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NEUTRONS AND THEIR INTERACTION WITH MATTER

Overview

History — neutrons and nuclear reactions
Production - reactors and spallation sources
Properties — as a particle and a probe

Instruments - exploiting the probe to do science



A BIT OF HISTORY

The neutron

+ 1932: J. Chadwick, after work by “He+;Be —'2C+.n
others, discovers the ‘neutron’, a , ,
neutral but massive particle (Mpe+mg Jo*+ T, =(me+m, 24T+,

m_=1.0067+0.0012a.m.u
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A BIT OF HISTORY
The nuclear reaction

« 1938: O. Hahn, F. Strassmann & L. Meitner discovered the fission
of 23°U nuclei through thermal neutron capture

« 1939: H. v. Halban, F. Joliot & L. Kowarski showed that 23>U nuclei
fission produced 2.4 n® on average - chain reaction

«1942: E. Fermi & al. demonstrated first self-sustained chain
reaction reactor o e =,

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

Haldane (1977 - 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

 Nuclear fission = chain reaction with excess Fission
neutrons (1n > 2.5n)

« Slow neutrons split U-235 nuclei

« Fission neutrons have MeV energies and need to '”ﬁ"“ 9,_, 9,
be moderated (thermalized) to meV energies by 7 Lo

scattering from water

* Thermalisation @ RT - thermal neutrons, @ el i el e
25K = cold neutrons and @ 2400 K - hot moderated neutrons

neutrons
e ILL - flux 1.5 x 101> n/cm?/s
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NEUTRON SOURCES

Spallation sources

* Neutrons can be produced by
bombarding heavy metal targets

« 2 GeV protons (90% speed-of-
light) produce spallation -
evaporation of ~30 neutrons
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Spallation
intra-nuclear cascade
. 0
é&

impinging fast target nuélex inter-nuclear cascade

particles
» — ® —
~1 Giga cascade
particle

electronvolt
evaporation
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NEUTRON SOURCES
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CONTINUOUS OR PULSED BEAMS

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

8= x1014
A=15A

ESS 5 MW
2015 design
thermal moderator

L]

Brightness (n/cm?/s/ster/A)

6 —
5
A -
ESS 5 MW
3 - 2013 design (TDR)

2= SNS JPARC

ISISTS1 ISISTS2 14 MW - 300 kW
‘I -
128 KW 32 kW E—

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

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

As a particle

free neutrons are unstable: B-decay - proton, electron, anti-neutrino

wave-particle duality: neutrons have particle-like and wave-like properties
« mass: m, = 1.675 x 10?2/ kg = 1.00866 amu. (unified atomic mass unit)
« charge =0

 spin =1/2

+ magnetic dipole moment: p, = -1.9 py M, = 2.8 Yy, He ~ 10°

« velocity (v), kinetic energy (E), temperature (T), wavevector (k),
wavelength (A)
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THE NEUTRON

As a particle

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

E=m v/ 2=k T=(hk/ 2z )’/ 2m_=(h/2)*/2m,

* Neutron energy determines velocity and therefore time-of-flight (tof) over a
given distance i.e. tof 2 energy determination

tof :5:253;( sec-i[ Z\} L{m]
v
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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

(4
06/09/2022 NEUTRONS
FOR SOCIETY



i

:
| ; o -
M—rdl«l‘u I (LR
r ! ‘-'\" 5 . ! j




THE NEUTRON

As a probe

- Wavelengths on the scale of inter-atomic distances: A - W\ .
nm wavelengths to measure A - um distances/sizes NS/

nﬂv — ZdSin@ y . . .\l\\\ \H\ ;’j ;.r’r’j. . .
- : 4 NS
- Energies comparable to structural and magnetic T e o o 8,/ 8 o o
excitations: meV neutrons to measure neV - meV

energies

* Neutral particle — gentle probe - no radiation damage,
highly penetrating (e.g. 30 cm of Al)

« Magnetic moment (nuclear spin) probes magnetism of
unpaired electrons (N.B. p, ~ 1000x py)

