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ABSTRACT

The studies presented in this paper are performed in the general framework of future 3D
kinetics capabilities of the ZEPHYR (Zero power Experimental PHYsics Reactor) ZPR
FXUUHQWO\ EHLQJ GHVLJQHG DW WKH &($YV &DGDUDFKH
accurate neutron kinetics models are required to characterize spatial decoupling in the cores
that are expected to be built for reactor physics purposes. An innovative fission matrix
interpolation model has been implemented with a correlated sampling taehasgociated

to the Transient Fission Matrix (TFM) approach and applied to the ZEPHYR reference
fast/thermal coupled configuration. These studies are performed in the general framework of
transient coupled calculations with accurate neutron kinetics rsode¢épending on the
targeted accuracy, feedback can be limited to the reactivity for point kinetics (PK), or can take
into account the redistribution of the power in the core for spatial kinetics (SK). The local
correlated sampling technique for Monte Gartalculation presented in this paperas
developed for this purpose, i.e. estimating the coupling coefficients of influence on the neutron
transport of a local variation of different parameters on integral quantities sucheffs K
dedicated 1D benchmiar demonstrates interesting features of this kind of coupled
configurations for the validation of complex spdiree kinetics transient experiments.

Key WordsTransient fission matrices, spatial kinetics, ZEPHYR fast/thermal coupled core

1. INTRODUCTION

The study of power reactor behavior during normal and abnormal operation raises the incentive of
modeling the transient phases. This kind of application may reljuitéphysics able to take into
account the interaction between the neutronics that prothiddission power source and other physics
such as the thermal hydraulics that models the cooling aspects, or mechanics to take into account the
core deformation or the pelletadding interactionWithin the multiphysics problem,oenplex 3D
kineticsbehavior of coupled cores are one of the most challenging problem to be solved in the near
future, both for deterministic schemes, but also for newly developed and impéem@ihodologies

in modern Monte Carlo codes such as TRIPOLI, Serpent, or MGN{ral innovative MTR and
technological demonstrateonceps$ includestrongheterogeneities thamcrease the neutron gradient

and consequently may induce a spatial decoupling between fissies during differentransients
potentially leading toaccidentscenarios. For this reasospatial neutron kinetic models must be
developed to verifthat the flux redistribution remains limited in swgituations Dedicated appropriate
physical models and numerical resolution to balance precision and reasonahiéatiomgme. In this

frame, some simplifying assumptions in neutron kinetics modeling haveniade since the increase

of computation capabilities &ill not sufficient for direct timelependent Monte Carlo calculations at

the full reactor core scalklybrid approaches may be used, like improved quasistatic methods, but they
require regular updates of the power shape and of the reactivity using precise core calculations.

1 Corresponding author: patrick.blaise@cea.fr
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To this end, the spatial kinetic Transiéigsion Matrix (called TFM) approachguiously developed
and presented ir1,2] has been adapted to model #fiect of local medium perturbatiofd. The TFM
approach is based on a conversion to discretized Gueetions of the Monte Carlo response of the
system inorder to perform kineticalculations without new referencalculation during the transient
and thus with a reducezbmputation time. This approach is used to model neWireetics during
transient coupled calculations; in ordetake into account the evolution of the systimingtransient.
TFM is associated to specific interpolatiorodelsthat produceon the fly estimations of the matrix
variations during théransient without requiring new Monte Carlo calculatidhsch an interpolation
model based on the correlatedmping technique and suitable for heterogeneous ceittsa fast
neutron spectrum has been developed.rékeltingneutronicsDSSURDFK FDOOHG pSHUWXUE
applied in this paper on the ZEPHYR fast/thermal coupled core cddcgjaturrently being mvisaged

to become critical in Cadarache at the horizon 2028.

The present paper will describe the ZEPHYR ZPR project, and in particular its capacity to perform
coupled core configuratiarfor large 3Bkinetics transient applications. The TFM methodolisgghen

briefly resumed before going to a direct application of its development on the fast/thermal (MOX
Na/UQO-H20) reference coupled core. The application on a simplified 1D problem will exhibit TFM
capabilities to clearly point out coupling coefficienes a preliminary way to design strong 3D
transients in the forthcoming ZEPHYR coupled cores.

