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Abstract

A recently developed method for the continuous reactivity monitoring in nuclear re-
actors and in subcritical source-driven systems is applied for the interpretation of flux
measurements carried out in the KUCA facility. The scope of the work is to validate
the method using real experimental data. The method is based on general mathemati-
cal properties of the differential equations constituting the point kinetic model. Several
pulsed experiments performed in different system configurations and using different
source target materials are analysed. The results are compared with the classic area
ratio method. A good agreement is obtained when the space-energy transient follow-
ing the source shut-down dies out and when the system sets on a point-like evolution.
The results prove the suitability of the proposed method for application to the reactivity
monitoring of source-driven systems.

Keywords: reactivity monitoring, accelerator-driven systems, KUCA, point kinetics,

measurement, neutron pulsed experiments

1. Introduction

Reactivity monitoring is an important issue in all nuclear multiplying systems. It
is of special relevance when dealing with subcritical source-driven systems, since it is
extremely important to have immediately information on any change of reactivity that

may initiate a potentially dangerous transient. Several methods are available for the
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measurement of the reactivity in subcritical systems (Bell and Glasstone, 1970). Many
of them refer to pulsed source experiments. For instance, the area ratio method is quite
effective and has gained a wide popularity over the years (Sjostrand, 1956). Of course,
these methods cannot provide the information continuously during the operation of the
system.

A method for the continuous monitoring of reactivity in source-driven systems is
the so-called current-to-flux method (Cao et al., 2013). In recent times a new method
named MApTA (Monitoring Algorithm for Reactivity Transient Analysis) has been
proposed. The method can be used for systems that normally operate in a critical con-
dition (Dulla et al., 2014a) as well as for subcritical systems sustained by an external
source (Dulla et al., 2016). The method has been tested with computationally simu-
lated transients in various configurations, providing promising results. Also tests using
literature data (Dulla et al., 2015b) and pulsed experiment measurements (Dulla et al.,
2014b) have allowed to draw encouraging conclusions on the capability of the method
to interpret real experimental data, even in the presence of non-linear feed-back effects.
The basics of the method are shortly outlined in a following section.

The KUCA facility at the Kyoto University constitutes an important undertaking
for the current development of accelerator-driven technology. A brief description of the
system is given in Section 2. Experiments carried out in KUCA in pulsed source mode
provide a unique opportunity to analyse flux measurements by the MA pTA method and
to validate its performance.

The work presented in this paper has been performed in the frame of the IAEA
Coordinated Research Project on Accelerator Driven Systems (ADS) - Application and
use of low-enriched uranium. The results illustrated allow to study the applicability of

the MApTA method to reactivity monitoring for subcritical system operation.

2. Description of the KUCA reactor

The Kyoto University Critical Assembly (KUCA) (Pyeon et al., 2007, 2015) is a
multi-core-type critical assembly developed by the Kyoto University Research Institute

(KURRI) (Shiroya et al., 2000, 2002), Japan. It consists of two solid-moderated cores



(A- and B-cores) and one light-water-moderated core (C-core). The A-core is designed
to be combined with external neutron sources. Two different sources are available:
14 MeV pulsed neutrons may be generated by D-T (deuterium-tritium) reactions and
spallation neutrons can be injected separately into the subcritical system by 100 MeV
protons generated from the FFAG (Fixed-Field Alternating Gradient) accelerator.
Currently, in the framework of the activities of the JAEA Coordinated Research
Project on Accelerator Driven Systems (ADS) - Application and use of low-enriched
uranium, the A-core in source-driven subcritical configuration is used. The experimen-

tal campaign is based on pulsed neutron source experiments.

2.1. Experimental setting

The reactor cross view is presented in Fig. 1. The fuel assembly is constituted by
highly-enriched uranium with polyethylene reflector layers and their dimensions are
specified in Figs. 2 and 3.

