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1. Introduction



Introduction
Motivation

How can we model the 
time evolution of neutron 

population in a fissile 
system such as a nuclear 

reactor?
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Introduction
Neutron Transport Equation (NTE)
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Introduction
Prompt neutrons

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

235U prompt fission neutron 
energy spectrum taken from 

ENDF-B/VIII.0

Mean energy of 2 MeV
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Introduction
Delayed neutrons

• Comprise ~1% released neutrons 
• Emitted between 10-3 s and 102 s 

235U delayed fission neutron 
energy spectrum taken from 

ENDF-B/VIII.0

Mean energy of 484 keV

5



Introduction
Neutron Transport Equation (NTE)

[ 1
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And the NTE is coupled to the change in precursor concentration

∂
∂t

Cl(r, t) = ∑
i

βi
l ∫ dE′￼∫ dΩ̂ ν(E′￼)Σf(r, E′￼)ψ(r, E′￼, Ω̂′￼, t) − λlCl(r, t)

Prompt  
fission  
term

Delayed fission  
term

6



Introduction
Approaches to solve the NTE

Deterministic
Stochastic

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

• Phase space is discretized 
• Large memory requirements 
• Constraints in memory may limit accuracy of 

results

• Phase space is not discretized 
• Transports particles 
• Commonly used in stationary 

state
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Introduction
Time in Monte Carlo simulations
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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  

• Interaction probabilities are given by the cross 
sections. 

• Time is not included in phase space.
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Introduction
Time in Monte Carlo simulations

• Time evolution of neutrons 

• Capability to score time dependent quantities 
(e.g. flux as a function of time) 

• Division of simulation time in discrete time 
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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  

• Interaction probabilities are given by the cross 
sections. 

• Time is not included in phase space.



Introduction
-delayed emission in analog Monte Carlo simulationsβ

t0 tf

fission

 prompt neutronsνp

• prompt neutron energy sampled from 
  

• neutron time 
χp(E)

tf

χp(E )
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Introduction
-delayed emission in analog Monte Carlo simulationsβ

t0 tf tf+td

 delayed neutronsνd

• delayed neutron energy sampled 
from  

• neutron time   obtained from 
precursor decay probability: 

χd(E)
tf + td

pi(t) = λie−λi(t−t0) θ(t − t0)

χd(E )
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Introduction
-delayed emission in analog Monte Carlo simulationsβ
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Precursor Precursor
Delayed 
neutron

Delayed 
neutron

10-2 s

T1/2 ~ (10-2 - 102) s T1/2 ~ (10-2 - 102) s

Average fission chain length 
~150 neutrons 

Neutron lifetime ~ 10-4 s 

Fission chain lifetime ~ 10-2 s 

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

If critical, each prompt chain will 
on average create 1 precursor 

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



Introduction
-delayed emission in analog Monte Carlo simulationsβ
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Introduction
-delayed emission in analog Monte Carlo simulationsβ
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Introduction
-delayed emission in analog Monte Carlo simulationsβ
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This means that -delayed emission must be simulated 
another way.

β

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



Introduction
-delayed emission in a non-analog Monte Carlo simulationsβ

Monte Carlo fair game is 
preserved by changing 
the delayed neutron 
weight and population 
control is enforced at 
the end of each time 
interval.

p̄(t) =
1

tj+1 − tj
=

1
Δt

wp(t) = wc ∑
i

Γie−λi(t−t0) wd(t) =
p(t)
p̄(t)

= wcΔt∑
i

Γλie−λi(t−t0) with tj < t < tj+1

Sjenitzer et al., Dynamic Monte Carlo Method for Nuclear Reactor Kinetics Calculations, Nucl. Sci. Eng.,175:1, 94-107, (2013) 15



Introduction
Grouped -delayed emitter precursorsβ

Assumption (6 groups):

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

A(i) =
6

∑
j=1

aj exp(−λjt)
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Introduction
New data on precursors of -delayed neutron emittersβ

These efforts brings the opportunity to 
explore how this new individual precursor 
data impacts on simulations of fissile 
systems.
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Introduction
Inclusion of individual precursors

269 individual 
precursors 
products of 235U fission

Libraries: 
-JEFF-3.1.1 
-ENDF-B/VIII.0

-delayed neutron 
emission
β

i-th precursor 
relative importance

Delayed neutron 
yield

i-th precursor 
delayed neutron 

emission probability

i-th precursor 
cumulative yield

Ii =
CYi Pn,i

νd
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Introduction
About • 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...”

