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light neutrons 
λ < µm < nm 
E > eV > meV 

penetration ~ µm ~ cm 
θc 90° 1° 

B 1018 p/cm2/ster/s 
(60W lightbulb) 

1014 n/cm2/ster/s 
(60MW reactor) 

spin 1 ½ 
interaction electromagnetic strong force, 

magnetic 
charge 0 0 

Slow	
  Neutrons	
  vs	
  Light	
  



Why	
  neutrons?	
  

•  Thermal	
  neutron	
  have	
  wavelengths	
  similar	
  to	
  inter-­‐atomic	
  
distances	
  

•  Thermal	
  neutrons	
  have	
  energies	
  comparable	
  to	
  lahce	
  
vibraAons	
  

•  Neutrons	
  are	
  non-­‐destrucAve	
  
•  Neutrons	
  interact	
  weakly	
  

–  they	
  penetrate	
  into	
  the	
  bulk	
  
•  Neutrons	
  interact	
  via	
  a	
  simple	
  point-­‐like	
  potenAal	
  

–  amplitudes	
  are	
  straighiorward	
  to	
  interpret	
  
•  Neutrons	
  have	
  a	
  magneAc	
  moment	
  

–  great	
  for	
  magneAsm	
  
•  Neutrons	
  see	
  a	
  completely	
  different	
  contrast	
  to	
  x-­‐rays	
  

–  e.g.	
  hydrogen	
  is	
  very	
  visible	
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•  Proton beam parameters: energy (=voltage) and current 
•  Current: neutron production is proportional to number of protons 
•  Energy: neutron production is proportional to proton energy 

(E>500MeV) 

•  Neutron production is proportional to Power = Voltage x Current 
–  e.g. ISIS: 800MeV x 200uA = 160kW 
–  e.g.	
  ESS:	
  2.5GeV	
  x	
  2mA	
  =	
  5MW	
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Fig. 5. Production of low-energy neutrons as a function of incident proton energy for various 
target materials. The targets are 50-cm-diam x 200-cm-long right-circular cylinders; the protons 
are incident on the cylindrical axis. 

THE SPLIT-COMPOSITE TARGET CONCEPT 

As discussed above, target geometry and parasitic absorption in the target primarily control 
leakage of low-energy neutrons from the target. The increased parasitic absorption in tungsten is 
significant at large target diameters. For tungsten (and any other neutron absorbing targets, such 
as tantalum), the detrimental parasitic absorption effect is decreased by splitting the target in the 
direction of the incident charged particle beam. This technique also helps mitigate excessive 
neutron leakage from the front surface of the target (by making the target neutronically 
reentrant). Splitting a target increases low-energy neutron leakage thereby reducing parasitic 
neutron absorption. However, low-energy neutron production is also degraded because 
secondary high-energy particles also escape from the central target zone. This loss in neutron 
production is diminished by employing a radially-composite target consisting of a central region 
and a radial zone. Depending on the application of the split-composite target concept, it may 
also be desirable to have a target both axially- and radially-composite as well as split. These 
target concepts are illustrated in Fig. 6. 

The split-composite target concept has three unique features. First the split-composite 
target is neutronically reentrant: the central target zone is split axially (by flux traps) and the 
neutron production is spatially distributed deeper along the target axis. The term flux trap refers 
to the spaces between the target segments of a split target. Neutron leakage is reduced from the 
front target surface, allowing the use of large target diameters at reduced power densities without 
large front-surface leakage losses. Second splitting a target increases low-energy neutron 
leakage and reduces parasitic neutron absorption. The central target zone of a split-composite 
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Par0cle	
   Wave	
  

p = k = h λ

E = ω = hf
p =mv
E = 1

2mv
2  = h 2π

h = 6.6×10−34 J ⋅s
mn =1.67×10

−27kg
λ = h /mv
λ[Å]= 3.956 / v[m/ms]
t[ms]= L[m]×λ[Å] / 3.956
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ISIS	
  SpallaAon	
  Source	
  
ISIS,	
  UK	
  (160kW)	
  



SNS,	
  Oak	
  Ridge,	
  USA	
  (1MW)	
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J-­‐PARC,	
  Tokai,	
  Japan	
  (500kW)	
  



J-­‐PARC,	
  Tokai,	
  Japan	
  (500kW)	
  



ESS,	
  Lund,	
  Sweden	
  (5MW	
  in	
  2025)	
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•  Accelerator	
  
– H-­‐	
  ion	
  source	
  
– Linear	
  accelerator	
  
– Stripper	
  converts	
  H-­‐	
  to	
  H+	
  
– Synchrotron	
  

•  Spallation target 
•  Reflector	
  
•  Moderators	
  

Short-­‐Pulse	
  SpallaAon	
  Sources	
  



Linear	
  accelerator:	
  LINAC	
  



Linear	
  accelerator:	
  LINAC	
  



SNS	
  ion	
  source:	
  H-­‐	
  



Different	
  types	
  of	
  Linac	
  
Driv-­‐Tube	
  Linac	
  (DTL)	
  

Radio-­‐Frequency	
  Quadrupole	
  (RFQ)	
  
EllipAcal	
  caviAes	
  

“Low	
  β”	
  /	
  “High	
  β”
	
  	
  

β=v/c	
  



Synchrotron	
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ISIS	
  

•  Synchronise:	
  	