Figures 4 through 6 focus on the core configurations used for the experiments
whose results are analyzed in this work. They differ in the number of fuel assem-
blies (25 elements in Cases I, II, III and 21 elements in Cases IV and V) and in the
number of control and safety rods inserted into the system. Fully inserted and fully
withdrawn rod positions are indicated in the pictures.

The material used for the core assembly is in the form of rectangular prisms, 50.8
mm square with thickness ranging between 1.6 mm and 50.8 mm. The active height
of the core is approximately 400 mm. The upper and lower parts of the fuel region are
made of reflector layers more than 500 mm long, as shown in Fig. 2.

Spallation neutrons are generated by a 100 MeV proton beam from the FFAG accel-
erator injected into the system to impinge on different heavy metal targets (i.e., Pb-Bi,
W-Be, W). The main features of the accelerator are: 1 nA beam intensity, 20 Hz fre-
quency, 100 ns pulse width, 40 mm diameter spot size at the target and 1.0x10% s—!
neutron yield.

As shown in Fig. 1, the neutron flux monitoring is obtained with three detectors
(DET1, DET2 and DET3). DET1 and DET?2, located at the axial central positions of

the reactor in the reflector region, are BF3 detectors and they are 300 mm long and 12.7
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Figure 1: KUCA A-core general configuration.
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Figure 4: System configurations: Case I (on the left) and Case II (on the right). Inserted and extracted control

(C) and safety (S) rods are indicated in black and white, respectively.
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Figure 5: System configurations: Case III (on the left) and Case IV (on the right). Inserted and extracted

control (C) and safety (S) rods are indicated in black and white, respectively.
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Figure 6: System configuration: Case V. Inserted and extracted control (C) and safety (S) rods are indicated

in black and white, respectively.

mm and 25.4 mm diameters respectively. DET3 is an optical fiber detector (LiF+ZnS)

placed in the fuel region.

3. The MA pTA method for the analysis of flux measurements

The MApTA method for reactivity monitoring in nuclear reactors is based on an
algorithm derived from the point kinetic model (Akcasu et al., 1971). Therefore, the
accuracy of its prediction may be affected by spatial and spectral effects. This prob-
lem has already been analysed in previous works (Dulla et al., 2014a) but methods to
overcome any drawbacks need further investigation (Dulla et al., 2015a).

From general properties of the differential system of equations constituting the
point model it is possible to relate the fundamental time constant to the instantaneous
state of the system, i.e. the flux amplitude and the effective delayed neutron concen-
trations. From the time constant the reactivity can be reconstructed through the inhour

relationship. Therefore, the algorithm is a typically inverse technique applied to the



point kinetic system of first-order differential equations.
It can be shown (Dulla et al., 2016) that the fundamental time constant w of the
point evolution satisfies the following relationship connecting the flux amplitude P(t)

and the M effective delayed neutron concentrations C;(%):

M

. i .
p()fwlp()+so+z Y [Ci(t) — w1 Ci(t)] = 0. (1)
The value of the effective source Sy is related to the initial amplitude Py, as:
A
Py = fSL. 2)
Po

In the case of the absence of the external source, the instantaneous relationship takes

the form (Dulla et al., 2014a):
M

P(t) — wi P(t) +Z A

w1+)\

[Ci(t) —wiCi ()] = 0. 3)

Once the time constant is known, the react1v1ty is retrieved by the inhour equation:

p=wh +Zw+>\ 4)

In the formulae above the values of the integral reactor parameters A (effective
mean prompt generation time) and 3; for ¢ = 1,2, ..., M (effective delayed neutron
fractions) are supposed to be known from independent measurements (Baeten et al.,
2001; Kuramoto et al., 2007) or from numerical simulations. This aspect is rather deli-
cate, since the accuracy of the reactivity prediction obviously depends on such values.
In particular, the value of the total effective delayed neutron fraction plays a very impor-
tant role, since it establishes the unit of measure for the reactivity itself. For instance,
the area ratio method yields the reactivity measured in units of the effective delayed
neutron fraction. The amplitude of the system P is the object of the measurement and
it is obtained as the flux signal. It is assumed that the flux is measured on a discrete set
of time instants (flux sample), while the derivatives are estimated by a proper numerical
derivation algorithm applied to the sample of the values of the fluxes.

