission probabilities

are now approaching an accuracy which could result in summation calculations

providing data of comparable accuracy to the integral measurements. In the future

this, approach could provide more accurate time dependence data.

The uncertainties in the energy spectra are much larger than the target accuracy

requirements. Delayed neutron precursors with half-lives in the range 0.05 to 55.6

sees have been identified. Spectral information has been obtained for almost all

of the precursors contributing to the 4 longest half-life groups and about 50%

of shorter half-life groups. However, spectrum measurements made in different

laboratories are discrepant. There is an international collaboration attempting

to resolve these discrepancies (including measurements for standard spectra).

5.3 Reactivity coefficients

Fuel temperature coefficient

The main contribution to the fuel temperature coefficient arises from

the reconance shielding Doppler effect in the U238 capture cross-section (in

uranium and uranium-plutonium fuelled reactors). The temperature dependence

of resonance shielding is different for low energy resonances and high energy

resonances. This is because of the change in the ratio of the Doppler broadening

width to the resonance width with increasing energy . In a thermal reactor

spectrum the effect has the form:

c] = - d/T1

while in a fast reactor spectrum

T

Cj = - D/T

D is called the Doppler constant.

(91)

(92)
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The Doppler effect decreases more rapidly with increasing temperature in a

fust reactor than in a thermal reactor.

A source of uncertainty in the extrapolation of Doppler effect measurements

made in experimental facilities operating over a low temperature range to the

temperature range of fuel in a power reactor (and of possible concern in

accident studies) is the effect of crystalline binding on Doppler broadening.

Different models have been used to represent the crystalline binding. In one

method the velocity distribution of the target nucleus is taken to be that of



a free atom but at an effective temperature T* which is a function of the

actual temperature T and an effective Debye temperature» 6

The energy breakdown of the 1)238 Doppler effect in fact and thermal

reactors is given approximately in Table 5.

| f\ x3 coth ( H ) dx (93)

T* is larger than T by a factor which decreases with increasing values of T.

When T - 8,T* is about 57. higher than T. For lower temperatures T* can be

substantially higher than T.

In another model, both an effective Debye temperature and an effective

nuclear mass, A*, are used to reproduce the neutron-nucleus interaction kinetics.

Other studies recommended the use of a two oscillator model, rather than a

Debye temperature model.

On the basis of neutron diffraction and thermal scattering studies Butland

(43) and Willis (44) found crystalline binding effects for U in U(>2 to be small.

Butland concluded that an effective Debye temperature of about 250°K would

reproduce the velocity distribution for uranium nuclei in a UO, lattice at

293.6°K. For oxygen the derived effective Debye temperature is 749°K, the value

for the lattice as a whole being 630°K. For a value of 6 as low as 250°K the

difference between T* and T is very small for values of T above 300°K.

Colinelli et al (45) have made measurements of the temperature dependence

of the U238 resonance integral for a U02 rod in a thermal reactor lattice. They

conclude that a Debye temperature of 620°K gives a best fit to the observed

temperature dependence. Brugger and co-workers (46) have made broad resolution

measurements for different uranium compounds at several energies in the KeV range.

They derive both an effective Debye temperature and an effective mass from the

observed temperature dependence. The effective Debye temperature which they obtain

for U in U0 2 is typically, about 600°K and the effective mass, A*,is about 600.

The measurements also indicate a possible discontinuity in the Doppler effect

at the melting point of the uranium compound. Heister et al (47) have measured

the differences in the shapes of the U238 resonances in different compounds at

different temperatures. They observe asymmetrical effects in the changes on the

two sides of a resonance. They use a two oscillator model to represent the

crystalline effects and find significant effects for some compounds, including

UO.. The effects for uranium metal are very small.

Table 5.2 Energy regions contributing to the U238 Doppler effect

Energy range

Above I KeV

300 eV - I KeV

100 eV - 300 eV

Below 100 eV

(in percent)

Thermal reactor

30

40

15

15

Fast reactor

50

40

10

Ahout 70% of the Doppler effect in this thermal reactor spectrum is

contributed by resonances above 300 eV. The energy range 100 eV to 2 KeV

contributes most of thw U238 Doppler effect in both thermal and fast reactors.

The smaller contributions to the Doppler effect in a fast reactor from Pu239

and Pu240 also come from this energy range.

In a fast reactor the net Fu239 Doppler effect is only about 51 of the total

effect. This is because the positive component resulting from the increase in the

shielded fission cross-section (about 20* of the total) is largely cancelled by the

capture component (about 15% of the total).

The small contribution to the Doppler temperature coefficient of. a fast

reactor arising from structural materials is mainly from the 1.15 KeV resource

in Fe.

