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Quasi-­‐elastic	
  or	
  inelastic	
  scattering	
  experiment:

-­‐ Measure	
  the	
  number	
  scattered	
  of	
  neutrons	
  as	
  a	
  function	
  of	
  	
  	
  	
  	
  	
  and	
  ω (	
  ħω≈0.01 
to	
  few	
  meV,	
  Q≈	
  0.05	
  to	
  few	
  Å-­‐1)

-­‐ The	
  aim	
  is	
  to	
  extract	
  from	
  the	
  measure	
  the	
  dynamical	
  structure	
  factor	
  S(Q,ω)	
  
which	
  depends	
  on	
  the	
  properties	
  of	
  the	
  sample	
  only	
  (microscopic	
  structure	
  and	
  
dynamics)	
  

-­‐ Time-­‐of-­‐flight	
  techniques	
  :	
  TOF-­‐TOF,	
  cristal-­‐TOF	
  (TOF-­‐cristal)	
  and	
  backscattering	
  
spectrometers	
  

	
  



	
   Neutrons	
  
	
   	
  
	
   Mass	
  :	
  mN=1.675	
  10-­‐27	
  kg	
  
	
   Charge=0;	
  s=1/2;	
  
	
   γ=-­‐2913	
  2π	
  (Gs)-­‐1	
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λ = 5Å v ≈ 800m.s−1

λ =10Å v ≈ 400m.s−1



Time-­‐of-­‐flight

Number	
  of	
  neutrons



Time-­‐of-­‐flight

Number	
  of	
  neutrons

Same	
  scattering	
  angle	
  :	
  different	
  wavevectors	
  Q	
  (and	
  energy)
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Energy	
  –	
  wavevector	
  plot
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Er2Ti2O7

IN5	
  Xcrystal	
  mode	
  	
  
Full	
  S(Q,ω)	
  in	
  2	
  days	
  

«	
  However	
  »	
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V.	
  Simonet,	
  R.	
  Ballou,	
  unpublished	
  results	
  obtained	
  on	
  IN5	
  
on	
  Ba3NbFe3Si2O14	
  (BNFS)	
  	
  



Measured	
  quantity	
  :	
  double	
  differential	
  cross	
  section

Number	
  of	
  neutrons	
  per	
  unit	
  of	
  time	
  dt	
  and	
  solid	
  angle	
  dΩ
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Measured	
  quantity	
  :	
  double	
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Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  (reactor	
  
based) time	
  -­‐	
  distance	
  diagram

▪ repetition	
  rates	
  	
  

	
  	
  	
  50-­‐150	
  Hz	
  
Depending	
  on	
  λ	
  and	
  Δλ

time

d detector
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M-­‐chop

P-­‐chop

Lpm

Lsd

Lms

5	
  Å	
  	
  v≈800	
  m.s-­‐1	
  
TOF	
  of	
  a	
  few	
  msec	
  



Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  (reactor	
  
based) time	
  -­‐	
  distance	
  diagram

▪ repetition	
  rates	
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  Δλ
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Chopper	
  system	
  versus	
  cristal	
  monochromatisation

▪ No	
  high	
  order
▪ Clean	
  and	
  well-­‐defined	
  shape
▪ Tunable	
  resolution
▪ 100%	
  transmission	
  at	
  the	
  centerline

5	
  Å	
  	
  v≈800	
  m.s-­‐1	
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  of	
  a	
  few	
  msec	
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Direct	
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Direct	
  chopper	
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Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  	
  (reactor	
  
based)	
  -­‐	
  reality

time	
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Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  



Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  



Energy	
  Resolution	
  (R.E.	
  Lechner)

Direct	
  space

Reciprocal	
  space

Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  



Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  
Pulse	
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Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  

Hypothesis	
  of	
  non	
  correlated	
  variables	
  :

tm − tp =αLpmλi
td − tm =α(Lmsλi + Lsdλ f )
td − ts =αLsdλ f

α=mn/h=	
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L
v
=
Lmλ
h

=αLλ

Lpm Lms Lsd

tp tm ts td

λfλi



Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  

Hypothesis	
  of	
  non	
  correlated	
  variables	
  :

tm − tp =αLpmλi
td − tm =α(Lmsλi + Lsdλ f )
td − ts =αLsdλ f



Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  

Hypothesis	
  of	
  non	
  correlated	
  variables	
  :

tm − tp =αLpmλi
td − tm =α(Lmsλi + Lsdλ f )
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Time	
  opening	
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  the	
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Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  

