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1. Introduction



Introduction

Motivation

rHow can we model the\
time evolution of neutron
population in a fissile
system such as a nuclear

\_ reactor?
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Introduction XIV.
Neutron Transport Equation (NTE)
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Introduction

Prompt neutrons

Mean energy of 2 MeV

2000 4000 6000 ~ 10000
Energy (eV)

235U prompt fission neutron
energy spectrum taken from
ENDF-B/VIII.O
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Fission product

« Comprise ~99% released neutrons
- Emitted ~10-14 s after fission



Introduction

Delayed neutrons

dN/dE (1/eV)

Mean energy of 484 keV
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- Comprise ~1% released neutrons
- Emitted between 10-3 s and 102 s
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Introduction XIV.
Neutron Transport Equation (NTE)
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And the NTE is coupled to the change in precursor concentration
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Introduction XIV.
Approaches to solve the NTE

Stochastic

- Phase space is not discretized

- Transports particles

- Commonly used in stationary
state

- Phase space is discretized

- Large memory requirements

- Constraints in memory may limit accuracy of
results

Type of
interaction:

. _ In(¢
Path-length: d=—"%%)

Source
distribution
sampling

Absorption

Angular quadrature S16 to discretize angular variable. From
Transport Methods Overview, Oak Ridae National Laboratory. 7



Introduction

Time in Monte Carlo simulations

Type of
interaction:

. _ In(¢
Path-length: d=—"3

Source
distribution
sampling

Stationary state

Absorption
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XIV.

Particles are emitted from a source.

- They either escape out of the system or travel in a

straight line and collide

- Interaction probabilities are given by the cross

sections.

- Time is not included in phase space.
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Introduction XIV.

Time in Monte Carlo simulations

Type of
interaction:

N
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« Particles are emitted from a source.

- They either escape out of the system or travel in a
straight line and collide

. _ In(¢
Path-length: d=—"3

Source

distibution - Interaction probabilities are given by the cross
sections.

Stationary state

Absorption

- Time is not included in phase space.

Type of
interaction:

- Time evolution of neutrons
Path-length: d=—"3
T - Capability to score time dependent quantities
distribution (e.g. flux as a function of time)

sampling

 Division of simulation time in discrete time

Absorption
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p-delayed emission in analog Monte Carlo simulations

- prompt neutron energy sampled from

Xp(E)
- neutron time tf

v, prompt neutrons
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Introduction

p-delayed emission in analog Monte Carlo simulations

- delayed neutron energy sampled
from y,(E)

- neutron time 7, + 7, obtained from
precursor decay probability:

pi(t) = Le M) G(t — 1)

/

v, delayed neutrons
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Introduction XIV/2024
p-delayed emission in analog Monte Carlo simulations

Delayed Delayed . . .
Precursor neutron  recursor T Average fission chain length

~150 neutrons

Neutron lifetime ~ 10-4s
Fission chain lifetime ~ 10-2s

Precursor half life ~ (10-2-102) s

= A
0
& " .
3 If critical, each prompt chain will
§ on average create 1 precursor
o
=
()]
Pz
0 v t
102s

Sjenitzer et al., Dynamic Monte Carlo Method for Nuclear Reactor Kinetics Calculations, Nucl. Sci. Eng.,175:1, 94-107, (2013) 12



Introduction XIV/2024
p-delayed emission in analog Monte Carlo simulations

Delayed Delayed
Precursor
neutron neutron

Precursor

Neutrons are scored ]

»
»

Neutron population

’IOX-r2 S

Sjenitzer et al., Dynamic Monte Carlo Method for Nuclear Reactor Kinetics Calculations, Nucl. Sci. Eng.,175:1, 94-107, (2013) 13



Introduction XIV/2024
p-delayed emission in analog Monte Carlo simulations

Delayed

Delayed

Precursor Precursor

neutron neutron

No neutrons are scored!}

»
»

Neutron population

Sjenitzer et al., Dynamic Monte Carlo Method for Nuclear Reactor Kinetics Calculations, Nucl. Sci. Eng.,175:1, 94-107, (2013) 14



Introduction

p-delayed emission in analog Monte Carlo simulations

The different timescales associated to prompt and delayed events
would lead to large variances.

This means that /-delayed emission must be simulated
another way.
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Sjenitzer et al., Dynamic Monte Carlo Method for Nuclear Reactor Kinetics Calculations, Nucl. Sci. Eng.,175:1, 94-107, (2013)



Introduction IV 2024

p-delayed emission in a hon-analog Monte Carlo simulations
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Introduction

Grouped fj-delayed emitter precursors

J. Nuclear Energy, 1957, Vol. 6, pp. 1 to 21. Pergamon Press Ltd., London

M
Possible ean Average half-life of the Delayed neutron
energy

DELAYED NEUTRONS FROM FISSIONABLE iSOTOPES
OF URANIUM, PLUTONIUM AND THORIUM*

G. R. KeepIN, T. F. WIMETT and R. K. ZEIGLER
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico

Abstract—The periods, relative abundances, and absolute yields of delayed neutrons from “fast”
fission of six nuclides (*3°U, 233U, 2381J, #39Py, 240Py, and 2**Th) and thermal fission of three nuclides
(**°U, **3U, and ***Pu) have been measured. “Godiva,” the bare ***U metal assembly at Los Alamos,
was the neutron source. Six exponential periods were found necessary and sufficient for optimum
least-squares fit to the data. Despite evident perturbations, general agreement among delayed
neutron periods was obtained for all nuclides. Measured absolute total yields in delayed neutrons
per fission (for the pure isotopes) are:

