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NEUTRONS AND THEIR INTERACTION WITH MATTER
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MHistory i neutrons and nuclear reactions
AProduction i reactors and spallation sources
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A BIT OF HISTORY

The neutron

A1932: J . Chadwick, after work by SHet+;Be- *C+.n

others, discovers the Oneutr orz(), 5302 ,
neutral but massive particle My tMg JOo+ T =(Me+m, 24T +T,

m, =1.0067 0.001Zamu

To pump

1

Polonium
(source of alpha particles)

s
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\\ amplifier

i‘_—’ and
\%/ ‘ ioscilloscope

Beryllium Paraffin Ionization chamber
wax target

Neutron chamber
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A BIT OF HISTORY

The nuclear reaction

A1938: O . Hahn, FE Strassmann & L. Meitner discovered the fission
of 235U nuclei through thermal neutron capture

A1939:H .v. Halban, F Joliot & L. Kowarski showed that 235U nuclei
fission produced 2.4 n © on average 1 chain reaction

A1942: E . Fermi & al. demonstrated first self - sustained chain
reaction reactor -

Chicago pile:
360T of graphite
50T of U and UO
0.5W power
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N OBEL PRIZES , NEUTRONS AND THE ILL

Chadwick, Shull &

Brockhouse

06/09/2022

James Chadwick
(1891 - 1974)

The Nobel Prize in Physics 1994

The Royal Swedish Academy of Sciences has awarded the 1994 Nobel Prize in
Physics for pioneering contributions to the development of neutron scattering
techniques for studies of condensed matter.

Clifford G. Shull, mIT,
Camebridge, Massachusetts,
USA, reasves one half of the
1954 Nobed Prize in Physics for
development of the neutron
difraction echnigue.

Shull made use of elastic scattering i.e. of
neutrons which change direction without

Betram N. Brockhouse,
MdMater University, Hamilton,
Ontario, Canada, receives one
half of the 1994 Nobef Prize

In Physics for the development
of neutron PecToscopy.

Brockhouse made use of inelastic
scattering i.e. of neutrons, which change
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N OBEL PRIZES , NEUTRONS AND THE ILL
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N OBEL PRIZES , NEUTRONS AND THE ILL

Haldane (1977 I 1981), Kosterlitz ~and Thouless for topological phase transitions and phases of matter (Electronic
structure and excitation of 1D quantum liquids and spin chains)

The Royal Swedish Academy of Sciences has decided to award the

2016 N OBEL PRIZE IN PHYSICS
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NEUTRON SOURCES

Fission reactors

ANuclear fission A chain reaction with excess Fission
neutrons (In A 2.5n)

ASlow neutrons split U -235 nuclei

Uranium 235

- 98, 9o

AFission neutrons have MeV energies and need to
be moderated (thermalized) to meV energies by
scattering from water

fission of the chain reaction

AThermalisation @ RT A thermal neutrons, @ sl skl i e
25K A cold neutrons and @ 2400 K A hot moderated neutrons

neutrons
AILL 7 flux1.5x10 15 n/cm 2/s
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NEUTRON SOURCES

Spallation sources

ANeutrons can be produced by
bombarding heavy metal targets

A2 GeV protons (90% speed  -of-
light) produce spallation I
evaporation of ~30 neutrons

06/09/2022

Spallation
intra-nuclear cascade
» I.» .
ﬁ."
e o
&

impinging fast target nu€lei inter-nuclear cascade
particles

P — » —
~1 Giga J 4 cascade J

electronvolt particle

* proton highly excited

evaporation
® neutron nucleus vapora
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NEUTRON SOURCES
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CONTINUOUS OR PULSED BEAMS

Integrated vs peak flux I ESS will have a time
integrated flux comparable to ILL

A
8- x10™ ESS 5 MW
7 A=15A 2015 design
ol thermal moderator
S G-
92
@
& 5=
=
Q
c 4=
- ESS 5 MW
GC‘@ 3 - 2013 design (TDR)
S 2- SNS  JPARC
= ISISTS1 ISIsTs2 -4 MW 300 kW
19 128 KW 32 kW L &5

0 1 2 3 4 time (ms) '.ll
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CONTINUOUS OR PULSED BEAMS

