
CtffriBoS"»fc 

EIR-Bericht Nr 446 

Eidg. Institut fur Reaktorforschung Wurenlingen 

Schweiz 

Investigation of Space-Energy Effects 
in the Reactivity Measurement by 

Neutron Noise with Ex-Core Detectors 
in a Reflected LWR 

V.H. Lescano, K. Behringer 

ISF 
Wurenlingen, November 1961 



EIR - Bericht 446 

Investigation of Space - Energy Effects in the Reactivity 

Measurement by Neutron Noise with Ex - Core Detectors 

in a Reflected LWR 

V. H. Lescano (*) and K. Behringer 

Wiirenlingen, November 1981 

(*) IAEA /EIR - fellow. Permanent address: Comision Nacional de 
Energia Atomic a (CNEA), Buenos Aires, Argentina, 



- 1 -

Investigation of Space-Energy Effects in the Reactivity 

Measurement by Neutron Noise with Ex-Core Detectors 

in a Reflected LMR 

V.H. Lescano (*) and K.Behringer 

Swiss Federal Institute for Reactor Research (EIR) 

CH-S303 wurenlingen, Switzerland 

Abstract: 

Practical application of the zero-crossing correlation method for measuring 

slightly subcritical reactivities in a swimming pool reactor required the 

use of detector locations in the reflector zone near to the core boundary. 

Experimental investigations of neutron-noise cross-power spectra showed 

significant deviations from the point reactor model at higher frequencies 

(> 100 Hz). Nevertheless, the use of the point reactor model was found to 

be an useful approach in the analysis of the zero-crossing correlation me

thod yielding results which agreed well with those obtained from the rod-

drop method. The theoretical part of the work is concerned with a space-

dependent model calculation in two-group diffusion theory to support the 

experimental findings. The model calculation can explain the trends obser

ved in the neutron-noise spectra as well as the applicability of the point 

reactor model to the zero-crossing correlation method. To obtain better in

sight, the calculations have been extended to neutron-noise spectra when 

one or both detectors are located in the core zone. In the case of a large 

core and widely spaced detectors, with at least one detector in the core 

zone, a sink frequency appears in the spectra.This effect is well-known in 

coupled-core kinetics. 

(*) IAEA/EIR - fellow. Permanent address: ComisiGn Nacional de Energla 

Atomica (CNEA), Buenos Aires, Argentina. 
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I. Introduction 

The application of neutron noise analysis to measure or monitor slightly 

subcritical reactor states is a well-known technique (see Seifritz and 

Stegemann (1971). Saito (1979) for a review). A special on-line correla

tion method in the time domain, established as "Zero-Crossing Correlation 

Method", has been developed at EIR (Behringer et al. (1974a), (1974b), 

(1975)). It is based on a two-detector measuring device and special sig

nal conditioning to extract the prompt neutron kinetics information. The 

low frequency noise components from the delayed neutrons are removed by 

appropriate high-pass filtering of the detector current fluctuations. 

This high-pass filtering leads to a zero-crossing point in the cross-corre

lation function. The zero-crossing point depends on the reactivity and is 

used as a measure of it. 

The method was originally developed for a reactor system with slow prompt 

neutron kinetics. It was used in practice on the DO^-moderated reactor 

DIORIT which has been out of operation for several years. Successful in

vestigation of the method was also performed on the graphite-moderated 

critical facility KAHTER (SUssmann, Brixy and Hecker (1976)). The method 

is general and can also advantageously be applied to faster kinetic systems. 

Plans are currently being made to use this reactivity meter on the swimming 

pool reactor SAPHIR as an item of operating equipment. 

The core of the reactor SAPHIR does not allow a proper in-core instrumen

tation as normally used for this type of neutron noise analysis application 

since the neutron detectors can normally be located only in the reflector 

zone near the core boundary. 

The determination of subcritical reactivities by means of the prompt neu

tron kinetics requires a frequency range for the analysis which must exceed 

the break frequency of the reactivity transfer function. But, even for small 

reactor systems, the appearance of higher modes cannot be disregarded at 

higher frequencies and may introduce spatial effects. Therefore, the use of 

the point reactor model to analyze the experimental data can introduce sour

ces of systematical error in the evaluation. 
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In the original application of the reactivity meter at the reactor DIORIT, 

there was no need to search for spatial effects. Both detectors were well 

centered in the core. Experiments performed by Buhl* Hanauer and Baumann 

(1968)in a large zero-power natural uranium graphite-moderated reactor in

dicated that simple point reactor kinetics adequately describe the neutron 

noise spectra everywhere except near to the core edges. On the other hand, 

the roll-off of neutron cross-power spectra measured by Thomas, Hanauer 

and Baumann (1973) on a large D,0-facility seems not to be in agreement 

with the point kinetics prediction even for the case of central detector 

locations. 

There is an intuitive feeling that measurements to be performed especially 

in the reflector (at the position of the thermal flux peak) should be in

fluenced by both space and energy effects, measurements of cross-power 

spectra, which were begun on the reactor SAPHIR, snowed the appearance of 

significant deviations from the point kinetics behaviour at higher fre

quencies (> 100 Hz). This finding is somewhat contrary to the results ob

tained by Ricker, Hanauer and Mann (1968) on a light-water pool type fa

cility who concluded that the point kinetics model is valid up to 1 KHz. 

Since only auto-power spectra were measured, the detection noise component 

was a parameter determined by the data fit. The analysis, therefore, may 

not be sufficiently sensitive to reveal high frequency effects. 

The use of the point reactor model, however, was found to be a good approxi

mation in the zero-crossing correlation method yielding reactivity values at 

SAPHIR which agreed well with those obtained from the rod-drop method. This 

result allows one to infer that, due to a further feature of the method, the 

low-pass filtering applied to the signal conditioning apparently reduces the 

high frequency effects observed in the spectra thus making the point reactor 

model applicable. 

The main aim of this work is to give theoretical support to the experimen

tal findings and to investigate on a simple one-dimensional reflected reac

tor model in two-group diffusion theory how far space-energy effects will 

be involved. In the numerical results typical data for a highly enriched 

reflected LWR are used. As far as we could determine from the literature (*), 

(*) Most of the papers on zero-power neutron noise were published between 

1960 and 1970 
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no paper seems to exist which adequately treats the problem. Our treatment 

follows basically the space-dependent neutron noise theory developed by 

Sheff and Albrecht (1966a,b) in one energy group. The calculational proce

dure is extended to two energy groups and applied to the reflected reactor 

model. 

In section II, the concept of the model is explained, and the associated 

problems and assumptions to be made are compiled. The quantity, which is 

to be calculated and investigated as a function of the system reactivity, 

the nuclear parameters, the core size and the detector locations, is the 

cross-power spectral density of the count-rate fluctuations between the 

two detectors. The application of the inverse Fourier transform to this 

quantity imposed with the filter function of the signal conditioner gives 

the corresponding cross-correlation function and the dependence of its 

zero-crossing point on the reactivity. Section III is concerned with the 

general problem of how system fluctuating quantities will spatially affect 

the count-rate cross-power spectral density. The treatment is based on 

first order kinetic perturbation theory using Langevin techniques. The 

derived relation is then applied in section IV to the input neutron pro

cesses by introducing noise equivalent sources specifically responsible 

for the appearance of correlations between the detector signals. Since the 

major interest is in the shapes of the spectra, possibilities of comparing 

them with a reference spectrum yielding space-independent results are con

sidered in section V. Section VI describes the experimental investigations 

and summarizes their results before proceeding to the numerical results 

of the model calculation which are discussed in section VII. In order to 

get better insight into the space effects, the calculations include also 

the cases of neutron spectra when one or both detectors are located in the 

core zone. In section VIII, the conclusions are summarized. 

II. Model Assumptions and Associated Problems 

The model is shown in Fig. 1 . It represents a one-dimensional reactor system 

consisting of a homogeneous core, which gives good thermalization of the 

neutrons, and an infinite homogeneous reflector on the right-hand side. The 

moderating material in the core and the reflector material is water. With 
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regard to the detection efficiency of a detector located in the reflector 

zone, it is obvious that only a detector location in the region around 

the position of the thermal flux peak is of interest, since at larger 

distances from the core boundary the noise is relaxing away with an 

attenuation length as defined by neutron wave properties. 

It should be emphasized that numerical results derived from simple model 

assumptions are certainly not sufficient to be applied to the actual 

reactor conditions. SAPHIR is a research reactor (5 MM..). Its core con

figuration does not have simple rectangular geometry, and is changed when 

a fuel element shuffling is made. On one side, a Be-reflector bank is nor

mally used. The strongly asymmetrical and inhomogeneous core does not fa

cilitate the comparison of experimental data with the results of simple 

theoretical calculations. 

Nevertheless, the chosen reflected assembly is the simplest model that 

can be handled analytically with relative ease, and is believed to give 

meaningful results. The theoretical treatment will be based on the two-

group diffusion equations which are the minimum requirement for handling 

this type of problem. Whereas for the static flux calculations there is 

no important difference in the formalism when one would consider a symme

trical reflected system, the latter would make the space-dependent treat

ment of the neutron noise to a three-regional problem. An additional re

flector on the left-hand side is expected to have little influence on the 

points of observation in the reflector zone of the right-hand side. It 

would unnecessarily complicate the mathematics and require the use of a 

computer at much earlier stage. 

The detectors are supposed to be of the "point" type. This means, in a one-

dimensional treatment, that they have physically the shape of a sery thin 

plate in parallel to the slab geometry of the reactor system. With regard 

to the purpose of our investigations the numerical calculations are based 

on the assumption that both detectors are sensitive only to thermal neu

trons and have identical detection characteristics. The use of fast neu

tron detectors does not offer any advantage.The general theory, however, 

includes the option that a detector might also or exclusively be sensitive 

to fast neutrons. There is an interesting note by Penland, Ackermann and 

Hanauer (1971) who measured neutron lifetimes in the core and in the re-
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flector of a pool critical assembly by means of a thermal-fast neutron 

detector combination. Specifically, the thermal-fast CPSO-technique allows 

measurement of the thermal neutron lifetime independent of the delayed-

neutron fraction. This possibility was predicted by Nieto, Akhtar and 

Ackermann (1968) using a two-energy group space-independent model, and by 

Ackermann, Penland and Hanauer (1971) who extended the model to a reflec

ted system in two energy groups and two space nodes. 

A two-detector measuring device eliminates the detection noise component 

which is uncorrelated between both detector signals and would otherwise be 

a dominant background. Since every neutron detector operated as an ioni

zation chamber in the current mode has a certain inevitable sensitivity 

to ^-radiation, the application of this technique becomes imperative in 

subcriticality measurements on power reactors for the ^-rejection (Pen-

land and Hanauer (1968)). 

We follow the practice, adopted in most neutron noise theories, of ne

glecting the depression of the surrounding flux due to the presence of 

a detector. The effect of a detector perturbation may influence the in

terpretation of noise-spectra in water-moderated systems (Williams (1974)). 

The detector tends to sample preferentially from shorter chains, simply 

because there are relatively more of these in its neighbourhood. We feel 

that such an effect should be less pronounced for ex-core detectors. 

In our model, we assume a fast stationary neutron source in the core with 

a distribution corresponding to the critical thermal flux. With this 

assumption higher static modes do not exist in the unperturbed subcriti-

cal system. 

Throughout this paper the static reactivity concept associated with the 

fundamental eigenvalue of the static reactor equations is used (Gozani 

(1963)). 

A first estimate of the zero-power kinetic behaviour of reflected reactors 

has been given by Cohn (1962). A simple two-point model (core and reflec

tor) was used. Within each region the theory is space-independent and assumes 

one energy group. It was found that with typical data for a thermal reactor 

the source transfer function in the core has the same shape as the equivalent 

bare-reactor transfer function in the frequency range up to the break frequen-
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cy. Some deviations appear at higher frequencies. The sane approach was 

used by Randall and Griffin (1964) to derive an expression for the power 

spectral density of the noise in the reflector. Cohn (1964) later exten

ded his model to two energy groups. It seems to us that if, in this type 

of model (see also the previously cited paper of Ackermann et al. (1971)), 

one simply keeps adding regions and coupling coefficients, then there is a 

tendency to oversiraplifiy the kinetic behaviour of the system by conside

ring spatially independent regions. 