2. THE ZEPHYR FACILITY

Anticipating the decision to close both EOLE and MINERVE experimental facilities by the end of 2017,
CEA startedthe design of a new veasile ZPR called ZEPHYR (Zero power Experimental PHYsics
Reactor), a future facility to bleuilt in Cadarache around 20ZBarough a progressive optimization
taking benefit from the MASURCA fast ZPR and its available fuel stockgikestudy ained at
ansvering recurrent questions about such configuratidhs. main goal of faghermal experimental
programs is to measure integral total cresstions of several isotopes of interest in a targeted fast
spectrum through accurate reactivity effects measuresménéerefore, the neutronics characteristics of
this spectrum have to be reproduced in the center of théhtasnal coupled configuration. The work
presented here is based on a PHEMNKE fast unit cell, called ZONA1, from ZONA1 core of the
ERMINE V program[6] whose materials are coming from the MASURCA stockpi®eNAL cell is

made of 6 enriched MOXx rodlets, 2 natural UOx rodlets and 8 sodium pellets. It is 12 inches high and
about 2 inches large. It represents an intermediate spectrum, between ¢bessvaf PHENIX, and is
represented below on Figure 1.:

MOX-27% —> i .

UOD,-nat — 1= ’
Sodium 49 .
o

Figure 1: ZONA1 MOX unit cell

A first configuration is made of those ZONAL cells, 36 inches high, that corresponds to the fissile height
of the core. The radius is adapted in order to be critical. This entire fast configuration stands for the
reference case and will stand as a targebbth spectrum and reactivity effects to be reproduced in the
mock-up. By coupling a center part of this reference configuration to a peripheral thermal zone, a basic
coupled configuration is obtainedowever, aradaptation zongvas designedo optimize the target
spectrum in the central channel of the experimental zone, using representativity apigredcction

of delayed neutronss DQG WKH HIIHFWLY kh@veb¥aN thiru(até€dl tHankd to B Hedicated
module in the BISTRO codé&]. In the optimized configurationith a BiC ring, ertis 742pcm whereas

in theequivalent critical full fastUHIHUH Q FH F R«@hiduldi & EBp¢m. R Qs difference comes

from the large proportion of Uranium isotopes. The effective neutron lifetime is 17us in the optimized



configurationwith a B,C ring whereas its value in the fast reference configuration equals OrBjss.
value of 742pcm lngs additional safety margins during the experimental progwanile reducing the
required amount of fast fissile materials to reach representative speéim@presentation of the 3D
geometry in plane () obtained with a Mont&€arlo calculation byfRIPOLI-4® [8] is presented in
Figure2:

Figure 2: X-Y representation of theTRIPOLI4® modelling of the Fast/Thermal optimizedconfiguration
Blue : light water =Green : UQ 3.7% enrichment:Purple : Metallic U 30% enrichment
Navy : natural UQ tBlack : BC absorber+White : Air
The central cells are the one presented in Fig.1

The dfferentareasn ZEPHYR are characterized by very different speasraepresented in Figuge
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Figure 3. Neutron spectra in the differentareasof ZEPHYR (upper left) together with the neutron flux
maps calculated with the Serpent2code total flux (upper-right) , and thermal/epithermal/fast flux
(bottom)

As several different zones are coupled, the radial profile of the adjoint flux along the coremaid pla
reproducedn Fig.4 is original and brings the information of two separate fissile zones. This effect will
be pinpointed by the TFM approach.

Figure 4: Radial representation of the 1G adjoint flux in theZEPHYR fast/thermal coupled configuration

This figure illustrates the importance of the high enriched Uranium ring and the decoupling effect of
the transition zone around R=25cfhe TFM plots presented in section 4 will addresssé¢h
characteristics.



3. TRANSIENT FISSION MATRIX APPROACH

The Transient Fission Matrix approach is a tilependent version of the fission matridesobjective
is to precalculate the time dependent transport characteoétice neutrong adiscretized geometry
in order to perforntransient coupledalculations with a reduced calculation time. The irffarmation
contained in the fission matric€ss theprobability that a fission neutron created in a voljiprduces
a new fission neutron in a volumeThis informationis thensummarized irad hoc formattednatrices
(line i columnj), built according toeither emission spectrumF (prompt ordelayed),or neutron
multiplicity Q(prompt or delayed)e.g.G ks @ as detailed belw. In addition to the previous matrix
constructionaverage prompt propagation time frgro i can alsdbe stored in thel k Qtime matrix
(line i column j). The present work extends this development fast/thermal coupled core
characteristics.

3.1TFM approach

A clear and completanfroduction of thaisual fission matrixan be found ifil-3, 9, 10]. This tool is
designed to characterize the neufpoopagation in a reactor during one generation: the Guagtion

is the system response to a neutron pillse.objective of the present paper beingltsirate a concrete
application to coupled core kinetics, interested people is welcomed to read the aforementioned
referenced\ote that thdinal aimof this approach is not to producesference solution such as a direct
kinetic Monte Carlocalculation but to provide a precise spatial kinetimdeling with a reasonable
computation time.

