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ABSTRACT

A& high precision method based on the neutron noise
technique in the frequency domain is proposed to measure
the stationary power 1in a research reactor. An expression
of the Fower Spectral Density (FSD) was obtained using a
theoretical modal .soclution for the detector field of view.
The measured F5D data was fitted using the first term of
the solution. The principal theoretical hyphotesis verified
experimentally was the predominance of both the fission
density fluctuation a&as= the correlated source of noise and
the fundamental adjoint kinetic eigenfunction in the
detectors’ field ot view.

Measurements were made in natural and forced convection
in the RA-6 research reactor located at the Centro Atdmico
Bariloche (CAE) , Argentina, in different critical
arrangements.

For practical purposes it was Ffound that the method
can be applied between 10 w and S0 kKw and it does not
depend on detector locations. The method was used to
calibrate otherg¢ relative methods in order to measure
higher power. The measurements agree with the results
obtaimned using & calorimetric method.



I. INTRODUCTION

One of the more important measurements in reactor
physics is the determination of the absolute thermal power
of a nuclear reactor. For low power, natural convection
reactors, this quantity is usually obtained by absolute
counting, foil activation or statistical methods. For
forced convection reactors the higher power is also
determined by calorimetric or N*e-gamma counting methods.

The principal characteristics of each method are the
following: .

The absolute counting method uses neutron detectors
such as ionization or fission chambers, BFs or He™
counters. Since the output from these detectors is
proportional to the nearby flux it is not possible to
ocbtain the total fission rate. Usually it is necessary a
calibration process (the relation between the power and the
measured output) but this process could be affected by
changes in the core arrangement, for example, control-rods
movements or different reflector materials.

The foil activation method involves an integration of a
detection reaction rates over the core volume and the
absolute activation measurements in some points in the
reactor. It 1is time expensive and needs corrections due to
flux depression and shielding associated with foils. The
sources of error are the inacurate knowledge of the neutron
spectrum and the cross sections, the hyphotesis used to
interpolate the flux in positions rear control rods and in
the calibration process to obtain the absolute detector
efficiency.

The calorimetric method can be easily applied provided
most of the primary circuit flow passes throughout the
core. The main error sources are: the small difference in
the inlet-outlet coolant temperature and the uncertainty in
the effective coolant flow value. Usually this method is
suitable for forced convection reactors for powers above
100 Kw.

Ni&—gamma method is a counting method, that uses a
gamma ionization chamber ICy . The output current is
proportional to the N®-gamma activity produced by high
energy fission neutrons (0**(n,pIN** reaction). If the
effective coolant flow is constant the Nt®e—gamma activity
is proportional to the total fission rate. It is very
important to position the chamber far from the core to
avoid fission and activation gammas detection, but not too
much in order to avoid a large activity decay. It is
necessary a calibration using anocther method to obtain the
absolute power.



The statistical methods (one of them in the trequency
domain 1is analyzed in this report) are nonperturbative and
are based on the space independent point kinetic model.
These methods need high absolute detectors efficiencies and
also the predominance of fission density fluctuations as
the correlated neutron noise source.

Under these assumptions the correlated part of the
Fower Spectral Density (FSD) is proportional to the total
fission rate.

Absolute power determination using these technigues was
first reported by Bennett (1960) who performed time-domain
(variance) analysis in the ZFR-IV reactor at Argonne
National Laboratory. Frequency domain analysis was proposed
by Schroeder (1962). Subsequently, this noise technique has
been performed by Yamada (1964), Suzuki et al (1966,1968) ,
Mogilner and Shvetsov (19467), etc.

Statistical methods are affected by systematical errors
because it is necessary to know the effective delayed
fraction £ and alsc to correct the spatial dependence of
noise in case of using the point kinetic model.

Otsuka and Iijima (1965) were the first to propose a
geometrical g-factor in order to correct the point kinetic
model. This factor takes into account the non uniform
spatial distribution of the static and adjoint fundamental
mode fluxes. Saito (1979) derived a generalized expression
using & multigroup diffusion fundamental mode model and
made a review of several g~factor so far obtained. Okajima
et al (1987) studied the trends of this factor for
reflected reactor in one group approximation considering
the reflector effect by a reflector saving. Wentzeis et al
(1988) proposed & L, factor that takes into account the
position and energy response of the detectors and the
harmonics contribution in the detectors’ field of view.
Calculations were made using two-group diffusion model in
multi-region geometries and a modal solution for the static
and adjoint fluxes. The solution (for a small MTR
swimming—-pool type reactor) depends on detector position
and the number of harmonics considered.

In this work the formulation developed by Difilippo
(1990a &and 1990b) was used to anlyze the contribution of
the different modes in the FSD. The non correlated part of
the neutron noise due to the detection pProcess was
explicitly considered. Systematical experimental
determinations of the power were made in the MTR Swimming
pool graphite-water reflected RA-& reactor.



For practical purposes the power estimation using this
method should not be much sensible to different
configurations such as reflector materials, detector
locations, rod insertion, etc. This means from &
theoretical point of view the predominance of the
fundamental mode in detectors’ fields of view in the
formulation considered.

Experimental determinations and fitting of the FSD from
two nearby core detectors changing the rod insertions were
made in order to:

al verify the predominance of the fundamental mode in the
fitted region,

b) determine the power range of applicability (Fredominarice
of fission density fluctuation as the correlated socurce of
noise in the fitted region),

c) calibrate others neutron ionization chamber (IC) and arn
ICy sensible to N¢-gamma in order to measure Figher
power. This extension would allow a comparison with a
calorimetric method.



