., EUROPEAN

e Neutron Instruments I & Il

Ken Andersen

ESS Instruments Division

Oxford School of Neutron Scaftering, 7/9/2011 Ken Andersen




EUROPEAN

zzf,:;;m” Neutron Instruments I & II
* Overview of source characteristics
* Bragg's Law

Elastic scattering: diffractometers

— Continuous sources
—Pulsed sources

Inelastic scattering: spectrometers
— Continuous sources
—Pulsed sources

Transmitted beam: imaging
Fundamental physics
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Neutrons vs Light

light neutrons
A < UM <nm
E > eV > meV
n 1—4 0.9997—1.0001
0. 90° 1°
D/AO 1019 p/cm?/ster/s 101 nicmassterss
(60W lightbulb) (60MW reactor)
P left-right up-down
spin 1 Yo
Interaction electromagnetic strong for_ce,
magnetic
charge 0 0
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Neutron Moderators
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- SOUICe brightnesses

SPALLATION
SOURCE

Peak brightness: ILL & ISIS: cold-source brightness
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Pulsed-source time structures

cold neutrons
log(Intensity)
A
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SPALLATION

Pulsed-source time structure

Intensity

A=1A
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, EUROPEAN

e Distribution by Guides

Neutron transport by total internal reflection
~ 100m at present sources

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen
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Reflecting Surfaces

incident - reflected
M/ critical angle of total
4 reflection 8,
<1 refracted
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wew  Neutron Supermirrors
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SOURCE
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wm  Neutron Supermirrors
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SOURCE
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.ew Neutron Supermirrors
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, EUROPEAN

e Distribution by Guides

Neutron transport by total internal reflection
~ 100m at present sources
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i Focusing

SPALLATION
SOURCE

guide ~ 100 samples < 1

R e
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Bragg's Law

SPALLATION

SOURCE
{— {— {— {— {— {— {—
| — | — | — | — | — | — | —

Oxford School of Neutron Scaftering, 7/9/2011 Ken Andersen




Bragg's Law
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Bragg's Law

SPALLATION
SOURCE

o angle ) A angle A
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Bragg's Law
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Bragg's Law

SPALLATION
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- DIffraction: Bragg's Law

! SPALLATION
SOURCE

27
A =2dsin @ Q:d_
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. Bragg's Law

k |= k. [=k
Q = 2k sin ¢
) A =2dsin ¢
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s Diffractometers
* Measure structure (d-spacings)
» Assume k;=k;

* Measure k; or k; :
— Bragg diffraction
— Time-of-flight
— Velocity selection
e Samples:
— Crystals
— Powders
— Liquids
— Large molecules or structures
— Surfaces

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen




- Powder diffractometers

SPALLATION
SOURCE

« Measure crystal structure
 Large single crystals rarely available

Polycryst
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SOURCE

m Time-of- fllght method
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- | 1Me-of-flight method
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- | IMe-of-flight method
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- Crystal Monochromators

SPALLATION
SOURCE

A A Copper 200

\\ Y / /// pessl M €
e o & ‘o o
S A
d-spacing
Germanium 333 1.089 A
Copper 200 1.807 A
Silicon 111 3.135 A
Graphite 002 3.355 A
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«.. Monochromator Focusing

SPALLATION
SOURCE
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Powder Diffraction at a Cts Source

EUROPEAN
SPALLATION
SOURCE .
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_Powder Diffraction at a Cts Source

SPALLATION
SOURCE
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SPALLATION

2:::::':5“" Powder Diffraction

* Determining the structure
—Rietveld refinement WM ud
« Measuring strain 5

o O & K8

—Engineering applications ‘?" £
' 8,

B

(
»
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- DIffuse Scattering
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—~«Resolution In diffraction
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~Mosaic-crystal Monochromators

SPALLATION
SOURCE
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SPALLATION
SOURCE

] IMe-0f-flight Resolution
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=] IMEe-0f-flight Resolution

