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ABSTRACT 
 

The Modified Source Multiplication method is used to determine an unknown reactivity level 
of a reactor from a known one if one has access to the detector counting for both levels when 
the reactor is fed by a constant neutron source like an Am-Be source. When available, an 
accelerator driven source, in continuous mode, can be useful as its intensity can be tunable and 
then adapted to the experimental conditions. However, in that case, the MSM technique must 
be extended to account for an external source whose intensity, energy and angular distributions 
can vary from one measurement to another. In this paper, this Modified Multi-Source 
Multiplication (MMSM) method is applied to measurements done during the FREYA project 
in the GUINEVERE facility, operated with the GENEPI-3C accelerator providing a mixture 
of (D,T) and (D,D) neutrons. The monitoring of these sources through the detection of the 
associated charged particles allows the calculation of the MMSM factors and the estimate of 
the reactivity values. The results are compared in different configurations with the reactivity 
obtained with an Am-Be source or in dynamic measurements performed with GENEPI-3C. 
Their excellent agreement shows the possibility of using such accelerator-based neutron 
sources for MSM measurements when they are correctly monitored. This is of great interest 
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for deep sub-critical level characterization for which detector count rates per source neutrons 
might be low. 

 
KEYWORDS: ADS, accelerator based neutron source, MSM method, reactivity monitoring 
 
 

1. INTRODUCTION 
 
The GUINEVERE and FREYA projects were partly dedicated to the important issue of reactivity 
monitoring of a sub-critical reactor such as an Accelerator Driven System (ADS), a reactor concept 
envisaged for minor actinide transmutation in nuclear waste reduction strategies. To do so, substantial 
experimental programs were carried out at SCK-CEN (Mol, Belgium) from 2011 to 2016 at the VENUS-F 
reactor coupled to an external (D,T) neutron source driven by the GENEPI-3C deuteron accelerator [1], 
with a titanium tritium target located at the reactor core center. These experiments aimed primarily at testing 
the validity, accuracy and robustness of reactivity monitoring technique [2] which could be applied during 
short beam interruptions while the reactor is being operated. Various fast sub-critical cores, with keff ranging 
from ~ -18$ to ~ -4$ were investigated. In order to assess the validity of the reactivity results given by the 
“beam interruption” techniques, some reference reactivity values were needed for the studied cores to be 
compared with. They were obtained using the MSM (Modified Source Multiplication) method [3], a well-
established static measurement method. It is based on the comparison of detector count rates obtained with 
a neutron source in two different reactor configurations. 
MSM measurements are usually performed by inserting a neutron source in the reactor. For some reactor 
configurations studied in the FREYA project, it was found advantageous to use the GENEPI-3C (D,T) 
neutron source in continuous mode instead of a standard Am-Be source. However, in this case, the difficulty 
lies in the normalization of the measurements, in particular because when using a deuteron beam on a solid 
target containing tritium, after a while some D(d,n)3He reactions will occur in addition to the T(d,n)4He 
ones. We then have to cope with two neutron sources located at the same place but with different intensities, 
space and energy distributions which must be accounted for in the MSM correction factor calculation. This 
makes the neutron production monitoring particularly crucial, as well as the discrimination between (D,T) 
or (D,D) reaction neutrons. We present in this paper an MSM method in an extended form which can be 
applied when a complex or multiple source, such as an accelerator driven neutron source, is used. We 
focused on the GENEPI-3C neutron source monitoring and (D,T) versus (D,D) neutron fraction 
determination. We compare some MSM reactivity values obtained with the GENEPI-3C neutron source to 
the ones obtained with a standard Am-Be MSM method or with short beam interruption techniques for 
some configurations.  
 

2. PRINCIPLE OF THE MODIFIED MULTI-SOURCE MULTIPLICATION METHOD 
 
The MSM (Modified Source Multiplication) method is a technique for estimating the unknown reactivity 
of a subcritical configuration by comparing detector count rates driven by an external neutron source in this 
configuration with those obtained in another subcritical configuration whose reactivity is known.  
Let configuration 0 be the subcritical configuration of known reactivity ρ0 and configuration 1 be that of 
unknown reactivity ρ1. Assuming that the neutron external source and the detectors utilized are the same in 
both configurations, the relationship between ρ0, ρ1, and the detector count rates C0 and C1 in configurations 
0 and 1 reads [4]: 