II. FUNDAMENTALS OF THE METHOD

Applying the stochastic theory of nuclear reactions, it
is possible to obtain a relation between the statistical
fluctuation of the current from a IC and the stationary
power of the critical reactor .

Following Difilippo (1990a and 1990b), the Fourier
component of the neutron flux, g€, satisfies:

A = -
//¢w * Snu = j;—w 525,_‘,/‘(/ .(1)
A
where H is the prompt neutron BEoltzman operator, 5, is
the Fourier component of a generic source, "i" is the
imaginary unit, "w" is the angular trequercy and "v" is the
velocity of the neutrons, Qw is a function Q{iz wherax?

is the position in phase space rv.

Our system 1s monitored with detectors (labeled 1i,4K)
with cCross sections Lai B E“;(if), and so it 1
convenient to define the detector field of view ,?‘
through the adjoint equation:

A

- . ~
H 7; + 2&?::} f? ﬁ% .

A A
where H*Y is the adjoint operator of H. From Egs. (1) and
(23 5 the Fourier component of Ry, the detection reaction
rate for detector i, can be obtained as:

Rt = K2adi 8,5 = < Sw (3)

where the bracket indicates integration in phase space x?.

The detector field of view can be expanded in terms of
adjoint kinetic eigenfunctions:

7= Z, é&‘n X: /"‘?) R

where the X




and A, is the decay constant of mode n. We introduce row
the direct kinetic eigenfunctions X, that satisfy:

HX,, - % X, (6)
A4

with the normalization < X, 1/v ‘xn} s é;m.

Introducing Eqg. (4) 1into Eq. (2) and multiplying
scalarly by X, we obtain:

b - L2 XD (7)
tcm - ;
(dm +/UJ)
where $Bai K is a real , frequency independent
quantity.

E. FSD Eetween Neutron Detectors

Applying the general result of Eq. (Z), the
contributicons to the fluctuation of the signal from a
source of noise around A are:

SR, (D) = 7. & 35w (2,4 D (@)

and the cross power spectral density (CFSD) between
detectors i and £ is:

Cig = 2 K7 4) 7,(4) 950 (4, ) D

where tue double  brackets indicate integration in phase

space 4« and A(' and the upper line indicates encsemble
average. Factor 2 appears because we are considering
positive frequencies (Bendat and Fiersol, 1981). Commuting
operations in Eg. (?) and considering that the ‘s are
deterministic, the ensemble average affects only the source
of noise. The ensemble average of the source can be
calculated applying the Schottky prescription (Akcasu and
Stolle, 1989) and considering the angular correlation
between fission neutrons (Difilippo, 1990b). Considering

the detectors remove the detected neutrons and only type of
fissionable material, the result is:

55‘0/‘?) ‘[f”}: 655/"?/‘?') 520)

where:

GSS(Q?}X?t) = é)ﬁé/gﬁ-i)fﬂ?§)37?ﬁfalé;/;?EZ) (11)



is the auto power spectral densily (AFSD) of the
statistical fluctuation of the fission density, f(F) is the
fission rate distribution, 0. (V47 ) is the two neutrons
distribution in 9,V . The index "p" refers to the prompt
apptroximation, 1.e. we assumed the frequency is well above
( 1)the typical freguencies associated to delayed
neutrons, thus the average over Up refers to the
digtribution of prompt +fission neutrons in the fuesl and
might include average over +fissionable species. Atter
introducing Egq. (10Q) in Eq. (%), the CFED is given by:

G, = {(;7‘."/72 G (4,4 D) (12)

- >
where BGew (4,4 ) is given by Eg. (11).

Eq. (12) gives an incomplete description of the AFSD
(i= L) (Sheff and Albrecht, 194646). As the detector removes
the detected neutron, the detection process destroys any
single-neutron correlation which, otherwise, the neutraon
would have had in the future. Single-neutron effects

contribute to the count-rate fluctuation: i.e. they appear

only in the so called detection-noise component which is a

(dominant) white noise term in the AFSD. The detection
noise process between two different detectors is
uncorrel ated. For this reason, the detection-noise is
eliminated by a cross—caorrelation measuring device.

Considering an ideal pulse mode detector (zero collection
time in Appendix A) the FSD from Eqg. (12) is:

(C) * - - =
- k i [T 3)
642 = <</7; ’71 6.5‘5/"(1‘()>)+2/?£ é-t.e, A48
where: E;= {2;1¢ ~r mean value of Hi
The first term in the right hand is known as

"correlated—-term" and the second as "uncorrelated-term".

In the case the neutron detector is a IC the current I
is made up by many pulses of charge produced by the

detection of individual neutrons. In this case the
uncorrelated-term inm Eg. (13) increases due to the

statistice of the detection in the IC and includes the
charge gn,: released per detected neutron. Considering an
ideal IC (see Appendix A) Eqg. (12) is:

)
O - &g 6 (A R) 4 28 R 3 e

;%



where By =q3/ (g2 ) = is the Bennett factor (1)

(Bennett 1560 .

