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Lecture 8: Neutrons & Scattering to Determine Structure

Theoretical Background

* Motivation and properties of the neutron @ —
* Scattering of periodic and deviating atomic structures Ao A\
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Practical Implementation
* Neutron sources and basic technologies
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Locate light elements in hydride crystals 282



F u rt h e r Re a d i n g INTRODUCTION TO

THE THEORY OF

THERMAL
NEUTRON
* “Introduction to the Theory of Thermal Neutron Scattering” SCATTERING

G. L. Squires
Dover Publication (1978)

* “Theory of Neutron Scattering from Condensed Matter” Vol.l/Il.
S. W. Lovesey
Oxford Science Publications (1984).

Laboratory Course

Neutron Scattering RS

Lectures

G.L.Squires U
“ . Goor Rothand Rener Zor (Edors ) )0LICH
* “Neutron Scattering |
T. Briickel, et al. (2012) / Available Open Access:
https://juser.fz-juelich.de/record/136390/files/Schluesseltech 39.pdf
e  “Neutron Data Book”
Albert-José Dianoux and Gerry Lander Ao O
https://www.ill.eu/fileadmin/user upload/ILL/1 About ILL/Documentation/NeutronDataBooklet.pdf e

ITU (Karlsruhe)

NEUTRONS
FOR SCIENCE

o July 2003
¥science|
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Reminder: Why Neutrons?

“I am afraid neutrons will not be of any use to any one.”

Sir James Chadwick
1935 Nobel Laureate in Physics

Structure within
the Atom
Quark e

Size < 10719m A
Electron

Nucleus _ k
Size=10""“m Size <107'®m
\A
W

o
? P Neutron
5 and
~— Proton

By — Atom Size = 1015 m
Size = 10~19m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.
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Reminder: Why Neutrons?
1994 Nobel Prize in Physics

Clifford G. Shull
1915 -2001, USA

Neutrons show

where atoms are

Cifford G Sl »o
Lty e, Mmoo snevn
USA, reamtves oo bt of B

When the neutrons 1Y% Bt Poum s Py e
- L ] e s v

collide with atoms inthe ” et wosove

sample material, they \Td

change direction (are ‘ d B

scatt ered) -~ glagtic .
scatt ering. - _9 9 o
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v et 5
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Crystal that sorts and
forwards neutrons of
& certain wavelength

(energy) - mono-
chromatized newtrons

Detectors record the directions
of the neutrons and a diffraction
pattern is obtained.

The pattern shows the
positions of the atoms relative
to one ancther.

Principles of X-ray and Neutron Scattering | Applications to Quantum Matter | Artur Glavic

Bertram N. Brockhouse
1918 — 2003, Canada

Neutrons show

what atoms do
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3-axis spectrometer with ~
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P SV o )  Changes inthe
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O« P "Q neutrons are first

Atoms in a : . anal in
carystalline usnolc 9 s\ J o O m’yv::‘ay:'d...
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When the newtrons
penetrate the sample
they start or cancel
oscillations in the
atoms. If the neutrons
reate phonons or
magnons they

Crystal that sorts and
forwards neutrons of
a certain wavelength
(energy) ~ mono-

themselves lose the w and the neutrons
chwomatized neutrons energy these absord then counted in a
- inelastic scattering detector.
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Reminder: Why Neutrons?

nuclear interaction
abstoBender Kern

Vo
MeV

| 2 tffm

" Yukawa-Potential

proper wavelength
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Properties of Neutrons

mass m 1.674928(1) - 10%" kg dtet
charge 0 -
spin s -h/2
magnetic moment pu -9.6491783(18)-10%7 JT! i
B-decay lifetimet 885.9+0.9s s
confinement radius R =0.7 fm s
| e
> 4
Wavelength: Ay, = \/h2/2mnE
An(25meV) =181 A X-rays neutrons
Interactions:
e[l
strong-force B
& [N M.
foe
ma netIC IRb | Sr |
g .
ty = —1.913un

IIIIIIIII

https://slddb.esss.dk/slddb/periodic table
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Differential Scattering Cross-Section

do “The number of particles scattered into solid angle d{) per unit of time”

dQ “The number of incident particles per unit of time and area”
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Scattered Neutron Wave

py
Oy N
2 NS
Schrédinger’s equation: (— A + V(ff’)) O(7) = E¢(T) \/ /@;

2mr€d N %cf@“
h2k2 h? K Qeampled K
Only elastic scattering: E = V(r) = U(7) incident g &) unscattered
2mred 2Tn'red A
S Scatteri tion: A 4 k2 A — U(P)(7) — (same form derived for x-rays
catering wave equaton: (A4 K7) 0() = V(MO0 = x  ronque iet
Ansatz: Introducing a Green’s function =» integral wave equation
(A +E)G(F—7) =6(F —7)
© o] 67) = o0() + [ Gl = PUE0) &7
G —7) =
( 4 |77 — 7|
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First Born Approximation