 
1

0

0

1

C
C

fMSM ×=
ρ
ρ  (1)  

The MSM correction factors fMSM must be calculated using a neutron transport code. It is worth mentioning 
that the value of the MSM correction factor is expected to depend on the detector location. Indeed, any 
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difference in the flux shape between the two configurations will result in position-dependent ratios in the 
fMSM formula. 
This classical formulation of the MSM method can be readily extended to the case when the neutron source 
is different for configurations 0 and 1 due to changes in the (D,T) and (D,D) reaction rates. Indeed Si, the 
neutron source intensity (neutrons/s) in measurement i, can be decomposed as Si = Si

DT+Si
DD (DT 

neutrons/s + DT neutrons/s). Now, introducing �̃�𝐶, the detector counts per source neutron (instead of per 
second), which allows for different source intensities between configurations 0 and 1, formula (1) becomes: 
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The MSM factor can be calculated using a combination of fundamental mode driven simulations and fixed-
source ones using DT-like and DD-like neutron sources. Indeed, decomposing the real subcritical flux in 
two components, one originating from (D,T) reactions and the other one from (D,D) reactions for each 
reactor configuration, the MSM factor can be rewritten as: 
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where we have introduced, for each configuration i:  
• 𝜌𝜌𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, the calculated reactivity of the model used in the neutron transport code, using an iterative 

fission neutron distribution (e.g. the KCODE card in MCNP) ; 
• the DT and DD source fractions 𝑤𝑤𝑖𝑖𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑖𝑖𝐷𝐷𝐷𝐷/𝑆𝑆𝑖𝑖  and  𝑤𝑤𝑖𝑖𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑖𝑖𝐷𝐷𝐷𝐷/𝑆𝑆𝑖𝑖 , which must be measured 

experimentally; 
• 𝐶𝐶𝑖𝑖𝐷𝐷𝐷𝐷  and 𝐶𝐶𝑖𝑖𝐷𝐷𝐷𝐷  the calculated detector count rates in reactor configuration i using fixed-source 

simulations with DT-like source neutrons and DD-like neutron sources alone, respectively. 
In this paper, the Monte Carlo simulation code MCNP 5 [5] was employed with the JEFF3.1.1 data libraries 
[6]. MCNP input files describing the simplified geometry of VENUS-F were created for all the reactor 
configurations of interest. 
 
 

3. MSM MEASUREMENTS AT VENUS-F 
 
The MSM measurements presented in this work were performed at the VENUS-F reactor, a lead fast reactor 
which can be coupled to an accelerator based neutron source, GENEPI-3C, designed for the GUINEVERE 
programme [1]. The reactor consists of a cylindrical vessel (~160 cm in diameter) containing a square 
stainless steel casing which can receive 12x12 assemblies, positioned in a grid. The casing is surrounded 
by solid lead as a radial reflector. Top and bottom lead reflectors surround the core axially. The assemblies 
(8x8 cm2) can be absorbent elements (safety and control rods), solid lead (reflector assemblies), solid lead 
with holes for detectors, or fuel assemblies. When the reactor is used in a sub-critical configuration, the 
four central assemblies are removed to insert the final part of the GENEPI-3C accelerator beam line, ended 
by the Tritium target. The measurements presented in this work were performed in configurations shown in 
Fig.1. Their main features are: 

- fuel assemblies composed of 9 high enriched uranium (30 wt.%) rodlets, 16 lead bars, composing 
a square surrounded by 4 lead plates  

- 6 safety rods (SR) made of B4C with a fuel follower  
- 2 control rods (CR) and one Pellet Absorber Rod (so-called the PEAR rod) whose height did not 

change during these experiments. 
All detectors used for these experiments (mostly U5 fission chambers) occupy the experimental slots inside 
the casing, and also the A1, C1 and C2 slots in the outer reflector (see Fig. 1).  
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In the FREYA project the reference reactivity levels were mostly determined using the standard MSM 
method with an Am-Be source, emitting 2.2×106 n/s and located in the outer reflector (slot A2, see Fig. 1). 
But in some low reactivity configurations the MSM measurements were performed with the GENEPI-3C 
neutron source instead. It presents the advantages of reducing significantly the data recording duration as 
in the continuous beam mode a beam intensity around 300 μA can be easily reached, providing a neutron 
source intensity three orders of magnitude higher (or even more). Due to its flexibility the source can also 
be adapted to the required count rate of the detectors, to avoid dead time as far as possible.  
 