Hypothesis	
  of	
  non	
  correlated	
  variables	
  :

tm − tp =αLpmλi
td − tm =α(Lmsλi + Lsdλ f )
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Time	
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Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  

Hypothesis	
  of	
  non	
  correlated	
  variables	
  :

tm − tp =αLpmλi
td − tm =α(Lmsλi + Lsdλ f )
td − ts =αLsdλ f

Time	
  spread	
  due	
  to	
  	
  
secondary	
  spectrometer	
  	
  

uncertainty



Resolution	
  :	
  convolution	
  of	
  3	
  uncertainties

Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
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Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  



Resolution	
  :	
  convolution	
  of	
  3	
  uncertainties

δtp

τp

Lpm

Lms+Lsd

▪ The	
  spraid	
  δtp	
  at	
  the	
  detector	
  due	
  to	
  the	
  pulsing	
  chopper	
  (τp)

time

Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  

δtp
Lms + Lsd

=
τ p
Lpm



Resolution	
  :	
  convolution	
  of	
  3	
  uncertainties

δtp

τp

Lpm
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  spraid	
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  at	
  the	
  detector	
  due	
  to	
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  pulsing	
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time

Direct	
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  spectrometer:	
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Resolution	
  :	
  convolution	
  of	
  3	
  uncertainties

▪ The	
  spraid	
  δtm	
  at	
  the	
  detector	
  due	
  to	
  the	
  monochromating	
  chopper	
  (τm)
δtm

τm

Lpm

Lms+Lsd

▪ The	
  spraid	
  δtp	
  at	
  the	
  detector	
  due	
  to	
  the	
  pulsing	
  chopper	
  (τp)

time

Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
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Resolution	
  :	
  convolution	
  of	
  3	
  uncertainties

▪ The	
  spraid	
  δtm	
  at	
  the	
  detector	
  due	
  to	
  the	
  monochromating	
  chopper	
  (τm)
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Resolution	
  :	
  convolution	
  of	
  3	
  uncertainties

▪ The	
  spraid	
  δtm	
  at	
  the	
  detector	
  due	
  to	
  the	
  monochromating	
  chopper	
  (τm)
▪ The	
  spraid	
  δtp	
  at	
  the	
  detector	
  due	
  to	
  the	
  pulsing	
  chopper	
  (τp)

▪ TOF	
  uncertainty	
  in	
  the	
  secondary	
  spectrometer	
  δtL	
  (Detector+sample	
  
thickness)	
  

Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  



Resolution	
  :	
  convolution	
  of	
  3	
  uncertainties

▪ The	
  spraid	
  δtm	
  at	
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  detector	
  due	
  to	
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  monochromating	
  chopper	
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  to	
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  pulsing	
  chopper	
  (τp)

▪ TOF	
  uncertainty	
  in	
  the	
  secondary	
  spectrometer	
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Direct	
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  spectrometer:	
  TOF-­‐TOF	
  

δLs δLd



Resolution	
  :	
  convolution	
  of	
  3	
  uncertainties

▪ The	
  spraid	
  δtm	
  at	
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  detector	
  due	
  to	
  the	
  monochromating	
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  spectrometer	
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thickness)	
  

Direct	
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  spectrometer:	
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δtL =αλδLsd



Resolution	
  :	
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  of	
  3	
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For	
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  gets	
   δtL ≈ 50µs
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Resolution	
  :	
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  of	
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  δtL	
  (Detector+sample	
  
thickness)	
  

Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  

δtp = τ p
Lms + Lsd
Lpm

δtm = τm
Lpm + Lms + Lsd

Lpm

τ p
Lms + Lsd
Lpm

= τm
Lpm + Lms + Lsd

Lpm

τ p
τm

=
Lpm + Lms + Lsd
Lms + Lsd

Optimized	
  spectrometer	
  δtd≈δtp≈δtm	
  

(R.E.	
  Lechner)	
  



