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Abstract. Among the many domains of reactor physics on which Massimo Salvatores gave his considerable
contributions, he was particularly passionate about integral experiments. In this paper, we make a review of
selected experimental campaigns among the numerous ones he has promoted, conceived, designed, directed, or
analyzed. They have been regrouped in a temporal sequence corresponding to the different periods of Massimo’s
career, which exceeded 50 years. When possible, for each of the experiments we provide a brief description, the
goal for which it was conceived and carried out, and the practical impact on validation and design improvement.
Finally, the conclusions offer thoughts and suggestions for the future of the integral experiments and a possible
way of honoring the invaluable legacy that Massimo Salvatores has left to us.

1 Foreword
The recent death of Massimo Salvatores has left a big hole
not only in the hearts of his family and friends but, also in
the large community of reactor physicists, among whom he
was so well renowned and revered. He was a giant in the
nuclear reactor physics and gave many contributions in the
different domains of this discipline. However, in this paper
we will focus only on his efforts in the ﬁeld of integral
experiments. The contributions of Massimo Salvatores in
this area for the validation of the neutronic design of
advanced nuclear systems are countless. He was a
passionate advocate of the usefulness of integral experiments. He always saw the experiments as having a pivotal
role among the three pillars of the nuclear reactor physics,
which also include theory and methods. Some of his visions
on the importance of the connection between theory and
experiments can be found in his scientiﬁc production on the
subject [16,29,48,51,54,55,57,58,62]. In this paper we will
review the contribution he has made in this ﬁeld.
First, we will summarize methodologies for using the
measurements performed in integral experiments for
validating nuclear data and the design of advanced nuclear
* e-mail: giuseppe.palmiotti@inl.gov

systems. Then, considering the enormous amount of
integral experiments in which Massimo was involved, we
will only discuss the most impactful experiments. We will
regroup this in a temporal sequence corresponding to the
different periods of Massimo’s extensive career (Tab. 1).
Whenever possible, for each of the experiments we will
provide a brief description, the goal for which it was
conceived and carried out, and the practical impact on
validation and design improvement.

2 Methodologies for exploiting integral
experiments for neutronics reactor design
validation
Integral experiments are being used from the dawn of the
nuclear energy age. In fact, Enrico Fermi himself built 30
subcritical experiments [68] before the CP1 assembly went
critical on December 2, 1942. Later, integral experiments
were carried out in support of reactor design mainly to
compare measurements against the calculations for testing
how good were the neutron cross sections used in
computing the corresponding values. In the case of
mock-up experiments, the notion of a bias factor [69]
was derived, and the uncertainty related to neutron cross
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Table 1. Massimo’s career (from: “Massimo Salvatores 1941–2020”, Giuseppe Palmiotti (INL), Annals of Nuclear
Energy 146 (2020) 107633).

sections would be signiﬁcantly reduced, through representativity and transposition concepts [70].
On this subject, Massimo Salvatores co-authored a
recent paper [66] that revisits the bias factor methodologies
and suggests adopting a methodology allowing obtaining,
for a speciﬁc target reactor, the same results of an
adjustment using the same integral experiments without
the need of producing actual adjusted cross sections and
related covariance matrices.
One key quantity for assessing the usefulness of an
integral experiment with respect to a target reactor is the
representativity factor [51]. This quantity was ﬁrst
introduced by Usatchev and Bobkov [70], but it was made
popular by a seminal paper by Massimo [16]. This factor
makes use of the sandwich formula, but it uses the cross
term between the integral experiment and the target
reactor for the integral parameter for which the sensitivity
coefﬁcients have been computed. This factor can be
interpreted as the cosine between the experiment and
the target reactor vectors of uncertainties. A representativity factor of zero implies that two systems are orthogonal
(i.e., no “information” can be shared), while a value of 1
states that the experiment and the target reactor react in

the same way to a change (uncertainty in this instance) of
the cross sections. In this case, the experiment is a perfect
mock-up of the target reactor.
However, the most efﬁcient use of integral experiments
is through a neutron cross-section adjustment (i.e., data
assimilation). This method is a Bayesian approach that
uses the discrepancies observed in integral experiments
between calculations and measurements, in connection
with sensitivity coefﬁcients and nuclear data covariance
matrices to derive improved central values and minimized
new covariance matrices. The solution is obtained through
the generalized linear least-square method or an equivalent
Lagrange multipliers method applied to the maximum
likelihood function (corresponding to the discrepancies
obtained between the experiment and the calculation).
Massimo has published many papers on this methodology
(among them [7,52,55,58]). It is through his leadership role
on the WPEC Subgroup 33 [59], Subgroup 39 [65], and
Subgroup 46 that he initiated a younger generation of
reactor physicists to the usefulness of this methodology.
One important point always enlightened by Massimo is the
role of the experimental correlation in the adjustment [62].
Finally, we want to mention that Massimo was one of the
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two proponents of the Consistent Method [76] where the
basic nuclear parameters instead of the multigroup cross
sections are adjusted [59], [71].