7/ §
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THE NEUTRON

As a probe - interacting with matter - scattering from atoms

Neutron flux at reactor core

«1.5 x 101> n/cm?/s

Flux at an instrument sample position spherical waves
. 108 n/cm2/s emitted by

> 10 n/um/us 22?2?[%?‘;%&&;:5:///////////////

- 1015 n/nm?2/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

/[ §
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THE NEUTRON

As a probe - interacting with matter - (elastic) scattering from a single fixed nucleus

* Nuclear size « neutron wavelength >

point-like s-wave scattering

« b is the scattering length (*power’) in

fm

« #neutrons scattered per second per

unit solid angle Q: ¥2rédQ
do/dQ = b?

« o is the cross-section: 4202 (in barns)

06/09/2022

Scattered

Plane wave  Spherical wave § e
eikix oikfr
~b =

| K

7N
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THE NEUTRON

As a probe - interacting with matter - scattering from a set of nuclei

spherical waves

g emitted by
Q =Kt —Ki interference patter scattering centres
In front of detector W SR D)) source
7

* Q is called momentum transfer

« Q-dependence (eg angle) gives
info about atomic positions

plane waves in
scattering system
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THE NEUTRON

As a probe - interacting with matter — scattering from a set of identical nuclei — coherent and incoherent scattering

« Set of N similar atoms/ions -
spins/isotopes are uncorrelated at
different sites do

BV o @lRR 12\ 2
b depends on spin/isotope dQ _<b> Zj,ke +(<b > <b> )N

- Average is <b> 2
o =47Z'<b> o

coh

» Incoherent scattering gives a Q , ,
independent (flat) background aincoh=47r(<b2>—<b> ) T ineon =ATD,,

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

V//{
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THE NEUTRON

As a probe - interacting with matter - scattering from a set of identical nuclei — coherent and incoherent scattering

« If single isotope and zero nuclear spin, no

incoherent scattering (b) = 1 [(I +1)b++lb‘]
- If single isotope and non-zero nuclear spin I 21 +1

(‘spin incoherence’) : I(I +1) :
* nucleus+neutron spin: I+1/2 and I-1/2 <b2>_<b> :(2I +1)2 (b+_b_)

scattering length b* and b-

« To reduce incoherent scattering
(background):

_ polarise nuclei and neutrons

_ use isotope substitution e.g. H> D
y /
/[ {

06/09/2022 NEUTRONS
FOR SOCIETY



THE NEUTRON

Atomic number

Scattering ———-
lengths 1 6 8 22 26 28 82
Light atoms
. . ® O © ‘ X-rays
Contrast ;C: ; .
= H C O Ti Fe Ni Pb
%’ Hydrogen Carbon Oxygen Titanium Iron Nickel  Lead
c © o - O O ©
1.4 [
(inc) = af T
9; 1.0 N el el
1 @ P og | Be
2 . E} 0.6 — )
'E }Co
=
| B
» |
Z. 0.4 Ti Mo
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THE NEUTRON

Scattering lengths can be positive or negative (nuclear physics)

 Positive b (most nuclei): phase change

* Negative b: no phase change at scattering point

ZSymbA

porTyp

be

b+

b.

C

/\
ik

Q

Ocoh Oinc O scatt Oabs
0-N-1 1003MIN 12 -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 09.985 172 -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 12 4.792(27) 4.18(15) 6.56(37) 2.89(3) 0.14(4) 3.03(5) < 6.0E-6
2-He 3.26(3) 1.34(2) 0 1.34(2) 0.00747(1)
2-He-3 0.00013 172 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(3) 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) . 0619001)  0.78(3) 1.40(3) 0.0454(3)
06/09/2022
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THE NEUTRON

Scattering lengths can be positive or negative
- Contrast matching

...
. :

06/09/2022

scattering length density [1010 cm-z]

water
polysaccharides
— lipids
—DNA

proteins
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60

80

100
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THE NEUTRON

As a probe - interacting with matter - absorption

« Absorption — neutron capture
« Several strong absorbers:
He, Li, B, Cd, Gd,...

