est destinée au dépôt  

Let us specify here that core temperature (set to 470 K) is taken precisely into account in two steps that will be especially detailed in the next part. Basically, the first step is the proper homogenization of the core material (from volumic proportions of UO 2 , H 2 O and SiO 2 , as described in [START_REF] Bentridi | Criticality of Oklo Natural Reactors : Realistic Model of Reaction Zone 9[END_REF]), involving the temperature-dependent density of water. The second step concerns the nuclear code of each isotope (.03c for data at 300 K) combined with the use of Serpent 2's "tmp" instruction allowing to extrapolate these data up to the desired temperature (provided it is below the next available value of 600 K).

All Monte Carlo runs are performed by Serpent 2 [START_REF] Leppänen | User manual of the Monte Carlo code Serpent 2[END_REF] and before that generated by SMURE [START_REF] Méplan | SMURE, a Serpent-MCNP Utility for Reactor Evolution[END_REF] to both compute this core's material evolution and estimate its lifetime. Natural Gd and Sm probably played the important role of Burnable Poisons (BP) to help Oklo Reaction Zones staying critical over a few tens of thousands of years at least. Their common massic proportion within UO 2 is set to 10 ppm and core volumic power to 100 W/m 3 (10 6 times less than in a standard PWR core), which gives a total power of 230 W. In this part, the bare core evolution (described above) at constant power is given as a control case for the following. No reactivity control is made and k eff is let free, increasing from 1 (0.998) at BOC (Beginning Of Cycle) during the first 5 ky and then decreasing (cf. Fig. 1). Fig. 1. Evolution of the bare core keff with initial poisons (10 ppm of Sm and Gd in UO2), while core temperature and power are kept constant. According to this first model, reactivity reserve allows a lifetime of about 20 ky only. EOC (End Of Cycle) is considered attained when k eff goes back to 1, about 20 ky later. Of course, this is a rough estimation and part II will aim at making a more realistic evolution calculation, for a more precise estimation of the lifetime of this same core. The difference between the two estimations will help us to feel how much the new method with variable temperature (and power) is necessary.

One advantage of this first control case is to make obvious the temporary excess reactivity due to the consumption of initial BP. Just to give an idea of the initial rate of this insertion, at run 1 (i.e. 500 y "only" after BOC) k eff has increased from 0.998 to 1.001 (to reach about 1.004 at run 2, i.e. at t = 1 ky). Fig. 2 below shows the evolution of main BP capture rates. While Gd isotopes (157 first and mainly, then 155) clearly bring reactivity through their consumption along the lifetime of 20 ky, 149 Sm has no similar behavior. Much more produced by fission (with an equivalent yield of 1%, 100 times higher than Gd's), its capture rate (close to its equilibrium value in this case) remains relatively constant. 

II. Description of all methods within our simple model for core temperature evolution

The main goal is, following inspiration from early thoughts on Oklo ways of reactivity management [START_REF] Naudet | Oklo : des réacteurs nucléaires fossiles (étude physique)[END_REF], to regularly change the core temperature so that criticality is maintained. In reality, reactivity from BP makes power increase first, then temperature. The trick in our model is simply to change temperature first (by means of a pre-evaluated thermal feedback coefficient), and to update power accordingly (by means of a simple lumped thermal model). Such a simple method makes us find the most recent models for Oklo core evolution calculations way too complicated i.e. too rich in unessential hypotheses like cyclic water boiling within the core [START_REF] Ibekwe | Modeling the short-term and long-term behaviour of the Oklo natural nuclear reactor phenomenon[END_REF]. Such a postulated boiling is against most of experimental evidence [START_REF] Naudet | Oklo : des réacteurs nucléaires fossiles (étude physique)[END_REF]. And more generally, it is against a progressive approach of the problem.