  
–  B-­‐field:	
  bend	
  
–  E-­‐field:	
  accelerate	
  
–  E	
  &	
  B	
  field:	
  focus	
  
–  magnets	
  to	
  each	
  other	
  

•  InjecAon	
  
–  stripper	
  foil	
  

•  ExtracAon	
  
–  kicker	
  magnet	
  



Synchrotron	
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Synchrotron	
  

•  Δtlinac	
  ≈	
  1	
  ms	
  
•  Ering	
  ≈	
  1	
  GeV	
  

–  v	
  ≈	
  3×108	
  m/s	
  

•  Lring	
  ≈	
  200	
  m	
  
•  Δtring	
  ≈	
  1	
  μs	
  



ISIS	
  target	
  1:	
  solid	
  tungsten	
  





SNS	
  target:	
  liquid	
  mercury	
  



ESS	
  target	
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2.5m	
  tungsten	
  wheel	
  



ISIS	
  TS2	
  Target	
  

Target: 
66mm W 



Target-­‐Reflector-­‐Moderator	
  Neutronics	
  

•  Target	
  produces	
  neutrons	
  in	
  >	
  MeV	
  range	
  
•  Moderators	
  contain	
  H	
  to	
  thermalise	
  neutrons	
  

–  largest	
  sca5ering	
  cross-­‐secAon	
  (80b)	
  
–  lower	
  mass:	
  same	
  as	
  neutron	
  
–  on	
  average,	
  ½	
  energy	
  lost	
  per	
  collision	
  
–  100	
  MeV	
  -­‐>	
  10	
  meV	
  requires	
  about	
  25	
  collisions	
  

•  Moderators	
  embedded	
  in	
  reflector,	
  usually	
  D2O-­‐cooled	
  Be	
  
–  minimal	
  absorpAon	
  
–  large	
  sca5ering	
  cross-­‐secAon	
  (8b)	
  
–  li5le	
  thermalisaAon	
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Target-­‐Reflector-­‐Moderator	
  Neutronics	
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Be	
  

Target	
  plane	
  

Target	
  
protons	
  in	
  



Target-­‐Reflector-­‐Moderator	
  Neutronics	
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protons	
  in	
  

Be	
  

10cm	
  above/below	
  Target	
  



Target-­‐Reflector-­‐Moderator	
  Neutronics	
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protons	
  in	
  

Be	
  

10cm	
  above/below	
  Target	
  



Target-­‐Reflector-­‐Moderator	
  Neutronics	
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protons	
  in	
  

Be	
  

10cm	
  above/below	
  Target	
  



Target-­‐Reflector-­‐Moderator	
  Neutronics	
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  0 100µ
s 

200µ
s 

protons	
  in	
  

Be	
  

10cm	
  above/below	
  Target	
  



Target-­‐Reflector-­‐Moderator	
  Neutronics	
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Cd	
  

0 100µ
s 

200µ
s 

Cadmium	
  
absorpAon	
  

Decoupling	
  
	
  

protons	
  in	
  



Target-­‐Reflector-­‐Moderator	
  Neutronics	
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Cd	
  

0 100µ
s 

200µ
s 

Cadmium	
  
absorpAon	
  

Decoupling	
  
	
  



Target-­‐Reflector-­‐Moderator	
  Neutronics	
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Cd	
  

0 100µ
s 

200µ
s 

Cadmium	
  
absorpAon	
  

Gd	
  

Decoupling	
  
Poisoning	
  

Gadolinium	
  
absorpAon	
  



Time-­‐of-­‐flight	
  (TOF)	
  resoluAon	
  

distance	
  

Ame	
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Time-­‐of-­‐flight	
  (TOF)	
  resoluAon	
  

distance	
  

Ame	
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SNS	
  moderators	
  

decoupled	
  
poisoned	
  H2	
  

coupled	
  H2	
  

coupled	
  H2	
  decoupled	
  
poisoned	
  H2O	
  

Top Bottom 

20 cm 



ISIS	
  TS2	
  Target	
  

coupled	
  
solid	
  CH4	
  

coupled	
  H2	
  

decoupled	
  
poisoned	
  
solid	
  CH4	
  



ISIS-­‐TS1	
  moderators	
  at	
  160kW	
  

Moderator	
  Temperature	
  



Pulsed	
  source	
  Ame	
  structures	
  (λ=5Å)	
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log(Intensity)	
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Pulsed	
  source	
  Ame	
  structures	
  (λ=5Å)	
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Pulsed	
  source	
  Ame	
  structures	
  (λ=5Å)	
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Pulsed	
  source	
  Ame	
  structures	
  (λ=5Å)	
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Pulsed	
  source	
  Ame	
  structures	
  (λ=5Å)	
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1 GW 
SNS	
  instantaneous	
  power	
  on	
  target:	
  	
  

	
   	
   	
  17kJ	
  in	
  1μs:	
  	
  	
  	
  	
   	
  17	
  x	
  
	
  
Reaches	
  limits	
  of	
  spallaAon	
  source	
  technology:	
  
shock	
  waves	
  in	
  target,	
  space	
  charge	
  density	
  in	
  
accelerator	
  ring,	
  …	
  
	
  
	
  

Beyond	
  Short-­‐Pulse	
  Limits	
  



1 GW 
SNS	
  instantaneous	
  power	
  on	
  target:	
  	
  

	
   	
   	
  17kJ	
  in	
  1μs:	
  	
  	
  	
  	
   	
  17	
  x	
  
	
  
ESS	
  instantaneous	
  power	
  on	
  target:	
  125MW	
  

	
   	
   	
  360kJ	
  in	
  2.86ms	
  
	
  
	
  

Beyond	
  Short-­‐Pulse	
  Limits	
  



4	
  

Long-­‐pulse	
  performance	
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ESS 5 MW!
2015 design!
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λ = 5 Å!

Possibilities of pulse shaping!



Thank	
  You!	
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