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® The Diffraction Technique.

® Neutrons versus X-rays.
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THE DIFFRACTION TECHNIQUE

Perfect crystal -

THTHS
1 der. '
ong range order : yor . 3.3.6..3

] . QOO0 ﬂ
Perfect crystal ~ Polycrystal Amorphous
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Amorphous materials show
no long-range atomic order,
but do have short-range
order, i.e. S10, tetrahedra
in silica glass.




THE DIFFRACTION TECHNIQUE

Strictly, for crystalline materials, diffraction studies give the
scattering density within the unit cell, averaged over time
and all the unit cells in the sample.

“Crystals are like people, it
IS the defects in them that
make them interesting.”

(Sir Charles Frank).

Defects are responsible for
many important properties
in bulk materials - optical,
electrical, mechanical......

Point defects of crystals
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BRAGG DIFFRACTION

. Constructive interference
. Incident .
gp-Lane wave " of waves occurs when
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e o o o o o A=wavelength of radiation
d=interplanar spacing
20=scattering angle

Historically, diffraction data (X-ray or neutron) collected by
scanning detector through 26 at fixed A.

Single crystal : must be correctly oriented for diffraction.
Powder : collection of single crystals - no need to orient.



BRAGG DIFFRACTION

Can also define the scattering vector, Q, in terms of the
incident and scattered wavevectors, k; and k; :

QZ]Si—]Sf
k=|kl=2m/A

Elastic scattering :
k. =k

Geometry :
Q = 2ksin0d
= Q =47sin0 / A




BRAGG DIFFRACTION

Basic features of a diffractometer are very simple!

Source Sample
I wavelength, A
20
O = 47sin® / A %Detector

Measure Bragg peaks over a wide range of Q (for single

crystal) or Q (for powder) by scanning scattering angle 20
(and 0) or wavelength A.

Neutrons or X-rays?



by & X—ray f,(0) (fm)

X-RAYS AND NEUTRONS

Flux. Smaller samples with X-rays.

Light atoms.
Neighbouring elements.
Magnetism.
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BRAGG DIFFRACTION

Expression for the scattering intensity, 1(Q), 1s

(0)=~ 28

—> only have scattering at Bragg positions, O=T.

‘F

The structure factor, F(Q), can be written as

F,

sum over
all atoms 1n
unit cell

Ny

_ Zb m .ezni(hxj+kyj+lzj)e_WJ(Q)

ki JNJ

site occupancy

\ temperature

factor

scattering length

X,y,Z atomic positions

h.k,l Miller indices




STRUCTURE SOLUTION

A (very) brief summary of route from diffraction data to the
crystal structure......

100

Indexing. - o
Using the Brage | s d3sh,
peak positions c=11.471A
(inQ, 0,20,d, £
etc.) determine E’
the size and =

shape of the unit
cell.




STRUCTURE SOLUTION

A (very) brief summary of route from diffraction data to the

crystal structure......

Determine the space
group.

Using the systematic
absences of certain
classes of reflections
to give the space group
(or, at least, a small
number of candidate
possibilities).
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STRUCTURE SOLUTION

It 1s, 1n principle, possible to determine the scattering

density within the unit cell, p(x,y,z), directly from the
structure factors, Fj;,;, using

X v,2 Zzthkl 2mi( hx+ky+Iz)

However, experimentally we get F il | rather than F -

Various methods are used to overcome this ‘phase problem’.

® Patterson maps.
® Direct methods.
® Chemical intuition.

Most crystal structures solved using X-ray diffraction.



STRUCTURE SOLUTION

PLATOMN Graphicz Window

of the structure ST N T AN A _;_
has been
correctly
determined, it
is possible to
find remaining
atoms using
Fourier
difference
methods
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STRUCTURE SOLUTION

h k l cmalc onbs h kl cmalc onbs
0208177.16 8360.52 170417.13 433.16
120000  0.00 270046 046
2208361.77 8897.75 370927.65 953.37
13038596 402.84 4709.11 921
230101 098 5708270 83.20
330100642 1038.81 080 1611.91 1674.67
430142 144 180151 1.52
530840  8.15 2 80 1706.40 1688.92
040 1386.12 1595.49 380660  6.57
140750 774 480835.88 846.65
: : 24019003 195.00 1902381.82 2500.06
Final stage 1S to perforrn 340175 178 2001662 16.88
: 44046948 475.29 39023129 239.03
least—squares fit to the 540015  0.16 4900.11  0.11
: : 150181.10 187.38 0100 285.65 296.97
cXper imental data using 250341  3.53 110015.53 15.82
3505833 59.70 2100471 456
the structural model. 450177 178 3100063  0.67
55046.00 46.56 4100680 6.70
® < - 060380.12 398.37 1110 174.41 220.28
Slngle CryStaL Fit to 1602849 29.14 2110522 524
2605461.81 5568.37 3110571 5.78
the measured squared 360000  0.00 4110456 451

