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• What	
  are	
  excita'ons?	
  

• What	
  can	
  we	
  learn	
  from	
  then?	
  

• How	
  do	
  we	
  measure	
  them?	
  



What	
  are	
  excita'ons?	
  
The	
  inelas'c	
  (or	
  dynamical)	
  response	
  of	
  the	
  material	
  to	
  s'mulus.	
  

Examples	
  
Phonons	
  (laVce	
  vibra'ons)	
  
Magnons	
  (spin	
  vibra'ons)	
  
Crystal	
  field	
  excita'ons	
  
Vibra'ons	
  internal	
  to	
  a	
  molecule	
  

Magnon	
  video	
  
Mar'n	
  Boehm	
  and	
  Alain	
  Filhol	
  

For	
  neutron	
  sca1ering	
  
The	
  excita'on	
  has	
  to	
  couple	
  to	
  the	
  neutron,	
  either	
  through	
  
the	
  strong	
  nuclear	
  interac'on	
  or	
  via	
  the	
  magne'c	
  moment.	
  



Recap	
  from	
  Intro	
  to	
  Neutron	
  
Sca8ering	
  

S(Q,ω) is the scattering function or response function 

S(Q,ω) is determined by the physics of the material. 
You have already seen expressions for this for phonons and for 
spin waves. 



Recap	
  from	
  Intro	
  to	
  Neutron	
  
Sca8ering	
  

S(Q,ω) is the scattering function or response function 



Phonons	
  on	
  a	
  1-­‐D	
  chains	
  

0	
   π/a	
  -­‐π/a	
  

ω	
  

k	
  

Dolling	
  and	
  Brockhouse.,	
  Phys.	
  Rev.	
  128,	
  1120	
  (1962)	
  



What	
  can	
  we	
  learn	
  from	
  them?	
  

Dolling	
  and	
  Brockhouse.,	
  Phys.	
  Rev.	
  128,	
  1120	
  (1962)	
  

• Elas'c	
  constants	
  



What	
  can	
  we	
  learn	
  from	
  them?	
  
• Elas'c	
  constants	
  

• Spin	
  Hamiltonians	
  

Lipscombe	
  et	
  al.,	
  Phys.	
  Rev.	
  Le8.	
  106,	
  057004	
  (2011)	
  

Data	
   Simula'on	
  



What	
  can	
  we	
  learn	
  from	
  them?	
  
• Elas'c	
  constants	
  

• Spin	
  Hamiltonians	
  

• Membrane	
  dynamics	
  

Rheinstaedter,	
  in	
  Dynamics	
  of	
  So2	
  Ma8er,	
  Springer	
  (2012).	
  



What	
  can	
  we	
  learn	
  from	
  them?	
  
• Elas'c	
  constants	
  

• Spin	
  Hamiltonians	
  

• Membrane	
  dynamics	
  

• How	
  to	
  synthesise	
  	
  
par'cular	
  molecules	
  

Chippindale	
  et	
  al.,	
  J.	
  Solid	
  State	
  Chem.	
  93,	
  526	
  (1991).	
  

Hydrogen	
  
inser'on	
  
in	
  VO2	
  



How	
  do	
  we	
  measure	
  excita'ons?	
  

Dolling	
  and	
  Brockhouse.,	
  Phys.	
  Rev.	
  128,	
  1120	
  (1962)	
  



Measuring	
  a	
  phonon	
  spectrum	
  

Dolling	
  and	
  Brockhouse.,	
  Phys.	
  Rev.	
  128,	
  1120	
  (1962)	
  



Measuring	
  a	
  phonon	
  spectrum	
  

Dolling	
  and	
  Brockhouse.,	
  Phys.	
  Rev.	
  128,	
  1120	
  (1962)	
  

Things	
  to	
  consider:	
  
•  resolu'on	
  
•  spurions	
  



How	
  do	
  we	
  measure	
  these	
  points?	
  

Real space                   Reciprocal space



How	
  do	
  we	
  measure	
  these	
  points?	
  

|Q|2 = |ki|2 + |kf|2 – 2 |ki||kf|cos (2θ) 

	
  

Triple 
Axis 
Spectrometry 



Bertram	
  N.	
  Brockhouse.	
  Nobelprize.org.	
  Nobel	
  Media	
  AB	
  2013.	
  	
  



Bertram	
  N.	
  Brockhouse.	
  Nobelprize.org.	
  Nobel	
  Media	
  AB	
  2013.	
  	