SPALLATION
SOURCE

s | To Improve resolution, |
4 sIncrease the length: long guides
‘move to a different moderator

time
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‘gmﬁngle Crystal Diffraction
 Availability of large (~mm?) crystal
* No loss of information from powder average

 Direct and unambiguous structural determination
— Complex structures

¢ rotation

incident X-ray

-

beam

'.T' —\.|I.
diffracted
beam

Oxford School of Neutron Scatterlng 7/9/2011 Ken Andersen
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| aue Diffraction

SPALLATION
SOURCE

. White-beam method
* No prior knowledge of k; or k;

(310 A (110

o o
Peak position depends

-)
only on angle of crystal ® @ ¢
plane, o o
not on d-spacing e o Aa10)

o o
Good for crystal
orientation, and looking & e Ao

for odd reflections
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| aue Diffraction

SPALLATION
SOURCE

Mulfilayer| Collimator| | B4C Image plate  Beam stop
wavelength | shielding | detector |
filter| |
i T wmoomlé e 4
| oo naijprt A
N
1 |
Secondary ‘ ' Adjustable

beam shutter | diaphragm Sample
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SPALLATION
SOURCE

Single-Crystal with TOF

* TOF determination of k;, ke
« Large solid-angle coverage
— Lower flux than Laue
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§:,,mp,g,ngSmaII-Angle Scattering
N
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- SNall-Angle Scattering

SPALLATION
SOURCE

Probing the longest length A =2d sin ¢
scales available to neutrons 2
= d =
Monochromator Sample Detector 2 sin 0
AMA \
Collimator O % o
— 6
d IO \
O
A d 26

4-20 A 5-3000 A 0.1-20°
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SOURCE

ggm,u Small-angle scattering

« Access to smallest angles: remove direct beam
» Good collimation required

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen



SPALLATION
SOURCE

Small-angle scattering

« Access to smallest angles: remove direct beam
» Good collimation required

Soller collimator
—

Pin-holes separated by distance

v
N2\

5cm <30m 5cm >0.1°

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen




Continuous-source SANS

SPALLATION

SOURCE
Velocity selector Neutron guides Sample Detector
(Monochromator) (Collimators) (position sensitive]

t
Neutron guides
(Collimators)  Diaphragms Evacuated fube (40m)

AMA = 10%
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SPALLATION
SOURCE

- COontinuous-source SANS

A
d:

gt

LA Ad 2 (AX
2sin € 20 9 ) Ui

) +(7)

Direct beam spot ~ 10% of detector size

= AG/6>10%

AMA = 10%
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SPALLATION
SOURCE

Reflectometry

Reflection from surfaces and interfaces

g
2
Specular: 0.1 =0y —T—> Depth profile of the
scattering-length density

Off-specular: 6, #0,,

Ken Andersen
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SOURCE

™) = Specular reflectometry

Monochromatic

), fixed |

| | 0 fixed
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SPALLATION
colpre

- SpPecular reflectometry

2 m

Horizontal sample geometry
all samples (including liquids)

Vertical sample geometry
solid samples, e.g. magnetic
straightforward to vary 6
straightforward to build

L —

Oxford School of Neutron Scattering, 7/9/2011

Ken Andersen



SPALLATION
SOURCE

Measure in-plane
correlations

--Off-specular reflectometry

Replace single detector
with position-sensitive
detector

oz Flipper on
Ut +10)

0.175 e Y
8 in
Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen
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SPALLATION
SOURCE

Neutron Instruments |I. Summary

 Neutron sources
— Very weak: neutrons are precious
— Pulsed and continuous
* Instrument components & concepts
— Time-of-flight method
— Guides
— Monochromators
« Elastic scattering: diffractometers