structure factors, F? ,(hkl). 260 1>>440 13561



STRUCTURE SOLUTION

¢ Powder. Fit to the measured diffraction pattern (Rietveld

method).

. Experimental data
Requlres parameters — Rietveld refinement
describing the ~

= It
peak shape, etc. = -
Provides..... E
unit cell parameters, =
thermal parameters’ il I ! IIII IMIE] NED U] DN | DUSANY N IO I N Y | [

site occupancies, e e e it
20 40 60 80 100 120

..... elc. 20( degree )

Np

R\%V:Z:(yobs,j_ycalc,j)2 % (yobs,j)2

2 2
J=1 (Gyobs,j) J=1 (Gyobs,j)

Average structure.



INSTRUMENT REQUIREMENTS

® Need a wide range of Q (single crystal) or Q (powder).
- maximize number of measured Bragg peaks.
- low Q 1mportant for indexing, magnetism, etc.
- high O good for thermal parameters, occupancies, efc.

® Need high countrate.
- fast measurements (in-situ studies of kinetics, etc.).
- small sample volumes (high pressure studies, etc.).

® Need good AQ/Q (or Ad/d) resolution.
- observe subtle peak splittings.
- accurate measurement of changes in unit cell parameters.

® Need low background.
- see weak reflections (correct space group, superlattices).



INSTRUMENT REQUIREMENTS

i Sample Tank Barks 6 & 7
GEM o 142°-171°

® General purpose diffractometers.

- Suitable for a wide range of scientific
applications.

® Specialised diffractometers.

Bakl Bark2 Bank3 Barkd Bark$S BankS¥
F-l2 13210 24045 speome o108 LOET—114°

- Engineering.
- High pressure.

- Proteins.



NEUTRON DIFFRACTOMETERS

Steady State Source Pulsed Source

Single Crystal

e 00T S0

Powder




SINGLE CRYSTAL DIFFRACTION : STEADY STATE

Originally developed r\ei rotation
for X-ray diffraction _—
studies of ‘ X Totation :‘f“m trap
Single nyStaIS. incident X-ray ' -

/_‘_—__‘_?_\-,

(- | counter

Monochromatic
incident beam.

Crystal oriented to >
satisfy Bragg condition —
at the chosen 20 value.

28 rotation

Typically perform a 0-20 scan through Bragg peak to
determine its intensity.



SINGLE CRYSTAL DIFFRACTION : STEADY STATE

Corrections needed to make I, ,o<F?,,,.

Extinction. Loss of intensity due to multiple scattering
events. Perfect crystal has I, ,0<F;;.

Absorption. Varies with scattering angle 20. Serious for
large crystals with 6. Corrections possible.

Thermal Diffuse Scattering (Phonons).
Additional ‘tails’ L
under a Bragg N |

peak. Effect
tends to be
strongest for “| 7

intense peaks.




SINGLE CRYSTAL DIFFRACTION : STEADY STATE

VIVALDI (Very Intense Vertical Axis Laue Diffractometer)
surveys large volumes of reciprocal space rapidly using the
Laue technique with a cylindrical image-plate detector on a
white neutron beam.

Can provide a 10-100x gain in efficiency over conventional
monochromatic diffractometer.

Neutron guide Filter ~ |Evacuated tube Somple|  |Image plote Beam stop
| defector
e T #Hg.@gﬂ g
. Chopper
Secondary G Adjustable
beam shutter! [Diophragm  [Diophragms il diophragms ~ IDiaphragm  Detector




SINGLE CRYSTAL DIFFRACTION : STEADY STATE

Laue diffraction uses a ‘white’ incident beam with a range
of wavelengths.

For each d-spacing, the wavelength to satisfy Bragg’s law 1s
selected from the incident beam.

However, all orders (nh,nk,nl) of a given reflection (h,k,[)
are superimposed.