A useful space-dependent neutron-noise theory using one-group diffusion 

equations has been developed by Sheff and Albrecht (1966a,b). First order 

kinetic perturbation theory and Langevin techniques are applied to obtain 

an output correlation function in terms of an input noise correlation 

function as a double convolution over two system Green's function. Noise 

equivalent source terms present within the system are introduced by means 

of the Schottky formula. The theory has especially been applied to the 

case of a bare unreflected cubic reactor to demonstrate that, even when 

the extraneous source distribution is assumed to be fundamental mode, 

distinct spatial effects can be expected in the detector noise spectra. 

Our treatment of the reflected reactor model in two energy groups follows 

basically these ideas. Adjoint function techniques in the frequency domain 

are used. 

Sheff (1969) states that, in the calculation of space-energy-dependent de

tector noise spectra, a two-group approximation is not representative of ex

periments that are possible in thermal reactors. The broad energy spectrum 

and selective low-energy neutron detection leads to an energy-dependent 

contribution to the high frequency region of the spectra in excess of that 

resulting from space effects. He suggests that a treatment in three energy 

groups at least is required. 

He agree inso far as, in LWRs, the neutron spectrum is relatively hard. A 

multi-group treatment of the noise may certainly give quantitatively im

proved results. Static flux calculations for SAPHIR e.g. require a treatment 

in 5 groups due to the inhomogeneous core structure. On the other hand, the 

two-group diffusion equations contain all the information that is essential 

for describing energy effects. In the solution of the kinetic eigenvalue 

problem of a bare homogeneous reactor there are two roots, a/ft-root and a 

X -root. The Green's function in the frequency domain is correspondingly 

composed of a/fi-component and a jL -component in each energy group. Each 
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component is a solution of the kinetic equations which has to satisfy the 

condition of vanishing at the core boundaries. Theft.-component has a spa

tial range of the order of the reactor size and contains (through not ex

clusively) the reactivity transfer function (for more details see Behringer, 

Kosily and P&zsit (1979a), and appendix C). The X -component represents a 

neutron spectrum effect which is reflected in space with a short relaxation 

length of the order of the thermal diffusion length. Its contribution to 

the detector response is completely negligible at lower frequencies as long 

as reactivity induced fluctuations are dominant in the spectra. Analytis 

(1980) investigated very recently thistandi -component concept of the 

neutron noise in three energy groups. He showed that the detector response 

to the neutron noise field in homogeneous media can be separated into a com

ponent with a long relaxation length {ft -component) and two spatially lo

calized components (X, ,X* -components) whose relaxation lengths in water 

moderated reactors are similar and of the order of the thermal diffusion 

length. This result implies that in an N multigroup treatment of the noise 

in water moderated reactors there is one long range/ft-component and M-1 

very local X -components which all have relaxation lengths of the same order 

of magnitude and may represent only a fine splitting of the two-group X -

component. In the two-group treatment of the noise in a reflected system, 

the /U -component and the/I -component are not distinct and separate solu

tions of the Green's function equations. They are coupled via the inter

face boundary conditions. As shown by Pftzsit (1978), in particular an appre

ciable contribution of the X -component to the detector response at the po

sition of the thermal flux peak in the reflector can be expected. 

III. Kinetic Perturbation Theory 

The time-dependent two-group diffusion equations are given by 

ArZyUi -Zt t *%(<-/>)% r fl;C t Q • 11^ (J. U) 
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where all quantities have their usual Meaning. 

% 'it ~ *ast aw' *nermal neutron flux resp. 

D,» D- = diffusion coefficients 

JE^i ^^ = absorption cross-sections 

2T* = removal cross-section 

v^f = thermal fission cross-section multiplied by the average 

number of neutrons emitted per fission 

Q = density of an extraneous fast neutron source (assumed to 

be distributed within the reactor system) 

C. = precursor density of the delayed neutron group i 

A,: - decay constant of C. 

/£; = effective fraction of delayed neutrons of group i 

v,, v„ = neutron velocity in the fast and thermal group resp. 

Fast fission has been neglected. 

The system may be completely inhomogeneous. The group parameters and the 

extraneous source term are considered to be generally space- and time-

dependent. For convenience, we assume continuity and sufficient differen

tiability of all quantities in question. In the case of spatial (material) 

discontinuities as in our model consisting of two homogeneous zones, we 

have the usual interface conditions of continuity in the fluxes and the 

currents. 

According to the two-group approach concept, the fast and thermal neutron 

velocities are regarded as constants throughout the reactor system. Neu

trons can only jump from v, to v-. The $ i 's are also treated as constants. 
A fi* can be considered as the conditional probability that given a neutron 
1s emitted, it will be a delayed neutron from group 1 (Sheff and Albrecht 
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(1966a)). 

The two-group diffusion equations Mist be solved with the boundary con

dition, that the fluxes have to vanish at the (extrapolated) system sur

face. 

( ! ) 

- 0 
(3.2) 

t/ytem st f/tee 

Let us consider the case in which the reactor is at first in a stationary 

subcritical state in equilibrium with a time-constant extraneous source. 

The static fluxes are given in matrix notation by 

**. 

with 

At)+ (V - ° (s,u) 

*l~L * 

where the group parameters are functions of the space-vector x only. 

Me perturb the stationary reactor system by small stochastic fluctuations 

of the group parameters and the extraneous source. We assume ergodicity of 

the random processes. 

Parametric excitations: 

Excitation by the extraneous source: 
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These fluctuations (with zero expectation values) produce fluctuations 

of the neutron fluxes and the precursor densities. 

iW)\ f^(t)\ (H(*,*)\ 
Wto - I 4# +\*Mn\ (iS) 

C; (*,*) I \ *i I*) I \ SCi Mil 
If we insert eqs. (3.4) and (3.5) into the time-dependent diffusion 

equations (3.1), eliminate the precursor densities, assume that for the 

unperturbed system the static equations (3.3) holr* neglect second order 

perturbation terms (linearization), and apply the Fourier transform to 

any realizable truncated time record (*) belonging to the corresponding 

ensemble, the final result for the flux fluctuations is given by the ope

rator equation: 

with 

and the parametric perturbation operator 

/ *r*pu- ft, few-*) \ (J,6c) 

where 

(*) simply because the Fourier transform of a record of infinite time 

length does not exist. 
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2-' - Z + £?- V") 
4 4 t% 

?' = ? + ^ - (<*•**) 

6J « angular frequency 

All fluctuating term are functions of the space-vector x* and the frequency u ) . 

We locate a neutron detector of very snail size (point detector)at xt within 

the reactor system. Its average count-rate per unit uetector volume is 

*fi)-x«4&)+Z<4(t) (*v 
where J£. , 2 T , S detect,Jon cross-section of fast and thermal 

neutrons respectively 

If the fluxes are fluctuating, the count-rate (*) will also fluctuate according to 

The count-rate spectrum can be related to the noise sources by using adjoint 

function techniques. 

Eq. (3.9) resp'esents the linear detector response to the spatially distribu

ted perturbation. <fc , # are adjoint functions which will be called here the 
kinetic importance functions. They are defined by 

(*) In what follows we use the count-rate per unit volume except where 
explicitly stated to contrary. 
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4(f)--&*>(£) ""> 
with the adjoint operator 

0 ("x-"xt) denotes the Dirac's delta function. 

Any solution of eq. (3.10) has to fulfil the same boundary conditions as the 

fluxes. 

<f> , J are functions o f T * , ! ^ and 6J . They are space-adjoint Green's 

functions in the frequency domain. They can also be regarded as transfer 

functions between a perturbation occuring at point "7 and the detector res

ponse at the point of observation "x,. The reactor perturbations are a space-

continuous multiple input and the detector acts as a single output system. 

The representation of eq. (3.9) in the frequency domain has the advantage of 

being more convenient and transparent than the representation formulated in 

the time domain, where a time-convolution integral additionally appears. The 

whole formalism can easily be extended to multi-group treatment, A general 

version in transport theory has been elaborated by van Dam (1977). 

Inspection of eq. (3.9) shows that, regardless of how random the input sources 

are, the output is less so, because of the smoothing produced toy the space in

tegration and the band-pass limitation contained in the kinetic importance 

functions. This concerns especially the main part in the detector response at 

lower frequencies which appears via reactivity fluctuations induced by the 

noise sources. Speaking in terms of the time domain, the fluctuations in the 

input depend upon the characteristic lengths and times associated with the in

dividual processes, while the space and time increments of the output must re

main considerably longer to ensure the validity of the approximation with a 

continuous count-rate. In practice, the assumption of a very large detector 
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efficiency is tacitly Made to achieve a high density in counts. The single 

current pulses are shaped by appropriate low-pass filtering to obtain a 

broad overlapping of the pulses and to produce the pattt.^n of a continuous 

current fluctuation. 

By applying cq. (3.9) to a second point detector located atT- within the 

system (where this second detector is presumed to have the same detection 

characteristics as the first one), the one-sided count-rate cross-power spec

tral density CPSDR (per square unit of detector volume) follows t om (e.g. 

Bendat and Piersol (1971)) 

considering, that truncated records of finite time-length T have implicitly 

been used for establishing eq. (3.9). The brackets in eq. (3.11) denote the 

ensemble average is taken. In the same way ensemble averages must be taken 

between pairs of the various input signals. When one writes 

( - ) 

the output CPSDR can be expressed by the input CPSO's related to the fluctu

ations 

C'k " (4. U) 

i, k refer to group indices. 

Due t~ eq. (3.12) each CPSDSi. is composed of a subset of input CPSD's from the 

various individual processes and possible cross-terms in general. Eq. (3.13) in

dicates, how their contributions to the output CPSDR are to be weighted by the 

kinetic importance functions. 
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The basic formalism summarized in this section was used e.g. by van Dam 

(1976), Behringer. Kosily and KostiC (1977), and Behringer, KosSly and 

Pizsit (1979a) to treat space effects of the neutron noise in BURs. Further 

details and references on this subject are given in a recent review paper 

by Kosily (1979). 

Eq. (3.13) also gives a general common basis for treating the space pheno

mena appearing in neutron noise under zero-power condition. There is one 

exception. Eq. (3.13) can be used for describing the count-rate cross-

power spectral density of a two-detector measuring device by making fur

ther assumptions concerning the noise sources. It does not hold for compu

ting count-rate auto-power spectral densities. The reason for this is that 

one has to consider not only the various input processes involved in the 

neutron field but also the detection process itself which cannot be iso

lated. 

In the next section, Eq. (3.13) will be applied to the specific problems 

encountered in the noise sources under zero-power condition and an expli

cit expression for the CPSD„ with a noise equivalent source term will be 

derived. 

IV. Count-Rate Cross-Power Spectral Density Due to the Fission Branching 

Process 

The input neutron processes as far as they contribute to the CPSDR are 

sharply localized in space. There is no space-correlation except for iden

tical space points. Hence, writing 

c rs*^ (t. ?.») - S^ it «>) S(/-?j (*. D 

and substituting the input CPSDs in eq. (3.13) by eq. (4.1) results in the 

output CPSD: 



- 16 -

The further assumption needed to make the Langevin method applicable and to 

obtain useful results through application of eq. (4.2) is the Schottky for

mula (Cohn (I960)) (*). This is a noise equivalent source for the input and 

is particularly suitable for representing discrete random phenomena. For a 

source term S.. as input to eq. (4.2), the formula reads 

where q. Is the net number of neutrons produced (or removed) in the occur

rence of one nuclear reaction of type,/, and m, is the average reaction 

rate of type/ occurring per unit volume. In eq. (4.3) the assumption is impli

citly made that the various reaction processes are independent. If we disre

gard for the moment the case of the delayed neutrons it is obvious that the 

input processes are exclusive. E.g., if at a space point x a thermal neu

tron initiates a fission which emits a pair of prompt neutrons, this fissio

ning neutron is lost and cannot produce a fission process with the emission 

of a triplet of prompt neutrons. Up to this point, auto-power spectral den

sities - APSOs - enter only into the S..-terms. 

The Schottky formula is the result of a white-noise assumption. The approxi

mation is valid up to frequencies of the order of the reciprocal of the mean 

reaction time of a process. The kinetic importance functions, however, act as 

low-pass filters cutting the high frequency input components in a frequency 

region which is much lower than the validity range of the Schottky formula. 