The information on the effective delayed neutron concentrations can be recon-

structed by a time integration of the point model:

Cy(t) = C;(0)e ™" + i’ P(th)e 2= dt, )



where the integral can be evaluated by a numerical quadrature formula. The initial
condition for the effective concentrations depends on the state of the system at the time
the measurement is initiated. If the system is in equilibrium, one can easily state that:

S0
Aipo

Ci(0) = ©6)

Otherwise, if considering a sequence of neutron pulses as in the cases analyzed in the
following, an equilibrium is reached when the concentration at the end of the neutron

cycle of duration 7" is equal its initial value, i.e.:

) T
@/ P(t)e T qy/
Ci(0) = A Jo )

1 —eNT

(N

The use of the instantaneous power/flux signals and the numerical estimation of the
derivatives appearing in Eq. (1) is affected by the presence of the statistical noise asso-
ciated to the experimental measurements. In particular, previous analyses have shown
that the evaluation of the time derivative of the power is strongly affected by noise, as
it is obtained directly from the experimental data (Dulla et al., 2014a, 2016). Instead,
the derivative of the precursor concentrations is less problematic, since such concen-
trations are obtained by an integration process, Eq. (5), that has a beneficial effect on
the statistical dispersion. Therefore, filtering techniques are of foremost importance
to smooth the amplitude behaviour and to improve the estimation of P (Dullaet al.,
2016), in order to make the application of the method viable for real applications. In
particular, the amplitude signals obtained experimentally are pre-processed adopting a
moving mean filter (Savitzky and Golay, 1964), in order to reduce the statistical oscil-
lations of the values entering formula in Eq. (3). The derivative of the amplitude is
then evaluated adopting a specific algorithm developed for the calculation of derivative
of noisy data (Chartrand, 2011). The precursor concentrations are evaluated by per-
forming numerically the integral in Eq. (5) with the smoothed amplitude data, while
their derivatives are obtained applying a standard backward Euler discretization.

The present work deals with the analysis of pulsed experiments in KUCA. The in-
terpretation algorithm is applied in the source-free mode, Eq. (3), considering the flux

measurements only after the shutdown of the source and the results obtained are com-



pared to the values obtained by the application of the area ratio method as performed
by the staff at KURRI.

The evaluation of the statistical uncertainty related to the reactivity estimation with
MApTA can be performed as follows. We start considering Eq. (3) evaluated at a
certain time instant ¢;, where the period 1" of the pulsed source has been discretized

into N equally spaced time points, coherently with the available experimental data:

H(UJJ‘7P1,P2,...,PJ',...,PN):

) 3
P(t;) — w; P

[Ci(t;) —w;City)] = 0.

The time constant w has the subscript j to indicate that it is the value of w obtained
applying MApTA at time ¢;. The time derivatives in Eq. (8) are then evaluated as

described above:

H(wj,Pl,PQ,...,Pj7...,PN):

M
Pj(P17P27...,PN)—LJij+ E DY [ (J) A (j 1) _chi(tj) =0.
i=1 7 v
()]

It should be noticed that the use of the algorithm for differentiation of noisy data in-
troduce a dependence of the derivative at time ¢; with respect to all time instants in the
period, as they are all fed into the algorithm. A further step can be performed intro-
ducing a simple quadrature scheme for the integral term involved in the evaluation of
the delayed neutron effective concentrations, see Eq. (5), applied to both the values at

time ¢; and ¢;_:

H(wjvpl,PQ,... P],,PN)

. 1
:Pj(Pl,PQ,..., fij ij—i—A |: (tj 1)+ <ijt) Cl(tj):|
= Pj(Pl,PQ,. . ,PN) —ijj — ; m

1 g i

- . —Aitj— 7’ —Ai(t"—l_tm)

N (c,(O)e T > AtPye )

m=1
1 J
+ (wj - At) <C¢(0)6_Mi + Z AtP,,e~ilti—tm )>] = 0.

