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Abstract 

Soire methods to describe the dynamics of fission reactors are investigated. 
First the reactivity of a reactor is regarded. The values of an exact calculation of the 
reactivity are compared with values obtained by first-order perturbation theory. Then a 
description of the point reactor kinetic theory and the detector response theory is given. A 
comparison of the two methods is made, using models of some well defined perturba
tions. Two of the perturbations are such that a physical movement of some absorber is 
regarded. A new way of modelling these moving objects is proposed. 

The result of the point reactor kinetic theory and the detector response theory 
did not differ too much for perturbations which were far from the detector position. 
Locaily however point reactor kinetic theory was not. in contrast with detector response 
theory, able to produce reliable results. 

The results of these calculations are to be compared with experiments, which 
will be performed later. 
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I. Introduction 

Studies of Ihe dynamical processes of fission reactors are important for their 
safe operation. A first step into understanding the time dependence of reactors is to write 
down time dependent balance equations as general as possible. This would mean inclusion 
of both the neuironic processes and thermo-hydraulics. To solve these directly would be a 
tremendous task, even for today's computers. Moreover, it gives no real insight into the 
physical processes which play a role. To be able to proceed further, one first has to make 
some choices. The time-scales of the different processes involved differ very much. For 
example fuel-burnup takes times in the order of months, whereas most neutronic 
processes will take place in only fractions of seconds. In this report only the fast 
processes are being investigated. 

In chapter II a rough sketch of some methods of investigation of the fast time-
dependent processes will be given. The first method is to use reactivity (p), which tells 
how far the system is from steady-state, or more precisely from criticality. Although this 
means that for example nothing is said about how flux is changed, it is useful as a first 
estimation of the kinetic behaviour of a reactor. A better insight into the kinetic behaviour 
of a reactor can be achieved by separating the time dependent neutron balance equation in 
a time dependent and a space dependent pan. In this way the point-reactor kinetic 
equations arise, which can give more insight into the time dependent behaviour of fission 
reactors after introducing some disturbance, like for example the insertion or withdrawal 
of a control-rod. If only small changes are introduced to the system, an alternative 
scheme is possible, which yields a description, that needs no decoupling in space and time 
and so can be used to model even shape-changes of the flux. 

A disadvantage of the last method is that for every new disturbance another 
calculation has to be performed. With the detector response theory treated in chapter III 
however it is possible to overcome this problem. Here one does not calculate the flux at 
every point in the reactor due to a disturbance, but one looks for the response of a 
detector in the reactor to perturbations. Then only one calculation is needed to predict the 
response of the detector to any disturbance. 

To see whether this detector response theory is useful, whether it can give more 
insight into the space dependency in reactors and to what extent it can add new features to 
existing theories as point-reactor kinetics some numerical calculations have been done. 
The results are given in chapter IV. As an example the responses of some detectors to 
three different disturbances are shown. All three influence the absorption cross section at 
a certain position in the reactor. The fact that only changing absorbers are treated is 
because later on experiments will be performed with the so called TURBO-experimental 
setup, which contains a small piece of cadmium. This is a material that absorbs neutrons 
strongly. The calculations are seen as a first attempt to mode! the effect of it. 

i 



II. Dynamics of fission reactors 

In dynamical studies in reactor physics normally the time dependent neutron 
balance equation with delayed neutrons is taken as a starting point (see e.g. Bell & 
Gladstone (1970), Duderstadt & Hamilton (1976)) 

1 cMErf,t) = L x >- ( E ) p ( E ' ? r t ) . L(E,E' .U)ME\r,t) - X
,,(E)/>a(E\r,tME',f,t) 

di 

- ^ x f ( E ) X i C ( r . t ) - Q(ETr,t) 

(la) 

= -X,C(r\t) - Pd(E',r.tV(E'.r.t) i=1.2. (lb) 

where v? 
r 

X 
P 

D 

P = r P 
d.i 

d 

P.L 

Q 
l 

neutron-flux-density. later called flux 
density of precursor type i 
decay constant for of precursor type i 
energy spectrum of prompt neutrons 
energy spectrum of neutrons released from precursor type i 
production operator of precursor type i 
production operator of all precursor types 
total production operator and loss operator, respectively 
external source 
number of delayed neutron groups 

Energy, space and time and space dependence is referred to explicitly in the equation 
given above. In general these 1 + 1 coupled differential equations can not be solved 
analytically and are very difficult to solve numerically. Therefore approximations have to 
be performed. Some of them will be discussed shortly in this chapter. 

II.1 Reactivity ;«s a mens ure of out-of-criticality. 

For a critical reactor one can write the neutron balance equation as follows: 

[xPCE)/»(E'.f> - L(E.E'.f)]c(E'.f) = 0 (2) 

Now let there be some change in the production and loss terms. If these changes 
can be described as oP and oL, then the new operators F. U can be written as: 

F = P - bP. V = L - oL (3) 
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It is very unlikely thai the perturbed system is again stationary. If f and V will be 
substituted into (2), this will mean that such an equation will not be solvable. Therefore 
one commonly introduces an eigenvalue k: 

[X
p(E)/"(E',f) ^ L , ( E f E . ^ j ^ ( F ^ = 0 (4) 

k 

It can be seen that the value of k is one if the reactor is critical. The value k is a 
sort of balance factor. It gives the average number of neutrons produced by a new bom 
neutron, therefore this k is called the effective multiplication factor (e.g. Duderstadt & 
Hamilton (1976)). 

A related value is reactivity p: 

p . J i l i . l - i (5) 
k k 

which is 0, if the reacior is critical. Jf the value of p is negative, the reactor is subcritical, 
which means that ihe neutron flux level will decrease in time. The neutron flux level will 
increase if p is positive. Then the system is called supercritical. The value of p says 
something about how fast the level will change. The larger the value the larger the 
deviation from criticality and the faster the neutron flux level will change. 

To calculate the value of p, one can integrate equation (4) over space and energy 
yielding k and after that using equation (5). In practice however it is impossible to do the 
integration, because one doesn't know the flux «?' of the perturbed situation. If the 
changes in the operators compared to the critical situation are small, one can expect that 
the change in the flux will not be too much, either. Therefore one can postulate that the 
flux *p' of the perturbed situation will be: 

' - (6) 

where Scr is small. Substituting this into equation (4), integrating and neglecting the term 
with bf will give a rough estimate of k and so p. The problem is that this neglected term 
can be rather substantial, because of the fact that the integration has to be performed over 
the whole system. The value of b<p is small, but the integrated result can be large. 