SINGLE CRYSTAL DIFFRACTION : PULSED

SXD diffractometer at ISIS pulsed source.
“Time-sorted Laue’.

Neutron time-of-flight
technique used to
separate different orders
of reflections.

t(usec)

L(m)

MA) =0.003956

r=time taken for neutron to
travel distance L

L=distance source—sample—detector



SINGLE CRYSTAL DIFFRACTION : PULSED

SXD scans a large volume of reciprocal space, O, at one
orientation of the single crystal. e

Sample

%’“ ~ = Good if Q space is full
| ‘&’4%‘ od of interesting features,
‘%X/C o such as diffuse scattering!



POWDER DIFFRACTION : STEADY STATE SOURCE

In the simplest terms, a powder diffractometer at a steady
state source consists of an incident neutron guide, a
monochromator, sample position | || hston i
and detector(s). i

Shutsss

1R

Chulter 3% / Manachromater
: Braghite fikar
r &e \ Evocuatad {light ube

Adjustoble dis

Sample

|| L Nevtron Guide
— feqm]
e Mubideterer




POWDER DIFFRACTION : STEADY STATE SOURCE

] 15
Resolution
considerations.

£ 1.0}
=
z
€ 0.5

Optional o Collimator Thermal Neutron
ToD20 | Guide H11
I‘." < lm > "‘..‘ 0 . 0 1 1 1 1 1
i | 2
) “, 20 (degrees)

s "/’ configuration of scattering
N 7~ from monochromator and sample
gives better resolution.

Beam Monitor

\
BiC_ N
Epoxy Resin

Variation of peak width with 20.



POWDER DIFFRACTION : STEADY STATE SOURCE

Intensity (countrate)
considerations.

Focussing monochromator

Large area detectors




POWDER DIFFRACTION : PULSED SOURCE

Target Sample

] -

I 20
At a pulsed source the time, ¢, 2
taken by the neutron to travel
the distance L,+L, is measured. Detector
. (7))
A=2dsin® c
-
®)
&
A=h/mv §
3
v=(L,+Ly)/r 2 st W
0 5000 10000 15000 2000(

d=0.001977t / (L,+L,)sin6 time-of-flight t (usec)



POWDER DIFFRACTION : PULSED SOURCE

& TTNNEIY i,

e~ | - /"’5’ Countrate versus Resolution

< High countrate

Small samples (<1mm?)
Fast measurements (<Isec.)

5000}

High resolution —

Normalised Intensity (al

Complex structures aly
p . WWWWMMMMMMM'WH‘.MM#MM
Accurate lattice params e o G

2.5
d—spacing (A)




POWDER DIFFRACTION : PULSED SOURCE

A=2dsin® d=0.001977¢ / (L,+L,)sin®

= resolution, Ad/d, can be written as

% - \/(Cot 0A6)’ +(%j2 * (%)2

So, we can minimize Ad/d by

® cot—0 as 20— 180° = backscattering

® keep AO as small as possible = low beam divergence,
small detector elements, small samples, etc.

® small Ar = small moderator.

® large t and L (=L,+L,) = long flightpaths.



ISIS CRYSTALLOGRAPHY
INSTRUMENTS T o

Offspec

Target Station 1

& Sandals Prisma

HRPD ?Rﬂm
¥ H ; Alf
I Surf
RS Cris
ngin-x * ; Pearl ! };Luq p
| 4 k High Resolution Powder
Hifi g L He T"“‘a”s f’ Diffractometer, HRPD,
usr‘ i nes 0 Iris
Muons " Em .":"" Y at ISIS
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POWDER DIFFRACTION : PULSED SOURCE

90° detectors

low angle (28-32°)
detectors
| .

backscattering
detectors

guide tube

im 2m
sample sample
position position

HRPD : L=100m — Ad/d~4x10~*
POLARIS : L=12m — Ad/d~5x1073

HRPD sits at the end of a 100m neutron guide.

— Frame overlap (collect data at 10Hz, rather than 50Hz).
—> Guide has high transmission, but adds divergence (A9).



POWDER DIFFRACTION : PULSED SOURCE

For high countrate there are a number of options

® use a large sample!
- but increases A9 and degrades resolution Ad/d.

® large area of detector coverage - but high cost!

® short L;.

- but increases A0, decreases t = worse resolution Ad/d.
® ncutron guide.

- but increases A9 and degrades resolution Ad/d.

® large moderator.
- but increases Ar and degrades resolution Ad/d.