:>\?b

(10)



In expression (10) also the initial concentrations C;(0) are depending on all amplitudes
values, due to the imposed condition in Eq. (7), discretized consistently with the other
integrals.

The uncertainty on the value w; obtained from expression in Eq. (10) can be cal-
culated adopting the standard first-order Taylor expansion of the dependence on P,

leading to the general expression for the variance:

N Ow; \ 2 NN Ow; Ow;
N — j j OWj
var(w;) ;:1 (8 z) var(Py) + 2;:1 m;ﬂ 95,0 :mCOV(PéaPm)~ (11)

The amplitude signals P; are obtained by neutron detector counting rates and are as-
sumed uncorrelated. However, the P values used in the MApTA algorithm are the ones
smoothed by the application of the moving mean filter, thus introducing a correlation
among the P values.

To evaluate var(w,) it is then necessary to calculate the derivatives appearing in
Eq. (11); this can be done starting from the following expression:

% _ _aHj/an

=27t 12
0P, 0H;/0w;’ (12)

where the index j attached to [ denotes that the time constant w; is evaluated consid-

ering the function H at the time instant ¢;. The derivatives on the right-hand-side of

11



Eq. (12) are calculated as follows:

OH; 0P A [OGH0) (11 A 8
aPe_aTDf“’”;iji op, ¢ AT ae T ) pmeal
for ¢ = j,
OH;, 0P <~ N [0C;0) ., (1 eNAt
— = =+ Z e " = T Wy
0P, 0P, wj + A oP, At At
+§e”"(t7*t@) (1— At — ijt)} for £ < j,
OH;, 0P, <~ A [0C;0) ., (1 eNAt
oP, OP, ij+)\1 [ 0P, J (At At wj)] for € J,
8Hj M A ey 1 ehibt
=—-P; - — s Y B et Y
D, j ; (w0 + ;)2 [C (0)e Al At
IB .7 /8 .7_1
+X(1 — )\zAt) Z Pme t —tm ) K P"LB 1 t —tm )
m=1 m=1
(13)

In the above formulae the derivatives of C;(0) and P with respect to the power values

are needed. While the first can be calculated explicitly from relation in Eq. (7):

9Ci(0) _ B e M)
an - KAtl — e*/\iT ) (14)

the derivative for P has been evaluated numerically with a finite difference approxima-

tion
opr;  Pi(Pr,...,Py,....,Py) = Py(P1,...., P —h,...,Py)
oF, h ’
where the value h has been taken in the same order as the uncertainty on the P val-

s)

ues, and the algorithm for the derivative of noisy data has been applied twice for each
derivative calculation.

The uncertainty on the time constant w; is then used to evaluate the corresponding
variance of the instantaneous reactivity value, obtained through the inhour equation
4):

2
var(p;) = % var(w;) A+ Z var(w;). (16)
8&1]' COJ —|— )\

i=1

12



For the analysis of pulsed experiments, starting from this set of p; values, the best
estimate for p may be assumed to be the average on a sample including N,, values
obtained during the time interval under analysis following the source shut-down, to be

evaluated together with its statistical error:

_ 1 2
var(p) = Nz Z var(p;) + NT Z Z cov(py, pr)-
AV j=(N—Ngy)+1 av. 4 —Ngy)+1 k=j+1
a7
The covariance among the p values can be expressed as:
dp; O
cov(pys i) = L2 oy (i, )
Ow; Owy,
N N (18)
8wJ Ow, Ow; Owy,
cov(wj, wy) = 9P, OP, var(P,) +nz::1m2::l 3 n@COV(Pum)-
m¥#n

A parametric analysis can be performed on the most appropriate number N, of
values to be considered in the average, starting from the end of the period 7" and pro-
ceeding backwards (e.g. averaging the last N, values of reactivity obtained), since
one can assume that towards the end of the pulse response considered the space-energy

effects may be reasonably considered to have died out.