A realistic IC has a finite pulse collection time
-»g;=277' / W, (W_.,: angular break frequency of the
detection device) and the measurement may be strongly
influenced by the statistics of the detection process at
frequencies near "W.,". In this case Eq. (14) is written:

(z) _ . _
?—éi*—:[<<o7£7f7,, Gos (4, 4°)0> + 2 B; R: S ] hi by (15)
; e

where hy (W) is the transfer function of the ICE (see
Appendix A).

C. Estimation of the Fower

The FED’'s can be calculated by an adecuate
approximation of the Boltzman operator y using a
multigroup model, Sh Lor Fn angular expansions, spatial
dependent models. &(4) and44’'s can be evaluated using a

closed solution or a modal type expansion solution. Only in
a few cases a closed solution can be derived.

In our case a modal expansion of the detectors’ field
of view was used and the CFSD for ideal pulsed detection

devices (Egq. (12)) can be written as:
o0 (n) -0 (n)
Gy = 2 Aie & Fou L ) (16)
¢ n={ (,4.££%) (=4 (/4.£gf)
d-a G(2
n n
where:
(n) (n,m)
o=l 2 & G (17)
- m e
X, M
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By = L 2 o By (18)
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Cio = e %> 2y Xom > + <2 Xon > g %> (20)

(n,m)
Dig = Zudi %) <2t Xm > = {2ty X > < Zify XD (21)



If the condition K/l Ky f k=2, 5. v is
fulfilled,in the frecuency region / <L oy the main
contribution in Eq. (14) is :

(4 ()
4 14 g 4 E, (22
Gf'ﬂ b /W 3 Praptn
/+u) /+_%2) y

) EQ (17) to (21) show that the amplitudes Asg and
B;g depend on higher harmonics contamination.

Assuming that the contribution toc the detectors field
of view in Eg. (4) is mainly due to the first term (by,.=0
for nixl):

6-] K2 XD e %) KX )N Gl @, 4) ) (23)
¢ {m - //1‘_%}2) 0(12

This means that the detectors field of view are
distributed according toc the fundamental adjoint kinetic
eigenfunction . This is the only case where the higher
harmonics don‘t contributes to the Gig -

Assuming small anisotropy (f.e : diffusion theory
validity), the Eq. (23) can be written as :

il = el = G [ e

where : )
_7 2FE & (1-3)D s
Pic — a'D
(/«-_cs/_)—‘z
The factor 914 must be obtained from calculation,

according to :

2
. LI S(e)dz) N2 e A
- F

f-'-'éi

S(EY : fission spectrum

- h 3

F =/)[/r)a’r :mean total fission rate (27)
-

E{: F? tabsolute detector efficiency (28)
F

e: delated effective neutron fraction = .A(X{ (29)

o



NA-<BN> : reproduction time (30)
Fv

VW=-2)(1-B) = Vp( p-1) (31)

D-Y(V-4) .  Dien Factor (32)

= 52 .

In the case of one—-group infinite-homogeneous critical
reactor with an infinite-hcmogeneous detector, gig = 1
and GBGigqlem reduces to the expression obtained by the
point kinetic model. For that reason, gigq could be

considered as & correction factor to the point-kinetic
model. This factor is different of the g-factor used by
Otzuka because takes into account explicitly the detectors.

From Eqgs. (24) and (25) 1is possible to obtain the
stationary reactor power from the estimator Faiglem
defined as:

‘?.e] _ f;-/&-: 2 R Ry [1-8)D 944 (33)
f”’ /LQJ&nj @2

where: Es 1is the mean energy released by fission, Ry
and Ry are obtained +Ffrom the count rates and Aigléem
can be obtained from the experimental FSD, in an idesl
situation, where the detectors’ field of view are
distributed according to the fundamental adjoint kinetic
eigenfunction,

In a real case, the fundamental mocde approximation, is
not strictly wvalid and the harmonic contamination could be
important according with the reactor characteristic.

In the case of & critical compact reactor, the prompt
neutrons decay constants are well separated (see Appendix
B). For this reason it could be possible to find a
frequency region where the first term (real)in Eg. (16) is
predominant.

Measurements made by Lescano and Behringer (1982), in
the SAFHIR swimming-pool partially water-berylium
reflected MTR reactor and Fiffeyro et al (1983) in the RA-2
MTR critical facility in different partially reflected
(graphite or beryllium) configurations founded that Gig®
Re (G, *?) (Re : real part) between 1 and 40 Hz (partial
reflected Beryllium), 1 and 80 H=z (partially reflected
graphite) and 1 and 100 Hz (totally water reflected).

-4/~



In this case, can be defined a factor L, that takes
into account the harmonic contamination in ALY’ (see Eq.

(17)) and considering a non ideal detector, particularly a
IC, the expression for normalized FSD (NFSD) in these

frequency regions is:e

) - 3
Gy = /‘7@'[# ) 2FE; c‘} (7-3)D ?eQeL( 2FE i S, (34)
S o —2 (¥
Is L s idy ) w? :
2 ¢ 4o F’ 7 I, (/+;_{?) I
where:
j; = f F_-é?_ mean cuwrrent of i-th IC (Z5)

Having &ll these considerations in mind, the stationary
reactor power can be obtained from the estimator F s
defined as: e

/D-(/)— 2 _p//.. B) Ly (36)
o = nv
En

Nt g Experimentally obtaimned from:

e
@ “
AL Cir(w <) - Gap i (37)
7z
where:
(z) (r)
Gop = Gy (X, << w << W) (z8)

o



D. Considerations_sbout_ the_application of_ the _method.
Eq. 36) is the basis of the proposed method toc measure
the stationary reactor power using ICs.