Saito (1967a) has extensively studied the properties of the random noise 

sources which give rise to the inherent statistical fluctuations in nuclear 

reactors. We have to distinguish between single and paired neutron contri

butions. In general, e.g. absorption, scattering and emission from the ex

traneous source are single neutron effects. The fission term, however, re

sults in both single and paired neutron contributions. Other paired neutron 

effects, which will not be included here, can arise from multiple emission by 

a radioactive decay in an extraneous source or from the (n, 2n) reaction in 

a Be-reflector. 

(*) Saito (1967a) showed that the Schottky formula 1s not necessarily a specific 

assumption but rather the consequence of a more general assumption that the 

macrostochastical variables characterizing the state of a nuclear system be

have as Markovian. 
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A detector removes a neutron when It detects It. The detection process destroys 
any single neutron correlation which, otherwise, the neutron would have in the 
future. Single neutron effects contribute either nothing (e.g. leaking neutrons) 
or only to the variance of the count-rate, i.e. they appear only in the so-
called detection noise component which is a (dominant) white noise term in 
the one-detector count-rate APSD. As used up to this point, eq. (4.2) gives 
an incomplete description of a count-rate APSD. It represents in this case 
only the paired neutron contribution. The detection noise component is un-
correlated between two detectors and is eliminated by a two-detector cross-
correlation measuring device. 

The only term which remains as a contribution to the CPSDR is the paired 
neutron effect in the fission process. The fission process appears in the 
signal a Sj of eq. (3.12) as 

There is a problem which has led to some discussions (Sheff and Albrecht 
(1966a), Saito (1967b)) with respect to the applicability of the Schottky 
formula when delayed neutrons are included. Jy is the fluctuation in the to
tal number of neutrons ( = «»J> prompt neutrons +«>£delayed neutrons) per 
fission. The processes of prompt and delayed neutron emission are not inde
pendent as application of the Schottky formula would require. The mean life
time for the 1-th group of delayed neutrons is^#., which is clearly of such 
order as to make the white noise assumption for delayed neutrons invalid. On 
the other hand, one can regard a delayed neutron as a neutron "stored" in a 
precursor particle which is generated by fission instantaneously. Since we 
have eliminated the fluctuations of the precursor densities and used a redu
ced number of stochastic variables, the retardation effect induced by the 
temporary "storage " in precursors appears in eq. (4.4) as a feedback to the 
neutron field via the frequency dependent factor 1-h. 

According to this consideration, we have therefore to apply the Schottky 
formula to the total number of neutrons emitted by fission. Combining eqs. 

(4.4) and (4.3) with f „ ' * » ' ' t and * T , * ^ $ 5 ' • where ?/ » is the 

probability of a given fission emitting totally j/ neutrons, and separating 
the paired neutron effect appearing as V (Y~1) ordered pairs, result in 
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the noise equivalent source: 

ft-r) SH - z A- A\ tF«J$4 

Inserting eq. (4.5) into eq. (4.2) gives the final result for the CPSDR due 

to the fission branching process initiated by thermal neutrons: 

The result is consistent with the one-energy group approach. 

Theoretically, one can bring the second detector to the location of the 

first one. Eq. (4.6) remains valid, because even overlapping detectors are 

different detectors. 

For the evaluation of eq. (4.6), the static fluxes and kinetic importance 

functions must be known. A standard method for solving the static and ki

netic equations is to use series expansions in space-eigenfunctions and to 

approximate the result with a limited number of terms. 

i refers to the group index, 9< (jt) is an eigenfunction system and %J>.X) are 

the adjoints. The coefficients a. depend on the given extraneous source 

distribution, whereas the coefficients A. are complex functions of the 

detector position and the frequency (or time respectively, when the Green's 

functions are expressed in the time domain). The representation by such ex

pansions, however, is not unique. Moreover, there is no necessity to use the 

same eigenfunction system (and the associated adjoint) for the static case 

as well as for the kinetic case. The major problems associated with the me

thod are the selection of the basis functions and the determination of the 

expansion coefficients. 
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There are two natural eigenfunction systems, the k or Multiplication eigen-

functions and the u) or period eigenfunctions. It is well known, that except 

in trivial cases the Multiplication eigenfunctions and their associated ad-

joints are not a complete set of functions for expansion of solutions of the 

transport equation (Bell and Glasstone (1970)). One can immediately recog

nize in the one-group treatment of a reflected reactor that the existing 

orthogonality relation holds only over the core region and not through the 

whole system. The handling of period eigenfunctions is rather tedious due 

to the degeneration in prompt and delayed nodes. The sample one-group treat

ment by Garelis (1967) of the Green's function for an in-core detector in 

a reflected slab showed that an infinite reflector has the net effect of 

partially replacing the discrete eigenvalues by a continuum. In particular, 

the solution contains a finite number of prompt roots and an infinite number 

of delayed roots. In neutron noise analysis, the<*J-mode technique has been 

applied e.g. by Harris et al. (1970) to a four energy group model to study 

reactor coupling by a modified FeynmanoC -method. Henry (1964) noted that 

in two- and three-dimensional cases it is very difficult to determine any 

CO -mode other than the fundamental. A direct solution of the ̂ -eigenva

lues can be avoided by a method proposed by Hoshino et al. (1965) who used 

a Taylor expansion in s of the Laplace-transformed kinetic equations. 

Another expansion method developed by Foderaro and Garabedian (1960, 1962) 

assumes the spatial dependence through the system- for the static case as 

well as for the kinetic case-to be governed by the Helmholtz equation 

A <f(i) + ff(t) ' o (*-3) 
The solutions of the Helmholtz equation of interest are those which vanish 

at the system surface. The boundary condition results in a set of eigen

values B , and the corresponding eigenfunctions jf^ form a complete orthogo

nal set. Hence, the spatial dependence cf the neutron fluxes and the kine

tic importance functions can be expanded in terms of an infinite series of 

eigenfunctions fn . This method was applied by Moore (1964) to formulate a 

space-dependent neutron noise theory, by Loewe (1965) to a multi-regional 

slab reactor in two energy groups to obtain the transfer functions for an 

arbitrarily located, localized oscillatory absorber and an arbitrarily lo

cated point of observation, and e.g. by Jonsson (1975) to calculate 3-dimen-

sional power flux distribution* in water reactors. The method represents a 
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kind of node synthesis and is confined to spatially finite systen (*). Its 

disadvantage (and this question arises in all nodal expansion techniques) 

is the slow convergence to be expected, if inhomogeneities are present and 

the functions to be represented are far away from the first few terns in 

the expansion. E.g. the spatial resolution of the reflector thermal flux 

peak by a Fourier series in a one-dimensional model would need a yery 

high number of such "Helmholtz" modes. 

An other approximative solution in modal expansion techniques is the use 

of Green's function space modes and the determination of the expansion 

coefficients in the kinetic case by a semi-direct variational method as 

suggested by Dougherty and Shen (1962). Danofsky (1969) based his space-

dependent nofse formulation on this type of approach and applied it to the 

multi-regional -problem of a coupled-core Argonaut reactor in two energy groups 

to study the space-dependence of neutron cross-power spectral densities. An 

attractive feature of this method is that the number of modes is determined 

by the number of regions used to describe the reactor. Since in Danofsky's 

one-dimensional application the reactor model was symmetrical, it is our 

feeling, that in asymmetrical cases a finer spatial subdivision must be 

performed. 

Practically all currently developed and ayailahle computer programmes for 

static flux calculations are based on the nodal approach. Cohn et al. (1966) 

suggested that statics techniques can also be used to calculate the kinetic 

importance functions in the multigroup, multidimensional approximation. Se

parating eq. (3.10) into real and imaginary parts yields a 4-group equiva

lent system of coupled differential equations: 

5 O 

*4r*m$,z* 
vfr%<0'j&)"$>«'^ 

- - # - * ) 

r, 
\ 

(WO) 
(*) It is of course only a matter of convenience in our model to assume an 

infinite reflector. This assumption can be replaced by a reflector of 

sufficiently finite thickness. 
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where <jp.R »^ji are the real and imaginary components of<f>+. , and for 

simplicity, the delayed neutron contribution is included in one group with 

a precursor decay time constant X . 

Eq. (4.10) can be solved by well-known statics techniques for each frequency 

point of interest, provided that the code includes up-scattering (e.g. in 

the 3-dimensional (xyz-) code NODLEG developed by Naeder (1978)) and the 

fluxes are allowed to take also negative values. To avoid the inconvenience 

of the delta function source term on the right-hand side of eq. (4.10), the 

detector can be spread over a mesh of appropriate size which in turn might 

represent a more realistic approach to the actual detector size used in 

neutron noise experiments. It is intended to use this approach for an impro

ved more realistic model calculation of the CPS0R in two dimensions. 

In our one-dimensional model, however, the kinetic problem can be solved in 

an analytically closed form. This was first remarked by Sheff (1968). For 

the static subcritical fluxes we assume the shapes of the critical fluxes. 

The explicit expressions for the static fluxes are given in Appendix A. The 

solution of the kinetic importance functions are represented in Appendix B 

for both an ex-core detector and an in-core detector. Since the space-depen

dence in all these functions appears via trigonometric and exponential 

functions, the integral in eq. (4.6) can readily be evaluated. The numeri

cal evaluation then only requires simple programming work. 

V. Reference Global Power Spectral Density 

The major interest in the application of the zero-crossing correlation 

method to reactivity determination is the spectral shape of the CPSDR 

for any detector location chosen in the system. In order to have available 

a basis for comparison of how strongly the spectral shape is influenced by 

space-energy effects, it is felt to be convenient to introduce a reference 

power spectral density PSD yielding space-independent results, and to ex

press the CPSDR relatively to this quantitiy. 

> V - * , . \CP3J>t(t„L<»)\ (S,f) 
- > ( " " J rsj>i«>j 
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J represents the relative magnitude of the CPSDR and may be normalized 

to 1 at a suitable low frequency point (e.g. in the plateau region of the 

reactivity transfer function) for the given detector locations. 

There are several possibilities for defining a reference PSD. 
» 

A first reference PSD can be established by first order approximation of 

the kinetics of our reflected system to those of an equivalent bare system 

with detectors uniformly distributed through the core. This bare reactor 

equivalent CPSD which will be denoted by PSDp; has the spectral shape (see 

also appendix C) when we include for completeness the small feedback effect 

of the delayed neutrons appearing in the noise equivalent source term of 

eq. (4.5): 

In eq. (5.2) , 6 is the familiar point reactor reactivity transfer function. 

where A is the neutron generation time and l the reactivity. 

Eq. (5.3a) becomes in the prompt neutron approximation (id > y ) : 

fi Z i (£Sk) 

Ot* (fi~f)/A is the prompt neutron decay time constant of the fundamental 

prompt period mode. 

The use of eq. (5.2) as reference requires the determination of A (as an 

overall quantity of the system) or anOC- search respectively. 

An alternative reference is the APSD of the reactor power when we ficti

tiously apply small random reactivity perturbation to the unperturbed 

stationary reactor system thereby disregarding feedbacks to the neutronics. 

This second reference case can be formulated independently of the06- concept. 
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There are still other reference concepts possible, e.g. to use the CPSDR 

of detectors completely distributed through the reflected reactor system. 

This case will be discussed in section VII. 

V.l Alpha-Search 

Following the paper of Preskitt et al. (1967), we seek solutions to the 

reactor kinetic equations which vary exponentially in time after an in

stantaneous removal of the extraneous source from the stationary subcri-

tical reactor system at the time point t = 0. 

o>„t 

If these vectors are substituted into the source free kinetic equations (3.1) 

and the precursor densities are eliminated, we obtain the system of (O- or 

period-eigenfunctions which have to fulfil the condition of vanishing at the 

system boundaries. 

f T & 
with the abbreviation AW * c L £. 

(S.1.1) 

Eq. (5.1.2) is the general expression to be satisfied by all exponentially 

varying solutions to the reactor kinetic equations and evidently does not 

contain any reference to the reactivity of the system. 

According to the conventional reactivity concept, the reactivity def'ned as 

f * (***)/* (where k is the effective multiplication factor in the static 

reactor) is the algebraically largest eigenvalue resulting from the static 

multiplication eigenfunction equation 
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^ . >. i) 

Writing the adjoint functions fi * % of eq. (5.1.3) and using the de

finition of adjoint operators allow the elimination of the loss operators 

since these are common to eqs. (5.1.2) and (5.1.3). The result is a ge

neralized inhour equation. 