Explore further using recent Polaris upgrade at ISIS



Target Station 2

ISIS CRYSTALLOGRAPHY .
INSTRUMENTS "

Offspec

Larmor

4 / n Imat
Target Station 1 - VB i O

POLARIS



POLARIS : OLD LAYOUT




POLARIS UPGRADE

¢ 2006. Outline design of new instrument. Funding (~3M¥¢€).
¢ 2007. Additional funding from Sweden and Spain.

¢ 2007-2010. Detailed design and procurement.

® August 2010. Old instrument dismantled.

e 2011. New instrument installed.

® December 2011. First neutrons on new instrument.

e May 2012. Resumed user operation.

New instrument optimised for high countrate at modest
resolution.

Extended Q range for ‘total scattering’ studies.



Y0'75Nb0.2501.75 : FLUORITE STRUCTURE

Analysis of the Bragg peaks gives the distribution of 10ns
within the unit cell - averaged over time and all unit cells.

YO.75NbO.2501.75

Fluorite structure

. Fm3m, a=5.24936(4)A

Y3+/Nb>* (on same
crystallographic site).

. 0% (occ.="/y) shifted
~0.2A from 1/4, 1/4, 1/4.




Y, ;sNby ,:0; ;s : NEUTRON POWDER DIFFRACTION

10 | | | | ] |
- Bragg scattering
g 8f + 7
S . .
= Diffuse scattering
N—’ 6 L — -
z o
= Total scattering
o 4| ]
Q
=
=
S 2t i
0 \
Z.

O | | | | | |

0.5 1.0 1.5 2.0 2.5 3.0
d-spacing (A)



Y0.75Nb0.2501.75 : TOTAL SCATTERING

5(Q)

tructure factor,
- -] -]
~ O o0

S
St
S

Subtract background (container
scattering), normalise, etc, to get
the structure factor, S(Q), versus

scattering vector, Q (=21/d).

10 15 20 25 30
Scattering vector, O (A™h

35

40



TOTAL SCATTERING

Analysis of the Bragg peaks (Rietveld refinement) ignores the diffuse
scattering arising from short-range correlations between 1ons.

The total scattering structure factor, S(Q), is related to the total radial
distribution function, G(r) by the Fourier transform

1 - ) sinQr
b L S@

where p, 1s the average atom number density.

G(r)=

dQ

G(r) 1s also defined in terms of the partial radial distribution functions,
8 ij(r ) :

G(r)= Y ccbb g, (r)—1]

i,j=1

c; and b; are concentration and scattering length of 10on type i.



Total rdf, G(7)
e — — D D
@) -) N - )

O
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Y0.75Nb0.2501.75 : TOTAL RDF

Y.NbO-

5 10 15 20
Distance, r (A)

25

30



Total rdf, G(7)
e — — D D
@) -) N - )

O
-

Y0.75Nb0.2501.75 : TOTAL RDF

| Y0 ~2.28A
Nb3*-0% at ~1.98A

"

)

02-0% at ~2.76A
+co-ordination numbers

1 2 3

4 5 6 7 8 9
Distance, r (A)

10



POLARIS : SPECIFICATION

Requirements :

e High countrate.
e Modest resolution (Ad/d~3x1073).
e Wide Q range.

¢ [.ow background, efc.

Constraints :

¢ Existing beamline = moderator fixed (ambient H,O).
e Cost!

Will discuss major beamline components......
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POLARIS : NIMONIC CHOPPER

Polaris #-zero :Tlimgllnick
. . allo OC
(Nimonic) g \
chopper. B,4C tail

/ cutter

L~8m

Rotation frequency SOHz.

(O)

Direction
of rotation

Nimonic alloy block
closes beamline as proton
beam strikes ISIS target -
stops fast neutrons and
reduces backgrounds.