The Es3.2x10-11] (180, 1988) and D=0.795 (Diven et
al, 1956) parameters for high U-235 enriched fuel elements
were chodfel. The £ and L: parameters were calculated
numerically . The ”Gg& was obtained fitting the
experimental rnormalized FSD (NF'SD) (¢32630/T31g) in
a frequency region where ‘I’G,g =Re(¢I’Gyg).

The wvalue of £ and Li: depend principally on: geometry
of the configuration, reflector type, control rods
insertion, fuel burn—-up and additionaly for Lz
locations, dimensions and energy response of detectors.

Uncertainty in nuclear parameters or approximation used
in the calculations would produce a systematic error in the
proposed method. It is possible to obtain an estimation of
this error studying the variation of £ and L, respect to
the nuclear parameters during a reactor cycle.

Wentzeis et al (1988) calculated L; and a value
equal to 1.19 was obtained for the MTR graphite-water
reactor considered. Alsoc it was analyzed the influence of

nuclear parameters on Ly, using a 3D two group diffusion
model and &a modal solution for the detector field of view.
Strong changes of typical nuclear parameters (~20%) affect
in less than 1.5 % the L; value.

Higa M. (1990) calculated E_= 0.0078 for the reactor

considered, the variation of f with respect toc nuclear
parameters also was analyzed and it was founded that strong
variations (~20%) affect less than 1% the f calculated.
In order to obtain A (A = ~al%) by fitting the
experimental values it is necessary to have high absolute
detectors efficiency because of the following
considerations:

The function proposed to fit the NFSD is (in dE):

Flw)= 10 A__ . N é;-ij =9
J%?Zc;+§£;

@)
/V— __é’D___ (40)
= %5
{

A, o and N are the fit parameters.

where :

-/3 -



For the AFSD case it 1is reasonable to propose the
following:

A>N (41)

The detector efficiency obtained from Eq. (34) is:

=2
.. B BA (42)
f e . —
Ly Dl1-B)N
A minimum absolute detector efficiency, €./ can be

defined considering the inequality (41):

B; 3
<§:>é;;;;_Eh_i_:_. (43)
LyD(+-B)

_ For & typical Figh enriched compact reactor
(A=7.8x10"3, Li=1.19,  D=0.79253 ) and considering IC
with By =1 &  E.e(B)®=6.5410"5  was calculated from
Eq. (43). Otherwise, in order to avoid a high
perturbatior in the nuclear system , it is necessary that
LS PP 5 “f' .« This means there is & practical =«

maximum, £m=10"= in Eq. (28).

For the CFSD case, the experimental data have a
dispertion @ig given by (Bendat and Fierscl, 1981):

Tp(w)  _ (44)

é /w) /A,l

where:

Af: resolution bandwidth = BW/n, ,
Tm: measurement time,

EW: bandwidth,

Ne: number of points in EW.

Saglw) = €226, coherence function (45)

/‘I,Gii‘I’Gll

-



Comsidering ¥ = 10log ¢ B, results:

o =~ 4- ) (i dE) (4452
- </ BW
J‘Eﬁ./‘ﬁ;’ 7’;

Introducing Eq. (3Z4) into (45) we obtain:

. (47)
(w) = E‘ é_.g

. 2
Gl 1+ L) (i Gt o ) (142 i

2 : : N -
Eq. (47) shows that ¥y increases with £aoand #,
and decreases with w. - "minimum coherence", WL e
cbtained considering 4= g=g

:‘Ami""""":;mﬂ_=

4;%€): T 3;? — (48)
7 +2f +°‘_‘2)+//+ﬁé)

Considering O K, as the fitted region, we obtained

Y. (0)=1/4 and o Xy y=1/9, Introducing %f%#) ir
Eq. (46) :
Ty = 22| P (ir dE) (45)
Bw.T,

q; s the maximum CFSD data deviation when the minimum
efficiency &,is considered.

A criteria to select Tw in Eg.(49) is propose
that 20;7 i3 because the CFSD at w=X is
aproximately 3IdBE  lower than the CFSD  at w=0. I+ Mg =254
the measured time is Tw =(273/7BW) mirn.

The main hypothesis to verify in the fitted frequency
region are:

WLigsion  rate  fluctuation e the

G E
Robinson (19&67) showed that in  power reactors
other nol se SOUFCEs have to be considered such as
thermohidraulic process, internal components vibrations,
etc. These sowrces produce fluctuation in the reactivity.

I+ this fluctuation is independent of the fission rate
fluctuation , the source term in Eg. (11) must be written:

655(‘-?}%7*';)26'0‘9/‘4?/60)———-—-} 655("‘-(:"?? (50)

—-/5-



where:
G??(QFQ3: AFSD of the reactivity fluctuation.

The two terms in Eg. (5Q) depend in a different Way on

the reactor power so it is possible to distinguish them
experimentally. In case that in the fitted region the
inequality PZG?gﬁiﬁss 1=l rot valid, the power
estimation wusing the proposed method would nRot have a
linea dependence respect to other methods. These methods
tould be : the absolute counting method using a IC 7
N2 &0 amme detection, fil activation, calorimetric

method, estc.

