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Neutron Scattering
-a very brief introduction

Xin Tong

China Spallation Neutron Source
Institute of High Energy Physics
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Some Neutron Scattering History

1932 — Chadwick discovers the neutron
1934 — thermalisation (Fermi)

1936 — scattering theory (Breit, Wigner)
1936 — wave interference (Mitchell, Powers)

1939 — fission /

1945 — diffraction (Shull, Wollan), reflection, refraction
1948 — coherent & incoherent scattering (Shull, Wollan)
1948 — spallation

1949 — structure of AFM (Shull)

1951 — polarized neutrons (Shull & Wollan)
1955 — three axis spectrometer (Brockhouse)
1958 — rotons in helium (Palevsky, Otnes, Larsson)

1962 — Kohn anomalies
1960 — 79 — soft phonons & structural phase transitions
1969 — 79 — scaling and universality

1972 — conformation of polymers

1994 — Nobel Prize for Shull and Brockhouse
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One of the most important experiments in neutron history

Antiferromagnetism in MnO // o ;
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One of the most important experiments in neutron history
Roton in superfluid Helium4
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1994 Nobel Prize in Physics -- Shull and Brockhouse

Neutrons show

When the neutrons
collide with atoms inthe
sam ple material, they
change direction {are

scatt ered) = elastic \T;j

emt g .Jm:..'ﬂm:':.;i
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where atoms are

Research reactor

o

Crystal that sorts and rot atable sample

forwards neutrons of
a caertain wawvelength

Detactors record the directions
of the neutrons and a diffracti on

Clifford G. Shull, M1,
Camebridge, Massachusetts,
USA, readves one half of the
1554 Nobied Frize In Physics for
development of the neutron
diffraction technigue.

3-axis spectrometer with -~
rot atable crystals and

e

Changes in the

- - ':" T y Ir
pattern is obtained. {energy) = mono- = - ) energy of the
The pattern shows the chromatized neutrons At lf_l} ey ; e ’J 3 nautrons are first
positions of tha atoms relative 8 oms in a - ?){ i .:;) analysed in an
to one another. gy crystalline E"“"“l’l'“ analyser crystal...

Neutrons show

what atoms do

Crystal that sorts and
forwards mewtrons of
a certain wavelength
{enargy) = mono-
chromatized neutrons

Betram N. Brockhouse,
McdMater Universty, Hamilton,
Ontario, Canada, receives one
half of the 1594 Nobed Frize

In Physics for the development
of neutron §ecrosopy.
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When the neutrons 3
penatrate the sample .
they start or cancal
oscillations in tha
atoms. If the neutrons
create phonons or
magnons th ey
themsalves losa the
enargy these absorb

= inelastic scattering

««and the neutrons
then counted in a
detaedctor.

http://www.nobelprize.org/nobel_prizes/physics/laureates/1994/illpres/neutrons.html



Strategic goals of Neutron scattering

health
sustainability
technology
heritage



Basic theory of neutron scattering



Properties of Free Neutrons

* Baryons

 Electrical Neutral (<10-%%¢)
3o

« Magnetic moment: -1.913 uy
. Mass = 939.566 MeV
 Lifetime = 880ish

« Electrical dipole moment: < 2.9x10-2° e*cm

Energy (meV) Temp (K) Wavelength (nm)
Cold 0.1-10 1-120 0.4-3
Thermal 5-100 60 — 1000 0.1-04
Hot 100 - 500 1000-6000 0.04-0.1

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

E = mv?%/2 = kgT = (hk/211)2/2m_; k = 2 T1/A = m_v/(h/21T)

A (nm) =395.6 /v (m/s)

E (meV) = 0.02072 k2 (k in nm-)



Properties of Free Neutrons

 Neutral

* Penetrating, probe

nuclei

 Non-destructive

Magnetic moment
Magnetic fluctuations
. and domains

§ Magnetization density

Magnetic excitations
Can be polarized

o[ 1] | e

Energy similar to excitations in solids
» Molecular vibrations
» Atomic motion
» Lattice modes
Wavelengths similar to atomic spacing
» Crystal structures
> Huge probe range from 10713 to 10~*
cm




Neutron scattering events

K, E (O detector

Incident /
neutrons Scattered

Neutron
Source — > neutrons
ki E;
Kf ' h?
00 _ _
/\Q ho = By — By = o— (k2 — k)
— Energy transfer
Ki
Q=k — ks elastic: 1-5000 A
wave vector transfer energy transfer: neV - eV

