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HIGHLIGHTS

Neutron Flux of the RECH-1 Chilean Reactor was experimentally obtained.

Results were compared using three neutron cross section data bases.
Two unfolding algorithms were compared: EM and GRAVEL.

Self-shielding factor per each neutron energy group was obtained using MCNP.

Extending the use of EM Bayes’ algorithm to reactor neutron flux distributions.

ARTICLE INFO ABSTRACT

MSC: We present a methodology to obtain the energy distribution of the neutron flux of an experimental nuclear
00-01 reactor, using multi-foil activation measurements and the Expectation Maximization unfolding algorithm, which
99-00 is presented as an alternative to well known unfolding methods such as GRAVEL. Self-shielding flux corrections
Keywords: for energy bin groups were obtained using MCNP6 Monte Carlo simulations. We have made studies at the at the

Neutron activation
Expectation maximization

Experimental reactor neutron flux distribution tron energy region.

Dry Tube of RECH-1 obtaining fluxes of 1.5(4) x 103 cm~2s~! for the thermal neutron energy region,
1.9(5) X 102 cm ™2 s~ for the epithermal neutron energy region, and 4.3(11) X 10! cm~2?s™?! for the fast neu-

1. Introduction

One of the most important parameters in an experimental nuclear
reactor is the energy distribution of the neutron flux at the position
where neutron activation experiments are carried out. Direct flux
measurements are very challenging by various reasons such as the
broad neutron energy range in a reactor (from 5 X 10~°eV up to
2 x 107 eV), neutron inelastic cross sections resonances, difficulties to
place neutron detector near the reactor core, among many others.

There is not a unique approach to obtain the neutron flux energy
distribution in a nuclear reactor. Indeed, several methods have been
developed during the years originating mainly from the neutron acti-
vation analysis (NAA) community, such as the ko method, the Bonner's
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spheres and the multi-foil neutron activation method.

The ko method provides a reliable tool to obtain element con-
centration present in an unknown sample. It can also be used to obtain
the thermal and epithermal neutron fluxes assuming that the epithemal
reactor neutron flux is a fraction of the thermal flux, neglecting the fast
neutron flux (Simonits, 1975). The Bonner's Spheres method requires
neutron detectors such as the *He proportional counter detectors and a
set of different size neutron moderator materials (polyethylene, for
instance) to be sensitive to different neutron energy ranges. This
method is used to measure standard neutron sources, ambient neutrons
and low counting rate neutron fluxes. Nevertheless, sizes and weights of
the moderator-detector set make them unsuitable for measurements
near the reactor core.
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The multi-foil method is an excellent tool to obtain the neutron flux.
A sample of high purity is immersed in a neutron field. After irradiation,
the activity of the radioactive nuclei is measured by means of high
resolution gamma spectroscopy, to obtain the saturation activity A®.
This quantity can be obtained from the convolution of the reaction cross
section o (E) with the neutron flux ¢ (E).

a = [ o(B)¢(E) dE. e8]

To unfold ¢ (E) from Eq. (1) the inverse problem must be solved. It is
convenient to write Eq. (1) in its discrete form as

n

AR = ) oy,
j=1 2

where the energy space is divided in n regions or groups. Here A
corresponds to the saturation activity measurement for the reaction i
and its respective cross section matrix elements oj;.

Various techniques are available to solve the inverse problem by
means of unfolding algorithms. The most used one for reactor neutron
flux distributions is the Least Square with non linear model (Bitelli,
2009; Igbal, 2009) which is included in different codes such as SAND-II
(McElroy,), SANDBP (Zsolnay and Szondi,) and GRAVEL (Matzke,).
Other methods are Linear regularization, Maximum Entropy and Max-
imum Likelihood estimation (Cvachovec and Cvachovec,).

In this work the application of Maximum Likelihood estimation
using the iterative algorithm Expectation Maximization (EM) is applied
to obtain, for the first time, neutron reactor flux energy distributions
using neutron activation measurements. This algorithm has been suc-
cessfully applied in beta decay experiments using total absorption
spectroscopy (TAS) techniques, finding decay feeding probabilities
(Tain and Cano-Ott, 2007), and recently to obtain the neutron back-
ground flux at the Canfranc Underground Laboratory (LSC) using *He
proportional counter detectors embedded in individual polyethylene
blocks of different sizes (Jordan, 2013).