Modified code in this work was called Time-Dependent OpenMC or OpenMC(TD)

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
Some results so far: Publications

2022

2023

2024

20



OpenMC(TD) current status

Time-dependence related to -delayed 
neutron emission

β Individual precursors instead of 6-group 
precursor structure

Current OpenMC(TD) capabilities

Forced decay and population control Individual precursor implementation

Ii =
CYi Pn,i

νd
Romero-Barrientos et al., Nuclear Engineering and Technology , 55, 1593–1603 (2023). 21



OpenMC(TD) current status
Some results so far: 1 group point kinetics vs simulation 

Back to slightly 
supercritical 
[Σa = 0.5882 cm-1]

Batches 25

Simulation 
time (s) 25

No. time 
intervals 50000

Time interval 
length (ms) 10

•Monoenergetic fissile system 

•Rectangular box of (10x12x20) 
cm3 

•Constant cross-sections 

•1-group precursor structure.

+211 pcm 
[Σa = 0.5870 cm-1]

Romero-Barrientos et al., Nuclear Engineering and Technology , 55, 1593–1603 (2023). 22



OpenMC(TD) current status
Some results so far: Different number of precursors

•Energy-dependent fissile system 

•Box surrounded by a 4.29 cm 
thickness light-water moderator. 

•235U cross sections 

•50 individual precursors 

•Slightly supercritical system 
keff=1.00025(3) 

•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

Fission

Neutron

Solution: branchless 
collisions

Longer calculation times in 
critical and supercritical 

systems

Sjentizer et al., Annals of Nuclear Energy 38 (2011) 2195–2203 24



OpenMC(TD) development plans
Branchless collision method

Fission

Neutron

Scattering

Ps =
σs(E)

νf(E)σf(E) + σs(E)

Pf =
νf(E)σf(E)

νf(E)σf(E) + σs(E)

w′￼= w
νf (E)σf (E) + σs(E)

σt(E)

w′￼

⋯

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

Scattering event probability

Fission event probability

Statistical weight after collision
Particle weight is 

changed after every 
collision

w′￼′￼w

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). 25



Nuclear reactor simulation
RECH-1 research reactor overview

Type Pool type reactor

Power 5 MW thermal

Moderation and 
cooling

Light-water cooled 
and moderated

Control 6 Cd control rods

Irradiation sites 6 in-core irradiation 
sites

Experimental beams 5 beam tubes

Molina et al., Applied Radiation and Isotopes 129 (2017) 28–34 26



4. Benchmark experiments



Reactor benchmark experiments
Transient experiments

To compare 
transient simulation 

results with 
experimental 

results

Transient 
experimental 
experiments

Insertion and withdrawal of control plates

Insertion and withdrawal of a small 
absorber

Estimated prompt generation time of 
research nuclear reactor is ~60 sμ Temporal resolution needed is ~ 1 sμ

Two detection systems proposed: in-
core SPND and ex-core 3He neutron 
detector 

Burn-up state of the core will be 
considered if needed (fresh fuel)

{
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5. Conclusions



Conclusions and outlook
• Time dependence related to the -delayed neutron emission from individual 

precursors was included in a Monte Carlo code. 

• 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. 

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

• Associated experimental measurements are planned to validate simulation results. 

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

• 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.

β
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Transient Monte Carlo simulations
-delayed emission from individual precursorsβ

Group structure (current codes) Individual precursors (this work)

Delayed neutron sampled

j-th precursor group is chosen from the 
group relative abundances aj

Associated delayed time sampled from group 
decay probability  and pj(t) λj

Delayed neutron energy is chosen from the j-th 
delayed neutron energy group spectra

Delayed fission takes place

Precursor is created†

i-th individual precursor is chosen to 
decay from relative importance Ii

Associated delayed time is sampled from 
 and pi(t) λi

Delayed neutron energy is chosen as the  mean 
energy from i-th precursor delayed neutron energy 

spectrum

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

Delayed fission takes place



Simulaciones Monte Carlo transientes
Inclusion of time-dependence in a MC simulation

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

1. Time evolution of neutrons  

2. Time filter  

3. Simulation time divided in 
time intervals

†

†
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Transient Monte Carlo simulations
Producción (yield) cumulativo

Cumulative fission yield (CY): 
number of atoms of a specific nuclei 
produced directly from fission and via 
decay of precursors.