If this were not valid for a given power, the wvalues
of the fitted parameters A, o, should change more than the
experimental ertor for different control ~rods

configuration, detectors locations etc. This is a
experimental way to verify this hypothesis.

The considerations analyzed in section D implie =&
ma<imum limit for the power. The following conditions must
be fulfilled:

a)l FEGW “i Bggy in Eqg. (50), 510
By Te ¥ gy (52)
where Ti is the mean current and IJ is the satwation

current of the i-th IC.

s L owWeEr increases, the term P“GPP INCreases
respect  to Gggs specially at low frequencies. To avoid
this contribution, 1t is necessary to begin the FSD

fitting at higher frequencies. This reduces the amount of
spectra  points and also these points have higher standard
deviation due  to the lower coherence. These two effects
increase the errcr in the power estimation.

Also & minimuwm  limit for the measursd power has to be
considered. It is necessary that:

a) vrE,, tERO o VIS, (53)

where:

- /6 -



(v
G%{: AFSD for the critical stationary reactor at the
detection device output (see Figure 2).
VY g (BIR2 : background electric nolse AFSD from the
detection device.

b)Y Teg < Y; 5540
where :
e leakeage cwrent of the 1-th 1C.
c) reasonable stability of reactor at low powers
Both (WG4 4 R ancl lea are not originated in

the reactor, <o they are not proporticnal to the reactor
poOwWer .

g s



ITII. EXFERIMENTAL F&RT

te  were made 10 the ROA-6 re
or  configuwration and detect

o e react
shown in  Figure 1. Three neutron compens

ICy, IC2, ICs and one gamma TCy were wused

Figuw e 7 shows an scheme of the delectian I G T S O A T

and analve data system. The nolse amplifier Sy

the current 1. in proportional voltages V.. The  mean
values Wy were  measured wsing ca digital voltmeter amd the
fluctuations Oy  were amplified by a factor i =100, The
current In £ im the IC was measured wsing an

electrometer.

The fluctuations By o« My Wer @ cdigitalized and
frequency analyzed by a HF-54208 signal analyzer interfased
to a FC in order to obtain the normalized FSD, WY (in
dB)

v,
=N /Gi' / - ]
¥ = 40 4‘? [.ﬂ;éﬁ@_.]_ 10 Leg [NPSD| (55)

These values were fitted using the Marquardt’'s method
and  the function F) defined in Eq. (39). In the EBW 0-200
Hz the fitted parameters were &, N, and o and in the BW

O0=-25 Hz &, o aird the N fitted before was used., Zig WAS
obtained ¥ in Eqg. (42)  and the estimators Pig anc
¥f“’da§in§d In Egs. (36) and (A-4), wers obtainsd

_.___Zé'p/l'-‘?)L/ 158)
A B?

7[."”- N F (57)
2

In order to  check the conditions discussed in section

IT.E, analyze the 3 given by Eg. (57} and measure the
tramsfer function b previous measurements were made.

The detectors Ty alicl T W Lo et el at
posttiaons Pa il P (Fig.1) far from the core and at

positicns I7  armd Hi {the nearest the core) at different
current values.

_/5..



The currents ley and the background electric nolse
FSD SN SRR were measured being the reactor  shotdown
and the valuess obtained were:

i) Tes < s 4 & gl id A LR @B < 10 " TSy

2k for I3 > 10~ A,

5o the conditions required in Egs. (53) and (54) were
fulfilled.

0 1) A C PR the transter function hy  and {fm’ W g
obtained with detectors located at p.  and P=, € and

again ¥f“’ were obtainsed with dﬂtECtGP% located at 1.
and H:- The By measured Was gy = 1109, Tha
condition reqguired in EqQ. (43) was fulfilled. Using this
value and Eq. 597 5 the <0 for detectors located abt pa

and pz was calcocul ated: €3 108 i{(é)*.

It means  the detection term 1s the predominant one 1in
Eg. {4%) +for detectors located far from the core,
11172 the Tramster Fuamction 1s flabt betweern 1 and 300 Hz.

~

It cshows & low freguesncy cut off at about 0.2 Hz due to
the filter used to cut the continuwous component of the
s1grial and  a  hagh  freguency ocult off (Fes ) at about 1.9
FEHz ,

iv)  the A+ values obtained (see Figuwe 3} don’t depends
on the detectors’ efficiency. It means that near the core
the fitted function considered was the adeguate in order to
discriminate the uncorrelated from the correlated term.
This parameter depends on the detection process statistics
only as it is explained in the Appendix A In  our
measurements £9° were used as a criteria to estimate the
correct detection device operation. The values having an
error greater than three times the standard deviation ()
W rejected. Figure 3 alsoc shows the e value
cbtained with IC’'s wvoltage outside the plateau region in
crder to  apply the rejection coriteria. In this case the
detection nolse varitation was much more sensitive than Lthe
mean current veriation,

.

v)  the chamber [Cx was positioned 1in ps (Figure 1) in
crder to use 1t within all the reactor power range. ICy was
Li I pa far trom the core in order to avold fission

Moaswrensnts wi made alt % steps from 10 W to 5 Fw  to

obtain the  therm: powsr from Eg. (36) and to =1 Fy
grperimentally the hyphotesis 1| and 2 explained in section
II.D f(series 1 to 3 in Table I).

-/9-
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The resullts wWer e used to calibrate the ICx and the
ICy in order to measure higher powers (series 4 and 3 in
Table I).

