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Work Package 1: ADS on-line reactivity monitoring methodologies 
Work package 1 of the FREYA project aimed at validating the methodology for on-line 
reactivity monitoring of an ADS system. The main objective was to propose a methodology 
able to determine the absolute reactivity in two cases: (i) at the end of the core loading 
phase, to characterize the reactivity chosen for operation, required for safety reasons; (ii) 
during standard exploitation conditions for control purposes (the reactivity is supposed to 
remain within chosen margins). For the latter case the challenge is to make the 
measurements without disrupting the reactor power,whereas a neutron source variation is 
required to have access to an absolute value of the reactivity. It was proposed at the end of 
the MUSE project (FP5, 2000-2004) to investigate absolute reactivity measurement 
techniques by source variation during programmed short beam interruptions compatible 
with continuous power operation (not more than a few ms). These techniques, combined 
with a relative monitoring measurement like the “current-to-flux ratio”, can, in normal 
operation conditions, provide an easy way to follow the evolution of the reactivity. The 
principle of this combined approach is as follows: an absolute measurement of the reactivity 
is done on a regular basis, from which the proportionality pseudo-constant C linking the 
reactivity to the “current-to-flux” ratio can be extracted. Then, between the absolute 
measurements, the reactivity can be estimated over time as: I(t)/Φ(t)Cρ(t)   where the 

beam current I(t) and the neutron flux φ(t) (actually detector reaction rates) are recorded 
on-line. This gives access to the time variation of the reactivity provided that the pseudo-
constant C does not vary significantly between two absolute reactivity measurements 
performed by source interruption In the context of our zero power facility, where the 
spallation target is replaced by a T(d,n) or D(d,n) source, the “current-to-flux” ratio has to be 
replaced by the “source-to-flux” ratio. Indeed the beam current, measured on the solid 
target itself, does not reflect truly the amount of neutrons injected into the core since part 
of the beam may not impact the tritiated (or deutered) deposit of the solid target, and since 
under beam impact a large amount of Tritium (or Deuterium) is released: these phenomena 
can make the neutron production rate rapidly decrease with time even under a constant 
beam current. 
To meet the WP1 objectives the experimental strategy was as follows: we performed 
measurements with the source in the three different modes (pulsed, continuous, continuous 
with interruptions) for the SC1 configuration and some variants obtained by modifying the 
insertion of Control Rods. Three other “clean” configurations were also studied (SC2, SC3, 
SC4) to enlarge the reactivity range for testing absolute measurements (tasks 1.1 and 1.2). 
The next step consisted in testing the robustness of the investigated techniques, i.e. their 
sensitivity to core composition or spatial effects: with this aim the source position was 
changed, and other materials were introduced in the reflector as an In Pile Section (mainly 
composed of polythene) and Stainless Steel assemblies in corners of the inner reflector (task 
1.3). The main cores studied are shown in Figure 1.1. In order to study accuracy and 
precision for each technique of dynamical reactivity measurement another technique was 
required to act as a reference one. The Modified Source Multiplication method (MSM) 
[Lecouey 2015] was chosen because it is a well known static method which has been 
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extensively used for research reactors. First, rod drop experiments were performed in the 
critical state of known reactivity. Then, comparison of count rates driven by an Am-Be 
source in this configuration and in SC1 led to an estimate of the reactivity of the latter. called 
CR0 (corresponding to the sub-critical core SC1 with addition of 4 central fuel assemblies), to 
obtain a slightly sub-critical state. This work provided the “reference” reactivity used to 
discuss all our results. Reactivity levels for variant configurations obtained from SC1 were 
inferred by MSM method from the SC1 value, as well as the ones for SC2, SC3, and SC4 
configurations, using GENEPI-3C as the external neutron source. 
 

 
 

Figure 1.1: Cores studied in the WP1 (the external lead reflector is not shown): from left to right, 
top to bottom: SC1 reference core, SC1 second variant with an IPS (In pile Section) and a SS corner 

(the variant 1 is SC1 with only the IPS), SC2 third variant with two SS corners, SC2 core, SC3 core 
and deep sub-critical SC4 core. 

Several dynamical techniques were tested to determine the reactivity with help of a source 
variation. One of them, the well-known area method, can be applied only with a pulsed 
source, which limits its use to the case of the end of a loading phase, if such a source is 
available. The so called “kp” method, providing the prompt multiplication factor from which 
the reactivity can be inferred, was also designed for a pulsed source, but its applicability to 
continuous beam interruption measurements was investigated. A last, a technique directly 
applicable to continuous beam interruption measurements.  

The standard area method (also called Sjöstrand method [Sjöstrand 1956]) relies on the 
calculation of a ratio of two areas obtained by integrating the prompt and delayed parts of 
the decay of detector responses after a sharp neutron pulse. It directly allows obtaining the 
reactivity expressed in dollars. It was applied to the measurements performed in pulsed 
mode (1μs at 200 Hz) of ten detectors (U5 fission chambers) located into the reflector 
(except one in the fuel zone), inside and outside the stainless steal casing containing the core 
(see Figure 1.1). The raw results provided by this method, as expected, a spatial 
dependence: the model based on point kinetics cannot take into account all the specificities 
of a small fast heterogeneous sub-critical reactor with a reflector. To correct that, spatial 
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correction factors have to be computed with neutron transport codes and applied to the raw 
values. Figure 1.2 shows one example of unccorected and corrected reactivity values for 10 
detectors for configuration SC1. As can be seen the use of correction factors not only 
reduces the dispersion of results but also allows reactivity values to better agree with the 
MSM reference value, which gives confidence in the way to correct the raw results when 
point kinetics does not hold any more [Marie 2013, Bécares 2014]. The generalized area 
method [Bécares 2013], which includes de facto a spatial dependence, was also applied, 
giving also a good agreement with the reference values despite a slight systematic 
underestimation that could be solved by a more accurate geometrical description of the 
reactor surroundings. 

