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ABSTRACT

The theoretical basis is presented for the evaluation of a frequency dependent function
that enables to calculate the response of a neutron detector to parametric fluctuations
("noise") or oscillations in a reactor core. This function describes the "field of view" of a
detector and can be calculated with a static transport code under certain conditions,
which are discussed. Two applications are presented: the response of an ex-core
detector to void fraction fluctuations in a BWR and of both in- and ex-core detectors to
a rotating neutron absorber near to or inside a research reactor core.

Basic Theory

Adopting the operator notation and symbols system of Ref. [1], the general neutron
transport equations can be written as:

Sd (1a)

(1b)
3t

s d =
k

where all independent variables (position, direction, energy and time in the general
case) have been omitted for ease of notation. M denotes the "migration and loss
operator" while F is the operator for neutron production via fission; the latter operator
contains the fission cross section, the average number of neutrons produced per
fission and the energy spectrum of the fission neutrons. The actual form of operators
and variables depends on the type of approximation to the general transport equation
that is adopted; for instance, if multigroup diffusion theory is applied, 0,0/v and S d are
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vectors with size N, whereas F and M are NxN matrices where N is the number of
energy groups.

In an operating reactor changes in macroscopic cross sections can occur;
these can be either of deterministic nature (e.g. movement of a control rod) or of
stochastic nature (e.g. formation, transport and collapse of steam bubbles in a BWR).
The latter type of perturbations and their effects are the subject of studies of reactor
noise, which is caused by relatively small "spontaneous" fluctuations. Changes in
macroscopic cross sections are usually denoted as "parametric changes" because the
macroscopic cross sections appear as parameters in the neutron transport equations.
The parametric changes lead to perturbations 6M and SF in Eqs. (1) which cause
changes 60 and 6Ck in the neutron flux and the concentration of delayed-neutron
precursors, respectively. Introducing these perturbations into Eqs. (1) and neglecting
second-order terms, which is justified in case of small perturbations, we obtain:

1 i . 60 = [y-flSF - 6M]0 + l(1-jS)F - M]60 * c5Sd (2a)
v 3t

— <5Ck = Pk6F0 - 0kF60 - Ak6Ck (2b)

*Sd = E*A*C k (2C)
k

In case of fluctuations of a stochastic nature, a representation in frequency domain
instead of time domain is preferred because the most convenient description of
stochastic time-dependent quantities is in the form of frequency dependent functions
like spectra, coherence and phase [2]. Therefore, Eqs. (2) are Laplace transformed
and combined into one equation:

11 -(1-/?)F+M -
v

60 = - <$M 0 (3)

where the energy distribution x of the delayed neutrons is taken into account in the
production operator Fd; s is the Laplace variable and the bar denotes a Laplace
transform.

The arrangement of terms in Eq. (3) reflects the physical meaning: the right-
hand side of the equation is the driving "source" for the flux fluctuations in the left-hand
side and can be considered as a fluctuating neutron source. The fluctuation source is
obtained by multiplying perturbations in the migration and production operators with
the static (or average) neutron flux. A neutron detector positioned in or near the
reactor core will detect the local flux fluctuations which are caused by parametric
fluctuations anywhere in the reactor. The detector response can be described by:
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where the brackets denote integration over all phase space and Zd is the detector
cross section (i.e. the cross section for the neutron reactions that contribute to the
detector signal). In case of multigroup diffusion theory the phase space consists of the
system volume and all energy groups.

In practice, the parametric fluctuations occur everywhere in the reactor core,
whereas the detector has a fixed position. By adopting an approach with adjoint
operators, the detector response can be written as an integration of contributions from
all noise sources. We can define an adjoint equation by using the adjoint of the
operator in the left-hand side of Eq. (3):

where M + and F+ denote the adjoint operators, related to the regular operators
according to adjoint theory [3]. In multigroup diffusion approximation, the adjoint
matrix operators are the transpose of the regular operators. According to adjoint
function theory we can write:

where

60 = (1 -0)<5F + £ ^ 6 F d - 6M (6b)
k s+h

which states that the detector response can be written as an integration over local
parametric perturbations multiplied by the local value of an adjoint function that is
dependent on properties and position of the detector through Eq. (5). Thus the
"detector adjoint function" can be considered as describing the "field of view" (FOV) of
the detector, because it describes the impact of a local perturbation on a detector
positioned at some distance; from now on this function will be designated as FOV.
The great advantage of using the adjoint Eq. (5) instead of the forward Eq. (3) is that
the response of a detector can be determined for every space distribution of the
perturbations in a single calculation once the FOV is known.

Taking s = jw, where w is the angular frequency, the FOV is a frequency
dependent complex function, containing a real and an imaginary part. In the terminolo-
gy of system response theory [2], it is the frequency and space dependent transfer
function describing amplitude and phase of the detector response to a local perturba-
tion. For each detector position and frequency, the calculation of the detector
response function requires the solution of the static and inhomogeneous transport
equation (5).