Iterative Bayes' unfolding algorithms, such as the EM method, does
not require a previous knowledge of the initial distribution. As a matter
of fact, it is possible to start the iteration process using an uniform
distribution according to Ref. D'Agostini (1995). This statement will
also be tested in our work Fig. 1.

2. Multi foil neutron activation measurements

Activation measurements were carried out in the RECH-1 Dry Tube
irradiation position, which facility is commonly used for neutron acti-
vation analysis at short irradiations. To access this activation position
samples were positioned inside a Teflon basket container.

Nine samples of different metallic foil materials were prepared to be
irradiated at the Dry Tube position at RECH-1 (see Table 1). Each
sample was carefully cleaned using isopropyl alcohol and acetone.
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Fig. 1. Gamma efficiency curve of the HPGe detector using an **?Eu source. In blue is the
fitted curve from Ref. Hu (1998). Red curves represent the uncertainty given by the fitted
parameters. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article).
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Table 1

Foil materials used for neutron activation at RECH-1. The purity value is given by the
manufacturer. Thickness and mass of the sample were measured using an Erichsen Layer
Check and a Belltronic Digital Balance model ESJ-200-4. The diameter of the samples
corresponds to a standard puncher hole in accordance with ISO 838.

Sample Purity  Thick. Diam. Mass Act. Waiting  Meas.
material % pm mm mg time time time
Ti 99.99 105(1) 3.0(3) 43Q) 10m 5m 5h

\% 99.8 132 (1) 6.0(5) 21.1(1) 10m 43m 38m
Mn 98.7 60 (2) 6.0(5 141(1) 10m 246h 47.7h
Co 99.99 50 (5%) 6.0(5) 126(1) 10m 42m 100 m
Cu 99.9 142 (2) 6.0(55) 234(1) 10m 26m 11.7h
Ag 99.95 144(1) 3.013) 11.7(1) 3m 15m 4h
Pd 99.9 75 (1) 303 59 10m 27m 25d
In 99.99 118(2) 3.0(3) 266(1) 3m 7.2h 2.3h
cd 99.9 252 (2) 6.0(55) 606(1) 9m 65m 104 m

Samples were exposed to a neutron flux during a time t,.
Immediately after each irradiation the sample was stored in a Lead Cell
at the top of RECH-1 pool. After waiting for the decay of the activity in
order to be safely transported, the irradiated sample was taken to the
gamma spectrometry laboratory.

A HPGe detector (Canberra model GC2520) with a digital signal
analyzer LYNX DSA Canberra, using the acquisition software GENIE
2000, was used to measure the activity of the nuclei after the neutron
activation. The detector was inside a Canberra lead cylinder with
cooper interior shielding. Each activated sample was positioned at
10 cm distance from the detector surface using a set of acrylic disks. In
this work the acquisition was setup in Pulse Height Analysis (PHA +
option in GENIE 2000) leaving the loss-free counting option off, which
means that dead time correction factor must be included as is suggested
in Ref. Roscoe and Furr (1977). The software was prepared to acquire vy-
spectra at intervals ranging from 10 s to 10 min depending on the half-
lives of the radioactive nuclei, in order to be able to obtain the dead
time curve and dead time correction factor D for each irradiated
sample. Efficiency calibration was measured up to 1.4 MeV using an
152Ey source (Hu, 1998).

The atom-specific saturation activities were obtained according to
the following expression

A® = C (t)Aettw
Nog, I, D(1 — e~¥m)(1 — eHa) 3)

where t,, t, and t,, are the irradiation, waiting and gamma-measure-
ment time respectively (see Table 1). C(t,) denotes the net counts for
the corresponding photo peak during the spectrometry measurement, A
is the decay constant of the radioactive nucleus, Ny is the number of
atoms of the isotope in the sample, ¢, is the photo peak efficiency, I, is
the fraction of decays producing the measured gamma-ray energy and D
is the dead time correction factor calculated for nuclei whose half-lives
are comparable with its respective measurement time (Roscoe and Furr,
1977). The atom-specific saturation activities are summarized in
Table 2. The uncertainty of A® is given by the error propagation of the
measured values: irradiation, waiting and measurement times, number
of counts of the photo-peak, mass of the sample and gamma efficiency,
and the reported uncertainties of I, and T ,.