Solving integral equation by iterative approach:

brss (7) = o) + /GF ()b () 7
Po (T) =

First non-trivial solution: (1t Born approximation)

=
o) =¥+ [ o e do
40 |7 — 77|

Far field (Fraunhofer) approximation: |7 — 77/| ~r— ]%f -
NS, 6zk:|7:’—77"| N I
> F) = ek 4 - e RV (rNe*T B &
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First Born Approximation

NIRCAM ALIGNMENT SELFIE Fourier Transform
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scattering potential!
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Recap: Fourier Transform

f(z) = % /ﬁ(@)ei chf’cj forward transform
backward transform Z(Q) = /f(f)e"' Q¥ g3z
f (a¥) = ﬁﬂ’ (%) inverse scaling

~> inverse complex

=>» FT of real function symmetric around 0

f(Z—2%p) = F (Q) e~ Q% translation = phase factor

Convolution theorem:

1@ 9@ = [ #(8)9 (3-8 -7 (@) (Q)
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Scattering from Single Nucleus

1071°m - g
ak = 10_10 m <<1 §e
> / d0%% 4 -
- 0 = _— = TC 200
S-wave tot dQ | | @

3 My, N\, —iQF
Vs (7) = ad® (7 — ) ®(@) = / (7)1 7
s
- ()
d$2 (27Th2 a) ‘ <
. 2mh? G The complex scattering length b is sufficient to
VNuk(T) = — bo” (1" — 175) describe the neutron — nucleus interaction!
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b/fm
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Neutron Scattering Length of Elements
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Intermezzo — Attenuation and Shielding

* The total cross-section for neutrons is dominated by
scattering besides for a few elements (B, Cd, Gd) 10'F

* For most neutron capture reactions, a secondary charged
particle and/or y-photo is emitted

* To shield from thermal neutron radiation it is therefore
most efficient to capture the neutron in a first layer and
then reduce y with heavy materials

* An alternative is a larger amount of concrete due to its
lower price, in this case the hydrogen is the main absorber

g

Neutron Cross Section (b)

001f | .
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-2 W Qe‘&\
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as weII as beamline components R~

6|
nucleus 107

close to the neutron beam il ~— 0 2 i 5 %

Paper/Skin Aluminum Lead Concrete Atomic Number

https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html
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https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html

Dynamic Neutron Radiography

fired 64ccm two-stroke engine @ 8'000rpm
STIHLTS 400

PAUL SCHERRER INSTITUT
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Scattering from Periodic Crystals

Real Space | Reciprocal Space Real-space lattice: R = nq 61 + N9 62 —+ ngag

_ . M Reciprocal lattice: é h [; +k b2 iy b3
] L ‘ Laue scattering condition: C_j — Q_'

Crystal Potential . ISI;?taetItlv:i‘te;
Unit Cell Structure Factor (Spg;) Reciprocal Lattice
S@~ > L@ 97 Y 0(Q— (hby+ kb + 1bs))
hok,l

Atomic Form Factor

Convolution theorem: f (%) g(@)=>F (@) 3 <é>



Scattering from Periodic Crystals

Y

Real Space. | Reciprocal Space Real-space lattice: R = nq 61 + N9 62 —+ ngag

o M Reciprocal lattice: é =h 51 + k 52 + 53
&

5: 5: 5: 5: ) ‘ Laue scattering condition: @ — @

®
Crystal Potential . Scattered
Intensity

Equivalent Bragg equation: n)\ — 2d Siné’

Measured neutron intensity:

L2
2 Aow
Inki = |Shrt| = = | E b;e 9T

d sin 6
F-0—-—-0



Deviations from Regular Structure

If a lattice that contains random variations of the potential, one needs to consider the average contributions:

2 = R
do _ <Z bjeerj . Z b;G_ZQTj/>
J 7’

i (9) x[5@

Variation of Scattering Length (e.g. isotopes) Variation of Position (e.g. thermal motion)

T 5 2 S U
b b XS L
oo

ey =4
bt {<b>2 - ) £

5[ Q (7~
2 |S(Q) = <Z ’bj,zeZQ( i )>
do (5 2 Tl 2 jid’
m(Q)“@ ije +fV<(b—<b>)>J
. i < ”inco:ren ” =02 5, 9
e herent |Shkl‘2 = ‘Z bjezQ<rj> e @ (u®)/3
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Neutron Sources

U-fission: ILL, FRM2, HZB, LLB, IBR-2 (reactor based)

Fission yields
fragments of
intermediate
mass, an average
of 2.4 neutrons,
and average

An example of one of the many
reactions in the uranium-235
fission process.