A complete elaboration of the foregoing equations in the framework of multi-
group diffusion theory is given in Ref. [4j.
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Implementation in Multigroup Diffusion Calculations

In a multigroup approach, the FOV can for each energy group be split up into a real
and an imaginary part according to:

0* = «/i - \n\ W

where the minus sign has been chosen because usually there is a negative phase shift
in the response, thereby giving rj\ a positive value. Insertion of (7) in Eq. (5) produces
two (coupled) equations for each energy group, for real and imaginary part of the
FOV, respectively. So an N-group diffusion analysis leads to a set of 2N diffusion
equations defining a pseudo 2N-group static diffusion problem with modified cross
sections and an extraneous source term, containing the detector cross section. All
modified cross sections are related to the regular cross sections [4] with one
pecularity: it turns out that for each pseudo-group the modified fission and absorption
cross section are not separately and uniquely defined. Only their difference is fixed,
which gives a degree of freedom in choosing one of these cross sections. It is
advantageous to choose the fission cross section as low as possible, because neutron
multiplication in a system with an external source can lead to convergence problems in
numerical calculations. Therefore this multiplication should be kept as low as possible,
the only reason for keeping some pseudo-fission being the fact that in almost all
computer codes the fission production cross section may not be set equal to zero in
all system zones and energy groups. Another degree of freedom is present in the
distribution of the "adjoint" fission spectrum over the pseudo-groups. An extensive
discussion of the degrees of freedom is given in Ref. [4].

Although the set of adjoint equations can in principle be solved by every regular
diffusion code by adding a subroutine for transforming the system group cross section
set into a set of pseudo cross sections, care must be taken in the implementation.
Most codes have an internal protection for the occurrence of negative neutron fluxes;
the pseudo-fluxes (i.e. real and imaginary part of the FOV) can become negative, e.g.
the real part of the FOV changes sign for a phase shift of more than 90 degrees which
can occur at large distances from the detector and at high frequencies. Therefore the
well-known diffusion code EXTERMINATOR-II [5] was first used for conversion into a
"FOV-code", because this code has no internal protection against negative fluxes. The
numerical code was extensively benchmarked for this particular type of problems by
performing calculations on a simple system (homogeneous bare slab reactor with
detector) and comparing the results with the results of analytical calculations on the
same system [4]. Later also the CITATION-code [6] was modified for FOV-calcula-
tions.
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Practical Applications

The field-of-view of an ex-vessel detector

In BWRs stability problems can arise in some regions of the so-called power-flow map,
a special case being a BWR with natural convection cooling [7]. Power and flow
oscillations can occur with a global and/or local character which can in principle be
detected timely by noise monitoring. It was investigated how sensitive an ex-vessel
detector is for local parametric fluctuations in the Dodewaard BWR in the Netherlands.
As only frequencies around the resonance frequency of the core (1 Hz) are of interest,
detector FOV calculations in two dimensions and in two energy groups were
performed for this frequency. Because fluctuations in moderation cross section due to
steam bubbles are the main noise sources, these were used in the calculation of the
detector response. Figure 1 shows the result in the form of response contours on a
horizontal cross section of the reactor core, the detector being positioned at the

"Northern" side of the core. The
numbers indicate the relative sensiti-
vity, subdivided into a number of
percentage classes as indicated in
the figure caption. In the case shown
in the figure four control rods were
partially inserted; these control rods
were positioned in the areas with the
number "2" in it around the core
centre. It can be seen that variations
in fuel bundles with relatively high
power (which are the least stable)
contribute mostly to the detector
signal, whereas fluctuations near the
control rods are of minor importance.
An interesting phenomenon is that the
ex-core detector "looks" behind the
control rods thanks to the fact that
fluctuations in remote regions are

propagated to the detector by diffusion and fission processes; due to the spatial
extent of fission chains, there is almost no "shadow" effect behind the control rods.

Rotating absorber in the reflector of a research reactor

In the framework of a generic study of perturbations in a research reactor a theoretical

core contour

Figure 1. Distribution of the relative contribution of 1-Hz
variations of the moderation cross section to the signal
of an ex-vessel neutron detector: 1 = 10-20%, 2 =
20-30%, ..., 9 = 90-100%.
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study was made of the effect of a rotating absorber (e.g. a piece of cadmium on the
edge of a rotating disk) on a detector. Figure 2 shows a horizontal cross section of
the system: a symmetrical square MTR- 72

type core surrounded by a water reflector. _
The rotating absorber can be positioned in !
the middle of the core or near the core
edge, detector positions were considered
along the lines x = 19 cm and x = 35 cm,
respectively. The rotating absorber was
modelled by positioning four sinusoidally
oscillating absorbers in four lattice posi-
tions, as indicated in the lower part of
Figure 2; these absorbers have mutual
phase shifts of 90 degrees, adding up in
counter-clockwise direction thereby simula-
ting a counter-clockwise rotating disk with
absorber.

Figure 3 shows amplitude and phase
of responses of detectors along the core
edge to a rotator near the core edge.
There is a distinct difference between the
results of point-kinetic (PK) calculation and
a FOV calculation. The PK result shows a

spatial amplitude distribution equal to the flux distribution ("global response") and a
space-independent phase shift of 130 degrees. The FOV result shows a strong "local"
response and space-dependent phase shift (relative to the C1 absorber) at short
distances between detector and disturbance.

Figure 4 shows the results for a rotator in the centre of the core. In this case
the rotator has no reactivity effect because of the symmetry of the system and
therefore there is no response according to PK theory. However, FOV analysis shows
a strong local response and some, albeit rather weak, global response in which even
a slight reflector peaking is visible. The phase behaviour along the line of detectors
also shows a local effect whereas the phase is dominated by the phases of the two
oscillating absorbers with the shortest distance to the detector (all phases being taken
relative to the D1 absorber).
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Figure 2. Geometry of the rotators
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Figure 3. Responses of detectors on the line x = 19 cm to rotator C (f0 = 1.0 Hz).
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Figure 4. Responses of detectors on the line x = 35 cm to rotator D (f0 = 1.0 Hz).
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