0 - 20000 cm*



Neutron Scattering Cross Sections

0.4
ds /

Incident -

y >
1
)

Direction

o measured in barns:
1 barn = 10-24 cm?2

Attenuation = exp(-Naot)
N = # of atoms/unit volume
t = thickness

neutrons — - XIS
Targe‘[/

® = number of incident neutrons per cm? per second
o = total number of neutronsscattered per second/ @

do B number of neutrons scattered per second into
dQ - @ dQ

dQ

d?oc _number of neutrons scattered per second into dQQ & d Double-differential

Incident flux

total scattering cross section

Differential scattering
Cross section

dQdE @ dQdE

scattering cross section




Neutron Scattering off a (fixed) point source

« range of nuclear force (~ 1fm)

> <

1s << neutron wavelength so
K scattering 1s “point-like”
VAT " scatered Cirular » energy of neutron is too small
/ / " Wave 2 to change energy of nucleus &
£ > X neutron cannot transfer KE to a
\\\ fixed nucleus => scattering is
Iy elastic
Scattering Center

Incident atr=0 * we consider only scattering far
Plane Wave e"*

from nuclear resonances where
neutron absorption is negligible

If v 1s the velocity of the neutron (same before and after scattering), the number of neutrons

passing through an area dS per second after scattering 1s::

vdSly [ =vdSb¥r? =vb*dQ

y/scat

Since the number of incident neutrons passing through unit areas is: @ = v|t//, ’

incident
do vbdQ
= = b SO O-total
dQ ddQ

=V

= 47b* (note units)



Adding up scattering from many (fixed) point source

At a scattering center located at R - the incident waveise Ho R,

so the scattered waveatr sy = z ol ko,

“do _vaSly..[
e vdQ do

‘f—R

_bi
4—46'
r_Rl

_ ds biefi'.FZ 1 o (ko—k").R,

ik'.(F-R.)

(using defn. from earlier VG)

If we measure far enough away so that r >> R .we can use dQ = dS/r” to get

:(ku k".(R-R)) —;‘Q.(fei—ﬁj)
o= Lbbye Z

L]

where the wavevector transfer Q is defined by O = k'—k



Coherent and incoherent scattering

The scattering length, b, , depends on the nuclear isotope, spin relative to the
neutron & nuclear eigenstate. For a single nucleus:

b, = <b> +0b, where ob. averages to zero

bb, = (b)Y +{b)(b,+b,)+bb,
but <5b> =0 and <5bj5b j> vanishes unless 1 = j

(00 ) = (b, ~ (b)) =(b*)~(b)
A ()~ (b))N

dQ -f.aj
Coherent Scattering Incoherent Scattering
(scattering depends on the (scattering 1s uniform in all directions)

direction & magnitude of Q)

Note: N = number of atoms 1n scattering system



Coherent and incoherent scattering - some numbers

* Difference between H and D used in experiments with soft matter (contrast variation)

Nuclide | o, Cine | Nuclide | o, Cinc
'H 1.8 80.2 V 0.02 5.0
°H 5.6 2.0 Fe 11.5 0.4
C 5.6 0.0 Co 1.0 5.2
O 4.2 0.0 Cu 7.5 0.5
Al 1.5 0.0 S6Ar 24.9 0.0

» Al used for windows

* V used for sample containers 1n diffraction experiments and as calibration for energy

resolution

* Fe and Co have nuclear cross sections similar to the values of their magnetic cross sections

* Find scattering cross sections at the NIST web site at:
http://webster.ncnr.nist.gov/resources/n-lengths/




Coherent elastic scattering -- S(Q), structure factor

do
dQ)

b <b>2N .S(Q) for an assembly of similar atoms where S(Q) = <Z€@ (R-F,) >
ensemble

Now Ze 0k _“d* 07 Zé’(? ~R)= J‘d?".e_@"j py () where py is the nuclear number density

SO

50)={Jare o, 7 )

or S(Q)ﬁjd*' dr.e” ””<pN(F>pN(F')>=%IdEI die"*(p (F)py (F = R))

1€

where

S(Q) =1+ [dR {g(R) - p} . "

g(R) =Y (5(R-R +R,))| isafunction of R only.

i#0

g(R) 1s known as the static pair correlation function. It gives the probability that there 1s an
atom, 1, at distance R from the origin of a coordinate system, given that there is also a
(different) atom at the origin of the coordinate system at the same instant in time.



Neutron Diffraction: Bragg's Law

2d sin@




Diffraction -- What can we learn from it?