BYU: 0-0165 + 0-0005 29py: 0-0063 = 0-0003
3Y: 0-0070 + 0-0004 240py: 0-0088 -+ 0-0006
29 0-0412 -+ 0-0017 232Th: 0-0496 4- 0-0020
Representative of general delayed neutron periods (half-lives) and abundances are the 2**U fast-fission
data:
Half-life (sec)
54-51 4+ 094
21-84 - 0-54
6-:00 & 0-17
2:23 + 0:06
0-496 -+ 0-029
0-179 + 0-017

Relative abundance
0-038 + 0-003
0213 4 0-005
0-188 -+ 0-016
0407 + 0-007
0-128 -- 0-008
0-026 4 0-003

precursor nuclei

group [s]

fraction [%]

(MeV)

235U 239Pu 233U 235U 239Pu

233U

87Br, 142Cs 0.25 55.72 5428 55.0 0.021 0.0072

0.0226

1371, 88Br 0.56 2272 234 2057 0.140 0.0626

0.0786

1381, 89Br,
(93,94)Rb

0.43 6.22 560 500 0.126 0.0444

0.0658

1391, (93,94)Kr
143Xe, (90,92)Br

0.62 23 213 213 0.252 0.0685

0.0730

1401, 145Cs 0.42 0.618 0.615 0.074 0.018

0.0135

(Br, Rb, As etc.) - 0.257 0.277 0.027 0.0093

0.0087

Total 064 021

0.26

Assumption (6 groups):

6
AGi) = ) a;exp(=41)

J=1

Although there are more than
269 precursors in 235U fission,
they are grouped in 6 families.




Introduction XIV.

New data on precursors of f-delayed neutron emitters

N v

N

International Atomic Energy Agency ”
(4>} Nuclear Data Services "}Q

NV i gl il i

a2 7
Search

A CRP Meetings

Reference Database for Beta-Delayed Neutron Emission

The overall objective of the Coordinated Research Project (2013-2018) was to create a Reference Database for Beta-Delayed Neutron Emission that contains an org
experimental, evaluated and theoretical data on beta-delayed neutron emission, and is readily available.

Microscopic Database Macroscopic Database

The database includes a compilation of all existing measured beta-decay half-lives and | The macroscopic database includes all published experimental and evaluatd
delayed-neutron emission probabilities of individual precursors, and the (nubars), delayed neutron decay paramaters (aj, Tj), and composite delayed
recommended values based on evaluations performed by the CRP evaluators. Where a | fissioning systems. New recommendations for 6- and 8-group parameters a
Reference Database for . . .
e ta-Delayed Neutron delayed-neutron spectrum has been measured there is a link to the corresponding
i spectrum file. The database also provides access to theoretical models and systematic

Available online at www.sciencedirect.com
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ScienceDirect -
N"g::;gata These efforts brings the opportunity to

Nuclear Data Sheets 173 (2021) 144-238 —_— explore how this new individual precursor
- . data impacts on simulations of fissile
systems.
SY

Development of a Reference Database for Beta-Delayed Neutron Emission

P. Dimitrion,!: * I. Dillmann.?® B. Singh,* V. Piksaikin,> K.P. Rykaczewski,® J.L. Tain,” A. Algora,”
K. Banerjee.® LN. Borzov.?- 10 D. Cano-Ott.!! S. Chiba.!2 M. Fallot.!? D. Foligno.'* R. Grzywacz,!>-6
X. Huang.!'0 T. Marketin,!” F. Minato,'® G. Mukherjee.® B.C. Rasco,!?-6:15.20 A Sonzogni,2! M. Verpelli,!
A. Egorov.® M. Estienne,’? L. Giot.!3 D. Gremyachkin,® M. Madurga,!? E.A. McCutchan,2! E. Mendoza,!!
K.V. Mitrofanov,> M. Narbonne,!? P. Romojaro.!! A. Sanchez-Caballero.!! and N.D. Scielzo??
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Introduction

Inclusion of individual precursors

Libraries: 269 individual
_JEFF-311 » precursors
-ENDF-B/VIII.O products of 235U fission

[-delayed neutron
emission
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Introduction X1V 2024

About S)OpenMC - Monte Carlo code for particle transport

- K-eigenvalue, fixed source and subcritical
multiplication problems

- Continuous energy nuclear cross section
data follows HDF5 format

- Active community that contributes to its
development

~ )
Code license allows to “...including without

limitation the rights to use, copy, modify,
merge, publish, distribute...”

Fig. 1. Cross-sectional view of a section of an OpenMC model of the Advanced Test k J
Reactor (ATR).

Romano et al., “OpenMC: A State-of-the-Art Monte Carlo Code for Research and Development,” Ann. Nucl. Energy, 82, 90-97 (2015). 19



2. Current status of OpenMC(TD)



OpenMC(TD) current status XIV/2024

Some results so far: Publications

Nuclear Engineering and Technology 54 (2022) 811-816

Nuclear Engineering and Design 423 (2024) 113189

NUCLEAR . . N N
Contents lists available at ScienceDirect ENGINEERING AND Contents lists available at ScienceDirect

Nuclear Engineering and Technology PP ‘ Nuclear Engineering and Design

R » 5\
ELSEVIER journal homepage: www.elsevier.com/locate/net SEV 2 journal homepage: www.elsevier.com/locate/nucengdes

Original article

Calculation of kinetic parameters B¢ and A with modified open source = @) . . . .
Monte Carlo code OpenMC(TD) P Transient Monte Carlo simulations with OpenMC(TD): A catalyst towards et

. Romero-Barrientos ™, 11. Mdrquez Damidn <, E. Molina ¢, M. Zambra *° advancing research in next-generation reactors and to improve fission
P. Aguilera > 9, F. Lépez-Usquiano * °, B. Parra &, A. Ruiz *¢ nuclear data