Resolution	
  :	
  convolution	
  of	
  3	
  uncertainties

▪ The	
  spraid	
  δtm	
  at	
  the	
  detector	
  due	
  to	
  the	
  monochromating	
  chopper	
  (τm)
▪ The	
  spraid	
  δtp	
  at	
  the	
  detector	
  due	
  to	
  the	
  pulsing	
  chopper	
  (τp)

▪ TOF	
  uncertainty	
  in	
  the	
  secondary	
  spectrometer	
  δtL	
  (Detector+sample	
  
thickness)	
  

Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  

δtp = τ p
Lms + Lsd
Lpm

δtm = τm
Lpm + Lms + Lsd

Lpm

τ p
Lms + Lsd
Lpm

= τm
Lpm + Lms + Lsd

Lpm

τ p
τm

=
Lpm + Lms + Lsd
Lms + Lsd

Optimized	
  spectrometer	
  δtd≈δtp≈δtm	
  

(R.E.	
  Lechner)	
  

τ p

τm

Lpm

Lms + Lsd



Resolution	
  :	
  convolution	
  of	
  3	
  uncertainties

▪ The	
  spraid	
  δtm	
  at	
  the	
  detector	
  due	
  to	
  the	
  monochromating	
  chopper	
  (τm)
▪ The	
  spraid	
  δtp	
  at	
  the	
  detector	
  due	
  to	
  the	
  pulsing	
  chopper	
  (τp)

▪ TOF	
  uncertainty	
  in	
  the	
  secondary	
  spectrometer	
  δtL	
  (Detector+sample	
  
thickness)	
  

100	
  µev	
  @	
  5Å

IN5

τp=88.6	
  µs

τm=32.01	
  µs

δtp=57.6	
  µs
δtm=52.8	
  µs
δtL=50	
  µs

Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  

τ p

τm

Lpm

Lms + Lsd

Optimized	
  spectrometer	
  δtd≈δtp≈δtm	
  

(R.E.	
  Lechner)	
   τ p
τm

=
Lpm + Lms + Lsd
Lms + Lsd

Lpm=8m
Lms=1.2m
Lsd=4m



Direct	
  chopper	
  spectrometer:	
  TOF-­‐TOF	
  
Energy	
  dependence	
  of	
  the	
  resolution	
  

J.	
  Ollivier	
  and	
  J.-­‐M.	
  Zanotti



Direct	
  chopper	
  spectrometer	
  at	
  LPSS

K.	
  Anderson	
  (2011),	
  ESS

ESS	
  a	
  5MW	
  spallation	
  	
  source	
  with	
  14	
  Hz	
  and	
  a	
  PW=2.86	
  ms



time

d
detector

Sample
M-­‐chop

P-­‐chop

Lpm

Lsd

Lms

Direct	
  chopper	
  spectrometer	
  at	
  LPSS
ESS	
  a	
  5MW	
  spallation	
  	
  source	
  with	
  14	
  Hz	
  and	
  a	
  PW=2.86	
  ms

Lpw-­‐m

14	
  Hz

≈100−150Hz



time

d 	
  

Direct	
  chopper	
  spectrometer	
  at	
  LPSS

Δλ ≈ 2	
  Å

	
  



Direct	
  chopper	
  spectrometer	
  at	
  LPSS
14	
  Hz	
  (source)	
  versus	
  50-­‐150	
  Hz	
  (TOF	
  spectroscopy)	
  

Repetition	
  Rate	
  Multiplication	
  (RRM)	
  =	
  Multi	
  wavelength	
  mode	
  

Band	
  width	
  chopper	
  
(14	
  Hz)

Pulse	
  shaping	
  chopper	
  pair	
  	
  
(max.	
  300	
  Hz,	
  2	
  slits)	
  

Δλ ≈ 2	
  Å



Direct	
  chopper	
  spectrometer	
  at	
  LPSS
14	
  Hz	
  (source)	
  versus	
  50-­‐150	
  Hz	
  (TOF	
  spectroscopy)	
  

Repetition	
  Rate	
  Multiplication	
  (RRM)	
  =	
  Multi	
  wavelength	
  mode	
  



Direct	
  chopper	
  spectrometer	
  at	
  LPSS

Optimized	
  spectrometer	
  @LPSS	
  (ESS)	
  