  

Source:	
  Atomic	
  Energy	
  of	
  Canada	
  Limited,	
  Chalk	
  River,	
  Ontario	
  (CC	
  BY-­‐NC-­‐ND	
  2.0)	
  



Source:	
  Atomic	
  Energy	
  of	
  Canada	
  Limited,	
  Chalk	
  River,	
  Ontario	
  (CC	
  BY-­‐NC-­‐ND	
  2.0)	
  

IN14,	
  ILL	
  IN12,	
  ILL	
  





vTAS	
  –	
  a	
  virtual	
  TAS	
  

The	
  vTAS	
  suite:	
  a	
  simulator	
  for	
  classical	
  and	
  mul'plexed	
  three-­‐axis	
  neutron	
  spectrometers	
  
	
  	
  	
  	
  	
  	
  	
  M.	
  Boehm,	
  A.	
  Filhol,	
  Y.	
  Raoul,	
  J.	
  Kulda,	
  W.	
  Schmidt,	
  K.	
  Schmalzl,	
  
	
  	
  	
  	
  	
  	
  	
  Nuclear	
  Inst.	
  and	
  Methods	
  in	
  Physics	
  Research,	
  A	
  (2013)	
  697,	
  40-­‐44.	
  	
  

h8p://www.ill.eu/instruments-­‐support/compu'ng-­‐for-­‐science/cs-­‐sohware/all-­‐sohware/vtas/	
  



Experimental	
  Choices:	
  
Monochromator	
  and	
  Analyser	
  



Experimental	
  Choices:	
  
Monochromator	
  and	
  Analyser	
  



Experimental	
  Choices:	
  
Collima'on	
  

Why	
  collimate?	
  
	
  cut	
  down	
  beam	
  divergence	
  
	
  make	
  sure	
  you’re	
  looking	
  at	
  sample	
  

Soller	
  collimators	
  
A	
  set	
  of	
  parallel	
  (neutron	
  	
  

	
  absorbing)	
  plates	
  
(divergence	
  distribuVon	
  	
  

	
  is	
  triangular)	
  
For	
  TAS,	
  about	
  10’	
  to	
  80’	
  

	
  FWHM	
  	
  



Experimental	
  Choices:	
  
Filters	
  

Why	
  filter?	
  
	
  cut	
  out	
  higher	
  order	
  wavelengths	
  
	
  	
  

Which	
  filter?	
  
	
  Be	
  filters	
  for	
  cold	
  neutrons	
  (need	
  
	
  to	
  be	
  kept	
  at	
  liquid	
  nitrogen	
  
	
  temperatures)	
  
	
  	
  
	
  PG	
  filters	
  for	
  thermal	
  neutrons	
  
	
  (might	
  need	
  rotaVng!)	
  

	
  	
  

Where?	
  
Constant	
  kf	
  

	
  a`er	
  the	
  sample	
  
Constant	
  ki	
  

	
  before	
  the	
  sample	
  

Frikkee,	
  Nucl.	
  Inst.	
  Meth.	
  125,	
  307	
  (1975)	
  –	
  studied	
  wavelength	
  range	
  1.12	
  –	
  4.25	
  Å.	
  



Bragg’s	
  Law,	
  nλ	
  =	
  2d	
  sinθ	
  
→	
  θ	
  and	
  λ	
  are	
  coupled.	
  

ki	
  and	
  kf	
  have	
  their	
  own	
  
resolu'on	
  volumes,	
  with	
  
dis'nct	
  orienta'ons	
  in	
  Q-­‐	
  ω	
  
space.	
  

→	
  resolu'on	
  ellipsoid.	
  

Experimental	
  Choices:	
  
Resolu'on	
  

Q	
  and	
  ω	
  only	
  defined	
  to	
  a	
  certain	
  level	
  of	
  precision	
  

Reducing	
  these	
  uncertain'es	
  
leads	
  to	
  a	
  be1er	
  resolu'on	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BUT	
  
it	
  also	
  leads	
  to	
  lower	
  counts	
  



Experimental	
  Choices:	
  
Resolu'on	
  

Q	
  and	
  ω	
  only	
  defined	
  to	
  a	
  certain	
  level	
  of	
  precision	
  

Bragg’s	
  Law,	
  nλ	
  =	
  2d	
  sinθ	
  
→	
  θ	
  and	
  λ	
  are	
  coupled.	
  

ki	
  and	
  kf	
  have	
  their	
  own	
  
resolu'on	
  volumes,	
  with	
  
dis'nct	
  orienta'ons	
  in	
  Q-­‐	
  ω	
  
space.	
  

→	
  resolu'on	
  ellipsoid.	
  