  

   
SC1 SC1 1SSIPS SC1 2SS 

   
SC2 SC3 SC4 

 
Figure 1. : Mid-plane cross-section of the VENUS-F reactor configuration studied. Fuel assemblies 
are in blue, Control and PEAR Rods in red, lead elements in yellow. Stainless steel is in orange. 
Experimental slots are in white. 
 
 

4. NEUTRON SOURCE MONITORING 
 
When operating the GENEPI-3C accelerator, the neutron production is monitored by the detection of the 
fast charged particles, alphas and protons, associated to the T(d,n)4He and D(d,p)3H reactions respectively, 
this latter being in competition with the D(d,n)3He one. Monitoring these two fast neutron sources is not 
only necessary to get the relative contribution of the two energy component of the neutron spectrum, but 
also because the ratio between these two sources may change with time, due to: (i) continuous implantation 
of deuterium into the target (strongly dependent on the beam history) (ii) aging of the target regarding the 
tritium contents (iii) beam fluctuations on the target (intensity and position) (iv) time elapsed between the 
measurements, which can include a target replacement.  
This detection is performed by two silicon detectors located around 1 meter upstream from the TiT target, 
at 178° (0° being the beam direction) with the same solid angle for both. Thin Al foils of different 
thicknesses placed in front of the detectors allow the detection of alphas and protons (API monitor), or 
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protons only (PI monitor), in order to make a discrimination between (D,T) and (D,D) neutron productions. 
Despite the simplicity of the monitoring technique, getting the absolute neutron sources (𝑁𝑁14 𝑀𝑀𝑀𝑀𝑀𝑀 𝐷𝐷𝑇𝑇𝑇𝑇 and 
𝑁𝑁2.5 𝑀𝑀𝑀𝑀𝑀𝑀 𝐷𝐷𝑇𝑇𝑇𝑇 ) for each run is not straightforward. Two aspects have to be addressed: (i) extracting the 
absolute numbers of alphas Nα API and protons Np PI seen by API and PI from the experimental energy spectra 
(ii) determining the factors between the number of charged particles detected and the total number of 
neutrons (in 4π) produced by the target, fAPI α and fPI p, so that we get: 

 𝑁𝑁14 𝑀𝑀𝑀𝑀𝑀𝑀 𝐷𝐷𝑇𝑇𝑇𝑇 =
𝑁𝑁𝛼𝛼 𝐴𝐴𝐴𝐴𝐴𝐴

𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼  
 (4)  

and 

 𝑁𝑁2.5 𝑀𝑀𝑀𝑀𝑀𝑀 𝐷𝐷𝑇𝑇𝑇𝑇 =
𝑁𝑁𝑝𝑝 𝐴𝐴𝐴𝐴

𝑓𝑓𝐴𝐴𝐴𝐴 𝑝𝑝
 . (5)  

 
4.1 Analysis of Monitor Spectra 
 
An example of API (α+p) and PI (p) detector energy spectrum is shown in Fig. 2, both in linear and log 
scales. Even if the alpha and proton peaks are easy to identify, they are affected by some background 
counting due to parasitic reactions in silicon, or surrounding material (foils, collimators) and neutron 
activation. In these figures are also shown the particle peak areas, defined in agreement with their expected 
shapes, and the subtracted background, approximated to a trapezium. The number of protons is taken from 
the PI spectrum analysis, and subtracted to the “alphas + protons” peak of the API spectrum, to get the 
number of detected alphas. In some cases it was necessary to take into account the area of the two-alpha 
peak due to the simultaneous detection of two alphas, occurring when the neutron production is higher in 
case of an increased beam intensity or new target.  
 
