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1. Neutron Scattering
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Neutrons

* Neutrons are subatomic particles

symbol: n or n°

mass = 1.6749 x 1027 kg
no net electric charge
high penetration depth

have a magnetic moment
* quark substructure

neutron

* spin=1% nucleus

 fermions
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Physics at RMIT

(direction being
that of its velocity)

de Broglie wavelength of the neutron

Kinetic energy of slow neutrons with velocity v

Wavevector k of the neutron has magnitude

_h
2T
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Momentum of neutron where |




Units

In neutron scattering you will often find the same
properties reported with different units

Get used to converting between units (not all

techniques use SI)

Become familiar with approximate conversion rates

— Energy, E (J, eV)

— Wavelength, A (nm, A)

— Optical frequency, f (Hz)

— Angular frequency, w (Hz)
. -1

— Velocity, v (ms ) . .

— Wave vector, kK (A, cm™)

— Temperature, T (K, °C, F)

A neutirow at roowv
temperaliwre possesse
25 meV of energy

O

Using: OO E = kgT

Thermal neutrons @ 293 K =25 meV
Cold neutrons @ 20K =2meV
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Wave vector, k

* A neutron with incident wave vector k;, interacts with

a sample
e .. REAL Space
*\<?

* The neutron’s outgoing wave vector is k;
» k;makes an angle 26 to k;
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Scattering vector

 In reciprocal space, we create the scattering triangle

K; RECIPROCAL Space

 Scattering vector, Q = k; — K;
* Q denotes the momentum transfer
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Momentum Transfer, Q

* Reciprocal space scattering diagram

Inelastic
case

Elastic I
case

~

~
~
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-

-

-
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Elastic case: Q, = Q;

Inelastic case: Q. # Q;
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Here, Q; > Q; SO momentum was
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Energy Transfer — hw

* Interms of energy: E =—k? E==—k? uher h=2£

* Energy transfer:  he =g — E; = %(k? _kZ) where o =2nf
n

« Combining equations for energy and momentum transfer:

Q2 = ki + kf — 2k;ks cos
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Probes of Condensed Matter
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Neutrons in Condensed Matter Research
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Total Cross-Section

« Scattering occurs in an elementary cone of solid
angle dQ

Scattered
dQ 7z beam
Plane wave K
f
dA
K; Aﬂi
¢ X
Incident :ii::ji//
beam

Spherical

wave
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Total Cross-Section

Total cross-section defined by:
no.of neutrons scattered in all directions per second
incident flux (1)

Otot =

Incident plane wave of neutrons:  j; = e ¥ k = wavenumber

The probability of finding a neutron in a volume dV is: |W;|?dV however, |P;]? = 1

Lp, — e—ikx : . .
— i — refers to density of one neutron per unit volume in all space

The flux of neutrons incident normally on unit area per second is:

I, = neutron density X velocity = v
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Total Cross-Section

—ikr
. e . _
+ Wave scattered by an isolated nucleus: y = —b——— = distance from scattering nucleus
r b= scattering length of nucleus
I
=> Otot = l — 4‘T[b2
Iy

« This is the effective area of the nucleus viewed by the neutron
— Units of cross-section = barns [1 barn = 10-22m?]
— Units of scattering lengths = fermis [1 fermi = 10-1°>m]

INSTITUT LAUE-LANGEVIN

b = scattering length (fermi) o = cross sections (barns) DATA
ZSymbA  por Ty I be b b. ¢ Gcoh Oinc Oscatt Gabs BOO KLET
0-N-1 10.3MIN 12 -37.0(6) 0 -37.0(6) 43.01(2) 43.012) 0 Seconn Eorrion
EDITORS
1-H -3.7409(11) 1.7568(10)  80.26(6)  $2.02(6) 0.3326(7) At B Phanbrx
1-H-1 99.985 12 -3.7423(12)  10817(5) -47.420(14) +/-  17583(10) 80.27(6)  82.03(6) 0.3326(7) L S
Gerry Lander
1-H-2 0.0149 1 6.674(6)  9.53(3)  0.975(60) 55927)  2.0503) 7.643)  0.000519(7) ITU (Karlsruhe)
1-H-3 1226 Y 12 479227)  4.18(15)  6.56(37) 2.89(3) 0.14(4) 3.03(5) < 6.0E-6 .ll
2-He 3.26(3) 1.34(2) 0 1.34(2) 0.00747(1) ’
NEUTRONS
0.00013 12 57M7)  4374(70) 9835(77) E 4420100 15320200 6.04) 5333.0(7.0) FOR SCIENCE
i July 2003
0.99987 0 3.26(3) 1.34(2) 0 1.34(2) 0 BEscience
-1.90(3) 0.45410)  0.92(3) 1.373) 70.5(3)