2 Comisién Chilena de Energia Nuclear, Nueva Bilbao, 12501, La es, Santiago, Chile J. ROmerO-BarrientOS a,*’ F. Molina a,b,c’ M. Zambra a,d, F. LépeZ-USquiano a,c

b Departamento de Fisica, Facultad de Ciencias Fisicas yJ Universidad de Chile, Blanco Encalada, 2008, Santiago, Chile
:Spallauun P h’f sics ‘Group, European Spalh‘Ith 6, 22100, Lund, S\g/ea?en . . 2 Centro de Investigacion en Fisica Nuclear y Espectroscopia de Neutrones CEFNEN, Comisién Chilena de Energia Nuclear, Nueva Bilbao, Las
Facultad de Ciencias, Departamento de Fisi& Palmeras, 425, Nunoa, Santiago, Chile Condes, 12501, Santiago, Chile
, , 3

© Departamento de Ciencias Fisicas, UniversidQ 837-0136, Santiago, Chile . . N . . . . . .
f Universidad Diego Portales, Manuel Rodrigue) e b Millennium Institute for Subatomic physics at high energy frontier - SAPHIR, Ferndndez Concha 700, Las Condes, Santiago, Chile

€ Instituto de Fisica Corpuscular, Parque Cientifi§ ffatico José Beltrin, 2, E-46980, Paterna, Spain ;Departamento de Ciencias Fisicas, Universidad Andres Bello, Sazié 2212, 837-0136, Santiago, Chile
Universidad Diego Portales, Manuel Rodriguez Sur 415, Santiago, Chile

Nuclear Engineering and Technology 55 (2023) 1593—-1603

NUCLEAR
: . : . ENGINEERING AND
Contents lists available at ScienceDirect TECHNOLOGY

Nuclear Engineering and Technology

journal homepage: www.elsevier.com/locate/net

Original Article

Development of transient Monte Carlo in a fissile system with (- )
delayed emission from individual precursors using modified open Sy

* http:/jcrossmark.crossref.or}

source COde OpenMC(TD) d0i=10.1016/j.net.2023.02.0)

J. Romero-Barrientos * *, F. Molina * ¢, ].I. Mdrquez Damién 9, M. Zambra * ¢, P. Aguile
F. Lopez-Usquiano >, S, Parra ?

2 Centro de Investigacién en Fisica Nuclear y Espectroscopia de Neutrones CEFNEN, Comisién Chilena de Energia Nuclear, Nueva Bilba!
Santiago, Chile

b Millennium Institute for Subatomic Physics at High Energy Frontier - SAPHIR, Ferndndez Concha 700, Las Condes, Santiago, Chile
© Departamento de Ciencias Fisicas, Universidad Andres Bello, Sazié 2212, 837-0136, Santiago, Chile

d Spallation Physics Group, European Spallation Source ERIC, PO. Box 176, 22100, Lund, Sweden

© Universidad Diego Portales, Manuel Rodriguez Sur 415, Santiago, Chile

f Departamento de Fisica, Facultad de Ciencias Fisicas y Matematicas, Universidad de Chile, Blanco Encalada, 2008, Santiago, Chile




OpenMC(TD) current status
Current OpenMC(TD) capabilities
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OpenMC(TD) current status

Some results so far: 1 group point kinetics vs simulation

= OpenMC(TD)
- Point kinetics
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+211 pcm Back to slightly
[2, = 0.5870 cm-1] supercritical
[2, = 0.5882 cm-1]

Romero-Barrientos et al., Nuclear Engineering and Technology , 55, 1593-1603 (2023).

NPA

XIV/2024

cm3

monoenergetic fissile system\

eRectangular box of (10x12x20)

e Constant cross-sections

e1-group precursor structure.J

Batches 25
Simulation
time (s) &>
L0, e 50000
intervals
Time interval 10
length (ms)

22
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OpenMC(TD) current status XIV

Some results so far: Different number of precursors

N
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—— 6 groups e Energy-dependent fissile system

—— 50 precursors

—— 40 precursors eBox surrounded by a 4.29 cm

thickness light-water moderator.
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¢ 50 individual precursors

eSlightly supercritical system
Keff=1.00025(3)

e Wall-clock time ~ 400 h

Simulation is stable and results are in agreement with the reduction in the number of
precursors, but with high calculation times.

Romero-Barrientos et al., Nuclear Engineering and Technology , 55, 1593-1603 (2023). 23



3. Code development plans



OpenMC(TD) development plans

Branching of fission chains °

P
0—»—):(—<>0

\/ % ¢ <o
o *2 \'<>:

_’I\_ Fission

\l
7N

® Neutron

Sjentizer et al., Annals of Nuclear Energy 38 (2011) 2195-2203

—

Solution: branchless
collisions

w,

24



OpenMC(TD) development Elans XIV/ 2024
Branchless collision method ‘

To prevent branching, exactly one
particle is emitted after a collision

w’ %
\l/
® — Q0 — —> @ ——> oo

PNy
@lé cattermg \/
_/ \_
®

Fission Particle weight is
changed after every

Neutron J collision

\_

o B
L ° Vf(E)Gf(E) Sl GS(E) J

l/f(E )O'f(E )

P, =
T yBeB B

_ I/f(E )O'f(E )+ o (E)
\_ o(E) Y,

Simulations then will be performed using Guacolda-Leftraru supercomputer @ National Laboratory
for High Performance Computing Chile

Belanger et al., “The Effect of Branchless Collisions on Neutron Clustering”, M&C 2023, (2023).
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Nuclear reactor simulation

RECH-1 research reactor overview

Molina et al., Applied Radiation and Isotopes 129 (2017) 28-34

Pool type reactor

5 MW thermal

Light-water cooled
and moderated

6 Cd control rods

6 in-core irradiation
sites

5 beam tubes

4

26



4. Benchmark experiments



A5NPA

Reactor benchmark experiments XIV/2024

Transient experiments

Gnsertion and withdrawal of control plat@
Transient
experimental
experiments

Insertion and withdrawal of a small
absorber

Estimated prompt generation time of - | Ut ded i 1
research nuclear reactor is ~60 us emporal resoliution needed 1S ~ 1 us