4.2 Absolute Neutron Productions 
 
For a deuteron having an energy Ed when interacting with the target, the factors giving the total (D,T) and 
(D,D) neutron productions from the detection of the alpha and proton particles read as the ratio of the 
differential cross section to the total cross section at the detection angle and for a defined solid angle: 

 𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼(𝐸𝐸𝑑𝑑) = �
𝑑𝑑𝜎𝜎𝛼𝛼
𝑑𝑑Ω

(𝐸𝐸𝑑𝑑)�
178°

 
∆Ω𝐴𝐴𝐴𝐴𝐴𝐴
𝜎𝜎𝛼𝛼𝑇𝑇𝑇𝑇𝑇𝑇(𝐸𝐸𝑑𝑑)

. (6)  

In the case of the (D,D) reaction one has to take into account the neutron production by comparison with 
the proton production, which reads: 

 𝑓𝑓𝐴𝐴𝐴𝐴 𝑝𝑝(𝐸𝐸𝑑𝑑) = �
𝑑𝑑𝜎𝜎𝑝𝑝
𝑑𝑑Ω

(𝐸𝐸𝑑𝑑)�
178°

ΔΩ𝐴𝐴𝐴𝐴
𝜎𝜎𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇(𝐸𝐸𝑑𝑑)

𝜎𝜎𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇(𝐸𝐸𝑑𝑑)
𝜎𝜎𝑛𝑛𝑇𝑇𝑇𝑇𝑇𝑇(𝐸𝐸𝑑𝑑)

 .  (7)  

The solid angles read: 

 ΔΩ𝐴𝐴𝐴𝐴𝐴𝐴 = ΔΩ𝐴𝐴𝐴𝐴  ≈
𝜋𝜋𝑅𝑅𝑑𝑑𝑀𝑀𝑇𝑇2

𝑑𝑑𝑇𝑇𝑐𝑐𝑡𝑡𝑡𝑡𝑀𝑀𝑇𝑇−𝑑𝑑𝑀𝑀𝑇𝑇2  (8)  

where Rdet is the effective radius of the detectors, defined by a collimator, and d their distance to the target.  
Although all the quantities of these equations are available, the factors are not so easy to define when the 
reactions are induced by a continuous spectrum of deuterons, all along their range into the target. 
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Figure 2. API and PI neutron monitor spectra in both linear and logarithmic scales. Peak area 

boundaries (between cursors) and subtracted background (hatched) are also shown. 
 
We have to account for their slowing-down from 220 keV to 0. For each deuteron energy Edi we have then: 

 𝑁𝑁14 𝑀𝑀𝑀𝑀𝑀𝑀 (𝐸𝐸𝑑𝑑𝑖𝑖) =
𝑁𝑁𝛼𝛼 𝐴𝐴𝐴𝐴𝐴𝐴(𝐸𝐸𝑑𝑑𝑖𝑖)
𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼  (𝐸𝐸𝑑𝑑𝑖𝑖)

 (9)  

leading to the total number of produced neutrons: 

 𝑁𝑁14 𝑀𝑀𝑀𝑀𝑀𝑀 𝐷𝐷𝑇𝑇𝑇𝑇 = �𝑁𝑁𝑑𝑑𝑖𝑖
𝑁𝑁𝛼𝛼 𝐴𝐴𝐴𝐴𝐴𝐴(𝐸𝐸𝑑𝑑𝑖𝑖)
𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼  (𝐸𝐸𝑑𝑑𝑖𝑖)𝑖𝑖

 (10)  

where Ndi is the number of deuterons of energy Edi. The same formulae can be written for the 2.5 MeV 
neutron source, replacing α by p, and API by PI. However we have no access to the quantities 𝑁𝑁𝛼𝛼 𝐴𝐴𝐴𝐴𝐴𝐴(𝐸𝐸𝑑𝑑𝑖𝑖) 
and 𝑁𝑁𝑝𝑝 𝐴𝐴𝐴𝐴(𝐸𝐸𝑑𝑑𝑖𝑖) experimentally speaking, which are accessible only by simulation. The approach is then 
done in two steps: the simulation of the total number of alpha (or protons) detected in API (or PI) produced 
by a 220 keV incident deuteron beam slowing down into the target, and the simulation of the total number 
of associated neutron production by the same beam in 4π: 
 

 

(𝑁𝑁𝛼𝛼 𝐴𝐴𝐴𝐴𝐴𝐴 )𝑠𝑠𝑖𝑖𝑠𝑠 = �𝑁𝑁𝑑𝑑𝑖𝑖𝑁𝑁𝛼𝛼 𝐴𝐴𝐴𝐴𝐴𝐴(𝐸𝐸𝑑𝑑𝑖𝑖)
𝑖𝑖

= �𝑁𝑁𝑑𝑑𝑖𝑖 �
𝑑𝑑𝜎𝜎𝛼𝛼
𝑑𝑑Ω (𝐸𝐸𝑑𝑑𝑑𝑑)�

178°

∆Ω𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇
𝑖𝑖

 