3. The EM unfolding method

Bayes theorem allows to relate causes with effects. It states that it is
possible to obtain an a posteriori probability P(¢;1A;*) given an a priori
information or state of knowledge P(¢j), in addition to the evidence
given by an experiment A (Tain and Cano-Ott, 2007; D'Agostini,
1995). This conditional probability is given by

P(AZI$)P($)

P(PAS) = o —,
@147) i PAZI9)P(¢) )
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Table 2

Reactions studied by neutron activation at RECH-1. The thermal cross section oy, eval-
uated at 0.025 eV, the half-life T/, of the respective radioactive product of reaction, the
energy of the most intense gamma line and the atom-specific saturation activity A®
measured in this report are shown.

Reaction Oth Ti/2 Energy A®
barns keV Bq/atom

SOTi (n,y)°'Ti 0.18 5.76 (1) m 320 8.7(11) x 10713
51y (n,y)%2v 4.9 3.743 (5) m 1434 2.8(2) x 1011
S5Mn (n,y)**Mn 13.3 2,579 (1) h 847 5.03) x 10~ !
59Co (n,y)*°Co 16.5 1925.3 (1) d 1332 1.6(6) x 1071°
%3Cu (n,y)**Cu 45 12.701 (2) h 1346 1.9(2) x 10~ 1
107Ag (n,y)'%%Ag 35 2.38 (1) m 633 8.1(9) x 10~ 1°
108pd (n,y)!°°Pd 8.5 13.701 (2) h 311 5.0(5) x 107!
1310 (n,1)'* ™In 8.1 49.51 (1) d 558 5.0(3) x 107!
1518 (n,y)'%In 73 54.3 (2) m 1294 3.2(3) x 107°
51n (n,n")'*® ™In 4.468 (4) h 497 9.8(9) x 10~
14¢d (n,y)'5cd 0.29 53.46 (5) h 528 1.2(1) x 10712
116¢d (n,y)''7Cd 0.052 2.49 (4 h 273 3.0(1) x 10713

where P(A;71¢)) is the likelihood function representing the probability
of obtaining A;* due to ¢;. In this case the likelihood function is equal to
the neutron cross section oy. Hence, the obtained a posteriori probability
can be fed back as an a priori information, resulting into an iterative
method (Cvachovec and Cvachovec,) to unfold the neutron flux at bin j
from the Eq. (1),

1o oA
— .
i1 % o Z:=1 o'ik‘plES)

The advantage of using Bayes' unfolding method to solve the inverse
problem in comparison to other methods used in Refs. Bitelli (2009);
Igbal (2009) lays in the possibility to start iterations with a uniform
distribution for ¢;, or a reasonable guess as an a priori probability
(D'Agostini, 1995).

¢(s+1) -
! ©)

4. Neutron reaction cross sections

Neutron reaction cross sections were obtained from the evaluated
nuclear data bases ENDF/B.VIL.1 (Chadwick, 2011), TENDL2014
(Koning, 2012) and JEFF-3.2 (The JEFF Team,). Using the software
JANIS 4.0 provided by the Nuclear Energy Agency (NEA) it was pos-
sible to obtain each of the cross sections in Table 2, discretized in 10*
isolethargic energy regions per decade. In the analysis we have suc-
ceeded in modifying the number of energy bin groups, adjusting them
as needed. In Fig. 2 we present the cross section as function of the
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Fig. 2. *°In(n,y)'**In ENDF/B.VIL1 cross section. In red the cross section is shown the
10* isolethargic energy bin groups per decade. In blue is shown the cross section in 30
isolethargic energy groups. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).
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energy in the 10* isoletargic bins per decade (in red) and in 30 iso-
letargic energy bin groups (in blue).