II. 1.1 First-order perturbation theory 

A belter approximation of p can be made using the so-called first order perturba
tion theory, which will be discussed next. Substitution of (3) and (5) into (4) gives: 

{x''(E)^E'.f)-L{E.E',r)V'(E.fj = px'VEMflE'.T) *bP(E'.7))ip'(E'.7) 

-(X,>(E)6/'(E',r)-5L(E.E'.f)^'(E',f) 
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If we now define two operators P' and I/, which are adjoint to P and L respectively, we 
can write an adjoint equation, with its corresponding adjoint function *pf (see the appendix 
for the principles of adjoint function theory): 

[{xP<E')TO,r)r-LW,E,r>]^(E,r) = 0 (8) 

Now we can multiply equation (7) by <?*, multiply equation (8) by v and integrate both 
equations over energy and spate. Using the definition of adjoint operators, one can see 
that the terms at the left-hand side of the equations are equal. Now it's possible to derive 
an alternative expression for the reactivity p: 

P = 
IP(E' r)(xP(E)5P(E',iWL<E,E\?)V(E\r)dEdr 

^(E,rOx''<E)/>'(E\fV(E\r)dEdf 

(9) 

Until now no approximations were made, so equation (9) is exact. This equation 
however is formal, too. because knowledge of <p' is needed. Now suppose the change in 
the operators is not too large, we can use equation (6) again. Substitution of this into (9) 
gives: 

p = 
II ie'(E,r)(xP(E)5^E'.r)-fiL(E,E'.r)){v9(E'fr)-5^(E'.?}dEdf 

UO) 

I ' ' (E,r)x'p(E)/>HE\n{**(E\r)-ME',F)}<lEdf 

Neglecting the terms (bP + bLybe in the numerator, which is a product of small terms, 
so of second order, and be in the denominator, which is small compared to <f will give: 

o -
IP (E.rj(x,'(E)6P(E\r)-5L(E.E'.T)ME,.r)dEdF 

(11) 

IP ^(E.r)x,'(E)P'fE'.rME'.FKlEdr 

This means that there is a closed, though approximate, expression for the reactivity, due 
to a certain change in the production or loss terms, where only terms of second order are 
neglected. Equation (11) is very useful, because it requires just two times a solution of a 
neutron balance equation ( namely equations (2) and (8) ) to obtain the reactivity effect fo 
r all kinds of perturbations, provided they are not too large. 
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It can be shown that, to compare two non-critical systems, both equations (9) and 
(11) can still be used. The values, calculated with these equations, however will then give 
the difference in reactivity between those two systems. 

The function >/ can be given 
a physical interpretation, if we 
realize the following. Suppose there 
is a small change in absorption cross 
section 6-a at a particular position 
r„, so: 

0.0 R (cm) 
00 

3.0 
r (variable) 

SSgSgftxbAxSSi 

51.0 61.0 

10.0 

M 

32.3 

bL = -6I6( r - r t > ) ; 6P = 0 (12) 

If we substitute this into (11) we 
set: 

p = -oS. ^Wii) 
ZTTZ(13) 

vW/'CfMfldf 
V 

42.3 

Figure 1: Two-dimensional cylindrical geometry 
used in Chapter II 

REFLECTOR where we omitted exphcit reference 
to the energy for convenience. From 

: this equation it can be seen, that «r+ 

can be interpreted as a value for the 
effectiveness of changing reactivity 
by that small perturbation. In other 
words, the change in production or 

loss terms at a particular position in the reactor will be larger in changing reactivity, if <? 
is larser at that position. Therefore one calls c+ the 'importance function' (Lewins 
(1965)). 

II. 1.2 An example of using first order perturbation theory 

To get some more insight into the above presented theory and especially the 
usefulness and restrictions of first-order perturbation theory, some numerical calculations 
were performed with a two-dimensional cylindrical one group model of a reactor with a 
homogenized core and reflector (Figure 1. Table I). The values in the table are taken 
from: de Vries (1974. pp. 15. 18 and 19) and the dimensions are adjusted, such that a 
critical reactor arises. With the computer-code CITATION it is possible to calculate flux 
for this reactor, which we will call the unperturbed flux. Putting some absorbing material 
into the reactor will perturb the system and lead to a change in reactivity and a change of 
the flux. Another calculation with CITATION for this reactor with the absorber will give 
the new flux and. using this new flux and equation (9). reactivity effect of this absorber 
can be calculated. 
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Table I: Group constants used 

D [cm] 

£, [cm"1] 

S..u [cm1] 

S,2i [cm1] 

vZ{ [cm1] 

CORE 

group 1 

1.43 

2.84-103 

-

0.0 

4.25-10' 

group 2 

0.207 

7.06-102 

2.13-102 

-

0.107 

in chapter II -

REFLECTOR 

group 1 

1.05 

4.00-10"1 

-

0.0 

0.0 

group 2 

0.146 

0.0197 

3.40-10'2 

-

0.0 

The value for 
the change in reac
tivity calculated in 
this way, which can 
be said to be the 
exact value, can be 
compared with the 
result of first-order 
perturbation theory 
(equation (11)). 
Figure 2 shows the 
change of reactivity 
versus the change in 
absorption for a foil 
with a radius of 1.0 cm and a height of 7.0 cm. The result of first-order perturbation 
theory (Sp^) shows a straight line, which can be understood if equation (11) is used with 
P = ^Df(E) in the core, bP = 0 everywhere. 6L = -61., in the foil and 6L = 0 elsewhere: 

2 0.G -6 . 

* "5C1 \ 
- I C C -

-I&.C-j 

-20.C -
I 
I 
i 

-25.C i 

-3C.C -. 

\ 

c 
' c 

VÆ 
0 -

method 
= exact 
= perturbation 

•','h 

W 

• i 

theory: 

i 
i 
i 

0 000 C 006 0 010 0C:£ 0 020 0C2£ 

i>Z Icm"1] 
a 

Figure 2: dp versus 51,,. calculated exactly and by first-order perturbation 
theory, for an absorbing foil with a radius of 1.0 cm. 