 (𝑁𝑁14 𝑀𝑀𝑀𝑀𝑀𝑀 𝐷𝐷𝑇𝑇𝑇𝑇 )𝑠𝑠𝑖𝑖𝑠𝑠 = �𝑁𝑁𝑑𝑑𝑖𝑖𝑁𝑁14 𝑀𝑀𝑀𝑀𝑀𝑀(𝐸𝐸𝑑𝑑𝑖𝑖)
𝑖𝑖

= �𝑁𝑁𝑑𝑑𝑖𝑖𝜎𝜎𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸𝑑𝑑𝑑𝑑)𝑇𝑇
𝑖𝑖

 
(11)  
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�𝑁𝑁𝑝𝑝 𝐴𝐴𝐴𝐴 �𝑠𝑠𝑖𝑖𝑠𝑠 = �𝑁𝑁𝑑𝑑𝑖𝑖𝑁𝑁𝑝𝑝 𝐴𝐴𝐴𝐴(𝐸𝐸𝑑𝑑𝑖𝑖)
𝑖𝑖

= �𝑁𝑁𝑑𝑑𝑖𝑖 �
𝑑𝑑𝜎𝜎𝑝𝑝
𝑑𝑑Ω (𝐸𝐸𝑑𝑑𝑑𝑑)�

178°

𝜎𝜎𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸𝑑𝑑𝑑𝑑)
𝜎𝜎𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸𝑑𝑑𝑑𝑑)

∆Ω𝐴𝐴𝐴𝐴𝑇𝑇
𝑖𝑖

 

(𝑁𝑁2.5 𝑀𝑀𝑀𝑀𝑀𝑀 𝐷𝐷𝑇𝑇𝑇𝑇 )𝑠𝑠𝑖𝑖𝑠𝑠 = �𝑁𝑁𝑑𝑑𝑖𝑖𝑁𝑁2.5 𝑀𝑀𝑀𝑀𝑀𝑀(𝐸𝐸𝑑𝑑𝑖𝑖)
𝑖𝑖

= �𝑁𝑁𝑑𝑑𝑖𝑖𝜎𝜎𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸𝑑𝑑𝑑𝑑) 𝑇𝑇
𝑖𝑖

  
(12)  

where T stands for the number of target atoms (T or D), and where 𝑁𝑁𝑑𝑑 = ∑ 𝑁𝑁𝑑𝑑𝑖𝑖𝑖𝑖  is the total number of 
simulated deuterons. It leads to factors representative of the experimental conditions: 

 𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼 =
(𝑁𝑁𝛼𝛼 𝐴𝐴𝐴𝐴𝐴𝐴)𝑠𝑠𝑖𝑖𝑠𝑠

(𝑁𝑁14 𝑀𝑀𝑀𝑀𝑀𝑀 𝐷𝐷𝑇𝑇𝑇𝑇)𝑠𝑠𝑖𝑖𝑠𝑠 
= ∆Ω𝐴𝐴𝐴𝐴𝐴𝐴

∑ 𝑁𝑁𝑑𝑑𝑖𝑖 �
𝑑𝑑𝜎𝜎𝛼𝛼
𝑑𝑑Ω (𝐸𝐸𝑑𝑑𝑑𝑑)�

178°
𝑖𝑖

∑ 𝑁𝑁𝑑𝑑𝑖𝑖𝜎𝜎𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸𝑑𝑑𝑑𝑑)𝑖𝑖
   (13)  

 
𝑓𝑓𝐴𝐴𝐴𝐴 𝑝𝑝 =

�𝑁𝑁𝑝𝑝 𝐴𝐴𝐴𝐴�𝑠𝑠𝑖𝑖𝑠𝑠
(𝑁𝑁2.5 𝑀𝑀𝑀𝑀𝑀𝑀 𝐷𝐷𝑇𝑇𝑇𝑇)𝑠𝑠𝑖𝑖𝑠𝑠 

= ∆Ω𝐴𝐴𝐴𝐴

∑ 𝑁𝑁𝑑𝑑𝑖𝑖 �
𝑑𝑑𝜎𝜎𝑝𝑝
𝑑𝑑Ω (𝐸𝐸𝑑𝑑𝑑𝑑)�

178°

𝜎𝜎𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸𝑑𝑑𝑑𝑑)
𝜎𝜎𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸𝑑𝑑𝑑𝑑)𝑖𝑖

∑ 𝑁𝑁𝑑𝑑𝑖𝑖𝜎𝜎𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸𝑑𝑑𝑑𝑑)𝑖𝑖
  . 