5. Neutron self-shielding factor

When samples are immersed under a neutron flux, its interior gets
exposed to a less neutron fluence rate than the exterior due to neutron
absorption and scattering by the sample itself. This effect, known as
neutron self-shielding, varies with the macroscopic scattering, absorp-
tion cross-sections, as well as size and shape of the sample (Greenberg,
2011). In neutron activation analysis, a self-shielding factor is applied
as a correction to the saturation activity (Chilian, 2006), assuming that
the neutron flux has mainly two components: thermal and epithermal.
This is a strong assumption because it neglects the fast neutron con-
tribution. In contrast, in the present work, we use the whole informa-
tion available in the data bases. This is done in the following way a self-
shielding factor is defined as the ratio between the neutron flux inside a
sample ¥ (r, Q, E) with density p and volume V, and the neutron flux
Y’ (r, Q, E) inside a diluted sample with the same volume V and density
0o ~ 107%:

o fin Jy, $(x, @, E) dVAQAE

¢= S fi i ¥ (@, Q, E) dVdQdE’

©

Now if a sample is immersed in a mono energetic neutron field with
energy E; neutrons can experience an energy dispersion inside the
sample due to several interactions of neutrons with the medium,
namely E; — E;. The neutron flux at energy E; is now

W, = ,(E) = -/;/ L‘ . jv' ¥(r, Q, E) dVAQdE. -
Extending this idea to the n energy regions from the discretization of
Eq. (1), the neutron flux inside the sample of volume V can be written in
terms of its dispersion elements from Eq. (7). Therefore the flux inside
the sample 9 (r, Q, E), as well as the diluted sample ¢’ (r, Q, E), can be
written as a matrix including the energy dispersion @ and its matrix
errors A®. The matrix elements 3; and 9’ can be obtained using Monte
Carlo simulations.
¥ij
Pij
are calculated from the diluted flux ¢’;; and non diluted flux 3, ; matrix
elements. To obtain each matrix element g; ; the Monte Carlo N-particle
code MCNP6 was used. A mono-energetic 1 cm diameter spherical
neutron source was simulated emitting neutrons isotropically inwards.
The sample was located at the geometrical center of the sphere.

All the samples in Table 1 were simulated and the matrix elements
of G were calculated. We have found that for all the simulated samples,
the calculated non diagonal matrix elements of G were smaller by a
factor 1000 relative to the diagonal elements. This means that geometry
and thickness of the samples considered in this work the energy dis-
persion becomes negligible. Nonetheless self-shielding factors were
obtained for all the j energy groups as illustrated in Fig. 3 where we can
see the effect of resonances at epithermal neutron energies, which in
the traditional way, i.e. taking the self-shielding factor an average over
the complete energy space (Chilian, 2006), is not considered as a flux
correction.

The self-shielding and energy dispersion matrix elements g;; =

6. RECH-1 modeling and simulation

The RECH-1 research reactor is a pool-type reactor with a nominal
thermal power of 5 MW. This reactor is operated by the Chilean Nuclear
Energy Commission (a) at La Reina Nuclear Center. The RECH-1 is a
light water-moderated, water-cooled and beryllium-reflected reactor
and it employs a flat plate MTR-type fuel with low enriched uranium.
Six blade-plates control absorbers pass through the core in three groups
of two (Medel, 2003).

The neutron flux spectrum at the Vertical Dry Tube Irradiation
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Fig. 3. Cadmium sample self-shielding factor curve for 1000 isolethargic energy groups,
calculated using MCNP6 and three different neutron data bases.

Facility of the RECH-1 was calculated using MCNP6.1 (Goorley, 2012).

In order to perform the calculations for the RECH-1 applying the
MCNP code, a methodology has been developed to be adapted to dif-
ferent situations and reactor states. The model includes irradiation
devices and experimental sites, considering details that could affect the
criticality calculations, neutron flux and power distributions. In Fig. 4
we illustrate the core components of RECH-1 and terminals of the
pneumatic transport system (Rabbit Tubes), modeled in detail in three
dimensions (Medel, 2003).