 [sotope dependent - choose to
your advantage
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THE NEUTRON

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

« How to detect a weakly interacting, neutral
particle?

« With 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 - imaging

NEUTRONS X=RAYS

(/4
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THE NEUTRON

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

As a probe - interacting with matter - summary

« Interaction with nuclei:
. short range interaction - angle independent scattering (no form factor)

. scattering length can be positive or negative (= contrast variation)

. depends on isotope (= selectivity) and nuclear spin

. = incoherent scattering - strength (to come!) and weakness (background)

. coherent scattering = interference effects = structural information

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

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

 Magnetic moment probes magnetism of unpaired electrons (form factor!)

7/ §
NEUTRONS
FOR SOCIETY



NEUTRONS AND THEIR INTERACTION WITH MATTER

Overview

*History — neutrons and nuclear reactions
* Production — reactors and spallation sources
*Properties — as a particle and a probe

Instruments - exploiting the probe to do science



INSTRUMENTS & SCIENCE

Time
and
length
scales
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THE ILL’S INSTRUMENT SUITE ——

.. 5 ;
Optl mised WASP.- B Three-axis group )
fOI‘ [B Diffraction group
continuous D50 [l Large-scale group
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D22 Time-of-flight / High-resolution group
beams u
[l Nuclear & particle physics group
SuperADAM i [ Test & other beam positions
[
' [l Industry
D16
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L B
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GENERAL EXPRESSION FOR SCATTERING FROM A COMPLEX SYSTEM

Deriving the general scattering function

Based on EW
- Born approximation — kinematic theory: neutron do _ y/nde Kt
wavefunction un-perturbed inside sample ae P dQ
 Fermi’s Golden Rule to calculate transitions of neutron
(k) and system/sample (1) from initial to final states » —2—“p KkMV\kMZ
 Hamiltonian to describe the system states (1) Kot ek TR

d2 k m 2
(dE ZQ) - Ff(zn;lz) ‘<kf)\f‘v‘ki}\-i>26(Ei _Ef +E;\i _EM)
f A=A i

V[ /|
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GENERAL EXPRESSIONS FOR SCATTERING FROM A SET OF MOVING ATOMS

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

d20' kf 1 i > —>- > o .
JEdO :ki 27[;_2%:bjbk __L<exp{-lQ.R ,(O)}exp{@.Rk(t)}>exp(|a)t)dt

Flux of incoming Neutrons

Sample

Energy Filter

d20' kf 1 =
- = 35(0
dEdQ )k 270> 2

« Beam and sample are ‘separated’

« Experiment measures double differential cross-section
which is simply related to S(Q, ) (or I(Q,t)) describing
the sample

* S(Q,w) is the double Fourier transform of the time-
dependent pair-correlation function G(r,t)

06/09/2022

Cone covering
the solid angle
AQ

Energy Filter
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GENERAL EXPRESSIONS FOR SCATTERING FROM A SET OF MOVING ATOMS

Deriving the scattering function - end up with - coherent & incoherent contributions

« For a simple system with a single element but different b’s

d20 Okm1kf 1 o _:»;»- ;9._, N
d0dE, Lh “ar k ZnhZ | <exp{ IQ-R; (O)}exp{lQ Rk(t)}>exp( it )t

k' oo

| e (oo R fen{id R 0] ool
= exp?-iQ-R; (0)texpiQ-Rj (t)} Jexp(—iewt )t
deEflnwh 4wk 27zhz,:£< P1IQ R (0)expyiQ-R; (1) jexp(- etk

« Scattering function determined by positions R of different atoms at different
times t

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

7/ §
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GENERAL SCATTERING EXPERIMENT

Scattering triangle - handling Q and @

¢ ‘:?:==L‘k}r" Ik}y f?(Z):z:EE}"' [5} (IEE' n l(i?/ l<' — 2?;&;/22,)

« Elastic scattering:
vary Q without changing o ki m ki

E, = Efvary 26 (monochromatic) 20
vary |E| fix 2@ (t.o.f.) 3 O=kirki

* Quasi/in-elastic scattering:
vary o, normally Q will also change
vary E; or Eand/or 26

\§
9)
’@é
6?’
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GENERIC INSTRUMENT e

Energy selection

« How to measure the energy of a neutron
beam?