 

 

Figure 1.2: Top: Raw (black) and corrected (green) reactivity values obtained with the standard 
area method in the SC1 configuration for ten detectors spread over the reactor compared to the 
MSM value in red (and its 1σ error bar). Bottom left: Average corrected reactivity values obtained 
with the standard area method for different core configurations as a function of the corresponding 
MSM values. Bottom right: Mean reactivity values obtained with the generalized area method for 
different core configurations as a function of the corresponding MSM values. The black (red) 
vertical error bars are the 1σ errors on the mean reactivity value; the black (red) horizontal error 
bars are the 1σ errors on the MSM value; the blue vertical error bars give the range from the 
lowest to the highest reactivity values obtained for the 10 detectors. 
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The kp method [Perdu 2003] relies on the analysis of the prompt component of the time 
decay of the reactor neutron population measured after a neutron pulse and provides the 
prompt multiplication factor of the reactor. Recent developments [Chabod 2014] have 
improved the reliability of the analysis, in particular by the use of an integral estimator 
instead of a differential one. This integral kp method leads to the reactivity value by 
comparing the count rates of fission chambers with their theoretical predictions obtained by 
solving an equation function of two distributions: (i) the probability density P(τ) that a 
neutron created in the reactor at time τ induces a fission at time t+τ; (ii) the distribution D(τ) 
of times elapsed between the creation of a neutron in the reactor at time τ and time t+τ 
where it induces a fission into the detector deposit. This method does not require any 
correction factors thanks to the inclusion of the D(τ) distribution which acts as an implicit 
spatial correction. Reactivity results obtained with this method and converted into $ are 
shown in Figure 1.3. They are in rather good agreement with MSM values but some 
discrepancies appear for the lowest reactivity. It can be due to a perfectible description of 
the core used in simulations, but also to statistical fluctuations to which this method is very 
sensitive. Work is in progress to improve the accuracy and adapt this methodology to the 
prompt component of the neutron population decay after a continuous beam interruption. 
This is challenging as practically experiments performed in this latter mode use a 40 Hz 
interruption rate, leading to a statistics lower to that of the pulse beam by a factor 5.  
 

 
Figure 1.3: Average reactivity values for different core configurations as a function of the 

corresponding MSM values (for error bar legend see Figure 1.2). 
 

The most relevant method studied to get an absolute value of reactivity is the one which can 
be applied during the prompt decay of the neutron population after a continuous beam 
interruption (also improperly called “beam trip” which usually refers to a random beam 
loss). Experiments were performed with beam interruptions of 2 ms duration at a 40 Hz 
frequency. Although small details can vary, the first step of the analysis consists in 
comparing, for each detector, the detector count rate level before the beam interruption, to 
the count rate observed during the beam interruption when the delayed neutron level is 
reached: 
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where  is the reactivity in dollar, n0 the neutron population level before the beam 
interruption, n1 the delayed neutron level and  the duty cycle of the source taking into 
account the reduction of the effective delayed neutron level due to the beam interruptions. 
However, in most cases, since this simple relationship is based on Neutron Point Kinetics, 
some calculations are required to take into account spatial effects (obviously not accounted 
for by Neutron Point Kinetics) so that the right answer be obtained for the reactivity. Results 
shown in Figure 1.4 attest that these corrections allow one to get satisfying results for the 
reactivity measurement [Chevret 2014].  
 

 
Figure 1.4: Average reactivity values (in dollar) obtained by analyzing beam interruption 
experiments as a function of MSM values for all the VENUS-F configurations studied. Solid red 
circles: beam interruption reactivity values averaged over the whole set of detectors vs MSM 
reference values. Red error bars represent one-sigma uncertainties. Vertical blue bars represent 
the maximum spread of reactivity values in the detector set. Inset: result for the deep subcritical 
configuration SC4. Dashed line: y=x line. 

 

Additional experiments were performed to quantify the impact of a change in the source 
position, or a change of a part of the inner reflector composition. No effect is seen in the 
kinetic response (after a beam pulse or a beam interruption) when the source is placed 
above the mid plane at the fuel/reflector interface. However a slight modification is seen for 
the only detector located in the fuel zone, (in pulsed mode), which could be interpreted by 
the farther from the source the detector is, the more spatial corrections are necessary. The 
situation is quite different when a part of the reflector is changed from lead to stainless 
steel. It affects drastically the kinetic response in the different regions of the reactor and 
reactivities determined by the area method require spatial corrections, especially in the 
outer reflector. 

As a conclusion, concerning the absolute measurement of reactivity during an ADS 
operation, i.e. during a beam interruption, we have highlighted the importance of spatial 
effects on detector kinetic responses when U5 fission chambers are used in the reflector (no 
effect is seen for a U5 fission chamber in the core). These effects increase with the distance 
to the neutron source. They are mainly due to a delayed component of the flux coming from 
the core surroundings acting like a large reflector. Fortunately reactivities deduced from 
such detectors can be corrected by applying correction factors computed with neutron 
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transport codes if the geometry around the core is correctly described. On the other hand it 
was checked that these computed factors do not require a very detailed description of the 
reactor components (some parts can be homogenized). In these conditions the absolute 
reactivity measurements (during 2 ms beam interruptions) give results in very good 
agreement with reactivity values obtained from MSM technique. However if one wants to 
avoid the use of correction factors, we recommend the use of threshold fission chambers 
which are not sensitive to the low energy component of the neutron flux coming back from 
the reflector materials. Promising results were obtained with a U8 fission chamber. The 
relative monitoring of the reactivity thanks to the on-line measurement of the “current-to-
flux” ratio in continuous beam phases was also validated when the neutron source intensity 
is considered instead of the beam current. Concerning reactivity assessment at the end of a 
core loading phase, good results were also obtained with area methods when spatial effects 
are taken into account, in case a pulsed source would be available.  
At last, on the basis of these results our recommendations for the beam interruption 
structure of the MYRRHA facility are to keep the possibility for durations in the 200 μs - 2 ms 
range, with frequencies lower than 250 Hz.  
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Work Package 2: Subcritical configuration for design and licensing of MYRRHA/FASTEF 
The main objective of the FREYA WP2 was an experimental programme in support of the 
design and licensing of MYRRHA subcritical core. In this case, another core configuration 
than in WP1 of the FREYA project, has been chosen and assembled for the VENUS-F facility. 
Within the constraints of available fuel at the VENUS facility during the FREYA-project, this 
core was as representative as possible of the MYRRHA core design features such as 
fuel/"coolant" volume fractions, fuel enrichment and neutron spectrum. 
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This work package was divided in five separate tasks, in particular:  

 Task 2.1: MYRRHA Subcritical Mock-up Definition  
Another core configuration than in WP1 of the FREYA project, was chosen and 
assembled for the VENUS-F facility. The definition and realisation at VENUS-F of this 
mock-up core was the first task of WP2. 

