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Outline 
 

• Where do you start? 
•  Time-of-flight Resolution (wavelength and energy) and Flux 

–  A simple powder diffractometer 
–  Flight paths/moderators/choppers 
–  Short-pulse or Long-pulse source 

• Moderator Characteristics and Instruments 
• An Inelastic Example 

–  Inverse Geometry on short-pulse source (long-pulse) 

• Background and Signal-to-Noise 
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Some General Observations 
•  The ultimate goal is not to build an instrument but to build a tool to 

deliver science 
•  Complementarity to other instruments may be important – understand 

the relationship of your beam line to others 
•  Your design should leverage modern advances in neutron hardware 

and techniques 
•  Be wary of complexity – the instrument has to work in the real world 

not just on paper (or in the computer) 
–  Corollary – it is hard to build a really good Swiss Army knife of a neutron 

instrument 
•  Pay attention to the details 

–  Beam line windows 
–  Operational considerations – reliability/maintainability/access 

•  Don’t be afraid to seek advice 
•  You must finish – designing and building an instrument is not an open-

ended research project 
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Where do you start? 
• Define the science capability you are tasked to deliver, then 

translate that into performance requirements for the 
instrument 
–  Energy and wavelength resolution 
–  Q-resolution 
–  Highest count rate or Highest resolution – what are your 

optimization parameters? 
• Understand your source characteristics 

–  Neutron Spectra – cold source/moderator, ambient temperature … 
–  Time structure 
–  Available geometry 

• With a calculator, pencil and paper (or maybe a 
spreadsheet) – you can often go a long way in an instrument 
design on the “back of an envelope” and with 
approximations 
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Science Capabilities 

• What do you want to learn? 
–  Powder diffraction, single x-tal diffraction, SANS, inelastic, 

reflectometry 

• What form is the sample? 
–  Powder, liquid, crystalline, glass, surface 
–  Size 

• What types of sample environment do you need to 
accommodate? 
–  Cryogenic, furnace, high-pressure, magnetic fields, humidity, 

electric field 
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Time-of-Flight – Energy and 
Wavelength Resolution 
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Simple Powder Diffractometer 
• Science Goals 

–  Measure a d-spacing range at 90° of 0.2 Å to 4.0 Å 
–  With a resolution δd/d at 90° less than or equal to 1 x 10-3 

–  And a maximum sample size of 6 mm diameter, 30 mm tall 
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Q-resolution – geometrical contribution 
Requirement is that  3101 −×=

Q
Qδ
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Matching detector and sample 
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Q-resolution – wavelength contribution 
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For L = 54.24 m, we would like δtmod ≈   9.6 x 10-6 s at λ = 1 Å 

Estimate effect of finite sample 
size; the neutron could scatter from 
any point in the sample 

λ = 1 Å 

For this moderator type,  
 
δtmod ≈   9 x 10-6 λ s  
 
Which means that this moderator will 
satisfy our requirements at all relevant 
wavelengths 
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Why not make the final flight path (L2) 
longer? 

•  The resolution improves and/or the sample could be larger 
•  There is no impact on the number of scattered neutrons 
•  The detector spatial resolution requirements are easier to 

achieve 

COST 
 

To cover the same solid angle (intercept the same number of 
scattered neutrons) costs quadratically in terms of amount of 
detector coverage.  Size of the scattering vessel increases and 
shielding around detectors gets bigger and also costs more. 

 
COST is one of the parameters that goes into instrument 

optimization and design! 
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Repetition Rate and Frame Overlap 
• Requirement is dmin = 0.2 Å and dmax = 4 Å at a Bragg angle 

of 45°. 

• Desired source frequency is 1/Δt = 13.6 Hz 
• SNS is a 60 Hz facility, what are my options 

–  Suppress 3 out of 4 frames and operate at effective 15 Hz 
–  Add detectors at additional scattering angles 
–  Shift the wavelength band and make 4 – 5 sequential 

measurements taking 4 – 5 times longer count times 
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Timing Diagrams – 13.5 Hz source 
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λmin = 0.28 Å 

λmax = 5.65 Å 

Time 
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Chopper 
10.7 m 

Chopper  
6 m 

Detector 
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What if I have a long-pulse source? 