For all these reasons, we take the opposite view and suppose that typical temperature increases have been sufficiently limited in Oklo cores so that they can be explained without systematic boiling of their water content. This way, we can use SMURE (with Serpent 2) and simple methods (embedded in the KNACK toolbox described in [START_REF] Nuttin | Study of D2O/H2O-cooled thorium-fueled PWR-like SMR cores using the KNACK toolbox: conversion and safety assessment[END_REF]) to check if such a simple long-term model is compatible or not with some of the most known features of a typical Oklo core. Before describing its main results on our bare core, we detail the complete set of necessary methods in the consistent order of included effects (first water dilatation, then global thermal feedback, temperature update and finally power update).

II.A. Water Dilatation vs. core temperature and re-definition of core material accordingly

Like in [START_REF] Bentridi | Criticality of Oklo Natural Reactors : Realistic Model of Reaction Zone 9[END_REF], volumic proportions and initial densities (of 10.6, 0.88 and 2.65 g/cm 3 for UO 2 , H 2 O and SiO 2 respectively) gives to core material its density (of about 2.52 g/cm 3 ) as well as weight fractions of each element. Water is the only of the three homogenized core parts to see its density significantly change with temperature (at constant pressure). Each time temperature will be updated, the new value of water density will be linearly interpolated (cf. Fig. 3). Then the core material will be re-homogenized, with a new density used together with the new temperature by SMURE for the new Serpent run. Fig. 3. Evolution of water density at 200 bars vs. temperature in K according to NIST [START_REF]Thermophysical Properties of Fluid Systems[END_REF]. The [470 K, 570 K] range is used for linear interpolation (from 420 K to 600 K and above, albeit we will check that 600 K is never reached).

II.B. Constant Global Temperature Coefficient (GTC, pcm/K) for core thermal feedback

Just after BOC, due to BP consumption, k eff is going to increase and will be set close to 1.000 (± a few hundreds of pcm) again by increasing core temperature. Such periodic temperature adjustments (first increases, then decreases towards EOC) will use a Global Temperature Coefficient (GTC) accounting for both Water Dilatation and Uranium Absorption Effects. For our bare core case, without material removal or geometric change, this GTC can be supposed (and will be checked) to remain constant.

GTC is computed as the reactivity difference at BOC between one MC run at nominal conditions and a second one 100 K hotter, divided by this temperature increase. 800 active cycles of 32000 neutrons per cycle give a statistical precision on GTC of ±0.4 pcm/K (which will be rounded to ±1 pcm/K for systematic errors within our very simple homogeneous model). Water Dilatation Effect, occurring in the H 2 O part of the real core, is taken into account by a complete re-homogenization of core material (new density and isotopic proportions) at 470+100 = 570 K (starting from a water density of 0.74 g/cm 3 , as detailed by Fig. 3). Uranium Absorption Effect, occurring in the UO 2 part, is due to the reduction of resonance self-shielding through Doppler Effect. It is added via Serpent's "tmp" instruction (made available in SMURE) which extrapolates parameters for resonant absorption from the temperature of the used extension code (here .03c for 300 K) up to the temperature wanted (here 570 K), provided it is below the next temperature in the "xsdata" file (here 600 K). Beginning of core material definition in Serpent is thus changed from "mat m1 -2.5165 tmp 470" at BOC to "mat m1 -2.4745 tmp 570" in its hot version, giving a GTC of -34 pcm/K. Such a high value is typical of homogeneous well-moderated cores and is worth noticing, since it directly explains why temperature increase remains quite limited.