/ *i 
ti-

( & < • * ) 

in which we can identify the neutron generation times for the spectrum of 

the (fundamental) kinetic modes satisfying eq. (5.1.4) by 

(&1.S) 

All the roots tO have negative values. The prompt decay time constant 06 in 

eq. (5.3b) is equal to the largest negative eigenvalue belonging to the subset 

of eigenvalues and corresponding kinetic modes which can satisfy eq. (5.1.4). 

If ̂  is the prompt neutron generation time corresponding to the eigenvalue 

- Ct » eq. (5.1.4) results to a high approximation in the well-known relation

ship 

p * - acA + ft (f. /. 6) 

In the numerical investigation of our reflected reactor model we have follo

wed the generally convenient concept of generating subcritical states by 

fuel manipulation, I.e. simply by setting vli* k(vyJ\nbere lv^f)rr
 is 
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the fission cross-section used previously in a criticality calculation to 

establish the critical dimension of the system. Since in this procedure 

(0 and A were known quantities, OC was determined by solving eq. (5.1.2) 

and /\ resulted then from eq. (5.1.6). The eigenvalue equation for the O ^ 

can formally be written very similarly to the static eigenvalue equation 

(A.3 ) of Appendix A and need not be given here explicitly. It is a rather 

complicated transcendental equation which can be solved only by a numeri

cal iteration procedure. However, eq. (5.1.5) was us?d as a cross-check that 

the proper eigenvalue forCt had been selected. A furtner check was that the 

prompt neutron life time should remain invariant while the reactivity state 

of the previously defined critical system was changed by fuel manipulation. 

V.2 Power Spectral Density of Power Fluctuations Induced by Random 

Reactivity Fluctuations 

We perturb fictitiously the stationary reactor system by small stochastic 

reactivity fluctuations <y#Jwith the expected value <6f)H)> * O . 

Using first order perturbation theory, these reactivity fluctuations ex

pressed in the frequency domain appear in the input signal oS^ of eq. (3.12) 

as 

This signal o ^ produces, at a space point ~xt , fluctuations of the thermal 

neutron flux which follow from the application of eq. (3.9) when we formally 

set the detection cross-section ^ w * 0 a n d ^ £ * ' 4 , and redefine corres

pondingly the system of kinetic importance functions given by eq. (3.10). 

We will denote these functions by <& , 9? .We obtain then for the thermal 

flux fluctuations: 

The frequency spectrum of the reactor power fluctuations follows from 

frty - cftdf, rfiZ) fy it) (* *• v 
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C is a conversion constant. 

Substituting eq. (5.2.2) into eq. (5.2.3.) yields 

&(*) ~ 0- *) £ , (•>) fy(*>) (*z- *) 

where GpF is a transfer function given by 

The power spectral density PSDpF of the reactor power fluctuations follows 

then from 

PSD- denotes the power spectral density of the input reactivity fluc

tuations. It is to be noted that in writing eq. (5.2.6) we factored out the 

small delayed neutron effect//-// , so that this term appears as a common 

factor between the CPSDR and PSDpF and the previously defined reference 

PSDp, and is cancelled in J . 

With a white noise assumption for the reactivity fluctuations, eq. (5.2.6) 

establishes an other possibility for a reference PSD. In the first refe

rence case (PSDp of eq. (5.2)) the contribution of the prompt fundamental 

mode only is considered, while in this second reference case (PSDpF of 

eq. (5.2.6)) the closed solution of y contains implicitly all kinetic 

modes, and therefore also completely the neutronic feedback of the reflec

tor to the core. 

In the numerical evaluation we have found differences in the spectral shapes 

between the PSDp and the PSDpf- in our reflected model. Small, but negligible 

differences (of the order of a few percent) were observed at higher fre

quencies (toward the end of the considered frequency range of 400 Hz) in 

the case of a light water moderated core with a light water reflector. The 

moderator and the reflector have here the same nuclear properties. For this 
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reason, we generally used the simpler reference concept of the PSDp. If, 

however, one replaces the light water reflector by a heavily reflecting 

one (such as DgO or graphite) one finds significant deviations due to the 

expected distortion by higher kinetic modes. These also occur at low 

frequencies where the delayed neutron contribution becomes important (*). 

This fits the same trend in the pulsed neutron source techniques for reac

tivity measurement, where KosSly (1975) (we cite here only the last of a 

series of his papers) revealed the importance of the higher prompt harmo

nics contribution in the case of a heavily reflected reactor system. How

ever, his inference is not directly related to the present problem because 

we are considering global reference quantities and in the pulsed neutron 

source method the neutron injection and the neutron response are very 

local. 

In the next section we will give a summary of the experimental investi

gations before proceeding to the numerical results of the model evaluation. 

VI. Summary of the Experimental Investigations 

Neutron noise analysis with various two-detector arrangements in the 

reflector zone was performed on the reactor SAPHIR in the time domain as 

well as in the frequency domain. 

The zero-crossing correlation technique is an on-line method in the time 

domain and uses a polarity correlator. Under the assumption of the appli

cability of the point kinetics model the zero-crossing point of the po

larity cross-correlation function is primarily related to the prompt neu

tron decay constant oC. When, in a calibration measurement, the prompt neu

tron decay constant oCc at delayed critical is determined, the reactivity 

can be obtained for subcritical states down to about - 5 %. For more subcri 

tical states the method becomes insensitive. If significant spatial effects 

are present invalidating the application of the point kinetics model, the 

method does not give a direct indication of such effects. To 

(*) We will not represent these findings by plots, because we prefer to 

restrict the investigations to a light water moderated core with a light 

water reflector. 
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obtain more detailed information cross-power spectra were simultaneously 

measured. The cross-power spectra were compared to the spectral shape 

resulting from the point kinetics model. An independent value of the 

reactivity was obtained by the use of the rod-drop method. 

In the experiments* the detectors were highly efficient ionization chambers 

filled with He-3 (*). The active length (40cm) ensured a good flux inte

gration over the core height (60cm) . The collector electrode was connec

ted via an 8m long cable to the low-impedance input of a current ampli

fier stage at virtual ground whereas negative high tension from a battery 

was applied to the chamber box. Each chamber was completely shielded with 

a ground connection separated from the reactor mass. This procedure pre

vented any appreciable pick-up of the 50 Hz mains hum, the frequency 

of which lies inside the required frequency range. The chamber set-up 

was placed in a water-proof guiding tube (inner diameter 7cm) and well 

centered in it at the reactor mid-plane. Each guiding tube had a rigid 

extension (about 1m long) with ceramic isolated wires to give further 

protection of the cables from radiation damage. The guiding tubes were 

always inserted in free lattice positions outside the core adjacent to a 

fuel element. 

For the application of the zero-crossing correlation method, the noise signal 

from each detector was amplified by a recently improved amplifier system with 

automatic DC-offset, input sensitivity control, and gain control of the post 

amplifier stage following signal filtering, to keep the output signal RMS at 

a constant level of 1 Volt independently of the reactor flux conditions. The 

latter was a desirable feature with regard to the small inherent hysteresis 

of the signum generators in the polarity correlator. The polarity correla

tor is a completely digital device and contains a feedback to the delay path 

in one channel for an automatic search for the zero-crossing point 't of the 

(*) The He-3 detectors were specially manufactured by the Laboratory 

Prof. Berthold, D-7547 Wildbad/Schwarzwald, Germany. The active volume 

was 40 cm in length and 4 cm in diameter. It was filled with 99% gua

ranteed He-3 at a pressure of 5 bar without addition of any quenching gas. 

The inner collector electrode consisted of a small tube to ensure operation 

in the ionization range. For dealing with detector currents of the order 

of several ft. Amps, under saturation condition a high tension of 1600 Volts 

was required. 
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polarity cross-correlation function. For the theoretical background and a 

block-diagram of the equipment reference is made to the paper of Behringer 

and Peier (1979b). Instantaneous values of the meter display (proportional 

to *£e ) can periodically be read-out on paper tape, allowing, in particular 

an estimate of the display variance. Another available signal provides for 

the output of display values which represent time-averages during each 

read-out period. 

The signal conditioners in both measuring channels were well matched. Each 

band-pass filter consists of a single RC high-pass filter and double RC 

low-pass filter. Th >y were adjusted in each channel to kJu/Af's 15 Hz (3 

db low frequency cut-off) andft^/***'* 200 Hz (effective 3 db high frequency 

cut-off). The zero-crosstng correlation method requires a frequency range 

to be set ^ "**(€)**** . The high-pass filter is responsible for the ge

neration of the zero-crossing point while the low-pass filter cuts the de

tection noise component in each channel. This component does not affect *j, , 

but its variance, and is a necessary prerequisite for the generation of well 

defined signum signals. Moreover, this low-pass filter is expected to reduce 

correlated high-frequency noise components which are due to space effects, 

and to make to a good approximation the point reactor model applicable. 

The filter parameters enter into the relation between AC and co . Filter 

characteristics can be measured very accurately, so that the presence of 

systematic errors, in this connection can be practically excluded. An expe

rimental check on the overall-performance of the meter does not require a 

reactor. The noise sources can be simulated by 3 independent white noise 

generators, one in each channel to generate the detection noise component, 

and the third one to produce the correlated prompt neutron noise component 

through an RC low-pass filter corresponding to the reactivity transfer 

function of eq. (5.3b). This signal is then mixed into both of the other 

signals. This technique was used not only for a periodical check of the 

equipment performance but also for the verification of the display variance 

behaviour as theoretically predicted by Behringer and Peier (1979b). 

For the spectrum measurements, broad-band noise signals (0.1 Hz - 1 kHz) 

were taken from each amplifier channel and fed to the dual channel Fast Fou

rier Transform Analyzer OMNIFEROUS FFT 400B (Nicolet Scientific Corp.) or 

to a magnetic tape for post-analysis. 
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First experimental checks showed that an ex-core detector arrangement gives 

sufficient detector efficiencies to obtain the required information within 

reasonable measuring times. Assuming the validity of the point reactor model 

and approximately equal detector efficiencies in the selected positions, an 

estimate of the so-called reduced detector efficiency can be obtained either 

from the slope of the polarity cross-correlation function at "C0 (*), or from 

a coherence function measurement at a frequency <J = <*£ when the reactor 

is made critical. The reduced detector efficiency is defined by Behringer 

and Peier (1979b) as 

<? £ "* a.i) 

W * detector efficiency in unit counts per fission in the system 

B - Bennet factor, with B defined asf*/9 , where q is the charge 

released per detected neutron 

D = Diven factor 

f = spatial correction factor, of order unity, depending on reactor 

geometry and spatial fission rate distribution. 

The results given by the two methods were not in good agreement. However, 

the values Q obtained under critical reactor conditions varied between 

(1-4) xlO indicating a ^ery high detector efficiency. Since a detector 

may have a non-negligible but unknown sensitivity to /*•*, it is felt that 

Q need not be a constant (for unchanged detector positions) when, in sub-

critical states, the ̂ "-background becomes more important. 

Systematic investigations performed on different core configurations with 

varied and sometimes widely separated detector positions around the core 

(excluding the region of the Be-reflector) yielded reasonable consistency 

between 01 -values given by the zero-crossing correlation method and those 

evaluated from the magnitude of the cross-power spectra. In the considered 

frequency range up to 500 Hz, the CPSD always showed zero-phase behaviour. 

(*) This slope could be measured by a special feature included in the design 
of the polarity correlator. By disturbing the integrator (forward-backward 
scaler) 1n one direction with a well defined external pulse rate, Z0 could 
be shifted. 
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For the evaluation of the cross-power spectra, the PSOp of eq. (5.2) was 

used as reference, and X was varied until the fit gave a horizontal line 

for f of eq. (5.1) in a frequency range froa about 5 Hz to about 100 -

150 Hz. In the measurements any forced coolant flow hao to be avoided. 

Manual control of the reactor was used for measurements in the critical 

reactor state.CC - determinations with various detector positions in the 

same core configurations gave the same result within the experimental 

accuracy. Reactivity determinations via eq. (5.1.6) using the previously 

measured <^-value agreed well, in most cases, with values obtained by 

the rod-drop method strongly suggesting that the use of point kinetics 

is a valid approach. 