3 The Italian period (1963–1977)
3.1 ZPR6
Massimo spent 1 year at Argonne National Laboratory
(ANL) (between 1971 and 1972) and was partly involved in
the analysis of the ZPR6 (Zero Power Reactor) assemblies
[1–4,8]. Two main aspects were the focus of the analysis,
besides the usual study for validating the ENDF/B
libraries: heterogeneity and Doppler effects. The heterogeneity investigation was necessary because for the most
part, the ZPR (and later ZPPR) assemblies used the plate
form for the fuel. While the rodlet form induced a
signiﬁcantly less heterogeneity effect (of the order of a
couple of hundreds pcm), this was not the case for the plate
form where effects greater than 2000 pcm were sometimes
found. This, in turn, required more accurate treatment of
the self-shielding effects both in energy and space. Collision
probability was mostly employed to correctly generate
multigroup cross sections. Regarding the Doppler effect, an
accurate integral transport approach, which was derived
from a previously proposed bilinear weighting method [72],
allowed for better analysis that helped to understand some
peculiar results of the measurements of Doppler effects in a
fast structure.
3.2 TAPIRO
TAPIRO (TAratura PIla Rapida Potenza Zero Fast Pile
Calibration at 0 Power) was the research fast reactor
operated at the Casaccia center (close to Rome in Italy)
and is still working today. The unique feature of this
reactor was the presence of a copper reﬂector. With the
availability of two-dimensional transport code, it was
ﬁnally possible to develop a credible model of this reactor
(see Fig. 1), very small in size (core diameter of ∼12 cm for a
height of ∼17 cm). Massimo was then involved in using the
reaction rates measured at the TAPIRO for validating the
relevant neutron cross sections [5,6]. The validation
consisted in testing the most modern library of the time
and ENDF/B-III, and some indications were provided for
235
U and Cu cross sections.

4 Propagation experiments in iron and
sodium [10–14]
The propagation experiments included in this section cover
a period that overlaps both the Italian and French periods.
The ﬁrst experiment [10] was the one carried out at the
TRIGA reactor of the Casaccia center (see Fig. 2) where
the neutrons coming out from the thermal column of the
reactor where converted by a ﬁssion plate (235U 90%
enriched) to a fast spectrum and then attenuated through a
cube of a 1-meter side of iron. The attenuation of several
detectors (197Au (n, g), 55Mn (n, g), 235U (n, f), and 239Pu(n, f))
were used to test the different version of the iron cross

Fig. 1. TAPIRO reactor: two-dimensional model for transport
calculations. Regions: (1) reduced density (98%) Cu reﬂector; (2)
full density Cu reﬂector; (3) void; and (4) 235U core (>90%
enriched).

sections that were present in the ENDF/B libraries of the
time. It is interesting to note that the iron data still today are
not performing well in similar attenuation problems. One
notable observation was made about the overlap of the
manganese (a few percent impurity) resonance at 19 keV with
the resonance deep (penetration window) at ∼25 keV of the
iron resonance at 40 keV.
Massimo then was involved in the shielding experiments carried out at the HARMONIE reactor located at
the French research center of Cadarache. In fact, a series of
deep propagation studies were designed and conducted in
the HARMONIE reference neutron spectrum. As part of
these experimental campaigns, the JASON program enabled
the treating of several materials in shielding experiments
related to fast reactors applications. Among all materials
tested, iron and sodium were thoroughly investigated,
together with stainless steel and B4C as neutron absorber.
The results of these propagation experiments were then
exploited for data testing or adjustment in several papers
[11,12,14], and the notable one [13] where the consistent
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Fig. 2. Schematic diagram of the neutron source and the iron column showing the detector channels (all dimensions in mm).

method [9] for the adjustment of the iron inelastic
scattering data (both at the continuous and discrete
levels), was demonstrated for the ﬁrst time.

While still in Italy, Massimo was involved in some of the
design/planning of the experimental conﬁgurations and the
post-analysis of the experimental results.

5 The French period (1977–2000)

5.2 Fast reactors blankets (1981–1982)

The French period covers a large amount of major
experimental programs mainly led into the MASURCA
critical facility at Cadarache [73]. We list hereafter the
main achievements of these programs during the 1975–
2000 period.
5.1 PECORE (1975–1976)
This program was conducted in the MASURCA critical
facility at Cadarache, within the framework of a collaboration with the CNEN (Italian Committee for nuclear
energy) for the Prova Elementi di Combustibile
Fuel
Element Testing (PEC) reactor project. In the 1970s, Italy
was planning to build a nuclear facility for testing nuclear
fuels for fast reactors. Unfortunately, the project never
materialized, and the PEC experimental reactor was later
cancelled; however, the PECORE experimental program in
support of its validation was carried out.
As the amount of plutonium available at MASURCA
facility was insufﬁcient, the PECORE experiment was
conducted by setting up two different fuel zones designed to
be similar in terms of neutron energy spectrum. Two core
conﬁgurations were investigated:
– the PECORE 1 conﬁguration with an internal zone
loaded with UPuO2 fuel and an external zone loaded with
the R2(UO2) cell. It simulated the actual environment of
the PEC reactor.
– the PECORE 2 conﬁguration with an internal zone
loaded with the R2 cell and an external zone loaded with
UPuO2 fuel (so-called ZONA 2 cell, with a Pu content of
25%).This conﬁguration was built to study the system of
PEC reactor control rods.

The experimental campaign NEFERTITI [15] was carried
out in 1981–1982 at the TAPIRO reactor. This campaign
was part of the joint program CNEN (Italy)-CEA (France)
for fast reactors. The response of threshold and continuous
activation detectors placed in the simulated blanket region
fed by the fast source from the TAPIRO through a buffer
ﬁssile zone were analyzed with both diffusion and transport
to evaluate their performances (see Fig. 3). The experiment
had the purpose of studying blanket properties. In general,
good agreement was found for most of the spectral indices
except for the threshold one of 238Usf/235U sf, which is very
sensitive to the fast portion of the spectrum.
5.3 Study of radial heterogeneous cores (1976–1984)
The PRE-RACINE program (1976–1979) and soon after
the RACINE program (1979–1984) were deﬁned for the
neutronic study of radial heterogeneous cores. In this
concept, fertile subassemblies are inserted in the ﬁssile zone
to improve the breeding gain and Pu amount doubling time.
For PRE-RACINE, relatively simple core geometries
were studied: homogenous cores with various fuel composition (Pu with 8% and 18% 240Pu content) and a
conﬁguration with a central fertile island (equivalent
radius of 15 cm). The experimental program included an
extensive series of void sodium measurements with about
30 voided conﬁgurations of various radial and axial
amplitudes (Fig. 4), in the fuel or in the internal fertile.
The analysis demonstrated that the CARNAVAL IV
calculation system correctly predicted the sensitivity of the
reactivity effect of the sodium void to the fuel composition
(240Pu content), but also showed the need to improve the
treatment of axial leakage in particular.
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Fig. 3. Buffer zone with fuel and sodium rodlets on the external region of the NEFERTITI conﬁguration at the TAPIRO reactor.