0.51(5)  046(5) 0977 940.0(4.0) . RMIT
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Scattering Function

Scattering per atom Is given
by a double differential cross
section

— Scattering cross section o,
— Scattering function S(Q,w)

Elastic scattering: w=0
Inelastic scattering at any Q
— Localised motion
Q-dependent frequencies in

S(Q,w)

— Propagating motions in r(t)

“ﬂ and Synchrotron Radiation for Condensed Matter Studies, J. Baruchel, 1993
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2. Inelastic neutron
scattering
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Neutron spectrometers at ANSTO
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Energy resolution of ACNS spectrometers

. Capabilities for ~ 1° 3
Dynamics and ]
Excitations at 104
OPAL s
£
o TAIPAN PG
F. Klose, P. Constantine, S.J. =
Kennedy and R.A. Robinson. < SIKA (/
J. Phys.: Conf Ser. 528 (2014) & 91 PELICAN 7
012026 £
0.01
EMU
0.001 +

0.01 0.1 1 10
L a@dy WRMIT
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Inelastic Data Traces

Elastic

J/

Inelastic

Inelastic
(anti-Stokes) Quasielastic (Stokes)

J

0 hw (meV)

Maths Karlsson. Phys. Chem. Chem. Phys., 2015,17, 26-38
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Kinematics of inelastic scattering

 Remember this equation?

Q% = ki + kﬁ — 2k;ks cos 20 ot

 \Written in terms of energy:

hZQZ
m =E; + Ef — 2 /(El-Ef) cos 260
For direct geometry

— ZEf + how — 2\/Ei(Ef + ha)) cos 20 For indirect geometry

spectrometer

UNIVERSITY
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3. Time-of-flight neutron
spectroscopy
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Time-of-flight Spectrometer

* Time-of-flight

spe ctrometer (TO F) Triple monochromator Aml-ove-rlop chopper |
Fermi chopper & collimator
— Monochromator Mosior] [ Moritor2 [ Honior
 Selects neutron wavelength smple |t —_—
— Choppers | s
 Define E, |
— Sample S
e Scatters neutrons 1
— Detectors

* Register time of arrival of
neutrons -> E; obtained

Direct geometry
L spectrometer

|| Neutron Guide  Collimator|  Detector
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PELICAN

| D. Yu, R. A. Mole, G. J. Kearley EPJ Web of Conferences 83, 03019 (2015)
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[ TTITI T
Continuous spectrum Monochromator Fermi Second Neutrons Scattered neutrons carry
of neutron energies selects single chopper | chopper scattered by the both time and position
energy / pulses refines sample are time information to determine
wavelength the beam | the beam shifted. E.
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PELICAN — Wavelength options




PELICAN — Wavelength options
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PELICAN — Wavelength options

HIGH FLUX (Certain Q)

* If k, = k¢ an elastic signal is
produced
If k; < k, data appears on the
energy loss side of the
spectrum
If k; > k, data appears on the
energy gain side of the

spectrum Take-off angle = 48°

A=2.73A
AE = 650 peV




Data from PELICAN

Water desorption and absorption in sodium montmorillonite

QENS (a) L ' ‘ ' Q=108 AT —— ] () L ' I ‘ ‘ Q='1.08A'1'f__

« Analysis of the
shape and
width of the
guasi-elastic , EERERRE il Sy
peak reveals T P DT s
dynamics (©) r
Information

 Direct
correlation
between
energy and

frequency of
motion Gates et al. Applied Clay Science 147 (2017

S(Q, hw)
S(Q, hw)

S(Q hw)

0.001
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Science on PELICAN: Case study 1

 Vibrational density of states of crystalline and
amorphOUS solids Wang et al. Jpn. J. Appl. Phys. 56 (2017)
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Science on PELICAN: Case study 2

_ _ Crystal field interpretation of bulk
* Properties of crystal-field magnetic behavior in ErNiAl,

S p I Ittl n g S HEL-'.[D"I energy gain I | Meutron energy loss

n=23T5A ¢ (]| »=2375A

 The Er3* (J = 15/2) CF scheme = "™ @ . ¢ 2 a5 mev
has the relatively large number SR