* Or, how to monochromate a beam?
« Measure A with Bragg reflection
niA = 2dsin®
d = distance between scattering planes

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

tof :5:253;1 sec%[A} L{m]
v
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DIFFRACTION

Instruments (don’t measure the final energy!) - D2b & LADI

06/09/2022
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DIFFRACTION

Example — Formation and properties of ice XVI
obtained by emptying a type sII clathrate hydrate

a -
1z’ —
] I 1 & observed nlansity B
— caloulated inbansity
14 —_ — diflerence (abserved - 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
] |1
2l |||||||||||L|||||||||||||||ILIII |
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
b zoxio’ —]
i .
T o obserced nlensily
- — caloulated intansity
15 —| — differanca (obsarved - calculatad)
_ T o excludad Bngular regans (o o)
- Bragg peak positons:
| dewteraled Ne hydrale
- | alminum can
_ I oew e
a 10 —
€
H .
= =
5—_ : 3
1T
_f"—-vvvv-r] hﬂ—ui'h—*--—v--p‘-—-\qh—w
T I NN
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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
pattemn ul'em:Ftv sll L‘z{!h“].r:h {(a) Me [, ]'u_nl.nt (b)takenat 5 K r-zE nement, red lines mark 'P-n.l:lumsu Enﬁ F-n]unl'ﬁg]w&':h ikt

(A== 1.1226 A) an [0, [LL/Grenoble. Theobserval infensity is rcpru:mmlbry lines thase of the dheminium sa.rnp]-:ﬂnaml 1IinF]M thawe of jce L.
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DIFFRACTION

Instruments (don’t measure the final energy!) - D2b & LADI

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

Adjustable
diophragm | Sample

Secondary
beam shutter

7/
[ (.
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DIFFRACTION

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

"I Crmch for wpedalaa

ARTICLE

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

OPEN

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

Carbohydrate-binding proteins

LecB from Pseudomonas aeruginosa
Fucose-specific lectin, medical target
Perdeuterated protein, crystal of ~0.1 mm?3
Neutron data collected to 1.8 A

X-ray data collected from the same crystal
X-ray/neutron joint refinement

06/09/2022

ion (ECA)

@4-{ c graphic A

.‘"“;i @ECZ,socia'\l
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
82 Erwin Felix Lewy Bertaut Prize

Dr. Lukas Gajdos
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SPECTROSCOPY — TIME/FREQUENCY DOMAIN

Simplified expressions for the scattering function - coherent scattering

In previous scattering expressions

R=R,+R(t)
For normal modes: 6R(t) = displacement vectors e & frequencies @
Coherent scattering - Phonons: _/m;mk
« Short range coupling gives long range correlations Boustic
 Dispersion as a function of g (or wavelength) - guitar string! v
2 3 (5gj h .
dgdUEf )COM =UA;°; kk: (Z\Z) 2I1\/| exp(— 2w )Zs: Z o (n,+1/2+1/2)

% F o, )5(5¢ a- ?j y // §
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SPECTROSCOPY — TIME/FREQUENCY DOMAIN

Instruments - varying k; & k; — TAS, TOF

Detedor  Analyser Monochromator Input sl
Monitor 2 - N\
Diophragm M
f'§ il
0
\' 4
| s> | Monitor |
Beam stop| Somple fable| Diophragm
06/09/2022 NEUTRONS

FOR SOCIETY



SPECTROSCOPY — TIME/FREQUENCY DOMAIN

Example - phonon lifetimes in thermoelectrics - Complex Metallic Alloy - Al,;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
47
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SPECTROSCOPY — TIME/FREQUENCY DOMAIN