 Task 2.2: MYRRHA Subcritical Mock-up Characterisation  
Core characterisation measurements were accomplished. These are axial traverses, 
and spectral indices with fission chambers.  

 Task 2.3: MYRRHA Subcritical Mock-up Reactivity Effects  
The reactivity effects such as water ingress effects and fuel agglomeration effects 
were investigated.  

 Task 2.4: MYRRHA subcriticality monitoring  
The methodology for on-line reactivity monitoring developed in WP1 was applied to 
the MYRRHA-like core.  

 Task 2.5: Transposition to MYRRHA  
The results obtained in the WP1 and WP2 were transposed to MYRRHA conditions 

 
It should be noticed that due to reshuffling of the FREYA Working Packages, the experiments 
for WP2 were the last ones in the Project. So, the order of the WPs related with experiments 
at VENUS-F – GENEPI-3C facilities was: WP1, WP3, WP4 and WP2. The reasons of this 
reshuffling were quite essential. First, accordingly the regulation rules, before to load a sub-
critical core we have to fix the corresponded critical configuration of the core. And since the 
fuel assemblies for the sub-critical and critical cores of VENUS in WP2 and WP3 should be 
the same (in MYRRHA sub-critical and critical core they are the same) it was reasonable to 
start with WP3 before WP2. And secondly, since it was decided for the ALFRED core 
simulations and investigations in WP4 to use a specific island in the WP3 VENUS-F MYRRHA 
like critical core, to avoid the time for the junk manipulations, Work Package 4 followed 
WP3.  
In accordance with the above, the aim of the Task 2.1 that dealt with choosing of a new fuel 
assembly for VENUS-F sub-critical core configuration that can serve as a sub-critical critical 
MYRRHA mock-up, was in fact the same as in the Task 3.1.  
The work of choosing of the new VENUS-F fuel assembly for MYRRHA simulations in WP2 
and WP3 was a follow-up of earlier investigations [2.1], [2.2], [2.3], [2.4], which considered 
the use of 14% MOX in the VENUS-F core (Deliverable D2.1). Due to technical constraints and 
the long time needed to receive the license to load MOX from the safety authorities, the 
realization has been postponed to a later stage (after FREYA). The Monte Carlo [2.5] and 
deterministic [2.6] calculations of various VENUS-F configurations based on two candidate 
types of fuel assemblies for WP2&3 were carried out. Comparison with calculations of the 
WP1 VENUS-F core and the current design of MYRRHA (version 1.6) were discussed.  
Since the neutron spectrum of the VENUS-F WP1 core (named CR0, see WP1 text above) was 
not satisfied to the MYRRHA one, to approach conditions in MYRRHA we had to introduce 
oxygen in order to moderate the neutron spectrum (there was no oxygen in WP1 VENUS-F 
cores). It can be easily inserted in the form of Al2O3. Two types of a fuel assembly were 
considered as the most suitable candidates to satisfy this need (Figure 2.1): 

1) 9 U rodlets + 12 Al2O3 rodlets + 4 Pb blocks (type U9Al12Pb4), 
2) 13 U rodlets + 4 Al2O3 rodlets + 8 Pb blocks (type U13Al4Pb8). 
 



FREYA 

Final publishable summary report: main S/T results and foregrounds 8/26 
 

 
                  FA CR0                                    FA type  U9Al12Pb4                         FA type U13Al4Pb8 

Figure 2.1 – The fuel assembly used in the CR0 core (left) and two candidates for WP2&3 (middle 
and right). The materials are indicated as orange for U, green for Al2O3, violet and blue for Pb, 

magenta for SS, white for air. 

  
 
The other parameters of the VENUS-F FAs for WP2&3 which had to be adjusted to the 
MYRRHA conditions were volume fractions of the materials. 
In Table 2.1, the volume fractions of materials present in fuel assemblies are compared for 
MYRRHA, VENUS-F CR0 and candidate fuel assemblies for WP2&3. 
 
 
 
Table 2.1 - Volume fractions of materials in the MYRRHA fuel assembly, in the current VENUS-F fuel 

assembly, and in two candidate fuel assemblies. Comparison with a 14% MOX assembly (old 
proposal) is shown as well. The fraction of Pb in VENUS-F is subdivided into rods and plates in 

order to show the potential future usage of Pb rods and Bi plates. 
 

  MYRRHA   VENUS-F 

      CR0 U9AlO12 U13AlO4 
14% 
MOX 

Fuel 
total 27.1 

Fuel 
total 17.1 17.1 24.7 15.1 

fissile 5.1 fissile 5.1 5.1 7.4 1.4 
O2 3.6 O2 0 11 3.7 2 
SS 22.1 SS 15.8 14.6 15.4 13.6 
LBE 44.3 Pb total 58.1 29.6 38.9 59.4 

Pb 19.5 Pb rods 37.8 9.3 18.6   
Bi 24.8 Pb plates 20.4 20.4 20.4   

He 2.9 air 9 15.4 13.2 3.6 
    Al 0 12.4 4.1 5.5 (Zr) 

 
 
Additional quantities of interest calculated were neutron spectra (see Figure 2.2) and 
spectral indices.  
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Figure 2.2 - Neutron spectra (normalized per energy bin width) in the middle of the core. MCNP 
simulation of critical MYRRHA and two candidate MYRRHA mock-up cores at VENUS-F   

 
 
The other investigated issue for both candidates was: can we reach criticality having a limit 
amount of fuel in the VENUS-F storage when all the perturbations (IPS and SS test rigs) are 
loaded together? It was found that with FA type U13Al4Pb8 we have a margin large enough 
(48 FAs calculated, while 67 FAs are available). With FA type U9Al12Pb4 the calculation 
predicts we will need almost all fuel (94 FAs calculated, while 97 FAs are available). That was 
a strong argument in favour of the FA type U13Al4Pb8. 
Other things in favour of the FA type U13Al4Pb8 were:  

 Fuel fraction, 

 Fraction of O2, 

 Fraction of coolant and the possibility to model Pb-to-Bi fraction in LBE using Pb 
rodlets and Bi plates in fuel assemblies, 

 The shape of the active zone is much more similar to MYRRHA. 