» Are there peaks? (Crystallinity)

* Which crystalline phases are present? (Phase
identification, database of fingerprint patterns)

 How many crystalline phases are present?
(Homogeneity)

« Relative amount of phases? (Quantitative phase
analysis)

* Crystal structure refinement
« Size, strain



A Typical powder diffraction pattern
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Inelastic scattering -- Atoms are not fixed

The formalism on the previous slide works fine if the atoms are stationary:
in reality, they are not

=1 ~i0.(R-R )
Remember that S(Q)=N<Ze 0 >
ensemble

i,j

We average over the (fluctuating) atomic positions by introducing a
probability that an atom will be at given position. Instead of the Fourier
Transform of 6 functions, this gives the FT of the 6 functions convolved
with a spread function. The result is that S(Q) is multiplied by the FT of the
spread function i.e. by exp—Q2<u2>/ 3if we use a Gaussian spread function

L o b — AN A A AN

Atomic vibrations cause a decrease in the intensity of Bragg scattering.
The “missing” scattering appears between Bragg peaks and results in
inelastic scattering



Inelastic scattering

For systems containing a reasonable proportion of
H atoms, scattering from H tends to dominate.

S(Q,mn) 4

Elastic

Inelastic

N

L J L\, o=0:Elastc
(loss) w=0 (gain) ® |
Energy Transfer o # 0: Inelastic

Quasielastic

Measure scattered neutrons as
function of Q and w: S(Q, ®)

o = 0: Quasi-elastic



Inelastic scattering -- coherent and incoherent

In term of the pair correlation functions, one finds

(72 )

d'o k' -

dO.dE =b,, ;N 5(0,0) (h/27)Q & (h/2m)w are the momentum &

VR o energy transferred to the neutron during the
[ d’c ) ! ttering process

d k ~ sca gp

7| =p2 N5, (0.0)

dQdE) "k
where

S(Q,a)) — ﬁj‘JAG(F,f)ei(QF_M)dth and S (Q’w) — ﬁ”‘ G. (F’t)ei(éf—a}r)d?dt

* Inelastic coherent scattering measures correlated motions of different
atoms

* Inelastic incoherent scattering measures self-correlations e.g. diffusion



To Summarize

* The intensity of elastic, coherent neutron scattering is proportional to the
spatial Fourier Transform of the Pair Correlation Function, G(r) l.e. the
probability of finding a particle at position r if there is simultaneously a
particle at r=0

* The intensity of inelastic coherent neutron scattering is proportional to
the space and time Fourier Transforms of the time-dependent pair
correlation function function, G(r,t) = probability of finding a particle at
position r at time twhen there is a particle at r=0 and t=0.

* Forinelastic incoherent scattering, the intensity is proportional to the
space and time Fourier Transforms of the self-correlation function, G.(r,1)
l.e. the probability of finding a particle at position r at time t when the
Same particle was at r=0 at t=0




X ray scattering vs. neutron scattering



Microscope Scattering
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X-ray and Neutron scattering as a tool

Nanoscale science and technology presents
extraordinary opportunities
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Neutrons vs. X-rays! — Interactions with matter

Surface — | _-

> = -
I - £
= a o

*Neutrons interact with atomic nuclei via very short range (~fm) forces.

*Neutrons also interact with unpaired electrons via a magnetic dipole
Interaction.
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Neutrons vs. X-rays! -- Penetration depth
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Note for neutrons:
« H/D difference
*Cd, B,Sm

* NO systematic Z

dependence



Neutrons vs. X-rays! — Scattering length

Al Mg O D

o @ @OOO0 o
Neutrons. @ o 00 .‘ ‘ff)

»Can be precisely calculated

» Sees light elements (H, Li etc.)
»Can discriminate adjacent elements
»Can discriminate isotopes



Neutrons vs. X-rays! — Brightness and Flux

Neutrons

Rotating
Anode

Bending
Magnet

Wiggler

Undulator
(APS)

Brightness
(st m?ster?)

