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Abstract. AREVA TA studies a new design for a cold neutron source (CNS) to be implemented in a light water reactor pool with beryllium reflector. The moderator of this CNS is helium cooled supercritical hydrogen at 25K and 17 bar and these thermodynamical conditions are close to those of the FRG1 CNS.

Geometry of the moderator cell is optimized, for one core, in order to significantly maximize the neutron current inside the beam tube prolonging the source. The goal is to capture neutrons wandering far into a beryllium reflector surrounding both the core and the cold neutron source. This is achieved with a moderator cell in the shape of a cone (or wizard’s hat) that broadens deep into the reflector up to a distance of about 400 mm from the core. The solution from a joint optimization of both the core and its CNS is of course dependent on the problem considered. From the mechanical point of view, the challenge is to adapt this shape to the specific constraints of a capacity under an extreme thermo-mechanical environment: e.g. void pressure and cryogenic temperatures.

Joint neutronic and mechanical optimization is undertaken. The first step is to define the effective length of the cone part which fixes the feasibility of the whole assembly. An approximate 350 mm length is designed, corresponding to the neutronic optimum for a given core configuration and layout. Thicknesses of internal aluminium walls are adapted to the pressure and to the local mechanical constraints. Static stress calculations undertaken lead to defining 4 mm thicknesses for the walls and 10 mm on the rear-end of the chamber.

All these efforts then lead to an extensive optimization process on the neutronic point of view in order to maximize the neutron brightness of the source in the beam tube. Neutronic calculations are performed using the MCNP5 code, with equilibrium fuel from a full core study with exact geometry provided by the new AREVA TA deterministic scheme COCONEUT. All geometrical parameters of the cone are adjusted, finally leading to gain factors of over 50 in the range up to 20Å (the gain being defined as the ratio of the brightnesses calculated with the CNS operating and non operating). The use of hydrogen rather than deuterium also enables to keep a gain factor greater than one in the 2Å range, meaning that such a source would not compromise simple diffraction experiments.

Finally, total heat load including Al-28 decay contributions is estimated to a reasonable 250 Watt per core MW power, lower than that of an equivalent hemispherical type moderator cell.

Mechanical and welding issues are also discussed and assessed.

1. Introduction

Design of Research Reactor (RR) often highlights complex technical issues. These are even greater when it comes to refurbishment rather than a new build. A trend in the world of RRs consists in including a Cold Neutron Source (CNS) within a new or existing reactor. These highly valuable components become even more precious with the recent rise of their applications in condensed matter physics. Without any doubt, CNSs will take a considerable part in future RR activities.

With this in mind, AREVA TA studies a new design for a cold neutron source to be implemented or replaced in a classical light water reactor pool. This situation is by far the most difficult and challenging as it consists of innovating within an existing installation. Would it be a new design from scratch, one would fully optimize the core layout and the whole reactor building around the central CNS component. Technically, introducing or replacing a CNS into an existing reactor is anything but trivial.

We first discuss the context, core design and its layout, along with the computational tools used. Then, we describe the CNS, starting from a FRG1-type moderator cell (hemispherical) which was itself optimized for this core, and the process that leads to its new cone shape (as suggested in [1]), underlining its interesting performances. The neutronic optimization is also discussed. Finally, we assess some mechanical issues that are important in such an intricate problem.

The whole paper is targeted towards a comparison between an existing situation and its refurbishment. Performances of the new CNS should then be compared to those of the previous one.
2. The study-case reactor and calculation methodology
2.1. The core and its layout
For the purpose of this study, we have chosen a generic pool type reactor with standard MTR (Material Testing Reactor) type fuel (flat plates in a rectangular lattice). The methodology used here and the CNS solution we converge on can also be applied to most existing RRs in the world. But it is worth noting that the optimization process of a CNS cannot be done without the corresponding optimization of the core itself and of its layout in order to obtain maximum performances for both.