• ESS will have an intrinsic pulse width of 2.86 x 10-3 s and 
will operate at 14 Hz (nearly the same as our example). 
–  To use this pulse width and get the same wavelength resolution as 

our example would require an instrument length of 

–  You must create sharper bursts of neutrons using a fast chopper! 
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Fast Chopper and bandwidth 

71.4x10-3 s 71.4x10-3 s 71.4x10-3 s 
Moderator 

You would like a pulse duration of 
 

s3102.8
3956

4.56
3956

−×=
×

=
Δ

=Δ
λchopl

t

6 m 
8.2x10-3 s 

Or put the chopper only 2.1 m from moderator 

2.1 m 
2.86 ms 

Fast Chopper 
6 m  

6m 



15  Managed by UT-Battelle 
 for the U.S. Department of Energy July 2012 

What are my options? 
• Make the instrument longer  

–  Constant resolution means Fast chopper can be open longer 
–  More neutrons (in a narrower wavelength band) 
–  Longer instrument means smaller bandwidth 
–  For a fast chopper at 6 m – bandwidth would be 1.9 Å, instrument 

length would be 149 m, Chopper open time to match resolution of 
example instrument would be 25 x 10-6 s (remember our optimal 
moderator pulse width for 54.24 m instrument was 9.6 x 10-6 s). 

–  But - Neutron transport may be an issue! 

• Keep the instrument the same length 
–  Use more micro-pulses/primary pulse (repetition rate multiplication/

wavelength frame multiplication) 
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Illustration of Multiplexing Schemes 

M. Russina, et al., Nucl. Instrum. Meth. A 654, 383-389 (2011)  
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Instruments, Moderators and Source 

•  Moderators and Sources – 3 main characteristics 
–  Neutron Intensity as a function of wavelength 
–  Neutron Pulse Width as a function of wavelength 
–  Repetition rate – source frequency – determines the usable wavlength 

band for a given length beam line 
•  4 instrument categories 

–  Performance driven by integrated flux on sample – SANS, Neutron Spin-
Echo and Reflectometers 

–  Performance driven by high peak flux, narrow band width – Multi-chopper 
spectrometers 

–  Performance driven by narrow pulse widths but need a large effective 
band width. High-resolution powder diffractometers and high resolution 
(backscattering) spectrometers. 

–  Performance driven by sample size with reasonable pulse widths.  High-
pressure diffractometer and single-crystal diffractometer.  
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Spectrometers – Inelastic Scattering 
•  Time-of-flight only determines one of the two neutron energies, 

either the energy of the incident or the energy of the scattered 
neutron. 

•  Direct geometry spectrometers – monochromatic incident beam, 
scattered neutron energy determined by time-of-flight 
–  Cold neutron chopper spectrometers and Fermi chopper spectrometers 
–  Flexible 
–  Very high signal-to-noise (low background) 

•  Indirect geometry spectrometers – scattered neutron energy is 
selected by analyzer crystals (Bragg scattering), incident neutron 
energy is determined by time-of-flight 
–  Near backscattering spectrometers 
–  Highest combination of energy resolution/flux/Q-range 
–  Typically modest Q-resolution 
–  Inelastic scattering – works in neutron energy loss 



19  Managed by UT-Battelle 
 for the U.S. Department of Energy July 2012 

SNS Spectrometer Landscape 

Momentum 
Distributions 

Itinerant 
Magnets 

Crystal  
Fields 

Molecular 
Vibrations 

Lattice and 
Spin 

Excitations!

Small 
Molecule 
Diffusion 

Large Scale 
Motions 

Polymers and 
Biological 
Systems 

Tunneling 
Spectroscopy 

Electron-Phonon 
Interactions 

Hydrogen 
Modes 

Molecular 
Reorientation 

Slower 
Motions 

Larger 
Objects 

Glassy 
Dynamics 

ARCS	  Fermi	  Chopper	  

SEQUOIA	  Fermi	  Chopper	  

HYSPEC	  

Cold	  Neutron	  Chopper	  Spectrometer	  

BASIS	  

VISION	  

adapted from “Neutron Scattering 
Instrumentation for a High-Powered 
Spallation Source” R. Hjelm, et al., 
LA0-UR 97-1272 

BaSiS – Indirect Geometry,  
Near-backscattering Spectrometer 
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Crystal Analyzer Spectrometers and 
the Resolution Function 

Final flight path L2 

Detector 

Analyzer Crystals δd/d, λf 

Sample 

Moderator t0(λ) 
Pulsed Source 

Bandwidth Choppers 

Primary Spectrometer 

Secondary Spectrometer 

Incident flight path L1 

90 - θB 

tf = time for neutrons to travel from 
sample-analyzer-detector = (L2λf /3956) 
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How does the instrument work? 
 