As an example Fig.2 shows a core configuration (392B) in which several 

measurements have been made. This core configuration represents a rather 

unfavourable case. There is a fuel element between the detector positions 

and nearby an empty lattice place (reserved for isotope production) and 

coarse control rods. Significant flux perturbations wet. therefore expec

ted in this core region. Results are given in table I. 

The rod-drop method for the determination of subcritical reactivities is 

a routine procedure on SAPHIR. The neutron flux decay after a rod drop is 

measured by a high resolution counting channel equipped with a fission 

counter. It processes pulse-rates up to 10 cps with dead-time losses of 

about 12% at that counting rate. This device which was developed by 

Behringer and Phildius (1974c) enables measurement of the flux decay over 

several decades and is insensitive to the J*'- background. The evaluation 

method developed by Demarmels (1968) is based on a modified technique 

using the modal approach with kinetic eigenfunctions and the elimination 

of the prompt harmonics and the kinetic distortion. The finite fall time 

is also taken into account. The photo-neutrons produced in the Be-reflec

tor are not considered in the code. As pointed out by Cohn (1959), they 

can give rise to transients which could introduce appreciable errors in 

the reactivity determination. Since the Be-reflector used in SAPHIR 

covers only a part of the core it appears, according to previous experience, 

that this photo-neutron effect should give only a negligible perturbation. 
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The errors given in tab?? I represent overestimates in the case of the 

results froa the noise method whereas they are purely statistical for 

the rod-drop results. 

In the core configuration shown in Fig. 2, an on-line measurement of the 

time evolution of the xenon poisoning after a shut-down from a steady 

power operation was performed. The results of this 

Detector 
Locations 

75/77 

M 

II 

II 

74/78 

M 

Coarse Control 
Rod Positions 

(mm) 

CR1 CR2 CR3 CR4 

283 283 283 283 

0 281 281 281 

0 281 0 281 

0 0 0 0 

276 276 276 276 

0 0 0 0 

Prompt Neutron 
Decay Constant 

(rad/sec) 
obtained from 

Polarity 
CCF 

115±4 

220*7 

540*32 

745*58 

115*4 

702+53 

CPSD 

225t5 

555+20 

115+3 

Reactivity 

Noise 
Method 

(Polarity 
CCF) 

0.91+0.09 

3.70+0.32 

5.48*0.55 

5.10*0.51 

Rod-Drop 
Method 

0.923+0.0015 

3.62 +0.03 

5.24 *0.08 

5.11 +0.06 

Remarks 

critical 
power 5 KW 

critical 
power 5 KW 

Table I : Measured values of the prompt neutron decay 

constant Ct and the reactivity (P at core 

configuration 392B 

(CR-posit1ons : 600 * upper limit, 

0 * lower limit ) 
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measurement will be reported separately. They give further indication 

of the applicability of the point reactor model. The evaluation of this 

measurement allowed an estimate to be made of the core-average thermal 

flux at power and the equilibrium xenon reactivity worth and, in addition, 

an independent but indirect determination of 0C& . The latter measurement 

gave a value of <XC = 114 i 2 rad/sec, which is in excellent agreement 

with the other results given in Table I. Koehler (1980) recently began 

a calculation of 0^ for this core configuration under the actual bum-up 

conditions of the fuel elements. His very preliminary result obtained by 

this calculation using a two-dimensional code is 0£ = 129.6 rad/sec. This 

value seems to be somewhat too high, but is however of the same order as 

the experimental data. 

Two typical experimental cross-power spectra from about 2.5 Hz up to 500 

Hz, represented by the quantity J of eq. (5.1) with varied values of 00 

are shown in Fig. 3 and Fig. 4. Fig. 3 refers to the case of a very nearly 

critical reactor state (Reactor powers/ 500 W), and Fig. 4 to the case of 

a subcritical state with 4> = -3.7 %. The measuring time was 30 min. in 

both cases. The curves are normalized around 10 Hz and slightly band-pass 

corrected in the higher frequency region. In the lower frequency region 

which is larger in the subcritical case due to the more extended plateau 

in the reactivity transfer function, j can be brought practically to a 

horizontal line by a proper adjustment of OC . This suggests (but does not 

confirm) that this lower frequency region may be regarded as the validity 

range of the point reactor model. At higher frequencies where statistics 

become inadequate due to the rapidly decreasing coherence, f increases 

significantly with frequency. This behaviour, which is less pronounced in 

the subcritical state, indicates that the measured cross-power spectra 

decrease less strongly than predicted by the point reactor model. This 

trend was generally found in all cross-power spectra measurements with 

ex-core detector locations varied around the core. 

Before discussing this result further we shall consider, in the next section, 

the numerical results of our model calculation and put the question whether 

this trend observed 1n the experimental investigations can be reproduced by 

our simple model. 
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VII. Numerical Results of the Model Calculation 

For the appearance of space effects, an important parameter is the core 

size H. In a bare homogeneous reactor, space effects are negligible up 

to moderate frequencies, i.e. up to frequencies which may not be higher 

than several times the break frequency Q£ (*), if 

H « -f- <>" 
where M = migration length 

6 - effective fraction of delayed neutrons 

and the detectors are not too close to the core boundaries. The importance 

of the ineq. (7.1) is explained in Appendix C. A reactor system which satis

fies the ineq. (7.1) may be called a small one. Unfortunately, there is no 

further criterion available for specifiying how well this inequality should 

be satisfied ty a small system. 

For a small equivalent system which is reflected, the reflector saving is 

normally relatively high. Core- and reflector-kinetics must, therefore, be 

coupled rather strongly. Up to this point, the appearance of space effects 

is not governed by the core size H alone, but also by the nuclear proper

ties of the reflector material. 

The right-hand side of the ineq. (7.1) is of the order of 2.5 m for an LWR. 

Power-LWR's have typical core sizes of this order of magnitude. Thus, one 

should not speak of large systems, but rather of systems of intermediate size. 

Nevertheless, we will follow the usual concept and speak of a large system 

in this case. A reflector on such a system has little influence on in-core 

measurements. But the core-kinetics start to become space-dependent in any 

case. 

(*) This statement is not valid in the case of a perturbation propagating 

through the core, like the two-phase coolant flow in a BWR (Behringer, 

KosAly and Pftzsit (1979a)) 
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01 (cm) 

D2 

Jal <cirl> 

* a 2 «*) 

* R 

V^JT 

v1 (cm/s) 

v2 

Core 

1.441 

2.848xl0_1 

2.742xl0"3 

7.680xl0'2 

8.11Oxl0"2 

2.718xl0'2 

9.360x10"2 

H20 -

for H = 77.6 cm 

for H = 197 cm 

5.304x107 

2.482x1O5 

• 

Reflector 

1.152 

1.652x1O"1 

4.876x10"4 

1.780x1O"2 

5.166x1O'2 

(*) : adjusted correspondingly to the models and different 

core sizes to obtain criticality 

Table II : Two-group parameters used in the model 

calculation 
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In the numerical calculation we used group parameters that are typical for 

a highly enriched uranium-Mater lattice and a light water reflector. The 

data are given in table II (Winkler and Koehler (1975)). They Mere selected 

for a rather high burn-up (~ 50X ). In this case we reached a critical 

core size H = 77.6 en and an 0 ^ -value of 122 rad/s (with^ = 7x10-3). These 

figures are representative for the reactor SAPHIR in an advanced burn-up 

condition and are believed not to be far away from the actual conditions 

under which the experimental investigations have been performed. Since 

with regard to the ineq. (7.1) this core size cannot be regarded as small, 

we call this model a realistic system. 

In order to get deeper insight into the trends of the spatial effects, a 

large system with H = 197 cm was also considered. It was created by adjust

ment of the thermal absorption and had andfc -value of about 130 rad/s. It 

represents an unrealistic system, because it is certainly unrealistic to 

built up such a large system with highly enriched fuel elements and to in

clude a large amount of absorber material to compensate for criticality. 

The same procedure of adjusting the thermal absorption was used for per

forming comparison calculations for a bare reactor model. 

As mentioned in section V.I, subcritical states were generated by .uel 

manipulation. We confine the representation of the results obtained in 

the frequency domain to two states, the critical state and a subcritical 

state at -5 %. With regard to a few calculations extended to very low 

frequencies (s.Fig. 13) the usual 6 groups of delayed neutrons were gene

rally taken into account. 

The detectors were assumed to be sensitive to thermaI neutrons only. 

A useful quantity for characterizing the togetherness of the detected neu

tron noise field or the coupling between regions being sampled by the de

tectors is the coherence function (Albrecht and Seifritz (1968)). We define 

it here by 

tf cr/J^tf,?,,") • CASJ), (&?„•>) 
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Both Detectors Located in the Core 

Fig. 5 shows first the case where rel. CPSDR's, i.e. the quantity^ defined 

by eq. (5.1), are plotted for different detector positions in the core when 

both detectors are located at the sane point (or are always very close to

gether). In this and all following figures representing rel. magnitudes of 

the CPSD R, j has been normalized equal to 1 at 1 Hz. The frequency range 

considered extends form 1 Hz up to 400 Hz. One recognizes the general trend, 

that at higher frequencies the CPSDR*s roll off less strongly than predicted 

by the point model. The onset and the increase of the spatial effects with 

increasing frequency are obviously more pronounced for the large system 

than for the realistic system, and for coincident detector positions near 

the core boundaries. Due to the asymmetry of the reflected model, the de

viation form the PSDp is somewhat less for a detector position nearer the 

reflector side (e.g. curve 5) than for a position near the free core boundary 

and symmetrically placed with respect to the core centre (e.g. curve 1). There 

must be a position in the vicinity of the core centre where the magnitude of 

the space effects is minimized (in a bare homogeneous reactor, this point 

is exactly the core centre where the first prompt harmonic vanishes). The 

space dependence appears less pronounced and its onset is shifted to somewhat 

higher frequencies in the ^ubcritical state than in the critical state due 

to the competing longer plateau region of the reactivity transfer function. 

Calculations performed e.g. by Sheff and Albrecht (1966b), by Natelson, 0s-

born and Shure (1966) on a bare reactor, and by Sheff (1968) who included 

the case of a reflected system, show similar results. 

The general behaviour of the CPSDR's in Fig. 5 can be understood by conside

ring, that it should asymptotically approaches the infinite medium form at 

high frequencies. This form is given in Appendix C. Using eq. (C.21), the 

frequency dependence of > results in 

}l**'h,u) r* 
"*+«* (?J) 

<K + \ u)^« f"' 
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Eq. (7.3) represents a very rough approximation, but nevertheless exhibits 

the main characteristics of the trend. 

The situation appears to be different when one considers detectors at se

parate positions in the core. Fig. 6 shows CPSDR's (rel. magnitude and 

phase) and coherence functions in the critical state, whereas Fig. 7 

represents results in the subcritical state. There are again cases where, 

in the higher frequency range, the magnitude of the CPSDR decreases less 

strongly with increasing frequency than the PSDp, but there are more recent 

cases showing an opposite behaviour. It seems that these characteristics 

are related to the first prompt harmonic mode and depend on whether it has 

equal or opposite sign at the space points considered. 

It should be noted that the effect of a decrease o f j with frequency was 

experimentally observed on the reactor SAPHIR in a measurement where the 

He-3 chambers could be installed at two different empty lattice positions 

provided for isotope production. However, a clear interpretation of the 

result cannot be given due to the irregular core configuration, the un

known flux perturbations introduced by the detectors and control rods in 

the vicinity, and the impossibility of making check measurements in other 

in-core locations. 

For detectors widely spaced in the large core model unusual behaviour of 

the CPSD„ or coherence function resp. can be observed. A sink appears at 

a particular frequency. There are further sinks at higher frequencies not 

shown in the figures. At these sink frequencies a sign change of the real 

part of the CPSDR occurs, leading also to a phase jump, and the CPSDR 

becomes purely imaginary. The values of the sink frequencies increase 

with increasing subcriticality and decreasing detector distance. 