Integrated vs peak flux I ESS will have a time -integrated flux comparable to ILL
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THE NEUTRON
As a particle

free neutr ons a-decayuM gratoa bdleetron, anti  -neutrino

life time: 888 N 1sec or 880 N 1 sec !l

wave - particle duality: neutrons have particle -like and wave -like properties
A mass: m,=1.675x10 -27 kg=1.00866 amu . (unified atomic mass unit)
A charge =0

A spin =1/2

A magnetic dipole moment: T, = -1.9 T 1 0= 28 Ty T,~103T

A velocity (v), kinetic energy (E), temperature (T), wavevector (k),

wavelength (1)
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THE NEUTRON

As a particle

AVelocity (v), kinetic energy (E ), temperature (T ), wavevector (k),
wavelength (| )

E=m v?/ 2=k, T=(hk/2" }’/2m_ =(h/)?/2m

ANeutron energy determines velocity and therefore time -of-flight ( tof) over a
given distance i.e.  tof A energy determination

tof ===25% se@=A-Q [m]
v & H _



THE NEUTRON

As a probe
Energy Temperature (K) Wavelength (nm)  velocity (m/s)
Ultra cold neutrons <10 peV <0.05 > 30 <15
Cold neutrons 100 - 5000 peV 1-60 04-3 150 - 1000
Thermal neutrons 5-50 meV 60 - 600 0.13-0.4 1000 - 4000
Hot neutrons  0.05-0.5eV 600 - 6000 0.04-0.13 4000 - 10000

ULTRA-COLD NEUTRONS COLD NEUTRONS REACTOR NEUTRONS

20nK 1073 107 103
Temperature (K)

Neutron energy (eV)

™12 1077 103 107
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THE NEUTRON

As a probe

AWavelengths on the scale of inter -atomic distances: A -

nm wavelengths to measure A - /mm distances/sizes
n/ =2dsin Q

AEnergies comparable to structural and magnetic Y

excitations: meV neutrons to measure neV i meV
energies

ANeutral particle i gentle probe - no radiation damage,
highly penetrating (e.g. 30 cm of Al )

AMagnetic moment  (nuclear spin) probes  magnetism of
unpaired electrons (N.B. m ~1000x m,)
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THE NEUTRON

As a probe 1 interacting with matter I scattering from atoms

Neutron flux at reactor core
A1.5 x 101 n/cm 2/s

Flux at an instrument  sample position spherical waves

A108 n/cm 2/s emitted by

A 10°° n/mm?/ms :ztﬁ;fﬁii,?zeefsstsz///////////////

A 10-% n/nm ?/ns

On these time and length scales, neutrons
are being scattered one at a time

D)) source

plane waves in

Need wave -particle duality of neutrons scattering system

V//{
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THE NEUTRON

As a probe 1 interacting with matter I (elastic) scattering from a single fixed nucleus
eikf.r
. -b
ANuclear size « neutron wavelength A r
: : : Scattered
point - like s -wave scattering S Sl i
eikix eikgr

3 i

Abi s the scattering |
fm
e
A#neutrons scattered per second per oident K / '
unit solid angle W Y?r2d W am \ \\\iy/ o
ds/d W=b 2 k
As is the cross -section: 4 b2 (in barns) V(r) = 2ph” bd(r)
m
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THE NEUTRON

As a probe 1 interacting with matter I scattering from a set of nuclei

i - Rk

doi ..
aq A

VO%QJIO
|- ADO

iQ.
b;b.e

spherical waves

- _-k k emitted by

Q Rt ORI interference patter / scattering centres

in front of detector W M\ ) source
7

AQ is called momentum  transfer

AQ-dependence (eg angle) gives

Info about atomic positions plane waves in

scattering system
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THE NEUTRON

As a probe 1 interacting with matter I scattering from a set of identical nuclei I coherent and incoherent scattering

ASet of N similar atoms/ions i
spins/isotopes are uncorrelated at

different sites dcl .
y g, e {67 07N
Ab depends on spin/isotope dq ik
AAverageis 0 b i 2
o =4 (b g 2
Alncoherent scattering gives a Q lean=4" (b} 2 Uoh=4" B 2
independent (flat) background Oneon=4" (0%} - (b) ) Uincon=4" 1

ABut it can be useful to probe the
dynamics of single particles (later)