Two ditfferent rod insertions were considered Afor
control rods BYZ and B4 (Fig. 1) in order to perturb the
1 measured by I1C, and ICe and & study of this

perturbaticons on the proposed method was made. The maximum
reactivity excess accepted by the Regulatory Authority

forbids mOre control  rod imsertion.  Nevertheless the
perturbation was important because the reactivity value of
the control rods are B3I (Z.61 + 0015)F and B (4010 -+

D.06)F (Waldman and Gomez, 1988 -~ Gomez: and Waldman, 198%).

From Table I two different control rods configurations
carn be defined:

Configuration 1 (Bi=BI2=R4=100%%, BI=45uUH)

Configuration II (Bi=RZ=RI=100%%, B4=50%Uf)

In  esach powsr step ~ 10 min were awalted to ensure
reactor stability and different series of three values of
Fig using Eg. (5d) were  obtailned, two wsing a Beos= :

i

Hzy T = 15 min  and one wusing B o= O-Z00 Hz, Ty = 15
mii. With these values, the condition reguired for cme3
dbB (Eg. 4%) were fulfilled.

From this Fyig s wvaluss the §sean welighted valus Fog
was caloul ated.

I each of the previous series power changes should

implies & proportional current change from the ICs. In
order toc wverify this behaviour Iz was selected as &
reference and the other currents were fitted respect to
Te.o Figure 4, for exanple, shows bthe results for serie 1.

-

Hyphotesis 1 and 2 considered in sectiorn I11.D were
verified Lthrough a lineal regression between the differents
Fig and I, and  the wvalues of the fitted parameters ars
shown 1n Table II. The goodeness of the linear beshaviour

1= T

for mach erie implies the validity of hyphotesis 1. It is
seen Lthat the coefficient afﬂ Cinverases  of  the fitted
parameler A) tor different detectors are similar in each
of the series. They agree aprodimately between 2¢ and this
means  hyphotesis 2 is valid. Similar values of of (betwsen

pho e
v} for the different series is also a verification of
hyphotesi 2. The values were obtained from the CFS5D in
the BW 023 Hz. The extrapol ated H?L values show that
this calibration 1s wvalid for powers higher than 100 w

o

These considerations allow ws & better sstimation of
the power F  as the weighted mean values of F,1, Faz and
Fizm at each serie and power  step. There is & lineal
relation between F and  Ig (i=1, 2, I) as shown in Table

ITI and in Figure S for Ix.

‘-20_



Considering Table III we can comment the following:

, i : " . i 7]
al there is no difference 1in the calibration tactor ﬁﬁ
using natural or ftorced convection,

b) different control-rods insertions aftect in a different
way the calibration of the IC's current. The calibration
g factor change for 10y, +107% Ffor 1Cs  and -135%
tor ICs,

Fl

&£ 14 calibration was  wsed to calibrate Lo in foroed
convection and higher powers. This calibration was
independent of control rods positions (between o). The

i ] tactor for  Iw  was 2.807 4+ 0.042)102% W/H

(valid for I = 10712 080,

i
i
—
bt
o
=
it
fad
G
e |

Another calibration made by calorimetric method gave
(2.89+0. 50210290 /4 (EL awmanr et &l (1987)) i.e. similear
value but with & standerd deviation value 7 times higher.

Figwres & bto 10 shows the nfnolse functions obtalned
[ =

during the same measuwrement of serie 1 at 9 Kw with their

fitted paramsters.

Figures & and 7 are MNAFSD with BW= 0-200 Hz and EBW=
028 Hz  respectively. The valus of N obtained from Fig.é
was  used bto fit the MNAFSD in Fig.7 to reduce the error in
the power estimation. The wvaluess of #5 obtained were
Righer than (E)ﬁ.

Figures 8 and % are NCFBED measured with Bl= G-200 Hz
and 0-25 Hz respectively. Values of the powsr angd o with
lower errors  were obtained from  the second case. This
errors  were aproximately I-4%. Figure 8 shows anm i

o the  NCRS gl mpertion LFreruEn Mer bhan
o 2 T nsldering the low coherence
ninant contribution of the detection noise
el o . Uging Eg. (46 for =100 Hz, ¢
This  wvalus i o Ehan
I71.B. Thi

noreaseg

Edplalned oo

b

gh

WERT Y

& fication of modes

is o freguency  reglon. A oshift

betwean b s et ad dala and  the edtrapolated
functicrn con 1s observid.,

Figure 10 shows a typical coherence and is clearly ssen
that i1t is Righer than the &, value defined in Eg. (48)
for © 4 w 4o . Introducing Sheiw=X) = 0,18 in Eg. {(4&)
resulte oy = 0.8« 0wl dB. The euperimental data of the
NCFBED  have & typical deviation of the curve regression of

0.86 diE.
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Figure 11 shows a NCFSD for a serie 2 measurement also
at ~5 HKw. Thers 1is an increment of the NFSD at low
frequencies respect to the NCFSD in Fig. 9. This is due to
the appearance of another noise socurce dus to Forced
convection. In this case in order to be valid hyphotesis
1, it is necessary to start the fitting process at higher
frequencies. This produces a higher error as was explalned
in Section II.E.