The RACINE program, that came after PRERACINE, was much more ambitious. It is one of the most
important conducted at MASURCA both in terms of
duration, objectives, and stakes. The major goal of the
program was to validate the calculation tools and schemes
used for Superphénix studies and to explore, to a certain
degree, the physical characteristics and problems of large
cores. The experimental program enabled:
– providing the in-depth study of the “radial composite
core” concept (RACINE 1A, 1B, 1C, and 1F).
– addressing the questions calculating the efﬁciency of
control rods and interaction problems between rods
(RACINE 1D and 1E).
– investigating the technical options taken for the neutron
control of Superphénix (the use of neutron guides).
– examining the calculation tool performances and the
experimental strategy used for the “checkerboard
pattern” subcritical approach selected for loading
Superphénix.

The measurements carried out during this program are
summarized in Table 2.
The RACINE 1A, 1B, and 1C conﬁgurations (see
Fig. 5) were aimed at studying different conﬁgurations each
with a central island and an external fertile ring. In these
three conﬁgurations, the external ring was positioned
differently but its volume remained the same. RACINE 1F
was aimed at studying the effects produced by a larger
volume fertile ring. This core is one of the largest cores ever
built at MASURCA. The external diameter of the ﬁssile
zone was approximately 2.2 m.
Two distinct experiments were interested in the
calculation and measurement of the reactivity weight of
control rods:
– the RACINE 1D experiment that had two conﬁgurations: a “clean” reference critical conﬁguration and one
with an absorber rod simulated in the core’s center.
– the RACINE 1E experiment for which the goal was to
study the problems of interaction between rods.
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Fig. 4. Axial voided conﬁgurations in PRE-RACINE program (from: “Interpretation of sodium void measurements performed in
PRE-RACINE programme on MASURCA”, F. LYON, M. MARTINI, G. HUMBERT, 21st NEACRP meeting “Fast reactor Physics”,
November Tokyo, 6–10, 1978).

Table 2. Experiments performed during the RACINE program in MASURCA.
Parameters

Programme phase

Characteristics

Reaction rate distribution

RACINE
RACINE
RACINE
RACINE
RACINE
RACINE

g-heating

RACINE 1A

Different fertile ring positions but with the same volume
Increased ring volume
Thicker fertile ring than in RACINE 1A, 1B, and 1C
Measurements close to control rod singularities
IRMA experiment international benchmark
for reaction rate technique and spectral indices
intercomparisons
Multi-laboratories intercomparison of techniques

Control rodworth

RACINE 1D
RACINE 1E
RACINE 1F

Criticality approach
and neutron control
system issue

RACINE 1S

Sodium void

RACINE 1A
RACINE 1D “Na follower”
RACINE 1D “B4C rod”

1A
1B
1C
1F
1E
1I

This experiment was an initial approach to problems
raised by large cores although the separation ratio of
eigenvalues, was much lower than the desired values. The
main objective of the RACINE 1S program was to study
the checkerboard pattern loading method selected for the
start-up of Superphénix:

A reference core and a conﬁguration with
a single rod at core center
Multiple rod conﬁgurations
Intercomparison of rod drop analysis method
(CEA/France, ANL/US, GKAE/URSS)
for inserted reactivates in the range [0.25$ ; 1.2$]
Simulation of neutron guides

– making two critical conﬁgurations comprising a signiﬁcant number of thinner assemblies (75% steel, 25% sodium).
– simulation of the “neutron guide” system implemented at
Superphénix.
The radial core decoupling obtained with the heterogeneous RACINE conﬁgurations allowed to explore, at least

G. Palmiotti et al.: EPJ Nuclear Sci. Technol. 7, 11 (2021)
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Fig. 5. RACINE 1A, 1B, and 1C critical conﬁgurations. RACINE, 1F critical conﬁguration.

in part, ﬂux tilt effects and the consequent enhancement of
interaction effects that are important characteristics of
large cores. Power distribution measurements, that were
extensively performed, showed in particular that ﬂux form
factors (axial and radial) could be predicted with an
uncertainty compatible with the 3.5% total power
uncertainty sought at that time for a large power liquid
metal FBR. Regarding the absorber rod interaction
phenomena, single rod, and multiple rod conﬁgurations
were investigated, including rod-stuck type situations. The
agreement between calculations and measurements was
found to be fairly constant for all conﬁgurations, including
strongly asymmetric conﬁgurations.
Sodium void measurements were also performed
during that period. Voided zones of different sizes and
positions were considered to change the relative importance of neutron leakage and non-leakage effects. In ﬁssile
zones, reactivity effects were predicted in a consistent
manner. In the internal fertile zone, they were overestimated (15–20%) by the calculations. Neutron and
g-heating measurements demonstrated the good performances of the CEA calculation systems, even close to (and
inside) singularities.
5.4 PHÉNIX: PROFIL, TRAPU (1974, 1979]
The PROFIL-1 and 2 and the TRAPU experiments
[17,23,35,47] were irradiation experiments performed at
the French fast reactor, Phénix.
For the PROFIL-1 experiment (see Fig. 6), performed
in 1974, a pin containing 46 samples, including ﬁssion
products plus major and minor actinides (uranium,
plutonium, and americium isotopes) was irradiated in
the Phénix reactor for the ﬁrst three cycles, corresponding
to a total of 189.2 full-power days. The experimental pin