Experimental	
  Choices:	
  
The	
  resolu'on	
  ellipsoid	
  
Shape	
  and	
  size	
  depend	
  upon:	
  
Collima'on	
  and	
  crystal	
  mosaic	
  of	
  
monochromator	
  and	
  analyzer	
  
	
  
OrientaVon	
  depends	
  upon:	
  
Sense	
  of	
  sca8ering	
  at	
  the	
  
monochromator,	
  sample	
  and	
  
analyzer	
  
	
  
Focussing	
  can	
  also	
  have	
  an	
  effect	
  
	
  
Tune	
  your	
  experiment	
  to	
  give	
  you	
  
what	
  you	
  want	
  	
  

	
  	
  



Experimental	
  Choices:	
  
The	
  resolu'on	
  ellipsoid	
  
Tune	
  your	
  experiment	
  to	
  give	
  you	
  
what	
  you	
  want	
  	
  

	
  	
  

References:	
  
RESTRAX	
  –	
  Saroun	
  and	
  Kulda,	
  h8p://neutron.ujf.cas.cz/restrax/doc/index.html	
  

ResLib	
  –	
  Zheludev,	
  h8p://www.neutron.ethz.ch/research/resources/reslib	
  
Cooper	
  and	
  Nathans,	
  Acta	
  Cryst	
  23,	
  357	
  (1967)	
  
Popovici	
  et	
  al.,	
  J.	
  Appl.	
  Cryst.	
  20,	
  90	
  (1987).	
  



Experimental	
  Choices:	
  
Focussing	
  

Currat,	
  Nucl.	
  Inst.	
  Meth.	
  107,	
  21	
  (1973)	
  

VerVcal	
  focussing	
  
opens	
  up	
  Q	
  resolu'on	
  in	
  
the	
  ver'cal	
  direc'on	
  (out	
  
of	
  the	
  sca8ering	
  plane) 	
  	
  

Focussing	
  distance	
  depends	
  upon	
  Bragg	
  angle	
  so	
  the	
  
radius,	
  R,	
  of	
  the	
  mono/analyzer	
  crystal	
  needs	
  to	
  be	
  
variable.	
  
	
  

L0	
  =	
  source	
  to	
  mono	
  
L1	
  =	
  mono	
  to	
  sample	
  



Experimental	
  Choices:	
  
Focussing	
  

Broholm,	
  Nucl.	
  Inst.	
  Meth.	
  A367,	
  169	
  (1996)	
  

Horizontal	
  focussing	
  
messes	
  up	
  Bragg	
  condi'ons	
  at	
  
the	
  monochromator	
  and	
  
analyzer,	
  but	
  increases	
  intensity

	
  	
  

Affects	
  Q	
  resolu'on	
  in	
  the	
  sca8ering	
  plane,	
  and	
  the	
  
energy	
  resolu'on	
  
	
  



Beware:	
  Spurions	
  



Beware:	
  Spurions	
  
•  Bragg	
  peaks	
  from	
  the	
  sample	
  holder/cryostat	
  

•  Incoherent	
  sca8ering	
  from	
  the	
  mono/analyzer	
  

•  Beam	
  on	
  to	
  detector	
  

•  Phonons	
  from	
  mono/analyzer	
  

Check	
  temperature	
  dependence	
  
Sample	
  angle	
  scans	
  



Measuring	
  a	
  phonon	
  spectrum	
  

Dolling	
  and	
  Brockhouse.,	
  Phys.	
  Rev.	
  128,	
  1120	
  (1962)	
  

Constant-­‐Q	
  	
  
or	
  
Constant-­‐E 	
  ??	
  

Fixed	
  ki	
  or	
  fixed	
  kf?	
  
We	
   normalised	
   to	
   the	
   number	
   of	
  
incident	
   neutrons	
   using	
   a	
   low	
  
efficiency	
   monitor	
   whose	
   efficiency	
  
depends	
  on	
  the	
  neutron	
  velocity.	
  	
  In	
  
fixed	
  ki	
  mode,	
  this	
  efficiency	
  is	
  fixed	
  
and	
   we	
   therefore	
   measure	
   signal	
  
per	
  monitor	
  



Measuring	
  a	
  phonon	
  spectrum	
  

Dolling	
  and	
  Brockhouse.,	
  Phys.	
  Rev.	
  128,	
  1120	
  (1962)	
  





Advantages and disadvantages of the triple-axis method

1.  Can focus all intensity on point in reciprocal space that is important
2.  Can make measurements along high-symmetry directions
3.  Can use either constant-Q or constant–E, depending on type of excitation 

being examined.
4.  Can use focusing and other ‘tricks’ to improve the signal/noise
5.  Can use polarisation analysis to separate electronic and phonon signals