1015

1016

1024

1026

10%

dE/E
(%)

2

0.01

0.01

0.01

Divergence
(mrad?)
10 x10

0.5x10

0.1 x5

0.1x1

0.01 x0.1

Flux
(stm?)
1011

5 x10%°
5 x10*/

1019

1024



Neutron scattering: Pros and Cons

Pros

Wavelength comparable with interatomic spacings ~A
Kinetic energy comparable with that of atoms in a solid ~meV
Penetrating

« Bulk properties, up to 10cm samples

« Complex sample environment
Weak interaction with matter

« Mostly s-wave

« Can be precisely calculated
|sotopic sensitivity allows contrast variation

« |sotope scattering differently

« H, D scattering drastically different
Neutron magnetic moment couples to B

« Neutron sees unpaired electron spins

« Polarized Neutrons

Cons

Low flux --> weak signal --> need large sample and long data
collecting time
Some elements (e.g. Cd, B, Gd) absorb strongly



Neutron production and neutron facilities



Production of free neutrons -- Fission and Spallation

Fission Reactors

Chain reaction
Continuous

2-3 neutrons/fission
~180MeV/neutron

Spallation

No chain reaction
Pulsed

30-40 neutrons/proton
~30MeV/neutron

4 in the world




Effective thermal neutron flux n/cm?2-s

Source vs. Flux

1020 .
Reactor Sources Spallation Sources o
J-PARC O
CSNS
ISIS - _ONS _ _ T
1015 mir HIFAR __ HPR Ll vARIAORPHEE |pHA NS <Al ANVEIANARD SNS By
B HFERR ONIST ;.o S ™ SIruve ag® @ e ®caRR PIK
LvR NRU ﬁgARFARI-}EEP ? KENaL R-Rs G RR-3SINQETERR-ZRM-IT OPAL
X-10@, WNR
100 ZING-P
105 L Berkeley 37-inch cyclotron m Particle driven pulsed
350 mCi Ra-Be source ¢ Particle driven steady statg
A Pulsed reactor
@ Fission reactors
1 L Chadwick
| | | | 1 | | | |
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
Year

(Updated from Neutron Scattering, K. Skold and D. L. Price, eds., Academic Press, 1986)

From: ESS - Status and Prospects, Ciprian Plostinar, Aug.2018
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Major Neutron Facilities in the World
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SNS, HFIR
Oak Ridge National Laboratory

:;-,;a :’J& —

High Flux Reactor
Power: 85MW
First in critical: 1965

Spallation Neutron Source
Initial Budget: 1.4b USD
Completion date: Apr 2006
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Other neutron facilities in China - CARR

The China Advanced Research Reactor (CARR) is a high-
flux and multipurpose research reactor, located at the campus
of China Institute of Atomic Energy(CIAE) in Beijing. It is a
tank-in-pool inverse neutron trap type reactor with a power of
60MW. The peak flux in a heavy-water reflector is about
8.0x10714 n/cm2/s. CARR went first critical on May 13th 2010
and reached the full power for 72 hours on March 13th 2012.
Now it is waiting for the official permission to start the regular
operation.

HIPD HRPD 1S0O1, ~ RF CTAS (/'l'(:,\..\ i . . )
die R , i . ©¢ & High Resolution Powder Diffractometer (HRPD), a High
3 TN AA . O d ;(2’“ Intensity Powder Diffractometer (HIPD) a Residual Stress
L & Bt & R @:’,'(,g;"' = Diffractometer (RSD), a texture diffractometer (TD), a four
o ;_'f __JACE Ve - circle diffractometer (FCD), two Triple Axis Spectrometers
e U — e o —__SANS  (TAS), a reflectometer (RF), a Small Angle Neutron
D N - e s
’ Pﬂ‘ E i SS—— Scattering instrument (SANS) were constructed.
D ad o SANS
FCD oan o -

http://english.ihep.cas.cn/ls/cnss/zzsszz/201406/t20140620 123024.html



http://english.ihep.cas.cn/ls/cnss/zzsszz/201406/t20140620_123024.html

Other neutron facilities in China - CMRR

ap KT
Thermal Neutron Hall

AT RIT

('T.'\S,II
L

USANS

\y
L

.\\

“INSTB

Cold Neutron Hall

The China Mianyang Research Reactor (CMRR) with the
power of 20 MW is located in the NP campus of Institute of
Nuclear Physics and Chemistry, Mianyang city, Sichuan
Province. It was open to users officially from 2012, including
the thermal and cold neutron halls. The liquid hydrogen cold
neutron source began to work from September 2013. The
measured thermal and cold fluxes for neutron scattering
experiments are 2.4x10714 n/cm2-s and 1079 n/cm2-s,
respectively.