was located in the central subassembly of the core, and in
the third row of pins inside the subassembly. This location
was far away from neutronic perturbations allowing
favorable irradiation conditions. Following the reactor
irradiation, mass spectrometry was then used, with simple
or double isotopic dilution and well-characterized tracers
to measure isotopic concentrations. The experimental
uncertainty obtained with this method is relatively small.
The second part of the PROFIL irradiation campaign
(PROFIL-2, Fig. 7) took place in 1979. During this
experiment two standard pins, each containing 42
separated capsules of ﬁssion products plus major and minor
actinides (uranium, plutonium, americium and neptunium
isotopes), were irradiated for four cycles (the 17 through 20)
in the Phénix reactor. As for PROFIL-1, chemical and mass
spectrometry analyses were subsequently performed to
determine the post-irradiation isotopic concentrations.
The TRAPU experiment (Fig. 8) consisted of a sixcycle irradiation (10–15) of mixed-oxide pins containing
plutonium of different isotopic compositions but heavily
loaded in the higher isotopes (240,241,242Pu) compared to
typical Phénix fuel. In the third assembly ring there are
two subassemblies having a total of 10 irradiated fuel pins
(5 each). Unlike other two experiments, each irradiated fuel
pin has only one sample which has the same size as that of
standard fuel pin. After irradiation, 20-mm-tall samples
were cut from the pins (both fuel and clad) and put into a
solution to determine the fuel composition by nuclide.
148
Nd was used as a burn-up indicator as it is a stable
ﬁssion product with a small capture cross section, thereby
enabling accurate determination of the number of ﬁssion
reactions that took place in the sample. Again, isotopic
data were obtained using mass spectrometry techniques,
with simple or double isotopic dilution and well-characterized tracers.
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Fig. 6. PROFIL-1 irradiation experiment in the French fast reactor, Phénix.

Fig. 7. PROFIL-2 irradiation experiment in the French fast reactor, Phénix. (a) Radial conﬁguration during PROFIL-2 experiment.
(b) Subassembly containing irradiated samples.

Fig. 8. Radial cross-sectional view of the TRAPU experiment. (a) Radial conﬁguration during TRAPU experiment. (b) Subassembly
containing irradiated samples.

G. Palmiotti et al.: EPJ Nuclear Sci. Technol. 7, 11 (2021)

The PROFIL and TRAPU irradiation experiments are
extremely valuable because they provide information on
the transmutation rates of various isotopes. They require a
signiﬁcant power and irradiation time, making them very
costly and for these reasons in most cases the results are
still considered proprietary. Nevertheless, the PROFIL and
TRAPU experiments nowadays are included in validation
matrices for the most recent versions of JEFF and ENDF/
B evaluated data ﬁles.
It must be mentioned that Massimo was also heavily
involved in promoting and designing the irradiation
experimental campaign, Super-PROFIL. This campaign
was very similar to the PROFIL experiments but
irradiated at the Superphénix reactor. Even though
Superphénix had a short and troubled life, the irradiation
took place, and the irradiated pins were then subsequently
stored for the post-irradiation examination (PIE). Unfortunately, the lack of funding at CEA in the years following
the Superphénix shut down prevented the PIE to
ever happen, which resulted in a loss of any subsequent
information expansion from that experiment.
5.5 Superphénix start up (1985–1986)
During the zero-power commissioning tests of large-core
Liquid Metal cooled Fast Reactor (LMFR) Superphénix,
the start-up experiments [18] were carried out. These
experiments provided a unique knowledge on nuclear
reactor behavior have been essential as well for validating
the calculational accuracy of the neutronic design of the
reactor. Massimo was heavily involved in both designing
and analyzing these experiments. Among these of particular interest were those devoted to the critical mass, the ﬂux
distribution (core and shield), and the control rods.
Regarding the critical mass, this was a spectacular
result as the critical conﬁguration was measured at 325
ﬁssile subassemblies in error of one subassembly of the
predicted number and well within the announced uncertainty of ±5 subassemblies. In order to appreciate this
result, one has to keep in mind that the total ﬁssile mass of
Superphénix contained more than 4 tons of plutonium.
Considerable time was devoted to control rod measurements (24 h/day for 4 weeks) [22]. These tests were
performed with different core conﬁgurations (see Fig. 9):
ﬁrst critical core, full-power core at 180 °C, and during an
isothermal temperature rise from 180 to 395 °C.
This extensive program was necessary to resolve the
difﬁculties related to spatial effects and interaction
between the rods: the reactivity worth of a control rod
could vary by a factor of 2.5, depending on whether the
other rods are half or fully inserted. The main measurement, methods were: Multiplication Source Method
(MSM)
(method extensively studied and validated
during RACINE program), rod drop from a critical
conﬁguration, balancing of two rods with the reactor
critical, and temperature compensation method.
Luckily, the start-up control rod measurements were
just at the lower boundary (the dangerous one) of the
announced 13% uncertainty. The safety authority threatened to stop reactor operations. After ﬁrst blaming the

9

Fig. 9. View of the Superphénix reactor core; location of the
control rods.