A kcode criticality source card was used to perform the criticality
calculations. The number of keff cycles was 1000 with 10,000 neutrons
per keff cycle. The neutron flux was calculated using tally F4, flux
averaged over a cell. The cell was a sphere of radius 3 cm, whose center
was located on the maximum of the axial neutron flux which is ap-
proximately 26.7 cm from the bottom of the active length of the fuel
element, when the control plates of the reactor are 70% withdrawn. The
resulting neutron flux spectrum is shown in Fig. 5.

7. Experimental results

The neutron flux in the Dry Tube irradiation position was obtained
by: a) the atom-specific saturation activity shown in Table 2; b) Three
different neutron data bases ENDF/B.VI.1 (Chadwick, 2011),
TENDL2014 (Koning, 2012) and JEFF3.2 (The JEFF Team,) (see Sec. 4);
and c¢) the EM method we have discussed above in Sec. 3, corrected by
the neutron self-shielding factor. An important consideration is the state
of knowledge of the reactor neutron flux at the Dry Tube irradiation
position. This information was used to start the iterative process ¢j§s:°)
either with a uniform flux distribution (no knowledge), or with a

MCNP XY reactor core view

Beryllium
elements Control
B plates
Empty
slot Fuel
e —— elements
CITIA T
| —Blanking
Rabbit | | l.
Dry tube

Fig. 4. RECH-1 MCNP simulation core scheme. Fuel elements, irradiation positions and
other elements present at the reactor core are presented here.
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Fig. 5. RECH-1 MCNP simulated neutron flux distribution at Dry Tube position (in red),
fitted with a parametrized three region neutron flux distribution: Thermal neutron dis-
tribution (Westcott, 1955) (a), epithermal neutron distribution (Westcott, 1955) (b), and
Fast neutron distribution (Watt, 1952)(c). Fitting parameters of blue curves are shown in
Table 3. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

parametrized neutron flux function following the usual three region
neutron distribution. For the latter a Maxwell-Boltzmann (Westcott,
1955) distribution is used to describe the thermal region,

1 E
qjth(E) =A- m 'E'eXp(—kB—T), (8)

while the epithermic region is described by &, (E) = 1/E* distribution
(Westcott, 1955). For the fast neutron region the flux is described by the
Watt distribution (Watt, 1952),

P (E) = B~eXp(—E)-sinh(\/ﬁ).
a ©)

In Fig. 5 we show the MCNP simulated neutron integral flux distribu-
tion at Dry Tube irradiation position in red. The blue curve is the joint
neutron distribution matching the three forms stated above, fitting the
MCNP simulation data. In Table 3 we show the parameters for the
different regions

The parameters were obtained from neutron flux distribution of the
MCNP simulation of the RECH-1 reactor core at the dry tube irradiation
position (see Fig. 5). The simulated MCNP neutron flux distribution is in
Fig. 5 and the corresponding 3-region integral fluxes are ¢,
9.8(2) x 102 em™?s7!, 4, =18(1)x10%em ™ ?s”' and ¢, =
6.5(6) x 10 em~2s~!.  The total neutron flux is ¢, =
1.22(3) x 103 em ™2 s~ 1. This values, as well as the shape of the neutron
distribution will help comparing with the EM method integral values.

The EM method is an iterative method. There are two numbers to be
define beforehand: the number of discrete n energy groups, and the
number of iterations s (see Eq. (5)). These parameters are modified,
seeking an optimum n and s determined by the minimization of the
statistical parameter &2 defined as

Table 3
Fitted parameters from Fig. 5 according to Eq. (8) and Eq. (9). UpTh and UpEp are the low
and high energy limits for the epithermal region.

Distribution Fitted parameter Value

P (E) A 8.05(1) X 101 cm 25~ *
T 221.78 (1) °C

Dep (E) UpTh 0.28 (1) eV
UpEp 3.95(1) x 10* eV

D (E) B 7.25(1) x 102 cm ™25~ 1
a 1.21(1) x 10° eV
b 3.11(1) x 106 eV !
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group by Monte Carlo method (Cvachovec and Cvachovec,). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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m i=1

(10)

where A is the measured saturation activity for reaction i; A9 is the
calculated saturation activity for reaction i, using the EM calculated flux
gb]@ and the corresponding reaction cross section o (AD> = Zj ,-j¢j@);
and m is the total number of measured saturation activities considered.