II.C. Algorithm based on GTC for conversion of (excess or missing) reactivity into temperature

Fig. 4. Principle of temperature adjustment for criticality, every 2 runs (every ky) via a constant GTC of -34 pcm/K. Like in the control case at constant power, one Serpent run is performed every 500 years to update average cross-sections. The difference here is that k eff is kept as close as possible to unity, by the only change of core temperature. During a first phase, reactivity from BP makes temperature increase (thus converting initial reactivity reserve based on Sm and Gd into a "thermal" form). In the second and last phase, temperature decrease allows to keep the core critical until EOC when T ext is reached. Fig. 4 describes how temperature is updated just after BOC. The two first runs (0 and 1) are used to extrapolate what would be k eff at t = 1 ky without temperature update. Excess reactivity ∆ρ (400 pcm) is then cancelled out by adding, just before run 2, ∆T = [0 (goal) -∆ρ (start)]/GTC = -∆ρ/GTC to core temperature. New water density asks for complete core material re-homogenization, with new density and isotopic proportions. Like for GTC, 800 active cycles of 32000 neutrons per cycle are used, with a standard deviation on k eff of 25 pcm. This causes adjusted k eff to fluctuate within a few hundreds of pcm around 1, which is sufficient (with about one week on 32 processors for a 100-ky evolution).

II.D. Constant global core-to-exterior conductance G (W.K -1 ) for associated power update

Core power has to be adjusted too, consistently with temperature. For that purpose, a simple lumped thermal coupling model adapted from [START_REF] Nuttin | Study of D2O/H2O-cooled thorium-fueled PWR-like SMR cores using the KNACK toolbox: conversion and safety assessment[END_REF] and described by equation ( 1) is used. In this simple thermal balance of the core in W, d is its density (in kg.m -3

), V its volume (2.3 m 3 here) and C its heat capacity (in J.kg

-1 .K -1
). Main trick of this model is the global conductance G (in W.K -1

), which is supposed (like GTC, for same reason) constant and allows to make a quasi-static power correction according to each temperature update. At BOC, core power P is 230 W. Together with initial T core of 470 K and constant T ext of 420 K, it allows to set G = 230 / (470 -420) = 4.6 W.K -1

. For comparison, typical value for G in a PWR-like core (where heat transfer to coolant is optimized) is higher by 4 orders of magnitude [START_REF] Nuttin | Study of D2O/H2O-cooled thorium-fueled PWR-like SMR cores using the KNACK toolbox: conversion and safety assessment[END_REF].

𝑑 𝑐𝑜𝑟𝑒 𝑉 𝑐𝑜𝑟𝑒 𝐶 𝑐𝑜𝑟𝑒 𝑑𝑇 𝑐𝑜𝑟𝑒 (𝑡) 𝑑𝑡 = 𝑃 𝑐𝑜𝑟𝑒 (𝑡) -𝐺[𝑇 𝑐𝑜𝑟𝑒 (𝑡) -𝑇 𝑒𝑥𝑡 ] (1) 
Equation ( 1) will not be solved continuously but used every ky under quasi-static form of equation [START_REF] Leppänen | User manual of the Monte Carlo code Serpent 2[END_REF].

In this formulation at equilibrium, "2n" stands for any even number of MC run (like run 2 on Fig. 4) just before which temperature is adjusted and power adapted accordingly.

𝑃 𝑐𝑜𝑟𝑒 𝑄𝑆 (𝑡 2𝑛 𝑀𝐶 ) = 𝐺[𝑇 𝑐𝑜𝑟𝑒 𝑄𝑆 (𝑡 2𝑛 𝑀𝐶 ) -𝑇 𝑒𝑥𝑡 ] (2)
In order to directly relate power variation ∆P to temperature variation ∆T, the difference between two successive even MC run times can be computed for each term, giving equation [START_REF] Méplan | SMURE, a Serpent-MCNP Utility for Reactor Evolution[END_REF].

∆𝑃 𝑐𝑜𝑟𝑒 𝑄𝑆 (𝑡 2𝑛 𝑀𝐶 ) = 𝐺 ∆𝑇 𝑐𝑜𝑟𝑒 𝑄𝑆 (𝑡 2𝑛 𝑀𝐶 ) (3)
Let us note that such a power update will have drastic consequences on evolution calculations. As temperature will first increase, power will follow. So will do the average flux level, speeding up uranium consumption and all other reaction rates. During the second phase (of temperature decrease down to T ext ), power will progressively go down to zero according to equation ( 3). This time will give us EOC, i.e. an estimation of core lifetime under the hypothesis of such a simple operation based on BP only.

