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Neutrons

Bragg diffraction and Dynamical Diffraction

Quantum Random Walk approach to neutron scattering
Experiments and Applications
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Neutron spectrum
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Rule of twos:

* Energy of 20 meV
* Wavelength of 2 A

* Speed of 2000 m/s

1994, nobelprize.org




Imaging with Neutrons

The fine details of the water concentration in these lilies
are clear to neutrons even in a lead cask

Ordinary photography Hussev. NIST Neutron radiography
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Neutron Scattering — Perfect crystals
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25 SEPTEMBER 1972

Spherical-Wave Neutroh Propagation and Pendellosung Fringe Structure in Silicon*

C. G. Shull and J. A. Oberteuffer

Massachuselts Institute of Technology, Cambridge, Massachusetts 02139
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Neutron Scattering — Perfect crystals
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Kinematic Diffraction: for single scattering events

Borrmann
triangle

Dynamical Diffraction (DD): Incident plane wave to
perfect Silicon crystal at Bragg condition
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= A=2dsinfp

Wave split according to interactions with atoms in
periodic lattice

= Dynamicinterchange of neutron intensity inside crystal
=  Pendellosung length (typically ~50 um)
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H. Rauch, S. A. Werner, Neutron Interferometry: Lessons in Experimental Quantum Mechanics, Wave -Particle Duality, and Entanglement, Vol. 12, Oxford University Press, New York, 2015.




Dynamical Diffraction
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Dynamical Diffraction

Bragg Geometry: Darwin plateau:

41.0

10.8

10.6

Reflectivity

04

0.2

* Complicated: multiple reflections from back P P 5 . .
face of the crystal y
y: proportional to deviation from Bragg angle 605
* Total reflection from surface near Bragg

angle neutroninterferometry.com




Limitations of Dynamical Diffraction

Complex mathematical structure

, arb. units

Even a single perfect Bragg crystal is considered
to be infinitely thick to avoid back face reflection

r=0r=2r= 4FaceI

Peak |
/ Peak 2 93\//// o
{(AVAV AN}

\ Face 11

* Imperfections

e Deformations

P
3
Impractical to deal with: 6
4
2

* Multiple crystal reflections/transmissions

-
[—

» Temperature gradients

2 3 r, arb. units

Yu. G. Abov, N. O. Elyutin, and A. N. Tyulyusov, Dynamical neutron diffraction on perfect crystals, Phys. At. Nucl. 65, 1933 (2002).



Quantum Information (Ql) Model for DD

= Quantum random walk
a
= Neutron input state to a node: (,8)

= Unitary node operator:

] U_[ta rb]_ e cosy
=17 o=

* Propagate through the layers:
= Y = 15 Croitho

PHYSICAL REVIEW A

Equivalence relation:

covering atomic, molecular, and optical physics and quantum information
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Generalizing the quantum information model for dynamic

diffraction

O. Nahman-Lévesque, D. Sarenac, D. G. Cory, B. Heacock, M. G. Huber, and D. A. Pushin
Phys. Rev. A 105, 022403 — Published 7 February 2022
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Quantum-information approach to dynamical diffraction theory

J. Nsofini, K. Ghofrani, D. Sarenac, D. G. Cory, and D. A. Pushin
Phys. Rev. A 94, 062311 — Published 8 December 2016
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Ql Model — Laue Crystal
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Parameters:
D = 2.5 mm, assuming
AH =50 um

- Intensity profiles
predicted by DD are
reproduced with a QRW
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Ql Model — Laue Crystal
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Ql Model — Bragg Crystal

d
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Parameters:
D = 0.5 mm, assuming Ay = 50 um

- Intensity profiles predicted by DD are
reproduced with a QRW
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Ql Model — Bragg Crystal

Transmitted

fffy
S
il
NI

m
‘\)()({an“"ml;”'f , 5.05

f

8.08
-7.07
-6.06
-5.05
-4.04
- 3.03
2.02
1.01
0.00

10 :2() 30 40
X Position (Ay)

Z Position (Ap)

Reflected

9.09
B 8.08
L 7.07
- 6.06
L 5.05
- 4.04
L 3.03
2.02
1.01
0.00

10 20 30 40
X Position (Ay)




Comparison with Experiments

Experiment: 300
4.43 A neutrons
O = 45° 250

111 reflection

A"
o
o

- Account for incoming
beam shape by convolving
simulation with
experimental profile
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Scale reading

— Experimental data (Shull 1973)

====== Simulation
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0. Nahman-Lévesque, D. Sarenac, D. G. Cory, B. Heacock, M. G. Huber, D. A. Pushin, Generalizing the quantum information model for dynamic

diffraction, Physical Review A 105 (2) (2022) 022403

C. G. Shull, Perfect crystals and imperfect neutrons, J. Appl. Crystallogr. 6, 257 (1973)
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Comparison with Experiments
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A. Zeilinger, C. G. Shull, J. Arthur, and M. A. Horne, Phys. Rev. A 28, 487(R), 1983
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Applications: Neutron Cavity

Bounce 110 Intensity

4.0e-05
3.0e-05
* Capable of long term
neutrons storage
2.0e-05
* Important device for
1.06-05 neutron electric dipole
moment measurements
0.0e+00

New J. Phys. 25 (2023) 073016 https://doi.org/10.1088/1367-2630/acdb93
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Applications: Neutron Cavity