Two detection systems proposed: in- Burn-up state of the core will be
SOI;E iPND and ex-core 3He neutron considered if needed (fresh fuel)
etector

27



5. Conclusions
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Conclusions and outlook XIV
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e Time dependence related to the p-delayed neutron emission from individual
precursors was included in a Monte Carlo code.

e This code was named OpenMC(TD) has shown promising results in transient Monte
Carlo simulations of fissile systems, using individual precursors instead of the
traditional 6-groups or families.

e OpenMC(TD) development plan includes the implementation of the branchless
collision technique to reduce calculation times.

e Associated experimental measurements are planned to validate simulation results.

o It is expected to propose transient benchmark experiments to evaluate existing and
future transient Monte Carlo codes.

e OpenMC(TD) could be a valuable tool to explore the impact of precursor individual
data on results obtained for complex fissile systems, like a nuclear reactor.

28
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Transient Monte Carlo simulations

P g

p-delayed emission from individual precursors

Group structure (current codes) Individual precursors (this work)
[ Delayed fission takes place ] [ Delayed fission takes place ]
| l
( Delayed neutron sampled } [ Precursor is created” ]
| l
j-th precursor group is chosen from the i-th individual precursor is chosen to
group relative abundances a, decay from relative importance I,
}
Associated delayed time sampled from group [Assomated delay(e;;l tm;e/lls sampled from}
decay probabilitypj(t) and /IJ- pi\t)and4
Delayed neutron energy is chosen from the j-th Delayed negtron energy is chosen as the mean
nergy from i-th precursor delayed neutron energy
delayed neutron energy group spectra e

%Sjenitzer et al., “Dynamic Monte Carlo Method for Nuclear Reactor Kinetics Calculations”, Nucl Sci Eng, 175:1, 94-107 (2012).




Simulaciones Monte Carlo transientes

P g

Inclusion of time-dependence in a MC simulation

X

\

)"\\ - ’\)0
A0

A\
\
o
7
\
—
=
\
=
33

N NS N ‘o \
f ’ . g
= = = \ =~

B

q Time evolution of neutrons

s
)
or

N
sl
'

-
~

Y
Y

2. Time filter

3. Simulation time divided in

\__time intervals -

Time interval
Time interval

k i

Sjenitzer et al., Dynamic Monte Carlo Method for Nuclear Reactor Kinetics Calculations, Nucl. Sci. Eng.,175:1, 94-107, (2013)



Tran3|ent Monte Carlo simulations

Produccmn (vield) cumulativo

_ C}/z Pn,i
Nz
U-235 Neutron-induced Fission Yields
[Cumulative] 440 /Cumulative fission yield (CY): N
- ; - -~ number of atoms of a specific nuclei
102 produced directly from fission and via
decay of precursors.
o) 104
: \ /
-] ~
= 10°°
O
£ ; /CY for 87Bris 2.03% which means )
§ 10° that 203 atoms of 87Br are created
per 10,000 fissions.
1010
_ i W \ /
20 & 12
70 80 90 100 110 120 130 140 150 160 170 180
Mass Number )




Transient Monte Carlo simulations

P g

Probabilidad de emision de precursor de neutrones retardados

7

o CY; Pn,z'

Vd

ENDF/B-VIII.0 Br87 decay path

Precursor delayed neutron emission probability
(Pn.,i): represents the probability of a neutron emission.

87Br has a 2.6% probability of decaying to 86Kr, emitting
a delayed neutron in the process.

So, if 203 atoms of 87Br are created per 10,000
fissions, and they have a 2.6% probability of decaying
to 86Kr, then they will emit 5.3 delayed neutrons per
10,000 fissions.




Tran3|ent Monte Carlo simulations

Recapltulacmn de la inclusion de precursores individuales

Quantity 6- or 8-group structure This work (50 individual)
Relative abundance d; with1<j< 6 (or8) (CY P )/yd with 1< i< 50
Groups Ind|V|duaI
Decay constants /1]- with 1< <6 (or 8) /11- with 1< i< 50
Groups Individual
Delayed neutron energy ;(j(E ) with 1< <6 (or 8) J{(E) with1<i<50
Groups Individual

Although in this work 50 individual precursors were used to perform the simulations, all 269 individual
precursors could be used should need arise.

[ Mean energies were used because only 34 precursors have measured energy spectra*. ]

*Brady, M.C. “Evaluation and application of delayed neutron precursor data”. PhD thesis, Los Alamos National Laboratory, USA (1989).



Transient Monte Carlo simulations
Rec';:gpiTulacién de la inclusion de precursores individuales

Included, in a MC simulation, /-delayed neutron emission from individual
precursors, instead of using the precursor group structure.

ENDF/B-VIII.O Br87 decay path

U-235 Neutron-induced Fission Yields

10- _> l /lv 4
Yd
10°10
0 1012
70 80 90 100 110 120 130 140 150 160 170 180
Mass Number o o




Transient Monte Carlo simulations

PSS S

Pruebas de OpenMC(TD) en sistema simple

Purpose: test OpenMC(TD) capabilities in a simple system.