o 235 |:"-'36 ]
o—> - — |~ —
: U +n— |20, | = X +Y +2.44n
(#] gamma
r{'j'( Impact by :%‘_\ray
slw nautron ;"(;E:;und B O
::I:}::Frgr nucleus is 56 apf Neutrons can\
an av. unstable, inifiate a chain
oacillates. reaction.
Spallation: SINQ, ISIS, SNS, JPARC (accelerator based) Other Reaction: HBS,...
Lead nucleus )
¥ |
'))),:; e ‘)?r:) _— )J)':: ! EBE
% iy . Wi w s 4
s I -y I ) Y
",,.:F “\-.\__u
Proton N 2 proton neutron
2 Neutron a NI
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SINQ at PSI| — Continuous Spallation Source

Injektor 2
72 MeV

Cockcroft-Walton
870 keV
L)

Injektor 1

18.2 M| ACC Status | 20°C| Mon 20.Jun.2011 20:03:35 |
-6H Now>

-1 590 M@yl

In]_2 . EREREARATRRARE

Ring : Beam developement
1.42 Mid Beam Power: New WORLD RECORD
SINQ : in operation
IP-2 : Standby
UCN  : Standby

Noutronenlsiter

ATEC

Hallendienst c"”’;"* ‘M
igrsse. #
[
Experimentierhalle . |
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Energy Moderation

Moderation of neutrons to usable energies:

16 » I | I |
14 -:'|'. i
' — --T=50K
12 (i ——— T=300K -
= T B T=1000 K
£ 104 '.| ]
£ 08 1: ".
= |
_ < 06
: ) < :
traditional moderator HFIR reactor (ORNL) 0.4 H
0.2 -|1
modern thermal/cold moderator (ESS) 0.0 0'
Cold Mod.
- | N
E =818 -5 =2.072- k* = 5.227 - v* = 0.08617 - T
ImeV = 0.242THz = 8.07cm™ ' = 11.6 K = 17.3T
\ Yy
Thermal Mod. * W. Wagner, ASQ, Paul Scherrer Institute

14.02. '24 Principles of X-ray and Neutron Scattering | Applications to Quantum Matter | Artur Glavic Lecture 7: Neutrons & Scattering to Determine Structure



SINQ Cold Source (D,) Bulk

Continuous source, time structure irrelevant

Sector 50

Cold neutrons —g /‘

Thermal neutrons

He enclosure 1000 ¢ , ; :

Moderator tank
H-0 Reflector

100 |
D>0O Moderator i

Target

\ 10 |

\

Target, Block
Shieldigg

scattering cross section (barn)

ik : =
\/ ortho hydrogen

I ara hydrogen
(steel /and concrete) [ | b S e
' para deuterium ———
’ . e . /,f" 0.1 N PR N PR N ASEA s PR s P
H2O Reflector 1e-05 00001 0001  0.01 0.1 1 10

D> Moderator energy (eV)

Neutron beam tu

—— 1-H-1(n.y) ENDF/B-VILO
—— 1-H2(n.y) ENDF/B-VILO

Moderator for cold neutrons: 4
* Light atoms (H/D) y

+ Low temperature (liquid H,/D,)

* Minimize absorption
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ESS Cold Source (para-H,) “Butterfly”

Pulsed source, time structure determines wavelength resolution

1000 ¢

100 | \

Moderator for cold neutrons:
* Light atoms (H/D) v
* Keep time structure -

[ \\/ ortho hydrogeﬁ
* Minimize absorption i o cadtertum

para deuterium

i

scattering cross section (barn)

o1l -
. 1e-05 0.0001 0.001 0.01 0.1 1 10
N =>» low height para-H, energy (eV)
| N 4 s + : : : 28
’w:;rl/‘ ‘ § 12— l m' . 2%
N/ B S =ity 24 ~
parahydrogen g o o 22 2
A : : & g
7 A \ ; g - 18 '1-'5,
7 NCN\Y § 6 16 %
> C 14 §
/ % AN % 4 I o 2 %
% e[ 1 ' 3
f B i AT — | R IO b
4 6 8 10 12 14 16 18 20

DOI: 10.1016/j.nima.2020.163402 - e A
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ESS Cold Source (para-H,) “Butterfly”

Pulsed source, time structure determines wavelength resolution

(_

Height of the moderator hydrogen content [cm)

" ravaery P PR - Akl T
4 6 8 10 12 14

DOI: 10.1016/j.nima.2020.163402
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1000 ¢
i ~
. MFP ~ 25mm

e > AN

g 100 ¢ .

= :

ke

©

[}

3 7

% 10 o s

o i /\

¢ \\\_/\7@&

B Tl //\'

3 i \\_/ ortho hydrogen
para hydrogen
ortho deuterium

oql o o \. . paadeuterium ——
1e-05  0.0001 001 0.01 0.1 1 10
energy (eV)

M

FP > 500mm

=» gain factor = 3
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Neutron Detection

3He/°B proportional counter

Cross-section (barns)
3 3
/
///
e
®
Q.