Figure 12 shows & NCFSD at ~ 56 kKw corresponding to a
measurement i serie 9. It was necessary to go to higher
frequencies than the case showed before in Fig. 11. The

value of the power obtainsd from the NCFSD was F = (36 + 5)
Flw similar to that from the T measur emert
Foo= (355.2 + 1.6) Kw . The error of the F from the NCFSD is

higher than the error from the lo messurement.

Figure 13 shows the NCFSDs at ~5 Ew and~Sé6 Kw. The
different shape of the spectra in the low freguency region
was explained in Section 1I.D considering the contributions
due to mechanical components vibrations (peaks) and
teedback thermohydraulics Process (continuous) . Both
contributions increase in a different way with power.

Figures 14 and 195 show the NCFSD for natural convection
at about S0 Kw uwsing a BW=0-200 Hz and 025 Hz
respectively. The control rods configuration and the I
value was similar to the measurement showed in Figuwre 12.

Figure 14 shows an increase in the NCFSD inm the low
frecuency region (<20 Hz). At this power value (in natural
convection) the feedback effect at the noise source due to
the increase of the coolant temperature is important . In
order to wverify hypotesis 1 again it is neccesary to fit
the NCFSD at higher frecuercies. The value of the power
cbtained was similar to the measurement made using forced
convection, but the error was higher due to the low
coherence in  this fitted region. Figure 135 shows that the
fitted parameters in the low frecuency region gave a Wi g
value of the powsr due to the higher contribution of the
noise from inlet temperature fluctuations.

P



IV. CONCLUSIONS:

& minimum efficiency criteria WaS obtained by
considering the influence of the detection noise in the
digpertion of spectral data . The minimum efficiency must
be £m » (f)=,

The .97 parameter that depends on the statistics of
the detecticn process wae used as & criteria to estimate
the correct operation of the detection device. The
measurements  showed that the estimation of that paramster
was independent of the detector’s efficiency.

Measurements were made in the RA-6 reactor, varying the
insertion of two control-rode in natural  and forced
convection. It was verified experimentally the validity of
the predominance of the fission density noise  and the
fundamental mode in the fitted spectral regions.

The method was applied to measure power in the 10 W to
5 Hw range and a standard deviation lower than 2% was
obtained uwsing one orF two IC. The lower power limit depens
o reactor stability and absoclute detector efficiency. The
upper  limit depends on the IC linegal work range, absglute
detector efficiency and feedback effect and vibration of
internal components.

The method was applied to calibrate & third ICs
sensitive to neutrons and one IC, sensitive to
N*®e-gamma. This calibration allowed us to measure unrtil
200 kEw  with a standard deviation lower than 2%. For POWeEr &
higher than 2 kw the value obtairned from this calibration
is similar to the rnoise measurement in forced convection
tut it has a lower error. The calibration of I  was
similar tham the calibration by a calorimetric method but
with 7 times lower statistic error.
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Figurs A-1 shows the influsnce of the detection device
o the AFSD (for simplicity, the subindex characterizing
the detector is not written).

e

The mean  detection reaction rate, Ry, depends Tl
botal  fiassion rate Foand  the absolute efficiency m{ Lhe
detector, ©4. The fluctuation o s o the statistic

of the newbron proc viewsd by the detector.

Twer  Uypes of  detecbion devices  are uaed  dn nol e
anal ysis: pul sed mode: and cwrrent mode. Fulsed mode
detectore  are usually wused 1n seaswremsnts with low Ry,
L., 1r Cald crar: subcritical states Lo obtain Ele
fundamental pt constant, to investigate the
contribution Tl Bo: (Epatial affecta), and to estimate

4l

I pawer

i oa it Ll matd o,

low-state

counting values Cy have to be optimized to avoid
dead corrections when R, are wvery high. On th& ot her
hand, abao]lt@ detection esfficienclies are nNecessary,
bk =i ol ) shouwld be located near or inside chm Con e
Im case m? ‘iuhlr power it ds necessary to use IC near the

CAa G e

meutron delbe

SEO the detsction of

T
f
-
-
5
b

Lo, produces ore or more heavy charged particles that
L zates tihes detector gas molecul es fincluding
iplication producing & charge gpa. The
~ged  particl electrons with a8 collection timse t{

ions with & culletion time tf. The charge gelis
low for practical purposes

In the pulsed aode, the pulse charge related to ge is

contormed amplified in order to produce a narrow and
tall sl ol s, This pulse has a Ltime dwation
6y ~ ty- s all  pulses are  similars, the statistics of
the counting rate, Ci, obtained by couwnting in &
fixed time Sty S i s similar to the Ry statistics.
By means of & discriminator it 1e possible to select only
neutron detection pul ses., 11 these processes have
assocliated a tramsfer function hg (W),
The char ao 1 o U time (R aeT WY
Fireguency We:s 727 and  as 1t il ained  in
I1.H, the disappearance of the etn reutrum%

with arn  amplit ude pALTE
vape of the e By i

a white no
explain the
reglion.

{

By measuwring using an  adequates band width BW O (EW »
Wey 72w) 1t is possible Lo obtain:
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ffc’;d@t@ctiﬁﬁ term of ‘“’Giiidrﬂﬂu{igéj_ (A1)

2

4

..01|,?!

If the detection device is working properly (without
spurious counts?, {fm’ml.