The possible appearance of a sink structure is well-known in coupled-core 

kinetics and has been experimentally verified (Hendrickson and Danofski 

(1967), Albrecht and Seifritz (1968), Seifritz and Albrecht (1968), Ebert, 

Clement and Stacey (1974a,b), Viehl (1975), Genoud (1977), Morishima (1979), 

Nagy, Sawan and Shaat (1979)). It is an interesting feature that such a 

structure can also appear in our continuous model. The physical reason 

for sink frequencies is a certain cancellation of stochastic fluctuations 

at a particular frequency of cross-correlation due to neutrons arriving at 

the detectors with cancelling phase relationships caused by spatial effects 
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(Albrecht and Danofski (1969)). Using the picture of the infinite medium 

approach (s. Appendix C), widely separated detectors sample from different, 

not completely common regions of the neutron field. This is manifested by 

the relatively bad coherence at low frequencies in Figs. 6 and 7. If we 

disregard the influence of the reflector and consider for simplicity the 

case of widely and symmetrically spaced detectors in a large bare homo

geneous reactor, the system approaches a coupled symmetrical two-spatial 

node model. Each node contains an independent driving source with the same 

statistical property, and is fedback by the other node through a transfer 

function characterizing the transit of neutrons with a delay time (or 

a delay time distribution). Albrecht and Seifritz (1968) showed, that 

such a system must have at least one sink frequency in the coherence func

tion. This sink frequency is shifted to higher values with increasing sub-

critical ity. 

The space-dependent characteristics of the CPSDR shown for detector positions 

in the core are not typical for the reflected system, except when a detector 

is located near to the core-reflector interface. A light water reflector is 

in principal a bad reflector which does not influence significantly the 

kinetics of the light water moderated core. This follows from a comparison 

study on the bare homogeneous reactor model (in two groups). Very similar 

characteristics resulted and in addition the sink structure for widely 

spaced detectors in a large system was found. These calculations were per

formed in two ways, using the closed solution of the kinetic importance 

functions, and the method of modal expansion. Both procedures led to the 

same results. 

One Detector in the Core, Second Detector in the Reflector 

Figs. 8 and 9 show the results obtained for the rel. CPSDR's and coherence 

functions for the critical and the subcritical state resp., when one detec

tor is located at various positions in the core whereas the other detector 

is located at the position of the thermal flux peak in the reflector. The 

characteristics are similar to the case when both detectors are in-core. 

There is no significant difference. When the detector spacing is large in 

the large system, the sink structure appears again. 
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Robinson and Alexander (1971) reported on a calculation showing a break 

frequency behaviour in the imaginary part of the CPSDR in the vicinity 

of 500 Hz for detector distances of 9.8 cm and 15.9 cm. This behaviour is 

not predicted by nodal models, but was found in measurements at ORNL. When 

we plotted the imaginary part of the CPSDR referring to the realistic 

system, we found very similar curves. The onset of this break behaviour 

shifts to lower frequencies with increasing detector distance. In our 

calculations, it began at about 100 Hz for an in-core detector position 

at x. = O.lxH (detector distance about 72 cm). Thus, we conclude, that our 

simple space-dependent model contains all the essential information. 

Both Detectors Located in the Reflector Zone 

Spatial effects in the reflector zone have been studied for detector po

sitions around the region of the thermal flux peak. Positions far away 

from the core-reflector interface are not of interest because the noise 

is dying out in these regions. 

Fig. 10 shows results obtained for there!. CPSD„'s. In the frequency range 

under consideration the curves again show a roll-off at higher frequencies, 

which is weaker than given by the PSD„. The behaviour of J was found to 

be insensitive to variations of detector position in the vicinity of the 

thermal flux peak. E.g. the difference in the curves o f j , when both 

detectors are located directly at the core-reflector interface or both 

detectors are located at the position of the thermal flux peak, or even 

one or two diffusion lengths further appart, is so small, that it cannot 

be fully resolved in the graphical representation. Phase relations in the 

CPSDR for separated detectors are independent of the core size and reacti

vity. 

A case is included in Fig. 10 (curve 2) in which both detectors are placed 

a little deeper in the reflector. There is an indication t h a w will pass 

through a maximum and then decrease. It seems, that the reflector behaves 

as a low-pass filter cutting higher frequency components as more material 

i; introduced between the points of observation and the core boundary. 
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The coherence function for separate detector positions (within the spatial 

region investigated) was found to be almost 1 throughout the frequency 

range considered and was independent of the core size and reactivity. We 

feel, that this feature may be attributed to the one-dimensional character 

of the model. 

In Fig. 10, the curves la are of most interest. The increase of J with 

frequency, starting at about 100 Hz, is in agreement with the experimental 

results shown in Figs. 3 and 4 (second curve from the top). There is also 

a fairly good agreement in the magnitude although this may be fortuitous. 

The spatial effects appearing in the measurements are somewhat larger than 

predicted by the model calculation. 

In order to check the validity of our numerical results which are based on 

two-group diffusion theory, Amato (1981) recently calculated the kinetic 

importance functions and the CPSDR's for the critical realistic system 

using the one-dimensional transport code TASK in two groups and the S-2 

approximation. The infinite reflector was replaced by a finite reflector 

of 30 cm length. The CPSD„'s (magnitude and phase) and coherence functions 

were found to be in good agreement with our calculations for the various 

in-core, ex-core and in-core/ex-core detector locations. The differences in 

the values of the magnitude of the CPSDVs between our two-group diffusion 

theory calculations and the ones obtained by using the aforementioned 

transport code were within 2% at 100 Hz and 8% at 400 Hz. 

Application to the Zero-Crossing Correlation Method 

The cross-correlation function (CCF) is obtained by applying the inverse 

Fourier transform to the CPSDR. We will relate the CCF to current signal 

fluctuations including signal conditioning rather than to count-rates. For 

detectors both located at the same position, the CCF is a symmetrical 

function with respect to the time lag 't , and follows from 

-* 7 
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Eq. (7.4) has been written so that ̂  appears as a spatial correction term 

to the point kinetics results. H(*J) is the transfer function of the band

pass filter in each channel, consisting of a single RC high-pass filter and 

a double RC low-pass filter, q is the charge released per detected neutron 

(both detectors assumed to have identical operational characteristics). 

According to the previous spectra investigations, the appearance of space 

effects in the CCF depends on the frequency region where t begins to in

crease from 1, and also on the reactivity. If this frequency region is 

sufficiently far above Gfc , space-dependent contributions to the CCf are 

expected to be small in very slightly subcritical states, in spite of the 

fact that the magnitude of J shows a greater variation in these states 

than in more subcritical states. When, with increasing subcriticality, the 

plateau and the roll-off of the PSDp extend to higher frequencies, space-

dependent contributions can become appreciable. They can be reduced to 

some extent by a proper setting of the high frequency cut-off in the 

filter function. 

Fig. 11 shows the results of the calculated reactivity dependence of the 

zero-crossing point of the CCF obtained using data of the filter function 

as used in the experimental setup. Curve 1 refers to the space-independent 

case withy = 1 for all frequencies, curve 2 to the favourable case with 

both detectors located in the middle of the core where according to Fig. 5 

the space effects are wery small, and curve 3 to the case where both detec

tors are located in the reflector zone at the position of the thermal flux 

peak. It can be seen that in the realistic system (upper part of Fig. 11) 

the point kinetics approximation holds very well, even for the ex-core 

detector locations. In the large system (lower part of Fig. 11), measurements 

with both detectors at the core centre would also follow the point kinetics 

approximation fairly well, while measurements with ex-core detectors would 

exhibit a significant difference, since the spatial effects begin at fre

quencies as low asQL . Curves for other coincident in-core detector posi

tions at a distance away from the core centre in the direction of the free 

core boundary (but not too near the edge) should range between the two 

spice-dependent cases shown 1n Fig. 11. This is expected from the similar 

shapes of the rel. CPSD„'s in Figs. 5 and 10, and the comparable order of 

magnitude of the space effects involved in these curves. 
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The zero-crossing point of the CCF was obtained from graphical plots. For 

the space-independent case and in the prompt neutron approximation, the 

CCF can easily be represented by an analytical expression. The inclusion 

of space effects required a numerical treatment of eq. (7.4) and this was 

achieved by applying the finite inverse Fourier transform to the CPSDR 

via an FFT-algorithm. The integration limits in frequency were successively 

extended below and above the filter band-pass until convergence was achie

ved for a given accuracy of the result. 

Distributed Detectors 

If each detector is uniformly distributed over a certain region of the 

reactor system, the count-rate cross-power spectral density CPSDRD re

ferring to the volumes V, , V„ occupied by the detectors, is given by 

it 
Distributed detectors are certainly unrealistic, because they can never be 

realized in practice. It is of interest to consider them for cases when 

the occupied volumes correspond to system zones. Eq. (7.5) should then 

yield results which should approach the simple treatment of the reflected 

system by using a two-point model and two energy groups, except that the 

core size does not enter as a fixed parameter. 

Four cases of distributed detectors were considered: 

- both detectors distributed over the core region 

- one detector distributed over the core region, the other one distri

buted over the reflector region 

- both detectors distributed over the reflactor region 

- both detectors distributed throughout the complete system 

The results are shown in Fig. 12. The re!. CPSDRD of overlapping in-core 

detectors (curves 2,6) 1s close to unity in the frequency range considered. 

There seems to be a discrepancy between the present results and those given 
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by the one-group two-node treatment of Conn (1962), according to which 

there should be an increase of j above of when this CPSDRQ of the 

reflected system is compared to the PSDp of the equivalent bare reactor. 

Analytis (1981) checked the numerical example given by Cohn. Cohn used 

in his model calculation an extremely high value for the neutron life

time in the reflector. The discrepancy vanishes, if a lower, more realis

tic value is inserted. In addition, Cohn's approach uses separate life

times for the core and the reflector while our comparison is based on a 

PSDp with a weighted overall generation time including the reflector. 

Cohn (1964) stated in a later note, that in reflected reactor kinetics, 

when the lifetimes do not differ by large orders of magnitude, the com

bined core and reflector could be treated reasonably well as a single-

region system with an equivalent life time. Thus we feel that the be

haviour of the rel. CPSDRD of the in-core detectors and the very similar 

behaviour of the rel. CPSDRQ of detectors distributed through the complete 

system (curves 3, 7 in Fig. 12) indicate the validity of this approach. 

The rel. CPSDR_ (magnitude and phase) and the coherence function of a 

distributed in-core detector and a distributed ex-core detector (curves 

4, 8) show an obvious weighted behaviour when compared to the point de

tector cases shown in Figs. 8 and 9. 

The rel. CPSDRD for both detectors distributed over the reflector (curves 

1, 5) exhibits a behaviour similar to that of the rel. CPSDR for point 

detectors when they are located in the reflector near the core boundary 

(s. Fig. 10). This is not surprising since for distributed detectors only 

the reflector region near the core gives a significant contribution to 

the noise. One may conclude, that (within the frame of our one-dimensional 

model) the actual size of a practical detector located in the reflector 

zone does not have an important influence on the spectral shape of the 

CPSDR. 

VIII. Conclusions 

The work reported is part of a programme to investigate a neutron noise 

method in the time domain, i.e. the zero-crossing correlation method, for 
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Measuring prompt neutron decay constants and small negative reactivities, 

and its p:actical applicability on a swimming-pool research power reactor. 

There is a restriction in the measurement, i.e. the neutron detectors can 

be positioned only in the reflector zone near the core-reflector interface. 

This constraint immediately raises the question of the extent to which 

space-energy effects might invalidate the applicability of the point kine

tics approach to the analysis. 

As far as we could check the literature, the problem of space effects in 

neutron noise analysis in a reflected system has not been extensively in

vestigated. There are only a few examples of measurements with ex-core de

tectors. These (measurements have been performed on "clean" facilities and 

did not give a clear indication on the extent to which space effects are 

present. 

Our investigations have been divided into two parts: experimental and 

theoretical. 

The experimental investigations yield the following results: 

- There is no problem in achieving a sufficiently high detection efficiency 

with detectors located in the reflector zone near the core and to measure 

the neutron correlations with a high accuracy within a reasonable measu

ring time. The detection efficiency may be influenced by the /'-back

ground which becomes important in subcritical states. This possible in

fluence is, however, of minor importance. An indication of other distur

bing effects from the X* -background was not found in the data analysis. 