The present core consists in a MTR-type lattice with planar plate fuel assemblies (FA) (see Figure 1). The global geometry is very close to that of GKSS FRG1 [2]. 10 standard and 4 control fuel assemblies are surrounded by beryllium blocks that fit into the same grid plate in order to form a reflector on three faces. The fourth reflecting surface consist of a Be bulk surrounding the neutron beam tube on the right, for CNS performances enhancement. For mechanical reasons, the core being mobile like many other MTRs, for additional complexity, the grid plate is separated from the beam tubes by a water gap of approximately 2 cm. The fuel element is made of 21 U3Si2 meat with a 19.75% enrichment uranium load of 4.8 g/cm3. Absorbers are two-blade hafnium forks and are sufficient for reactivity control in any situation including the failure of one of them. Classical aluminium tubular irradiation devices have also been added, from the centre of the core (high flux) to the water pool.
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Fig. 1: Basic description of the study-case core layout. The standard MTR-type core consists of a 14 21-plates fuel assemblies lattice (including 4 control assemblies with hafnium forks) with common 4.8 g/cm3 uranium U3Si2 meat. Beryllium assemblies fit into the grid plate to form the reflector on 3 sides. A Be bulk surrounds the neutron beam tube on the right to complete the reflector. These aluminium tubes are filled with vacuum. The CNS is later added into the right tube. Classical irradiation devices are also scattered across the layout. Green absorbing Hf forks have been exaggerated for better visibility.

This theoretical core, used for the purpose of this study, could very well be found anywhere in the world. Neutron power is not relevant in our case, as long as performances are considered relatively with another situation. However, for absolute neutron source brightness issues discussed in section 3, we assume power to be 1 MW. Results are then given per core MW. Similar cores would be FRG1 (5 MW), HOR (2 MW) or FRM1 (4 MW).

Optimal definition of the standard fuel assembly matches that of the cold neutron source described in section 3 and which is placed inside the right beam tube. Control assemblies are in the central part of the core both for neutronic efficiency and to avoid perturbation in the periphery which would interfere with the CNS.

Joint optimization of the CNS with its core and layout is an essential part of this study. Moreover, mechanical aspects, discussed in section 4, are also taken into account.

2.2. Computational methods

The fuel modelled for performance studies is taken from an equilibrium core determined with a deterministic calculation using the recent innovative COCONEUT scheme for research reactors developed by AREVA TA [3]. Based on the CEA code APOLLO2, it provides high quality and high resolution material compositions for the equilibrium core determined with a simple refuelling strategy in which the fuel assembly with highest burnup is replaced on each cycle by the second highest burnup (and so forth) and a new FA is introduced. In addition, every two cycles, a control assembly is also replaced.

Fuel compositions are then included in MCNP5 [4] calculations for full performances determination. The parameter used to evaluate the cold neutron source is the brightness, in neutrons per square centimetre per second per Angstrom per steradian. Brightness is tallied deep into the right neutron guide at a distance of approximately one meter from the core, at the entrance of what would be neutron guides. A tallyX subroutine coupled to a point detector in MCNP5 are used in order to discriminate incoming neutrons with respect to their angle of incidence and their energy, penetration of neutrons in the guides within a critical angle depending on both of these parameters.

The global numerical methodology used by AREVA TA, from the deterministic calculation to Monte Carlo simulations, is consistent with that described in [5]. JEFF3.1.1 nuclear database are used. Special ortho and para dihydrogen cross section corrections are taken from ENDFB7 libraries.

2.3. CNS basic definitions
CNS performances are assessed for wavelengths between 1 Å and 20 Å even though the range of interest is most commonly around 5 Å to 10 Å. Our optimization process for neutronic performances seeks a maximal value for neutron brightness, in n.cm-2.s-1.Å-1.ster-1 in the spectrum between 5 Å and 10 Å.