4. Results and discussion

The MApTA algorithm is now applied to some pulsed experiments performed at
KUCA, analysing the flux signals recorded after the shut-down of the external source.
The data for the delayed neutron families used, obtained from simulations by MCNP-6
with ENDF/B-VIIL.O data library, are reported in Table 1 (Pyeon, 2014). The prompt
neutron generation time A is 30.5 us. The same integral data are assumed for all
experimental configurations considered, although differences may actually exist. For
instance the use of different targets may cause a difference in the source neutron energy
distribution, thus producing a difference in the spectrum that can affect the system

integral parameters.

13



Table 1: Values of effective delayed neutron fractions 3; and decay constants \; for the six-family delayed

neutron families adopted for the KUCA reactor evaluation.

i Ails™h] Bi [pem]
1 0.01249 24
2 0.03182 134
3 0.10938 130
4 0.31700 371
5 1.35393 110
6 8.63759 38
B8 = 807 pcm

Figures from 7 to 9 show the detector signals for all the reactor configurations with

the Pb-Bi target. The flux signals are taken with a time interval of 10 us. It is possible

to observe that all these flux measurements appear to show a point-like behavior (the

trend of the curves are the same for all three detectors) and they seem not to be heavily

affected by statistical uncertainties. Such features are promising for the application of

inverse algorithms.
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Figure 7: Detector signals for Case I (left) and for Case II (right) with Pb-Bi target.

The introduction of the moving mean filter to smooth the signals analysed is also in-

vestigated (Savitzky and Golay, 1964). This procedure is adopted with sets of 5 points

14
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Figure 9: Detector signals for Case V with Pb-Bi target.

each. The effect of the smoothing procedure can be observed in Figs. 10 and 11. Here,
as an example, two different detectors are considered: the original and the filtered flux
measurements are shown and the corresponding reactivity estimations at each time in-
stant are compared. These results demonstrate the effectiveness of the filtering process,
even in the case of the noisy signal characterizing Case V. In the following analysis all
the detector signals are dealt with the moving mean filter.

The instantaneous reactivity is reported in Figs. 12 through 14 for some selected
detectors and configurations. The instantaneous value of the reactivity in the first por-
tion of the period is strongly affected by the presence of the source, generating a flux
evolution that cannot be accurately described by the point model. Afterwards, the val-

ues stabilize, although oscillations appear due to the noise of the original signal. The

15
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Figure 11: Signal (left) and reactivity (right) for DET3 of Case V with W target. Blue dots denote the filtered

signal and the corresponding reactivity prediction.

off-line reactivity evaluations using the area ratio method are also reported on these
graphs. After reaching the point-like behavior, a good agreement between the two
approaches is appearing, although it seems that the area ratio method yields a value
slightly higher than the time-averaged value obtained by MApTA (see also Tables 2-4).
The difference observed can be associated to the value of the effective delayed neutron
fraction that is adopted in MApTA (see Table 1) to obtain the reactivity values and then
convert them into dollars, in order to compare to the area ratio method results given by
KURRI. The value of /3 adopted is not influencing the area ratio method when results

are given in dollars, while it is affecting the MA pTA results, as was shown in previous

16



studies through a sensitivity analysis (Dulla et al., 2014a). The small bias observed
between MApTA and the area ration method can thus be associated to the uncertainty
on the S value adopted, since its evaluation/measurement in nuclear systems always

constitutes a delicate issue.