- Measurements of cross-power spectra show an increasing deviation from 

point kinetics at higher frequencies starting av about 100 Hz. The roll-

off of the cross-spectra becomes weaker than predicted by the point ki

netics reactivity transfer function. This behaviour indicates the presence 

of space-energy effects. The zero-crossing correlation method analyzes 

the reactivity-dependent break characteristics. For subcritical states 

below -5% , the method becomes insensitive. The reactivity transfer 

function acts itself as a low-pass filter cutting higher frequency 

components. For slightly subcritical states, the values of the break 

frequency 06 are much below the frequency region where the space effects 

appear. In more subcritical states, when the plateau in the reactivity 

transfer function extends to higher frequencies, the low-pass filter in 
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the signal conditioner which confines the detection noise component helps 

to reduce the influence of spatial effects. 

- The use of the point kinetics model in the data analysis is a very good 

approximation. Ot -values obtained from the zero-crossing correlation 

method and from simultaneously measured cross-spectra evaluated below 

100-150 Hz were in good agreement. Reactivity determinations were also 

found to agree with results obtained by the rod-drop method. Varied 

detector positions around the core with different detector separations 

did not show any observable space effect in the 0^. - and reactivity 

determination (except for the obvious effect that a change of detector 

positions can be accompanied by a change in the reactivity worth of the 

chambers). 

Most of this work is concerned with a theoretical investigation of space-

energy effects to be expected in neutron noise analysis in a reflected LWR. 

The investigation has been perfomed on a simple one-dimensional model con

sisting of a homogeneous core and a one-sided infinite homogeneous reflec

tor using two-group diffusion theory and the Langevin technique with a noise 

equivalent source of the fission process. In order to obtain a deeper in

sight, the calculations have not been confined to detector locations in the 

reflector zone, but have been extended to other detector locations (both 

detectors in-core or one detector in-core and one in the reflector). The 

detectors are assumed to be sensitive to thermal neutrons only. Fast fission 

has been neglected. Its inclusion in the numerical treatment would mainly 

increase the computer time without altering significantly the picture of 

the space effects appearing in the cross-spectra. 

The important results of the theoretical investigation can he summarized 

as follows: 

- The model reproduces the shape of the cross-spectra found in the experi

ments when both detectors are located in the reflector zone near the 

core boundary. Using data thought to be realistic, the frequency region 

where space effects appear and also the magnitude of the space effects 

appearing in the spectra are of the same order when compared with the 

experimental findings. Applying the model calculation to the zero-crossing 

correlation method with th_ same instrumental data as used in the measu

rements reveals that the point kinetics approximation holds very well. In 
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spite of the fact that space-dependent noise theories have had little 

verification, we believe that our theoretical results strongly support 

the applicability of the point kinetics approximation. 

- The space-dependent characteristics of the cross-spectra and coherence 

functions for in-core detectors are not typical of the reflected system. 

They are influenced by the reflector, but not very strongly. A light 

water reflector is in principal a bad reflector. Very similar characte

ristics can also be obtained for the bare reactor. With increasing 

frequency, the coupling of the neutron field decreases. Increasing core 

size shifts the onset of the decoupling to lower frequencies and finally, 

for widely spaced detectors, leads to the appearance of a sink structure 

in the cross-spectra at higher frequencies. This sink structure is well-

known in coupled-core kinetics. The same behaviour is also manifested in 

the cross-spectra when one detector is ex-core. The break-down of point 

kinetics in such cases is not a new result, but rather a confirmation of 

the validity of our calculations. 

It must be emphasized that the statements made in this paper refer to a 

light water moderated reactor with a light water reflector. For highly 

reflected systems, space-dependent effects start becoming important at 

frequencies as low as those associated with the delayed neutrons. 

In the introduction of statistical methods to assist reactor operational 

problems of a swimming-pool reactor, the reactivity meter can be regarded 

as a useful item of equipment. Its special feature is that it allows a 

rapid measurement of Cg . The knowledge of OCc is not necessary for the 

operation of a reactor, but is required in safety evaluations of dynamic 

transients. 
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Appendix A: Static Flux Shapes 

The static flux calculation in two energy groups for a symmetrical slab 

reactor system consisting of a homogeneous core with a homogeneous re

flector on both sides can be found in any standard work on reactor theory. 

The modifications to be made for our asymmetrical model are minor. For 

completeness, a brief review will be given. 

The multiplication eigenfunctions % ( * ) * %(*) in the fast and thermal 

group resp. are given by the equations in the core zone 0 - * - H: 

and in the reflector zone x * H, where for distinction all quantities 

are denoted by an index R: 

According to the assumption made for the extraneous source in the core 

region, that its spatial distribution follows the shape of the critical 

thermal flux, the static subcritical fluxes ̂ 5 » fa correspond to the 

solution of the eigenfunctions # , j£ for the largest eigenvalue 

k = k r 

The solution of 9 , is, in the core zone, which satisfies to the 

boundary condition of vanishing at x - 0, takes the form: 

* r it l L \ 



- 50 -

where: 

infinite multiplication factor ^ < , C- ̂  (n.¥c) 

Fermi age ^ - ^ - W ^ 

thermal diffusion area A M -=— [n*Tt] 

principal coupling S„ * - ~ —,—j— 

coefficient * " A* 

4ET* J -"^ 

alternate coupling S * — — — - 7 — « - — — : — - r — (^,tfS) 
coefficient * * I* -"*&+{ 

For n = 1, the bucklings correspond exactly to those of the critical core 

fluxes (fundamental node bucklings). 

The solution of the reflector equations (A.2) with the condition of vanishing 

when x-freo , can be expressed by the interface fluxes at x - H: 

where: 

(#. a) 

reflector Fermi age 

reflector thermal 

diffusion area 

* £ • 

3l 
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reflector coupli 

coefficient 

and 

inn S m ** *^* 

4 

(ft. Lt) 

( * " ) 

(J9.Ce) 

The normal continuity requirements of the fluxes and currents across the 

interface between the two zones 

lead to the equation for the eigenvalues k , which can be expressed accor

ding to Meem (1964) by 

with the following abbreviations: 

http://J9.Ce
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* - *» /A <* "*> 

For the critical system (k, = 1), the equation (A.9) connects the group 

parameters with the critical dimension H. It represents an equivalent 

relation to that of equalizing material buckling and geometrical buckling 

as at a bare homogeneous reactor. Unfortunately, it is a highly transcen

dental equation and cannot be solved analytically for H, or if H is given, 

for the eigenvalues k (*). 

When eq. (A.9) is solved, one can then establish a relation between a 

and c in eq. (A.3a) using eqs. (A.7a), (A.8a) and (A.5a) 

If one sets 

^.J^M-a, (*•**) 

c * - ***<? a (ft- ui>) 

where a can be related e.g. to the extraneous source strength, the fluxes 

can finally be written as: 

(*) In our case, only k, is needed. 
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and 

r«o % (rh« re-") (/>. 1*a) 

u (*) - «./*% (?-tx< 
XiH 

(/}• 'Hj 

Hw-v-iriysj)*( y 
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Appendix B: Kinetic Importance Functions 

The functional dependence of the kinetic importance functions on space, 

detector location, and frequency in our reflected reactor model can be 

represented by a closed analytical solution. The solution procedure is 

very similar to the static flux calculation. We have to distinguish the 

two cases: detector in the core and detector in the reflector. 

We consider first the case when the detector is located in the reflector 

at a space point x^>H. According to the general definition of the kine

tic importance functions by eq. (3.10), the system of equations to be 

solved is: 

For the core 0 £ x * H 

* o (3.1) 

and for the reflector X * H 

- Sc*-q l z 
(*>*) 

The solution in the core zone satisfying the boundary condition at x = 0 

can be written as 

<p * ff pttufL x t C <u»A> I x (S.Ja) 

'JL 

A and C are complex functions of the frequency and the space point x, of 

the detector location in the reflector zone. The bucklinqs are frequency 
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dependent quantities* given by 

'••i&t'-fM&jF1]) """ 

•i'-i&M"&?(*&-•')) '"' 

where Z and L denote a frequency dependent Fermi age and a frequency 

dependent thermal diffusion area resp., defined byi*J%/2T and 

£ «J£ /I£S^ . 5^ and S* can be called adjoint coupling coefficients 

and are also complex functions of the frequency. 

*S C4-A] = ^-U^L) (*-**) 

For frequencies that are not too high and for slightly subcritical states, 

the/U. -root of eq. (B.4a) contains in particular the infinite core reac

tivity transfer function. Or one can use a more realistic approach by in

troducing the bare core equivalent reactivity transfer function through 

a fictituous geometrical buckling satisfying the criticality equation 

(see also Appendix C). Due to the reflector saving an equivalent bare 

reactor is larger in size than the core of the reflected reactor. In 

both concepts, however, the overall-kinetics are finally determined by 

the coupling with the reflector properties. A core volume distributed 

source will make a dominant contribution from almost all core points to 

the detector response via the corresponding /U. -term in the eqs. (B.3a,b). 

In the higher frequency range when the reactivity transfer function is 

dying out and higher prompt modes implicitly appear, the /U. -term contri-
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bution can compete with the X -term contribution in eqs. (B.3a,b). The 

X -root of eq. (B.4b) represents a typical spectrum effect and is not 

present in a one-group treatment. It can be approximated by X v r , 

since 1 i s » 4 in LURs. It becomes appreciably frequency dependent in 

the high frequency range (% 100 Hz). The corresponding X -term shows 

short spatial range characteristics. A core volume distributed source 

contributes to the detector response via this component preferably from 

a small core region at H only - or in the case of an in-core detector, 

from a small localized field around the detector position. 

The solution in the reflector zone with the condition of vanishing for 

x~» <*> can most elegantly be obtained by applying the Fourier trans

form to eq. (B.2) with regard to the space variable x. Using the same 

notation as in Appendix A, but with frequency dependent reflector Fermi 

age and reflector thermal diffusion area, the result can be written in 

a general way without distinguishing the regions H £ x < x. and x * x,. 

+5* +3* [ftrU'/W'-1"!- JtH-'WO) 

X>H 

ve 

v/here SR is the reflector adjoint coupling coefficient 
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The spatial relaxation lengths involved in eqs. (B.6a,b) become appre

ciably frequency dependent only at high frequencies. 

The coefficients A and C in eqs. (B.3a,b) are obtained by using the 

interface boundary conditions of cqs. (A.7»8). This leads to the following 

system of equations: 

(£. S) 

F., F« in eq. (B.8) represent the source functions 

r & ye,-"). *X*<*(A-») / M ) u.j*) 

-Kit 
(Jl.jt) 

In the second case, when a detector is located in the core zone, 0<x,<H, 

we have to solve the system of equations for the core 0 « x * H 

and for the reflector x * H 
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The solutions can be written as 

Xi# 
S'l*-«) (S. ui) 

source terms. A and C in eqs. (B.llc.d) stand for 

Eqs. (B.12a,b) follow imnediately from eqs. (B.6a,b) by removing the 

in eqs. (B.llc.d) stand for 

C\- * / »%«•*)** . rr ) li.nl,) 

The coefficients A and C , which are now dependent on the detector 

location in the core zone are again determined by eq. (B.8), but with 

the functions F,, F» on the rhs.: 

where ^ * p cU/u! (H'K,) (&.<*'«.) 

http://li.nl
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The pair of functions F,, F. in eqs. (B.14a,b) show a steady transition 

to the other pair of functions in eqs. (B.9a,b) when the detector is lo

cated at the interface with x, = H. 

One can show, that the determinant on the lhs. of eq. (B.8) reduces to 

the criticality equation (A.9) for zero frequency when the reactor is 

in the critical state, i.e. this determinant becomes zero and the kinetic 

importance functions diverge forfcJ= 0. This behaviour reflects the 

physical fact that a critical reactor is in a labile equilibrium state, 

if the presence of power and control feedbacks are disregarded. There is 

no power to drive a critical system into a defined equilibrium position. 

This leads also to a divergency of the count-rate cross-power spectral 

density at zero-frequency or likewise to a divergency of the count-rate 

cross-correlation function (*) for any delay time. As Dragt (1966) poin

ted out, the consideration is correct for any system which has a Green's 

function with a zero-pole, but it is based on the assumption of an in

finitely long measuring time. In practice, however, estimates are always 

based on a finite measuring time which eliminates this divergency. The 

zero-crossing correlation method has the further feature, that it avoids 

this divergency problem by high-pass filtering of the detector signal 

fluctuations. 