- Monoenergetic fissile system Configurations:
1.- Subcritical Parameter Value
3.- Reactivity insertion R LoDt
- Constant cross-sections
A(s) 0.0784
« 1-group precursor structure. Input: X, o5
v c
Observables: keffand n(t)
z, (cm™) 1.0
e : Ak 2:(cm”) 0.25
Calculated reactivity is obtained from: p = =
Z, (em-1) 0.5882
Compared with fitted reactivity from: 5 (cm-) -

n(t)=n Lexp<p_ﬂ>— J exp(i)
01,-p A p—p p—p v (cm/s) 2.2 x 104




Transient Monte Carlo simulations

P g

Resultados de pruebas de OpenMC(TD) en sistema simple

(Simulation results were compared to 1-group point kinetics equatio@

100

E‘ x"lpe" """ [rrrryprTrrT T T T T T T T I""I""I""I"":

S 600 = OpenMC(TD) —

g B - Point kinetics | - Batches 25
S, 500— .

c | -

2 - ] Simulation time (s) 50
S 400_— ]

Q. - —

o - | g .

g 300F- '_.___.!_. No. time intervals 5000
..g C ] . g

2 HooF- ] Time interval

< n 0 length (ms) 10

Simulation parameters

Time [s]
+211 pcm Back to slightly-
[>,=0.5870 cm-1] supercritical

[>,=0.5882 cm-1] 41




Transient Monte Carlo simulations

P g

Pruebas de OpenMC(TD) en sistema mas realista

Purposes: Test OpenMC(TD) capabilities in a more realistic system, and whether it can solve fast
changes in the neutron flux.

- Energy dependent fissile system Configurations:
1.- Subcritical, n,35=4.4362x10-2 (atoms/b cm) — k_+=0.98956(3)
- rectangular box of (10x12x20) cm3 | | 2.- Supercritical, n ,3:=4.511x10-2 (atoms/b cm) — k.=1.00271(3)

. i 4 . )
235U cross sections Input: n,... Precursor E:Iaty;ﬁg T
_ delayed neutron structure en‘;r v
- Different group structures energy and 9y
precursor structure. 1-group X4(E) JEFF 311
Pesr and A obtained from adjoint flux| | Observables: Kefr 1-group £ JEFF 311
calculation using MCNP and ¢ (1)
N J 1-group Eeq ENDF-B/VIII.O
Compared with fitted parameters from: 8-group X(E) JEFF 3141
— | PPN __F_ . 6-group E, ENDF-B/VIILO
P) = ¢y [p—ﬂ exp< A > p—p exp(p_ﬁ)]

50 individual E ENDF-B/VIII.O




Tran3|ent Monte Carlo simulations

Resultados de pruebas de OpenMC(TD) en sistema mas realista

x 1A 1st precursor
E L |2 ; ' ' ' ; Fit parameters ] Case ngEglg-g?]T
g leg i ERE 0.00648 +0.00038 | =
g Flped 1 |A 54560956310 | Batches 29
N e 7 | m— OpenMC(TD) .
g 0.8l ot ; ; 5 a ot — o e ] No. time intervals 1000
(23 i Time [s] :
- - Time interval
0'6& s length (ns) 1o
047 : Simulation time 01
[0 )2 IS I IV IS I ST AP I S S 107 (ms)
20 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [s] Wall-clock time (h) 44,32
Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 5.74(1) 5.45(56) 5.1%

Bess [Pcm] 644(6) 648(38) 1%




Tran3|ent Monte Carlo simulations

Resultados de pruebas de OpenMC(TD) en sistema mas realista

> 1st precursor
9 .
2 Case group from
c 18 JEFF-3.11
5 16 —
g 1.4 = Batches 10
812 =
g £ laE ' 3 Fit parameters E No. time intervals 1000
‘23 Gf NG 0.00666 + 0.00056 | 3 __
08E 11 = | A 54509428910 | J Time interval 100
0.6 |2 oot E — length (ns)
osf 3 s OpenMC(TD) -
0.4 E E — . L
0.2 ™ A E Simulation time 01
o) S AU AUV APV PVEITEN SN EFAFE RIS PR %107 (ms)
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [s] Wall-clock time (h) 52.45
Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 6.00(1) 5.45(57) 9.2%
Bes [Pcm] 651(6) 666(56) <1%




Tran3|ent Monte Carlo simulations

Pruebas de OpenMC(TD) en sistema termalizado

Purposes: Test OpenMC(TD) capabilities in a moderated system and explore the effect of reducing
the number of precursors.

- Energy-dependent fissile system KCOnfiguration:
1.- Slightly supercritical, n,z5=3.2671x10-2 (atoms/b cm)

« Box surrounded by a 4.29 cm thickness | \
light-water moderator.

/Input: Nyo3s- delayed

- 235U cross sections neutron energy and
precursor structure.
- 50 individual precursors | Observables: keffand ¢(1)

Criticality calculation to assess el B Difference

the system reactivity Kere | 1.00025(3) 1.00032(3) 7(4)

Effective multiplication factors obtained for the light-water
moderated system

Then, transient calculations were performed with different precursor structures.



Transient Monte Carlo simulations

PSS S

Pruebas de OpenMC(TD) en sistema termalizado

ﬂ(t) tallied during 4 seconds \ Precursor Importance A good approximation of the
and 3 configurations were 157| 0.1617 decrease of the neutron flux is
studied: 89Br 0.1125 given by

?4Rb 0.0915 apt
1. 50 precursors 88Br 0.0740 ¢(t) ~
90Br 0.0733
2. 6-group structure | A 85As 0.0478
/ 138| 0.0471
3.10 precursors with the 98my 0.0417 .
largest relative importances 139] 0.0401 ap = )\,0
Ii removed j 95Rb 0.0357 ﬁeﬁ‘ —p

10 most important precursors removed
from the list of 50 precursors

Calculated reactivity from criticality calculation was compared to fitted reactivity obtained as
a fitted parameter from the tallied neutron flux ¢ (z).

Keepin et al.. Delayed neutrons from fissionable isotopes of uranium, plutonium and thorium. Journal of Nuclear Energy (1954), 6(1):2 - 21, 1957.