 Parameters in favour of the FA type U9Al12Pb4 were:  

 Fissile fuel fraction, 

 Higher control and safety rod worth, 

 Neutron spectrum and spectral indices closer to MYRRHA. 

Taking into account all the above mentioned observations, we decided to use FA type 
U13Al4Pb8 in FREYA WP2&3. 
 
The core configuration named SC8 at the VENUS-F reactor was prepared on the basis of the 
previous critical VENUS-F core CC8 (FREYA Deliverable 3.2) which simulated the MYRRHA 
critical core design in WP3. The SC8 core as well as its forerunner CC8 simulated the 
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following peculiarities of the MYRRHA design: BeO reflector (using graphite) and in-pile-
sections (IPS).  
The first SC8 core configuration (SC8-1, named F02/05/15 in the VENUS-F logbook) was 
prepared from the CC8 core by replacing the four central fuel assemblies (FA) with the 
vertical line of the accelerator GENEPI-3C and a Pb buffer filling the space under the 
beamline. An intermediate variant of the core (SC8-2) was not used and the variant SC8-3 
(F02/05/16) was the main one for the measurements (see Fig. 2.3). For this variant, the four 
FAs that were removed for to the vertical beamline insertion, were put back in the core 
replacing four Pb reflector assemblies at the core-reflector border.  
  

 

Figure 2.3: The layout of the F02/05/16 sub-critical VENUS-F core without external Pb reflector. 

 
Two spectral indices F28/F25 and F49/F25 were measured in January 2016 in the SC8-3 core  
with 4 mm small fission chambers. The aim was to compare with the same spectral indices 
obtained in the critical core CC8 and to see a possible influence of high energy (14 MeV) 
neutrons from the accelerator target on the neutron spectrum of the reactor. To obtain the 
main spectral indices F28/F25 and F49/F25, the fission chambers (FC) with U235 , U238 and 
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Pu239 deposits were used for the measurements. These FCs were placed in the EFA-2 
(position (-3,1)), to compare with the results that were obtained in the same position in the 
CC8 critical core. The spectral indices for the critical and sub-critical VENUS-F configurations 
CC8 and SC8-3 were the same within the experimental uncertainties. However, an increase 
of the F28/F25 index of 3.7 % was observed which is due to the presence of high energy 
neutrons in SC8-3. 
Axial traverses (fission rates) of the U-235 and U-238 were measured in the SC8-3 VENUS-F 
core using fission chambers in an experimental channel in position (-3,1) through the active 
zone and top reflector . It was the same position where the axial traverse was measured in 
CC8 (the critical core corresponding to the sub-critical SC8, results in Deliverable 3.2). 
The results normalized to power changes and normalized to the maximal value at the core 
midplane are shown on Fig. 2.4 and Fig 2.5.  
The U-235 axial traverse within the active zone height is slightly narrower in SC8 than in CC8 
(by about 2 %). This shape change is better visible in the U-238 traverse (up to 8 % narrower 
than in CC8). The top-bottom symmetry seems to be very good and no influence of the Pb 
buffer placed under the target has been observed. 
 

 
Figure 2.4 - U-235 axial traverse in (-3,1) compared with CC8 (-3,1). 
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Figure 2.5 - U-238 axial traverse in SC8 (-3,1) compared with CC8 (-3,1). 

 
Following the objectives of WP2 to perform an experimental programme in support of the 
design and licensing of the MYRRHA sub-critical core, both water ingress in the core and fuel 
agglomeration reactivity effects were investigated. These effects were simulated in the 
variants of the SC8-3 (F02-05-16) VENUS-F core and estimated with different methods.  
On the basis of calculated results, three modifications of the reference F02-05-16 core were 
chosen for reactivity effect measurements: 

1. F02-05-17 – for fuel agglomeration effect. In this case, standard FA in position (-1,4) 
was replaced with FA (1-13-25), in which 12 fuel rodlets from the top axial layout of 
the core replaced all non-fuel rodlets in the bottom layout making the bottom layout 
completely with fuel elements, see Fig 2.6. 

2. F02-05-18 - for water ingress increasing leakage. The PbA reflector assembly in 
position (-1,5) was replaced with assembly PE50 (containing polyethylene). 

3.  F02-05-19 - for water ingress increasing moderation. The standard FA in position (-
3,4) was replaced with FA containing 2 PE plates instead of Pb plates. 
In general, all SC8 VENUS-F core modifications contained the simulation of the 
following peculiarities of the MYRRHA design: BeO reflector (using graphite) and in-
pile-sections (IPS). The working mode was an ADS mode coupling the VENUS-F 
reactor with the GENEPI-3C accelerator. 

 
To obtain the reactivity effects of the perturbations mentioned in 1. – 3., the sub-criticality 
(negative reactivity) of all these cores including the reference core without perturbation 
(F02-05-15) were estimated with several methods. Between them : Source Jerk Integral, 
ASM, MSM and BTM. 
The obtained results of reactivity effects are collected in the Table 2.2 and comparing with 
the calculational ones. For all methods the results are almost inside assigned uncertainties (1 
sigma here).  
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              Bottom layout                          Normal layout in the centre                                 Top layout 

 

 
 

Figure 2.6 FA type 1-13-25 used for the agglomeration effect simulation in F02-05-17 core 
 

 

Table 2.2. Reactivity effects in the cores relative to the reactivity of the reference core F02-05-16 
obtained with different methods. 

 

Core F02-05-17 F02-05-18 F02-05-19 

 Value, pcm ± pcm Value, pcm ± pcm Value, pcm ± pcm 

MCNP   +13 9 -366 9 +331 10 

SJI   +28 1 -355 13 +201 5 

ASM +48   28 -343  41 +180 23 

MSM +57 33 -282 34 +288 37 

BTM +88 51 -288 51 +301 51 

 
  

Finally, the main results obtained during the FREYA project that can be of interest for the 
MYRRHA project were summarized in the last (in time) deliverable D2.5. It gathers the most 
important findings from published papers, defended theses, earlier FREYA deliverables, 
FREYA reports and presentations at FREYA meetings (unpublished results) together. These 
data are placed in context of the entire project, their transposition form a zero-power facility 
to a power ADS is suggested and remaining questions to be studied further within the 
MYRTE project [2.7] are pointed out. 