The interpretation of the solution of the kinetic importance functions 

is extremely complicated. Any efforts to try rigorous approximations 

and to investigate their validity ranges are more complex than the 

application of the given formulae by straightforward programming 

without any approximations. 

(*) more exactly, it is a covariance function. 
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Appendix C: Space-Effects in the Count-Rate Cross-Power 

Spectral Density in a Bare Homogeneous Reactor 

The appearance of spatial effects in the CPSDR of detectors located in 

a bare homogeneous reactor depends decisively upon the system dimension 

H. In this appendix the conditions yielding approximately space-indepen

dent results are considered. The static fluxes are assumed to follow the 

fundamental mode distribution. The associated problem concerning how big 

the detectors must be when H is given, so that point kinetics become 

valid, has already been treated by Sheff and Albrecht (1966b). 

For the calculation of the CPSDD via eq. (4.6) we need only the kinetic 

importance function 9* ar»d the thermal neutron flux & . 'p can be 

represented as 

<JP , fyj are t h e ^ - a n d j - term resp. corresponding to the roots 

of eqs. (B.4a,b). Using the previous notation, these terms are given by 

where are 

A!' (J4M.AJ. tf 



bl -

According to the decomposition of 9? into a flL -term and a ̂  -term, the 

CPSD„ consists of a sum of three components, a pure n -component, a pure 

J^ -component, and a nixed iiX -component. 

CPSA - £/>SjL + CTSb / CPSA (C-¥) 
/I Af. kX K/ttA 

For frequencies that are not too high, i.e. not much higher than a few 

times the critical break frequency OL , the zt-and X -roots of eqs. 

(B.4a,b) can approximately be represented (Behringer, Kosaly and Kostic 

(1977)) by 

, * 

with 
Kit* (CSc, 

B is the static buckling ( = (£/# ) ) and M is the migration area 

( = *£/•/ ). G is the reactivity transfer function of eq. (5.3a) with 

the neutron generation time A given by 

A ~ i( -1 / .—1 ) (est) 

The main approximations made for establishing the eqs. (C.5a,b) are 

neglect of the frequency dependence of ̂ f and £] except in the small 

difference appearing in the square root of eq. (B.4a). 

£ is the governing parameter for the observation of possible space 

effects in the CPS0R up to moderate frequencies. If / £ / is <*• •/ , 

the reactor will show point kinetics behaviour. A critical reactor which 

fulfils this condition for a frequency up to the end of the plateau re

gion in G, where G is approximately real, must have a size 
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* / f _ (C6) 
H « —J— 

A reactor which satisfies the inequality (C.6) is defined as a small 

system. The usefulness of this definition is related to the frequency 

range which is normally involved in the reactor control. Accordingly 

to how well the condition (C.6) is fulfilled, the appearance of space-

effects will occur later or earlier with increasing frequency. 

Let us further consider a small system with thermal neutron detectors 

located not too close to the core boundaries, and restrict the 

frequency range up to moderate frequencies. Since {il I is «JZ I 0 

and <P can be approximated by 

6+ ~ ****em --*'/*-*/ (c.H) 

<P of eq. (C.7a) encompasses the whole reactor size, whereas 9;» 

of eq. (C.7b) shows clearly a very local range. In order to obtain a 

rough estimate of how much t h e ^ -term will contribute to the detector 

response relatively to the /il -term, let us assume a detector position 

in the core centre and a perturbation localized in a small region around 

the detector. 

/$ - $ (») fa-*,) ; Vi &') 

Substituting eqs. (C.7a,b) and (C.8) into eq. (3.9) gives a ratio between 

the Jl -component and the /t -component in the count-rate spectrum for a 

frequency point in the plateau region of G 
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/ £ £ / - . filfi (t-t'i (CM 

where C is the % -reactivity 

With the numerical data used in section VII, and H = 77,6 cm, fi = -5 %, 

this ratio yields a value of 2.3% , indicating, that the 2. -term contri

butes very little in this frequency range. Due to che spatially very 

different ranges of the /U. - and J. -term, eq. (C.9) represents an over

estimate with regard to a source distributed throughout the core. Fig. 13 

shows the negligible contribution of the,2 -term to the CPSDR, even at 

high frequencies. In these calculations no mathematical approximations 

were used. One sees a small contribution of the 2. -term in the high 

frequency range for detector locations rather near to the core boundaries 

and this contribution comes mainly from the mixed JkJi -component in eq. 

(C.4). 

The allowance for the neglect of the X -term contribution makes the cal

culation of the CPSDR by using the u. -term only equivalent to an approach 

in one-group diffusion theory, except where the thermal diffusion length 

should be replaced by the migration length. 

The approximation of *P by eq. (C.7a) represents the first term of a more 

general representation of eq. (C.2a) by an expansion in £ . 

We will now show, that the use of only the first term in this expansion 

leads to the point kinetics result of the CPSDn, which we will write in 

a form taken from the literature. It is to be noted that, if the second 

term in eq. (CIO) is taken into account, this would correspond to the 

adiabatic approximation (KosSly, Mesk6 and PSzsit (1977)). 

If one writes for the thermal flux 
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and assumes that the thermal neutron detectors might have different de

tection cross-sections ^Zdl* Jldh » *\- (C7a) can be brought into 

the form 

%«,,,«) - ^ W j ^ : 

&(t) 

Inserting eqs. (C.ll) and (C.lOa.b) into eq. (4.6), and neglecting the 

small delayed neutron effect in h, gives 

CPSDX m,,*t,») « * -p Y3& 

r 
D is the Diven factor, defined by 

j) „ w*-o (c-fM.) 
V* 

F is the fission-rate in the system (per unit area in the one-dimensional 

model), given by 

F > 2ffd*tlr) (***) 
o 

f is a spatial form factor of order unity introduced by Otsuka and Iijima 

(1965) to correct results derived from space-independent treatment for 

finite reactor geometry and spatial fission-rate distribution. It amunts 
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here to 

/ 
J£_ . s.os (cnc) 

and R,, R_ are the detector count-rates 

If one regards the normalized CPSDR, NCPSDR = CPSD^/R^ as a measure 

of space-dependence for any detector locations x,, x» in the system, 

this quantity is clearly space-independent for the result of eq. (C.13). 

Eq. (C.13) can be brought into a slightly different form by introducing 

local detector efficiencies. 

This allows one to write for eq. (C.13): 

The definition of the local detector efficiency corresponds to the 

experimental result of Thomas, Hanauer and Baumann (1973) who found 

the space-dependence of detector efficiency to be proportional to that 

of average detector count-rates. 

If one distributes the detectors uniformly through ths reactor by in

tegrating over x, and x„, eq. (C.16) reduces to the well-known point-

reactor result (see e.g. Williams (1974)): 
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CPSJ> (*>) - i/J> H K r/*<*)/* (c-») 

where W,> VL have the usual meaning of detector efficiency. 

Let us briefly consider the other case of the infinite medium approach. 

If H is very large and both detectors are located far away form the core 

boundaries, <jP becomes 

whereof 7 is a spatial relaxation length following from 

G is here the reactivity transfer function of the infinite reactor. 

The resulting CPSDR can be written as 

. H (fW>lTM , £**« er"^) (C.*o) 
if- 1 4. 1 I * I 
1 v m* r f rpi ~ ji / 

The NCPSD- of eq. (C.20) is obviously strongly space-dependent. A detector 

never sees the whole neutron field, but only a part determined by the 

spatial relaxation length. This part decreases with increasing frequency. 

There is a common spatial region, where the visual ranges of both de-
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tectors overlap. It is this common region of the neutron field which 

contributes to the CPSDR. It decreases the further apart the detectors are 

spaced, and must finally vanish, when /^""^/ is very large. 

Inspection of eq. (C.20) shows, that the frequency dependence of the 

CPSDR in a very large multiplying medium is different from the result 

of eq. (C.16) for a small reactor. An expression can easily be obtained 

for the case of overlapping detector locations. It yields in the prompt 

neutron kinetics approximation: 

CODA'S*,,") ~ • j l—r= (Ci1) 

tin)**** y<xttfc, aj*t«4' 

The result of eq. (C.21) is in agreement with the form derived for plate 

detectors by Natelson, Osborn and Shure (1965), and Williams (1966). 

By summing eq. (C.20) for the case of distributed detectors, again the 

point reactor CPSDR must result. An infinite medium containing uniformly 

distributed idealized detectors must be equivalent to a point reactor 

or space-independent reactor since the neutrons from all fission sources 

have an equal probability of being detected. The integration of eq. (C.20) 

over x, and x„ gives 

Eq. (C.22) must be regarded in units of volume. It is necessary after the 

integration of eq. (C.20) to divide by H before taking the limes for 

H••* °° , since one cannot have a finite neutron flux and a finite number 

of neutrons in an infinite reactor at the same time. 

Finally, we should like to make an observation concerning the fast-thermal 

CPSD-technique for measuring the thermal neutron lifetime. If one locates 

a fast neutron detector and a thermal neutron detector closely together 

in the critical reactor, i.e. ideally at the same space point, any phase 

relationships involved in the space integration are cancelled. The only 

terms which can give rise to a phase difference between the detector 

signals are the complex nominators in the first factors in eqs. (C.2a,b). 



- 68 -

Since for well-centered detector positions the J. -component contribution 

can be neglected, even at high frequencies, and the /U - term or £-term 

respectively in the nominator of the /U, -component factor (eq. (C.2a)) is 

a second order effect, there remains a dominating phase satisfying the 

relationship tyf"*0^ with A& defined by </*&(*+*.''**) . This 

relationship is a typical high frequency effect. The phase-plot from an 

in-core measurement perfomed by Penland, Ackermann and Hanauer (1971) 

shows a linear relationship in the considered frequency range up to 

800 Hz. 
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F!g. 3 : A typical cross-power spectrum measured in a nearly cr i t ica l 
reactor state and represented relative to the point kinetic 
CPSD with varied values of the break frequency «C 
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Fig. 4 : A typical cross-power spectrum measured in a subcritical state 
at -3.7 % and represented relative to the point kinetic CPSD 
with varied values of the break frequency OL 
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Fig. 5 : Relative CPSD's of in-core detectors at different common 
positions. The upper figure refers to the cr i t ica l state, 
the lower figure to a subcritical state at -5 $. 
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Fig. 6 : Relative CPSD's and coherence functions of in-core detectors 
at different separated positions in the critical state 
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Fir . 7 : Relative CPSD's and coherence functions of in-core detectors 
at dif ferent separated positions in a subcritical state at 
-5 %. The curve numbers correspond to the detector positions 
indicated in Fig. 6. 
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Fig. 8 : Relative CPSD's and coherence functions of an in-core detec
tor at different positions x-. and an ex-core detector with 
the position Xg at the ref lector peak in the c r i t i ca l state 
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Fig. 9 : Relative CPSD's and coherence functions of an in-core 
detector at different positions x, and an ex-core de
tector with the position x~ at the reflector peak in a 
subcritical state at -5 %. The curve numbers correspond 
to the detector positions indicated in Fig. 8. 
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Fig. 10 : Relative CPSD's of ex-core detectors in the critical 
state and in a subcritical state at -5 $ 
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Fig. 11 : Zero-crossing point of the cross-correlation function vs. 

reactivity with band-pass filtered detector signals (single 

RC low frequency cutoff at 15 Hz, double RC high frequency 

cutoff at 200 Hz) 

Curve 1 point model 

2 detector position x, = x« = 0.5xH 

3 x, = Xy - reflector peak 

Index a (upper figure) H = 77.6 cm 

Index b (lower figure) H = 197 cm 
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Fig. 12 : Relative CPSD's and coherence functions of distributed 
detectors 
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Fig. 13 : Relative residual CPSD's for different detector positions 

in a bare homogeneous reactor, when the pure ft -term con

tribution is subtracted. H = 77.6 cm 

Curve 1 detector position x, = x_ = O.lOxH 

2 x. = x2 = 0.25xH 

3 xl = x2 = °* 5 0 x H 

4 x] = O.lOxH x2 = 0.90xH 

5 x1 = 0.25xH x2 = 0.75xH 

The upper figure refers to the critical state, the lower 

figure to a subcritical state at -5 %. 


