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Abstract. This article presents the methodology developed to generate and use dosimeter covariances and
to estimate nuisance parameters for the PETALE experimental programme. In anticipation of the final ex-
perimental results, this work investigates the consideration of these experimental correlations in the Bayesian
assimilation process on nuclear data. Results show that the assimilation of a given set of dosimeters provides
a strong constraint on some of the posterior reaction rate predictions of the other dosimeters. It confirms that,
regarding the assimilation process, the different sets of dosimeters are correlated.

1 Introduction

The PETALE experimental programme in the CROCUS
reactor at EPFL intends to contribute to the improvement
of neutron nuclear data in the MeV energy range for stain-
less steel, particularly in the prospect of heavy reflector
elements of PWRs. It mainly consists in several trans-
mission experiments with metal plates interleaved with
thin dosimeter foils. These metal plates are composed
of nuclear-grade stainless steel, and its elemental compo-
nents - iron, nickel and chromium - separately to avoid
compensation effects. After irradiation, the dosimeter ac-
tivities are measured in High Purity Germanium (HPGe)
gamma spectrometers to be compared with calculation re-
sults. In this frame, the experiments were first prepared
and optimized using Total Monte Carlo (TMC) uncertainty
propagation in association with a Correlated Sampling
(CS) technique using a modified version of the Serpent2
Monte Carlo code [1]. This first step highlighted the high
correlation level between the dosimeters regarding the ef-
fect of the nuclear data uncertainties.

This article presents the Bayesian Monte Carlo (BMC)
assimilation technique and the specific requirements of the
PETALE programme in sec. 2. The methodology devel-
oped to generate dosimeter covariances from the experi-
ment and the analysis is detailed in sec. 3. In anticipa-
tion of the final experimental results, this work investigates
in sec. 4 how these experimental correlations impact the
Bayesian assimilation process on nuclear data.
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2 BMC for integral experiments

2.1 Principle

Bayesian inference consists in assimilating a new infor-
mation in a prior knowledge. Applied to nuclear data, the
BMC approach uses a Monte Carlo procedure on the prior
knowledge - random cross sections - and a weight is asso-
ciated to each sample according to the agreement with the
experiment:

wx = exp
(
−χ

2

2

)
(1)

Associated to the TENDL-2017 [2] library that applies
the cross section generation from the nuclear parameters
directly, the BMC assimilation consists in the TMC [3] un-
certainty propagation procedure to obtain the χ2 plus the
weight calculation using eq. 1. No first order approxima-
tion is required, and any calculated observable can be used
as long as a χ2 can be calculated.

The principal drawback is the important computation
time due to the different required calculations with the
sampled set of cross sections. In addition, if the calcu-
lations are done using a Monte Carlo code, then the statis-
tical uncertainties have to be smaller that the experimental
uncertainty to avoid a numerical bottleneck.

2.2 PETALE programme and specific assimilation
requirements

The PETALE setup is a transmission experiment trough
eight metal plates of 2 cm×32 cm×32 cm interleaved with
thin dosimeter foils as represented in fig. 1. Thus the neu-
tron transmission is assessed using neutron activation anal-
ysis: depending on the dosimeter material chosen, the
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measurement will be representative of different parts of the
spectrum. The complete experiment description is avail-
able in [4].

Figure 1. Thermal (left) and fast (right) neutron flux in the CRO-
CUS reactor with the iron setup of the PETALE programme cal-
culated with the Serpent2 code.

Associating results of different dosimeters allows to
decrease the experimental uncertainties. For example, us-
ing the ratio of two dosimeter activities, the uncertainty
on the dosimeter cross section should be suppressed since
the relative impact on the reaction rate is almost the same.
When using two dosimeter materials at the same position,
the reactor power uncertainty is suppressed. The later is
similar to a classic spectral index with fission chambers
but with dosimeters.

The objective of this work is to perform the assimila-
tion on all the dosimeters in a generic way. For this, all the
dosimeters have to be considered together. Then a generic
covariance of the experiment containing all the dosimeters
is required.

Note that in this article, we focus on the dosimeter
analysis of the iron phase of the PETALE programme as
an example for illustration purpose.

3 Measurement correlation

3.1 Overall principle

In order to obtain the calculation-experiment χ2, one needs
to link the raw measured counts in the HPGe and the ran-
dom cross sections from the TENDL library. To do so,
we need to link both sides up to the reaction rate in the
dosimeters:

• Thanks to the HPGe calibration, we obtain a dosimeter
activity from measured counts. Then solving the Bate-
man equation with the power history and the power cal-
ibration, we get the reaction rate per Joule in the reactor.