3.11 Prompt and delayed neutrons

In order to perform transient calculations using the fission matrices, two pieces of information have to
be addedo the usual fission matrices: the distinction between delayed and prompt neutrons and the
temporal aspecPrampt (labelledp) and delayed (labelled) neutronshave different emission spectra

i and R and consequently distinttehaviors in the reactoMoreover, the production adelayed
neutrongdiffers from that of prompt neutrorastheir multiplicities Q and Q aredifferent For these
reasons, four different matrices have to be calculatéak®into account each caeh Q, Gk Q,

G Rk QandG Rk Q. Most important phenomena for understanding coupling phenomena g@iet
to-promptandpromptto-delayedmatrices.

They correspond to the transport probabilities using thepectiveemission spectrunirand neutron
productionmultiplicity QCalculationsareperformed with a Monte Carlo neutronic code usingtme

approach as for the usual fission matriadth two additional aspectalink to thetype of theneutron

DW L Wredmptardétayediand also to the type tiecreatecheutronsFor exanple the {jj) element

of theG R @matrix containghe probaility that aprompt neutroremitted in thg volume createa new
delayedneutron per fission in thevolume.This estimation is don& XULQJ D pFODVVLFYT FULWIL
Carlo calculation.

3.1.2Temporal aspect

The second factor required to perform neutron kinetics tivg#gHission matrices is the temporal aspect
of the neutrorpropagation. Considering that the neutron transport isnmegligible compared to the
delayed neutron precursbfetime, only the prompt neutron fission to fission timmatrix T i Q is
neededdelayed neutranare directly produced aftethe precursodecay) This matrix contains the
averagepropagation time for a source neutron frpta i, alsoevaluatedn the same calculation #se
matrices

3.1.2Effect ofmaterialmodification

In order to deal withpossiblefeedbackeffects during transient calculati@nsuch as temperature
(through Doppler broadening or thermal expansion of materials), dedioétegblation models are
required to takénto account the modification of the matricBsevious studie®f10] shown thatér a
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reactor with a small migratiorhgth(such asa PWR) or with homogeneouareagsuch agsheliquid
fuel reactorMSFR), an interpolation based on reference and perturbed matrices calcisgmough

if a capture matrixs addedto properly normalize (to ong the number of neutrorcapture per
propagatedheutron However,as shown on Fig.3 and Fig#he ZEPHYR reactor is characterized by
strong local variatiomof direct and adjoinheutron spectra and amplitudeor this reason, aore
generic interpolatiomnitially developed ir{1] for the heterogeneouASTRID reactorwas usedand
applied for material density modificatioRpppler broadening feedbaok concentration variatien

4. METHODOLOGY AND TOOLS
4.1 Calculation parameters

The TFM matrices are calculatadth a modified version of Serpent 2.1.pt1]. The modifications
concern the calculation of the fission matrices, including the distinction between prompt and delayed
neutrons, the fission to fission time matrix, and the correlated sampling techngguretate the locally
perturbed matrices. The nuclear database used is JEFEZB.The number of simulated neutrons for
each calculation is one billion.

4.2. ZEPHYR 1DSimplified Model

The preliminary analysis is performetithe optimized fast/thermal configuration designed in ZEPHYR
for fast/thermal coupled configuratipand reproduced on Figw®. In order to test the TFM approach,

a simplified 1D benchmark is proposed for the sake of the stindysystem boundary cditions for

the 1Dis void onradial boundariesn order to reproduce leakage outside the lattice, and reflexion on
the axial boundaries

Figure 5a: squared 2D Figure 5b: 1D Traverse of the optimized fast/thermal coupled
representation of the ZEPHYR configuration
optimized fast/thermal coupled
configuration

Figure 5a describes the 2D squared geometry from whom the 1D benchmark is extractesb)Fig.
Periodicity between the two other axes ensures the 1D characteristics of this model.

The gemnetry is splitted in 74 meshes as follows
- Thermal zone: meshes 1 to 10 (and 65 to 74 by symmetry)

- Conversion zone: mesh 11 (and 64 by symmetry)

- Transition zone: meshes 12 to 19 (and 56 to 63 by symmetry) constituted by redJO
B4C (meshes 19 and 56)

- SoFDOOHG 3=21% " FHOO JRQH PHVKHYV WR

The transient calculation is performed by calculating, for each node, prompts and delayed contributions.



5. CALCULATION RESULTS

5.1 Transient fission matrices

Four (4) fission matrices are availablenslating the probability that a prompt neutron bormishj
induces a delayed neutron infor the « promptto G H O D\ H GTh& mdst significant matrix, as it
contains the higher number of neutrons, iscpeomptto prompt» reproduced in Fi@.