To learn more and see experimental results:

Check out “Quantum Information Description of Neutron Storage”
poster

Wednesday January 15™ 16:00 — 18:00

Poster presenter: Owen Lailey, PO13

New J. Phys. 25 (2023) 073016 https://doi.org/10.1088/1367-2630/acdb93

Published in partnership
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of Physics
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Quantum information approach to the implementation
of a neutron cavity

O Nahman-Lévesque*(, D Sarenac'’(, O Lailey*@, D G Cory"', M G Huber’> and D A Pushin"**
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UNIVERSITY OF WATERLOO

Quantum Information Description
of Neutron Storage

O. LAILEY, D. SARENAC, O. NAHMAN-LEVESQUE, D.G. CORY, M.G. HUBER AND D.A. PUSHIN

Background

Neutron Storage

The theory of Dynamical Diffraction (DD) descibes neutron
propagation through perfect crystals. DD theory predicts that in the
Bragg geometry, neutrons falling within a narrow range of
momentum centered around the Bragg condition (the Darwin width)
are reflected with close to 100 % probability.

Multiple Bragg blades can be employed to store neutrons between
the blades. These devices are useful in fundamental physics
applications such as the search for the neutron Electric Dipole
Moment (nNEDM).

However, the standard theory of DD needed to develop such devices
and experiments is impractical to use in scenarios of

Shown below is the confined neutron intensity within the neutron
cavity after 1000 bounces between the blades. The reflectivity differs
from 1by 10 ppm in this regime.
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« Complex geometries
« Orystal defects and surface roughness
+ Temperature gradients
Quantum Information Model
Neutron diffraction can be equivalently and simply described as a
quantum random walk through a lattice of nodes. Each node acts as a
unitary operator on the neutron wavefunction, transmitting and
reflecting components to the nearest neighbours.
Single node input and operator:

- cosy  sin y)
W= =
i [J"vl L] (—sm'y cosy,
There is an  equivalence
relationship ~ between  model
parameters and a  given

experimental configuration: "~
_nd v

L

where d is crystal length and 4, is

Pendellosunglength (=50 um). 1= 0 1 2 3 4 5 6--n

Modelling a Neutron Cavity

The QI model allows for the rapid, in-depth modelling of the neutron
cavity and full parameter analysis. Shown below is the simulated
neutron intensity within the two perfect crystal blades forming the
cavity. Intensity is confined to the inner crystal surfaces within

Bounce 110 Intensity
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Experimental Implementation

Shown below are the experimental results from propagating a 2.35 A
wavelength neutron beam through a neutron cavity. A scanning slit
and integrating detector map the escaped and confined neutron
intensity, in excellent agreement with simulations.

Using the QI model, we show that experimental crystal imperfections
such as surface roughness/defects results in 4 leakage beams
through the top blade of the cavity, modelling of which is impractical
with the convential theory of DD.

Scarging S Potin s

Neutron count
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Multiple Interactions

Neutron interferometry

o Gravity M.9Msin(a) is a diverse instrument
27h

e Nuclear
e Gravity
e Magnetic
e Coriolis

e Aharonov-Cashir

e Scalar Aharonov-Bohm
e Search for Dark Energy

\
¢ Aharonov-Casher = 20z 5

hc




Standard
DD

N=1000

N=1000

Standard
DD

Appl

cations: Neutron Interferometer
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Nsofini, J., Ghofrani, K., Sarenac, D., Cory, D. G., & Pushin, D. A. (2016). Quantum-
information approach to dynamical diffraction theory. Physical review A, 94(6), 062311.




PendEIIOSU ng Interference Q; Reciprocal lattice vects

bn; Nuclear scattering lengt

The coherent scattering length has informations about 2. Atomic Number
b(Q) = e—W(Q){bN +Z[1 - £,(Q)] + b:=(Q)} fe; Atomic form factor

Debye-Waller factor neutron-electron scattering length _Fifth Force term

Results; (DWF) Bg; = 04761(17) A2 b= —1.28(10) x 103 fm A —

Beam

Sample
2 ATitStage 5 geam

> L <Bragg
2% “\ Planes

Science Current Issue First release papers Archive About v
@ REPORT  PHYSICS f ¥ in @ ®& = J A Incoming
. . ’ /\ Beam
Pendellosung interferometry probes the neutron charge S~
radius, lattice dynamics, and fifth forces Sample Interferometer
c 0B
,. Or

Crystal rotates to change
Bragg reflection

+5 authors Authors Info & Affiliations

SCIENCE - 9 Sep 2021 - Vol 373, Issue 6560 - pp.1239-1243 . DOI: 10.1126/science.abc2794

R

-
—-—
-
-

Setting bounds on a fifth force

Some extensions to the Standard Model of particle physics posit the existence of a (i ]



PendEIIOSU ng Interference Q; Reciprocal lattice vects

bn; Nuclear scattering lengt

The coherent scattering length has informations about 2. Atomic Number
b(Q) = G_W(Q){bN +Z[1 - £,(Q)] + b:=(Q)} fe; Atomic form factor

Debye-Waller factor neutron-electron scattering length _Fifth Force term

Results; (DWF) Bs; = 04761(17) A2 b, = —1.28(10) x 103 fm
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Setting bounds on a fifth force

Some extensions to the Standard Model of particle physics posit the existence of a (i ]
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