• Using a Monte Carlo calculation for each random cross
section file, a value of reaction rate per Joule is also ob-
tained.

3.2 Uncorrelated contributors

In the calculation-experiment comparison process, some
of the uncertainties are not correlated between the dosime-
ters.

The number of counts in the HPGe is not correlated
between the dosimeters. The standard deviation is directly

given by the square root of the number of counts and the
covariance is zero. In this study, we consider the follow-
ing achievable order of magnitude: 1 % uncertainty for the
dosimeters sensitive to thermal neutrons, and 2 % for the
threshold dosimeters.

The self-absorption of the γ-rays in the dosimeters
and the geometrical correction (plane dosimeter vs point-
like calibration source of 152Eu) are estimated with Monte
Carlo calculation and, since all the dosimeters are differ-
ent, the statistical uncertainty is not correlated. Moreover,
this uncertainty can be reduced to a value much smaller
than 0.1 %.

The last uncorrelated uncertainty is the statistical un-
certainty of the neutron transport Monte Carlo. This un-
certainty is linked to the number of propagated particles in
the dosimeters. The order of magnitude is around 1 % and
can be decreased using a longer calculation.

3.3 HPGe efficiency

A good HPGe efficiency calibration is important to esti-
mate the dosimeter activity from the measured number of
counts. This calibration has an uncertainty due to the fit-
ting procedure detailed below, and from the calibration
source (Europium here) activity that has an uncertainty
(0.5 % at 1σ in this study).

The uncertainty of the calibration source activity is a
systematic uncertainty, meaning that it is fully correlated
between the dosimeters and that comparing ratios of activ-
ities suppresses this uncertainty. The uncertainty on the fit-
ting procedure is not a systematic uncertainty when com-
paring different energies and has to be estimated precisely.

Considering the fitting of the efficiency shape, we con-
sider a 152Eu source providing different fitted efficiency
points represented in fig. 2 with their statistical uncertain-
ties.

Figure 2. Left part: HPGe efficiency (top) calculated using 152Eu
source (points and error bars) and fit (plain line), zoom on the
relative uncertainty (middle) and residuals (bottom). Right part:
correlation matrix associated to the fit represented on the left part.

Using different dosimeter materials, the γ-ray emis-
sions are at different energies. For example, 115In(n,n’) re-
action is emitting a γ-ray at 336 keV and 59Co(n,γ) at 1332
keV. For those two gamma rays, from fig. 2 the correlation
between the dosimeters appears to be small, meaning that
the impact of the efficiency uncertainty is maximal. On the
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Using different dosimeter materials, the γ-ray emis-
sions are at different energies. For example, 115In(n,n’) re-
action is emitting a γ-ray at 336 keV and 59Co(n,γ) at 1332
keV. For those two gamma rays, from fig. 2 the correlation
between the dosimeters appears to be small, meaning that
the impact of the efficiency uncertainty is maximal. On the

other hand, beetween 115In(n,γ) reaction at 1293 keV and
59Co at 1332 keV, this point is very close to the diagonal
of the correlation matrix, and therefore, the impact of the
efficiency uncertainty is almost zero here.

3.4 Dosimeter cross sections

In order to estimate the reaction rate from the Monte Carlo
calculation, dosimeter cross sections are required. These
cross sections have an associated uncertainty and corre-
lation matrix that have to be propagated. In this study
we consider the IRDFF-1.05 nuclear data dosimetry li-
brary [5] as represented in fig. 3 for gold dosimeters.

Figure 3. Gold capture cross section (top-left) together with
the associated uncertainty (bottom-left) and correlation matrix
(right) from the IRDFF-1.05 nuclear data library [5]

The neutron flux is estimated by Monte Carlo calcula-
tion in all the dosimeters located between each metal plate.
In order to estimate the correlation between the different
dosimeters, the reaction rate spectrum (i.e. energy contri-
bution to the reaction rate) is also scored using the Monte
Carlo calculation. We can see on the seconde graph of
fig. 4 that the reaction rate is mainly concentrated at the
gold resonance energy, except for the first (blue) and last
(red) curves that correspond to the first and last dosimeters
with a more important thermal component.