V//{
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THE NEUTRON

As a probe 1 interacting with matter I scattering from a set of identical nuclei

Alf single isotope and zero nuclear spin, no
Incoherent scattering

Alf single isotope and non  -zero nuclear spin |
(LpPpi N i ncoherenceld)

Anucleus+neutron  spin: 1+1/2 and 1-1/2
scattering length  b* and b-

ATo reduce incoherent scattering
(background):

i polarise nuclei and neutrons

i use isotope substitutione.g.H A D

06/09/2022

i coherent and incoherent scattering

(b) :2|1+1(| +1)b*+1b" |
<b2>- <b>2: I(I +1) (b+- o )2

(21 +1)
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THE NEUTRON e

Atomic number

Scattering ———-
lengths 1 6 8 22 26 28 82
Light atoms
N ° - o o o . X-rays
Contrast GCJ ; .
= H C O Ti Fe Ni Pb
%’ Hydrogen Carbon Oxygen Titanium Iron  Nickel  Lead
% ® © . ® & ©
14
(inc) E ' F [ Ni
T wfF N a Fe
T e % os | B |
2@ Bost
= 04 3 Cr
49 | g 0.2 — A Co
g-ﬂ.z - L {‘
Z 04 JH Ti Mn
06/09/2022 g b
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THE NEUTRON

Scattering lengths can be positive or negative (nuclear physics)

/\ /_x 4. -
APositive b (most nuclei): phase change
ANegative b: no phase change at scattering point /\ N M
A3
ZSymbA  por Ty I be b+ b. c OCcoh Oinc O scatt Gabs
0-N-1 100.3MIN 172 -37.0(6) 0 -37.0(6) 43.01(2) 43.01(2) 0
1-H -3.7409(11) 1.7568(10)  80.26(6) 82.02(6) 0.3326(7)
1-H-1 99,985 172 -3.7423(12) 10.817(5) -47.420(14) +/-  1.7583(10) 80.27(6)  82.03(6) 0.3326(7)
1-H-2 0.0149 1 6.674(6) 9.53(3) 0.975(60) 5.592(7) 2.05(3) 7.64(3) 0.000519(7)
1-H-3 1226 Y 122 4.792(27) 4.18(15) 6.56(37) 2.89(3) 0.14(4) 3.03(3) < 6.0E-6
2-He 3.26(3) 1.34(2) 0 1.34(2) 0.00747(1)
2-He-3 0.00013 12 5.747) 4,374(70) 9.835(77) E 4.42(10) 1.532(20) 6.0(4) 5333.0(7.0)
2-He-4 0.99987 0 3.26(3) 1.34(2) 0 1.34(2) 0
3-Li -1.90(3) 0.454(10)  0.92(3) 1.37(3) 70.5(3)
3-Li-6 7.5 1 2.0(1) 0.67(14)  4.67(17)  +- 0.51(5) 0.46(5) 0.97(7) 940.0(4.0)
3-Li-7 92,5 32 -2.22(2) -4.15(6) 1.00(8) +- 0.619(11) (.78(3) 1.40(3) 0.0454(3)
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THE NEUTRON

Scattering lengths can be positive or negative
A Contrast matching

06/09/2022

scattering length density [1010 cm-z]

water
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THE NEUTRON

As a probe 1 interacting with matter - absorption

AAbsorption i neutron capture

ASeveral strong absorbers:
He, Li, B, Cd, Gd, e

Alsotope dependent i
your advantage

choose to

06/09/2022
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THE NEUTRON

As a probe 1 interacting with matter - absorption - Neutron detection

AHow to detect a weakly interacting, neutral
particle?

AWith a neutron absorber and measure the
resulting signal

"He+ ,n —H+p +0.764 MeV




THE NEUTRON

Scattering and absorption cause attenuation of a neutron beam A imaging

NEUTRONS X=RAYS
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THE NEUTRON

Scattering and
absorption cause
attenuation of a
neutron beam A
imaging
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THE NEUTRON

As a probe 1 interacting with matter - summary

Alnteraction with nuclei:
4 short range interaction A angle independent scattering (no form factor)

4 scattering length can be positive or negative (A contrast variation)

4 depends on isotope (A selectivity) and nuclear spin

A A Incoherent scattering T strength (to come!) and weakness (background)

4 coherent scattering A interference effects A structural information

A scattering contrast different from X -rays, favours light atoms

AA gentle probe - meV neutron beam does not cause radiation damage like a ~10
keV photon beam (what about XFEL!)