computed beta effective, with no substantiated reasoning,
it was found that the problem was mostly coming from the
fact that the core design team was using diffusion theory for
their calculations, with crude corrective factors for
transport and heterogeneity effects for the control rods.
Massimo immediately diverted the BALZAC (see next
section) experimental campaign, devoted to the investigation of the reactivity loss by depletion, to the study of the
transport and heterogeneity effects attached to control
rods. In just a few weeks, several conﬁgurations with many
different heterogeneity arrangements were carried out,
measured, and analyzed with new methodologies to show
the capability to correctly calculate these effects. Thus, on
one hand, the speciﬁc dedicated scientiﬁc and engineering
problem has been solved demonstrating, on the other hand,
the feasibility to build up robust and consistent procedures
for calculating rod worth correction in large LMFR cores.
At the same time, this would be unthinkable to do today in
such a short amount of time.
5.6 BALZAC (1984–1988)
The objectives of the BALZAC program [19–21,24] were:
– reduce the uncertainty in the reactivity swing predictions, due to the heavy isotopes.
– check the calculation tool performances on new design
options associated to the Superphénix-2 project (presence of an internal storage containing irradiated
subassemblies, use of B4C subassemblies separating
the core from the internal storage, in the so-called
BALZAC SI-1 and SI-2 conﬁgurations (see Fig. 10).
– improve the tools used for g heating and power
deposition calculations inside dummy and absorber
subassemblies.
To explain the calculation/experiment deviations
observed during Superphénix start-up tests, an additional
phase was quickly added to the program to obtain
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Fig. 10. Radial crosssections of BALZAC-SI1 (left) and BALZAC-SI2 (right) conﬁgurations [74].

complementary information about heterogeneity effects
due to the absorber geometrical arrangement inside the
control subassembly (see Fig. 11). This study showed that,
when the heterogeneity of the arrangement inside the
absorber rods is explicitly described and modeled, the
precision of the calculations is about 2%.
5.7 CONRAD (1989–1992)
The CONRAD program [25], led in MASURCA from
1989 to 1992, was dedicated to strong heterogeneous cores,
with emphasis on the coupling/decoupling effects and their
impact on power distribution and control rods interactions.
Study of the axial heterogeneous concept but with a
“decoupled large core” phase (separation parameter of
eigenvalues above 15) was, unfortunately, never carried
out.
The ﬁrst part of the CONRAD program, the
CONRAD-AX experiment, was performed between June
1989 and November 1992. It formed part of the European
collaboration on fast breeder reactors, speciﬁcally on the
EFR project (European Fast Reactor). The aims of the
program were to study the physical characteristics of the
axially heterogeneous cores and to validate the methods
and data for this concept. The CONRAD-AX experiments
were divided into three phases, each phase being
characterized by a different coupling between the upper
and lower ﬁssile regions (i.e., the thickness and composition
of the internal blanket). The CONRAD-AX1 and AX2

phases included an internal fertile plate of 20 and 30 cm,
respectively, composed of uranium oxide. The fuel zone was
divided into two parts of equal height (similar idea of axial
heterogeneity has been used in an ASTRID conceptual
design [75], where, in contrary, the fertile plate is offset
downwards). Within the CONRAD-AX3 phase, the endof-cycle composition of the fertile zone was considered (i.e.,
with a 6% Pu content).
For each phase, standard measurements were performed (reactivity, reaction rates, ﬁssion map, control rod
worth). During the third phase of the experiments,
particular conﬁgurations were also established to examine
hypothetical accidental scenarios, including phenomena of
fuel slumping and compaction. From the review of the
numerous analyses performed, it was shown that there was
a general good consistency in the results for all three
phases, considering the wide range of conﬁgurations
covered.
5.8 BERENICE (1993–1994)
BERENICE was an international benchmark between
France, Japan and Russia, dedicated to the intercomparison of different experimental methodologies of delayed
neutrons effective fraction (beta effective) measurements
using two different cores:
– a uranium core, loaded with the R2 cell, quite similar to
the 2B core studied in 1969, during the RZ program led in
the early phase of the MASURCA facility.

G. Palmiotti et al.: EPJ Nuclear Sci. Technol. 7, 11 (2021)

11

– a third conﬁguration where the axial U/Na blankets were
also replaced by SS/Na reﬂectors.
The second phase addressed the in-vessel fuel assembly
storage issue. It also included three different conﬁgurations:
– a reference conﬁguration with an extended steel-sodium
reﬂector.
– a second conﬁguration where a row of ﬁssile tubes was
placed in the storage zone.
– a third conﬁguration where a row of absorber tubes was
added between the storage zone and the core.
The ﬁnal phase of the CIRANO program consisted of
loading tubes with a high-plutonium content and various
plutonium isotopic composition in the central zone. The
plutonium content was varied in the range of 25–48%.
240
Pu content was varied from 8 to 33%.
The large amount of CIRANO experimental data have
been used to extend the validation domain of the ERANOS
code system (developed by CEA after the CARNAVAL/
CCRR code system). Massimo even if he was not directly
involved in this program, exploited [53] several years later
the results of this campaign for studying the reﬂector
effects that still today represent a big challenge in the
design of advanced fast reactors.
5.10 COSMO (1998–1999)

Fig. 11. Radial conﬁgurations of control rods loaded in the
center of the BALZAC-1 reference core.