°Pr„ - o -
If* (E,f)^(E.f)dEdr 

<E.fjx''(E) 
v . „ 1 

^,(E')c(E',f)dE'clEdf 

8 



The term with the integrals is constant for all changes of the absorption cross section, so 
6Ppo WM change linearly with ol,. 

Things are different, when we look at the result of equation (9). Using the same 
values for the operators the change in reactivity (opiy) will be: 

Op = -O i . 
f k .-+(E,rVtE.r)dEdF 

[ JtfT(E.f>xl'(E)|j'!:fiE-')c;r(E'.f)dE'dEdr 

Now the part with the integrals is not constant, because a change in absorption cross 
section will change the flux <p'. If for example the absorption cross section of the foil 
increases, the flux at that place will decrease. This means that both the numerator and 
denominator will decrease. Because of the fact that the volume of the foil is far less than 
the volume of the core, the effect of the numerator will be dominant, so 5p„ will vary 
slower than linearly with the changed absorption cross section of the foil. 

*2 0.0-, 

- 1 . 0 - t 

c 
a. 

* ! 
- 2 . 0 1 

radius of a1 

• 
o 
fl 

•* 

= 10 
= 2.0 
= 4.0 
= 8.0 

bsorber! 
cm ! 
cm 1 
cm j 
cm 

i 

S/1 

/ ^ o / 
/ 

/ c & 

-2.0-1 

-4.0 

-5.0-

/ 
-6.0+— 

/ 
/ 

/ 
/ 

/ I 
/ 

*c 

J 

-6 0 -5.0 -4.0 -3.0 -2.0 - 1 0 

op ex 

0 0 

*10" 

Figure 3: oprer versus op for various radii and absorption cross sections of the 
absorber. 

Figure 3 shows the change in reactivity calculated by first-order perturbation 
theory bpp,, versus the 'exact' value bp^ for 36 different absorbers. Four different radii of 
the foil have been used: 1.0 cm. 2.0 cm, 4.0 cm and 8.0 cm. whereas the heisht always 
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was 7.0 cm. For every radius nine different absorption cross section were taken in such a 
way that the product of the volumes and the absorption cross sections (h-xr-S-J had nine 
different values, namely: 1.3 cnv. 2.7 cm-, 5.5 cnr. 11.0 cm\ 22.0 cm7. 33.0 cm\ 44.0 
cnr, 55.0 cnr and 66.0 cnr. The different symbols denote the different radii of the fcils. 
From the top to the bottom the change in absorption cross section of the foils increase. 
The four different symbols lying on almost the same vertical positions denote foils with 
different radii and absorption cross section, such that the product of 5-,-r-h is constant. 
The solid straight line denotes points, where op^., has the same value as 5p„. As can be 
noticed, the larger the product of r and 6ra the larger the difference between op^ and 
6p.x. This can be explained by the fact that the larger that product, the larger the disturb
ance, the less valid is the neglect of second order terms in first-order perturbation theory. 
But another interesting effect can be seen, if one looks at different absorbers for which 
the product is the same, but the radii are different. The difference between the exact and 
the approximate calculation will be larger if the radii are smaller. In that situation 5£. is 
larger and so the change of the flux ov- will be larger, which will influence numerator of 
equation (15; more than the denominator. 

W'th this simple example one can see that first order perturbation theory performs 
better when the change m absorption cross section is not too large. Moreover this theory 
can be applied better in situations, where changes in absorption cross section are small in 
a large volume, than large in a small volume. 

II.2 Paint reactor kinetic equations 

Until now reactivity was used only in a very qualitative manner. To know more 
about the actual time dependence of ihe processes in the reactor, one wants to predict for 
example the change of flux in time, due to mis change in reactivity. Of course one could 
try to solve the time-dependent neutron balance equations (1) numerically, but it is 
possible to derive equations, which can be solved analytically. Therefore one supposes 
that the fiux does not change its shape, but only starts to increase or decrease. For a one 
dimensional homogeneous slab geometry and one energy group. where 
s?(x.t) = v-N(t)-^x), Cj(x.t) = c,{t)-^,(x) and Q(x.t) = q(t)v0(x) . for example, 
equations (1) will look like: 

I tfVtfJX)N(t) d : -r^ 
—: = (D — - r -(l-3)/-I. IW„(MNI'L) - yXcdk-Mx) * q(t)^lt(x) 

v b\ dx: " ' " ~ • ' * 

ctc.(twx) 
— : - — = <5r-v.Mdkr.lx) - X c ( ! k r ( x i 

b\ ' "•' 

: delayed neutron fractkv. of precursor type i 
: lotal delayed neutron fraction 
: macroscopic diffusion coefficient 
: macroscopic fission cross section 
: average number of neutrons released in a fission reaction 
: macroscopic absorption cross section 

wnere 
.0 
M: 
.0 
M 

D 
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Because tp0(x) will be cos(Bx), with B the geometric buckling, these equations will 
reduce to: 

45JW = vF£f[~
PB~£'»(i-g)]N(t) - E x ^ o - qct) 

dt PLf i.o 

dc(t) 
-±L = vÆrj8;N(t) - X,c;(t) 

Noting that 

v^, 1 1 
k = L-; p * 1-i; and A = —i-

DB2-E k VKE, 

where A is the mean generation time, the point kinetic equations arise: 

dt A t\ 

dc(t) 0. /7 m __pi = ^ N(t) - AxO) <2°) 
dt A 

The reactivity may charge in time and can even be dependent on N(t), which 
leaves us with a system of non-linear differential equations with non-constant coefficients. 
If changes are small, so N(t) = N„ + n(t) and p(t) = p(, + op(t) with 6p{t) and n(t) 
small, one can transform the point-reactor kinetic equations into a set of first order 
differentia] equations with constant coefficients. These can then be solved using Laplace 
transformation and fi and p as Laplace transforms of n(t) and 6p(t), respectively: 

n(s) = N(,G(s)p(s) (21) 

with 

G(sj = -
' /3 s (22) 

sA * p, - X, 
l=, s - X 

and 
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Ms) = (23) 

where ip0 is the stationary flux, vl the corresponding adjoint function, defined by equation 
(8). Equation (23) is the Laplace uansform of (11) with neglect of the term bP in the 
denominator. The function G(s) is called the reactivity transfer function (RTF). 

