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Purpose & Motivation

e |nteractions between neutrons and U-235
can cause fission which release energy

* The modelling of neutron transport is
important to many aspects of nuclear
reactor operation

* We want to improve the model of neutron
transport by including fluctuations and
feedback effects using methods from
guantum field theory
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Background

Patchy nuclear chain reactions

Eric Dumonteil® “*= Rian Bahran?, Theresa Cutler?, Benjamin Dechenaux 1 Travis Grove?,

Jesson Hutchinson?, George McKenzie?, Alexander McSpad&ng. Wilfried MnnangH. Mark Nelsnnz,
Michaolas Thampscnz & Andrea Zoia®*

* Experiments have found connections
between neutron fluctuations and
spatial correlations of the neutron
distribution

* This might contribute to the
asymmetry of power distribution seen
in large reactors

(a) BOL-ARO (0 MWd/tU, All Rods Out)

1.009 | 0.971

L

-zem|.aam
EEREEAEELY SET 557
oo |-aas|-asm| -11m|-22m | 2w
62n | namn | 0w | oaom | -0 1m |10 | -2sou ]SS
018 | ooew | 16w | 1oow [ voow | 1aow | oum | -osf-zes| e
oo | 1o | veaw | doow | 2aaw | rem | ae | oeon e
oo | 156w | 1mmw | 720w | 200w | Baan | 270w | 2o | 10w | 0ons |1
ou | 1558 | 160w | 229% | 300N axm|aos| 1| 1 -~ A
oi | 1108 | 16 | 2w | Sa0 | 4508 aam | 236 | 1 25| a2
7on | aois | 1mes | 2mi | 83S8 260 | 1 118 21| 2
ean [ o7en | 22w | 22m [ 2eee Bam| zsen | oss | -case 17m| 2
oas | osis | 1o | 226w | 20 | 206w | 13es | 0118 | -0sow |1 ee) 0 s
IETY PP FETY ST BT PR LS
1w | 110w | 120 | 1208 [ am o3
o7 | 2148 | 026

Radial Power Distribution Deviations*

1.021 | 0.999

TILT

Li, X., Cai, D., Wang,
X., He, M., Li, Z.,
Zhao, C., & Wang, X.
(2025). Neutronic
analysis of PWR fuel-
assembly bowing
based on
measurement

data. Nuclear
Engineering and
Design, 443, 114283.







Neutron transport in reactors

How fast the neutron population with direction  and energy E
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Neutron transport
* Neutron diffusion equation (approximation of the E
neutron transport equation): 3 Neutron path |

Neutron path 2

10 4 == Neutron mean

a - 2 -
aN(x, t) = (DV* + p)N(X,t) |
N N ° (I) 1I0 2I0 3ID 4I0 50
where N (X, t) is the neutron density (flux) at position X and time t. D denotes the Time [ s ]
diffusion coefficient and p the reactivity.

Suescun-Diaz, D., “Stochastic Neutron Population With Temperature Feedback Effects
Using The Implicit Runge-Kutta Scheme,” J. Appl. Sci. Eng., vol. 28, no. 8, pp. 1795-
1803, Sept. 2024, doi: http://dx.doi.org/10.6180/jase.202508 28(8).0016.

* We want to include fluctuations and feedback effects:

0
- N(Z,£) = (DV? + pIN(Z, £) + (%, £) + oN* (%, 1)

* Doppler effect (example of feedback):

* Higher neutron flux = more fission = higher
temperature = faster vibration of U-238 =
broadening of the absorption cross section =2
more absorption = lower neutron flux

= High temperature
— Low temperature

Microscopic cross—section

Resonance center

Neutron energy

Quist, S. A. (2013). Safety and core design of large liquid-metal cooled fast breeder
reactors. University of California, Berkeley.
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Quantum Field Theory (QFT)

* QFT is a framework that models the behaviour of
fundamental particles

 The fields in QFT fluctuates

* Tools from QFT can be used to analyse neutron
fluctuations

B .
Scattering

amplitude from A
toBintimeT

— z e i-(phase)

all paths
= fDx(t)eiS[x(t)]/h

Sachin48 sps. “Feynman paths.” commons.wikipedia.org.

Accessed: 30 Oct. 2025. [Online]. Available:
https://commons.wikimedia.org/wiki/File:Feynman paths.png.

D. Leinweber. “Quantum Fluctuations.”
commons.wikipedia.org. Accessed: 30
Oct. 2025. [Online]. Available:
https://commons.wikimedia.org/wiki/F
ile:Quantum_Fluctuations.gif.

J. Holdsworth. “Feynmann Diagram Gluon
Radiation.” commons.wikipedia.org. Accessed:
30 Oct. 2025. [Online]. Available:
https://commons.wikimedia.org/wiki/File:Feyn
mann_Diagram_Gluon_Radiation.svg.



https://commons.wikimedia.org/wiki/File:Quantum_Fluctuations.gif
https://commons.wikimedia.org/wiki/File:Quantum_Fluctuations.gif
https://commons.wikimedia.org/wiki/File:Feynmann_Diagram_Gluon_Radiation.svg
https://commons.wikimedia.org/wiki/File:Feynmann_Diagram_Gluon_Radiation.svg
https://commons.wikimedia.org/wiki/File:Feynman_paths.png

Previous work s= [a's [ aits, - (A + DIV + 0NN 27N

2ZA 2a
PHYSICAL REVIEW E 106, 064126 (2022)