– a plutonium core loaded with the ZONA2 (MOX) cell.
The subsequent programs carried out in the
MASURCA facility were performed in the framework of
the 1991 French Law dedicated to the management of
radioactive wastes, for which Massimo was heavily
involved.
5.9 CIRANO (1993–1995)
The CIRANO program, which started in 1994, was the
ﬁrst of a series of three programs (CIRANO, COSMO,
MUSE) directly connected with the research and development work engaged within the framework of the 1991
French Law on the management of minor actinides and
long-lived ﬁssion products. CIRANO was aimed at
studying plutonium-burning cores relevant for the CAPRA
project.
The ﬁrst phase of the program was devoted to the study
of the replacement of fertile blankets by steel/sodium
reﬂectors. The measurements were performed successively
on:
– a reference core with uranium/sodium (50/50) axial and
radial blankets.
– a second conﬁguration where the radial U/Na blanket
were replaced by a stainless steel/sodium reﬂector (75%
SS/25% Na).

From 1998 to 1999, the COSMO program aimed to study
the local impacts on the core in the case long-lived ﬁssion
products targets are irradiating in moderated subassemblies at the periphery of fast neutron reactors. The effects of
various moderators, such as11B4C, CaH2 and ZrH2, have
been investigated. This program helped, in particular, the
preparation of the ECRIX experiments loaded soon after in
the Phénix reactor on 2003.
5.11 MUSE
As part of the studies on the transmutation of long-lived
ﬁssion products in accelerator-driven systems (ADS), the
MUSE program [27,31,43,46] was started, with the
objective of studying the physics of such a concept and
the key issue of the reactivity control. Massimo was the
main proposer of the MUSE program, that was the ﬁrst
experimental program to truly test the ADS concept
proposed by Carlo Rubbia.
The initial MUSE conﬁgurations (MUSE-1, MUSE-2,
MUSE-3) in the late 1990s were rather short test
experiments. In particular, MUSE-3 allowed to detail
the features of the pulsed neutron source used for the more
extensive MUSE-4 (see Fig. 12) experiments that were
carried out from 2000 to 2004 and partially funded by the
European Commission as part of the ﬁfth EURATOM
framework program. Twelve partners joined this project. A
reference critical core and several subcritical conﬁgurations
with reactivity levels ranging from near-criticality to 14$
(∼ 4500 pcm) were investigated. In the very last phase of
the program, a conﬁguration where sodium was partially
replaced by lead was studied. Measurements were made
using different external sources: the core intrinsic source
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Fig. 12. The MUSE-4 Program: radical critical conﬁguration (left), and actual MASURCA conﬁguration (right: one can observe the
GENEPI accelerator channel entering the core on the upper-left part).

due to Pu isotopes, 252Cf sources, and 2.7 or 14 MeV
neutron sources provided by the specially designed neutron
generator called GENEPI and designed by the CNRS. A
large number of experimental techniques were used: the
traditional rod drop/MSM method, source-jerk methods,
variations of the pulsed neutron source methods, and noise
methods.
A major breakthrough of the MUSE-4 program was a
revised strategy for the control and the monitoring of the
reactivity in power ADS. This new approach was studied
within the framework of the EURATOM projects FREYA
(FP7, 2011–2016) and MYRTE (H2020, 2015–2019).
5.12 EFFTRA (1992–1998)
The aim of the Experimental Feasibility of Targets for
Transmutation (EFTTRA) collaboration between CEA
(France), ECN (The Netherlands), EDF (France),
Forschungszentrum Karlsruhe (FZK) (Germany), IAM,
and ITU (European Commission), was to organize joint
experiments for the study of materials for transmutation
in reactors [32,33]. The work was focused on the
transmutation of 99Tc (metal), of 129I (compound), and
of Am (in an inert matrix). Irradiation experiments took
place in parallel in the Phénix fast reactor in France, and
in the high-ﬂux thermal reactor HFR in the Netherlands.
The Tc was under the form of metallic rods (4.8 mm
diameter) and put inside a pin with a Phénix cladding and
irradiated under a thermal neutron ﬂux in the HFR core.
The EFFTRA T1 and T2 experiments demonstrated
that no technical limitations were foreseen to the use of
technetium in metallic form as a target for the

transmutation.These experiments also paved the way to
further irradiations in Phénix (the so-called ANTICORP
program [76]).

6 The “retirement” period (2001–2020)
6.1 MEGAPIE (1999–2006)
MEGAPIE (MEGAwatt PIlot Experiment) [34] (see
Fig. 13) was a joint initiative by Commissariat à l’Energie
Atomique (CEA), France, FZK, Germany, and Paul
Scherrer Institut (PSI), Switzerland, to design, build,
operate, and explore liquid lead-bismuth spallation target
for 1 MW of beam power, taking advantage of the existing
spallation neutron facility SINQ at PSI. This highintensity target was (and is still) under consideration for
various concepts of ADS to be used in transmutation of
nuclear waste and other applications worldwide. It also had
the potential of increasing signiﬁcantly the thermal neutron
ﬂux available at the spallation neutron source SINQ for
neutron scattering. SINQ’s beam power being close to 1 MW
already since the facility offered a unique opportunity to
realize such experiments. Launched as a full program in
2000, the target, ﬁlled with 920 kg liquid LBE, started in
August 2006 and worked successfully until December 2006,
delivering neutrons with an 80% higher yield. Massimo
was the project leader of MEGAPIE from 1999 to 2003.
6.2 TRADE
The original idea of the TRiga Accelerator-Driven
Experiment (TRADE) [37–42,44,50] (see Fig. 14) was
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Fig. 13. SINQ facility (PSI)
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MEGAPIE Project (from PSI website).