— Powder diffractometers: single-peak,
Laue, TOF

— SANS
— Reflectometers: specular & off-specular

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen



EUROPEAN

:zﬁ:cfm Neutron Instruments I & II
 Overview of source characteristics

* Bragg's Law

Elastic scattering: diffractometers
— Continuous sources

—Pulsed sources

Inelastic scattering: spectrometers
— Continuous sources

—Pulsed sources

Transmitted beam: imaging

* Fundamental physics

Oxford School of Neutron Scaftering, 7/9/2011 Ken Andersen




SPALLATION
SOURCE

Neutron Spectroscopy

 EXcitations: vibrations and other movements
 Structural knowledge Is prerequisite
— Measure diffraction first
* ki # ki
Measure k; and k: :
— Bragg diffraction
— Time-of-flight
— Resonant absorption
— Larmor precession
Methods
— Fix k; and scan k; — “direct geometry”
— Fix k¢ and scan k; — “indirect geometry”
Energy scales: < yeV — >eV

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen



o Scattering triangle

Conservation of energy & momentum| £, = £, T h®

o L rr r
Initial: £ ,hk, Final: E ,hk, k, =k, *+0
Momentum transfer Energy transfer

é:llci_;cf h@:L(k?_kz)
2m l /

= 0’ = kl.2 +k; ~ 2k,k, cos 206

Accessible kinematic range
given by scattering triangle Q
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S SPALLATION
SOURCE

Chopper Spectrometers
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... Chopper Spectrometers

! SPALLATION
SOURCE

Direct geometry:
fix k; by chopper phasing
distance scan through k; by time-of-flight

‘_ __________________________________________________ detector _.

Pulsed Source

0 time

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen



- ChOopper Spectrometers

distance

A
___________________________________________________ detector _.

ample
chopper 2

Continuous Source

—1'f chopper 1

: >
0 time
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Egsgystal-Monochromator Chop. Spec.
distance

____________________________________ detector _.

Continuous Source

Oxford School of Neutron Scaftering, 7/9/2011 Ken Andersen




G Choppers
L |

Fermi
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- ChOopper Spectrometers

SPALLATION
SOURCE

» General-purpose spectrometers
—Energy ranges from 1 meV to 1 eV covered
* Huge position-sensitive detector arrays
" Moderator 40000 detector elements
—Single crystals ! s o

'_ & Background Chopper ‘

Ml 7 ' | Sample Position

~es

Fermi Chopper ¥aet
| >

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen



Detectors

SPALLATION
SOURCE

SHe gas tubes Scintillators
n+3He 2 3H + 1H + 0.764 MeV n+°Li 2 4He +3H + 4.79 MeV
>1mm resolution <lmm resolution
High efficiency Medium efficiency
Low gamma-sensitivity Some gamma-sensitivity

3He supply problem Magnetic-field sensitivity

e W\ o

Oxfc;rd §:vh’c‘)ol of Neutron Sca&ering, /9/2011 — Ken Anderen



EUROPEAN
| SPALLATION
SOURCE

Direct-geometry

Ki

E
>
20 E’
(0p)
-
Ks 3
>
o2
(D)
-
LI

i

S

kinematics

h 2
&:E
2m

n

l.+Ef—2 El.Efc:os2‘9

Oxford School of Neutron Scattering, 7/9/2011
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Alternative to direct geometry

Indirect geometry:

fix ki
distance scan through k: by time-of-flight
____________________________________________________ detector
_____________________________________________________ analyser
sample

: time

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen




EUROPEAN
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SOURCE

Indirect-geometry kinematics

iZEi +E, ~2,/E,E, cos2V
2m
o
2 |
-
©
) 7/
- s
LLI B / .
Ki 29 20 =0 20 =180 °
—F | NNk
Q kf | | | |
0

Momentum transfer

Q
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_— eV spectroscopy

SPALLATION
SOURCE

se resonant absorption to define k.. TOF
defines k.