CY for 87Br is 2.03% which means 
that 203 atoms of 87Br are created 
per 10,000 fissions.



Transient Monte Carlo simulations
Probabilidad de emisión de precursor de neutrones retardados

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.



Transient Monte Carlo simulations
Recapitulación de la inclusión de precursores individuales

Quantity 6- or 8-group structure This work (50 individual)

Relative abundance    with 1 < j < 6 (or 8)                        with 1 < i < 50

Decay constants    with 1 < j <6 (or 8)    with 1 < i < 50

Delayed neutron energy           with 1 < j <6 (or 8)        with 1 < i < 50

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).

λj

aj

χj(E)

(CYi Pn,i)/νd

λi

χ̄i(E)

Groups

Groups

Groups

Individual

Individual

Individual



Transient Monte Carlo simulations
Recapitulación de la inclusión de precursores individuales

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

β



Transient Monte Carlo simulations
Pruebas de OpenMC(TD) en sistema simple

• Monoenergetic fissile system 

• Rectangular box of (10x12x20) cm3 

• Constant cross-sections 

• 1-group precursor structure.

Parameter Value

𝜷 0.00685

𝝀 (s-1) 0.0784

𝛎 2.5

Σt (cm-1) 1.0

Σf (cm-1) 0.25

Σa (cm-1) 0.5882

Σs (cm-1) 0.4118

v (cm/s) 2.2 x 104

Configurations:  
1.-  Subcritical 
2.- Slightly supercritical 
3.- Reactivity insertion

Input:  
Observables:  and  

Σa
keff n(t)

Calculated reactivity is obtained from:  ρ = Δk
k

Compared with fitted reactivity from: 

 n(t) = n0 [ ρ
ρ − β exp ( ρ − β

Λ̄ ) − β
ρ − β exp ( λρ

ρ − β )]

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



Transient Monte Carlo simulations
Resultados de pruebas de OpenMC(TD) en sistema simple

41

Batches 25

Simulation time (s) 50

No. time intervals 5000

Time interval 
length (ms)

10

+211 pcm 
[Σa = 0.5870 cm-1]

Back to slightly-
supercritical 
[Σa = 0.5882 cm-1]

Simulation parameters

Simulation results were compared to 1-group point kinetics equation



Transient Monte Carlo simulations
Pruebas de OpenMC(TD) en sistema más realista

• Energy dependent fissile system 

• rectangular box of (10x12x20) cm3 

• 235U cross sections 

• Different group structures

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

Configurations:  
1.-  Subcritical,    nU235=4.4362x10-2 (atoms/b cm) → keff=0.98956(3) 
2.- Supercritical, nU235=4.511x10-2 (atoms/b cm) → keff=1.00271(3)

Precursor 
structure

Delayed 
neutron 
energy

Library

1-group χ1(E) JEFF 3.1.1

1-group E1g JEFF 3.1.1

1-group E6g ENDF-B/VIII.0

8-group χ(E) JEFF 3.1.1

6-group Ei ENDF-B/VIII.0

50 individual Ei ENDF-B/VIII.0

Input: nU235, 
delayed neutron 
energy and 
precursor structure. 
Observables:  
and 

keff
ϕ(t)

  and  obtained from adjoint flux 
calculation using MCNP
βeff Λ

Compared with fitted parameters from: 

 ϕ(t) = ϕ0 [ ρ
ρ − β exp ( ρ − β

Λ̄ ) − β
ρ − β exp ( λρ

ρ − β )]



Transient Monte Carlo simulations
Resultados de pruebas de OpenMC(TD) en sistema más realista

Case
1st precursor 
group from 
JEFF-3.1.1

Batches 22

No. time intervals 1000

Time interval 
length (ns)

100

Simulation time 
(ms)

0.1

Wall-clock time (h) 44.32

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 5.74(1) 5.45(56) 5.1%

𝞫eff [pcm] 644(6) 648(38) 1%



Transient Monte Carlo simulations
Resultados de pruebas de OpenMC(TD) en sistema más realista

Case
1st precursor 
group from 
JEFF-3.1.1

Batches 10

No. time intervals 1000

Time interval 
length (ns)

100

Simulation time 
(ms)

0.1

Wall-clock time (h) 52.45

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 6.00(1) 5.45(57) 9.2%

𝞫eff [pcm] 651(6) 666(56) <1%



Transient 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 

• Box surrounded by a 4.29 cm thickness 
light-water moderator. 