A convenient parameter for measuring the efficiency of the CNS is the dimensionless Gain Factor (GF) which compares brightnesses in the situation of the functioning CNS in its nominal state, and in the situation in which the CNS is not operating. Most reactors can’t operate without the cryogenics of the CNS for safety reasons (heating considerations). However, it is always possible to assess gain factors at low power (during commissioning phases for instance), or at least by numerical simulation.
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Mentioning the operating conditions of the CNS leads to defining what kind of technology is used. Among the multitude of possibilities, liquid hydrogen (such as in FRG1 [2] or HFIR [6]) is a good candidate for several practical reasons. First, being an existing light water reactor, there is little space for a heavy water reflector tank and a deuterium source [7], despite its attractiveness. Second, a deuterium source will only significantly amplify neutron flux above 4 Å, which excludes basic diffraction experiments which commonly occur in the 1-2 Å range. This is inconsistent with an objective of a multipurpose facility when too few neutron guides are available. Of course, a dedicated reactor bearing many neutron guides can afford a high performance deuterium CNS with many guides being dedicated to it.

In our problem, operating CNS supposes helium cooled supercritical hydrogen at 25K and 17 bar. On the other hand, non-operating CNS was considered filled with 300K H2 gas.

Finally, an interesting issue in hydrogen moderator cells is the ortho:para ratio (as discussed for example in [6]). The initial CNS thermodynamical design we have chosen being close to that of FRG1, described in [2], we assume the ratio to be 3:1 in normal operating conditions, even though calculations have been performed with a broad range of possible values (from pure para to pure ortho).
3. Optimizing the moderator cell

3.1. Extending the optimization started in FRG1
The starting point is a FRG1-type hemispherical source (see Figure 2), which itself is an improved replacement moderator cell, with a focusing effect as described in [2], since the original cell had an elliptic shape. The hemisphere cell provides brightnesses already enhanced by a factor of up to 60% (in the 7 Å range) when compared to the old elliptic one. In our case, we adapted this cell to our core to maximize its performances.
[image: image18.png]


[image: image19.png]



[image: image3]
Fig. 2: View of the hemispherical moderator cell and of the integration of its optimized shape in the reactor pool of our study-case system. The CNS vessel is brought as close as necessary to the fuel assemblies. Beryllium bulks are visible around the beam tubes, forming the fourth side of the reflector.
For reasons exposed in sections 1 & 2, the moderator material of the CNS was chosen to be H2 rather than D2, for compactness reasons since the study case is that of a refurbishment and that congestion is an issue. Thickness of the moderator cell will remain almost the same, as it results from the moderation – absorption competition. The idea is then to stretch the focusing hemispherical cell far into the reflector to capture neutrons wandering deep into the reflector and increase the neutron flux sent into the guides. Instinctively, this is achieved by narrowing the part closest to the core (to prevent excessive absorption) and broaden the moderator cell at its wider end, leading to a cone shape (Figure 3).
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Fig. 3: View of the innovative cone-shape cell and of its integration in the reactor pool of our study-case system. To be compared to Figure 2.
3.2. The cone optimum
Mechanical issues are discussed in section 4. All 8 geometrical parameters of the cone and the Be reflector layout were optimized (see Figure 4). Optimal length was found to be 350 mm, supposing the Be bulk surrounding the CNS is at least that long. All moderator chamber aluminium thicknesses have been modelled at 4 mm according to mechanical pressure stress studies, and 10 mm on the rear-end of the chamber. On the neutronic side, reactivity worth of the CNS operating or not is always less than 50 pcm. The results for the performance of the CNS are given in Table I and Figure 5 per core MW power.