A high resolution neutron diffractometer (HRND), a residual
stress neutron diffractometer (RSND), a thermal neutron
radiography station (TNR) and a high pressure neutron
diffractometer (HPDC). Four cold neutron instruments were
installed in the guide hall: a small-angle neutron spectrometer
(SANS), a time-of-flight and polarized neutron reflectometer
(TPNR), a cold-neutron triple-axis spectrometer (CTAS) and a
cold neutron radiography station (CNR).

http://english.ihep.cas.cn/ls/cnss/zzsszz/201406/t20140620 123024.html
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Pulsed vs Continuous Apples vs Oranges

2.5x10"°
» Spallation Neutron Source (pulsed)
~~
S 2.0x10" 4
©
8 The peak neutron production of the SNS is
g 1.5x10" about 10x that of the HFIR
E The HFIR neutron production is about 15x the
time averaged production of the SNS
O 1.0x10"
c
-
E "
5.0x10 °
z | . |
High Flux Isotope Reactor (continuous]
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Elastic Neutron Scattering Instruments

<€—— Longer Length Scales

 Elastic instruments d(A)
include: CUBEEE A L
— Powder diffraction _ REFLEGTOMETERS]
— Single Crystal diffraction |
— SANS (typical)
— Reflectometry S and

- Used to determine the 2 et
average structure of 0% F
materials (i.e. how the E sl |
atoms are arranged) TR

10° ' ' | '

10 10* 10° 102 10%  10° 100 10?
Q (A™) Based on diagram by Roger Pynn



TOF Powder Diffractometer: GPPD(CSNS)

* Low-cost D&P steel with high yield strength (~2
GPa), excellent toughness (102 MPa- M1/2), and
good ductility (19% uniform elongation) from
Hongkong University.

« Important microscopic parameter information
such as phase volume fraction and dislocation ewron proie
density was obtained through neutron diffraction
@GPPD

Science REPCRTS

Fitted profile — Residual

Intensity

Cite as: L. Liu ef al., Science
10.1126/science.aba9413 (2020).

08 1.0 12 14 16 1.8 20 22 24
Interplanar spacing, d (A)

Making ultrastrong steel tough by grain-boundary

L] L]
delamination
L. Liu'*, Qin Yu?*, Z. Wang!, Jon E112-3, M. X. Huang'f, Robert O. Ritchie?3} LI u et'al' SC ience
IDepartment of Mechanical Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong, China. 2Materials Sciences Division, Lawrence Berkeley National 2020' 3 68' 1 347 - 1 3 5 2

Laboratory, Berkeley, CA 94720, USA. 3Department of Materials Science and Engineering, University of California, Berkeley, CA 94720, USA.

19



TOF Powder Diffractometer: GPPD(CSNS)

 Neutron Diffraction @ GPPD determines the fine structure of carbon

dioxide in iron-containing mordenite, which has record high of carbon
dioxide uptakes.

RESEARCH

Self-assembled iron-containing mordenite monolith
for carbon dioxide sieving

Yu Zhou't, Jianlin Zhang't, Lei Wang?t, Xili Cui**t, Xiaoling Liu'f, Sie Shing Wong>®, Hua An®®,
Ning Yan®*, Jingyan Xie', Cong Yu®, Peixin Zhang®, Yonghua Du’®, Shibo Xi’, Lirong Zheng®,
Xingzhong Cao'®, Yajing Wu?, Yingxia Wang", Chongqing Wang’, Haimeng Wen’, Lei Chen’,
Huabin Xing®#*, Jun Wang'*
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Small Angle Neutron Scattering (SANS)
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Small Angle Neutron Scattering (SANS)
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Reflectometer (CSNS)
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Reflectometer (CSNS)
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Reflectometer (CSNS)
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Neutron Imaging
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Neutron Imaging
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Neutron Irradiation, CSNS
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Neutron Irradiation, CSNS
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Inelastic Neutron

* I[nelastic iInstruments:

— Direct Geometry TOF

Spectrometers 10°
- Indirect Geometry TOF 10
Spectrometers

— Triple-Axis Spectrometers 10

- Backscattering < 1
Spectrometers g
— Neutron Spin-Echo > 40
Spectrometers 3
w10
c
O
* Used to study g

dynamics such as 10°
phonons, magnons,

and diffusion (i.e. what *-

the atoms are doing)
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SEQUOIA: A Direct Geometry TOF
Spectrometer at the SNS
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Triple-Axis Spctrometer
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BASIS: An Inverted Geometry
Backscattering Spectrometer
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The China Spallation Neutron Source, Instruments
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Neutron instrumentation

* Instrument design is driven by the needs of the
scientific community coupled with the source
capabilities along with advances in neutron
optics and detectors.

* In the near term instrument development will be
primarily focused on:

— Focusing optics
— Polarization
— Detectors

— Instrument development infrastructure (computer
simulations)

— New techniques and applications



“If the neutron had not been discovered by Chadwick
in 1932, it would have been invented.” --Brockhouse
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