• 235U cross sections 

• 50 individual precursors

Configuration:  
1.-  Slightly supercritical, nU235=3.2671x10-2 (atoms/b cm)

Input: nU235, delayed 
neutron energy and 
precursor structure. 
Observables:  and keff ϕ(t)

6-groups 50 precursors Difference

keff 1.00025(3) 1.00032(3) 7(4)

Criticality calculation to assess 
the system reactivity

Effective multiplication factors obtained for the light-water 
moderated system

Then, transient calculations were performed with different precursor structures.



Transient Monte Carlo simulations
Pruebas de OpenMC(TD) en sistema termalizado

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

A good approximation of the 
decrease of the neutron flux is 
given by

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

Precursor Importance

137I 0.1617

89Br 0.1125
94Rb 0.0915
88Br 0.0740
90Br 0.0733
85As 0.0478
138I 0.0471

98mY 0.0417
139I 0.0401

95Rb 0.0357
10 most important precursors removed 
from the list of 50 precursors

 tallied during 4 seconds 
and 3 configurations were 
studied: 

1. 50 precursors 

2. 6-group structure 

3. 10 precursors with the 
largest relative importances 

 removed

ϕ(t)

Ii



Transient Monte Carlo simulations
Resultados pruebas de OpenMC(TD) en sistema termalizado

Batches 2

Simulation time (s) 4

No. time intervals 400

Time interval 
length (ms)

10

Wall-clock time 
6-group precursors 
(h) 

260.05

Wall-clock time 
50 individual 
precursors (h)

410.76Parameter 6-group structure 50 individual precursors

𝞺 [pcm] 25(3) 32(3)

𝞺fit [pcm] 17(368) 35(347)



Transient Monte Carlo simulations
Resultados pruebas de OpenMC(TD) en sistema termalizado

Batches 2

Simulation time (s) 4

No. time intervals 400

Time interval 
length (ms)

10

Wall-clock time 40 
individual 
precursors (h)

319.65

Parameter 6-group structure 50 individual 
precursors

40 individual 
precursors

𝞺fit [pcm] 17(368) 35(347) 111(270)



Combined precursor decay probability

54



𝜷-delayed neutron emission

55

“Physical” statistical weight of delayed neutrons



𝜷-delayed neutron emission

56

Precursor weight at a given 
time t



Precursor forced decay

57

Biased decay probability



Population control

58

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

 teeth. 

K
M K M

M

After combing each particle has weight  and since there are  
particles, total weight is preserved. 

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

w′￼i = W/M M



Branchless collisions

59
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.

Fission probability Scattering probability

Probability generating a 
precursor Statistical weight of neutron



Energy-dependent 235U system: Subcritical configuration case ii 

Case
First group with 
average energy 
from JEFF-3.1.1

Batches 3

No. time intervals 500

Time interval 
length (ns)

100

Simulation time (ms) 0.05

Wall-clock time (h) 3.51

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 5.74(1) 5.45(42) 5.1%

𝞫eff [pcm] 644(6) 666(34) 3.4%

60



Energy-dependent 235U system: Subcritical configuration case iii 

Case
1 group with average 
energy from ENDF-B/

VIII.0

Batches 3

No. time intervals 500

Time interval 
length (ns)

100

Simulation time (ms) 0.05

Wall-clock time (h) 3.49

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 5.74(1) 5.53(52) 3.7%

𝞫eff [pcm] 644(6) 602(36) 6.5%
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Energy-dependent 235U system: Subcritical configuration case iv 

Case
8-group with energy 

distribution from 
JEFF-3.1.1.

Batches 22

No. time intervals 1000

Time interval 
length (ns)

100

Simulation time (ms) 0.1

Wall-clock time (h) 4.32

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 5.74(1) 5.45(45) 5.1%

𝞫eff [pcm] 644(6) 660(38) 2.5%
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Energy-dependent 235U system: Subcritical configuration case v 

Case
6-group with average 
energy from ENDF-B/

VIII.0

Batches 3

No. time intervals 500

Time interval 
length (ns)

100

Simulation time (ms) 0.05

Wall-clock time (h) 4.27

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 5.74(1) 5.68(29) 1%

𝞫eff [pcm] 644(6) 602(57) 6.5%
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Energy-dependent 235U system: Subcritical configuration case vi 