Direct	
  chopper	
  spectrometer	
  at	
  LPSS

τm

Lpm

Lms + Lsd

τ p

Lpw−p

τ pw

δtp = τ p
Lms + Lsd
Lpm

δtm = τm
Lpm + Lms + Lsd

Lpm

Optimized	
  spectrometer	
  @LPSS	
  (ESS)	
  δtm≈δtp≈δtpw≈δtL



Direct	
  chopper	
  spectrometer	
  at	
  LPSS

τm

Lms + Lsd

Lpw−p + Lpm = Lpw−m

τ pw

δtp = τ p
Lms + Lsd
Lpm

δtm = τm
Lpm + Lms + Lsd

Lpm

Optimized	
  spectrometer	
  @LPSS	
  (ESS)	
  δtm≈δtp≈δtpw≈δtL



Direct	
  chopper	
  spectrometer	
  at	
  LPSS

τm

Lms + Lsd

Lpw−m

τ pw

δtp = τ p
Lms + Lsd
Lpm

δtm = τm
Lpm + Lms + Lsd

Lpm

δtpw = τ pw
Lpw−m + Lms + Lsd

Lpw−m

”Clean	
  pulse”	
  2.87	
  msec➔1.5msec	
  

Optimized	
  spectrometer	
  @LPSS	
  (ESS)	
  δtm≈δtp≈δtpw≈δtL



Direct	
  chopper	
  spectrometer	
  at	
  LPSS

τm

Lms + Lsd

Lpw−m

τ pw

Optimized	
  spectrometer	
  @LPSS	
  (ESS)	
  δtm≈δtp≈δtpw≈δtL

δtp = τ p
Lms + Lsd
Lpm

δtm = τm
Lpm + Lms + Lsd

Lpm

δtpw = τ pw
Lms + Lsd
Lpw−m

δtpw =1.5
5.5
Lpw−m

msec

50.10−3 ≈1.5 5.5
Lpw−m

δtL ≈ 50µ sec

Lpw−m ≈150m



C-­‐Spec	
  layout	
  

LPM	
  =	
  50	
  m

sample

LMS	
  =	
  1.4	
  m

Lsd	
  =	
  4	
  m

detector

Lmoderator-­‐sample	
  =	
  151.4	
  m	
  

P1/2-CRC pair

S-­‐bender	
  56.84	
  m	
  
	
  (R	
  =	
  2019	
  m)

BW1/2-chopper

32.28m	
  
elliptic	
  focussing	
  

exchange	
  
guide

PR-chopper 
M1/2 CRC pair



C-­‐Spec	
  layout	
  



Chopper  and guide settings Flux (λ0 = 4 Å) 

[n /(s cm2)] 

Flux (λ0 = 5 Å) 

[n /(s cm2)] 

Flux (λ0 = 9 Å) 

[n /(s cm2)] 

to compare with: 

[n /(s cm2)] 

N1 = 7.5, N2= 10 standard                             

focus 

7.09·106 

1.68·107 

5.7·106 

9.4·106 

1.49·106 

1.30·106 

IN5: 6.38·105 (at 5 Å) 

TOFTOF: 1.14 105 (at 5 Å) 

N1 = 13.5, N2 = 24 standard                            

focus 

2.58·106 

5.24·106 

1.75·106  

2.98·106 

4.97·105 

4.17·105 

LET:5.6 104 (at 4 Å) 

IN5: 7 104 (at 4 Å) 

 gain	
  factor	
  ~10

gain	
  factor	
  ~75

▪ Estimation	
  of	
  Flux	
  values	
  from	
  McStas	
  (single	
  energy	
  mode)

Instrument	
  performance	
  



Summary	
  C-­‐Spec
Moderator:	
   	
   	
   cold	
  source	
  
Moderator	
  –	
  sample	
  distance:	
  	
   	
   151.4	
  m	
  
wavelength	
  band:	
   	
   	
   ≤ 2	
  Å	
  
Wavelength	
  range:	
  	
   	
   	
   1.5	
  –	
  15	
  Å	
  
Energy	
  Resolutions:	
  	
   	
   40	
  µeV	
  –	
  170	
  µeV	
  @	
  5Å	
  
	
   	
   	
   	