The Doppler effect change» with burn-up because of the resulting changet.

in the reactor neutron spectrum. In a sodium cooled fast reactor, the Doppler

effect in an accident in which the coolant is lost (for example, by vapourisation)

is only about half the value in the normal core. Accurate values of the

coefficients in the voided core are required for accident studies*

Apart from the requirement to predict Doppler effects accurate data on the

resonance structure of the cross-sections of fuel isotopes is required for the

prediction of resonance shielding factors. A high accuracy is required in the

calculation of resonance shielding effects. One reason is so that differences in

the shielding in experimental assemblies and power reactors can be corrected for.

1S7



Moderator and coolant temperature coefficients

In a graphite moderated reactor an increase in moderator temperature causes

the mean energy of the thermal neutron spectrum to increase. The resulting

change in reactivity is associated with the energy dependence of the n values

of the fissile isotopes and the ratio of absorption in fissile isotopes to

absorption in competing reactions, such as U238 capture. In order to reproduce

the measured variations of reactivity with moderator temperature (or thermal spectrum

effective temperature) the shapes of the principal cross-sections at thermal

energies have been adjusted (or selected) to fit these measurements. For example,

Tellier (22) describes how the shape of the U238 capture cross-section belcw 1 eV

has been changed from a (1/v) form to reproduce temperature coefficient measurements

more accurately. Relative to the value at 0.0253eV (which is fixed) the value

at 0.001 eV is increased by about 50Z. The approach adopted by Chawla (48),

and studied by ocihers, has been to choose a shape for the energy dependence of

the thermal U235 n or a curve to reproduce the integral measurements. More

accurate measurements of the energy dependence of cross-sections, or cross-section

ratios, through the thermal energy range, are high priority requirements.

A typical accuracy requested for the shape measurements is +_ 0.3Z.

In a water cooled reactor changes in coolant density affact both the

resonance escape probability and the thermal spectrum. The resonance escape

probability changes because the resonance shielding increases with a reduction in

coolant density and the moderation through the resonance region is reduced. When

the coolant contains soluble poison a reduction in coolant density also results

in a reduction in absorption by this control poison.

In a sodium cooled fast reactor a reduction in coolant density results in an

increase in the mean energy of the neutron spectrum,(consequent upon the reduction

in moderation) and an increase in the leakage fraction. The reduced moderation

results in an increase in the U238 fission rate, a reduction in the spectrum

averaged value of a in the fissile isotopes and a reduction in th» ratio of capture

in 1)238 to fission in Pu239. (In a U235 fuelled fast reactor the ratio of U238

capture to U235 fission changes in the opposite direction). The net effect in

a large uranium-plutonium fuelled fast reactor of a reduction in sodium density

is an increase in reactivity.

Coolant voiding effects

Because the sodium voiding effect is a balance between a positive moderation

158 effect and a negative leakage effect the net reactivity effect depends on the

region of the fast reactor which is voided. When the core is voided there is

a large reactivity addition, in the range 5 to 18$ (where 1$ is the effective

delayed neutron fraction, Beff). Accidents which produce fuel melting could

result in a rapid vapourisation of coolant and a large and rapid reactivity

addition. This could result in a Core Disassembly Accident. Some fast reactor

designs, (called heterogeneous cores) aim to reduce the maximum positive reactivity

additiwi. which could result from coolant voiding. Accurate data are then

required to optimise the design*

The void coefficient of a water cooled thermal reactor depends on the fuel

burn-up and the density of soluble poison. The coefficient is negative and

increases in magnitude as the void fraction increases.

Effect of hydrocarbon additions in a fast reactor

One investigation which is made as part of the safety assessment of a

fast reactor is the effect of a small quantity of hydrocarbon entering the core. This

might be oil leaking from a pump, for example. Additions of hydrogeneous materials

have a strongly non-linear effect. The effect depends upon the quantity and the

spatial distribution. The neutron spectrum in the region of the addition is

'softened' and can include a significant number of reactions at thermal neutron

energies. The net reactivity effect depends on the localised change in the

neutron spectrum and the variation of vE (E)/E (E) with energy.

5.4 Control anjorbers

To compensate for the variation of fuel reactivity with burnup, to change

reactor power at.d to provide a shutdown and safety margin it is usual to use a

substance whic'.i strongly absorbs neutron*. Other methods of control have also

been used. lor example, in the experimental fast reactor at Dounreay control

was obtained by moving reflecting element* at the core boundary. The most

widely used absorber is BIO (either in natural boron, which contains 202 BIO, or boron

enriched in BIO). The BIO (n,a) cross section, which is responsible for almost

all of the capture, is accurately known up to several hundred KeV and is, in

fact, used as a measurement standard. For some other control absorbers (or

potential control absorbers) such as europium, tantalum and hafnium (and their

reaction products) the (n, y) cross-sections,in which the absorption occurs,

are not sufficiently accurately known. In addition, resonance shielding effects

are important and so a detailed knowledge of the resonance structure is required.



For calculating the heating (and cooling requirements) energy yields and gamma

spectra must be known both for the primary reactions and the decay of radioactive

products. The activity of these products determines the shielding and cooling

requirements for post-irradiation handling.