Advantages

Disadvantages

1.  Technique is slow and requires some expert attention
2.  Use of monochromators and analysers gives rise to possible higher-order 

effects that give rise to “spurions”
3.  With measurements restricted to high-symmetry directions it is eminently 

possible that something important might be missed



Superfluid	
  helium	
  

Blackburn	
  et	
  al.,	
  Pramana	
  71,	
  673	
  (2008)	
  Cowley	
  and	
  Woods.,	
  Can.	
  J.	
  Phys.	
  49,	
  177	
  (1971)	
  

TAS	
   TOF	
  



Time-­‐of-­‐flight	
  spectroscopy	
  

from	
  Ken	
  Andersen	
  



Time-­‐of-­‐flight	
  spectroscopy	
  

final	
  velocity	
  	
  	
  	
  =	
  
sample-­‐detector	
  distance	
  

'me	
  to	
  detector	
  –	
  'me	
  to	
  sample	
  

h8p://www.ill.eu/instruments-­‐support/instruments-­‐groups/instruments/in5/how-­‐it-­‐works/3d-­‐anima'on/	
  

LET,	
  ISIS	
  



Time-­‐of-­‐flight	
  spectroscopy	
  

final	
  velocity	
  	
  	
  	
  =	
  
sample-­‐detector	
  distance	
  

'me	
  to	
  detector	
  –	
  'me	
  to	
  sample	
  

h8p://www.ill.eu/instruments-­‐support/instruments-­‐groups/instruments/in5/how-­‐it-­‐works/3d-­‐anima'on/	
  

IN5,	
  ILL	
  

This	
  gives	
  us	
  the	
  neutron’s	
  final	
  energy	
  



Time-­‐of-­‐flight	
  spectroscopy	
  
Measured	
  quan'ty:	
  

Remember	
  the	
  bin	
  sizes:	
  



Time-­‐of-­‐flight	
  spectroscopy	
  

Copley	
  and	
  Udovic.,	
  J.	
  Res.	
  NIST	
  98,	
  71	
  (1993)	
  

|Q|2 = |ki|2 + |kf|2 – 2 |ki||kf|cos (2θ) 



Time-­‐of-­‐flight	
  spectroscopy	
  

Copley	
  and	
  Udovic.,	
  J.	
  Res.	
  NIST	
  98,	
  71	
  (1993)	
  



Experimental	
  choices:	
  
Intensity	
  vs	
  Resolu'on	
  
What	
  can	
  we	
  change?	
  

	
  incident	
  wavelength	
  
	
  pulse	
  width	
  at	
  sample	
  chopper	
  
	
  frame	
  overlap	
  raVo	
  
	
  	
  

DCS,	
  NCNR,	
  NIST	
  



Experimental	
  choices:	
  
Intensity	
  vs	
  Resolu'on	
  
What	
  can	
  we	
  change?	
  

	
  incident	
  wavelength	
  
	
  pulse	
  width	
  at	
  sample	
  chopper	
  
	
  frame	
  overlap	
  raVo	
  
	
  	
  

DCS,	
  NCNR,	
  NIST	
  



Experimental	
  choices:	
  
Intensity	
  vs	
  Resolu'on	
  
What	
  can	
  we	
  change?	
  

	
  incident	
  wavelength	
  
	
  pulse	
  width	
  at	
  sample	
  chopper	
  
	
  frame	
  overlap	
  raVo	
  
	
  	
  

DCS,	
  NCNR,	
  NIST	
  



TOF	
  on	
  single	
  crystals	
  
Superfluid	
  helium 	
  	
  

Solid	
  helium 	
  	
  



TOF	
  on	
  single	
  crystals	
  
Solid	
  helium 	
  	
   Angle	
  1	
  

Angle	
  1	
  –	
  2	
  degrees	
  



TOF	
  on	
  single	
  crystals	
  
Solid	
  helium 	
  	
   Longitudinal	
  

Transverse	
  



TOF	
  on	
  single	
  crystals	
  

HORACE	
  screenshot	
  –	
  horace.isis.rl.ac.uk	
  



Complete	
  dataset	
  in	
  Q	
  and	
  ω	
  space	
  
Headings	
  et	
  al.,	
  	
  



Appendix	
  



FLAT	
  CONE	
  

Top view

sample

31 channels
75º angular range

kf = 3 Å-1 kf = 1.5 Å-1

Side view



FC	
  scan	
  modes	
  

ω scan

Qmax

Qmin

ki

kf ΔE = const

[0 0 0]

ω

ω

QmaxQmin

•  essential for mapping Q,E space:
sweeps a plane in reciprocal space at ΔE = const