For a special case, where only one precursor group with parameters /? and X is 
taken into account, the transfer function becomes: 

with 

(24) 

A . I 
0S-po)d>~ 

p,A" 
- (Aur - A3 - AX2)' 

[ 
u)A 

P^ 

w 

(1 /2 , 

" (AX^-p0)3 

(25a) 

6 = arctan _ (X£*m2A-AX2) 

10-PU)-> 
P^2 

u 

(25b) 

A drawback of the point reactor kinetic equations is that changes of the shape are 
neglected. This can be a serious problem, especially in cases, where changes in parame
ters are large or strongly space dependent. To solve these problems, one has to look for 
other solutions. One of them will be dtscussed in the next section. 

II.3 Frequency dependent balance equations for small changes 

If changes are small, it is possible to derive an alternative expression. Firstly, one 
has to define some new variables: 

*'(r , t) s ifjj) - 5^(f,t): C/(f.U = Cjf) - 6C,(r.t) 

P'(f.i) m Pu{T) * bP{7,l); f(T.i) = L0(7) - oL(r.t) 

Of'0 s ^.o( f) * S/>d(r,i); P'iif.i) ^ P,JT) - dPå(f,t) 

(26) 

J : 



The variables denoted with a subscript zero refer to the stationary situation, which can be 
described as follows: 

(27) 

Using (26) and (27) and neglecting second-order terms the time dependent neutron 
balance equations (la) and (lb) can be written as: 

v ot 
0<f = X''5P + 6L - x ' S P 4 K * E X?\$C, + SQ 

(28) 

at 

where we omitted energy, time and space dependence for convenience. .Laplace trans
formation of the above equations and substitution of the precursor relation into the neutro 
n balance equation and taking s = ju? gives: 

i-i Jf^A, 
^-(x"w -AW+E'" r, c 'p^ S£(r» = 

(29) 

x'5W.W) + a£(f.U)-ÉJu? ~ 'g^fl^) vr0{?) * 6Q(f,w) 

Notice that all variables on the right hand side are known. Equation (29) can be solved by 
computer codes for solving the stationary neutron-balance equation. Solution will be the 
change of the flux as a function of position for angular frequency w for a certain pertur
bation. For every frequency and every change in any of the parameters a new calculation 
has to be performed. 
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HI. Detector Response Theory 

Equation (29) of the previous section is very useful if knowledge of the change in 
flux is needed for one particular perturbation. In practice however one preforms measure
ments of the flux with detectors, which are placed at particular positions in the reactor. 
To calculate the response of the detector, an integration of flux and macroscopic detector 
cross-section £d over the detector volume VDET has to be done: 

R(t) = Ed(FMr\t)df (30) 

This means that only the flux at the detector volume is necessary for the detector 
response. Normally the volume of a detector is far less than the volume of a reactor, so 
only a small fraction of the result of equation (29) is used for the determination of the 
detector response. 

A large reduction of calculations can be achieved by defining a certain function 
g(f.w). which is the solution of the following equation: 

1^ / f n / - \ T / -N V^ J W + ^ Xi )^i 

i*i JUJ-X; p*ja g(?,w) = Ed(i) 
(31) 

Application of the adjoint function theorem in connection with (29), gives: 

{giT,u).[bP{T,u) + &L(T,u)-'E*U* 7 — ^ d(r>)]y 0(f) + 6Q(f>)} 
i'l jet -\ 

(32) 

where 5R is the response of a detector, which has a cross section Id, as in equation (30). 
One can interpret g(f,aj) physically as follows. Suppose we add just one neutron 

as an external source at f - Fs, so oQ(F,t) = 5(f - rs)o(t). Then equation (32) will give: 

SR(u) = g(?„«) (33) 

Thus the function g(f,u) can be regarded to be the space dependent Laplace transform of 
the source impulse response. In other words this function can be seen as measure of the 
frequency-dependent field-of-view (FOV) of a detector. 

The usefulness of the detector response theory comes from the fact that it is 
possible to calculate the detector response to any fluctuation, which is not too large, by 
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just one calculation, namely the solution of equation (31) and then by simple integrations 
as in (32). Moreover writing g(r,ci>) as a sum of an imaginary part and a real part, one 
can show that (31) can be solved as a static neutron balance problem with modified values 
for the different cross sections (van Dam (1976, 1977), v.d. Hagen et al (1992)). Lots of 
well established methods and computer codes for solving neutron static balance problems 
are available, which makes calculation of the detector response in this way possible 
numerically. Moreover for simple cases even an analytical treatment is possible. 
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IV. Applications of detector response theory 

Many researchers have been working with one form or another of the above 
presented theory. Behringer ei at (1977,1979) did some analytical calculations in two-
groups, one-dimensional slab geometry, in diffusion approximation. It appeared that in 
two-group calculations it is possible to describe the field-of-view g(f.u) as a sum of two 
functions. One of them is important only in the neighbourhood of the detector (the so-
called local component), the other becomes dominant far from the detector (the so-called 
global component). I- could even be shown that in a small reactor this global component 
tends to be equivalent to the point kinetic result. In larger systems however the global 
component appears to be somewhat different from the point-reactor kinetics result. The 
phenomenon of local and global effects is in accordance with experiments (e.g. Wach & 
Kosaly (1974), Fuge er al (1911)). 

Problem with the description of Behringer ei al is that this splitting into two 
functions is only possible in two-group calculations. If there are n groups, there will be n 
roots, which can not easily be divided into local and global components. 

Pazsit (1978) extended above theory with some serni-anilytical work, where he 
used a reactor with a homogenized core and a reflector. He concluded that the local effect 
of ex-core detectors differs to some extent from those, which are in-core. It is found that 
in the reflector the local component has a larger migration length, due to less absorption 
and dominates over the global component. 

All above treatments were performed for frequencies in the plateau region (see 
e.g. Lewins (1977)), so for frequencies X < w < /3/A. For higher and lower frequencies 
Van der Hagen er al (1992), calculated fields-of-view in a simpler geometry, namely a 
one-dimensional slab and just one energy-group, a' ranging from 10"4 to 103 s'1. From this 
work it could be concluded that for fluctuations, which do not occur in the vicinity of the 
detector and for frequencies not too high, the response resembles very well the response 
calculated with point reactor kinetic theory. For higher frequencies there are large 
deviations, especially for the phase shift between source and detector. 