Origin j [binj Origin j [binJ
OO 10 19 55 6!4 74 9¢ 1 0010 19 55 64 74 95
| P Lse 19 1.5¢
let = le
0
He 2 55+ 5e 2
64 -
0 74 0
Figure 6: « prompt-to-prompt » fission matrix Figure 7: « delayedto-prompt » fission matrix

All diagonal terms present importamtobabilities:numerous fissions appear closehe emission of

WKH 3IDWKHU" QHXWURQ 7iKtharmaNzohkes wh@reRrire dibigdndliele Béents &t é&even
tighter, being a consequence of shorter neutron mean free paths. The case iof unatalim is

interesting as beg nonsymmetrical The Ure: fuel is the source of mainly all fission neutrons (mesh

11). Few fission appear either in the fast zone, or in the thermal buffer zone. Starting from column 11,
almost no neutron in the central meshes is produced from initial neutron from the conversion zone.
+HQFH WKH 3SURPSW WR SURPBWWRRWUQ|f RE M WROX STRH@ W R URHXV

Looking carefully to fast/thermal decoupling, it is noteworthy to observe that the probability to generate
fissions in the core center is very low (less than 1%), except for fission neutrons coming from a fission
into a ZONA1cell. If the probability to generate a fission neutron in the center from a neutron born in
the natUOzis not negligible, it has to be weighted by the low proportion of neutrons born in this area
of the core. The adjoint transport operator, being anggictfithe adjoint flux (see F@), can be extracted

from a column lecture for each line. Considering fission in a given mesh, the associated columns give
the origin of the fission neutron, hence the importance of this neutron. For example, a lechge of li
i=37 shows that fission neutron produced in the core center are mainly issued from the ZONAL cells.

The decoupling is clearly observed the 1D traverse of the prompt to prompt magigenvector
(Fig.8). At the periphery, the eigenvector followstlaermal flux shape (zone 1), with a peak
corresponding to the enriched uranium rods (zone 2). After the adaptation zone (3), characterized by a

very low importance (hence low eigenvector), the neutron flux stabilizes on the fast domain with a flat
cosine kape (4).



P. Blaiseet al., TFM approach for assessing complex kinetics behavior in the ZEPHYR ZPR

0.12

10}
c 0.08f
= 0.06]

o

—
(o]
o]

ector

ppliigeny

—
o
—
o=
W

. E f
_'.Oa"”“ ™y
0.0 ) 20 40 60 8

( 0 100

G
o
o
(W]

Position [cm]

Figure 8: « prompt-to-prompt » fission matrix eigenvector

The other fission matrices linked to delayed neutrons are presented in the next figorég)( A

gualitative interpretation of their particularities is ma@lee main diffeence between those matrices

and the prompts ones comes from medti® 18 (haturalUO,) where emission probabilities tend to

zero. This particular behavior mainly comes from dephasing betdetaped neutron spectra, whose

average energis lower than theSURPSWV QHXWURQV DQG WKH 3IHUWLOH" Q
composed of3U. In fact, the average energf the delayed® | D W Kedttbhss much lower tharthe

1MeV fission thresholdaverage egergy is around 30@00keV),and hence do not produfissions

Origin ] [bin; Origin j [bing
0{) 10 19 5 64 74 9¢ 3 0{) 10 19 5 64 74 9¢ 3
L 104
L [H1.5¢ — 19 - 1.5e
' le?® le®
: | 50
_ N .
644 . p—— J 644
74 ih 0 74 0
Figure 9: « prompt-to-delayed»fission matrix Figure 10: « delayedto-delayed» fission matrix

Delayed neutrons population being much lower than prompt neutrons population, the associated
probabilifes are of smaller amplitude. Throughout isotopes present in the core, uranium isotopes
present the highest delayed neutron fractions. Again, one observes higher probabilities between meshes
12t0 18, thanks to the presence?U. Inversely, the spreadaund the main diagonal is more restricted

than previously, in particular around the ZONAL1 cells, due to a lower detesgetbns fraction of the
plutoniumisotopes

Figure10 mainly focuses on delayed neutrdission matrix It presents very weak proliliites in the

core center, mainly due to the presence of plutonium isotopes, as whblasxin natual UO; thanks

to non correspondence between the main delayed neutron spectrum energy (few hundreds of keV) and
the 238 threshold fission cross semti. In conversion and thermal zones, high values are obtained, as
those zones are mainly composed of enriched uranium material.