[image: image5.emf]
Fig. 4: MCNP view of the moderator cell and its environment, highlighting the 8 different geometrical parameters that were jointly optimized in order to maximize neutron brightness in the
5 Å - 10 Å range.
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Table I – Fig. 5: Performances of the initial optimized hemispherical and optimized cone shape moderator cell solutions. Brightnesses are displayed in the pure para and pure ortho states, along with the 3:1 ortho:para ratio and the situation in which CNS is non operating. Gain factors in both cases (with 3:1 ratios) are also given. Brightnesses are calculated per core MW power. For clarity reasons, only the figure in the cone case is given since general behaviour is identical. Gain factors reach values greater than 50 in the 10 Å - 15 Å range.
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Fig. 6: Left figure is the superimposed gain factor curves of both the initial hemispherical and optimized cone shape moderator cell solutions. Error bars are those of Monte-Carlo uncertainties at a 95.4% confidence interval. Right figure is the relative performances of the cone solution compared to the initial hemisphere, both for brightnesses and gain factors. It is clear that the cone solution significantly enhances brightnesses in the 2 Å - 10 Å range, up to +36% at 5 Å.
Because the study-case core resembles the GKSS layout very much, we compare the new moderator cell performances to those of the standard hemispherical cell in the same environment. Both shapes being optimized, the cone shape enhances brightnesses (and, correspondingly, gain factors) significantly in the 2 Å - 10 Å range (see Figure 6), reaching a factor of +36% at 5 Å. Gain factors reach 21 at this wavelength and exceed 50 at 10 Å which is considerable in comparison to other facilities [6].
3.3. Discussions
The whole interest of such an innovative solution is inseparable of the obligation to combine it with correspondingly long beryllium bulk surrounding the CNS. It is neutrons thermalized deep inside this bulk that are scattered back into the moderator cell which is long and broad enough to capture them. 
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Fig. 7: Comparison of 2D plots of cold neutron flux in the 1 Å – 2 Å range, at 1MW power. Fluxes are determined in the CNS mid-plane and normalized to 1MW core power. It is clearly visible that cold flux spreads further into the reflector in the cone case, because of the beryllium bulk surrounding it. This feature increases the number of such neutrons that later feed the moderator cell.
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Fig. 8: Comparison of 2D plots of the ratio of thermal flux (E<0.625 eV) versus total flux, in %. As in Figure 7, the cone case reveals that a much larger fraction of thermal neutrons is present around the moderator cell in the reflector, feeding it (red through yellow areas).
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Fig. 9: Comparison of 2D plots of the ratio of cold flux (5 Å – 10 Å) versus total flux, in %. It is visible that the high fraction of cold flux is broader in the right extremity of the cone, in addition to the fact that absolute flux itself is higher in this area in the cone case than it is in the right part of the hemisphere (see Figure 8).

Data of Figures 7, 8 and 9 result from MCNP calculations
Figure 7 shows that the quantity of thermal neutrons likely to be slowed down to cold wavelengths is greater in the cone case than it is in the hemispherical type moderator cell. This is simply due to the beryllium surrounding the CNS vessel. Thermal flux in the far-right region of the cone is 85% that of total flux (versus 75% in the hemisphere case, Figure 8). Figure 9 emphasizes that the volume of cold neutrons (e.g. in the 5 Å – 10 Å range) is greater in the cone case, leading to a wide zone in which cold flux is relatively significant. 

This leads to the conclusion that pre-thermalization seems indeed to be positive factor for CNS performances, such as in the heavy water cooled NIST case [8]. It is obvious that brightnesses would be insignificant without the Be reflector, in both cases: cone as well as hemisphere.

3.4. Heat load

For the heat production in the CNS moderator chamber, the five following aspects are taken into account:

· 1 - neutron deceleration in the moderator and in the chamber aluminium walls

· 2 - absorption of neutrons in the moderator and in the chamber

· 3 - energy deposition of the secondary photons and prompt fission photons in the moderator and in the chamber material

· 4 - energy deposition of the delayed photons from the decay of the fission products in the moderator and the chamber material

· 5 - energy deposition because of the Al-28- decay with electron + gamma emission and absorption in the aluminium of the chamber material

There is, of course, a sixth source of heating with radiation transfer from the vacuum chamber to the moderator, through the void. Assumed to be negligible, this contribution has not been determined in this study. All five contributions are determined with joint neutron+gamma MCNP5 calculations. The Al-28 extra heat load accounts for approximately 35%-45% of the global heating in aluminium, which is consistent with data available throughout the world. (Note: All Monte-Carlo uncertainties in this subsection are less than 1% (at 95.4% confidence), and are insignificant.)
The global heating load in the cone chamber is 250 W per core MW power. In comparison, heat load calculated for the hemispherical solution gives 275 W per core MW power. This latter value is identical to that calculated in FRG1, giving full credit to the heat load determined in this study.