AMagnetic moment probes magnetism of unpaired electrons (form factor!)
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NEUTRONS AND THEIR INTERACTION WITH MATTER

Overview

MHistory 1 neutrons and nuclear reactions
AProduction i reactors and spallation sources
AProperties 7 as a particle and a probe

Anstruments I exploiting the probe to do science
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| NSTRUMENTS & SCIENCE

Time
and
length
scales
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THE |

Optimised
for
continuous
neutron
beams
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|| Large-scale group
[l Time-of-flight / High-resolution group
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GENERAL EXPRESSION FOR SCATTERING FROM A COMPLEX SYSTEM

Deriving the general scattering function

Based on
] . .. . . EWki’)‘i_)ka‘f
ABorn approximation i kinematic theory: neutron do _ /inde

wavefunction un-perturbed inside )

Sample aq b dQ

AFer mi 6s Gol den Rule to calculate transitio

(k) and system/sample (/) from initial to final states e ,
: : : EWk,,x,ekf,xf = _pkf‘<kf)\‘f‘v‘ki)\‘i>
AHamiltonian to describe the system states ( /) Kk, indQ h

8(E, -E,+E, -E, )

2 2
sl o] v
dE,dQ), , ~ k\2mn
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GENERAL EXPRESSIONS FOR SCATTERING FROM A SET OF MOVING ATOMS

Deriving the scattering function i end up with (after much algebra and manipulations!)

Sample

Energy Filter

ok 1 0o ol (0)kxdiod Q> |

- b, -IQMR; (0)y) QR (t wt \dt
%Edq@ k 2’>?(' ka-n expll IQWR; ( )i,/IeXplﬂQ k()g exp(| )d
a k. 1

6 i
Q—?I; S(Q, W)

Flux of incoming Neutrons

—h

ABeam and sample are 6separated?®

Cone covering
the solid angle

AExperiment measures double differential cross -section the

which is simply related to S(Q,w (or I(Q,t)) describing
the sample

AS(Q, w) is the double Fourier transform of the time ; Detector
dependent pair -correlation function G It -
e S V7

06/09/2022 NEUTRONS
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GENERAL EXPRESSIONS FOR SCATTERING FROM A SET OF MOVING ATOMS

Deriving the scattering function I endup with T coherent & incoherent contributions

AFor a simple system with a single element but different bd s

d2a 0 6 ki 1 .72/ & 0 6. .
Q ——coh A expr-iOAR; (0)expr iOQR« (N[ )expl- 1wt Jdt
WES 4k 2,>z;;}_[< PHIQQR )i,)ep%Q k()ﬂ o- int)d

coh

d2a @ & ki 1 . ") & 0O 6. .
Q  —_incoh A expr-iQAR; (0)expiQdR; (t)[ expl- int )dt
WIES 4 ki2'>"’j‘_[< -IQQR; (0)iexpriQQR, (g exel- 1wt

*Incoh

AScattering function determined by positions R of different atoms at different
times t

Alncoherent scattering can be useful: it measures the correlation between
the same atom at different times A single particle dynamics - diffusion

7/ §
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GENERAL SCATTERING EXPERIMENT

Scattering triangle i handling Q and W

AQ=k- k., WEET E(E ~ k%, k=2 p/)

AElastic scattering:
vary Q without changing w ki
E. = E vary 2Q(monochromatic)
vary |E| fix 2Q (t.o.f.)

AQuasilin -elastic scattering:
vary w;, normally Q will also change
vary E; or E; and/or 2Q

06/09/2022

2Q
i Q=ki-ki
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’@é
6?’

I/ / {
NEUTRONS
FOR SOCIETY



GENERIC INSTRUMENT s

Energy selection

AHow to measure the energy of a neutron
beam?