Tail cutter closes beamline towards end of 20ms frame -
stops slow neutrons from reaching sample (and detectors)



POLARIS : NIMONIC CHOPPER

Effect of tail cutter on incident neutron spectrum

Monitor M2 (post chopper)
1000 . | . | . | . | . |
500 B
ﬁmm\ Chopper OFF
100 L -
L 50 . Chopper ON i
©
=
£ 107 -
2 5 -
2]
<
>
8 1 n
< 05 . B
le ww«ww%\%mw%
0.1 - o
0.05 n
0.01 — : EE—
2 4 6 8 _ 10 12 14 16 18
TIME / microseconds




POLARIS : NIMONIC CHOPPER

L -t diagram

}\'min —
................................................................. ;_._ .-Xmax
14m o i A ;_._A_.. new Samp|e position
Q 12M - ----- old sample position
% [
k) open !
°© 8rn-k ------------------------- e — e chopper

closed
(tail cutter)

Frame overlap!

time 20ms



POLARIS : INCIDENT BEAMLINE

B,C

: inserts XY jaws sample tank

! beam collimating jaws
| monitors | |
e It e V1T T —
, shutter | -
| < N i 1
N v ' :

[T

sample

——

position
(L;=14m)
moderator gate valve sample
tank

Moderator size ~ 10cm X 10cm

Beam size at sample ~4cm high X ~1.5cm wide



POLARIS : BEAMLINE MONITORS

Vanadium foil 1n incident beam scatters neutrons, which
are detected by a scintillator detector.

photomultiplier tube

scintillator (generates photons)

neutrons

neutrons thin vanadium
foil

Higher efficiency monitor for normalisation.

Lower efficiency monitors for fault diagnosis, efc.



INCIDENT BEAM JAWS

A series of adjustable apertures (‘jaws’) constructed of blocks of
sintered B,C in the incident beam allows the beam size at the sample
position to be adjusted = lower background.



INCIDENT BEAM JAWS

Moveable sintered B,C blocks allow
incident beam size to be adjusted and "offset" from sample
centre.



INCIDENT BEAM JAWS

Final set of collimation jaws close to backscattering
detectors = be careful of backgrounds!
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Sample position
largely fixed by
compromise
between Ad/d
resolution and
countrate.

Other practical
constraints :

Size of building

Neighbouring
Instruments.....

— L,=14m

DETECTOR LAYOUT




DETECTOR LAYOUT

Smm wide ZnS scintillator Vs
strips arranged to follow N —— v
Debye Scherrer cones. i
i
Options : I
p _ﬁﬁix _
¢ Constant L,. - i i Frﬂﬂﬁﬂﬁﬂgﬂfl

® Time focussing

(constant Lsin0). ;

L.sin0O

d=1977x10"

® Constant Ad/d resolution.

|




MONTE CARLO SIMULATIONS

e Extensive Monte Carlo simulations of the predicted performance of
the new instrument were performed.

e McStas software.

e Polaris ambient H,O moderator 10cmx10cm

® Incident flightpath L;=14m 10

e Sample 8mmJx20mm high

¢ Detector Smm widex20mm high

® 5°<20<175° steps of 5° =

® 0.5<L,(m)<3.0 steps of 0.1m

~900 simulations run on ISIS PC = oo s — & —— = — VAt

‘er1d’ over a weekend. X bata



Resolution Ad/d(%)

POLARIS UPGRADE : Ad/d RESOLUTION
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POLARIS UPGRADE : Ad/d RESOLUTION

Ad/d

0.28 %
0.29 %
0.30%

0.35%
0.40 %
0.45 %

Generate a complete map of Ad/d resolution within the blockhouse.



INSTRUMENT DESIGN

90 CLFFEE. BA¥

L

Tahe VOLLMD: 19,000 L7




POLARIS UPGRADE




FIXED SCATTERING GEOMETRY

[ Detectors
Beam w Scattered Beam
Apertures _
Scattering
Volume
— —

Incident Beam

Sample
Containment

!

Transmitted Beam

Sample

Scattered Beam

Detectors




OSCILLATING RADIAL COLLIMATOR




POLARIS RADIAL COLLIMATOR

TYPE ‘A
- VANES AT 1 DEGREE PITCH

+ SUPPORT PILLARS IN GAPS
+ REQUIRED TO OSCILLATE

TYPE ‘B’

- VANES AT 1 DEGREE PITCH
CONES ON BACK-SCATTER REGION
CONES ON LOW-ANGLE REGION
SUPPORT PILLARS IN GAPS

NOT REQUIRED TO OSCILLATE

SFCTION ON SAMPIE POTNT




POLARIS RADIAL COLLIMATOR

100%

/\ detector bank #4
90% / \ L=10A
80% 100 0 B
/ \ vane separation: 1.5°

70%

|
50%

|
30%

A
10%
o)\

-100 -80 -60 -40 -20 0 20 40 60 80 100




POLARIS RADIAL COLLIMATOR

100.00 -
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