Case

50 individual 
precursors with 

average energies 
from ENDF-B/VIII.0

Batches 3

No. time intervals 500

Time interval 
length (ns)

100

Simulation time (ms) 0.05

Wall-clock time (h) 6.43

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 5.74(1) 5.45(31) 5.3%

𝞫eff [pcm] 644(6) 602(57) 6.5%
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Energy-dependent 235U system: Supercritical configuration case ii 

Case
First group with 
average energy 
from JEFF-3.1.1

Batches 3

No. time intervals 500

Time interval 
length (ns)

100

Simulation time (ms) 0.05

Wall-clock time (h) 7.84

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 6.00(1) 5.45(31) 9.2%

𝞫eff [pcm] 651(6) 666(63) 2.3%

65



Energy-dependent 235U system: Supercritical configuration case iii 

Case
1-group with average 
energy from ENDF-B/

VIII.0

Batches 3

No. time intervals 500

Time interval 
length (ns)

100

Simulation time (ms) 0.05

Wall-clock time (h) 7.81

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 6.00(1) 5.45(57) 9.2%

𝞫eff [pcm] 651(6) 637(35) 2.2%
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Energy-dependent 235U system: Supercritical configuration case iv 

Case
8-group with energy 

distribution from 
JEFF-3.1.1

Batches 3

No. time intervals 500

Time interval 
length (ns)

100

Simulation time (ms) 0.05

Wall-clock time (h) 11.19

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 6.00(1) 6.00(43) < 1%

𝞫eff [pcm] 651(6) 665(35) 2.2%
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Energy-dependent 235U system: Supercritical configuration case v 

Case
6-group with average 
energy from ENDF-B/

VIII.0

Batches 3

No. time intervals 500

Time interval 
length (ns)

100

Simulation time (ms) 0.05

Wall-clock time (h) 11.03

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 6.00(1) 5.45(57) 9.2%

𝞫eff [pcm] 651(6) 635(38) 2.5%
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Energy-dependent 235U system: Supercritical configuration case vi 

Case

50 individual 
precursors with 

average energies 
from ENDF-B/VIII.0

Batches 3

No. time intervals 500

Time interval 
length (ns)

100

Simulation time (ms) 0.05

Wall-clock time (h) 17.24

Parameter Calculated MCNP Fitted OpenMC(TD) Difference

𝚲 [ns] 6.00(1) 5.45(49) 9.2%

𝞫eff [pcm] 651(6) 621(36) 4.6%
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Example: 87Br Decay scheme
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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

Delayed neutron measurement techniques

71

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.



Some available Monte Carlo (MC) codes

● Transient calculations* 
  
● Grouped precursors 

● Burnup calculations

● Fixed source subcritical 
calculations 
  
● Grouped precursors 

● Burnup calculations

● Monte Carlo Toolkit 

● G4Stork: transient 
calculations ~50 ms 

● Grouped precursors

● Transient calculations* 
  
● Grouped precursors 

● Burnup calculations

  Serpent 
● Transient calculations 
  
● Grouped precursors 

● Burnup calculations 

● I dunno 
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Point kinetics equations with individual precursor data

73



74

 = Multiplication factor = k
Number of neutrons in one generation

Number of neutrons in preceding generation

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

Λ l
k

 =  = reactivityρ k − 1
k
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 = fraction of fission neutrons which are delayedβ

 = fraction of delayed neutron that are effective at inducing fissionsβeff



Prompt chain lengths
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 probability of creating a prompt neutron Pp = keff (1 − β)

 probability to create a chain of length nP(n) = (1 − Pp)∑n
i=1 P(i−1)

p

Then, the average chain length is now given by:
 n̄ = ∑∞

n=1 nP(n) = (1 − Pp)∑∞
n=1 nPn−1

p = 1
1 − Pp
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Probability of creation of precursor at t<0
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Probability of creation of precursor at t<0
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Relevance of delayed neutrons
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n(t) = n0 exp ( Δk
l

t) ≡ n0 exp ( t
τ )

If there are no delayed neutrons, then  means that in one second 
power would rise by a factor of  and the reactor cannot be controlled 

using mechanic means.

Δk = 0.0001
≈ 20000

l = lp(1 − βeff ) + (Tavg + lp) ≈ βeffTavg

In this case, with delayed 
neutron present, reactor power 
would rise by a factor of  in 
one second, making possible to 

control the reactor by 
mechanical means.

≈ 0.1