It is interesting to note that not only the heat load after replacement of the moderator cell is of the same order of magnitude, it is even lower. This means the same cryogenics circuit can be used in this refurbishment process. The heat load in the cone case is lower despite the volume of H2 being greater. This is due to the moderator cell spreading far from the core and the volume that is under high gamma flux, closest to the core, is relatively smaller. 

5. Mechanical issues

From the mechanical point of view, the challenge is to adapt a cone shape to the specific constraints of a capacity under extreme thermo mechanical environment: e.g. void pressure and cryogenic temperatures.

The first issue was to define the effective length of the conical part which determines the feasibility of the assembly. A 350 mm length was dimensioned and such a length forces the capacity to be assembled by the back of the vessel tube and to be sealed by a cap (in the hemisphere case, the cell can be introduced inside the vessel through a hole in the top, see Figure 2). It also leads to avoiding a longitudinal welding. 

The second issue was to adapt the thicknesses of internal walls to the pressure and to the local mechanical constraints specifically around the nozzles areas bringing the hydrogen flow into the moderator cell as seen in Figure 3.

In the hemispherical case, thermal hydraulic investigations show favourable flow behaviour in the moderator cell that leads to a small temperature increase in the base material. The maximum temperature difference is only 5K under normal operating conditions. This assessment remains to be done in the cone case.

Manufacturing: It is made from AlMg3 forging blanks for all components, where the single parts were processed by turning, drilling and milling. The length of the piping connections was selected due to calculation purposes; the adequate length for the realization needs to be selected during eventual qualification.

Cryogenic circuit: Due to hydrogen pressure, the moderator chamber design requires a triple containment of the cryogenic circuit under water (unlike boiling CNSs). To ensure this functionality it’s necessary:

· to design three independents circuits (Hydrogen, helium and void),

· to uncouple thermal dilations from the internal and external capacities,

· to support the CNS,

· to assemble the cryogenic circuit.

Assembling: CNS assembly has to be performed. The key performances are:
· mounting/dismounting under water easier with acceptable tolerances,

· connecting components with proven connection,

· defining necessary tools and their interfaces.

5. Conclusions
AREVA TA designed an optimized moderator cell for a Cold Neutron Source to be implemented or replaced in a generic MTR type reactor. The moderator of this CNS is helium cooled supercritical hydrogen at 25K and 17 bar and these thermodynamical conditions are close to those of the FRG1 CNS. This solution is of course dependent on the particularity of a light water pool, with little space left for implementing a CNS. This situation is by far the most difficult and challenging as it consists of innovating within an existing installation. Optimization of the CNS and design of the generic core and layout are jointly performed for better global performances.

The solution is a cone-shape moderator cell that broadens deep into the beryllium reflector. In comparison to a hemispherical type moderator cell, neutron brightnesses are enhanced by a factor of up to 36% in the 5 Å – 10 Å range (see Table II).
Table II: Summary of the compared performances of optimized moderator cells with a hemisphere and a cone shape. Brightnesses are enhanced by 36% in the 5 Å range. Absolute brightnesses values are given per core MW power.
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The use of hydrogen rather than deuterium also enables to keep a gain factor greater than one in the 2Å range, meaning that such a source would not compromise simple diffraction experiments. This is essential for a small multipurpose reactor which could not afford to dedicate a significant fraction of its beam tubes to high wavelength experiments.

Basically, the cone performances are greater than those of the hemisphere for simple geometry reasons. The beryllium bulk, which is essential in the process, helps by bringing neutrons wandering deep into the reflector back into the moderator cell. The cell spreads and captures those neutrons leaking from the Be bulk.

Hydrogen flow in such a conical geometry remains to be assessed.
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