Example - phonon lifetimes in
thermoelectrics - Complex Metallic Alloy -
Al,;Co, Quasicrystal approximant

['400 BZ
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T I T

0 0.1 02 03 04 05
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SPECTROSCOPY — TIME/FREQUENCY DOMAIN

Simplified expressions for the scattering function - incoherent scattering

In previous scattering expressions
R=R,+5R(t)
For normal modes: 6R(t) > displacement vectors e & frequencies @
Incoherent scattering - Internal (molecular) modes:
* No long range correlations due to weak coupling

* No dispersion

n +1/2+1/2>

2 K
d70 =k—f25(a)$a)s\<

2
mcoh |_) 2
*Cr - :2\/\/
deEf Z |Q € exp( r)

47r
incoh+1 r r

V[ /|
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SPECTROSCOPY — TIME/FREQUENCY DOMAIN =

Instruments - TOF, Lagrange

I/ .
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SPECTROSCOPY — TIME/FREQUENCY DOMAIN

Example - Kevlar (Journal of the American Chemical Society 127, 6672-6 (2005)

S(Q,w) [arb. units]

S(Q,) [arb. units]

200 400 600 800 1000 1200 1400

Frequency [cm™]

kﬁ A

400 600 800 100012001400 400 600 00 100012001400

Frequency [cm™]
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Nanolaboratories: physics and chemistry of small-molecule

SPECTROSCOPY — TIME/FREQUENCY DOMAIN endofullerenes

Papers of a Theo Murphy Meeting Issue organized and edited by Malcolm H. Levitt and
Anthony J. Horsewill ¥

Example - endofullerenes _

eM___
(120}
60 — (122 ) —=}
L (020)
(022) (200)
A
L _0
40 (11==22
’
(011) -
20 —
(100 2 1\
world’s first science ;ourna\\.
ol_(©oo___
J=0 J=1 J=2

NEUTRONS
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— TIME/FREQUENCY DOMAIN

SPECTROSCOPY

Experiment
--- Theory

(syun ‘q1e) (®)S

Example — endofullerenes

sjun "qie / -
nun “qie / (v)s lnﬂ.ﬂ::ﬁl_

- — i - i
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SPECTROSCOPY — TIME/FREQUENCY DOMAIN

Instruments - Back-Scattering (QENS)

= Sample environment Extended large
Extended small —r : angle analysers
angle analysers Vs — e it
- f / I‘."

f.';{' ol
_;.-l %ﬂa‘

o'-‘

Internal floor

Dcﬂector chambet

N o LN
G B ] y y - g
N —— - - * ol 2 ' B N N
. 0. 7 S, s h O
- .M ATIR ™ < e [
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SPECTROSCOPY — TIME/FREQUENCY DOMAIN

Example - oxide ion conductors (QENS & MD simulations)

—02 [ & 0 0.0
—0> | &| e0F .
—o> o =20
«— (2 e £
—O2 . o n
______________ L 40 _m
o) |
Anode Electrolyte Cathode % ._-'
9 m
' 6.0 n"
|
.I
|
|
-8.0 = -
200 400 600 800
T/ I/ {
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SPECTROSCOPY — TIME/FREQUENCY DOMAIN

Example - oxide ion conductors (QENS & MD simulations)

S{w) [/ arb. units

06/09/2022

——— Elastic Peak Fit | b
| ——QENS Peak Fit
1 ——Total Fit /\
| —— Experimental
9-8-76-5-4-3-2-10123 456 7829

Energy Transfer / peV
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SPECTROSCOPY — SPIN ECHO

Energy selection - precession of neutron magnetic moments in a magnetic field (depends on t.o.f. in B)

06/09/2022
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SPECTROSCOPY - SPIN

06/09/2022
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MAGNETISM

Structure and dynamics - double differential cross-section

As for interactions with nuclei but

* Neutron spin probes local magnetic fields due to electron spin and orbital
contribution