•  Time-of-flight selects the incident neutron 
velocity 

•  Analyzer crystal selects the final neutron 
velocity 

•  At 84 m long, BaSiS has 9 “trains” of neutrons 
in the incident flight path at any given time (at 
60 Hz) 

Neutron Pulses 
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Frame overlap 
 

Neutron choppers 

•  Time-of-flight selects the incident neutron 
velocity 

•  Analyzer crystal selects the final neutron 
velocity 

•  BaSiS has 9 “trains” of neutrons in the incident 
flight path at any given time (at 60 Hz) 
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Chopper Timing Diagram 
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Resolution Function - Energy resolution 
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Backscattering on Short-Pulse and 
Long-Pulse Source 
•  BaSiS at the SNS has a moderator pulse width at λ = 6.27 Å (elastic 

wave length) of about 60 µsec (fwhm), L1 = 84 m (L2 ≈ 4.25 m).  
Consider the moderator timing contribution (essentially how well we 
know the incident neutron wavelength) 

•  BaSiS has a wavelength bandwidth of  

•  At the 14 Hz frequency of the ESS, this Δλ implies that the 
instrument would be 360 m long. At 300 m, Δλ = 0.94 Å, the fast 
chopper pulse width could be 214 x 10-6 s and placed 12 m from the 
moderator to give Δλ = 0.94 Å from a 2.86 x 10-3 s source pulse. 

δt( )2

t − t f( )
2 =

60×10−6 s
133, 000×10−6 s

= 4.5×10−4

Δλ =
3956 1 frequency( )

L1
= 0.785 Å 
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Background Reduction – improving 
Signal-to-Noise 
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27 

Radial Collimator 
Non-Bragg scattered 
neutron, returning as an 
arbitrary ray from analyzer 

Sample Detectors Radial Collimator 
(absorbing neutron 
blades) Net transmission, final 

design 4 deg blade 
separation 20 cm blades 

Factor of 20 reduction in non-Bragg 
scattering from analyzer arrays, minimizes 
window views 
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Summary 
•  Define the science capability – translate into technical requirements – 

translate into engineering design 
•  You heard about 

–  The interplay between: distances, time, source frequency, band width, choppers, 
timing diagrams 

–  Short and long-pulse realization of instruments 
–  Signal-to-noise optimization 

•  Some things we did not discuss 
–  Shielding 

•  Beam line shielding - massive and expensive – especially close to spallation source 
•  Detectors – high cross-section neutron absorbers – B, Cd, Gd, Li, 3He – physical size/

pixelation, timing resolution 
–  Guide optimization – how much phase space do you need and how efficiently 

can you transport it the required distance (interplay between neutron transport 
and wavelength resolution). 
•  Phase Space Diagrams 
•  Monte Carlo 

–  Focusing elements – mirrors, lenses, “trumpets”, crystals(Bragg reflection) 
•  Beam compression to enable faster chopping 
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Where can I learn more? 

• Repetition Rate/Wavelength Frame Multiplication 
–  M. Russina, et al., Nucl. Instrum. Meth. A 654, 383-389 (2011) 

•  Time-focusing 
–  J. M. Carpenter, Nucl. Instrum. Meth. A 483, 774-783 (2002) 
–  J. M. Carpenter, et al., Nucl. Instrum. Meth. A 483, 784-806 (2002) 

• More about BaSiS – the near backscattering spectrometer 
at the SNS 
–  K. W. Herwig and W. S. Keener, Appl. Phys. A 74, S1592-S1594 

(2002). 
–  E. Mamontov and K. W. Herwig, Rev. Sci. Instrum. 82, 85109 

(2011). 