The minimum & was obtained seeking from s = 0, up to 100
iterations and j = 15, up to 200 isolethargic energy groups. As shown in
Fig. 6 we notice that the value of £2 exhibits a weak dependence on the
number of energy regions n, when s minimizes &2 The integral fluxes
obtained using EM unfolding algorithm does not depend on n when is
above sixty. Based on this results we have chosen to work withn = 200
hereafter.

In order to assess the unfolding flux results based on the EM

32
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algorithm, we have used the GRAVEL algorithm. This algorithm is an
updated version of SAND-II, both are widely used to unfold neutron
spectra from multi-foil neutron activation measurements. The GRAVEL
algorithm was obtained from reference (Chen, 2014).

In Fig Fig 7 we present results for the differential neutron flux as a
function of the energy. Uncertainty values were calculated by Monte
Carlo method with random variations of the input data in the range of
the uncertainties (Cvachovec and Cvachovec,) obtained for the atom-
specific saturation activity, the self-shielding correction factor and the
tabulated uncertainties of the reaction cross sections. For these results
we have made use of three data bases and four unfolding algorithm. We
observe a close agreement between the MCNP simulation and EM
parametric at thermal and epithermal neutron energies (up to 1 MeV).
Not surprisingly, the poorest agreement with MCNP simulation occurs
with EM (red) and GRAVEL (yellow) unfolding algorithms using a
uniform distribution as the starting profile. This is probably due to the
fact that the starting condition is unrealistically far away from the real
solution. MCNP simulation and GRAVEL parametric curves agree very
well one with another at thermal neutron fluxes, although a clear dis-
agreement is observed above 1 eV (epithermal and fast neutron fluxes).
These findings point to the sensitivity of the unfolding results to the flux
shape used in the first iteration of the algorithm.

In Table 4 we summarize integral neutron fluxes for the three en-
ergy regions considered: ¢y, ¢, and ¢;. We also show §rf”.n, A and osrp.
Here £2, represents minimum statistical estimator value defined in Eq.
(10). A represents the average of the differences between the measured
and the calculated saturation activities

I I
4 =— Z @a” - Ai(s)m),
m & 11

and ogrp is the standard deviation for m measurements.

[

[ 1 & con12
Ostp = \/ﬁz A —(Ai00 —Ai(s) ),

i=1

(12)

we observe that the EM Parametric procedure yields the highest
maximum &2, and standard deviation, by a factor of 2 and 0.7 relative
to GRAVEL Parametric. In addition, GRAVEL yields the lowest standard
deviation (osrp & 35). This high value could be related to differences in
the neutron fluxes during each measurement considering the long ex-
perimental campaign of eight months, where only one or two samples
were able to be irradiated during the same week at 5 MW reactor op-
eration power.

In Table 5 we present the weighed average for the neutron fluxes
based on the three neutron data bases. We observe that at the thermal
flux region GRAVEL and EM Parametric unfolding algorithms over-
estimate by 20-50% the flux relative to the MCNP simulation. At the
epithermal region all Parametric unfolding procedures with MCNP re-
sults agree within their uncertainty values. In the fast flux region EM
value is in closer agreement with the MCNP value, whereas GRAVEL
underestimates the fast flux by nearly a factor of two.

From Table 5 it is possible to obtain the weighted average value of
the integral fluxes in the thermal (5x 107 — 0.5eV), epithermal
(0.5 — 5 x 10°eV) and fast neutron (5 x 10° — 2 x 107 €V) energy re-
gions for the three different databases.

8. Summary and conclusions

We have studied the neutron flux of an experimental nuclear re-
actor. In order to calculate the neutron flux at RECH-1 Dry Tube irra-
diaton position we have applied MCNP simulations and unfolding al-
gorithms, together with experimental measurements. Special attention
has been given to the self-shielding factor corrections. In addition we
have modified the number of energy bins in the different regions of
neutron cross sections, the self-shielding factor and neutron flux dis-
tribution in order to obtain the best fit of the data by the unfolding
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Table 4
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Summary of the integral neutron fluxes in three energy regions of interest using three data bases and four different unfolding algorithms: I) EM Uniform, II) EM Parametric, III) GRAVEL

Uniform and IV) GRAVEL Parametric.