III. Main results, including thermal evolution, obtained for our bare core test case

In part I, the studied bare core has been evaluated to last only 22 ky when operated at constant power. Corresponding final burnup is 1.7 GWd/t (of metal U, whose initial inventory is 1.1 tons). Main goal of this part is, using methods described in part II, to see how core lifetime and burnup are extended when considering its T/P history. Main results are first given. Then associated power and flux curves are considered, before analyzing evolution dynamics based on BP by means of a simple neutron balance. Main inventories, related to neutron balance, are finally detailed to complete these results.

III.A. Maintained criticality, lifetime estimation and temperature curve

Fig. 5 shows that k eff can be maintained to 1.000 until t = 60 ky, before clearly decreasing (despite its approximative adjustment due to the limited MC precision and especially to large 500-y MC steps). Corresponding final burnup is 3.1 GWd/t (thus almost doubled compared to control case). Let us note that, compared to Fig. 1's increase of almost 1000 pcm from BOC in control case, the jagged k eff evolution is sufficiently flat though to give the quite acceptable temperature curve of Fig. 6.

Another remark about Fig. 5 is that reactivity drop after EOC is much slower here (about -10 pcm/ky) than for control case (about -60 pcm/ky), because of the power drop. Hence almost only the decay of 239 Pu (more reactive than 235 U, i.e. with higher νΣ fis ) plays a role on k eff decrease afterwards.

Fig. 6. Evolution of core temperature from Tinit (470 K) at BOC down to Text (420 K) at EOC (reached at t = 60 ky).

Fig. 6 shows that a maximal temperature of 495 K (25 K above T init ) is reached at t = 5 ky. It then takes about 55 ky to use the full "thermal" reactivity reserve -75 K x -34 pcm/K = 2550 pcm). At t = 5 ky, water and core material densities are minimal, slightly below 0.85 and 2.506 g/cm 3 respectively.

III.B. Associated power and flux evolutions, with remarks on such a quasi-static approach

According to equation ( 3) and as shown by Fig. 7, power is directly adjusted from temperature updates. It can be disturbing for a reactor physicist to see power evolving so much while k eff has just been said to be maintained equal to 1. The explanation is that (super-or sub-critical) power changes occur over very short time intervals in reality, which are implicitely accounted for in our quasi-static approach. Like in standard core evolution calculations, the average flux within each evolving cell (unique in our simple case here) is normalized by the total power. Hence, flux on Fig. 8 follows (with possible slight differences due to small spectrum variations) the same trend as power on Fig. 7. Let us recall about power that, in reality, transients start with a reactivity insertion that makes power increase first. Then, after a thermal delay, power triggers temperature increase which finally counter-acts on reactivity via thermal feedback. In our method, power and temperature interventions are inverted. Temperature is updated according to GTC first, then power is corrected consistently via the simple thermal model. 

III.C. Main reaction rates, simplified neutron balance and analysis of BP roles in core dynamics

Fig. 9 and 10 show the evolution of the main reaction (capture or fission) rates, which are sufficient to sketch the neutron balance of our reference bare core, at any time. For instance, at t = 5 ky (T and P peak time), 235 U fission rate is about 10 THz (in the following, "THz" is used for 10 12 s -1 as an ugly but convenient unit). Multiplied by an average number of neutrons produced per fission of 2.5, it gives a total disappareance rate for neutrons of about 25 THz at t = 5 ky. Hence, establishing the (critical) neutron balance at this peak time simply consists in detailing main disappearance rates (including leakage) whose sum is equal to 25 THz. This is done (by means of Fig. 9 and 10) in Tab. 1. Tab. 1 is shown here for peak time only as an example to explain the principle of such a simplified neutron balance. Within Light Nuclei (whose peak contribution is evaluated to about 0.3+1.2+2.5 THz according to Fig. 10), the share of Fission Products is rather low (0.3 THz) and relatively constant until a few tens of ky at least. As expected, leakage rate is high from this bare core with a probability of 4/25 = 16%, checked (in Serpent outputs) to remain constant over the whole cycle.