Transient Monte Carlo simulations

P g

Resultados pruebas de OpenMC(TD) en sistema termalizado

§1-3_""|""|""|""|'"'|""|""|""_
s T — 6 groups . Batches 2
5 12 —— 50 precursors |
= - . Simulation time (s) 4
8 11 =
g u N No. time intervals 400
2 el gl A A e
n ] Time interval 10
0.9 - length (ms)
os:""""'"'--'-'--'-'-"-'--'---""-': Wall-clock time
0 0.5 1 1.5 2 2.5 3 35_ 4 6-group precursors 260.05
Time [s] (h)
o Wall-clock time
Parameter 6-group structure 50 individual precursors 50 individual 410.76
ecursors (h
p [pom] 25(3) 32(3) precursors (h)

ps: [pcm] 17(368) 35(347)




Transient Monte Carlo simulations

P g

Resultados pruebas de OpenMC(TD) en sistema termalizado

x L e B B L L A SR
= - —— 6 groups 7
§ - — 50 precursors - Batches 2
5 12 —— 40 precursors B _ -
< B ] Simulation time (s) 4
811 — o
g B s No. time intervals 400
o -
B ] length (ms)
09 - Wall-clock time 40
- . individual 319.65
cooo by by by by by oy by by
0.8 0.5 1 15 2 2.5 3 35 4 precursors (h)
Time [s]
Parameter 6-aroup structure 50 individual 40 individual
group precursors precursors

psi [pcm] 17(368) 35(347) 111(270)




Combined precursor decay probability

Bi
1;

for precursor group

for individual precursor.
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p-delayed neutron emission

4 )
wy(t) =we » Tidje N0 gt — t,)

\_ J

“Physical” statistical weight of delayed neutrons

4 )

B(r) — [\ e~ Ai(t—to)
i(t) = S T A\ e ilt=to)

= )

95



p-delayed neutron emission

4 )
| | L E o —Ai(t—tp)
Precursor V’\c/ifrl\%htt at a given wp (t) = W, rze
)
\_ _J
r )

E —\; (t—t —\; (t1+At—t
wd,a’l) = W, rz(e ( 0) — € ( 1 O))
)

. _/
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Precursor forced decay

Biased decay probability p(t) o tj+1 . tj o At
\_ )
4 )
wqa(t) = % =w, AL Y Tihe MO0 with  t; <t < 4
- ' i
(u"’l)(t,H-l) = W, Z F‘.yje_/\"' (tj—to) "
N t y

S7



Population control

| Y

| | :' :' I

w1 w2 w3 Wy

If there are K particles at the end of a time interval and the objective is to
comb them to M, these K particles will be combed into M using a comb with
M teeth.

After combing each particle has weight w; = W/M and since there are M
particles, total weight is preserved.

In this work, the neutrons and precursors were combed separately.
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Branchless collisions

4 > N g > A
Pc — il i Y : >
I/pzf + 2, . Vplif s )
- Fission probability J Scattering probability
s N @ e A
Vi f / Uplif + 2us
) w, =W

\_ J L Y

Probability generating a Statistical weight of neutron
precursor

B. Sjenitzer and E. Hoogenboom, “Dynamic Monte Carlo Method for Nuclear Reactor Kinetics Calculations,” Nuclear Science and Engineering,

vol. 175, no. 1, pp. 94-107, 2013, 59



Energy-dependent 235U system: Subcritical configuration case i

Normalized neutron flux

—
LN

1.2

Normalized neutron flux

Fit parameters

p
ERR D

0.00666 + 0.00034
5.45e-09 + 4.20e—10

— = Fit

m— OpenMC(TD)

First group with

Case average energy
from JEFF-3.1.1
Batches 3
No. time intervals 500
e ptere
Simulation time (ms) 0.05
Wall-clock time (h) 3.51

Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 5.74(1) 5.45(42) 5.1%
Bt [PCM] 644(6) 666(34) 3.4%




Energy-dependent 235U system: Subcritical configuration case iii

1 group with average

3 14r ! L ! ! il ! ! T Case energy from ENDF-B/
= C |y : Fit parameters . VIII.O
O 1.2—|f f E =
5 - R - p 0.00602 + 0.00036 - Batches 3
c iy £ o E A 5.53e-09 £5.22e—10 ]
E " oob 1| e OpenMC(TD) - No. time intervals 500
© 04f ——— _
E 08 02t s " 5 i S [e—— —] Time interval
2 e - length (ns) 100
0.6 —
- Simulation time (ms) 0.05
0.4 _
B Wall-clock time (h) 3.49
- 6
0-2 | ' B | v vy v vy v v by v by v by oy by X 10
0 5 10 15 20 25 30 35 40 45 50
Time [s]
Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 5.74(1) 5.53(52) 3.7%
Bt [PCM] 644(6) 602(36) 6.5%
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Energy-dependent 235U system: Subcritical configuration case iv

1.4 8-group with energy
3 L I ' I I I I L ' ' - Case distribution from
= N ] Fit parameters : JEFF-31.1.
g 12" 1|8 0.0066 + 0.0006 |
2 [ |i. 1 |A  5450-09+4.47e-10 | Batches 22
1|2 : —
E N | | m—OpenMC(TD) . No. time intervals 1000
R 0.4 B —
E 08| v =i 7 Time interval 100
p 7 length (ns)
0.6 o
5 Simulation time (ms) 0.1
0.4 N
- — Wall-clock time (h) 4.32
0 2 _I L1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 | I L1 |_X10_6
"0 5 10 15 20 25 30 35 40 45 50
Time [s]
Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 5.74(1) 5.45(45) 5.1%
B¢ [pcm] 644(6) 660(38) 2.5%
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Energy-dependent 235U system: Subcritical configuration case v