Figure 4. Neutron flux (top-left) in the dosimeter from the
closest (blue) to the farthest (red) away from the core, and the
corresponding reaction rate distribution (bottom-left) integrated
and normalized to one to see the difference in the contribution.
The dosimeter correlation matrix (right) is computed using the
IRDFF covariance matrix on the cross sections.

Note that, for the dosimeters located deep inside the
PETALE setup, the correlation is close to 100% (in red in
fig. 4 - right). It is important to take into account that the
correlation is lower (in blue and green) for the dosimeters
near to the border of the heavy metal reflector and then

the corresponding uncertainty cannot be completely sup-
pressed using a ratio of reaction rates. For this reason this
matrix has to be estimated for all the dosimeter materials.

3.5 Material and geometry nuisance parameters

The material and geometry nuisance parameters are esti-
mated using a Monte Carlo approach. The uncertainty on
the material cross sections is estimated using multiple cal-
culations associated to the TENDL library with the corre-
lated sampling technique as for the iron itself [1]. For ex-
ample, in the case of the aluminium box around the metal
plates, the uncertainty is below 0.5%.

The propagation of the geometrical uncertainties is
done with a random sampling of all the geometric param-
eters (width, distance...) with an amplification of the un-
certainty range in order by a factor 5 in order to help the
estimation of the reaction rate variation between indepen-
dent Serpent2 calculations as illustrated in fig. 5. The ge-
ometrical uncertainty is around 1% divided by 5, and the
correlation between the dosimeters tends to decrease the
impact of this uncertainty when comparing reaction rates.

Figure 5. Reaction rate of indium dosimeter capture reaction
for the different dosimeters (top left) and the associated relative
variation when perturbating the geometry (bottom left) and the
associated correlation matrix (right).

4 Assimilation with covariances

4.1 Propagation in the BMC technique

The BMC requires a χ2 value associated to each calcu-
lated value (i.e. TENDL file). To compute this χ2, we
use the calculated value from the Serpent2 calculation for
each iron TENDL file (all isotopes included). An experi-
mental value is also required. Since the experiment is not
done yet, we consider in this preliminary study a best case
scenario with an experimental value equal to the average
of the calculated values. For the correlation values, we
use the matrices discussed previously computed for all the
dosimeter materials and positions.

4.2 Assimilation of the dosimeter reaction rates

The prior uncertainty distribution is presented in fig. 6 us-
ing 256 random iron cross sections. We observe that the
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dosimeters on the right of the figure have the smallest
reaction rate and the highest propagated uncertainty (up
to 15 %). Indeed the ordering of the dosimeters is done
using the average neutron energy associated to the reac-
tion on the dosimeters: from ∼ 1.7 eV for indium (n,γ) to
∼ 10 MeV for vanadium.

Figure 6. Prior dosimeter reaction rates (top) with the different
dosimeter numbers time materials as abscissa. The middle part
represents the reaction rate prior dispersion due to the nuclear
data uncertainty on iron (all isotopes) and the bottom represents
the standard deviation.

Then performing an assimilation based for example on
the nine dosimeters (different position) of cobalt and in-
dium (n,n’) reaction, the posterior distributions are repre-
sented in fig. 7.

Figure 7. Posterior reaction rate distribution (top) and standard
deviation (bottom) using the same abscissa as fig. 6 for an assim-
ilation of 59Co(n,γ) and 115In(n,n’) dosimeters.

We observe that the dosimeter dispersion is reduced, as
expected, for the two considered reactions. Note that the
propagated uncertainties on all the other neutron capture
reactions (115In, 197Au, 109Ag) and for the inelastic 103Rh
and (n,p) reaction on 58Ni and 54Fe dosimeter are also de-
creased. This means that the dosimeters are not indepen-
dent regarding the cross section uncertainty on which we
perform the assimilation. This is consistent with the corre-
lation matrix obtained using the prior uncertainty (middle
part of fig. 6) represented in fig. 8: the first four dosime-
ters are fully correlated and the indium is correlated with
rhodium, and slightly correlated with nickel and iron.

This confirms the choice of using at least one dosime-
ter of each sub-matrix of fig. 8 for the experimental pro-
gramme [7]. The same BMC assimilation will be applied

Figure 8. Prior reaction rate correlation due to iron cross section
uncertainty with its standard deviation estimated with a Jackknife
resampling technique [6].

to these dosimeters and the real data. Depending on the
difference between the prior and the measured reaction
rates, the number of required random cross sections can
be much larger to obtain a converged posterior dispersion.
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