In the following we will present some results of numerical calculations. Firstly we 
show fields-of-view for two different situations. The first one is a one-dimensional slab 
geometry, with a core and a reflector. Only one energy group was modelled. This was 
done to see some basic aspects of the detector response theory and to verify our numeri
cal calculations with the analytical work in literature. The second example is a more 
realistic one. Here we took a two-dimensional geometry with a core and a reflector and 
performed calculations with two energy groups. We restricted ourselves to two groups, 
mainly because of the fact that this means that calculations of the field-of-view have to be 
done effectively with 4 groups, for every energy group a real and an imaginary part. 

After that a comparison of detector responses to some disturbances, calculated by 
point-reactor kinetic theory and detector response theory will be given. Only influences of 
disturbances caused by absorbers will be investigated. 
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IV.1 Field-of-Me« calculations for two situations 

IV. 1.1 One-dimensional, one energy group calculations with core and reflector. 

Some numerical calculations were performed using a one-dimensional slab 
geometry with a homogenized core of 15 cm and a reflector of 30 cm at both sides with 
one energy group and one group of delayed neutrons. For the solution the static diffusion 
computer code CITATION, was used with modified coefficients as described by Van der 
Hagen er al (1992). So for this problem the one-group parameters were transformed into 
two group parameters, where one group represented the imaginary part, the other the real 
part of the equations. 

Table II: Group constants used in example 1. 

D [cm] 

£a [cm1] 

vZ. [cm''] 

v [cm/s] 

CORE 

1.109 

6.088-10-

9.41 M 0 " 

1.6-10" 

REFLECTOR 

0.022 

0.0966 

0.0 

1.6- l(f 

kctf = 0.9370; p = -0.0672 

GENERAL 

& 

X 

A 

£/<2zA) 

X/2ir 

0.62 % 

0.0767 s"1 

6-5510-5 s 

15A s'1 

0.0122 

Figure 4 shows the amplitude and phase of fields-of-view for three different detector 
positions at five different frequencies, one far in the reflector (upper, at 2.5 cm), another 
in the reflector but close to the boundary of the core (middle, at 28.5 cm) and one almost 
at the centre of the core (lower, at 37.1 cm). Notice, that if the detector is in the core, 
there appears no local peak. If, however, the detector is in the reflector there is an 
obvious peak and that if it is far from the boundary of the core, there is no global effect. 
If it is close to the boundary of the core it can be seen that there is a peak and some 
global effect. Phvsicallv it can be said, that if the detector is far awav from the core, it is 
W- r- * ml 

very unlikely that a neutron introduced in the core will raise the detector response. Nei
ther the introduced neutron itself nor neutrons, which could be created in a fission chain 
via that neutron, will have a high probability to reach the detector, because of the thick 
layer of the reflector in between. On the other hand, if the detector would be inserted in 
the core, it is very probable that either the introduced neutron or one in the fission chain 
will be absorbed in the detector. If the detector is slightly inside the reflector in the 
neighbourhood of the boundary of the core, some neutrons from the fission-chain will still 
have a chance to go through the reflecior and reach the detector. 

Looking at the phase one can notice a delay time phenomenon, especially in the 
reflector. The phase shift increases, increasing the distance to the detector and the 
frequency. One can say that it takes some time for a neutron inserted at a certain position 
to travel to the detector and being detected. 

In the two cases, where the detector is placed in the reflecior, a sudden jump in 
the phase at the boundary of the core can be seen. This can be explained as follows. A 
neutron inserted in the core will cause a fission chain in the core. The release of neutrons 
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Figure 4: F.O.V. of example J for three different detector positions, indi
cated by the arrows and five different frequencies. Solid straight lines 
indicate the core boundaries. 

from this chain will take some time, but finally it is possible for some of the delayed 
neutrons to reach the boundary of the core and travel lo the detector. This whole process 
will take some more time for a neutron, inserted in the core, to sive rise to a detector 
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response than one inserted directly in the reflector. Therefore the phase shift of the 
field-of-view will be larger for positions in the core than outside. In the lower figure the 
jump is absent, because the detector is in the core. This means that neutrons inserted in 
the reflector will have to travel to the core in order to be detected and. if they reach the 
boundary, they will start the same fission chain as neutrons directly inserted in the core. 
The only difference in time will be the time to reach the boundary. 

36 

'E 

20 
core 

reflector 

20 36 52 x(cm) 72 

Figure 5: Half of the horizontal cross-section of the geometry of example 
II (to be reflected at the upper side). Crosses indicate detector positions, 
whereas numbers are used in Fisure 7. 

IV. 1.2 Two-dimensional, two energy group calculations with core and reflector. 

To model some more realistic situations, it is important to have at least two energy 
groups. One in which neutrons are born (the fast group) and thermalize to the second 
(thermal) group, where fission takes place. 

Figure 5 shows a horizontal cross section of the reactor we modelled. The height 
of this reactor was taken infinite and only half of two-dimensional X-Y geometry is 
drawn. The second half is the reflected pan. in \-direction. The length of this reactor 
model in both directions is 72 cm. whereas the length of the core in both directions is 32 
cm. This means that the reactor is point-symmetrical in the point (36 cm, 36 cm). The 
parameters, used in this example are given in Table III. The system is almost critical (p 
= -5.0-10"). 

Firstly some calculations were performed with a thermal detector almost at the 
centre of the reactor. The field-of-vieu for a frequency f, = 1 Hz is shown in Figure 6. 
In the thermal group a clear local effect of the amplitude can be noticed. In the fast group 
however, this local effect is not so pronounced. This difference is due to the fact, that the 
diffusion length for thermal neutrons is less than for fast neutrons. A thermal neutron has 
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Table III: Group constants used in example II 

D [cm] 

E. [cm1] 

r , h [cm !] 