- 120 K Yol A
of eight Kramers doublets. C w7
' ¥ L F |
30 r . .; ” ‘. :\4
———————— T R e -11.0(5) .-‘\JJ (PR
i w
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_____________ 222 v o r 4
- o i £0.50(3)
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Science on PELICAN: Case study 3
* Single-crystal samples

® RMIT
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Al_Eslice.mp4
Al_Eslice.mp4

Science on PELICAN: Case study 4

« Single-molecule magnets

— Tiny rotation of the
dihedral angle
gives a 1 meV shift
=a 10 K change in
thermal energy

? _
i
P
n'i‘

- I w -

Molecular structure (left) and representations of the
two distortion angles of the Tb coordination (right) for

the [Tb(W5018)2]9 polyanion in Tb; atom colour code:
W (yellow), O (red) and Tb (violet).

INS spectra of TbP at A= 4.74 (left) and A =
2.37 A (right) at 30 K.

II_

intensity | a.u, ———m

c)

enerqy transfer /| mgV —

2 0 1 2 3 4 5 6

||1 v PN P
4 -3 -2 -1 0 1 7 8 9 10 1

Vonci et al. Chem. Commun. (2015)
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PELICAN Capabilities

Gas-loading
Humidity variation
Polarised neutrons
Magnetic field
Dilution temperatures
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4. Backscattering
Spectroscopy
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Backscattering Spectrometer

« Premonochromator — defines
Initial wavelength of neutrons

 Chopper — pulses the beam

« Deflecting chopper — sends
neutrons to monochromator

Analysers

)
- o o
\ Gy
\ /.
\ D
T
:
>

« Doppler-driven § O
monochromator — varies E; 57
(indirect geometry) N [  Second delcor

* Sample — scatters the beam /5 n

* Analysers — backscatter only AL W
neutrons with certain E = Efw= —— BHJ Chopper

. ample efilter =57 Movina Monochromat
Detectors — Only detect Neutron guide Fowsmggmde /B First deflector R romu;:um sop
neutrons reflected by the — ———~—— éﬁ v sl
analysers

Indirect geometry

spectrometer . RMIT
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——
Wavelength: A=6.271A Cold neutrons: T~20K =

\

Sample and 2He LPSD
detectors

Background
chopper

Flux at sample =

S : ( 105 ncm?st
upermirror - ,
Focusing Guide ¥ ‘ p ‘
il Si (111) backscatterlng
Doppler driven Si analysers

monochromator.
Dynamic range: +/- 28ueV
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A beam of neutrons from the j ‘/
- OPAL reactor arrives at EMU, ,'
the backscattermg spectrometer ’

——— —4».__

de Souza et al. Neutron News 27 (2016)


EMU_Animation.mp4
EMU_Animation.mp4

Q? = k2 + ki — 2k kicosd k=2m /A~ 1.001969

Vertical detectors: 12°< ¢ < 155° => 0.21 A1<Q < 1.96 A

Horizontal detectors: 0°< d < 12° => 0.01A1<Q<0.20 A . RMIT
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EMU Distance/Time Diagram
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Data from EMU

Inelastic spectrum of m-Xylene measured

on EMU at 3K
(----
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Science on EMU: Case study 1

 Unfrozen Water In Na-montmorillonite
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Science on EMU: Case study 2

« Dynamics of encapsulated Hepatitis B surface Antigen

80 [ sesssssses SBA_'IS -
75 ===== SBA-15+PBS .
0L ——SBA-15+HBsAg |
65 ' ' ' ' ' ' ' ' ' '

0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature (°C)

Rasmussen et al. EPJ Special Topics (Accepted, 2018) . RMIT
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Science on EMU: Case study 3

« QENS study of propane diffusion in gas hydrates
* Hydration water dynamics on rutile nanoparticles

0.04
o TIO, 5K
o TiO, 280K
. 0034 a TiO,260K
: v TiO, 240K
= TiO, 220K E. Mamontov et al.
D 002 e TiO, 210K J. Phys. Chem. C. 111
S - (2007)
I TiO, 200K
£
0.01 1
n nn =

-10 -3 0 9 10

Energy transfer (ueV) P RMIT

UNIVERSITY
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EMU Capabillities

Science Sample Environment

« Dynamics of soft « Gas-loading
condensed matter such as . Standard cryostat
polymers, proteins, temperatures
biological membranes and
gels

« Local and long range
diffusion of liquids, solutions
and confined systems

* Properties of quantum
liquids, Fermi and non-
Fermi systems
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Thank you for your attention!
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