Cathode nvd‘a“
102
10
. \\“ :
o . .. 1
pp e o scintillator based ) | ]
_I 500V o] 10° 10* 10° 102 10" 1 10 10° 10° 10° 10° 10° 10
| k&/@ PP c Neutron energy (eV)
> ==
3 O
ppe— Zm
Sample or process Mostly Li/Gd/B based absorption,
conversion of n=»y factor 300-20’000

Scintillator screen
e

Power

> f supply
>
>

/ " 1 Control
~ unit on PC

Mirror Light tight box CCD camera
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Diffraction Techniques: Single Crystal Diffraction

Ewald’s o ¢
sphere ¢
o
..... o
Ao e o oS ) °
o N ¢
L e . °
ORI TEIEIENS < SENLDEIEDCE a”
.............................. : e
U PR SNl P
Incident BEUDDEENOE DN AN R 3 \ | — P
T e T . 0
PR N NN NN NN ®
e e . °
........................................ [ ]
0 R e et °
................... L 4 .
N AL ¢ 4 Reciprocal
lattice
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Single Crystal Diffraction: ZEBRA at SINQ

Sapphire Filter

Primary Beam Shutter

| Collimators

x
d LR Monochromator Ges11/PGooz

Beam Shutter

PG-Filter (optional)

Monitor

Nose with adjustable slits

Sample/Eulerian-Cradle

Beam stop

Turnable area detector Radial collimator

Turnable single detector Tilting mechanism
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Diffraction Techniques: Powder Diffraction

y
7
/.«..\ S |
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Powder Diffraction: DIVIC mstrument at SINQ

Neutron Guide

Monochromator Cpo;
Shutter

Collimator (optional)
Adjustable slit

Y Monitor e
. B =S = ~18
e - 4 -
F'Iti—_-_.____ : Beam stop g ~ 4 b

Adjustable slits o
Sample Radial oscillating . 8 = o
collimator ante 2
J 8 o8«

. BF3 multidetector

c e N 50 60 70 80 90
’ . Tian Shang et al., Science Advances, 4, 6386 (2018)
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Powder Diffraction: HRPT instrument at SINQ

High Resolution Powder Diffractometer for Thermal Neutrons

High energy neutron
beam shutter

Beam reductions

3He multidetector ol
ollimators oy

Oscillating radial
collimator

Si-Filter, N>-cooled

B
ea ._ Vert./horiz.

slits

Neutron beam monit

é?.
2
%
g

Monochromatic
beam shielding

“ PGCFilte

Detector
shielding

Thermal shutter
Monochromator Genkk

Monochromator
shielding (elephant)

HRPT

Neutron Guide

Monochromator Coo;

Shutter

Collimator (optional)

7 %

Adjustable slit

Monitor

Filter
Adjustable slits
Sample

DMC

What makes HRPT higher resolution than DMC???
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Beam stop

Radial oscillating
collimator

BF3 multidetector
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Powder Diffraction: HRPT instrument at SINQ

Wavelength Resolution of a Crystal Monochromator

on
High energy neutr
peam shutter

Beam reductions ’
|

Collimators & \ll |

& Si {111}

(o))
|

3He multidetecto’

. o\ed
Oscillating radiel si-Filter, N2-€©

collimator
Beam stoP yert./horiz-

slits .
or

H Neutron peam monit
Mon ochromat\c

m shielding

4 beal
///////lmn\\\\\\\\ 74 mm (opt.)

2dsin(8) (A)
»
|

A=
N
|

Neutron Guide

Monochromator Cooz
Shutter
Collimator (optional)

Detector Thermal shutter
shieldind ator Gehkk

- A6

- Adjustable slit
|

0
DMC 0 45 90 135 18(
8 ()

cp+cot9d9

A d N
/ Depends on Beam Divergence

Depends on Crystal Quality Depends on Scattering Angle!!!!

Monochrom

HRPT s

Monitor

Filter -\
Adjustable slits
Sample

Beam stop

‘ Radial oscillating AA’
) collimator

¥ P
Sa. BF3 multidetector
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Locate light elements in hydride crystals

202N +H O BN +%H

20/°
10 40 70 100 130 160
‘(g 21 i 1 1 1 |
5 . H,R,.,=3.0%
8 14~ i |
ap] d
: = 7 -)L_J IMLMWM
O Lj > » ki LiLa,NH,0
.a 0 =i | I F= Il | Illll ll [ llll ll:l: Hm 1I ll I Ill‘ lllllllllllll Il::lll ll:/LaN (1670)
‘ La 5 : (. N Vot rLiH (4.2%)
E | [ (] | | ol KD e o lltii?o(z'S%)
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Lecture 7: Neutrons & Scattering to Determine Structure
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