(14)  

It amounts to make the ratios of the differential cross sections obtained by a weighted average over the 
deuteron energy spectrum, to the total cross sections obtained by the same weighted average. 
Practically we model the TiT target as a series of thin layers and calculate the deuteron energy distribution 
for each of them with SRIM [7], taking 220 keV as the incident ion energy. We use this distribution to build 
the weighted cross sections (differential or total) of each layer, by summing the contribution of each 
deuteron energy bin. For the differential cross-section the 178° angle (lab system) is chosen by making the 
assumption that the trajectory of the alpha (or proton) to the detector is not affected by its slowing-down on 
its exit path, which is realistic considering that the energy of the alpha is around 2.6 MeV (2.5 MeV for the 
proton), and that scattering is negligible in this range. Finally, the contributions of all layers are summed-
up and the factors can be calculated, the ratios being auto-normalized since the same energy distribution 
(Ndi) is used for two sums (i.e. the energy spectra integrals). Doing so we get: 
 

 𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼 = ∆Ω𝐴𝐴𝐴𝐴𝐴𝐴 × 0.0837   (15)  

 𝑓𝑓𝐴𝐴𝐴𝐴 𝑝𝑝 = ∆Ω𝐴𝐴𝐴𝐴 × 0.0943  . (16)  

 
5. RESULTS 

 
The Nα API and Np PI quantities and the subsequent contributions of the (D,T) and (D,D) neutron sources 
respectively were determined for each run obtained with the GENEPI-3C source for each VENUS-F 
configurations. From these quantities the relative contribution of each source can be easily inferred as wDD 
= N2.5 MeV Tot/(N14 MeV Tot + N2.5 MeV Tot) and  wDT = N14 MeV Tot/(N14 MeV Tot + N2.5 MeV Tot).  Thanks to these values 
the MSM factors were calculated for each detector and applied to each configuration measurement, taking 
the SC1 configuration as the reference reactivity level. The preliminary results of the Modified Multi-
Source Multiplication method (MMSM), averaged over all detectors, are given in Table I and compared 
with the results of the standard Am-Be MSM method and/or the Beam Interruption (BI) technique method 
[2]. The latter consists of analyzing the decrease curve of the neutron population after interruptions of a 
continuous beam, a method extensively studied in the FREYA project.  
An excellent agreement (within 1 σ) between MMSM, BI and Am-Be results is found when the complexity 
of the source is correctly implemented in the MSM method.  It shows that the MMSM method can 
advantageously replace the standard MSM method in case the standard source does not result in enough 
counting in the detectors. 
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Table I.: Relative neutron source contributions and reactivity values obtained with different measurement 
techniques. 

 
Configuration wDD wDT ρAm-Be ($) ρBI ($) ρMMSM ($) 

SC1 4.8 % 95.2 % -5.28 ± 0.13 [7] -5.24 ± 0.07 - 
SC1 1SSIPS 4.3 % 95.7 % - -6.05 ± 0.09 -6.08 ± 0.17 

SC1 2SS 3.0 % 97 % - -5.55 ± 0.06 -5.60 ± 0.05 
SC2 11.5 % 88.5 % - -8.10 ± 0.12 -8.15 ± 0.21 
SC3 7.2 % 92.8 % - -4.11 ± 0.06 -4.13 ± 0.11 
SC4 13.7 % 86.3 % -17.68 ± 0.63 -17.43 ± 0.24 -17.56 ± 0.46 

 
6. CONCLUSIONS 

 
The MSM method is a technique for estimating the unknown reactivity of a subcritical configuration by 
comparing detector count rates driven by an external neutron source in this configuration with those 
obtained in another subcritical configuration. The extension of the MSM method to complex external 
neutron sources with intensity and/or composition varying between the two subcritical configurations was 
tested in the VENUS-F reactor coupled to the GENEPI-3C neutron source. Results show that the MMSM 
method can be successfully used instead of the standard one, which allows one to take advantage of the 
high, tunable intensity of accelerator driven neutron sources compared to that of standard radio-isotope 
neutron sources, making possible MSM measurements of deep subcritical levels. 
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