£,2, [cm1] 

vZ, [cm1] 

xp = xD 

v [cms1] 

CORE 

group 1 

J. 43 

2.84 103 

-

0.0 

4.25-10"3 

1.0 

2.5-10* 

group 2 

0.207 

7.06-ia2 

2.13-102 

-

0.107 

0.0 

2.210s 

REFLECTOR 

group 1 

1.05 

4.0010-4 

• 

0.0 

0.0 

1.0 

2.5-10* 

group 2 

0.022 

0.0966 

3.40-10-

-

0.0 

0.0 

2.2-105 

GENERAL 

/3 

X 

A 

0/<2xA) 

X/2T 

K« 

P 

0.62 % 

O.0767 s > 

6.55-105 s 

15.1 Hz 

0.0122 Hz 

0.99995 

5.0-10-5 

to be in the vicinity of the detector, to be delected directly, so without producing new 
neutrons by fission. Looking at the phase, it is clear that it is small (4-5c) and differences 
for different positions are less than V in the thermal group and less than 0.2C in the fast 
group. 

To investigate the field-of-view for this detector further we calculated it for 
frequencies ranging from f = 2-10"4 Hz to 20 Hz. Lower and higher frequency-ranges 
were not possible to calculate, due to the fact that the computer code CITATION was not 
able to find a well converged solution. Figure 7 shows results for five different points of 
the fieid-of-view on a diagonal line from the centre of the core to the boundary (as 
indicated in Figure 5 and Figure 7 with numbers 1 to 5) . For comparison we have drawn 
the reactivity transfer function (25) for this geometry, with the parameters as in Table III 
and multiplied it by a certain factor which could account for position of the detector and 
the position of the perturbation. The five positions of perturbations resulted in five 
different curves, numbered 1 to 5 again. 

It can be seen that the field-of-view and reactivity transfer function are qualitative
ly similar. For low frequencies the amplitude will be large and the phase is approaching 
0: in this subcritical system, for high frequencies the amplitude tends to vanish and the 
phase tends to be -90' and for intermediate values there is a plateau region, where the 
phase is almost 0' . There are, however, remarkable differences, especially for lower fre
quencies. The amplitude seems to grow more rapidly at lower frequencies than with point 
reactor kinetic theory. Besides the phase shifts are smaller. For higher frequencies it can 
be noticed that there is a difference between the phases for the different positions. In the 
vicinity of the detector (position 1) the phase shifts are smaller than for positions farther 
away, This can be explained by the fact that, when the detector is in position 1. the local 
effect is more dominant, which would mean a phase shin, changing linearly with 
frequency, but very small (almost 0 ) for positions very near to the detector, whereas in 
the other cases the global effect is dominant, This global effect can roughly be described 
by the reactivity transfer function. 
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FAST GROUP 

Figure 6: Field-of-view for thermal detector at {34.5 cm. 34.5 cm) for f = 1 Hz. 

IV,2 Detector responses to some selected disturbances 

In order to compare results obtained by the detector response theory to experi
ments, one needs to specify the perturbation. In this report, only effects of absorbers are 
investigated. This means that in the following bP(f.u) and 5Q(f.tj) are always zero. 
Firstly the response to one particular point with a sinusoidal varying absorption cross 
section is modelled. Then an absorber, which moves back and forth between two 
positions with a frequency of 1 Hz is investigated. Finally an absorber, which rotates with 
în angular frequency of 2-K rad/s, is modelled. This last situation can be seen as a 

simulation of the experiments, that will be and had already been performed with the so-
called TURBO-equipment. For ail situations thermal detectors with £d , = 0.0 cm*1 and 
Ed>2 = 0.01 cm'1, with a volume of h-4.0cnr were used. They lie in two different 
columns. Column (I) contains detectors, which lie almost at the central position in x-
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Figure 7* Field-of-view and reactivity transfer function as a function of 
frequency for five different positions (indicated in Figure 5 with numbers 1 
to 5). 

direction of the reactor. Some of them lie in the reflector, some in the core. Detectors in 
column (II) are all positioned in the reflector, some of them right against the boundary of 
the core. 

IV.2.1 A varying absorption cross section at one position 

In this section we deal with a source, which is a bit artificial, but very useful as a 
starting point, because of its simple treatment in the detector response theory. Suppose the 
absorption cross section at a particular position r, in the reactor changes in time. Now the 
space-dependence is simple: ofr-?!). Let the variation in time be sinusoidal with an 
angular frequency u>0, then Fourier transformation gives: <>(u>-w0) + 5(«4-u0). If the 
maximal change in absorption cross section is denoted by 6-u and only positive fre
quencies are regarded then an expression for the loss operator can be given: 

oL(7,u>) * - o S ^ - u O o f f - F ) (34) 

This expression can be substituted directly into (32), which gives the response of the 
deteclors to this varying absorption cross section. This will in fact give the field-of-view 
at u> = wo and r = r() multiplied by -5Z3. For convenience however in the following the 
minus-sign is omitted. This will only result in a phase shift of -180° in the detector 
response, 
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For a comparison, we also calculated ihe result of point-reactor kinetic theory. 
Therefore we substitute (34) into (23) to obtain the change in reactivity, due to this 
changed absorption cross section. With the reactivity transfer function (22) the change in 
flux can be calculated, and so the detector response, using (21). <j{f.t) = ^(,(r)-^"I(n(s)) 
and (30). 
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Figure 8: Responses of detectors 1 to the point absorber at (35 cm, 27 cm). (f0 is 
1.0 Hz). 

Figure 8 gives the result of calculations for ^ = av'2ir = 1 Hz of a thermal 
absorber at (35 cm, 27 cm). This means that it is in the core. It can be noticed from the 
calculation with detector response theory that the response of the detectors calculated with 
detector response theory (squares and dotted line) will roughly resemble the response 
calculated with point reactor kinetic theory (solid line). If the flux round the detector is 
larger, the response of the detector will be larger. In the vicinity of the source however 
the response of the detectors is clearly larger in amplitude, indicating the local compo
nent. Moreover it can be seen that detector response theory predicts that all detectors 
which are placed at the same side of the reactor as the absorber, will have a larger 
amplitude than one would expect from point-reactor kinetics. At the opposite side this is 
reversed, so detector response theory predicts less response than point reactor kinetics. 
This is in agreement with the findings of Behringer ct al (1977.1979) that even the global 
part shows some deformation, compared to results of point-reactor kinetic theory. In the 
phase diagram a peak can be seen at the position of the absorber, too. However the 
differences between the lowest and highest values are very small, less than 2 : . Phases of 
detectors far away, where the global effect dominates, seem to be in good agreement with 
the phase obtained by point reactor kinetics. 
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IV.2.2 An oscillating absorber 

72 

E 

52 

36 

20 

reflector 

For the next example a model of an absorber, which moves from one position to 
_ another in a sinusoidal manner, is con-

• sidered. It is possible to calculate the 
response of a detector to this moving 
absorber with detector response theory as 
follows. Let the positions between which it 
oscillates, with a frequency f, be fi and r :, 
starting in r,. Now let the strength of the 
absorption cross section be oE.. For the 
basic frequency of the changing absorption 
cross section at r, at time t, E.(flTt)r one 
can write 
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Figure 9: Geometry with 
oscillators A and B. 