In order to specify BP contribution to initial reactivity insertion (and associated temperature increase), we show below in Tab. 2 another neutron balance which details more precisely BOC. With total power of 230 W (against 340 W at peak time), the total disappearance rate is logically (and proportionally) lower and amounts to 16.9 THz. Capture rates by Sm and Gd isotopes (cf. Fig. 11), normalized by the total disappearance rate at BOC, will give us their effective reactivity worths and finally (via GTC) their respective contributions to the temperature increase from BOC to peak time. 
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 2 Fig. 2. Detail of reaction rates for initial Sm and Gd most capturing isotopes, showing their chronology in reactivity management (first and mainly 157 Gd, then 155 Gd). In this control case at constant power, 149 Sm is no real BP.
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 5 Fig. 5. Evolution of keff maintained to unity (at ± 200 pcm) by temperature adjustment, until EOC around t = 60 ky.
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 7 Fig. 7. Evolution of core power, consistently with temperature, from Pinit (230 W) at BOC down to zero at EOC.

Fig. 8 .

 8 Fig. 8. Evolution of the core-averaged flux (max. of 9.3 108 cm -2 .s -1 at t = 5 ky), shaped by the variable power level.

Fig. 9 .

 9 Fig. 9. Evolution of the main reaction rates of actinides ( 235 U fission is largely dominating, while 239 Pu is negligible).

Fig. 10 .Tab. 1 .

 101 Fig. 10. Evolution of the main capture rates of Light Nuclei. So-called Fission Products include initial Sm and Gd.
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 2 Main reaction rates for neutron loss (values in THz) at BOC, for BP contributions to temperature increase.
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 11 Fig. 11. Reaction rates of Sm and Gd most capturing isotopes, with only contribution before peak being 157 Gd's.

Fig. 11

 11 Fig. 11 shows that, like in control case (with same initial concentrations of 10 ppm for natural Sm and Gd in UO 2 ), 157 Gd plays alone an effective role of BP during first phase of temperature increase (until peak at t = 5 ky). During second phase, decreases of

  

  

  

  

  

  

Gd's capture rate and especially of 149 Sm's are nothing but simple consequences of power (and flux) decrease already described (cf. III.B). While 155 Gd's contribution is delayed and remains negligible because of its lower cross-section (of 7500 barn against 32000 for 157 Gd), 149 Sm (with intermediary average of 17000 barn) more than compensates its capture rate by a high equivalent fission yield of about 1% (100 times higher than Gd's).

At BOC, 157 Gd represents a potential reactivity of about 850 pcm (0.144/16.9), which is quite quickly delivered over the first 5 ky. This is consistent, via GTC of -34 pcm/K, with the computed temperature increase of 25 K (-850/-34). Of course, BP respective efficiencies depend on their initial concentrations (which should be compared to their equilibrium values to identify those which are too low at BOC to play a role). Yet 157 Gd remains the main contributor in all studied cases, like in these two extremes: -In the case of an initial concentration as low as 5 ppm of Gd and Sm in UO 2 , with core radius and height reduced to 88 cm, temperature rise is maximal at same peak time of t = 5 ky and reaches 10 K only. This is consistent with initial reactivity from 157 Gd of about 400 pcm (and GTC of -35 pcm/K).

-A high initial BP concentration of 20 ppm in UO 2 , with core radius and height of 96 cm, gives at t = 4 ky a maximal temperature rise of 80 K. Let us note that even in this case, maximal temperature (of 550 K) still remains well below the boiling limit of 640 K. Logically, 157 Gd's reactivity is doubled compared to reference case and amounts to 1700 pcm. Via GTC of -33 pcm/K, this gives only about 50 K of temperature rise. Indeed at such concentrations, other isotopes are high enough to start above their equilibrium concentrations at BOC and thus to be consumed before peak time, contributing to the remaining 900 pcm (and 30 K) with about one third only coming from 149 Sm.