1 T T T T 1

A N

t [ms] t[ms]

Figure 12: Evaluation of p(t) (blue dot) by MApTA and by the area ratio method (black line) for DET1 in
Case I (left) and Case II (right) with the Pb-Bi target.
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N
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< <2
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Figure 13: Evaluation of p(t) (blue dot) by MApTA and by the area ratio method (black line) for DET1 in
Case III (left) and Case IV (right) with the Pb-Bi target.

The time-averaged reactivity p with its associated uncertainty is also evaluated fol-
lowing the procedure described above. The parametric analysis on the sample size N,
is performed and the results are sketched in Figs. 15 through 17. Increasing the dimen-
sion of the sample obviously reduces the uncertainty ;. However, when the sample is

so large to include the first portion of the period, poor results are obtained because of

17
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Figure 14: Evaluation of p(t) (blue dot) by MApTA and by the area ratio method (black line) for DET1 in
Case V with the Pb-Bi target.

the non-point-like behavior.
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Figure 15: Evaluation of p and o with different sample dimensions (Nq) for DET1 in Case I (left) and

Case II (right) with the Pb-Bi target. Blue dots: p, open red circles: 0.

The values of p appear to stabilize for all the cases considered. Tables 2, 3 and 4
summarize the results p and o, assuming a sample with Ny, = 300. The discrep-
ancy with respect to the evaluations obtained by the area ratio method is also reported,
showing a good consistency of the results. The negative bias, as already observed, is
due to the value of the effective delayed neutron fraction adopted.

The reactivity estimations obtained for Cases I, I, IIT and IV are satisfactory. The
values of p are in good agreement with the ones obtained by the area ratio method and

the associated values of o are acceptable. The Case V, the most subcritical core con-

18
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Figure 16: Evaluation of p and o5 with different sample dimensions (/Ng+) for DET1 in Case III (left) and

Case IV (right) with the Pb-Bi target. Blue dots: p, open red circles: 0.
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Figure 17: Evaluation of p and o5 with different sample dimensions (Ngv) for DET1 in Case V with the

Pb-Bi target. Blue dots: p, open red circles: .

figuration, is characterized by larger, although still acceptable, values of 0. Such out-
come is due to the more relevant noise affecting the experimental signals. In all the ex-
periments small spatial effects are experienced: this can be physically explained by the
deep subcriticality of the system, which causes a more point-like response (Bosio et al.,
2001; Eriksson et al., 2005).

The analysis of the experimental data from the KUCA facility demonstrate the
capability of the method proposed to attain adequate reactivity predictions in several
different reactor core configurations and sources. Furthermore the comparison with
the estimations obtained using the area ratio method confirms the consistency of the

technique proposed.
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Table 2: Average values of the reactivity p and corresponding uncertainty o = /var evaluated with a
sample size Ngo, = 300, for all the reactor configurations with Pb-Bi target. The difference with respect to

the area ratio method (AM) results is also reported.

P 05 PAM Opan | P~ PAM

Detector | [A] | [10728] | [A] | [10723] | [1072p]
DET1 —1.55 0.5 —1.44 2.2 —10.6
Case I DET2 —1.83 0.6 —1.72 2.5 —11.2
DET3 —1.82 0.6 —1.72 2.5 —10.0
DET1 —2.53 1.0 —2.39 3.6 —-13.9
Case 11 DET2 —-3.07 1.1 —2.92 4.3 —14.8
DET3 —2.91 0.9 —2.79 4.1 —11.5
DET1 —3.41 1.2 —3.25 4.8 —16.2
Case III DET2 —4.18 1.5 —4.01 5.9 —16.6
DET3 —3.80 1.6 —3.69 5.6 —11.1
DET1 —3.57 1.3 —-3.39 5.1 —17.5
Case IV DET2 —4.27 1.6 —4.09 6.1 —-17.5
DET3 —3.75 1.5 —3.62 5.5 —12.5
DETI —6.29 2.6 —6.08 9.5 —-21.3
Case V DET2 —8.08 2.6 —7.88 11.4 —20.0
DET3 —6.16 2.6 —6.09 9.2 7.5

5. Conclusions

In this work the inverse technique known as MApTA is tested through the interpre-
tation of flux measurements carried out on the KUCA reactor. The comparison of the
results with the ones obtained by the area ratio method shows that the technique can
yield adequate prediction of the reactivity. It can therefore be proposed as an on-line
monitoring technique in subcritical source-driven systems.