In deliverable 2.5, the parameters of the fast ADS mockup (zero-power VENUS-F reactor 
coupled to a GENEPI-3C accelerator) used in the FREYA project, were compared with those 
of the current design of the MYRRHA project. The methodology for online sub-criticality 
monitoring as the main aim of the FREYA project (tasks 1.1, 1.2, 1.3, 1.4, 2.3, 2.4) was 
discussed. The validation of nuclear data and neutronic codes, which is the second aim of 
the FREYA project (tasks 1.1, 2.2, 2.3, 3.2, 3.3, 4.2, 4.3) was discussed as well. 
It is pointed out that most of the GENEPI-3C parameters are different than those of the 
MYRRHA accelerator design and there can hardly be any transposition of knowledge 
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concerning ion source, beam energy and power or neutron production target. Nevertheless, 
the main aim of the FREYA project is the validation of the online sub-criticality monitoring 
methodology for an ADS. That requires a special time structure of the beam. Therefore, the 
versatility of the time structure is the crucial parameter of GENEPI-3C. It can provide the 
beam in three modes; pulsed, continuous , and continuous with beam trips. Beam trips are 
produced by interrupting the beam extraction from the ion source. 

Also, it is noted that although the overall dimensions of the MYRRHA reactor (a pool-type 
housing all the primary systems) will be much larger than its mock-up in the zero-power 
VENUS-F reactor, the dimensions of the VENUS-F core are comparable with the designed 
dimensions of the MYRRHA core. 

The material composition of a fuel assembly and the volume fractions are in Table 2.3. 
Because the MOX fuel designed for MYRRHA was not available during the FREYA project, the 
VENUS-F core has been loaded with metallic uranium fuel (available from CEA). This causes a 
difference in kinetic parameters. The effective delayed neutron fraction (almost insensitive 
to various changes performed in VENUS-F core configurations as well as to different burn-
ups in MYRRHA) is two times larger in VENUS-F than in MYRRHA. The effective neutron 
generation time (strongly sensitive to various perturbations or burn-up) can be 2-5× shorter 
in VENUS-F than in MYRRHA. Thus it was concluded, concerning kinetic parameters, that the 
VENUS-F mock-up is not representative to the MYRRHA reactor core. 
 

Table 2.2 – Volume fractions of materials in a MYRRHA fuel assembly and in a fuel assembly used 
in VENUS-F during FREYA WP2&3. 

 heavy metal O2 SS coolant gas Al 

MYRRHA 27.1% 3.6% 22.1% 44.3% LBE 2.9% He - 

VENUS-F 24.7% 3.7% 15.4% 38.9% Pb 13.2% air 4.1% 

 

 
Oxygen, which is present in the MYRRHA fuel assemblies in the PuO2+UO2 pins, has been 
introduced into VENUS-F fuel assemblies using Al2O3 rodlets. This helped to bring the 
VENUS-F neutron spectrum closer to the MYRRHA one, especially between 300 keV and 2 
MeV. Remaining differences are below 20 keV and around 1 MeV (region of broad 
resonances in the neutron elastic cross-section on 16O), where the spectra in VENUS-F fuel 
assembly are harder than in the MYRRHA fuel assembly and indicate grater neutron 
moderation in the MYRRHA core. 
Within FREYA, various experimental techniques, analysis methods and instrumentation for 
the sub-criticality (negative reactivity) monitoring have been investigated and they are 
described in Deliverable 2.5 in detail. These methods have been tested for the VENUS-F core 
configurations with various sub-critical levels assembled by: 

 Changing the number of fuel assemblies in the VENUS-F core, 

 Changing the height of the control rods, 

 Inserting safety rods in the core. 

Additionally, the sensitivity of the sub-criticality monitoring techniques to: 

 Changes in the neutron source position,  

 Changes of the reflector material,  

 Insertion of in-pile sections 
were investigated. 
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The following methodology for sub-criticality monitoring was discussed in the deliverable 
2.5:  

 Modified Source Multiplication (MSM) method   
 Pulsed neutron source (PNS)   
 Beam trip mode (BTM)   

o Source jerk   
o Prompt decay constant method   
o kp method   

 Integrated source jerk (ISJ)   
 Current-to-flux (CTF)   
 Neutron noise techniques.  

It was stated that MYRRHA accelerator will work in a beam-trip mode, which enables the 
application of a sub-criticality monitoring technique suitable for MYRRHA start-up phase as 
well as full power operation. Therefore, the main part of the FREYA sub-critical experimental 
campaign has been dedicated to the investigation of the reactivity determination using BTM. 
At the same time, the CTF technique is considered to be a candidate for relative sub-
criticality monitoring during MYRRHA power operation. Its advantage is that, in contrast to 
BTM, it gives immediate information of a reactivity change, but a current-to-flux 
proportionality coefficient, needs to be determined (and often re-calibrated) using absolute 
method, and BTM is a good candidate for that. 
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Work Package 3: Critical configuration for design and licensing of MYRRHA/FASTEF 
The objective of Work Package 3 of the FREYA project was to perform an experimental 
programme in support of the design and licensing of the MYRRHA/FASTEF critical core. The 
work has been performed through three different tasks. The main objectives of each task 
and the main results obtained are described below. 

 Task 3.1: MYRRHA critical Mock-up Definition (Task leader: SCK•CEN)  
The task was focused on investigating and choosing a VENUS-F core configuration suitable to 
be considered as a critical MYRRHA mock-up. The analysis of pros and cons for each of the 
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candidates and determination of the final choice for the core configurations were published 
in the Deliverable D3.1. In particular a new FA for VENUS-F critical core configuration (the 
same as for the sub-critical MYRRHA mock-up in WP2) has been selected (see also Work 
Pckage 2 here).  

 Task 3.2: MYRRHA critical Mock-up Characterisation (Task leader: CIEMAT)  
The main activities performed to accomplish with the objectives of Task 3.2 can be 
summarized as follows: experiments on different critical mock-ups configurations, denoted 
as CC5, CC7 and CC8; analysis of the experimental data by different Monte Carlo (MCNP and 
SERPENT) and deterministic (ERANOS) neutron transport codes and different nuclear data 
libraries (ENDF/B-VII.0, JEFF-3.1, JEFF-3.2, JENDL-4.0) (Deliverable D3.2).  
 