proposed by the Nobel Prize winner Carlo Rubbia.
Massimo, even though he had some technical disagreement
with Rubbia in the past, immediately embraced the
proposal and was always very active in promoting its
realization in many different organizations where he was
either a consultant or an active employee. In the end, the
ﬁnal collaboration saw four different organizations participating to the proposed experiment: ENEA (Italy), CERN
(European Nuclear Research Agency), CEA and CNRS
(France), and ANL (USA). The basic idea consisted in
coupling of an external proton accelerator to a target to be
installed in the central channel of a low-power reactor,
which was scrammed to subcriticality (TRIGA reactor at
the Casaccia center). The main goal was to demonstrate
the feasibility of the ADS concept. While the previous
MUSE campaign looked essentially at zero-power measurements, the main purpose was to explore the dynamic
behavior of the ADS including feedback effects.
As far as coupling, the experiment did not need a highneutron yield from spallation. In fact, it could have been
carried out even with a neutron-per-proton production rate
as low as one since an optimization in terms of efﬁciency or
transmutation was not a requirement. The main interest of

such experiment would have been to show a reliable
operation of the system, from startup to nominal power
level, up to shut down, in presence of thermal reactor
feedback effects. The presence of control rods in the system
will allow the veriﬁcation of different modes of operation
during fuel irradiation, and the determination and
monitoring of reactivity levels with “ad-hoc” techniques.
The possibility to run the experiment at different levels
of subcriticality (made possible with appropriate fuel
loading patterns), allowed the experimental exploration of
the transition from an external source-dominated regime to
a core thermal feedback-dominated regime.The collaboration lasted few years and produced a huge amount of
planning and analyses as demonstrated by the many
publications produced. However, the difﬁculty of ﬁnding
funding for buying the accelerator and the fading of interest
for the ADS concept prevented the experiment from
materializing.
Despite these circumstances, a huge experimental data
bank was set up during the time period prior to the
program termination. In particular, the TRIGA core
loaded in different subcritical patterns was coupled with a
pulsed neutron generator accelerating deuterium ions onto
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Fig. 14. TRADE subcritical conﬁguration.

a tritium target and producing a 14.1-MeV-neutron burst
with strength of 108 neutrons/s at maximal frequency. The
frequency range spanned from 1 to 150 Hz, and the pulse
duration was less than 1 ms. The neutron generator was
located at the core center. Reactivity estimates using the
so-called area-ratio and source multiplication methods were
analyzed at different core locations and for three different
“clean” (without control rods) core subcritical conﬁgurations,
namely ∼ 500, ∼ 2500, and ∼ 5000 pcm [77].
6.3 MANTRA (2013–2014)
During his stay at ANL in the early 2000, Massimo was
impressed by the capability of ATLAS, an ion acceleratorbased facility, in terms of mass spectrometry. The resulting
idea was to exploit this capability in an irradiation
experiment. This became a reality 10 years later when
he promoted the MANTRA experiment at the Advanced Test
Reactor (ATR) reactor when he was a consultant at INL.
The goal of the MANTRA (Measurements of Actinide
Transmutation Rates at ATR) experiment [54,57,61,64] is
to irradiate very pure actinide samples in the ATR and,
after a given time, determine the amount of the different
transmutation products. The determination of the nuclide
densities before and after neutron irradiation allows
inference of energy-integrated neutron cross sections.
MANTRA consists of three irradiation experiments
(MANTRA A, MANTRA B and MANTRA C). In
MANTRA A and B, thin (5 mm) and thick (10 mm) boron
(with 70% enriched 10B) ﬁlters were used respectively to

obtain fast neutron spectra. In MANTRA C, a cadmium
ﬁlter was used to attenuate the thermal part of the neutron
spectrum (see Figs. 15 and 16). Two irradiation cycles for
both MANTRA A and B and one irradiation cycle for
MANTRA C were used in the ATR.
The list of actinides that have been irradiated included
the following: 232Th, 233U, 235U, 236U, 238U, 237Np, 239Pu,
240
Pu, 242Pu, 244Pu, 241Am, 243Am, 244Cm-and 248Cm. The
list of ﬁssion products included the following: 149Sm, 153Eu,
133
Cs, 103Rh, 101Ru, 143Nd, 145Nd, and 105Pd.
Note that in the MANTRA irradiation campaign, the
following isotopes have been measured in an integral
experiment for the ﬁrst time ever: 244Pu, 245Cm, 246Cm,
248
Cm, 249Bk, 250°Cf, and 251Cf.
6.4 ANCESTOR: MANTRA-2 and MASSIMO
(2017–today)
The ANCESTOR program, of which Massimo was one of
the two main proposers, has not yet materialized, but it is
promising that the MASSIMO component could be funded
soon, which would be a good recognizable tribute to him.
The MANTRA-2 could follow in a second step.
The ATR and NRAD Complementary Experiments of
Spectral indices, Transmutation rates, and Oscillations of
Reactivity (ANCESTOR) program consists of two complementary experimental campaigns: MANTRA-2 and
MASSIMO. MANTRA-2 is the second phase of the
Measurements of Actinide Neutron Transmutation Rates
at ATR (MANTRA) (250) irradiation experiments. It
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Fig. 15. Close up of the MCNP model for B11 test position for
the MANTRA Cd-ﬁltered samples irradiation.
Fig. 17. Cross-section view of MANTRA-2 experiment assembly.