« Atomic form factor — scattering from an atom is angular dependent due to

electron cloud
: V_=— B———y,uN 2154 curl > R\+l PxR
 No incoherence effects m A R2 ) h R2

* N.B. o (spin state) and V., (local magnetic field dependent interaction) in
these equations

2 k 2
[d;f ZQJ X (zjhzj (kio i Nofeoi) o8 ~E: +E, E,
0i4i—>0 ¢ Ay '.ll
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MAGNETISM

Polarised neutrons - separate nuclear and magnetic
signals & more precise information on magnetic

structures

Neutron Guide | Double focusing Fermi chopper| | Guide fields ‘Sanmle
monochromator
BIEER T

£

g Al E
it S =

P e
Mﬂmlllllllllllillll e

* Measure 2, 6 or 10 polarised
scattering channels: u>u (non spin

flip) and d->u (spin flip) in the

; w
‘Shutter | Collimator Be filter Vocuum box'  Anclysers| | Detecors  Moniler 2 . -

Ao simplest case Y/ /
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MAGNETISM

Polarised neutrons - separate nuclear and magnetic
signals & more precise information on magnetic structures

 Polarised (optically pumped) 3He selectively
absorbs one neutron spin state — more
versatile polariser

« Cryopad allows full control of incident and
scattered neutron polarisation — spherical
polarimetry

High field

|
|

Guide:feld| 107 Cryomegne|
w;Filter

Somple Detector| | Beam stop

@

Polarizing monochromator

*He spin filter|  |Detector

Lero field 2

- ‘
5
}

Slits | | Cryostat
Nutators | (ryopod

Guidefield |

Liquids




MAGNETISM

0.04 mm?3)

P-T phase diagram of a multiferroic CuFeO, (Nature Communications: volume 9, Article number: 4368

crystal volume

Example -
(2018),
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MAGNETISM

Example - How do electrons/spins organise in a
triangular lattice? Spins pair into quantum-mechanical , E=03meV b E=06meV ¢ E=10meV d E=12mev o

bonds and fluctuate...

(=K, K, O) (r.Lu)

ol T Wms
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0 0.5

0 05 : 0o 05 ; .
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= 1R 3
3 3 3
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% T 3
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0.5 060402 0 02 04 06
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SUMMARY — KEY MESSAGES

The neutron

 Is Highly penetrating

 Interacts with nuclei - favourable for light atoms (H, Li, O,...)
« Incoherent scattering is ideal for e.g. proton dynamics
 [sotopes provide selectivity — contrast matching

« Interacts with unpaired electrons — magnetism

« Probes 15 orders of magnitude in length & 10 in time scales

Neutron sources have relatively low intensity and are only available in large
scale facilities — ILL, ISIS, PSI, FRM2 in Europe, SNS & NIST in US,...
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ADDITIONAL READING

Search the web! Plus...

« Principles of Neutron Scattering from Condensed Matter
« Andrew Boothroyd (2020) Oxford University Press ISBN 9780198862314

« Introduction to the Theory of Thermal Neutron Scattering
« G.L. Squires Reprint edition (1997) Dover publications ISBN 04869447

« Experimental Neutron Scattering
« B.T.M. Willis & C.J. Carlile (2009) Oxford University Press ISBN 978-0-19-851970-6

« Neutron Applications in Earth, Energy and Environmental Sciences
« L. Liang, R. Rinaldi & H. Schober Eds Springer (2009) ISBN 978-0-387-09416-8

« Methods in Molecular Biophysiscs
« I.N. Serdyuk, N. R. Zaccai & J. Zaccai Cambridge University Press (2007) ISBN 978-0-521-81524-6

« Thermal Neutron Scattering
« P.A. Egelstaff ed. Academic Press (1965)
V// §
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INSTITUT LAUE LANGEVIN

ENJOY YOUR MONTH ON THE EPN cAMPUS
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VERCORS & CHARTREUSE
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