In the frame of the Task 3.2 standard characterization core measurements were performed, 
as axial and radial flux distributions, spectral indices, control rods worth measurements and 
minor actinide responses by fission chambers, in the MYRRHA critical mock-ups 
configurations. In parallel first results of the analysis of these experiments with different 
neutron transport codes and nuclear data libraries were obtained. It must be remarked that 
the volume of data generated within this task needs a much more in depth analysis which 
cannot be undertaken within the time constraints of this project. In any case the 
experimental objectives of Task 3.2 of the FREYA project have been fully accomplished. 
Three core configurations representative of MYRRHA, denoted as CC5 , CC7 and CC8 (see Fig. 
3.3), have been investigated within Task 3.2.  
   

  
a) 

  
b) 

 

c) 

Figure 3.3: Critical core configurations CC5, CC7 and CC8. 
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The CC5 configuration (Fig. 3.3a) simulates the “clean” MYRRHA core, i.e., containing only 
fuel and lead elements. The main difference with respect to the configurations previously 
investigated within WP1 is the introduction of a new type of FA containing Al2O3 in order to 
simulate the oxygen of the MOX fuel envisaged for MYRRHA.  
In the CC7 configuration (Fig. 3.3b) some graphite assemblies were introduced in order to 
simulate the MYRRHA reflector.  
Finally, in the CC8 configuration (Fig. 3.3c) two polyethylene elements are loaded to simulate 
the thermal In-Pile Sections (IPS) of MYRRHA, intended for Mo-99 production. 
Three different codes have been used within Task 3.2 to analyse the experimental results: 
the well-known Monte Carlo code MCNP 6.1.1, the more recent Monte Carlo code SERPENT 
v2.1.22 and the deterministic code ERANOS. 
 

The main conclusions from this analysis may be summarized as follows: 
o All codes show a tendency to overestimate the reactivity of the critical cores.  
o Delayed neutron parameters, required to obtain the control rods worth from the 

experimental positive period measurements, have been calculated with different 
computer codes (MCNP, Serpent, ERANOS). Results are largely compatible when the 
same nuclear data library is used.  

o In any case, it has been found that both MCNP and Serpent underestimate (~10%) 
the measured values of the control rods (CR1 and CR2) worth, see Fig. 3.4. Detailed 
simulation of the control rods movement show that the underestimation of the 
experimental results occurs over the entire range of movement of the control rods.  

 

Figure 3.4: MCNP/Exp. control rods worth comparison.  

 

o Monte Carlo codes MCNP and Serpent can reproduce with high accuracy the 
experimental shapes of the axial and radial traverses. As an example in Fig. 3.5 the 
comparison MCNP vs. Experiment for Np237 fissions axial behaviour is shown. Also 
the deterministic ERANOS code provides accurate results for non-fissile isotopes, but 
a somewhat worse agreement with the experimental axial traverses has been found 
for fissile isotopes (U-235 and Pu-239); particularly when attempting to reproduce 
complex structures such as those appearing in correspondence of IPS elements. This 
is explained because of the homogenized simplified models adopted in ERANOS . 
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Figure 3.5: MCNP/Exp Np237 fissions rates axial traverse comparison. 
 

o For most of the measured positions and isotopes, all the three codes obtain C/E 
ratios for the spectral indexes in the range 0.85÷1.05. In some cases, however, the 
obtained C/E ratios reach values in the range 0.2÷8, so further analysis will be 
required to explain these results. 

 

 Task 3.3: MYRRHA critical Mock-up Reactivity Effects (Task leader: UPM) 

The main activities performed to accomplish with the objectives of Task 3.3 can be 
summarized as follows: experiments to measure two reactivity effects in the CC7 VENUS-
F core: lead coolant void effect and temperature effects (these two important reactivity 
effects are always the subjects of safety reports of a new installation); analysis of 
experimental results by Monte Carlo (MCNP) and deterministic (ERANOS) neutron 
transport codes. and different nuclear data libraries (JEFF-3.1, JEFF-3.1.2, JEFF-3.2, ENDF-
B/VII.1 and JENDL-4.0) (Deliverable D3.3).  

 

The Task 3.3 is devoted to the estimation of the reactivity effects in the MYRRHA critical 
mock-up VENUS-F cores. 

Initially in this task it was foreseen to investigate experimentally the reactivity effects due 
to: temperature changes, coolant voiding, water ingress and fuel agglomeration. In 
reality, only void (see Fig. 3.6) and temperature effects (fuel Doppler reactivity effect) 
were measured, the others were calculated and measured in FREYA WP2, task 2.3 (Sub-
critical MYRRHA mock-up).  

 
Figure 3.6: Horizontal cut through the fuel assembly in the CC7 core. MCNP model. 

Left: fuel assembly of the reference core (no void). 
Middle: fuel assembly with void of 8 Pb rodlets. 

Right: fuel assembly with void of Pb plates. 
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These two important reactivity effects are always the subjects of safety reports of a new 
installation and should be investigated. The following deliverables are also connected to 
this one: D2.3MYRRHA Subcritical Mock-up reactivity effects and D4.3 LFR Mock-up 
reactivity effects. 
Two reactivity effects were measured in the CC7 (see Fig.3.3c) VENUS-F core: lead coolant 
void effect (see Fig. 3.7) and temperature effects.  

 

 

Figure 3.7: The experimental lead coolant void effect in 1÷5 central FAs of the CC7 core. 
 

Calculated results indicate that MCNP can approximately predict the trend of the coolant 
void effect but it underestimates the experiment in absolute terms. The rate of the 
temperature effect calculated with MCNP is in agreement with the measured effect. 
The coolant void reactivity effect behaviour estimated by ERANOS calculations is in good 
agreement with the experimental trend even if the single reactivity value is underestimated 
with respect to the measurements. 
 
Conclusions 
Given the objectives for MYRRHA to be operated as a subcritical and critical facility, the 
outcomes from this Work Package have provided a huge experimental data bank in support 
of the design and licensing of MYRRHA operating in critical mode. Experiments covered 
different areas like neutron spectrum characterization for different core configurations and 
coolant void and temperature reactivity effects (important for the safety reports of a new 
installation). The extensive E/C comparison performed with both Monte Carlo and 
deterministic calculation methods results, and with different neutron data libraries, provided 
clear indications about the degree of performance of the current computational tool and 
data, together with the areas needing for further studies in support of the licensing of 
MYRRHA operating in critical mode. 
 