In some applications, especially for systems near criticality or when the response is

strongly affected by the presence of the source, spatial and spectral effects may greatly
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Table 3: Average values of the reactivity p and corresponding uncertainty o = /var evaluated with a
sample size Ngo, = 300, for all the reactor configurations with W-Be target. The difference with respect to

the area ratio method (AM) results is also reported.

P 05 PAM Opan | P~ PAM

Detector | [A] | [10728] | [A] | [10723] | [1072p]
DET1 —1.52 0.5 —1.42 2.2 —-10.3
Case I DET2 —1.91 0.6 —1.81 2.6 —10.7
DET3 —1.92 0.5 —1.83 2.6 —-9.8
DET1 —2.46 0.8 —2.33 3.5 —-13.0
Case 11 DET2 —-3.19 1.2 —3.05 4.5 —-134
DET3 —2.86 1.1 —2.76 4.1 —10.0
DET1 —3.25 1.3 —3.10 4.8 —14.5
Case III DET2 —4.37 1.7 —4.22 6.3 —15.2
DET3 —-3.73 1.7 —3.64 5.6 —8.6
DET1 —3.50 14 —-3.33 5.1 —-16.7
Case IV DET2 —4.48 1.8 —4.32 6.4 —16.8
DET3 —-3.71 1.4 —3.61 5.3 —10.8
DETI —6.40 3.2 —6.20 10.3 —-19.9
Case V DET2 —8.94 5.0 —8.74 14.1 —20.5
DET3 —6.13 3.1 —6.11 9.5 —-1.9

influence the accuracy of the reactivity predictions by the MApTA technique. Some
attempts to mitigate such effects have been preliminarily studied. However, such ideas
must be verified in real experiments, such as the ones available from the KUCA facility.
This constitutes an effort that is currently going on.

The performance of the prediction algorithm is influenced by the values of the
integral parameters that are considered as input to the method. In the present work an
effect of the effective delayed neutron fraction has been observed, Also the value of
the effective mean prompt generation time can play an important role. Future works

must be devoted to further investigations on the computational evaluations and on the
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Table 4: Average values of the reactivity p and corresponding uncertainty o = /var evaluated with a
sample size Ng,, = 300, for all the reactor configurations with W target. The difference with respect to the

area ratio method (AM) results is also reported.

P 05 PAM Opan | P~ PAM

Detector | [A] | [10728] | [A] | [10723] | [1072p]
DET1 —1.50 0.2 —1.40 2.1 -9.9
Case I DET2 —1.83 0.4 —-1.73 2.5 —-10.4
DET3 —2.47 0.5 —2.34 3.3 —12.8
DET1 —2.45 0.6 —2.33 3.3 —12.0
Case 11 DET2 —3.05 0.8 —2.93 4.3 —12.5
DET3 —3.85 1.2 —3.72 9.9 —12.8
DET1 —-3.12 0.9 —2.97 4.3 —14.9
Case III DET2 —4.07 1.3 —-3.91 5.7 —16.0
DET3 —4.88 2.0 —4.74 7.2 —14.4
DET1 —3.50 1.1 —3.32 4.8 —17.3
Case IV DET2 —4.25 1.5 —4.08 5.9 —17.0
DET3 —4.70 2.0 —4.55 6.8 —15.3
DETI —6.33 2.6 —6.13 9.7 —20.4
Case V DET2 —8.13 4.2 —-7.91 12.5 —21.7
DET3 —7.78 4.2 —7.72 12.3 —6.4

measurements techniques for a more accurate estimation of these parameters, that play
a fundamental role in all inverse techniques.
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