In the current mode, there is an analogic integration
with & characteristic detection time, Gews- This time
constant depends on the detection devices (detector,
amplitier and so on). This process, also has assocliated a
detection b amster function iy (W) with & bireal
freguency Wes ( Guy ) /20

The statistics of I depends on the statistics of
Ry ard statistics of Oy depends  on !
prEssur e detector ‘s gas, detector geomstry |

i
T

:'tg), detector s wvoltage and type of
“or this e in bthe normalized APSD

including
particle

‘I’Gii/tqi." fufz term ine
relativh‘y to the O E, 4 the Hepmetl factor
Bi=g#/ (Gp= (x1).

These results can also be obtained in uﬁGLhHF Nmy»

Following Difilippo (1987) the transformation of a sec

of ramdom events in time Cionpul) into an analogous s
{output) through the action of & @;easwing device can
drastically influence the statistics of the proc uricher
obeservatian. Thes current Iy at time t L e
superposition of the effects of events at earlier time
.

bt

7:(t)-= g{ 9,: Filt-ts) (A-2)

where gpes 18 the charge generated at . in detector i
and:

file)= «; € (A=T)

1 assumed to be & good expression to represent  bhe
detection process in an IC, independent of t.. Assuming
also that the s@equence of  times b, 18 distributed
according to & Foisson distribution, using Egs. (A-2) and
(A-Z), we obtained:

Ii = Qu.Fa (A-4)

and the AFPBD (using positive freguencies):

(z)

(d

- E ?2 (B=5)

_iag-



Wit "Ie concditlong oy i . el /o ‘EE.'E L (AYE AN dn

Eq. (42).

{with an adeguate BW) it is possible to

sbtain:
= rm of (P2Gay o P B G W Wey

= = (-6
.L...JI'

3

i+ the detection device works properly (i.e. the Eg. (A4}

is wvalid):
~ 5

(3) : — . —
}(; = E‘ = ?.{ + A > (7(1. CE-7)

?;’ 3 )
il depends o oatatistios, Loa oy a  tin
5 possible to use 9 in order

canstant val e,
+

the properly functioning of a current detection
The  mean  reasons that  could  modify T VEE args

high gamma detection, high and variable electric noise
tection noi
CUE et )

{(i.e. rms o value  similar order tharn de
leakaage curr Colmd Lar wrder than ine
voltage outside of the plateau region. Mll these effects
could atfect I in a different way b
CIIGL AW Wy in E




AFFENDIX E: Harmonicg Contribution in_a Compact Reactor.

In order to analyze the contribution of higher armonics
in analytical AFSD functions, data obtained From &
theoretical model developed by Wentzeis et al (17688) was
fitted using the first two tersas of the modal expansion in

Eg. (1&). The reactor model considered is show in Fig. B-1l.
The T CF Il ciffusion constants  wused dn bhe

calculations sare showt 1 Table k1.

The +itted function was:
“) (2)
Flw) - 10 jg /_Ai_h + A ___] (Et-1)
/H-z/f)
(2

2
(1+ -3:})

where from Egs. (17) to (20):

) o
A; = _’—(-/af f—bf_-_/ (E-2)
oy

(2

) .
A= K [bl- + C;_/ (E=3)
o2

Er a normalization constant, and:

Xy &« 1’,*/&?_)2(_,_*/4?7 Gssl4,4 ) D <24, - W

(Et-4)
20,
by - KX Gas () 5D <2y 2,5 <: %> o
/= - R = SO Vi N = b= Eth
_ (Xy +(z )
¢ = KXY KR Gos (RA) > < Tty %D° s
24,

The wvalues obtained for the fitted parameters using
Marguardt "s method were:

AfRY = (1,12 + O.23)x10-S
<1

i

X, = (98,16 + 0.22) gt CE=T)
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“Om Egs. (Bl o (B-3%)  and (E-7)  and considering

by o Ry AERY = (7.4 4 1.6)x10-T (E-8)
( Gy b ]—3 4 :' d 1 lf'\[ :‘ s

Thess result

shows that 17l
considered
i

wi oy : Haorr Ky s0
t using the first term in Eg. (B-1). The
monios it the Hf22 &
migher than the
contrilbution

W = d;.

frequency Peglion

4%

f 1 contribution of
litude 13 lowes than O.9Y%

<o bt
cund term gontribution. The secornd term
o o

W oand it o is 0 < 0.3% for

s T
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CORE

(.U‘?:Z:‘[P,r‘a"ITE.’"|

CONSTANT WATER
Zialom 1] 1.9281x10-3 4.5966x10-4 1.1133x10-4
Siafcom ] 3.1879x10-2 | 4.8200x10-= __vgjgéssxzo-a'
Zealcm 1) 6.1013x10-2 1.7034x10-= 2.9596x10-3
Di [cm] 1.4218 1.1906 1.3446
D= [cm] 0.2248 0.1722 0.7064
VE¢lemr ] 8.8048x10-=

Vi =5x107cm/s

V2=2.2x10%cm/s

Table B-1
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MNAEFSD for a serie 1 measurement at~5 Kw
BW = O - 25 Hz.

MCFSD for a serie | measurement at~5 Kw
BW = O - 200 H=z.

NCFSD for a serie 1 measurement at~5 Kuw
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Coherence for a serie 1 measurement at~9% Ku
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BW = 0O - 25 H=z.

NCFSD for a serie 5 measurement at~5&6 Kuw
BW = O - 25 Hz.

NCFSDs for a ser
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