6-group with average

—
o

E - ] Case energy from ENDF-B/
% 1 2: e : Fit parameters _: VIIL.O
ER R E NG 0.00602 + 0.00057 | - Batches 2
A= i I 1 | A 5.686-09+2.88e—10 | - —
ﬁ 2 0.6;_ E OpenMC(TD) - No. time intervals 500
(1Y) 0.4 — -
€ 08 : Lo . —] Time interval
5 05— P10 F -
2 | . length (ns) 100
0.6 —
- Simulation time (ms) 0.05
0.4 _
Wall-clock time (h) 4.27
0 2 11 1 l 11 1 1 l 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 l 11 1 1 I 11 1 1 I 11 1 1 I 1 1 1 10_6
0 5 10 15 20 25 30 35 40 45 50
Time [s]
Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 5.74(1) 5.68(29) 1%
Bt [PCM] 644(6) 602(57) 6.5%
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Energy-dependent 235U system: Subcritical configuration case vi

50 individual
x l4r T | I ! I I I I l ] Case precursors with
“_E : & T ] Fit parameters : average energies
% 1.2 __ % _E ﬁ 0.00602 + 0.00062 __ from ENDF'B/V“'O
- 3 7 —
e Ll 3 | A 5.45e-09+3.05e10 | - Batches 2
g z 4_; — opene - No. time interval 500
T : — ‘ _ 0. time intervals
£ 08 R gm0 e i -
o) Time [s] ] . .
- Time interval
p
0.6 _ length (ns) 100
04 - Simulation time (ms) 0.05
N " Wall-clock time (h) 6.43
0.2 11 1 | I 11 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I | I T | ) 10
0 5 10 15 20 25 30 35 40 45 50
Time [s]
Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 5.74(1) 5.45(31) 5.3%
Bt [PCM] 644(6) 602(57) 6.5%
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Energy-dependent 235U system: Supercritical configuration case ii

First group with

= 2 T i I I | |
2 - R Case average energy
c 18 = from JEFF-3.11
£ 1.6 - Satoh .
3 -
g 14 ;_ _; atches
ﬁ 1.2 — No. time intervals 500
g 3 Fit parameters 3
E 13 = Time interval
() C | 3 B 0.00666 £ 0.00063 | T 100
< 08|z — length (ns)
0.6 C | E A 5.45e-09 + 3.08e—10 =
0.4 E_ 08 s OpenMC(TD) _E Simulation time (ms) 0.05
0.2E — = Fi = Wall-clock time (h) 7.84
) T T T T T T Ax 1078
0 5 10 15 20 25 30 35 40 45 50
Time [s]
Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 6.00(1) 5.45(31) 9.2%
Bt [PCM] 651(6) 666(63) 2.3%
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Energy-dependent 235U system: Supercritical configuration case iii

1-group with average

x 2:- LB U L B B = Case energy from ENDF-B/
= 18K - VIO
c L
s _F E
s 1.6 — Batches 3
S 1.4f =
3 - No. time intervals 500
N 1.2 =
(4] . . . .
£ 1= |z Fit parameters — Time interval 100
o i -
Z 08F |£ § 0.00637 +0.00035 | - length (ns)
= A 5.45e-09+5.68e—10 | = _ o
0.45_ 2 P _E Simulation time (ms) 0.05
0.2 410 | e Fit = Wall-clock time (h) 7.81
| Time [s] ]
0_ 1 l 11 1 l 1 I 11 1 I 1 11 I L1 1 | l 11 1 | l L1 1 1 I L1 1 1 X10_6
0 10 15 20 25 30 35 40 45 50
Time [s]
Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 6.00(1) 5.45(57) 9.2%
Bes [PCM] 651(6) 637(35) 2.2%
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Energy-dependent 235U system:

Supercritical configuration case iv

Normalized neutron flux

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

II|III|III|II

II|III|III|III|II

Normalized neutron flux

il

Fit parameters

B 0.00665 * 0.00056
A 6.03e-09 + 4.29e—10

m— OpenMC(TD)

i 5 5 107 m— it

=]
3

- | @

L |23

1 I 11 1 1 I 11 1 1 I 11 1 1

~15 20 25 30 35 40

8-group with energy

Case distribution from
JEFF-3.11

Batches 3

No. time intervals 500

fime el

Simulation time (ms) 0.05

Wall-clock time (h) 11.19

Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 6.00(1) 6.00(43) <1%
Bt [PCM] 651(6) 665(35) 2.2%
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Energy-dependent 235U system: Supercritical configuration case v

6-group with average

3 25 o o ! o | ! o ! . Case energy from ENDF-B/
= 18F — VIII.O
£ 16 =
2 F = Batches 3
'cCJ 1.4 =
2 10 = No. time intervals 500
‘_é’ 1 5 — — : Fit parameters - T ' |
= - | B e = ime interva
2 0.8E- | 4 / E B 0.00635 + 0.00038 E length (ns) 100
0 6:— E" 1 _ A 5.45e-09 +5.74e—10 3
oub | 1 | == OpenMc(TD) 3 Simulation time (ms) 0.05
02| ¢ e Tl | T 3 .| |Wall-clock time (h) 11.03
_I 11 I 11 I 11 1 I 1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 1 1 1 1 I L1 1 l_ 10
00 5 10 15 20 25 30 35 40 45 50
Time [s]
Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 6.00(1) 5.45(57) 9.2%
Bes [PCM] 651(6) 635(38) 2.5%
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Energy-dependent 235U system: Supercritical configuration case vi