— Total line shape

70009 ~AA. - [\ - Doppler @ 300 K

—~ 6000 238U _.: ------ Doppler @ 77 K
1) Measure with absorber in and out. £, |
Count neutrons. Take difference = ==l
_ _ § 30004
2) Measure with absorber in. 2 onnpd]
Count gamiffas'V1® g
Incoming 1000 -
Neutrons 0- * .
\ 64 65 66 67 68 69 70
; energy (eV)
Sample tank 0.08 |
Analyser
foils mb o6 | i
I Variable position
S detector banks oa | B
Back scattering \ ,,,,,
detector bank 0.02 | " i
Al can
Foll cooling and cycling NG RGRDeTE T\b} : o] 1 | .L | I
° 1 | | |
back:gauttmn:gmdf:t;cmfs for forward scattering m;m 100 200 300 400 500




SPALLATION

TOSCA@ISIS

SOURCE

Chemical spectroscopy

Biphenylene, BS Hudson, Syracuse University
Ref: Chem. Phys. Lett. 434 (2007) 241-244

N

Closed cycle :
refrigerator —: Detectors 1
iy 3
g
v
Graphite Eoolﬁ(.l L W
analyser CL YA
) filter
400 ' 800 ' 1200
Wavenumber / cm’’

Neutrons ‘ Sample
—

Density-of-
states

! w v )
Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen



SPALLATION
SOURCE

EUROP!;Iigh Resolution 1: Backscattering

A =2dsin 0 N
A4 Ad GA 6 2(9
— = __ — +
P ; cot A COS S
sin ¢

Use single crystals in as close to
backscattering as possible to define k:.
Scan through k; with as good energy

resolution.

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen




... Pulsed-Source Backscattering
detectom\m

High k; resolution: //K/

. analyser crystals
long instrument on sharp moderator

exact backscattering near-backscattering

Oxford School of Neutron Scattering, 7/9/2011 Ken Andersen




e Backscattering

SPALLATION
SOURCE
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Cantinuous-Source Backscattering

SPALLATION
SOURCE

O:

 Analysers

Helium flight box 7" st d Iedorﬂ_ SR o

47
0 : \
0 N
a0
7 Q0
(M.

SU_'“P@/ Be filter = Moving Monochromator
Neutron guide| FO(US'"Q gunde Q F"S' de Beam stop
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Cantinuous-Source Backscattering

SPALLATION
SOURCE

O"

Fix ki by backscattering analysers
Scan k; by Doppler-shifting backscattering monochromator

Energy resolution < 1peV
Energy range ~+ 15 peV

:‘ Lj ‘ ' : ; 'l,,_';
G “ Helium Hight box N pea
D (ollimutor * O a— 5
| = Detedor ot ? h ST
SO RS Y M O D g5 . “"{.‘-" ( qur
ot S Lhapoe
S—L“m 4 BLME'—-- Moving Monochromator
Neutron guide. Fowsmg gunde YL\X First deflector Beam top
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 .High Resolution 2: Neutron Spin
" SOURCE
| Echo

High energy resolution < 1 peV
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- 171ple-axis Spectrometers

SPALLATION
SOURCE

« Only at continuous
sources

* Very flexible

Neutron guide| | Primary shutter | Monachromator changer

» Measures a single i

poit In -E space at a "

| Helmholfz coils
time

. . Mo‘nitm'l — 5 Sample

° Scan S: Q g;l::;,t::f:/ﬂmw coils p. [:?:’m'g

— Constant : Scan E at i) e

constantk; or ki Q Anlyse .A el

— Constant E: Scan In b=\ e

any direction =
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o  TAS With Multiplexing

SPALLATION
SOURCE

IN20 flat-cone multi-analyser

Top view Side view

/ sample

31 channels
Ngiiena e 750 angular range
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ot .4maging: Neutron Radiography

SPALLATION
SOURCE

SOUrc e colimator object detector

Neutro
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. EUROPEAN
S SPALLATION
F SOURCE

Fundamental Physics

Beam stop

Neutron Guide

(old source

Casemate PFI Experimental zone PFI i

Oxford School of Neutron Scattering, 7/9/2011
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‘ Neutron Instruments 2: Summary
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* |nstruments for measuring excitations
 Energy scales : < peV — >eV
* Instrument components & concepts
— Direct and indirect geometry
— Choppers
— Detectors
* |nelastic scattering: spectrometers
— Chopper spectrometers
— eV spectroscopy
— Chemical spectroscopy
— Backscattering
— Spin-echo
— Triple-axis spectrometers
* Imaging & Fundamental physics
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