AOr, howto monochromate a beam?
AMeasure / with Bragg reflection

n/ =2dsin Q

d = distance between scattering planes

AUse neutron t.o.f . (or precession of neutron
magnetic moments in a magnetic field)

| . R% ..
tof =—=25ZF se@<A-~Q.|m
Y & H m|

I/ / {
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DIFFRACTION ———

|l nstruments (dondt measur e itDRe&LfADIn

Collimator
onochromators

&
&

Slits

Beamstop " o )
: / 2 g (Posiion Seacitive Detecier]
,év':. ; \00% }
B X 7
P\
\\ 2,

/.
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DIFFRACTION

Example
obtained

by emptying

atype sl

Formation and properties of ice XVI

clathrate hydrate

a -
1z’ —
] I 1 & observed nlansity
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14 ] — difference (shserved - caloulated)
- m axcluded angular regiars (ica Io)
3 B’."E'gaﬁfmpﬂ;‘n“p?; &1 hydrate
N | aluminum can
- 1ol e
g
i -
4 —1
P
a1
] | I I I A |1 |
2l IR YR R
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b zoxio’ —]
i .
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| dewteraled Ne hydrale
T | alumiriwm can
_ I oew e
a 10 —
€
H .
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5—_ : 3
1T
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T I NN
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1 | I e e i
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Ditfracton argle 26 (7}

Extended Data Figure Zl Ditfraction mn-uf&-ﬂlul aml emply wp-enbhdtcirds 1J1£G1Cull1.ﬂ.l intensity 25 a bhue line, thedifference of both
h'rllrdr_ a, b, Rigvad fit { obtained ws ["lill:‘ni’sqﬁwe&:l o diffraction 'Iw :Ereenllnue marks the an 1ns exc] uded i the
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DIFFRACTION

|l nstruments (dondt measur e itDRe&UADIn al energy!)

Multilayer Collimator] | ByC Image plate  Beam stop
wavelength s shielding | detector
filker

Adjustable

Secondary
diophragm | Sample

beam shutter

ydd
y [
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DIFFRACTION

Example 7 Improving drug design: HIV -1, COVID, nosocomial infection (samples ~100

ARTICLE YT
[YrTr——  oPEN

Neutron crystallography reveals mechanisms used
by Pseudomonas aeruginosa for host-cell binding

Lukas Gajdos® 2 Matthew P. Blakeley® ¥ Michael Haertlein'Z, V. Trevor Forsyth!-258.7,
Juliette M. Devos ® "™ & Anne Imberty 3=

Carbohydratebinding proteins

LecB fronPseudomonas aerugisa
Fucosespecific lectin, medical target
Perdeuterated protein, crystal ¢f 0.1 mn?
Neutron data collected to 1.8 A

X-ray data collected from the same crystal
X-ray/neutron joint refinement
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Excited to announce that the 11th Bertaut Prize was
awarded to Dr Lukas Gajdos (@ILLGrenoble) in
recognition of his exceptional research on the
characterization of the interaction of lectins with
sugars by neutron diffraction.

ecanews.org/blog/eleventh-...

The Eleventh ECA/ENSA
24 Erwin Felix Lewy Bertaut Prize

Dr. Lukas Gajdos
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Simplified expressions for the scattering function I coherent scattering

In previous scattering expressions

R=R ,+ aR(t)
For normal modes:  aR(t) A displacement vectors e & frequencies W
Coherent scattering - Phonons: _/M;“mk
AShort range coupling gives long range correlations HoousHE
ADispersion as a function of g (or wavelength) 1 guitar string! v
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Instruments i varying k; & k;i TAS, TOF 7 R A y
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Example T phonon lifetimes in thermoelectrics - Complex Metallic Alloy - Al ;53 Co, Quasicrystal approximant

Impact of structural complexity and disorder on lattice dynamics
and thermal conductivity in the o-Al;3 Co4 phase

P-F. Lory, V. M. Giordano, P. Gille, H. Euchner, M. Mihalkovi€, E. Pellegrini, M. Gonzalez, L -P. Regnault, P. Bastie,
H. Schober, S. Pailhes, M. R. Johnson, Yu. Grin, and M. de Boissieu

Phys. Rev. B 102, 024303 — Published 7 July 2020 '.ll
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Example T phonon lifetimes in
thermoelectrics - Complex Metallic Alloy
Al ;; Co, Quasicrystal approximant

7/ §

06/09/2022 NEUTRONS
FOR SOCIETY