Let us go back to our reference case (10 ppm of BP at BOC) for second phase of temperature drop, from its maximal value of 495 K down to T ext (420 K). This corresponds to a reactivity reserve of about 2600 pcm (-75 K x -34 pcm/K), progressively used to compensate the core reactivity swing estimated at constant power, for the control case, to about -60 pcm/ky (cf. Fig. 1). Here, the power drop reduces impact on neutron balance of capture rates from nuclei with non negligible decay rates. This lowers the average reactivity loss to slightly less than -50 pcm/ky, making second phase lasts about 55 ky.

It should be noted that the lengths of both phases (and thus core lifetime) do not depend on the initial BP concentration. For first phase, peak time is close to 5 ky in all cases since it is determined by the complete consumption of the "fastest" BP isotope (which is 157 Gd and whose kinetics does not change with BP concentration). As for second phase duration (55 ky), it is related to criticality features like core size and fissile content (and thus common to all BP cases). Only maximal temperature attained depends on BP concentration (via associated reactivity reserve at BOC), with 480 K, 495 K and 550 K obtained for initial concentration of 5, 10 and 20 ppm of natural Gd (and Sm) in UO 2 respectively. Among other inventories, 235 U's one on Fig. 13 is a good indicator of how power and flux are reduced until core final "shutdown". Beyond the easily interpreted inflection point at t = 5 ky, it is interesting to notice that its minimal inventory is attained before EOC (around t = 45 ky), when its production by 239 Pu decay starts to outweigh its consumption. Fig. 14 shows the impact of 239 Pu decay on its own inventory after about one half-life (of 24 ky). Like 236 U, Fission Products show a quite unusual build-up (due once again to variable power), progressively slowing down until final equilibrium at BOC. 

III.D. Main core inventories related to neutron balance and reactivity swing

IV. Conclusions and perspectives (towards more realistic "long-term only" models)

Previous evolution calculations, performed at constant power, had already shown the important role of Burnable Poisons (BP) played by Rare Earths (RE) initially present in uranium ore. Let us note that some other natural RE, like Dy or Er, could be considered to complete this study. Explained here, our last developments allow to semi-continuously convert BP reactivity into temperature T, first increasing (over a rather short period of a few ky) and then decreasing (over a longer period of a few tens of ky) down to the "ambient" value T ext . At this time, core shutdown is imposed by our simple thermal lumped model that couples directly power to T-T ext . Such a simple methodology, applied to a simple case for the sake of principle description, confirms that the "usual boiling" hypothesis is not mandatory at all. In our opinion, a good safeguard in the gigantic work of reconstituting operational schemes of Oklo's reaction zones is to add complexity only when it is absolutely necessary, and to convoke short-term phenomena (like in [START_REF] Ibekwe | Modeling the short-term and long-term behaviour of the Oklo natural nuclear reactor phenomenon[END_REF]) only when all likely long-term effects have been considered and used.

Additional effects (involving geology, geochemistry, tectonics, etc) could probably extend lifetime by a few tens of ky. Most promising one could be Quartz Dissolution (QD), resulting in the semi-continuous reduction of SiO 2 volumic proportion within the core. According to [START_REF] Naudet | Oklo : des réacteurs nucléaires fossiles (étude physique)[END_REF], QD could have taken place just after criticality and operated at a constant rate (of typically a few vol% evacuated every ky). This would lead to a progressive reduction of core volume (e.g. of its height), which could be over-compensated by uranium concentration in core material (thus adding some extra reactivity reserve to BP's). Due to such tremendous changes, GTC will probably have to be regularly re-evaluated. Extra axial cells being necessary to model QD effects on core geometry with SMURE, reflected cores will be considered.