When the absorbers have significant resonance shielding the effectiveness

can be enhanced by using mixtures of substances, because the resonar.ee shielding

of cross-sections of each component is then reduced. A disadvantage of 810

is that its reaction products are rJt absorbing and so.in a high flux, the

burn-up can significantly reduce the effectiveness of a boron carbide element.

This is not so for europium (EuI5I and Eul53) because the reaction products,

Eul52 and Eul54, are also strongly absorbing. One design of control rod which

is being evaluated uses europium boride, which combines the advantages of the two

substances.

The endurance of a boron carbide control rod can be limited by helium

formation (by the (n,ct) reaction) and the resulting swelling. Swelling beyond

a certain level might cause the containing cans to burst or expand and block th»

cooling channels.

5.5 Reactor nucleonic instrumentation

In addition to thermocouples and flow-meters the power output of a reactor

is correlated with neutron flux measurements. Counters are usually placed at several

points around the core so that any flux tilting across the reactor can be detected.

In large thermal reactors the spatial flux distribution is sensitive to localized

reactivity perturbations. This is because K^ is so close to unity. Spatial

harmonics in the flux distribution can be induced and these must be detected

and controlled. It is usual to have a second set of neutron flux detectors,

which are more sensitive, for monitoring flux when the reactor is shutdown. These

are only introduced following shutdown. A neutron source might also be introduced

then, if the radioactive sources in the fuel are insufficient. One problem in

the design of such detectors and their environment is to ensure that they can

detect neutrons without being swamped by the gamma background. Fission chambers

and boron counters are used to detect the neutron flux. It might be necessary to

surround the chamber position by a gamma shield, such as a region of graphite

or steel. Gamma activity in the coolant can be a complicating factor.

Introducing a region of graphite can moderate neutrons and so increase the

sensitivity of the chamber.

The detection of leaking fuel elements involves samples being taken from

the coolant. Both total coolant flow and individual channels can be monitored,

essentially on a continuous basis. One method is to try to detect delayed

neutron precursors.

All instruments and their associated cables must be designed to withstand

high temperatures and irradiation effects and must be capable of covering a wide

flux range. Different techniques have been evolved for providing a wide

sensitivity range.

Section 6 - Some general remarks about nuclear data for reactor core design
and safety analysis

6.1 Effective cross-sections

In Section 1 some of the ways in which nuclear data are simplified for

reactor calculations were described. Simplifications are made not only because

of the detailed structure of cross-sections, and secondary energy and angular

distributions, but also because of the complexity of the detailed geometries of

core fuel assemblies and other core components. Effective cross-sections, which

represent an average over these detailed structures, through which the flux

can vary quite strongly, are used in whole reactor calculations. Effective

cross-sections can be derived for a single material, such as fuel rod, or for a

whole reactor cell comprising a cluster of fuelpins and associated moderator

and coolant. This latter procedure is called cell homogenisation. Effective

cross-sections are defined to reproduce average (or cell integrated) reaction

rates and leakage probabilities correctly. These cell-averaged cross-sections are

then used in whole reactor calculations.

Effective cross-sections for the isotopes in a fuel rod can be energy averages

over the resonance structure. These are dependent on the diameter of the rod and

the density of the isotope. Approximate methods have been developed for calculating

the flux in the rod through the energies of the resonances, and carrying out the

energy group averaging. Care must be taken over the effect of the overlapping of

resonances between different isotopes. An alternative approach is the sub-group

method in which the total variation of the cross-siction within an energy range

is approximated by a simplified representative variation. I »



In thermal reactor calculations it is usual to solve the neutron transport

equation in a representative cell with simplified boundary conditions and then

derive equivalent cell averaged cross-sections for use in a diffusion theory whole

reactor calculation:

VD Vg + Z
rem.g

- S g

where S is the source in energy group g resulting from fission reactions

and scattering of neutrons from other energy groups.

Y E
*g

g*

E^ , $ ,
fg g

E Eg'
a

g1
8

The scattering is treated as isotropic and the angular distribution of

the cell averaged fluxes,or cell boundary fluxes, are assumed to have a simple

form.

Fuel management and reload planning calculations are often made in 2

energy groups using cross-sections which have been tabulated as a function of

burn-up and initial fuel enrichment.

6.2 Status and requirements

He see that in' many applications gross simplifications are made in the

nuclear data used. There is also extensive correlation of these simplified

data with integral measurements, such as thermal Maxwellian averaged lattice resonance

integrals. Effective resonance integrals have been measured as a function of

fuel rod diameter, moderator to fuel ratio and temperature. These measurements can

be used directly in some reactor calcualtions.

However, it is necessary to extrapolate beyond the range of integral

measurements, particularly in safety assessments, and so it is necessary that the

simpler calculations should be related to accurate calculations using accurate

..iciear data, particularly for selected key references cases.
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