Figure 11 reproduces th& F Q time operator of the prompt to prompp events.Average prompt
neutrons lifetimes present strong differenaad extend to two decades. Thigension is due tthe
coupling of thermal and fagones, through strongly different spectra.

Origin j [binl
10 19

05 64 T4

10*

10°

Propagation time [ns]

Figure 11: "prompt to prompt" time operator matrix

The correlation between spectrum and neutron lifetime is obviigrons become thermal throush
time expensivenultiple scatteringrocess.

This matrix also points oahatneutrons from the thermal zoaed fissioning in the thermal zone, as

well as neutrons from the fast zone which will produce a fission in the thermal zone are characterized
by the largest lifetime (abovi) ps): they are seen by red bands on the upper and lower parts (arrival
meshes 1 to 10). Within the fast zone (meshes 12)tmédtron lifetimes are shorter as neutrons issued
from the fast zone induce fission as they are still fast. However, one can observe a slight difference in
mesh 11, where neutrons from the ZONA1 zone have to go through the whole conversion zone to induce
fission in the enriched metal uraniuMeutrons issued from the thermal zone and making a fission in

the central fast zone (originating from meshe® 10 and 65 to 74) have a low lifetime only fast
neutrons from the thermal zone are able to crossdheersion zone.

5.2.Material perturbation and impact on the fission matrices

Local and global perturbations can alsateateddirectly through TFM approach. We will here after
give twoexamplsrelated to sodiumodlets present in the geometihefirst one illustrates the effect
on a global perturbation of the sodium density of, X¥pturedby both correlated samplingnd
independenionte Carlacalculation The perturbation on the probability is plottedfiyure 12.
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Figure 12: " SY $ S discreparcy between two states by indepelant Monte Carlo approch (left) and
correlated sampling (right)

Several observations can be made:
X The correlated sampling approach exhibits betevergence
X The propagatiorprobability is reduced on the maidiagonal, meaninghat the fission
probability is lower than in the referencase. In fact, the phenomenon is linked to the higher
mean free path of neutrons propagating in less dense medium. When sodium density is
decreased, the neutrons scatter furthethan geometry, henclcally reducing the fission
probability.

The local perturbation effect ofélsodium density can be plotted. FiguBxrdproduces a perturbation
of the sodium density close to the fast/thermal interface.
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Figure 13: local impact of a 1% perturbation in the sodium density on the fission probabilities
Several zones (1 & 2) around the perturbation must be explained.
Case 1:fithe position of the perturbatidnis between the emission positipand the fission position

(i<k<j) or-(j<k<i), then the neutron crosses the perturbation and undergoes a local spectrum hardening
(leading to more fissions in the MOX) knas its mean free path increases due to the density decrease.



Case 2: ifi(andj)<k or (i andj)>k, then the propdion of neutrons having crossed thaturbed area
having less probability to scatter back, the fission probability decreases accordjrahglin

Figure ¥ reproduces the evolution of the local perturbation as it crosses the geometry. This perturbation
displacemenis easily illustrated by plotting the radial sensitivity profile of the ZEPHYR benchmark
eigenvalue, also reproduced on FiguBe 1

Figure 14: evolution of thefission matrix as the density perturbation crosses the geometryhe sengivity
profile of the reactivity per perturbed bin is also reproduced (lower right)

Figure 15: Eigenvector matrix redistribution due to local Na petturbation in bin 34. Left: perturbation on
the eigenvector/bin (in %) *Right: normalized perturbation
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Figure 15 depict an example of the eigenvector perturbation. Each column represent the eigenvector
perturbation due to a local Na perturbatidhe eigenvectoiperturbed matrix exhibits a clear trend to

bring back the fissions to the perturbed side, with a strong local discontinuity where the perturbation
occurs.

6. CONCLUSIONS

A TFM approach was appliezh a simplified coupled core 1D benchmark. Fission matrices as well as
the temporal operator matrix are full of information for the purpose of the future ZEPHYR ZPR. They
enable the physicist to qualitatively illustrate neutron coupling or decouplinggsefetween zones in
strongly heterogeneous configurations, characterized by large delayed neutron fractions. Used as a
complement to the coupling theories of Avetg][and Kobayashil4], they are a powerful tool for the
physical analysis of complex trsients. An extension of the TFM approach will be used in the near
future to enlarge the ZEPHYR capabilities for exhibiting large coupling/decoupling effects, with the
aim to build dedicated programs for full 3D transient programisgh dominant ratio gevetries In
particular, the TFM will be implemented in the TRIPA® MC code, and compared to multipoint
approaches to solve complex 3D kinetics problems, as flux tilts in large cores.
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