Percolation properties of the neutron population in nuclear reactors da A
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M (Received 10 October 2022; accepted 30 November 2022; published 19 December 2022)

Reactor physics aims at studying the neutron population in a reactor core under the influence of feedback
mechanisms, such as the Doppler temperature effect. Numerical schemes to calculate macroscopic properties
emerging from such coupled stochastic systems, however, require us o define intermediate gquantities (e.g..
the temperature field), which are bridging the gap between the stochastic neutron field and the deterministic
feedback. By interpreting the branching random walk of neutrons in fissile media under the influence of a
feedback mechanism as a directed percolation process and by leveraging on the statistical field theory of binth
death processes, we will build a stochastic model of neutron transport theory and of reactor physics. The critical
exponents of this model, combined with the analysis of the resulting field equation involving a fractional

Laplacian, will show that the critical diffusion equation cannol adeguately describe the spatial distribution of = 5
the neutron population and shifts instead to a critical superdiffusion equation. The analysis of this equation will p—
reveal that nonnegligible departure from mean-field behavior might develop in reactor cores, guestioning the 8, 1
attainable accuracy of the numerical schemes currently used by the nuclear industry. = e
DOL: 1001 103/PhysRevE. 106.0641 26 ?’ E 1.0 -0.5 0.5 1.0
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Research plan

1.
2.

4.
5.

Reproduce/verify the previous work

Improve the theoretical model
* Make the model of feedback more accurate
* Include delayed neutrons (from nuclear decay) in the same framework

« Make the reactivity space and time dependent, p = p(x, t)
* Introduce energy dependence/multiple energy groups to the neutron flux

Simulate the system numerically

Implement the improvements in established reactor physics code(s)

Verify the results experimentally



Derivation — Correlation functions

 Stochastic neutron diffusion equation:  a.n(x.t) = DV2N(x, ) + pN(x.t) + m(x, 1)
> S[N,N] = /;“;’{x.t}(ﬂ, — DV? = p)N(x.t) — N(x,t)T(N(x, 1)) N(x, t)d*zdt.

N(x,t)is treated as a scalar field

* Generating functional:  #17.7 =ﬁ»-"/ DNDi N|e= SN+ Tox0)7 N o)z
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(assuming that the noise is independent of N)



Derivation — Next step

* Include higher order terms
« N N2 (reactivity feedback)
e N2N (noise depends linearly on N)



Summary

 We want to improve the understanding of neutron transport in nuclear reactors
* Neutron density fluctuates and is subjected to feedback effects

* A toy model (simplistic neutron diffusion equation) has been investigated by using a field
theoretic framework

 We want to improve and expand this model, for example by making the reactivity space
and time dependent p — p(X, t)

* Investigate, test and verify the model numerically and experimentally

* Aim is to improve reactor efficiency and safety (margins) to increase power output of
current technology
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Neutron transport
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* Neutron diffusion equation (approximation of the neutron f 27
transport equation): 5 Neutron path |
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aN(a?, t) = (DV? + p)N(%,t)

where N (%, t) is the neutron flux at position X and time t. D denotes the diffusion coefficient 0 10 20 30 40 50
and p the reactivity. Time [ s ]

Suescun-Diaz, D., “Stochastic Neutron Population With Temperature Feedback Effects
Using The Implicit Runge-Kutta Scheme,” J. Appl. Sci. Eng., vol. 28, no. 8, pp. 1795-
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* Doppler effect (example of feedback): £ o e
* Higher neutron flux = more fission = higher temperature =2 I
faster vibration of U-238 - broadening of the absorption cross 2
section = more absorption = lower neutron flux 2
* Heat generation: §~X¢N 2
* Heat transfer: g~AT S
* Reactivity feedback: dp~aT
* Neutron diffusion: 3; N~pN resanence center

Neutron energy
9 atN"’NZ
Quist, S. A. (2013). Safety and core design of large liquid-metal cooled fast breeder
reactors. University of California, Berkeley.
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Neutron transport in reactors
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https://en.wikipedia.org/wiki/Neutron_transport#Neutron_transport_equation

Thermal hydraulics

e Conduction: -
¢, (T)p(T) Fr (r,t) =q""(r,t) + V- [k(T)VT(r,t)]

e Convection:

P (1r,6) + V- (pev) (1)
=-V-q"(r,t)+q"(r,t) +V (- v)(r,t) -V - (Pv)(r,t) + (pg - v)(r,t)
e Conservation of mass: 3
a—’:(r, D +V-(pv)(rt) =0

* Conservation of momentum:

p(r,t) <g—1; (r,t) + v(r,t) - Vxv(r, t)) =V-1t(r,t) - VP(r,t) + p(r,t)g



Derivation — Langevin equation

* Langevin equation: 0D — e 1) + w1
* The noise 1 varies faster than f

. . N N
* Expansion of unity: / exp (-:r / foEXJ(}’;[X}rf”;;r) [] det (*”f}jf) D¢, Df; = 1
{1,}
* Average over noise: £, = N / Ol TT Plnsion;

e Assuming a forward discretlzat|on scheme and Gaussian noise with
zero mean and covariance < m(x.t)n(x',t) >=2T:(f)d;0(x = x)o(t = ') that is
independent of 0,2 , S

pendentof 0cf 2, _ [ oI T A5 4l

S[f.€] = /Z (Ep(x,8) [ fr(x,t) — gr(fr(x,t))] — ETh( fi) &) A" xdt
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