Fig. 16. MCNP model for basket and sample locations of the
MANTRA Cd-ﬁltered sample irradiation.

consists of very high-accuracy irradiation experiments
within ATR using innovative experimental techniques.
The Measurements in Adapted Spectra of Spectral Indices
and Material Oscillation (MASSIMO) campaign will be
performed in the NRAD reactor using high-accuracy
techniques. The need for both experiments comes not only
from the requirement to predict isotope build-up during
irradiation, but also from their reactivity contribution
during irradiation in case of long burnups and accurate
inventories in case of temporary or deep geological storage.
The MANTRA-2 irradiation experiment will provide highaccuracy data on the capture and a few (n,2n) cross
sections, while the MASSIMO spectral indices measurements will provide key data on the ﬁssion cross sections,
and the MASSIMO material oscillation measurements will
provide data on the competing effects of ﬁssion (if present),
capture, and scattering cross sections.
The focus for the program will be the following isotopes:
– major actinides (235U, 238U, 239Pu).
– minor actinides (237Np, 241Am, 245Cm, etc.).
– ﬁssion Products (isotopes of Sm, Ru, Mo, Pd, etc.).
– structural materials (Fe, Cr, Ni, C, Si, etc.).
– coolant materials (Na, Pb, Bi, Li, and Be [FLiBe], etc.).

The MANTRA-2 (see Fig. 17) campaign is a follow-on
to a previous NSUF irradiation campaign, MANTRA [61],
which was completed from 2013 to 2014. The MANTRA-2
campaign improves upon some of the limitations of the
original design. MANTRA-2 is expected to take 3 years to
complete. The ﬁrst year will be dedicated to sample
preparation as well as capsule design and analysis that
must be completed before insertion into ATR. The
irradiations would occur in the second year. The third
year would be dedicated to PIE, analytical analysis, and
data assimilation.
The MASSIMO campaign will include spectral indices
and material oscillation measurements, which will provide
key information on the ﬁssion cross sections, as well as data
on the competing effects of ﬁssion (if present), capture, and
scattering cross sections. The MASSIMO spectral indices
measurements will be unique because they will use a backto-back ﬁssion chamber. As long as the ﬂux is not too
anisotropic, a back-to-back ﬁssion chamber yields higher
precision spectral indices measurements than those
performed at most facilities, which use single isotope
chambers. When using a single isotope chamber, one must
place the chambers (sample isotope and reference isotope
chambers) in the same position and repeat measurements,
or at least get them as close to each other as possible. With
the back-to-back methodology, the two different isotopes
are only separated by two stainless-steel disks of only
0.15 mm each. Measuring the spectral indices using backto-back ﬁssion chambers is also advantageous because of
the ease with which the chambers can be constructed, and
the minimal electronics required. The ﬁssion foils are easily
changed to allow many measurements to be made. Only a
small amount of material is needed on the sample foils.
A material oscillation measurement repeatedly inserts
and removes a sample material into a reactor and measures
the change in the neutron proﬁle to determine the
reactivity of a sample. This allows the measurement
reactivity effects of very low-worth samples with high
accuracy. Using oscillation measurements allows the
measurement reactivity effects of very small worth samples
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Fig. 19. Arrangement for 3-mm B4C ﬁlter in experimental
Position F3.

Fig. 18. NRAD reference conﬁguration for the MASSIMO
experimental campaign. The F3 position is indicated by the
arrow.

on the order of at least 0.05 cents and possibly less. The
MASSIMO measurements are foreseen to be carried out at
250 W power, ensuring, in this way, a remarkably low
uncertainty (≪1%).
The goal of this kind of measurement is to acquire
information on the different components that contribute to
the reactivity change observed in the reactor. In practice,
this is obtained via calculation using exact perturbation
theory because of the small change that is induced. Exact
perturbation theory, contrary to direct calculations, also
has the advantage of allowing quantiﬁcation for each
component’s contribution (e.g., ﬁssion, capture, and
scattering) to the reactivity variation.
Figure 18 shows a newly rearranged conﬁguration of
NRAD that enhances the reactivity effects at position F3.
Figures 19 and 20 show two (of ﬁve) speciﬁc arrangements
of the ﬁlters. Figure 21 illustrates the spectra for the
different ﬁlters compared against the starting/reference (a
typical thermal reactor spectrum): as shown, the spectra
range from epithermal (1 cm Cd ﬁlter), typical fast reactor
spectrum (Depleted uranium + B4C), up to a very hard
spectrum (3 mm of B4C).

7 Conclusions
This article, as far as possible, has reported on some
selected integral experiments from Massimo Salvatores’s
research. It testiﬁes of the huge contribution Massimo has
given to this ﬁeld and how big a legacy he has left behind.
While, in recent years there has been a lot of progress in
advanced simulation, in Massimo words: “Experimental
validation has played and will continue to play a key role

Fig. 20. Arrangement for DU +2 mm B4C ﬁlter in experimental
Position F3.

both to reduce operational margins and design uncertainties, and to manage safety and licensing cases”. Some
statements assert that integral experiments are not needed
anymore, because everything can and is simulated with a
high degree of accuracy. These types of statement are still
far from being realistic as we are not able to rely on
simulations that have the high-ﬁdelity level needed to
support it. While it is undoubtable that different type of
experiments are still needed, such as the ones providing
separate effects information, the integral experiments give
a necessary global conﬁrmation. Many new projects of
advanced reactors (e.g., the VTR [78]) cannot, today,
count on a full-experimental program in support of it,
because of the lack of funding and/or the lack of suitable
experimental facilities. Instead, these programs try to rely
on the large wealth of the past experimental campaigns.
However, as it has been found that either essential
information has been lost on these experiments, or, in
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Fig. 21. Different spectra corresponding to different ﬁlters in
MASSIMO experimental campaign.

most cases, this information is not relevant anymore or
representative of the design of the targeted reactor.
Building a new integral experimental facility capable of
supporting the simulation of a large range of advanced
reactors would be a welcome and needed event for the
nuclear reactor community. If this happens, naming the
facility after Massimo Salvatores would be the right and
due tribute for honoring him.
The authors are indebted to Piero Ravetto and Mario Carta for
their unvaluable contributions in providing many documents
useful for reporting on many experiments where Massimo was
involved.
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