- lb- sin(2xft) 
(35) 

with ^..(FJ the absorption cross section at 
f, before the absorber was put into the 
system. With the same reasoning one can 
model the absorption cross section in r2, 
provided we take into account its opposite 
phase with respect to r:: 

a* 2 ' n.{'^ 2 ' 1 » 

• IoE a s in(2r f t - r ) 
(36) 

Thus the change of the loss operator oLir.t) can be seen as the last terms of the above 
two equations. Fourier transformation then gives: 

o£(r..u) = 6£(r:.^'i = -^o-. ,6(u;-u"l,)e",r 

(37) 

oC{T.*) = 6L{ r. .u.*j-6L( r,.a.-) 

Again for convenience in the calculations the minus-sign in front of the expressions for 
the change of the loss operators at f, and f: is omitted. 

The response of a detector to the oscillator can bs calculated by substituting this 
into 02y 



6R(ta) ={g(f,td),5£(7,«)^0(F)} = -^55:,[g(f,,u0)^0(f1)*g(f2.u;tl)sp0(F2)e^ (38) 

The first example given below shows ihe resul! of calculations done with an 
oscillating absorber at position A, see Figure 9. This means that the point A, was at 
(19 cm, 27 cm) and the out-of-phase part A2 was at (19 cm, 29 cm) and so it was 
positioned asymmetrically in both directions. 
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Figure 10: Responses of detectors (1) to oscillator A. (f0 is 1.0 Hz). 

In Figure 10 the responses of the detectors (I) calculated by detector response 
theory differ not too much from those calculated by point reactor kinetic theory. This is 
understandable because the distance between detectors and perturbation is quite large and 
there is a reasonable reactivity change due to the perturbation. Therefore the global comp 
onent will always dominate the local effect. The phase-diagram shows the phase shift 
compared to the phase of the absorption of A,. It is close to 180" because then the 
oscillator is closest to the centre of the reactor, which will cause the largest reactivity 
effect. 

U detectors placed in the vicinity of the disturbance are investigated, the picture 
changes, as can be seen in Figure 11, where responses of detectors II, which are all 
positioned in the reflector as said before, are shown. Here there are several detectors very 
close to oscillator A. These detectors will respond strongly, as can be seen by the peak at 
29 cm. This detector was positioned right at the position of A2. Looking at detectors 
farther away, we again see that they tend to be similar to what point-reactor kinetics 
would predict. The local effect is very clear in the phase diagram. Here the phase shifts 
at A, and A: are in accordance with the anti phase behaviour between absorption and 
response. Besides some detectors at the same side as A, respond more in accordance with 
the local 0 of A, than the global 176:. The same is true at the side of A2, although it is 
less pronounced. 

Until now a global effect was present. This means that the disturbance always 
caused a change in reactivity. There are however situations, where no reactivity effect 
will be seen, although there are local changes in absorption. This is the case for instance 
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Figure 12: Responses of detectors (II) to oscillator B. (fu is 1.0 Hz). 

in the following example. Here the moving oscillator B is positioned in the middle of the 
reactor along the y-direction (B,. 0 \ ?.t (19 cm, 35 cm) and B,. 180c, at (19 cm, 37 
cm)). So in y-direction there is full symmetry (see Figure 9). Therefore the global effect 
of detectors (II) will vanish and now the previously called 'local' effect will be apparent 
in a!] points. Looking a: the amplitude of Figure 12 one can notice an clear peak, at the 
position of the oscillator. Farther away the amplitude vanishes. The phase diagram shows 
the same 'locality', with the points closest to B, having a phase shift of 0" and those 
closest to B, of 180". 

A similar effect can be seen in Figure 13. Now the responses of detectors (I) to 
this symmetrical oscillator are presented. Of course the phase-diagram looks the same 
because of the same reasoning. The amplitude however shows something totally different. 
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reflector 

Here the response of detectors in the middle shows a minimum, because at those positions 
even the local effect vanishes: the difference in distance from these two detectors to Bt 

and B;, respectively is very small. Therefore 
the responses of the in-phase and the 
out-of-phase part will cancel. In electromag
netic theory a similar phenomenon appears 
looking at a dipole. Here the potential at the 
perpendicular bisector of the two poles 
vanishes. Going from this perpendicular 
bisector in a perpendicular direction the 
potential will first increase and later 
decrease asain. 
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IV.2.3 A rotating absorber 

As a last example a model of a rotat
ing absorber will be described. We model it. 
as moving between four points, which lie at 
angles of 90~ around a central point. Of 
course more points, lying on a circle, could 
be used, but that will increase the number of 
calculations, not only because of the 
increased number of points, but also because 
a denser erid has to be formed. 

Firstly a rotator is placed around a 
point lying at (18 cm, 36 cm). The lower-
left point (0 :, Ci) lies at (17 cm, 35 cm), 
the lower-right point (90\ C2) lies at (19 
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cm, 35 cm), the upper-right point (180°, C5) at (19 cm, 37 cm) and the upper-left point 
(270c, C4) at (17 cm, 37 cm). So it rotates counter-clockwise (Figure 14). 

As can be seen from Figure 15, around the position of the rotator one can observe 
a local increase in responses compared to what point-reactor kinetics would give, in 
amplitude. The phase diagram shows the local effect, too. 