 
 
Work Package 4: Critical configuration for LFR 
The FREYA WP4 “Critical configuration for LFR” had as main objective the definition, 
realization and model validation of critical experiments for the Lead cooled Fast Reactor 
design development support. The LFR design chosen as reference is the 300 MWth ALFRED 
core, developed during the EU FP7 LEADER project (FP7-249668). 
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The Work Package was split into 3 main Tasks: 

 Task 4.1 – LFR critical Mock-up Definition – The scope of the Task was the definition 
and realization at the VENUS-F facility of the ALFRED LFR mock-up core, within the 
constraints of available fuel at the facility. This core had to be as representative as 
possible of the ALFRED LFR core design in terms of fuel/"coolant" features, control 
rods, etc.; 

 Task 4.2 – LFR critical Mock-up characterization – The scope of the Task was the 
definition and realization of a measurement campaign of the LFR mock-up core, in 
terms of standard characterization core measurements like the axial flux 
distributions, the spectral indices and the control rods worth; 

 Task 4.3 – LFR critical Mock-up reactivity effects – Two main scopes were associated 
to the Task. Firstly, the Lead Void Reactivity Effect had to be investigated in the LFR 
mock-up core, by experimentally simulating the lead voiding in the mock-up and 
measuring the corresponding reactivity. Secondly, a deep validation of both 
neutronic Monte Carlo and deterministic models of the LFR mock-up had to be 
performed, evaluating the C/E (Comparison over Experiment) ratio values for all the 
measurements performed in Tasks 4.2 and 4.3. 

 
In the following, some details of the results and foregrounds achieved in each Task are 
reported. 

Results and foregrounds of Task 4.1 
Considering the existing and available Fuel Assemblies (FA), Lead Assemblies (LA) and 
moderating Al2O3 rodlets at the VENUS-F facility, many simulations of different VENUS-F 
core designs were assessed with the ERANOS code in order to find the most representative 
configuration of the ALFRED LFR core. 

Since it was not possible to reproduce the ALFRED LFR environment in a homogeneous 
VENUS-F configuration, it was decided to find a local—i.e., a core island—configuration of 
the VENUS-F core able to reproduce as well as possible the ALFRED neutronics around one of 
the available Experimental Fuel Assemblies (EFA). 
 
The strategy foresaw the insertion of moderating assemblies made only by 25 Al2O3 rodlets, 
called Alfred Inert Assembly (AIA), as depicted in the left part of Fig. 1. In particular, a set of 
different combinations of U13_4Al_8Pb FA and AIA disposed as a chess around the EFA-2 
was investigated, as sketched in the right part of Figure 4.1. 

 

Figure 4.1: The Alfred Inert Assembly (AIA, left); AIA and FA disposed as a chess around EFA-2. 
Green is Al2O3, orange is Uranium-based fuel, magenta is Lead. 
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The best VENUS-F configuration representative of the ALFRED neutronics was estimated and 
chosen throughout the calculation (for each considered configuration) of: 

 the least square (2), applied to the normalised neutron flux per unit lethargy in a 49 
energy-group-structure; 

 the most significant spectral indexes in a fast spectrum. 

The final configuration of the VENUS-F core, called “CC6” and representing in the best way 
the ALFRED LFR neutronics in the EFA-2 assembly, is shown in Figure 4.2. A 3x3 assembly 
“Alfred Island” around EFA-2 is defined and results to be made of 2 FA, 4 AIA and 2 LA. 

 

Figure 4. 2: The VENUS-F configuration chosen for the ALFRED LFR critical mock-up definition. 

The CC6 core was successfully assembled at the VENUS-F reactor and reached criticality in 
May 2015, thus demonstrating the feasibility of the main FREYA WP4 objectives. 
More details are reported in FREYA Deliverable 4.1 – “LFR critical Mock-up Definition”. 
 
Results and foregrounds of Task 4.2 
As far as the CC6 core was built, the measurement campaign was defined in order to get the 
characterization of the ALFRED mock-up. 
In particular, it was decided to perform the following experimental measurements: 

Axial traverse (i.e., axial distribution of the 235U, 238U and 237Np fission rates) along the 
EFA-2 axial experimental channel; 
Spectral indexes (i.e., ratio of 238U, 239Pu and 237Np versus 235U fission rates—namely 
and respectively: F28/F25, F49/F25 and F37/F25) at core mid-plane in the EFA-2 
experimental channel. 

Before the campaign to be executed, the control rod calibration and control rod worth were 
analyzed in terms of core reactivity behavior versus control rod insertion levels, as shown in 
Figure 4.3. 
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Figure 4.3: Differential reactivity curves of the two control rods (CR1 and CR2) of the CC6 core. 

 
The experimental campaign was then executed, and all the parameters were quantified as 
final result of the Task 4.2. 

As an example, the behavior of the 235U and 238U axial traverses in EFA-2 is reported in 
Figure 4.4, together with the experimental results in the CC5 critical core used in FREYA WP3 
activities.  
Further details and the full list of the CC6 core experimental results were reported in FREYA 
Deliverable 4.2 – “LFR critical Mock-up characterization”. 
 

 
Figure 4.4: 235U (left) and 238U (right) axial traverses in CC6 core, normalized to monitor count 

rate. The corresponding behavior of the CC5 core, measured for the FREYA WP3, is also reported 
for comparison. The core mid-plane is at 30 cm. 

 

 
Results and foregrounds of Task 4.3 
Firstly, the experimental setup to measure the Lead Void Reactivity Effect (LVRE) was 
defined, by replacing the lead rodlets of the FAs in the 3x3 assembly Alfred Island by empty 
SS cans. As shown in Figure 4.5, two cases (A & B) were investigated: 
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 Case A: by considering only one lead-voided assembly (i.e., FA replacing EFA-2); 

 Case B: by considering three lead-voided FAs. 
 

 

Figure 4.5: The “Case A” and “Case B” lead-voiding configurations of the Alfred Island. The 
experimental results gave the following values: -45.0±1.2 pcm for Case A and -138.0±3.7 pcm for 

Case B, with respect to 0 pcm reactivity of the full-leaded CC6 configuration. 
 