   2	
  –	
  7	
  µeV	
  @	
  15	
  Å	
  
Q-­‐range	
  /Resolution:	
  	
   	
   @	
  2	
  Å:	
  0.32	
  –	
  5.90	
  Å-­‐1	
  

	
   	
   @	
  5	
  Å:	
  0.13	
  –	
  2.36	
  Å-­‐1	
  
	
   	
   @	
  10	
  Å:	
  0.066	
  –	
  1.18	
  Å-­‐1	
  
	
   	
   @	
  15	
  Å:	
  0.044	
  –	
  0.78	
  Å-­‐1	
  

Flux	
  at	
  sample(ΔE/E=3	
  %	
   5	
  Å:	
  	
   5.7	
  ⋅106	
  neutrons	
  /(s	
  cm2),	
  standard	
  
	
   	
   	
   	
   5	
  Å:	
  9.4	
  ⋅106	
  neutrons	
  /(s	
  cm2),	
  focus	
  
Beam	
  size	
  at	
  sample:	
   	
   standard:	
  40	
  x	
  20	
  mm2	
  
	
   	
   	
   	
   focus:	
  10	
  x	
  10	
  mm2	
  
Divergence	
  (standard):	
   	
   +/-­‐	
  1	
  deg	
  
Sample	
  –	
  detector	
  distance:	
   	
   4	
  m	
  
Detector	
  technology:	
   	
   10B	
  converter	
  layers	
  or	
  Helium	
  
Detector	
  coverage:	
   	
   	
   -­‐30	
  to	
  140	
  deg



2014



Cristal-­‐chopper	
  spectrometers:	
  reactor	
  based

IN6	
  type	
  :	
  3	
  single	
  cristals,	
  time	
  focusing	
  	
  
(different	
  wavelength	
  arrive	
  together	
  at	
  the	
  detector)	
  



Cristal-­‐chopper	
  spectrometers:	
  reactor	
  based



IN6	
  type	
  :	
  time	
  focusing	
  @	
  ħω≠0

Cristal-­‐chopper	
  spectrometers:	
  reactor	
  based



IN6	
  type	
  :	
  time	
  focusing	
  @	
  ħω≠0

Cristal-­‐chopper	
  spectrometers:	
  reactor	
  based



Focus	
  type	
  (PSI-­‐SINQ)

Cristal-­‐chopper	
  spectrometers:	
  reactor	
  based



Chopper-­‐cristal	
  spectrometers:	
  pulsed	
  sources

M.	
  Karlsson (IRIS	
  and	
  Osiris	
  @	
  ISIS)



Chopper-­‐cristal	
  spectrometers:	
  pulsed	
  sources

M.	
  Karlsson



Backscattering	
  spectrometer	
  	
  
(H.	
  Maier	
  Leibnitz,	
  A.	
  Heidemman)

Δkdiv
k

= cot(θ )Δθ

For θ →
π
2

Δkdiv
k

≈
Δθ( )2

8



Backscattering	
  spectrometer	
  	
  
(H.	
  Maier	
  Leibnitz,	
  A.	
  Heidemman)

Δkdiv
k

= cot(θ )Δθ

For θ →
π
2

Δkdiv
k

≈
Δθ( )2

8

IN16	
  (ILL)



Backscattering	
  spectrometer	
  	
  
(H.	
  Maier	
  Leibnitz,	
  A.	
  Heidemman)

Δkdiv
k

= cot(θ )Δθ

For θ →
π
2

Δkdiv
k

≈
Δθ( )2

8

R.	
  Lefort	
  et	
  al	
  





Conclusion

Time-­‐of-­‐flight	
  neutron	
  spectrometers	
  :	
  
• Direct	
  geometry	
  	
  
	
   TOF-­‐TOF	
  (reactor	
  and	
  spallation	
  sources,	
  continuous	
  and	
  pulsed)	
  
	
   Cristal-­‐TOF	
  (reactor	
  or	
  continuous	
  sources)	
  
	
   	
  
• Indirect	
  geometry	
  
	
   TOF-­‐Cristal	
  (spallation	
  or	
  pulsed	
  sources)	
  

• Backscattering	
  spectrometers	
  (reactor	
  and	
  spallation)	
  



Conclusion
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