If the rotator moves around the centre of the reactor, the global part will again 
vanish, as can be seen in Figure 16. For detectors (II) a peak at the position where the 
rotator is positioned and a rapid decrease of amplitude farther away can be seen again. 
The phase shift with respect to the lower-left point (D,) is indeed 0C at that position 
(35 cm, 35 cm) and 270' at D4 (35 cm, 37 cm). For detector positions smaller than 
35 cm in y-direction, the phase shift goes to 45c, which is the average phase of the two 
lower points Dj and D2, whereas for larger values than 37 cm the phase tends to 225c, 
the average of the two upper points. 
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Figure 15: Responses of detectors (II) to rotator C. (f0 is 1.0 Hz). 
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V. Discussion 

As said before, the calculations to get the detector response can be done with 
normal stationary computer codes with some modifications of the cross sections. But there 
are some difficulties with it. The first one is, that because a real and an imaginary part 
has to be calculated, the fluxes can be negative. This can he troublesome in some codes, 
because sometimes those codes will prohibit the fluxes to be negative. A related problem 
is the fact that some convergency procedures in those codes will avoid the fluxes to go to 
negative values. This could be the reason that for high and low frequencies, compared to 
the plateau region, the code CITATION has some difficulties to converge, as happened to 
be the case. For frequencies of the plateau region this code was well capable of calculat
ing the field-of-view of the different detectors. Another point of attention is the following. 
For higher frequencies one has to take care that even the diffusion approximation 
becomes less valid, due to the fact that the angular dependence of the propagating neutron 
wave will increase. 

Comparison of the detector responses calculated by point-reactor kinetic theory 
and by detector response theory with here presented examples shows that for these 
relatively small reactors the differences are indeed not very large. This can be seen in the 
amplitude as well as in the phase shifts for perturbations far from the detectors and in the 
frequency-range of the plateau region. The discrepancies for the very low frequencies as 
in Figure 7, however, cannot be explained properly. 

For the high frequencies one can observe differences, which are in fact space 
dependent and can be noticed in all other figures. If perturbations occur in the vicinity of 
the detector then, of course, the differences between results of detector response theory 
and point-reactor kinetic theory become apparent. The distance between detector and 
disturbance where the point-reactor kinetics theory obviously begins to fail is in the order 
of 5 to 10 cm. This is approximately the range of the 'local' effect too as can be seen 
from the situations where the global effect disappeared (Figure 12 and Figure 16), if we 
define the range as the region where the amplitude of the detector responses is more than 
10% of the amplitude of detectors nearest to the disturbance. 

To say something of the usefulness of the detector response theory, one always has 
to take in mind that modelling of the dynamics of fission reactors will always be a matter 
of choices due to the large number of variables involved. If a restriction is made to the 
neutronic processes, which will be relatively fast, and no particular interest in the space 
dependent changes is necessary, the point-reactor kinetic equations are very convenient. 
For small reactors, like the reactor models used in this report, it can be noticed that 
deviations from the real space dependence are small for positions not too close to the 
perturbations. If space dependence is of importance other methods have to be looked for. 
One of them is the detector response method. Although this method can be fruitful in 
some cases, there will be a large class of systems which cannot be treated by this method. 
One of the restrictions of the method is the fact that first-order perturbation theory is used 
for the calculation of the detector response. This means that only weak disturbances can 
be modelled correctly, as can be seen in sections II. 1.1 and II. 1.2. Another problem with 
detector response theory is the fact that one has to perform a new calculation for all 
frequencies one is interested in. Of course ii is possible to approximate the field-of-view 
with an frequency independent one in a region where frequency dependence is not too 
extreme (Kleiss &. van Dam. 1979). but this will mean a further restriction. As said 
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before detector response theory is very useful if one has to calculate the response of a few 
number of detectors for a larger number of perturbations. If however the response of 
more detectors or the flux in several points is to be known, it is better to use the forward 
method as in section II.3. 

AH the theory presented in this report is restricted to situations where feedback 
effects are negligible. This zero-power approximation will be very doubtful if comparison 
has to be made with real reactors operating at high power levels. There slight changes in 
the reactor will cause the temperature to be varied, which will have its influence on all 
different processes taking place. Especially for very low frequencies the situation in 
practice will differ very much from what is presented here. The point-reactor kinetic 
equations as well as the detector response theory predict an increasing amplitude of the 
flux going to lower frequencies (see for example Figure 7). In reality the feedback effects 
will cause the amplitude to be bounded. To neglect these effects is again a matter of 
choices. If long term effects at high power are to be considered, it is inevitable to model 
not only the neutronic processes, but to include the thermo-hydraulics in some form too. 
Maybe at the cost of some detailed information about the space dependence or longer 
calculation time. 

The seriousness of all restrictions can be estimated for example by performing 
experiments and comparing the results of these with the predictions made by the models. 
Therefore some experiments are planned to take place at the 'Hoger Onderwjjs Reactor'. 
The response of detectors to a disturbance will be measured. This driving force (the 
TURBO-equipment) is comparable with the rotating absorber from section IV.2.3. The 
position, volume and the strength of absorption are well known, which means that the 
input to the system is well defined. 

In conclusion one can state that in some situations detector response theory can be 
very useful especially when one wants to explain experimental results, which will give 
inherently space dependent results. The decision to use detector response theory depends, 
for example, on the number of disturbances compared to the number of detection loca
tions, the strength of the perturbations, the time scale, the necessity to include thermo-
hydraulic effects etc. 
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Appendix: Principle of adjoint theory 

In adjoint theory it is necessary to define an inner product of two functions f and 
g, depended on variables denoted by r (eq. (A. I)). 

{f.g} = | f ( r ) g ( T ) d r <A-!) 

where f(T) is the complex conjugate of function f(T) and integration is over the whole 
accessible range of the variables I\ 

For linear operator O the corresponding adjoint operator Of is defined as follows: 

W } - {g,øf} (A-2) 

where f(T) and g(r) can be chosen arbitrarily, accept they have to satisfy some 
appropriate boundary conditions. Let us consider an equation, which relates two functions 
fand u: 

Of(T) = u(T) <A-3) 

Now use another relation between two different functions g and v: 

Ot(T) = v(D (A*4) 

Now using (A.2) the following becomes true: 

{v.f} = {g.u} (A*5) 

Although (A.5) does not seem to be too spectacular, its applications, for example 
in reactor physics, are very useful. Reason for this is the fact that this equation is very 
general and can be applied to all functions which lie in the space, where the inner product 
is defined. The only restriction is linearity of the operator. 
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