Both the configurations were built in the CC6 core, and the corresponding reactivity effects 
were measured with the control rod reactivity compensation method (thanks to the control 
rod calibration performed in Task 4.2). 
Secondly, a deep validation of 3D models for neutronics codes of the ALFRED LFR mock-up 
was assessed with different nuclear data libraries. 
The validation was performed comparing all the experimental results of Tasks 4.2 and 4.3 
with the corresponding results of computer code simulations in terms of C/E (Calculated 
over Experiment) values for the axial traverses, spectral indexes, control rod worth and 
LVRE. 
The codes adopted were: 

 Monte Carlo code MCNP, in two different versions (MCNP5 and MCNP6); 

 Monte Carlo code SERPENT (v.2.1.22); 

 deterministic code ERANOS (v.2.2). 
 
As shown in Figure 4.6, by taking into account of the 1σ statistical errors, a very good 
agreement between the simulated and experimental results was found in all cases (i.e., all 
measures, codes and libraries). More details can be found in FREYA Deliverable 4.3 – “LFR 
critical Mock-up reactivity effects”. 
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Figure 4.6: Compatibility (C/E, within 1σ uncertainty) between experimental data and the MCNP, 
ERANOS and SERPENT code results (with different libraries) for the CRs worth, the spectral indexes 

and LVRE cases. 

 
Conclusions of WP4 
The measurement campaign performed within FREYA WP4, with the corresponding 
experimental results and their comparison with 3D simulation models for different computer 
codes, represent a useful set of data and models for the foreseen activities supporting the 
ALFRED LFR core design optimization and licensing phases. To briefly summarize, a couple of 
main goals were reached: 

1 – An ALFRED LFR mock-up core, representative of the actual ALFRED LFR core design in 
terms of neutronics, can be setup in the VENUS-F facility. The characterization in terms of 
axial traverses, spectral indexes and Lead Void Reactivity Effect can be considered 
representative of the corresponding values expected in the ALFRED LFR core; 

2 – Both the Monte Carlo (MCNP and SERPENT codes) and deterministic (ERANOS code) 
models of the ALFRED mock-up will led to perform design and safety analyses of the ALFRED 
LFR core design, since these models can now be considered validated thanks to the high 
accuracy of the code-library results (e.g., Figure 4.6). 
 
 
 
Work Package 5: Training and Education 

Accelerator Driven Systems and fast-neutron reactors are becoming nowadays a main 
stream in the European nuclear community. Such reactors can potentially reduce the total 
radiotoxicity of nuclear spent fuel and dramatically decrease the lifetime of hazardous 
nuclear waste mainly because of effectively transmuting plutonium and minor actinides. As a 
result, the nuclear waste lifetime reduces from tens of millennia down to a few centuries. It 
has been recognized that fast reactors provide sustainable nuclear power for thousands of 
years by converting nuclear waste into fissile material. 
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A training course “Measuring Reactivity in Fast-Neutron Systems” was prepared. The main 
purpose of this course is that students will apply their knowledge in Nuclear Engineering in 
general and in Reactor Physics in particular to evaluating the subcriticality level of nuclear 
installations. This is done through first collecting experimental measurements; secondly 
running Monte Carlo codes such as MCNP or Serpent to obtain necessary nuclear 
parameters; and finally evaluating various reactivity indicators. To this end, students will 
study several reactivity evaluating methods such as pulsed neutron source, PNS, modified 
source multiplication, MSM, current to flux ratio and others. 

The aim of this course is to give students basic and advanced knowledge on measuring the 
subcriticality level and on-line reactivity monitoring of subcritical systems. More specifically, 
the course gives a gentle introduction to: 

 Neutron generators coupled with deuteron accelerators; 

 Neutron sources including spallation one; 

 Prompt and delayed neutron characteristics; 

 Reactor kinetics; 

 Neutron transport; 

 Neutron importance; 

 Monte Carlo simulation; 

 Fitting techniques; 

 Reactivity measurement and evaluation methods. 

Upon completing this training course, the students will be able to:  

In terms of knowledge: 

 Define the concept of the Monte Carlo method; 

 Formulate the difference between the deterministic and stochastic approaches in 
reactor analysis; 

 Define the concept of reactivity and its role in reactor analysis; 

 Formulate the importance of the delayed neutrons in thermal and fast reactors; 

 Define the concept of effective fraction of delayed neutrons in thermal and fast 
reactors; 

 Formulate, solve and analyze the point kinetic equations. 

In terms of skills: 

 Select appropriate neutron detectors depending on the measurement purpose and 
detector characteristics; 

 Determine the safety margins in terms of the fraction of delayed neutrons; 

 Apply various methods and techniques to evaluate reactivity of nuclear setups; 

 Evaluate uncertainty margins; 

 Run a Monte Carlo code such as MCNP or Serpent. 

In terms of competence: 

 Participate in conferences and meetings devoted to criticality measurements; 

 Discuss advantages and disadvantages of various reactivity evaluation techniques; 

 Be members of expert groups on online reactivity monitoring. 

A students’ manual that involves all necessary theoretical and experimental knowledge has 
been written anew and published thus making it available for the European scientific and 
students’ communities. This manual describes various experimental methods used for 
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measuring basic neutronic parameters of critical and subcritical (hybrid) cores with the 
multiplication factor or equivalently reactivity being one of the most important 
characteristics. In general, all experiments took place at two configurations of the VENUS-F 
reactor. The first configuration was critical whereas the second one was sub-critical coupled 
with the GENEPI-3C accelerator. Several reactivity measurement techniques are considered 
here. They are Pulsed Neutron Source (PNS) method, Source Jerk (SJ), Modified Source 
Multiplication (MSM) method and others. Many such methods require the knowledge of the 
neutron reproduction time, Λ, and the effective fraction of the delayed neutrons, βeff. These 
parameters are effectively evaluated either by deterministic codes such as ERANOS or by 
modern Monte Carlo codes such as MCNP or Serpent. 

Both the training course and the students’ manual have received a warm appreciation by 
students and teachers. The students’ feedback has revealed a strong interest by European 
and international students towards fast-neutron reactors and related technologies. 

 

 