2 50 individual
x L' | | | | | I I ;
= = E Case precursors Wltth
c 1.8F average energies
£ 16 - from ENDF-B/VIII.0
a2 F -
5 14 — Batches 3
(0] .
g 12 E No. time interval 500
s | AP Fit parameters E o. time intervals
S osE g B 0.00621+0.00036 | Time interval 100
06 = g g’ A 5.45e-09 +4.85e-10 | I length (ns)
0.4F- | ok == OpenMG(TD) = Simulation time (ms) 0.05
— coE 3 s 6 8 75107 | m—— _:
0-2F roai ' 3 . | | wall-clock time (h) 17.24
0_ 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 11 1 1 I 11 1 | l 11 1 1 l 11 1 1 l 11 1 1 [ 11 1 1 X10
0 5 10 15 20 25 30 35 40 45 50
Time [s]
Parameter Calculated MCNP Fitted OpenMC(TD) Difference
A [ns] 6.00(1) 5.45(49) 9.2%
Bess [PCcM] 651(6) 621(36) 4.6%
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Example: 87Br Decay scheme

®Sr  *Sr
B- B-
“Rb  “Rb 87Br (T, = 55,75)\\ 3 87*Kr
87 88 B-
| Qs \\ ............................. S
N \ n
FI%3r BBr Er Er 3 -\’1 ’Y
B-
87Kr (Tl 9 = 76,3min) Lv
/
n
87Rb (T, = 4,97 x 10')
B-
! 87Sr (stable)
86Kr (stable)
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Delayed neutron measurement techniques

Experiments to measure delayed neutron energy spectra are complicated
because it is difficult to isolate the precursors and measure their spectrum
at the same time

1. 3He spectrometry: Helium-3 gas filled ionization chambers.

2. Proton recoil counters: measure the energy of recoil protons which result from
neutron elastic scattering from ordinary hydrogen.

3. Time of flight measurements: time of flight measured over a specified distance.
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Some available Monte Carlo (MC) codes

o

e Transient calculations®

e Grouped precursors

e Burnup calculations

\

/

-
| & GEANT4

A SIMULATION TOOLKIT

\_

e Monte Carlo Toolkit

e G4Stork: transient
calculations ~50 ms

e Grouped precursors

~

/

Serpent

e Transient calculations
e Grouped precursors

e Burnup calculations

e Fixed source subcritical

calculations
e Grouped precursors

e Burnup calculations

e Transient calculations®

e Grouped precursors

e Burnup calculations

\

/

e | dunno

~




Point kinetics equations with individual precursor data

(o h

t) — j
- _p()j\ n(t)+zj:/\anCj(t)

dC;(t) YI;
th — uAJ n(t) + ; Ak BFi—j Ck(t) — Aj C(t)

\_ J
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.. . Number of neutrons in one generation
k = Multiplication factor = J

Number of neutrons in preceding generation

A= é = mean generation time between birth of neutron and subsequent
absorption inducing fission

“— = reactivity
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p = fraction of fission neutrons which are delayed

B, = fraction of delayed neutron that are effective at inducing fissions
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Prompt chain lengths

P, = k(1 — p) probability of creating a prompt neutron

P(n)=(1-P)Y" PY" probability to create a chain of length n

Then, the average chain length is now given by:
=X, nPm) =1 -P)Y" nPi = 1—1P

p
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International Conference on the Physics of Reactors “Nuclear Power: A Sustainable Resource”
Casino-Kursaal Conference Center, Interlaken, Switzerland, September 14-19, 2008

Scouting the feasibility of Monte Carlo reactor dynamics simulations

David Legrady®, J. Eduard Hoogenboom” *

* Forschungszentrum Dresden-Rossendorf, Dresden, Germany
® Delft University of Technology, Delft, The Netherlands
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The Dynamic Monte Carlo Method

for

Transient Analysis of Nuclear Reactors

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universtiteit Delft,
op gezag van de Rector Magnificus Prof. ir. K.CA.M. Luyben,
voorzitter van het College voor Promoties,
in het openbaar te verdedigen
op vrijdag 05 juli 2013 om 10:00 uur

door

Bart Laurens SJENITZER

Natuurkundig ingenieur

geboren te Amsterdam
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The Dynamic Monte Carlo Method
®" for Transient Analysis
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of Nuclear Reactors

Bart Sjenitzer

1azals Ty
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STATIC AND DYNAMIC STOCHASTIC NEUTRONIC
REACTOR ANALYSIS WITH THERMAL-HYDRAULIC
FEEDBACK

DOCTORAL DISSERTATION

ANTONIOS G. MYLONAKIS

SUPERVISOR:
A. CLOUVAS
Professor

ATHENS, September 2017
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Coupling between Monte Carlo neutron
transport and thermal-hydraulics for the
simulation of transients due to reactivity

Insertions

Thése de doctorat de I'Université Paris-Saclay
préparée a I'Université Paris-Sud

Ecole doctorale n°576 Particules, Hadrons, Energie, Noyau, Instrumentation, Image,

Cosmos et Simulation (PHENIICS)
Spécialité de doctorat : Energie nucléaire

Thése présentée et soutenue a Saclay, le 18 octobre 2019, par

MARGAUX FAUCHER
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Probability of creation of precursor at t<0

( \b 2

/)\\—%, fOI’ precursor group
P={"
/\b

)\—Ii, for individual precursor,
\ Ai

where )\’ is the inversely weighted decay constant defined as

B for precursor group

AP =

., for individual precursor,

81



Probability of creation of precursor at t<0

no(l', E) _ "/)O(ra 01, E) s,

i V(E)

Cz',O(r) _ /4‘ Lw :Bi(ra E)V(r/,\ZE‘)Ef(I',E) ’l,bo(l', Q. E) dEdS,
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Relevance of delayed neutrons

( )

() = (5)
n(t) = nyexp Tt =ngexp | —
T

\- _/

If there are no delayed neutrons, then Ak = 0.0001 means that in one second
power would rise by a factor of ~ 20000 and the reactor cannot be controlled
using mechanic means.

In this case, with delayed
neutron present, reactor power

r 2 . .
would rise by a factor of ~0.1in
L= 1(1 = Pog) + (Tyg + 1) B Poged one second, making possible to
9 y control the reactor by

mechanical means.

83