Data base bin

Algor. $ [em™2s71] Fep [em™>s71] ¢ [em™2s71] 2 A asTD
ENDF/B.VIL1 1 200 5 1.3(4) x 1013 1.6(6) x 1013 1.4(5) x 1012 0.14 3.44 37.55
JEFF I 200 4 1.2(5) x 1013 2.1(9) x 1013 1.3(5) x 1012 0.20 - 3.70 44.04
TENDL I 200 4 1.2(4) x 1013 1.8(6) x 1013 1.0(3) x 1012 0.15 10.18 36.75
ENDF/B.VIL1 Jid 200 2 1.5(6) x 1013 1.8(7) x 1012 4.7(19) x 101 0.21 6.60 45.59
JEFF I 200 2 1.5(8) x 1013 2.0(10) x 10'2 4.6(22) x 1011 0.30 0.01 54.33
TENDL I 200 2 1.5(7) x 1013 1.9(8) x 1012 4.0(16) x 101 0.22 8.80 45.89
ENDF/B.VIL1 m 200 13 1.1(3) x 1012 1.7(10) x 10'2 2.2(7) x 101 0.12 9.07 33.67
JEFF i 200 18 1.1(3) x 1012 3.0(21) x 1012 2.2(8) x 1011 0.15 4.03 38.29
TENDL Jiis 200 13 1.1(3) x 10'2 1.7(11) x 10'2 2.1(7) x 101! 0.13 9.86 34.47
ENDF/B.VIL.1 v 200 10 1.2(3) x 1013 1.8(8) x 1012 2.8(9) x 1011 0.12 9.27 33.71
JEFF v 200 2 12(3) x 101 19(5) x 1012 3.6(11) x 10! 0.15 5.30 38.07
TENDL v 200 9 12(3) x 1013 1.7(7) x 1012 2.9(9) x 1011 0.13 10.13 34.47
Table 5

Weighted average of Thermal, Epithermal and Fast integral neutron fluxes for the three neutron databases.

Integral Flux MCNP simulation EM parametric

GRAVEL parametric EM uniform GRAVEL uniform

¢n [em™2s71]
¢ep [em 2571

¢gs [em™?s71]

9.8(2) x 1012
1.8(1) x 1012
6.5(6) x 10!

1.5(4) x 1013
1.9(5) x 1012
43(11) x 101

1.2(2) x 1013
1.8(4) x 1012
3.0(6) x 10!

1.3(2) x 1013
1.8(4) x 1013
1.2(2) x 1012

1.1(2) x 1012
1.8(7) x 1012
2.1(4) x 10!

algorithms.

Using the EM parametric unfolding algorithm we obtained neutron
fluxes at the Dry Tube of 1.5(4) X 10'* cm~2 s~ for the thermal neutron
energy region, 1.9(5) x 1012 cm ™~ 25~ for the epithermal neutron en-
ergy region, and 4.3(11) x 10 cm~2s™! for the fast neutron energy
region. We have tested that the unfolding algorithms are sensitive to the
information given in the first iteration, being the use of parametric
three region neutron distribution the one which yields the most reliable
integral flux results in comparison with MCNP simulations.

In this work we have been able to extend, for the first time, the use
of the promising Expectation Maximization Bayes' algorithm to study
reactor neutron flux distributions and it is presented as an alternative to
well known unfolding methods such as GRAVEL, allowing to use the
complete information available in nuclear data bases. Although the
standard deviation of the calculated neutron flux distributions is rela-
tively high when compared with the data, we would assume that this
dispersion could be reduced if the neutron activation measurements
were made in a shorter experimental campaign, perhaps one or two
months; the energy distribution of neutron fluxes in a reactor depends
on several factors that varies from one irradiation to another: freshness
of the fuel, level of control rods, temperature of the pool water even if
the core configuration remain the same during the whole experimental
campaign.
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